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ABSTRACT 

The ability of simple oligopeptide complexes of nickel (II) to 

react with various dioxygen intermediates was investigated. Under 

phys ioloq ica 1 co::tdi tions, nickel (II) -histidine-containing 

oligopeptides were found to dismutate superoxide anions and 

dispropor1:ionate hydrogen peroxide. In the latter process, 

chemiluminE!scence was generated and a strongly oxidizing intermediate 

was detec·t.ed capable of oxidizing uric acid, hydroxylating p­

nitropheno1, and damaging 2-deoxy-D-ribose. The generation of this 

reactive intermediate likely occurs without the involvement of free 

hydroxyl r.adicals de:t·i ved from Haber-Weiss or Fenton-type reactions. 

In addition, the Ni(II) complex of glycylglycyl-L-histidine (GGH) was 

found to rE~act with m<,lecular oxygen resulting in the oxidation of the 

ligand. Ar1 attempt was made to relate these reactions to the 

involvement: of the nickel(III)/(II) redox couple which was shown to 

exist under physiological conditions. Similar reactivity was observed 

for non-hi:;tidine-con·t.aining oligopeptides but higher pH values were 

required. 

The oligopeptide:; used not only represent biologically relevant 

ligands but: the histidine containing oligopeptides mimics the specific 

copper(II)/nickel(II) binding and transport site of human serum 

albumin. The observations made in this study suggest some novel 

mechanism f:or the deV!terious effects associated with excessive life­

long exposure to nickel compounds, especially in relation to cancer of 

the respiratory tract. 
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1.0. INTRODUCTION 

1.1. Essentiality and Biochemistry of Nickel. 

1.1.1. Essentiality. 

Little! is known about the biochemistry of nickel, but it has ·been 

established. as an E!Ssential micronutrient in several prokaryotic 

organisms ctnd in expe:rimental animals (Thompson, 1982). The ubiquitous 

nature of nickel in food and water made early research into its 

deficiency difficult and results were often inconsistent. Later studies 

demonstrated adverse t!ffects of nickel deprivation in several animals 

including c:hicks, cowB, goats, minipigs, rats and sheep. These effects 

included alterations in the levels of metabolites (e.g., ca2+, zn2+, 

fat, glucose, ATP, e1:c.) and the activities of many enzymes (e.g., 

calcineurin, malate dehydrogenase) , a decrease in the efficiency of 

iron absorption and homeostasis, and a reduction in growth rate and 

reproductive success (Kirchgessner and Schnegg, 1980: Anke et al. , 

1984: EPA, 1986: Spears et gl., 1986). 

The many changes brought about by nickel deficiency, together with 

reports that animals can store and regulate its absorption, suggest 

that nickel has a cen1:ral role in metabolism. Hypothesized involvement 

ranges frotll participa.tion in membrane metabolism, to structural or 

functional roles in mlA, DNA and proteins (EPA, 1986). Nickel is also 

the metal c:enter of Sf~Veral metalloenzymes including ureases (Blakeley 

and Zerner, 1984), bac:::terial hydrogenase (Seefeldt and Arp, 1986) and 

acetogenic :bacterial carbon-monoxide dehydrogenase (Drake, 1982). 

Although it has been postulated that the dietary requirement of 
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nickel for humans is about 35 micrograms daily (Nielson and Flyvholm, 

1984), essentiality in man has not been substantiated by demonstration 

of a nickel-deficient state (Anke et gl., 1984). 

1. 1. 2. AbSorotion. Di:3tribution, and Excretion. 

Absorption of nickel via the respiratory tract is perhaps the 

major rout~~ of exposu:t:"e in man for both volatile and particulate nickel 

compounds. Workers at nickel refineries, .at coal-fired power plants and 

those working with welding fumes are exposed to particulates containing 

nickel with. a mass median aerodynamic diameter (MMAD) between 0.5 and 2 

1,lM (MushaJI:, 1980). ~~his size is believed to allow the particle to 

penetrate deepest int.o the respiratory system (Mushak, 1980; Bohning, 

1983). If the inhaled compound is insoluble, it will likely be cleared 

by the mucociliary clearance system andjor by resident macrophages. If 

soluble, it will d:.ssolve prior to absorption. By contrast, the 

volatile f'orms of nickel such as nickel tetracarbonyl, Ni (CO) 4 , are 

very quickly and effi•::iently absorbed by the lungs (Mushak, 1980). 

Dietary exposure to nickel ranges between 100 and 600 pgjday with up 

to 900 P«J reported (Sunderman, 1977; Mushak, 1980, EPA, 1986). 

Fortunatel:f, a healthy gastrointestinal tract will allow only 1-2 % to 

pass its w·alls. Percutaneous absorption is a minor route, although it 

does occur (Fullerton, 1986). 

It has been sho~m that after parenteral administration of nickel 

salts in rtldents, mos·t of the nickel is rapidly excreted into the urine 

(Ho and Furst, 1973). The majority of this nickel was found to be 

associated in a nonspecific manner with the sulfated oligosaccharide 

fraction c:ontaining uronic acids and neutral sugars (Templeton and 
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Sarkar, 1985}. The r•~maining nickel was found bound to a small acidic 

peptide with high affinity, and this complex appears to form only after 

glomerular filtration (Templeton and Sarkar, 1985). In addition, 

Oskarsson and Tjalve (1979a,b} have shown that immediately after 

intravenous inj ectior.. (of Nicl2 } , there is localization and retention 

of the met:al in the :lcidney, in the parenchyma of the lungs and in the 

cartilage and connective tissues. By contrast, after inhalation or 

intravenous injection of Ni(C0} 4 , there is significant accumulation in 

the respiratory tissl.:.es, the brain, the spinal cord, the heart muscle, 

the diaphragm, the adrenal cortex, the brown fat, the kidney and 

urinary bladder and in the corpora lutea of the ovaries (Oskarsson and 

Tjalve, 1979b,c}. The different deposition patterns between the two 

forms of nickel may be related to the lipid solubility of Ni (CO} 4 

(Oskarsson and Tjalve, 1979c). The accumulated nickel will be primarily 

excreted in the urinn and to a smaller. extent, via the bile ( < 0. 5%, 

Marzouk and Sunderman, 1985}. Although most of the orally administered 

soluble fc•rms of nic:kel remain unabsorbed and is excreted into the 

feces in cmimal studies, about 1-6 % is absorbed from the intestines 

and enters the plasma (Ho and Furst, 1973; Horak and Sunderman, 1973}. 

Blood is the mai:1 vehicle for transport of absorbed nickel and the 

level pJ;:estant is beli,~ved to represent blood burden and exposure status 

(Mushak, :L980} • Human serum albumin (HSA} is the main transport 

protein, 111hile a 2-macroglobulin (nickeloplasmin} and a 9. 5 S a­

glycoprotein are minor carrier proteins for nickel (Nomoto et al. , 

1971; Mush.ak, 1980; Nomoto, 1980; Glennon and Sarkar, 1982). The metal 

is also found associated with carbohydrates and several amino acids, 
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with L-his1:idine exhibiting the greatest affinity (Lucassen and Sarkar, 

1979). ThEl presence of so many binding constituents may have a 

modulating effect on the cellular uptake and cytotoxicity of the metal 

in living systems (Abbracchio et gl., 1982a; Nieboer et al., 1984b) . 

Early studies identified several nickel-binding constituents in the 

soluble cellular fra(::tion of lung, liver and kidney (Oskarsson and 

Tjalve, 1979a). More recently, at least five different binding proteins 

have been found in the renal post-microsomal fraction of nickel 

chloride-exposed rats (by intravenous injection; Sunderman, 1981, 1983) 

and ten different binding proteins were found in both the lung and 

liver (by intraperitoneal injection; Herlant-Peers et gl., 1983). The 

identity andjor function of these nickel binding constituents have not 

yet been determined, hut their predominance in these organs may explain 

target organ specific:~ty (Templeton and Sarkar, 1985). 

1. 1. 3 . Nicl;el Levels :.n Man. 

The nc:>rmal levels of nickel in serum are 0.46±0.26 pg/L with the 

urine concentrations in the range of 2.0+1.5 pg/L (Sunderman et al., 

1984b, 1986); and the total body burden is estimated as 140 pgjkg (EPA, 

1986). The!;e body fluid levels increase in individuals with stainless 

steel prot.hesis, those who recieve nickel contaminated intravenous 

fluids, or who are suffering from myocardial infarction, angina 

pectoris, c:erebral stroke, or thermal burns. Specifically, studies have 

shown that dissolution of stainless-steel implants results in the 

release of 260-300 pgjcm2jday. Although this level is easily cleared, 

development: of tumor:; around these implants have been reported in 

isolated c:ases. However, the role of nickel in this tumourigenic 
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process reJnains obscure since elevated levels of chromium and cobalt 

around these implants: are also observed (Linden et gl., 1985). High 

serum-nickEd concentrations have also been documented in patients who 

have kidney dysfuncti()ns (Sunderman, 1983). 

Accept:able airboJ:ne nickel levels in the work place set by the US 

Occupational Safety & Health Administration are usually between 0.1-1 

mgjm3, whic:h is 105-106 times greater than the natural concentration in 

the air (Grandjean, 1984; EPA, 1986). During an 8-h shift, when 

approximatE~ly 5 m3 of air is inhaled, an estimated retention factor of 

3 o % in an environment containing 0. 1 mgjm3 of nickel will result in 

significant: deposition in the respiratory tract (Grandjean, 1984). 

However, deposition in the respiratory tract is dependent on particle 

size and retention on mucociliary clearance and solubility (Grandjean, 

1986). High urinary lE1vels of nickel may be observed following exposure 

and the tc:>tal concentration excreted is an index of not only the 

solubility of the compound, but also of the degree of retention. Hence, 

a negative balance between exposure and clearance over many years can 

lead to a significant accumulation of nickel in the lungs, especially 

in individuals exposed to particles containing nickel (Nieboer et. al., 

1984b). 

1.2. Toxic Effects of Nickel Compounds Other than Cancer. 

Nickel exists mainly in the divalent form and hence is expected to 

bind to n·ucleophilic sites on nucleic acids and proteins and other 

biologically important: molecules. The toxic effects of exposure to high 

concentratlons of nickel and i.ts compounds have been extensively 
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studied in animals and toxicity has been induced in the kidney, lungs, 

heart, endocrine glands, fetus and liver (Donskoy et al., 1986). 

Different nickel comp:::>Unds were found to have different effects on the 

respirato~r system in animal experiments. Ni3s2, NiCl2 and NiS04 have 

been shown to induce inflammation in the lungs as well as alterations 

in the activity of alveolar macrophages (Benson et al., 1986). Exposure 

to the less soluble forms of nickel (e.g., Ni3s 2 and crystalline NiS) 

resulted in respirat~ory tract irritations and the development of 

lesions and malignan1: tumours. Although the soluble forms of nickel 

(e.g., Nicl2 and Niso4 ) do not appear to be tumourogenic, its 

inhalation leads to 1:he suppression of the immunological response of 

the respiratory system and the release of ethane and ethane gas which 

has been attributed 1:o the induction of lipid peroxidation (Gardner, 

1980; Knight et gl., 1986). Various nickel compounds have been shown in 

vivo and .irl vitro to alter the levels of various metabolites (e.g., ATP 

and triglyc:::erides) , and the activities of several enzymes (e.g. , RNA 

polymerase and ATPasn; Mushak, 1980). Furthermore, nickel compounds 

have been shown to produce alterations in heme metabolism and to 

compromise the fideli·t:y of DNA synthesis (Maines, 1980). Morphological 

alterations include nuclear segregation, dilation of the rough 

endoplasmic: reticulunt and the appearance of cytoplasmic inclusion 

bodies. 

Nickel carbonyl is the most acutely toxic form of nickel in man. 

It induces severe chemical pneumonitis which has often been fatal. 

Exposures <::an also lead to the development of asthma and/or Leffler's 

syndrome (Mushak, 19:30; Dolovich et al., 1984) . Similarly, soluble 
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salts such as nickel sulfate have also been associated with adverse 

respiratory effects, and these include asthma and mucosal tissue injury 

(EPA, 1986). Nickel is recognized as the most common inducer of contact 

dermatitis. Sensitization in women not occupationally exposed to this 

metal or its compounds may be as high as 9% (EPA, 1986). Inadvertent 

exposure from jewelry, coins, detergents, make-up preparations, etc. , 

have been documented sources of nickel. 

The geno- and embryotoxicity of nickel compounds in experimental 

animals have been reported; however, relatively high levels of nickel 

were invariably used and it is believed that pregnant (human) females 

are unlikely to encout'lter the amounts necessary to induce toxic effects 

(Leonard a:l'ld Jacquet, 1984). 

1.3. Nickel Carcinogenesis. 

1.3.1. Carqinogenesis. 

Based on epidemiological studies, several nickel compounds have 

been identified as hunan carcinogens and many of the same compounds are 

able to induce tumours in experimental ·animals (EPA, 1986) • Specific 

reports have demonstrated the occupationally-exposed workers display an 

increased tumour incidence in the upper (e.g., nasal) and lower (e.g., 

lungs) res]piratory tract, which is directly correlated with the type of 

work, dura·t:ion of wor:lt and perhaps smoking status (EPA, 1986; Kaldor et 

gl., 1986). Specifically, those involved in the refining process (e.g., 

roasting, :smelting and perhaps electrolysis) which involves exposure to 

the insolmole forms of nickel (e.g., Ni3s2 , NiS or NiO) are at greatest 

risk (Cecu.tti and Nieboer, 1981; EPA, 1986). Kreyberg et al. {1978) 
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found tha1: in these workers, the mean time for the development of 

various types of respiratory cancers varied from 20 to 35 years. More 

recently, Roberts ~~ gl. (1984) observed substantially increased 

incidence ~~f lung and nasal cancer in workers 15-20 years after initial 

exposure (:see also EPA, 1986) • 

Certain nickel compounds are potent experimental metallic 

carcinogens, while o~1ers are non-carcinogenic (Berry~ Al., 1984; Sen 

and Costa 1986). NeveJ:theless, ionic nickel (Ni2+) is thought to be the 

ultimate carcinogen as defined in the somatic mutation model of cancer 

induction (Reith and Brogger, 1984). Ni2+ ions are believed to affect 

the genetic material by inducing mutations through direct chemical 

reaction llri th DNA or indirectly by interference with DNA repair, 

replication or folding. Possible molecular mechanisms contributing to 

nickel car•:::inogenesis may include: potentiation of direct DNA damage 

(e.g., sis,cer chromatid exchanges, strand breaks and protein and DNA 

crosslinks) , inductic1n of B- to Z-ONA conformational changes and 

modification of chromatin structure potentially affecting gene 

expression, and non-is:omorphous replacement of endogenous metal ions in 

enzymes required to maintain the integrity of genetic material 

(Sunderman, 1984b; Pa·cierno and Costa, 1985; Biggart and Costa, 1986; 

Nieboer ~ al., 1987). Although reports on direct mutagenic effects of 

nickel compounds have been varied, increased numbers of chromosomal 

gaps and breaks have been observed in peripheral lymphocytes of retired 

nickel workers (Boysen et gl., 1980; Waksvik et al., 1984). 

The cytotoxic or c~rcinogenic potential of any nickel compound is 

likely related to t~1eir bioavailability (Hansen and Stern, 1984; 
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Patierno a:nd Costa, :L985; Nieboer .§:t. al., 1987). Hence watez:: soluble·· 

nickel compounds are generally not carcinogenic since they are not 

easily tak•an up by culls, are bound to specific amino acid and serum 

components in extracellular fluids, and are quickly eliminated in vivo 

(Abbracchie>, 1982a; Nieboer et sl,., 1987). By contrast, a number of 

water-insoluble nickel compounds which are crystalline and less easily 

eliminated are able to produce tumours in laboratory animals at almost 

any site oi: implantat:Lon (Sunderman, 1984a,b). 

Studies indicate tl:Lat the tumourogenic potential of various nickel 

compounds 1night be related to its ability to be taken up by cells and 

to the availability of nickel(II) ions within cancer-target cells 

(Costa and Mollenha·ll.er, 1980; Hansen and Stern, 1983). Factors 

affecting phagocytosis include size, surface charge and solubility 

(Abbracchic>, 1982b). Once internalized, particulate nickel compounds 

are contained within vacuoles which ultimately aggregate near the 

nucleus (Costa et al., 1982). During this migration, repeated 

interactions with lysosomes are believed to acidify the foreign body 

facilitating the dis:;olution of these compounds and the release of 

large amounts of nic:tel (Berry et al., 1984; Costa and Heck, 1984) . 

Studies using labelled nickel compounds showed that dissolution of such 

particles do not correlate with clearance from the cell, suggesting 

that potentially lar9e quantities of nickel have been liberated and 

redistribut:ed intraceJ.lularly (Abbracchio et al., 1982b) • These studies 

collectively demonstrate one mechanism by which large amounts of Ni2+, 

the presumed prinary carcinogen, can accumulate and be 

compartmentalized within a cell. High extracellular pools of 
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particulate!S (e.g:, in the lungs) may also assure a chronic influx of 

nickel(II) into cells. Subsequent interactions of nickel(!!) with 

cellular ligands, cytctsolic components and/or DNA itself somehow yields 

the cytotoll:ic and carc:inogenic effects by mechanisms that remains to be 

elucidated. 

1.3.2. Nickel Compounds as TumOUr Promoters. 

There is growing evidence that nickel has properties of being a 

complete carcinogen, a.ffecting both the initiation and promotion stages 

of carcino9enesis. A number of studies have shown that nickel has the 

ability to potentiate mutagenic effects in mammalian systems and may 

therefore t1e involved in the first stage of cancer induction (Reith and 

Brogger, 1984; Nieboer et al., 1987). However, only a few studies have 

tested its ability to promote carcinogenesis. Specifically, Rivedel and 

Sanner (19~10) and Kurokawa et gl. (1985) reported that nickel was the 

only metal to promote rat renal tumourigenesis initiated with N-ethyl­

N-hydroxyethylnitrosand:nes and transformation in hamster embryo cells 

initiated ~rith benzo(a)pyrene. Recently, Uziel et al. (1986) reported 

that low cc,ncentratio:r..s of nickel salts (e.g., 10 pM) are toxic and act 

synergistically in a nucleoside excretion assay (using hamster embryo 

cells) with. the well-~nown carcinogen, benzo(a)pyrene. 

Epidemiological studies have also shown that nickel has a role in the 

initiation and in the promotion of cancer. Development of cancer in the 

lungs or in nasal tis::;ues in occupationally-exposed workers appears to 

be dependent on whethE~r the nickel is acting at an early stage or at a 

late stage of carcinogenesis (Doll et al.,1970; Day and Brown, 1980). 

