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ABSTRACf 

Inorganic arsenic administered to animals is primarily associated with 

li ver cytosolic macromolecules. The specifics of this binding and its role in 

arsenic toxicity have never been fully examined. This dissertation 

concentrated on determining the species of inorganic arsenic which binds to 

liver cytosolic proteins, the specific proteins involved and the characteristics 

of their arsenic binding using an in vitro incubation system to [73 Asl-Iabel 

proteins. 

Arsenite was the species which bound cytosolic proteins and this was 

attributed to its affinity for protein sulfhydryls. Ammonium sulfate 

precipitation of cytosolic proteins revealed three arsenite-binding proteins 

(AsBPs) with molecular weights of lOOK, 450K and >2000K as determined by 

size-exclusion chromatography. Similar-sized proteins were observed in 

liver cytosol prepared from a rabbit administered [73 Asl-arsenite in vivo. The 

binding of arsenite to the 450K AsBP was most stable and further work 

focused on its purification and characterization. 

Trivalent arsenic affinity chromatography suggested a dithiol-like binding 

site. Amino acid composition indicated less than 0.5 mol% cysteine residues 

and implied that other thiol-containing functional groups may be used to 

complex arsenite. Arsenite inhibits enzymes which contain protein-bound 

lipoic acid, such as pyruvate dehydrogenase and a-ketogl u tara te 

dehyrogenase, by presumably binding to these dithiol functional groups. 

Thin-layer chromatography and mass spectrometry established that arsenite 

complexes with reduced lipoic acid and might be binding to similar dithiol 

groups on the 450K AsBP. 
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Comparison of the arsenite-binding activities of pyruvate dehydrogenase, 

a-ketoglutarate dehydrogenase and cytosol showed increases for the enzymes 

but a decrease for cytosol after pre-treatment with NADH which reduces 

lipoic acid groups. However, the arsenite-binding activity of the 450K AsBP 

increased by 26-fold. Antibody affinity studies, though, showed that the 450K 

AsBP was not recognized by antibodies which cross-react with lipoic acid 

epitopes on proteins. 

Preparative SDS-PAGE was successful in purifying the 450K AsBP by over 

2300-fold. Attempts at sequencing this protein indicated a blocked N

terminus. Chemical cleavage by cyanogen bromide produced two fragments 

of approximately 60K and 53K. Isolation of these fragments and their 

sequencing is continuing. 



CHAPTER 1 

INTRODUCTION 

Arsenic: Poison and Medicinal Agent 

11 

The toxicity of arsenic compounds was noted by both Aristotle (384-322 B.C.) 

and Strabo (63 B.C.-A.D. 24) in their writings (Thompson, 1952; Hamilton and 

Falconer, 1913). Arsenicals have been used for both malevolent and benevolent 

purposes ever since. One of the earliest documented cases of homicide involving 

an arsenical occurred in A.D. 55, when the Roman emperor Nero poisoned 

Britannicus to secure his throne (Blyth and Blyth, 1906). During the Middle 

Ages, the Borgias were infamous for their employment of arsenicals to eradicate 

political enemies (Frost, 1970). Arsenic trioxide (AS203), derived from copper 

smelting, was used for centuries as a poison. Also known as 'white arsenic', its 

popularity was largely due to its convenience; easily obtainable, inexpensive, 

tasteless and odorless (Frost, 1967). Referred to as 'inheritance powder', arsenic 

trioxide was the poison of choice in nineteenth century France (Jolliffe, 1993). 

Over a third of all cases of criminal poisoning during that time were attributed to 

arsenic (Blyth and Blyth, 1906). Many believe that Napoleon while in exile on St. 

Helena was chronically poisoned with increasing doses of arsenic in his food, so 

his death would occur slowly and thereby appear natural (Forshufvud et al., 

1961; Weider and Hapgood, 1982). 

Arsenic poisoning has also been the premise for two renowned works in 

literature, John Kesselring's 1941 play Arsenic and Old Lace and Gustave 

Flaubert's 1857 novel Madame Bovary. The decline of arsenicals as homicidal 

agents occurred at the end of the nineteenth century coinciding with the 
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development of highly sensitive assays to detect arsenic in body fluids, such as 

Marsh's and Reinscht's tests (Blyth and Blyth, 1906; Buchanan, 1962). Even today 

arsenicals are occasionally used in homicides and suicides, although not as 

successfully due to advances in forensic toxicology. They were, until recently, 

readily available in hardware stores as the main ingredients of some herbicides 

and pesticides (Aposhian, 1989). 

During World War I a vesiccant arsenical gas called lewisite (chlorovinyl 

dichlorarsine, CICH:::CHAsCI2) was developed as a chemical warfare agent and 

exposure to it resulted in death from hemolysis of red blood cells and renal 

failure (Pershagen, 1983). British scientists developed 2,3-dimercaptopropanol, 

commonly referred to as British anti-lewisite or BAL, to protect soldiers from 

lewisite. The widespread deployment of this antidote to ground troops helped 

deter the use of lewisite during World War II. BAL has remained the primary 

chelating agent for arsenic intoxication although other compounds with lower 

toxicities are now available (Aposhian and Aposhian, 1989). These include two 

water-soluble, orally-active analogs of BAL, 2,3-dimercaptosuccinic acid (DMSA) 

and 2,3-dimercaptopropane-1-sulfonic acid (DMPS). 

The Greek physicians Hippocrates (460-357 B.C.), Aristotle (384-322 B.C.), 

Theophrastus (370-288 B.C.) and Pliny the Elder (A.D. 23-79) are all believed to 

have known the medicinal properties of arsenicals (Schroeder and Balassa, 1966; 

Jolliffe, 1993). They were used for a variety of ailments including digestive 

disorders, asthma and coughs (Vallee et al., 1960; Buchanan, 1962; Klevay, 1976). 

In the eighteenth century, a popular tonic for a variety of ailments was Fowler's 

solution, 1 % potassium arsenite, which was available until 1950 when its chronic 

use was shown to cause arsenic poisoning (Hindmarsh and McCurdy, 1986). In 
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the nineteenth century, arsenicals were also taken for purely cosmetic reasons, 

since they cause cutaneous capillary dilatation and produced a desirable 'milk 

and roses' complexion (Jolliffe, 1993). 

BAL 

DMSA 

DMPS 

H H H 

I I I 
H-C-C-C-OH 

I I I 
S S H 
H H 

o H H 0 

II I I II 
HO - C-C-C-C-OH 

I I 
s S 
H H 

H H H 

I I I 
H-C-C-C-SO· Na+ 

I I I 3 

S S H 
H H 

Figure 1.1. Three effective chelating agents for arsenic intoxication: 2,3-
dimercaptopropanol (BAL); 2,3-dimercaptosuccinic acid (DMSA); and 2,3-
dimercaptopropane-1-sulfonic acid (DMPS). 

In the early twentieth century, Paul Ehrlich and others developed several 

organic arsenicals such as arsphenamine that were useful in treating spirochetal 

and protozoal diseases (Klevay, 1976). Physicians began using arsenicals to treat 

pellagra and malaria at this time. The chemotherapeutic potential of arsenicals 

caused a drastic expansion in their development. Approximately 32,000 organic 

arsenicals have been produced, more than any other trace element (Frost, 1977). 



14 

Arsenicals became the primary agents for the treatment of syphilis for four 

decades until the discovery of penicillin (Holmstedt and Liljestrand, 1981). They 

were also successfully employed in the treatment of vaginal discharge disorders 

and were effective against trichomonas (Forgan, 1972). 

Trivalent arsenicals such as melarsoprol are still the drugs of choice for 

treating trypanosomes, the cause of African sleeping sickness in humans (Klevay, 

1976; Aposhian and Aposhian, 1989). Trypanosomes have both glutathione and 

Nl,N8_bis-glutathionyl-spermidine (trypanothione) to maintain intracellular thiol 

concentrations while mammals have only the former. These to thiol compounds 

are enzymatically reduced by glutathione reductase and trypanothione disulfide 

reductase, respectively. Trypanosomes only have the latter enzyme and 

mammals only the former. Therefore, in trypanosomes reduced glutathione 

(GSH) levels are maintained primarily by non-enzymatic reduction with reduced 

trypanothione (Fairlamb et al., 1985). 

Trivalent arsenicals decrease the availability of reduced trypanothione by 

binding to its two cysteine residues and forming a 25-atom cyclic ring structure 

(Fairlamb et al., 1989). Trypanothione disulfide reductase is unable to use this 

complex as a substrate and intracellular reduced thiollevels plummet. Trivalent 

arsenicals at concentrations below those that would inhibit glutathione reductase 

can thereby cause lethal insufficiency of GSH in trypanosomes while not 

seriously effecting the human host. Hence, these anti-parasitic agents exploit a 

toxic reaction that occurs in trypanosomes but is absent in their human hosts. 
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Arsphenamine 

Melarsoprol 

Figure 1.2. Two arsenicals used as medicinal agents. 

In addition to the medically approved uses of arsenicals, their usage in "folk 

remedies" still persists in various parts of the world. Some women of the Indian 

sub-continent ingest arsenicals during their first trimester of pregnancy believing 

it increases the chances of having a male child (Winship, 1984). Metal 

intoxication due to other Indian ethnic remedies, such as for eczema, which 

contain large amounts of arsenic trioxide and mercuric sulfide have also been 

reported (Kew et al., 1993). Such occurrences are becoming more prevalent in 

large Western cities with flourishing Asian communities. Historically, large 

quantities of native arsenic, probably elemental arsenic (AS4), have been ingested 

by people of the Austrian and Swiss Alps in the belief that it will improve 

stamina and endurance at high altitudes (Schroeder and Balassa, 1966). This 

practice, though quite uncommon, still persists today (Jolliffe, 1993). 
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Arsenic Exposure and Toxicity 

Arsenic is the twentieth most abundant element in the Earth's crust (Woolson 

et al., 1977 A). It is commonly found in sulfide ores such as orpiment (AS2S3), 

realgar (AS2S2) and arsenopyrite (FeAsS). These compounds were probably first 

obtained as by-products of copper, lead and silver smelting which began around 

2600 B.C. (Singer et al., 1954). Although arsenic compounds have been used for 

thousands of years as medicines and poisons, modern man's primary exposure to 

it is from environmental and industrial sources. 

Significant amounts of arsenic are released into the atmosphere from volcanic 

emissions and from wide-scale burning of organic matter such as occur in South 

America. The release into the environment by the mining and smelting of other 

metal ores, though, is of greater concern and much more preventable. The high 

concentration of arsenic in oil shales has also added to its environmental 

distribution through the combustion of fuels. The EPA estimated that 59,000 tons 

of arsenic was released into the environment in 1979 and that 33% of that 

resulted from fossil fuel combustion (Aposhian and Aposhian, 1989). 

This metalloid's employment in industrial applications has contributed to its 

wide environmental distribution. Copper smelting operations generate arsenic, 

mainly as arsenic trioxide, at an estimated annual production of 60,000 tons 

(WHO, 1992). Arsenic compounds are currently used in agriculture as wood 

preservatives, insecticides, herbicides, fungicides, algaecides and sheep dips. 

Arsenicals also have a considerable number of applications in the manufacture of 

metal alloys, leathers, ceramics, semi-conductor devices, pyrotechnics and optical 

glass (WHO, 1992). Occupational exposure to arsenic compounds is expected to 

.----~~---------- -~-------
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increase, especially with the expanding use of gallium arsenide in the electrical 

and semi-conductor industries. 

Human exposure to arsenic through cumulative environmental 

contamination is of constant concern. Populations in Chile (Zaldivar et al., 1981), 

Mexico (Cebrian et al., 1983; Garcia-Vargas et al., 1991), Taiwan (Chen et al., 

1985) and the United States (Morse et al., 1979; Smith et al., 1992) have been 

exposed to arsenic from copper smelters and drinking water contaminated from 

mine tailings. Well water in areas of Oregon, Mexico, Argentina and Chile also 

have high endemic concentrations of arsenic that measure in the mg/liter range. 

These levels far exceed the present World Health Organization's 50 Ilg/liter 

drinking water guideline value for arsenic (WHO, 1992). In Taiwan, arsenic 

levels in artesian wells ranging from 0.01 to 1.82 mg/liter are thought to cause a 

peripheral vascular disorder called Blackfoot disease which is characterized by 

gangrene of the extremities (Tseng, 1977; Wang et al., 1993). Cancers of the 

bladder, kidney, liver, lung and skin are also prevalent in these areas and 

correlate well with the incidence of Blackfoot disease (Chen et al., 1985). 

The major routes of arsenic exposure to most humans are through the 

ingestion of contaminated agricultural products, seafood, and ground water. 

The inhalation of fossil fuel combustion products, tobacco smoke and metal 

smelting discharges are also significant sources of arsenic exposure (Woolson 

and Kearney, 1977B). The normal daily intake of arsenic is approximately 300 Ilg 

with most resulting from food and water consumption (Klaassen, 1990). The 

elevated levels of arsenic compounds present in foodstuffs reflect their use as 

pesticides, herbicides and livestock growth promoters. 
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The widespread use of arsenicals in agriculture has periodically resulted in 

chronic poisonings of orchard, vineyard and tobacco farm workers (Heyman et 

aI., 1956; Roth, 1957; Hindmarsh and McCurdy, 1986). Vineyard workers are at 

particular risk due to their combination of arsenic exposure from spraying 

pesticides on vines and from the consumption of large quantities of arsenic 

contaminated house wines (Pershagcn, 1983). A large number of cases of lung 

cancer have been reported among workers employed in the manufacturing of 

arsenical pesticides (Mabuchi et al., 1979). 

Smelter workers are at the greatest risk for chronic arsenic poisoning. Several 

studies have shown a direct correlation between lung cancer in smelter workers 

and elevated airborne arsenic levels in their workplace (Rencher et al., 1977; 

Pinto et al., 1977, Enterline and Marsh, 1982). In addition, a follow-up study on 

lung cancer mortality in smelter workers showed this lung cancer increase 

despite tobacco smoking history. This implied that lung cancer associated with 

arsenic exposure was not merely synergism with smoking (Pinto et al., 1978). 

Although epidemiological studies have indicated that exposure to inorganic 

arsenic compounds is associated with the development of cancers in humans, 

inadequate evidence exists for these same occurrences in any experimental 

animal model. 

The prevalence of arsenic compounds has also resulted in several major 

accidental poisonings to the general population. At the turn of the last century, 

approximately 6000 people in Manchester, England were poisoned by arsenic 

contaminated beer and at least 80 died (Reynolds, 1901). The source of the 

arsenic was traced to iron pyrites that were utilized in the production of the 

sulfuric acid used to hydrolyze starch during the brewing process. Many 
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individuals suffered paresthesia of the extremities, hyperpigmentation of the 

torso and transverse white lines across fingernails and toenails (Mee's lines). The 

predominant cause of deaths was attributed to cardiac failure (Kelynack et al., 

1900). 

In 1955 over 12,000 Japanese infants were poisoned by pentavalent arsenic 

present in powdered milk. The stabilizer in the milk, sodium phosphate, was 

derived from waste generated in the refinement of aluminum and contained 3% 

arsenic (Yamashita et al., 1972). Arsenic concentrations in milk ranged from 15 to 

24 mg/kg and corresponded to a daily ingestion of 1.3 to 3.6 mg arsenic by 

infants. The direct deaths attributable to this, 130, were caused by hemorrhagic 

necrosis and fatty degeneration of the liver (Hamamoto, 1955). A year later, 

more than 400 people in Japan were poisoned by soy sauce that was 

contaminated with arsenic, probably as calcium arsenate. The arsenic content of 

the soy sauce was 100 mg/liter and many individuals ingested an average of 3 

mg of arsenic daily over a 3 week period. The most common symptoms reported 

were anorexia and edema of the face, though several people suffered from distal 

neuropathy (Mizuta et al., 1956). 

The high endemic levels in ground water, the widespread use in industrial 

and agricultural applications, the persistent environmental releases and 

occasional accidental mass poisonings, and the chronic daily arsenic exposure of 

the general population through food and water intake, altogether constitute a 

serious global health problem. Despite man's long time familiarity with arsenic, 

a concerted effort in examining the possible risks of human exposure to this 

metalloid has only just begun. Recently, the US Environmental Protection 

Agency has made elucidating arsenic biotransformation and detoxification 
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pathways a primary research goal, so strategies for risk assessment and 

treatment of human exposures to various arsenic compounds can be developed. 

Although there are many forms of arsenicals present in the environment, the 

ones with the greatest toxicity and prevalence are arsenic trioxide, arsenate and 

arsenite. Arsenic trioxide is principally generated by industrial processes and 

usually released into the atmosphere as solid particles. These particles 

precipitate out of the air and deposit into soil or surface water. Though arsenic 

trioxide is relatively insoluble in water it is hydrolyzed to arsenite once in an 

aqueous environment. The arsenite anions can then be subsequently oxidized to 

arsenate anions, both of which are water soluble. These chemical forms of 

inorganic arsenic can then migrate through soil into groundwater supplies such 

as aquifers. Acidic precipitation speeds up the conversion of arsenic trioxide to 

arsenite and arsenate while also leaching these latter two from discarded mine 

tailings. 

o 
As~ 'As 

U ~ 
o 0 

Arsenic Trioxide 

O=As-O-

Arsenite anion 

0-

I 
-O-As=O 

I 
0-

Arsenate anion 

Figure 1.3. Three inorganic arsenic species that are present in the 
environment and are of toxicological importance. 

Once ingested both arsenate and arsenite are readily absorbed through the 

gastrointestinal tracts of humans and most experimental animals by greater than 

90% (Charbonneau et al., 1978; Tam et al., 1979; Vahter and Norin, 1980), with the 
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only apparent limitation being their solubility in solution. Arsenic trioxide 

which is very insoluble in water is only partially absorbed by the gastrointestinal 

tract. Ariyoshi and Ikeda (1974) showed that over 70% of an arsenic trioxide 

suspension given orally to rats and rabbits was recovered from their feces. The 

absorption of 30% of the dose was believed due to the hydrolysis of this 

compound to arsenite in the stomach. 

Human exposure to inorganic arsenic through inhalation is also a major 

concern and is associated with its industrial usage as well as with the smoking of 

tobacco products. Again, absorption is dependent upon the chemical form of 

arsenic inhaled and its corresponding solubility. Holland et al. (1959) studied the 

uptake of inorganic arsenic in terminal lung cancer patients who agreed to either 

smoke cigarettes or inhale nebulized solutions that contained [74As]-arsenite. 

The results indicated that up to 8% of the arsenic inhaled as cigarette smoke and 

up to 62% inhaled as an aerosol was deposited in the thoracic regions of patients. 

In the case of aerosols, clearance from the lungs was rapid with only 20% of the 

dose remaining after four days. The applicability of these results to what would 

occur in healthy individuals exposed to arsenic by inhalation is questionable 

though. The specific tissue distribution patterns of arsenate and arsenite in 

several mammalian systems will be addressed in conjunction with itz vivo 

metabolism studies discussed later in this chapter. 

The specific toxicities of arsenite and arsenate are dependent upon their 

valence states. Trivalent arsenite appears to have affinity for sulfhydryl groups 

of tissues and enzymes. In vivo and in vitro studies have shown that arsenite 

inhibits certain enzymes such as the a-keto acid dehydrogenases which include 

the pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase (a-
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KGDH) enzyme complexes. The inhibition of these enzymes by arsenite can be 

reversed by the addition of thiol compounds (Peters et al., 1946; Peters, 1949). 

Jakoby (1958) demonstrated similar results with aldehyde dehydrogenases from 

several sources. Therefore, the inhibition of enzymes by arsenite was considered 

a result of its binding to sulfhydryl groups in the active centers of these proteins 

(Webb,1966). As a result of PDH inhibition, pyruvate metabolism ceases and 

available acetyl units for the citric acid cycle decrease along with reducing 

equivalent production (Peters, 1955). Prolonged exposure leads to overall 

carbohydrate depletion and an interruption of gluconeogenesis (Fluharty and 

Sanadi, 1960; Reichl et al." 1988). In addition, arsenite can inhibit glutathione 

(GSH) reductase (Mize and Langdon, 1962) leading to decreases in GSH levels. 

This increases the possibility of cellular damage due to oxidative stress. 

Pentavalent arsenate substitutes for phosphate in many biochemical reactions. 

In particular, Bhuvaneswaran (1979) found that arsenate uncouples rat 

mitochondrial oxidative phosphorylation by competitively substituting for 

phosphate in the formation of adenosine triphosphate (ATP). An unstable 

arsenate ester forms which readily hydrolyzes (arsenolysis) and cannot function 

in glycolysis pathways. The reduction of arsenate to arsenite in vivo (Vahter and 

Envall, 1983) complicates their toxicities as well. 

Acute arsenic intoxications are primarily due to suicides and homicides. In 

one documented case of homicidal arsenic poisoning (Bolliger et al., 1992), a man 

and woman ingested chocolate containing arsenic trioxide. Both experienced a 

slight burning sensation upon eating the candy followed minutes later by severe 

nausea, vomiting and abdominal cramps, typical of high-dose arsenic 

intoxication. They were admitted to a hospital where intravenous rehydration 
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was used to correct low blood pressure and tachycardia. The negative 

hematological, chemical and toxicological results of the assays performed lead 

physicians to believe that bacterial food poisoning had occurred. Patients were 

subsequently discharged only to be re-admitted 3 days later when wide-spread 

organ involvement and symptoms of polyneuropathy caused by axonal 

degeneration suggested acute heavy metal poisoning. At 8 days, adult 

respiratory distress syndrome necessitated intubation and mechanical ventilation 

while protracted polyneuropathy became more apparent. Arsenic readily crosses 

the placenta and this precipitated an intrauterine fetal death in the female who 

was 28 weeks pregnant. Though most toxic effects had disappeared by 3 weeks, 

both individuals still suffered from peripheral neuropathy 2 years after the 

incident. 

The multiple organ toxicity of arsenical compounds is due to their actions at a 

cellular level. The breakdown of oxidative processes results in capillary injury, 

tissue hypoxia, vasodilation, and fluid transudation (Schoolmeester and White, 

1980). Profuse diarrhea from fluid accumulation in the bowel lumen leads to 

hypovolemia which precipitates cyanosis, hypoxic encephalopathy and acute 

tubular necrosis. Death usually occurs by irreversible circulatory insufficiency 

(Bolliger et al., 1992). Although the respiratory failure seen in the above profiles 

infrequently occurs, it was attributed to peripheral neuropathy combined with 

muscle weakness. 

Acute arsenic poisonings from environmental exposure are more rare. 

Franzblau and Lilis (1989) reported on two people with arsenic intoxication from 

their well water which was contaminated from a nearby iron mine. The pair 

suffered from acute gastrointestinal distress, bone marrow suppression, 
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hepatotoxicity, and central and peripheral neurotoxicity. Analysis of urine 

samples revealed arsenic concentrations greater than 20-fold that of normal «100 

Ilg/L). Both patients received chelation therapy with BAL and experienced 

improvement in most symptoms except for signs of neurotoxicity which 

worsened. Fatigue, muscle weakness, numbness and tingling persisted in both 

patients one year after cessation of exposure. 

Chronic exposure to inorganic arsenic produces some of the same effects as 

acute exposure but of a lesser magnitude. Long-term low level arsenic exposure 

is commonly the result of environmental or occupational sources. The first signs 

usually include gastrointestinal disturbances and a general muscle weakness. As 

exposure progresses inflammation of mucous membranes of the respiratory 

system occurs. Symptoms include shortness of breath or what may appear as 

mild bronchitis. Skin irritations, eczema, lesions and even melanosis of the skin 

occur after long-term exposure to arsenicals. Other systemic effects such as 

hepatitis, jaundice and, in severe exposures, the development of peripheral 

neuritis and parathesia usually lead individuals to seek out proper medical 

treatment. 

As mentioned previously, epidemiological studies have indicated that 

arsenite produces lung and skin cancers but this has not been reproduced in any 

laboratory animal model. In vitro experiments have shown, though, that arsenite 

appears to inhibit the repair of DNA lesions caused by another carcinogen (Laib 

and Moritz, 1989). Theories conceming the carcinogenicity of arsenite include its 

possible involvement in oncogene amplification since it has not been shown to be 

a specific mutagen. It may also act as a promoter by decreasing GSH levels and 

thereby enhancing the carcinogenicity of other compounds. 

