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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(IIT) 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(IIl) 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(IIl) 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 compiex.

A series of blologlcally active and inactive Cr(lll) 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(lll)
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(lll) complexes with DNA are requr_red' for a radical
mechanism of damage. The type of DNA interactions associated with mutagenic
Cr(I) complexes have been shown using equilibrium dialysis, electrophoretic
mobilities. and UV-VIS spectrophotometry. Some of the mutagenic Cr(lll)
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(lll) complexes based on their redox characteristics and interactions
with DNA. : :




- INTRODUCTION

Chromium Mutagenesis

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."? 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.?® 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 ;th'e skin and nasal
sep’ta.6 Chromium, in contrast to 4it_s carcinogenic potential, functions és.,an
essential,'minéral in the body.l The trivalen;c fofm of chromium, Cr(lll), is a trace
element that has a proposed enzymatic role as a cofactor in the metabolism of
glucose.”

Chromium, in the environment, is found primarily in the form of chromite
c'>re‘, FeCr204. 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




2

including, square planar, tetr;ahedraL 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
|o¢.;,ated in the Absaroka/Beartooth Wilderness Area.® Conversely, it is a major
constituent in the hazardous mine tailings of the Berkely Pit Superfund site located
in Butte, MT.® 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 Cr(ll) Versus Cr(Vl) 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.'® Historically, it was assumed that Cr(VI) was the
only oxidation state of chromium'that had a significant toxic and carcinogenic
potential while the trivalent chrorhium species were generally considered to be

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

2

mice,!’ cause mutations in bacterial, yeast and mammalian systems,'? show

differential lethality in a repair assay,13-cause infidelity of in vitro DNA rep|ica’tion14
and cause induction of lambda prop‘hage.15‘ Cr(lll) salts, such as CrCl,, have

shown little or no activity in these same assays.”a"19 At the genetic level, Cr(VI)

has been shown to produce a variety of lesions in DNA including single-strand




3
breaks, DNA-DNA and DNA-protein‘crosslinks.zo'22 Cr(ll) salts have shown either

- no activity or a much lower degree of DNA Iesidn induction in these same assays.

In contrast to the Cr(lll) salts commonly used to assess activity of this oxidation
state, hexacoordinate Cr(Il) 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 tdxicity in é differential lethality assay and induction of
the SOS response in E. coli?®. 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(VlI) héve been generally defined by the selectivé uptake/reduction
model, figure 1.'® This model proposes that the intracellular stable oxidation state
of chromium is Cr(Ill) and it is this complex, or reactive intermediates formed in the
reduction prdcess of Cr(VI), thét is the ultimate DNA damaging component in vivo.
The inability of Cr(lll) salts to induce mutagenesis or carcinogenesis directly has
been attributed to a lack of membrane permeability. Whereas Cr(VI) readily
traverses the plasma membrane of a cell via the sulfate anion transport system,
Cr(lll) salts have a limited plasma membrane permeability.'® Cr(VI), once
selectively taken up, can be reduced intracellularly by natural reductants such as
flavonucleotides, rﬁicrosomes, ascorbate, or sulfhydrylé such as glutathione to

generate the proposed biologically active intracellular Cr(lll) complex and/or
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- produce reactive intermediates.'®?®. Once reduced, the active intracellular Cr(li)
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.'® 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 }n 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 reductanfs such as ascorbate,
reduced nucleotides and glutathioﬁe, the +5 oxidation state 6hromiurﬁ complex can
prodﬁce the sﬁort-lived hydroxyl radical that is captured using radical spin trapping
compounds.27'3° Some debate, however, has arisen as to whether the radical is
generated by the Cr(V) alpne or is an artifact of the system. Different systems
have produced a variety of different radicals. Aiyar et al. and Shiand Dalal, using
glutathione as a réductant, have detected the Cr(V) species and a glutathidne thiyl
radical but no hydroxyl radich:aI.C”"32 It appears that the glutathione thiy! radical can
react with molecular oxygen to generate the superoxide anion species. Cr(Vl) in
the presence of excess h;/drogen peroxide will form the hydroxyl radical as shown
by using DMPO, 5,5-dimethyl-1-pyrroline N-oxide as the radicali 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).3® 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 quantities of
contaminating iron. Redﬁced nucleotides, such as NADPH reacted with Cr(VI) and
hydrogen peroxide have shown significant préduction 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 forf’ned with glutathione, Na4Cr(GSH)2_(GSSG)'8H20, in the
presence of molecular oxygen can result in the production of the hydroxyl radicai
that is further increased upon addition of hydrogen peroxidc_a.34 This same
complex, when run under anoxic conditions inhibited all radical formation. These
same types of assays héve been carried out with Cr(lll) salts in the presence of
hydrogen peroxide and have shown a limited production of hydroxyl radicals.3®
This, howevér, could only be accomplished ﬁsing apH2 buffer which is an unlikely
condition intracellularly and the significance of this work is questionable. The ability
of certain hexacoordinate Cr(Ill) species to be biologically active by themselves
may disturb the current model of Cr(Vl) mutagenicity. if a redox active, or DNA
binding Cr(llf) compound is formed from the Cr(VI) reduction intracellularly, then
it can be argued that this may be the actual DNA damaging corhplex formed in

vivo. Until recently, little real evidence has been presented to uphold this theory.
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Cis-Platinum

Cisplatin, ¢is-DDP or cis-dichlorodiammineplatinum(ll), is a commonly used
 anti-tumor agent. The activity of this compound was first discovered,
serendipitously, by Ba.rnett Rosenberg when he noticed that E. coli, in the
presence of a platinum electrode, showed the induction of filamenta’cio-n.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(II), as well as
a tetraamminedichloroplatinum(lV) compound. The remarkable eﬁectiveneés 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.?” 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 2.3 The genetic consequence of this type of lesion is at least
t\‘/vo-fold. The guanine-guanine Pt crosslink must be repaired and an error prone
repair could lead to mu_tation. Since repair of this lesion is quite slow, thjs same
lesion could cause infidelity of replication by the DNA- polymerase by blocking

polymerase read through along the effected strand.?9%?
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this threat, organisms have evolved methods for reméving oxygen rédica|s from
susceptible tissues. Simultaneously, certain cells, such neutrophils have used the
reactive propérties of oxygen,radicals 'as a defensé mechanism against foreign
agonists.55 For self-protection, aerobic organismé have developedﬁa distinct set
of enzymes that are specific for the removal of oxygen radicals. These include
peroxidases, superoxide dismutases and catalases. Further steps to minimizé
deleterious oxygen radical generation have evolved as well. These include,
packaging of redox active‘ metal compléxes in a form which renders them inert i.e.
complexation of iron in hemoglobin and burying redox active metai 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, O,%, is produced in vivo by

both enzymatic and spontaneous processes as well as through photochemical

53 Formation of superoxide anion takes place via a one

oxidation reactions.
electron reduction of molecular oxygen. Superoxide anion is capable of initiating
and propagating free-radical chain reactions which can lead to damage of cellular
componen’ts.56 Failure to control the production of superoxide ’anions leads to
cessation of growth, mutagenesis and death. Specific enzymes, superoxide
dismutases, have eyolved to scavenge superoxide anions before they can damage
a cell.5?® There are two families of SOD’s, these being the Zn, Cu SOD's and the

