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ABSTRACT 

Inorganic arsenic is an important environmental toxicant of both natural and 

anthropogenic sources. It is a human carcinogen for which appropriate animal models of 

most arsenic-induced cancers are lacking. Presently, 17 species of non-human primates 

were screened using an in vitro assay to determine their arsenic methylation ability as a 

predictive tool for better understanding the presence, and in some instances, deficiency of 

arsenic methyltransferase activity among animal species. Four of the 17 species 

investigated had arsenite methyltransferase activity, three of which were from the genus 

Macaco. This suggested a phylogenetic component to an animal having arsenic 

methyltransferase activity. That all of the hepatic tissues were viable was demonstrated by 

their all having arsenate reductase activity. These data suggested that arsenic methylation 

cannot be a detoxification mechanism for many non-human primates and that alternative 

methods of detoxifying inorganic arsenic must be considered and investigated. 

Biomethylation of inorganic arsenic has classically been considered its primary 

mechanism of detoxification, although results of recent investigations disagree. As arsenic 

methylation may represent a bioactivation process leading to cancer development, it now 

becomes critical to identify the methyltransferase protein, its endogenous function, as well 

as additional substrates and inhibitory molecules. Using a combination of chromatographic 

and isoelectric focusing protein separation methods, rabbit liver arsenite and methylarsonic 

acid methyltransferase activities were purified 19,000- and 600-fold, respectively. These 

activities co-purified during all steps. The arsenic methyltransferase protein had a 

molecular mass of approximately 46.5 kDa and a pi of 5.7 to 6.0 and is inhibited by S-

adenosyl-L-homocysteine, sinefungin and trivalent antimony. The final purified fraction 

contained a heterogeneous protein mixture as assessed by SDS-PAGE analysis. Proteins 

in this fraction were identified using tandem and matrix-assisted laser desorption/ionization 

mass spectrometry techniques against databases of known proteins. Identified protein 
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sequences were searched for putative S-adenosylmethionine binding motifs conserved 

among small molecule methyltransferases. Homologs of the identified proteins were 

obtained commercially, where available, and screened for arsenite methyltransferase 

activity. The arsenic methyltransferase was not identified among the obtained homologs 

and cloning efforts must be considered to screen the other proteins identified in the final 

purified fraction for arsenic methyltransferase functionality. 
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Chapter One 

Metabolism of Arsenic 
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INTRODUCTION 

The number and diversity of human populations exposed to high levels of inorganic 

arsenic in their drinking water have increased since the 1950s. This is largely due to rapid 

population increases and the corresponding demand for water for drinking and agricultural 

purposes. In addition to early reports from Taiwan (1) and Antofagasta, Chile, areas with 

toxic levels of arsenic in their drinking water now include India (2-4), Bangladesh (5-7), 

Mongolia (8) and areas of China (9). The combined numbers from these populations reach 

well into the millions. The World Health Organization has lowered its recommended 

maximal permissible limit (MPL) for arsenic in drinking water to 10 ppb in light of 

evidence that chronic exposure to higher levels has potential for toxicity. The MPL set by 

the United States Environmental Protection Agency in 1942 remains at 50 ppb as legislators 

and scientific advisors debate an acceptable lower limit Yet, despite public outcry and 

political pressure to resolve these issues and initiate necessary water treatment plans, the 

mechanisms by which this metalloid exerts its toxic and carcinogenic effects remain largely 

unknown. 

Historically, arsenic was used as a medicinal agent in the treatment of such maladies 

as ulcers, psoriasis and asthma (10). Throughout the Middle Ages, arsenic became the 

preferred poison for homicidal and suicidal intents. Today arsenic is used in a variety of 

industrial manufacturing processes and is finding new application in the chemotherapeutic 

arena (II). Many herbicides, pesticides, rodenticides and wood preservatives contain 

arsenic compounds as their primary cidal component, though these continue to be replaced 

by less environmentally toxic agents. Arsine, the most toxic gaseous form of arsenic, is 

used by the semiconductor industry in the manufacture of computer microchips and other 

electronic components. 

Smelting of non-ferrous metal ores and the burning of fossil fuels represent the 

primary anthropogenic sources of environmental arsenic contamination. These industrial 
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activities tend to be localized near large urban areas, and thereby produce much higher 

exposure levels than would be achieved by any combined natural sources. Air and water 

erosion of arsenic-containing geologic formations, volcanic emissions and microbial 

biotransformation represent the most common natural sources of arsenic introduction to the 

environment (12). Because arsenic is an element, and hence cannot be further degraded 

beyond the elemental form, it can persistently cycle within the enviromnent in a diversity of 

chemical forms. 

Arsenic is a naturally occurring, ubiquitous metalloid of the group V(A) elements, 

which also includes nitrogen, phosphorous, antimony and bismuth. The toxicity of arsenic 

is complex and depends, in part, on the chemical form, dose, route and duration of 

exposure, level of accumulation, clearance rate and animal species. There exists significant 

interplay between all of these parameters and only now are we beginning to understand 

how important each is in defming the whole. 

The physical and chemical properties of arsenic defme the diverse reactivity of this 

element. Arsenic can exist in three oxidation states, elemental (0), trivalent (-3, e.g., 

arsine; or +3, e.g., arsenite) and pentavalent (+5, e.g., arsenate). The +3 and +5 oxidation 

states of this metalloid are most commonly found within the environment. These forms 

generally occur in an inorganic state, and have the ability to interconvert, depending on Uie 

environmental conditions in which they are found. Because it has multiple oxidation states, 

arsenic can participate in a number of chemical and biological reactions, including 

oxidation-reduction reactions, acid-base reactions, covalent interactions with most non-

metals and metals, as well as methylation and demethylation reactions. This complex 

chemistry has, in part, contributed to the difficulty in defining the mechanism of toxicity 

and carcinogenicity of this element. The chemical formulas of some natural, biological and 

industrially relevant arsenicals are presented in Table 1.1. 
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Table 1.1 Chemical formulas of commonly occnring arsenicals. 

Arsenite AsOj", AsOj"' 
Arsenate H,As04, HAs04"', As04^' 
Arsenous acid HjAsOj 
Arsenic trioxide AsjO, 
Arsenic pentoxide ASjO^ 
Gallium arsetiide GaAs 
Indium arsenide InAs 
Arsine AsHj 
Methylarsonic acid CH3As(XOH)2 
Methylarsonous acid CHjAsCOH), 
EMmethylarsinic acid (CH3)2AsO(OH) 
Dimethyiarsinous acid (CHj^jAsOH 
Trimethylarsine oxide (CHj^jAsO 
Arsenotetaine (CHj^jAs^CHiCCXDH X' 
Arsenocholine (CHJ,As^CH;CH.,QH X" 

In general, the inorganic forms of arsenic (e.g., arsenite, arsenate and arsenic 

trioxide) are considered more toxic than the organic forms (e.g., methylarsonic acid and 

dimethylarsinic acid), which has led to the interpretation that biomethyiation is the arsenic 

detoxiilcation mechanism of organisms with the ability to do so. This belief has classically 

been based on LD^q data (Table 1.2) and results of recent studies suggest that this 

generalization may no longer be appropriate. As predicted trivalent methylated 

intermediates of arsenic biotransformation have now been confirmed in the urine of 

exposed individuals (13, 14), some organic arsenicals now appear to be much more toxic 

than their inorganic precursors (15, 16). The marine organic forms of arsenic (e.g., 

arsenocholine and arsenobetaine) are not thought to be toxic at physiologically relevant 

exposure levels and are excreted rapidly and chemically unchanged (17). However, the 

fully reduced gaseous form of arsenic, arsine, is considered to be the most acutely toxic 

form of arsenic (12). 

Because of the potential for metabolic interconversion of the different chemical 

forms of arsenic, their different affinities towards cellular macromolecules and their 

compound-specific organ distribution preferences, the study of the toxicological 
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mechanisms of this metalloid remains highly complicated. The different chemical forms of 

arsenic present different mechanisms of action. The pentavalent arsenates uncouple 

mitochondrial oxidative phosphorylation (18, 19). The oxyanion arsenate can 

competitively substitute for inorganic phosphate in such reactions as endogenous ATP 

biosynthesis, producing an unstable arsenate ester that is rapidly hydrolyzed, thereby 

reducing cellular energy stores. Other competitive interactions between arsenate and 

phosphate in various cellular processes are thought to further contribute to pentavalent 

arsenic toxicity. Trivalent inorganic and organic arsenicals inhibit a number of enzymes 

such as the pyruvate dehydrogenase complex (16, 20). The mechanism of trivalent arsenic 

inhibition is believed to be mediated by arsenic interaction with critical sulfhydryls of the 

enzymes themselves or their cofactors, such as lipoic acid. 

Table 1.2 Comparison of LD,o values of orally administered arsenicals in 
rats (21). 
Giemical Form Arsenic Valency LDjo (mg/kg) 

arsenic trioxide III 15.1 

disodium arsenite III 70 

sodium meta-arsenite III 41 

arsenate V 48 

sodium MMA V 700 

disodium MMA V 1800 

sodium DMA V 2600 

Humans are generally exposed to arsenic via inhalation and oral exposure 

pathways, though ingestion of contaminated drinking water remains the primary exposure 

route. Ingestion of inorganic arsenite or arsenate, the two forms most commonly present in 

surface and sub-surface aquifer water sources, has been associated with cancers of the 

internal organs and skin (22). Occupational inhalation of arsenic oxide containing dusts 
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has been associated with lung cancer (23, 24). Other adverse health effects associated with 

inorganic arsenic exposure include gastrointestinal disturbances, neuropathies, 

cardiovascular and peripheral vascular changes, hematopoietic changes and abnormalities 

of the sidn such as hyperkeratoses (25). Ingestion of inorganic arsenic can also prove fatal 

at relatively small doses. 

There are marked differences in arsenic toxicity among mammalian species. That 

most of these adverse health effects have not been reproduced in animal models suggests 

that humans are especially sensitive to this metalloid (Table 1.3). While the reasons for this 

observation are not known, chronic duration of exposure, poor health status, nutritional 

deficiencies, differences in arsenic metabolism and concomitant co-exposure to other 

toxicants may contribute to arsenic toxicity and carcinogenicity in what are generally 

impoverished populations. However, it is apparent that removal of the arsenic 

contamination source reduces the adverse health status of individuals within these affected 

populations. 

Table 1.3 Species comparison of oral arsenic trioxide LDjo values (21) 

Species LDjo (mg/kg) 

Human 1.43 

Rat 15.1 

Mouse 39.4 

Arsenic is biotransformed in many biological systems through a series of oxidative 

methylation steps (26, 27). The proposed biological mechanism involves alternating 

reduction of pentavalent to trivalent (+3) arsenic, followed by nucleophilic attack of a 

trivalent arsenic species on the methyl-carbonium ion of S-adenosyl-L-methionine, 

resulting in the oxidative addition that yields a pentavalent methylated arsenic product. 
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Inorganic arsenic is ultimately methylated to methylarsenic (MMA), dimethylarsenic (DMA) 

and in some instances, trimethylarsenic (TMA) species (Figure 1.1). 

A number of studies have demonstrated the formation of these methylated arsenic 

metabolites in humans (13, 14, 28) and other mammals, including rats (29), mice (30), 

hamsters (31), rabbits (32), dogs (33) and cattle (34). Examination of arsenic compounds 

in the urine of these species following inorganic arsenic challenge indicated that 

biotransformation via a methylation process occurred. Urinary inorganic arsenic, MMA 

and DMA species may therefore be used to assess the methylation capacity of the animal. 

However, when the excretion profiles of different animal species are compared, there exists 

great variation between and within species (35). Typically, the arsenic urinary elimination 

profile in humans consists of 10-15% inorganic arsenic, 10-15% MMA and 60-80% DMA 

(28). Unlike man, most other animals do not produce significant amounts of MMA, which 

may relate back to the sensitivity of man towards inorganic arsenic exposure. This 

variation has made it difficult to produce an animal model with which to reliably predict 

human responses to arsenic exposure. 

Further confusion in our understanding of inorganic arsenic biotransformation by 

the methylation pathway is that some animal species do not appear to produce methylated 

arsenic compounds when challenged with inorganic arsenic. The marmoset monkey (36), 

chimpanzee (37) and guinea pig (38) do no excrete methylated arsenicals in their urine 

following inorganic arsenic challenge. These animals also failed to demonstrate arsenite 

methyl transferase activity in vitro (38-40). This suggests that they may have alternative 

protective mechanisms against inorganic arsenic exposure. 

Tissue macromolecule binding may represent an alternative detoxification 

mechanism in those animal species which do not produce methylated arsenicals. The 

marmoset monkey demonstrated a high degree of arsenic binding to tissue proteins, 

especially rough endoplasmic microsomes, with slow release and subsequent excretion 
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(36). Similar findings are demonstrated in rabbits fed nutritionally incomplete diets that 

depress methylation activity (41). Pentavalent methylated arsenicals are more rapidly 

excreted than their inorganic precursors, perhaps owing to their decreased tissue reactivity, 

and thus methylation has been consider a detoxification process (42-44). That the rate of 

excretion of a single dose of arsenate in chimpanzees was similar to that observed in 

sinularly challenged humans suggested that alternate mechanisms for the facilitation of 

inorganic arsenic excretion must exist and may be represented, in part, by protein binding 

(37). 

Inorganic arsenic methylation reactions are assisted by enzymatic methyltransferase 

activities (45). These enzymes appear to be present in most of the major organs, including 

the liver, kidney and lungs (46), preferentially utilize the trivalent arsenical species as 

substrates (47, 48) and S-adenosyl-L-methionine as the methyl group donor (29, 49). It 

has been demonstrated in vivo (29) and in vitro (47, 50) that a reducing environment is 

required for arsenic methylation. This environment is likely necessary to reduce the 

pentavalent arsenicals to their trivalent forms prior to the addition of the methyl group(s). 

Glutathione (GSH) and other cellular thiols function as reducing agents in crude and 

purified enzyme preparations (29, 47, 50, 51). However, enzymatic reductase activities 

capable of reducing arsenate to arsenite (52) and MMA'' to MMA" (53 , 54) have been 

described, such that chemical reduction alone does not appear responsible for reduction of 

pentavalent arsenicals. 

In vivo studies have shown that a substantial fraction of absorbed As^ is rapidly 

reduced to As™, which can then be methylated to MMA and DMA (55, 56). Alternatively, 

in vivo oxidation of As™ to As^ has been reported (56, 57). These studies suggested that 

despite the chemical form of inorganic arsenic exposure, one can expect to find measurable 

quantities of each. This might suggest that at low exposure levels, the chemical form may 

become irrelevant in predicting toxicity. 
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MMA" has recently become the focus of a great amount of attention as a toxic 

metabolic intermediate of arsenic methylation. Like As®, MMA" has affinity towards 

cellular thiols and proteins in vitro (58. 59). MMA® also inhibits in vitro glutathione 

reductase (60) as well as NADPH-dependent oxidoreductase and thioredoxin reductase 

activities (61), Also, MMA"" and DMA® have been demonstrated to be genotoxic in an in 

vitro assay, an effect not observed by the presence of trivalent inorganic arsenic (62). In 

vivo, the toxicity of this intermediate appears much greater than that of its inorganic arsenic 

parent in both cell culture (15) and animal model (16) systems. Low levels of MMA*" have 

been measured in the urine of individuals chronically exposed to inorganic arsenic (13, 14). 

MMA® appeared in the bile of rats injected with either As® or As^, but not with MMA^ 

(63). However, it remains to be determined whether sufficient amounts of MMA® are 

produced and accumulate in vivo following inorganic arsenic exposure to demonstrate the 

toxic in vitro effects described above. As humans appear far more sensitive to the toxic 

effects of arsenic, it is apparent that there exists the need for further studies to better 

describe the toxicokinetics and potential in vivo effects of MMA®. 

Arsenic methylation is likely performed in vivo by several organs (46), but the liver 

appears the be the major organ of arsenic methylation, especially in humans. Liver disease 

significantly alters urinary arsenic methylation profiles in both rodents (29) and humans 

(64). Further evidence of the major role the liver performs in arsenic methylation is 

demonstrated by the restoration of urinary arsenic metabolic profiles among liver disease 

(cirrhosis) patients receiving transplant operations (65). Buchet and Lauwerys (66) report 

that arsenic methylation activity is localized to the cytosolic fraction of the liver. 

Despite many years of investigation, the methyltransferases that are involved in 

inorganic arsenic methylation remain poorly understood. In vitro studies using As®, As^, 

MMA^ and MMA® as substrates in partially purified enzyme preparations suggest that a 

single protein is responsible for these methylations (47, 48, 51). The purified 
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methyltransferase activities have different substrate specificity based on kinetic data, vary in 

co-factor requirements, time course of product appearance, and inhibitors. The pH optima 

of these activities are reported as 7.5 and 8.2 for arsenite methyltransferase and 8.0 for 

MMA^ methyltransferase (47, 66). The thiol requirement necessary for full activity is 

generally reported to be GSH, although DTT, L-cysteine, and to a lesser extent p-

mercaptoethanol and lipoic acid, also function (47, 51, 66). S-adenosyl-L-methionine is 

essential as the methyl group donor (66). 

Inhibition studies using excess substrate (e.g.. As*") and inorganic ions, such as 

mercury and selenium, differentially affect product formation (47, 66). This suggested that 

two different enzymatic activities exist. It remains unclear as to whether arsenite and 

MMA® interact at the same catalytic site or whether more than one active site on the enzyme 

exists. 

Human subject evidence suggested that there exists a relationship between an 

individual's ability to methylate inorganic arsenic and the development of skin cancer (67). 

Skin cancer patients were reported to have higher percentages of inorganic arsenic and 

MMA^, and a lower percent of DMA'' in their urine than was measured in matched 

controls. It becomes apparent that arsenic methylation must be better investigated to 

understand its potential role in arsenic-induced toxicity and carcinogenesis. Whether 

arsenic methylation is ultimately defined as a detoxification or a bioactivation process, or 

perhaps a combination thereof, presently remains unclear. 

The focus of the present research project was to (i) attempt to better understand the 

variability of arsenic methylation among animals and (ii) to identify the protein with arsenite 

and MMA methyltransferase activities. The hypothesis of this project is that a single 

protein, having one or more catalytic sites, is responsible for both arsenite and 

methylarsonic acid methyltransferase activities. Purification, amino acid sequencing and 

computational analysis will identify this protein as either a previously identified or novel 
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protein. More thorough mechanistic investigations may then be performed using the 

identified protein. 
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Chapter Two 

Din'erences in Arsenic Metabolism Among Non-Human Primates 
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INTRODUCTION 

Arsenic is a naturally occurring environmental toxicant and is associated globally 

with the occurrence of adverse health effects and cancer in chronically exposed human 

populations (68). Common laboratory animals such as the rabbit (47, 56, 69, 70), mouse 

(30, 46, 57, 71, 72), rat (29, 73, 74), hamster (31, 51, 75, 76) and dog (34, 77) have 

been utilized in investigations of arsenic metabolism and toxicity for decades, even though 

none of these appear to respond identically to humans when challenged with inorganic 

arsenic. Human studies, using either volunteers (42, 77-79) or individuals from 

environmentally exposed populations (14, 80, 81), provide valuable, though limited, 

insight on arsenic metabolism. 

