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AB5TRAcr

In searching Cor geoetically-programmed responses to II'IeIIÏc OxyaDiOD exposure

in plasmid-free bacterial strains, an arsenate-inducable &dtuichkl coli cbromoIomal

operon was identified using a Mud 1 (IDe Ap~ transposable bacteriopbase. The operon is

induced by ceUular exposure to arsenic and antimony oxyaDions. The operon contains

three cistrons that are homologous to the arsR, arsB, and one genes ofplumid-bome an

opero~ coding for an arsenitelantimoni.inducible repressor, an inner membrane anaüte

transporter, and an arsenate reduetase, respectivcly. The E. coli cbromosomal an operon

is fimctiona1 in protection 19ainst arsenic toxicity, U mutants of tbis operon are

hypersensitive to arsenic. To elucidate regulation ofars operon expression, two luciCerue

transeriptional sene fusions, arsR::llI%ÂB and arsB::ha.4B. were construeted and

analysed. The E. coli chromosomal ars operon wu demonstrated to he regulated by the

trans-acting repressor, ArsR, in a ll18DIleI' similar to tbat of the plasmid R.773 an operon.

The operon is transenDed as a single transcription unit, and regulated by arsenic mainIy,

though not exclusively, at the mRNA level. The individual sene products of the operon

were viSilalized in both in vivo and in vitro expression systems. The cbromosomal Ql'S

operon is oonserved in the chromosomes ofa number ofGram-negative bacterial species.

To monitor the toxicity and bioavailability of arsenic çompound$, the potential of

the E. coli arsB::lurAB fusion strain as a bacterial biosensor bas been evaluated. This

luciferase gene fusion strain was shown to selectively detect the presenœ of anenic in •

mixed wood preservative, cbromated copper arsenate (CCA).

To fiJrther elucidate the evolutionary relationsbip of cbromosomal ars operons

between different bacterial species, a PseI/domOllQS .,."ginosa PAO1 chromosomal Ql'S

operon homolog was cloned and found to confer resistanee 10 arsenite and antimonite, and

to a lesser extent, to arsenate, in an E. coli ars- mutant strain. Three cistrons were

identified that sbare homology with the arsR, arsB, and arsC genes of other known Ql'S

operons. Expression of the P. aeruginosa ars operon is induced by anenite u shawn by

RNA dot blots. Homologous sequenœs of this operon bave also been detected in otber

strains and species ofthe genus Pseudomonas.
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RÉSUMÉ

La recherche de réponses génétiques à l'arsenic chez des souches bactériennes

dépourvues de plasmides, • mené à l'identification d'un opéron chromosomique répondant

à les ions de arsenic chez Escherichkl coli. Cet opéron, qui • pu être identifié en utilisant

un bactériophage transposable Mudl (lac Ap~, est lCtivé par le contact de ceUules

bactériennes à des sels d'arsenic ou d'antimoine. n comprend trois cistrons homologues

aux gènes arsR, arsB, et ar~ des opérons ars de plasmides, et qui codent respectivement

un répresseur activé par l'arsénite ou l'antimonite, un transporteur pour l'arsénite dans la

membrane interne, et une enzyme réductriœ d'anéniate. Les E. coli mutants cie l'opéron

ars sont hypersensibles à l'arsenic, ce qui suggère un rôle fonctionnel de cet opéron dans

la protection contre la toxicité de l'arsenic.

Deux fusions de transcription avec la Iuciférase, arsR::haAB et arsB::IIlJCÂ1J, ont

été construites et analysées. n a été démontré que l'opéron chromosomique ars d'E. coli

est controlé par le répresseur ArsR agissant en Irans, similairement à l'opéron ars du

plasmide R773. Cet opéron est transcrit en un seul brin, et le contrôle de son expression

par l'arsenié se fait principalement, mais non exclusivement, au niveau de l'ARN

messager. Chacun des produits de l'opéron a pu être w à l'aide de systèmes d'expression

in vivo et in vitro. L'opéron ars est conservé chez les chromosomes de plusieurs espèces

de bactéries Gram-négatives.