Specifically, a positive relationship between excess mortality ratio 
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andjor the standardi~:ed mortality ratio and the time since exposure 

ceased to nickel-refining intermediates was observed for nasal sinus 

cancer: whereas this relationship was absent for lung cancer. This 

observatiort suggests that nickel-containing substances in the work 

place are affecting ~lese cancers at different stages: namely they act 

as early-s1:age or late-stage carcinogens, respectively, as defined in 

the multisil::age model of cancer (Day and Brown, 1980: Kaldor ~ gl., 

1986). 

1. 4. Nickel Peptide Cc,mplexes. 

Human serum albuntin possesses a specific binding site for Ni2+ and 

cu2+ charac:terized by a square-planar chelate formed by the N-terminus 

alpha-amine, nitrogen, the deprotonated form of the first two peptide 

nitrogens and the 3-nitrogen of the imidazole ring of the third amino 

acid (Fig. 1.1.: Glennon and Sarkar, 1982: Dolovich et gl., 1984). The 

binding of nickel to human serum albumin results in the formation of a 

very unique complex s·lch that antibodies recognizing this binding have 

developed in some patients with respiratory hypersensitivity to nickel 

(Dolovich !!t gl., 1984: Nieboer ~ gl., 1984a). Histidine in the third 

position appears to be very important to the formation of this stable 

complex and only nonspecific binding occurs in dog serum albumin which 

has a tyrctsine at retsidue number 3 (Glennon et al., 1983) . Earlier 

investigations have shown that simple tripeptides can be used to mimic 

this binding site. It appears that nickel can catalyze the 

deprotonati.on of almos•t any small peptide (Eqn. 1.1), forming a square­

planar complex involving a minimum of three amino acids (possibly 

excluding proline, cys,teine and methionine): and if histidine is in the 
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Figure 1..1: Propost~d structure based upon NMR and UV/VIS absorption 
spectrometric evidence of the Ni(II)- and CU(II)-binding site of human 
serum albumin. Adopted from Laussac and Sarkar (1984). 
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third posit:ion, the I·eaction will occur at physiological pH (Bryce et 

al., 1966; Bossu and Hargerum, 1977; Laussac and Sarkar, 1984). 

) (1.1) Ni2+ + HL ~e-: --

(Values of n are limit:ed to 1 or 2.) Other biological ligands with the 

ability to chelate nickel include proteins like transferrin (Harris, 

1986), haemoglobin (S:helnutt et al., 1986) and porphyrins (Shelnutt, 

1987); horn1ones like 90nadotropic releasing factor (Dr Jarrell, private 

communication) and thyrotropin releasing factor (Formicka-Kozlowska et 

al., 1983); and short peptides like glutathione. 

1.5. Oxygen Toxicity. 

The survival of an aerobic organism in an oxygen environment 

involves a complicated interplay between the biological generation of 

~ighly reactive free radicals and the ability of the organism to 

control it .. Molecular oxygen is itself actually a radical, containing 

two unpaired electrcns with parallel spin in the two * outer 'II' -

antibondinc;r orbitals (Halliwell and Gutteridge, 1984). This parallel 

electron spin arrangentent prevents the direct addition of a spin-paired 

set of elE!Ctrons, since few atoms or molecules have electrons with 

parallel spins in their valence orbitals (Del Maestro, 1980). 

Specifically, by the rules of quantum mechanics reactions between 

molecules Tttrith differe1nt spin states (multiplicity) are forbidden. As a 

result, reactivity bei:ween oxygen and nonradical-species are slow, but 

are very fa.st in .the presence of transition metals which are themselves 

radicals and have the ability to donate and accept single electrons. 
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(H:o:o·) .... 

Figure 1.:2: Univalent reduction and excitation schemes for molecular 
oxygen. Adopted from Klebanoff (1980). 



15 

Addition of one elec1:ron to molecular oxygen generates the superoxide 

anion and the addi ti1:>n of a second electron forms hydrogen peroxide. 

Both species are formed during enzymatic and nonenzymatic reactions. 

(Halliwell and Gutter.idge, 1986). Scavenging enzymes such as superoxide 

dismutase (SOD), ca1:alase (CAT) and peroxidase and water soluble 

scavengers like gluta·thione, ascorbic acid and possibly uric acid exist 

to minimize and consume these reactive oxygen intermediates (Del 

Maestro, 1980; Frank and Massaro, 1980; Ames et gl., 1981). However, 

the respi:r-atory burs·t of activated white blood cells and hyperbaric 

conditions have been shown to potentiate damaging effects on exposed 

tissues (e.g., lungs) and hemolysis of red blood cells (Vercellotti et 

gl., 1985). This demoJ:lstrates that oxygen itself can have a direct role 

in toxicit:y (Frank and Massaro, 1980; Witschi and Hakkinen, 1984; 

Fantone and Ward, 1985; Dorinsky and Davis, 1986). The levels of 

superoxide and hydrogen peroxide likely increase under hyperbaric 

conditions and a further basis for oxygen toxicity has been attributed 

to the generation o:E highly reactive hydroxyl radicals (Frank and 

Massaro, 1980; Halli~·ell and Gutteridge, 1986). This reaction is much 

faster in the presence of certain metals (e.g. , iron and copper) in 

what is kn.own as the Fenton-type reaction (Fridovich, 1986; Halliwell 

and Gutter:idge, 1984, 1986). 

Fe2+ + H202 Fe3+ + ·oH + OH- (1. 2) 

The Fe3+ can react wi·:h 02- or H202 to regenerate Fe2+: 

Fe:3+ + H202 Fe2+ + o2- + 2H+ (1.3) 

Fe3+ + o2- Fe2+ + 02 (1.4) 



16 

The hydroxyl radical is an extremely reactive species capable . of 

reacting with almost every type of molecule 1 probably at the site of 

production. It is capc:tble of hydrogen abstraction 1 addition (e.g. 1 onto 

aromatic r:ing structures such as the purine and pyrimidine bases of 

DNA) 1 and electron 1:ransfer (Halliwell and Gutteridge 1 1984) • The 

ability of hydroxyl radicals to react with DNA suggests that it has 

mutagenic potential. Exposure of DNA to oxygen-radical generating 

systems or to stimulated human leukocytes results in extensive strand 

breakage and deoxyribc>se degradation (Klebanoff 1 1980; Birnboim, 1982; 

Brawn and F'ridovich 1 1980; Weitberg et al., 1983). Hence alterations in 

iron or copper metabolism along with abnormalities in the handling of 

various reduced oxygen species can result in the potential release of 

damaging oxidative i:1termediates manifested as a development of a 

diseased st:ate (Del Maestro, 1980; Monteiro et al. 1 1986). The role of 

oxygen radicals in bit)loqy is further complicated by observations that 

oxygen scavengers and protease inhibitors have modulating effects on 

the process of tu:nour promotion (Troll and Wiesner, 1985). 

Specifically, Marx ( 1983) argued that tumour promoters such as the 

phorbol es1:ers contribute to the development of cancer by generating 

activated oxygen intermediates that damage DNA. This non-specific 

chromosomal damage hc:ts the potential to affect gene expression and 

presumably cell growth and differentiation. 

Singlet oxygen is a highly reactive molecule and its generation 

requires the input of energy. Delta singlet oxygen is the more 

biologically relevant species (1 A g o2 ) and it dissipates its energy 

(102 kJ mol-l) by thermal decay, light emission or chemical reaction 
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(Klebanoff, 1980). Th.ere are many potential sources of singlet oxygen 

and its presence alle~ws for some very damaging reactions to occur due 

to its elec:trophilic 11ature. 

1.6. Objective of thi:; Thesis. 

The main objective of this study was to determine if simple 

oligopeptide complexe:; of nickel (II) can participate in reactions with 

and in the activation of molecular oxygen, superoxide anions and 

hydrogen peroxide under physiological conditions. In addition, the 

formation of potentially damaging intermediates generated in these 

pathways a.nd capable of mediating the destruction of biologically 

relevant mc:>lecules is examined. Both these approaches were successful 

and nicke~l (II) bound to human serum albumin was also active. 

Subsequently, an att.:ampt was made to link these activities to the 

involvemen.t of the Nickel (III)/ (II) redox couple, which was 

characteri~:ed spectrolltetrically and electrochemically. The observations 

made in this study mi:lY serve to identify a novel mechanism for some 

toxic and/or carcinc,genic consequences from excessive exposure to 

nickel compounds. Hydrogen peroxide, the respiratory burst of 

polymorphonuclear letlkocytes and the hypoxanthine/xanthine oxidase 

system arH employed in characterizing the catalytic effects of 

nickel(II) complexes :Eormed with oligopeptide and protein ligands. The 

ligands ue;ed in this study include glycylglycylhistidine (GGH), 

glycylglycylhystidylglycine (GGHG), aspartylalanylhistidyllysine (asp­

ala-his-lys), triglycine (GGG), triglycineamide (GGGa), 

tetraglycil1le (GGGG) anci. human serum albumin (HSA) . 
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2. MATERIALS AHQ ~fiODS 

2.1. Mater.ials. 

2 • 1. 1. Chemical Reaqe::1ts and Ligands. 

Table 2 .1 lists all the routine chemical reagents and their 

sources, and Table 2 . 2 lists the corresponding information for the 

1 igands used in this s~:udy. 

2.1.2. Preparation of the Chelex-100 Column. 

Fifty g of Chele~e-100 resin (100-200 mesh, sodium form, Bio Rad) 

were swolleJtl in 400 mi. of DOW for one h. After decantation, the resin 

was resuspe:nded in 300 mL of 1 N NaOH and then in 300 mL of 1 N HCI; 

this washinq cycle was repeated twice more. After rinsing the resin two 

times with ample amounts of DDW, it was resuspended twice in 0. 01 M. 

Na2EDTA and was subse~~ently stored in a fresh EDTA aliquot overnight. 

The resin w.as subsequently packed to form a 2. 6 x 23 em column bed and 

then washed with 2 L of DOW. The ability of this column to remove metal 

impurities was confirmed by electrothermal atomic absorption 

spectrometry (A. Nquyen, private communication). 

2.1.3. Buffers. 

0.1 H Potassium Phosphate Buffer, pH=7.4. In 400 mL of DOW, 22.0 g 

of K2HP04 a.nd 5.18 g KH2P04 were dissolved and then adjusted to the 

required pH with 1 N K<>H or 1 N HCI as required. After diluting to 2. 0 

L, the buffE!r was passe!d through the Chelex-100 column. 

Phosphate Bl~ffered Saline (PBS), pH=7.4. In 400 mL of DOW, 8 g NaCI 

(137mM), 0.020 g KCI (:~.7 mM), 0.12 g KH2Po4 (0.88 mM) and 0.91 g 



Table 2.1: Chemical Reagents 

Chemical Reagents 

Acetaldehyd•~ 

Allantoin (S-Ureidohydantoin) 

Azide (Sodium Salt) 

Bovine Albw11in, Fractie>n V 

Catalase 

Cd (N03) 2 • 4H:!O 

cuso4 

cytochrome c::, Type VI 

2-Deoxy-D-Ribose 

Diethyl EthE~r (anhydrous) 

2-5-Dimethylfuran 

Dimethyl Sulphoxide 

Na2EDTA•2H2o 

FeS04•7H20 

Glutathione (Reduced F()rm) 

Glutathione (Oxidized l~orm) 

Glyoxylic Ac:id 

HCl (37 % W/W) 

HCl04 (70 % W/W) 

HEPES (Free Acid, Cryst:alline) 

Source 

J.T. Baker 

SIGMA 

SIGMA 

SIGMA 

SIGMA 

BDH 

J.T. Baker 

SIGMA 

SIGMA 

BDH 

SIGMA 

Caledon Lab. 

BDH 

BDH 

SIGMA 

SIGMA 

SIGMA 

Fisher 

Fisher 

SIGMA 

Comments 

From Bovine Liver 

AnalaR* 

"Baker Analyzed" 
Reagent 

From Horse Heart 

A.C.S. assured 

A.C.S. assured 

A.c.s. assured 

A.C.S. assured 

A.C.S. 
specification 

A.C.S. assured 
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Table 2.1: Continued 

Chemical Reagents 

Hydrogen Peroxide (30 % wjw) 

Hypoxanthine (6-hydroxypurine) 

Imidazole (White, Crystalline) 

KCl 

KH2P04 

K2HP04 

D-Mannitol (:Mannite) 

NaCl 

NaH2P04 

Na2co3 

NaHC03 

NaOH 

(NH4)2HP04 

NiCL2•6H20 

Nitro Blue T•~trazolium (Grade III) 

p-Nitrophenol 

o-oianisidine Dihydrochloride 
(3,3'-Dimethoxy Benzidine) 

Peroxidase 

Source 

BDH 

SIGMA 

SIGMA 

BDH. 

BDH 

BDH 

SIGMA 

J.T. Baker 

BDH 

BDH 

BDH 

BDH 

SIGMA 

BDH 

BDH 

SIGMA 

SIGMA 

SIGMA 

SIGMA 
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Comments 

Concentration of 
stock solution 
monitored frequently. 
stored at 4 ·c. 

A.C.s. assured 

Aristar Grade 

A.C.S. assured 

A.c.s. assured 

"Baker Analyzed" 
Reagent 

Analytical Reagent 

A.C.S. assured 

A.C.S. assured 

A.C.S. assured 

AnalaR* 

AnalaR* 

Spectrotometric 
grade 

From Horse Radish 



Table 2.1: Continued 

Chemical Reagents source 

12-o-Tetradecanoyl Phorbol 13-Acetate SIGMA 
Phorbol 1.2-MyristatE! 13-Acetate 

Superoxide [1ismutase SIGMA 

21 

Comments 

A 2mg/mL stock 
solution was 
prepared by 
dissolving the 
purchased sample 
in DMSO and stored 
at -20 oc. 
(Markert .§t gl. , 

1984). 

From Bovine Liver 

A.D. Mackay Inc. Gift from 

Trichloroacetic Acid 

Trypan Blue, 0.4 % (wjv) in ethanol 

Urea 

Uric Acid 

Xanthine Oxidase 

Xanthine 

Dr. Rachubinski 
(McMaster 
University) 

J.T. Baker A.c.s. assured 

Gibco 

SIGMA 

Aldrich 

Boehringer 
Mannheim 

SIGMA 

J.T. Baker 

Purchased as a 
Solution. 

Gold Label 

From Cow Milk 

"Baker Analyzed" 
Reagent 



Table 2.2: Ligands Used 

Ligand 
(abbreviation) 

L-Aspartyl-IJ-alanyl-L-histidyl 
-lysine 

( asp-·ala-his-lys~) 

L-Cysteine 

L-Histidine 

Human serum albumin 
(HSA) 

Glycylglycine 
(GG) 

Glycylglycyl-L-histidine· 
(GGH) 

Glycylglycyl-L-histidyl-glycine 

1-10 Phenanthroline hydrate 
(o-Phenathroline Hydrate) 

Tetraglycine 
(GGGG) 

Triglycine 
(GGG) 

Triglycine aJnide 
(GGGa) 

Source 

Biosynthetica 

BDH 

Aldrich 

SIGMA 

SIGMA 

Peninsula 

Biosynt~etica 

BDH 

SIGMA 

Vega 

Vega 
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Comment 

Gift from 
Dr. Margerum 

(Purdue University) 

Biochemical Grade 

Fraction IV 

Gift from 
Dr. Margerum 
(Purdue University) 

AnalaR* 
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Na2 (HP04 ) (6.4 mM) wero dissolved. After adjusting the pH to 7.4 with 

0.1 N KOH or 0.1 N HCl, the volume was adjusted to 1. o L. No further 

purification of this buffer was carried out. 

0.1 11 BEPES, pH=7.4. In 200 mL of DOW, 11.92 g HEPES were dissolved and 

the pH was adjusted to 7. 4 with 1 N NaOH or 1 N HCI as required. This 

solution was; then adjue;ted to 500 mL with DOW. 

0.1 II Naclo4 • To a 90 mL solution containing 1.06 g Na2co3, 1.43 mL of 

HCl04 were added slowly with stirring. The pH was adjusted with 1 N 

NaOH or 1 N HCI04 and t:hen diluted to 1.0 L with DOW. 

2 .1. 4. Miscellaneous .f:olution. 

Ficoll-·Hypaque, stock Ficoll-Hypaque was obtained from Dr. D. 

Singal (McMaLster University).. It had been prepared by dissolving 75.5 g 

·of Ficoll (:!?harmacia, sweden) in 7 L of DOW; 950 mL of sodium hypaque 

(Winthrop, Aurora, Ont.ario) was then added to 440 mL of this Ficoll 

solution to give a fina.l density of 1.075 gjL. 

Buffered Ammonium Chloride Lytic Solution, pH=7. 4. To 80 mL DOW, 

0.83 g NH4CI (0.83 % 'N/V), 3.7 mg Na2EDTA (10-4) and 84.69 mg NaHC03 

(0.01 M) were added. The pH was adjusted with 1 N NaOH or 1 N HCI and 

the final vc,lume was adjusted to 100 mL with DOW. 

2 • 2. Experimental Tech.nigues 

2.2.1. Synthesis and ~=haracterization of NickelCIIl/CIIIl Peptide 
Complexes. 

2.2.1.1. Preparation. 

Solutions of Nickel(II) peptides were prepared by adding NiCl2•6H20 
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to the peptide dissolved in either 0.1 M KH2Po4 , in 0.1 M HEPES buffer 

at pH=7. 4 oJ:- in 0 .1 M H'aclo4 (pH=9. 6) • In all cases, the peptide was in 

slight excess (10 %) to ensure that all the nickel was complexed. 

Freshly prepared nickel(II) peptide solutions were used in each 

experiment. 

Solutions 

(Ni (II) (gly~Jly) 2) 

of bis(dipeptide)nickelate(II) complexes 

were: prepared as described by Jacobs and Margerum 

(1984). Specifically, three equivalents of glycylglycine were added to 

one equivalent of Nicl2 • 1. 0 M NaOH was then added very slowly to 

prevent fonnation of tne insoluble nickel hydroxide. A very light-blue 

solution appeared at pH=11, siqnaling the formation of the fully 

deprotonated biscompleJ~. 

2.2.1.2. ~ectrochemic:al Synthesis. 

Soluticms of Ni·::kel (III) peptide complexes were prepared by 

controlled electrode-potential electrolysis employing a flow-through 

bulk electrc)lysis column based upon the desiqn of Lappin ~ ll· ( 1978) 

and Clark and Evans (1976). It consists of a graphite-powder working 

electrode packed in a porous-Vycor glass column externally wrapped with 

a platinum wire, which constitutes the auxiliary electrode (Fig 2.1). A 

second plat:Lnum coil t:1at makes internal contact with the entire length 

of the graphite column provides a convenient lead to the working 

electrode. A model 363 potentiostatjgalvanostat (EG & G Princeton 

Applied Research) supplies a constant voltage source for the working 

electrode, :neasured re!lati ve to the calomel reference electrode. . In 

general, thel column wan cleaned prior to use by passing a minimum of 25 
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Figure 2.1: Diagram of the controlled electrode-potential electrolysis 
column used to oxidize the nickel(II)-oligopeptide complexes. 
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mL of the working buffer through the column while manually cycling 

between +l.~i V and -1.5 V by employing the polarity switch. Solutions 

of nickel (II:) complexeE; (lo-3 M or lo-4 M) were oxidized at a potential 

200 mV abovE~ the E• values reported by Bossu and Margerum (1976). The 

flow rate through the column was gravity controlled and was 

approximately 1 mL/min. 