A wide variety of biological organisms have been investigated for their ability to 

metabolize various chemical forms of arsenic (Table 2,1). However, because of the 

complex nature of arsenic metabolism in vivo, interspecies comparisons remain difficult. 

Extrapolation of animal-derived data to man is pardculariy difficult because of known (e.g., 

sequestration of DMA in erythrocytes by rats) and, presumably, yet to be discovered 

species differences in arsenic metabolic pathways. Even among human populations, 

evidence of the genetic polymorphism of arsenic metabolism is beginning to emerge (82, 

83), which may limit extrapolation of data among populations. 

Arsenic metabolism varies both quantitatively and qualitatively between animal 

species (35, 84) as well as among strains within an animal specie (70, 85) (Figure 2.1). 

Arsenic challenge studies with urinary, and in some cases fecal, arsenic speciation are the 

most common methods applied to study arsenic metabolism in vivo. The most enigmatic 

examples of species variation in arsenic metabolism are the marmoset monkey (36), 

common chimpanzee (37) and guinea pig (38). Unlike most common laboratory animals 

and arsenic-exposed human populations studied to date, these three animal species did not 

excrete methylated arsenic species in their urine following inorganic arsenic challenge. In 
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vitro hepatic arsenite methyl transferase activity is deficient in these species (38, 40). A 

comparison of mammalian species variation of arsenic methylation is presented in Table 

2.2. 

Table 2.1 Biological organisms investigated in arsenic metabolism studies. 

Organism Reference 

Animals 
Mammals 

Human 28, 42, 81 
Non-human primates 

marmoset monkey 36,86 
chimpanzee 37 
rhesus macaque 87,88 
cynomologus macaque 89,90 
other 88 

Common laboratory animals 
rat 30, 66,91,92 
rabbit 69 
hamster 31,51,75 
mouse 55, 57, 85 
guinea pig 38 
dog 34, 77 
cat 93 

Agricultural animals 
cow 34 
sheep 94 

Invertebrates 95,96 
Bacteria 97 
Fungi 98 
Algae 99, 100 
Plants 101 

Non-human primates are phylogenetically closer to man than rodents and other 

common laboratory animals used in the study of toxic and carcinogenic chemicals. Many 

metabolic pathways in monkeys parallel those in humans (102) which is especially 

advantageous when studying chemicals that require metabolic bioactivation and/or 

detoxification by various enzyme systems. For these reasons, non-human primates may 

provide a more suitable animal model for the study of arsenic metabolism, toxicity and 
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Figure 2.1. Comparison of urinary arsenic metabolites in diferent species 1-4 days following a 
single dose of inorganic arsenic. 
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carcinogenicity. However, in vivo arsenic challenge studies have demonstrated that 

marmoset monkeys (36) and chimpanzees (37) do not produce methylated arsenic 

metabolites in their urine. While in vitro hepatic arsenite methyltransferase activity was 

deficient in the tamarin monkey, it was shown to be abundant in the rhesus macaque (39). 

Therefore, it remains necessary to screen a greater cross-section of primate species to better 

define those which may respond (e.g., toxicokinetics, toxicity and carcinogenicity) more 

similarly to humans following arsenic challenge. 

Table 2.2 Variation of arsenic methylation in mammalian species. 

Arsenic methylators Reference Arsenic non-methylators Reference 

Human 13, 14, 28 Chimpanzee 37 
Cat 93 Guinea pig 38 
Dog 33 Marmoset monkey 86 
Cow 34 Tamarin monkey 39 
Hamster 51,75 

Tamarin monkey 

Mouse 30 
Rabbit 47, 103 
Rat 74 
Rhesus monkey 39 
Sheep 94 

Several investigators have utilized primates to investigate the metabolism, toxicity 

and carcinogenicity of a variety of arsenic compounds. These studies, however, are 

infrequent because of animal availability, expense and the time period necessary to 

complete such undertakings. Arsenic excretion studies were performed on cynomologus 

macaques orally dosed with either an unidentified arsenical of marine origin or arsenic 

trioxide (89). However, urinary arsenicals were not chemically speciated, which prevented 

metabolic interpretation of in vivo events. These studies demonstrated 98% absorbance of 

the arsenic trioxide from the gut of the animals, nearly identical to that reported for 

arsenate-dosed marmoset monkeys (36) and chimpanzees (37). At doses of five- to ten-
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times higher than that demonstrated to cause delayed toxicity and death in exposed human 

infants (104), arsenic trioxide (up to 7.5 mg/kg/day) failed to produce clinical or 

histological signs of toxicity in infant rhesus macaques exposed to the arsenical for one 

year (87). Non-human primates (either rhesus or cynomologus macaques, African green 

monkeys or bush babies) were orally administered sodium arsenate (0.1 mg/kg) five 

days/week for approximately six years (88). Three of twenty monkeys died of causes 

unrelated to the arsenic exposure. The surviving monkeys showed no symptoms of 

arsenic-induced toxicity or carcinogenicity. The more primitive prosimians (i.e., bush 

babies), based on tumor production by non-arsenic carcinogens, were suggested to 

respond more similarly to rodents than the more evolved primates (i.e., macaques) to 

carcinogcnic stimulus (88). These non-human primate studies would then suggest that 

humans are exquisitely sensitive the toxic and carcinogenic effects of chronic arsenic 

exposure, which is supported by the orders of magnitude differences in acute exposure 

UDjo values between humans and other mammals (Table 1.3). 

This chapter describes the in vitro investigation of hepatic arsenite methyltransferase 

and arsenate reductase activities in 17 species of non-human primates from the general 

classifications: great apes. New and Old World monkeys and prosimians. 
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EXPERIMENTAL PROCEDURES 

Chemicals 

Sodium arsenite, GSH, DTT, NajEDTA'HjO, Trizma base, PMSF and MOPS 

were purchased from Sigma Chemical Co. (St. Louis, MO). Hlman's reagent, 5,5'-dithio-

bis-(2-nitrobenzoic acid), was purchased from Calbiochem (La Jolla, CA); S-[methyl-^H]-

adenosyl-L-methionine (^H-SAM) from DuPont NEN Research Products (Boston, MA); 

^^As-arsenate from Los Alamos National Laboratory (Los Alamos, NM); and MonoRow 

III scintillation cocktail from National Diagnostics (Atlanta, GA). All other reagents were 

of analytical grade or of the highest quality available. All aqueous reagents and buffers 

were prepared using deionized, distilled H2O (ddH^O). 

Primate Tissues 

Rhesus macaque livers were obtained from the Oregon Regional Primate Research 

Center, Beaverton, OR; long-tailed macaque, pig-tailed macaque, yellow baboon and owl 

monkey livers from the Regional Primate Research Center at the University of Washington, 

Seattle WA; common chimpanzee, gorilla, and Sumatran orangutan liver and urine 

specimens from Yerices Primate Research Center at Emory University, Adanta, GA; 

squirrel monkey and owl monkey livers from the Primate Research Laboratory of the 

University of Southern Alabama, Mobile, AL; common marmoset, cotton-top tamarin and 

squirrel monkey livers from the New England Regional Primate Research Center of 

Harvard Medical School, Southborough, MA; ring-tailed lemur, slow loris, fat-tailed 

lemur, aye-aye, Verreaux's sifaka and lesser bushbaby livers from the Duke University 

Primate Center, Durham, NC. Dociunentation accompanying each sample indicated that 

liver specimens were collected either during animal necropsy or surgical resection and were 

frozen within one hour of collection. All specimens were received frozen on dry ice from 

their respective sources via overnight air courier delivery. 
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Liver Cytosol Preparation 

Primate liver cytosols were prepared from either the entire liver specimen in the case 

of the smaller primates or using approximately 5-10 g of tissue randomly removed from the 

livers of the larger specimens. Liver tissue was allowed to thaw on ice, rinsed in ice-cold 

saline/1.0 mM EDTA, blotted dry on filter paper and weighed. The tissue was minced with 

stainless steel scissors and homogenized using a Teflon-coated, stainless steel pestle and 

glass dounce following addition of homogenization buffer (1:2 w/v). Homogenization 

buffer consisted of 10 mM Tris-HCl (pH 7.6), 250 mM sucrose, 0.5 mM GSH and 0.2 

mM PMSF. Homogenization buffer used for preparation of cytosols for arsenate reductase 

assays did not contain exogenous GSH. The liver homogenate was transferred to chilled 

polycarbonate centrifuge tubes and centrifuged at 12,000 x g for 15 min at 4®C in a 

Beckman (Fullerton, CA) J2-21M centrifuge to remove unbroken cells, cell membranes, 

mitochondria and nuclei. The supernatant was further centrifuged at 105,000 x g for 90 

min at 4°C in a Beckman L2-65B ultracentrifuge. The resulting supernatant was designated 

cytosol. Protein concentration of the cytosols were measured using the Bio-Rad (Hercules, 

CA) Protein Assay. Bovine catalase was used as the protein standard. Cytosol 

preparations were either used immediately or frozen at -70°C until used. 

Arsenite Methyltransferase Assay 

Arseoite methyltransferase reaction conditions and radiolabeled product extraction 

procedure are described as follows. Golden Syrian hamster liver cytosol was assayed in 

parallel with all primate liver arsenite methyltransferase assays as a positive assay control 

(51). Assay detection limit was defined as three times the instrument background over the 

non-specific methylation control (methyltransferase assay minus the arsenite substrate) 

performed for each animal. 
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Enzyme Incubation Conditions 

Arsenite methyltransferase assays contained 0.12 M buffer, 4.0 mM GSH, 1.0 mM 

MgQj, 20 arsenite, 7.4 pmol (0.55 /iCi; specific activity 57.6 mCi/mmol) of carrier-

free ^H-SAM and liver cytosol in a final volume of 250 jA. Each primate liver cytosol was 

assayed for arsenite methyltransferase activity using four different pH conditions, 6.5, 7.0, 

7.5 and 8.0, and with 50 and 500 /<g total cytosolic protein per assay. MOPS was used as 

the reaction buffer for assay conditions at pH 6.5 and 7.0, while Tris-HQ was used for 

assays at pH 7.5 and 8.0. Samples were incubated in capped 5 ml polypropylene tubes for 

60 min in a 37®C water bath. Following incubation, samples were either extracted 

Immediately or frozen at -70°C to inhibit further enzymatic activity. One unit of arsenite 

methyltransferase activity was defined as ihe amount of enzyme that will catalyze the 

formation of 1 pmol of methylated arsenic (MMA or DMA) in 1 hr at 37°C. 

Standard Extraction Procedure 

Radiolabeled (^H) products of the arsenite methyltransferase assay were extracted 

by the addition of 10 /<1 of 40% KI, 20 ^1 of K^Cr^Oj, 750 ftl chloroform and 750 of 12 

M HCl to the reaction mixtures. Tubes were vortexed for 2.5 min then centrifuged at 

approximately 1,500 x g for 2 min. The upper aqueous phase was removed by pipette and 

discarded. The lower chloroform phase was washed twice with 250 ft\ ddHjO, 5 fil of 

40% KI and 750 fil 12 M HCI. Samples were vortexed and centrifuged as above. The 

upper aqueous phase was discarded following each wash step. The methylated arsenic 

compounds partitioned to the chloroform layer were back-extracted by the addition of 1 ml 

ddHjO. Samples were vortexed and centrifuged as above. The upper aqueous phase (1 

ml) was removed to a 7 ml scintillation vial and 5 ml of MonoFlow III scintillation cocktail 

were added to the vial. The scintillation vials were mixed by inversion and recovered 

radioactivity counted using a Beckman LSC7800 liquid scintillation counter. 
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The above protocol is designated as the standard extraction procedure. This 

extraction procedure was used for all arsenic methyltransferase assays, whether using 

arsenite or MMA^ as enzyme substrates, in this and subsequent chapters. 

Arsenate Reductase Assay 

Arsenate reductase assays contained 0.10 M MOPS buffer (pH 7.0), I.O mM 

EDTA, 500 fiM DTT, 190 /<M "As-arsenate (0.5 fid) and liver cytosol preparation in a 

final volume of 100 idl. Reaction mixtures were incubated at 37°C for 30 min in a water 

bath. Following incubation, 100 fi\ of 0.1 M sodium arsenite was rapidly added as carrier 

to the incubation mixture and reactions were stopped by immersion in a boiling water bath 

for 3 min. Samples were cooled on ice for 5 min and then centrifuged at 12,000 x g for 12 

min. The supernatant (50 f*\) was injected onto a 4.9 x 250 mm Hamilton (Reno, NV) 

PRP-XlOO anion exchange HPLC column. Isocratic elution was perfomied using 30 mM 

phosphate buffer (pH 6.0) at a flow rate of 1.5 ml/min (105). Radiolabeled arsenic species 

in the eluent were measured using an in-line Beckman 171 radioisotope detector and 

MonoFlow III scintillation cocktail. 

Liver Cytosol Sulfhydryl Determination 

The sulfhydryl content of liver cytosols prepared for arsenate reductase assays were 

measured using the method of Ellman (106). 

Urinary Arsenic Determination 

Total arsenic and arsenic species in the single random urines from a common 

chimpanzee, gorilla and Sumatran orangutan were measured under conditions previously 

described (81). Briefly, aliquots of urine samples were digested with 2 M HCl for 5 hr at 

80°C. Arsenic specics were separated according to the method of Crecelius (107). 

Arsenicals were reduced to their corresponding hydrides and then detected using a Varian 

model 475 atomic absorption spectrophotometer. Using this procedure, inorganic arsenic, 

MMA and DMA were selectively reduced to their corresponding arsines by controlled pH 
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and with sodium borohydride as the reducing agent. The resulting arsines were trap(>ed in 

a liquid nitrogen-cooled chromatographic trap, which upon warming, allowed separation of 

the arsenic species based on their respective boiling points. The released arsines were 

swept by helium carrier gas into a quartz cuvette burner cell, where they were decomposed 

to atomic arsenic. The system was calibrated by the analysis of standards that contained 

inorganic arsenate, MMA^ and DMA^. Detection limits for inorganic arsenic, MMA'^ and 

DMA^ were 1 ng, 2 ng and 4 ng, respectively. 
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RESULTS 

Non-Human Primate Demographics 

Demographics of the non-human primates from which liver samples were obtained 

for the current study are presented in Table 2.3. With the exception of the Verreaux's 

sifaka, all animals were indicated to be adults. When more than one animal per species was 

available, efforts were made to obtain both male and female specimens, though this was 

limited by the inventory of specimens at the various primate research centers. It should be 

noted that although no animals were specifically sacrificed for this study, many of the 

species sampled are of threatened or endangered wildlife status under United States or 

International wildlife laws and obtaining multiple liver specimens from these species is 

extremely difficult and in some instances, impossible. 

Arsenite Methyltransferase A ctivity 

Livers from 17 species of non-human primates (30 animals total) were assayed for 

in vitro arsenite methyl transferase activity. Only three of these species demonstrated 

significant enzyme activity. These animals were of the same genus. Macaco, and included 

the rhesus, pig-tailed and long-tailed macaque species (Table 2.4). At pH 8.0, rhesus 

macaques had the highest arsenite methyltransferase specific activity (0.224 ± 0.008 

pmol/mg protein per hr, n=3), followed by pig-tailed macaques (0.096 ± 0.049 pmol/mg 

protein per hr, n=2) and the long-tailed macaque (0.071 pmol/mg protein per hr, n=l). 

Arsenite methyltransferase specific activity in all three Macaca species demonstrated pH 

dependence and was highest at pH 8.0. 

The arsenite methyltransferase activity of the liver of one of the squirrel monkeys 

{Saimiri sp.) increased with increasing pH of the reaction medium. This was not observed 

in the other two squirrel monkeys tested. The arsenite methyltransferase specific activity 

from this one animal (0.053 pmol/mg protein per hr at pH 8.0) was lower than that of all 

Macaca species tested. 



Table 2.3 Demographic Factors Associated with Non-Human Primate Subjects. 

Common Name Scientific Name Gender(s) Age Source(s)* Wildlife Status^ 

Great Apes 
Common chimpanzee Pan troglodytes 3M IF adults Y EN 
Gorilla Gorilla gorilla IF adult Y EN 
Sumatran orangutan Pongo pygmaeus IF adult Y EN 

Old World Monkeys 
Rhesus macaque Macaca mulatta 3F adults O LR/nt 
Pig-tailed macaque Macaca nemestrina IM IF adults W VU 
Long-tailed macaque Macaca fascicularis IF adult W LR/nt 
Yellow babiKHi Papio cynocephalus 3M adults W LR/lc 

New World Monkeys 
Squirrel monkey Saimiri sp. IM 2F adults N,S n/a 

Owl monkey Aotus sp. IM 3F adults W.S n/a 
Common marmoset Callithrix jacchus lU adult N n/a 
Cotlon-top tamarin Saguinus oedipus IM adult N n/a 

Proslmlans 
Aye-aye Daubentonia madagascariensis IF adult D EN 
Lesser bushbaby Galago senegalensis moholi IM adult D LR/lc 
Slow loris Nycticebus coucang IM adult D LR/Ic 
Ring-tailed lemur Lemur catta IM adult D VU 
Verreaux's sifaka Propithecus verreauxi coquerdi IM 0.3 yr D VU 

Fat-tailed lemur Cheiroealeus medius IM adult D LR/lc 

'Source; Y, Yerkes Regional Primate Research Center; O, Oregon Regional Primate Research Center; W, University of Washington 

Regional Primate Research Center; N, New England Regional Primate Research Center ; S, University of Southern Alabama; 

D, Duke University Primate Center. ''Wildlife status; based on 2000 lUCN Red List of Threatened Animals. International Union 

for Conservation of Nature and Natural Resources. Cambridge, U.K. www.redlisLorg EN, endangered; VU, vulnerable; 

LR/nt, lower risk-near threatenedLR/lc, Lower risk-least concern. 



Table 2.4 Arsenite Methyltransferase and Arsenate Reductase Activities of Non-Human Primates. 

Arsenite Methyltransferase Activity Arsenate Reductase Activity 
Common Name n (pmol/me protein per hr) (pmol Aslll/me protein per hr) 

Great Apes 
Gorilla 1 ND* 148 
Sumatran orangutan 1 ND 12 
Common chimpanzee 4 ND 190 a: 85" 

Old World Monkeys 
Rhesus macaque 3 0.224 ± 0.008 573 ± 127 
Pig-tailed macaque 2 0.0% ± 0.049 943 ±468 
Lx)ng-tailed macaque 1 0.071 502 
Yellow baboon 3 ND 191 ± 55 

New World Monkeys 
Squirrel monkey 3 0.053 (n= t);ND(n = 2) 439 ± 99 
Owl monkey 4 ND 527 ± 59 
Common marmoset 1 ND 443 

Cotton-top tamarin 1 ND 617 

Prosimians 
Aye-aye 1 ND 681 
Lesser bushbaby 1 ND 211 

Slow loris 1 ND 506 

Ring-tailed lemur 1 ND 281 
Verreaux's sifaka 1 ND 490 

Fat-tailed lemur 1 ND 368 

* ND, arecnite methyltransferase activity not delected above assay detection limit. 
Data presented as mean ± sem. 