------------
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The amount of inorganic arsenic the average individual is exposed to daily 

would present a more serious health risk if it were not metabolized to less toxic 

compounds. Many organisms including mammals have the ability to methylate 

inorganic arsenicals to more readily excretable, less toxic methylated forms. The 

major methylated metabolites found in urine after inorganic arsenic exposure are 

methyl arsonic acid (MMA) and dimethylarsinic acid (DMA). The toxicity of 

these compounds in relation to either arsenite or arsenate is listed in Table 1.1. A 

more detailed discussion of the animal and human studies involved in 

determining how inorganic arsenic is detoxified by methylation is included later 

in this chapter. 

Table 1.1. The toxicity of inorganic arsenic compounds and their primary 
metabolites in rats within 96 hr of Lp. administration (Peoples, 1975). 

Compound Toxic Dose (mg/kg) 

Sodium Arsenite 20 - 60 

Sodium Arsenate 80 -120 

Sodium Methylarsonic Acid (MMA) 1200 -1600 

Sodium Dimethylarsinic Acid (DMA) 1200 -1600 

Arsenic Chelating Agents 

As previously mentioned, BAL (2,3-dimercaptopropanol) was the primary 

chelating agent for arsenic intoxication since its development as a lewisite 

antidote. Stocken and Thompson (1946) reported that BAL was able to form 

alkali-stable compounds with lewisite and was ideal for treatment of this 



26 

vesiccant since it was readily absorbed through the skin. Assays for brain 

pyruvate oxidase (now known as PDH) activity showed that BAL protected this 

enzyme from inhibition by lewisite and arsenite (Peters, 1949). This enzyme 

system was previously shown to be extremely sensitive to arsenical poisoning. 

However, the usefulness of BAL is limited due to its low water solubility and 

high toxicity (Klaassen, 1990). This prompted the development of the more 

water-soluble, less toxic analogs of BAL previously shown in Figure 1.1 as well as 

N-2,3-dimercaptopropylphthalamidic acid (DMPA). DMP A was shown to 

increase the urinary and fecal excretion of arsenic administered to rabbits while 

decreasing the arsenic levels of tissues including the kidney, liver, heart and 

brain (Stine et al., 1984). In addition, DMPA protected mice administered a lethal 

dose of sodium arsenite by a ratio of four times over that seen with BAL. DMPA 

was also able to reverse the arsenite inhibition of PDH activity in vitro. 

Intramuscular injection of DMPS, DMSA and DMP A was shown to increase 

the amount of arsenic excreted in urine of rabbits administered sodium arsenite 

s.c. 1 hr prior (Maiorino and Aposhian, 1985). The action of these chelating 

agents in mobilizing arsenic occurred within 24 hr with DMPS being the most 

effective. In an in vitro system using isolated rat kidney tubules, several possible 

arsenic antidotes were tested for their ability to protect gluconeogenesis activity. 

This study showed that BAL, DMPS and DMSA were all effective in preserving 

the rate of gluconeogenesis in cultures (Muckter et al., 1993). Furthermore, these 

three compounds were also effective in protecting mice given lethal doses of 

arsenic trioxide and phenylarsine oxide. 
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Animal and Human Metabolism Studies 

One of the first biological studies on arsenic excretion and tissue distribution 

was conducted by Hunter et al. (1942) using radio-labeled Fowler's solution, 0.1 % 

potassium [76Asl-arsenite. Since Fowler's solution had previously demonstrated 

some efficacy in treating individuals with chronic myeloid leukemia (Forkner 

and Scott, 1931), the mode of action of this treatment was investigated by 

subcutaneously injecting rats, guinea pigs, rabbits, chimpanzees, a baboon and a 

human. Though there was a lack of uniformity in dosage and treatment intervals 

even among individual species, the overall results suggested that rats, 

particularly, concentrated arsenic in erythrocytes. There was a wider tissue 

distribution among other animals with the greatest arsenic concentrations in 

liver, kidney, spleen and lung. 

Another investigation on the excretion and tissue distribution of arsenic 

following intravenous sodium [76Asl-arsenite injection followed (Ducoff et al., 

1948). The total amount of arsenite administered to rats, rabbits and humans was 

not clearly stated, but the total amount of radioactivity injected was reported, 47 

IlCi, 235 IlCi and 3 mCi respectively. Unfortunately, the excretion of arsenic in 

urine and feces was not reported for all animals at all intervals and the arsenic 

tissue concentrations were not expressed in relation to dose. All that can be 

surmised from this experiment is that, again, urinary excretion is the primary 

elimination route of arsenic and that rats excreted much less arsenic compared to 

rabbits and humans during a similar time period. Also noteworthy was that the 

liver, kidney and spleen in a human had the highest arsenic tissue concentrations 

20 hr post-injection. Since the individual died from carcinoma of the parotid, 
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extrapolation of this limited sample data to the average non-diseased population 

may not be accurate but does indicate possible target organs. 

Lanz et al. (1950) examined the tissue distribution of pentavalent arsenic in 

rats and other laboratory animals. Animals were injected intramuscularly with 7 

IlCi of [74Asl-arsenate carrier-free in conjunction with arsenic pentachloride 

ranging from 0.0 to 4.0 mg/kg. The primary route of elimination for excreted 

arsenic (40%) was through the kidney and this occurred within 4 days. The 

urinary arsenic was mainly in the administered pentavalent form and only 10% 

was found converted to arsenite. The organs containing the highest percent of 

administered carrier-free [74Asl-arsenate were the liver and skeleton, 2.4% and 

2.3% respectively at 4 days. The arsenic levels in these organs increased in 

. proportion to increasing doses of arsenic pentachloride. 

The majority of arsenic administered to rats, though, was found in blood at 24 

hr (61 %) and a large portion was still present after 64 days (26%). Blood arsenic 

was localized within erythrocytes and appeared to be complexed with 

hemoglobin. Further analysis indicated that arsenic was associated with the 

globin portion of rat hemoglobin. Kinetics showed that the half-life of arsenic in 

rat blood closely paralleled that of rat erythrocytes. Of the other laboratory 

animals examined, only the cat accumulated arsenic to any degree in 

erythrocytes (6% of dose) whereas the rabbit, dog, mouse, guinea pig, or chicken 

did not. Together these findings suggest that rat erythrocytes accumulate a 

considerable portion of administered arsenic, although which chemical form is 

unknown, and this phenomenon does not occur in any other animal species 

tested except for the cat where it is less prominent. 
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Another study on arsenic distribution, this time in rats intravenously 

administered [74Asl-arsenic trichloride at concentrations ranging from 0.01 to 4.6 

mg/kg, showed its rapid excretion into bile, 25% of dose within 2 hr (Klaassen, 

1974). However, only a minor fraction of the administered dose, less than 10%, 

was excreted into the feces of rats after 7 days. Therefore, the significance of 

biliary elimination of arsenic was considered minor due to enterohepatic 

recirculation (Klaassen, 1974). Since the concentration of arsenic was 300-fold to 

600-fold higher in bile than plasma, the in vitro binding of arsenic 0.2 Ilg/ml) to 

solutions of plasma, liver homogenate and bile was determined. While there was 

no significant binding of arsenic to bile or plasma, 90% of the arsenic was bound 

to the liver homogenate. More than 50% of the arsenic in rat liver 1 hr after 

administration was distributed in the soluble fraction or cytosol. This was one of 

the first studies to imply that cytosolic proteins bind arsenic compounds. 

Stevens et al. (1977) studied the absorption and retention of [14cl- and [74AsJ

DMA in rats after intravenous, intratracheal or oral administration. Intratracheal 

studies showed that DMA was rapidly absorbed from lung. Less than 5% of 

dose (78 mg/kg) remained at 15 min, with an absorption half-life of 2.2 min. In 

contrast, the oral absorption half-life of DMA was found to be 248 min. Whole 

blood concentrations of DMA after oral administration did not reach those of the 

other exposure routes until 5 hr. The clearance half-lives from whole blood after 

intravenous, intratracheal and oral administration were 92, 76 and 90 days, 

respectively. 

Although DMA was retained by whole blood, it was rapidly eliminated from 

plasma within 2 hr. Since there was no difference in retention and distribution of 

either radiolabeled form of DMA, demethylation to inorganic states did not 
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appear to occur. This evidence strongly suggests that DMA is the form of arsenic 

retained by rat erythrocytes previously reported by Hunter et aI. (1942) and Lanz 

et aI. (1950). As a result of these studies the further use of a rat model to examine 

the metabolism of DMA and inorganic arsenic in regard to humans was 

considered inappropriate. 

In humans, the metabolism of known arsenic compounds following ingestion 

was evaluated by determining which chemical species were excreted in urine 

(Crecelius, 1977). After ingestion of wine containing 50 Ilg of arsenite and 13 Ilg 

arsenate, 80% of the dose was excreted in the urine within 61 hr as DMA (50%), 

MMA (14%), arsenite (8%) and arsenate (8%). In another experiment with the 

same individual, 50% of the amount of arsenate ingested (200 Ilg) was recovered 

in urine within 70 hr mostly as DMA. Consumption of crab meat containing 

2000 Ilg of an unidentified organo-arsenic compound revealed complete urinary 

excretion of the compound within 48 hr without metabolism to inorganic arsenic. 

Although this study used only a single individual which was repeatedly 

administered arsenic compounds, it was one of the first reports of how arsenic 

compounds are metabolized by man. 

DMA was also the major metabolite found in plasma, blood and urine 

samples collected from dogs which were orally administered [74Asl-arsenate 

(0.2-0.6 Ilg/ dog) and monitored for 6.5 hr (Charbonneau et al., 1979). DMA was 

detected in plasma and red blood cells within 50 min after dosing and was the 

primary species of arsenic present in both after 100 min. DMA concentrations in 

blood peaked at 140 min coinciding with a marked increase of DMA present in 

urine. These researchers followed up their previous findings by examining the 

metabolism of [74Asl-arsenate in six human volunteers (Tam et al., 1979). 



31 

Urinary excretion by subjects averaged 58% of the ingested dose (0.01 ~g or -6 

~Ci) in 5 days, 88% of which was present as the DMA metabolite. These two 

studies show that the metabolism of inorganic arsenic by dogs is similar to that of 

man. 

Odanaka et al. (1980) conducted an experiment which compared the 

methylation of arsenate by various animal species after two different routes of 

administration. Mice and hamsters injected with arsenate intravenously (1 

mg/kg) excreted greater than 80% of the dose in urine by 48 hr with less than 4% 

of the dose found in feces. Rats excreted considerably less of the dose in the 

same interval, only 51 % in urine and less than 1 % in feces. Only urinary arsenic 

levels were measured in rabbits and cats which excreted 78% and 62%, 

respectively, of the administered dose. 

Upon oral administration of arsenate to rats, mice and hamsters, a 

considerable amount of the dose (5 mg/kg) was present in feces within 48 hr, 

33%, 49% and 44% respectively. Comparing the results of the two exposure 

routes indicates that only 60% of the oral dose was actually absorbed. The 

amount of the dose excreted in urine for the three species was 17%,49% and 44% 

respectively. Since only a portion of the dose was absorbed though, urinary 

elimination for mice and hamsters was approximately 75% while for rats just 

30%. The oral results were lower than those for the intravenous route but the 

dose was at least 3-fold higher. Table 1.2 compares the different ratios of arsenic 

metabolites found in the urine and feces of animals. 
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Table 1.2. The urinary and fecal metabolites of arsenic recovered within 48 hr of 
administration of arsenate by two different routes in various species of 
laboratory animals (Odanaka et al., 1980). 

Intravenous Administration (1 mglkg) 

Metabolites {% of Total As Recovered} 

Species Specimen InAs MMA DMA {nl 

R2.t Urine 93 1 5 4 
Feces 50 37 12 2 

Mouse Urine 55 2 43 4 
Feces 46 15 38 2 

Hamster Urine 51 2 47 4 
Feces 25 55 20 2 

Rabbit Urine 64 3 33 2 
Cat Urine 51 2 48 2 

Oral Administration (5 mglkg) 

Metabolites {% of Total As Recovered} 

Species Specimen InAs MMA DMA (nl 

Rat Urine 82 5 13 4 
Feces 73 23 3 2 

Mouse Urine 34 4 62 4 
Feces 51 19 30 2 

Hamster Urine 40 11 49 4 
Feces 65 32 3 2 

lnAs = Inorganic arsenic (arsenate + arsenite) 

{n} = number of animals 
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Though most of the arsenate administered was excreted as inorganic arsenic 

(arsenate + arsenite), DMA was the primary metabolite in urine for the portion of 

the dose biotransformed. Any MMA formed appeared to remain in the feces of 

animals. Tissue distribution of arsenic metabolites in rats indicated that a large 

amount of DMA, approximately 40% of the dose, was still present in blood at 48 

hr after either route of exposure. Less than 1 % of dose was present in the blood 

of hamsters and mice similarly exposed to arsenate. This study corroborates 

previous studies that suggest DMA is the arsenic species which binds to rat red 

blood cells. 

A more detailed study comparing the metabolism and excretion of [74AsJ

arsenate administered intravenously and orally to hamsters followed 

(Charbonneau et al., 1980). Male and female animals were dosed (0.01 Ilg - 33 

IlCi) by either route and their excretia were analyzed for up to 35 days. It was 

found that elimination of arsenate after both routes of exposure fitted a two 

compartment model. The elimination half-lives were 0.3 days (98%, total dose) 

and 0.4 days (65%) for the first compartments and 3.8 days (2%) and 4.5 days 

(35%) for the second compartments after oral and intravenous administration, 

respectively. Regardless of exposure route or animal gender, there was 

essentially no difference in elimination half-life for each compartment 

(Charbonneau et al., 1980). However, fecal elimination after oral dosing was 64% 

higher than after intravenous dosing and this was attributable to poor absorption 

of arsenate from the gastrointestinal tract. The arsenic eliminated in the urine 

was primarily DMA for both groups of animals but significant amounts of 

inorganic arsenic in urine persisted longer after oral dosing. 
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The differences in metabolism and retention of pentavalent and trivalent 

inorganic arsenic in mice were examined by Vahter and Norin (1980) using 

solutions whose valence states were carefully determined prior to dosing. Mice 

were orally administered arsenate or arsenite at two doses, 0.4 mg/kg (low dose) 

and 4.0 mg/kg (high dose), and arsenic concentrations of excretia within 48 hr 

were determined. Excretion of arsenate totaled 95% in the high dose and 85% in 

the low dose groups while excretion of arsenite totaled 74% and 97%, 

respectively. The proportion of arsenic in feces after either form at both doses 

was less than 9%. Subcutaneous administration of arsenate and arsenite to mice 

(0.4 mg/kg) also resulted in less than 6% of the dose in feces indicating that urine 

is the primary route of elimination. Urinary excretion of arsenic was lower for 

groups which received high dose oral or low dose subcutaneous arsenite. 

Tissue distributions of arsenic in mice in the high dose group markedly 

differed in respect to the valence state administered. Retention of arsenic by 

liver, kidney and skin persisted for 24 hr and was markedly higher after arsenite 

than arsenate, 10-, 13- and 19-fold respectively. The valence-dependent retention 

of arsenic in these three tissues was not evident in the low dose group though. 

Saturation of methylation pathways could explain the greater tissue retention 

seen in the high dose animals. However, a higher affinity for certain tissue 

constituents by arsenite and not arsenate is the only explanation for the greater 

tissue retention seen with the former. 

The fate of [74Asl-arsenite injected into rabbits (50 Ilg/kg, i.p.) was studied by 

Marafante et al. (1981). In 48 hr 83% of the dose was excreted in urine with less 

than 5% excreted in feces. The blood concentration of arsenic peaked within 2 hr 

(3% dose) and declined 10-fold by 24 hr. The fraction of arsenic in whole blood 
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plasma decreased from 40% at 2 hr to 9% at 96 hr. Organ distribution showed 

that liver, kidney and lung had the highest tissue concentrations of arsenic, 

respectively, at 5, 16 and 48 hr time points. The subcellular distribution of 

arsenic in these tissues was primarily in the cytosol and nuclear fractions. The 

disappearance of arsenic from subcellular fractions was on the same order as that 

for the entire tissue and suggests relatively constant distribution between the 

intracellular organelles (Marafante et al., 1981). Arsenic was associated with high 

molecular weight macromolecules in liver and kidney cytosols but was either 

unbound or associated to small macromolecules in blood plasma and lung 

cytosol as determined by gel filtration chromatography of 48 hr tissue samples. 

The binding of arsenic to macromolecules in cytosol of liver and kidney were 

directly related to increased retention. 

Bertolero et al. (1981) essentially repeated the previous study in rabbits except 

they administered less [74Asl-arsenite (1 J.lg/kg, Lp.) and determined that the 

main chemical form of arsenic present in urine and blood was DMA. Arsenic 

was rapidly metabolized and poorly retained in the tissues, 77% excreted via 

urine and only 9% via feces in 48 hr. The administered arsenite had poor plasma 

binding affinity, but was significantly associated with high molecular weight 

components, such as proteins, in liver and kidney cytosols even after 48 hr. The 

interaction of arsenic with cytosolic components was attributed to inorganic and 

not methylated forms, since the former were present in higher concentrations in 

tissues with higher retentions (Bertolero et al., 1981). 

The metabolism of arsenite, MMA and DMA in humans after oral dosing (500 

J.lg) was examined by comparing excretion of urinary metabolites (Buchet et al., 

1981). Total urinary excretion of arsenite, MMA and DMA within 4 days equaled 



36 

45%, 78% and 75% of doses respectively. Excretion rates were dependent on the 

compound ingested and the elimination half-lives for the total amounts of arsenic 

excreted by 4 days post-ingestion were 4 hr for MMA, 11 hr for DMA and 28 hr 

for arsenite. Speciation of the arsenic detected in urine after arsenite ingestion 

revealed half as DMA with the remainder equally divided into MMA and 

inorganic arsenic. Only a small portion of the arsenic in urine after MMA 

administration was present as DMA (13%), implying that further methylation of 

MMA is limited. There was no evidence of any in vivo demethylation of DMA 

since all the arsenic in urine of individuals receiving DMA was present as the 

parent compound. 

The fate of [74Asl-arsenite injected (50 ~g/kg, i.p.) into weanling and adult 

rabbits and rats was compared by Marafante et al. (1982). Rat blood arsenic 

levels were 100 times higher than those in age-matched rabbits. Rats also 

exhibited a steady increase in tissue levels of arsenic with respect to age. This 

was not the case in rabbits whose arsenic blood levels increased with age. 

Arsenic concentrations in blood, kidney, spleen, lung, and liver of adult rats were 

considerably higher than those of adult rabbits. Clearance of arsenic from rat 

tissues was much slower than for rabbits and actually increased in lung, heart 

and testicles between 16 and 48 hr. In rabbits, arsenic was cleared rapidly from 

blood and plasma within 48 hr but remained in red blood cells of rats. 

Rabbits excreted up to 30% of the dose in urine as inorganic arsenic while rats 

excreted less than 2%. Arsenic was associated with proteins in rat plasma and 

red blood cells in both species. Gel filtration chromatography of liver and kidney 

cytosol revealed that after 16 hr only a single peak of arsenic bound to high 

molecular weight proteins occurred in rats but several protein bound arsenic 



37 

peaks were observed in rabbits. The difference in excretion rates for the two 

species may be that rats strongly bind arsenic to protein and it was not available 

for methylation and excretion. Rabbit proteins had lower affinity for arsenic 

which may account for the faster methylation and excretion rates seen in these 

animals. 

Lerman and Clarkson (1983) reported that the uptake of [74Asl-arsenic by rat 

liver and kidney slices was dependent on valence state with 6- and 2-fold, 

respectively, greater accumulation after in vitro exposure to arsenite than 

arsenate. However, comparing uptake by kidney and liver slices after arsenate 

exposure revealed that, on a per gram basis, the former had significantly higher 

arsenic levels. Therefore, the presence of phosphate in tissue slice incubations 

seemed to inhibit kidney arsenic uptake only with arsenate exposure but did not 

effect liver arsenic uptake after either arsenate or arsenite. Hepatocyte cultures 

also demonstrated uptake differences between arsenite and arsenate, with 22-

fold higher arsenic accumulation in 1 hr after arsenite was added to media. 

These in vitro results were in agreement with in vivo exposure studies 

comparing arsenate and arsenite metabolism. Arsenic blood levels at 4 hr post

intravenous injection reached 67% of dose (4.8 nmol/rat) with arsenite and only 

28% with arsenate. Initially, the total amount of arsenic in liver was high with 

arsenite (16% of dose at 5 min) but then decreased 5-fold (3% of dose at 2 hr) as 

blood levels rose and the same pattern was seen in the kidney (11 % of dose at 5 

min; 2% of dose at 2 hr). This did not occur with arsenate though, liver levels 

remained low and constant «2% of dose) but kidney arsenic levels were much 

higher (>5% of dose at 2 hr). Urinary excretion of inorganic arsenic was much 

greater after administration of arsenate than arsenite but urinary DMA levels 
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were greater after arsenite. The chemical form of arsenic in blood of rats was 

greater than 95% DMA regardless of which inorganic form was administered. 

These results implied that upon exposure to arsenate, rats readily excreted 

most of the dose in urine either unmetabolized or reduced to arsenite and that 

accumulation of arsenic by tissues did not occur to any great extent. Conversely, 

exposure to arsenite lead to higher tissue accumulation of arsenic and that this 

only decreased as arsenite was metabolized to DMA, which then accumulated in 

red blood cells. This study provided the first indication of how arsenic is 

metabolized in mammals, although extrapolation of these results to humans and 

other mammals seems inappropriate because of the accumulation of DMA in rat 

red blood cells. 

Using two other animal models Vahter and Marafante (1983) demonstrated 

that arsenite is the main form of arsenic bound to liver, lung and kidney 

homogenates of mice and rabbits in vitro. Gel filtration chromatography of 

homogenates indicated that only arsenite was associated to high molecular 

weight proteins in liver and kidney of both species. In vivo experiments showed 

that administered arsenite (0.04 mg/kg, i.v.) accumulated in liver and lung while 

arsenate accumulated in kidney. Arsenic in these tissues was also associated 

with high molecular weight proteins after both arsenite and arsenate but to a 

greater extent after the former. Mice had la-fold lower arsenic binding in tissues 

than rabbits at 16 hr, presumably due to their faster methylation of inorganic 

arsenic to DMA (Vahter and Marafante, 1983). 

In vivo reduction of arsenate to arsenite was specifically addressed in studies 

by Vahter and Envall (1983). They eliminated the possibilities that arsenate 

reduction could occur in urine samples after excretion or in injection solutions 
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before administration. Arsenate was stable in urine for 14 days at a pH of 4.0 or 

greater and arsenite was oxidized to arsenate at similar pH values. Therefore, 

urinary arsenite levels would be even lower upon sample storage while arsenate 

levels would increase. The only possible alternative, then, for the arsenite 

detected in urine, blood and tissues of mice and rabbits injected solely with 

arsenate was for it have been reduced in vivo. This fact was further supported by 

Bertolero at al. (1987) who demonstrated that cell cultures exposed to arsenate 

reduced greater than 75% of the dose absorbed to arsenite in 1 hr. 

The tissue retention and distribution of DMA was examined in mice and rats 

by Vahter et al. (1984). More than 80% of the orally administered DMA (0.4 

mg/kg) was absorbed from the gastrointestinal tracts of both species. Earlier 

studies using these two animal models have shown very low fecal excretion of 

DMA following intravenous administration (Stevens et al., 1977; Vahter and 

Marafante,1983). Only 1 % of the absorbed DMA in mice was retained after 48 

hrs, the majority being rapidly excreted in the urine. Conversely, more than 50% 

of the DMA dose was still retained by rats. Initially, kidneys had the highest 

DMA levels, a results of its rapid excretion in urine. The subcellular distribution 

of arsenic in liver, kidney and lung at 6 hr was primarily in the cytosol. A 

portion of the DMA found in urine (5%) and the aforementioned tissue cytosols 

(>5%) appeared to be in an unknown complexed form. 

The further methylation of DMA to trimethylarsine oxide (TMAO) was 

examined by Marafante et al. (1987) in mice, hamsters and man. Urinary 

excretion of TMAO within 48 hr only amounted to 3.5% in mice and 6.4% in 

hamsters of the total DMA dose (40 mg/kg, p.o.). No TMAO was found in feces 

of either species. Urinary and fecal elimination of unmetabolized DMA was 81 % 
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and 76% of the administered dose in mice and hamsters, respectively. No 

demethylation of DMA to inorganic arsenic was observed in either species. In a 

human subject administered DMA (0.1 mg/mg) approximately 80% of the dose 

was present in urine unmetabolized while 3% was further methylated to TMAO 

in 48 hr. 

