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Abstract:
Investigations of the mechanisms and interactions of chromium complexes with DNA are essential for
the better understanding of how these complexes may induce carcinogenesis as well as their possible
negative environmental impacts. The prevalence of chromium in the +3 oxidation state both
environmentally and intracellularly implicate this oxidation state as a potentially important biologically
active complex.

A series of biologically active and inactive Cr(III) complexes were synthesized and used to determine
structure/activity relationships and the role that ligands have in conferring biological activity.

The biological activity of these complexes has been measured in a Salmonella reversion assay. Those
complexes that tested positive were assayed in an anaerobic Salmonella assay to determine if
mutagenic activity was dependent on oxygen. Loss of activity, upon assaying under anoxic conditions,
implicates reactive oxygen species in the mechanism of DNA damage. Mutant frequencies were
determined for the active complexes to give a relative reversion order irrespective of toxicity.

Cyclic voltammetry was employed to determine the redox kinetics of Cr(III) complexes and the
relationship of this physical parameter with the generation of oxygen radicals. Cyclic voltammetry has
shown that the ligands contribute to the formation of these radical species by "activating" the metal
center.

Plasmid relaxation assays have been carried out to demonstrate that the complexes can produce a
radical that uses DNA as a substrate. This radical can be shown to induce relaxation of supercoiled
DNA consistent with a mechanism of oxygen radical generation.

Interactions of Cr(III) complexes with DNA are required for a radical mechanism of damage. The type
of DNA interactions associated with mutagenic Cr(III) complexes have been shown using equilibrium
dialysis, electrophoretic mobilities and UV-VIS spectrophotometry. Some of the mutagenic Cr(III)
complexes show physical properties which implicate an intercalation mode of interaction with DNA.

A predictive model is proposed that allows ranking of efficacy of potentially mutagenic Cr(III)
complexes based on their redox characteristics and interactions with DNA. 
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ABSTRACT

Investigations of the mechanisms and interactions of chromium complexes 
with DNA are essential for the better understanding of how these complexes may 
induce carcinogenesis as well as their possible negative environmental impacts. 
The prevalence of chromium in the +3 oxidation state both environmentally and 
intracellularly implicate this oxidation state as a  potentially important biologically 
active complex.

A series of biologically active and inactive Cr(III) complexes were 
synthesized and used to determine structure/activity relationships and the role that 
ligands have in conferring biological activity.

The biological activity of these complexes has been measured in a 
Salmonella reversion assay. Those complexes that tested positive were assayed 
in an anaerobic Salmonella assay to determine if mutagenic activity was 
dependent on oxygen. Loss of activity, upon assaying under anoxic conditions, 
implicates reactive oxygen species in the mechanism of DNA damage. Mutant 
frequencies were determined for the active complexes to give a relative reversion 
order irrespective of toxicity.

Cyclic voltammetry was employed to determine the redox kinetics of Cr(III) 
complexes and the relationship of this physical parameter with the generation of 
oxygen radicals. Cyclic voltammetry has shown that the ligands contribute to the 
formation of these radical species by "activating" the metal center.

Plasmid relaxation assays have been carried out to demonstrate that, the 
complexes can produce a radical that uses DNA as a substrate. This radical can 
be shown to induce relaxation of supercoiled DNA consistent with a mechanism 
of oxygen radical generation.

Interactions of Cr(IM) complexes with DNA are required for a radical 
mechanism of damage. The type of DNA interactions associated with mutagenic 
Cr(III) complexes have been shown using equilibrium dialysis, electrophoretic 
mobilities, and UV-VIS spectrophotometry. Some of the mutagenic Cr(III) 
complexes show physical properties which implicate an intercalation mode of 
interaction with DNA.

A predictive model is proposed that allows ranking of efficacy of potentially 
mutagenic Cr(III) complexes based on their redox characteristics and interactions 
with DNA.
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INTRODUCTION 

Chromium M utagenesis

History

Chromium-related health problems have been the subject of many 

epidemiological studies in the past 100 years. Early recognition of chromium 

compounds as possible carcinogens due to occupational exposure has led to one 

of the most extensive investigations which continue to this day.1,2 These studies 

have shown a direct relationship between chromium exposure and an increase in 

lung cancer. The major occupations affected by chromium exposure are the 

chrome-plating, leather tanning and pigment industries.3'5 Epidemiological studies 

of workers in these industries have shown that the consequence of exposure to 

chromium can be cancer (mainly of the lung and digestive tract) as well as kidney 

failure, depression of the immune response and ulceration of the skin and nasal 

septa.6 Chromium, in contrast to its carcinogenic potential, functions as .an 

essential mineral in the body. The trivaient form of chromium, Cr(III), is a trace 

element that has a proposed enzymatic role as a cofactor in the metabolism of 

glucose.7

Chromium, in the environment, is found primarily in the form of chromite 

ore, FeCr2O4. Complexes of chromium can exist in a variety of oxidation states 

from minus 2 to +6 with the +6 and +3 states being the most stable and most 

common. These chromium complexes exhibit a wide range of geometries
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including, square planar, tetrahedral, octahedral and various distorted geometries.

Chromium has the potential to be an economically important mineral in 

Montana since the only known exploitable ore deposits in North America are 

located in the Absaroka/Beartooth Wilderness Area.8 Conversely, it is a major 

constituent in the hazardous mine tailings of the Berkely Pit Superfund site located 

in Butte, MT.9 These opposing views of chromium as both an exploitable natural 

resource and an environmental hazard show the unique role that chromium plays 

in our region.

Theory

Activity Of CrfIIO V ersus Cr(VI) The two major oxidation states of 

chromium that have been investigated for their biological activity are the 

hexavalent, +6, chromates and the trivalent, +3, chromic complexes. This focus 

on only two of the oxidation states is due to the stability of these two forms of 

chromium in the environment.10 Historically, it was assum ed that Cr(VI) was the 

only oxidation state of chromium that had a significant toxic and carcinogenic 

potential while the trivalent chromium species were generally considered to be 

biologically inert. Chromates have been shown to induce tumors in rats and 

mice,11 cause mutations in bacterial, yeast and mammalian system s,1 show 

differential lethality in a repair assay,13 cause infidelity of in vitro DNA replication 

and cause induction of lambda prophage.15 Cr(III) salts, such as CrCI3, have 

shown little or no activity in these sam e assays.16"19 At the genetic level, Cr(VI) 

has been shown to produce a variety of lesions in DNA including single-strand
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breaks, DNA-DNA and DNA-protein crosslinks.20'22 Cr(III) salts have shown either 

no activity or a much lower degree of DNA lesion induction in these sam e assays.

In contrast to the Cr(III) salts commonly used to assess activity of this oxidation 

state, hexacoordinate Cr(III) complexes with bidentate aromatic amine ligands have 

shown a significant degree of biological activity.23,24 These complexes, possessing 

bipyridyl and phenanthroline ligands, have demonstrated mutagenicity in a variety 

of bacterial strains, genetic toxicity in a differential lethality assay and induction of 

the SOS response in E. coli.25 In assays of mutagenicity against certain bacterial 

strains, these complexes have demonstrated activity comparable to that of the 

chromates.

Selective Uptake Reduction Model The mechanisms of DNA damage by 

chromium(VI) have been generally defined by the selective uptake/reduction 

model, figure 1.16 This model proposes that the intracellular stable oxidation state 

of chromium is Cr(III) and it is this complex, or reactive intermediates formed in the 

reduction process of Cr(VI), that is the ultimate DNA damaging component in vivo. 

The inability of Cr(III) salts to induce mutagenesis or carcinogenesis directly has 

been attributed to a lack of membrane permeability. W hereas Cr(VI) readily 

traverses the plasma membrane of a  cell via the sulfate anion transport system, 

Cr(III) salts have a limited plasma membrane permeability.16 Cr(VI), once 

selectively taken up, can be reduced intracelluIarly by natural reductants such as 

flavonucleotides, microsomes, ascorbate, or sulfhydryls such as glutathione to 

generate the proposed biologically active intracellular Cr(III) complex and/or
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produce reactive intermediates.16’26- Once reduced, the active intracellular Cr(III) 

complex is unable to leave the cell because of this same membrane 

impermeability. This subsequent impermeability upon reduction of Cr(VI) leads to 

an intracellular accumulation of chromium.16 Reactive intermediates, such as 

oxygen radicals, have been associated with Cr(VI) species and may account for 

some or all of the observed activity. Electron spin resonance (ESR) studies of 

Cr(VI) complexes in vitro have shown that a "stable" +5 oxidation state complex, 

tetraperoxochromate(V), Cr(V), can be formed that has the potential to generate 

oxygen radicals. In the presence of intracellular reductants such as ascorbate, 

reduced nucleotides and glutathione, the +5 oxidation state chromium complex can 

produce the short-lived hydroxyl radical that is captured using radical spin trapping 

compounds.27"30 Some debate, however, has arisen as to whether the radical is 

generated by the Cr(V) alone or is an artifact of the system. Different systems 

have produced a variety of different radicals. Aiyar et al. and Shi and Dalai, using 

glutathione as a reductant, have detected the Cr(V) species and a glutathione thiyl 

radical but no hydroxyl radical.31,32 It appears that the glutathione thiyl radical can 

react with molecular oxygen to generate the superoxide anion species. Cr(VI) in
'I

the presence of excess hydrogen peroxide will form the hydroxyl radical as shown 

by using DMPO, 5,5-dimethyl-1-pyrroline N-oxide as the radical spin trap.28 No 

Cr(V) EPR signal was seen, however. Kawanishi et al. observed the formation of 

singlet oxygen, hydroxyl radical and the Cr(V) species using hydrogen peroxide as 

the reductant of Cr(VI).33 It was proposed by Kawanishi et al. that the hydroxyl
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radical could be formed by these products using iron as the catalyst between 

superoxide and hydrogen peroxide.33 It should be pointed out, that all reactions 

were run in phosphate buffer that is known to have significant quantifies of 

contaminating iron. Reduced nucleotides, such as NADPH reacted with Cr(VI) and 

hydrogen peroxide have shown significant production of the hydroxyl radical that 

was not significantly affected by addition of superoxide dismutase. This suggests 

that the iron-catalyzed reaction between superoxide and hydrogen peroxide is not 

the pathway through which hydroxyl radicals are generated. Jones et al. showed 

that a Cr(V) complex formed with glutathione, Na4Cr(GSH)2„(GSSG)‘8H20, in the 

presence of molecular oxygen can result in the production of the hydroxyl radical 

that is further increased upon addition of hydrogen peroxide.34 This same 

complex, when run under anoxic conditions inhibited all radical formation. These 

sam e types of assays have been carried out with Cr(III) salts in the presence of 

hydrogen peroxide and have shown a limited production of hydroxyl radicals.35 

This, however, could only be accomplished using a pH 2 buffer which is an unlikely 

condition intracellularly and the significance of this work is questionable. The ability 

of certain hexacoofdinate Cr(III) species to be biologically active by themselves 

may disturb the current model of Cr(VI) mutagenicity. If a redox active, or DNA 

binding Cr(III) compound is formed from the Cr(VI) reduction intracellularly, then 

it can be argued that this may be the actual DNA damaging complex formed in 

vivo. Until recently, little real evidence has been presented to uphold this theory.
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Cr(Vi)

r(III)

Cr(III)

CYTOPLASM

CELL MEMBRAKE

Figure I: Schematic representation of selective uptake and reduction of Cr(VI).

M echanism s Of DNA Damage Bv Other C om pounds

While extensive studies have been carried out on Cr(VI) and Cr(III), the 

mechanism by which these complexes damage DNA have yet to be adequately 

elucidated. Research on a variety of other classes of mutagenic compounds have 

identified several mutagenic themes that serve as a basis for this study. While this 

does not preclude a wholly different method of DNA damage for these compounds, 

it does give us a rational starting point for this investigation. The different types 

of DNA damaging mechanisms that are most common are illustrated with 

examples on the following pages.
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Cis-Piatinum

Cisplatin, c/s-DDP or c/s-dichlorodiammineplatinum(ll), is a commonly used 

anti-tumor agent. The activity of this compound was first discovered, 

serendipitously, by Barnett Rosenberg when he noticed that E. coli, in the 

presence of a platinum electrode, showed the induction of filamentation.36 

Filamentation is a known bacterial response to stress, mediated by environmental 

conditions or DNA damage. Further studies revealed that the biologically active 

species of Pt included the cis isomer of diamminedichloroplatinum(ll), as well as 

a  tetraamminedichloroplatinum(IV) compound. The remarkable effectiveness of 

this compound as an anti-tumor drug has led to an extensive investigation into the 

mechanism of it's DNA damaging activity. Cisplatin has been shown to form 

dimeric crosslinks with a variety of substrates. These are interstrand DNA-DNA 

crosslinks, intrastrand DNA-DNA crosslinks and DNA-protein crosslinks.37 The 

most common lesion, believed to be responsible for the majority of the activity with 

this compound, is an intrastrand crosslink between two adjacent guanine 

nucleotides, figure 2.38 The genetic consequence of this type of lesion is at least 

two-fold. The guanine-guanine Pt crosslink must be repaired and an error prone 

repair could lead to mutation. Since repair of this lesion is quite slow, this same 

lesion could cause infidelity of replication by the DNA polymerase by blocking 

polymerase read through along the effected strand.39"42
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Figure 2: cis-Pt dimer formation with adjacent guanosine DNA bases.

Alkylating A gents (IVINNG And MMS)

The alkylating agents, MNNG, N-methyl-N-nitro-nitrosoguanidine, and 

MMS, methyl-methanesulfonate, are both powerful mutagenic agents. They 

potentiate their action by alkylation of DNA nucleotides.43 While all nucleotides are 

susceptible to this type of alkylation reaction, the best substrate for this reaction 

is the guanine nucleotide. More specifically, the alkylation is shown to occur at the 

0 -6  or N-7 position of guanine, figure 3 44'45 The consequence of this type of 

lesion leads is lack of read through by the DNA polymerase and subsequent poor 

fidelity of replication.46'47 Unlike Cisplatin, these type of lesions are readily 

repaired by endogenous alkyltransferase enzymes 48
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0
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H7-Methyl guanine 06-Methyl guanine

"igure 3: Alkylating agents and alkylated lesions on DNA bases.

Bleomycin

Bleomycin is a metalloglycopeptide that is an effective anti-tumor drug 

currently in clinical use, figure 4. The biological activity of this drug can be 

attributed to it's ability to induce strand-cleavage of DNA. Bleomycin consists of 

a glycopeptide, a small peptide with attached sugar units, that can interact with 

DNA by intercalating between the purine and pyrimidine bases to allow the active 

redox center of bleomycin, consisting of Fe(II), to generate oxygen radicals through 

a Fenton reaction.49 These active oxygen radicals generated at the DNA surface 

interact with the DNA to induce strand scission. This iron catalyzed strand 

cleavage is the proposed mechanism by which bleomycin potentiates its mutagenic
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and anti-tumor activity.

H7NOC

Figure 4: Structure of bleomycin.

Paraquat

Paraquat, or methyl viologen, is a commonly used herbicide, Figure 5. 

Paraquat itself shows very little mutagenicity but is a highly toxic compound. The 

toxicity of this compound is considered to be a function of its ability to generate 

superoxide anion radicals.50 These radicals, while not as biologically active as 

som e of the other oxygen radical species, show a high degree of toxicity which 

may be related to their affinity and damaging capability for membrane 

components.51 Generation of lipid radicals is a well defined system that can lead 

to cell death by disruption of membrane integrity. This would account for 

paraquat's low to nonexistent mutagenicity yet high toxicity as seen in bioassays. 

There is, however, a body of evidence that suggests that the superoxide anion
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may have a capacity for DNA damage that would give it a mutagenic and 

carcinogenic potential.52 It is possible that the high degree of toxicity of this 

compound simply masks the more subtle mutagenic effect. Little evidence for this 

type of interaction exists, however, and the actual effect could be attributed to an 

iron-catalyzed reaction between superoxide and hydrogen peroxide to form the 

hydroxyl radical.

Figure 5: Structure of paraquat (methyl viologen).

Oxygen Radicals

Characterization

Oxygen radicals are common constituents intracellularly because they are 

byproducts of cellular metabolism and respiration.53 The high degree of reactivity 

of oxygen radicals are a constant threat to all aerobic organisms and their 

production has been implicated in both carcinogenesis and ageing.54 Because of
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this threat, organisms have evolved methods for removing oxygen radicals from 

susceptible tissues. Simultaneously, certain cells, such neutrophils have used the 

reactive properties of oxygen radicals as a defense mechanism against foreign 

agonists.55 For self-protection, aerobic organisms have developed a distinct set 

of enzymes that are specific for the removal of oxygen radicals. These include 

peroxidases, superoxide dismutases and catalases. Further steps to minimize 

deleterious oxygen radical generation have evolved as well. These include, 

packaging of redox active metal complexes in a form which renders them inert i.e. 

complexation of iron in hemoglobin and burying redox active metal centers inside 

proteins such as ferritin. The two major forms of oxygen radicals that we will be 

concerned with are the superoxide anion and the hydroxyl radical,

Superoxide Anion Radical Superoxide anion, O20', is produced in vivo by 

both enzymatic and spontaneous processes as well as through photochemical 

oxidation reactions.53 Formation of superoxide anion takes place via a one 

electron reduction of molecular oxygen. Superoxide anion is capable of initiating 

and propagating free-radical chain reactions which can lead to damage of cellular 

components.56 Failure to control the production of superoxide anions leads to 

cessation of growth, mutagenesis and death. Specific enzymes, superoxide 

dism utases, have evolved to scavenge superoxide anions before they can damage 

a cell.53 There are two families of SOD’s, these being the Zn, Cu SOD’s and the 

Fe, Mn SOD’s. Both of these enzymes catalyze the dismutation of superoxide 

anion to HOOH and O2. While superoxide anion is deleterious to an organism, it
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is considered, by some, not to have the appropriate reactivity and electrophilicity 

to be a direct DNA damaging component.57 This, however, does not preclude a 

mechanism in which it is a vital reactive intermediate.

Hydroxyl Radical The hydroxyl radical, OH', is the most reactive of all the 

oxygen radical species known. It has a rare combination of high electrophilicity 

and reactivity that allows it to react with DNA in a variety of ways, all of which are 

deleterious to an organism.57 The hydroxyl radical has the potential to abstract a 

proton from the C-4 position of a deoxyribose sugar which results in single strand 

cleavage.58 Alternatively, it may abstract a proton from a DNA base, i.e. 

conversion of thymine to dihydroxymethyluracil, that would result in an inability for 

the DNA polymerase to copy a daughter strand with high fidelity.59 The hydroxyl 

radical can also add electrophillically to DNA bases to produce hydroxylated 

lesions such as 8-hydroxyguanine.60 Once again, this type of DNA damage may 

lead to infidelity of replication or cause single strand cleavage.

For dam age to occur, the hydroxyl radical must be generated in the vicinity 

of DNA. This is due to the high reactivity of the hydroxyl radical. It is estimated 

that the hydroxyl radical will only diffuse 5-10 molecular diameters before a 

reaction will take place.57 Thus, for a direct acting oxygen radical generating 

mechanism of damage, the hydroxyl radical is the most likely candidate.

Oxygen radical damage is readily repaired by a set of enzymes called the 

UVR enzym es.61 This set of enzymes recognize and repair single strand breaks 

in DNA. This sam e set of enzymes are activated by ionizing radiation induced
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DNA damage since the resulting damage to DNA is similar. This is why oxygen 

radical generating compounds are said to be radiomimetic, i.e. they mimic the type 

of damage seen with radiation.

Formation

The Haber-W eiss Reaction The Haber-Weiss reaction (1) describes a 

series of single electron reductions to take molecular oxygen, through a series of 

radical intermediates, to its ultimate reduced form, water.

O2 ----- > O20" --------> H2O2 --------> HO* + H2O -------> H2O (1)

In comparison to water, molecular oxygen is in a strongly oxidative form. 

However, the oxidative potential of molecular oxygen is constrained by its two 

unpaired, spin-parallel electrons: The consecutive monovalent reductions to

produce superoxide, hydrogen peroxide and hydroxyl radical exempt these species 

from the kinetic restrictions to allow electron exchange. The superoxide anion, 

O2*", can act as either an oxidant or a reductant, hydrogen peroxide is relatively 

stable but the hydroxyl radical, HO*, is a powerful oxidant that can react at 

diffusion-limited rates. The stability of hydrogen peroxide does not normally allow 

for easy formation of the hydroxyl radical. Thus, the Haber-Weiss reaction is 

limited in the direct production of this damaging species. However, in the 

presence of a redox active metal, this equilibrium can be shifted dramatically.