2.2.1.3. Autoxidation of NiCIIlGGH. 

Fresh :;elutions ctf Ni (II) GGH, prepared as described in Section 

2. 2 . 1.1. , we:re allowed to incubate overnight in loosely capped plastic 

20-mL scintillation vials. Spectral scans (600-190 nm) of this sample 

were taken before use to determine the degree of oxidation. 

2.2.1.4. Characterization 2f NickelCIIIl/(IIl Complexes. 

UV /VIS Absorption Spectrometry. Ultraviolet-visible spectra of 

freshly prepared nickel(II) and some nickel(III) peptide complexes were 

recorded using a Perkin Elmer UV/VIS Lambda 3B spectrometer equipped 

with a Perkill Elmer R100A recorder. 

ElectroJ:t Paramagnetic (Spin) Resonance (EPR). Nickel (III) peptide 

samples ( 10·-3 M) prepared by bulk electrolysis were immediately 

transferred ·to magnetically dilute aqueous EPR tubes and were quenched 

in liquid nitrogen. The EPR spectra were measured at -150 oc using a 

Varian E-109 X-band EPR spectrometer modulated at 100 kHz. 

Cyclic Vol tamm.etry ( CV) . CV vol tammograms were recorded with a 

three-electrode system consisting of a saturated Ag/AgCl reference 

electrode, a platinum wire auxiliary electrode, and a carbon-paste 

working elec·trode. Vol tammograms were generated with a Bioanalytical 
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Systems, Inc:., Bas-100 Electrochemical Analyzer and were recorded on a 

standard dc•t-matrix :printer. Preconditioning of the carbon-paste 

working elec:trode was achieved by applying a new carbon-paste layer on 

the working electrode for each sample and by cycling (linear sweep) 

between +1.5 V and ··1.5 V versus AgjAgCl. This procedure gives 

contaminatio,n free, "quasi-reversible" cyclic voltammograms (Bossu and 

Margerum, 1977). 

2.2.2. Generation and Detection Q{ oxygen Radicals. 

2.2.2.1. l§olation Qt Human Polymorphonuclear LeUkocytes. 

PMNs were isolated as described by Boyum (1968). In general, 10 mL 

of venous blood was d:cawn from healthy volunteers on the day of the 

experiment by venipuncture into heparinized tubes. The plasma layer 

that forms aLfter centr:Lfugation at 1500 rpm for 10 min. was removed to 

about 4 mm above the (white) buffy-coat layer. The remaining cell 

suspension (consisting of WBCs and RBCs) was transferred to 50-mL Falcon 

tubes and diluted to 40 mL with PBS. This mixture was then layered over 

10 mL of Ficoll-Hypaque and centrifuged at 1500 rpm for 30 min. The 

plasma, plat.elet, lymphocyte and Ficoll-Hypaque containing supernatant 

was aspirated off. Ezythrocytes present in the red pellet were lysed 

using the buffered ammonium chloride lytic solution in a 1:8 ratio. The 

reddish mixt·tire turned deep purple after shaking slowly for about 5 min. 

signalling RBC lysis. Centrifugation at 1500 rpm for 10 min. and 

subsequent aLspiration ,:>f the supernatant left a pellet consisting of 

about 95 % PMNs. 'l~he. lytic step was repeated when erythrocyte 

contamination was subs1:antial. Otherwise, the cell pellet was washed 



28 

twice with PBS and adjusted to 107 PMNs mL-1. 

2.2.2.2. Generation grtd Measurement 2! superoxide Anions. 

Enzymat:ic Generation. A modified method based on the work of 

McCord and Fridovich ( 1968) was used for the determination of the 

superoxide anion. It e:mploys SOD-inhibited reduction of cytochrome c as 

a way of mo11itoring the flux of superoxide anions. In general, 10-7 M 

xanthine oxidase was added to a sample containing 50 pgjmL catalase, 50 

pM cytochrome c and 100 pM acetaldehyde or 10 pM hypoxanthine or 

xanthine. J:n addition to these constituents, the reference sample also 

contained 25 pgjmL SOD. The superoxide anions generated during 

xanthine-oxidase cat;:tlyzed oxidation of the substrates reduce 

ferricytoch:rome c, c:ausing a UV/VIS spectral change that was 

continuously monitored at 550 nm (Margoliash and Frohwrit, 1959; 

Fridovich, 1985b). All reactions with nickel(II) peptides were done in 

0.1 M KH2P04 (pH=7.4) cr in 0.1 M HEPES (pH=7.4) when the hydrated Ni2+ 

ions were tested. 

The act~ivity of Ji:anthine oxidase itself in the presence of the 

different nickel (II) -pe:ptide complexes was monitored by following the 

conversion of hypoxanthine to uric acid. The absorbance increase at 

292 nm which accompanies this oxidation is characterized by~11,000 M-1 

cm-1 (Fridov:Lch, 1985a) under the conditions used in the experiment. 

Ce11u1aJ:- Generation. A continuous assay was used to monitor the 

flux of superoxide anions after TPA stimulation of the respiratory burst 

in PMNs (Markert et al., 1984). In general, 20 pgjmL TPA were added to 

a sample con1:aining 20 11M cytochrome c, 50 pgjmL catalase, and 106 PMNs 

L-1 m • The reference sa.mple also contained 25 pgjmL SOD. The reduction 
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of cytochz:o;ne c was fc>llowed at 550 nm. All experiments were done in 

duplicate and in 0.1 M KH2P04 (pH=7.4). 

2.2.2.3. Detection Q! Superoxide Anions with Nitro Blue Tetrazolium. 

In eJs:periments with high concentrations of hydrogen peroxide 

(1o-1-1o-4 11!), NBT2+ l\'as used to quantify superoxide anion production. 

In some cat;es, NBT2+ was prepared in o .1 M KH2P04 (pH=7. 4) in the 

presence of 0.15 % BSA (Kimura et al., 1981). 

initiate a reaction, it was added last to samples containing 10-5 M 

NBT2+ and varying conc:entrations of nickel (III) 1 (II) peptide complexes 

and to control samples which in addition contained 10 }Jg/mL SOD. The 

absorbance at 550 nm was then recorded relative to this control sample 

(i.e., the :reference sample) at regular intervals. Although there are 

reports that H2o2 ins.ctivates SOD (Heikkila, 1985; Markland, 1985), 

control experiments c:onfirmed that enough SOD remained active to 

completely inhibit NBT2+ reduction by superoxide anions under the 

conditions used in the experiment described. An absorptivity of 15,000 

M-1 cm-1 at 550 nm for the initial reduction product of NBT2+ in neutral 

buffered aq~eous solutions was used to quantify superoxide anion 

generation (Auclair and Voisin, 1985). 

2.2.2.4. Qyantification of Hydrogen Peroxide with Peroxidase­
o-Dianisidine. 

The generation of H2o2 from the hypoxanthine/xanthine oxidase 

system was quantifi,ad using a peroxidase reaction to yield a 

stoichiometric quantity of chromophore. In the assay, 50 ~gjmL xanthine 

oxidase (fi:nal concentration) were added to a solution containing 

varying concentrations of Ni(II)GGH, 0.2 mM o-dianisidine, 40 J.IM 
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hypoxanthinE!, and 0.6 mgjmL peroxidase; and to a reference sample which 

also contained 0. 3 mq'jmL catalase. The absorbance at 460 nm was 

monitored c~ontinuously for 10 min. All reactions were carried out in 

duplicate a11d in 0.1. M KH2Po4 (pH=7. 4), unless otherwise specified. In 

reaction mi:iCtures containing catalase, the amount of chromophore formed 

was below the detectic1n limit, indicating that o-dianisidine oxidation 

was specific:::ally causeti by the hydrogen peroxide present. 

2. 2. 2. 5. .Q_uantification of Hydrogen Peroxide ~:tb Tioso4 • 

Tioso4 was used to quantify H2o 2 in the 1o-1-1o-4 M range (Sellers, 

1980). A saturated stock solution of Tioso4 had been prepared by 

boiling 41. g TiS04 in 6 L 2 N H2S04. The mixture was cooled and · 

filtered through two nheets of Whatman filter paper #1.. The filtrate 

was then diluted by adding 3 L of 2 N H2so4 . Experiments in which the 

consumption of H2o 2 wan monitored, 200 JlL of the reaction mixture (which 

initially contained 10-3 or l.o-4 M Nickel (II) GGH and 10 mM H2o 2 ) was 

added to 1. lnL of Tioso4 reagent. The solution was allowed to stand for 

1.0 min. at room tempHrature, and the absorbance at 41.0 nm was read 

relative to a referencE! sample containing a corresponding aliquot of 0.1. 

'l'he quantity of H2o 2 present in the samples was 

extrapolated from a st.andard curve relating the amount of chromophoric 

product fanned (absorbance at A max of 460 nm) to known concentrations 

of H2o 2 added. 

2.2.2.6. Measurement pf Oxygen Production. 

Continuous moni to: ring of oxygen levels during a reaction was made 

with a Rank: Oxygen Electrode (Rank Bros. , Botti sham Cambridge. u o K o ) 
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connected te~ a flat bed (Johns Scientific, Kipp & Zonen) recorder. Only 

assessments of relatiVE! rates of oxygen release were made since repeated 

attempts to quantify oxygen concentrations were unsuccessful. In 

general, a specific volume of H2o2 was added last and with stirring to a 

mixture con1:aining the nickel complex in 0.1 M KH2P04 (pH=7. 4) , or in 

0.1 M NaCl04 (pH=9.6). The increase in oxygen tension was recorded for 

10 min. or until the slope of the curve was zero. The electrode was 

vigorously rinsed with DOW between each run and dried thoroughly with 

paper tissues (Kimwipe:;) • Data was tabulated in units of divisions/min 

and was est:imated as the number of divisions on the recorder paper 

(total of 100 divisions) the curve crossed in one minute. This was 

evaluated for the linear segment of the curve at the beginning of the 

reaction, ar1d thus represents the initial rate of the reaction. 

2. 2. 2. 7. ~·droxylatiort of p-Nitrophenol. 

Hydroxylation of :p-nitrophenol during nickel (II) -complex catalyzed 

decompositic1n of H2o2 was measured by a modification of the hydroxyl 

radical assay reported by Florence (1984). (The product of this reaction 

is p-ni troc:atechol. ) Varying concentrations of H2o2 were added to 

samples containing 1 mM p-nitrophenol, and lo-3 or 10-4 M catalyst 

(nickel(II) or copper(:CI) complex) in 0.1 M KH2P04 (pH=7.4). Except in 

time-dependent assays, reactions were stopped after 45 min. or 60 min. 

by adding 2 5 pL 6 N :tiel. These solutions were then extracted three 

times with :Eresh aliqu,:>ts of (1 mL) diethyl ether. The combined ether 

extracts were vortexed in 0.5 mL of 0.1 M NaOH and the ether evaporated 

off by incul:1ating the s:amples in a 37 oc waterbath. A sample containing 

the same co:tlstituents except the catalyst provided a convenient blank. 
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The absorbance of each sample was then measured at 522 nm relative to 

this blank. If the s,bsorbance was greater that 1. o, the sample was 

diluted 1:1 with 0.1 M NaOH. 

2.2.3. Effects of Hydz·oqen Peroxide and NickelCIIl Peptide Complexes 
Qn ~~ Acid gr,d 2-Deoxy-D-Ribose. 

2.2.3.1. ~compositior.l Qf Uric Agig. 

Nickel(II)-peptidel catalyzed degradation of uric acid was followed 

spectrometri.cally at a A max (uric acid) of 292 nm (Fridovich, 1985a). 

In general, 10 mM a2c12 was added last to samples containing lo-4 M 

nickel (II) peptide cata.lyst and 2 x lo-4 M uric acid in phosphate buffer 

{pH=7.4). When triglycine, triglycineamide or tetraglycine was used, 

the identica.l reactiom: were carried out in o. 1 M NaClO 4 {pH=9. 6) . The 

absorbance at 292 nm (&:=11, 000 M-1 cm-1; Fridovich, 1985a) was measured 

relative to the appropz·iate buffer alone, employing o. 4 mL aliquots. 

2. 2. 3. 2. Qu.antificatic,n of glyoxylic Acid. 

The main product c,f uric acid oxidation is thought to be allantoin. 

Chemical conversion of allantoin to a measurable chromophore of 

glyoxylic ac:id was used to assess the quantity of allantoin originally 

present (Borchers, 1977). In general, varying concentrations of H202 

were added ·to samples containing final concentrations of 2. 4 X 10-4 M 

uric acid and 10-4M Ni(II)GGH in phosphate buffer (pH=7.4). At 30 min 

and after tlleasuring the absorbance at 292 nm (relative to a blank 

containing 10-4 M N:L(II)GGH alone), 500 llL of each sample was 

transferred to a test tube containing so llL (0.43 mgjmL) of catalase and 

was vortexed. Subsequently, 100 llL of 0. 6 N NaOH was added and the 
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sample was placed in a boiling waterbath for 20 min to hydrolyze any 

allantoin t:o allantoic acid. While heating, 200 1.1L of 0.1 % 2,4-

dinitrophenylhydrazine in 2 N HCl were added; the heating continued for 

5 min. In ·this step, ·l:he allantoic acid is hydrolyzed to glyoxylic acid 

which then :forms a cha:racteristic hydrazone complex. After cooling, 1 mL 

of 2.5 N NaOH was added and after 10 min of equilibration, the 

absorb~nce ·~as read at: 520 nm. A sample containing only uric acid and 

Ni (II) GGH (in phosp::tate buffer) and carried through all colour 

development stages wat; used as the reference sample. Pure glyoxylic 

acid yielded a produc·t with e: ... 8276 M-1 cm-1. This value was used to 

assess the concentration of glyoxylic acid present in the samples. 

Spectral sc:ans (650-3'~0 nm) were then recorded for some of the same 

samples and of the gly•Jxylic acid positive control sample to ensure that 

the same pr•Jducts were measured. 

2. 2. 3. 3. Determinatio:[l Q.f 2-Deoxy-D-Ribose Damage. 

Nickel(II)-peptid•a complex catalyzed degradation of 2-deoxy-D­

ribose in the prese:rtce of hydrogen peroxide was quantified with 

thiobarbitu:ric acid as described by Halliwell and Gutteridge (1981). In 

general, varying concentrations of H2o 2 (50 mM to 50 1.1M) were added to 

samples con.taining 70 mM KCl, 1 mM 2-deoxy-D-ribose, and a copper or 

nickel(II)-complex catalyst in phosphate buffer (pH=7.4). After 

incubating at 37 oc for 25 min 1.0 mL of 2.8 % (wjv) TCA was added, and 

the whole sample was heated at 100 oc for 10 min. The samples were 

cooled and the absorbance read at 535 nm against a reference sample 

which lacked H2o2 and ·the metal catalyst but treated as described above. 
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Complexes. 

34 

Chemiltxminescence was detected using a Thorn-EMI-Gencom photon 

counter with instrumen1:al support as described by Goddard et al. (1986). 

Reactions were perforned at 37 ·c in a six-well culture dish (Linbro 

Plastics, N·o. FB6) cc1ntaining teflon stirring paddles. A shutter is 

placed between the r•aaction vessel and the photomultiplier tube to 

minimize exposure to background light. In general, reagents were added 

while the shutter was closed and then opened to determine background 

chemiluminescence. The increase in chemiluminescence was measured after 

addition o:t: hypoxanthine, xanthine oxidase or hydrogen peroxide and 

recorded us:lng a standard strip chart recorder. 



3. RESULTS. 

3 .1. Charac·terization .of Nickel CIIl and Some Nickel CIII) Peptide 
Complexes. 

3.1.1. Characterization~ UV/VIS Absorption Spectrometry. 
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Nickel (II) ions form square-planar or square-pyramidal complexes 

with ligands providing molecular cavities containing a minimum of four 

nitrogen atc~ms (Glennoll and Sarkar, 1982). Figure 3 .1 illustrates a 

UV/VIS absorption spect.rum for Ni(II)GGH and is characterized by a low-

intensity d-d absorption band centered near 420 nm, which is typical of 

these yello';r-coloured complexes (Bossu and Margerum, 1976). All 

nickel (II) complexes, Hxcept Ni (II) GGH, exhibit another poorly defined 

shoulder on the long uavelength side (approximately 480 nm) of this 

peak. Tht:! spectrun of the autoxidized product of Ni (II) GGH, 

oxNi (II) GGH, is fur1:her characterized by an additional intense 

absorption band at 305 nm. The intensity of this peak is dependent on 

the buffer, the oxygen concentration and the pH, and reaches maximal 

intensity af"t:er about 2 3 h of exposure to air. 

All histidine-containing complexes are capable of complexing 

nickel (II) i.:)ns at pH=7. 4 (Table 3. 1) , whereas the mul tiglycine peptides 

require more alkaline c:onditions (pH=9.6). The former have dissociable 

nitrogen-bound protons with lower pKa values (near 6.5; Bryce et al., 

1966), which facilitate:s complex formation at pH=7. 4. The association 

constant for GGH is ve~{ high (log KML=8.6 and log 8 2=15.6; Glennon and 

Sarkar, 198~:) and is strong enough for this ligand to compete for 

nickel (II) ic::ms with ph1)sphate, thus preventing precipitation in 
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Figure 3 .1: Visible absorption· spectra of Ni (II) GGH and its air­
oxidized product (oxNi(II)GGH) in 0.1 M KH2P04 (pH=7.4). Air oxidation 
at room te~mperature (25 oc) occurred for 22-24 h. In the inset, the 
350-600 nm region is shown on an expanded molar absorptivity scale. 



37 

Table 3.1: UV/VIS Spec:tral Properties of the Nickel(III)/(II)-Peptide 
Complexes U'sed. 