Methylation Mechanisms 

Despite all the animal and human studies that have demonstrated inorganic 

arsenic is methylated primarily in the liver as part of an arsenic detoxification 

response, no one has ever deduced what enzymes are involved. Essentially, the 

liver has remained a 'black box' which inorganic arsenic enters and its 

methylated metabolites, MMA and DMA, exit. Figure 1.4 contains the generally 

accepted scheme for the arsenic methylation pathway and reflects the 

culmination of data from various animal and human studies. It is still uncertain 

whether arsenite can be metabolized directly to DMA without first being 

converted to MMA as depicted by the dashed arrow in Figure 1.4. 

Several in vitro studies have attempted to localize in which liver subcellular 

fractions these enzymes are contained. However, their results have been 

contradictory. Unfortunately, the mechanisms involved in the enzymatic 

methylation of inorganic arsenic, as signified by black arrows in Figure 1.4, still 

remain a mystery. A summary of the limited research on mechanisms of 

inorganic arsenic methylation follows. 
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The first research to demonstrate arsenic methyltransferase activity by liver 

preparations in vitro was done with a rat model (Shirachi et al., 1981). Liver 

homogenate (10%) was separated into nuclear, mitochondrial, microsomal and 

cytosolic subcellular fractions by differential centrifugation. All fractions were 

incubated with arsenate for 60 min at 37°C and the amounts of MMA and DMA 

formed were determined. No methyl donors were added to these incubations. 
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All subcellular fractions contained methylating activity but MMA formation was 

highest in mitochondria and cytosol (12 and 15 Jlmol/hr / assay, respectively) 

while DMA formation (400 Jlmol/hr/assay) was only present in the cytosol. 

Shira chi et aI. (1981) suggested that the results indicated two enzymes were 

responsible for arsenic methylation. 

Buchet & Lauwerys (1985) reported that they could not independently repeat 

the aforementioned results. Their in vitro work with rat liver homogenates (15%) 

demonstrated that arsenic methylating activity was only present in one 

subcellular fraction, the cytosol. Furthermore, only arsenite could serve as a 

substrate, addition of 1 mM S-adenosyl methionine (SAM) was necessary as a 

methyl donor and 10 mM GSH was required for full activity (0.3 ng/hr/mg 

cytosolic protein for MMA and 2.5 ng/hr /mg protein for DMA). Other cofactors 

were added to incubations (1 mM) to determine if they increased arsenic 

methylating activity but NAD, NADP, ATP, succinate, folate and 5-

methyltetrahydrofolate had no beneficial effect. 

Addition of vitamin B12 (100 Jlg/ml incubation) did enhance the amount of 

DMA formed by cytosol (4.6 ng/hr/mg protein), but had less effect on MMA 

formation (0.8 ng/hr/ml). MethyIcobalamin, a vitamin B12 derivative, slightly 

increased formation of DMA and MMA (5.3 and 1.0 ng/hr /mg protein, 

respectively). Interestingly, incubations containing methylcobalamin and no 

cytosol had extremely high MMA activity (4.8 ng/hr) but no DMA formation. 

This implied that MMA formation could be non-enzymatic but that cytosolic 

enzymes were required for DMA formation. Inhibition of DMA formation 

activity (90%) but not MMA formation activity with mercuric chloride (100 IlM) 

addition seemed to further support this. Substrate concentrations also effected 
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metabolite ratios, with DMA exceeding MMA formation at lower arsenite 

concentrations «31 JlM) and the reverse at higher concentrations. Therefore, at 

least separate cytosolic enzymes were proposed for inorganic arsenic 

methylation and that subsequent methylation of first arsenite to MMA and then 

MMA to DMA occurred (Buchet and Lauwerys, 1985). The authors failed to 

consider the possibility, however, that MMA formation from arsenite may be 

mainly non-enzymatic as suggested by their results. 

Another problem with the above reported data is the overall low 

methyl transferase activity obtained by cytosol preparations. Buchet and 

Lauwerys (1985) reported that, at best, 182 ng of methylated metabolites were 

formed per hour per incubation from approximately 5630 ng substrate which 

amounts to only 3.2% conversion. Shirachi et al. (1981) obtained micromolar 

amounts of MMA and DMA formation per hour, but what percentage of 

substrate this represented could not be calculated from their report. Also, no one 

has been able to reproduce the latter groups results. In vitro inorganic arsenic 

methylation rates seem at odds with the high amounts of MMA and DMA 

detected in humans and animals in vivo. 

The induction of methylation activity by mice fibroblast cell cultures was 

examined after exposure to arsenite and arsenate (Fischer et al., 1985). 

Pretreatment of cells with arsenic trichloride (1 11M) for up to 20 weeks decreased 

cytotoxicity of cultures upon exposure to previously toxic levels of trivalent and 

pentavalent inorganic arsenic. Arsenic trichloride pretreated cells methylated 

inorganic arsenic slightly more (up to 7%) than non-pretreated cultures. The 

percent of arsenic methylated by cell cultures after 6 days was 39% of dose. This 
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implied that enzymes responsible for methylating inorganic arsenic might be 

inducible. 

Further experiments by Buchet and Lauwerys (1988) using rat liver cytosol 

achieved better methylation ratios, 25%, than previously reported (1985). A 3 

mM GSH concentration was determined to be optimum for overall methylation 

activity, 21 ng/hr /mg cytosolic protein, while higher GSH concentrations 

inhibited methylation. Depletion of cytosolic GSH levels by dialysis or 

pretreatment of animals with BSO or phorone prior to liver cytosol preparation 

all decreased methylation activity and it was not totally restored by GSH 

addition to incubations. Other thiol reagents such as dithiothreitol (DTI) and !5-

mercaptoethanol also increased methylation activity of cytosol incubations at 

only 0.5 mM concentrations. It was unclear from the results whether GSH was 

needed to provide a reducing environment for enzymes or was actually involved 

in methylation reactions. 

Buchet et al. (1984) studied the capacity for inorganic arsenic methylation in 

patients with different types of liver diseases. The findings suggested that there 

are separate pathways for methylating arsenite to MMA and DMA. Although 

liver disease did not alter the percent of the total dose (7.14Ilg/kg, i.v.) excreted 

within 24 hr, it did effect the proportions of MMA and DMA in urine. 

Individuals with liver diseases which included various forms of cirrhosis, 

hepatitis and steatosis had 47% lower levels of MMA and 68% higher levels of 

DMA in their urine compared to control subjects. 

The above finding that liver disease states differently altered the ratio of 

inorganic arsenic monomethylation and dimethylation was confirmed by Geubel 

et al. (1988) using identical dosing on a larger number of subjects. Notably, two 
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individuals with end-stage liver disease and markedly decreased MMA urinary 

levels, only 11 % of controls, underwent orthotopic liver transplanta~ion. The 

individuals experienced an increase to control levels in their ability to 

monomethylate inorganic arsenic within three months. This further supported 

the idea that the liver is the primary site for inorganic arsenic methylation in 

man. 

Inhibition of methytransferase activity in rabbits by dietary and chemical 

means both resulted in decreased methylation of arsenate to DMA and increased 

arsenic levels in tissues as reported by Marafante (1986). Periodate-oxidized 

adenosine (PAD), a potent inhibitor of S-adenosyl-methionine dependent 

methylation, was administered (100 Ilmol/kg, Lp.) to animals prior to arsenate 

administration (0.4 mg/kg, Lv.). Urinary excretion of DMA was 47% and liver 

concentration of arsenic was nearly twice that of control values at 72 hr. The 

increased retention of arsenic by the liver was primarily localized to the soluble 

or cytosolic fraction. 

A choline-deficient diet which increased hepatic S-adenosylhomocysteine 

levels and inhibited methyltransferase reactions (Shivapurkar and Poirer, 1983) 

was fed to another set of rabbits for 10 weeks prior to arsenate administration 

(0.4 mg/kg, Lv.). The only difference between the two treatments was an 

increase in liver microsomal arsenic levels for choline-deficient animals and may 

be attributable to microsomal membrane alterations usually associated with 

reduced choline levels (Lombardi, 1971). The higher retention of arsenic in 

animals given PAD or choline-deficient diets may also have been due to the 

interaction of unmethylated arsenic with tissues. 
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The Marmoset Anomaly 

Metabolism of arsenic by the marmoset monkey is anomalous to all other 

mammalian systems studied to date, in that no methylated arsenic metabolites 

are produced (Vahter et al., 1982). Of the total arsenite injected (0.4 mg/kg, Lp.), 

only 30% of dose was eliminated within 4 days. All arsenic found in tissues and 

urine was in the inorganic form, predominantly as arsenite. The liver contained 

20% of dose, 20-fold greater than the next highest organ, and most of the arsenic 

was bound to the rough microsomal membrane, nuclear and cytosolic proteins. 

Arsenic was tightly bound to these subcellular constituents and could only be 

dissociated by dialysis against a BAL solution. 

Similarly, marmoset monkeys given arsenate (0.4 mg/kg, Lv.) did not 

metabolize it to any methylated arsenic compound (Vahter and Marafante, 1985). 

However, most of the arsenate was reduced to arsenite with only 20% excreted in 

urine as arsenate and 20% excreted as arsenite by 4 days. The rest of the arsenic, 

predominately as arsenite, was bound to tissues as seen with arsenite 

administration. Again the liver contained the largest amount of arsenic, 11 % of 

dose, which was bound to the rough microsomal membrane, nuclear and 

cytosolic proteins. 

No studies comparing the toxicity of arsenite or arsenate in marmosets to 

other mammals which do methylate arsenic have been done. Yet, marmosets 

despite their inability to methylate given doses of inorganic arsenic identical to 

those administered to other mammals with methylation capability do not seem 

especially vulnerable to arsenic toxicity. This implies that marmosets have a 

different mechanism for detoxifying inorganic arsenic, namely the binding of 

arsenite to subcellular components of the liver including the rough microsomal 
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membrane, nuclear and cytosolic proteins. Whether other mammals such as 

rabbits also bind arsenite to certain liver proteins either in conjunction with or in 

addition to arsenic methylation pathways is uncertain. 

This dissertation concentrated on determining the species of inorganic arsenic 

which binds to rabbit liver cytosolic proteins, the specific proteins involved in 

this binding and the characteristics of the binding sites. In order to study these 

proteins with an affinity for arsenic an in vitro incubation system to [73Asl-Iabel 

proteins was developed and is presented in Chapter 2. The number and size of 

proteins [73 Asl-Iabeled using the in vitro incubation system were further 

examined in Chapter 3. The characteristics of the binding sites on one of these 

proteins are examined in Chapter 4. The implications of this research and how it 

expands the current knowledge about arsenic detoxification is addressed in 

Chapter 5. 



CHAPTER 2 

A MODEL SYSTEM FOR STUDYING 

CYfOSOLIC PROTEINS WHICH BIND ARSENIC 
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Trivalent arsenite exerts its acute toxicity by inhibiting enzymes containing 

vicinal sulfhydryl groups at their active centers, such as pyruvate dehydrogenase 

(Fluharty and Sanadi, 1960; Webb, 1966). Pentavalent arsenate disrupts oxidative 

phosphorylation by substituting for phosphate during the formation of ATP 

(Bhuvaneswaran,1979). The toxicity of both of these forms of inorganic arsenic 

ultimately result in the depletion of cellular energy stores. Therefore, almost all 

mammalian systems have developed metabolic pathways to detoxify these 

arsenic compounds by their methylation to methylarsonic acid (MMA) and 

dimethylarsinic acid (DMA) (Buchet et al., 1981). MMA and DMA are 50 to 100 

times less toxic than arsenite and are readily excreted in urine (Peoples, 1975). 

Studies using mice, rabbits, bacteria and fungi have indicated that before 

methylation can occur inorganic arsenic must first be in the trivalent form 

(Wood, 1974; McBride et al., 1978; Vahter and Envall, 1983). Indeed, studies have 

shown that arsenate is rapidly reduced to arsenite in vivo by mice, rabbits and 

marmoset monkeys (Vahter and Envall, 1983; Vahter and Marafante, 1985). This 

reduction of arsenate to arsenite would seem to assist in the latter's methylation 

by maintaining substrate availability and aiding in overall arsenic detoxification. 

Arsenite, however, has been shown to be 4 to 10 times more toxic than 

arsenate in bacteria (Anderson and Abdelghani, 1980), rodents and dogs (Franke 

and Moxon, 1936; Schroeder and Balassa, 1966; Byron et al., 1967). Therefore, 

biotransformation of arsenate to arsenite increases the in vivo toxicity and risk to 
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an organism. A biological storage site or reservoir which transiently sequesters 

arsenite from arsenite-inhibitable metabolic reactions prior to methylation would 

be advantageous for survival. 

In vivo studies in rabbits have shown that five hours after arsenite 

administration, 11.6, 1.4 and 1.7% of the dose was distributed in the liver, kidney 

and lung, respectively (Marafante et al., 1981). Subcellular fractionation 

indicated that most of the arsenic present in those tissues was bound to proteins 

in the cytosol (Marafante et al., 1981; Marafante et al., 1982). This binding 

occurred within one hour of either arsenite or arsenate administration (Marafante 

et al., 1982; Vahter and Marafante, 1983) and persisted for at least 16 hours. 

Appreciable amounts of methylated arsenic metabolites were not detected in 

rabbit urine until 2 hours after administration of arsenite (Bertolero et aL, 1981). 

The binding of inorganic arsenic to tissue proteins may indeed be occurring 

in vivo as an additional or perhaps initial step in arsenic detoxification (Vahter et 

al., 1982; Vahter and Marafante, 1985). Major support for this idea comes from 

studies on marmoset monkeys administered arsenate and arsenite. The 

marmoset is the only mammal studied to date that does not methylate inorganic 

arsenic compounds. Inorganic arsenic administered to marmosets was primarily 

localized in the liver where it was associated with the rough microsomal fraction 

and cytosolic macromolecules (Vahter et al., 1982; Vahter and Marafante, 1985). 

Furthermore, despite its lack of arsenic methylating activity, the marmoset has 

not been shown to be overly prone to inorganic arsenic toxicity. 

The primary aim in this section was to develop an in vitro incubation system 

for studying and quantitating inorganic arsenic binding to cellular proteins. This 

consisted of determining; 1) which inorganic arsenic species binds to cellular 
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proteins; 2) if there is any specificity to this protein binding; and 3) what assay 

conditions are for optimal binding. A rabbit tissue-based model was chosen 

since this animal metabolizes arsenate/arsenite most similarly to man (Vahter 

and Marafante, 1988). 

Experimental Procedures 

Animals. New Zealand-White rabbits (5 weeks) were purchased from 

Myrtle's Rabbitry Inc. (Thompson Station, TN) and were acclimated for 1-2 

weeks prior to use in an environmentally controlled animal facility operating on 

a 12-hr dark/light cycle at 22-24°C. Animals were provided Harlan Teklad 0533 

Rabbit Diet #7008 and water ad libitum. Five rabbits were used to complete the 

research in this section. 

Chemicals. Sodium arsenite and sodium arsenate were ACS reagent grade 

and purchased from MCB Reagents (Cincinnati, OH). Carrier-free [73Asl

arsenate was purchased from Los Alamos National Laboratory (Los Alamos, 

NM). It was used as purchased or chemically reduced to [73Asl-arsenite by the 

method of Reay & Asher (1977). Lyophilized bovine serum albumin containing 

0.3% dithiothreitol was purchased from Sigma Chemical (St. Louis, MO) and 

dissolved in 10 mM HEPES pH 7.4. All other chemicals were analytical reagent 

grade or of the highest quality obtainable. 

Speciation of Inorganic Arsenic. Solid-phase extraction (SPE) was used to 

determine oxidation state purity of inorganic arsenic solutions. SPE cartridges 

containing quaternary amine anion-exchange resin (SAX) were purchased from 

Analytichem (Harbor City, CA). [73Asl-arsenate or [73Asl-arsenite were used as 
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they were or added to corresponding solutions of non-radioactive sodium 

arsenate or sodium arsenite to the desired radioactive specific activity. An 

aliquot of each solution (10-100 ~l) was placed on a 1 m1 cartridge that had been 

equilibrated previously with 1 ml methanol, 0.5 ml 0.5 N HCI and 3 m1 distilled 

water. Arsenite was eluted from cartridges with 3 ml distilled water and 

arsenate was eluted with 3 ml 0.5 N HC!. Purity of oxidation states was 

determined by the ratio of [73Asl in the two eluents. The chemical reduction 

procedure was typically >98% effective in reducing arsenate to arsenite. 

Preparation of Cytosol. Male New Zealand-White rabbits (2 kg) were 

euthanized with C02 and livers removed. After rinsing in ice cold saline to 

remove excess blood and blotting with filter paper, liver was cut into 5 g pieces, 

minced and homogenized in 50 mM HEPES pH 7.4 [1:2/w:vl with a Teflon

coated steel pestle in a glass homogenizer. The homogenate was centrifuged at 

4500 g for 15 min to remove unbroken cells, cell membranes and nuclei. The 

supernatant was further centrifuged at 105,000 g for 90 min to pellet cellular 

organelles and obtain cytosol supernatant. Protein concentrations were 

determined by the method of Bradford (1976). Cytosol preparations were either 

used fresh or stored at -70°C until needed. 

In vitro Arsenate Reduction Studies. Fresh rabbit liver cytosol was 

incubated with [73Asl-arsenate (95,000 counts/min/assay) at 37°C for 60 min in a 

final volume of 100 ~l. Incubations contained different amounts of cytosolic 

protein (0.5, 1.6,2.7,3.8 and 4.3 mg) and included a constant concentration of fS

mercaptoethanol (5 mM) to provide a reductive environment. After 1 hr, 100 III 

of ice-cold acetone (final concentration = 50%) was added to incubations and they 

were centrifuged at 15,000 g for 3 min to sediment proteins. The ratio of arsenate 
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and arsenite in supernatants (100 Ill) was determined by the SPE method. Pellets 

were rinsed with 100 III acetone to remove any soluble [73Asl-arsenic and the 

amount of radioactivity still associated with pellets was determined in a LKB 

(Gaithersberg, MD) CompuGamma counter. The amount of [73Asl-arsenate 

adsorbing to sample tubes was determined by blank incubations (the same as 

above but without any protein addition) and was subtracted from protein pellets. 

In order to assess the rate at which arsenate is reduced to arsenite, samples 

containing 4.3 mg protein,S mM l5-mercaptoethanol and [73 Asl-arsenate (36,000 

counts/min/assay) in 100 III were incubated at 37°C for the following times: 0, 

IS, 3D, 45, 60, 90, and 120 min. At the corresponding time, 100 III of ice-cold 

acetone (final concentration = 50%) was added to incubations and they were 

centrifuged at 15,000 g for 3 min to sediment proteins. The ratio of arsenate and 

arsenite in supernatants (100 Ill) was determined by the SPE method. Pellets 

were rinsed with 100 III acetone to remove any soluble [73Asl-arsenic and the 

amount of radioactivity still associated with pellets was determined in a LKB 

CompuGamma counter. The amount of [73As]-arsl.nate adsorbing to sample 

tubes over 120 min was determined by a blank incubation (the same as above but 

without any protein addition) and was subtracted from all protein pellets. 

111 vitro Arsenic Binding Studies. The rate at which either arsenate or 

arsenite binds to cytosolic proteins in the presence or absence of a reductive 

environment was examined. One set of samples containing 5 mg cytosolic 

protein, [73Asl-arsenate (60,000 counts/min/assay) and 5 mM l5-mercaptoethanol 

in 500 III were incubated at 37°C for 0, IS, 3D, 45, and 60 min, while another set 

without l5-mercaptoethanol was similarly incubated. Two additional sets of 

samples containing 5 mg cytosolic protein were also incubated with [73 As]-
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arsenite (60,000 counts/min/assay) with and without 5 mM B-mercaptoethanol 

as above. At the corresponding times, 500 JlI of ice-cold acetone (final 

concentration = 50%) was added to incubations and they were centrifuged at 

15,000 g for 3 min to sediment proteins. Pellets were rinsed with 500 JlI acetone 

to remove any soluble [73As]-arsenic and the amount of radioactivity still 

associated with pellets was determined in a LKB CompuGamma counter. The 

amounts of either form of [73 Asl-arsenic adsorbing to sample tubes over 60 min 

was determined by blank incubations (the same as above but without any protein 

addition) and was subtracted from respective protein pellets. 

A preliminary assessment of the binding specificity of arsenite or arsenate for 

cytosolic proteins was examined and compared with that for bovine serum 

albumin (BSA). Samples containing 5 mg of liver cytosolic protein or BSA in 10 

mM HEPES pH 7.4 were incubated for 30 min at 37°C with [73Asl-arsenite or 

[73Asl-arsenate (50,000 counts/min/assay) with a final volume of SOD Jll. To stop 

the reaction and sediment proteins, SOD JlI of ice-cold acetone (final concentration 

= 50%) was added to incubations and they were centrifuged at 15,000 g for 10 

min. Supernatants were decanted and saved. Unbound arsenic was removed by 

rinsing each pellet with SOD JlI of acetone and centrifuging again. The two 

supernatants were combined. The amount of [73 As] in the pooled supernatants 

and the pellets were determined as above. The amounts of either form of [73 As]

arsenic adsorbing to sample tubes over 30 min was determined by blank 

incubations (the same as above but without any protein addition) and were 

subtracted from respective protein pellets. All incubations were done in 

triplicate. 
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The final concentration of acetone required to precipitate all cytosolic proteins 

was determined. Samples containing 5 mg of liver cytosolic protein in 10 mM 

HEPES pH 7.4 were incubated for 30 min at 37°C with [73 Asl-arsenite (90,000 

counts/min/assay) in a final volume of 500 J.11. To stop the reaction and 

sediment proteins, ice-cold acetone was added to final concentrations of 20, 30, 

40, 50, 60 and 65% and samples were centrifuged at 15,000 g for 10 min. 

Supernatants were decanted and saved. Any unbound arsenic was removed by 

rinsing each pellet with the corresponding concentration of acetone, centrifuging 

and then repeating this step. The three supernatants were combined. The 

amount of [73 Asl in the pooled supernatants and that in the pellet for each 

sample was determined in a LKB CompuGamma counter. The amount of [73Asl

arsenite adsorbing to sample tubes over 30 min was determined by blank 

incubations using 65% acetone and was subtracted from protein pellets. All 

incubations were done in triplicate. 

The time required for optimal binding of [73 Asl-arsenite was also examined. 

Samples containing 1 mg of liver cytosolic protein in 10 mM HEPES pH 7.4 were 

incubated for 15, 30, 45, 60 and 120 min at 37°C with [73 Asl-arsenite (8984 

counts/minIng As/assay) in a final volume of 250 J.11. Ice-cold acetone was 

added to final concentrations of 70% to precipitate proteins. Samples were 

centrifuged at 15,000 g for 10 min, supernatants were collected and pellets rinsed 

twice more as above. The amount of [73Asl in the pooled supernatants and 

protein pellets was determined as above. The amount of cpm bound was 

converted to ng arsenic using the specific activity of incubations (Total 

cpm/Total ng arsenic). Non-specific adsorption of arsenic to incubation tubes 

over the 120 min was determined by incubating buffer with arsenite and this 
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amount, 0.3 ng or 0.8% of total arsenic, was subtracted from all protein pellets. 

All incubations were done in triplicate. 

Arsenite Binding Activity of Liver Subcellular Fractions. After C02 

euthanasia, liver from a male New Zealand White rabbit (2 kg) was removed, 

rinsed in ice cold saline to remove excess blood and blotted with filter paper. 

Liver was cut into 5 g pieces, minced and homogenized in 10 mM HEPES/250 

mM sucrose pH 7.5 [1:2/w:v] with a Teflon-coated steel pestle in a glass 

homogenizer. The homogenate was centrifuged at 4°C at increasing speeds in 

order to pellet subcellular organelles as follows (Vahter et al., 1982): 500 g for 10 

min (unbroken cells and cell membranes), 3000 g for 10 min (nudei), 10,000 g for 

10 min (mitochondria), 27,000 g for 25 min (lysosomes), 105,000 g for 90 min 

(pellet-microsomes and supernatant-cytosol). All pellets were resuspended in 

homogenization buffer. Subcellular fractions were diluted to 6.7 mg protein/ml 

and incubated with [73As]-arsenite (2~) in a total volume of 250 III for 30 min 

at 37°C. Proteins were precipitated by acetone addition and centrifugation as 

above. The amount of [73 As] in the pooled supernatants and protein pellets was 

determined as above. Each assay was done in triplicate. 