The Fenton Reaction The Fenton reaction (2) involves the use of a redox
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active metal center that catalyzes the decomposition of hydrogen peroxide to the 

hydroxyl radical and water.63

Mn + e " ------ > Mn'1 + H2O2 ----------> Mn + OH6 + H2O (2)

The metal most commonly associated with the Fenton reaction is iron although 

many metals, such as Cu and Ni, have shown the potential to participate in this 

type of reaction.64'66 One of the requirements for a good Fenton catalyst is the 

ability to redox cycle between two oxidation states to serve as a cyclical electron 

generator. The only limitation for this type of reaction is availability of an electron 

source which, intracellularly, is freely accessible in the form of reduced nucleotides 

(NADPH), ascorbate or sulfhydryl containing groups (glutathione and cysteine). 

It is this type of reaction that is considered to be the most deleterious to an 

organism. This would account for the elaborate system of enzymes and metal 

chelators used by an organism to prevent this type of reaction from occurring.

DNA Interactions

The type of interaction a compound has with DNA can directly influence the 

mechanism of DNA damage. Identification of the type of interaction can be helpful 

in determining and supporting a mechanism of damage. The questions to be 

considered when examining DNA interactions are: 1) is the interaction part of the 

overall mechanism of dam age or 2) is the interaction itself wholly responsible for 

the biological activity observed. Below, is a list of a few of the different types of
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interactions that have been identified for certain biologically active compounds.

M odels Of Interactions

Covalent Dimers The formation of covalent dimers with DNA is probably 

the best known and studied of all the interactions with DNA. Some of the 

compounds which undergo this type of interaction are c/s-platinum and Mitomycin 

C. In this case, it is the interaction itself that causes the DNA lesions leading to 

DNA damage, mutagenesis and carcinogenesis. Dimerformation with c/s-platinum 

has been discussed earlier, with the primary damaging adduct being an intrastrand 

crosslink formed between two adjacent guanine residues. Mitomycin C intercalates 

with DNA and has the primary damaging adduct as an interstrand crosslink formed 

by nucleophilic attack of a DNA amino group on the azocyclopropane ring of 

Mitomycin C followed by a Michael addition of an amino group from the 

complementary strand of the DNA to a conjugated diene functional group.67

Intercalation Intercalation is best known for compounds such as bleomycin, 

ethidium bromide and metal complexes of bipyridyl, phenanthroline and 

terpyridyl.68"71 By definition, intercalation is the process by which a compound 

stacks between the coplanar DNA bases, figure 6. Intercalation, unlike the 

formation of covalent dimers, is not necessarily mutagenic in and of itself 

depending on how tightly the complex will bind between the DNA bases. It does, 

however, have the capability to spatially orient a reactive compound near enough 

to the DNA for damage to take place. In the case of hydroxyl radical formation,
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intercalation may serve to orient the reactive center the 5-10 A needed for a 

reaction to take place.

Figure 6: Intercalation between coplanar DNA bases.

Coulom bic Attraction Coulombic attraction is simply the attraction that two 

oppositely charged particles have for each other. Free metal ions and many metal 

complexes have a net positively charged oxidation state. DNA, on the other hand, 

has a net negative charge arising from the negatively charged phosphates on the 

backbone of DNA. Coulombic attraction arising from the opposite charges 

between the metal and the DNA can allow electrostatic interactions between metal 

and DNA. This association is predominantly ionic in character and no real bond 

formation need occur between the two species.
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Reduction A dducts Reduction adducts are formed when a metal, in the 

presence of DNA, becom es reduced resulting in Iabilization of the ligands and 

rearrangement to form a ligand complex with DNA. The best known example of 

this type of interaction is with Cr(VI) complexes.72 Reduction of the tetrahedral 

Cr(VI) complexes in the presence of DNA can result in a rearrangement of the 

inner sphere ligands to give an octahedral Cr(III) complex with one or more of its 

ligands becoming a DNA base. These type of adducts with Cr(VI) have been 

detected in vitro upon reduction with cellular reductants.72 Whether this type of 

adduct can occur in vivo has not yet been demonstrated. As well, the significance 

of this type of adduct in mutagenesis is currently unknown but may play a role in 

the overall mechanism of chromium mutagenesis.

Electrochem ical Behavior Of Metals

Formation of oxygen radicals in a system is fundamentally based on a 

series of electron transfers. Invoking the Fenton reaction to explain the formation 

of DNA damaging radicals in vivo implies the use of metal complexes as cyclical 

electron donors. Thus, the electrochemical behavior of metals is an important 

aspect in understanding the overall damaging process which takes place to cause 

mutagenesis and carcinogenesis via oxygen radicals.

Theory

An electron transfer is expected to result in an accompanying change in the 

reactant molecule. In many cases, the changes in bond length and connectivity

J



19

will not be extreme and the redox process will be a simple one displaying rapid 

charge transfer kinetics. In certain cases, there is a recognizable change in the 

structure such as isomerization and change in bond connectivity. In the case of 

a structure change, it is important to ascertain whether it has occurred before or 

after the electron transfer step. Any structural changes that occur between the two 

forms of the redox couple will contribute to the height of the activation barrier if the 

transition state is intermediate between reactant and product. If the energetics of 

the rearrangement are low, the electron transfer is usually fast and the system is 

termed electrochemically reversible. Slow charge transfer reactions give rise to 

an irreversible electrochemical reaction relating to large structural changes in the 

molecule. An intermediate degree of charge transfer yields a quasi-reversible 

electrochemical reaction. These three type of charge transfer kinetics, reversible, 

quasi-reversible and irreversible are shown in Figure 7.73

Electrochemical reversibility does not preclude chemical reactivity during the 

reaction. There are two types of mechanism, EC (4) or CE (3) that can alter the 

reversibility of a compound if it is in equilibrium.

0x2  <—— > 0x1 <—-—-> Redl CE Mechanism ( 3 )

0x1 <——> Redl <-—-—> Red2 EC Mechanism ( 4 )

In the CE mechanism (chemical/electrochemical), the reactant, 0x2 (oxidized 

complex), undergoes a chemical reaction to 0x1 prior to electron transfer to form 

Redl (reduced complex). In the EC (electrochemical/chemical) mechanism, the
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reactant, 0x1, undergoes electron transfer to a chemically labile reduced form, 

R e d l, which can then undergo a chemical reaction to form the ultimate product, 

Red2. This scenario assum es that 0x2 and Red2 are themselves 

electrochemicalIy inert. Reversible proton or ligand loss is an example of this type 

of mechanism. For reversible ligand loss, the ligand must be in saturating 

quantities in the supporting electrolyte to give the sam e compound in the anodic 

sweep for an EC mechanism. When the ligand is not in saturating concentrations, 

a  mixed electrochemical equilibrium will be observed.

Reversibility and standard reduction potentials are the two most common 

param eters m easured in cyclic voltammetry. However, these two parameters are 

not physical constants. Both of these param eters can be dramatically influenced 

by the solvent, the electrode system and the nature of the ligand.74 In this study, 

it is the nature of the ligand and how it affects the redox characteristics i.e. 

reversibility and reduction potentials, that we are interested in.
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Fiyure 7: Reversible, quasi-reversible and irreversible waves in the cyclic 
voltammeter
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STATEMENT OF THE PROBLEM

The mechanism by which chromium complexes cause mutations in DNA 

and thus carcinogenesis has been sought since epidemiological studies first 

identified them as cancer causing compounds. The widespread use of chromium 

in industry coupled with its environmental stability has made chromium exposure 

and remediation a critical issue. While some progress has been made on the 

mechanism of DNA dam age and toxicity of the +6 oxidation state chromates, the 

ubiquitous +3 oxidation state chromium complexes have been virtually ignored. 

This neglect of the more common +3 complexes is understandable since the easily 

obtained complexes of this oxidation state, such as CrCI3 have shown no

propensity towards biological activity.

In 1981, this research group was the first to identify Cr(III) complexes that 

demonstrate mutagenesis in biological assays. Two complexes, (Cr^py)2CI2I+ 

and [Cr(Phen)2CI2]+1 both showed a high degree of activity in both a Salmonella 

reversion assay and a differential repair assay. At this point, no mechanism was 

defined for these compounds although it was proposed that it might induce 

mutations much like cis-platinum since both had cis halogen ligands.

In 1987, I entered this research group with the goal of determining the 

mechanism by which these compounds potentiate their activity. We believed that 

the mechanism of Cr(III) mutagenesis would not only help to define the mechanism 

by which the more active Cr(VI) species causes cancer but would also prove that 

Cr(III) complexes could not be considered innocuous in the environment. We also
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hoped to determine distinct physical characteristics associated with the mutagenic 

Cr(III) complexes that allow us to predict whether certain complexes would be 

biologically active.

Determination of the mechanism of DNA damage for the Cr(III) complexes 

was accomplished by investigating the following areas: 1) The dependence on 

oxygen for the induction of mutagenicity, 2) The structure/activity relationships 

between mutagenic and nonmutagenic Cr(III) species, 3) The redox behavior of 

the Cr(III) complexes in aqueous solutions, 4) The conformation changes of 

supercoiled plasmid DNA induced in vitro, and 5) The interactions of the Cr(III) 

complexes with DNA.

The oxygen dependence on the induction of mutagenicity was accomplished 

by developing an anaerobic Salmonella reversion assay. Use of this method, with 

appropriate controls, demonstrates that an oxygen radical mechanism of DNA 

damage may be occurring.

Many Cr(III) complexes are nonmutagenic in the assay system s used. An 

apparent structure/activity relationship, conferred by the ligand, exists for these 

complexes. Synthesis and testing of a variety of related Cr(III) complexes have 

given insight into the factors that influence both mutagenesis and those physical 

parameters associated with a particular metal-ligand complex that promote 

biological activity.

Electrochemical analysis by cyclic voltammetry has determined that there 

is a  relationship between ligand type and electrochemical behavior. The
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electrochemical behavior observed for the mutagenic Cr(III) complexes are: 1) 

shifts in the reduction potentials and 2) reversibility of the redox couple. 

Correlation of this electrochemical behavior with mutagenesis data provides a 

measurable physical parameter by which biological activity can be predicted and 

also demonstrates the effects a certain ligand has on formation of a redox active 

center.

Electrophoretic plasmid relaxation assays show both the interactions and 

possible dam age conferred upon supercoiled plasmid DNA. Formation of relaxed 

or linear conformations of DNA from the supercoiled plasmid upon incubation with 

the metal is considered the result of oxygen radical attack on either the DNA bases

themselves or on the deoxyribose sugar.

MetaI-DNA interactions were monitored using UV-VIS spectrophotometry, 

electrophoresis and equilibrium dialysis/polarimetry. Previous work on similar 

metal-ligarid complexes have shown an interaction with DNA via intercalation. 

These results are confirmed for the mutagenic Cr(III) complexes used in this study.

These type of data will help us both model and predict the possibility of a 

metal complex to act as a mutagen. Definition of stringent physical characteristics 

which allow a complex to be mutagenic can then be applied towards risk 

assessm ent and possibly towards the rational design of a new generation of metal 

antitumor drugs.
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EXPERIMENTAL

Synthesis, Purification And Characterization Of Cr(III) Complexes

rCr(bPv)XUCl And rCr(bDvUHoOUCI„

c/s-bis-2,2’-bipyridyldichlorochromium(lll) chloride dihydrate, cis- 

[C r(bpy)2CI2]CI'2H 20 ,  and its a q u a te d  a n a lo g u e , c /s -b is -2 ,2 ’- 

bipyridyldiaquochromium(lll) trichloride, c/s-[Cr(bpy)2(H20 )2]CI3, was synthesized 

using a previously described method.75 1.5 g of anhydrous CrCI3 and 4.7 g of 

2,2’-bipyridyl were mixed in 50 ml of 95% ethanol and heated to boiling in the 

presence of a  catalytic amount of zinc dust. The reaction mixture was allowed to 

boil for 10 min and then cooled. The red-brown crystals were collected by filtration 

and allowed to air dry. Purification was achieved by liquid chromatography on a 

Sephadex LH-20 support with 9:1 H2OiMeOH eluent. Two major bands were 

observed with both LC and subsequent HPLC analysis on a reverse phase C-18 

bondapack column. The fastest eluting red band corresponded to the aquated 

species [Cr(bpy)2(H20 )2]CI3. The second brown band corresponded to the original 

product [Cr(bpy)2CI2]CI-2H20 . Characterization of these two complexes was 

accomplished using ultraviolet and visible (UV-VIS) spectrophotometry and Fast 

Atom Bombardment Mass Spectrometry (FAB-MS).

Ultraviolet absorption spectra for the two compounds were measured in 

millipore H2O using a 1.0 nm slit width and matched quartz cuvettes. The 

wavelengths were scanned at 25 nm/min with a chart speed of 1.0 inch/min
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between 380-220 nm. The [Cr(bpy)2CI2]CI species showed the following 

wavelength maxima with the log of em, (molar extinction coefficient in parenthesis); 

335s, (3.87); 324s, (3.98); 308, (4.27); 245, (4.34).

The [Cr(bpy)2(H20 )2]CI3 species, scanned under the sam e conditions, gave 

wavelength maxima and the logarithm of the extinction coefficients of; 305, (4.32); 

245, (4.28).

Visible absorption spectra was measured using the sam e parameters as 

above. Wavelengths between 700 and 380 nm were scanned at a 50 nm/min 

scan rate and 0.5 inCh/min chart speed. The wavelength maxima and the 

extinction coefficient, em, in parenthesis for the dichloro species; 552, (44.8); 447s, 

(91.6); 418s, (239); 394, (314). The diaquo species gave wavelength maxima and 

extinction coefficients of; 525, (41.0); 447s, (77.8); 417s, (197); 393, (285). These 

UV-VIS wavelength maxima and extinction coefficients are similar to that reported 

previously for these complexes.76

FAB-MS on these complexes in a glycerol matrix, using xenon as the 

particle accelerant, gave a molecular ion of m/z 434 for both the dichloro and the 

diaquo species.

Synthesis Of Substituted Bipyridyls

4,4’-dimethyl-2,2’-bipyridyl was synthesized using a palladium catalyzed 

oxidative coupling reaction of 4-picoline essentially as reported previously, figure 

8.77 150 ml of 4-picoline was refluxed with 6.2 g of 5% palladium on alumina for 

four days. The reaction mixture was allowed to cool and 60 ml of hot benzene
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was added through the top of the condenser. The mixture was refluxed for an 

additional 0.5 hr and the palladium was removed by filtration while the solution was 

still hot. Upon cooling, a yellow-white precipitate was formed that could be filtered 

off. Further product was obtained by evaporating the remaining picoline/benzene 

reaction mixture in the hood. The impure yellow-white precipitate was 

recrystallized twice from hot absolute methanol. The % yield for this reaction was 

5% although greater yields could be obtained by using 10% palladium on carbon

as the catalyst or by longer reflux periods.

The pure product had a  melting point of 172°C and was characterized using 

1H and 13C NMR. 1H; 2.4s, 7.1d, 8.2s, 8.4d. 13C; 21, 122, 124, 148, 149, 156.

4,4’-dicarboxy-2,2’-bipyridyl was synthesized from the corresponding 4,4’- 

dimethyl-2,2’-bipyridyl compound by oxidation with KMnO4, figure 8. 3.8 g of 4,4’- 

dimethyl-2,2’-bipyridyl and 12.0 g of KMnO4 was refluxed in 150 ml of dH20  

overnight. The unreacted starting products were filtered off while still hot. The 

remaining aqueous layer was then extracted with 3x50 ml portions of anhydrous 

diethyl ether. The aqueous layer was acidified with concentrated HCI to give a 

flocculent white precipitate. The white precipitate was filtered off, washed with 

water and allowed to air dry. The yield for this synthesis was 25%, the melting 

point was greater then 320°C and the compound was characterized using 1H 

NMR. 1H; 7.6d, 8.0s, 8.5d.

4,4’-dimethylester-2,2’-bipyridyl was synthesized from the 4,4'-dicarboxy- 

2,2’-bipyridyl compound, figure 8. 0.4 g of 4 ,4 ’-dicarboxy-2 ,2 ’-bipyridyl and 4.0 ml
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of thionyl chloride were refluxed for 3 h. The resulting solution was cooled and 

dried under argon. 6.0 ml of absolute methanol was added slowly to the reaction 

flask and allowed to stand for 30 min. Excess methanol was evaporated under 

argon and the solid product was taken up in aqueous 0.1 M NaOH. Addition of 

anhydrous diethyl ether precipitated a pinkish-white solid. This solid was filtered 

off and recrystallized from hot acetone. The compound was characterized using 

1H NMR. 1H; 3.9s, 7.2d, 8.8s, 9.0d.

4,4’-di(dimethylamino)-2,2’-bipyridyl was synthesized using a palladium 

catalyzed oxidative coupling reaction with 4-dimethyiaminopyridine, figure 8. 25 

g of 4-dimethylaminopyridine was heated until liquid. 1.5 g of 10% Pd on activated 

carbon was added and allowed to reflux for 3 days. The palladium was filtered off 

while the solution was hot and the remaining filtrate was allowed to cool. A yellow- 

white precipitate formed upon cooling which was filtered and recrystallized from 

acetone. The compound was characterized using 1H NMR. 1H; 3.2s, 7.8d, 8.2s,

8.4d.
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Figure 8: Synthesis of substituted bipyridyls.
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rCr(dmbpy)2ClolCl

c/'s-bis-4,4’-dimethyl-2,2’-bipyridyldichlorochromium(lll) chloride was 

synthesized using a modification of the method of Burstall and Nyholm.75 0.5 g 

of 4,4’-dimethyl-2,2’-bipyridyl and 0.15 g of anhydrous CrCI3 was added to 6.0 ml 

of 95% ethanol. The solution was brought to a boil and a catalytic amount of zinc 

dust was added to the solution. The solution was boiled for 10 min and allowed 

to cool. Upon cooling, a brown-green precipitate formed which was filtered off. 

The product was dissolved in absolute methanol and purified using LC with a 

Sephadex LH-20 support and methanol as the eluent. The brown-green band was 

collected and allowed to crystallize by standing on the bench. HPLC analysis using 

a C-18 bondapack column revealed essentially one peak.

rCr(dcbpv)oCMCl

c/,s-bis-4,4’-dicarboxy-2,2’-bipyridyldichlorochromium(lll) chloride was 

synthesized using the method of Burstall and Nyholm.75 0.8 g of 4,4’-dicarboxy- 

2,2’-bipyridyl, 3.0 ml of 95% ethanol and 0.3 g of anhydrous CrCI3 were heated to 

boiling. A catalytic amount of zinc dust was added and the solution was allowed 

to boil for 10 min. Upon cooling, a dark green compound precipitated which was 

filtered off. The dark green precipitate was dissolved in absolute methanol and 

purified by LC with a Sephadex LH-20 support and methanol as eluent. The dark 

green band was allowed to air dry on the bench. HPLC analysis using a C-18 

bondapack column revealed essentially one peak.
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rCr(dmebPv)XUCI

c/s-bis-4 ,4 ,-dimethylester-2 ,2 '-bipyridyldichlorochromium(lll) chloride was 

synthesized using the method of Burstall and Nyholm. 0.5 g of 4,4- 

dimethylester-2,2’-bipyridyl, 2.5 ml of 95% ethanol and 0.25 g of anhydrous CrCI3 

were heated to boiling. A catalytic amount of zinc dust was added and the solution 

was allowed to boil for 10 min. Upon cooling, a light green compound precipitated 

which was filtered off. The light green precipitate was dissolved in absolute 

methanol and purified by LC with a Sephadex LH-20 support and methanol as 

eluent. The light green band was allowed to air dry on the bench. HPLC analysis 

using a C-18 bondapack column revealed essentially one peak.