A max (absorptivity) A max (absorptivity) 
Nickel Complex 

Complexes Prepared in 0.1 M m2P04 (pH=7.4) 

L-Cysteineb 453(150), 271(13,490) nd 

Glutathioneb 389(20) nd 

GGHd 425(160), 305(50±20) 425(160±25), 305° 

GGHGd 425(160), 380(50) 425(170±20), 380s(350±10) 
275(400) 275(810±10) 

asp-ala-his-lysd 420(130), 365(31) 420(140±10), 365s(320±20) 
270(80) 270(614±14) 

oxNi (II) GGHd 425(130), 305(5930±200) 425(140±25), 305(300±100) 

Complexes Prepared in 0.1 M NaClo4 _ (pH=9.6) 

GG 

GGG 

GGGa 

GGGG 

none 

431(250) 

410(220), 315(20) 

420(250) 

560(230±10), 355(264±102). 
255(7530±300) 

410(230+10), 315(1000±130) 

HSA 

Complex :~repared in 0.1 M HEPES (pH=7.4) 

42.5(100) 

a: Assuming 100 % conV•!rsion to Ni(III) for freshly prepared solutions; 
nd, not determined. 

b: Nickel cc::>mplexes we:re reddish in colour. 
c: Absorbanc::e at 3 05 run continues to increase with standing immediately 

after elt!ctrochemica.l oxidation. 
d: Solution:s are brownish immediately after electrochemical synthesis, 

and their UV /VIS spt:!ctra are very unstable. 
s: Appears as a shouldt:!r. 
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Figure 3.2: UV/VIS-di:Eference spectra of Ni(II)HSA and oxNi(IIjGGH 
treated with 15 mM H2o 2• Ni(II)HSA (10-3 M) and oxNi(II)GGH (10- M) 
were treated '!i th H20:~ for 2 0 min; , and an absorption spectrum was 
recorded relat~ve to the correspond~ng untreated complexes. 
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phosphate buffer. 

Addition of hydrc:>gen peroxide to nickel (II) HSA or oxnickel (II) GGH 

resulted in the formation of a distinct peak centered near 378 nm. In 

both cases, the samples darkened upon the addition of H202. 

Spectrometrically, this activity corresponded to an increase in the 

intensity Ctf this peak to about 130.0 M-1 cm-1 for nickel (II) HSA and 425 

M-1 cm-1 for oxni<::kel (II) GGH. With observation times exceeding 

approximate:ly 45 min, the intensity of this peak begins to decrease. No 

comparable spectral ctlanges were observed when H202 was added to the 

other nickel(II)-oligcpeptide complexes used in the study. 

Electrochemical c1xidation of Ni (II) GGHG, or Ni (II) asp-ala-his-lys 

results in the formation of new, extremely unstable compounds with 

unique UV/VIS spectra. In addition, the yellow colour of the 

nickel(II) complex turns to a brown colour immediately following 

oxidation. The inten:sity of this colour quickly dissipates making it 

difficult 1:o obtain a UV/VIS spectrum of the immediate product (of 

electrochemical oxidation) within the time frame required. Electrolysis 

of Ni(II)GGH results in the development of a new band centered at 

305nm, whic::h ultimate~ly on standing converts to the same spectral 

product as that previc>usly described for oxNi (II) GGH (c. f. , Figs. 3 .1 

and 3. 3) . The rate at. which the 305 nm peak forms is shown in Figure 

3 . 3 . Al t.hough similar spectral changes were not observed for 

Ni(II)GGHG and Ni(II)asp-ala-his-lys, there was an overall increase in 

absorbance on electrc>lysis between 600-190 nm with a discernable 

shoulder celtltered near 365 nm for both complexes (Fig. 3.4). The molar 

absorptivit.ies report·~d in Table 3.1 for all nickel (III) -peptide 
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Figure 3. 4: Visible absorption spectra of freshly-prepared Ni (II) asp­
ala-his-lys (lo-3 M) and its electrochemically oxidized product. UV/VIS 
scans wer~! obtained relative to a reference that contained buffer 
alone. 
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complexes are only approximate, since the exact number of oxidizing 

equivalents (ie. nickel(III)) present were not determined. 

By co:ntrast to the square-planar complexes, the geometry of 

Ni(II) (GlyGly) 2 is thc1ught to be a tetragonally compressed octahedron 

(Jacobs and Margerum, 1984). The electrochemical oxidation of this 

complex res'lllts in the formation of violet-black solutions containing a 

series of' new spt!ctral peaks (Table 3 .1) . Although the 

Ni(III) (GlyCUy) 2 is st:able for several days, the molar absorptivities 

of these pelaks were only 60 % of those given by Jacobs and Margerum 

(1984) sugg•!sting incomplete oxidation. 

3.1.2. Det•!ction Qt ElckelCIIIl. 

The de.tection of EPR signals for the nickel peptide complexes 

(Figs. 3. 5-·3. 7) confirms that the immediate products of controlled 

electrode-potential electrochemical oxidation iri phosphate buffer at 

pH=7.4 are nickel(III) complexes. These complexes are relatively 

unstable and must be frozen (in liquid nitrogen) within minutes, or the 

EPR signal will be lost (i.e., reversion or decomposition of 

nickel(III) to nickel(II)). Ni(III)GGH and Ni(III)GGHG have EPR 

signals with multiple :peaks of uneven intensity at g I I suggesting that 

at least 2 different nickel(III) peptide complexes are present. It was 

found that the formation of the minor species can be circumvented by 

lowering the pH to 6. 5 (Fig. 3. 8) . Conversion to a tetragonally . 

distorted oc:tahedral st:ructure accompanies the oxidation to nickel (III) 

state. Henc:e, the nature of the axial species can be identified since 

the presencE! of an oxygen donor atom axially coordinated to the plane 

results in one band a.t g 11 (Figs. 3.6 and 3.8); while a nitrogen 



NiUII)GGH 

0.1 M KH2P04 

pH=7.4 

gq 

~----------·----------~--------~----------~--------~ 
29tl0 3000 3100 3200 

H,GAUSS 

43 

Figure 3.5: EPR spoctrum of Ni{III)GGH prepared from 10-3 M Ni{II)GGH 
in o .1 Z.l KH2P04 {pli=7. 4) by controlled-potential electrolysis at o. 96 
V {versus SCE). The spectrum was obtained at -150 oc and 9.081 GHz. · 
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Figure 3.6: EPR spec1:rum of Ni(III)asp-ala-his-lys prepared from 10-3 
M Ni(II)asp-ala-his-lys in 0.1 M KH2P04 (pH=7.4) by controlled­
potential electrolysis at 0. 96 V (versus SCE) • The spectrum was 
obtained at -150 oc and 9.081 GHz. 
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EPR ~:pectrum of Ni (III) GGHG prepared from 10-3 M 
in o. J. M KH2 Po4 (pH=7. 4) by controlled-potential 
at 0.96 V (versus SCE). The spectrum was obtained at -150 
GHz. 
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Figure 3.8: EPR spectzum of Ni(III)GGH prepared from 10-3 M Ni(II)GGH 
in 0.1 M NaCl04 (pH=6. 5) ·by controlled-potential electrolysis at 0. 96 
v (versus SCE). The sp.ectrum was obtained at -150 oc and 9.081 GHz. 
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linkage in the same position would result in the presence of three 

bands (Fig.. 3. 7). Th.e nitrogen linkage in the axial position results 

in further splitting c~e to the hyperfine coupling between the unpaired 

electron on the nickel (III) species and the 14N nucleus (multiplicity 

of 2I + 1; with nuclea.r spin I==1 for 14N). 

3.1.3. Reversibility of the NiCIIIl/CIIl Redox Couple. 

The r•aversibility of the Ni (III) 1 (II) redox couple was studied 

using cyclic vol tamme1:ry. A typical current-val tage response curve in 

unsupplemented 0.1 M RH2P04 buffer (i.e., no Naclo4 added to adjust the 

ionic strength) is shown for Ni (II) GGHG in Figure 3. 9. The initial 

solution cc,ntains only the divalent nickel complex which generates the 

oxidation w·ave (negative current) when scanning from 0 to 1. o V; while 

the trivalent complex that forms generates the reduction wave (positive 

current) when scanninc:r in the reverse direction from 1. 0 to 0 V. The 

vol tammogra:m for Ni (II) GGH was similar, while only anodic peaks 

(oxidation waves) could be obtained for Ni(II)HSA. Attempts to get 

comparable data for the HSA-binding site analog, Ni(II)asp-ala-his-lys, 

were not pu:rsued. 

The midpoint betueen the anodic and cathodic peaks were used to 

estimate th•e electrode potentials of the Ni (III) 1 (II) redox couple. 

Ni(III)GGHG + e- ~ Ni(II)GGHG E=0.73 V (3.1) 

Ni(III)GGH + e- ~ Ni(II)GGH E=0.73 V (3.2) 

Ni(III)asp·-ala-his-ly:; + e- ~ Ni(II)asp-ala-his-lys E=0.74 V (3.3) 

The redox potential for the couple depicted in Equation 3.3 was 

estimated using square-wave voltammetry (a feature of the Bas-100 
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electrochemical analy2:er). All values are expressed relative to the 

SCE. The linearity of the plots in Figure 3.10 attest to the 

reversibility of the redox couple for millimolar levels of Ni(II)GGH. 

3.2. Dismutase-Type Activity .Qf NickelCIIl Peptide Complexes in 
Superoxide Mion Generating Systems. 

3.2.1. QQncentration-Dependent Scavenging gX Superoxide Mions. 

As illustrated in Figure 3.11, freshly prepared Ni(II)GGH and 24 h 

air-oxidizeci Ni(II)GGH (oxNi(II)GGH) clearly diminished the flux of 

superoxide anions generated during xanthine-oxidase oxidation of 

hypoxanthin•! detected by cytochrome c reduction. Furthermore, dose-

dependent inhibition can be observed with Ni(II)GGH (Fig. 3.12), 

Ni(II)GGHG (Fig. 3.13) and Ni(II)asp-ala-his-lys (Fig. 3.14). The 

relative ability of Etach nickel complex to diminish the superoxide 

radical fl~~ is summarized in Table 3.2. The data in this table also 

demonstrate that Ni (II:1 HSA, but not Ni (II) GGGa nor Ni (II) histidine, has 

this scaven~Jing ability. The following reactivity sequence is observed 

based upon the pez·cent inhibition determined under the same 

experimental conditionu. 

Ni(II)GGH > Ni(II)GGHG > Ni(II)asp-ala-his-lys > Ni(II)HSA (3.4) 

As demonstrated in l~igure 3 .11, Ni 2+ enhances the reduction of 

cytochrome c: (over the control), and this effect was maximal at 10-4M. 

Hence, it ccm be seen t:hat the decrease in the superoxide anion flux is 

clearly dependent on the nickel(II)-complex concentration and this 

effect is ol::,servable at. concentrations as low as 10-6 M (for Ni (II) GGH; 

Table 3.2). The data in Figure 3.15 show that Ni(II)GGH and Ni(II)asp-
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Figure 3.11: Effect of 10-4 M Ni2+, GGH, freshly prepared Ni(II)GGH or 
air-oxidized. Ni (II) GGH on the superoxide anion flux generated during 
xanthine oxidase oxidation of hypoxanthine. Reaction medium (control) 
contained: 10-5 M hypoxanthine, 10-7 M xanthine oxidase, 11 1JM 
ferricytochrome c and 43 lJg/mL catalase in HEPES buffer (pH=7. 4) . 
Reference samples also contained 25 JJM/mL SOD. 
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Figure 3 .12: Dose-dE!pendent inhibition of cytochrome c reduction by 
the hypoxanthinejxan·:.hine oxidase superoxide anion generating system 
with increasing Ni (li) GGH concentration. Reaction medium contained: 
33 ~M hypoxanthine, lo-7 M xanthine oxidase, 58 ~ ferricytochrome c 
and 43 ~g/mL catalasE! in 0.1 M KH2P04 (pH=7.4). Ni(II)GGH was added at 
the concentrations indicated. The control sample contained 500 11M GGH 
and 25 pg/mL of SOD ~ras added to all reference samples. 
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Figure 3. 13: Dose-dHpendent inhibition of cytochrome c reduction by 
the hypoxanthine/xanthine oxidase superoxide anion generating system 
with increasing Ni (II) GGHG concentration. Reaction medium contained: 
42 1JM hypoxanthine, 10-7M xanthine oxidase, 50 pM ferricytochrome c 
and 42 pg/mL catalase in 0.1 M KH2Po4 (pH=7.4). Ni(II)GGHG was added 
at the concentrations indicated, 500 }JM GGHG was present in the 
control sample and 2!i }JgjmL of SOD was added to all reference samples. 
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Figure 3.14: Dose-·dependent inhibition of cytochrome c reduction by 
the hyp1:>xanthinejxanthine oxidase superoxide anion generating system 
with increasing <:oncentrations of Ni(II)asp-ala-his-lys. Reaction 
medium c:ontained: 44 JJM hypoxanthine, 10-7 M xanthine oxidase, 88 J,&M 
ferricyt:ochrome c and 43 JJg/mL catalase in 0.1 M KH4Po4; (pH=7. 4). 
Ni (II) asp-ala-his-lys was added at the concentrations l.ndl.cated. The 
control sample contained 500 JJM asp-ala-his-lys and 25 JJg/mL SOD was 
added tc• all referE!nce samples. 
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Table 3.2: Dose-Dependent Inhibition of Cytochrome c Reduction by the 
Superoxide Anion Flux Generated by the Hypoxanthine/Xanthine 
Oxidase System in the Presence of Some Nickel-Peptide 
Complexes. 

Addi ti·ons to Absorbance % Inhibitionb 
Reaction :Mixturea (550 nm) 

no addition 0.469 
1 ll M Ni (II) GGH 0.463 1.1 % 
5 -:.aM Ni (II) GGH 0.450 4.1 % 
10 ll M Ni (II) GGH 0.421 10.0 % 
50 ll M Ni (II) GGH 0.365 22.0 % 
100 pM Ni(II)GGH 0.174 62.8 % 
300 pM Ni(II)GGH 0.018 97.9 % 

no addition':: 0.505 
50 pH Ni (II) asp-;:s.la-his-lys 0.427 15.4 % 
100 pM Ni(II)asp-ala-his-lys 0.382 24.4 % 
300 pH Ni(II)asp-ala-his-lys 0.241 52.3 % 
500· pH Ni(II)asp-ala-his-lys 0.131 74.1 % 
500 pH Ni(II)GGH o.ooo 100. % 

no addition<i 0.593 
100 1JM Ni(II)GGHG 0.406 31.6 % 
300 1JM Ni (II) GGHG 0.223 62.5 % 
500 pH Ni(II)GGHG 0.126 78.7 % 
100 pH Ni(II)asp-ala-his-lys 0.448 23.3 % 
100 pM Ni(II)GGH 0.219 62.5 % 
100 pH Ni(II)Hist:Ldine 0.576 2.7 % 
100 pM Ni(II)GGGa 0.576 2.7 % 
minus c::atalase 0.593 o.o % 

no additionu 0.128 
100 pM Ni2+ alone 0.133 < o.o % 
100 pM HSA 0.118 7.8 % 
100 1JM Ni(II)HSA 0.082 35.9 % 

a: Reaction mixture co:l'ltained: 3 2 • 5 liM hypoxanthine, o • 1 PM xanthine 
oxidase, 50 }.1M cytoc::hrome c in 0.1 M KH2P04 buffer containing 36.6 
llg/mL ca1:alase (pH=7. 2) • Reference samples also contained 25 llg/mL 
SOD. 

b: % inhibi 1:ion is def.ined as the decrease in the reduction of 
cytochronte c relative to the sample with no addition; results are 
expressed as the mec:m value of duplicate runs. The SD did not exceed 
+ 0.1 %. 

c: Same as in a, but 4::.4 1.1M hypoxanthine was used (Fig. 3.14). 
d: Same as in a, but 46.8 1.1M hypoxanthine was used (Fig. 3.13). 
e: Reaction mixture contained: 11 llM hypoxanthine, 17 pM cytochrome c 

and o. 1 ~1M xanthine oxidase in 0. 1 M HEPES (pH=7. 4) • 
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Figure 3.17: Inhibition of cytochrome c reduction in the 
acetaldehyde/xanthine oxidase superoxide generating system by freshla 
prepared and 24-h oxidized Ni(II)GGH. All additions were made at 10-
M. Reaction. mixture C•)ntained: 90 1.1 M acetaldehyde and 0 .ll.IM xanthine 
oxidase in 0.1 M KH2P04 (pH=7.4). 



Table 3. 3 : Effect of ctther Metals in the Presence and Absence of 
GGH on the superoxide Anion Flux Generated in the 
Hypoxanthirle/Xanthine Oxidase System. 

Additio,ns to 
Reaction Mixturea 

GlyGl¥His 
zn2 
cd2+ 
Ni2+ 
cu2+ 
Mn2+ 

GlyGl¥His aloned 
zn2 GGH · 
Cd2+ GGH 
Ni(II)GGH 
CU~II)GGH 
Mn + GGH 

Absorbanceb 
(550 run) 

0.176 
0.175 
0.183 
0.177 

-0.011 
-0.021 

0.180 
0.177 
0.195 
0.046 
0.088 

-0.049 

% Inhibitionc 

-----
0.0 % 

< 0.0 % 
0.0 % 

> 100 % 
> 100 % 

-----
o.o % 
0.0 % 

74.4 % 
51.1 % 

> 100 % 
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a: Additions of metal or ligand were made at 0.3 PM final concentration 
to the r·eaction millture containing: 3 0. 8 p M hypoxanthine, o. 1 pM 
xanthine oxidase, a.nd 2 a . 9 p M cytochrome c in o . 1 M HE PES ( pH=7 • 4) • 
Reference samples contained 25 pgjmL SOD. 

b: Values r-epresent tl':Le average of duplicate runs with a maximum range 
of +0.005 in all cases. 

c: Inhibition is defin.ed as a decrease in the superoxide-anion flux 
detected as a diminished degree of cytochrone c reduction assessed 
relative to GlyGlyHis alone. 

d: Metal-ion complexes were prepared prior to their addition to the 
reaction mixture: all additions made at 0.3 mM: the use of the 
symbols zn2+, cd2+ and Mn2+ implies that complexes involving the 
deprotonated amide centers do not form (see text). 
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ala-his-lys have little effect on the production of uric acid from 

hypoxanthin•a at concen·t:ration observed to inhibit completely cytochrome 

c reduction. 

The al:dlity of Ni(II)GGH and oxNi(II)GGH to consume superoxide 

anions was further inv~stigated using alternative sources of these 

radicals. Both nickel peptides will diminish the flux of superoxide 

anions gene:r:ated by tJte TPA-induced respiratory burst in PMNs by about 

50 % (Fig. 3 .16) • By contrast, inhibition of cytochrome c reduction 

was almost c:omplete whnn acetaldehyde was used as the substrate instead 

of hypoxantltine in the xanthine-oxidase assay (Fig. 3.17). 

The efJEect of other first-row transition metals on the superoxide 

anion flux in the pre~~ence and absence of GGH is shown in Table 3. 3. 

cu2+ and Mn2+ alone but not zn2+, cd2+, or Ni 2+ can catalyze the 

dismutation of superoxide anions (to hydrogen peroxide and presumably 

molecular o:cyqen as we~ll) as shown by the negative absorbance values 

which indicate oxidation of partially reduced cytochrome c in the 

sample. The~ effect of zn2+, cd2+ or Mn2+ on cytochrome c reduction was 

not signifi<:::antly different in the presence of GGH. Nickel displays 

the expected inhibito:ry effect, whereas the copper • I 
~on s inherent 

superoxide dismutase a cti vi ty was diminished in the presence of the 

tripeptide. 