Saturation of Arsenite Binding Sites cn Cytosolic Proteins. The effect of 

increasing concentrations of arsenite on binding sites was examined. Frozen 

cytosol from another rabbit liver was thawed and diluted with homogenization 

buffer to a protein concentration of 5 mg/ml. Aliquots (200 Ill) were incubated at 

37°C for 15 min with constant amounts of [73 As]-arsenite (2.5 IlCi - 6 nM) at 

different arsenite concentrations (8.67 nM,32.7 nM, 273 nM, 2.68 1lM, 26.71lM 267 

j.lM and 2.67 mM) in a total volume of 250 Ill. Proteins were precipitated by 

acetone addition and centrifugation as above. The amount of [73 As] in the 
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pooled supernatants and protein pellets was determined as above. Each assay 

was done in duplicate. 

Specificity of Arsenite Binding to Cytosolic Proteins. The specific binding 

of arsenite and its non-specific adsorption to cytosolic proteins was differentiated 

by the method of Titeler (1983). Briefly, two concentrations of arsenite (2.67 and 

267 J.1M), above and below the determined KD (18.4 J.1M), containing the same 

amount of [73Asl-arsenite (2.5 J.lCi/assay) were incubated for 30 min at 37°C with 

an equal amount of protein (1.0 mg) in a total volume of 250).ll. Ice-cold acetone 

was added to 70% to precipitate proteins as described above and protein-bound 

arsenic was determined. At the higher arsenite concentration, the specific 

activity of [73 Asl-arsenite is 1 % that of the lower concentration. Since specific 

sites can bind a limited amount of arsenite, they become saturated at 

concentrations of arsenite 10-fold higher than the KD. Non-specific sites are non

saturable and the amount of bound [73 Asl-arsenite is independent of excess cold 

arsenite. Therefore, the difference between [73 Asl-arsenite bound at 267 11M 

(non-specific) and 2.67 J.lM arsenite (total) represents the saturable or specific 

binding. Each assay was done in duplicate. 

Results 

In vitro Arsenate Reduction Studies. While doing preliminary studies on the 

metabolic reduction of arsenate to arsenite by rabbit liver cytosol, the binding of 

arsenic to cytosolic protein was observed. Figure 2.1 shows that as the amount of 

cytosolic protein incubated with [73 Asl-arsenate was increased so did the 

proportion of radioactivity bound to these proteins as determined by their 
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precipitation with acetone. Arsenic species determination of the supernatants 

revealed that arsenate levels decreased in proportion to the increased protein 

concentrations while arsenite levels remained relatively low throughout. This 

suggested that either arsenate was binding to cytosolic proteins or that as 

arsenite was formed it was rapidly bound to proteins. 
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Figure 2.1. The proportionality of cytosolic protein levels to the amount of [73Asl
arsenic bound. Cytosolic protein (0.5, 1.6, 2.7, 3.8 and 4.3 mg) was incubated at 
37°C for 60 min in the presence of 5 mM fS-mercaptoethanol and [73 Asl-arsenate. 
Acetone was added to a final concentration of 50% and samples were centrifuged 
at 15,000 g for 3 min to sediment proteins. 
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A time course experiment using the highest concentration of protein from the 

previous experiment is shown in Figure 2.2. Again, arsenate levels in the acetone 

supernatants decreased over the 2 hr time course as protein-bound arsenic 

increased. The levels of arsenite in the supernatant remained uniformly low 

throughout. Since the binding of arsenic occurred steadily over time, it indicated 

that arsenate was not directly binding to cytosolic proteins but was probably 

binding to proteins as it was reduced to arsenite. To confirm this [73 As]-arsenate 

was reduced to [73As]-arsenite and the ability of the two different arsenic species 

to bind to cytosolic protein was determined. 
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Figure 2.2. The binding of [73 As]-arsenic by cytosolic protein over a 2 hr time 
course. Cytosolic protein (4.3 mg) was incubated with [73As]-arsenate at 37°C for 
0, 15,30,45,60,90, and 120 min in the presence of 5 mM B-mercaptoethanol. At 
the corresponding time, acetone was added to a final concentration of 50% and 
samples were centrifuged at 15,000 g for 3 min to sediment proteins. 
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Differences in the Binding of Arsenate and Arsenite to Cytosolic Proteins. In 

order to determine which species of arsenic was binding to cytosolic proteins, 

both forms were incubated separately with equal amounts of protein in the 

presence or absence of a reducing agent, g-mercaptoethanol, over a 1 hr time 

course. The rationale for initially adding g-mercaptoethanol to incubations was 

to provide a reducing environment and thereby increasing the reduction of 

arsenate to arsenite by cytosol. Incubations without this reducing agent should 

have limited reduction of arsenate to arsenite and yield a clearer indication of 

which arsenic species binds to cytosolic protein. 

The differences in protein binding associated with either arsenic species over 

a 1 hr time course is depicted in Figure 2.3. Relatively minimal binding of 

arsenate to cytosolic protein occurred in the absence of g-mercaptoethanol. The 

presence of the reducing agent increased the protein binding of arsenate at 60 

min by 3-fold. In comparison, the protein binding of arsenite without g

mercaptoethanol was ll-fold greater than that of arsenate at the 60 min time 

point. In the presence of g-mercaptoethanol, however, the protein binding of 

arsenite was initially higher than arsenite without g-mercaptoethanol and 

decreased by 65% at the 15 min time point. The protein binding of arsenite 

slowly returned to initial levels by the 60 min time point. 

These results suggested that of the two arsenic species, arsenite was primarily 

involved in protein binding and that arsenate only bound to protein after its 

reduction to arsenite. It is known that arsenite has a strong affinity for sulfhydryl 

groups. The initial enhancement of protein binding by arsenite in the presence of 

g-mercaptoethanol may have been due to the overall reduction of protein 

sulfhydryl groups. The competition between protein sulfhydryl groups and 
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those of B-mercaptoethanol may have then lead to the decrease in protein-bound 

arsenite seen at 15 min. The subsequent increase in protein binding that followed 

implied that there are certain proteins with a higher affinity for arsenite than B

mercaptoethanol. In order to determine the extent and specificity of protein 

binding due to arsenite, B-mercaptoethanol was omitted from further 

incubations. 

100 -~ 
~ 
U 80 -ru .. 
0 

E-t 
~ 60 -,...., 
CIl 

~ ...... 
"'0 40 c:: 
= 0 

I=Q 
I 

c:: • .-c 20 Q) .. 
S 
~ 

o 

-0- Arsenate -ft-- Arsenite 
--0"- +B-ME --i::A- +B-ME 

T 

I~'"",/ 
...... 

",,0( ~"" 
,,'" 

·V 
" ! .. ' 
"~ ----- :"" .---

..- ---.;~' ...... ...... y .... 
I 

o 

-~---------~---
'" 

I 

15 

..... ..... 
I 

30 
Time (min) 

..... 
'" 

I 

45 

~ 
" 
,," " 

" 
,," 

_--0 .. " ...... 

-0 

.. 
60 

Figure 2.3. The time course at which arsenate and arsenite binds to cytosolic 
proteins in both the presence or absence of B-mercaptoethanol. Cytosolic protein 
(5 mg) was incubated with [73 Asl-arsenate and [73 Asl-arsenite at 37°C for 0, 15, 
30, 45, and 60 min with and without 5 mM B-mercaptoethanol. At the 
corresponding time, acetone was added to a final concentration of 50% and 
samples were centrifuged at 15,000 g for 3 min to sediment proteins. Each point 
represents the mean of three determinations ± the standard deviation. 
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Albumin contains 35 cysteinyl residues, all but one are involved in 

disulfide bridges (Brown, 1976). Since arsenite has a high affinity for protein 

sulfhydryl groups, its affinity for the single free thiol available on bovine serum 

albumin (BSA) was examined. Equal amounts of cytosolic protein and BSA were 

incubated with equivalent levels of each inorganic arsenic species. Figure 2.4 

shows that arsenite and arsenate binding to BSA was more than 13-fold less than 

that bound to cytosolic protein, only 5.9% and 0.1 % respectively. There was an 

ll-fold difference between the amounts of arsenite and arsenate which bound to 

cytosolic protein, 80% and 7% respectively. 
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Figure 2.4. Arsenite is the predominant form of inorganic arsenic that binds 
cytosolic proteins. Equal amounts of protein (5mg) from cytosol and bovine 
serum albumin (BSA) were incubated with [73 Asl-arsenite and [73 Asl-arsenate at 
37°C for 30 min. Acetone was added to a final concentration of 50% and samples 
were centrifuged at 15,000 g for 3 min to sediment proteins which was repeated 
once. Each point represents the mean of three determinations ± the standard 
deviation. 
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Figure 2.5. Determination of the acetone concentration required to fully 
precipitate AsBPs. Cytosolic protein (5 mg) was incubated with [73Asl-arsenite at 
37°C for 30 min. Acetone was added to final concentrations ranging from 20% to 
65% and samples were centrifuged at 15,000 g for 10 min to sediment proteins. 
Protein determinations for supernatants were done using the method of 
Bradford. Each point or bar represents the mean of three determinations ± the 
standard de:viation. 

The final concentration of acetone added to incubations to precipitate proteins 

thus far was 50%. Since it is possible to fractionate proteins by their solubility in 

acetone, the concentration at which all arsenite-binding proteins were 

precipitated was determined. Figure 2.5 shows the various final concentrations 

of acetone used to precipitate protein and the percentage of protein remaining 

soluble in those supernatants. Protein could not be detected in supernatants at 
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acetone concentrations in excess of 60%. The amount of arsenite-bound to 

protein pellets was also constant at these acetone concentrations. This confirmed 

that all arsenite-binding proteins (AsBPs) were precipitated as well and it was 

decided that subsequent precipitation experiments would be done with greater 

than 65% acetone. Sample supernatants were counted for radioactivity after each 

centrifugation and it was determined that 99% of all the unbound [73 As]-arsenite 

was obtained by the second pellet rinse. 

The length of time required for the optimal binding of arsenite to cytosolic 

proteins is examined in Figure 2.6. The shortest incubation time which resulted 

in a high degree of arsenite binding was 30 min. Incubations of 60 min yielded 

the highest amount of arsenite protein binding, 21.4 ng As/mg protein. At 30 

min, however, 87% of the arsenite binding occurred in 50% of the time. It was 

decided that 30 min incubations at 37°C would be used in subsequent binding 

assays to facilitate rapid processing of large numbers of samples. 

Marafante et al. (1981) reported that in rabbits administered arsenite the 

highest concentration of arsenic was localized to macromolecules of the cytosolic 

fraction. To confirm the applicability of the in vitro arsenite incubation system to 

results from in vivo studies, the binding of arsenite to proteins in different 

subcellular fractions was examined. Differential centrifugation of rabbit liver 

homogenate was used to isolate the subcellular organelle fractions according to 

the method of Vahter et al. (1982). Figure 2.7 shows that the binding of arsenite 

to proteins in the cytosolic fraction was 2- to 3-fold greater than that of proteins 

in other subcellular fractions. The amounts of arsenite bound to the proteins of 

mitochondrial, lysosomal and microsomal fractions in vitro were somewhat 

higher than those reported in whole animals. However, this was thought due to 
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the increased availability of arsenite to these organelles under in vitro conditions 

than would ever occur in vivo. This indicated that the in vitro arsenite incubation 

system would be valid for further study of the As BPs of cytosol. 
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Figure 2.6. Determination of the incubation period required for maximal binding 
of arsenite to protein. Cytosolic protein (1 mg) was incubated with [73Asl
arsenite (specific activity = 8984 counts/minIng As) at 37°C. Acetone was added 
to a final concentration of 70%, samples were centrifuged at 15,000 g for 10 min 
to sediment proteins and pellets were rinsed twice to remove unbound arsenite. 
Each bar represents the mean of three determinations ± the standard deviation. 
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Figure 2.7. Arsenite binding to proteins in cytosol was compared to proteins in 
other subcellular fractions. Rabbit liver homogenate was differentially 
centrifuged at 4°C to sediment subcellular organelles (Vahter et aI., 1982). Pellets 
were resuspended in homogenization buffer and equal amounts of protein (1.0 
mg) from each were incubated with [73 Asl-arsenite (2 ~) for 30 min at 37°C. 
Acetone was added to a final concentration of 70%, samples were centrifuged at 
15,000 g for 10 min to sediment proteins and pellets were rinsed twice to remove 
unbound arsenite. Each bar represents the mean of three determinations ± the 
standard deviation. 

Arsenite Binding and Specificity. Table 2.1 shows the effect of increasing 

concentrations of arsenite on the fraction of total binding sites occupied by 

radioactive ligand, termed fractional occupancy. Maximal binding of arsenite 

reaches a plateau at approximately 85% for the three lowest concentrations of 
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arsenite assayed. The data in Table 2.1 were used to calculate the equilibrium 

dissociation constant, Ko, of arsenite for cytosolic proteins. When the fractional 

occupancy equals 50%, the concentration of arsenite equals the Ko. The equation 

Y = 76.083 - 20.639(log X) represents the relationship between the percentage of 

arsenite bound (Y) versus the total arsenite concentration (X) for the five highest 

data points as plotted in Figure 2.8. A Ko value of 18.4 ~ corresponded to 50% 

arsenite binding. 

Table 2.1. Increasing concentrations of arsenite and the fractional occupancy of 
binding sites on cytosolic proteins. Samples containing cytosolic protein (1 mg) 
were incubated at 37°C for 30 min with constant amounts of [73Asl-arsenite (2.5 
JlCi = 6 nM) and increasing final concentrations of total arsenite (8.67 nM, 32.7 
nM, 273 nM, 2.68 J..LM, 26.7 J..LM 267 J..LM and 2.67 mM). Acetone was added to a 
final concentration of 70%, samples were centrifuged at 15,000 g for 10 min to 
sediment proteins and pellets were rinsed twice to remove unbound arsenite. 
Each value is the mean of two determinations ± the standard deviation. 

Arsenite Fractional Occupancy log % Bound 

Concen tra tion (%)+S.D. 1-% Bound 

8.67nM 86.14 ±3.60 0.793 

32.7nM 83.72± 1.99 0.711 

273nM 85.34± 0040 0.765 

2.68JlM 74.29±2.90 00461 

26.7 J..LM 41.58 ± 1.83 -0.148 

267 J..LM 24.50± 0.02 -00489 

2.67mM 7.26 + 0.04 -1.106 
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Figure 2.8. The equilibrium dissociation constant, KD, of arsenite for cytosolic 
proteins was determined from the data in Table 2.1. Logarithmic regression was 
used to calculate the equation representing the curve. Each value is the mean of 
two determinations ± the standard deviation. 

The specificity of this binding was examined in Table 2.2 using the approach 

of Titeler (1983). Arsenite was incubated with cytosolic protein at concentrations, 

far above and below the KD (18.4 IlM), 267 IlM and 2.67 IlM respectively. 

Equivalent amounts of [73 As]-arsenite were used for each so that the specific 

activity (total cpm/total ng arsenic) in the former was 1 % of that in that latter. 

Arsenite-specific binding sites on cytosolic proteins were determined to be 67% 

of the total (specific and non-specific) number of possible binding sites. This 
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degree of arsenite specific binding sites should help in subsequent purification 

procedures to study proteins which contain them. 

Table 2.2. The specific binding of arsenite and its non-specific adsorption to 
cytosolic proteins. Total arsenite binding was determined by incubating arsenite 
(2.68 J.1M) containing [73 Asl-arsenite (2.5 J.1Ci or 5.82 x lOS cpm) with 1.0 mg 
cytosolic protein for 30 min at 37°C. Non-specific arsenite binding was 
determined by incubating the same amount of protein and [73Asl-arsenite but 
increasing the total concentration of arsenite by 10o-fold (267 J.1M). Acetone was 
added to a final concentration of 70%, samples were centrifuged at 15,000 g for 10 
min to sediment proteins and pellets were rinsed twice to remove unbound 
arsenite. Each value is the mean of two determinations. The difference between 
amount of [73 Asl-arsenite bound at the two concentrations is considered the 
specific binding of arsenite to cytosolic proteins. 

Type of 
Binding 

Total 

- Non-Specific 

= Specific 

Arsenite 
Concentration 

2.68 J.1M 
267 J.1M 

Arsenite 

BoundCPM 

4.29 x 105 

1.42 x 105 

2.87 x 105 

(67% of total cpm) 

Incubations for arsenite binding assays were performed at 37°C and linearity 

was found over a protein concentration range of 0.5 to 10.0 mg/ml. Less than 1 % 

of arsenite precipitated in acetone at concentrations of up to 2.67 mM in blank 

(no protein) incubations. The freezing of cytosol preparations at -70°C preserved 

greater than 70% of their binding activity over a one year period. 
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Discussion 

The mammalian pathway for arsenic detoxification might seem rather 

limited, since the environmentally more abundant inorganic arsenic species, 

arsenate, needs to be reduced to a more toxic arsenic species, arsenite, before 

being methylated. However, the binding and sequestration of arsenite by 

specific proteins in the cytosol may playa role in its detoxification. After binding 

to protein, arsenite would be metabolically unavailable until it was methylated. 

Arsenic has been reported to bind to macromolecules in tissue cytosol, mos t 

notably of the liver (Marafante et al., 1981; Marafante et al., 1982). This occurred 

within one hour of arsenite or arsenate administration and prior to the detection 

of appreciable amounts of methylated metabolites in the urine (Marafante et al., 

1982; Vahter and Marafante, 1983). The degree of arsenic bound to protein 

eventually decreased with the increase of methylated metabolites in urine. The 

species of inorganic arsenic or the proteins involved in this binding were never 

examined though. 

A very simple and rapid in vitro arsenite incubation system was developed to 

determine the amount of arsenite a given cytosolic preparation can bind. 

Though initially arsenic protein binding was seen in incubations containing 

arsenate (Figures 2.1 & 2.2), a time course experiment showed that this was due 

to its reduction to arsenite (Figure 2.3). Several studies have shown that arsenate 

can be rapidly reduced to arsenite in vivo and in vitro model systems (Vahter and 

Envall, 1983; Bertolero et al., 1987). The amount of arsenite bound was 13 times 

greater than that of arsenate (Figure 2.4). Other in vitro studies involving 

incubation of liver, lung and kidney homogenates from mice and rabbits with 
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arsenite, arsenate or dimethylarsinic acid have also found that arsenite is the 

main form of arsenic bound to tissues (Vahter and Marafante, 1983). 

The difference in protein binding by arsenite and arsenate was attributed to 

the affinity of the former for sulfhydryl groups, especially two adjacent (vicinal 

thiols) or closely associated (dithiols) thiol groups (Webb, 1966). Since BSA 

contains a free sulfhydryl group it was assayed but had little binding activity 

compared to cytosol (Figure 2.4). This suggested that arsenite binding may occur 

primarily at vicinal thiol or dithiol groups on proteins and not at a single thiol 

group such as on albumin. Stocken and Thompson (1946) have shown that the 

hydrolysis rates of thiol complexes with a trivalent arsenical, lewisite, were rapid 

for monothiols (cysteine>GSH>B-mercaptoethanol) but virtually non-existent for 

1:2- or 1:3-dithiols (2,3-dimercaptopropanol and 1,3-dimercaptopropanol, 

respectively). These comparative arsenic-thiol affinities should apply as well for 

similar protein-bound thiol configurations. 

Greater than 65% acetone was the final concentration needed to fully 

precipitate all proteins which bound arsenite (Figure 2.5). Thirty minute 

incubations of arsenite with cytosolic proteins were determined to be optimum 

and reproducible for the assaying of these binding proteins (Figure 2.6). 

Arsenite-protein binding at 37°C for total amounts of protein ranging from 0.1 to 

2.0 mg was linear. 

On a per mg protein basis, twice as much arsenite bound to proteins in liver 

cytosol than in any other subcellular fraction (Figure 2.7). This is similar to 

published studies by other investigators who have done in vivo experiments 

using rabbits, mice and rats (Klaassen, 1974; Marafante et al., 1981; Bertolero et 

al., 1981; Vahter and Marafante, 1983). They have reported that 50-65% of the 
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arsenic in liver was found to be associated with cytosolic macromolecules. A 

higher proportion of arsenite was bound to mitochondrial, lysosomal and 

microsomal proteins in our in vitro incubation system, though, and was 

attributed to the increased availability of arsenite to these organelles under in 

vitro conditions than would occur in vivo. 

Increasing concentrations of arsenite effected the fractional occupancy of 

binding sites on cytosolic proteins proportionally (Table 2.1). The data were used 

to compute the relative amount of specific binding sites for arsenite on cytosolic 

proteins (Table 2.2) and the equilibrium dissociation constant (KD) (Figure 2.8). 

The percent of arsenite-specific binding sites, 67% of total sites, was higher than 

expected for a crude protein preparation and should aid in subsequent 

purification and characterization procedures. 

The in vitro incubation system was primarily designed to radio-label proteins 

having an affinity for arsenite and to determine the success of future purification 

procedures in isolating these proteins. It was not designed to accurately 

determine the amount of arsenite a specific protein can bind without further 

isolation from tissue cytosol preparations. Although the fractional occupancy 

was determined with a crude cytosolic protein preparation (Table 2.1), it was 

only done to insure that adequate concentrations of arsenite were used in 

subsequent incubations. The KD determination (Figure 2.8) reflects the average 

dissociation constant for all proteins capable of binding arsenite in the cytosol. 

Therefore, the assay is not meant to be comparable to the cadmium/hemoglobin 

saturation binding assay reported by Onosaka et al. (1978), in which 

metallothionein was quantitated by saturation with p0ged]. 
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Binding proteins which sequester heavy metals are not without some 

precedence. Other metals such as cadmium, copper and zinc are sequestered by 

metallothionein and this binding decreases their toxicities (Karin, 1985; Kagi and 

Schaffer, 1988) and its induction by these metals after initial exposures aids in 

su.bsequent exposures (Goering and Klaassen, 1983, 1984). Cadmium and 

mercury can also coordinate with albumin but the biological significance of this 

remains unknown (Yongqia et al., 1992). Results presented in this chapter, 

however, indicated that albumin had little or no affinity for either arsenite or 

arsenate (Figure 2.4). Therefore, the existence of specific proteins in the liver 

cytosol which bind arsenite should not be surprising. The further purification of 

these proteins and a characterization as to their binding of arsenite will be 

addressed in the following chapter. 



CHAPTER 3 

INITIAL PURIFICATION OF SPECIFIC 

CYfOSOLIC PROTEINS WHICH BIND ARSENITE 

73 

In the previous chapter, arsenite was determined to be the species of 

inorganic arsenic responsible for binding to cytosolic proteins. An in vitro 

arsenite incubation system for studying these proteins was also presented. The 

determination of which specific cytosolic proteins are involved in binding 

arsenite will be addressed in this chapter. The purification and identification of 

these arsenite-binding proteins or AsBPs should help in determining the 

consequences of their interaction with arsenite. 

The binding of arsenite by cytosolic proteins may aid in detoxification by 

reducing the amount of arsenite available to interfere with sensitive enzyme 

reactions. Conversely, since arsenite and not arsenate binds to cytosolic proteins, 

this binding could be detrimental to an organism and could explain the 

differences in toxicity previously reported for the two (Peoples, 1975). Studies 

with rabbits and marmoset monkeys tend to support the former explanation 

(Vahter et al., 1982; Vahter and Marafante, 1983, 1985). Either way this 

information should prove essential in developing a complete knowledge of the 

pathways mammalian systems utilize to metabolize and detoxify arsenic. 

The aim of this chapter was to determine if arsenite was bound to specific 

cytosolic proteins in the in vitro incubation system and if this was analogous to 

what occurs in vivo. Ammonium sulfate fractionation and trivalent arsenic 

affinity chromatography were used to purify proteins which bind arsenite while 
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non-denaturing polyacrylamide gel electrophoresis and size-exclusion 

chromatography were used to determine the molecular weights of these proteins. 

Experimental Procedures 

Animals. New Zealand-White rabbits (5 weeks) were purchased from 

Myrtle's Rabbitry Inc. (Thompson Station, TN) and prior to use were acclimated 

for 1-2 weeks in an environmentally controlled animal facility operating on a 12-

hr dark/light cycle at 22-24°C. Animals were provided Harlan Teklad 0533 

Rabbit Diet #7008 and water ad libitum. Six rabbits were used to complete the 

research in this section. 