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

anion to HOOH and O,. 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.®” 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 abstréét 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 damage fo occur, the hydAroxyI 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 damagé is readily repaired by a set of enzymes called the
UVR enzymes.®! This set of enzymes recognize and repair single strand breaks

in DNA. This same set of enzymes are activated by ionizing radiation induced
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DNA damage since the resulting darﬁage to DNA is similar. Thisis wHy oxygen
radical generating compounds are said to be radiomimetic, i.e. they mimic the type

of damage seen with radiation.

Formation

The Haber-Weiss 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 uitimate reduced form, water.5?

In comparison to water, molecular oxygen is in a strongly oxidative form.
However, the oxidative potential of rﬁdlecular' oxygen is constrained by its two
unpaired, spin-parallel electrons. The consecutive monovalent reductions to
produce superoxide, hydrogen peroxide and hydroxyi radical exempt these species
~ from the kinetic restrictions to allow electron exchange. The superoxide anion,
0, can act as either an qxidant ora reductan"t‘, hydroée’n peroxide is relatively
stable but the hydroxyl radical, HO®, is a powerful oxidant ;that can réact 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
Iimjted 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.%®
M? + &7 ooeee > M™ 4 H,0, -—-------=> M" + OH® + H,0 (2)

The metal most commonly associated with the Fenton reaction is iron alihough
many metals, such as Cu and Ni, have shown the pofential to participate in this
type of reaction.54%® 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 nucleoti‘deé
(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 cbmpound 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 mechanismi of damage. The questions to be
considered when examining DNA interactions are: 1) is the interaction part of the
overall mechanism of damage or 2) is the interaction itself wholly responsible for

the biological activity observéd. 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.

Models 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 undérgp this type of interaction are cis-platinum and Mitomycin
C. In this case, it is the interaction itself that causes thé DNA lesions leading to
DNA damage, mutagenesis and carcinogenesis. Dimer formation with cis-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 forrhed_
by nucleophilic attack of a DNA amino group on the azocyclopropane ring of
Mitomycin C followed by a Michael addition of an amino vgroup 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 neceésarily 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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Reduction Adducts Reduction adducts are formed when a metal, in the
presence of DNA, becomes reduced resulting in labilization 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) complvexes.72 Réduction of thé tetrahedral
Cr(VI) complexes in the presence of DNA can result in a rearrangement of'the
inner sphere ligands to give an octahedral Cr(lll) complex with one or more of its
ligands becoming é DNA base. These type of adducts with Cr(Vl) have been
detected in vitro upon reduction with cellular reductants.’2  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 é role in

the overall mechanism of chromium mutagenesis.

Electrochemical Behavior Of Metals

Formation of oxygen radicals in a system is fundamentally based on a
series of electron transfers. lnvokfng the Fenton réacﬁbn to explain the formatioh
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
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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 barri'er 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 tb large structural changes in the
molecuie. 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 7.78

Electrochemical reversibility does not preélud_e 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.
Ox2 <------- > Ox1 <-------- > Red1 . CE Mechanism (3)-
Ox1 <------ > Red1 <------- > Red2 EC Mechanism (4)

In the CE mechanism (chemical/electrochemical), the reactant, Ox2 (oxidized
complex), undergoes a chemical reaction to Ox1 prior to electron transfer to form

Red1 (reduced complex). In the EC (electrochemical/chemical) mechanism, the

' o i 3
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reactant, Ox1, undergoes electron transfer to a chemically labile redu-ced form,
Red1, which can then undergo a chemical reaction to form the uiltimate product,
Red2. This scenario assumes that Ox2 and Red2 are themselves
electrochemically inert. Reversible proton or ligand loss is an example of this type
of mechanism. For reversible ligand loss, the ligand must be in saturaﬁng

quantities in the supporting electrolyte to give the same 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
parameters measured in cyclic voltammetry. However, these two parameters are
not physical constants. Both of these parameters can be dramatically influenced
by the solvent, the electrode system and tﬁe nature of the |igand.74 In this study,
it is the nature of the ligand and how it af'fects the redox characteristics i.e.

reversibility and reduction potentials, that we are interested in.
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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 c'ausing 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 damage 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 sihce the easily
obtained complexes of this 'éxidatioh state, such as CrCl; have shown no
propensity towards biological activity.

In 1981,.this research group was the first to identify Cr(lll) complexes that
demonstrate mutagenesis in biological assays. Two complexes, [Cr(bpy)zClz]+1
and [Cr(phen),Cl,]*’ bofh showed a high degree of activity in both a Salmonelia
reversion aésay and a differential repair assay. At this point, no mechaqism 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, | entered this research group with the goal of determ'ining the
mechanism by which these compounds potentiate their activity.‘ We believed that
the mechanism of Cr(lll) 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(Ill) 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(llf) complexes that allow us to predict whether certain complexes would be
biologically active.

Detefmination of the mechanism of DNA damage for the Cr(1Ill) complexes
was accomplished by inyes-tigating. the following areas: 1) The dependence on
oxygen for the induction of mutagenicity, 2) The structure/activity relationéhips
between mutagenic and nonmutagenic Cr(lll) species, 3) The redox behavior of
the Cr(lll) complexes in aqueous solutions, 4) The conformation changes of
supercoiled plasmid DNA induced in vitro, and 5) The interactions of the Cr(lll)
complexes with DNA.

The oxygen dependence on the induction of mutagenicity was accomplished
by developing an anaerobic Saimonella reversion assay. Use of this method, with
appropriate controls, demonstrates that an oxygen radical mechanism of DNA
damage may be occurring.

Many Cr(lll) complexes are nonmutagenic in the assay systems used. An
apparent structure/activity relationship, conferred by the ligand, exists for these
complexes. Synthesis and testing of a variety of related Cr(lll) complexes have
given insight i‘nto the factors that influence both mutagenesis and those physical
parameters. associated with a particular metal-ligand compiex 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(lll) complexeé 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 damage 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.