On 
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For the 13 remaining non-human primate species tested, no arsenite 

methyltransferase activity was measured above the assay detection limit, but all had 

arsenate reductase activity. Arsenite methyltransferase activity was detected in all hamster 

liver cytosol positive controls which were assayed in parallel with these samples. The 

arsenite methyltransferase assay had a coefficient of variation of 3.3% for three replicate 

assays, as averaged from three independent macaque cytosol analyses. 

A rsenate Reductase A ctivity 

Liver cytosols of all 17 non-human primate species were analyzed for arsenate 

reductase activity. All cytosols demonstrated arsenate reductase activity (Table 2.4), and 

these activities ranged from 12 to 1412 pmol As^/mg protein per 30 min. When the 

number of animals per species (n) was greater than one, the observed variation in enzyme 

activity was large. Two- to five-fold difference of arsenate reductase activities were found 

within those species (Table 2.4). 

Liver Cytosol Sulfhydryl Content 

As GSH and other cellular sulfhydryls can reduce arsenate non-enzymatically, liver 

cytosols prepared for arsenate reductase assays were also analyzed for total sulfhydryl 

content using the method of Hlman (106). Sulfhydryl concentrations of these cytosols 

ranged from 0.73 to 2.52 mM. No correlation (r = 0.020) existed between arsenate 

reductase specific activity and the respective cytosolic sulfhydryl concentration. 

Total and Speciated Urinary Arsenic 

Random urine samples (n = 1 per species) from a common chimpanzee, gorilla and 

Sumatran orangutan were analyzed for total and speciated arsenic (Table 2.5). Inorganic 

arsenic was present in all three species, but highest in the common chimpanzee. However, 

MMA and DMA were detected only in the chimpanzee urine sample. No methylated 

species were detected in either the gorilla or orangutan urines. 
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Table 2.5 Total and Speciated Urinary Arsenic in Non-Human Primates. 

Species 
Total Arsenic 

(Kfi/L) 
Inorganic As 

(Kg/L) 
MMA 
(/^S/L) 

DMA 
(;<8/L) 

Common chimpanzee 62.2 29.1 (46.8)* 10.6 (17.0) 22.5 (36.2) 

Gorilla 4.9 4.9(100) ND" ND 

Sumatran orangutan 7.7 7.7 (100) ND ND 

' Values in parentheses represent percent of total arsenic 
ND,  a r sen ic  spec ies  no t  de tec ted  above  assay  de tec t ion  l imi t  
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DISCUSSION 

Arsenic predominates in the environment in two oxidation states, pentavaient (As^) 

and trivaientCAs™). They have different toxicological mechanisms of action. In addition, 

they are able to interconvert and subsequent metabolism of arsenite to MMA^, MMA™, 

DMA^, DMA® and TMAO occurs in some, but not all, animal species (35, 84). The 

production and intracellular reactivity of these additional arsenic species contribute to the 

difficulty in understanding the mechanisms of toxicity and carcinogenicity of arsenicals in 

humans and other animals. 

The variability in how arsenic is processed by many different animal species (35) 

has further contributed to the lack of understanding of how this metalloid exerts it toxic and 

carcinogenic effects. In an attempt to reduce the influence of animal species variation on 

our understanding of inorganic arsenic biotransformation, the present study investigated an 

evolutionarily related group of animals, the primates. 

Only four of the 17 primate species (n = 30 animals total) investigated in the present 

study demonstrated hepatic arsenite methyltransferase activity in vitro (Table 2.4). Three 

of these primates were of the same Old World genus, MacaccL, while the fourth belonged to 

the New World genus Saimiri. While all of the animals studied in this investigation 

belonged to the phylogenic Order Primate, the influence of many variables on arsenite 

methyltransferase activit>', such as diet, health status, age, gender, geographic origin and 

investigated tissue type could not be determined by reason of the low sample number for 

most of these species. Because of the threatened or endangered wildlife status of many of 

the primate species sampled in this study, higher sample numbers could not be achieved to 

investigate these and other parameters. 

The tissues used in the present study were obtained from primates captured in the 

wild as well as facility-reared animals, all of which spent some period of time under captive 

conditions and, presumably, were fed nutritionally complete diets prior to sacrifice. 
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Necropsy reports included with most of the tissue specimens indicated that all but two of 

the many animals in this study, a squirrel monkey (one of the two arsenite 

methyltransferase deficient animals) and the cotton-top tamarin, were in good health at the 

time of death. This suggested that dietary deficiencies, such as methionine or protein (41) 

or disease were unlikely to have been responsible for the lack of arsenite methyltransferase 

activity observed in thirteen of these species. 

While lung, kidney and testis cytosol have been demonstrated to have arsenite 

methyltransferase activity (46), liver has been the preferred tissue for in vitro arsenic 

metabolism studies (66, 108, 109). Rabbit, hamster and mouse livers had significant 

arsenite methyltransferase activities using the assay conditions described in the present 

study (46, 47, 51). Rhesus monkey liver cytosol has been previously demonstrated to 

have arsenite methyltransferase activity (39). 

When human liver biopsies from more than 15 different individuals (personal 

communication, R.A. Zakharyan) were analyzed under conditions similar to those of the 

present study, no arsenite methyltransferase activity could be detected, even though 

humans excrete methylated arsenic species in the urine (13 , 28, 78). Arsenite 

methyltransferase activity was measured in cultured Chang human hepatocyte cytosol (48), 

which suggested that a potent inhibitor, enzyme instability or inappropriate assay 

conditions may have been responsible for the lack of demonstrable arsenite 

methyltransferase activity in the human liver biopsy specimens. In is unclear whether such 

factors may also be responsible for the apparent deficiency of arsenite methyltransferase 

activity in those thirteen primate species in the present study. 

The viability of the primate liver specimens was assessed by measuring arsenate 

reductase activity in all species examined. Reduction of arsenate in vivo has been 

previously described in animal tissue culture models, though the mechanisms has not been 

conclusively demonstrated (86, 110). Arsenate reductase activity, while varied, was 
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present in the liver cytosols of all 30 primates tested (Table 2.4). Presently, only species 

variation can account for the large degree of arsenate reductase variability observed within 

and between the primate species investigated. As tissue sulfhydryls (e.g., cysteine and 

GSH) may reduce arsenate non-enzymatically (111), liver cytosol preparations were also 

analyzed for sulfhydryl content to correct for any possible contribution to arsenate 

reduction. The sulfhydryl content of the liver cytosols did not correlate (r = 0.020; data not 

shown) with the ability of these cytosols to reduce arsenate to arsenite, even when the 

sulfhydryl content was present in more than 10-fold excess of the substrate (i.e., arsenate). 

This demonstrated that the reduction of arsenate to arsenite in the liver cytosol was 

enzymatic, rather than chemical in nature. Arsenate reductase activity has recently been 

demonstrated in a human liver cytosol preparation within the range of activity observed 

among the non-human primates in the present study (52). 

Ideally, arsenic challenge experiments with urinary arsenic speciation determination 

would either verify or refute the lack of hepatic arsenite methyltransferase activity observed 

in thirteen of the primate species investigated in the present study. Arsenic challenge 

studies using radiolabeled inorganic arsenic tracers in marmoset monkeys (36, 86) and 

chimpanzees (37) found neither radiolabeled MMA nor DMA metabolites in the urines of 

these animals. However, in the single random chimpanzee urine specimen that we were 

able to obtain, both MMA and DMA were detected at low concentrations (Table 2.5). The 

percentages of the total urinary arsenic represented by the MMA and DMA in this urine 

specimen were similar to those reported for humans (Table 2.6). At present, we cannot 

differentiate whether the presence of these methylated arsenic species in the single 

chimpanzee urine resulted from (i) tissue arsenic metabolic processes, suggesting the 

possibility of polymorphism of arsenic methylation, (ii) a MMA and/or DMA dietary 

contaminant or (iii) metabolism of inorganic by gut flora (112, 113). The composition of 

the diet for this animal could not be obtained for analysis to determine if this basal level of 
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methylated arsenicals was of dietary origin. Neither MMA nor DMA were detected in the 

single gorilla or orangutan urine specimens. It should be emphasized that these three 

animals did not receive an arsenic challenge, rather the arsenic species detected in their 

urine specimens was a result of the animal's normal dietary intake or environmental 

contamination of their housing facilities. Because of the threatened or endangered wildlife 

status of most of the primates used in the present study, it is highly unlikely that invasive 

arsenic challenge studies can be performed to examine arsenic species in the urines of these 

animals. 

Table 2.6 Comparison of haman and common chimpanzee urinary arsenic 
speciation. 
Species AStoui (A<g) AS; (%)• MMA(%) DMA(%) Reference 

Human 44.5 25.7 20.3 54.0 114 

Human 45.1 25.0 21.3 53.7 42 

Human 50.4 16 14 50 28 

Human 170.5 62.9 12.8 24.3 64 

Chimpanzee 62.2 46.8 17.0 36.2 40 

* % of total arsenic (As^,^) recovered in urine during the collection period. 

The primates investigated in this study were of both New and Old World origin and 

were represented by members of the general classifications of great apes, monkeys and 

prosimians. There was no apparent relationship between the ability of these animals to 

methylate arsenite or reduce arsenate and their evolutionary relatedness, with the possible 

exception of arsenite methyltransferase activity demonstrated among the three Macaca 

species (Table 2.4). That only one of the three animals from the genus Saimiri 

demonstrated arsenite methyltransferase activity would suggest polymorphism of this 

enzyme activity. Investigation of additional primate numbers and species within each 

genus may offer further insight into these matters. 



43 

It is unclear as to what biological advantage may be conferred upon those animals 

lacking the ability to methylate inorganic arsenic. MMA", an intermediate in the arsenic-

methyiation pathway (Figure 1.1) is more toxic than the pareUv arsenite in cultured Chang 

human hepatocytes (15) and has a smaller LD50 in Golden Syrian hamsters (16). 

Additionally, MMA" has been shown to inhibit critical cellular enzymes such as glutathione 

reductase, NADPH-dependent oxidoreductase and thioredoxin reductase in vivo (60, 61). 

DMA" induces DNA damage in vitro at significantly lower concentrations than arsenite 

(62). These findings would suggest that methyiation of inorganic arsenic may not 

represent a detoxification mechanism at all. Rather, methyiation may function to bioactivate 

inorganic arsenic to a more reactive chemical species instead of detoxifying it as previously 

believed. Thus, one might conclude that an animal's inability to methylate inorganic 

arsenic in desirable. 

Arsenic detoxification mechanisms alternative to methyiation have been poorly 

investigated, especially among non-human primates. Sub-cellular protein binding of 

arsenic is increased in animals naturally deficient in the ability to methylate inorganic 

arsenic, such as marmoset monkeys (36). Similar findings were observed in rabbits fed 

diets deficient in methionine, choline or protein (41). Arsenite binding proteins from rabbit 

liver have been isolated, however their identities and endogenous functions remain 

unknown (115). Whether protein binding acts as a protective mechanism against inorganic 

arsenic exposure remains unclear. It is obvious, however, that because of the ubiquitous 

distribution of arsenic in the environment, its ingestion by animal species that do not 

methylate is inevitable. The mechanism(s) that these species have for arsenic detoxification 

remains to be determined. 
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CONCLUSIONS 

Seventeen species of non-human primates (30 animals total) were investigated for 

their ability to enzymatically methylate arsenite and reduce arsenate in vitro. Only four 

species demonstrated arsenite methyltransferase activity, while all bad arsenate reductase 

activity. That three of the four primate species were of the same genus. Macaco, suggested 

a phylogenic component to having arsenite methyltransferase activity. As die opportunity 

to confirm the deficiency of arsenite methyltransferase activity in the remaining fourteen 

primate species through the use of arsenic challenge studies is restricted because of the 

endangered wildlife status of most species sampled in the present investigation, alternative 

approaches must be considered. Cloning of the gene encoding the protein having arsenite 

methyltransferase activity from an animal known to express the gene product is suggested. 

Genetic probes may then be constructed and used to verify or refute the presence of a 

protein having arsenite methyltransferase activity in these primate species. The initial steps 

in completing this approach is detailed in the subsequent chapters. 
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Chapter Three 

Parincation of Arsenite and Methylarsonic Acid Methyltransferase 

Activities from Rabbit Liver 
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INTRODUCTION 

Arsenic methylation in biological systems has been investigated since Challenger 

(26) described the production of methylated arsenicals by fungi as early as 1931. 

However, in the eighty years that have since past, the enzyme responsible for the 

methylation of arsenic has yet to be identified in any biological species. Defining this 

enzyme and its participation in inorganic arsenic metabolism now becomes even more 

critical as evidence accumulates for the role methylated arsenic species play in the toxicity 

and carcinogenicity of this metalloid (62, 116). Further, identification of this enzyme will 

provide valuable insight for understanding the apparent deficiency of this enzymatic 

activities in some mammaUan species (35). 

Much of our understanding of inorganic arsenic methylation in biological systems is 

resultant of biochemical studies which used crude tissue or cell culture preparations as the 

enzyme source (66, 117). Arsenic methylation has been determined to predominandy 

occur in the cytosolic fraction of liver tissue (66). However, studies using tissue and 

cellular extracts can produce misleading results because of the presence of inhibiting, 

catabolic or other interfering substances and activities. Notwithstanding, substrates, co-

factors, inhibitors and metabolic products of arsenic metabolism have become apparent 

through these studies. Despite these many efforts, the identity and putative endogenous 

substrate(s) of the enzyme responsible for methylating arsenic species remains unclear. 

Additionally, there remains debate as to whether arsenic methylation is performed by one or 

more individual proteins (45, 66). 

Perhaps the most classic and effective approach for understanding the mechanisms 

of metabolic reactions has been the use of purified enzymes. While complete purificadon 

may be impossible or uiuiecessary to achieve in many instances, a partially purified enzyme 

can provide a much better working product than can a crude enzyme preparation. A 

purified enzyme preparation increases the prospect of more accurately understanding the 
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physical and chemical conditions involved in the metabolic reactions. This is because 

purification can remove antagonistic as well as synergistic factors from crude preparations 

that may produce misleading information about the enzyme's underlying mechanism. 

Additionally, using a purified enzyme preparation, these factors may be returned to the 

enzyme reaction under controlled conditions to determine how the enzyme may truly be 

functioning in vivo. Once the enzymatic activity has been purified and characterized, the 

information obtained can then be used to better understand the behavior of the enzyme in a 

more complex system, such as cell culture or tissue slice systems. 

Arsenite and methylarsonic acid methyltransferase activities have been puriTied up 

to 2000-fold from rabbit (47), hamster (51) and rhesus macaque (39) liver preparations, 

but protein identification through amino acid sequencing or molecular cloning approaches 

have not been described. In each of these purification studies, both arsenic 

methyltransferase activities co-eluted during sequential chromatographic separations, which 

strongly supports the case for a single protein performing both arsenite and MMA 

methyltransferase activities. Although, identically behaving isozymes, each with different 

substrate specificity, could be hypothesized. Therefore, it becomes apparent that the 

arsenic methyltransferase protein(s) must be purified, sequenced and identified so that the 

gene(s) may be cloned and protein expression studies performed to determine whether one 

or more proteins is responsible for these two catalytic activities. 

The initial consideration of any protein purification project is that of the starting 

material. While the ultimate goal of the present study is a greater understanding of the role 

of methylation in arsenic-induced toxicity and carcinogenicity in humans, limited 

availability of human tissues and the difficulties in demonstrating arsenic methyltransferase 

activity in human liver (see Chapter Two) preclude their use. Arsenic methyltransferase 

activity has been reported in Chang human hepatocytes (48), however, it was not believed 

that this biological system would ultimately provide a sufficient quantity protein for amino 
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acid sequencing efforts using the proposed purification scheme. The rabbit, because of its 

relatively similar metabolic response to arsenic challenge as man, demonstrated liver arsenic 

methyltransferase activities, availability and our background of the chromatographic and 

biochemical behavior of this animal specie's arsenic methyltransferase(s), was the most 

appropriate selection for these studies. 

The purification scheme of Zakharyan et al (47) provided the initial foundation for 

purification of arsenite and MMA^ methyltransferase activities from rabbit liver in the 

present study. It was discovered in preliminary experiments, however, that this scheme 

was ineffective for our purposes as it was very lengthy and labor intensive, required 

numerous manipulations of the enzyme preparations between separation steps, 

demonstrated poor recovery and failed to reproduce the degree of purity originally 

described. Therefore, it was determined that alternative protein separation methodologies 

were necessary to quantitatively obtain sufficient protein at a level of purity favorable to 

modern amino acid sequencing methods. The effectiveness of these new strategies was 

determined empirically and built upon during the purification of these enzyme activities. 

This chapter describes the purification of arsenite and methylarsonic acid 

methyltransferase activities from rabbit liver. 
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EXPERIMENTAL PROCEDURES 

Chemicals 

Trizma base, GSH, MgQ^, DTT, EDTA*2H20, ultra-pure (a 99%) ammoniuni 

sulfate and bovine serum albumin were purchased from Sigma. Broad range, low range 

and silver stain low range SDS-PAGE standards, and silver stain kit were from BioRad; 

MMA'', as disodium methylarsenate, from Chem Service (West Chester, PA); NaCl from 

Spectrum Chemical Mfg. Corp. (Gardena, CA); S-[methyl-^H]-adenosyl-L-methionine 

(^H-SAM) from DuPont NEN Research Products (Boston, MA); GelCode Blue stain from 

Pierce (Rockford, IL). All other reagents were of the highest quality available. 

Arsenic Methyltransferase Assays 

The following conditions were used to assay arsenite methyltransferase activity of 

rabbit liver cytosol and subsequent purified fractions: 0.12 MTris-HQ (pH 8.0), 4.0 mM 

GSH, 1.0 mM MgQj, 20 fiM arsenite, 7.4 pmol (0.55 ^Ci; specific activity 57.6 

mCi/mmol) of carrier-free ^H-SAM and enzyme preparation in a final volume of 250 fdl. 

Enzyme assays for methylarsonic acid (MMA^) methyltransferase activity were also 

performed in a total reaction volume of 250 fil and contained: 0.12 M Tris-HQ (pH 8.0), 

4.0 mM GSH, 0.10 mM DTT, 1.0 mM MgQ,, 1.0 mM MMA^, 7.4 pmol (0.55 fiCi', 

specific activity 56.7 mCi/mmol) of carrier-free ^H-SAM and enzyme preparation. 

Incubation conditions and extraction of radiolabeled enzyme products were performed as 

described in Chapter Two, with the exception that MMA^ methyltransferase assays were 

incubated for 90 min. 

One unit of methylarsonic acid methyltransferase activity was defined as the amount 

of enzyme that will catalyze the formation of 1 pmol of methylated product (DMA) in 90 

min at37°C. 
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Animals 

Male New Zealand white rabbits were purchased from Harlan Sprague Dawley 

(Indianapolis, IN) and weighed 3.5 -4.0 kg at the time of use. Rabbits were quarantined 

for two weeks following arrival and maintained in an environmentally-controlled, 12 hr 

light/dark cycle animal care facility. The animals were individually caged and provided 

water and Harlan Teklad 2031 Global high-fiber rabbit diet (Madison, Wl) ad libitum. 