Chemicals. Sodium arsenite was ACS reagent grade and purchased from 

MCB Reagents (Cincinnati, OH). Carrier-free [73As]-arsenate was purchased 

from Los Alamos National Laboratory (Los Alamos, NM) and chemically 

reduced to [73Asl-arsenite by the method of Reay & Asher (1977). 

Polyacrylamide gel electrophoresis chemicals were purchased from Bio-Rad 

(Hercules, CA). Sepharose 4B-CL resin and p-arsanilic acid were purchased from 

Sigma Chemical (St. Louis, MO). Novarose SE (10,000/40) High Activity resin 

was obtained from INOV ATA AB (Sweden). The sodium salt of 2,3-

dimercaptopropane-1-sulfonic acid (DMPS) was a gift from Heyl (Germany). All 

other chemicals were analytical reagent grade or of the highest quality 

obtainable. 

Ammonium Sulfate Fractionation of AsBPs. Freshly prepared cytosol (41.5 

mg protein/ml) was incubated with [73Asl-arsenite (26.7 ~M) at 37°C for 30 min. 

Ammonium sulfate was added to the cytosol to precipitate proteins at 0-10, 10-



75 

20, 20-30, 30-40, 40-50% saturation. At each step ammonium sulfate was slowly 

added to a solution on ice. After 15 min the solution was centrifuged at 4000 g 

for 15 min at 4°C to sediment precipitated proteins. More ammonium sulfate 

was added to supernatants from prior precipitations to precipitate proteins at 

higher concentrations. Protein pellets were resuspended in 50 mM HEPES pH 

6.8 and ultrafiltered in Amicon Centricon cartridges with a 30K MW membrane 

to remove any unbound arsenite. The protein retentates were analyzed in a LKB 

CompuGamma counter and the amounts of cpm bound were converted to ng 

arsenic using the specific activity (total cpm/ total ng arsenic). This was repeated 

with the same cytosol preparation after its storage for 10 days at 4°C. 

Non-Denaturing Polyacrylamide Gel Electrophoresis. Another set of 

ammonium sulfate fractions prepared as above were analyzed by non

denaturing polyacrylamide gel electrophoresis (PAGE) using gels of 5% 

acrylamide monomer /3.3% cross-linker according to the discontinuous method 

of Ornstein & Davis (1964). Fractions and molecular weight standards 

(Apoferritin = 443K; fS-Amylase = 200K; Albumin = 66K) were diluted to 1 mg 

protein/ml with buffer. Equal amounts of each (100 ~g) were incubated with 

[73As]-arsenite (5 ~Ci/l0~) for 15 min at 37°C. Sample buffer (125 mM Tris-HCI 

pH 6.8/20% glycerol/0.05% phenol red) was added (90~) and 10 ~g protein (20 

~l) was loaded per lane. Electrophoresis was done in a Hoefer Scientific (San 

Francisco, CA) Mighty Small unit at 12 watts constant power for 40 min. Gels 

were silver stained to visualize protein bands or rinsed in water to remove 

unbound arsenite before drying. 

Autoradiography of dried gels was done by exposing them to Kodak XRP-l 

X-ray film. Exposure times varied but were generally between 1 to 7 days. Film 
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was developed and imported into a Macintosh Quadra 840A V computer using a 

256 shade gray-scale scanner. The [73 Asl-Iabeled protein bands detected by 

autoradiography were quantitated using Image© software version 1.55 

developed by the National Institute of Health. This program assigns all pixels 

which comprise an image a LUX value ranging from 0 to 255. Average LUX 

values of background areas of images were determined and doubled to obtain 

the minimum LUX value for a positive response (ML VPR). The number of pixels 

which exceeded the MLVPR for each [73Asl-Iabeled protein band were counted 

and the relative amount of arsenite binding which occurred was calculated . 

. Size-Exclusion Column Chromatography. A fresh cytosol preparation was 

fractionated with ammonium sulfate as described above and stored at 4°C. A 

Sepharose 4B-CL column (2.5 x 95 cm) was used to determine the molecular 

weights of arsenite binding proteins fractionated by 20-30%, 30-40% and 40-50% 

ammonium sulfate saturation. The column was equilibrated with 50 mM HEPES 

pH 6.8 at a flow rate of 44 ml/hr and calibrated with protein standards (MW 

range of column = SOK to 2000K). Equal amounts of protein (15 mg) from each 

precipitation range were separated individually and the [73 Asl in the collected 

fractions was determined in a LKB CompuGamma counter. 

III vivo Exposure of AsBPs. A male New Zealand-White rabbit (2.5 kg) was 

administered 100 /lg arsenite Lp. containing 500 /lCi [73 As]-arsenite. At three 

hours post-injection the animal was euthanized with C02, its liver removed and 

cytosol prepared as previously described. Three pieces of liver were counted for 

[73Asl and the total amount of arsenite in the liver and cytosol were calculated 

using the specific activity of the injection solution. Cytosolic AsBPs were 

fractionated by ammonium sulfate precipitation as above. A Sepharose 4B-CL 
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column (2.5 x 107.5 an) was used to determine the molecular weights of arsenite 

binding proteins fractionated by 20-30%, 30-40% and 40-50% ammonium sulfate 

precipitation. The column was equilibrated with 50 mM HEPES pH 6.S at a flow 

rate of 30 ml/hr and calibrated with protein standards (MW range of column = 

29K to 2000K). Equal amounts of protein (15 mg) from each precipitation range 

were separated individually and the [73 As] in the collected fractions was 

determined in a LKB CompuGamma counter. 

A portion of the cytosol was placed in a dialysis bag (SK MW cut-off) and 

dialyzed at 4°C against 50 mM HEPES pH 6.S (1 L) for 12 hr. An aliquot (1 ml) 

was removed and dialysis was continued against fresh buffer (1 L) containing 5 

mM B-mercaptoethanol for 12 hr. Another aliquot (1 ml) was removed and 

dialysis was further continued against fresh buffer (1 L) containing 5 mM 

dithiothreitol for 12 hr. The amount of arsenite bound to protein and the protein 

concentration in each aliquot was determined and compared to cytosol (control). 

Preparation of p-Aminophenylarsenoxide (PAP AO). PAPAO was prepared 

according to the procedure of Blicke and Smith (1929). Briefly, p-arsanilic acid 

(10.9 g) was added to a solution containing methanol (30 ml), concentrated HCl 

(24 ml) and potassium iodide (100 mg). The solution was bubbled with sulfur 

dioxide for 30 min or until its color changed from orange to pale yellow and a 

precipitate, p-aminophenyldichloroarsine-HCl, formed. After cooling the 

solution on ice, the precipitate was collected on filter paper using a Buchner 

funnel, washed with diethyl ether and dissolved in 10% sodium hydroxide. 

PAPAO was precipitated by neutralizing the solution with 1 M HC!. It was 

washed thoroughly with water, ether and dried. 
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Preparation of Arsenic Affinity Media. Novarose SE (10,000/40) High 

Activity resin (10 g) was suspended in 0.2 M sodium carbonate pH 11.0 (10 mI). 

An equal volume of 30% DMSO/0.2 M sodium carbonate pH 11.0 containing 0.7 

g PAPAO was added. After moderately shaking the mixture for 60 hr at 24°C, 

the gel was collected on a coarse glass filter. The gel was washed with 20% 

DMSO (1L) followed by 50% ethanol (400 ml), suspended in 0.1 M NaOH (200 

ml) for 30 min and collected on a coarse glass filter. The gel was resuspended in 

1 M 2-ethanolamine pH 9.0 by slightly shaking for 4 hr at 24°C, collected on a 

coarse glass filter and washed with water to neutralize the reaction. The gel was 

stored in 20% DMSA and refrigerated (4°C) until needed. 

Arsenic Affinity Chromatography. A PAP AO-Novarose column (6.0 x 1.0 

em) containing approximately 5 ml of wet gel was poured and equilibrated with 

0.1 M Tris-HCI/O.5 M NaCI/l mM EDTA pH 7.5 at a flow rate of 15 ml/hr. 

Effluent was monitored for ultraviolet absorbance at 280 nm to detect for protein. 

Protein (160 mg) from a 40-50% ammonium sulfate fraction of cytosol was 

applied to the column and sequentially eluted with 50 ml each of: 0.5 M NaCl/l 

mM EDTA in 0.1 M Tris-HCI pH 7.5 (TB); 30% ethylene glycol in TB (TBEG); 10 

mM cysteine/30% ethylene glycol in 0.1 M sodium acetate pH 4.6 (CEG); 10 mM 

DMPS in TBEG pH 7.5 (DEG); a gradient of 20-100 mM DMPS in TBEG pH 7.5; 

100 mM DMPS in TBEG pH 7.5; 1 % sodium borohydride in 0.1 M Tris-HCI pH 

8.0; and 10 mM phenyl arsine oxide in 10 mM NaOH. Eluted protein peaks were 

individually collected, concentrated using an Amicon Ultrafiltration cell with a 

30K MW cut-off, desalted with a Bio-Rad PD-lO column equilibrated with 0.1 M 

Tris-HCl/l mM EDTA pH 7.5 and analyzed for protein concentration. Aliquots 

(100 ~l) of these concentrated protein peaks diluted to 1.25 mg protein/ml were 
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incubated with [73 As]-arsenite (5 J,lCi) for 15 min at 37°C. Samples were then 

analyzed by non-denaturing PAGE as previously explained. 

Results 

Ammonium Sulfate Fractionation of AsBPs. Cytosol incubated with [73 As]

arsenite was fractionated by ammonium sulfate at 0-10, 10-20,20-30,30-40,40-50 

and greater than 50% saturation to determine if there were specific proteins 

which bound arsenite and whether they this could separate them. As 

demonstrated in Figure 3.1 proteins precipitated with 20-30% ammonium sulfate 

had the highest degree of arsenite binding. The binding was 6-fold greater 

compared to cytosol preparations. The 30-40% and 40-50% ammonium sulfate 

fractions exhibited a 4-fold and 2-fold increase in binding over cytosol, 

respectively. 

The binding activity of proteins precipitated at these ammonium sulfate 

saturations changed after storage at 4°C. Although the 20-30% fraction still had 

the highest degree of arsenite binding, it decreased by 37%. However, the 

arsenite-binding activity for both the 30-40% and 40-50% fractions only decreased 

by 19%. The next purification steps would require that these proteins be stored 

at 4°C for prolonged periods of time. Therefore, the stability of the binding 

activities of these proteins, especially in the latter two fractions, should aid in 

their subsequent purification. 

Since the next procedures required that these proteins be soluble in solution, 

the difficulty of resolubilizing proteins precipitated by acetone addition 

precluded its use in this instance. Instead, ultrafiltration was used to quantify 

the amount of arsenite bound to proteins at these different ammonium sulfate 
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saturations. It was determined that the use of either method to quantify the 

amount of arsenite bound proteins in a given protein preparation yielded the 

same results. 
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Figure 3.1. Fractionation of AsBPs from cytosol by ammonium sulfate 
precipitation and the stability of their binding activity at 4°C. Fresh cytosol (41.5 
mg protein/ml) was incubated with [73Asl-arsenite (26.7IlM) at 37°C for 30 min 
and fractionated by stepwise ammonium sulfate addition. Proteins precipitated 
at each ammonium sulfate cut-off were pelleted by centrifugation at 4000 g for 15 
min and resuspended in 50 mM HEPES pH 6.8. Ultrafiltration using a 
membrane of 30K cut-off was used to remove any unbound arsenite. The 
procedure was repeated on cytosol after 10 days at 4°C. 
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Separation of AsBPs by Non-Denaturing PAGE. Proteins after ammonium 

sulfate fractionation were incubated with [73Asl-arsenite and analyzed by non

denaturing PAGE. The proteins separated in these samples were visualized by 

silver staining and are shown in Figure 3.2A along with several molecular weight 

markers. Figure 3.2B shows the autoradiography of the As BPs in an identically 

loaded gel. This gel was not silver stained but instead rinsed twice with water to 

remove any unbound arsenite. Molecular weight standards were also incubated 

with [73Asl-arsenite to show that arsenite has no affinity for them and to confirm 

that the removal of all unbound arsenite from gels was complete. Incubation of 

molecular weight standards with arsenite did not effect their migration during 

electrophoresis. In order to estimate the size of AsBPs, the distance they 

migrated on gels was compared to the distance of migration for molecular 

weight standards. Figure 3.3 shows the molecular weight standard curve and the 

equation used to compute the size of AsBPs. 

Autoradiography indicated that the 20-30% fraction contained a very large 

protein or protein aggregate which bound arsenite and hardly moved into the 

gel. The 30-40% fraction also contained this large protein as well as one 

corresponding to 450K. The 40-50% fraction contained mostly the 450K protein 

and another protein corresponding to lOOK. The cytosol contained minor 

amounts of all three of these proteins. Since non-denaturing PAGE is often 

unreliable in determining the molecular weight of proteins, these results were 

confirmed with a second method. 
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Figure 3.2. Non-denaturing PAGE of AsBPs precipitated at various ammonium 
sulfate concentrations. Fractionated proteins and molecular weight standards 
(Apoferritin=443K; l.S-Amylase=200K; Albumin=66K) were incubated with 
[73Asl-arsenite for 15 min at 37°C. Two gels (5%T:3.3%C) were loaded with 10 Ilg 
protein/lane as described and 12 watts constant power was applied for 40 min. 
One gel (A) was silver stained to visualize proteins. The other gel (B) was rinsed 
in water to remove any unbound arsenite, dried and exposed to X-ray film for 12 
hr. 
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Figure 3.3. Molecular weight standard curve for proteins separated by non
denaturing PAGE. Curve represents the distance apoferritin (443K), B-amylase 
(200K) and albumin (66K) migrated on a (5%T:3.3%C) gel loaded with samples as 
in Figure 3.2. The equation denotes the best fit for an exponential curve along 
with the correlation coefficient (r2). 
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Molecular Weight Determination of AsBPs by Size-Exclusion 

Chromatography. In order to corroborate the molecular weight determinations 

of the three As BPs from non-denaturing PAGE, a calibrated size-exclusion 

column was employed. Equal amounts of protein (15 mg) from the 20-30%, 30-

40% and 40-50% ammonium sulfate fractions were separately analyzed. Figure 

3.4 indicates a large protein or protein aggregate in the 20-30% fraction eluted at 

the void volume (Vo) of the column. The void volume was calculated using Blue 

Dextran which has a molecular weight of 2000K. Therefore, this peak was 

referred to as >2000K since no larger molecular weight standards were available 

for comparison. The 30-40% fraction contained some of this large protein but, 

more notably, two peaks corresponding to proteins of approximately 450K and 

lOOK. The 40-50% fraction contained only the 450K and lOOK protein peaks. 

These results corroborated those of non-denaturing PAGE. 

All the fractions contained peaks corresponding to unbound arsenite though 

it may have been associated with other small compounds. The unbound arsenite 

peaks tended to increase with the concentrations of ammonium sulfate in 

fractions. This was attributed to the length of time these preparations were kept 

at 4°C until separation by size-exclusion chromatography was possible. Each 

was sequentially assayed on the same calibrated column with each column run 

requiring 2 days to complete. The order fractions were analyzed (20-30%,30-40% 

and 40-50%) corresponded to their binding stability over time (Figure 3.1). 
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Figure 3.4. Molecular weight determination of AsBPs by size exclusion 
chromatography. Proteins were precipitated by 20-30%, 30-40% or 40-50% 
(NRthS04 concentrations, equal amounts of protein (15 mg) from each were 
separated on a calibrated Sepharose 4B-CL column and fractions were counted 
for [73AsJ. 
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Itt vivo Labeling of AsBPs. [73As]-arsenite was administered i.p. to a rabbit to 

ascertain whether the binding of arsenite to certain cytosolic proteins observed 

with the in vitro model also occurred in vivo. Three hours post-injection, liver 

cytosol was prepared and fractionated with ammonium sulfate as with the in 

vitro experiments. From the amount of [73 As] detected in liver tissue, it was 

calculated that 24% of the arsenite administered was located in the liver at 3 hr 

and that 58% of that amount (14% of dose) was present in the liver cytosol. These 

results were in accordance to what was reported by others (Marafante et aI., 1981; 

Marafante et aI., 1982) who found that liver contained the greatest concentrations 

of arsenic and that most of the arsenic in the liver was localized in the cytosol. 

Equal amounts of protein (15 mg) from the 20-30%, 30-40% and 40-50% 

ammonium sulfate fractions were separated on a calibrated size-exclusion 

column as shown in Figure 3.6. As observed with the in vitro incubation system, 

the 20-30% fraction contained a large protein or protein aggregate which eluted 

at the void volume. However, a larger peak corresponded to proteins ranging 

between 669K and 2000K. The largest peak in the 30-40% fraction corresponded 

to 450K and a smaller peak to lOOK as seen under in vitro conditions. AsBPs 

corresponding to 450K in the 40-50% fraction were not as prevalent as under in 

vitro conditions, though a large peak corresponding to lOOK was detected. All 

fractions contained a peak corresponding to unbound arsenite. The overall 

similarity between the elution profiles of cytosolic proteins exposed to arsenite 

under in vivo and in vitro conditions supported the validity of the in vitro 

incubation system. 
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Figure 3.5. Molecular weight standard curve for proteins separated by size
exclusion chromatography. The equation denotes the best fit for an exponential 
curve along with the correlation coefficient (r2). 
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Although the separation of proteins in ammonium sulfate fractions by non

denaturing PAGE as indicated by silver staining was similar to in vitro results 

(Figure 3.2A), the molecular weight estimation of AsBPs by autoradiography of 

gels was unsuccessful. The radioactivity in cytosol was only 3000 cpm/mg 

protein and 4 weeks exposure of gels to X-ray film revealed no radio-labeled 

proteins. A 3000-fold increase in the specific activity of the [73 AsJ-arsenite 

administered to a rabbit was calculated to achieve the same levels of [73 As] 

bound to cytosolic proteins as in the in vitro system. Decreasing the cold arsenite 

dose to 1 ~g (lOO-fold) would also require a concurrent increase in radioactivity 

to 15 mCi (3D-fold) per animal. A radioactive dose of this magnitude was 

considered impractical. The similarities in size-exclusion column 

chromatography of AsBPs [73AsJ-Iabeled either in vivo or in vitro seemed 

sufficient to continue the use of the latter system for their study. 

The only difference in the elution profiles for protein-bound arsenite 

between the in vivo and in vitro studies was in the 20-30% ammonium sulfate 

fraction. Possible explanations were that endogenous glutathione levels 

prevented arsenite from binding to certain proteins or that arsenite binding to 

sulfhydryl groups on proteins prevented their aggregation. It has been reported 

that arsenite complexes with glutathione (Scott et al., 1993) in vitro and that this is 

likely to occur in vivo. Since the endogenous GSH concentrations in hepatocytes 

can reach 5 mM, it seemed plausible that GSH could compete with some proteins 

for arsenite. Therefore, the stability of protein-bound arsenite was challenged 

with buffers containing a monothiol or dithiol compound, f5-mercaptoethanol 

and dithiothreitol respectively. 
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Figure 3.6. Molecular weight determinations of in vivo labeled As BPs by size 
exclusion chromatography. Proteins were precipitated by 20-30%, 30-40% or 40-
50% (NHthS04 concentrations, equal amounts of protein (15 mg) from each were 
separated on a calibrated Sepharose 4B-CL column and fractions were counted 
for [73As]. 



1 

o 
b 

I 
I 

I 
joool 

b 

1 
j -$ I 

J 
< 0 669K 

443K 

j N 

I b 

200K 
150K 

1 
1 

29K 

I 
I 
I 
~ 

! 
I w 

b 
i 
I 

o 

... .... ,. 

"' ( 
) 
{ 

<"')' 

), 

'> 

en o 
o 

..... , ... ~ 
... ~ ... 

{' .......................... ':.::':::.v-

~ .... • 
1 

! 

~ 
i 
i 

~ 
0 
I 

01 
0 

~ -Z 
E= 
N 
r;n 
0 
~ 

)oooal 
o 
o 
o 

669K 
443K 
200K 
150K 

29K 

As3+ 

o 

(3As]CPM 

,l 
" -:: 
" ... 
.:~ 

..... .. ~ ... 

en o 
o 

, , , , , , , , , , 

CJJ 
0 
~ 
0 
~ -Z 
~ -N 
Vl 

.. :\ 
' .. .... P 

p.l 
o 
o 
o 

...... .... ~ 
. .1' .............. 

.: ..... 
", 

-;-.... . 
~ ... ...... .•.......• 

r··-
! :\ 
:' 
i 
i, 
... 

o 
0< o 
o 

p.l 
o 
o 
o 



93 

The amount of arsenite bound to protein in vivo was rather stable during 

dialysis with HEPES buffer as indicated in Figure 3.7 and was 88% of control 

levels. Upon dialysis with B-mercaptoethanol though, the amount of arsenite 

bound decreased to only 19% of control. No further decrease in bound arsenite 

occurred upon dialysis with dithiothreitol. This indicated that though some of 

the arsenite bound to protein was easily dissociated, the remainder was strongly 

bound to protein and could not be dissociated by the presence of thiol or dithiol 

compounds. The next purification step would exploit these differences in protein 

interactions with trivalent arsenic in the presence of thiol and dithiol compounds. 

Purification of AsBPs by Trivalent Arsenic Affinity Chromatography. 

Autoradiography of proteins separated by non-denaturing PAGE revealed that 

the 40-50% ammonium sulfate fraction contained three AsBPs (Figure 3.2B). 

PAPAO-Novarose resin was used to further isolate these AsBPs. Fresh cytosol 

was prepared and precipitated by 40-50% ammonium sulfate addition as 

previously described. Proteins were separated according to their affinity for 

trivalent arsenic complexed to Novarose media. Figure 3.8 shows that proteins 

bound to the column presumably by sulfhydryl-arsenic interactions were eluted 

with a series of buffers containing thiol and dithiol compounds of increasing 

strengths. A similar procedure has been used by researchers as a probe for 

dithiol proteins (Hoffman and Lane, 1992). 
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Figure 3.7. Dialysis of cytosol with thiol and dithiol compounds displaces a 
portion of the arsenite bound to in vivo labeled As BPs. Cytosol from a rabbit 
administered 100 Ilg [73Asl-arsenite (ip) was dialyzed at 4°C against 1 L of 50 
mM HEPES pH 6.8 (HEPES), followed by 1 L HEPES buffer containing 5 mM fS
mercaptoethanol (+ fS-ME) and finally by 1 L of HEPES buffer containing 5 mM 
dithiothreitol (+ DIT) for 12 hr each. An aliquot (1 ml) was removed after each 
dialysis period and the amount of arsenite bound to protein in was determined 
and compared to non-dialyzed cytosol (Control). 
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After column loading, unbound protein was eluted with 0.5 M NaCl/l mM 

EDTA in 0.1 M Tris-HCI pH 7.5 (TB) followed by 30% ethylene glycol in TB 

(TBEG) to remove non-specifically bound proteins, such as those involved in 

hydrophobic interactions with Novarose media. Buffers with increasing ability 

to compete with and displace protein sulfhydryls from immobilized PAP AO 

followed. Sequentially, 10 rnM cysteine, 10 rnM DMPS and a gradient of 20-100 

mM DMPS were used to elute bound proteins. Cysteine was used to displace 

proteins bound by monothiol interactions while DMPS, an arsenic chelating 

agent, was used to displace proteins bound by dithiol interactions. Sodium 

borohydride (1 %) was employed to reduce any proteins still bound to the 

column. Phenyl arsine oxide (PAO) was used to compete directly with 

immobilized PAP AO and to displace any remaining protein. The UV absorbance 

at 280 nm of buffers employed after 10 mM DMPS precluded using this method 

for detecting protein elution so fractions from these eluents were pooled and 

treated as individual protein peaks. 

Eluted protein peaks were concentrated using an Amicon Diaflo 

ultrafiltration cell with a 30K MW cut-off, desalted with a Bio-Rad PD-I0 column 

equilibrated with 0.1 M Tris-HCl/l rnM EDTA pH 7.5 and assayed for protein. 