TCrfdmabPvloCUCI

cz's-bis-4 ,4 ’-di(dimethylamino)-2 ,2 ’-bipyridyldichlorochromium(lll) chloride was 

synthesized using the method of Burstall and Nyholm. 0.22 g of 4 ,4- 

di(dimethylamino)-2,2’-bipyridyl, 5.0 ml of 95% ethanol and 0.08 g of anhydrous 

CrCI3 were heated to boiling. A catalytic amount of zinc dust was added and the 

solution was allowed to boil for 10 min. Upon cooling, a yellow-orange compound 

precipitated which was filtered off. The yellow-orange precipitate was dissolved 

in absolute methanol and purified by LC with a Sephadex LH-20 support and 

methanol as eluent. The yellow band was allowed to air dry on the bench. HPLC 

analysis using a C-18 bondapack column revealed essentially one peak.
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rCrfbpvUFolF

c/s-bis-2,2’-bipyridyldifluorochromium(lll) fluoride was synthesized and 

purified by Dr D. Bancroft and J. Kerns. The compound was used without any 

further purification. Ultraviolet and visible spectroscopy was performed to define 

the complex. Ultraviolet spectroscopy yielded absorbance maxima and the 

logarithm of the extinction coefficient,log Em , in parenthesis of; 335s,(4.58); 324s, 

(4.68); 310, (4.86). Visible spectroscopy gave absorbance maxima, with the 

extinction coefficient em in parenthesis of; 392, (289); 414s, (220); 443s, (90.0); 

540b, (43.0).

TCrfbDvLBrJBr

c/s-bis-2,2’-bipyridyldibromochromium(lll) bromide was synthesized and 

purified by Dr D. Bancroft and J. Kerns. The compound was used without any 

further purification. Ultraviolet and visible spectroscopy was performed to define 

the complex. Ultraviolet spectroscopy yielded absorbance maxima and the 

logarithm of the extinction coefficient, log Em , in parenthesis of; 335s,(4.75); 324s, 

(4.83); 310, (4.94). Visible spectroscopy gave absorbance maxima, with the 

extinction coefficient Em in parenthesis of; 393, (397); 416s, (309); 445s, (129);

* 554b, (62.0).

rCrfbpvLUl

c/'s-bis-2,2’-bipyridyldiiodochromium(lll) iodide was synthesized and purified 

by Dr D. Bancroft and J. Kerns. The compound was used without any further
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purification. Ultraviolet and visible spectroscopy was performed to define the 

complex. Ultraviolet spectroscopy yielded absorbance maxima and the logarithm 

of the extinction coefficient, log em, in parenthesis of; 335s,(4.62); 324s, (4.71), 

310, (4.85). Visible spectroscopy gave absorbance maxima, with the extinction 

coefficient em in parenthesis of; 393, (461); 416s, (363); 443s, (148); 560b, (70.0).

fCr(phen)oCLlCl And rCr(phen)o(HoOMQU

c/s-bis-1,10 -phenanthrolinedichlorochromium(lll) chloride dihydrate, cis- 

[C r(phen)2CI2]CI-2H20  and its a q u a ted  an a lo g u e , c /s-b is-1 ,10- 

phenanthrolinediaquochromium(lll) trichloride were synthesized as described 

previously.75 1.5 g of anhydrous CrCI3 was mixed with 5.42 g of 1,10- 

phenanthroiine in 50 ml of 95% ethanol. The reaction mixture was allowed to boil 

in the presence of a catalytic amount of zinc dust for 10 min. Upon cooling a 

greenish-brown precipitate formed which was collected by filtration and allowed to 

air dry. Purification was achieved by liquid chromatography on a Sephadex LH- 

20 support using a 9:1, H2O-MeOH eluent. Two major bands were observed in 

both LC and subsequent HPLC analysis on a  reverse phase C-18 bondapack 

column. The first red band to elute from the column was the diaquo species, 

[Cr(phen)2(H20 ) 2]CI3. The second green band corresponded to the dichloro 

species, [Cr(phen)2CI2]CI. Characterization of these complexes was accomplished 

using UV-VIS absorption spectrophotometry and FAB-MS.

Ultraviolet absorption spectra for the two compounds were measured in 

Millipore H2O using a  1.0 nm slit width and matched quartz cuvettes. The
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wavelength area between 380-220 nm was scanned at 25 nm/min with a chart 

speed of 1.0 inch/min. The [Cr(phen)2CI2]CI species showed the following 

wavelength maxima, log em, in parenthesis; 276, (4.55); 226, (4.64). The diaquo 

species, [Cr(phen)2(H20 )2]CI3 showed very similar wavelength maxima and 

extinction coefficients; 276, (4.56); 226, (4.73).

Visible absorption spectra were measured using the sam e parameters as 

above. The wavelengths between 700 and 380 nm were scanned at 50 nm/min 

scan rate and a chart speed of 0.5 inchs/min. The wavelength maxima and 

extinction coefficient (em in parenthesis) for the dichloro species were; 556, (38.6); 

420s, (176); 392s, (260). The diaquo complex gave the following wavelength 

maxima and extinction coefficients; 530, (39.6); 420s, (137); 392s, (228). These 

UV-VIS wavelength maxima and extinction coefficients are similar to that reported 

previously for these complexes.76

FAB-MS performed on these complexes in a glycerol matrix using xenon 

gas as the particle accelerant gives a molecular ion of m/z 482 for both the diaquo 

and dichloro complexes.

rCr(bpv)?1(CI0 1)?

Tris-2,2’bipyridylchromium(lll) Perchlorate was synthesized using two 

different methods. The first method, which has been described previously, has 

been slightly modified.75 In the first method, the chromous bromide intermediate 

was formed directly from chromium metal using a 1:10 w/v mixture of chromium 

metal and hydrobromic acid. These two compounds were allowed to react under
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an inert argon atmosphere until the solution was dark blue and all of the metal had 

dissolved (some heating may be required). The solution, while still under an inert 

atmosphere was cooled in an ice bath for 30 min or until a blue crystalline 

precipitate of chromous bromide formed. While maintaining an inert atmosphere, 

the excess solvent is filtered off and the chromous bromide is washed twice with 

air-free, ice-cold distilled water. 1.0 g of 2,2'-bipyridyl in 10 ml of water with 4 

drops of con HCL was degassed and added with stirring to the chromous bromide 

mixture followed by an excess of sodium bromide. The solution was allowed to 

stand for 30 min at 0° C prior to filtration of the black crystalline Tris-2,2’- 

bipyridylchromium(ll) Dibromide Tetrahydrate species. This complex was washed 

with cold distilled water and cold chloroform and then oxidized by shaking with a 

aqueous 5% perchloric acid in air. The resulting species was the yellow Tris-2,2’- 

bipyridylchromium(MI) perchlorate. This yellow compound was recrystallized from 

hot water and a single band was observed with liquid chromatography on a 

Sephadex LH-20 support and 9:1 H2OiMeOH eluent. A single peak was observed 

as well using HPLC on a reverse phase C-18 bondapack column.

The second method used, which provided a higher yield, involved the use 

of a Jones Reductant (a zinc-mercury amalgam) to generate the labile chromous 

species. 1.0 g of CrCI2 GH2O in 20 ml of distilled H2O was allowed to pass slowly 

through a column containing the Jones Reductant. The green CrCI3-GH2O solution 

becam e bright blue after passing through the column and was allowed to drip into 

50 ml of an aqueous 5% perchloric acid solution containing 4.0 g of 2,2’-bipyridyl.
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The whole system was kept under an inert atmosphere of argon. The black 

complex of tris-2,2’bipyridylchromium(ll) perchlorate was removed from the inert 

atmosphere, filtered and washed with cold distilled water and chloroform. The 

black crystals were then heated in the presence of a small amount of aqueous 5% 

perchloric acid while stirring in air. After several minutes, the solution became a 

homogenous bright orange color and was then allowed to cool. The orange 

crystals collected by filtration were washed with cold water and subsequently 

recrystallized from hot water. The resulting yellow tris-2,2’-bipyridylchromium(lll) 

perchlorate complex proved to be of high purity upon LC and HPLC with 

param eters listed previously.

Once again, the structure was confirmed using UV-VIS spectrophotometry 

and FAB-MS. The wavelength maxima and logarithm of the extinction coefficient, 

log £m, in parenthesis in the ultraviolet spectra for this compound were; 345, (3.89); 

308, (4.33); 280, (4.15). The param eters used were the sam e as cited for 

previous compounds. The wavelength maxima and extinction coefficient, £m, (in 

parenthesis) for the visible absorption spectrum were; 453s, (892); 425s (640); 

402s, (269). The parameters were the sam e as that mentioned previously. The 

wavelength maxima and extinction coefficients for this complex closely matches 

previous work.76

FAB-MS of this compound was carried out in a glycerol + trifluoroacetic acid 

(TFA) matrix using xenon as the particle accelerant. A molecular ion at m/z 520 

corresponding to [Cr(bpy)3] was detected.
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Tris-ethylenediamminechromium(lll) trichloride was synthesized using a 

modification of a previous method.78 10 g of CrCI3-SH2O was dissolved in 50 ml 

of absolute methanol. The solution was placed in a reflux apparatus with a 

catalytic amount of zinc dust and allowed to reflux for 10 min. 30 ml of anhydrous 

ethylenediamine was then added dropwise through the top of the condenser. The 

vigorous exothermic reaction yielded an immediate bright yellow precipitate which, 

upon cooling, was filtered, washed with cold methanol and air dried. The complex 

was recrystallized from hot water which yields yellow-orange needle-like crystals.

UV-VIS absorption spectra for [Cr(en)3]CI3 shows wavelength maxima and 

extinction coefficients (in parenthesis) of; 458, (69.2); 350, (56.3). These values 

are nearly identical with those reported previously for this complex.76 The 

parameters for obtaining the spectra are identical with those used previously.

FAB-MS of this complex in glycerol/water and magic bullet/water does not 

show a molecular ion of m/z 232 as expected, instead a rearrangement upon 

ionization is taking place to form the bis-ethylenediamminedichlorochromium(lll) 

complex of m/z 242. It also shows the formation of dimers of this bis complex.

rCr(en)oCUCl

c/s-bis-ethylenediamminedichlorochromium(lll) chloride was synthesized 

from the tris-ethyleneidamminechromium(lll) trichloride species using a previous 

method.79 The [Cr(en)2CI2]CI complex was prepared by recrystallizing the 

[Cr(en)3]CI3 from a 1% aqueous solution of ammonium chloride. After air drying,

rCr(en)?1CI?
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the recrystalIized product was heated at 210°C for 2-3 hr. The red-violet 

compound produced was recrystallized from hot distilled water and used without 

further purification.

No absorption was seen  in the ultraviolet spectrum for this complex. Visible 

absorption spectra gave wavelength maxima and extinction coefficients (in 

parenthesis) of; 528, (40.6); 400s, (43.2). Parameters and scan rates are same 

as reported previously.76

FAB-MS for this complex, using magic bullet + water shows a molecular ion 

at m/z of 242 corresponding to the [Cr(en)2CI2] species.

FCr(NH3)1CI2ICI

The cZs-tetraamminedichlorochromium(lll) chloride complex was synthesized 

a s  d e s c r i b e d  p r e v i o u s l y . 80 S t o c k  c o m p o u n d  of  

chloroaquotetraamminechromium(lll) chloride was heated in an oven at 120°C for 

4 h. The reddish-purple chloroaquo complex changed to a violet color upon 

formation of the dichloro species. The crystal were washed with 10% hydrochloric 

acid, ethanol and ether in turn and allowed to air dry. No further purification was 

attempted on this complex.

Characterization of this complex was accomplished using visible absorption 

spectrophotometry. Wavelength maxima and extinction coefficients using 

parameters previously described were; 512, (22.7); 382, (34.6). These values 

closely match those previously reported for this complex.76 Ultraviolet absorption 

spectrophotometry showed no peaks in the 380-220 nm wavelength scanned.
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K3Cr(CN)6

Potassium hexacyanochromate(lll) was synthesized using a modification of 

a previous method.81 1.5 g of chromium(lll) acetate was dissolved in a small 

amount of distilled water and slowly added to a flask containing a boiling solution 

of 3.0 g of potassium cyanide in 15.0 ml of water. The hot solution was allowed 

to cool and evaporate in the hood overnight. The pale-yellow crystals formed upon 

cooling were filtered and recrystallized from hot water. No further purification was 

attempted with this complex.

Characterization was accomplished using ultraviolet absorption 

spectrophotometry. Wavelength maxima and the logarithm of the extinction 

coefficients (in parenthesis) were; 264, (3.15); 230, (2.70). FAB-MS for this 

complex was not possible due to the potassium associated with this complex.

FCr(Dv)1CI2ICI

c/s-tetrapyridyldichlorochromium(lll) chloride was synthesized and purified 

by Dr D. Bancroft and J. Kerns. No further purification was made on this complex.



40

Biological A ssays For Mutagenicity 

Salmonella Reversion Assay

The Salmonella reversion assay is a biological assay system developed by 

Dr. Bruce N. Ames. This development was in response to the need for a rapid 

and inexpensive system that can be used to show whether a compound or set of 

compounds is mutagenic. Dr. Ames accomplished this by developing several 

strains of Salmonella typhimurium with a mutation in the histidine operon which 

makes these bacterial strains dependent on added histidine to their growth 

medium. Plasmids with resistance genes to ampicillin and tetracycline were also 

added for selection of various strains of bacteria. A second mutation in the gene 

coding for membrane synthesis, rfa, causes partial loss of the Iipopolysaccharide 

structure that makes the membranes more permeable. The AT or GC point 

mutation in the histidine operon is at the hisG428 locus for tester strains TA102 

and TA2638 and at hisG46 locus for TA100. Depending on the strain, this 

mutation can be located either on a plasmid or in the genome. In TA102, the 

hisG428 mutation resides on the pAQ1 plasmid which also contains a gene for 

tetracycline resistance. The strains, TA102 and TATOO also contain an R-factor 

plasmid, pKM101, that increases chemical and spontaneous mutagenesis by 

enhancing an error-prone DNA repair system which is normally present in these 

organisms. This allows for detection of mutagens that are detected weakly or not 

at all in the parent, or nonplasmid containing strains.

The revertable DNA base pairs can be of two types, either an AT base pair
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mutation or a GC base pair mutation.. Those strains with the AT base pair 

mutations have been found to be much more sensitive to oxidative damage than 

the GC base pair mutations.82 TA100 has a GC substitution in the histidine 

operon. This allows it to primarily detect base pair substitutions. TA102 and 

TA2638 have an AT base pair substitution. This type of mutation is sensitive to 

point mutations and small deletions derived from such things as X rays, UV light, 

bleomycin and other radical generators.

In the assay, enough histidine is added to a minimal media plate to allow 

several cycles of replication for the bacteria. Upon challenging the bacteria with 

a putative mutagenic compound, a positive result is regarded as formation of viable 

histidine producing colonies. The growth of colonies, above that of background, 

means that a mutation has occurred which has allowed the bacteria to revert back 

to the wild type, histidine producing, strain. Thus, the colonies that are seen on 

a plate are called His revertants.

Aerobic A ssay In the aerobic assay, S. typhimurium. strains TA102 and 

TA2638 were chosen for their sensitivity to oxidative mutagens. These strains 

were constructed by Levin et. al., and were gifts of Dr. B.N. Ames.82 Both TA102 

and TA2638 have an A-T base pair at the site of the mutation in hisG428. The 

hisG428 allele in TA102 resides on the plasmid pAQ1 and is in its normal genomic 

location in TA2638. For the assay, 100 pJ of an overnight culture of the 

Salmonella strain grown in nutrient broth, was challenged with varying 

concentrations of the chemical in 0.5 ml of M9 buffer (see appendix pg. 158). The
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mixture was allowed to preincubate for 30 min at room temperature prior to plating 

in standard plate overlays (see appendix pg. 158).83 The plates were counted for 

His+ revertant colonies after incubation at 37°C for 72 hr. The colonies were 

counted automatically using a BioTran Il automated colony counter with a colony 

size of 0.2 mm, sensitivity of 675 and area of 580.

Anaerobic A ssay The anaerobic assay was developed to test for oxygen 

dependence of the mutagenic complexes seen aerobically. Since S. typhimurium 

is a facultative anaerobe, meaning it is capable of growth in both an anaerobic and 

aerobic environment, we are able to use this strain in much the sam e way that it 

is used aerobically. To run this assay anaerobically, several modifications to the 

original aerobic system had to be made. In this assay, the Salmonella bacteria 

were grown aerobically in nutrient broth (see appendix pg. 161). The bacteria, 

plates, M9 buffer and metal solution were then placed into an anaerobic Coy 

chamber. The Coy chamber contained a stock anaerobic gas mixture of 5.17% 

CO2, 10.1% H2 and 84.73% N2. The solutions were allowed to equilibrate for 

several minutes with stirring prior to use. The actual assay was then run in the 

Coy chamber in the sam e manner as the aerobic assay. The plates were allowed 

to remain in the Coy chamber for 24 hr and then removed and incubated 

aerobically at 37°C for 72 hr prior to counting for His revertant colonies. Colonies 

were counted using an automated colony counter with the sam e parameters listed 

for the aerobic assay. To assure that morphological and physiological changes 

upon introducing the Salmonella bacteria anaerobically had no appreciable effect
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upon mutation rate, an oxygen independent mutagen was used as a control. The 

choice for this positive control was the DNA alkylating agent, MNNG.

Mutation Frequency

Mutation frequency is a m easure of the number of mutants per number of 

live cells. Cell toxicity is m easured in one of the Ames strains described above 

and the assay is set up similar to the Salmonella reversion assay. One hundred 

|il of an overnight culture of S. typhimurium is suspended in 0.5 ml of MG buffer. 

The bacteria are challenged with the appropriate concentration of mutagen and 

allowed to incubate at ambient temperature for 30 min. After 30 min, the solutions 

were diluted to 1.0 ml and thoroughly vortexed. Ten pi of the mixture was 

removed, diluted to 1.0 ml and vortexed. This 100 fold dilution was repeated once 

more on the solutions. One hundred pi of the resulting diluted solution was 

removed and uniformly streaked on LB agar petri plates (see appendix pg. 158).
i

The plates were counted after 24 hr at 37° C to give the total number of cells. 

The dilution from the beginning cell density is 1 million fold. A late logarithmic 

phase culture of bacteria has a cell density of 1 X 107 to 1 X 109 per ml. The 

million fold dilution should then give us a cell count of between 10 and 1000 

colonies. The number of His revertants from the preceding Salmonella assay can 

then be divided by the cell density to give the mutational frequency for the 

compound tested. Use of the mutation frequency assay has the advantage over 

a  straight Salmonella reversion assay of taking into account any differences arising 

from differential toxicity among the compounds.
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SOS R esponse

The SOS response is a term given to a multi-gene global response by 

enteric bacteria to agents that cause DNA damage or interfere with DNA 

replication. The SOS response is controlled by the RecA and LexA proteins.61 

These two proteins control the expression of genes whose products play roles in 

excision repair, daughter-strand gap repairs, strand break repair, methyl-directed 

mismatch repair and SOS processing.61 The exact mechanism of response and 

repair is quite complicated and will not be discussed here. However, an overview 

of the control system would be useful. The LexA protein serves as a repressor of 

all SOS genes. The RecA protein interacts with LexA and cleaves the LexA 

repressor to activate gene expression.

In the SOS repair assay which we use, a construct of E. coli, GE-94, has 

the repressor/operator portion of the sulA operon (a gene coding for expression 

of a filamentation protein) fused with the IacZportion of the lactose operon (a gene 

coding for the production of B-galactosidase). When an agent is introduced into 

the system which would activate the SOS response, the cell responds by 

producing G-galactosidase. This production of G-galactosidase can then be 

m easured by adding ONPG, o-nitrophenyl-G-D-galactoside, which is a substrate 

for G-galactosidase. Cleavage of ONPG by the G-galactosidase results in the 

yellow colored o-nitrophenol group which can be measured quantitatively using 

visible spectrophotometry.84 Induction of G-galactosidase, if in the appropriate 

concentration range, is linear with the amount of mutagen added.
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Aerobic A ssay The aerobic assay is simply the normal assay developed 

to m easure the SOS response. This categorization is only meant to distinguish the. 

normal (aerobic assay) from the anaerobic assay which we have developed.