Metal-DNA interactions were monitolred using UV-VIS spectrophotometry,
electrophoresis and equilibrium dialysis/polarimetry. Previous work on similar
metal-lig‘arid complexes have shown an interactioﬁ wifh DNA via intercalatipn.
These results are confirmed for thé mutagenic Cr(ill) complexes used in this study.

These type of data will help us both model and pred|ct the possibility of a
metal complex to act as a mutagen. Definition of stringent physmal characteristics
which allow a complex to be mutagenic can then be applied towards risk
assessment 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(lil) Complexes

[Cr(bpy),Cl,ICI And [Cr(bpy),(H,0),ICl;

cis-bis-2,2'-bipyridyldichlorochromium(lil)  chloride dihydrate, | cis-
[Cr(bpy),Cl,]CI'2H,O, and its aquated analogue, cis-bis-2,2’-
bipyridyldiaquochromium(lil) trichloride, cis-[Cr(bpy),(H,0),]Cly, was synthesized
using a previously described method.”® 1.5 g of anhydrous CrCl; 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 H,0:MeOH 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),(H,0),]Cl;. The second brown band cdrresponded to the original
product [Cr(bpy),Cl,]JCI-2H,0. Characterization ‘of these two c_omplexéS was
accomplished using ultraviolet and visible (UV-VIS) spectrophotometry and Fast
Atom Bombardment Mass Spectrometry (FABfMS)‘.

Ultraviolet absorption spectra for the two compounds were measured in

millipore H,O 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 [Cf(bpy)ZCIZ]CI species showed the following

wavelength maxima with the log of €., (molar extinction coefficient in parenthesis);
335s, (3.87); 324s (3.98); 308, (4.27); 245, (4.34).
The [Cr(bpy),(H,0),ICl; species, scanned under the same 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 same 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, ., 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.”®
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’- blpyndyl was synthesized using a palladium catalyzed

oxidative coupllng reactlon of 4-picoline essentlally as reported previously, figure

8.”7 150 mi of 4-p|coI|ne 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
H and 3C NMR. 'H; 2.4s, 7.1d, 8.2s, 8.4d. '°C; 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 KMnQ,, figure 8. 3.8gof4,4'-
dimethyl-2,2-bipyridyl and 12.0 g of KMnO, waé refluxed in 150 ml of dH,O
overnight. The unreacted starting products were filtered off while still hot. The
remaining aqueous layer was then extracted with 3x50 mi portions of anhydrous
diethyl ethef. 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 H
NMR. 'H; 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 mi -
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of thionyl chioride were refluxed for 3 h. The resulting solution was cooled and
dried under argon. 6.0 mi of absolute methanol was added sléwly to thé reaction
flask and allowed ‘to stand for 30 min. Excess methanol was evaporated under
argon and the solid product was taken up in agueous 0.1 M NaOH. Addition of
anhydrous diethy! ether precipitated a pinkish-whitg solid. This solid was filtered
off and recrystallized from hot acetone. The compound was characterized using
'H NMR. 'H; 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-dimethylaminopyridine, 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 ;che 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 'H NMR. 'H; 3.2s, 7.8d, 8.2s,

8.4d.
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Cr(dmbpy),Cl,]CI

cis-bis-4,4’-dimethyl-2,2’-bipyridyldichlorochromium(ill) chloride was
synthesized using a modification of the method of Burstall and Nyholm.”® 0.5 g
of 4,4’-dimethyl-2,2’-bipyridyl and 0.15 g of anhydrous CrCl,; was added to 6.0 mi
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 methanbl 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.

[Cr(dcbpy),Cl,1CI

cis-bis-4,4’—dicarboxAy—2,2’7-bipyridy|dichIorochromium(IlI) 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 CrCl; were heated to
boiling. A catalytic amount of zinc dust was addéd and the solution was allowed
to boil for 10 min. Upon éooling, 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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[Cr(dmebpy),CI,]CI

cis-bis-4,4’-dimethylester-2,2"-bipyridyldichlorochromium(iil) chloride was
synthesized using the method of Burstall and 'ri\lyholm.75~ 05 g of 4,4-
dimethylester-2,2"-bipyridyl, 2.5 ml of 95% ethanol and 0.25 g of anhydrous CrCl,
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 précipitate 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.

[Cr(dmabpy),Cl,ICl

cis-bis-4,4’-di(dimethylamino)-2,2’-bipyridyldichlorochromium(III) chloride was
synthesized using the method of Burstall and ‘N_yholm.75 0.22 g of 4,4'-
di(dimethylamino)-2,2’-bipyridyl, 5.0 ml of 95% ethanol and 0.08 g of anhydrous
CrCl, were heated to boiling. A catalytic amount of iinc 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 ygllow-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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[Cr(bpy),F,]F

cis-bis-2,2’-bipyridyldifluorochromium(HI) 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 perfofmed to define
the complex. Ultraviolet spectroscopy yielded absorbance maxima and the
logarithm of the extiriction coefficient,log €, in parenthesis of; 335s,(4.58); 324s,
(4.68); 310, (4.86). Visible spectroscopy gave absorbance maxiﬁa, with the

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

540b, (43.0).
[Cr(bpy),Br,]Br

cis-bis-2,2’-bipyridyldioromochromium(lil) 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 épectroscopy yielded absorbance maximﬂa and the
logarithm of the extinction coefficient, log €,, in parenthesis of; 335s,(4.75); 324s,
(4.83); 310, (4.94). Visible spectroscopy gave absorbance maxima, with the
extinction coeﬁiﬁient €y, IN parenthesis of; 393, (397); 416s, (309); 445s, (129); |

+ 554b, (62.0).

[Cr(bby),L,1l

cis-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. Ulftraviolet spectroscopy yielded absorbance maxima and the Ibgarithm '
of the éxtinction coefficient, log ¢, in parenthesis of; 3'353;(4.62); 324s, (4.71);
310, (4.85). Visible spectroscopy gave absorbance maxima, with the extinction

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

[Cr(phen),CL,]CI And [Cr(phen),(H,0),ICl,

cis-bis-1,10-phenanthrolinedichlorochromium(III) chloride dihydrate, cis-
[Cr(phen),Ci,]CI"2H,O and its aduated analogue, cis-bis-1 ,10-
phenanthrolinediaquochromium(ill) t.richloride‘ were synthesized as described
‘previously.75 1.5 g of anhydrous CrCl, was mixed with 5.42 g of 1,10-
phenanthroiine in 50 ml of 85% ethanol. The reaction mixture was allowed to boil
in the presence of a ca;calytic amount of zinc dust for 10 min. Upon cooling a
greenish-brown precipitate formed which was collected by filtratioh and allowed to
air dry.  Purification was achieved by liquid chromatography on a Sephadex LH-
20 support using a 9:41, H,0: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),(H,0),]ICl;. The second green band corresponded to the dichloro
species, [Cr(phen),Cl,]Cl. 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 H,O 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),Cl,]CI species showed the following
wavelength maxima, log €, .in parenthesis; é76, (4.55); 226, (4.64). The diaquo
species, [Cr(phen),(H,0),]Cl; showed véry similar wavelength maxima and
extinction coefficients; 276, (4.56); 226, (4.73).