Cytosol Preparation 

Liver cytosol was prepared from adult, male New Zealand white rabbits. Rabbits 

were asphyxiated with CO,, the liver removed and repeatedly rinsed in an ice-cold 1.0 mM 

EDTA-saline solution. Individual liver wet weight ranged from 96g to 137g. The entire 

liver was used in the preparation of cytosol, as described in Chapter Two, following 

resection of the gall bladder. Protein concentration of the final cytosol preparation was 

measured using the Bio-Rad Protein assay. Bovine serum albumin was used as the protein 

standard. Rabbit liver cytosol was used immediately following preparation. 

DEAE Anion Exchange Chromatography 

DEAE Sepharose FF anion-exchange chromatography media (Amersham 

Pharmacia Biotech, Piscataway, NJ) was packed into a Bio-Rad Econo column (2.5 cm 

i.d. X 25 cm) to a height of 15.5 cm (76 ml total media volume) at a flow rate of 300 ml/hr 

using a Bio-Rad Econo peristaltic pump in a 4®C cold room. A 2.5 cm flow column 

adaptor (Bio-Rad) was inserted into the head of the column to ensure uniform sample 

application onto the column. The column was treated with 5(X) ml of 2 M NaCl, then 

equilibrated with 500 ml of 30 mM Tris-HCl (pH 7.6), buffer A. Rabbit liver cytosol, 160 

ml to 235 ml, was diluted 1:1 (v/v) with buffer A prior to loading the sample onto the 

column. Diluted rabbit liver cytosol was loaded onto :he equilibrated column at a flow rate 

of 120 ml/hr. Column eluent was monitored for protein concentration and conductivity 

using in-line Bio-Rad Econo UV absorbance (280 nm) and Econo Gradient conductivity 
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monitors. Following completion of sample loading, the column was washed with buffer A 

at a flow rate of 240 ml/hr until the eluent UV absorbance returned to baseline and 

conductivity stabilized to that of buffer A. The column was eluted with a linear ascending 

gradient of 150 ml buffer A and 150 ml of 30 mM Tris-HCl (pH 7.6)/0.25 M NaCl, buffer 

B, at a flow rate of 240 mJ/hr. Total gradient volume was 300 ml. Fractions (4 ml) were 

collected and assayed for arsenite and MMA^ methyltransferase activities and protein 

concentration. Fractions were stored at - 70 "C until used. 

Rotofor Isoelectric Focusing 

A Bio-Rad Rotofor isoelectric focusing chamber (Figure 3.1) was cleaned and 

assembled for use following the manufacturer's protocol. The anode chamber was fitted 

with an anion-exchange membrane and was filled with 0.1 M H3PO4 while the cathode 

chamber was fitted with a cation-exchange membrane and contained 0.1 M NaOH. Both 

membranes had been pre-equilibrated in their respective chamber solutions overnight. The 

Rotofor focusing chamber was temperature equilibrated by recirculating 4°C water through 

the chamber's internal ceramic cooling finger. During operation, the focusing chamber 

rotated at 1 rpm to limit convective and gravitational disturbances. The Rotofor system was 

pre-run with ddHjO in the sample chamber for 5 min at 15 W constant power using a Bio-

Rad FowerPac 3000 power supply to clean the internal surfaces the focusing chamber of 

extraneous ions. The ddH;0 was aspirated from the focusing chamber using the sample 

vacuum harvesting system, and the chamber was prepared for sample loading. 

DEAE Sepharose FF peak activity fractions were quickly thawed on ice and pooled. 

Pooled DEAE fractions were concentrated to approximately 12 ml using Centriplus YM-30 

(30 kDa molecular weight cut-ofQ centrifugal filtration devices (Millipore, Bedford, MA) at 

4°C . Concentrated, pooled DEAE fractions were buffer-exchanged to 10 mM Tris-HQ 

(pH 7.6)/10 mM NaCl, buffer C, using Pharmacia PD-10 desalting columns that had been 
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Figure 3.1. Schematic of Bio-Rad Rotofor isoelectric focusing cell 
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pre-equilibrated with 25 ml of buffer C at 4°C. Buffer-exchanged eluent was collected, 

pooled and loaded into the standard Rotofor chamber. 

The standard Rotofor focusing chamber has a 58 ml sample capacity. The sample 

was composed of the buffer C-exchanged DEAE fractions, 4-5% (v/v) Bio-Lyte* 5/7 

ampholyte solution and the volume balance as ddHjO. Isoelectric focusing was performed 

at 15 W constant power until the voltage stabilized (approximately 3.5 hr to 4.5 hr, 

depending on protein concentration of sample). The temperature of the focusing chamber 

was maintained at 4°C throughout the duration of the focusing period with a recirculating 

water bath. Twenty fractions of variable volume were collected using the sample vacuum 

harvesting system and immediately placed on ice. Fraction pH was measured using a 

PHM220 lab pH meter (Radiometer Copenhagen, Lyon, France). Aliquots (200 to 3(X) fi\) 

of those fractions with a pH between 5.5 to 6.2 were buffer-exchanged to 30 mM Tris-HCl 

(pH 7.6)/50 mM NaCl, buffer D, using Microcon YM-30 centrifugal filtration devices 

(Millipore) to remove ampholyte contaminants. Buffer exchange was considered complete 

when the Microcon filtrate pH stabilized to that of buffer D (pH 7.6). Buffer-exchanged 

aliquots were analyzed for arsenite and MMA^ methyltransferase activities and protein 

concentration. Rotofor fractions were stored at - 70°C until used. 

Phenylsepharose Hydrophobic Interaction Chromatography 

Rotofor peak activity fractions were thawed quickly on ice and pooled. Fooled 

fractions were concentrated and buffer-exchanged to buffer D using Centricon YM-30 

centrifugal filtration devices (Millipore) at 4°C. Buffer exchange was considered complete 

when the Centricon filtrate pH stabilized at that of buffer D (pH 7.6). Buffer E)-exchanged 

Rotofor fractions were diluted 1:2 (v/v) with 30 mMTris-HQ (pH 7.6)/1.5 M (NH4)2S04. 

Diluted sample was loaded at a flow rate of 60 ml/hr onto a Riarmacia 5 ml 

phenylsepharose HP HiTrap column that had been pre-equilibrated with 30 mM Tris-HQ 

(pH 7.6)/50 mM NaCl/1.0 M (NH4)jS04, buffer E, at 4°C. Following completion of 
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sample application, the column was washed with buffer E until the column eluent UV 

absorbance returned to baseline and the conductivity stabilized to that of buffer E. The 

column was eluted at a flow rate of 60 ml/hr with two descending step gradients: 30 mM 

Tris-HCl (pH 7.6)/50 mM NaCl/0.2 M (NH4)2S04, buffer F, and buffer D. Column 

eluent UV absorbance and conductivity were allowed to stabilize to the baseline of buffer F 

prior to starting elution with buffer D. Fractions (~3 ml) were collected and analyzed for 

arsenite and MMA^ methyltransferase activities and protein concentration. Fractions were 

immediately used. 

Red-120 Dye Agarose Chromatography 

Reactive red-120 dye agarose chromatography media (Sigma) was packed into a 

Bio-Rad Econo column (0.7 cm i.d. x 5.0 cm) to a height of 3.0 cm (~1.2 ml total resin 

volume) at a flow rate of 30 ml/hr using a Pharmacia P-1 peristaltic pump. The media was 

prepared for use by eluting 50 ml 6 M urea/0.5 M NaOH followed by elution of 100 ml of 

buffer A at4''C. 

Phenylsepharose peak activity fractions were pooled and buffer-exchanged to 

buffer A using Centriplus YM-30 centrifugal filtration devices. Buffer A-exchanged 

sample was gravity loaded onto the red-120 dye agarose column and the column was 

washed with buffer A until the UV absorbance and conductivity retiuned to baseline. The 

column was eluted using an ascending step gradient to 30 mM Tris-HCl (pH 7.6)/1.0 M 

NaCl. Fractions of variable volumes were collected and analyzed for arsenite and MMA^ 

methyltransferase activities and protein concentration. 

SDS Polyacrylamide Gel Electrophoresis 

SDS PAGE under denaturing conditions was used throughout the purification 

scheme to visually assess the level of purification achieved by each protein separation 

method. Bio-Rad Tris-HCl Ready gels with acrylamide concentrations of 7.5%, 10%, 

12% and 4-20% gradient were used in the Bio-Rad mini Protean III gel electrophoresis 
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system. Protein samples were diluted 1:1 (v/v) with sample loading buffer (0.125 M Tris-

HCl. 4% SDS, 20% v/v glycerol, 0.2 M DTT and bromophenol blue, pH 6.8), boiled for 

5 min and cooled on ice prior to gel loading. Tank buffer was composed of 0.025 M Tris, 

0.192 glycine and 0.1% SDS, pH 8.3. Gels were electrophoresed at 100 V constant 

voltage until the sample had entered the running gel, then voltage was increased to 200 V 

constant throughout the completion of electrophoresis. Gels were stained with either 

GelCode Blue (coomassie G-250) or silver stain reagents per the manufacturer's protocols. 

Where appropriate, gels were photodocumented by The University of Arizona Department 

of Biomedical Communications. 
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RESULTS 

Rabbit Liver Cytosol 

Aliquots of rabbit liver cytosol were assayed for arsenite and MMA^ 

methyltransferase activities. The total amount of protein used in these assays was 550 

mg/assay. Background controls, defined as the complete enzyme reaction mixture minus 

the enzyme preparation, were analyzed for each cytosol preparation to correct for any [^HJ-

SAM radioactivity carried through to the final aqueous extraction step. Non-specific 

methylation controls, to correct for methylation of non-arsenic substrates, were also run for 

each cytosol preparation. Arsenic-specific methylation was calculated as total methylation 

minus the sum of non-specific methylation and assay background. 

The specific activity of arsenite methyltransferase in rabbit liver cytosol was 0.049 

pmol/mg protein per hr. The specific activity of MMA^ methyltransferase in rabbit liver 

cytosol was 0.105 pmol/mg protein per 90 min. These values represent the mean of three 

replicate cytosol analyses. 

DEAE Anion Exchange Chromatography 

The initial chromatographic step of the purification scheme was the concentration 

and separation of the arsenic methyltransferase activities from other cytosolic contaminant 

proteins using DEAE Sepharose FF anion-exchange chromatography. Representative 

DEAE column elution profiles for arsenite methyltransferase and MMA^ methyltransferase 

are presented in Figure 3.2. The arsenite and MMA^ methyltransferase activity peaks co-

eluted at a sodium chloride gradient concentration of approximately 50 mM. Peak arsenite 

and MMA^ methyltransferase specific activities were 4.15 pmol/mg protein per hr and 

0.798 pmol/mg protein per 90 min, respectively. 

DEAE anion-exchange column peak activity fractions were pooled, concentrated 

and buffer-exchanged prior to Rotofor isoelectric focusing. The arsenite methyltransferase 
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specific activity of this pool was 2.07 pmol/mg protein per hr, while that of MMA^ 

methyltransferase was 0.341 pmol/mg protein per 90 min. 

Rotofor Isoelectric Focusing 

Proteins in the pooled DEAE column active fractions were focused to their 

respective isoelectric point (pi) using the Bio-Rad Rotofor preparative protein purification 

system. Preliminary isoelectric focusing experiments were performed using Bio-Lyte* 

3/10 ampholyte solution, which has an effective focusing range from pH 3 to 10. Arsenite 

methyltransferase activity focused to approximately pH 6 in these experiments (Figure 

3.3). A narrower ampholyte range using the Bio-Lyte* 5/7 ampholyte solution (effective 

focusing range from pH 5 to 7) was therefore used in subsequent isoelectric focusing 

experiments to achieve greater specificity and purification. Additionally, the ampholyte 

concentration (4-5 %) was doubled from that recommended in the manufacturer's protocol 

(2%) to achieve satisfactory protein separation at 15 W constant power. Significant protein 

precipitation occurred among those proteins which migrated to isoelectric points between 

pH 5.8 and 6.8. 

Ampholytes had to be removed from collected Rotofor fractions prior to analysis 

for arsenite and MMA^ methyltransferase activities to prevent interference with the reaction 

mixture pH. Protein determination was performed on the same ampholyte-free sample, 

though the presence of ampholytes did not appear to cause interference in the Bio-Rad 

protein assay. 

Both arsenite and MMA^ methyltrasferase activities consistently focused between 

pH5.7 to 6.0 (Figure 3.3) during three independent runs. Unlike the many proteins that 

precipitated out of solution in this pH range, the protein that demonstrated arsenite and 

MMA^ methyltransferase activities did not precipitate, or at least not completely. The peak 

specific activities for arsenite and MMA^ methyltransferase were 14.9 pmol/mg protein per 

hr and 1.37 pmol/mg protein per 90 min. Rotofor peak fractions were pooled. 



58 

S 2.0-

•400 

500 

-300 

•5: 

200 o 

100 

0 
100 150 

Gradient Elution Volume (ml) 

Figure 3.2. Representative DEAE Sepharose FF anion-exchange column 
arsenite and methyltransferase elution profile. 
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Figure 3.3. Representative Rotofor fractionation of arsenite and MMA^ 
methyltransferase activities using Bio-Lyte 5/7 or Bio-Lyte 3/10 (arsenite 
methyltransferase only; inset) ampholytes. 
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concentrated and buffer-exchanged prior to loading onto the phenylsepharose column. The 

arsenite and MMA^ methyltransferase specific activities of these pools were 21.0 pmol/mg 

protein per hr and 2.01 pmol/mg protein per 90 min, respectively. 

SDS-PAGE analysis of the nearly 430-fold purified Rotofor peak activity fractions 

failed to identify a prominent protein band that correlated with the enzyme activity peak 

(Figure 3.4). 

Phenylsepharose Hydrophobic Interaction Chromatography 

Peak activity fractions from Rotofor isoelectric focusing were pooled and buffer-

exchanged prior to separation using phenylsepharose HP hydrophobic interaction 

chromatography. Protein separation was achieved using a descending ammonium sulfate 

step gradient. The arsenite and MMA^ activity peaks co-eluted in the valley between the 

proteins elated by the 0.2 M and 0 M ammonium sulfate gradient steps as represented in 

Figure 3.5. 

The peak specific activities for arsenite and MMA^ methyltransferase were 146.1 

pmol/mg protein per hr and 25.3 pmol/mg protein per 90 min. Peak active fractions 

required desalting prior to application to the reactive red-120 dye agarose column. Pooled 

active fractions were concentrated and buffer-exchanged to 30 mM Tris-HCl (pH 7.6). 

The arsenite and MMA^' methyltransferase specific activities of this pool were 31.1 

pmol/mg protein per hr and 2.92 pmol/mg protein per 90 min, respectively. The measured 

MMA^ methyltransferase activity was suspected to be significantly lower than actual (the 

specific activity peak value was 25.3 pmol/mg protein per hr) as the pooled 

phenylsepharose fraction was assayed following one freeze-thaw cycle, an event known to 

influence the enzyme's activity when total protein values fall below 1.0 mg/ml (data not 

shown). 
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Specific Activity 
(pmol/mg protein) 

Arsenite 2.6 7.1 11.8 14.9 10.5 3.0 

MMA^ 0.3 0.7 1.4 1.1 0.6 0.2 

Rotofor fraction 7 8 9 10 11 12 

Figure 3.4. SDS-PAGE of Rotofor peak arsenic methyltransferase fractions (see 
Figure 3.3). 24 fig total protein/lane was separated using Bio-Rad 10-20% Tris-HCl 
Ready Gel and stained with GelCode Blue. 
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Figure 3.5. Representative phenylsepharose HP HIC column arsenite and 
methyltransferase elution profile. 
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Red-120 Dye Agarose Chromatography 

Phenylsepharose peak activity fractions, which had been previously concentrated 

and desalted, were loaded on the reactive red-120 dye agarose column and eluted with an 

ascending step gradient to 1.0 M NaCl. While a small amount of arsenic methyltransferase 

activity was measured in the column wash fraction, the majority of the activity was 

associated with those proteins eluted in two fractions by the. 1.0 M NaCl (Figure 3.6). The 

peak arsenite specific activity for the reactive red-120 column fractions was 932.6 pmol/mg 

protein per hr. Arsenite methyltransferase specific activity was purified 19,000-fold. Final 

recovery of arsenite methyltransferase activity in this fraction was 3%. A summary of the 

purification results is presented in Table 3.1. 

SDS-PAGE analysis of the proteins in the two reactive red-120 column fractions 

eluted during the salt gradient suggested two candidates, based on staining intensity as 

correlated to enzyme activity, for the protein having arsenic methyltransferase activity 

(Figure 3.7). The larger protein has a molecular mass of 55 to 57 kDa, while that of the 

smaller is approximately 31 to 32 kDa, as estimated using the molecular weight markers. 
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Figure 3.6. A representative arsenite and MMA^ elution profile from a reactive 
red-120 dye agarose column. 



Table 3.1. Arsenlte (As'") and Methylarsonic Acid (MMA^) Methyitransferase Purification Summary. 

Activity Specific Activity Recovery Purification 
Volume 

Fraction (ml) 

Protein 

(mg/ml) 

Total Protein (pmol/ml) 

(mg) As"' MMA^ 

(pmol/mg) 

As'" MMA^ 

1 

As'" 

(%) 

MMA^ 

(x-fold) 

As"' MMA^ 

Cytosol 160 27.5 4400 1.35 2.90 0.049 0.105 n/a n/a n/a n/a 

DEAE Sepharose pool 14 15.4 216 31.87 5.26 2.07 0.341 206 15.9 42 3 

Rotofor pool 4.8 1.23 5.9 25.92 2.48 21.02 2.01 57 2.6 429 19 

Phenylsepharose poo) 1.4 0.60 0.8 18.64 1.75 31.08 25.3' 12 0.5 634 240 

Red-120 dye agarose 2.5 0.003 0.008 2.798 n/a 932.6 n/a 3 n/a 19033 n/a 

' MMA^ methyitransferase specific activity value represents that of the peak fraction rather than the pool 

ON 
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arsenite methyltransferase 

activity (pmol/ml) 3.0 2.8 
specific activity (pmol/mg) 135.8 932.6 

fraction 4 5 

97 

66 

'n 
3 45 
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Figure 3.7. SDS-PAGE of reactive red-120 dye agarose column fractions eluted by 
1.0 M NaCl step gradient. Approximately 80 fig total protein was loaded for fraction 
#4 and 7 jig for fraction #5. Proteins were separated on a Bio-Rad 10% Tris-HCL 
Ready Gel and stained with GelCode blue. Circled protein bands from fraction #4 
were sequenced by LC/MS". 
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DISCUSSION 

Recent studies using both in vivo (16) and in vitro (15, 62) model systems have 

demonstrated that methylation of inorganic arsenic may not function as a detoxification 

mechanism for this metalloid as has been classically proposed. Trivalent mono- and 

dimethylated forms of arsenic appear to be far more toxic than the inorganic parent arsenic 

species to both cultured cells (15) and animals (16) and show greater reactivity towards 

cellular biomolecules, such as critical enzymes (116) and DNA (62). That these trivalent 

methylated arsenic species have been measured in the urine of human populations (14) 

chronically exposed to inorganic arsenic via contaminated drinking water emphasizes the 

need to better understand the role of methylation of inorganic arsenic. 