Afin d'analyser la toxicité et la biodispomoilité de composés d'arsenic, la capacité

de la souche de fusion d'E. coli arsB::lurAB à fonctionner comme biosonde bactérienne a

été évaluée. n a été démontré que cette souche de fusion génique de luciférase peut

détecter la présence d'arsenic dans un composé de présenvation du bois, l'arsenate de

cuivre chromé (ACe). Dans le but d'élucider les liens évolutionnaires des opérons ars

chromosomiques chez diverses espéces bactériennes, un homologue chromosomique d'ars

chez Pseudomonas Dervgi1lOSD PAOI a été cloné. Cet homologue d'ars confère de la

résistance à l'arsénite et à l'antimonite et, à un moindre degré, à l'arséniate chez une

souche d'E. coli mutante (ars). Trois cistrons, qui présentent une homologie aux gènes

arsR arsB et orsC d'autres opérons ars, ont été identifiés. L'opéron ars de P.

aeruginosa est activé par l'arsénite au niveau de l'ARN messager. Des séquences

ü
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homologues à cet opéron ont aussi été détectées chez d~autres souches et espèces du

genre Pseudomonas.
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PREFACE TO THE TBESIS

In accordance with the guidelines conceming thesis preparation, and with the

approval ofthe Department ofMicrobiology and Immunology, 1 have opted to present the

experimental portion ofthis thesis (Chapters 2-S, inclusive) in the form oforiginal papers.

A provision in the guidelines conceming thesis preparation reads as foUows:

The candidate bas the option, subject to the approval of their department, of
including as part orthe tbesis, the text ofone or more papers submiUed or to he submitted
for publication, or the clearly-duplieated text ofone or more published papers. These texts
must he bound as an integral part of the thesïs.

...If this option is chosen, connecting texts that provide logical bridges between the
different papers are mandatory. The tbesis must he written in such a way that it is IDOre
than a mere collection ofmanuscripts; in other words, results ofa series ofpapen must he
integrated.

-The thesis must still conform to ail other requirements of the "Guidelines for Thesis
Preparation". The thesis must include: a Table of CoDt~ an abstract in English and
French, an introduction which clearly states the rationale and objectives of the study, a
review of the Iiterature, a final conclusion and Sllmmary, and a thorough bibliography or
reference liste

...Additional material must he provided where appropriate (e.g. in appendices) and in
sufficient detail to allow a clear and precise judgment to he made of the importance and
originality ofthe research reported in this thesis.

...In the case of manuscripts co-authored by the candidate and others, the candidate is
required to make an explicit statement in the tbesis as to who contributed to such work
and to what extent. Supervisors must attests to the accuracy of such statements at the
doctoral oral defense. Since the task of examiDers is made more difticult in these cases. It
is in the candidate's interest to make perfectly clear the responsibilities ofail the authors of
the co-authored papers.

With regard to these conditions, 1 bave included as cbapters of this thesis, four original

papers, of which two have been published, one is in press, and one is submitted for

publication. Cbapters 2 to S, inclusive, each contain an Abstraet, Introduction, Materials

and Methods, Results, and Discussion section. Chapters 3 to S contain prefaces that serve

as the connecting texts to bridge the manuscripts. A General Introduction (Chapter 1) and

a Summary (Chapter 6) have also been included, and references for ail chapters are
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coUected a1phabetically al the end of the thesis. A detailed Table of Contents, List of

Figures and Tables, and Abbreviations are incIuded at the heginning ofthe tbesis.

The manuscripts, in order oftheir appearance. in the tbesis are:

1) Diorio, C.• Cai, 1.• Marmor. 1., Sbinder. R., and DuBow, M.S. 1995. An EscMriclJjQ
coli cbromosomal an operon homolog is fimctional in ancniç dctoxifieation and is
conserved in Gram-neptive bacteria. J. Bacteriol. 177: 2050-2056.