Visible absorption spectra were measur‘ed using the same 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 wavelengfh maxima and
extinction coefficient (g, 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 molecularion of m/z 482 for both the diaquo

and dichloro complexes.

Cr(b Cio

Tris-2,2'bipyridylchromium(lil) Perchlorate was synthesizéd using two
different methods. The first method, which has been described previously, has
been slightly modified.”® In the first method, the chromous bromide intermediate
was formed di:rectly from chromium metal using a 1:16 w/v mixture of chrom’ium

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 aII“of the metal had
dissolved (some heating may be required). The solution, while still under an inert
atmosphere was cqoled in an ice bath for 3'0. min or until- a blue crystalline -
precipitate of chromous bromide formed. While maintaining anAinert 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 mi of water with 4
drops of con HCL was degassed and added with sti~rring to the chromous bromide
mixture followed by an excess of sodium bromide. The solut.ion 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 fris-2,2’-
bipyridyichromium(lll) 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 H,0:MeOH 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 yiéld, involved the use
of a Jones Reductant (a zinc-mercury amalgam) to generate the labile chromous
species. 1.0 g of CrC.I3'6HzO in 20 ml of distilled H,O was allowed to pass slowly
through a column containing the Jones Reductant. The green CrCl,-6H,0 solution
became bright blue after passing through the column and was allowed to drip into

50 ml of an aqueous 5% perchlioric acid solution containing 4.0 g of 2,2"-bipyridyl.




- 36

The whole system was kept under an inert atmosphere of argon. The black
complex of tris-2,2’bipyridylchromium(li) perchlorate was removed from the -inert
atmosphere, filtered and washed with cold distilled water and chloroform. The
black crystals were then heated in the preéence 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(lil)
perchlorate complex proved to be of high purity upb;w LC and HPLC with
parameters 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 €,,,, in parenthesis in the ultraviolet spectra for this compound were; 345, (3.89);
308, (4.33); 280, (4.15). The parameters used were the same as cited for
previous compounds. The wavelength maxima and extinction coefficient, €,, (in
parenthesis) for the visible absorption‘ spectrum were; 453s, (892); 425s (640);
402s, (269). The parameters were the same as that mentioned previously. The
wavelength maxima and extinction coefficients for this complex closely matches
previous work.”®

FAB-MS of this compound was carried out in a glycerbl + trifluoroacetic acid
(TFA) matrix using xenon as the particle accelerant. A molecular ion at m/z 520

correspondiné to [Cr(bpy),] was detected.
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[Cr(en),]Cl,

Tris-ethylenediamminechromium(lll) trichloride was synthesized using a
modification of a previous method.”® 10 g of CrCl,-6H,0 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 refiux 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 wr;ich yields yellow-orange needle-like crystals.

UV-VIS absorption spectra for [Cr(en),]Cl, 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.”® 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(iil)

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

[Cr(en),Cl,]CI

cis-bis-ethylenediamminedichlorochromium(lll) chloride was synthesized
from the tris-ethyleneidamminechromium(ill) trichloride species using a previous
method.”® The [Cr(en),Cl,]JCl complex was prepared by recrysta‘llizing the

[Cr(en);]Cl, from a 1% aqueous solution of ammonium chioride. After air drying,
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the recrystallized 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 coefffcients (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 builet + water shows a molecular ion

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

[Cr(NH,),CL,]CI

The cis-tetraamminedichlorochromium(ill) chioride complex was synthesized
as described previously.8%° Stock compound of

chloroaquotetraamminechromium(ill) 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 absorptioﬁ
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),

Potassium hexacyanochromate(lll) was synthesized using a modification of
a previous method.®! 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-yeliow 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 aﬁd the logarithm of the extinction
coefficients (in parenthésis) were; 264, (3.15); 230, (2.70). FAB-MS for this

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

Cr CL1CI
cis-tetrapyridyldichlorochromium(lll) chloride was synthesized and purified

by Dr D. Bancroft and J. Kerns. No further purification was made on this complex.
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Biological Assays 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 th‘eir 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 lipopolysaccharide
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
his(G428 mutation resides on tﬁe pAQT plasmid which also contains a gene for
tetracycline resistané:e. The sfcrains, TA102 and TA100 also contain an R-factor
plasmid, pKM101, that increases chemical and spontaneous mutagenesis by
enhancing an error-prone DNA repair system whic.h 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 oxid:'ativev damage fhan
the GC base pair mutations.®> 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 medié 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 b‘ackground,
means that a mutation has occurred which has allowed the bacteria to revert back
tQ the wild type, histidine producing, strain. Thus, the colonies that are seen on

a plate are called His revertants.

Aerobic Assay 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.®2 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 pAQ7 and is in its normal genomic
location in TA2638. For the assay, 100 pl 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




42

mixture was allowed to preincubate for 30 min at room temperature prior to plating
in standard plate overlays (see appendix pg. 158).8% The plates were counted for
His* revertant colonies after incubation at 37°C for 72 hr. The colonies were
counted automatically ljsing a BioTran Il automated colony counter with a colony

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

Anaerobic Assay The anaerobic assay was developed to test for oxygen

dependence of the mutagenic complexes seen aerobically. Since S. typhimurium
is a facultative anée.robe, meaning it is capable'of’growth in both an anaerobic and
aerobic environment, we are able to use ihis strain in much the same 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 Salmonelia bacteria
were grown aerobically in nutrient broth (see appendix pg. 161). The baéteria,
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%
CO,, 10.1% H, and 84.73% N,. 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 same manner as the aerobic asse{y. 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 countér with the same 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 mufagen was used as a control. The

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

Mutation Frequency

Mutation frequency is a measure of the number of mutants per number of -
live cells. Ce‘II toxicity is measured in one of the Ames strains described above
and the assay is set up similar to the Salmonella reversion assay. One hundred
w of an overnight culture of S. typhimurium is suspended in 0.5 ml of M9 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 pl 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 pl of the resulting diluted solution was
removed and uniformly streaked on LB agar petri plates (see appendix pg. 158).
The plates. were counted after 24 hr at 37° C to ine the total number of celis.
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 10° per ml. The
million ,fold.dilution should then give us a cell count of between 10 aﬁd 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 Response |