The arsenic methyltransferase protein has not yet been identified in any biological 

system. The liver is the classical tissue source in which in vitro inorganic arsenic and 

MMA methyltransferase activities have been investigated (66, 109). While inorganic 

arsenic, especially as trivalent arsenite, is known to induce a variety of enzymes (118), the 

hepatic arsenic methyltransferase activities themselves are not known to be inducible. 

Sodium phenobarbital, at a dose known to induce hepatic microsomal function, was 

administered to five healthy human volunteers for ten days prior to sodium arsenite 

challenge (64). The proportions of methylated urinary arsenic species were not 

significantly affected by phenobarbital pretreatment. Similarly, chronic phenylhydantoin 

pretreatment failed to affect the methylated urinary arsenic pattern in a single arsenite-

challenged epileptic female (64). In mice orally dosed with sodium arsenate heptahydrate 

(25 or 2500 ng As/L) in their drinking water for 91 days, there was no induction of in vitro 

hepatic arsenite methyltransferase activity versus untreated control (46). These studies 

suggest that arsenic methyltransferase activities are not affected by known pharmacological 

inducers of hepatic microsomal proteins or by chronic exposure to the specific enzyme 
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substrate. Were a mechanism of arsenic methyltransferase protein induction available, it 

likely would have facilitated earlier attempts at purification and identification of this protein. 

The goal of any enzyme purification is to obtain the maximum possible yield, 

activity and purity of the enzyme of interest. Arsenite and MMA^ methyltransferase 

activities were purified 19,000- and 630-fold, respectively, from rabbit liver cytosol using 

a five-step purification scheme consisting of differential centrifugation, chromatographic 

and isoelectric focusing protein separation techniques. MMA" (K„ = 0.92 x 10 ' M), rather 

than MMA^ (K„ = 7.0 x 10'^ M), has been demonstrated to be the preferred substrate for 

the second arsenic methyltransferase reaction which produces DMA^ (48). It is probable 

that had MMA" been used as the substrate to follow this enzymatic reaction throughout the 

purification, that a greater final numerical purification would have been achieved. 

However, because of the significantly greater risk involved in handling MMA™, it was 

decided that use of MMA^ as the substrate for DMA^ formation was sufficient to 

demonstrate and follow MMA methyltransferase activity. 

Previous experiments using MMA^ as the enzymatic substrate for DMA^ formation 

in both crude cytosol preparations (108) and partially purified enzyme fractions (47) have 

demonstrated a time lag in the appearance of DMA^ as compared to MMA^ from arsenite. 

This may be explained by the need to first reduce MMA^ to MMA™, either enzymatically 

(48), or perhaps, chemically by reduced cellular sulfhydryls such as GSH or Lrcysteine 

(111). 

Enzymatic activity was followed throughout the purification procedure by using the 

radiolabeled methyl group donor, [methyl-^H]-adenosyl-L-methionine, which allowed 

quantitation of the chloroform-extractable, methylarsenic enzyme products using 

scintillation counting. Recovery of arsenite methyltransferase activity from the initial 

cytosol preparation was approximately 3% at a total protein concentration of 3 /<g/iTii in the 

19,000-fold purified fraction. Total activity recovery from the two red-120 column 
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fractions eluted by the salt gradient was approximately 8.5% from that of the cytosol. This 

was a significant improvement over the previously reported purification of this enzyme 

activity (47). Additionally, the time of completion for this purification scheme was 

shortened to about four days from the approximately two weeks required in the earlier 

purification (47). 

A preliminary purification scheme consisted of DEAE Sepharose anion-exchange, 

Rotofor preparative isoelectric focusing and reactive red-120 dye agarose protein separation 

methodologies. Amino acid sequencing attempts of these paitially purified protein mixtures 

by LC/MS" indicated significant contanunation by the liver transferrin precursor protein, a 

76 kDa protein. As a result, low-concentration (weak signal) proteins, which presumably 

included the arsenic methyl transferase protein, could not be identified (see Chapter Four). 

The transferrin contaminant was almost entirely removed from the final purified fractions 

by the inclusion of the phenyl sepharose HP hydrophobic interaction chromatography step 

into the purification scheme (119). 

DEAE Sepharose FF anion-exchange, phenylsepharose HP hydrophobic interaction 

and reactive red-120 dye agarose chromatographic protein separation techniques were used 

to purify the arsenite and MMA^ methyltransferase activities. Arsenite and MMA^ 

methyl transferase activity peaks co-eluted from each of these three columns. This strongly 

suggested that a single protein with either single or multiple catalytic sites or a heteromeric 

multi-enzyme complex may be responsible for performing both methylation reactions, 

rather than two proteins independently methylating either arsenite or MMA^ (66). 

The Bio-Rad Rotofor is a preparative protein purification system that fractionates 

protein samples in free solution by isoelectric focusing. This system accommodates 

samples up to several grams of total protein, which allowed simple and reliable scale up of 

the arsenic methyltransferase purification scheme from preliminary attempts. Arsenite and 

MMA^ methyltransferase activities consistently focused to a pH of 5.7 to 6.0 in three 
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independent analyses, again, strongly supporting the single protein hypothesis. Efforts to 

achieve additional enrichment of the arsenic methyltransferase by refractionating the active 

standard Rotofor chamber fractions using the 18 ml mini focusing chamber were 

unsuccessful. 

Preliminary arsenic methyltransf erase binding studies were performed using butyl-, 

octyl- and phenylsepharose hydrophobic interaction chromatography medias (data not 

shown). The arsenic methyltransferase protein bound to all of the hydrophobic medias, 

though binding to butylsepharose was very weak, as the protein isocratically eluted during 

the column wash (data not shown). Phenylsepharose was included in the arsenic 

methyltransferase purification scheme primarily to remove the liver transferrin precursor 

protein contaminant identified by LC/MS" mass spectrometry (see Chapter Four). 

Serotransferrin has been purified in a single step using phenylsepharose chromatography 

(119). The two step gradient used in the present purincation allowed significant removal of 

the transferrin precursor protein contaminant and the apparent isocratic elution of the 

arsenic methyltransferase with 0.2 M ammonium sulfate (Figure 3.5). 

Dye agarose or dye ligand chromatography has been used in protein separations 

since the 1960's (120). Dye adsorbents, such as the reactive red-120 used in the present 

purification (Figure 3.8), are often termed "pseudo-affinity adsorbents," as they generally 

have little similarity to the true ligand of the protein being purified. The blue dye, Cibacron 

Blue F3G-A, has been demonstrated to behave as an analogue of ADP-ribose and binds to 

the nucleotide fold found in the AMP, ATP, NAD, NADP and (TTP binding sites of 

enzymes (121). It was suspected that because the arsenic methyltransferase utilizes S-

adenosyl-L-methionine, which contains an adenosyl-ribose moiety, as a cofactor, that it 

would bind successfully to the Cibacron Blue E3G-A dye adsorbent. While the arsenic 

methyltransferase did in fact bind to the Cibacron Blue F3G-A dye adsorbent in screening 

studies, many contaminant proteins did similarly, thereby decreasing the effectiveness of 
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this dye as a purification step (data not shown). Rather, for indeterminate reasons, the 

reactive red-120 dye demonstrated the greatest affinity towards the methyltransferase and 

least towards the contaminant proteins (Rgure 3.7). 

Dye-protein interactions are complex and often poorly understood. The interactions 

between the dye-ligand and the bound protein could include practically all types of 

described forces between molecules (e.g., electrostatic, hydrophobic, hydrogen bonding, 

etc.). The reactive red-120 dye adsorbent used in the present purification contains aromatic 

rings, sulfonic acid groups and nitrogen atoms both in and out of ring structures (Figure 

3.8). While in depth investigations to characterize the types of forces involved in binding 

the arsenic methyltransferase to the reactive red-120 ligand were beyond the scope of the 

present study, it is likely that electrostatic forces play the most significant role. The arsenic 

methyltransferase bound to the column at a minimal salt concentration, rather than a high 

salt concentration necessary to promote entropy-driven hydrophobic interactions with the 

aromatic moieties, and was eluted with 1.0 M NaCI. As the sulfonic acid groups of the 

red-120 dye are negatively charged at all pH values above zero, it is likely the arsenic 

methyltransferase protein is binding by some cationic mechanism at pH 7.6, and can then 

be competitively eluted by the sodium ions in the salt gradient 

SDS-PAGE was performed throughout the purification scheme to visually assess 

the effectiveness of each protein purification methodology used. Two fractions were 

collected from the reactive red-120 dye agarose column following the appearance of the 

step gradient (Figure 3.6). The former had arsenite methyltransferase activity of 136 

pmol/mg protein per hr (2,775-fold purification) at 22 /<g/ml total protein. The later had 

activity of 933 pmol/mg protein per hr (19,000-fold purification) at 3 /<g/ml total protein. 

Both fractions had nearly identical activity values, 3.0 and 2.8 pmol/ml, respectively. 

SDS-PAGE analysis showed that the final 19,000-fold purified red-120 fraction 

demonstrated two prominent protein bands, the larger had a molecular mass of 55 to 57 



Figure 3.8 Structure of Reactive Red-120 dye agarose ligand 
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kDa, while that of the smaller was approximately 31 to 32 kDa, as estimated from the 

molecular weight markers. These two proteins were also present in the 6.8-fold less 

purified fraction, but appeared to account for a smaller percentage of total protein present as 

visualized on the coomassie-stained gel (Figure 3.7). These two proteins were further 

investigated as the most probable candidates for identification and characterization as the 

arsenic methyltransferase protein (see Chapter Four). 

The human liver protein which demonstrates MMA^ reductase activity has recently 

been identified as the glutathione S-transferase family member, GST-omega (54). This 

finding suggested that the arsenic methyltransferase may also have some previously 

identified endogenous function. It could not be predicted whether this protein would have 

a known methyltransferase activity which involved some structurally similar substrate, or 

perhaps some known enzymatic function unrelated to methylation. Therefore, it was 

deemed necessary to identify ail of the proteins present in the final 19,C)00-fold purified 

fraction, obtain representative purified aliquots of each identified protein and detemiine 

which, if any, demonstrated arsenic methyltransferase activity. These efforts are described 

in Chapter Four. 
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Conclusions 

The protein characterized by arsenite and MMA^ methyitransferase activity has not 

been identified to date in any biological system. It was hypothesized that biochemical 

purification of the protein was necessary to obtain sufficient material with which to conduct 

amino acid sequencing and ultimately identify this protein as being either a previously 

identified or novel protein. 

Before amino acid sequencing can be performed on an protein for identification 

purposes, it must first be purified to some level of homogeneity from a biological source 

known to demonstrate the activity. Purification of the arsenic methylation protein from 

fresh rabbit liver was conducted using an empirically-determined, five-step purification 

scheme consisting of differential centrifugation, DEAE Sepharose anion-exchange 

chromatography, preparative in-solution isoelectric focusing using the Bio-Rad Rotofor 

system, phenyl sepharose hydrophobic interaction and reactive red-120 dye agarose 

chromatographic separations. Arsenite methyltransferase specific activity was purified 

19,000-fold over that of the initial cytosol specific activity, while MMA^ methyltransferase 

specific activity was purified 630-fold. That arsenite and MMA^ methyltransferase activity 

peaks co-eluted at each step of the purification and migrated to the same pi during 

isoelectric focusing strongly suggested a single protein performed both methyltransferase 

activities. SDS-PAGE analysis of these most purified fractions indicated that while 

complete homogeneity had not been achieved using this purification scheme, it did strongly 

suggest two possible candidate proteins for the arsenic methyltransferase activities. The 

larger protein had a molecular mass of 55-57 kDa, while the smaller was 31-32 kDa. 

These proteins were to subject of amino acid sequencing and protein identification efforts 

described in Chapter Four. 



75 

Chapter Four 

Sequencing and Identification of Rabbit Liver Arsenite and MMA^ 

Methyltransferase 
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INTRODUCTION 

Classically, protein identification has been a tedious and painstaking process 

requiring purification of the protein of interest in great quantity and purity and subjecting it 

to Edman degradation sequencing, an approach that many investigators have spent careers 

performing on a single protein. Introduction of recombinant DNA technologies over the 

last several decades has greatly influenced the way in which novel proteins are identified, 

allowing structurally and functionally related proteins to be cloned based on small regions 

of primary sequence homology among these proteins. Further, the comprehensive genome 

sequencing projects have produced numerous untranslated open reading frames (ORF) 

whose gene products and their functionality await identification. More recently, another 

technology has seen rapid advancements in its ability to contribute to protein identification, 

that is mass spectrometry. 

Mass spectrometry, once considered only a tool in the realm of chemists who 

studied small molecules, has rapidly emerged as an important tool in the biological 

sciences. While it has long played a central role in the identification of unique protein 

modifications, mass spectrometry has recently become an extremely valuable resource in 

protein chemistry, sequencing and identification. This potential continues to drive 

technological advances in mass spectrometers directed specifically towards biological 

applications. 

Advances in "soft" ionization and molecular desorption techniques, such as fast 

atom ion bombardment (FAB), electrospray ionization (ESI) and matrix-assisted laser 

desorption/ionization (MALDI), which result in minimal fragmentation of the parent 

molecule prior to entering the mass analyzer, have revolutionized the analysis of large 

biomolecules such as proteins, peptides, carbohydrates, and oligonucleotides. These 

techniques provide accurate molecular mass determination, on the order of ± 0.01%, they 
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are extremely sensitive, down to the subfemtomole range for MALDI, and allow analysis in 

an very wide mass range, reaching upwards of 300 kDa with MALDI. 

In general, mass spectrometry obtains structural information on proteins and 

peptides by collision-induced dissociation (CID), whereby precursor ions are subjected to 

collisions and the fragmentation patterns of the resulting ions are characterized. The triple 

quadrupole mass analyzer in combination with an ESI ionization source is currently the 

most common method for obtaining protein and peptide structural information. 

Protein sequencing and identification is generally initiated by enzymatically 

digesting the protein or heterogenous protein mixture. This produces peptides which can 

then be separated by HPLC and injected into the mass spectrometer. Inside the mass 

spectrometer, the peptides are fragmented by CID into daughter ions within a collision cell 

which are then monitored with a second mass spectrometer in a process known as tandem 

mass spectrometry. As peptides are generally linear molecules, this allows relatively 

straightforward interpretation the resulting fragmentation patterns. While limitations to this 

technology exist, it remains a rapid and sensitive means by which to identify large 

biomolecules, and more importantly, it allows successful identification of individual 

proteins within heterogeneous mixtures. 

An alternate approach to protein identification is a process known as peptide mass 

mapping. Here, masses of peptides from the digested protein are accurately measured by 

mass spectrometry (generally using ESI or MALDI ionization to minimize peptide 

fragmentation during the ionization process). This then provides a mass spectrum of the 

peptides that can be compared against a peptide database, generated using cleavage rules 

from a protein sequence database, with which to identify the parent protein. Of course, 

computational algorithms that interpret the vast amounts of generated mass spectra data 

make all these techniques possible. 
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While numerous combinations of ionization techniques, mass analyzers and 

detectors exist for mass spectrometers, only ESI-tandem mass spectrometry and MAIDI 

time of flight (TOF) are mentioned in detail here as these were the methods used in the 

present study. 

As the arsenic methyltransferase protein has not been identified in any biological 

system, a molecular biology approach was limited to what was known to be conserved 

among defined S-adenosylmethionine-dependent, small molecule methyltransferases. This 

relatively small family of enzymes is involved in the biosynthesis and degradation of 

bioactive amines (e.g., norepinephrine N-methyltransferase and catechol O-

methyltransferase) as well as bulk metabolic transformations (e.g., glycine and 

guanidinoacetate methyltransferase) and act upon a diversity of substrates. Multiple 

alignment analyses of both eukaryotic and prokaryotic methyltransferases have not 

demonstrated a high amount of homology within this enzyme family (122). However, the 

commonality among these proteins is their utilization of S-adenosylmethionine as the 

methyl donor cofactor. 

Computational studies have been performed in an effort to define SAM binding 

domains among the known methyltransferases. Kagan and Garke (122) reported the 

identification of three putative SAM or S-adenosylhomocysteine (SAH) binding motifs in 

analyzing some 84 non-DNA bacterial, yeast and mammalian methyltransferases 

comprising 37 distinct enzymes (Table 4.1). All three motifs occured in the same linear 

order and were identifled in 45 of the enzymes, with an additional 15 enzymes having both 

motifs I and III. These motifs were also identified in non-methyltransferase proteins such 

as SAM decarboxylase and SAH hydrolase. However, a number of methyltransferases 

lacked all three motifs. 

Similarly, Fujioka (123) identified two putative SAM/SAH binding domains (Table 

4.1) among nine mammalian methyltransferase sequences comprising five distinct 
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enzymes. These motifs, while similar to those defined by Kagan and Clarke (122), are less 

stringent, likely due to the smaller database investigated. It was apparent, however, that 

while an overall conservation of sequence among these motifs could be described, there 

remained a great amount of variability between the investigated species. This prevented the 

use of these motif sequences in attempting to predict a putative arsenic methyltransferase 

from the ORFs available from the genomic sequencing projects at the time the present 

investigation began. However, proteins identified as potential candidates for the arsenic 

methyltransferase could be searched against each of these motifs in an effort to identify a 

possible novel methyltransferase functionality. 

Table 4.1 Patative S-adenosylmethionine binding motifs conserved among 
small molecule methyltransferase. 
Motif Consensus sequence' Reference 

Motif 1 (V,I,L)(L.V)(D,E)(I,V)G(G,C)G(T,P)G 122 

Motif la LD(V,L)GXGXG 123 

Motif II (P,G)(Q,T)(F.Yw\)DA(I,V,Y)(F,I)(C,V,L) 122 

Motif III LL(R,K)PGG(R,I,L)(L,I)(L,F,I,V)(I,L) 122 

Motif Ilia LRPGGXL 123 

' Amino acid residues presented in parentheses represent the first, second, third or fourth 
most common residue at that position. 

While despite an almost complete lack of amino acid sequence identity among 

known methyltransferases, these enzymes share a highly conserved tertiary core structure 

referred to as a SAM-dependent methyltransferase fold (124). The core structure is 

characterized by a central seven-stranded p-sheet, in which strand 7 is anti-parallel to the 

other six strands and is inserted into the sheet between strands 5 and 6. This structure 

presents as a doubly-wound open a/p/a sandwich (124). The fold is believed to be a 

critical component of SAM binding and may represent a means with which to characterized 

novel methyltransferases, such as the arsenic methyltransferase. 
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As molecular approaches for identifying the arsenic methyltransferase protein were 

hindered by lack of conserved secondary sequence homology among known mammalian 

small molecule methyltransferases, a biochemical purification was initiated (Chapter 

Three). The protein purification scheme produced a heterogeneous protein mixture (Figure 

3.7) that demonstrated 19,000-fold purified arsenite methyltransferase activity (Table 3.1). 