3.3.2. Generation of Hydrogen Peroxide. 

Hydrogen Peroxide production can be monitored since o-dianisidine 

forms a chromophoric product in the presence of horse radish peroxidase 

(HRP; Eqn. 3. 5) 
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Figure 3 . lS;: Dose-dep•:mdent oxidation of o-dianisidine with varying 
concentrati•:m of Ni (II) GGH in the hypoxanthine; xanthine oxidase 
system. Rea.ction mixt11re consisted of: 37.5 pM hypoxanthine, 45 nM 
xanthine olC:idase, 85 pgjmL horse radish peroxidase, and o. 2 mM o­
dianisidine in 0.1 M KH2Po4 (pH=7.4). Additions: none (.......,..), Ni2+ 
only (--.), or Ni(IIJ GGH ( ...._..). 42 pgjmL catalase was added to all 
reference samples. 
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Figure 3.19: Decompctsition of H2o 2 in the presence of Ni(II)GGH. The 
concentra1:ion of H2o 2 was measured with Tioso4 ; samples initially 
contained 10 mM H2o 2 and all reactions were performed in 0.1 M KH2P04 
{pH=7.4). 
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(3. 5) 

Dose-dependent increase in o-dianisidine oxidation occurs in the 

presence o:f: Ni (II) GGH during xanthine oxidase catalyzed oxidation of 

hypoxanthine (Fig. 3.18). Similar results were obtained when 

acetaldehyde was used as the substrate (data not shown). Higher 

concentrations of Ni(II)GGH resulted in a nonlinear increase in o­

dianisidine oxidation, presumably due to the reaction of increasing 

hydrogen pe:roxide product with Ni(II)GGH and H2o 2 (see below). 

3. 3. Hydroci§.n Peroxid4~ Disproportionation Activity .Qf Nickel CIIIl I CIIl 
Pepti~ Complexe:i_. 

3. 3 .1. Dect,mposition pf Hydrogen Peroxide. 

Ni(II)GGH, but not Ni2+ alone, will catalyze the decomposition of 

hydrogen peJ:-oxide as shown in Figure 3 .19. Tioso4 -detectable levels of 

hydrogen peroxide cleal:"ly decreases with time and the rate of breakdown 

is dependen1: on the concentration of Ni (II) GGH. 

3.3.2. Oxygen Producti()n. 

Disproportionation of H2o 2 activity is defined as the production 

of molecular oxygen concurrent with a decrease in H2o 2 concentration. 

Figure 3. 20 illustrat1~s that increased oxygen production from H2o 2 

occurs in tl:le presence of Ni (II) GGH. Disproportionation activity can 

be observed at concentz-ations as low as 5 x 10-6 M for Ni(II)GGH in the 

presence of very high c::oncentrations of hydrogen peroxide ( eg. 50 mM) • 

Ni(II)GGH is far more active in breaking down H2o 2 than any of the 
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Figure 3.20: Dose-dependent rate of molecular oxygen production with 
increasing Ni(II)GGH and H2o2 concentrations. Additional details are 
provided in Table :3 • 4 . 
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Table 3. ·4: Hydrogen Peroxide Disproportionation Activity of Some 
Nickel-P•aptide Complexes. 

Rate of Oxygen Production (divisions/sec) 
Peroxide Concentrationd Additions to 

Reaction M:lxturea 
Hydrogen 

10-2 M 10-3 M 10-4 M 

1 mM Ni (:CI) GGH 0.335 ±0.018 0.035 ±0.001 0.026 ±0.005 
500 }.1M Ni(:CI)GGH 0.110 ±0.001 0.012 +0.001 o.ooo ±0.001 
100 }.1M Ni (JCI) GGH 0.063 ±0.001 0.013 ±0.001 0.000 +0.001 

10 llM Ni(JCI)GGH Oo020 +0.001 0.007 ±0.001 o.ooo ±0.000 
100 llM GGH (alone) 0.000 0.000 nd 

1 mM Ni2-i- (alone) o.ooo nd nd 
1 mM Ni~J:II)GGH 0.131 +0.020 nd nd 
1 mM CU -i-, Mn2+, Cd~~+, 

or zn2+ GGH 0.000 nd nd 
40 units c:atalase nd 1.158 0.102 

1 mM Ni(J:I)GGHG 0.142 ±0.008 0.011 ±0.001 0.001 +0.001 
500 }.1M Ni (II) GGHG 0.081 +0.003 0.012 ±0.001 0.003 ±0.001 
100 llM Ni(J:I)GGHG 0.016 ±0.002 0.009 +0.001 0.007 ±0.001 

1 mM Ni(li)GGH 0.307 nd nd 

1 mM oxNi.(II)GGHb 0.125 ±0.006 0.023 ±0.003 o.ooo ±0.002 
500 }.1M oxNi. (II) GGH 0.055 +0.055 0.008 +0.001 o.ooo +0.001 
100 }lM oxNi. (II) GGH 0.022 ±0.010 0.002 +0.002 0.000 ±0.001 

1 mM Ni(II)HGGH 0.315 nd nd 

1 mM Ni (II) asp-ala-h.is-lys 0.015 +0.001 0.006 +0.001 nd 
100 }lM Ni(II)asp-ala-h.is-lys 0.000 o.ooo nd 

1 mM Ni(II)GGH 0.302 nd nd 

100 llM Ni(II)cysteine 0.023 nd nd 
100 llM Ni(II)GGGa 0.000 nd nd 
100 llM Ni (II) GGG 0.000 0.000 o.ooo 
100 }lM Ni(II)Histidine 0.000 nd nd 
100 llM Ni (II) HSA 0.000 nd nd 
100 llM Ni (II) EDTA 0.000 0.000 nd 

0.1 M NaClo4 (pH=9.6) 0.012 0.000 nd 
1 mM Ni(II)GGGc 0.089 +0.030 0.078 ±0.020 0.039 +0.009 

100 llM Ni(II)GGHc 0.861 ±0.149 

a: All experiments were~ done in o .1 M KH2Po4 (pH=7. 4) unless otherwise 
specified. 

b: oxNi(II)GGH is a air-oxidized sample (24 h) of Ni(II)GGH. 
c: Reactions were performed in 0.1 M NaCl04 , pH=9.6. 
d: nd, not determined. 
Values are expressed as the mean ± so of two replicates. 
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other nickel complexes tested (Table 3.4), but it is obviously not as 

effective as catalase. The catalytic activity of Ni (II) GGH is more 

potent when reactions liere carried out in 0.1 M Nac1o4 (pH=9.6). 

3 . 3 • 3 • Dete<::tion of ,S,y]>eroxide Anions. 

Both N:l(II)GGH and. Ni(II)HSA will catalyze the reduction of NBT2+ 

in the presence of H2o 2• This reduction does not occur in the absence 

of the metal (i.e., li,;,and alone), in the absence of the ligand (i.e., 

metal alone) , and is clearly dependent on the concentration of H2o2 

present (Fiq. 3.21). 'rhe spectrum of the initial reduction product of 

NBT2+, namely NBT+ (monoformazan) , is shown in Fiqure 3. 22 and is 

identical to that reported in the literature (Auclair and Voisin, 

1985) • Thus NBT2+ reduction is confirmed. Furthermore, addition of 

various inhibitors att•ast to the fact that NBT2+ reduction is mediated 

by superoxide anions (Table 3. 5) • Specifically, SOD and catalase 

completely inhibit NB'I2+ reduction, whereas heat-treated SOD is less 

effective a:nd mannitol does not. The 15-min heat treatment (in a 

boiling wate!rbath) of s:oD was later found not adequate for its complete 

inactivation, and tbis provides an explanation of the partial 

inhibition c1bserved. 

3 . 3 . 4 • Hydrcqcylation o( p-Ni trophenol. 

Hydroxylation of p-nitrophenol was observed during nickel(II) 

complex dis:proportiona tion of hydrogen peroxide (Fig. 3 . 2 3) . This 

reaction is dependent on the concentration of both H2o 2 and the 

nickel (II) -complex catalyst concentration (Fig. 3. 24) . Hydroxylation 

of p-nitrophenol was o.bserved at levels as low as lo-5 M H2o2 in the 
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Figure 3 • .21: Dose-dependent reduction of NBT2+ with increasing H?02 
concentration in th•;l presence of Ni(II)GGH. The reaction med~um 
consisted ,:>f 2 X 10-4 M NBT2+ and 1 X 10-4 M Ni (II) GGH in 0.1 M KH2Po4 
(pH=7.4). 
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Table 3.5: Nitroblue.Tetrazolium Reduction During Ni(II)GGH-Catalyzed 
Disproportionation of Hydrogen Peroxidea 

Additions to 
Reaction Mixture 

System 1 
none 
82 pg/mL Catalase 
10 mM Mannitol 
2 o mM Mannitol 

System 2 
none 
Ni2+ alo:ne 
GGH alon•e 
Ni(II)GGH 
Ni(II)GGHG 
Ni(II)asp-ala-his-lys 
oxNi (II) •:;GH 
Ni(II)GGH + 11 pgjm.L SOD 
Ni(II)GGH + 11 llg/mL heat-

treated SOD 
HSA 
Ni(II)HSA 
Ni (II) HS~~ + 11 llg/IILL SOD 

Ni (III) <;t:;H 
Ni(II)GGHG 
Ni(II)asp-ala-his-lys 
Ni (III) Gt;H minus H202 

Absorbance (560 nm) at time 
15 min. 30 min. 45 min. 

0.865 
0.006 
0.861 
0.868 

0.000 0.001 0.001 
0.006 0.006 0.010 
0.010 0.010 0.008 
0.678 1.057 1.327 
0.297 0.447 0.610 
0.022 0.037 0.050 
0.191 0.380 0.537 
0.019 0.019 0.019 

0.244 0.528 0.773 
0.016 0.014 0.016 
0.035 0.057 0.074 
0.001 0.000 0.001 

0.209 0.370 0.496 
0.097 0.229 0.346 
0.042 0.071 0.083 
0.009 0.012 0.012 

a: Experimental Details: Reduction of NBT2+ is detected as an increase 
in the absorbance at 560 nm. Reference contains NBT2+ only. All 
addition:; were made at 1 x 10-4 M unless otherwise specified. 

System 1: Reaction mixture contained: 7. 8 x 10-5 M NBT2+, 1 x 10-4 M 
Ni(II)GGH, and 17 mM H:a02 in 0.1 M KH2Po4 (pH=7.4). 

System 2: R•~action mixi:ure mixture contained: 2. o x 10-4 M NBT2+, 10 mM 
H202 in 0.1 M KH2Po4 (pH=7.4). 
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Figure 3 •. 22: Time-dE!pendent reduction of NBT2+ in the presence of 
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presence of 10-4 M nic.k:el (II) GGH. The other nickel complexes listed in 

Table 3 • 6 c:an catalyzu this reaction as well, but the rates are much 

slower. Fe2+/EDTA hydroxylation of p-nitrophenol is well characterized 

(Florence et Al·, 198!i) and was used as the positive control in this 

experiment. It is .cl•!ar that nickel (II) -peptide complexes are not as 

effective af:s this posii:ive control. 

Although both catalysts yield hydroxylation products with similar 

UV/VIS spec1:.ra (data not shown), (Fe2+ /EDTA) -mediated hydroxylation is 

significantly inhibited by mannitol (Florence et al., 1985), whereas 

this scavenger clearly has no inhibitory effect on the nickel (II)­

peptide cat:alysts. Similarly, SOD does not have any suppressing 

effect, whereas catalase totally inhibits the reaction, again 

establishin~r hydrogen peroxide dependence. Although the yield of p­

nitrocatechc»l was great:er in the presence of SOD, the data in Table 3. 6 

indicate thclt this sup·~roxide anion scavenger itself does not catalyze 

the hydroxylation of p-·ni trophenol. 

A quant:i tati ve asnessment of the various species during Ni (II) GGH 

catalyzed disproportionation of H2o2 is shown in Figure 3.25. 

Calculations based on molar absorptivities, suggests that NBT2+ 

reduction and p-nitrocatechol formation occurs at an approximate 1:1 

ratio; whereas the q'lanti ty of hydrogen peroxide decomposed is ten 

fold higher. It was not possible to quantify the release of molecular 

oxygen in this reactioJ1 since the solution concentration to which the 

electrode re~sponds fails to take into account the o2 lost into the 

ambient air. 
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Table 3.6: Hydroxylation of p-nitrophenol during Ni(II)-Oligopeptide 
Complex ca·talyzed Disproportionation of Hydrogen Peroxide. 

Additions to Quantity of p-nitrocatechol Formed 
Reaction Mi:cturea (moles x 108) b 

no addition 0.06 

Ni2+ 0.06 

GGH 0.07 

8 pgjmL SOD 0.00 

Heat-Treated (8 pg/mL) SOD o.oo 

Ni (II) GGH 2.-47 

8 pgjmlJ SOD 2. 57 

Heat-Tl~eated ( 8 JJ~r/mL) SOD 2. 4 7 

0. 3 pg/mL CatalasE! 0. 07 

0.03 M Mannitol 2.05 

0.11 M Mannitol 2.68 

0.39 M Mannitol 2.56 

Ni(II)asp-ala-his-lys 0.09 

Ni(II)GGHG 1.56 

Air-Oxidized. Ni (II) GGH (oxNi (II) GGH) 

Fe2+/EDTA 

1.53 

2.93 

a: Initial reaction mil!:ture contained: 1. 5 mM p-nitrophenol, 10 mM 
hydrogen peroxide in 0.1 M KH2Po4 (pH=7.4); all additions were made 
at 1 x 10-4 M unlesE; otherwise specified; reaction time was 30 
minutes and the reaction was initiated by the addition of H2o2 . 

b: Values re.present the: average of triplicate experiments with a 
maximum range of ±0.01 in all cases. 
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Figure 3. 25: Quantit:ative summary of the various species formed during 
Ni(II)GGH-catalyzed disproportionation of H2o2 (c.f. Figs. 3.19, 3.22 
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3. 4. Nickel !IIl -PeptidE~ Catalyzed Degradation of Biomolecules. 

3. 4. 1. Degradation of !;rric Acid. 

The formation of uric acid during xanthine oxidase catalyzed 

oxidation o:f hypoxantl:.ine can be directly observed by following the 

absorbance cLt 292 run. :Cn the presence of Ni (II) GGH or oxNi (II) GGH, the 

decrease in absorbanc:e following the conclusion of hypoxanthine 

oxidation suggests that uric acid degradation is occurring (Fig. 3.26), 

and this reaction is inhibited in the presence of catalase or SOD (data 

not shown). The nickel(II)-peptide complexes do not appear to inhibit 

the enzyme since the completion of uric acid formation, requires 

approximately the same time-span in both the control samples and in the 

presence of the nickel:II) complexes. By contrast, oxNi(II)GGH clearly 

inhibited th.e enzyme by about 50 % such that the absorbance at 292 nm 

continues to increase for an additional 3 min. 

The ability of various nickel(II) complexes to catalyze the 

degradation of uric acid (in the presence of H2o2 ) is summarized in 

Figure 3.27. The reac·t:ivity sequence in Equation 3.6 is supported by 

this data. The glycine peptides did not catalyze this reaction at 

pH=7.4, but did so at pEl values near 11.0 (Eqn. 3.7). Presumably, this 

indicates th.at the metal complex does not form in appreciable amount 

unless alkaline conditions exist. In all cases, uric acid was in 250 % 

excess of the nickel ccmplex and 100 % destruction of the molecule was 

eventually o}bserved. 

Ni (II) GGH > Ni (II) GG::IG > Ni (II) asp-ala-his-lys 

Ni(II)GGGG > Ni(II)GGGa > Ni(II)GGG 

at pH=7.4 

at pH=11.0 

(3. 6) 

(3. 7) 
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Figure 3.26: Effect of Ni(II)GGH and oxNi(II)GGH on uric acid 
productic,n during xanthine oxidase catalyzed oxidation of 
hypoxanthine. Reaction mixture contained: 0.25 pM hypoxanthine, lo-7 M 
xanthine oxidase in 0.1 M KH2Po4 (pH=7.4). 
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Table 3.7: The Ability of Ni(II) Complexes to Catalyze the 
Degradation of Uric Acid. 

Additions to 
Reaction Mixturea 

Ni(II)GGH 

Ni(II)GGHG 

Ni(II)asp-ala-his-lys 

Ni(II)EDTA 

Ni(II)cysteine 

Ni(II)Histidine 

Ni(II)HSAc 

Ni(II)Penicillamined 

Ni(II)Glutatnioned 

Cu(II}GGHd 

Fe2+/EDTA 

% Uric Acid Destroyed 
after 60 minutesb 

93.7 % 

88.2 % 

54.6 % 

o.o % 

o.o % 

o.o % 

0.0 % 

o.o % 

0.0 % 

o.o % 

0.0 % 

78 

a: The reac·t:ion mixturH contained: o. 2 6 mM uric acid, o. 1 M hydrogen 
peroxide, in 0.1 M Jrn~Po4 (pH=7.4): all additions were made at 1 x 
1o-4 M, unless otheiw1se specified. 

b: Results are express•!d as the mean of duplicate experiments (Maximum 
SD ± 0.1 %). 

c: 20 mM hydrogen peroxide was used: under these conditions, 96.6 % of 
the uric acid was dostroyed after 45 min in the presence of 
Ni(II)GGH. 

d: 10 mM hydrogen permcide was __ used; under these conditions, 85.5 % of 
the uric acid was dostroyed after 60 min in the presence of 
Ni(II)GGH. 



Table 3. 8: ~l'he Effect c>f Various Inhibitors on the Rate of Uric Acid 
I>estruction Catalyzed by Ni(II)GGH in the Presence of 
llydroqen Peroxide. 

Additions to 
Reaction Mixturea 

none 

0.1 mM HSA 

38.3 Pq/mL SOD 

27.2 pqjmL catalase 

18.0 mM Mannitol 

73.0 mM Manrlitol 

1. 0 mM ImidsLzole 

43.0 mM Imidazole 

76.0 mM Imidazole 

1.0 mM (NH4)2HP04 

% Uric Acid Destroyed 
After 60 Minutesb 

73.8 % 

72.8 % 

16.2 % 

2.2 % 

73.0 % 

71.7 % 

73.1 % 

64.1 % 

53.8 % 

66.5 % 

79 

a: The react.ion mixture~ consisted of: 0. 25 mM uric acid, 10 mM hydrogen 
peroxide, 0.1 mM Ni(II)GGH in 0.1 M KH2Po4 (pH=7.4) 

b: The results are expJ:-essed as the mean of three replicates. The so 
did not e~xceed + 0 • 1 % • 
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Figure :3.29: Effe::t of heat-treated and untreated SOD on the 
Ni(II)GGH-catalyzecl destruction of uric acid. Reaction mixture 
consisted of: 30 ~: H2o2 , 10-4 M Ni(II)GGH and 0.26 mM uric acid in 
0.1 M KH~!P04 (pH=7 . .t~). Heat-treatment involved placement (of SOD) in a 
boiling water bath j:or 10 min. 
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Copper bound to GGH or Fe2+ /EDTA in the presence of H202 did not 

display thif; catalytic activity. 