The concentrated protein peaks were diluted to equal protein concentrations, 

incubated with [73 As]-arsenite and analyzed by non-denaturing PAGE as 

previously explained. Two identical gels were loaded with 12.5 ~g protein per 

lane corresponding to individual protein peaks. One gel was silver stained to 

detect protein bands while the other was rinsed with water to displace unbound 

arsenite. Figure 3.9 is a photograph of the stained gel. 
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Figure 3.8. Separation of AsBPs using trivalent arsenic affinity chromatography. 
A PAPAO-Novarose column (6 x 1 ern) was loaded with cytosolic protein (160 
mg) precipitated by 40-50% ammonium sulfate addition and resuspended in 0.5 
M NaCI/1 rnM EDTA in 0.1 M Tris-HCI pH 7.5 (TB). Column was eluted with 50 
ml each of TB, 30% ethylene glycol in TB (TBEG), 10 mM cysteine/30% ethylene 
glycol in 0.1 M sodium acetate pH 4.6 (CEG), 10 mM DMPS in TBEG pH 7.5 
(DEG). Further elution with a gradient of 20-100 mM DMPS in TBEG pH 7.5, 1 % 
NaBRt and 10 mM phenylarsine oxide in 10 mM NaOH are not shown due to 
their interfering absorbance at 280 nm. 
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Figure 3.9. Photograph of proteins eluted from a trivalent arsenic affinity 
column, separated by non-denaturing PAGE and visualized by silver-staining. 
Aliquots (100 /-ll) of concentrated protein peaks from the PAPAO-Novarose 
column were diluted to 1.25 mg protein/ml and incubated with [73Asl-arsenite (5 
/-lCi) for 15 min at 37°C. Two polyacrylamide gels (5%T /2.67%C) were loaded 
with equal amounts protein (12.5 /-lg) per lane as follows: 1) 40-50% (NRthS04 
fraction; 2) Unbound protein; 3) 10 mM Cysteine; 4) 10 mM DMPS; 5) 20-100 mM 
DMPS; 6) 100 mM DMPS; 7) 1 % NaBRt; 8) 10 mM PAO; 9) 669K MW Std; and 10) 
443K MW Std. Gels were electrophoresed with 40 rnA constant current applied 
for 40 min and one was silver stained. 
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Figure 3.10. Autoradiography of AsBPs separated by trivalent arsenic affinity 
chromatography and non-denaturing PAGE. Gels loaded and electrophoresed as 
described in Figure 3.9: 1) 40-50% (NI-l4hS04 fraction; 2) Unbound protein; 3) 10 
mM Cysteine; 4) 10 mM DMPS; 5) 20-100 mM DMPS; 6) 100 mM DMPS; 7) 1 % 
NaBH4; 8) 10 mM PAO; 9) 669K MW Std; and 10) 443K MW Std. One was gel 
silver stained (Top) while the other was rinsed with water (Bottom) before 
drying and exposure to X-ray film for 6 days. 
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Figure 3.10 contains the autoradiography results of the two gels after 6 days 

exposure to X-ray film. Silver staining displaced arsenite bound to both the 

>2000K and lOOK protein bands but not the 450K band. The amount of [73As] in 

solutions that gels were soaked in during silver staining procedures indicated 

that most arsenite was displaced during the fixing of proteins in gels. Gel 

fixative consisted of 50% methanol, 10% glacial acetic acid, and 2.5% glycerol in 

water. Autoradiography of gels placed in fixative and dried revealed that it was 

at this step that arsenite was displaced from the >2000K and lOOK protein bands. 

The 450K AsBP was primarily eluted from the affinity column with 10 mM 

DMPS (Lane 4). There was a greater than 13-fold increase in the amount of the 

arsenite bound to the 450K protein in this fraction compared to the 40-50% 

(NI-LthS04 fraction loaded onto the column (Lane 1). These findings indicated 

that the 450K protein tightly bound arsenite and suggested that arsenite may 

bind to the protein at dithiol or vicinal thiol groups, since a monothiol compound 

could not elute it from the affinity column. Further work concentrated on the 

continued purification of the 450K AsBP and the determination of what type of 

functional groups act as the binding sites. 

Discussion 

The first purification step involved fractionating cytosolic AsBPs with various 

concentrations of ammonium sulfate. The greatest binding of arsenite/mg 

protein occurred in the 20-30% ammonium sulfate fraction (Figure 3.1) which 

contained a large protein or protein aggregate of >2000K as determined by size

exclusion chromatography (Figure) and non-denaturing PAGE (Figure 3.3). The 
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arsenite-binding activity of this protein or protein aggregate appeared to 

decrease over time at 4°C (Figure 3.1). Results also showed that the amount of 

arsenite bound by this protein was less pronounced after in vivo arsenite 

administration (Figure 3.4) than in the in vitro model system. This protein did 

not migrate far into a non-denaturing polyacrylamide gel and arsenite was 

easily displaced from it by the acidic conditions required to fix proteins in gels 

(Figure 3.8). The ability of an excess concentration of hydrogen ions to displace 

arsenite from binding sites on this protein suggested that it does not strongly 

bind arsenite. 

The other As BPs, 450K and lOOK, were in both the 30-40% and 40-50% 

ammonium sulfate fractions as determined by size-exclusion chromatography 

(Figure 3.4) and non-denaturing PAGE (Figure 3.2B). The arsenite-binding 

activities of these two proteins after ammonium sulfate fractionation were less 

than that of the >2000K protein. However, the arsenite-binding activity of these 

proteins appeared to be more stable over time at 4°C (Figure 3.1). Similar-sized 

AsBPs were detected in liver cytosol prepared from a rabbit administered 

arsenite in vivo (Figure 3.5). This supported the conclusion that the results 

obtained using the in vitro incubation system correlated to in vivo conditions. 

The 20-30, 30-40 and 40-50% ammonium sulfate fractions from in vitro 

incubations with arsenite were sequentially analyzed on the same size-exclusion 

column. Although ultrafiltration was used to remove any unbound arsenite or 

salts after ammonium sulfate fractionation, peaks corresponding to unbound 

arsenite were detected (Figure 3.4). The size of the arsenite peak increased in 

proportion to the length of time a sample was stored at 4°C prior to analysis. 

Each column run required approximately 2 days to complete. Therefore, some of 
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the protein bound arsenite was believed to either undergo oxidation to arsenate, 

thereby losing affinity for binding proteins, or the functional groups binding 

arsenite, presumably sulfhydryls, were themselves oxidized. The 20-30, 30-40 

and 40-50% ammonium sulfate fractions from the in vivo experiment were 

sequentially analyzed on another slightly larger size-exclusion column with each 

run requiring approximately 2.5 days to complete. Peaks corresponding to free 

arsenite were also detectable but remained uniform in size for each sample 

(Figure 3.5). 

The exact arsenic species present in the arsenite peaks were not determined 

but they may have contained arsenic complexed with GSH. Scott et al. (1993) 

rp.ported that arsenite, arsenate, MMA and DMA can form complexes in vitro 

with the cysteinyl residue of GSH which is present in hepatocytes at millimolar 

concentrations (Bellomo et al., 1989). Therefore, glutathione might be expected to 

compete with the cysteinyl groups of proteins for arsenite or the GSH-arsenic 

complexes might have less affinity for protein sulfhydryls. 

Our in vivo experiment, however, indicated that despite the concentrations of 

endogenous glutathione, binding of arsenite to specific cytosolic proteins still 

occurred (Figure 3.5). The ratio of arsenite bound to the >2000K protein was less 

prominent after in vivo exposure though. This indicated that high concentrations 

of thiol compounds such as GSH may actively compete with AsBPs for arsenite. 

This was further supported by the dialysis of AsBPs from the in vivo experiment 

with thiol containing buffers (Figure 3.7). Though a monothiol, fS

mercaptoethanol, displaced 80% of the bound arsenite from cytosolic proteins, 

further dialysis with a dithiol, DTT, did not displace any more arsenite. This 

indicated that some of the arsenite was strongly complexed to protein. 
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Arsenite was easily displaced from the lOOK protein by the acidic conditions 

required to fix proteins in polyacrylamide gels but remained bound to the 450K 

protein throughout visualization of proteins by silver staining (Figure 3.10). The 

450K AsBP was not eluted from the arsenic affinity column with cysteine 

challenge but did elute with DMPS. The inability of a monothiol to elute the 

450K AsBP and the low affinity of BSA for arsenite (Figure 2.4) strongly 

suggested that single protein sulfhydryls are unlikely candidates for binding 

sites. However, the 450K protein which did strongly bind to arsenite and was 

eluted by a dithiol compound may use a similar configuration as its binding site. 

In summary, the molecular weights of three AsBPs in liver cytosol were 

determined by non-denaturing PAGE and size-exclusion column 

chromatography to be lOOK, 450K and >2000K. A first step in attempting to 

understand the molecular mechanisms by which arsenic is detoxified by 

mammals was completed. Of the three proteins, the 450K protein, bound 

arsenite with the greatest stability and appears do so by a dithiol or similar 

functional group. Further work will center on the continued purification of the 

450K protein and its identification. Ultimately, all three AsBPs should be 

purified and sequenced to determine their identity and functions. Once these are 

known and the enzymes which methylate inorganic arsenic are purified, the 

overall arsenic metabolizing/detoxifying systems of mammals can be fully 

understood. 
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In order to fully understand arsenic toxicity and biotransformation, the 

mechanisms of arsenic interaction at the cellular level must be examined. In the 

previous chapter, a specific protein that tightly bound arsenite was partially 

purified from rabbit liver cytosol. The further purification of this 450K AsBP and 

a characterization of how it complexes arsenite will be addressed in this chapter. 

Identification of the 450K AsBP will help in determining the role it plays in 

arsenic toxicity and what are the biological implications for its binding to 

arsenite. 

There are several examples of proteins which bind or sequester metals with a 

resultant decrease in toxicity due to a decreased or limited bioavailability. 

Binding proteins for lead in the brain and kidney of rats have been reported 

(DuVal and Fowler, 1989; Fowler and DuVal, 1991). These two high-affinity 

lead-binding proteins have been shown to playa critical role in the intracellular 

bioavailability of lead. The renal lead-binding protein, a specific cleavage 

product of alpha2-microglobulin, was chemically similar to but distinct from a 

lead-binding protein in brain. These lead-binding proteins were eventually 

shown to alter the sensitivity of a-aminolevulinic acid dehydratase to lead 

inhibition in rat kidney and brain. 

Metallothionein is another example of a protein whose binding of heavy 

metals appears to be beneficial. Though its function in normal cellular 

physiology is controversial, metallothionein sequesters metals such as cadmium, 
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copper and zinc and aids in ameliorating their toxicities (Karin, 1985; Kagi and 

Schaffer, 1988). Many arsenical compounds have been shown to induce 

metallothionein production in mice but they have not been shown to have any 

affinity for this cysteine-rich protein (Kreppel et al., 1993). 

Protein-bound lipoic acid, a 6,8 dithiol, in the pyruvate dehydrogenase 

enzyme complex is the likely target site for arsenite which results in this enzymes 

inhibition (Peters et al., 1946; Fluharty and Sanadi, 1960). Arsenite is thought to 

form a stable six-member ring structure with lipoic acid while it is reduced, 

thereby inactivating the pyruvate dehydrogenase enzyme complex. Cytosolic 

proteins with a strong affinity for arsenite may have a similar dithiol functional 

group for arsenite complexation. 

A lipoic acid-arsenite complex has not been reported but a 

phenyldichloroarsine adduct has been prepared in methanol and characterized 

as a six-member heteroatom ring structure (Dill et al., 1989). It has been reported 

that the vicinal thiol, meso-2,3-dimercaptosuccinic acid (DMSA), can readily 

compete for and extract arsenite complexed to glutathione by forming a five

member heteroatom ring structure with arsenite (Delnomdedieu et al., 1993). 

Methyldichloroarsine also forms a similar ring structure with DMSA (Bennett 

and Dill, 1994). The stability of these ring structures was the strategy for 

developing trivalent arsenical affinity chromatography as a probe for dithiol 

containing proteins (Hoffman and Lane, 1992). This method was successful in 

further purifying the 450K AsBP as presented in the last chapter. 
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Experimental Procedures 

Animals. New Zealand-White rabbits (5 weeks) were purchased from 

Myrtle's Rabbitry Inc. (Thompson Station, TN) and were acclimated for 1-2 

weeks prior to use in an environmentally controlled animal facility operating on 

a 12-hr dark/light cycle at 22-24°C. Animals were provided Harlan Teklad 0533 

Rabbit Diet #7008 and water ad libitum. 

Chemicals. Sodium arsenite and sodium arsenate were ACS reagent grade 

and purchased from MCB Reagents (Cincinnati, OH). Carrier-free [73 As]

arsenate was purchased from Los Alamos National Laboratory (Los Alamos, 

NM). It was used as purchased or chemically reduced to [73As]-arsenite by the 

method of Reay & Asher (1977). Polyacrylamide gel electrophoresis chemicals 

were purchased from Bio-Rad (Hercuies, CA). The sodium salt of 2,3-

dimercaptopropane-l-sulfonic acid (DMPS) was a gift from Heyl (Germany). 

The oxidized and reduced forms of lipoic acid were purchased from Calbiochem 

(La Jolla, CA) and Sigma Chemical (St. Louis, MO), respectively. The oxidized 

and reduced forms of is-nicotinamide adenine dinucleotide (NAD+ and NADH, 

respectively) were purchased from Sigma Chemical, as were the pyruvate 

dehydrogenase (PDH) and a-ketoglutarate dehydrogenase (a-KGDH) complexes 

isolated from porcine heart. All other chemicals were analytical reagent grade or 

of the highest quality obtainable. 

Polyacrylamide Gel Electrophoresis (PAGE). Proteins were separated by 

polyacrylamide gel electrophoresis (PAGE) using gels of 7% acrylamide 

monomer and 3.3% cross-linker according to the discontinuous method of 

Ornstein-Davis (1964). Non-denaturing PAGE utilized 25 mM Tris/192 mM 
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glycine pH 8.3 as the tank buffer and 63 mM Tris-HCI/I0% glycerol/0.05% 

phenol red (tracking dye) pH 6.8 as the sample treatment buffer. Denaturing or 

SDS-PAGE utilized the above tank buffer with 0.1% sodium dodecyl sulfate 

(SDS) added and 63 mM Tris-HCI/I0% glycerol/5% B-mercaptoethanol/2% 

SDS/0.05% bromophenol blue (tracking dye) pH 6.8 as the sample treatment 

buffer. Treatment buffers (5X) were added to samples and incubated at 37°C for 

15 min before loading onto gels. A Hoefer Scientific Mighty Small unit at 20 rnA 

constant current per gel for 30-40 min was used for electrophoresis. Protein 

bands on gels were visualized by silver staining or rinsed in water to remove 

unbound arsenite. Thyroglobulin (669K), apoferritin (443K) and B-amylase 

(200K) diluted to the same protein concentrations as samples were used as 

molecular weight markers for non-denaturing PAGE. Silver-stain standards and 

pre-stained SDS standards purchased from Sigma Chemical were used as 

molecular weight markers for SDS-PAGE 

Autoradiography of dried gels was done by exposing them to Kodak XRP-l 

X-ray film. Exposure times varied but were generally between 1 to 7 days. Film 

was developed and imported into a Macintosh® Quadra 840A V computer using 

a 256 shade gray-scale scanner. The arsenite bound to protein as detected by 

autoradiography was quantitated using Image© software version 1.55 developed 

by the National Institute of Health. This program assigns all pixels which 

comprise an image LUX values ranging from 0 to 255. Average LUX values of 

background areas of images were determined and doubled to obtain the 

minimum LUX value for a positive response (MLVPR). The number of pixels 

which exceeded the MLVPR for each [73Asl-labeled protein band were counted 

and the relative amount of arsenite binding which occurred was calculated. 
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Western Blotting Electrophoresis. The 450K AsBP purified by trivalent 

arsenic affinity chromatography was separated by PAGE and blotted onto 

polyvinylidene difluoride (PVDF) membranes using a Bio-Rad Trans-Blot® cell. 

The apparatus was filled with 12.5 mM Tris/96 mM glycine in 10% methanol 

buffer pH 8.3 (Towbin buffer) and a constant voltage (60V) was applied for 2 hr. 

Membranes were rinsed in several changes of distilled water and protein bands 

were visualized with 0.025% Coomassie Blue in 40% methanol for 5 min then 

destained with 50% methanol until background lightened. Autoradiography of 

dried membranes was done by exposure to Kodak XRP-l X-ray film for specified 

times to confirm transfer. 

Amino Acid Composition. The 450K AsBP blotted onto and excised from 

PVDF membranes was analyzed for its amino acid composition at the University 

of Arizona Biotechnology Core Facility. An Applied Biosystems Model 420A 

Amino Acid Analyzer was used with automatic hydrolysis (vapor phase at 160°C 

for 1 hr 40 min using 6N HCI) and pre-column phenylthiocarbamyl-amino acid 

(PTC-AA) complexation for detection. 

Electroelution of AsBPs from Polyacrylamide Gels. The 450K AsBP purified 

by trivalent arsenic affinity chromatography was separated by SDS-PAGE and 

excised from gels. The protein was electoeluted from gel slices with a Hoefer 

Scientific Six-Pac Gel Eluter using 100 V for 2 hr. Protein elutions were pooled 

and concentrated to 200 JlI in an Amicon Centricon-30 cartridge. Electroelution 

buffer contained 100 mM Tris/768 mM glycine pH 8.3 and retentate was 

extensively rinsed with distilled water until conductivity reached that of distilled 

water. Protein retentate was frozen at -70°C overnight then lyophilized with a 

Labconco Model 77510 Freeze Dry System. 
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Cysteine Quantification. The above amino acid composition method does 

not always provide an accurate quantification of cysteine residues in a protein. 

Therefore, cysteine residues were converted to cysteic acid by performic acid 

oxidation. The lyophilized 450K protein (113 Jlg) was dissolved in 88% formic 

add (50 J.1l) and methanol (l00 J.1l). The protein solution was chilled for 30 min in 

a saltwater ice bath (-5°C). Performic acid reagent (l00 J.1l), made by reacting 30% 

hydrogen peroxide (50 Jll) and 88% formic acid (1.1 ml) for 2 hr at 24°C, was 

added to chilled protein solution and it was kept at -5°C for 2.5 hr. Afterwards, 

distilled water (6 ml) was added, sample was frozen at -70°C overnight and then 

it was lyophilized with a Labconco Model 77510 Freeze Dry System. 

The lyophilized 450K protein was hydrolyzed for 24 hr at 110°C in 6N HCl. 

The cysteic acid determination was performed at the University of Arizona 

Biotechnology Core Facility using a Beckman 7300 (post-column, ninhydrin 

method) dedicated Amino Acid Analyzer. Amino acids were separated by ion

exchange chromatography using citrate buffers of increasing ionic strength and 

pH at varying temperatures. They were detected by mixing with ninhydrin, 

reaction was allowed to occur in a coil and residues were monitored by a 

colorimeter at 570 nm for primary amino acids and 440 nm for secondary amino 

acids. 

Thin-layer Chromatography (TLC) of Arsenite-Lipoate Complex. [73Asl

arsenite or [73 Asl-arsenate solutions were combined with equimolar solutions of 

either oxidized or reduced lipoic acid. Mixtures were spotted on IB2 silica plates 

(J.T. Baker, Phillipsburg, NJ) and developed in acetonitrile:phosphoric acid buffer 

[25:1]. Autoradiography results were obtained by exposing silica plates to X-ray 

film for 1 hr. Chemical visualization results were obtained by exposing silica 
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plates to ammonium sulfide fumes for 10 min then spraying with 1 N silver 

nitrate for arsenic detection followed by 1 % potassium permanganate for lipoic 

acid detection. 

Fast-Atom Bombardment (FAB) Mass Spectrometry. The arsenite-lipoate 

complex separated and identified by TLC was extracted from silica plates with 

acetonitrile:HCl [100:1]. The extract was evaporated to dryness under a nitrogen 

stream. The dried complex was dissolved in acetone to remove impurities such 

as phosphates. The acetone supernatant was evaporated to dryness under a 

nitrogen stream and the identity of the residue obtained was reconfirmed by 

TLC. A sample of the dried residue (1.5 mg) was analyzed at the Midwest Center 

for Mass Spectrometry using positive ion FAB mass spectrometry in a 3-

nitrobenzyl alcohol (3-NBA) matrix. A sample of oxidized lipoic acid was also 

analyzed for comparison. 

Inhibition of Arsenite-Binding Activity. Aliquots (250 Ill) of cytosol 

containing 1 mg protein were incubated with [73As]-arsenite (2.3IlM) for 15 min 

at 37°C after pre-incubation with 4.8 mM reduced glutathione, 4.8 mM reduced 

lipoic acid or 4.6 IlM mercuric chloride for 5 min at 37°C. Cytosol kept at 37°C 

for 5 min without any additions served as control. Acetone precipitation of 

protein was used to determine bound arsenite (n=3). 

Promotion of Arsenite-Binding Activity by NADH. Equal amounts of 

protein (1 mg) from rabbit liver cytosol, porcine heart pyruvate dehydrogenase 

(PDH), porcine heart a-ketoglutarate dehydrogenase (a-KGDH) or bovine serum 

albumin (BSA) in 50 mM HEPES pH 6.8 (200 Ill) were each incubated with [73As]

arsenite (2.4 IlM) for 15 min at 37°C with and without pre-treatment by NADH 

(30 mM) for 15 min at 37°C. Acetone precipitation was used to determine protein 
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bound arsenite {n=3}. PDH and a-KGDH preparations contained >85% BSA to 

protect enzyme stability. Actual amounts of PDH and a-KGDH were < 150 Ilg 

per assay. Separately, cytosol, PDH and a-KGDH were incubated with [73Asl

arsenite (2.4 11M) for 15 min at 37°C either with or without NADH pre-treatment 

(7.5 JlIl1ol/mg protein for 15 min at 37°C). Samples were analyzed by non

denaturing PAGE on a 7% gel loaded with 10 J.1g protein/lane. Gel was dried 

and exposed to X-ray film for 12 hr. 

The arsenite-binding activity of the partially purified 450K protein after 

NADH pre-treatment was also examined. A preparation of the 450K protein 

post-arsenic affinity chromatography was diluted to 2.5 mg/ml with 50 mM 

HEPES pH 6.8 buffer. Equal amounts of protein (100 J.1g) were pre-treated with 

either 10 mM of NADH, NAD+ or GSH for 15 min at 37°C before incubation with 

[73Asl-arsenite (2.4 J.1M) for 15 min at 37°C. Samples were analyzed by SDS

PAGE on two identical 7% gels loaded with 15 J.1g protein/lane. Proteins were 

blotted onto PVDF membranes as detailed above. One blot was dried and 

exposed to X-ray film for 1 week while the other was submitted for antibody 

analysis. 

Affinity of Antibodies with Cross-Reactivity to Protein-bound Lipoamide. 

Antibodies to trifluoracetylated proteins (anti-TFA Abs) which result in animals 

and humans after exposure to halothane have cross-reactivity to the 

dihydrolipoamide acetyl transferase (E2) subunit of the PDH enzyme complex 

(Christen et al., 1994). Lipoic acid functional groups are the epitopes on the E2 

subunits which were recognized by these antibodies. The 4501( protein was 

incubated with rabbit anti-TFA Abs to determine if it had similar epitopes. This 
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work was done in collaboration with the Gandolfi laboratory at the University of 

Arizona. 

The lane containing pre-stained MW standards was cut from the blot before 

staining with 0.1% amido black, destaining and blocking with 2.5% casein in 10 

mM Tris/0.9% NaCI buffer for 1 hr at room temperature. The primary antibody, 

rabbit anti-TFA Ab, was added to the casein solution [1:500] and incubated 

overnight at 4°C. Unbound 1° antibody was washed from blot with 0.5% casein 

in 10 mM Tris buffer twice for 10 min each. Blot was then washed in the casein 

buffer containing 0.5% Triton-X and 0.1% SDS for 10 min followed by two 

washes of casein buffer for 10 min each. The secondary antibody, goat anti

rabbit IgG, conjugated to horse radish peroxidase (HRP) was added to fresh 

casein solution [1:2000] and incubated overnight at 4°C. Blot was washed with 

casein buffer four times for 10 min each followed by two washes with 10 mM 

Tris Tween buffer for 10 min each. Antibodies bound to blotted proteins were 

visualized with 40 mg 3,3-o-diaminobenzidine (DAB) in 50 ml of 50 mM Tris 

buffer also containing 250 J..LI NiCl and 30 J..Ll hydrogen peroxide. HRP uses DAB 

as a substrate to produce an insoluble end product with a brown color which 

indicated the proteins recognized by antibodies. 