2) Caï, J., and DuBow, MS., 1996. Expression of the Eschericltia coli chromosomal ars
operon. Can. 1. Microbiol. 42: 662-71.

3) Cai, J.• and DuBow, M.S., 1997. Use of a luminescent baderia1 biosensor for
biomonitoring and cbaracterization of arsenic toxicity of cbromated COPpel' anenate.
Biodegradation, in press.

4) Cai. 1., and DuBow, M.S. Identification and chancterization of. cbromosomal ars
operon homolog in Pseudomonas DenlginosQ. Submïtted to J. Baeteriol.

As bas been attested by the thesis supervisor (Dr. MS. DuBow). 1 wu responsable for ail

the research descnDed in Cbapters 2-S inclusively, with the foUowing exceptions:

1) Rowen Shinder isolated the arsB::lacZ gene tùsion strain. LF20001 (Cbapter 2).

2) loy Mannor mappecl the junction region between the Mudl left end and the adjacent

chromosomal sequence in the strain LF2000l, and construeted the plasmid pIS29 (Figure

1, Chapter 2) and the strain LF20018.

3) Joy Mannor and 1 equally contnbuted to the B-galactosidase assay in Figure 3, Chapter

2.

4) Caroline Diorio performed DNA sequencing and computer ana1ysis of the E. coli

chromosomal ars operon (Figure 2, Chapter 2). the majority of the Soutbem blotting

analysis (Figure S, Chapter 2), and mapping of the E. coli cbromosomal ars operon using

the Kohara hbrary.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

1. An E. coli chromosomal ars operon wu diJcovered by raadom transposition

mutagenesis using a Mudl (IDe Ap') transposable baderiophap.

2. 1 have c10ned the wild type E. coli cbromosomal an operon, whicb wu mapped to the

77.S min region in the E. coli genetic map.

3. Sequencing anaIysis sbowed tbat this operon contains tbree open reMing ftames, wbich

share homology with the arsR, arsB, and ar~ open radina hmes of plasmid-bued an

operons.

4. 1 have shown that the E. coli cbromosomal ars operon plays a protective rote .post
arsenic toxicity. Disruption of the codîng sequence resulted in decreased œil resistance to

arsenic salts, while increased copy number of the operon conferred increased resistanee to

arsenic salts.

S. Expression ofthe chromosomal arsB::IDcZ transcriptional sene fusion wu sbown to be

induced by arsenite (DI), arsenate (V), and antimonite (Ill), to whicb the operon canfers

resistance.

6. The operon wu shawn to be conserved in the chromosomes of many Gram-nepti.ve

baeterial species.

7. 1 have constructed two E. coli chromosomal transcriptional luclferase gene fusions,

arsB::luxAB and arsR::haAB, and 1 bave sbown that expression of the arsB::haAB gene

fusion was arsenic-inducible in a concentration-dePeDdent manner while expression of the

arsR: :/uxAB gene fusion was constitutive.

8. 1 have cloned the individual genes of the E. coli cbromosomal ars operon ioto an

expression vector, and visua1ized the gene produdS in both in vitro and in vWo expression

systems.

9. 1 have demonstrated tbat the E. coli chromosomal arsR gene produet fimctions as a

trans-acting repressor that negatively regulates the expression of the ars operon, and its

function CUl be replaced by the E. coli plasmid 11773 arsR geDe.

10. 1 have shown that the operon wu transcl'ibed as • single transcription unit of

approximately 2.1 kb in size under arsenite induction concIitions, and the full lengtb

transcript wu probably processed into two smaIIer mRNA specïes.
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Il. 1 have determined the traDscriptional initiation site of the E. coli.chromosomal ars

operon by primer extension analysis, loc:ated 27 nt upstream of the initiation codon of the

arsRgene.