THe’ SOS response is é term given to a multi-gene global response by
enteric bacteria to agents that 6ause DNA damage or interfere with DNA
replication. The SOS response is controlled by the RecA and LexA proteins.®’
These two proteins control the exbression of genes whose products play roles in
excision repair, daughtér-strand, gap repairs, strand break repair, methyl-directed
mismatch repair and SOS processing.®! The exact mechanism of response and
repair is quite complicated and will not be discussed here. However, aﬁ 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 10 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 (é gene coding for expression
of a filamentation protein) fused with the /acZ portion of the lactose operon (a gene
coding for the production of B-galactosidase). When an agent is introduced into
the system whfch would activate the SOS response, the cell responds by
producing B-galactosidase. This production of B:-galactosidase can then be
measured by adding ONPG, o-nitrophenyl-B-D-galactoside, which is a-substrate
for B-galactosidase. Cleavage of ONPG by the B-gélabtosidase results in the
yellow colored o-nitrophenol group which can be measured quantitatively using
visible spectrophotometry.84 Induction of B-galactosidase, if in the appropriate

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

to measure 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
subcuitured into M9 complete media at a ratio of 1.0 ml of the overnight culture per
50 mi of fresh media. The subculture is placed in a shaking wéter bath at 37°C
until the cell count reaches 2-5 x 10° cells/ml (ODy,, 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 cuiture in an ice bucket. Ten mi of culture was challenged
with the mutagen and incubated for 1.0 hr. Optical density at ODy, 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 Na,CO,. The
optical density at 420 nm and 550 nm were recorded on a Varian Series 634 dual

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

galactosidase units produced from this reaction is (5):
Miller Units = 1000 x OD 54 - 1.75 x ODggy/ t X v X ODgyg (5)

Where t=time of the reaction.in minutes an'd 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/min and
an uninduced culture has approximately 1.0 unit. A control that has been
uninduced is run to give the basal level of B-galactosidase activity which can be

subtracted out.

Anaerobic Assay 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 Na,CO, can be added by syring‘é. Once the Na,CO,

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 made and converted-to‘ Miller units (5)
using the same procedure as for the aerobic asséy. The negative .control for this
experiment was Mitomycin C since its mechanism of actioh 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 6f the SOS
response, it was used only as an indicator of anaerabiosis 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

Massachusetts Institute of Technology via Gentest Corporation. The toxicity of

Cr(VI), [Cr(bpy),Cl,]CI and [Cr(phen),Cl,]Cl 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 same way as that described previously for the bacterial

strains.

Mutagenesis In Mlammalian Cells

The mutagenicity of select chromium compounds were measured by Jia
Chen of the Massachusetts 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),Cl]CI and [Cr(phen),Cl,]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 same way as that described for

the bacterial mutant frequency.

Cyclic Voltammetry

Cyclic Voltammetry, CV, is an electroanalytical 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 tﬁese electrons were accepted and reversibility deals with
the tendency for the anaiyte 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 voltammeter
interfaced with an Apple lle computer. This system was built by Dr. R. Geer and
R. A. Bonsteel and consists of 10 parts that both operate the cyclic voltammeter
and collect data for further workup.85 These ten parts consisted of:

1. Combuter 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 lle 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 conversionnof 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 pararheters are:

1. Starting and ending potentials

2. Reversing potentials

3. Sweep resolution

4. Sweep rates

5. Signal to Gain
Once these parameters were selected, the experiment cou!d be iniﬁated. 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 cép having four holes bored in it for the
three electrodés used in this system as well aé a hole for degassing of the
solution. The three electrodes consisted of:

1. Working electrode

2. Cou,nter 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.8® The reference electrode
was a 1.0 M Ag/AgCl electrode constructed ‘By placing a small piecé 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 AgCl 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.®’

The process of making a CV run consisted of adding 10 mi 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 ruﬁning. The
temperature was maintained at approximately 25°C throughoﬁt 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 CdCl, for deterrhinat’ion of the electrode area. CdCl, was used for
the determining the électrode area because the diffusion coefficient for this
compound is well known. The electrode area, in cm?, could be found then by

using the following equation (6).
i= (2.69 x 10%*2AD, 22 ¢, (6)

Where i, is current in amperes, 1 is the number of electr'ons transferred, A is the
area of the electrode in cm2, D, is the diffusion coefficient in cm?/sec, vis potential
in V/sec and C, is the ionic concentration in mol/éms. 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 KCl 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/AgCl reference electrode. Sweep resolution was 1.00 mV/data point with 4-5
sweep 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 0.001M

CdCl, solution, for electrode area were run.

Electrode Area

The electrode area was determined using 0.001 M CdCl, 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/AgCl reference
electrode. The sweep resolution was 1.00 mV/data ‘pbint, 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 cm?/sec. An electrode area was
determined for each sweep rate and the values everaged together.‘ fhis value was

then used for the rest of the experiments.

Data Analysis

Data anélysis 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 Appley DOS file had to be converted to an Apcle ASCll text file
| usrng a FORTH program written by R. Geer called CD1X. The Apple ASCII text

frle could then be converted to a MS-DOS ASCll 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 anelyzing the CV
~data require the calibration data discussed previously. The actual steps used to

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

Electrophoresis

Electrophoresis is an ahalytical 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 (El, the net electrical
charge (Z) which resides on that molecule and the frictional resistance (/) i.e. size

and shape of the molecule. This can be expressed in the follovying equation (7):
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V = EZ/f o

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 electrophorésis is cémmonly ‘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 worl{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 Iérge enou‘gh concentration to run a large number -
of assays. This was accomplished by t'ransforming E. coli.with pUC-18 plasmid
pUC-18is a multi-copy plasmid which ‘hés 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 gendtyjpe. |

For thé \plasfnid traﬁsformation, 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 mi of the overnight culture and incubated at 37°C until the
ODgy reached.0.4-0.6. The cells were then centrifuged at 7000g for 5 min and
resuspended in cold 50 mM CaCl,. The cells were kept on ice for 15-60 min,
centrifuged at 7000g and resuspended in 4 ml of 50 mM CaCl, and kept on ice for
several hours. At this time, the cells are competent, i.e. ready to be transformed.
1-50 ng of pUC-18 DNA was added to 50 ul of TE buffer. 100 pl 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 42°C water batiw for 2 hr. After
this time, the cells were streaked on a LB + ampicillin piate and allowed to grow
overnight at 37°C. Those cells which formed viable colonies were the transformed

cells containing the pUC-18 plasmid.