Preparative Polyacrylamide Gel Electrophoresis. Preparative SDS-PAGE 

using a Bio-Rad Model 491 Prep Cell was done to isolate the 450K protein. A 

column (25 x 28 mm) of 7% acrylamide monomer and 3.3% cross-linker was 

poured. The apparatus was filled with 25 mM Tris/192 mM glycine/O.l % SDS 

buffer pH 8.3 and placed in a cold room (4°C). A sample (400 J..Ll) containing 7.5 

mg protein previously eluted from a PAPAO column with 10 mM DMPS was 

thawed, treated with denaturing sample buffer and loaded onto the gel column. 
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A constant current of 40 rnA was applied to the gel column to facilitate protein 

migration. As proteins eluted from the gel they were carried away by buffer at a 

flow rate of 1 ml/min and collected in 5 ml fractions. The eluted proteins were 

monitored by UV absorbance at 280 nm. 

pJiquots (80 ~l) of fractions were combined with SDS 5X sample treatment 

buffer (20~) and incubated for 15 min at 37°C. Analytical SD5-PAGE was used 

to determine fractions containing the 450K protein. Appropriate fractions were 

pooled and concentrated with an Amicon Diaflo ultrafiltration cell equipped 

with a 30K MW cut-off membrane. Concentrated 450K protein was dialyzed to 

remove buffer salts and lyophilized in preparation for amino acid sequencing. 

Protein Sequencing. Lyophilized protein (30 ~g) was reconstituted in 32 ~l 

water and 8 ~l of SDS 5X sample treatment buffer. After incubating for 15 min at 

37°C, two sample volumes of 20 ~l (15 ~g protein) were loaded onto a 4%/12% 

gel, separated by SDS-PAGE along with MW markers. Proteins were Western 

blotted onto a PVDF membrane and stained by Coomassie Blue. Blot was 

submitted for protein sequencing at the University of Arizona Biotechnology 

Core Facility using an Applied Biosystems 477 A Protein/Peptide Sequencer 

(Edman chemistry) interfaced with a 120A HPLC (C18 phenylthiohydantoin 

(PTI-I), reverse-phase chromatography) Analyzer to determine PTH amino acids. 

Chemical Cleavage of 450K AsBP by Cyanogen Bromide Digestion. 

Lyophilized protein (50 Ilg) was reconstituted in 200 III 70% formic acid and 5 III 

of 70% formic acid containing 20 ~g CNBr. Reaction tubes were purged with 

nitrogen and stored in the dark at room temperature for 12 hr. CNBr-digest was 

diluted to 1.5 ml with water, frozen at -70°C and lyophilized. Protein was 

reconstituted in 100 ~ water and 20 ~l of 5X SDS sample treatment buffer. After 
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incubating for 15 min at 37°C, a 5 ~l aliquot (2 ~g protein) was diluted to 50 ~l 

with treatment buffer. A sample volume of 20 ~l (0.7 ~g protein) was loaded 

onto a 4%/12% gel, separated by SDS-PAGE, silver stained and dried. Another 

4%/12% gel was loaded with 2 lanes containing 20 ~g of the CNBr-digested 

protein along with MW markers. After SDS-PAGE, protein bands were Western 

blotted onto a PVDF membrane and stained with Coomassie Blue. 

Results 

Western Blotting-and Amino Acid Composition of the 450K AsBP. The 450K 

protein previously eluted from a PAPAO-novroGe column by 10 mM DMPS was 

Western blotted from a non-denaturing polyacrylamide gel onto a PVOF 

membrane. Figure 4.1 shows the detection of the protein by autoradiography. 

Two of the bands were analyzed for their amino acid composition and the results 

are presented in Figure 4.2. Glycine was the most abundant residue in the 

protein though some contamination from trace amounts of Towbin buffer, which 

contains 192 mM glycine, could have occurred. The 450K AsBP contained less 

than 1 mol % cysteine. A higher proportion of cysteine was expected for an AsBP 

so a more precise method was used to determine cysteine content. 

Cysteine Quantification. The 450K AsBP isolated by trivalent arsenic affinity 

chromatography was separated by non-denaturing PAGE and electroeluted from 

corresponding gel slices. The protein was concentrated by ultrafiltration and 

lyophilized. Cysteine residues were oxidized to cysteic acid by exposure to 

performic acid. The amount of cysteic acid was quantified and the results are 

presented in Table 4.1. An average of 50 pmol cysteine was detected per 3.8 
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pmol protein, a ratio of 13 to 1. The average molecular weight of an amino acid 

equals 136.8, so a 450K protein would contain approximately 3290 amino acids. 

Therefore, only 13 of those amino acids are cysteine residues or 0040 mol % of the 

450K protein. This determination agreed with previous results that indicated the 

protein contained 0.53 mol% cysteine. 

Figure 4.1. Autoradiography of the 450K AsBP separated by non-denaturing 
PAGE and Western blotted onto a PVDF membrane. The protein was eluted 
from an arsenic affinity column, incubated with [73As]-arsenite and separated by 
non-denat!lring PAGE as previously described. The gel was loaded with equal 
amounts of protein (12.5 ~g) per lane as follows: 1) 200K MW std; 2-5) 450K 
protein 6) 669K MW std; and 7) 443K MW std. After PAGE, protein bands were 
electrophoresed onto a PVDF membrane by applying 60 volts for 2 hr. Transfer 
was confirmed by Coomassie Blue staining and PVDF membrane was dried 
before exposure to X-ray film for 5 days. 
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Figure 4.2. Amino acid composition of the 450K AsBP. Two protein bands were 
excised from a PVDF membrane (Figure 4.1) and analyzed by an Applied 
Biosystems Model 420A Amino Acid Analyzer with automatic hydrolysis and 
pre-column phenylthiocarbamyl-amino acid labeling for detection. Residues 
were reported as mol % of total protein (n=2}. 

Table 4.1. The cysteine content of the 450K AsBP was determined by its 
oxidation to cysteic acid. The cysteine residues of lyophilized protein were 
oxidized with performic acid to cysteic acid which was quantitated with a 
Beckman 7300 (post-column, ninhydrin method) dedicated Amino Acid 
Analyzer (n=2}. 

Sample 

1 

2 

Cysteic Acid (pmol) 

Average 

49 

51 

50 

Protein (pmol) 

3.8 
3.8 

3.8 
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The data suggested that another binding site besides cysteine must be 

responsible for arsenite interactions with the 450K protein. Cysteine was unable 

to elute the 450K protein from the PAP AO-Novarose column. DMPS, a dithiol 

compound, was able to elute the protein and so a similar functional group was 

considered the likely binding site. Lipoic add covalently bound to the PDH and 

a-KGDH enzyme complexes has been hypothesized as the target site for arsenite 

inhibition. It seemed plausible that the 450K protein could have a similar dithiol 

functional group for arsenite complexation. An organic trivalent arsenical, 

phenyldichloroarsine, has been reported to form a complex with lipoic acid (Dill 

et aI., 1989), though the ability of arsenite to do the same has not been studied. 

Arsenite-Lipoate Complex Formation. The chemical structures of the reduced 

and oxidized forms of lipoic add, a 6,B-dithiol compound, are depicted in Figure 

4.3. A proposed complex of arsenite and lipoic acid that has a six-member 

heteroatom ring structure is also depicted. Thin-layer chromatography (TLC) 

was done to prove that arsenite could indeed form a complex with lipoic acid. 

Table 4.2 shows that equimolar solutions of arsenite and reduced lipoic acid 

formed a complex with a different Rf value. This complex was not formed with 

arsenate and reduced lipoic acid. The oxidized form of lipoic acid did not 

complex with either form of arsenic. Table 4.3 demonstrates that this complex 

formation was inhibited by mercuric chloride, which also has affinity for dithiol 

compounds. At a 1:1 ratio with arsenite, mercuric chloride partially inhibited 

complex formation while at a 2:1 ratio it essentially prevented all but a trace 

amount of arsenite-lipoate from forming. The minor amount of complex that did 

form migrated poorly on silica plates. 
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Figure 4.3. Chemical structures of reduced and oxidized lipoic acid in 
addition to its putative six-member ring complex with arsenite. 

Table 4.2. Arsenite but not arsenate formed a complex with reduced lipoic acid. 
[73 Asl-arsenite or [73 Asl-arsenate solutions were combined with equimolar 
solutions of either oxidized or reduced lipoic acid, spotted on silica plates and 
developed in acetonitrile:phosphoric acid [25:1]. Autoradiography results were 
obtained by exposing silica plates to X-ray film for 1 hr. Chemical visualization 
results were obtained by exposing silica plates to (N1I4hS fumes for 10 min then 
spraying with 1 N AgN03 (arsenic) followed by 1 % KMn04 (lipoic acid). 

Arsenite 
+ Lipoic Acid (red) 
+ Lipoic Acid (ox) 

Arsenate 
+ Lipoic Acid (red) 
+ Lipoic Acid (ox) 

Lipoic Acid (red) 
Lipoic Acid (ox) 

Autoradiography 
RfValues 

0.021 
0.578 
0.021 
0.533 
0.530 
0.518 

Chemical Visualization 
RfValues 

0.021 
0.577 

0.021 + 0.614 
0.533 

0.536 + 0.644 
0.528 + 0.610 

0.644 
0.614 
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Table 4.3. Arsenite-lipoate complex formation was inhibited by mercuric 
chloride. [73 As]-arsenite was combined with equimolar solutions of reduced 
lipoic acid and mercuric chloride in the ratios indicated. Mixtures were spotted 
on silica plates and developed in acetonitrile:phosphoric acid [25:1]. 
Autoradiography was obtained by exposing silica plate to X-ray film for 1 hr. 

Arsenite 
+ Lipoic Acid (red) [1:1] 
+ Lipoic Acid (red) + HgCl2 [1:1:1] 
+ Lipoic Acid (red) + HgClz [1:1:2] 

Autoradiography Rf Values 
0.041 
0.577 

0.027 + 0.588 
0.032 + 0.497* 

* Detection was very faint and was considered to be minor amounts of 
arsenite-lipoate that poorly migrated due to the presence of HgCI2. 

Figure 4.4 contains the FAB mass spectrometry analysis of the arsenite-lipoate 

complex extracted from TLC plates. The proposed identities of peaks with 

relative intensities greater than 35% included a phosphoric acid dimer, oxidized 

lipoic acid and the arsenite-lipoate complex, m/z ratios of 197, 206 and 281 

respectively. A complex of pentavalent arsenic and two lipoates was proposed 

for the identity of the peak at 505. Arsenic substitution by phosphate in this 

complex would explain the peak at 461. An explanation for the peak at 233 could 

not be determined. Figure 4.5 contains the FAB mass spectrum of oxidized lipoic 

acid which was detected at 206. A peak at 154 corresponded to the 3-NBA matrix 

used for analysis. 
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Figure 4.4. Mass spectrum for the arsenite-lipoate complex isolated by TLC 
and analyzed by positive ion fast atom bombardment in a 3-NBA matrix. The 
hypothesized identity of peaks with a relative intensity of g:r:eater than 35% are 
shown (except for peaks at 218 and 233 m/z for which structures were 
unknown), 
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Figure 4.5. Mass spectrum for oxidized lipoic acid analyzed by 
positive ion fast atom bombardment in a 3-NBA matrix. 
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Results for positive ion mass spectrometry usually yield a m/z ratio 

equaling the mass of a compound plus one unless the compound becomes 

ionized, such as seemed the case for the arsenite-lipoate complex. Neither of 

these seemed to explain the results obtained for oxidized lipoic acid though. A 

peak with a m/z ratio of 207 should have been detected unless a positive charge 

somehow existed across the disulfide bond or at one of the carbons. A m/ z ratio 

of 281 suggested that the arsenite-lipoate complex was ionized. This implied its 

instability under analytical conditions which was further supported by the 

presence of a large peak corresponding to uncomplexed lipoic acid. Therefore, 

complex degradation seemed the most likely explanation for the moderate 

intensity levels detected. 

Effects of Different Pre-treatments on Arsenite Binding. Similar results as 

those seen for TLC were obtained for cytosolic protein incubated with arsenite 

after pre-treatment with lipoic acid or mercuric chloride. Figure 4.6 

demonstrates that mercuric chloride at equimolar concentrations inhibited 

protein arsenite-binding by greater than 40% compared to controls. Doubling the 

ratio of mercuric ions inhibited arsenite-binding by more than 50% but was not 

twice the inhibition seem at equimolar concentrations. Mercuric chloride seemed 

to be competing with arsenite for protein binding sites just as it had competed for 

lipoic acid during TLC. However, arsenite may have a higher affinity for certain 

cytosolic proteins as indicated by mercury's inability to dose-dependently inhibit 

arsenite binding. Lipoic acid decreased arsenite binding by 75% probably due to 

its competition with protein binding sites for arsenite. 
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Figure 4.6. The presence of reduced lipoic acid or mercuric chloride decreased 
arsenite binding activity of cytosol. Equal amounts of protein (1 mg) from rabbit 
liver cytosol (250 Ill) were incubated with [73As]-arsenite (2.3 11M) for 15 min at 
37°C after pre-incubation for 5 min at 37°C with: Control- no additions; Mercuric 
Chloride [1:1] - 2.3 11M; Mercuric Chloride [2:1] - 4.6 11M; and Lipoic Acid - 4.8 
mM reduced lipoic acid. Acetone precipitation of protein was used to determine 
bound arsenite and assays were done in triplicate. 

The arsenite-binding activity of cytosol with or without NADH pre-treatment 

was compared to those for pyruvate dehydrogenase and a-ketoglutarate 

dehydrogenase complexes. A surplus of NADH causes dihydrolipoamide 

dehydrogenase, an enzymatic subunit in both complexes, to reduce lipoic acid on 

the transferase subunits from their disulfide form. Figure 4.7 indicated that the 

arsenite-binding activity of the two complexes was enhanced by NADH, 230% 
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and 440% respectively, while that of cytosol was inhibited by 50%. The arsenite

binding activity of BSA was also examined due to its presence in enzyme 

complex preparations to preserve their stability. BSA had essentially no activity 

and all arsenite-binding activity that occurred in PDH and ex-KGDH incubations 

was attributed to those enzymes even though BSA comprised 85% of the total 

protein. 
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Figure 4.7. NADH pre-treatment increased the arsenite-binding activity of 
pyruvate dehydrogenase (P.DH) and ex-ketoglutarate dehydrogenase (ex-KGDH) 
complexes. Protein (1 mg*) from rabbit liver cytosol, porcine heart PDH, porcine 
heart ex-KGDH or bovine serum albumin (BSA) in 50 mM HEPES pH 6.8 (200 J.1l) 
was incubated with [73Asl-arsenite (2.4 J.1M) for 15 min at 37°C with and without 
pre-treatment with NADH (30 mM) for 15 min at 37°C. Acetone precipitation 
was used to determine protein bound arsenite and all assays were done in 
triplicate. *Actual amounts of PDH and ex-KGDH were less than 150 J.1g per 
incubation with BSA comprising the remainder. 
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A closer examination of the effect of NADH pre-treatment on the 450K AsBP 

using non-denaturing PAGE was done. NADH enhanced arsenite binding to the 

450K protein while it decreased the amount of arsenite associated with the 

>2000K protein aggregate as shown in Figure 4.8. NADH increased the amount 

of arsenite bound to the 450K protein band by greater than 26-fold while 

decreasing the amount bound to the >2000K protein band by 66%. The inhibition 

of the amount of arsenite bound to the >2000K aggregate by NADH explains 

why the overall arsenite binding of cytosolic proteins decreased as shown in 

Figure 4.7. NADH also increased the amount of arsenite bound to the PDH and 

a-KGDH enzyme complexes by 176% and 231 %, respectively. These results 

indicated that NADH increased the arsenite-binding activity of the 450K 

cytosolic protein and this was similar to what occurred for both the PDH and (1.

KGDH complexes. However, NADH decreased the amount of arsenite bound to 

the >2000K protein which suggested that arsenite was loosely associated with 

this protein. An excess of a reductive compound, NADH, dissociated arsenite 

from protein as has been previously shown to occur with B-mercaptoethanol 

(Figure 3.5) or under acidic conditions (Figure 3.8). 

Another experiment using a preparation of the 450K protein partially purified 

by arsenic affinity chromatography and presented in Figure 4.9 had similar 

results. After pre-treatment with either 10 mM NADH, NAD+ or GSH, samples 

were separated by SD5-PAGE, Western blotted and underwent autoradiography 

for 1 week. The NADH pre-treated 450K protein showed an increase in its 

arsenite-binding activity by 232% compared to the control. Pre-treatment with 

NAD+ and GSH of the 450K protein also increased arsenite-binding activity 

compared to the control, 175% and 168% respectively. 
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Figure 4.8. The 450K arsenite-binding protein had increased activity after 
NADH pre-treatment. Cytosol, PDH and a-KGDH were incubated with 
[73As]-arsenite for 15 min at 37°C either with or without NADH 
pretreatment (7.5 Ilmol/mg protein for 15 min at 37°C). Samples were 
analyzed by non-denaturing PAGE. The wells of a 7% gel were loaded 
with 10 Ilg protein and 40 rnA constant current was applied for 40 min. 
Gel was dried and exposed to X-ray film for 12 hr. 

*Number of pixels out of 640 (0.06 in2) that were in the LUX range of 130 to 
255 which exceeded background value by two times. 
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Figure 4.9. Autoradiography indicated that the arsenite-binding activity of 
the partially purified 450K protein increased after NADH pre-treatment. 
Equal amounts of protein (1 mg) previously isolated by arsenic affinity 
chromatography were pretreated with either 10 mM NADH, NAD+ or 
GSH for 15 min at 37°C before incubation with [73 As]-arsenite (2.4 )lM) for 
15 min at 37°C. Control sample was pretreated with an equivalent 
volume of buffer. Proteins were separated by SDS-PAGE and transferred 
to a PVDF membrane by Western blotting. The dried membrane was 
exposed to X-ray film for 1 week and autoradiography was quantitated. 
Lanes correspond to: 1) Silver-stain MW Stds.; 2) Apoferritin Std.; 3) 
Control; 4) NADH; 5) NAD+; 6) GSH; 7) B-amylase Std.; and 8) 
Pre-stained MW Stds. 

*Number of pixels out of 540 that were in the LUX range of 80 to 255 
which exceeded background values by two times. 
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Figure 4.10. The 450K arsenite-binding protein was not 
recognized by antibodies which have cross-reactivity to lipoic 
acid epitopes on proteins. An identically prepared Western blot 
as that described in Figure 4.9 was exposed to antibodies specific 
for trifluoroacetylated proteins and have cross-reactivity to 
lipoic acid moieties on proteins. The primary antibody, rabbit 
anti-TFA, was obtained from rabbits exposed to halothane. The 
secondary antibody, goat anti-rabbit IgG, was conjugated to 
horseradish peroxidase (HRP). The presence of HRP was 
detected by DAB. Lanes correspond to: 1) Pre-stained MW Stds.; 
2) B-Amylase; 3) GSH; 4) NAD+; 5) NADH; 6) Control; 7) 
Apoferritin; and 8) Silver-stain MW Stds. Lane 1 was excised 
from blot before exposure to antibodies. 
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An identically prepared Western blot was submitted for an antibody 

recognition experiment. NADH increased the arsenite-binding activity of the 

450K protein similarly to what occurred with the PDH and a-KGDH complexes. 

Antibodies which can recognize lipoic acid moieties on proteins were used to 

determine if the 450K protein also contained these functional groups. Figure 4.10 

shows that the 450K AsBP was not recognized by these antibodies although some 

other proteins in the preparation were recognized. 

Preparative SD5-P AGE was used as a final separation procedure to isolate the 

450K AsBP from other proteins after arsenic affinity chromatography. The 

benefit of this method over the electroelution procedure previously used was 

that larger amounts of protein for sequence analysis could be obtained. It 

utilized the same conditions as analytical SD5-PAGE to separate proteins on a 25 

x 28 mm polyacrylamide gel column rather than a 1.5 x 70 mm gel slab. Instead 

of stopping electrophoresis when the dye front reached the bottom of the gel, it 

was continued and proteins eluted from the gel column were collected in 

fractions. Figure 4.11 shows the gradual elution of proteins from a gel column as 

determined by analytical SD5-PAGE. The 450K AsBP eluted over a wide range 

of fractions (140 to 200) and was concentrated by ultrafiltration. The purification 

of the 450K AsBP from the applied sample preparation to the final ultrafiltrated 

concentrate is shown in Figure 4.12. The concentrated 450K protein was dialyzed 

to remove buffer salts before lyophilization in preparation for amino acid 

sequencing. 
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Figure. 4.11. Purification of the 450K AsBP by preparative 50S-PAGE. A protein 
(7.5 mg/400 J1l) preparation was treated with 50S 5X sample buffer and applied 
to a 7% gel column (25 x 28 mm). Eluted proteins were collected in 5 ml fractions 
and analyzed by analytical 50S-PAGE to determine which contained the 450K 
AsBP. Aliquots of fractions (80 ~l) were treated with 50S 5X sample buffer (20~1) 
and 15 ~l of each were loaded/lane. Diluted (15-fold) column load was included 
for reference. Gels were silver-stained to detect proteins. 
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<If- 450K AsBP 

Figure. 4.12. Purification of the 450K AsBP by preparative 50S-PAGE 
and its concentration by ultrafiltration. The 450K AsBP was detected in 
fractions 140 to 200 as shown in Figure 4.11. These fractions were 
pooled and concentrated in an Amicon Oiaflo ultrafiltration cell with a 
30K MW cut-off. Aliquots of the filtrate and retentate (20 Ill) were 
treated with 50S 5X sample buffer (5 Ill). These were compared to the 
gel column load and fractions used in Figure 4.11. Lanes correspond 
to: 1) Load (51ll); 2) Empty; 3) Load (10 Ill); 4) Fraction 200 (15 Ill); 5) 
Fraction 180 (15 Ill); 6) Fraction 160 (15 Ill); 7) Fraction 140 (15 Ill); 8) 
Filtrate (15 Ill); 9) Retentate (15 Ill); and 10) Retentate (5 Ill). Gels were 
silver-stained to detect proteins. 
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The arsenite-binding activities indicative of the 450K AsBP were examined. It 

was previously shown that a majority of the arsenite bound to cytosolic protein 

could be dissociated by thiol compounds such as B-mercaptoethanol and cysteine 

(Figures 3.5 and 3.6). However, the 450K AsBP remained bound to arsenite in 

their presence and could be only dissociated from arsenite when challenged with 

a 6,8-dithiol compound such as DMPS (Figure 3.6). 

Compounds with closely spaced thiols such as 1,2-dithiols and 1,3-dithiols (or 

6,8-dithiols) have been shown to complex with trivalent arsenic in five

membered and six-membered heteroatom ring structures, respectively (Dill et al., 

1989; Delnomdedieu et al., 1993; Bennet and Dill, 1994). The complexation of 

arsenic by a 1,4-dithiol such as DTT should result in an unstable seven

membered ring structure. Therefore, DTT would be expected to compete with 

protein thiol groups for arsenite but not with closer spaced protein dithiols. It 

was hoped that DTT would allow for the determination of the amount of arsenite 

bound to the 450K AsBP while inhibiting that bound to other proteins. 

Table 4.4 shows the results of incubating equal amounts of protein from 

different stages of purification with arsenite followed by challenge with DTT. 

Proteins were first incubated with 7.5 Ilmol NADH/mg protein, followed by 20 

llM arsenite and finally 1 mM DTT at 37°C for 15 min each. Acetone was used to 

precipitate proteins and bound arsenite was determined. Results show that DTT 

was successful in dissociating arsenite from protein as compared to controls in 

which DTT was not used. The overall arsenite-binding activity for all protein 

preparations decreased drastically after DTT. However, the arsenite-binding 

activity of a partially purified preparation of the 450K AsBP was still 43% of 

controls compared to 5% and 11 % for cytosol and the 40-50% (NI-Lt}zS04 fraction, 
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respectively. This suggested that OTT had dissociated all but the most tightly 

bound arsenite from proteins. 

Table 4.4. Comparison of arsenite-binding activities of various protein 
preparations after NAOH pre-treatment and challenge by OTT. Equal amounts 
of protein (0.5 mg) from preparations were pre-treated with 7.5 J.Unol NAOH/mg 
protein for 15 min at 37°C. [73 As]-arsenite (20 11M) was added and incubation 
continued for 15 min before addition of acetone to precipitate protein (Control). 
Another set of preparations were incubated as above except for the addition of 1 
mM OTT for 15 min at 37°C before acetone precipitation (After OTT). 