In this assay, an overnight culture of GE-94 in nutrient broth was 

subcultured into M9 complete media at a  ratio of 1.0 ml of the overnight culture per 

50 ml of fresh media. The subculture is placed in a shaking water bath at 37°C 

until the cell count reaches 2-5 x 108 ceils/ml (OD600 of 0.28-0.70). It is crucial to 

obtain this range of cell density prior to assaying because this is the range where 

logarithmic growth is occurring and the point at which the cells are most 

susceptible to DNA damage. Further growth can be prevented once you reach this 

range by cooling the culture in an ice bucket. Ten ml of culture was challenged 

with the mutagen and incubated for 1.0 hr. Optical density at OD600 of the aliquots 

was measured after the one hour incubation. Aliquots of cells were distributed in 

tubes containing Z buffer (see appendix pg. 158), one drop of 0.1 % SDS and two 

drops of chloroform were added. The tubes were vortexed and incubated at room 

temperature for 20 min. After the 20 min incubation time, a drop of chloroform 

was added to each tube and vortexed. This results in partial disruption of the cell 

membranes. A 0.2 ml aliquot of ONPG, o-nitrophenol-B-galactoside, (4 mg/ml) 

was added to each tube and the reaction was allowed to take place for 5 min. 

After 5 min, the reaction was stopped by adding 0.5 ml of 1.0 M Na2CO3. The 

optical density at 420 nm and 550 nm were recorded on a Varian Series 634 dual 

beam spectrophotometer. To com pensate for light scattering by cell debris a
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correction factor of 1.75 x O.D.550 is used. The final formula for finding the B- 

galactosidase units produced from this reaction is (5):

Miller Units = 1000 x OD420 - 1.75 x OD550/ 1 x v x OD600 (5)

Where t=time of the reaction. in minutes and v= volume of culture used in the 

assay, in ml. The factor of 1000 is added because a fully induced culture grown 

on glucose medium has approximately 1000 units of galactosidase activity/m in and 

an uninduced culture has approximately 1.0 unit. A control that has been 

uninduced is run to give the basal level of 6-galactosidase activity which can be 

subtracted out.

Anaerobic A ssay The anaerobic assay is run in much the same manner 

as the aerobic assay but with several modifications. GE-94 Escherichia coli is a 

facultative anaerobe that grows nearly equally well in aerobic or anaerobic 

conditions. This ability is utilized by growing the culture to be assayed 

anaerobically. This is accomplished by inoculating the LB media with the culture, 

capping the flask with a  rubber septa and purging the atmosphere with argon for 

several minutes. The subsequent cell growth can be monitored by removal of 

small aliquots of the culture with a syringe. Once the bacteria obtain the 

appropriate optical density, the 0.1 ml aliquots of the culture can be removed and 

placed into septa capped test tubes that have been purged with argon. Addition 

of the Z buffer, ONPG and Na2CO3 can be added by syringe. Once the Na2CO3 

is added, the test tubes can be uncapped since the reaction has been terminated.
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The optical density readings can then be m ade and converted to Miller units (5) 

using the sam e procedure as for the aerobic assay. The negative ,control for this 

experiment was Mitomycin C since its mechanism of action is independent of 

oxygen. The positive control for this experiment was paraquat since it is a known 

oxygen radical generator. Since paraquat is not a good inducer of the SOS 

response, it was used only as an indicator of anaerqbiosis by observing the 

decrease in toxicity for this compound when assayed anaerobically.

Toxicity Testing

Toxicity testing on select compounds was carried out by Jia Chen of the 

M assachusetts Institute of Technology via Gentest Corporation. The toxicity of 

Cr(VI)1 [Cr(bpy)2CI2]CI and [Cr(phen)2CI2]CI were measured against TK6 human 

lymphoblast cells and CH V-79 Chinese hamster lung fibroblast cells. The toxicity 

is based on a  simple survival % versus concentration of metal. This assay is 

accomplished in much the sam e way as that described previously for the bacterial 

strains.

M utagenesis In Mammalian Cells

The mutagenicity of select chromium compounds were measured by Jia 

Chen of the M assachusetts Institute of Technology via Gentest Corporation. The 

mutant fraction of both TK6 human lymphoblast cells and CH V-79 Chinese 

hamster cells were measured for Cr(VI), [Cr(bpy)2CI2]CI and [Cr(phen)2CI2]CI. 

Only those doses which showed a significant survival rate could be assayed for the
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mutant fraction. This assay is done in much the sam e way as that described for 

the bacterial mutant frequency.

Cyclic Voltammetry

Cyclic Voltammetry, CV, is an electroanaiytical technique used to study 

electroactive species in solution. Fundamentally, CV consists of cycling the 

potential of an electrode in a stationary solution and measuring the resulting 

current. The basis of a voltammogram is the measure of the amount of current 

transferred to an analyte versus the potential at which this current transfer 

occurred. The amount of current transferred in a forward sweep is a measure of 

the number of electrons that are accepted by the analyte. The reduction potential 

is the potential at which these electrons were accepted and reversibility deals with 

the tendency for the analyte to give up those electrons and reform the original 

complex on the reverse sweep. A more in depth discussion of these concepts will 

be presented later in this thesis.

Instrumentation

Cyclic voltammetric data were obtained using a cyclic voitammeter 

interfaced with an Apple lie computer. This system was built by Dr. R. Geer and 

R. A. Bonsteel and consists of 10 parts that both operate the cyclic voitammeter 

and collect data for further workup.85 These ten parts consisted of:

1. Computer interface

2. Initial DC potential
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3. DC step potential

4. Sweep generator

5. Sine wave generator

6. Potentiostat

7. AC and DC response separator

8. Gain control and positive feedback

9. Sample and hold with a 12 bit D/A converter

10. X and Y recorder output

The Apple lie controlled CV used a FORTH-based software program to run the CV 

package and was written by Dr. R. Geer.

Software

The FORTH-based software package is menu-driven and could be loaded 

into memory by typing runcv. The main menu gives a variety of options for 

electrochemical experiments as well as a calibrate instrument option. The 

calibration of the instrument is necessary prior to any series of CV runs. The 

output data from the calibrate instrument option is:

1. Gain tables

2. Sweep tables

3. Cell constants

The data thus obtained, is essential for later conversion of the raw voltage data to 

actual current data.

After calibration of the instrument, an actual experiment can be initiated by
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using the cv run option. A second menu appears allowing the operator to choose 

the experimental parameters. The pertinent experimental parameters are:

1. Starting and ending potentials

2. Reversing potentials

3. Sweep resolution

4. Sweep rates

5. Signal to Gain

Once these param eters were selected, the experiment could be initiated. Data 

from the experiment was recorded both as a data file on a floppy disk and a 

hardcopy of the voltammogram from an Omnigraphic 2000 XY recorder.

Electrochemical Cell And Electrodes

The cell used for the sample solution for the cyclic voltammetry experiments 

was a 25 ml sample vial with a screw cap having four holes bored in it for the 

three electrodes used in this system as well as a hole for degassing of the 

solution. The three electrodes consisted of:

1. Working electrode

2. Counter electrode

3. Reference electrode

Both the working and counter electrodes were platinum flag electrodes that were 

plated with mercury using the method of Enke et al.86 The reference electrode 

was a 1.0 IVI Ag/AgCI electrode constructed by placing a small piece of porous 

vycor glass in the end of a section of 3.9 mm glass tubing. The hollow glass tube
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was then filled with 1.0 M KCI and a AgCI coated Ag wire was inserted into the 

glass tube. The process of coating the silver wire with silver chloride has been 

described previously by Sawyer.87

The process of making a CV run consisted of adding 10 ml of the analyte 

solution to the electrochemical cell with a small teflon stirring bar. The solution 

was then degassed using argon for 5-15 minutes prior to running. The 

temperature was maintained at approximately 25°C throughout the experiment. 

Once the solution was degassed, the CV run could be initiated as described 

previously. Prior to running the solution of interest, several background runs must 

be made. These are the electrolyte alone, for background subtraction and a 0.001 

M solution of CdCI2 for determination of the electrode area. CdCI2 was used for 

the determining the electrode area because the diffusion coefficient for this 

compound is well known. The electrode area, in cm2, could be found then by 

using the following equation (6).

i = (2.69 x 105)ri3/2AD0112v1 /2C0* (6)

Where ip is current in amperes, n is the number of electrons transferred, A is the 

area of the electrode in cm2, D0 is the diffusion coefficient in cm2/sec, v is potential 

in V/sec and C0 is the ionic concentration in mol/cm3. Determination of the 

electrode area is essential for later use in determining various physical parameters 

for compounds which do not have a well defined diffusion coefficient. In this work, 

it is primarily used to determine the number of electrons transferred in the
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reduction process.

CV Methods And Parameters

The sample was prepared by dissolving the metal complex in 10 ml of 0.1 

M KCI electrolyte. The final concentration of the metal was 0.001 M. If necessary, 

the pH of the solution was adjusted to 7.0 using 1.0 M NaOH. Buffers cannot be 

used due to their tendency to be good ligands. The solution was placed in the 25 

ml sample vial with the electrodes and allowed to degas for 5-15 min. The CV run 

was initiated and the following parameters were inputted. Initial and end potentials 

were -250 mV with reversing potentials at -1500 and -50 mV versus a 1.0 M 

Ag/AgCI reference electrode. Sweep resolution was 1.00 mV/data point with 4-5 

sw eep rates between 100 and 1500 mV/sec. The signal to gain was set at 0 and 

the initial sweep direction was negative. Prior to running any of the chromium 

complexes, both a 0.1 M KCI solution, for background subtraction and a 0.001 M 

CdCI2 solution, for electrode area were run.

Electrode Area

The electrode area was determined using 0.001 M CdCI2 with the 0.1 M KCI 

electrolyte subtracted so that all peak heights were due completely to the 

cadmium. The initial and end potentials were set at -250 mV and the reversing 

potentials were set at -1300 and -50 mV versus a 1.0 M Ag/AgCI reference 

electrode. The sweep resolution was 1.00 mV/data point, the initial sweep 

direction was negative and the sweep rates were between 100 and 1100 mV/sec.
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Using equation (3) and using the peak current measured from the subtracted 

output we can solve for the electrode area.. The number of electrons transferred 

is two and the diffusion coefficient is 7.15 x 10"6 cm2/sec. An electrode area was 

determined for each sw eep rate and the values averaged together. This value was 

then used for the rest of the experiments.

Data Analysis

Data analysis of the digital data acquired on floppy disk during the CV run 

required several steps to process. The initial data was saved to disk as an Apple 

DOS 3.3 file. This Apple DOS file had to be converted to an Apple ASCII text file 

using a FORTH program written by R. Geer called CD1X. The Apple ASCII text 

file could then be converted to a MS-DOS ASCII text file using CROSS-WORKS. 

Once the MS-DOS ASCII text file was made, the data could be imported into 

Quattro Pro for analysis and graphing. The steps involved in analyzing the CV 

data require the calibration data discussed previously. The actual steps used to 

generate the CV data will be discussed in detail in the appendix.

Electrophoresis

Electrophoresis is an analytical technique used to separate molecules based 

on their charge and size. The velocity (V) at which a molecule moves in an 

electric field is dependent on the strength of the electric field (E)j the net electrical 

charge (Z) which resides on that molecule and the frictional resistance (f) i.e. size 

and shape of the molecule. This can be expressed in the following equation (7):
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V = EZJf (7)

This technique can be used not only for separation of molecules but can also be 

used to determine if a  molecule has undergone a conformational change, that 

would either increase or decrease its frictional resistance.

Instrumentation

The instrumentation for electrophoresis consists of a gel box, either vertical 

or horizontal, with two electrodes on either end serving as a  cathode and an 

anode. A power supply is needed to supply the voltage and the current across the 

gel box. The matrix for electrophoresis is commonly either polyacrylamide for 

proteins or agarose for DNA. The matrix is a gel-like consistency which is 

immersed in an ionic buffer solution to allow charge transfer.

Plasmid Transformations

Our electrophoretic work involved the analysis of DNA. More specifically, 

we needed the supercoiled conformation of a plasmid DNA of known size and 

sequence. We also needed a large enough concentration to run a  large number 

of assays. This was accomplished by transforming E. co//with pUC-18 plasmid 

pUC-18\s a  multi-copy plasmid which has been well characterized in terms of size, 

sequence and enzymatic restriction sites. It also has a genetic sequence coding 

for ampicillin resistance which allows for selection of this genotype.

For the plasmid transformation, we chose E. coli HB101 as the cloning 

vehicle. The procedure involved inoculating 10 ml of LB broth with a single
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bacterial colony and allowing it to grow overnight. 50 ml of fresh LB broth was 

then inoculated with 0.5 ml of the overnight culture and incubated at 37°C until the 

OD600 reached 0.4-0.6. The cells were then centrifuged at 7000g for 5 min and 

resuspended in cold 50 mM CaCI2. The cells were kept on ice for 15-60 min, 

centrifuged at 7000g and resuspended in 4 ml of 50 mM CaCI2 and kept on ice for 

several hours. At this time, the cells are competent, i.e. ready to be transformed. 

I -50 ng of pUC-18 DNA was added to 50 pi of TE buffer. 100 pi of the competent 

cells were added to this solution and placed on ice for 10 min. The cells were 

taken off the ice and immediately immersed in a 4.2°C water bath for 2 hr. After 

this time, the cells were streaked on a LB + ampicillin plate and allowed to grow 

overnight at 37°C. Those cells which formed viable colonies were the transformed 

cells containing the p(JC-18 plasmid.

DNA Plasmid Extraction

Extraction of the pL/C- /8  plasmid for electrophoretic work was accomplished 

using a method described by Maniatis.88 A single colony of transformed E  coli 

HB101 was cultured overnight in 50 ml of LB broth containing 100 pg/ml of 

ampicillin. Eppendorf tubes containing 3.0 ml of cells were centrifuged for 15 sec 

or until the cells formed a pellet on the bottom. The supernatant was discarded 

and the cells were resuspended in 1.0 ml of LB media, recentrifuged and the 

supernatant discarded. Two hundred pi of solution I (see appendix pg. 157) 

containing 10 mg/5 ml of lysozyme was added to the eppendorf tube. The solution 

was mixed and incubated at room temperature for 5 min. Four hundred pi of
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solution Il (see appendix pg. 157) was then added, gently shaken and kept on ice 

for 10 min. Three hundred |il of solution III (see appendix pg. 157) was then 

added, mixed once by inversion and kept on ice for 15 min. At this point, a clot 

of genomic DNA should be visible. The solution was centrifuged for 10 min, the 

supernatant was transferred to a new eppendorf tube and the genomic DNA pellet 

was discarded. To the supernatant, 1.0 ml of ice-cold isopropanol was added and 

kept at -20°C for 20 min. The tube was centrifuged for 15 min and the 

supernatant was discarded. The pellet, which now should contain only plasmid 

DNA and RNA was dissolved in 300 |il of T50NaOAc (see appendix pg. 158). 

Once in solution, 1.0 ml of ice-cold 95% EtOH was added and the solution was 

kept at -20°C overnight. The solution was then centrifuged, the supernatant 

discarded and the pellet redissolved in 150 |il of TE (see appendix pg. 157). At 

this point, the DNA was ready for use in our assay and electrophoresis.

The concentration of DNA was determined spectrophotometrically. The 

RNA which is present in our DNA samples absorbs at a similar wavelength so 

steps had to be taken to remove it before measuring. This was accomplished by 

incubating 50 pJ of the DNA/RNA fraction collected in the above described 

extraction schem e with 2 pi of a lOmg/ml solution of boiled RNAse for 2 hr. One 

ml of ice-cold 95% EtOH was then added to the solution and kept at -20°C for 2 

hr. The solution was centrifuged for 15 min and the pellet resuspended in 2.0 ml 

of distilled water. The absorbance was measured at 260 nm using ultraviolet 

absorption spectrophotometry and a concentration could then be determined using
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a standard extinction coefficient of 6600 cm '1 M'1/ nucleotide pair.

Electrophoretic Experimental Procedures

Electrophoresis experiments were carried out using either a Bethesda 

Research Laboratories Model 100 Power supply hooked to an 8 well BioRad Mini- 

Sub DNA Cell horizontal gel box or a Heathkit Regulated High Voltage Power 

Supply hooked to a Bethesda Research Laboratories Horizon 20-25 30 well 

horizontal gel box. The potential applied in both cases was 100 mV and 30 mA. 

The gel consisted of 1% agarose in 0.5X TBE buffer with 0.5 pi of a 10 mg/ml 

solution of ethidium bromide per 100 ml of agarose gel. The ethidium bromide 

allows resolving of the DNA bands when viewed under ultraviolet light. The 

electrophoresis buffer was 0.5X TBE with 0.5 pi of a 10 mg/ml solution of ethidium 

bromide added per 100 ml of solution. Gel electrophoresis experiments were 

carried out on 10 pi reaction mixtures. Typical reaction mixtures contained 2.0 pi 

of 6.0 mM plasmid DNA, 2.0 pi of 2.0 mM metal, 2.0 pi of 5.0 mM 1:1 

ascorbate/H20 2 as the reductant/oxidant and 4.0 pi of TE buffer. The metal-DNA 

solutions were incubated at 37°C for 30 min, the reductant/oxidant was then added 

and the solutions were allowed to incubate at ambient temperature for 15 min prior 

to electrophoresis. DNA alone and DNA + the AscorbateZH2O2 reductant/oxidant 

were both used as controls in this experiment.
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Measurement Of Metal Interactions With DNA 

UV-VIS Spectrophotometry

Spectrophotometric measurements have been made to determine if a 

compound can intercalate between the DNA base pairs. This type of 

measurement is limited by the type of compound that is being investigated. Metal 

complexes that have an intense MLCT (metal-ligand charge transfer) band in the 

visible or ultraviolet spectrum show a hypochromic shift of this absorption band 

upon intercalation. UV wavelengths between 360 and 280 nm were scanned using 

a Series 634 Varian UV-VIS spectrophotometer. The wavelength of maximum 

absorbance was determined using a 0.03 mg/ml solution of the metal in a pH 7.2 

Tris-HCI buffer. A 0.15 mg/ml of calf thymus DNA was added to the solution and 

the wavelengths rescanned. A solution containing 0.15 mg/ml of calf thymus DNA 

alone was then scanned and used as a background subtraction.

Equilibrium Dialysis And Polarimetrv

Equilibrium dialysis of the mutagenic metal complexes, coupled with 

polarimetry, will allow us to determine if there is any chiral specificity in the 

interaction of these complexes with DNA. Dialysis was performed using a dual 

chambered BeIICo dialysis unit with 3.0 ml volume compartments. The two 

chambers were separated by a dialysis membrane with a molecular weight cut-off 

of 12000-14000. The dialysis membrane was pretreated by boiling successively 

in 1% Na2CO3, 1% EDTA and 1% SDS. The membrane was rinsed successively
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in Millipore water, 80°C 0.3% Na2SO3, 60°C 2% H2SO4 and again with Millipore 

water. A 1.0 mg/ml solution of calf thymus DNA in a 5mM Tris-HCI, 50 mM NaCI 

pH 7.1 buffer was "exhaustively" dialyzed against pure buffer to remove any 

fragments of DNA. The side containing the buffer and DNA fragments was 

removed and the compartment rinsed with distilled water. A 3.33 mg/ml solution 

of metal was added to the compartment and dialyzed for 24 hr against the DNA. 

After dialysis, the contents of the compartment containing the metal complex was 

removed and the concentration determined spectrophotometrically. A racemic 

mixture of the metal with the sam e concentration was then made as a control.

Polarimetry was performed using both the racemic mixture and the dialyzed 

mixture of metal. The polarimeter was set at the sodium D line using a 2 cm path 

length cell. Thirty data points were taken for the racemic mixture and averaged 

to get the zero baseline. The cell was rinsed with water and acetone before 

addition of the dialyzed solution. Thirty data points were then taken for the 

dialyzed solution and the values were averaged. The optical rotation of the 

solution could then be found by using the following equation (8).

[a]D = aJJc (8)

Where [a]D is the optical rotation in degrees at the sodium D line wavelength, a  

is the rotation in degrees from control, / is the pathlength of the cell in decimeters 

and c is the concentration in grams/100 ml.
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Electrophoretic Mobilities

Gel electrophoresis of supercoiled pUC-18 plasmid DNA in a 1% agarose 

gel was carried out to measure the changes in mobility of the DNA in the presence 

of a  constant metal gradient. This constant metal gradient was maintained by the 

positive charge on the metal migrating horizontally in the opposite direction from 

that of the negatively charged DNA. This movement limits the natural diffusion out 

of the gel vertically over time. A series of electrophoretic gels were run with 

different concentrations of metal added directly to the agarose gel prior to pouring. 

The gel was run in 0.5X TBE buffer in an eight well DNA mini-Sub cell for 1.0 h. 

The gel was then stained by soaking in a 0.1 fil/ml solution of ethidium bromide 

and the relative positions of the DNA bands were measured versus their origin. 