DNA Plasmid Extraction

Extraction of the pUC-18plasmid for electrophoretic work was accomplished
using a method described by Maniatis.8® A single colony of transformed E. coli
HB101 was cultured overnight in 50 ml of LB broth containiné 100 pg/mi of
ampicillin. Eppendorf tubes containing 3.0 ml of cells were centrifuged for 15 sec
or until the cells formed a pellet on the bo.ttom. The supernatant was discarded
and the cells were resuspended in 1.0 ml of LB media, recentrifuged and the
supernatant discarded. Two hundred pl of solution i (sée 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 pl 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 pl of solution Ill (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 1.0 min, the
supernatant was transferred to a new eppendorf tube and the genomic DNA pellet
was discarded. To the supernatant, 1.0 mi of ice-cold isopropanol wés 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 pl of T;,NaOAc (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 dvemight. The solution was then centrifuged, the supernatant
discarded and the pellet redissolved in 150 ul 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 pl of the DNA/RNA fraction collected in the above described
extraction scheme with 2 pul of a 10mg/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 mi
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™ M/ 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 hbrizontal 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% agaroée in 0.5X TBE buffer with 0.5 pl of a 10 mg/mli
solution of ethidium bromide per 100 ml of agarose gel. The ethidium bromide
allows resolving of the DNA baﬁds when viewed under ultraviolet light. The
electrophoresis buffer was 0.5X TBE with 0.5 pl of a 10 mg/ml solutic;n of ethidium
bromide added per 100 ml of solution. Gel electrophoresis experiments were
carried out on 10 pl reaction mixtures. Typical reaction mixtures contained 2.0 pl
of 6.0 mM plasmid DNA, 2.0 ul of 2.0 mM metal, 2.0 pl of 5.0 mM. 1:1
~ ascorbate/H,0, as the reductant/oxidant and 4.0 pl of TE buffer. The metal-DNA
solutions were incubated at 37°C for 30 min, the redﬁctant/oxidant was then added
and the solutions were allowed to incubate ét ambient temperature for 15 min prior
to electrophoresis. DNA alone and DNA + the Ascorbate/H,0, 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 maxi_mum
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 Polarimetry

équilibrium 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 BellCo 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 prétreated by boiling successively

in 1% Na,COj,, 1% EDTA and 1% SDS. The membrahe was rinsed successively




59
in Millipore water, 80°C 0.3% Na,SO,, 60°C 2% H,50O, and again with Millipore

water. A 1.0 mg/mi solution of célf thymus DNA in a 5mM Tris-HCI, 50 mM NaCl
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/mi solution
of metal was added to the compartment and dialyzed for 24 hr against thé 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 same concentration was then made as a control.

| Polarimetry was pérformed 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 thé dialyzed solution. Thirty data pdints 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]p = ovic (8)

Where [o]p, is the optical rotation in degrees at the sodium D line wavelength, o
is the rotation in degrées 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 constarﬁ 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 ul/mi 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 intera.l'c"ti’on taking

place between the metal and the DNA.

Membrane Permeability

Membrane permeabilityl,was measured for selected Cr(lll) complexes used
in this study as wéll as for CrCly and Cr(Vl) 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 ﬁin, ythe cells were
washed, lysed and analyzed with inductively coupled plasma mass spectrometry

to obtain the concentration 6f chromium which had accumulated intraceliularly.
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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(lll) Complexes

In order to determine the structure/acfivity relationships between thé C’\r(ll‘l)
species, it was necessary to synthesize structurally related compoﬁnds and relate
structure to biological activity. The structures for the ten Cr(Ill) 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/ac’fivity 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 fheme
among these compounds. This common theme 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);](ClO,);, [Cr(bpy),CL,]Cl,

[Cr(bpy),(H,0),]Cl,, [Cr(phen),Cl,]Cl and [Cr(phen‘)Z(HZO:)z]Cls. 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 ch_elates.‘ A single tris-
bidentate compound was used in this study, [Cr(bpy);}(ClO,),, although‘a second
tris-bidentate compound, [Cr(phen),](CIO,);, 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 monodentéte
. instead of bidentate bond'ing to chromium was synthesized to test the effects of the
aromatic structure associated with the ligands. This compound was Cr(py),Cl,
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 éomplex Cr(bpy),Cl,.

Complexes with bidentate aliphatic amine ligands have been synthesized

and tested as well. These include the bis-bidentate [Cr(en),Cl,]Cl complex and the

tris-bidentate complex, [Cr(en),]Cl;. 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 ligandin contrast to the aromatic bis-bidehtate 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(NH,),Cl,]CL. 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 K;Cr(CN)g. 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 ligahd‘ field strength is given below.
CN > phen, bpy, NO,” > en > NH,, pyr > H,0 > C,0, > OH > F > 5% > CI'> Br
> T

The effect of a high spectrochemical series ligand is due to bonding between the
metal and the ligand.®® This n bonding results in donation of electrons from one
of the t, orbitals of the metal to a vacant orbital of the ligand. This donation of
electrons can increase the effective positi\}e charge on the metal ion as well as
shorten the M-X bond distance. Thus, the choice of the hexacyano chromlium
complex was based on its position in the spectrbchemical 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 & bonding between
the metal and thé ligand is nominal for Cr(Ill) complexes and the high.ést ;)CCUpied
orbital is a c;elocalized molecular orbital composed fnainly_ of the metal t, -
orbital.®®®® 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 therhes; 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

94

ligands in the spectrochemical series increases. The different halogen

complexes of the bis-bipyridyl Cr(lll) complex were used, figure 9. These were
[Cr(opy),FoI*!, [Cr(bopy)oClal*", [Cr(bpy),Brol*, and [Cr(bpy)olo]* |

The effect of elect;on withdrawing and electron donating groups on the
bipyridy! ligand were shown by substituting the 4 and 4’ position of bipyridyl with
different groups, figure 10. Two electron donating groups -CH, and -N(CHj;), and

the two electron withdrawing groups -COOH and -COOCH, were synthesized.

oy
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The bis-bidentate dichloro Cr(lll) complex of these species were synthesized and
tested. These are, [Cr(dmbpy),Cl,]*!, [Cr(dmabpy),Cl 1", [Cr(dcbpy),Cl,]*" and
[Cr.(dmebpy)z-Clz]“. Where dmbpy is 4,4’-dimethyl-2,2"-bipyridyl, dmabpy is 4,4’
di(dimethylamino)-Z,‘Z"—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 chioride for consistency.