The amount of uric acid consumed was directly correlated with the 

quantity of glyoxylic acid formed (Fig. 3.28). The effect of various 

inhibitors on this reaction is summarized in Table 3. 8. SOD alone 

inhibited t.he rate c1f uric acid destruction by about 65 % and 

inhibition by heat-treated SOD (boiled for 10 min) was reduced to 30 % 

(Fig. 3.29). Inhibition by-catalase is virtually complete, and dose­

dependent inhibition w.:ts observed at high concentrations of (NH4) 2HP04 

or imidazole. By contrast mannitol, like HSA, had no effect (Table 

3.8) even at: high concEmtrations (73 mM). 

3. 4. 2. Formation of g, ~~hiobarbi turic Acid Reactive Substance from 2-
Deoxy-D-Ribose. 

Well-characterized hydroxyl radical generating catalysts such as 

Fe2+/EDTA and cu2+;1,10-phenanthroline catalyze a "TBA detectable 

damage to 2-deoxy-D-ribose". This reaction is far more effective in 

the presence of hydrogen peroxide. As shown in Table 3. 9, nickel 

complexed to any of the histidine-containing peptides, but neither the 

hydrated Ni ;~+ ion nor the peptides themselves, displays this catalytic 

activity. ~l'his reacti1:>n yields products with the same UV/VIS spectral 

characterist:ics observHd in the Fe2+ /EDTA-catalyzed reaction (data not 

shown). The formation of the TBA chromogen catalyzed by the nickel 

complexes is inhibited by the presence of SOD, catalase, and high 

concentratic•ns of glutathione, but not when the hydroxyl radical 

scavengers, mannitol OI' urea was added. 
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Table 3.9: Measurement of Thiobarbituric Acid Detectable Damage to 
Deoxyribose in the Presence of Hydrogen Peroxide and Various 
lfickel Complexes and the Effect of Oxygen Radical 
Scavengers. 

Addi tiom; to Absorbance Absorbance Relative to 
Reaction Mixturea (535 nm)b Control 

0.4 mM FeS04 0.430 ±0.006 > 100 % 

0.4 mM Feso4 (minus H2o2) 0.279 +0.006 > 100 % 

cu2+-1-1o phen/1.9 mM Glut 0.455 ±0.011 > 100 % 

Ni(II)GGH ((:ontrol) 0.178 ±0.003 100 % 

1.9 mM Glutathione 0.157 ±0.005 88.2 % 

3.8 mM Glutathione 0.139 ±0.003 78.1 % 

16 llg/ml~ SOD 0.088 ±0.003 49.6 % 

140 llg/IllL Catalase 0.032 +0.001 17.4 % 

0.14 M Urea 0.166 ±0.007 93.2 % 

30 mM Mannitol 0.524 +0.003 > 100 % 

60 mM Mannitol 0.519 ±0.004 > 100 % 

H202 (alone) 0.001 ±0.001 o.o % 

GGH (alone) 0.070 ±0.001 39.3 % 

Ni2+ (alone) 0.083 ±0.002 46.6 % 

2.0 mM Glutathione 0.000 +0.001 0.0 % 

Ni(II)GGHG 0.139 ±0.003 78.1 % 

Ni(II)asp-ala-his-lys 0.106 ±0.001 59.6 % 

a: The reac1:ion mixturj! contained: 0.9 mM deoxyribose, 70 mM KCl and 50 
mM H202 in 0.1 M KH2P04 (pH=7.4); all additions made at 1 x 10-4M 
unless o1:herwise spt!cified. 

b: The absorbance is e:cpressed as the mean ±SD of three replicates. 



3.5. Chemiluminescence in the Presence of NickelCIIl Peptide 
Complexes and Superoxide Anions. 

84 

Chemiluminescence was observed during xanthine oxidase oxidation 

of hypoxantlline only in the presence of Ni(II)GGH or Ni(II)GGHG (Fig. 

3.30). 01: the various scavengers added, only SOD reduced this 

chemiluminescence to background levels (Table 3.10). Direct mixing of 

H202 and Ni(II)GGH or Ni(II)GGHG yielded a powerful burst of 

chemiluminescence that was again diminished in the presence of SOD. 
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Table 3.10: Chemilum.inc~scent Activity of Ni (II) -Peptide Complexes in 
the Supero:dde-Anion Generatinq System. 

Additions to 
Reaction Mixture 

System 1b 

minus Ni(II)GGH 

minus hypoxanthine 

plus 12 11qjmL SOD 

plus 0.1 mqjmL Catalase 

plus 0.2 mqjmL Catalase 

plus 23 mM 2,5 Dime1nylfura~ 

plus 50 DlM Hydroqen Peroxide 

System 2c 

5 X 10-5 M Ni(II)GGHG 

plus 23 DlM 2, 5 Dime1:hylfuran 

System 3d 

plus 12 ~tqjmL SOD 

Corrected 
counts per seconda 

1400 

60 

118 

78 

1598 

1508 

1056 

40,000 

22,000 

11,362 

24,800 

920 

310 

86 

a: Corrected counts peJ:- second (CPS} is the CPS observed minus the 
backqrour.td. Data represents sinqle measurement, al thouqh the 
relative responses ~rere reproducible from experiment to experiment. 

b: The complete system consisted of: 0.53 mM hypoxanthine, 0.1 lJM 
xanthine oxidase and 2.5 x 10-4 M Ni(II)GGH in 0.1 M KH2P04 
(pH=7.4); backqrounCl counts for the buffer alone were 40 CPS. 

c: Same as in b but Ni(II)GGHG was present instead; backqround counts 
for the 'buffer alone~ were 110 CPS. 

d: 50 mM H202 was added to 5 x 10-5 M Ni(II)GGH in 0.1 M KH2Po4 
(pH=7.4). 
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4: DISCUSSION: 

4. 1. Charact:erization .smd Properties of the Nickel C III l and Nickel C II l 
Peptide: Complexes Studied: 

4.1.1. UV/VIS Spectra. 

Histidine-containing nickel(II)-peptide complexes used in this 

study and p:cepared under physiological conditions (of 0.1 M KH2P04 or 

0.1 M HEPES~" pH=7.4) d.isplayed UV/VIS spectral properties identical to 

those reported by o·:her investigators using much more alkaline 

conditions (for examph1, at pH=11, Bryce et al. , 1966; and at pH=8. 2, 

Bossu and Margerum, 1977). A change in the UV/VIS absorption spectrum 

from the lo'i.\' intensity absorption band of the Ni (II) complexes (near 

420 nm) to t:wo intense charge-transfer bands centered at 340 nm and at 

245 nm accompanies electrochemical oxidation (Bossu and Margerum, 1977; 

Subak et al., 1985). Although Bryce et al. (1966). reported seeing a 

second absorption shoulder centered between 450 nm and 480 nm for 

Ni(II)GGH, such a peak was not observed in this study. Bulk 

electrolysis is not 10 D % efficient and hence the quantity of Ni (III) 

present must be assessed before molar absorptivities can be calculated. 

Using this approach, Bossu and Margerum (1977) and Kirvan and Margerum 

(1985) determined that characteristic absorption maxima extend anywhere 

between 325 to 355 nm uith ranging from 4,000 and 6000 M-1 cm-1 for a 

series of electrochemically generated nickel(III)-peptide complexes. 

Under the conditions used in the present study, although the 

immediate products of electrochemical oxidation are nickel (III) . as 

judged by EPR evidence and the formation of a brown product, the exact 
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number of oxidizing ·~quivalents (ie. Ni(III)) were not determined. 

Hence, the molar abso:rptivities given in Table 3.1 are really only a 

qualitative indication of the approximate yield and stability of the 

Ni(III) complex at thE! time of measurement. For Ni(III)GGGa, a molar 

absorptivity of 1000 :t 130 M-1 cm-1 at 315 nm was obtained which is 

only 20 % •Of the val11e reported by Bossu and Margerum (1977) under 

similar conditions (c. :E., 5360 ± 150 M-1 cm-1 at 325 nm). 

Similar •::omparisons cannot be made for the Ni (III) -histidine­

containing •oligopeptid.as because the UV/VIS spectral properties have 

not been reported. Houever, the Ni(III)/(II) redox potentials of the 

histidine containing peptide complexes are higher than of the other 

peptide complexes (Section 4 .1. 3.), suggesting that the nickel (II) 

complex is favoured. Hence, the efficiency of conversion and the 

corresponding molar absorptivities (as defined above), might be 

expected to be lower (Uuttafava et al., 1986). 

It is not clear a1: this point whether the decomposition of Ni (III) 

complexes involves reversion to the original nickel (II) complex, or 

rearrangement to fornt novel products. Although both pathways are 

presumed to occur, the latter appears to be favoured as judged by the 

persistence of the brown colour, and by previous reports demonstrating 

that the autoxidatio:11 of other nickel (II) -oligopeptide complexes 

resulted in the formation of novel products via a nickel (III) 

intermediate~ (Paniago ~!t al., 1971; Bossu et ill·, 1978). 

4.1.2. Air Qxidation o:t~ NiCIIlGGH. 

Air-oxidized Ni(IJ:)GGH, oxNi(II)GGH, is further characterized by a 

novel second intense absorption peak at 305 nm. To our knowledge, this 
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band has nc>t been reported in the literature, although it has been 

observed by Dr. Margerum and his colleagues (private communication). 

Its intensity is buff·er and pH-dependent and it will not form under 

anaerobic conditions (data not shown) • The origin of this absorption 

peak is no1: known wi1:h certainty. Unpublished work, drawn from Dr. 

Margerqm's laboratory, indicates that immediately after the formation 

of the "Ni ('II) (H_2 (GGH)) -.. complex (1o-3 M) in 4. 97 x 10-3 M borate 

buffer (pH=6.5) the complex undergoes an autoxidative reaction such 

that in thE! presence of 1.9-fold excess of Ni(II)GGH over dissolved 

molecular oxygen, there is complete oxygen consumption with a 

stoichiometric release of carbon dioxide. This reaction was shown to 

conclude af·ter 2 to 3 hours, and the characteristic peak at 305 nm 

began to d.evelop in an autocatalytic fashion (Gray and Margerum, 

unpublished data). ~tring the initial phase of the autoxidative 

process, an oxidizing agent was shown to be present which was most 

abundant during the 9reatest rate of o2 uptake and was no longer 

detectable '"hen the peak at 305 nm had fully formed (t - 24 h). In a 

subsequent study using Ni(II)GGGG, similar .reactions were observed and 

the oxidizi:o.g power was attributed to the presence of a nickel (III) 

intermediatE! (Bossu et gl., 1978). Although it is suspected that the 

autoxidation of Ni (II) GGH occurs via a similar intermediate, there is 

no direct e'iTidence as spectral changes attributable to Ni(III) are not 

observed. Support for the role of Ni (III) is provided in the present 

study. Specifically, it was found that the 2- to 3-h induction time 

required beJcore initial evidence of the 305 nm peak was eliminated by 

first gene:rating the Ni (III) GGH by electrochemical oxidation. 
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Immediately after electrolysis, spectral changes were apparent in the 

305 nm range at a rat:e of 0.017 abs units/min (for a 10-3 M sample; 

Fig. 3.3). 

Based on these results, a mechanism for the formation of the 305 nm 

peak may be proposed. It is postulated that molecular oxygen binds to 

the nickel complex fac:ilitating the formation of the superoxide anion 

radical: 

Ni(II)GGH-02 Ni(III)GGH-02- ( 4 .1) 

Thus an electron is t:l:'ansferred from the nickel center to the oxygen 

molecule resulting in the formation of a transient Ni(III)-o2- species 

The activated o 2 andjc1r the tervalent nickel itself has the potential 

to oxidize the peptid'!, perhaps forming a ligand radical which then 

decarboxylat.es to yield co2 • Subsequently, there is then some kind of 

peptide mc1dification that yields the brownish-yellow complex 

characteriznd by the absorbance maximum at 305 nm. 

It is clear that tho final product that absorbs at 305 nm is not a 

Ni (III) complex since the oxidizing power is clearly absent at this 

point. EPR signals ~·ere not detectable during any stage of the 

autoxidation process; although it is possible that the absolute 

concentratie>n of Ni(III) may have been beyond the detection limit of 

the EPR in.strument (which is 10-6-10-7 M; Willard et al. 1 1974). 

Furthermore, the complex with the "fully formed" 305 nm peak can be 

broken up by acidificai:ion (to pH=2). Upon readjustment to the original 

pH, this peak was observed.again (data not shown). This suggests ligand 

modification, as Ni (III) would not be stable as the free ion in the 
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acidified E;olution. :en macrocyclic systems where nickel-catalyzed 

activation ()f molecular oxygen has been observed, similar intermediates 

to those shown in Equation 4.1 have also been proposed (Kimura et al., 

1981). These macrocyclic complexes have low redox potentials (-0.24 V 

versus SCE) , are easily oxidized and the intermediates are able to 

catalyze the hydroxyla·tion of benzene (Kimura ~ ll· , 1982; Kimura and 

Machida, 1984). Attempt:s to hydroxylate benzene during the autoxidative 

process using Ni (II) GGH were not successful (Nieboer et al., private 

communicaticm) . 

4.1.3. Presence and Re,rersibility Qf ~ NiCIIIl/CIIl Redox. 

Freshly prepared nickel (II) peptide complexes are low spin d8 

species whic:::h are EPR silent. Definitive evidence for the presence of 

the high spin (nickel (J:II)) d7 species is given by the detection of EPR 

signals (Bossu and Marc:rerum, 1977; Lappin et al., 1978). Although it is 

not known what percen·tage of the nickel complexes are oxidized (by 

electrochemical oxidation), Figures 3.5-3.8 confirm that nickel(III) is 

present and the posit:Lon of the gl 1 peak in the 2800-2900 G region 

indicates that it is 1:he metal that is oxidized, and not the ligand 

itself (Barefield and Mocella, 1975; Bossu and Margerum, 1976; Lappin 

et al. , 1978) . If ligand oxidation had occurred, the paramagnetic 

product would be a nitrogen- or carbon-centered radical, and such 

species would have pea:lcs in the 3200 G region. In other words, the 

• complex would be rewri1:ten as Ni (II) GGH and the gl 1 and g...L. peaks would 

be very close to each other (Lappin et gl., 1978; Brodovitch et al., 

1980) . 

Like the nicke:~(II)-macrocyclic polyamine complexes, the 
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nickel (II) .oligopeptide complexes have strong in-plane donors which 

tend to stabilize the tervalent state of nickel relative to the 

solvated cation itself or to complexes with non-macrocyclic ligands 

(for exampl•a 1 nickel(II)histidine; Zeigerson et al., 1979; Bencini et 

al. 1 1981; Buttafava et al. 1 1986). The strength of the various 

equatorial donors has been shown to increase in the order N-(peptide) -

N-(amide) > -NH2 > imidazole - co2- and this results in a corresponding 

increase in the equito:rial g (g~J value (Subak et al. 1 1985). A change 

from a t~~ly square-planar complex to a tetragonally distorted 

octahedral geometry ,!ccompanies electrochemical oxidation of the 

nickel (II) oligopeptides. Specifically 1 Lappin et al. ( 1978) defined 

the tetragonally dist()rted octahedral complexes of nickel as those 

which give signals wi·:h gJ. greater than (i.e. 1 to the left of) gl 1 

(c.f. 1 Figs .. 3.5-3.8). Based on molecular orbital considerations, the 

observed multiplicity is consistent with the residence of the free 

electron in the dz2 orbital or which may be thought of as pointing 

along the a:~eial-plane :>f the nickel (III) complex (Subak et al., 1985). 

If the oxidized produc1:s were square planar 1 g.J.. would be located to the 

low field side of gl/ 1 and this is not observed. The tetragonally­

distorted 9eometry i~:; the most common for nickel (III) complexes 

(Sugiura and Mino 1 1979) 1 and this allows the use of the shape of the 

signals at CJI 1 to iden1:ify the axially coordinating species. 

The EPR spectrum for Ni(III)GGH in 0.1 M ~2Po4 (pH=7.4, Fig. 3.5) 

suggests that two different nickel complexes are present. The data 

support th.e interpretation that a major species with axially 

coordinatinc:r oxygen dcmor atoms ( 16o 1 I=O, singlet at g I I) coexists 
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with a min<>r species that contains one axially coordinating nitrogen 

donor atom ( 14N, I=1,. triplet at g I I) . Presumably, water molecules 

occupy the axial coe>rdination sites in the former case, and an 

attachment of a second GGH ligand (ie. Ni(II)-(GGH) 2 ) likely occurred 

in the latt•er case (La:ppin et al., 1978; Sugiura and Mino, 1979; Kirvan 

and Margerum; 1985). Preparation of Ni(III)GGH in 0.1 M NaCl04 at 

progressively decreasing pH values results in a corresponding decrease 

in the minor species, such that at pH=6. 5 only the major species 

(observed in phosphatn buffer) exists (Fig. 3.8). That is, at pH=6.5 

the excess GGH presen1: (- 10 %) is protonated, effectively inhibiting 

its axial c1::>ordination to the Ni (III) GGH complex. 

Both asp-«ila-his-lys and GGHG can also stabilize the tervalent nickel 

in 0.1 M KE:2P04 at pH==7. 4 (Fig. 3. 6 and 3. 7) • However, in contrast to 

Ni (II) GGH, the axially coordinating atom is provided by the ligand 

itself. For asp-ala-h.ls-lys, information based on NMR data suggests 

that the carboxylate oxygen from the side chain of aspartic acid 

appears to axially co1>rdinate in the nickel (II) complex (Laussac and 

Sarkar, 198 4) • The corresponding Ni (III) species appears to maintain 

this structure, resulting in a singlet at g/l• For GGHG , the triplet 

at gil suggests that a nitrogen donor atom is coordinated at one of the 

axial positions. The e:cact nature of the nitrogen donor atom is unknown 

but likely involves Hither the deprotonated amide function between 

histidine and the carboxy-terminal glycine residues or the nitrogen of 

the imidazole ring of histidine (Dr. Margerum, personal communication). 

The re,rersibility of the change in oxidation state can be assessed 

using cyclic vol tamme!try. A linear relationship between Ecathode-
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Eanode) as a function c>f the square root of the scan rate suggests that 

a metal complex has re,rersible redox properties (Willard et gl., 1974). 