Changes in the mobility of the DNA can be interpreted as an interaction taking 

place between the metal and the DNA.

Membrane Permeability

Membrane permeability was m easured for selected Cr(III) complexes used 

in this study as well as for CrCI3 and Cr(VI) by Dr. Marguerite Sognier of the 

University of Texas at Galveston Medical Branch. Data was obtained by 

pretreating V79 Chinese Hamster Lung Fibroblasts with varying concentrations of 

the chromium compound in a low serum media. After 180 min, the cells were 

washed, lysed and analyzed with inductively coupled plasma m ass spectrometry 

to obtain the concentration of chromium which had accumulated intracellularly.
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RESULTS AND DISCUSSION

For presentation, the results and discussion section has been divided into 

a number of categories. These categories will consist of: 1) Structures of the 

different complexes used in the experiments, 2) Biological assays for the different 

compounds, 3) Membrane permeability of metal complexes, 4) Cyclic voltammetry 

of metals in relation to production of oxygen radicals, 5) Electrophoresis of metal- 

treated DNA and the significance to the mechanism of damage, and 6) The 

interactions of mutagenic metal complexes with DNA.

Structures Of The Cr(III) Complexes

In order to determine the structure/activity relationships between the Cr(III) 

species, it was necessary to synthesize structurally related compounds and relate 

structure to biological activity. The structures for the ten Cr(III) complexes used 

originally are shown in figures 9 and 11. Later reference to the original complexes 

are these ten compounds that were used to develop the structure/activity model. 

Other structurally related compounds were synthesized to refine this model 

following the basic principles developed from the original complexes.

With the exception of the hexacyanO complex, there is a common theme 

among these compounds. This common them e is the amine ligands associated 

with the chromium metal. Five of the compounds have associated ligands which 

are bis-bidentate aromatic amines. They differ only in the number of these amine 

ligands and the corresponding halogen or aquo species needed to saturate the six-
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coordinate structure. These compounds are, [Cr(bpy)3](CI04)3, [Cr(bpy)2CI2]CI, 

[Cr(bpy)2(H20 )2]CI3, [Cr(phen)2CI2]CI and [Cr(phen)2(H20 )2]CI3. The bipyridyl and 

phenanthroline ligands are structurally analogous, with the only difference being 

an additional ring system associated with the phenanthroline ligand. A 

consequence of this extra ring structure in phenanthroline is a more planar ligand, 

the significance of which will be discussed in a later section. Both the bipyridyl 

and phenanthroline ligands are characterized as rigid chelates. A single tris- 

bidentate compound was used in this study, [Cr(bpy)3](CI04)3, although a second 

tris-bidentate compound, [Cr(phen)3](CI04)3, was synthesized but not used due to 

its low solubility in the aqueous buffer systems used in the biological assays.

One complex containing aromatic amine ligands, but having monodentate 

instead of bidentate bonding to chromium was synthesized to test the effects of the 

aromatic structure associated with the ligands. This compound was Cr(py)4CI2 

which contains the monodentate aromatic amine ligand pyridine. With the 

exception of the bridging carbon-carbon bond between two pyridyls, this compound 

closely resembles the bis-bidentate complex Cr(bpy)2CI2.

Complexes with bidentate aliphatic amine ligands have been synthesized 

and tested as well. These include the bis-bidentate [Cr(en)2CI2]CI complex and the 

tris-bidentate complex, [Cr(en)3]CI3. The ethylenediamine ligand mimics the 

bipyridyl and phenanthroline ligand system with its bidentate structure but differs 

considerably by lack of aromaticity, overall size and planarity. The 

ethylenediamine ligand in contrast to the aromatic bis-bidentate ligands is classified
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as a  flexible chelate.

A monodentate complex with four amine ligands and two halogens in its 

hexacoordinate structure was synthesized and tested as well. This complex was, 

[Cr(NH3)4CyCI. It was synthesized to test what, if any effect a simple 

monodentate complex had on the activity. The ligand size differs only by two 

carbons from that of the bidentate ethylenediamine complex but, unlike the 

ethylenediamine ligand, the amine groups have free rotation about the Cr-N bond.

The odd compound in this group was K3Cr(CN)6. While this is not an amine 

ligand, it was synthesized to test what, if any, effect a high spectrochemical series 

ligand has on the activity and redox behavior of the chromium metal center. The 

spectrochemical series is a measure of a ligands ability to split the octahedral d- 

orbitals. The order of splitting due to ligand field strength is given below.

CN' > phen, bpy, NO2" > en > NH3, pyr > H2O > C2O4 > OH" > F  > S2' > Cl"> Br"

> I"

The effect of a  high spectrochemical series ligand is due to k bonding between the 

metal and the ligand.®9 This k bonding results in donation of electrons from one 

of the X2g orbitals of the metal to a vacant orbital of the ligand. This donation of 

electrons can increase the effective positive charge on the metal ion as well as 

shorten the M-X bond distance. Thus, the choice of the hexacyano chromium 

complex was based on its position in the spectrochemical series so that if there 

was an effect due to ligand field splitting, it should be seen in this complex. The
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work of Herzog and others, have calculated that the degree of k bonding between 

the metal and the ligand is nominal for Cr(III) complexes and the highest occupied 

orbital is a  delocalized molecular orbital composed mainly of the metal t2g- 

orbital.90"93 This assignment was based on the ESR spectra for amine based 

ligands of chromium. Semi-empirical molecular orbital calculations, while not 

presented in this work, tend to agree with that of Herzog et al. The significance 

of this work, however, is at best suggestive since a minimized structure was never 

obtained.

Further structures were synthesized to test the model derived from the 

previous group of compounds. These compounds tested two different themes; 1) 

The effect of splitting the octahedral symmetry with different halogens and 2) The 

effect of electron withdrawing and electron donating substituents on the bipyridyl 

ligand. Splitting of the octahedral symmetry was accomplished using different 

halogens in the cis position of the hexacoordinate geometry. Splitting of the 

octahedral symmetry should increase as the separation between the different 

ligands in the spectrochemical series increases.94 The different halogen 

complexes of the bis-bipyridyl Cr(MI) complex were used, figure 9. These were 

[Cr(bpy)2F2]+1, [Cr(bpy)2CI2]+1, [Cr(bpy)2Br2]+1, and [Cr(bpy)2l2]+1.

The effect of electron withdrawing and electron donating groups on the 

bipyridyl ligand were shown by substituting the 4 and 4’ position of bipyridyl with 

different groups, figure 10. Two electron donating groups -CH3 and -N(CH3)2 and 

the two electron withdrawing groups -COOH and -COOCH3 were synthesized.
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The bis-bidentate dichloro Cr(III) complex of these species were synthesized and 

tested. These are, [Cr(dmbpy)2CI2]+1, [Cr(dmabpy)2CI2]+1, [Cr(dcbpy)2CI2]+1 and 

[Cr(dmebpy)2CI2]+1. Where dmbov is 4,4’-dimethyl-2,2’-bipyridyl, dmabpy is 4,4’- 

di(dimethylamino)-2,2’-bipyridyl, dcbpy. is 4,4’-dicarboxy-2,2’-bipyridyl and dmebpy. 

is 4,4’-dimethylester-2,2'-bipyridyl. The cis halogens in all of these compounds 

were chloride for consistency.
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ETHYLENEDIAMINE^ 2 '-BIPYRIDYL I .  ICH=HENANTHROLINE

(PHEN)

Figure 9: Structures of Cr(III) complexes.
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4» t'-dieBthyleetai—2.2'-bipyridyl

(dmobpy)

4,4'-dl (dieethylmino) -2 .2'-falpyridyl

(dmobpy)

X = Cl

Figure 10: Structures of Cr(HJ) Complexes.
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OR WzCH2CH2NH2

ETHYLENEDIAHMINE

Figure 11: Structures of Cr(TII) compounds.
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Biological A ssays

The metal complexes were all tested for biological activity using the Ames 

Salmonella reversion assay. While the Salmonella reversion assay is not a 

quantitative assay, it does give good qualitative data on whether a compound is 

mutagenic and the relative differences between the different compounds. It does 

not, however, take into account the possible effects of cytotoxicity. These 

cytotoxic effects can be taken into account by assaying the strains used in the 

Salmonella reversion assay for cell viability. The number of viable cells can then 

be combined with the reversion data to give a mutant frequency. This mutant 

frequency, while still hot truly quantitative, removes another possible variable for 

the differences seen among the mutagenic species.

The relative reversion frequency of the original Cr(III) compounds were 

determined using the Arties strains TA102 and TA2638. Figures 12 and 13 show 

the relative response for the mutagenic Cr(III) complexes in TA102 and TA2638 

respectively. In both S. typhimurium strains, the order of reversion frequency is 

[Cr(Phen)2CI2]+1 > [Cr(Phen)2(H2O)2]+3 > [Cr(bpy)2CI2]+1. > [Cr(bpy)2(H20 )2]+3 > 

[Cr(bpy)3]+3. The revertants/nanomole for these complexes range from 17.S-8.2 

in TAI02 and 2.3-1.1 in TA2638, Table I. The relative reversion frequencies for 

the Cr(III) complexes are 2-5 fold over background in TA102 and 3-7 fold over 

background in TA2638, Table I.

To ensure that the differences observed in activity for these compounds is 

not due to a  differential toxicity, a mutation frequency for the mutagenic complexes
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was performed. The results, figures 16 and 17, run in Ames strains TA102 and 

TA2638 show the sam e relative response as seen in the Salmonella reversion 

assay. This increases the confidence of assigning the differences observed to 

increased biological activity and not as an artifact of the assay system.

The nonmutagenic Cr(III) compounds, Cr(en)3, Cr(en)2CI2, Cr(py)4CI2, 

Cr(NH3)4CI2, and Cr(CN)6 have shown no significant reversion in either strain in 

the same concentration range as that of the mutagenic complexes, figures 14 and 

15. As well, the ligands themselves are nonmutagenic in Ames strains TA102 and 

TA2638, figure 18 and 19, or in a previous study using Ames strains TA92, TA 100 

and TA92.95

Table I: Relative reversion rates of original Cr(III) complexes.

Revertants/Nanomoie Fold Over Backqround

Complex TM 02 TA2638 TM 02 TA2638

Cr(phen)2CI2 17.5 2.3 5 6.9

Cr(Phen)2(OH)2 15.5 2.2 4.4 6.8

Cr(Ppy)2CI2 12 1.8 3.4 5.5

Cr(Ppy)2(OH)2 9.6 1.3 2.5 3.8

Cr(Ppy)3 8.2 1.1 2.3 3.3
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'igure 12: Salmonella reversion assay of original mutagenic complexes in TA102.
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Fiirure 13: Salmonella reversion assay of original mutagenic complexes in TA2638.
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Figure 14: Salmonella reversion assay of nonmutagenic Cr(IH) complexes in TA102.
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Figure 15: Salmonella reversion assay of nonmutagenic Cr(HI) complexes in TA2638.
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Figure 16: Mutation frequency of original Cr(IH) complexes in TA102.
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Figure 17: Mutation frequency of original Cr(IH) complexes in TA2638.
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Several conclusions can be drawn from the narrow range of ligand types 

that confer activity upon the original Cr(III) species. The bis-bidentate aromatic 

amine ligands in some way act to confer the metal complex with the physical 

characteristics necessary to be biologically active. Only two of these bis-bidentate 

ligands are necessary to bestow their structure/activity relationship. This activity 

does not appear to be a function of the ligands themselves, but of the whole 

metal-ligand complex. The exact manner in which these ligands direct this activity, 

however, cannot be determined from these few complexes although the ability to 

revert these two strains suggests an oxidative mechanism.

The Salmonella reversion assay for several of these sam e complexes in a 

different S. typhimurium strain, TAI00, was carried out to determine if there is a 

specificity of damage to the AT base pairs at the site of the His" mutation. TA100, 

unlike TA102 and TA2638, has GC base pairs at the site of the His" mutation.96 

This strain has been shown to be more specific towards DNA adduct formation 

such as those seen  with c/s-platinum. The relative reversion frequency in this 

strain is seen in figure 20.

The much lower reversion frequency in this strain, essentially zero at this 

concentration, can be related to the genetics of this organism as well as the 

specificity of the mutational target site. The TA100 strain is not nearly as sensitive 

to oxidative mutagens as the TA102 and TA2638 strains. These data then are 

consistent with the mutagenic Cr(III) complexes having a mechanism of DNA 

damage that involves an oxygen radical. As well, the genetic differences.between



75

Nanomoles/Plate

7Igure 18: Salmonella reversion assay of bipyridyl and phenanthroline ligands in 
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Figure 19: Salmonella reversion assay of bipyridyl and phenanthroline ligands in
TA2638.
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Figure 20: Salmonella reversion assay of Cr(VI) and a representative Cr(III) complex 
in TA 100.

these strains imply that the Cr(III) complexes are acting as typical clastogens, in 

that they demonstrate radiomimetic tendencies.

The possibility of an oxidative mechanism of damage for the Cr(III) 

complexes has led us to develop an anaerobic assay for the assessm ent of 

oxygen dependence on biological activity. Figures 21,22, 23, 24 and 25 show the 

results of typical anaerobic assays relative to their aerobic responses. In all cases 

that were measured, the mutagenic Cr(III) species showed an absolute 

dependence on oxygen for the induction of mutagenesis. This finding is consistent 

with the previous data implicating an oxygen radical mechanism of damage for 

these complexes. The negative control in this case was Cr(VI) which has been
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shown previously to have a possible mechanism of action involving oxygen 

radicals.33 The results for Cr(VI)1 however are not as clear cut as that of the 

Cr(III). There remains a small amount of mutagenic induction in the absence of 

oxygen. Even incubation in the presence of oxyrase, an oxygen consuming 

membrane fraction of E. coli, a certain amount of mutagenic response was 

observed. This phenomenon suggests that Cr(VI) may have a secondary 

mechanism of dam age unrelated to the production of oxygen radicals or it may be 

that Cr(VI) is simply quite effective at using the small amount of available 

molecular oxygen present. The positive control in this case was MNNG, an 

alkylating agent, whose mechanism of action should not be dependent on the 

presence or absence of oxygen. The results show that MNNG is nearly equally 

efficient at reverting these Salmonella strains independent of the environment.

While this type of measurement is only qualitative in nature, we believe that 

it represents a  rapid method for determination if a  putative mutagen may have an

oxygen radical mechanism of DNA damage.

An anaerobic assay was also developed using a modification of the SOS 

response to determine whether Cr(III) had a similar dependence on oxygen for the 

induction of DNA damage. The results for a representative Cr(III) complex is 

shown in figure 26. Much like the anaerobic Salmonella reversion assay, the SOS 

response assay demonstrated a dependence on oxygen for the induction of 

biological activity. Mitomycin C, in this sam e assay showed very little difference 

in activity between the aerobic and anaerobic assays (data not shown). Paraquat,



78

although not showing an induction of the SOS response in either aerobic or 

anaerobic conditions, did show a marked decrease in toxicity under anaerobic 

conditions. This, we believe, is consistent with what would be expected for an 

oxygen radical mechanism of damage. These data support the previous work with

the anaerobic Salmonella reversion assay.

This assay, although somewhat unwieldy due to the anaerobic conditions 

required, has the potential to be used for a quick determination of an oxygen 

radical mechanism of dam age for putative mutagens.
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Figure 21: Salmonella reversion assay of Cr(VT) and Cr(HI) both aerobic and anaerobic 
in TA 102.
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Figure 22: Salmonella reversion assay of a representative Cr(IQ) complex both aerobic
and anaerobic in TA 102.
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Figure 23: Salmonella reversion assay of Cr(VI) both aerobic and anaerobic in
TA2638.
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Figure 24: Salmonella reversion assay of a representative Cr(III) complex both aerobic
and anaerobic in TA2638.
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Figure 25: Salmonella reversion assay of MNNG both aerobic and anaerobic in 
TA2638.
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Figure 26: SOS response of a representative Cr(III) complex both aerobic and 
anaerobic with GE-94.
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Because of the obvious ligand dependence on biological activity in the 

Cr(III) complexes, a series of compounds have been synthesized and tested to 

determine what effects certain structural changes may exert on the mutagenic 

complexes. The structural them es tested are changes in the cis halogen ligands 

and substituent effects of substituted bipyridyls.

The changes in the cis halogen ligands were measured using the same bis 

bidentate bipyridyl complex, shown to be mutagenic previously, but with the inner 

sphere halogen ligands varied between flourine, chlorine, bromine and iodine. The 

relative response for these four complexes is illustrated in figures 27 and 28. The 

revertants/nanomole and fold over background are given in Table II. The results 

suggest that there is an effective increase in biological activity progressing from 

flourine to iodine. While there is very little difference between the bromine and 

iodine complexes, this may be accounted for by the lower solubility of the iodine 

complex in the bioassay buffer. These results show a pattern similar to what 

would be expected if there was a ligand field effect from the spectrochemical 

series. The effect, however, seem s to be reverse of what would be expected 

since iodine is the least k bonding of all the halogens. This increase in activity for 

the iodine species is consistent with the predicted model of Tanaka et al., that will 

be discussed in greater detail in the cyclic voltammetry section.
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Figure 27: Salmonella reversion assay of the different halogenated complexes of
CrCbpyl2X2 in TA102.
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Figure 28: Salmonella reversion assay of the different haloeenated compiexes of
CrCbpyl2X2 in TA2638.
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7iyure 29: Mutation frequency of different halogenated complexes of Cr(bpy)2X-, in 
TA102.
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Figure 30: Mutation freauencv of different halogenated complexes of Chbpy bX-, in 
TA2638.
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Table II Reversion rate of halogenated bipyridyl complexes.

Revertants/Nanomole Fold Over Background

Complex TA102 TA2638 TA102 TA2638

Cr(bpy)2F2 21.3 2.9 6.4 7.6

Cr(bpy)2CI2 25.3 2.9 8 7.8

Cr(bpy)2Br2 30 3.8 9 . 10.2

Cr(bpy)2l2 26.7 3.5 8 9.6

Once again, the mutation frequency for these complexes was performed to 

determine if the relative reversion rate was dependent upon toxicity or was a true 

m easure of biological activity, figures 29 and 30. Even though the diiodo species 

shows a somewhat lower mutation rate in the Salmonella reversion assay, the 

greater toxicity of this complex demonstrates that the actual biological response 

is greater than that of the dibromo species. This changes the relative reversion 

order for these  complexes to that which would be predicted. These data, as 

shown essentially confirm what is seen with the Salmonella reversion assay with 

the exception of the diiodo species. In the halogenated complexes, most notably 

in TA2638, the difference between the diiodo and dibromo complexes are made 

more obvious. The relative reversion rate, however, remains essentially the same,
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this being I > Br > Cl > F.

A series of substituted bis bidentate bipyridyl complexes with cis chloride 

halogen ligands were synthesized, as described previously, and tested for 

biological activity, figures 31 and 32. The revertants/nanomole and fold over 

background are given in Table III. Four bipyridyl complexes, two with electron 

withdrawing substituents and two with electron donating substituents were tested. 

The substituents were disubstituted at the 4 and 4’ position of the bipyridyl and 

consisted of methyl and dimethylamino groups for the electron donating 

compounds and carboxy and methylester groups for the electron withdrawing 

compounds. The results of the Salmonella reversion assays are quite revealing, 

if somewhat confusing. As one would expect for a redox cycling complex, the 

electron donating substituents of the bipyridyl complexes both show activity. An 

unexpected result was that the bipyridyl complexes with electron withdrawing 

substituents show no significant biological activity in this sam e concentration range. 

An even more unexpected result was that neither of the two active, electron- 

donating bipyridyl complexes had an activity as great as that of the unsubstituted 

bipyridyl complex. The predicted model for redox cycling would say that the closer 

to the electronic state of Cr(II) that you could achieve, the easier this complex 

should be able to cycle between the two oxidation states and thus the activity 

should be increased, i.e. the transition state barrier should be lower. Since the 

electron donating substituents should increase the electron density seen by the 

chromium metal, it was believed that this should lower this transition state barrier.
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Figure 31: Salmonella reversion assay of substituted bipyridyl complexes of Cr(IH) in 
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This, however, is not what is observed. Among the substituted bipyridyls 

themselves, it does appear to hold true since the reversion order decreases as the 

electron donating capability decreases, -N(CH3)2 > -CH3 > -COOH > -COOCH3. 

The complex that contradicts this model is the unsubstituted bipyridyl compound. 