GG

P 5RH " HSYS(S &

I$# 4 #.# "+ L(*C"8



G<

G2 *+9
%66 *0 &F
&G 8 5%
2%6
$-$G 26 2 *+%664)1
&F&G .06
.065% 2%6

%', (
%! (

*

ISH H.H#H +
) ,(*C"8



GF

JO 5 5

1$98 ! (|

I$# 331 #.#" + 5 (# %"8



69

Biological Assays

The metal complexes were all tested for biological activity using the Ames
Salmonelia reversion assay. While the Salmonelia reversion assay is not a
quantitative assay, it does give good qualitative data on wh_ether a compound is
mutagenic and the relative differences between the different compounds. It does
not, however, take into account the possible effects of cytotoxiéity. These
cytotoxic effects can be taken into account by assaying the étraiﬁs 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 mgtant '
frequency, while still not truly quantitative, removes anothér possiblé variable for
the differences seen among the mutagenic species.

The reiative reversion frequency of the original Cr(lll)vcompounds were
determined using the Ames strains TA102 and TA2638. Figures 12 and 13 show
the relative response for the mutagenic Cr(lll) complexes in TA102 and TA2638
respectively. In both S. typhimurium straiﬁs, the order of reversion frequency is
[Cr(phen),CLI*' > [Cr(phen),(H,0),]** > [Cr(bpy),ClLI"" > [Cr(bp;y)z(HZO)z]*s >
[Cr(bpy)3]+3. The revertants/nanomole for these complexes range from 17.5-8.2
in TA102 and 2.3-1.1 in TA2638, Table I. The relative reversion frequencies for
the Cr(lll) complexes are 2-5 fold over background in TA102 and 3-7 fold over
background in TA2638, Table 1.

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 resul;cs, figures 16 and 17, run in Ames strains TA102 and
TA2638 show the same relative response as seen in the Salmonella reversion
assay. This increases the confidence of assi’g.ning the differences observed to
increased biological activity and not as an artifact of the assay system.

The nonmutagenic Cr(lll) compounds, Cr(en)s, Cr(en),Cl,, Cr(py),Cly,
Cr(NH,),Cl,, and Cr(CN)g have shown no significant reversion in either strain in
the same concentration ranAge as that of the rﬁutageni'c complexes, figures 14 and
15. As weli, the ligands themselves are nonmutagenic in Ames strains TA1 02 and
TA2638, figure 18 and 19, or in a previous study using Ames strains TA92, TA100

and TA92.%°

Table I: Relative reversion rates of original Cr(IIT) complexes.

L e |

Revertants/Nanomoie ' Fold Over Background
Complex TA102 TA2638 TA102. TA2638
Cr(phen),Cl, 17.5 2.3 5 89
Criphen),(OH), 155 2.2 4.4 6.8
Cr(bpy),Cl, 12 1.8 3.4 5.5
Cr(bpy),(OH), 9.6 1.3 2.5 3.8

Cr(bpy)s | 8.2 1.1 23 3.3
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Several conclusions can be draWn from the narrow range of ligand types
that confer activity upon the original Cr(lil) speéies. 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 aré 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 same complexes in a
different S. typhimurium strain, TA100, 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 af the site of the His mutation.®®
This strain has been shown to be more specific towards DNA adduct formation
such as those seen with cis-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 térget site. The TA100 strain is not nearly as sensitivé
to oxidative mutagens. as the TA102 and TA2638 strains. Theée data then are
consistent with the mutagenic Cr(lll) complexes having a mechanism of DNA

damage that involves an oxygen radical. As well, the genetic differences between
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shown previously to have a possible mechanism of action. involving oxygen
radicals.®® The results for Cr(VIl), however are not as clear cut as that of the
Cr(lll). There remains a small amount of mutagenic induction in the ébsence of
oxygen. Even incubation in the presence of oxyrase, an oxygen consuming
membrane fraction of E. col ‘a certain amount of mutagenic response was
observed. This phenomenon suggests that Cr(Vl) may have a secondary
mechanism of damage unre|éted to the production of oxygen radicals or it may be
that Cr(Vl) 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 typé of measurement is only qualitative in nature, we believe that
it represents a rapid method for determinaﬁon 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(lll) had a similar depeﬁdence on oxygen for the
induction of DNA damagé. fhe‘ results for a representative Cf(lll) complex is-
shown in figure 26. Much like the anaerobic Salmonella revérsion assay, the SOS
response assay demonstrated a dependence on oxygen for the induction of
biological activity. Mitomycin C, in this saiﬁe assay.showed very little difference

in activity between the aerobic and anaerobic.assays (data not shown). Paraquat,
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although not showing an induction of the SOS response in either aerobic or
anaerobic conditions, did show a marked decrease in tbxicity under anaerobic
conditions. This, we believe, is consistent with what wbula 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 unwieidy due to the anaérobic conditions
required, has the potential to be used for a quick determination of an oxygen

radical mechanism of damage for putative mutagens.
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Because .of the obvious ligand depéndence on 'biolégiqal activity in the
Cr(Ill) complexes, a series éf compounds have been synthesized and tested to
determine what effects certain structural changes may exert on tlhe mutagenic
complexes. The structural themes tested are changes in the cis halogen ligands
and substituent effects of substituted bipyridyls.

The changes in the cis halogen ligands were measured using thé same bis
bidentate bipyridyl coﬁwplex, sﬁown to be mutagénic previously, b.ut with the inner
sphere halogen ligands Qaried between flourine, chlorine, bromine and iodine. The
relative response for these four complexes is illustrated in figures 27 and 28. The
revertants/nano'mole and fold over background are given in Table II. The results
su'ggest that there is an effective increase in biological activity p‘rogre‘ssing from
flourine té iodine. While there is véry 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 sim’ilar to what
would be expected if theré was a ligand field effect from the spectrochemical
series. The effect, however, seems to be ;reverse of whaf wou]d be expected
since iodine is the least & bonding of ali 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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Table II Reversion rate of halogenated bipyridyl complexes.