This chapter describes the amino acid sequencing approaches and conformational studies 

used to identify those proteins present in a heterogeneous protein mixture in an effort to 

identify the protein with arsenic methyltransferase activity. 
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EXPERIMENTAL PROCEDURES 

Chemicals 

Ammonium bicarbonate was purchased from Mallinckrodt (Paris, KY), glutathione 

peroxidase from bovine erythrocytes and L-glutamine synthetase from E. coli were from 

Sigma and epoxide hydrolase from Rhodococcus rhodochrous was from Fluka 

(Milwaukee, WI). All other reagents were supplied by the analytical core facility which 

performed the respective analytical procedures. 

Edman Degradation Amino Acid Sequencing 

A complex protein mixture having arsenite methyltransferase activity was eluted 

from a reactive red-120 dye agarose essentially as described in Chapter Three. An aliquot 

of this mixture was buffer-exchanged to 2% (v/v) acetonitrile/ddH,0 using a Centricon 

YM-10 (10 kDa molecular weight cut-off) centrifugal filtration device. Samples were 

submitted to the Laboratory for Protein Sequencing and Analyses (LPSA) of the Arizona 

Research Laboratory's Division of Biotechnology for amino acid analysis and Edman 

degradation sequencing. Native proteins were separated on a Michrom Magic 2002 HPLC 

system (Michrom BioResources, Inc., Auburn, CA) equipped with a Vydac (Hesperia CA) 

1.0 mm X 150 mm C4 reverse phase micro-bore column and eluted using a 5 to 95% 

acetonitrile gradient over 35 min at a flow rate of 50 fiUmin. Protein peaks were manually 

collected and amino acid analyses were performed using an ABI 420A/H amino acid 

analyzer. The proteins were hydrolyzed using 6N HCl at 155°C for 75 min, then 

derivatized with phenylisothiocyanate to form phenylthiocarbamyl amino acid derivatives 

which were extracted and transferred to an on-line HPLC for analysis at 254 nm. 

Two protein peaks were selected for amino acid sequence analysis by Edman 

degradation, which was performed on an Applied Biosystem Model 477A Protein/Peptide 

sequencer (Foster City, CA) interfaced with a model 120A HPLC analyzer to determine 

phenylthiohydantoin-derivatized amino acids (125). 



82 

LCIMS" 

Reactive red-120 column fractions, which demonstrated maximal arsenite and 

MMA^ methyltransferase specific activity, were prepared for LC/MS" mass spectrometry 

analysis using two approaches. Fraction aliquots were submitted as either complex protein 

solutions or GelCode Blue-stained, excised SDS-PAGE gel bands to the Analytical Core 

facility of The University of Arizona Southwest Environmental Health Sciences Center for 

protein sequencing and identification. In preliminary experiments, red-120 fraction 

aliquots were concentrated and buffer-exchanged to 0.2 M ammonium bicarbonate (pH 

8.0) using Microcon YM-30 centrifugal filtration devices. These samples contained a 

heterogeneous mixture of soluble proteins as determined by SDS-PAGE. Alternatively, in 

later experiments, red-120 fraction aliquots were concentrated as above and electrophoresed 

on 10% Tris-HCl Bio-Rad Ready Gels as described in Chapter Three. Following GelCode 

Blue staining and photodocumentation, protein bands were excised from the gel and 

submitted for sequence analysis. FYoteolytic digests, peptide extracdon and LC/MS" 

analyses were performed by Analytical Core personnel. 

Proteins, either as complex solution mixtures or individually excised gel bands, 

were enzymadcally digested using either trypsin or chymotrypsin (126). Oigested proteins 

were analyzed by liquid chromatography-tandem mass spectrometry (LC/MS°) using a 

Finnegan LCQ Classic ion trap mass spectrometer equipped with a Fmnegan MAT Spectra 

System quaternary pump P4000 HPLC and a Fmnegan electrospray ion source 

(Thermoquest, San Jose, CA). Peptides were eluted from a reversed-phase C,g micro

column (Vydac 1.0 mm x 250 mm) with a gradient of 3 to 95% acetonitrile in 0.5% formic 

acid, 0.01% trifluoroacetic acid over 150 min at a flow rate of 15 ;/l/min. Tandem MS 

spectra of peptides were analyzed with the TurboSEQUEST software package (v. 27; 

Thermoquest) to assign peptide sequences to the spectra (127). For a given peptide, a 

complete ion series is not usually observed. The TurboSEQUEST algorithm performs 
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spectral ion assignments using only a-, b- and y-series ions. Fragment ions of the a- and 

b-series retain the proton charge on the N-terminai peptide fragment, while those of the y-

series retain the charge on the carboxy-terminal fragment (Figure 4.1). Sequence analyses 

were performed against the non-redundant OWL database, a composite of SWISS-PROT 

(128), PIR (129) and nucleotide database translations. Protein assignments made by 

TurboSEQUEST were verified by theoretical digestion of peptides using the MS-Product 

utility program of the ProteinProspector protein sequence analysis suite (v. 3.4.1, 

University of California San Francisco; prospector.ucsf.edu) and manual inspection of the 

MS* spectra. 
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Figure 4.1 Fragmentation pattern of a generic peptide. Collision induced dissociation 
spectra often demonstrate dominant fragmentation at amide bonds, producing b- and y-
series ions. 

MALDI-TOF 

Complex protein mixtures of reactive red-120 dye agarose column fractions which 

demonstrated maximal arsenite and MMA^ methyltransferase activity were submitted to The 

University of Arizona Department of Chemistry mass spectrometry facility for matrix-

assisted laser desorption/ionization (MALDI) time of flight (TOF) mass spectrometry 

analysis. Fraction aliquots were concentrated and desalted to ddH^O using Microcon YM-

30 centrifugal filtration devices. The protein mixtures were analyzed using a Bruker Reflex 
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III MALX)I-TOF instrument (Billerica, MA) equipped with a conventional nitrogen laser. 

The sample matrix was a-cyano-4-hydroxycinnamic acid. The mass accuracy of this 

instrument in linear operation mode was presumed to be better than ± 0.01% in the 15,000 

to 100,000 m/z range. 

Peptide Mass Fingerprinting and PSD Analysis 

Aliquots of SDS-PAGE gel band trypsin digests prepared for LC/MS" mass 

spectrometry analysis were submitted to The University of Arizona Department of 

Qiemistry mass spectrometry facility for MALDI-TOF reflectron mass spectrometry 

analysis. Samples were prepared for analysis by concentrating and solvent-exchanging the 

peptides to 50% acetonitrile, 0.1% trifluoroacetic acid in ddH^O using C,8 ZipTips 

(Millipore). Samples were applied to the MALDI target matrix as described above. The 

resolution of the Bruker Reflex III MALDI-TOF instrument was in the range of 9,000 to 

11,000 in reflectron mode. Bradykinin and ACTH 18-39 were used for internal calibration 

and mass accuracy was assumed to be better than ± 20 ppm in the 500 to 3,000 m/z range. 

Peptide masses from individual tryptic protein band digests were entered into the MASCOT 

(Matrix Science, London, UK; www.matrixscience.com) web-based application for 

peptide mass fingerprinting analysis. 

To obtain amino acid sequence information from peptide fragmentation patterns, 

post-source decay (PSD) analyses were carried out on selected protonated peptides. 

Fragment ions were entered into the MS-Tag utility program of the ProteinProspector 

protein sequence analysis suite (v. 3.4.1) and searched against the NCBI non-redundant 

database for corresponding amino acid sequence identification. Species search was 

constrained to mammals. Peptide masses were confirmed by theoretically digesting the 

identified protein(s) using the MS-Digest utility program of the ProteinProspector suite and 

comparing theoretical peptide ions against those measured in the MALDI-TOF reflectron 

mass spectrometry analyses. 

http://www.matrixscience.com
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Methyltransferase Motif Identification 

Candidates, identified by LCYMS" mass spectrometry or peptide mass fingerprinting 

analyses, for the arsenite and MMA^ methyitransferase protein were analyzed for the 

presence of three common sequence motifs, conserved among diverse small molecule S-

adenosylmethionine methyl transferases, using the Find Patterns component of the GCG* 

Wisconsin Package™ (v. 10.2) (Genetics Computer Group, Madison, WI). The Fmd 

Patterns search algorithm identifies sequences that contain short, user-specified patterns. 

The searchable pattern is defined ambiguously and mismatches are allowed, however, 

sequence gaps are not permitted. Each candidate protein amino acid sequence was retrieved 

from the NCBI protein database (www.ncbi.nlm.nih.gov), converted sequentially from 

FASTA to GCG format and searched for the three previously defined (122, 123) conserved 

motifs (Table 4.1). 

Similarly, each identified protein or homolog in the final purified arsenic 

methyitransferase fraction was searched for the presence of common methyitransferase 

domains using the InterPro (Integrated Resource of Protein Domains and Functional Sites, 

V. 3.2; www.ebi.ac.uk/interpro) web application (130). This program unites the efforts of 

the PROSITE (v. 16.37), PRINTS (v.30.0), Pfam (v.6.2) and ProDom (2001.1) database 

projects into an integrated documentation resource for protein families, domains and sites. 

Amino acid sequences of candidate proteins were searched against SWISS-PROT and 

TrEMBL protein databases. 

Arsenite Methyitransferase Activity of Identified Proteins 

Rabbit liver proteins or protein homologs which were identified by LC/MS" mass 

spectrometry, peptide mass fingerprinting or PSD analysis in the final purified arsenic 

methyitransferase fraction were obtained commercially, where available, and analyzed for 

arsenite methyitransferase activity. Glutathione peroxidase from bovine erythrocytes, 

epoxide hydrolase (1.25 U per assay) from Rhodococcus rhodochrous and L-glutamine 

http://www.ncbi.nlm.nih.gov
http://www.ebi.ac.uk/interpro
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synthetase (3.25 U per assay) from E. coli were each substituted into the standard arsenite 

methyitransferase assay as the enzyme source. Reaction mixture incubation and extraction 

was performed as previously described. 



87 

RESULTS 

Edman Degradation Amino Acid Sequencing 

A partially purified protein mixture having arsenite methyltransferase activity was 

further purified by C4 reverse phase HPLC. MALDI-TOF analysis indicated that the 

mixture was composed of approximately seven native proteins (Figure 4.2) Two proteins 

were predominant in this mixture, the smallest at 23.3 kDa and the largest at 56.4 kDa, and 

were subject to amino acid sequencing by Edman degradation. Amino acid analysis of the 

proteins central to these two peaks demonstrated insufficient material to perform amino acid 

sequencing of these proteins. Three cycles of Edman degradation were performed on the 

23.3 kDa protein. The first cycle demonstrated multiple peaks, with methionine being 

identified as the largest at approximately 50 pmol. Additional cycles failed to identify 

subsequent amino acids. Seven cycles of Edman degradation were performed on the 56.4 

kDa protein. Several large peaks (estimated at 5-15 pmol) were resultant from the first 

cycle. The amino terminus residue of this protein appeared to be blocked and could not be 

identified. The subsequent six cycles provided no additional sequence information. 

100 

E 

25 30 3S 0 20 5 10 15 
Time (min) 

Figare 4.2 HPLC separation of native proteins in a reactive red-120 column fraction. 
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LCIMS" 

Protein identification in a complex protein mixture having arsenic methyltransferase 

activity was performed using LC/MS" mass spectrometry and the TurboSEQUEST protein 

identification software. Partially purified protein fractions of preliminary experiments 

indicated that the 76.6 kDa rabbit liver transferrin precursor protein (NCBI, gi: 418696) 

was a significant contaminant of the protein mixture (Figure 4.3). It was necessary to 

remove the transferrin protein in subsequent purifications to improve the MS signal 

strength of peptides from less abundant proteins also present in the sample mixture. 

Addition of tiie phenyl sepharose HP hydrophobic interaction chromatography step into the 

purification scheme resulted in significant removal of this highly abundant protein from 

subsequent purified protein samples (Figure 3.7). A second predominant contaminant 

protein, the 47.7 kDa rabbit homolog to human S-adenosylhomocysteine hydrolase 

(NCBI, gi: 178277), was similarly separated from the final active protein mixture by the 

phenylsepharose column, though not as completely as was the transferrin precursor 

protein. Tentatively identified candidate proteins for the arsenic methyltransferase in the 

reactive red-120 complex protein mixture tryptic digests are presented in Table 4.2. 

Protein identification of individually excised SDS-PAGE GelCode Blue-stained 

bands was also performed using LC/MS" mass spectrometry, following proteolytic 

digestion by either trypsin or chymotrypsin. Two prominent protein bands were present in 

the 19,000-fold purified arsenite methyltransferase red-120 fraction and were considered 

the primary candidates for identification as the arsenic methyltransferase protein (Figure 

3.7). The smaller protein was determined to have a molecular mass of approximately 31-

32 kDa under reduced SDS-PAGE conditions. Two peptides, ALALDESQYGVR and 

LALPHLR, were identified using LC/MS" in the tryptic digest of this protein band. Figures 

4.4, 4.5 and 4.6 demonstrate the LC/MS" identification of the peptide ALALDESQYGVR. 

These peptides mapped to a single protein, the short-chain dehydrogenase/reductase 
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Figure 4.3. SDS-PAGE analysis of partially purified arsenic methyltransferase prior 
to inclusion of the phenylsepharose HP HIC column into the purification scheme for 
removal of the transferrin contaminant protein which obscured weaker signals during 
LC/MS" mass spectrometry analysis. 3 /<g total protein were electrophoresed on a 
10% Tris-HCl BioRad Ready gel and silver stained. 
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Arrow indicates peptide peak identifled as ALALDESQYGVR. 
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superfamily member retSDR3 (Table 4.3). LC/MS" analysis of the chymotrypsin digest 

failed to confirm this protein identification. The larger candidate protein had an apparent 

molecular mass of 55-57 kDa, based on SDS-PAGE. Neither trypsin nor chymotrypsin 

digest of this protein band produced peptide fragmentation spectra that could be identified 

using LC/MS" mass spectrometry and TurboSEQUEST analysis. Less abundant proteins 

identified by LC/MS" mass spectrometry in a similarly purified fraction are presented in 

Table 4.3 and Figure 4.7. 

MALDI-TOF 

Reactive red-120 dye agarose fractions which contained a complex mixture of 

proteins were analyzed using MALDI-TOF mass spectrometry for accurate mass analysis 

of the native proteins present in this mixture. Protein masses measured in the complex 

mixture could then be compared against proteins identified using LCVMS" as well as SDS-

PAGE protein separation patterns for confirmational purposes. A representative MALDI-

TOF spectrum and its corresponding SDS-PAGE gel are presented in Figure 4.8 and 

tentative protein assignments are indicated. 

Peptide Mass Fingerprinting and PSD Analysis 

Peptide digests of SDS-PAGE excised proteins which failed to be identified using 

LC/MS" mass spectrometry or warranted additional confirmation of protein identification 

were analyzed by MALDI-TOF reflectron mass spectrometry. Accurate peptide masses 

were obtained from the tryptic digestion products and peptide mass fingerprinting was 

performed using the MASCOT web-based program. 

Proteins tentatively identified as epoxide hydrolase, "unidentified protein" and 

retSDR3 from the SDS-PAGE of Figure 4.7 and presented in Table 4.3 were analyzed. 

Peptide mass fingerprinting failed to confirm the identification of an epoxide hydrolase. 

Six monoisotopic peptide ions, 568.1886 m/z, 855.1353 m/z, 920.4563 mJz, 935.4182 

m/z, 1052.4691 m/z and 1202.6276 m/z from the tryptic digest of the LC/MS" 
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Tabic 4.2. Rabbit liver protein homologs identified in heterogeneous mixture from reactive red-120 dye agarose column by LC/MS°. 

Protein NCBl accession it Species 

Monomer Calculated' 

Mass (kPa) £l Structure Function 

glycogen branching enzyme 544388 human 80.4 

cytosolic epoxide hydrolase 10197684 human 62.7 

cytosolic epoxide hydrolase 477003 rat 62.3 

argininosuccinate lyase 28878 human 51.8 

argininosuccinate lyase 114160 rat 51.5 

glutamine synthetase 1169932 pig 42.0 

glutamine synthetase 228136 rat 40.4 

arylsuirotransferdsc 5381332 rabbit 33.8 

retSDR3 7416995 bovine 28.4 

glutathione peroxidase 1070451 bovine 22.6 
glutathione peroxidase 90021 rabbit 21.8 

5.87 

6.02 

5.86 

6.29 

5.99 

6.28 
6.38 

8.62 

6.19 

monomer 

homodimer 

homodimer 

homotetramer 

homotetramer 

homooctomer 

homooctomer 

homodimer 

unknown 

6.73 homotetramer 
6.73 homotetramer 

glycogen biosynthesis 

epoxide metabolism 

epoxide metabolism 

arginine biosynthesis 

arginine biosynthesis 

nitrogen metabolism 

nitrogen metabolism 

sulfate conjugation 

unknown 

anti-oxidant 
anti-oxidant 

• pi values calculated with the ExPASy Compute pl/MW tool (ca.cxpasy.org/tools/pi_tool.html) 
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"unidentified protein" matched those of the rabbit sarcolemmai associated protein-1 (NCBI 

gi; 11935051) with a significant MOWSE probability score of 77 (scores greater than 65 

are significant at p<0.05). 

The retSDR3 protein was theoretically trypsin digested using the MS-Digest utility 

program of the ProteinProspector suite. The 17 theoretical peptide masses were compared 

against those measured using MALDI-TOF reflectron mass spectrometry (Figure 4.9a). 

Two of these peptide ions, 819.5191 m/z and 1321.6560 m/z, were identified and further 

fragmented using PSD analysis for sequence confirmation of the corresponding peptides 

(Figure 4.9b). The fragmentation pattern from the 819.5191 m/z ion identified the peptide 

sequence as LALPHLR, while the fragmentation pattern of the 1321.6560 m/z ion matched 

the peptide sequence ALALDESQYGVR. Both of these peptide sequences confirm those 

determined in the LC/MS° analysis of this protein. 

Methyltransferase Motif Identification 

Rabbit liver proteins or their corresponding homologs identified in the final 19,000-

fold purified red-120 fraction by LC/MS" and peptide mass fingerprinting techniques 

(Tables 4.2 and 4.3), were searched for the presence of putative S-adenosylmethionine 

binding motifs conserved among small molecule methyltransferases. The identified 

proteins were searched for the sequences presented in Table 4.1 using the Find Patterns 

component of the GCG* Wisconsin Package™. None of the three putative S-

adenosylmethionine-dependent methyltransferase motifs were identified in any of the 

candidate arsenic methylti^sferase proteins. The amino acid sequences from each of the 

candidate proteins were also searched for signature methyltransferase domains using the 

InterPro web-based application. InterPro did not identify hidden methyltransferase 

domains in any of the candidate proteins. 



Table 4.3. Rabbit liver protein homologs identified by LC/MS" from excised SDS-PAGE bands of reactive red-120 active fraction. 