This contradiction, however, may be purely superficial since electron donation has 

been predicted to have, little effect on the chromium metal center as postulated 

previously by Herzog.90 If this is true, there must be some effect that would 

account for the lack of activity seen for the electron withdrawing substituents. 

Other variables, such as membrane permeability and DNA interactions may 

account for some of these differences. The simplest theory to account for this 

could be that ligand electronic effects have very little to do with the actual activity 

and that it is purely the geometric constraints imposed by these rigid bidentate 

ligands that control the activity.

If geometric constraints account for the activity, another problem arises 

when explaining the results of the differential reversion frequency in the 

halogenated bipyridyl complexes. The differences seen are explained by the 

splitting of the octahedral geometry by differences in the spectrochemical series. 

While it can be argued that the lack of the predicted effect in the substituted 

bipyridyls precludes an electronic argument, the cis halogen ligands may have a 

different type of orbital overlap that controls the activity. Instead of a rc-orbital 

overlap, the halogens may influence the activity through a o-overlap. This would 

account for the different effects seen for the halogenated complexes. This, then
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raises the further question of what exactly is the role of the bis-bidentate aromatic 

amine ligands. As discussed previously, it may be that these ligands simply serve 

for structural rigidity to forbid large distortions of the geometry that would result in 

irreversible redox kinetics. Or, it may be a rare combination of electronic and 

structural contributions whose optimum resides with the unsubstituted bipyridyl 

complexes. Further discussion of this point will be carried out in the section on 

cyclic voltammetry.

To assure that the response observed in the Salmonella reversion assay 

was not due to differential cytotoxicity, mutant frequencies were carried out on the 

different substituted bipyridyl complexes, figures 33 and 34. The mutant frequency 

is the number of viable mutant colonies per number of cells. This assay, as 

described previously, assures that a highly toxic compound, that may have a 

significant mutagenic potential, is not giving spuriously low colony counts resulting 

from killing of the bacteria. In the substituted bipyridyls, no changes in the relative 

reversion rate over the Salmonella reversion assay are seen.

Not all complexes that give a positive biological response in prokaryotic 

system s show the sam e response in eukaryotic systems. The different physiology 

and morphology between prokaryotes and eukaryotes can give ambiguous and 

conflicting results. For example, the antifungal compound Dexon is mutagenic in 

bacteria and yeast but is inactive in mammalian cells due to the presence of an 

azoreductase enzyme which effectively degrades it to a biologically inert form. 7 

Morphological changes such as different membranes and transport systems
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between the two cell types have the potential to preclude intracellular access to 

DNA. These factors make extrapolating between what is observed in prokaryotic 

system s into eukaryotic systems hazardous at best. The only true test for crossing 

over of the systems is to run a  eukaryotic mutagenesis assay.

Two of the complexes shown to be mutagenic in Salmonella, 

[Cr(Phen)2CI2]+1 and [Cr(bpy)2CI2]+1, have been tested against two mammalian cell 

lines for both mutagenesis and toxicity. These cell lines are the human TK6 cell 

line (thymidine kinase) and the CH (Chinese Hamster) cell line V79. The results 

of these tests are given in Table IV. Using Cr(VI) as the control, it was shown 

that the Cr(III) complexes have an approximately equivalent level of mutagenicity 

as Cr(VI) in these sam e cell lines. However, the toxicity appears to be even 

greater then that of the Cr(VI) compound used. One of the interesting aspects of

Table III Relative reversion rates of substituted bipyridyls.

Revertants/Nanomoie Fold Over Background

Complex TM 02 TA2638 TM 02 TA2638

Cr(dmbpy)2CI2 7.5 1.8 2.5 4.4

Cr(dcbpy)2CI2 3.5 0.42 1..2 1

Cr(dmabpy)2Cl2 15 2.1 5 5

Cr(dmebpy)2CI2 3.5 0.83 1.2 2
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Figure 33: Mutation frequency of substituted bipyridyl complexes of Cr(HI) in TA 102.
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Figure 34: Mutation frequency of substituted bipvridyl complexes of CrdH> in
TA2638.
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this data is the differential activity between the two Cr(III) species. One of the 

complexes, Cr(bpy)2CI2, shows significantly more activity towards one of the cell 

lines than the other. When compared to the prokaryotic Salmonella strains, you 

see  that the reversion order is reversed for these two complexes. In the 

Salmonella reversion assay, the Cr(phen)2CI2 species has a greater activity. In the 

eukaryotic system, and especially in the CH V-79 cells, the Cr(bpy)2CI2 species 

demonstrates a greater activity. This specificity towards one or the other cell lines 

is interesting but the exact significance is speculative. It may be that there is a 

DNA damaging specificity between these two complexes relating to different cell 

types. The differences seen between the two mammalian cell lines may be 

explained on a genetic basis since two different genetic targets are being assayed. 

The human TK6 cell line assays for dam age to the thymidine kinase gene. This 

gene codes for a protein that is in the salvage pathway for deoxyribonucleotide 

synthesis. The justification for use of this gene as a mutational target, is that the 

level of protein synthesis is high in rapidly dividing cells such as cancer cells. The 

V79 CH cell line has the HGPRT locus as the mutational target. This target site 

is the gene that codes for the hypoxanthine-guanine phosphoribosyltransferase 

protein. This protein, as well, is a salvage pathway enzyme that is essential for 

purine metabolism. A major difference between these two genes is that the CH 

HGPRT gene is a haploid sex-linked gene located on the X chromosome while the 

thymidine kinase is a diploid somatic gene. It is this difference between the two 

mutational sites that may explain the differences observed.
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In the human TK6 cell line the activity of the two complexes are 

approximately equivalent but in the CH V-79 cell line, the Cr(bpy)2CI2 complex 

shows nearly twice the activity. This could be due to the specificity of interaction 

between the two complexes. Specifically, since the CH V-79 mutational site is on 

a single strand, any compound that interacts with DNA could direct that radical 

production in one direction or another to either increase or decrease the mutation 

rate on that strand. A compound which interacts in a much less specific manner, 

should distribute the mutation rate equally between both complimentary strands of 

DNA. In the TK6 cell line, both strands of DNA contain the gene coding for this 

protein. Thus, if you have two compounds of roughly equivalent activity but with 

one having site specificity and the other a more general interaction, the mutation 

rate should be roughly equivalent. This theory is supported by work which will be 

discussed in greater detail in the metal-DNA interaction section of this thesis.
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Human TK6 CH V-79

Complex IiiMl %Surv Mut. Freq. TuMl %Surv Mut Freq.

Cr(VI) 0.1 85 50 65 7.9E-06
0.5 83. 100 48 5.5E-06
2 50 8E-06 150 39 9.1E-06
10 2.7 200 41 1.5E-05
50 O

Cr(bpy)2CI2
2 137 250 50 4.8E-05
5 87 500 40
10 88 3.8E-06 1000 30
20 67 1500 25

Cr(Phen)2CI2
40 O 2000 25

1.8 83 500 70
3.8 77 3.5E-06 1000 45 2.9E-05
9 66 2000 40
18 O
36 O

Membrane Permeability

Results of the membrane permeability study on a series of mutagenic and 

nonmutagenic compounds in a eukaryotic cell system (Chinese Hamster Lung 

Fibroblasts) demonstrate that, unlike previously suggested, the aromatic amine 

ligands do not enhance transport across the cell membrane, figure 35. In fact, all 

nonmutagenic Cr(III) complexes, with the exception OfCrCI3-GH2O, used in this 

study have shown enhanced transport over the mutagenic Cr(III) complexes, figure 

36. In certain cases, Cr(NH3)4CI2, the nonmutagenic complexes had a 100-fold 

increase in membrane permeability over the mutagenic complexes. CrCI3 -GH2O,
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Figure 35: Membrane permeability of mutagenic chromium compounds in mammalian 
cells.

300

CrCI3 Cr(en)2C12 Cr(en)3 Cr(NH3)4CI2 
1000 mM Treatment

Figure 36: Membrane permeability of nonmutagenic Cr(IH) complexes m mammalian 
cells.
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a nonmutagenic complex that is the classic example for poor cellular uptake in the 

selective uptake/reduction model of Cr(VI) mutagenesis, shows a level of uptake 

similar to that of the mutagenic species, while Cr(VI) shows a level that Is even 

slightly lower than that of the nonmutagenic Cr(III) complex with the greatest 

uptake. It has been postulated that the charge on a complex influences the ability 

to cross the plasma membrane. In this study, there appears to be little correlation 

of membrane permeability with the charge on the complex. Both the +3 and +1 

charged complexes demonstrated an ability to cross the plasma membrane. The 

exact method by which these complexes get across the membrane, active or 

passive transport, cannot be determined from this study. Some correlation with 

membrane permeability may exist for the polarity of the ligand and cellular uptake. 

The more hydrophobic ligands, phenanthroline and bipyridyl, show the lowest 

degree of membrane permeability while the most polar, NH3, shows the greatest 

degree of permeability.

Whether or not this sam e type of cellular uptake is occurring in the 

prokaryotic Salmonella strains is unknown. However, the similarity of activity 

between the Cr(III) species measured in the prokaryotic and eukaryotic systems 

versus that of the Cr(VI) species suggests that this may be true. Further 

phenomenological evidence for poor uptake of the mutagenic complexes is shown 

in figure 37. This figure demonstrates, that when an 8.0% solution of DMSO 

(dimethylsulfoxide) in water is added to solubilize the Cr(III) metal complex, the 

result is increased mutagenicity in the Salmonella reversion assay. DMSO is
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known for its ability to influence cellular uptake and thus, the significant increase 

in mutation seen with this assay correlates directly with the membrane permeability 

data in the eukaryotic system.

These data support a model for specific ligand/chromium interactions that 

directly influence the biological activity of these compounds and not a mechanism 

based solely on cellular uptake. This does not mean that membrane permeability 

has no influence on biological activity. Obviously, if a putative mutagen cannot 

cross the cellular membrane it cannot damage the DNA. A differential ability to 

cross this membrane may account for many of the differences observed between 

the mutagenic species, but it is obviously not a limiting factor in the induction of 

mutagenesis by these complexes.

1600

H O O -

1 2 0 0 -

1000-

800 -
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400 -
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I — • -  DMSO + DMSO

Figure 37: DMSO induced uptake in relation to mutation rate.
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Cyclic Voltammetry

Cyclic voltammetry was employed to investigate the redox kinetics of the 

chromium complexes. To invoke an oxygen radical mechanism of DNA damage 

for the mutagenic complexes, requires that these complexes must be able to 

function as cyclical electron donors. This in turn implies that these complexes 

must have a reversible redox couple to allow them to cycle between two "stable" 

oxidation states. Information obtained from the cyclic voltammeter allows you to 

compare and contrast both the reduction potentials of the complexes as well as 

the reversibility of the redox couples.

Cyclic voltammetry and polarography of chromium(lll) complexes have been 

investigated in a number of previous studies. Specifically, the complexes of Cr(III) 

with 2,2’-bipyridyl have been investigated because of their reversibility in aqueous 

solvents.98'101 This is in contrast to most Cr(III) complexes that have shown

102-1 03irreversib le  redox k inetics under a q u e o u s  conditions.

Comparison of reduction potentials, reversibility and structural changes 

which accompany redox reactions can be made between the compounds using 

cyclic voltammetry. The fate of a compound can be determined by generating a 

new redox species on the forward (negative) scan and exploring the redox couple 

and chemical stability on the reverse (positive) scan. Chemical reversibility occurs 

when the electronic and geometric structure of the reactant and the product are 

similar. This similarity can be brought about by the solvent or by the nature of the 

ligand. Figure 38 shows a single scan cyclic voltammogram for the known oxygen
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radical generator paraquat. Determination of a formal reduction potential is 

typically made by taking the average of the forward (reduction) and return 

(oxidation) waves. This approximation, however, is only accurate for reversible 

systems. A reversible system is defined as a reaction that is fast enough to 

maintain the concentrations of the reduced and oxidized forms of the analyte in 

equilibrium at the electrode surface. The separation between the two peak 

potentials, AEp, (where AEp = Epc - Epa), in a reversible electron transfer process 

should be close to 58/n mV, where n is the number of electrons transferred. 

However, many system s will display reversibility when the voltage is scanned 

slowly but at increasing scan rates, AEp will be greater then 58/n. Reversibility can 

then be viewed as a matter of degree depending on a variety of factors that are 

both compound and environment specific. Determination of the half-wave potential 

(E1/2), which roughly corresponds to the formal electrode potential (E°’), can be 

made off the cyclic voltammogram by reading the potential where the current is 

half the value of the peak current /pc. This is the half-peak potential, Ep/2, that is 

related to the E1/2 by the following equation (9).

Ep72= E172 ± 28.0/n mV (sign is positive for a reduction) (9)

Chemically irreversible reactions are those that yield products that cannot 

electrochemicalIy regenerate the original reactant. The lack of a return peak and 

the changing cathodic peak potential, Epc, with scan rate precludes an accurate 

reduction potential calculation using the above method. The relationship between
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reversibility and shifts in the reduction potential can be represented using a 

reaction coordinate diagram, figure 39. The reduction potential E1/2 is dependent 

on the amount of energy needed in the system to bring the electronic state of the 

oxidized compound to the sam e electronic state of the reduced compound. There 

still exists, however, a barrier relating to fluctuations in the nuclear geometry of the 

complex that are controlled by the Franck-Condon principle. The Franck-Condon 

principle states that nuclear motions are slow in comparison to electron motion and 

at all times during a reaction, the rearrangements of the atomic geometry control 

the electronic state of the molecules. The height of this barrier, and the possibility 

of a competing reaction for the reduced species is what controls the reversibility 

of the reaction.

Chromium(III) is considered an inert metal complex. This classification is 

due to the d3 orbitals that result in a  12dq ligand field stabilization energy. A 

reduction, to the d4 complex of Cr(II), is subject to severe Jahn-Teller distortions. 

A Jahn-Teller distortion arises when you have nonuniformly filled t2g or e g* orbitals. 

In a d4 complex, regardless of whether it is high spin or low spin, you will see this 

Jahn-Teller distortion. In Cr(II), the Jahn-Teller distortion tends to force the 

geometry towards that of the tetrahedral Cu(II) ion. Because this distortion must 

overcome the crystal field stabilization of the octahedral Cr(III), slow redox 

chemistry is expected for these complexes. A Cr(III)-Iigand complex that results 

in distortion of the octahedral complex towards that of the Cr(II) complex should 

thus need less energy to reach the Cr(III)ZCr(II) transition state and the reduction
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potential should be more positive.

A less distorted octahedral complex would need more energy applied to the 

system to overcome this octahedral stabilization energy. A consequence of having 

to put a large amount of energy into the system can be seen by observing the 

energy versus reaction coordinate diagram in figure 39. The second transition 

state hump correlates with a highly energetic, labile Cr(II) molecule interacting with 

the solvent. In the case of many Cr(II) species, reduced in aqueous solvent, it is 

apparent that this labile Cr(II) species has the ability to reduce water to H+ and 

OH" to catalyze the oxidation back to Cr(III). A consequence of this reoxidation, 

at least in som e species, is the formation of insoluble oxide polymers that are 

unable to participate further in redox reactions.
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electrochemical reactions.
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In this study, cyclic voltammetry was employed to determine if there is a 

difference in the redox kinetics between the mutagenic and nonmutagenic 

complexes and how this difference could account for the disparity in biological 

activity. The model developed from the biological activity data implicates an 

oxygen radical in the mechanism of damage. To invoke an oxygen radical 

mechanism of damage for the mutagenic and not the nonmutagenic species, there 

must be a  difference in the redox kinetics between the mutagenic and 

nonmutagenic Cr(III) species. This difference in redox kinetics should be: 1) 

positive shifts of the reduction potential into the range of intracellular reductants 

and 2) reversibility of the Cr(III)ZCr(II) redox couple.

Figures 40, 41, 42, 43 and 44 show the cyclic voltammograms of the 

original mutagenic species, Cr(phen)2CI2, Cr(phen)2(H20 ) 2, Cr(bpy)2CI2, 

Cr(bpy)2(H20 )2 and Crfbpy)^. Cyclic voltammograms for the nonmutagenic 

complexes, Cr(en)3, Cr(en)2CI2, Cr(NH3)4CI2, Cr(py)4CI2 and Cr(CN)6 are shown 

in figures 45, 46, 47, 48 and 49. The contrast between the two types of 

voltammograms shown here, mutagenic versus nonmutagenic, are quite dramatic. 

In every case, the mutagenic complexes demonstrate both a shift in reduction 

potential to more positive potentials as well as a degree of reversibility that could 

be associated with an ability to serve as cyclical electron donors in a Fenton-like 

reaction. The nonmutagenic complexes on the other hand show either classical 

chemical irreversibility as seen with Cr(en)2CI2, Cr(py)4CI2 and Cr(NH3)4CI2 species
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Figure 40: Cyclic voltammogram of 1.0 mM Cr(phen)2Cl.
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Figure 41: Cyclic voltammogram of 1.0 mM Cr(Phen)2(OH),.
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Figure 42: Cyclic voltammogram of 1.0 mM Cr(Opy)2Cl-
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Figure 43: Cyclic voltammogram of 1.0 mM Cr(Opy)2(OH)-,.
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Figure 44: Cyclic voltammogram of 1.0 mM Cr(bpy)

Figure 45: Cyclic voltammogram of 1.0 mM Crien)2C12.
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~igure 46: Cyclic voltammogram of 1.0 mM Cr(en)3.
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Figure 47: Cyclic voltammogram of 1.0 mM Cr(NH3)4Cl2.
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Figure 48: Cyclic voltammogram of 1.0 mM Cr(CN)6.
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or, in the case of Cr(en)3 and Cr(CN)6, fail to show any redox chemistry in this 

potential range prior to the catalytic generation of hydrogen at the electrode 

surface. This irreversible reaction is explained in the reaction coordinate energy 

diagram shown in figure 36. As described previously, to bring the electronic state 

of the nonmutagenic complexes to the sam e energy level as their corresponding 

Cr(II) complex prior to the electron transfer, more energy needs to be added to the 

system then with the mutagenic species. When reduction does occur, the highly 

energetic Cr(II) species formed under these conditions can undergo a catalytic 

chemical reaction with water to reform the Cr(IH) species with the concomitant 

production of hydrogen at the electrode surface. Thus, there is no Cr(II) present 

on the return sweep of the CV. The reaction that the nonmutagenic species are 

undergoing in the cyclic voltammeter is given below (10).

Cr(III) + e ..........> Cr(II) + H2O ------> Cr(III) + H+ + OH" (10)

This is an EC type of mechanism, but one that leads to an irreversible electrode 

reaction, in contrast to that of the mutagenic complexes, where the EC mechanism 

leads to a  reversible electrode reaction (11). As well, this reaction explains both 

the irreversibility and the generation of hydrogen at the electrode surface.

The ligands themselves have been assayed in the cyclic voltammeter and 

have shown no redox chemistry occurring at these same potentials, figures 50 and 

51. The ligands do not even show catalytic generation of hydrogen at the
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Figure 50: Cyclic voltammogram of 1.0 mM phenanthroline ligand.

Figure 51: Cyclic voltammogram of 1.0 mM bipyridyl lieand
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electrode surface. This, we believe, supports the model that reduction is occurring 

at the metal center versus reduction at the ligand itself as seen with certain iron 

complexes. As well, this supports the work of others that show that reduction of 

chromium complexes occur at the metal center due to limited interactions of the 

metal-ligand orbitals.90 This then implies that the Cr(IiI) species must go through 

an inner sphere electron transfer upon redox cycling which is supported by 

previous work on electron transfer in chromium species.104

Analysis of the bis-bidentate dichloro mutagenic species shows that 

reduction occurs in three steps which become ill-defined at faster sweep rates. 

The half-wave potentials for the Cr(III)ZCr(II) couple of these complexes are given 

in Table V. Comparison of these waves with 1.0 mM cadmium chloride solution 

shows that each reduction wave roughly corresponds to the transfer of one 

electron. The pattern of the voltammograms, while complicated, are indicative of 

an EC mechanism where the first reduction is followed by a chemical reaction 

relating to solvolytic ligand exchange of the chloride halogens for water. Further 

reduction can result in the loss of a phenanthroline or bipyridyl ligand that can 

allow formation of the tris-bidentate amine complex on the return sweep. It is 

likely, however, that the only physiologically significant redox couple is in the range 

of the Cr(III)ZCr(II) couples. In both the bis-phenanthroline dichloro and bis- 

bipyridyl dichloro case, the polarographic behavior suggest the following reactions 

(am= bpy or phen) (11).
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1) [Cr(am)2CI2]+1 + e- <------> [Cr(am)2CI2]° (11)

2) [Cr(am)2CI2]° + 2H20  -->  [Cr(am)2(H20 )2]+2 + 2CI"

3) [Cr(Bm)2(H2O)2]+2 <----- > [Cr(am)2(H20 )2]+3 + e-

With the tris-bipyridyl complex, the reaction is quite similar but the first 

reduction results in the loss of a bipyridyl ligand accompanied by a catalytic 

electron transfer process, again producing the bis-bipyridyl diaquo complex. This 

is shown in the following reaction scheme (12).