12. 1 have shown tbat the E. coli chromosomal arsB::/wcAB gene fusion strain bas

potential as a living luminescent baeterial biosensor in monitoring bioavailable levels and

toxicity ofarsenic compounds ofenvironmental concem.

13. 1 have cloned an ars operon homolog ftom the genomic DNA of PseudomOllDS

aeruginosa strain PAO1.

14. 1 bave sequenc:ed the P. œruginosa cbromosomal an operon, and identified tbree

open reading frames that sbare significant homology with the ARR, ArsB and ArsC

proteins encoded by other known ars operons.

15. 1 have demonstrated that the P. aeruginosa chromosomal ars operon is fimetional in

protecting œlls trom arseniclantimony toxicity.

16. 1 have shown that expression ofthe P. aeruginosa cbromosomal an operon is induced

by arsenite at the mRNA level.

ix
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1.1 OCCURRENCE AND DISTRIBUTION OF ARSENIC

Arsenic is an abundant eJement in the environment, coming trom both oatural and

anthropogenic sources. It bas been estimated tbat there are 155,000 metric toDS ofarseaic

released worldwide into the envirooment eacb year, of which approximately 30010 is

derived ftom weathering of oatural materials and 7()OAt is released ftom antbropogenic

sources [Moore and Ramamoorthy, 1984]. Major oatural sources of arsenic include

volcanoes, geothennal wells, and weathering rocks [Vahter, 19868; Ferguson and Gavis.

1972]. These sources h"berate mostly inorganic compounds, such as arsenic trioxide,

arsenite, and arsenate [Tamaki and Frankenberg, 1992]. High levels ofarsenic are found in

mineraIs, where they ()ÇQJl' as arseDides of copper, I~· or gold, or as sulfide. Major

arsenic-containing sulfides are arsenopyrite (FeAsS), realgar (As.S.), and orpiment

(~S3) [Vahter, 1986a]. High levels ofarsenic are also present in some coals and ground

water. Over the past 100 years, many commerclally-produced arsenic compounds have

been debDeJ'ately added ta the biosphere. Anthropogenic sources of arsenic occur mainly

as a result of smelting or roasting of sulfide minerais, combustion of fossil fuels, leacbing

of exposed waste ftom mining aetivities and coal-fired power plants, and production and

use of arsenic biocides and wood preservatives [Vahter, 1986a; Cbïlvers and Peterson,

1987]. The level ofarsenic in the earth's c:rust is 1.5-2 mglkg (ppm), ranking twentieth in

crust abundance (WHO, 1981]. Various concentrations of arsenic are present in soils,

depending on the geographical characteristics, the type of soils, and the influence of

human aetivity. The average concentration of arsenic in sail, as measured in various

countries, ranges ftom 2 to 20 ppm [Huang. 1994]. High levels ofarsenic (severa! hundred

ppm) were found in soils overlying sulfide-ore deposits [IPeS, 1992]. Soils baving a high

clay or organic matter content tend to bind more arsenic than sandy soils (IPeS, 1992;

Huang, 1994]. Precipitation ftom the atmosphere accounts for another major source of

arsenic influx into soil. The total deposit of arsenic ftom the atmosphere ioto the $Oil is

estimated to he 63~600metric tons per year [Tamaki and Frankenberg, 1992].

Transportation of arsenic in the environment takes place mainly through water.