Protein 
Monomer Calculated' 

NCBl accession # Species Mass (kPa) gl Structure Function 

putative protein 12836171 

glycogen branching enzyme 544388 

cytosolic epoxide hydrolase 10197684 

argininosuccinatc lyase 114159 

glutamine synthetase 228136 

relSDR3 7416995 

glutathione peroxidase 121667 

mouse 

human 

rat 

human 

rat 

cow 

rabbit 

97.2 

80.4 

62.7 

51.8 

40.4 

28.4 

21.8 

7.69 unknown unknown 

5.87 monomer glycogen synthesis 

6.02 homodimer epoxide metabolism 

6.29 homotetramer arginine biosynthesis 

6.38 homooctomer nitrogen metabolism 

unknown 6.19 

6.73 homotetramer 

unknown 

anti-oxidant 

' pi values calculated with the ExPASy Compute pI/MW tool (ca.expasy.org/tools/pi_tool.html) 
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Arsenite Methyltransferase Activity of Identified Proteins 

Protein homologs of glutathione peroxidase from bovine erythrocytes, epoxide 

hydrolase from Rhodococcus rhodochrous, and L-glutamine synthetase from E. coll were 

identified in the final purified fraction of the arsenic methyltransferase protein by LC/MS" 

mass spectrometry (Table 4.3). These three enzymes were obtained from commercial 

sources and analyzed for arsenite methyltransferase activity by individually substituting 

each into the standard arsenite methyltransferase assay. Arsenite methyltransferase activity 

was not detected in the assays containing glutathione peroxidase, epoxide hydrolase or 

glutamine synthetase. Other identified proteins could not be obtained commercially for 

analysis. 
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DISCUSSION 

Arsenic biotransformation is suggested to proceed through a series of enzyme-

mediated oxidative methylation steps, each being preceded by chemical, enzymatic or 

combination thereof, reduction of the pentavalent arsenical to its trivalent form (Figure 1.1) 

(27,45, 131). However, there is a significant void in our understanding of what proteins 

are involved and the mechanisms by which they perform these enzymatic activities. When 

many, but certainly not all, animals, including humans, are challenged with inorganic 

arsenic exposure, MMA^, MMA", DMA^, DMA" and TMA arsenic species have been 

detected in variety of biological fluids. Answers to where and how these species are 

formed in the body remain elusive. Of equal concern is why are these inorganic arsenic 

metabolites not produced by some animals species. Recently, an enzymatic activity that 

reduces MMA^ to MMA" in humans has been reported to be performed by the glutathione 

S-transferase family member GST-omega (54). Tliis discovery might then suggest that 

other proteins involved in arsenic biotransformation also share diverse functionality with a 

variety of known endogenous catalytic activities and substrates. Identifying the other 

protein(s) involved in arsenic biotransformation and their potential endogenous functions is 

therefore paramount to understanding arsenic toxicity and carcinogenicity. 

With the proliferation of information available from nucleotide, EST and protein 

databases, protein identification using the traditional protein purification and amino acid 

sequencing strategy, while still utilized, is no longer the norm. Rather, modem 

computational bioinformatics, genetic screening and molecular cloning technologies have 

combined to identify novel proteins far more rapidly that could be achieved using traditional 

approaches. However, this method is heavily contingent upon sequence conservation 

among protein family members as an initial point from which to develop probes, be they 

biological or chemical, to screen databases and tissue libraries for novel family members. 
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Mammalian S-adenosylmethionine-dependent small molecule methyltransferases, as 

a family, act upon a diversity of substrates and share a number of important defining 

characteristics. These proteins have similar protomer molecular masses in the range of 25 

to 35 kDa, and while they more often than not occur as monomers (e.g., catechol O-

methyltransferase), a homodimer (i.e., acetylserotonin methyltransferase) and 

homotetramer have been identified (i.e., glycine methyltransferase). Small molecule 

methyltransferases have 4 to 6 cysteine residues per monomer, and a common feature of 

this family appears to be the presence of vicinal thiols in a catalytically important area of the 

enzyme (123). This may well prove important in identifying the arsenic methyltransferase 

protein, as trivalent arsenicals, the putative methylation substrates, have strong affinity 

towards vicinal thiols (132-134). Arsenic interaction with the vicinal thiol moiety of the 

methyltransferase may then represent a potential mechanism by which the arsenic substrate 

is positioned to accept the transfer of the methyl group from an activated SAM molecule 

bound nearby. 

The kinetic mechanism of these enzymes generally appears to be that the enzyme 

catalyzes the direct transfer of the activated methyl group from SAM to the nucleophilic 

acceptor molecule, such as the nitrogen, carbon, oxygen or sulfur atoms of nucleic acids, 

proteins and some small molecules, both of which are bound at the active site (123). 

However, ping-pong mechanisms, in which the methyl group is first transferred to the 

enzyme then subsequently to the acceptor molecule, have been described (135). Because 

these enzymes bind SAM in the absence of other ligands, it is predicted that they have 

similar tertiary structures as well as similar primary structures at the SAM binding sites 

(123, 136). Multiple alignment analyses failed to identify significant sequence homologies 

among methyltransferases (122, 123). However, conserved regions were identified that 

occur in the same linear order along the primary protein structure and are separated by 

comparable distances among proteins among proteins that bind SAM (122, 123, 136). 
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These conserved regions have been suggested to represent putative SAM or S-

adenosyihomocysteine (SAH) binding domains (Table 4.1) and may represent a means 

which to identify novel methyltransferase family members (122, 123, 136). Certainly, the 

SAM-dependent methyltransferase fold defmes the tertiary structural similarity among 

methyltransferases (124). 

One could predict that these conserved SAM binding motifs might then be used to 

screen nucleotide, EST and protein databases for novel methyltransferase proteins or 

functionality. Unfortunately, while the described putative SAM binding motifs 

demonstrated sequence conservation, it was not strong and there existed a great amount of 

variability within each motif between and among the biological species investigated. It was 

therefore decided that identification of the arsenic methyltransferase protein using the 

traditional biochemical purification and amino acid sequencing would be the more prudent 

approach. 

Presently, arsenite and MMA^ methyltransferase activities have been purified from 

rabbit liver 19,000- and 630-fold. While this final fraction remained a heterogeneous 

protein mixture, modem proteomic sequencing and protein identification technologies were 

utilized to identify the individual proteins, such that each might be considered and 

investigated for its ability to demonstrate arsenic methyltransferase activity. When 

presented with the identification of an unknown protein, traditional amino acid sequence 

analysis using Edman degradation generally requires micrograms of highly purified (> 

95%) protein for significant sequence coverage and can be hindered by blocked N-termini. 

However, modem mass spectrometry approaches are capable of identifying proteins in 

heterogeneous mixtures at picogram quantities or less as the technologies continue to 

rapidly advance (137). 

Protein identification in the final purified arsenic methyltransferase fraction was 

performed using Edman degradation, LC/MS" and MALDI-TOF mass spectrometry 
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approaches. Amino acid sequencing of the complex protein mixture by Edman degradation 

was attempted following HPLC separation of the individual proteins. It was inmiediately 

apparent that insufficient protein material was available in the majority of the individual 

protein fractions to successfully detennine amino acid structure of these proteins. Edman 

sequencing of one of the proteins of sufficient quantity was unsuccessful as it appeared to 

be N-terminally blocked. This amino acid sequencing approach was abandoned for those 

of the more sensitive mass spectrometry techniques. 

Tandem mass spectrometry (IX/MS°) was performed on both solution digests of 

the final complex protein mixture as well as protein bands excised for SDS-PAGE gels of 

this complex mixture. Tr>'psin, which cleaves on the carboxy-terminal side of arginine and 

lysine residues, and chymotrypsin, which cleaves on the carboxy-terminal side of 

phenylalanine, tyrosine, tryptophan and leucine residues were used to enzymatically digest 

the proteins. Proteins, generally non-rabbit homologs, were identified from both sample 

sources (Tables 4.2 and 4.3). 

Acceptance of protein identification by LC/MS" depended on several parameters. 

Several of the proteins identified using LC/MS" and the TurboSEQUEST program were 

based on fragmentation spectra from three or fewer peptides and required manual 

verification. The TurboSEQUEST algorithm calculates a cross correlation score (X„^) for 

each identified peptide against the predicted fragmentation spectra for the respective peptide 

from a non-redundant protein database (127). For singly charged peptides, spectra with a 

Xco„ score z 1.5 were retained. For multiply charged peptides, spectra with a score 

were 2 2 retained. 

The reactive red-120 dye agarose purification step was downstream of the Rotofor 

isoelectric focusing procedure. Proteins identified in the final red-120 fractions were 

therefore expected to have either a reported or calculated pi of approximately 5.7 to 6.0. 

Molecular masses of the identified proteins were also considered for acceptance of 
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identification. The complex protein mixture solution was analyzed by MALDI-TOF mass 

spectrometry for accurate mass analysis (138). The masses of proteins identified in the 

protein mixture using LCTMS" were compared against the native protein masses measured 

by MALDI-TOF. In most instances, protein assignments could be made to MALDI-TOF 

spectra ions (Figure 4.8). Similarly, the complex protein mixture was analyzed by SDS-

PAGE and gel band assignments were attempted from LC/MS" identified proteins based on 

their protomer composition (Figure 4.7). 

LC/MS" mass spectrometry of excised SDS-PAGE protein bands proved a more 

straight forward and reliable approach to protein identification (Figure 4.7). Gel band 

protein identification assignments matched well with those from the complex protein 

mixture analyses. Enzymatic digests of excised protein bands were performed using either 

trypsin or chymotrypsin in attempt to complement protein identification. In repeat analyses 

of duplicate samples, in-gel digestion using trypsin demonstrated greater consistency than 

chymotrypsin in producing peptides that could be identified by their MS/MS fragmentation 

spectra. It was not apparent as to why the peptides resultant from chymotrypsin digest 

uniformly failed to provide usable fragmentation spectra and further investigation of this 

peculiarity was beyond the scope of the present study's goal. 

In those instances where LC/MS" failed to satisfactorily identify excised SDS-

PAGE protein bands, or duplicate chymotrypsin digests did not confirm identification, the 

tryptic digest was analyzed using MALDI-TOF reflectron mass spectrometry and protein 

identification was attempted by peptide mass fingerprinting. A previously unidentified 

protein (Figure 4.7) was identified as rabbit sarcolemma associated protein I by peptide 

mass fingerprinting. While the MASCOT program calculated a significant MOWSE score 

for this identification, it remained suspect, as sarcolemma associated protein 1 is a 

membrane associated protein found predominantly in the cardiac and skeletal muscle, not 

the liver (139). Peptide mass fingerprinting failed to confirm the LC/MS° identification of 
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the epoxide hydrolase and retSDR3 proteins (Figure 4.7). However, when select 

protonated peptides were subjected to post-source decay analysis, retSDR3 was confirmed 

(Figure 4.9). 

retSDR3 was originally cloned from bovine retina and belongs to the short-chain 

dehydrogenase/reductase superfamily composed of some 1,100 proteins that are related by 

approximately 25 to 35% amino acid sequence homology (140). Short-chain 

dehydrogenase/reductases are ubiquitously expressed NAD- or NADP-dependent enzymes 

that catalyze the oxidation/reduction of a wide range of substrates including retinoids and 

steroids. The substrate(s) of retSDR3 is not known (140). The rabbit liver homolog of 

retSDR3 or perhaps a closely related protein containing the identical two peptide matches 

that allowed identification of retSDR3, was demonstrated as one of two most likely 

candidates for the arsenic methyltransferase protein based on SDS-PAGE analysis (Figure 

3.7). As previously described, methyltransferases contain 4 to 6 cysteine residues, 

generally with at least two in a vicinal arrangement. retSDR3 contains five cysteine 

residues (140). However, the crystal structure of this enzyme is not available, so whether 

any of these cysteines could present in a vicinal arrangement is not known. 

retSDR3 belongs to the superfamily of enzymes that utilize NAD or NAD? as 

cofactors in oxidation/reduction reactions. Proteins that bind NAD and NADP are 

structurally characterized by a tertiary conformation called a Rossman fold (141). The 

Rossman fold contains a continous six-stranded parallel p-sheet that is remaricably similar 

in structure to the SAM-dependent methyltransferase fold (124). retSDR3 contains this 

Rossman fold (140). As Rossman fold proteins and SAM-dependent methyltransferase 

fold proteins are clearly related to one another (124), retSDRS or its rabbit liver homolog is 

an attractive candidate for the arsenic methyltransferase. Unfortunately, retSDR3 could not 

be obtained either commercially or through the original investigators for the determination 

of arsenic methyltransferase activity. 
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Where available, homologs of the proteins identified in the purified arsenic 

methyltransferase fraction were obtained commercially and analyzed for arsenite 

methyltransferase activity. These enzymes included glutathione peroxidase from bovine 

erythrocytes, epoxide hydrolase from Rhodococcus rhodochrous, and L-glutamine 

synthetase from E. coli. Arsenite methyltransferase activity was not detected using any of 

these enzymes in the standard arsenite methyltransferase assay. The lack of measurable 

arsenite methyltransferase activity in these enzyme preparations cannot preclude the 

possibility that the rabbit liver homolog could retain this catalytic activity. 

Each identified protein, independent of species assignment, was searched against 

the previously described putative SAM binding motifs as well as a defined domain database 

(Table 4.1). None of the three motifs, or defined substituted variants thereof, were located 

in any of the proteins identified in the purified arsenic methyltransferase red-120 fraction. 

When mismatch stringencies were decreased to allow two or more mismatches, motif 

patterns la and llla were found in nearly every protein. This is likely because they initially 

allowed two and one ambiguous residues, respectively, and would therefore require a 

match of only four amino acids. One or more of these motifs have been identified in 

proteins that do not have methyltransferase functionality but bind SAM or SAH, such as S-

adenosylmethionine decarboxylase and S-adenosylhomocysteine hydrolase, and proteins of 

known methyltransferase functionality, especially among bacteria, have also been 

demonstrated to lack all of the motifs (122). While the absence of these motifs does not 

eliminate the potential for novel methyltransferase functionality among any of the proteins 

identified in the purified arsenic methyltransferase fraction, it suggested that 

misidentification of one or more of the proteins may have occurred, the arsenic 

methyltransferase was not among those proteins identified, or that methylation of arsenic 

proceeds by a mechanism not requiring the presence of these motifs. 
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Perhaps the most significant factor that prevented identification and confirmation of 

the proteins in the 19,000-fold purified arsenic methyltransferase red-120 fraction was that 

the rabbit is a poorly represented species in the protein databases (Table 4.4). The majority 

of the proteins identified by the various mass spectrometry and computational approaches 

were presumably homologs of yet to be described rabbit liver proteins (Table 4.2 and 4.3). 

As protein identifications in this study were made based on one or more peptides, generally 

representing less than 10 to 15 percent amino acid sequence coverage for the protein, the 

potential for misidentification due to species variability increases. As analysis of human 

liver biopsies has failed to demonstrate arsenic methyltransferase activity, it may be prudent 

in future studies to utilize mouse liver as the enzyme tissue source to increase the potential 

for accurate protein identification. LC/MS" identification of proteins is completely 

dependent on the protein of interest having been previously sequenced, either present in a 

protein or translated nucleotide database, such that correlation between sample and 

theoretical ion spectra can be performed. This approach obviously fails when the protein is 

of novel sequence. That the arsenic methyltransferase protein is of novel sequence cannot 

presently be excluded. 
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Table 4.4 Speciation of proteins in the SWISS-PROT* and TrEMBL*" protein databases. 

Homo sapiens SWISS-PROT 7,198 (7.26)' Homo sapiens 
TrEMBL 26,347 (5.59) 

Mus musculus SWISS-PROT 4,616 (4.65) 
TrEMBL 16,663 (3.53) 

Rattus norvegicus SWISS-PROT 3,033 (3.06) 
TrEMBL 4,375 (0.93) 

Oryctolagus cuniculus SWISS-PROT 664 (0.67) Oryctolagus cuniculus 
TrEMBL 628(0.13) 

* The SWISS-PROT database (v.39.23) contained 99,134 total protein entries on 11 July 
2001 

" The TiEMBL database (v. 17.3) contained 471,191 total protein entries on 06 July 2001. 
Values in parentheses represent percent of total entries for the respective protein database. 
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CONCLUSIONS 

A complex mixture of proteins which demonstrated 19,000-fold purified arsenite 

methyltransferase activity were identified using tandem and MALDI-TOF mass 

spectrometry approaches. Putative S-adenosylmethionine, the methyl donor cofactor in the 

arsenic methyltransferase reactions, binding motifs were not located in the primary amino 

acid sequence of any of the identified proteins. Commercially available homologs of three 

of the identified proteins, including glutathione peroxidase from bovine erythrocytes, 

epoxide hydrolase from Rhodococcus rhodochrous, and L-glutamine synthetase from E. 

coli , were assayed for arsenite methyltransferase activity. None was detected. Other 

identified proteins were not available. At present, it camiot be determined (i) whether any 

of the proteins which could not be obtained represent the arsenic methyltransferase, (ii) that 

the arsenic methyltransferase was not among those proteins identified or (iii) that a novel 

protein, unidentified by the mass spectrometry sequencing approaches utilized is the arsenic 

methyltransferase. It will require molecular cloning and expression studies of each of the 

identified protein homologs from a rabbit liver cDNA library to either verify or refute that 

any of these proteins represent the arsenic methyltransferase purified 19,000-fold from 

rabbit liver. 



I l l  

Chapter Five 

Characterization of Rabbit Liver Arsenite and MMA^ Methyitransferase 
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INTRODUCTION 

The purification of an enzyme is usually only the starting point for a more thorough 

investigative study of the protein of interest. In the case of an enzyme, a significantly 

purified protein represents the optimal source with which to study kinetic mechanisms of 

substrates, products and inhibitors, perform x-ray crystallography, nuclear magnetic 

resonance, circular dichroism or other structure-based investigations, produce antibodies 

for immunohistochemical analyses and a multitude of other studies, all to better characterize 

the protein of interest. 

The methylation of inorganic arsenic has generally been assumed to be mediated 

through the activity of a protein with methyltransferase functionality (45). There exists 

much evidence to support this hypothesis. However, arsenic methylation has been 

demonstrated to occur, in vitro, in the complete absence of any enzyme (142). In the 

presence of methylcobalamin (methyl-vitamin B,,) as the methyl group donor, glutathione 

and the dithiol therapeutic agent sodium 23-dimercapto-l-propane sulfonate (DMPS), 

Zakharyan and Aposhian (142) demonstrated non-enzymatic methylation of arsenite to 

MMA and DMA products. That all of these components, with DMPS perhaps being 

analogous to a protein dithiol, are present in the liver, suggests that non-enzymatic arsenic 

methylation cannot be excluded as a possible in vivo mechanism. 

In vitro methylation of inorganic has been demonstrated to be inhibited by a number 

of specific (e.g., methyltransferase inhibitors such as periodate-oxidized adenosine) and 

non-specific acting agents (e.g., inorganic ions) (Table 5.1). It is difficult to postulate at to 

the mechanism of inhibition of most of these compounds as the studies were performed 

using crude liver cytosol preparations. However, in most instances the second methylation 

step, that which produces DMA, seemed to be more sensitive to the inhibitory actions of 

these compounds. This suggested that there are two different enzymatic activities involved 

in the production of methylated arsenicals or perhaps, that the enzyme substrates or 
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essential co-factors themselves are directly or indirectly altered by the presence of these 

inhibitors. Additionally, these observations fail to demonstrate whether there exists a 

single or multiple catalytic sites or whether a single protein or several, perhaps existing as 

an enzyme complex, that are responsible for the different methylation activities. The co-

purification of arsenite and MMA methyltransferase activities strongly suggests a single 

protein (47, 51), although its quaternary structure has yet to be determined. 