1) [Cr(bpy)3]+3 + e .............> [Cr(bpy)3]+2 (12)

2) [Cr(bpy)3]+2 + 2H2O <-------> [Cr(bpy)2(H20 )2]+2 + bpy ,

3) [Cr(bpy)3]+3 + [Cr(bpy)2(H20 )2]+2 ---> [Cr(bpy)3]+2 + [Cr(bpy)2(H20 )2]+3

4) [Cr(bpy)2(H20 )2]+3 + e- <------ > [Cr(Ppy)2(H2O)2]+2

The oxidation in step 2 is reversible in the presence of free bipyridyl ligand and 

can result in the reformation of the tris complex but the kinetics favor the bis- 

bipyridyl diaquo complex. This is especially true if the ligand is not present in 

saturating amounts. The pKa’s of the diaquo complexes have been measured 

giving pKa1 of 3.5, 3.4 and pKa2 of 6.1, 6.0 for [Cr(Ppy)2(H2O)2]+3 and 

[Cr(phen)2(H20 )2]+3 respectively. These results are similar to that obtained 

previously.105 Thus, the complex present at intracellular pH is presumably the
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dihydroxy species of the bipyridyl and phenanthroline complexes. The cyclic 

voltammograms of these species show a degree of reversibility similar to the 

dichloro species and thus could be the ultimate cyclical electron donors in a 

Fenton-like reaction. Electron transfer occurring through a hydroxy inner sphere 

ligand of Cr(II) has been shown previously and tends to support this 

assignm ent.104 While it appears that kinetically, the dihydroxy species of either the 

phenanthroline or bipyridyl complex would be the ultimate species formed from the 

intracellular reduction of these complexes, it would be rash to say that this is the 

ultimate DNA damaging species that is formed intraceilularly since both forms have 

som e degree of reversibility in the cyclic voltammeter. It is safe to say that both 

forms possess the redox properties that would be consistent with our model of 

oxygen radical generation.

The possible formation of (i-hydroxy bridged dimers, either in vivo or in vitro, 

must be taken into consideration when invoking the formation of the dihydroxy 

species. Formation in vitro is unlikely because of the basic pH needed for the 

synthesis of this species.106 The acid dissociation constant of the p-hydroxy 

bridged dimers is much higher than that observed with even aged solutions of the 

dihydroxy complexes. While this appears to rule out the presence of these species 

in vitro, we cannot rule out the occurrence in vivo. The concentration that would 

be present intraceilularly and cellular pH, however, would seem to make this 

unlikely.

The work of Maki et al describes a  relationship between splitting of the
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octahedral symmetry of hexacoordinate complexes and positive shifts of the redox 

potential.107 The further apart the ligands are in the spectrochemical series, the 

greater will be the splitting of the octahedral symmetry and the result will be a shift 

to more positive reduction potentials. If the redox cycling theory for the 

mechanism of action for these Cr(III) complexes is correct, there should be a 

correlation between positive shifts of this reduction potential with increased 

biological activity. This theory appears to hold true for the differences seen 

b e tw een  th e  tris-bipyridylchrom ium (lll) com plex and the  bis- 

bipyridyldichlorochromium(Ill) cases shown above. The first reduction of the tris- 

bipyridyl complex, which should have no splitting of the octahedral complex 

(because all ligands are equivalent), has a half-wave potential for the Cr(III)ZCr(II) 

redox couple of -0.93 V while the bis-bipyridyl complex, which is split by the cis 

chloride halogens, has a half-wave potential for the Cr(III)ZCr(II) redox couple of 

-0.76 V. This is reflected in their biological activity and is consistent with the bis- 

bipyridyl complex being more active. Negative shifts in reduction potentials 

between the dichloro and dihydroxy species of both the bis-bipyridyl and bis- 

phenanthroline complexes demonstrate this sam e phenomenon of biological 

activity coupled to reduction potential.

Using the theory developed from the bioassays and cyclic voltammetry of 

the original complexes, it was proposed that substituting different halogens at the 

cis position should show shifts in the reduction potential dependent on their 

placement in the spectrochemical series in relation to the observed biological
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activity. Figures 52, 42, 53 and 54 show the separate voitammograms for the bis- 

bipyridyldihalogenchromium(lll) complexes. Table VI gives the half-wave 

potentials for the Cr(III)ZCr(II) redox couple for these species. From the previous 

biological data for these complexes we know that the activity increases as you go 

down the periodic table of halogens. This increase in activity matches their relative 

positions in the spectrochemical series. The cyclic voitammograms show that the 

reduction potential shifts to more positive potentials as you increase the symmetry 

splitting. These data, appear to match the model predicted from the previous set 

of complexes.

The first reduction wave on the diiodo cyclic voltammogram is a 2e- 

reduction of a  mercuric iodide formed on the surface of the electrode, figure 54. 

This is due to the electrolyte used in the assay and should not be confused with

Table V: Half-wave potentials of the Cr(IlI)ZCr(II) redox couple for the original Cr(III) 
complexes.

C om olex Im I n

C r(phen )2CI2 -0 .73 1

C r(Phen)2(O H )2 -0 .96 1

C r(bpy)2CI2 -0 .76 1

Cr(Upy)2(O H )2 -1.1 1

Cr(Upy)3 -0 .93 1
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Figure 52: Cyclic voltammogram of 1.0 mM Cr(Opy)2F2.
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Figure 53: Cyclic voltammogram of 1.0 mM Cr(Opy)2Br2.



117

400 -

300 J

=- 200 H

-3 0 0 -
400 600 800 1000 1200 1400
Negative Electrode Potential mV

Figure 54: Cyclic voltammogram of 1.0 mM Cr(Opy)2I2.

Table VI: Half-wave potentials of the Cr(III)ZCr(II) redox couple for halogenated 
bipyridyl complexes.

C om plex

C r(dm bp y)2CI2

C r(dcb p y)2CI2

C r(dm ab p y)2CI2

C r(dm eb p y)2CI2

Im I n

-1.16 1

1

-1.32 1

-0.73 1
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a metal-ligand reduction. The reduction wave seen at approximately -650 mV is 

the first true metal-ligand reduction. This spurious wave arises from incomplete 

background subtraction of the electrolyte caused by the increase in ionic 

concentration when the metal complex is added. The fiouride, bromide and iodide 

halogen complexes all show similar redox kinetics and suggests a mechansim 

comparable to that of the chloro species shown in (11). Qualitatively, it is 

important to note that these four mutagenic complexes all demonstrate a degree 

of reversibility and positive shifts of the reduction potential not present in the 

nonmutagenic complexes. Once again, this is consistent with the predicted model 

of redox activation of the metal center to generate oxygen radicals.

The work of Vlcek using a series of monosubstituted pentaamine Cr(III) 

complexes observed a linear relationship between red shifting of the first visible 

absorption band and the half-wave potential.94 This sam e phenomenon is 

observed for the different halogenated complexes of bis-bipyridyl Cr(III), figure 55. 

The first visible absorption band in this set of complexes is due to metal-halogen 

ligand orbital overlap. The red shift to lower energies needed to promote an 

electron into a  higher energy orbital should correspond to the energy difference 

between the HOMO (highest occupied molecular orbital) and the LUMO (lowest 

unoccupied molecular orbital). This energy difference between the two orbital 

levels should have a  direct correlation upon the energy required to fill the LUMO 

with an electron in a reduction. This correlation appears to relate directly to the 

spectrochemical series. It is apparent that the reduction potential is directly related
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to the field strength of the ligand, with the stronger field ligands having more 

negative reduction potentials. This dependence of the half-wave potential on field 

strength of the X" ligand is believed to be an indication that a prior internal 

electronic rearrangement dt2g3—>dt2g2deg, is required for acceptance of an electron 

from the electrode.94 As the field strength of X increases, this electrode process 

becomes kinetically less favorable due to less splitting of the octahedral symmetry 

and a more negative potential is required for this electron promotion. Figure 55 

shows that indeed there is a linear relationship between the half-wave potential 

and the absorbance maxima for these compounds. The correlation coefficient for 

this linear relationship is r=0.997 and the equation of the line is y= 78.4x + 613. 

The absorbance maxima of the complexes shifts to higher energy wavelengths and 

the half-wave potential becom es more negative in the following order; I > Br > Cl 

> F > H2O. The fact that the mutagenesis decreases in this sam e order suggests 

that this ligand field splitting, due to the ligand field strength plays a major role in 

the potentiation of the biological effect. The biological activity, however, does not 

increase linearly with the half-wave potential, figure 56. Instead, an exponential 

increase in biological activity with more positive reduction potentials is observed. 

This effect, however, cannot be substantiated without synthesizing a mutagenic 

complex with even more positive half-wave potentials than that shown. The fact 

that Fe-EDTA, which is one of the most efficient oxygen radical producers known, 

has an even more positive half-wave potential, -0.12 V versus the 1.0 M Ag/AgCI 

reference electrode, is consistent with this theory.
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It is certainly possible that this is an artifact of the system but it does have some 

grounding in theory. However, the broad first absorbance band for these 

compounds makes finding the absorbance maxima with any large degree of 

confidence somewhat doubtful and a certain bias could have been placed on the 

system.

To further expand the model, an obvious second step was to synthesize a 

series of bipyridyls with different electron donating and withdrawing substituents. 

It was apparent from the complexes discussed above that we have elucidated 

som e of the key elements that control the mutagenic potential of Cr(III) complexes. 

While all the ligands have an effect in determining the degree of biological activity, 

it is the aromatic amine ligands of bipyridyl and phenanthroline which serve to 

direct the mutagenic activity of these complexes. From the cyclic voltammetry 

data, it is these ligands that impart an electronic and nuclear geometry that is 

similar enough to that of the Cr(II) complex to allow more positive reduction 

potentials as well as reversibility. A case can be made based on the electron 

density contained in the aromatic rings serving to, at least partially, distort the 

electronic structure of these Cr(IM) complexes towards that of the Cr(II) electronic 

structure. Thus, it was considered that electron-donating substituents should 

further increase this electronic distortion towards that of the Cr(II) complexes, while 

the electron-withdrawing substituents should serve to distort the electronic structure 

towards that of the "normal" Cr(III) complexes. Further elaboration of the above 

model would then predict that the electron-donating substituted bipyridyl complexes
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should have a higher biological activity and more positive reduction potentials than 

that of the unsubstituted bipyridyl complex or the electron-withdrawing substituted 

bipyridyl complexes which should show more negative reduction potentials and 

lower biological activity than that of the unsubstituted bipyridyl complex.

Figure 57, 58, 59 and 60 show the results of the cyclic voltammograms of 

these substituted bipyridyl complexes. The biological data for these complexes 

has been discussed previously. The half-wave potentials for the Cr(III)ZCr(II) redox 

couple are given in Table vn. The results of this assay are at best, mixed. Within 

the substituted bipyridyl complexes themselves, the biological activity data appears 

to uphold the model. The complexes with the electron-donating groups show 

increased activity over the complexes with the electron-withdrawing groups. The 

cyclic voltammograms of the electron donating groups show a degree of 

reversibility that would be predicted by the model and is consistent with redox 

cycling. The electron withdrawing groups do not show the redox characteristics 

expected for the predicted model with the exception of the dimethylester complex. 

The reversible wave seen for the methyl ester complex does not appear to be a 

function of the reduction of the metal center. Instead, we believe that this wave 

is a function of a reduction occurring at the ester on the bipyridyl ligand. Assigning 

this as such, is difficult because of the low solubility of the ligand itself in our 

electrolyte system.

Superficially, the model appears to fail with this set of complexes in two 

ways. First is that the unsubstituted bipyridyl complex shows both the greatest



123

biological activity and more positive shifts of the reduction potential then either of 

the electron-donating complexes. The model, derived earlier, would predict that, 

this complex should be intermediate in both activity and shifts in the reduction 

potential. While these data uphold the basic model correlating reversibility and 

positive shifts of the reduction potential with biological activity, it tends to cloud the 

issue on what underlying physical phenomena is responsible for the activation of 

these aromatic amine complexes of Cr(III).

Table VII: Half-wave potentials of the Cr(III)ZCr(II) redox couple of the substituted 
bipyridyl complexes.

C o m D l e x E 1/2m n

C r(bp y )2F2 -0 .95 1

Cr(Upy)2CI2 -0 .76 1

Cr(Upy)2Br2 -0 .74 1

Cr(U py)2I2 -0 .67 1
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Figure 57: Cyclic voltammogram of 1.0 mM Cr(Cimbpy)2Cl2.
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Fitzure 58: Cyclic voltammogram of 1.0 mM CrldmabpyI2Cl2.



125

Negative Electrode Potential mV

Figure 59: Cyclic voltammogram of 1.0 mM Cr(dcbpy)2Cl2.
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Fitmre 60: Cyclic voltammogram of 1.0 mM Crtdmebpy)-.Cl-,.
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Plasmid Relaxation Studies

Electrophoretic studies on purified plasmid DNA were carried out to detect 

the specific type of DNA damage that would be associated with a redox cycling 

mechanism of oxygen radical generation. Oxygen radicals, and in particular, the 

hydroxyl radical are known to induce strand cleavage in DNA. This strand 

cleavage leads to conformational changes in the DNA that can be observed using 

electrophoresis.108 Supercoiled DNA (Form I), when cleaved at a single strand, 

can unwind to form the relaxed (Form II) conformation. If two radicals cleave 

separate strands of the DNA, then a double strand break forms and results in the 

linear conformation (Form III). Mobility in electrophoresis is based on a volume 

and charge basis. Strand cleavage should not significantly alter the charge on the 

DNA but any conformational changes will drastically alter the volume that the DNA 

occupies in the gel. Thus, any changes resulting from radical induced cleavage 

will show up as different bands of DNA on the gel following electrophoresis.

Figure 61 shows the electrophoretic DNA pattern of the original set of 

chromium complexes reacted in the presence of pUC-18 plasmid DNA. The 

results are, from left to right: lane 1 = plasmid DNA alone, lane 2 = plasmid DNA 

+ AscorbateZH2O2, all other wells, 3-12 contain plasmid DNA + AscorbateZH2O2 as 

well as the specified metal. Lane 3 = Fe-EDTA, lane 4 = Cr(phen)2CI2, lane 5 = 

Cr(Phen)2(H2O)2, lane 6 = Cr(bpy)2CI2, lane 7 = Cr(bpy)2(H20 )2, lane 8 = Cr(bpy)3, 

lane 9 = Cr(en)3, lane 10 = Cr(en)2CI2, lane 11 = Cr(NH3)4CI2, lane 12 = Cr(CN)6.
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The results of this assay show what would be expected for complexes that 

can generate oxygen radicals. A small amount of relaxation of DNA is seen with 

the reductant/oxidant alone, lane 2. This amount of relaxation is also observed in 

the nonmutagenic complexes, lanes 9-12. The remaining lanes all show 

significantly more relaxation of the supercoiled DNA than with the control alone. 

Lane 3 is the Fe-EDTA complex that is a well known hydroxyl radical generator. 

The supercoiled DNA has nearly completely relaxed to the form Il conformation. 

Lanes 4-8 contain the five original mutagenic Cr(III) complexes. All of the 

mutagenic Cr(III) complexes show a significant degree of the form Il relaxed 

conformation and lane 4, containing Cr(Phen)2CI2, even shows a significant amount 

of linear, form III DNA. These results are consistent with redox cycling production 

of oxygen radical, and more specifically the hydroxyl radical.

The reaction of Cr(III) complexes in the presence of DNA without the 

reductant/oxidant shows very little change in DNA conformation, figure 62. The 

amount of relaxed DNA is approximately equivalent for all wells and matches 

closely that seen with the control. The results, from left to right are lane 1 = DNA 

alone, lane 2 = Fe-EDTA, lane 3 = Cr(phen)2CI2, lane 4 = Cr(phen)2(OH)2, lane 

5 = Cr(bpy)2CI2, lane 6 = Cr(bpy)2(OH)2, lane 7 = Cr(bpy)3, lane 8 = Cr(en)3, lane 

9 = Cr(en)2CI2, lane 10 = Cr(NH3)4CI2 and lane 11 = Cr(CN)6. This suggests that 

for these complexes to exert their activity, the presence of an intracellular 

reductant is essential, Ascorbate, turns out to be a rational choice for this 

reductant. Ascorbate has been shown to be present intracellularly and has been
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implicated as the major intracellular reductant of Cr(VI) in the lungs, liver and 

kidney of rats.109

The different halogenated bipyridyl complexes all show an ability to change 

the conformation of DNA as suggested with the previous mutagenic complexes. 

The electrophoretic gel for these complexes is shown in figure 63. While the 

results are not as clear as in the previous gels, they do reveal two important 

aspects. The complexes, when in the presence of a reductant show a change in 

the conformation of the supercoiied plasmid DNA while these same complexes, 

when assayed without a reductant show only background levels of relaxation. The 

loss of the supercoiied band may be the result of the nonspecific interaction of the 

bipyridyl complex to break up the duplex strand of DNA to disallow binding and 

thus flourescence of the ethidium bromide stain. We believe, however that the 

gel does show a conformation change consistent with our model. The results are 

from left to right: lane 1 = DNA alone, lane 2 = DNA + reductant, lane 3 = 

Cr(bpy)2F2 + reductant, lane 4 = Cr(bpy)2CI2 + reductant, lane 5 = Cr(bpy)2Br2, 

lane 6 = Cr(bpy)2l2 + reductant, lane 7 = Cr(bpy)2F2 no reductant, lane 8 = 

Cr(bpy)2CI2 no reductant, lane 9 = Cr(bpy)2Br2 no reductant, lane 10 = Cr(bpy)2l2 

no reductant. The reductant in this case was ascorbate/H20 2.

The different substituted bipyridyls complexes of chromium were run in the 

identical assay. The electrophoretic gel for this set of complexes was ambiguous 

due to the lower activity of these complexes. The presence of redox active 

species such as iron, in both the DNA and the buffers, served to produce too
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Figure 61: Plasmid relaxation of supercoiied DNA in the presence of mutagenic
and nonmutagenic Cr(III) complexes with a reductant.
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' 7Igure 62: Plasmid relaxation of supercoiled DNA in the presence of mutagenic
and nonmutagenic Cr(III) complexes without a reductant.
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Figure 63: Plasmid relaxation of supercoiled DNA in the presence of the different
halogenated complexes of bipyridyl with and without a reductant.
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much background relaxation of the supercoiled DNA prior to significant relaxation 

owing to the chromium species.

Interactions Of Cr(III) Complexes With DNA

The interactions that the mutagenic Cr(III) complexes have with DNA are 

an important aspect of assessing the total mechanism of damage. Certain DNA- 

metal interactions have the potential to be mutagenic in and of themselves. This 

is aptly demonstrated in the case  of c/s-platinum. Some interactions, however, are 

probably not responsible for the damage themselves, but allow for the spatial 

centering of the metal complex at the surface of DNA necessary to allow a reactive 

intermediate to dam age DNA. These types of non-damaging spatial interactions 

can be intercalation, minor groove stacking and coulombic interaction.

Intercalation occurs when the ligand, attached to the metal complex has the 

right polarity and planarity to allow it to insert, in a coplanar manner, between the 

aromatic DNA bases. This type of interaction has been observed with tris- 

bidentate metal complexes of ruthenium, cobalt and rhodium possessing 

phenanthroline, terpyridyl and bipyridyl ligands.68"71 Intercalation, for the above 

complexes, has demonstrated chiral specificity.68,69 This chiral specificity of 

binding is not surprising since DNA itself is a chiral molecule. The isomer that has 

shown preferential intercalation with DNA is the (+) isomer of the metal complex. 

This does not preclude binding of the (-) isomer but it is not the preferred isomer.