Revertants/Nanomole ' Fold Over Backaround
Complex TA102 TA2658 TA102 T_AZQQ
Cr(bpy),F, 21.3 29 6.4 7.6
Cr(bpy),Cl, 25.3 29 8 7.8
Cr(bpy),Br, 30 3.8 9 . 10.2
Cr(bpy),!, 26.7 3.5 8 96

Once again, the mutation frequency for these complexes was performed to
determine if the relative reversion rate was dependent upoﬁ toxicity or was a true
measure of biological activity, figures 29 and 30. Even though the diiodo species
shows a somewhat lower mutation rate in the Salmonelia 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 reiative reversion
order for these complexes to that which would be predicted. These data, as
shown essentially confirm what is seen with the Salmoneila rev_érsion assay with
the exception of the diiodo species. In the halogenated complexes, rﬁost 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 | > 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 actiyity, figures 31 and 32. 't'he 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 eIet:tron withdrawirtg
compounds. The results of the Salmonelia reversion assays are quite revealing,
if somewhat confusing. As one would expect for a redox cycling complex, the
electron donating substituents of the bipyridyi complexes both show acttvity. An
unexpected result was that the bipyridyl complexes with electron. withdrawing
substituents show no significant biological activity in this same concentration range.
An even more unexbected 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 gycling would say that the closer
to the electronic state of Cr(ll) that you could achieve, the éasier this comptex
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 de‘nsi‘ty seen by the

chromium metal, it was believed that this should lower this transition state barrier.
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Tﬁis, however, is not what is observed. Among the 'substituted bipyridyls
themselves, it does appear to hold true s%ncer the reversion order decreases as the
electron donating capability decreases, -N(CH,), > -CH; > -COOH > -COOCH,,.
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 bostulated
previously by :H(—:-rzog.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, su‘ch as membrane permeability and DNA "interactions may
account for some of these differenc‘e.s. The simplest theory to account for this
could be that Iig‘an‘d electronic effec;ts 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 bipyridy‘l complexes. "The differendés 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 preciudes an electronic argument, the cis halogen ligands may have a
different type of orbital overlap that controls the activity. Instead of a m-orbital
overlap, the halogens may influence tl.wefactivity thréﬁgh a‘o'-overl'ap'. This would

account for the different effects seen for the halogenated complexes. This, then
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raises the further question of wﬁat exactly is the role of the bis-bidentate aromatic
amine ligands. As discussed previously, it may be that these Iigands simply serve
for structural rigidity to forbid large distortions of the geometry thet 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. Th’is 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 bieyridyls, no changes in the relative
reversion rate over the Salmonelia reversion assay are seen.

Not all complexes that give a posltlve blologlcal response in prokaryotic
systems. show the same response in eukaryotic systems. The different physlology
and morphology between prokaryotes and eukaryotes can give ambiguous and
conflicting results. For example, the anti-fungal cempound Dexon is mutagenic in
bacteria and yeast but is inactive in mammalien cells due to the presence of an
azoreductase enzyme which effectively degrades it to a biologically inert form.%’

Morphological changes such as different membranes and transport systems
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between thé two cell types -have the poten‘tial» to preclude intracellular accéss to
DNA. These factors make extrapdlating betwéen what is observed in prokaryotic
systems into eukaryotic systems hazardous at best. The only true test for crossing
over of the systems is to run a eukaryotic mutaéenesis assay.

Two of fhe complexes shown to be mutagenic in Salmonella,
[Cr(phen)20l2]+1 and [Cr.(bpy)zClz]‘”, have been tested against two-mamme;llian céll
lines for both mutagenesis and toxicity. These cell lines are the human TK6 cell
line (thymidine kinase) and the CH (Chinese H.am‘ster) cell line V79. The results
of these tests ‘are given in Table IV. Usihg Cr(VI) as the control, it was shown
that the Cr(lll) complexes have an approximately equivalént Ievél of mutagenicity
as Cr(Vl) in these same 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/Nanomole Fold Over Background
Complex - TA102 TA2638 TA102 TA2638
Cr(dmbpy),Cl, 7.5 1.8 2.5 4.4
Cr{dcbpy),Cl, | 3.5 0.42 1.2 1
Cr(dmabpy),Cl, 15 21 . 5 5

Cr(dmebpy),Cl, 3.5 0.83 1.2 2
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this data is the differential activity between the two Cr(lll) species. One of the
complexes, Cr(bpy),Cl,, shows significantly more activity towards one of the céll
lines than the other. When compared to the prokaryotic S‘almohélla strains, yo.u‘
see that the reversion order is reversed for these tWo comblexes. In the
Salmonella reversion assay, the Cr(phen),Cl, species has a greater activity. In the
eukaryotic system, and especial_ily in the CH V-79 cells, the Cr(bpy),Cl, species
demonstrates a greater activity. This specificity towards one or the other cell lines
is interesting but the exac;,t significance is speculative. It may be that there is a
DNA damaging sbecificity 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 genefic targets are being assayed.
The human TK®6 celi line assays for damage fo 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 ceils. 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 bhosphoribosyltransferase
protein. This protein, as well, is é salvage pathway enzyme that is esserJItiaI 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
thyhidine kinase is a diploia somatic gené. 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),Cl, 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 singlé strand, any compound that interacts with DNA could diréct 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 stranas 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 mutatiqn
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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Table I'V: Mammalian Toxicity and mutagenesis of selected chromium compounds.

Human TK6 - CH V-79
Complex [uM]  %Surv Mut. Freq.  [uMl  %Surv Mut Freq.
Cr(Vl) 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 0
Cr(bpy),Cl, , : ‘
-2 137 - 250 50 - 4.8E-05
5 87 500 40 .
10 88 3.8E-06 1000 30
20 67 1500 25
40 0 2000 25
Cr(phen),Cl,
1.8 83 500 70
3.8 77 ‘ 3.5E-06 1000 45 2.9E-05
9 66 2000 40
18 0

36 0

Membrane Permeability

‘Results of the membrane permeability study on a sérieé 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, figqre 35. In }‘act, all
nonmutagenic Cr(lll) complexes, with the exception of CrCIé°6H20, used in this
study have shown enhanced transport over the mutagenic Cr(lll) complexes, figure
36. In certain cases, Cr(NH,),Cl,, the nonmutagenic complexes had a 100-fold

increase in membrane permeability over the mutagenic complexes. CrCI3‘=6H20,
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a nonmutagenic complex that is the classic example for poor cellular uptake in the
selective uptake/reduction model of Cr(VIl) mutagenesis, shows a level of -uptake '
simi[ar‘ to that of the rhutagenic species, whi‘IeA Cr(Vl) shows é. levei t'havt is even
slightly lower than that of the nonmutagenic Cr(lll) complex with the greatést
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 deterhi‘ned from this study. Some correlation with
membrane permeability may exist for the polarity of the ligand and cellular uptake.
The more hydrophobic ligands, phenanthrqline and bipyridyl, show the lowest
degree of membrane permeability while the most polar, NH,, shows the greatest
degree of ,permeab'ility.

" Whether or not this same type of céllular uptake is occurring in the
prokaryotic Salmonella strains is unknown. However, the similarity of activity
between the Cr(lll) species measured in the prokaryotic and ehkaryotic systems
versus that of the Cr(V1) 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 YDMSO
(dimethyisulfoxide) in watér is added to solubilize the Cr(lll) metal complex, the

result is increased mutagenicity in the Saimonella reversion assay. DMSO is

































































































































































