For Ni(II)GGH in phc1sphate buffer (0.1 M, pH=7.0 or 7.7), this 

criterion is fulfillEld as shown in Figure 3.10. By contrast to 

controlled-potential electrochemical oxidation in which the generated 

Ni(III) complexes decompose to form new Ni(II) products, the immediate 

reduction of the fres:tlly-formed Ni (III) intermediate to the starting 

nickel(II) c~omplex occ~rs in cyclic voltammetry. That is, upon forming 

the Ni(III) species, :Lt is quickly reduced back to Ni(II) before any 

geometric rearrangen1ent (e.g., square-planar arrangement to a 

tetragonally-distorted octahedral) and the accompanying acid base 

equilibration is allowed to reach completion (Bossu and Margerum, 

1977). 

The reversible electrochemical behaviour allows the midpoint between 

the oxidati·on and reduction peaks to be a reasonable estimate of the 

Ni (III) 1 (II) -peptide r1~dox couple. The redox potential of the nickel­

histidine c1ontaining cligopeptides prepared under the conditions used 

in this study were al:. around o. 732 V (versus SCE), which are values 

similar (maximum deviation ± 8 mV) to those reported by Bossu and 

Margerum (1'977) at pH==S. 2. The redox potentials for the other Ni (II) 

tri- and higher order peptides that lack histidine are slightly lower 

(e.g., 0.50-0.66 V VE~rsus SCE; Bossu and Margerum, 1977); however 

strong alkaline conditions (e.g. , pH=9 • 6) are required as the nickel 

will not complex to tho oligopeptides at pH values near 7.4. 
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4.2. Supero:!Cide Dismutase Activity of NickelCIIl-Peptide Complexes. 

4 . 2 • 1. The 1300 assay: ~3ackground. 

Nickel (II) -peptid•a complex scavenging of superoxide radical anions 

was determined by its inhibition of cytochrome c reduction (Eqn 4.2). 

But a correc:::tion(s) ha:; to be made for this reagent's sensitivity to 

other oxidi:~ing and reducing agents (for example, H2o 2 and s-

FerricytochJrome c + 02- Ferrocytochrome c + 02 (4.2) 

mercaptoethanol; Forman and Boveris, 19S2). The addition of SOD (an 

enzyme that efficiently removes o 2 -) to the reference sample assures 

that any fu:rther reduction in the sample (without SOD) is mediated by 

o2-· Hence the reduction of cytochrome c by other reducing agents will 

occur in both the sample and the reference and reduction of the 

cytochrome c by the superoxide anion will only be observed in the 

sample. Catalase was added to both the reference and the sample to 

remove H2o 2 which can oxidize cytochrome c causing an under estimation 

of the o 2- :Clux. 

The hypoxanthine/xanthine oxidase (HX/XO) and acetaldehyde/ 

xanthine oxidase (ACET/XO) systems are known sources of o 2- (Eqns. 4.3 

and 4.5), H2o 2 (Eqn. 4.~ and 4.6) and •oH (Halliwell and Gutteridge, 

1981; Richm<>nd et al., 1981; Fridovich, 1985a) . The predominant species 

depends on the po2 , pH and on the substrate concentration. Air­

equilibrated solutions produce approximately 15 % o 2- at pH=7. 8 and 

this value increases t:o 100 % when the pH is 10. 0 and the po2 is 1. o 

atmosphere (Fridovich, 1985a). 

Hypoxanthine (HX) J.s a "double substrate" for xanthine oxidase 
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releasing uric acid a.s the final product, which has an absorbance 

maximum at 2:92 run. 

HX + 

HX 

HXO + 

+ 

+ 

+ 

HXO 

HXO 

--~> HX02 

+ 

+ 

+ 

+ 

+ 

2 a+ 

2 H+ 

(4.3) 

(4.4) 

( 4. 5) 

( 4. 6) 

The product of reactions 4.5 and 4.6, uric acid (HX02 ) has been 

shown to be an effective nonspecific, free-radical scavenger (Ames et 

al., 1981). Consequently, acetaldehyde which is oxidized more slowly by 

XO was also used as a substrate (Eqn. 4.7 and 4.8). 

CH3C (0·) H + 2 02 -+ H20 

CH3C(O)H + 02 -+ H20 

ca3coo- + 2 o2 - + 3 a+ 

-----~> ca3coo- + a2o2 + a+ 

4.2.2. Superoxide Dismutase Activity. 

(4.7) 

( 4. 8) 

Earlier studies with a series of nickel(II) complexes of 

macrocyclic polyamine derivatives (possessing partial oligopeptide 

structures), demonstrat:ed reversible redox properties. These complexes· 

were found to inhibit (xanthinejxanthine oxidase)-mediated reduction of 

nitroblue te.trazolium ion (Kimura et al., 1981, Kimura et al., 1983). 

This acti vi t:y appeared more dependent on the substi tuents attached to 

these macro(:::yclic rin9s than on their individual redox potentials. 

These complt:lXes involved non-biological ligands and the experiments 

were done at high pH, thus making it difficult to assess the biological 

relevance of these reactions. 

In the present study, similar SOD-type activity was observed when 
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three specific histidine-containing oligopeptides and human serum 

albumin were bound to nickel (II) in aqueous media (e.g. , phosphate 

buffer) at physiological pH values (i.e., 7.4). Inhibition of 

cytochrome c: reduction does not occur in the absence of the ligand and 

was very dependent on the nickel(II) complex concentration (Figs. 

3.12-3.14). The ranking of SOD activity (Eqn. 3.4) shows that Ni(II)GGH 

is the most active, displaying a two to three-fold greater reactivity 

than Ni(II)GGHG and Ni(II)asp-ala-his-lys, respectively. Similar trends 

in reactivity were observed when the same experiments were performed at 

pH=8.2, suggesting tha1: the difference in reactivity of the nickel(II) 

complex is rtot based on the fraction complexed (data not shown). Since 

all three n:ickel (II) histidine containing oligopeptide complexes have 

virtually the same red1:>x potentials (E• - o. 73 versus SCE), the basis 

for the difference in reactivity must be the presence of axially 

coordinating atoms (ie. substituent ef~ects) on both Ni(II)asp-ala-his­

lys and Ni (JCI) GGHG and not on Ni (II) GGH. The approximate doubling of 

reactivity for Ni (II) GGH possibly involves both an increase in the 

potential number c,f dismutation sites 

characteristic(s) of the ligand field itself 

and perhaps some 

which promotes the 

dismutation process. Specifically, if the decrease in cytochrome c 

reduction observed is due to the consumption of o2- by the nickel (II) 

oligopeptide complexes, Ni(II)GGH is square planar with two open 

axially-symmetrical sites which allows a greater probability of 

attachment (by o2 -) ard subsequent dismutation. Consistent with this 

model is the decrease in the catalytic activity observed for Ni(II)asp­

ala-his-lys in all reactions, since one of the axial sites is known to 
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be blocked by an oxyg·en atom of the carboxylate group extending from 

the side chain of aspaJ::-tic acid ( Laussac and Sarkar, 1984) • 

Attempts ·to demonstrate increased levels. of molecular oxygen in the 

presence of Ni(II)GGH yielded ambivalent results due to the lack of 

sensitivity of the oxygen electrode, oxygen consumption by the enzyme 

and the metal complex :Ltself, and the complicated interplay between the 

various reduced oxygen radical species in the HX/XO system. 

The effect of Ni (II) GGH and oxNi (II) GGH on a more biologically 

relevant source o:c oxygen radicals was assessed. Human 

polymorphonuclear leuk1:>cytes release a burst of oxygen radicals known 

as the "Respiratory Burst" when an appropriate stimulus is applied. 

This result:; in the rHlease of powerful oxidative species, which when 

triggered ill vivo (e.g·. , ·after endocytosis) is used to kill offending 

organisms (DeChatelet et al., 1976; Babior, 1978; Klebanoff, 1980; 

Weiss and LoBuglio, 1980). A decrease in the superoxide-anion radical 

flux generated by cells stimulated with phorbol ester (Fig. 3.16) was 

observed in the presence of both nickel complexes. Attempts to detect 

an increase in the hydrogen peroxide flux yielded mixed results due to 

the inherentt toxicity of the reagents (o-dianisidine) used and a 

possible release of ca1:alase from some of these cells. 

A decrease in cytochrome c reduction may also be mediated by an 

inhibition c,f the enzYlJte catalyzing the production of superoxide anions 

(i.e., xanthine oxidase). However, the present study confirms that at 

the level at which 1:he nickel (II) complexes were shown to almost 

completely inhibit cyt::>chrome c reduction, minimal inhibition of uric 

acid produc1:ion was observed (Fig. 3.15). However, this does not hold 
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for oxNi (II) GGa as this complex clearly inhibits xanthine oxidase, 

slowing down its activity by 40-50 % (Fig. 3. 26). Furthermore, a 

parallel increase in the hydrogen peroxide flux associated with an 

increase in the amouni: of Ni (II) GGa added occurs simultaneously with 

the decrease in cytochrome c reduction. Similarly, there is an increase 

in the ratE! of catalnse-inhibited cytochrome c reoxidation in aEPES 

buffer in the presence of increased concentration of Ni(II)GGa 

indicating ·that a gres,ter level of hydrogen peroxide is present (data 

not shown). Although s~n increase in the level of oxygen could not be 

shown unequivocally, the data so far suggests that superoxide 

dismutation occurs. 

The eJi:act mechanism by which the nickel (II) -peptide complexes 

mediate the SOD-type activity is unknown, but one possibility will now 

be presented. cuzn-SOD catalyzes the reaction eliminating o2- radicals 

(Eqns. 4.9-4.11; Fee, 1981). 

E-cu2+ + o2-

E-cu+ + o2- + 2 a+ 

E-cu+ + o2 

E-cu2+ + a 2o2 

(4.9) 

( 4 .10) 

( 4 .11) 

The decreasE~ in o2- and the increase in a 2o2 produced in the presence 

of the nickel (II) -pept~ide complexes is consistent with the following 

mechanism: 

Ni(II) + o2- + 2 a+ 

Ni(III) + 02-

Ni(III) + a202 

Ni(II) + 02 

( 4 .12) 

( 4. 13) 
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(4.14) 

Hence, the J~ickel(II) complexes are initially oxidized by o2-, perhaps 

by initial axial coordination to the metal center, followed by electron 

transfer to the supert)Xide anion with subsequent release of H2o2 . A 

second 02 -· reduces the Ni (III) intermediate, allowing for the 

regeneration of the original Ni(II) complex. Although reaction 4.13 has 

not been observed directly in the present study, the one electron 

reduction potentials for the nickel-histidine-containing-peptide 

complexes·(·· + 0.96 V versus SHE) and for o2 (- - 0.15 V versus SHE; 

Macartney, 1986) sugge~sts that the o2- should be able to reduce the 

intermediatE~ Ni (III) complexes. Furthermore, reduction of Ni (III) by 

02- has been propoSE!d previously. Specifically, Macartney (1986) 

suggested that o2- mediates the reduction of Ni(III)tris(2,2'­

bipyridine) complexes during the catalytic cycle involved in the 

decomposi ticm of H202 . 

Other metal ions i'lere tested for potential superoxide dismutation 

activity in the presenc::e of GGH. Although the degree of binding to GGH 

in HEPES but: fer (pH=7 • .<,) by each of the individual metals tested is not 

known, it :Ls clear in Table 3. 3, that only nickel and copper and 

manganese cc:mfer this activity. It is known that for Mn2+, zn2+, and 

Cd2+, complex formation involving the deprotonated peptide linkage does 

not occur (Dolovich ei~ al., 1984). This specificity suggests that a 

nickel centered square·-planar complex is a prerequisite for superoxide 

dismutase activity. Both nickel and copper can form square-planar 

complexes under the appropriate conditions. Interestingly, copper ion's 

inherent SOD activity \ras significantly diminished upon binding to GGH. 
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Although Kintura et sJ,.. (1981) states clearly that Cu(II) GGH has no SOD 

activity, the current study observed approximately 51 % inhibition of 

cytochrome c::: reduction at 0. 3 mM cu (II) GGH; however, very different 

experimental conditions were used. 

If the dismutatioll of o2- by the nickel (II) -histidine containing 

oligopeptide:s does pro•:::eed as described in Equations 4.12-4.14, other 

oligopeptide: combinatjons that can lower substantially the redox 

potential c1f the ni•:::kel complex may well be better catalysts. 

Unfortunately, the redox potentials of only a limited number of 

oligopeptides involving few amino acids (including leucine, 

phenylalanine, histidi:le, glycine, valine and isoleucine) have been 

reported. In addition to lowering the redox potential, clearly, the 

choice of a.mino acids may also confer certain favourable structural 

properties (e.g. , open axial positions and substituent effects) which 

can further enhance the catalytic reactivity of the nickel(II) complex. 

4.3. Activat.ion of Hydz·oqen Peroxide~ NickelCIIl-peptide Complexes. 

Many metal ions and their corresponding complexes have been shown 

to promote t.he dispropc·rtionation of hydrogen peroxide in aqueous media 

(Macartney, 1986). However, only few reports demonstrating a similar 

role for nic:::kel have ever been presented (Wells and Fox, 1977; Siegel 

et al., 1979; MacartnE~Y, 1986). H2o2 usually is an oxidant, but can 

. t lf b 'd' d b t 1 ' h C 4+ 3+ A 3+ 1 se e o:<1 1ze y aqua-me a 1ons sue as e aq, Mn aq, g aq, 

co3+aq and ~'i3+aq· The electron transfer process is believed to involve 

an inner-sphere mechan.lsm in which the H2o2 molecule would coordinate 

directly wit.h the metal forming a MOOH(n-1)+ intermediate prior to 

electron transfer. By c::ontrast, oxidation of H2o2 by nickel appears to 
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be favoured by an outer-sphere process in which a ligand must be 

present to support tht! metal in the higher oxidation state: and the 

electron transfer to 1:he metal center seems to occur without direct 

association of the two species {McCartney, 1986). 

The overall stoic.tliometry for the two-electron oxidation of H2o2 

to moleculctr oxygen likely involves the reduction of metal-ion 

intermediates in the higher oxidation state {Brodovitch §tal., 1980, 

1982: Macartney, 1986). By contrast, certain metals can promote the 

disproporticmation of H2o 2 in a catalytic fashion {Eqns. 4 .15-4. 17: 

Florence, 1984). 

MIL+ + H202 

2 ~ + tt£<n-1) + + o~.-
"'· 

M<n-1)+ + o2- + 2 ~ 

----~ Mn+ + ~ 0 2 + H20 

{ 4 .15) 

(4.16) 

(4.17) 

Hence, react: ion 4. 15 WC)Uld generate the o 2- which in turn oxidizes the 

lower oxida1:ion state complex with the generation of molecular oxygen 

( Eqn. 4 • 16) • By cc1ntrast, H2o 2 disproportionation catalyzed by 

catalase is very efficient and proceeds as described in the following 

equations (Hay, 1984). 

Fe3+ + H202 ~~ Fe3+-Ho2- + ~ (4.18) 

H+ + FE!3+-Ho2- -~ H20 + Feo3+ ( 4 .19) 
Compound I 

Feo3+ + H202 
_ _____.. 

Fe3+ + 02 + H20 (4.20) 

(4.21) 



103 

In this mechanism, H2o 2 binds to catalase to form Compound I., which is 

then able to oxidizet another H2o 2 molecule. Although not shown, 

Compound 1 may exists as iron(IV) or even iron(V) (Eqn. 4.22; Halliwell 

and Gutteridge, 1984; lJllrich, 1983; Fridovich, 1986). 

Fe(JCII)O ~<---+ Fe(IV)O- ~<--+)o Fe(V)o2- (4.22) 

In the present study, similar reaction(s) may be postulated to 

occur with :many of the Ni(II)-oligopeptide complexes. Specifically, it 

was found that the addition of an excess of H2o 2 to physiological 

solutions ( tJ. 1 M phosphate buffer, pH=7. 4) containing the nickel (II) -

deprotonated-peptide c:omplex, but not to solutions containing the 

hydrated nickel ion 1:>r the peptide itself, resulted in the rapid 

disproporticmation of hydrogen peroxide. The products that form include 

oxygen (Tab·le 3. 4, F:Lg. 3. 20), superoxide anions (Table 3. 5, Fig. 

3. 21), and an intern.ediate capable of mediating monoxygenase-type 

reactions (Table 3.6, Fig. 3.23). Except for Ni(III)asp-ala-his-lys, 

the divalent form consistently displayed enhanced activity over the 

corresponding tervalen1: form. 

There is no reason to exclude complexes of nickel(II) from catalyzing 

the disprc:>portionatit:>n of H2o 2 by mechanisms similar to those 

Ni(J:II) + H2<>2 

2 W + Ni(II) + <>2-

Ni(II) + o 2- + 2 H+ 

Ni(III) + ~ 02 + H20 

(4.23) 

(4.24) 

(4.25) 



Ni (JCI) -+ H20:~ ~<--~> [NiO] 2+ + H20 

[Ni0]2+ + H202 Ni(II) + 02 + H20 
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(4.26) 

(4.27) 

(4.28) 

By con1t.rast to the iron in catalase, the activated oxygen atom in 

the nickel complex wc,uld be more exposed and this may allow other 

reactions t'J occur tha.t would otherwise be unlikely if this site were 

buried inside a protein. 

[NiO] 2+ ~< -~> Ni ( I::I) o- ~< -~ > Ni(III) + •o- (or •oa) (4.29) 

[Ni0]2+ RH ROH + Ni2+ (4.30) 

[Ni0]2+ + 2 H2o2 Ni2+ + H20 + 2 02- + 2 a+ (4.31) 

[Ni<>] 2+ := Ni (I::) 0] Ni(III)O- E Ni(IV)o2- (4.32) 

The po·stulated [tiiO] 2+ species is a potentially very powerful 

oxidizing aqent due to its electron deficient nature and because it is 

a potential source of hydroxyl radicals. The exact nature of this 

species is not knowr.t but by analogy to some iron systems, the 

intermediatE! may be rHpresented in several ways as shown in Equation 

4. 32 (Ulrich, 1983) . Although rare, complexes of tetravalent nickel 

have been observed and have been well characterized (Nag and 

Chakravorty,. 1980; Cocper et gl. , 1983) • In many of these complexes, 

the higher oxidaticn state is stabilized by the appropriate 

coordinatic1n of highly electronegative elements; however, such 

compounds are generally of the mixed-valence (Niii and NiiV) type 

(Cooper et stl., 1983). In the case of the iron-centered cytochrome P450 

enzymes, suc::h intermediates are capable of radical abstraction at C-H 
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bonds and/or additions: to double bonds and this is commonly used to 

explain the hydroxylat:.ng and epoxidating properties of these enzymes. 