Speciation of arsenic in aquatic systems depends largely on redox potential and pH [For
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review, see Cullen and lleïmer, 1989]. Thermodynamical1y, As(V) should he the

predominant species in oxygenated wuer, whereas As(DI) becomes the predominant

species in reduced water [CuOen and Reïmer, 1989]. Methylated forms of arsenic, maiDly

monomethylarsonate (MMAA) and dimethylarsinate (DMAA), are fi'equently detected in

fteshwater and marine systems [Braman and Foreback, 1973; Anderson and Bruland,

1991J. Arsenic concentrations in seawaters range from 1.5 to S ~Wkg (Ppb), with an

average of 1.7 ppb [Sanders, 1980; Chilvers and Peterson, 1987]. However, the leve1s of

arsenic in fresh waters depend on the presence of nearby minerai sources, and can vary

dramatically. Most fresbwater systems bave arseaic conca.l' ations nmsing from 1.0 to 10

ppb [Sanders, 1980]. In aquatic environments, arsenic partitions preferential1y to

sediments, where arsenic is associated largely with iron and alllmim,m compounds

[Brannon and Patrick, 1987; CuOeo and lleïmer, 1989]. Arsenic speciation and potential

mobility in sediments is largely intluenced by environmental conditions, including the

variety ofligands present, pH, redox potential, 8Dd aerobicfanaerobic conditions [Brannon

and Patrick, 1987; Culleo and Reîmer, 1989; Aurifio et al., 1994].

Airbome arsenic results nom non-biological and biological volatiljzatioD. Non­

biological volavli zation processes include bath natura! events, such as volcanism, and

anthropogenic processes. Copper smelting and coal combustion account for 6QOAt of the

total anthropogenic sources, with nonferrous Metal production, agricultural uses and

buming accounting for the remainiog load. Biological volafiliation results mainly ftom

biotransformation reactiODS, wbich lead to aerobic and anaerobic releases of alkyl-arsenic

compounds iota the atmosphere [Johnson andB~ 1975; Cullen and Reïmer, 1989].

Approximately 15% of the total arsenic in ambient air is in the form of methylarsines

[Johnson and Braman, 1975]. The ratio of natural to antbropogenic sources of

atmospheric arsenic is estimated to be approximately 1.5 [Cuneo and Reïmer, 1989].

Concentrations of airbome arsenic are generally less than a few nanograms per cubic

meter, except when measurements are talcen ne8r points of emissions [CbiIvers and

Peterson, 1987; WHO, 1981].
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Various forms of arsenic bave been round in living matter. Marine orpnisms

contain large amounts of organic arsenicals, wbich are mostly water soluble methylated

forms (Benson, 1989; Cullen and Reimer~ 1989; Shiomi, 1994]. Arsenobetaine (AB), a

trimethylated arsenic compound, is the major form of arsenic in marine animais, whereas

algae comain mainly arseoosugars, whicb are climethyIated arsenie compounds. Small

amounts of arsenoc:boline (AC), trimethyIarsine (TMA), and trimethyIarsine oxide

(TMAO) have a1so been found in some marine organisms [Cullen and Reimer, 1989;

Shiomi, 1994]. An exception to the prevalence of organic arsenic species in marine

organisms is the brown alga, Hizikia fusiforme, in wbich approximately 6()It/it of total

arsenic is in the form ofinorganic arsenic (Shiomï, 1994]. High leve1s ofarsenic in marine

organisms result fi'om food chain 8CQ1D11Jlation. Arsenobetaine is bioacoJ11pJlated mainly

in the higher trophic levels ofaquatic food chains and is metabolical1y vecy stable [Vahter

et al.~ 1983]. Arsenocholine is likely to he the immediate metabolic precursor of

arsenobetaine, since arsenocholine atJministered to experimental fish as part of their diet

was rapidly and almost complete1y converted into arsenobetaine and retained in fish tissues