Table 5.1 Inhibitors of in vitro arsenic methylation. 

Inhibitor (concentration) Inhibitory effect Reference 

Radical Scavengers 
Na diethyldithiocarbamate (I mM) 
trichloroacetonitrile (0.1 %) 

Inorganic Ions 
Se (50 pM) 
Hg^^(0.1 mM) 

Chelating Agents 
BAL(150/<M) 
DMPS (150/<M) 

Methiltransferase Inhibitors 
SAH d.8 mM) 
PAD(1.8mM) 
pyrogallol (1.8 mM) 
pyrogallol (1 mM) 
trichlcromethiazide (1.8 mM) 

Substrate as an Inhibitor 
inorganic arsenic (10 //M) 

i MMA i DMA 66 
complete inhibition 66 

complete inhibition 66 
i DMA 66 
i MMA 143 

i DMA 143 

1 DMA 143 
i DMA 143 

i MMA i DMA 143 
i MMA i DMA 143 
i MMA i DMA 143 
i MMA i DMA 66 
i DMA 143 

i DMA 50 
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Similarly, in vivo mcxlulation of arsenic methylation has been demonstrated using a 

number of specific and non-specifically acting compounds (Table 5.2). 

Table 5.2. Modulators of in vivo arsenic methylation. 

Modulator (dose) Species Inhibitory effect Reference 

Arsenical 
arsenite (5 mg/kg; i.p.) rat none 29 

Endogenous thiols 
phorone (0.25 mg/kg; i.p.) 
BHT(0.8g/kg;p.o.) 

rat 
rat 

i MMA i DMA 
none 

29 
29 

Exogenous thiols 
GSH (100 mg/kg; p.o.) rat none 29 

Co-factors 
SAM (200 mg/kg; p.o.) rat none 29 

Dietary factors 
methionine deficient 
choline deficient 
protein deficient 

rabbit 
rabbit 
rabbit 

i DMA 
T MMA i DMA 
i MMA i DMA 

41 
41 
41 

Other effectors 
PAD (^y^mol/kg; i.p.) 
PAD (100 /imol/kg; i.p.) 
foscaraet (500 /<mol/kg; i.v.) 
entacapone (30 mg/kg; i.p.) 
CCI4 (0.1 ml/kg; i.v.) 

rat 
rabbit, mice 
rat 
rat 
rat 

i MMA i DMA 
i DMA 
j MMA 
none 
i DMA 

144 
49 
144 
144 
29 

These studies demonstrated several important findings. First, S-adenosyl-L-

methionine is the methyl group donor in the arsenic methylation reaction. Depletion of S-

adenosyl-L-methionine by periodate-oxidized adenosine (PAD) significantly decreased the 

concentrations of methylarsenicals in the urines of treated animals. Secondly, it appears 

that a reducing environment is critical for arsenic methylation in vivo. While exogenous 

supplementation of GSH or in vivo induction by butylated hydroxytoluene (BHT) did not 

significantly alter methylarsenic urinary percentages, GSH depletion by phorone pre-

treatment in rats resulted in the decreased formation of both MMA and DMA. 
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Phosphorous, arsenic and antimony are Group Va elements. Arsenic and antimony 

resemble phosphorous in much of their chemical behavior, such as their formation of halide 

and oxy compounds (145). The oxidation number of these elements may range from -3 to 

+5, depending on the nature and number of atoms to which it is bound. Their similar 

chemistries would suggest that biological processes that involve one of these elements 

would, therefore, likely be affected by the presence of the others. Pentavalent arsenic 

oxyanions, such as arsenate, have been shown to interfere with phosphate-dependent 

biological processes because it structure presents as a phosphate analog (18, 146, 147). 

This is believed to be a significant mechanism of inorganic arsenic cytotoxicity (148). 

There is also evidence slowly beginning to appear that arsenic and antimony, because of 

their chemical similarities, influence the toxicity of each other in co-contaminant exposures. 

Arsenic and antimony are both methylated in the environment. While biological 

arsenic methylation has been well documented (45), antimony biomethylation, especially 

mammalian, has been scarcely investigated. Recently, however, antimony biomethylation 

has been characterized in the filamentous fungus Scopulariopsis brevicaulis (149-152). 

Evidence from these fungal studies supports the mechanism proposed by Challenger (153) 

that arsenic and antimony biomethylation may proceed through the same mechanism (152). 

In most studies of arsenic and antimony biomethylation, these two metalloids are 

studied independently, though they often co-exist in the environment. Cultures of 

Scopulariopsis brevicaulis grown in the presence of both inorganic antimony and arsenic 

demonstrated the interactions of these elements (154). While concomitant arsenite 

exposure increased the production of trimethylantimony compounds by the fungus, the 

yield of trimethylarsenic species was significantly inhibited in a dose-dependent manner by 

the presence of antimony, with trivalent antimony species more effectively inhibiting 

arsenite methylation than pentavalent antimony forms. While a model to explain this 

interesting phenomena was not presented, it was determined that in this biological system. 
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that the ratio of antimony to arsenic, rather than absolute amount of antimony, was 

responsible for the inhibitory effect of antimony on arsenite biomethylation (154). Again, 

because of their coexistence in the environment, efforts to better understand the interactions 

between these two elements, especially among envirorunentally-exposed human 

populations, must be undertaken to determine their influence upon each other's toxicity as 

well as the possible role of antimony in modulating arsenic carcinogenicity. 

This chapter describes efforts undertaken to characterize the arsenic 

methyltransferase protein. This included investigation of the methyltransferase enzyme 

SAM cofactor product, S-adenosyl-L-homocysteine, and the SAM analog, sinefungin for 

their ability to inhibit SAM-dependent arsenite methylation. Antimony was studied to 

determine if it influenced arsenite methylation in a partially purified enzyme preparation. 

Finally, gel filtration chromatography was performed to determine the approximate 

molecular mass of the native arsenic methyltransferase protein. 
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EXPERIMENTAL PROCEDURES 

Chemicals 

Trizmabase, S-adenosyl-L-homocysteine, sinefungin, potassium antimony tartrate, 

potassium hexahydroxyantimonate, L(+) tartaric acid, and the low weight marker kit were 

purchased from Sigma. 

Methyltransferase Inhibition 

Antimony, as potassium antimony tartrate (Sb") or potassium 

hexahydroxyantimonate (Sb^), the SAM analog sinefungin or S-adenosyl-L-homocysteine 

were included (0.1 to 1000 ;<M) in the standard arsenite methyltransferase assay to 

determine any inhibitory effect on arsenite methylation. The arsenite methyltransferase 

enzyme source was a partially purified DEAE fraction that had been pooled and 

concentrated (~1.6 pmol/mg protein per hour specific activity). Individual assays contained 

48 fig total protein from this partially purified enzyme pool. Reaction mixture incubations 

and methylated arsenic product extractions were performed as described in Chapter Two. 

Inhibition curves were plotted and IC50 values calculated using GraphPad Prism* 

(Macintosh v. 3.0, GraphPad Software, San Diego, CA). 

Molecular Mass Determination 

Sephacryl S-100 HR gel filtration media (Amersham Pharmacia Biotech) was 

degassed under vacuum and packed into a Bio-Rad Econo column (1.5 cm i.d. x 50 cm) to 

a height of 49 cm i~S8 ml total media volume) and equilibrated at 4''C with approximately 1 

L of 30 mM Tris-HQ (pH 7.6)/50 mM NaCl at a flow rate of 45 ml/hr. A 1.5 cm flow 

column adaptor (Bio-Rad) was inserted into the head of the column to ensure uniform 

sample application onto the column. The column was calibrated for molecular mass 

determination using the following low molecular mass protein standards: blue dextran (6 to 

7 mg), MW > 2 000 kDa; bovine serum albumin (5 mg), MW 66 kDa; ovalbumin (6 mg), 

MW 43 kDa; carbonic anhydrase (5 mg), MW 29 kDa; chymotrypsinogen A (6 mg), MW 
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25 kDa; and cytochrome C (2.5 mg), MW 12.4 kDa. All protein molecular mass standards 

were prepared in a total volume of 2.0 ml equilibration buffer, gravity loaded and eluted at 

30 ml/hr using a Pharmacia P-500 dual piston pump. Huent was monitored using a Bio-

Rad Econo UV absorbance monitor. Fractions (0.25 ml) were assayed for protein 

concentration using the Bio-Rad protein assay. Blue dextran fractions were quantitated 

spectrophotometrically at 628 nm. 

The arsenite methyltransferase sample consisted of an aliquot of pooled and 

concentrated active fractions that had been chromatographed successively on DEAE 

Sepharose FF and butylsepharose 4FF hydrophobic interaction chromatography columns. 

Arsenite methyltransferase specific activity of the pool was 0.667 pmol/mg protein per hr. 

Two ml of the butylsepharose pool (~0.6 mg total protein) was gravity loaded onto the 

Sephacryl S-100 column. Elution and eluent absorbance monitoring were performed as 

described for the molecular mass calibration standards. Fractions (0.5 ml) were assayed 

for arsenite methyltransferase activity and protein concentration. 
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RESULTS 

Methyltransferase Inhibition 

The methyltransferase inhibitors, S-adenosyl-L-homocysteine and the S-adenosyl-

methionine analog, sinefungin, inhibited arsenite methyltransferase activity at nearly 

identical concentrations (Figure 5.1). IC50 values for these two inhibitors were calculated 

at 0.89 fiM and 0.86 fiM, respectively. 

Potassium antimony tartrate (Sb®) inhibited arsenite methyltransferase activity by 

50% at a concentration of 1.04 /<M (Figure 5.2). To ensure that the antimony, rather than 

the tartrate counter ion was responsible for inhibition, L(+) tartaric acid was also analyzed 

for any inhibitory action against arsenite methyltransferase activity. L(+) tartaric acid did 

not significantly inhibit arsenite methyltransferase activity at concentrations up to 100 

(Figure 5.2). Neither potassium antimony tartrate nor L(+) tartaric acid significantly altered 

the pH of the reaction mixtures. Potassium hexahydroxyantimonate (Sb^) demonstrated an 

IC50 value of approximately 1.7 mM in the arsenite methyltransferase assay (Figure 5.2). 

Molecular Mass Determination 

A Sephacryl S-100 HR gel filtration column was prepared to determine the 

molecular mass of the protein that demonstrated arsenite methyltransferase activity. A five 

point calibration curve was created using bovine serum albumin, ovalbumin, carbonic 

anhydrase, chymotrypsinogen A and cytochrome C as molecular mass standards. 

Individual protein behavior on this column was related to the total column volume (V,) and 

the column void volume (Vg) by the expression K,, = (V^ - Vo)/(Vi - V^), where is the 

elution volume of the protein molecule being considered. K,, is a coefficient which defines 

the proportion of pores that can be occupied by the molecule of interest. This value is 

therefore independent of column size and depends only on the protein behavior and the 

nature of the gel beads. The coefficient of determination (r^) for the molecular mass 

calibration curve was 0.95. 
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The K„ value determined for the protein demonstrating arsenite methyltransferase 

activity was 0.170 (Figure 5.3). This corresponded to a protein moleciile having an 

approximate molecular mass of 46.5 kDa, assuming a Stoke's radius of one. 
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Figure 5.1. Inhibition of arsenite methyltransferase activity by 
S-adenosyl-L-homocysteine and sinefungin 
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Figure 53. Molecular mass analysis of the native arsenic methyltransferase 
protein by Sephacryl S-lOO HR gel filtration chromatography. 
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DISCUSSION 

Inorganic arsenic methylation is affected by numerous parameters (Tables 5.1 and 

5.2). These effector vary from subject health (64, 65), nutritional status (41), concomitant 

exposure to other toxicants (29) to the concentration of the inorganic arsenic substrate itself 

(78). It is clear that arsenic biotransformation is complicated and must be understood at its 

simplest level before results can be extrapolated to more complex systems. 

While many reports of factors influencing arsenic biomethylation derived their 

results using crude liver cytosol preparations (50, 66, 109, 143), the present study utilized 

a more purified preparation of the enzyme fraction with arsenite methyltransferase activity. 

Inhibition of arsenite methyltransferase activity was investigated using two specific 

inhibitors of S-adenosylmethionine-dependent methyltransferases, S-adenosyl-L-

homocysteine, the demethylated SAM reaction product, and the natural product SAM 

analog, sinefungin. Both of these compounds inhibited arsenite methylation and 

demonstrated nearly identical ICj^ values (Figure 5.1). This suggested that they inhibited 

arsenite methylation by the same mechanism. Mechanisms have been proposed for 

inhibition of methyltransferases by SAH, as well as structural analogs of SAM and SAH, 

and these resemble strongly mechanisms described for SAM binding (155). It appears that 

of critical importance are the structure's terminal amino group, the sulfur atom, the 6-amino 

group of the adenine ring and the terminal carboxyl group. These moieties likely interact 

specifically with residues in the enzyme's binding site. While multiple alignment analyses 

have demonstrated the conservation of putative SAM/SAH-binding motifs (122, 123), site-

directed mutagenesis studies and crystal structure analyses of many more methyltransferase 

will be necessary to define these binding sites and the critical amino acid residues within 

them (136, 156). 

There exists chemical and toxicological similarities between arsenic and antimony. 

However, in the few co-exposure studies reported, the results have generally been 
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unpredictable as to how these two elements may interact, though in most instances, 

antimony seems to attenuate arsenic toxicity. Chromosome mutagenicity induced by As® , 

as assessed by micronucleus tests using V79 cells, was significantly suppressed by 

trivaient antimony (157). In sister chromatid exchange tests using human lymphocytes, the 

combined effect of arsenic and antimony was less than predicted from their individual 

genotoxicities (158). Also, human tumor cells that were resistant to arsenic were cross-

resistant to antimony (159). These studies suggest similarities mu.st exist for how 

biological systems have evolved to handle arsenic and antimony exposures. Whether these 

similarities and interactions cross-over to mechanisms of carcinogenicity remain unclear 

and warrant further investigation. 

Arsenic biomethylation has been demonstrated to be influenced by co-exposure to 

antimony in fungi (154), but this effect has not been investigated in any mammalian 

system. In the fungal system, trivaient antimony (Sb®), but not pentavalent (Sb''), 

signiflcantly inhibited the production of methylated arsenic species. Similarly, Sb'", but not 

Sb^, was shown to significantly inhibit arsenite methylation using a partially purified rabbit 

liver enzyme preparation (Figure 5.2). The ICjo for the potassium antimony tartrate was 

1.04 ;^M, which is nearly 20-fold lower than the reaction mixture substrate (i.e., arsenite) 

concentration and suggests greater specificity of the inhibitor towards the enzyme than of 

the substrate. Pentavalent antimony, at concentrations up to 1.0 mM, did not significantly 

affect arsenite methylation (Figure 5.2). While the necessary studies to determine the 

mechanism by which Sb'" inhibited arsenite methylation were not performed, the possibility 

that Sb'" itself is being biomethylated by the same enzyme cannot be discounted, and 

certainly demands investigation. This is clearly a significant finding since arsenic and 

antimony occur together environmentally, such that concomitant human exposures are 

predicted. As the scientific debate continues as to whether arsenic methylation is a 

detoxification or bioactivation process, the simultaneous exposure to other toxicants and 
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their ability to influence arsenic methylation must be considered when attempting to define 

toxicity and carcinogenicity mechanisms and pathways. 

The molecular mass of partially purified rabbit liver arsenite methyltransferase was 

estimated to be 46.5 kDa as determined using gel filtration chromatography (Figure 5.3). 

Zakharyan et al (47) had previously reported a mass of 60 kDa for this rabbit liver protein, 

however, this value was derived using only a three-point calibration of a Sephadex G-200 

column. Partially purified hamster liver arsenite methyltransferase activity was reported to 

correspond to a protein having a molecular mass of 46 kDa (51). Other mammalian S-

adenosylmethionine-dependent small molecule methyltransferases such as nicotinamide 

methyltransferase, histamine methyltransferase and norepinephrine methyltransferase are 

reported to have protomer molecular massed of 25 to 35 kDa (123). This suggests that the 

arsenite and MMA^ methyltransferase enzyme may be composed of two or more subunits. 
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CONCLUSIONS 

That arsenite is methylated by an enzyme having methyltransferase catalytic activity 

rather than prcx:eeding through a non-enzyme mediated pathway was demonstrated by the 

inhibition of arsenite methylation in a partially purified enzyme preparation using the 

known methyltransferase inhibitors S-adenosyl-L-homocysteine and the S-adenosyl-L-

methionine natural product analog, sinefungin. Both methyltransferase inhibitors had 

nearly identical ICjo values, 0.89 ;<M and 0.86 /^M, respectively, in an enzyme preparation 

having 1.6 pmol/mg protein per hour arsenite methyltransferase activity, which suggested 

an identical mechanism of inhibition by these compounds. 

Phosphorous, arsenic and antimony are all Group Va elements.. As the pentavalent 

oxyanion arsenate has been demonstrated to interfere in biological systems by acting as a 

phosphate analog, so too, was the chemical similarity of antimony predicted to interfere 

with arsenic methylation. Trivalent antimony, as potassium antimony tartrate, inhibited 

arsenite methylation 50% at 1.04 /^M. Pentavalent antimony, as potassium 

hexahydroxyantimonate, had an ICjo of approximately 1.07 mM. Whether the trivalent 

antimony acted as a competitive or non-competitive inhibitor was not determined. Further, 

that the arsenite methyltransferase may also function to biomethylate trivalent antimony 

cannot be discounted. 

The molecular mass of the protein molecule having arsenite methyltransferase 

activity was 46.5 kDa, as estimated using Sephacryl S-100 HR gel filtration 

chromatography. This value, in comparison the protomer molecular masses of other 

known small molecule methyltransferases, suggested that the arsenic methyltransferase 

protein may be composed of two or more subunits. 
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APPENDIX A 

List of Abbreviations 

As"' arsenite 
As'' arsenate 
Asi inorganic arsenic 
BHT butylated hydroxytoluene 
CID collision-induced dissociation 
ddH,0 distilled, deionized I-LO 
DMA dimethylarsenic 
DMA'" dimethylarsinous acid 
DMA"* dimethylarsinic acid 
DMPS sodium 2,3-dimercapto-l-propane sulfonate 
DTT dithiothreitol 
EST expressed sequence tag 
GSH glutathione 
['H|-SAM [methyl-'H]-adenosyl-L-methionine 
HlC hydrophobic interaction chromatography 
i.d. internal diameter 
MALDI-TOF matrix-assisted laser desorption/ionization time of flight MS 
MMA methylarsenic 
MMA'" methylarsonous acid 
MMA^ methylarsonic acid 
MOPS 3-[N-morpholino|-propanesulfonic acid 
MPL maximum permissible limit 
MS mass spectrometry 
NCBI National Center for Biotechnology Information 
ORF open reading frame 
PAD periodate-oxidized adenosine 
PAGE polyacrylamide gel electrophoresis 
pi isoelectric point 
PSD post-source decay 
SAH s-adenosylhomocysteine 
SAM s-adenosyl-L-methionine 
SDS sodium dodecy I sulfate 
TMA trimethylarsenic 
TMAO trimethylarsine oxide 
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