Minor groove stacking refers to the ability of certain metal complexes to be
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able to interact with the minor groove of DNA. This interaction is likely to be a 

form of coulombic attraction, since the minor groove is along the exposed 

negatively charged phosphate backbone. As well, hydrophobic interactions 

between the DNA bases and the ligand may play a role in the binding. The tris- 

bipyridyl complex of Cr(III) has been reported to have this type of interaction.110 

It is reported, that this type of interaction is also somewhat chiral specific but in 

this case, it is the (-) isomer that shows preferential binding. Once again, this 

does not preclude interaction of the (+) isomer, it is just preferred for the (-) 

isomer.

Coulombic attraction is simply the attraction of two oppositely charged 

species for each other. This type of interaction can occur between any positively 

charged complex and the negatively charged phosphate backbone of DNA. This 

type of interaction is rather vague in definition and should not show any chiral 

specificity but may be charge dependent.

Electrophoretic Mobility

Electrophoretic mobility can also be used to detect the influence of 

intercalating agents on the amount of negative and positive supercoiling. When 

a species intercalates between the base pairs of DNA, it has the potential to 

change the winding angle of the supercoiled DNA.68 While there is some 

dependence on the type of supercoil that the DNA has, either positive or negative 

supercoils, the overall effect is the same. This effect is an unwinding of the 

supercoil towards the relaxed form as the metal-ligand intercalating complex
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concentration increases and the binding sites become saturated. At a certain 

concentration, the effect is reversed and the DNA is rewound in the opposite 

direction towards the reverse supercoiled form. One drawback of this assay is that 

it lacks sensitivity and an intercalating complex that will not appreciably alter the 

winding angle will not show this type of interaction. The metal-ligand complex 

must also be able to form a transient intercalated complex with the DNA in the 

presence of an electric field. Thus, the response described is only seen for good 

intercalators that have a high affinity for this type of interaction and will show a 

large perturbation in the winding angle of the supercoils.

Figure 64 shows the results of an electrophoretic mobility assay using the 

basic bis-bidentate and tris-bidentate aromatic amine ligands. As one would 

expect, the phenanthroline complex with the higher degree of planarity associated 

with the three ring system shows a classical winding and unwinding of the 

supercoiled DNA with increasing concentrations. The bis-bidentate bipyridyi 

complex of Cr(III) and the tris-bidentate complex of Cr(III) show no response in this 

assay. This leads to the suggestion that neither of these two complexes are good 

intercalators. This may be a  function of the two aromatic ring system that is not 

as planar as that of the phenanthroline complex. The tris-bidentate bipyridyi 

complex of Cr(III) would not be expected to show any intercalation since it has 

been reported previously to be a minor groove binder and not an intercalator. This 

work cannot be interpreted against intercalation for the bipyridyi complexes, but it 

is probable that they are not as efficient as the phenanthroline complex.
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Figure 64: Electrophoretic mobility of supercoiled DNA in the presence of a metal 
gradient of select Cr(III) compounds.

Equilibrium Dialysis And Polarimetry

If indeed, there  is a  chiral specificity of interaction with DNA, we should be 

able to m easu re  this using a com bination of equilibrium dialysis of the metal 

com plex v e rsu s  DNA and  su b seq u en t polarimetry. Using a  dialysis m em brane 

with a  m olecular weight cutoff large enough  to allow the m etal to p a ss  through but 

not the DNA, w e can m easu re  the enrichm ent of the nonpreferentially bound 

isom er of the  metal com plex. For effective m easu rem en ts  of this type, the 

racem ization betw een  the  two isom ers m ust be slow. If racem ization is fast, the 

result m ay be chiral enrichm ent followed by racem ization to give a racem ic mixture 

that would yield erroneous results.
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Table Vin shows the results of the equilibrium dialysis/polarimetry on the 

three basic mutagenic ligand types. The bis-phenanthrolinedichlorochromium(lll) 

complex displays the enrichment of the (-) isomer that would be expected for ah 

intercalating complex. This means that the (+) isomer was bound preferentially to 

the DNA. The bis-bipyridyldichlorochromium(lll) complex, as well; displays a small 

amount of enrichment of the (-) isomer but only about 15% of the phenanthroline 

complex. This lower degree of enrichment suggests that bipyridyl ligands are not 

nearly as efficient for intercalation as phenanthroline ligands. Or it may be that 

there is less chiral specificity for this complex and both isomers bind virtually 

equally well. If this is a  valid assessm ent, it can be readily explained by the 

planarity of the different ring systems., This lower degree of enrichment may also 

explain why nothing was observed with the electrophoretic mobility of this complex. 

The tris-bipyridyl complex shows a slight enrichment of the (+) isomer although the 

degree of this enrichment is not terribly significant. These results, although 

tenuous* support the minor groove binding theory reported previously for this 

complex.110
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C om p lex^ O p tic a l R otation DNA In te r a c tin o  Isom er

Cr(Phen)2CI2 - 1 0 .8 ° +  0 .4° (+)

Cr(bpy)2CI2 -1 .8 °  ±  0 .3° (+)

Cr(bpy)3 + 0 .5 °  ±  0 .2° (-)

Cr(Gn)2CI2 -0 .6 °  ±  0.2° (+)

A= complexes not shown have either not been measured or have no 
optical isomers.

Spectrophotometric Changes Upon Intercalation

C hanges in the  spectrophotom etric  behavior of the m etal com plexes in the 

p re sen ce  of DNA is an o th er m ethod to look for the  interactions of the  metal-ligand 

complex with DNA. Previously, it has been  show n that upon  intercalation, the 

intensity of the m etal-ligand charge  transfer band in th e  ultraviolet or visible 

spectrum  is a tten u a ted .68 This phenom enon is b a sed  on the  fact that when an 

unordered absorbing com plex  becom es ordered, in this c a s e  by intercalation 

betw een the DNA b a se  pairs, the abso rb an ce  m axim um  is d ecreased  (a 

hypochromic shift is observed ).

Figures 65 and  66 show  the  results of the UV-VIS spectrophotom etric  work
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on the two of the mutagenic Cr(III) species.

The Cr(IDpy)2CI2 complex shows a marked decrease in the absorbance 

when in the presence of DNA. The absorbance of the metal MLCT in the 

presence of DNA is 65% of that seen without added DNA. The Cr(bpy)3 complex 

shows no obvious change in the MLCT absorbance either with or without the 

presence of DNA.

This work, and that shown previously, allows us to say unequivocally that 

the phenanthroline complexes of chromium interacts with DNA to intercalate in a 

coplanar manner between the bases. The bipyridyl complexes probably have a 

degree of intercalation but not nearly to the extent of the phenanthrolines. Upon 

addition of a third bulky ligand, as with the tris-bipyridyl case, no intercalatory

interaction is seen.
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SUMMARY

Prior to this work, the indications of in vivo biologically active Cr(IlI) 

compounds were considered, by most, to be artifacts of the assay systems. Those 

who accepted the indications of mutagenicity for these compounds attributed their 

activity to a  differential ability to cross the cellular membrane in contrast to the 

common Cr(III) salts such as CrCI3=GH2O. We believed, however, that there were 

fundamental differences in the physical characteristics of these compounds that 

could account for this difference in activity. The goal for this research was to 

discern, not only the different physical characteristics that separate the mutagenic 

and nonmutagenic Cr(III) species, but to also determine a mechanism by which the 

mutagenic species potentiate their activity.

An initial clue to the mechanism for these compounds was their preferential 

activity towards those S. typhimurium strains that are susceptible to oxidative 

damage. This preferential activity led us to believe that these complexes may 

have a mechanism involving an oxygen radical. To test this hypothesis, we 

developed an anaerobic Salmonella reversion assay as well as an anaerobic SOS 

response assay. In both assay systems, with the Cr(III) compounds, we observed 

that the activity was dependent on the presence of oxygen which is consistent with 

an oxygen radical mechanism of DNA damage.

To test whether there was a dependence on membrane permeability on 

activity, a  series of different mutagenic and nonmutagenic Cr(III) complexes were 

assayed. This work was performed for us by Dr. Marguerite Sognier of the
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University of Texas, Galveston. In mammalian cells, the uptake of Cr(III) 

compounds demonstrates that membrane permeability, at least with these 

complexes, is not the single controlling factor in their biological activity. In fact, 

those complexes that were taken up the easiest were the honmutagenic Cr(III) 

complexes whereas the mutagenic complexes showed a much lesser degree of 

membrane permeability. This work tends to demonstrate that the biological activity 

of these complexes is based on a physical attribute of the metal-ligand complex 

and not on a  simple membrane permeability basis.

To determine what physical characteristic the mutagenic complexes possess 

versus the nonmutagenic complexes, we assayed these complexes in the cyclic 

voltammeter. The presumption from which we chose cyclic voltammetry was that 

if an oxygen radical is responsible for the mechanism of damage, this implies that 

the complex must have redox kinetics consistent with being a  cyclical electron 

donors. While the results from these data are not as straightforward as simple 

reversible and irreversible kinetics, it does show that the mutagenic complexes 

have redox kinetics consistent with an ability for these complexes to serve as 

cyclical electron donor. The nonmutagenic complexes have shown irreversible 

redox kinetics and more negative reduction potentials than the analogous 

mutagenic complexes. This difference between the mutagenic and nonmutagenic 

complexes may be the physical characteristic that controls the biological activity 

of Cr(III) complexes.
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Oxygen radicals leave a characteristic "footprint" when reacted with DNA. 

The interaction of oxygen radicals with DNA can be characterized using a variety 

of assays. We chose a plasmid relaxation assay to show the interaction of oxygen 

radicals with supercoiied DNA to form the relaxed form of DNA. Electrophoretic 

gels of supercoiied plasmid DNA in the presence of the mutagenic and 

nonmutagenic Cr(III) species have shown that, in vitro, the mutagenic species, 

when in the presence of a  reductant, tend to relax supercoiied plasmid DNA. The 

nonmutagenic species have shown only background amounts of relaxation of 

plasmid DNA in this assay.

The interaction of Cr(III) species with DNA is an important aspect of the 

overall mechanism of DNA damage. Oxygen radicals, to be efficient DNA 

dam agers, must be produced in close proximity to the DNA. The spatial 

orientation of these complexes of DNA were measured using a variety of 

techniques. The results of these techniques tend to infer that the bis- 

phenanthroline complex is a very effective intercalating agent, the bis-bipyridyl 

complex probably intercalates although not nearly as effectively as the 

phenanthroline complex. The tris-bipyridyl complex, however, does not appear to 

intercalate but interacts mainly through coulombic attraction or minor groove 

stacking.

The model then, that we propose for mutagenic Cr(III) species, has a ligand 

directed activity that succeeds in endowing the metal-ligand complex with both 

redox characteristics compatible with oxygen radical generation as well as an
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ability for interaction with DNA to spatially orient the complex at the DNA surface.

Several conclusions can be drawn from this work. It is possible that these 

mutagenic Cr(III) complexes mimic those compounds formed intracellularly from 

the reduction of Cr(VI) and may have a direct bearing on the carcinogenic potential 

of this oxidation state. The fact that certain anti-tumor drugs, such as bleomycin, 

have a  similar mechanism of DNA dam age and interaction may allow us to 

develop metal complexes that have both specificity of DNA interaction and a 

mechanism of DNA damage that can be "tuned" to cellular reduction potentials by 

changes in the metal-ligand complex. These results also suggest that 

environmental risk assessm ent based solely on one or two metal-ligand complexes 

does not guarantee that all complexes of that metal will be biologically analogous.
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APPENDIX

Conversion of Cyclic Voltammetry Output to Microamps

Data points generated by the Forth based mncvprogram must be converted 

into microamps prior to graphing versus the potential area scanned. This was 

accomplished by first using a  program called CD1X. This program takes the raw 

CV data and converts it into a single column ASCII text file. At this point, the file 

is in the Apple Dos 3.3 format. To manipulate this data, the file must be converted 

into an IBM compatible ASCII text file. This was accomplished using a program 

called Crossworks. Crossworks takes an Apple Dos ASCII file and first converts 

into Apple ProDos format. It then converts the file into an IBM compatible ASCII 

text file that is transmitted from the Apple computer to an IBM compatible. This 

process gives you a single column ASCII text file of CV data points. At this point, 

the file can be imported into a spreadsheet program such as Quattro Pro.

The imported ASCII text at this time consists only of data points which must 

be converted to microamps. This was accomplished by using a macro created by 

Dr. Richard Geer and Dr. Penny O’Connor. The macro allows input of the CV 

calibration data (discussed below) and then uses this data to convert the data 

points into their corresponding microamp values. The voltages are inputted by 

hand by knowing the potential range scanned as well as how many mV/data point 

resolution was used. A working graph for each scan is produced and can then be
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merged for the total number of scans of the complex.

Calibration of the instrument prior to running is necesary to obtain accurate 

current readings. This is accomplished within the runcv program itself. A 

submenu under the runcv program is calibrate instrument. The calibrate 

instrument program is a menu driven program that generates a hard copy of the 

calibration data needed in data point conversion macro. The steps to generate the 

calibration file are given below.

1) Go to Calibrate Instrument on Runcv menu.

2) A to D Conversion Tables

a) connect x input from A to D converter to ground.

b) connect x output to x input.

c) hook voltmeter to x input and hook other side to ground.

d) input mV readings into computer (from voltmeter).

3) D to A Voltage

a) 1 enter

b) 2 enter

c) 3 enter

d) 4 enter
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4) Enter 6 on menu to return to Calibration menu.

a) 3 enter (on calibration menu)

b) 5 enter (input calibration resistance of 10040)

c) 8 enter (takes you back to runcv menu)

While calibration is proceeding, the calibration file is printed out 

automatically. A sample of the calibration file is shown in the following pages.
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ATOD Gain Tables

Gai n GDAC ___ +ATOD____ ____-ATOD____ Ref . V ATOD
# N u m . Ref . V Span Ref . V Span Scale ZOS
O 4095 IOllO -1633 -9940 1606 I -I
I 2576 6360 -1634 — 6360 1633 I -2
2 1625 4020 -1637 -4010 1634 I -4
3 1024 2530 -1637 -2530 1633 I -5
4 644 1599 -1643 -1595 1633 I -IO
5 409 1019 -1651 -1015 1641 I --22
6 258 6450 — 1658 -6410 1642 IO -27
7 163 4120 -1674 -4080 1648 IO -51
8 102 2610 -1696 -2560 1663 IO -85
9 .65 1693 -1719 -1640 1669 IO -114

10 41 1112 -1793 -1053 1691 IO -192
11 26 7380 -1754 -6800 1730 IOO —294
12 17 5120 -1631 -4540 1752 IOO -417
13 I I 3640 -1391 -3070 1822 IOO -657
14 7 2610 -1070 -2030 1903 IOO -978
15 5 2110 -727 -1540 1982 IOO -1321
16 4 1830 -4.96 -1260 2023 IOO -1552
17 3 1590 0 -1020 2101 IOO -2048
18 2 13200 O -7400 1411 IOOO -2048
19 I 10500 0 -4800 0 IOOO -2048

Initial Potential DAC 
Positive o u t p u t :

span full scale... 10122 mV zero offset... -6 mV 
Negative output I

span full scale... -9965 mV zero offset... O mV

Step Potential DAC 
Positive output:

span full s c a l e . . . 10085 mV zero offset. . . -6 mV
Negative output:

span full scale... -10064 mV zero offset... O mV

X Output DAC 
Positive output:

span full scale... IOllO mV zero offset... 6 mV 
Negative output:

span full s c a l e . .. -9934 mV zero o f f s e t . .. O mV

Y Output DAC 
Positive output;

span full scale... 10073 mV zero offset... -6 mV 
Negative output:

span full scale... -10163 mV zero offset... O mV
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Positive Ceil Offset is O MV
Negative Cell Offset is O MV

CV Sweep Rate Table

Negative Sweep Direction
Sweep rate Sweep Rate 

Number mV Z sec
End of Test 
Voltage, mV

Reps of 
40ms TI

0 12
I 12
2 18
3 40
4 70
5 121
6 173
7 227
S 290
9 397

10 505
11 616
12 746
13 976
14 1206
15 1439
16 1705
17 2177
.18 2647
19 3125
20 3663
21 4616
22 5572
23 6539
24 7621
25 9535
26 11429
27 13350
28 13436
29 13450
30 13450
31 13450

489 IOOO
495 IOOO
712 IOOO
792 500
836 300

1213 250
1659 240
2086 230
2551 220
3331 210
4037 200
4680 190
5219 175
5269 135
5256 109
5238 91
5250 77
5225 60
5293 50
5250 42
5275 36
5355 29
5349 24
5231 20
5152 17
5721 15
5943 13
6408 12
5912 11
5380 10
5380 IO
5380 IG
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CV Sweep Rate Table 

Positive Sweep Direction

Sweep rate Sweep Rate End of Test Reps
Number mV/sec Voltage, mV 40ms

O 13 501 I O O O
I 13 501 I O O O

. Z 4 149 I O O O
"3 -20 -408 500
4 -53 -637 300
5 -106 -1065 250
6 -159 -1523 240
7 -213 -1956 230
S -276 -2426 220
9 -386 -3243 210

10 -495 -3961 200
J.1 -606 -4605 190
.12 -737 -5162 175
13 -972 -5249 135
14 -1204 -5249 109
15 -1442 -5249 91
16 -1712 -5273 77
17 -2197 -5273 60
18 -2674 - 5348 50
19 -3154 -5298 42
20 -3705 -5335 36
21 -4674 -5422 29
2 2 -5648. -5422 24
.23 -6622 -5298 20
24 -7719 . -5249 17
25 -9655 -5793 1 5
26 -11581 -6022 . 13
27 -12558 -6028 12
28 -12589 -5539 11
29 -12625 -5050 IO
30 -12610 -5044 IO
31 -12580 -5032 IO

Reference Voltage is -4989 mV
C a l ib r a t ion r e s istor is 10040 ohms
Ce I I current as v o Itage is -4147 mV
Current scale factor’ i s IOOO
V to I conversion is 1198 rnicroA / IOOOO mV
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Plasmid Preparation Solutions

Solution I
10 mg lysozyme (added fresh on ice) 

0.1 ml 0.5 M EDTA pH 8.0 
0.625 ml 2.0 M Tris-HCI

4.5 mg Glucose 
4.2 ml dH2Q

Solution Il 
0.8 g NaOH 

I g SDS 
100 ml dH20

Solution III
6ml 5.0 M Potassium Acetate 

1.15 ml Glacial Acetic Acid 
2.85 ml H2O

5X TBE
54 g Tris base

27.5 g Boric Acid 
20 ml 0.5 M EDTA 

1 LH 2O

TE
10 rriM Tris-HCI
1.0 mM EDTA

6X A garose Gel Loading Buffer 
.15 g Ficoll 

0.4 ml 0.5 M EDTA 
0.6 ml 10X TBE

2.5 mg Xylene Cyanol (optional)
2.5 mg of Bromophenol Blue
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T^NaOAC
1.3 ml 2.OM Tris (pH 8.0) 

1.7 ml 3.0 M NaOAC

Salmonella Reversion Assay

M9 buffer (5X)

64 g Na2HPO4-ZH2O 
15 g KH2PO4
2.5 g NaCI
5.0 g NH4CI
1.0 L ClH2O 
Histidine.HCI

Minimal G lucose Plates

15 g Agar
20 ml 50X VB Salts 
40% glucose 
930 ml dH20

Top Agar

6.0 g Agar
5.0 g NaCI
1.0 L dH20

Vogel-Bonner (VB) Salts (50X)

670 ml dH20
10 g MgSO4J H 2O
10O g Citric Acid
500 g K2HPO4
175 g NaHNH4PO4AH2O

Histidine/Biotin Solution

30.9 mg D-Biotin
24.0 mg L-Histidine.HCI 
250 ml dHaO

Ampicillin Plates

15 g Agar 
910 ml dH20  
20 ml VB salts 
50 ml 40% glucose
10.0 ml of 2g/400ml
6.0 ml 0.5 mM biotin 
3.15 ml of 8mg/ml ampicillin

Ampicillin/Tetracyciine Plates

Sam e as above but 
additionally:
0.25 ml of 8mg/ml 
tetracycline

LB Agar Plates

10 g Bacto Tryptone 
5 g Bacto Yeast Extract 
10 g NaCI 
15 g Agar
1.0 L dH2Q

Z Buffer

0.06 M Na2HPO4J H 2O 
0.04 M NaH2PO4-H2O 
0.01 M KCI 
0.001 M MgSO4J H 2O 
0.05 M Mercaptoethanol
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