Preparation 

Cytosol 

40-50% (N1f4hS04 fraction 

Partially Purified* 450K AsBP 

Arsenite-Binding Activity 
(ng As/mg protein) 

Control 

196.1 

129.0 

144.7 

After OTT 

10.0 

14.7 

62.5 

% Decrease 

95 

89 
57 

*Concentrated protein peak of trivalent arsenic affinity column eluted by 10 rnM 
DMPS. 

To confirm that OTT indeed displaced arsenite from proteins except for the 

450K AsBP, similarly prepared samples including purified 450K AsBP were 

analyzed by 50S-PAGE and the autoradiography results are shown in Figure 

4.13. The amount of the purified 450K AsBP (0.7Ilg) loaded on the gel was only a 

fraction of that amount for the other protein preparations (5 Ilg) but its activity 

was 123% higher than the partially purified 450K AsBP preparation. When 
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adjusted for the differences in the amount of protein, the activity of the purified 

450K protein was almost 880% of its activity in the partially purified preparation 

and over 2300% of its activity in the cytosol itself. Table 4.5 summarizes the 

overall purification steps for the 450K AsBP and the protein recoveries through 

out these procedures. The amount of purified 450K AsBP recovered during the 

outlined procedure was only 1 % of the amount applied to the preparative SD5-

PAGE gel column. Concentration of the 450K protein in pooled fractions by 

ultrafiltration was thought to be responsible for low recoveries. Using 

concentration devices with smaller membrane surface areas has increased protein 

recoveries up to 10% but the extra time required was prohibitive. 

The purified 450K AsBP was separated on a 7% SD5-PAGE gel and Western 

blotted onto a PVDF membrane. Several attempts at sequencing the 450K AsBP 

were unsuccessful. Results suggested that the protein was N-terminal blocked 

and could not be sequenced by Edman degradation chemistry. Therefore, 

samples of the 450K protein needed to be cleaved into smaller fragments before 

any further protein sequencing was attempted. 

Chemical cleavage of the 450K protein by cyanogen bromide digestion was 

tried. CNBr cleaves proteins at the N-terminal side of methionine residues. This 

method was chosen since the 450K AsBP contained only 0.5 mol% methionine. 

Figure 4.14 shows that CNBr-digestion resulted in two fragments of 

approximately 62K and 54K, A and B respectively. Fragment A actually 

appeared to contain at least three closely migrating protein bands while fragment 

B seemed to be a single protein. Although 30 times the amount of protein was 

loaded/lane of a similar gel and Western blotted onto a PVDF membrane, 

detection with Coomassie Blue stain could not visualize these protein fragments. 
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This was surprising since smaller quantities of the purified 450K AsBP were 

detected by this staining method. It was possible that the 450K protein may not 

have been completely digested by CNBr. The 450K protein would not have been 

transferred onto the PVDF membrane since its size would preclude its migration 

into the resolving portion of the 12% polyacylamide gel used for blotting. It was 

also possible that the 450K protein was degraded under the conditions used for 

CNBr digestion and might have fragmented into very small peptides. 

Therefore, a sample of the 450K AsBP (90 Jlg) was submitted to the University 

of Michigan Protein and Carbohydrate Structure Facility. This facility is better 

equipped to separate and sequence fragments resulting from chemical or enzyme 

digestions. Collaboration with this laboratory should greatly assist in the 

identification of this 450K AsBP and possibly the other two AsBPs in the future. 

Although the sequencing of the entire 450K AsBP is not anticipated and highly 

unlikely in the near future, sequencing of fragments of this protein will 

determine if current sequence databases contain any homologous proteins. Any 

such matches to already sequenced proteins should provide insight as to the 

identity of the 450K AsBP and aid in further study of this protein. 



Table 4.5. Summary of the purification steps for isolating the 450K AsBP from rabbit liver cytosol. 

Volume [Protein] Total Protein % Protein 

Relative 

AS-Binding 

Purification Step (mn (mg/mn (mg) Recovery Activity* 

1) Cytosol Isolation by 

Ultracentrifugation 

2) Fractionation of Cytosol 

(30 ml) by 40-50% (NH4hS04 

3) Binding of #2 (200 mg) to a 

PAPAO-Novarose column & 

elution with 10 mM DMPS 

4) Preparative SOS-PAGE of 

#3 (10 mg) 

75.0 

6.1 

3.5 

3.9 

36.0 2700.00 

53.2 324.52 18 

9.0 31.40 16 

0.03 0.10 1 

*Specifically for the 450K AsBP as determined from autoradiography results of Figure 4.13 
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Figure 4.13. The relative binding activities of rrotein preparations 
during the purification of the 450K AsBP. Equa amounts of protein 
(10 Ilg/25 Ill) from all preparations except purified 450K AsBP were 
pre-treated with 511115 mM NADH (7.5 nmoI/llg protein) for 15 min at 
37°C. Purified 450K AsBP (1.8 Ilg/25 Ill) was pre-treated with 5 III 3 
mM NADH (7.5 nmol/Ilg protein) for 15 min at 37°C. [73Asl-arsenite 
(10 III = 5 Ilei) was added and incubations continued for 15 min more. 
A mixture containing 2 III 1 mM DTT and 8 III SDS 5X buffer was 
added to each and incubations were continued for another 15 min. 
Aliquots (20 Ill) of each incubation were loaded on a 7% gel and 
separated by SDS-PAGE as follows: 1) cytosol; 2) 40-50% (NH4)4S04 
fraction; 3) partially purified 450K AsBP; 4) empty; and 5) punfied 
450K AsBP. Gel was silver-stained, dried, exposed to X-ray film for 4 
days and autoradiography was quantitated. *Number of pixels out of 
1032 that were in the LUX range of 190-255 whicn exceeded 
background values by 120%. 
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Figure 4.14. Cyanogen bromide digestion of the 450K 
AsBP yields two protein fragments. Lyophilized 450K 
protein (50 Ilg) purified by preparative 50S-PAGE was 
chemically digested with eNBr. After diestion protein 
was re-lyophilized and reconstituted in 100 III deIonized 
water and 20 III 50S 5X sample buffer. A 5 III aliquot was 
diluted to 10-fold and 20 III containing 0.7 Ilg protein was 
loaded onto a 4%/12% gel along with molecular weight 
markers (10 Ill/lane). After separation of proteins by 
50S-PAGE, the gel was silver-stained and dried. 
Detected protein fragments A and B have molecular 
weights of approximately 60K and 53K. 
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Discussion 

The amino acid composition of the 450K AsBP was determined and the 

cysteine content «1 mol%) was surprisingly low (Figure 4.2). Other proteins 

with metal coordination ability such as metallothionein, albumin and a lead 

binding-protein isolated from rat brain have considerably higher amounts of 

cysteine, 28, 5 and 9 mol% respectively (Hamer, 1986; Brown, 1976; Duval and 

Fowler, 1989). Since the method used for overall amino acid composition is not 

always accurate for cysteine quantification, another more precise method was 

used. The second analysis indicated that 3.8 pmol of the protein contained 50 

pmol of cysteine (Table 4.1). This calculated to approximately 13 cysteines/mol 

of protein or DAD mol%. 

The low cysteine content of the 450K AsBP together with the fact that DMPS 

was required to elute it from the arsenic affinity column indicated that another 

type of binding site other than closely spaced cysteine residues must be involved. 

Arsenite is known to inhibit enzymes containing lipoic acid in their active centers 

such as pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase (a

KGDH) complexes (Peters et al., 1946). It has been hypothesized that this occurs 

due to arsenite forming a stable six-member ring complex with lipoic acid, a 6,8-

dithiol (Figure 4.3). Though other trivalent arsenicals have been reported to form 

complexes with lipoic acid (Dill et al., 1989; Delnomdedieu et al., 1993; Bennett 

and Dill, 1994), the ability of arsenite to do the same has not been established. 

Thin-layer chromatography (Table 4.2) and FAB mass spectrometry (Figure 4.5) 

data indicated an arsenite-lipoate complex can indeed form. That protein-bound 

lipoic acid could bind arsenite was established. 
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Mercuric chloride, which also has a high affinity for dithiol compounds such 

as lipoic acid, inhibited the formation of the arsenite-lipoate complex in TLC 

studies in a concentration-dependent manner (Table 4.3). Furthermore, mercuric 

chloride and reduced lipoic acid decreased the arsenite-binding activity of 

cytosolic proteins (Figure 4.6). Inhibition was attributed to mercuric ions 

competing with arsenite for protein binding sites and lipoic acid competing with 

protein binding sites for arsenite. However, even concentrations of lipoic acid 

2000-fold that of arsenite did not completely inhibit its protein binding. 

Stocken and Thompson (1946) have shown that the hydrolysis rates of thiol 

complexes with the trivalent arsenical, lewisite, were rapid for monothiols 

(cysteine>GSH>fS-mercaptoethanol) but virtually non-existent for 1:2- or 1:3-

dithiols (2,3-dimercaptopropanol and 1,3-dimercaptopropanol, respectively). 

Peters (1949) demonstrated that 1:2- and 1:3-dithiol compounds were successful 

in reversing arsenite inhibition of PDH and a-KGDH because they were thought 

to compete with lipoic acid for arsenite. Monothiols such as cysteine and fS

mercaptoethanol did not protect these enzymes against arsenite inhibition. The 

failure of cysteine to elute the 450K AsBP from the arsenite affinity column, the 

protein's successful elution from the same column with DMPS (a 1:2-dithiol), and 

the s tabili ty of the its binding to arsenite through SDS-PAGE, despite 1 % {5-

mercaptoethanol in sample treatment buffer, all support a dithiol binding site for 

arsenite. 

Lipoic acid centers of PDH and a-KGDH are kept in their disulfide form by 

lipoamide dehydrogenase in order to be metabolically active. Once they transfer 

acetyl groups, though, they are briefly in their dithiol form. At this time arsenite 

can become bound and prevent their enzymatic oxidation. An excess of NADH 
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causes lipoamide dehydrogenase to proceed in a reverse direction, reducing 

lipoic acid centers. NADH pre-treatment of cytosol, PDH and a-KGDH 

preparations increased the overall arsenite binding for the latter two only (Figure 

4.7). Yet, NADH reduction specifically increased the arsenite-binding activity of 

the 450K AsBP by 26-fold (Figure 4.8). This indicated that there is some degree of 

similarity in how these proteins bind arsenite. 

Preliminary experiments to see if an antibody which cross-reacts with lipoic 

acid epitopes on proteins failed to recognize the 450K AsBP (Figure 4.10). These 

antibodies have been reported to bind to the E2 subunit of PDH which contains 

lipoic acid centers (Christen et al., 1994). Some other lower MW proteins in the 

partially purified preparation were recognized by these antibodies. The 

exposure of the 450K AsBP to arsenite before incubation with antibodies might 

have inhibited antibody recognition. Future antibody studies of the 450K AsBP 

not previously exposed to arsenite should determine if arsenite-binding alters 

epitope sites. 

Pre-treatment of the partially purified 450K AsBP with NADH, NAD+ and 

GSH all increased the protein's arsenite-binding activity, 232, 175 and 168% 

respectively (Figure 4.9). The increase in the 450K protein's arsenite binding 

activity by GSH and NADH probably occurs from their reduction of dithiol 

groups at the binding site. NAD+ may be reduced to NADH by proteins in the 

partially purified preparation and thereby increase arsenite binding activity, 

although to a lesser extent than NADH. The in vitro arsenite incubation system 

used in Chapter 2 to quantitate the amount of arsenite a given protein 

preparation binds was modified to include NADH pre-treatment. The arsenite

binding activities for cytosol increased 10-fold (Table 4.4) from previous 
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incubations (Figure 2.6). The activity for the 40-50% ammonium sulfate fraction 

increased 2.5-fold from previous incubations (Figure 3.1). Of course this 

represents the combined arsenite-binding of all proteins in preparations. 

The addition of 1 mM DTT to incubations prior to protein precipitation 

resulted in much lower arsenite-binding activities. The presence of this 1:4-

dithiol compound was expected to compete with proteins with only minor 

affinity for arsenite so the amount bound to the 450K AsBP could be determined. 

DTT decreased arsenite-binding activities of the cytosol, 40-50% (NI-LthS04 

fraction and partially purified 450K AsBP by 95, 89 and 57%, respectively. 

However, even after modification it was unknown whether this method could 

determine the amount of arsenite bound to a specific protein. 

Therefore, using similar conditions, the arsenite-binding activity of the 450K 

AsBP purified by preparative SDS-P AGE was compared to the above 

preparations using SD5-PAGE and autoradiography (Figure 4.13). The relative 

binding activity of the purified 450K AsBP was 2307-fold that of cytosol after 

adjusting results for differences in protein loading per lane. This represented a 9-

fold and 4-fold increase in arsenite-binding over the 40-50% (NH4hS04 fraction 

and partially purified 450K AsBP as well. A summary of the overall protein 

recovery through purification procedures along with relative binding activities 

are presented in Table 4.5. 

Several attempts at protein sequencing of the purified 450K AsBP indicated 

that the N-terminus was blocked. The occurrence of N-terminal blocks on 

mammalian proteins averages 75% and was not surprising. A method to 

produce reproducible fragments of the protein that could be sequenced were 

pursued. Chemical cleavage of the protein by cyanogen bromide resulted in at 
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least two fragments of 60K and 53K (Figure 4.14). These fragments were 

separated by SDS-PAGE and Western blotted onto a membrane but protein 

staining failed to detect them. This failure was attributed to either the 

incomplete digestion of the 450K AsBP by CNBr or the uncontrolled degradation 

of this protein under digestion conditions. 

Other methods to separate protein fragments such as reverse-phase HPLC 

were researched but it was decided that collaboration with a laboratory better 

equipped to do these procedures would be advantageous. Hence, a sample of 

the 450K AsBP (90 ~g) has been submitted to the University of Michigan Protein 

and Carbohydrate Structure Facility for this purpose. Sequencing of the entire 

450K AsBP is not anticipated and highly unlikely in the near future. However, 

sequencing of fragments of the 450K AsBP may provide an insight as to its 

identity and aid in future study of this arsenite-binding protein. 
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The methylation of inorganic arsenic is considered the primary detoxification 

pathway in mammalian systems. MMA and DMA are the major metabolites 

seen in the urine of humans exposed to arsenic, with 60-70% of the dose excreted 

within 48 hr (Crecelius, 1977; Yamauchi and Yamamura, 1979). Other 

mammalian species have their own characteristic excretion profiles for inorganic 

arsenic and its metabolites after exposure. Rabbits excrete 80% (Bertolero et al., 

1981; Marafante et aI., 1982) and mice 90% (Vahter, 1981) of the administered 

dose of arsenic within 2 days. In most cases, DMA is the major metabolite 

excreted in urine. Rats have a longer retention time for arsenic mainly due to the 

binding of DMA to erythrocytes (Lanz et al., 1950; Lerman and Clarkson, 1983). 

Before methylation can occur, however, inorganic arsenic must first be in the 

trivalent form (Wood, 1974) and studies have shown that indeed arsenate is 

rapidly reduced to arsenite in vivo (Vahter and Envall, 1983; Vahter and 

Marafante, 1985). Arsenite, however, is 4 to 10 times more toxic than arsenate 

(Franke and Moxon, 1936; Schroeder and Balassa, 1966). Exposure to arsenite 

leads to higher tissue concentrations of arsenic than exposure to the same dose of 

arsenate (Vahter and Norin, 1980). Therefore, the methylation of inorganic 

arsenic actually increases the in vivo toxicity of arsenate, the more 

environmentally prevalent chemical form. 

Variation in arsenic retention among various species of mammals is thought 

to be attributable to differences in arsenic biotransformation. As an extreme 

example, the marmoset monkey is the only mammal studied thus fnr which does 



144 

not methylate arsenic at all. In this animal, inorganic arsenic becomes bound to 

cellular organelles such as the rough microsomal membrane and to 

macromolecular constituents (Vahter et al., 1982; Vahter and Marafante, 1985). 

The binding of inorganic arsenic to cytosolic macromolecules also occurs in 

mammalian species capable of arsenic methylation (Klaassen, 1974; Vahter and 

Norin, 1980; Marafante et al., 1981). This binding occurs within one hour of 

either arsenite or arsenate administration (Marafante et al., 1982; Vahter and 

Marafante, 1983) and prior to the detection of methylated metabolites in urine 

(Bertolero et al., 1981). Therefore, variation in arsenic excretion among mammals 

may reflect its interaction with cellular constituents as well as its rate of 

methylation in different animal species. 

In order to fully understand arsenic toxicity and biotransformation, the 

mechanisms of arsenic interaction at the cellular level were examined. An in vitro 

incubation system was developed to study the binding of arsenic to proteins in 

rabbit liver cytosol by assessing the amount of arsenic bound to these proteins 

and determining the success of purification procedures in isolating them. A 

rabbit tissue model was chosen since this animal metabolizes inorganic arsenic 

most similarly to man (Vahter and Marafante, 1988). 

The results indicated that trivalent inorganic arsenic, arsenite, was the species 

that bound to cytosolic proteins. The pentavalent species, arsenate, only bound 

to these proteins after its reduction to arsenite which was facilitated by 

incubation with a reducing agent, fS-mercaptoethanol. This explains the higher 

retention of arsenic in tissues after administration of arsenite to mice reported by 

Vahter and Norin (1980) when compared to equivalent doses of arsenate. The 

difference in protein binding activity of the two arsenic species was attributed to 
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the affinity of arsenite for protein sulfhydryls, especially dithiols, first reported 

by Peters et al. (1946). 

Liver homogenate incubated with arsenite using our in vitro system indicated 

that cytosolic proteins had 2-fold greater arsenite-binding activity than proteins 

in other subcellular fractions. This corroborated in vivo animal studies with 

rabbits, mice and rats that reported 50-65% of the arsenic in liver was associated 

to cytosolic macromolecules (Klaassen, 1974; Marafante et al., 1981; Bertolero et 

al; 1981; Vahter and Marafante, 1983). 

Fractionation of cytosolic proteins by their solubility in different 

concentrations of ammonium sulfate revealed three arsenite-binding proteins 

(AsBPs). Molecular weights for the AsBPS, lOOK, 450K and >2000K, were 

determined by non-denaturing polyacrylamide gel electrophoresis (PAGE) and 

size-exclusion chromatography. Similar sized cytosolic proteins were also 

observed in the liver cytosol of a rabbit administered [73Asl-arsenite in vivo and 

confirmed the validity of the in vitro incubation system for further study of these 

proteins. Several reports have included gel filtration chromatography of tissue 

cytosols from animals administered labeled-arsenic compounds (Marafante et al., 

1981; Bertolero et al., 1981; Marafante et al., 1982; Vahter et al., 1982; Vahter and 

Marafante, 1983, 1985). However, these reports made no estimations about the 

size of protein peaks other than high- or low-molecular weight using column 

media with fractionation ranges of lK to 80K. The molecular weights reported 

above are the first determinations of the size of AsBPs in any tissue. 

The binding of arsenite to the 450K protein was more stable than the other 

two proteins and further work focused on its purification and characterization. 

The use of trivalent arsenic affinity chromatography for the isolation of the 450K 
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AsBP suggested that it utilized a dithiol-like binding site to complex arsenite. 

Hoffman and Lane (1992) have used a similar type of arsenic affinity column to 

probe for dithiol containing proteins such as tubulins and insulin receptors in 

adipocytes. 

Amino acid composition of the 450K AsBP indicated there were less than 0.5 

mol% of cysteine residues. These levels were 10-fold less than the cysteine 

composition reported for other metal-binding proteins such as metallothionein, 

albumin and a lead-binding protein in rat brain (Hamer, 1986; Brown, 1976; 

Duval and Fowler, 1989). It implied that the 450K AsBP must utilize other 

functional groups besides closely spaced cysteine sulfhydryls to complex 

arsenite. 

Arsenite has been reported to inhibit enzyme complexes which contain 

protein-bound lipoic acid by supposedly binding to this dithiol functional group 

(Peters et al., 1946; Webb, 1966). These include the mitochondrial multi enzyme 

complexes pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase 

(a-KGDH). Lipoic acid has been reported to form complexes with several 

trivalent organic arsenicals (Dill et al., 1989, Delnomdedieu et al., 1993; Bennett 

and Dill, 1994) but complexation with arsenite has never been demonstrated. 

TLC and FAB mass spectrometry experiments presented here have established 

that arsenite formed a complex with reduced lipoic acid, so its binding to similar 

dithiol groups on the 450K AsBP was possible. 

Mercuric chloride, which also has affinity for dithiols, inhibited arsenite

lipoate complex formation in TLC studies and decreased the arsenite-binding 

activity of cytosolic AsBPs by presumably competing with arsenite for protein 

binding sites. Lipoic acid inhibited the arsenite-binding activity of protein by 
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presumably competing with protein binding sites for arsenite. These studies 

support the existence of a dithiol binding site for arsenite complexation on the 

450KAsBP. 

Comparison of the PDH and a-KGDH enzyme complexes with cytosol 

showed that pre-treatment with NADH increased the arsenite-binding activities 

of the former two but decreased it for the latter. Upon closer examination, 

however, the binding activity of the 450K AsBP increased after NADH pre

treatment by 26-fold. NADH has been shown to reverse the function of the 

lipoamide dehydrogenase subunit of these two enzymes and drives it to reduce 

lipoic acid centers (Behal et al., 1993). This explains the increased binding 

activity of the enzymes for arsenite but not how NADH increased the binding 

activity for the 450K protein. Antibody affinity studies showed that the 450K 

AsBP was not recognized by anti-TFA antibodies which have been reported to 

cross-react with lipoic acid epitopes on proteins (Christen et al., 1994). Since the 

450K AsBP assayed was previously exposed to arsenite, it was not known 

whether this may have altered possible antibody recognition sites. 

Further purification and sequencing of the 450K AsBP was pursued in order 

to explain the similarities yet differences of the arsenite-binding sites on the 450K 

protein to protein-bound lipoic acid. Although preparative SDS-PAGE purified 

the 4.50K AsBP over 2300-fold from cytosol, attempts at sequencing it indicated 

N-terminal blocking. Chemical cleavage of the protein by cyanogen bromide 

produced two fragments of approximately 60K and 53K. Isolation of these 

fragments and their sequencing is continuing. 

Future studies of this arsenite-binding protein are needed to further 

characterize its complexation of arsenite. Large-scale purification of this protein 
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to obtain sufficient quantities for full protein sequencing and X-ray 

crystallography are needed. The significance of the binding of arsenite to this 

protein both metabolically and toxicologically also needs to be pursued. This 

research represents the first step in identifying specific cytosolic proteins which 

bind arsenite and the characterization of this interaction. 

One possible role for the AsBPs in arsenic detoxification is depicted in Figure 

5.1, in which these proteins serve as a reservoir or storage site for arsenite. 

Arsenite bound to AsBPs would be metabolically unavailable and unable to 

inhibit sensitive enzymes such PDH. Arsenite bound to these proteins could 

then be methylated in conjunction with arsenic methyltransferases or it could be 

transported out of the liver to the kidney and excreted in the urine. Support for 

the former idea comes from in vivo experiments which have shown arsenic 

binding to cytosolic proteins (Marafante et al., 1982) prior to the detection of 

methylated metabolites in urine (Bertolero et al., 1981). Protein bound arsenite 

decreased as methylated metabolite levels in urine increased. 

Though there has been no experimental evidence regarding the fate of arsenic 

bound to proteins from these in vivo studies, urine continued to contain a 

significant percentage of inorga.nic arsenic, 10-15%, throughout these 

experiments (Marafante et al., 1982; Bertolero et al., 1981). The arsenic bound to 

protein may have been transported to the kidney where it was excreted. 

Metallothioneins are low molecular weight «10 K) proteins contained 

primarily in the liver that can bind metals such as cadmium but have no affinity 

for arsenic. Metallothioneins have been shown to transport cadmium to the 

kidney where it was eventually excreted in the urine (Klaassen, 1990). Arsenite 

may be transported to the kidney by a similar mechanism. The sizes determined 

-----------
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for the three AsBPs preclude the possibility of their transporting arsenite to the 

kidney directly as is case for metallothioneins. However, they could work in 

conjunction with other smaller transport proteins or the portion of the AsBPs that 

bind arsenite could be cleaved. The cleavage fragments or transport proteins 

could then carry arsenite to the kidney for excretion into the urine. 

Further study will be required to determine the biological significance of 

these newly discovered binding proteins and their interaction with arsenite. 

Whatever their role, these proteins will help further the understanding of the 

molecular mechanisms involved in arsenic biotransformation and toxicity. 
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Figure 5.1. A possible role for arsenite-binding proteins in the detoxification of 
inorganic arsenic in mammalian systems. 
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