[Francesconi et al., 1989]. Food chain ~Jlnulation of arsenic compounds is also

observed in marine zooplankton and phytoplaDkton [Lindsay and Sanders, 1990; SIuData,

et al., 1996]. Zooplankton contained arsenobetaine as the dominant arsenic species,

whereas phytoplankton contained arsenic-œntaining nbofuranosides in a species-specifie

manner (Shibata et al., 1996]. The concentration of total arsenie in marine organisms is

very high compared to MOst terrestrial organisms (Shiomi, 1994]. Unicellular alpe were

able to accumulate arsenic at concentrations 3000 times bigher tban that of the

surrounding water [IPCS, 1992]. In addition to marine organisms, some terTeStrial specles

have aIso been round to contain high levels of arsenic. For example, severa! higher fimgi

have been reported to contain very high leve1s of organic forms, including MMAA,

DMAA, AB, as weil as toxie inorganic arsenate and arsenite (Stijve et al., 1990; Stijve,

1995; Stijve and Bourqui, 1991; Byme et al, 1995]. Furthermore, some arsenic­

aco1mulatïng species of.fimgi are able to convert poisonous inorganic arsenic into organic
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derivatives of considerably lower toxicity. The concentration of total arsenie in these

fimgal species ranges nom 0.9 to 2115 ppm dry weight [Byme et al, 1995; Stijve, 1995].

1.2 USES

Arsenie is probably the MOst popular element in buman bistory. 115 DOtoriOUS

reputation stems ftom its prominent use as a poison in bomicidal and suicidai events.

Arsenic is one of the ingredients in the famous warfare agent, Lewisite, developed during

World War 1. However, arsenic bas aIso long been used as a remedy and tonie.

Recognition ofthe many beneficial properties oftbis e1emeul bas led to the use ofarsenic

compounds in a wide vandy offields. Over the Iast two centuries, tbis clement bas made

major contnbutions ta science, medicine, and technology. For instance, Salvarsan 606

(arsphenamine) was the tirsl man-made antimicrobial chemotherapeutie agent. Synthesized

early this century by Paul Erlich, Salvarsan 606 enabled an unprecedented efticacy of

treatment for syphilis in humam. Nearly 40 years passed before il wu replac:ed by the

more efficient and less taxie antibiotic, peniciDin [DoaIc and Fre«dman , 1970]. Inorganie

trivalent arsenic (e.g. Fowlers solution, which contains 1% potassium arsenite) bas been

used for the treatment of leukemia, psoriasis, and~ and doses can be up to severa!

milligrams daily (Pershagen, 1986]. Although more patent and selective dmgs are now

available for treatment of most infections, aromatie arsenicals (e.g. Melarson oxide) and

drugs containing the related metal, antimony (e.g. Pentostam), are still used to treat sorne

protozoan infections caused by Trypanosome spp. (e.g. Afiican sleeping sickness) or

Leishmania spp. (e.g. espundia, kaIa azar).

In addition to its medical uses, arsenic compounds bave been employed in other

fields, ineluding industry, agriculture, and forestry. Agricultural arsenicals are mainly used

as biocides, sbeep dips, feed additives, and cotton desiccants. Arsenate and arsenite bave

been used largely as wood preservatives (e.g. ehromated copper arsenate) and debarIciDg

agents. Gallium arsenide (GaAs) and indium arsenide (InAs) bave becn employed in the

semicondudor industry. Industrial use of arsenicals aIso occurs in glass mannfacturing,

leather taDning, metal aIloy manufacturing, and many otber industries. Many arseniç
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compounds are DOW commercially avaüable for human use. The primary man-made arsenic

product is arsenic trioxid~ aIso known as white arsenic, wbich cao he used for the

production ofother arsenic compounds. Arsenic ttioxide is a by-produet in the smelting of

copper, lead, cobalt, and gold ores. It bas been estimated that world production ofarsenic,

as arsenic trioxide, is approximately 60,000 tODS pee year [lPCS, 1992; Azc:ue and Nriagu,

1994], about one tbird ofwbich is used for wood preservation [IPCS, 1992]. Although

arsenic is no longer used maiDIy with eviI intents, its prevalence and toxicity still make it

one ofthe top four e1ements of environmental concem (the other three are lead, merc:ury,

and cadmium).