In the hydroxyla1:ion assay, the results indicate an almost 1: 1 

ratio between the quantity of p-ni trocatechol formed and superoxide 

anion detec·ted. This :;uggests that reactions such as 4 • 2 3 , 4 • 3 o and 

4. 31 may be relevant . By contrast, the inability of the hydroxyl 

radical sca-venger, mannitol, or even SOD to inhibit p-nitrocatechol 

formation suggests tha1: perhaps reaction 4. 29 is not important and that 

free • OH are not formed. Specifically, Fe2+ /EDTA in the presence of 

H2o 2 is a lcnown source of • OH radicals and its hydroxylation of p­

nitrophenol is significantly inhibited (82 %) by the presence of 

mannitol (Florence, 19 84) • Hence the formation of p-nitrocatechol is 

likely mediated by the postulated (Nio]2+ species. Although a detailed 

analysis wa:; not carried out, (NiO] 2+ should be capable of oxidizing 

similar 

benzoic 

arc•matic substrates like benzene, salicylic acid, 

acid, etc. It is also postulated to be involved 

phenol, 

in the 

degradation of uric acid and deoxyribose (and hence DNA: Section 4.4). 

It was found that nickel(II)HSA was able to catalyze the formation 

of 02- anions in the p:resence of H2o 2 . This represents the first piece 

of evidence~ that HSA may support the redox activity of nickel. 

Unfortunately, hydz·oxylation of p-nitrophenol could not be 

demonstrated: however, this does not mean that a reactive intermediate 

did not foJ:::'lll. Perhaps: the activated oxygen molecule preferentially 

attacked thE~ large prc1tein molecule that is in very close proximity. 

Interestingly, although the addition of H2o 2 has no effect on the 

UV/VIS spec1:ra of any of the freshly prepared nickel (II) oligopeptide 
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complexes, its addition to oxNi(II)GGH and to Ni(II)HSA resulted in the 

formation of a peak centered at 378 nm suggesting that the two 

complexes may have structural similarities. 

Equations 4. 33 and 4. 34 represent alternative mechanisms 

describing nickel(II)-oligopeptide complex catalyzed disproportionation 

of H2o2 based upon work with model iron(II) complexes in acetonitrile 

(Sawyer and Sugimoto, 1985). 

Ni(II) + 2 H202 +E---+) [Ni(II)(H202)2] 

[Ni(II) (H202)2] Ni(II) + 02 + 2 H20 

(4.33) 

(4.34) 

This mechanism has been referred to as the catalase or the dioxygenase 

model (Sawyer and Sugjmoto, 1985). In these types of complexes, the 

metal center is belie:ved to be directly involved in the electron 

transfer pr()Cess and therefore must have redox properties (Siegel, 

1979). 

In both mechanisms. presented, there is a potential need to have a 

change in tlle oxidation state. This is consistent with the fact that 

only nickel(II) complexes which support a change in the oxidation state 

and not the isolated tt:L2+ itself, will catalyze the disproportionation 

of H2o2 • Furthermore, transition metal ions with filled atomic orbitals 

(e.g., zn2+ and cd2+) are redox inactive and are without significance 

in oxygen c:hemistry. By contrast, copper, iron, manganese, cabal t, 

molybdenum and vanadium are especially important in the biological 

handling of molecular oxygen (Siegel, 1979; Ullrich, 1983). Any 
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structural disturbance of the biologically defined ligands may result 

in the liberation of t~:>xic oxygen intermediates which can damage their 

environment. Iron and copper are especially important in biology and 

their levels are ri1;orously controlled. Production of extremely 

damaging radicals have been observed with simple complexes_ of copper 

(Florence, JL984, Flore:rtce et gl., 1985), iron and titanium (Halliwell 

and Gutteridge, 1.984: Grootveld and Halliwell, 1.986: H.alliwelll and 

Gutteridge, 1.986) and cobalt (Fridovich, 1986). The results of the 

present study using simple oligopeptide ligands, suggests that nickel 

can also pot~entiate oxygen damage. 

It has been speculated that the histidine imidazole ring near the 

active site of catala:;e facilitates the deprotonation of H2o2 (Hay, 

1984) . It is interest:.ng to speculate whether the imidazole ring in 

Ni (II) GGH might have a similar role since Ni (II) GGH is seven-fold more 

active than Ni (II) GGG or Ni (II) GGGG at pH=11 even though the latter 

have much lcJwer redox potentials (Bossu and Margerum, 1977). Although 

facilitated-·proton tra:rtsfer is probably not likely in the Ni (II) GGH 

since the imidazole moiety is bound to the nickel. Nevertheless, this 

moiety may be involved in the stabilization of the oxygen radicals 

generated at. the nickel through its considerable 'IT -electron density. 

Similar reactions as to those described above have been observed 

for some iron complexes. 

acetonitrile: have been shown to potentiate monoxygenase, oxidase, 

dioxygenase, as well as catalase-type reactions in the presence of H2o2 

and the appropriate sul:~strate (Sawyer and Sugimoto, 1985). 
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4.4. Degradation of Ur.lc Acid and 2-Deoxy-D-Ribose RY NiCIIl Peptide 
Complexes. 

Several biological enzymes such as myeloperoxidase, horse radish 

peroxidase, verdopero~ddase and lactoperoxidase can catalyze the 

degradation of uric ac.ld in the presence of H2o2 • In addition, various 

hemoproteine; (e.g., hematin) are themselves able to degrade uric acid: 

although the reaction is much faster in the presence of H2o2 , (Howell 

and· Wyngaarcien, (1960). Allantoin. was identified as the main product 

using thin layer chromcLtography (Howell and Wyngaarden, 1960). Although 

it is known that the a~::tive component common to each of these proteins 

is a trivalent iron-porphyrin prosthetic group, the exact mechanism of 

uric acid degradation remains somewhat speculative (Howell and 

Wyngaarden, 1960: Ames et al., 1981). 

Xanthine oxidase catalyzes the oxidation of hypoxanthine to uric 

acid (Fig. 4.1). In experiments with xanthine oxidase, it was observed 

that Ni (II) GGH and oxN'i (II) GGH can also catalyze the degradation of 

uric acid: 1:his proces:; was inhibited by the presence of both catalase 

and SOD. Subsequent e.xperiments using Ni(II)GGH clearly established 

that only H2o2 was rE~quired to initiate this reaction. Attempts to 

detect allantoin usin9 thin layer chromatography revealed a product 

that co-migrated with pure allantoin, but the spots were generally 

faint against a high background. Further evidence for the formation of 

allantoin was obtained by initially breaking down the molecule to 

glyoxylate, and subse~tently forming a chromophoric product. 

It was• observed that a 2-3 fold excess of uric acid (over 

Ni(II)GGH) c~an be completely degraded (99 %) in the presence of excess 

H202 suggesting that a catalytic reaction may be taking place. The 
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Figure 4 .1.: Pathway :cor the degradation of hypoxanthine to glyoxylate, 
ammonia and carbon dioxide. Adopted from Stryer (1981). 
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reaction results in an almost stoichiometric formation of allantoin 

(detected as glyoxylat~e). All nickel (II) oligopeptide complexes were 

capable of catalyzin9 this reaction under appropriate conditions; 

however, on.ly the hi:;tidine-containing peptides catalyzed the same 

reaction at physiological pH. It is clear that hydroxyl radicals are 

not involved, since the presence of Fe2+ /EDTA (a known source of • OH) 

did not prontote the de~rradation of uric acid; Furthermore, mannitol had 

no modulating effect in the above reactions. Anionic and neutral 

molecules like azide, imidazole, phosphate, sulphate and ammonia have 

been shown by ESR to :;tabilize nickel (III) square-planar complexes by 

coordinatin9 to the a}:ial positions (Brodovitch et al., 1982; Murray 

and Margerum, 1982) • Hence the · suppressing effect of imidazole and 

ammonia on the rate of uric acid degradation may involve either the 

stabilizaticm of the higher oxidation state or the competitive 

inhibition j:or the H2o2 "binding site" on the nickel (II) square-planar 

complex. 

uric acid 

H 

H2 N ~c-~, 
I I e=o 

~'~li-f/ 
I H 
H 

allantoin 

(4.34) 



111 

Two difj:erent mechanisms describing the degradation of uric acid 

have been proposed. Paul and Avi-Dor (1954) presented a 2-step 

dehydrogenation mecha.nism yielding a glycol intermediate before 

breaking down to allantoin (Eqn. 4.34). 

Alternatively, Howell and Wyngaarden (1960) proposed a detailed 

mechanism wh.ich involVE!S a methemoglobin-peroxide (ie., iron-peroxide) 

catalyzed dehydrogenation of uric acid followed by an attack of a 

hydroxyl radical. Whatever the details are at the molecular level, Ames 

et al. (1901) concludes that the ferryl moiety [Feo]2+ is likely 

involved, and the reaction is not initiated by the hydroxyl radical. 

Similarly, it is clear that hydroxyl radicals are not directly involved 

for the nickel (II) pep·t::ide catalysts. The simplest mechanism that can 

be postulated involves the oxidizing power of [Ni0]2+; it may act by 

abstracting a hydrogen atom by analogy to the ferryl ion (Eqn 4.35). 

-2H .. (4.35) 

Subsequent reactions would be as described in Equation 4.34. The strong 

inhibitory effect of SOD demonstrates that superoxide anions are 

involved. 

The simplest inteipretation is that the degradation involves 

peroxidase-type reactions which can be represented as follows: 

Ni(II) complex 
UA allantoin + C02 (4.36) 
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Hence, the uric acid (UAH2) gets dehydrogenated to form dehydrouric 

acid (UA) , and upon thea addition of water, the molecule rearranges and 

decarboxylat~es to form allantoin. Although many large proteins (e.g. , 

peroxidases) can media1:e the oxidation of uric acid, this is the first 

indication t~at simple peptide chelates of nickel(II), involving three 

amino acids can cataly2e a similar reaction. 

The degradation of 2-deoxy-D-ribose is far more complicated. Although 

the mechanism is unknown, a substance that reacts with thiobarbituric 

acid (TBA) :Ls generated. Hydroxyl radicals are believed to be involved 

in its formation, si::1ce SOD, catalase and mannitol are known to 

diminish the quantity of chromophoric product formed (Halliwell and 

Gutteridge, 1981). Hence the addition of reagents known to stimulate 

the production of •oH radicals like Feso4 and cu(II)/1,10-

phenanthroli.ne in the :;>resence of reducing agents results in extensive 

deoxyribose damage (Ha.lliwell and Gutteridge, 1981). In the present 

study, only the Nickel(II)-oligopeptide complex, and not the nickel(II) 

ion or the peptide alorle stimulated deoxyribose damage: and this effect 

was modified by the presence of SOD and catalase, but not mannitol or 

urea. Thus it is clear that hydroxyl radicals are not likely involved, 

but as with the degradation of uric acid, the (Ni0]2+ moiety might be 

involved, such as in hydrogen atom abstraction. 

4.5. Chemiluminescence. 

Chemiluminescence (CL) has frequently been used in oxygen-radical 

research to detect t::1e formation of excited species and cellular 

damage. CL in these systems has often been attributed to the presence 

of singlet ctxygen. 
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(4.37) 

(4.38) 

The spontaneous or mon.omolecular decay of singlet oxygen ( 1o2) to its 

triplet ele<:::tronic gro1md state ( 3o2) results in the emmision of light 

detectable at 1270 nm (Eqn. 4.37); whereas in bimolecular transitions 

( ie. , bimolecular decay) as depicted in reaction 4. 38, the emissions 

take place at 634 and 703 nm (Cadenas and Sies, 1985). Biologically 

relevant sources of si:r1glet oxygen are summarized in Equations 4. 3 9 to 

4.45 (Paine, 1978; Krinsky, 1984): 

ocl- + H202 1o2 + cl- + H20 (4.39) 

H20~~ + -o2 oa- + •oa + 1o2 (4.40) 

02 -· + •oa ·oa + 1o2 (4.41) 

o2- e - + 1o2 (4.42) 

2 a+ + o2- + o2- H202 + 1o2 (4.43) 

a+ + Rcoo• + Rcoo• . RC=O + RCOH + 1o2 (4.44) 

Although metal ions can catalyze many of these reactions, there is 

still much controvers:{ assigning an associated emission of light 

specifically to the presence of singlet oxygen. Other reactions (which 

may involve metals) suc:h as the decay of excited (triplet) carbonyl 
o* 

moiety (-C-) will emit photons (Cadenas and Sies, 1985). 

Emissie>n of chemiluminescence was observed during copper-2,9-

dimethyl-1, 10-phenanthroline catalyzed oxidation of H2o2 (Florence et 

al., 1985). This activity was attributed to the presence of 1o2 based 

on the effec:ts of singlet oxygen scavengers. However, CL was maximal 40 
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min after 1:he initiation of the reaction. This makes interpretation 

difficult, t:dnce the s1:rongest burst of CL is usually observed early in 

the reaction. 

In the present study, CL was observed when Ni (II) GGH or Ni (II) GGHG 

were presen·t in the hypoxanthine/xanthine oxidase reaction mixture or 

when direct:Ly added to a solution of H2o2 . This light emission was only 

observed when the nicknl(II) complexes were added before the initiation 

of the reac1:ions. This burst was found to last as long as the supply of 

substrate (hypoxanthin•a) lasted (approximately 3. 5 min), and could be 

lengthened by the addi 1:ion of greater concentrations of hypoxanthine or 

by repetitive addi tic'n of this reagent. However, the counts were 

invariably lower in th:Ls instance, possibly due to inhibition of enzyme 

by high con.centrations of the substrate (Fridovich, 1985a) • Once the 

reaction had gone to completion, chemiluminescence could not be re­

established by adding fresh hypoxanthine or xanthine oxidase. The only 

oxygen scavenger capcLble of quenching this Ni (II) -complex induced 

chemiluminescence w~s HOD; and since both nickel(II}-peptides are known 

to generate. o2- in the presence of H2o2 , this suggests that this 

radical is somehow involved. One interpretation might be that Reactions 

4.13, 4.24 c>r 4.27 may be generating a small amount of singlet oxygen. 

However, the singlet oxygen trap, 2, 5-dimethylfuran did not have any 

significant effect on CL activity. Specifically, although the presence 

of 10-4 M 2,5-dimethylfuran decreased the number of photons detected to 

about 1, 056 CPS from 1400 (see Table 3 .10), the addition of higher 

concentratiC>ns (up to 30 mM) did not lead to a corresponding decrease. 

Even though light emission could be detected, the specific involvement 
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of singlet oxygen remaiJ:ts to be proven. 

4.5. Concluding Remarks. 

Until recently, it was believed that nickel(II) had little 

biological x·elevance a::td that in aqueous solutions it is relatively 

inert to changes in oxiciation state. However, several bacterial systems 

and several enzymes ]:tave been shown to exhibit absolute nickel 

dependence and the basi:; for its activity involves changes in oxidation 

state. Initially, macrocyclic polyamine complexes, and subsequently 

oligopeptide complexes of nickel (II) were used to study the redox 

properties of nickel (Il) in solution. The presence of nickel (III) has 

been clearly established by electron paramagnetic resonance 

spectroscopy and cyclic: voltammetry and the effect of equatorial and 

axial substi tuents in t~hese largely square-planar complexes are in the 

early stages of investiq'ation. 

Results of the curre11t study establishes that nickel can form strong 

complexes '11ith spec:Lfic oligopeptides, creating chelates with 

reversible redox properties under physiological conditions. The 

deleterious effects of acute or chronic exposure to nickel and its 

compounds irl humans are well known. Animal and cell-culture studies 

have shown that nickel compounds have a number of biochemical effects 

and that cellular bioavailability of nickel (II) may be a predisposing 

factor. The exact factctrs governing the potency of carcinogenic nickel 

compounds remains to be determined. Few detailed studies on the 

activation cJf dioxygen species by nickel(II) complexes have been 

reported and have most:ly been limited to reactions with molecular 
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oxygen. ThE! results c f the present study demonstrate that reactions 

between nicJ~el (II) -oliqopeptide complexes and the partial reduction 

products of molecular oxygen do occur. Such reactions are capable of 

generating :;trongly oJddizing intermediate(s) capable of mediating 

biologically-damaging reactions. Under physiological conditions, simple 

tripeptide c:::omplexes c•f nickel (II) were capable of catalyzing the 

hydroxylatio:n of p-nit~ophenol, oxidizing uric acid, damaging 2-deoxy­

d-ribose and generating chemiluminescence. 

It is known that uric acid has strong antioxidant properties. 

Because of its high concentration in human plasma ( 2 . 6-6. o mg/ dl) , it 

has been hypothesized that it has a protective role against oxidant­

and free radical damage (Ames et gl., 1981; Smith and Lawing, 1983). It 

is possible that a local or general decrease in uric acid levels may 

compromise the abil:Lty to deal with oxidative insults, thus 

facilitating damage by, for example, activated oxygen species (e.g., 

lipid peroxidation and inflammation) • Similar degradation of other 

endogenous antioxidantn may be postulated. Oxidative damage of DNA 

mediated by the hydrox~l radical, • OH, results in the release of the 

ribose sugar. Clearly, any species capable of cleaving the ribose sugar 

has a str•ong poten1:.ial to damage and mutate DNA. Although 

chemilumines·cence could. not be attributed to the presence of singlet 

oxygen, it :Ls clear th.at high energy species can be generated when 

appropriate complexes of nickel(!!) and hydrogen peroxide occur 

together. Their generat.ion in vivo could potentially mediate some form 

of tissue da:mage. 

In work.ers with oc:::cupational exposure to nickel, there are life-
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long insults of nickel containing fumes and aerosols and deposition of 

particulates~ containin<;J nickel in the respiratory tract is known to 

occur. Afte:r prolonged exposure, accumulation of nickel compounds 

within the lungs are known to reach an uncomfortable high level 

(Nieboer et gl., 1984c). In such tissue, an equilibrium likely exists 

between the free hydrated nickel (II) species and nickel bound to 

biological ligands. Deposition of foreign matter in the lungs, such as 

particulates~ of nickel, results in cellular infiltration by phagocytes 

(Katsnelson and Privalova, 1984; Lynn, 1984). Phagocytotic processes 

induce the release of oxygen-derived radicals. Potentiation of such 

oxidative species by nickel(II) complexes may be hypothesized to cause 

local deplei:ion of a:nt~ioxidants like uric acid and glutathione~ This 

would make that area susceptible to oxidative damage such as lipid 

peroxidation and inflan~atory-type reactions. A significant quantity of 

these oxida·tive specios (e.g., hydrogen peroxide) may enter a cell 

containing an abnormally high concentration of complexed nickel (II) . 

The intracellular int,:araction and activation of these species may 

potentiate damaging effects which may include mutagenesis, or altered 

gene expression and cell growth. The likelihood of such toxicological 

events occurring in yivo is unknown, although lipid peroxidation in 

liver, kidn•ays and lungs in vivo induced by injection of nickel (II) 

salts in rodents has r~acently been demonstrated (Sunderman, 1986). It 

is conceivat,le that if exposure to nickel compounds is of long duration 

such as exp•arienced by nickel-refinery workers, a number of activated 

species may· be formed which could escape the natural protective 

barriers in exposed or~;ans. It is clear that if any of these reactions 
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are biologically relevant, they may well constitute a crucial 

mechanistic component ()f nickel carcinogenesis. From this perspective, 

the findings of this thesis open up a promising new area of research. 
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