1.3 lRJMAN EXPOSURE AND METABOUSM

Because arsenic is ubiquitous in the enviroDJDellt, buman exposure to arsenic is a

common ocaurence, and thus it is ofgreat concem to the public. The general population

is exposed to arsenic compounds predominantly through ingestion of arsenic-containing

food and drinking-water and, to a Jesser exten~ through inhalation. For example, seafood

is known to contain relatively bigh levels of organic arsenic. The amount of seafood

ingested greatly influences the daily intake ofarsenic by hllmans. Howev«, the majority of

arsenic present in seafood is found in less toxie, organic forms (IPeS, 1992], such as

arsenobetaine and arsenosugar. In huma"s. ingested arsenobetaiDe is rapidly ex:creted

through urine without metabolic changes, whereas ingested arsenosugars are thought to be

enzymatically degraded via microbial aetivity in the human body [Le et al., 1994].

Aconnulation of arsenic in tissues of poultry and swine, due to the use of some organic

arsenic compounds as feed additives, also contn"butes to human exposure through food

ingestion. In some regioDS ofthe world, ingestion ofarsenic-containing drinking-water is a

major source of exPC)sure. The standard for arsenic in drinlàng-water is SO lJg/I, as set by

the US Environmental Protection Agency (EPA), and 10 Jlgl1. as set by WHO (1993).

Although most major drinkiDg-water supplies contain levels of arsenic lower than S JlgII, a

significant portion of the population Iikely drink water containing arsenic exceeding these

standards. Particularly in some areas in Taiwan, Mexico, Chile, ArgentiDa, and India, bigh
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leve1s ofarsenic bave been fOUDd in drinking-water sources [for review, see WHO, 1981;

Cebrian et al., 1994]. For example, in southwest Taiwan, up to 671%149 Jlg of total

dissolved arsenic pee liter, on average, bave been found in ground waters, which bave been

used as drinking-water sources for a subpopulation of the inbabitants. The predominant

species of arsenic in these water sources WU As(DI), with an average As(Ill)IAs(V) ratio

of 2.6 [Chen et al, 1994]. These high concentrations ofarsemc in the daily water source

are thougbt to be the major cause of an endemic peripheral vascular disease, known as

blackfoot disease (BFD), among the local population [Tseng et al., 1968]. In Mexico, high

levels of inorgaDic arsenic, predomilUlDtly As(V), were found in weB waters in some rural

areas. Populations chronically exposed to arsenic through drinking these weil waters have

typical signs and symptoms ofarsenic poisoDing and an iDcreased incidence ofskin cancel'

[Cebrian et al., 1994]. In addition to ingestion of food or water containing high arsenic,

above-average levels of exposure can occur amang patients treated with arsenic­

containing medicine, such as Fowler's solution. Arsenic exposure througb. inhalation is

low, usually less tban 0.1 ll8 per clay in urban areas, among the seneral population.

However, marked1y elevated levels of arsenic exposure caB occur among worken in, and

residents nearby, copper and other Metal smelters, and among persons manufacturing or

using arsenic-containing pesticides and herbicides. In these populations, the daily intake of

arsenic through air may be as high as 20 J18 [WHO, 1981].

Acute toxicity of inorganic arsenic compounds for man is a source of potential

danger. Ingested doses of 50-300 mg of arsenic oxide bave been reported to be tàtal in

bumans [Chen and Lin, 1994]. Long term exposure to a daily oral intake above 200Jlg

mayalso cause significant toxic eft'ects [lPCS, 1992; Cebri8n et al., 1994]. Due to the

obvious toxicity of inorgaDic arsenicals, in viwJ metaboHsm of inorganic arsenic bas hem

studied extensive1y in mammals. The metabolic pathway bas beeo e1ucidated and cao be

divided tempora1ly into four stages: uptake, distributioo, biotraDsformation and

elimination. It is known that most ingested or iDhaIed arsenic is readily absorbed ftom

either the gastrointestinal or respiratory tract. where il rapidly enters the bloodstream and

is transported to a large number of tissues and organs [Hunter et al., 1942]. Arsenic
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compounds absorbed into the body undergo biocbemical transformation processes, mainIy

methylation and redudionloxidation reactioDS. In terms of methyfation, most mammals

methylate inorgaDic arsenic to less toxic organic metabolites, such as MMAA lDd DMAA.

Bath MMAA and DMAA may UDdergo tùrther methylatiOD, giving rise to dimethylated

and trimethylated compounds. AlI admjmstered arsenic com~ with or without

biotransfonnation, tend to be elimjnated in a relatively short period of tÎme. Methylated

arsenicals have been shown to he ex:aeted more rapidly than inorgaDic arsenic

compounds. The exaetion ofarsenic occurs mainly tbrougb urine [For review see Vahter

and Marafante, 1988}.

Based on the 8COIIDUJated information on arsenic metabolism, the leveis ofarsenic

in whole blood and urine are often ex:amined clinicaUy as biological indicators of human

exposure. In penons with no known source of exposure, the whole blood arsenic levels

are in the range of a few micrograms per liter, and the urine arsenic levels range fi'om 10

to 50 J.18/I. Wbile in subjects exposed to water containing high levels of arsenic, the wbole

blood arsenic cao reach concentrations as high as 50 JJsI1 (WHO, 1981]. Furthermore, the

urine arsenic levels in smelter worken exposed to inorganic arsenic may reach a few

hundred micrograms per liter (WHO, 1981]. Major species differences exist in mammals

with respect to arsenic methylation [Vahter, 1994]. For example, a significant amount of

MMAA is found ooly in human urine foUowmg exposure to inorgaDic arsenic (Vahter and

Marafante, 1988]. A typical pattern of arsenic speciation in human urine is 10 - 15%

inorganic arsenic, 10 - 15% MMAA, and 60 - 800A. DMAA [Le et al., 1994; Vahter,

1986b; Buchet et al., 1981a; b; Fao et al., 1984]. More efficient methyfation of inorganic

arsenic was found in rodents and dogs, and tbis methylation occurred mainIy to DMAA.

MMAA accounts for less than a few percent ofurinary arsenic. Excretion ofarsenic is aIso

faster in dogs and rodents than in bumans. [Vahter and Marafimte, 1988.; Vahter, 1994].

Marmoset monkeys [Vahter et al., 1982; Vabter and Marafante, 1985] and cbimpanzees

[Vahter et al., 1995b] are the only mammals reported DOt to he able to methyIate inorganic

arsenic due to the lack of methyltraDsferases tbat eata1yze the methyfation of inorganic

arsenic [Zakharyan et al., 1996]. As a resuIt, extensive tissue and blood relention of
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arsenic and a low rate of excretion bave been observed (Vabter and Marafante, 1985;

1988].

Recently, a unique pattern of inorganic arsenic metabo6sm wu observed in native

Andean women living in four ~ilIages in northem Argemina, wbere elevated levels of

arsenic weI'e fOUDd in drinking-water (2.S, 14, 31, and 200 J18II, respectively) and food (9­

427 J.18 AsIkg wet weight) [Vabter et al., 1995a]. Elevated arsenic conceDbatioDS, ranging

between 2.7 to 18 Jolg/l, were found in the blood of the subjects consnming the highest

arsenic concentration (200 J.18I'l) in drinking-water. The average concentrations of the sum

of inorganic As, MMAA and DMAA metabolites in the urine samples ranged ftom 14 to

256 J.18I'l, whereas the total urine arsenic concentrations were only s1ightly higher (18 to

258 J.18/l), indiQlting tbat inorganic arsenic wu the main form of As ingested. A striking

tinding wu the extremely low level ofMMAA (overall median 2.20/0, ranging 0-11%) in

the urine samples, suggesting tbat genetic polymorphism exists for the control of the

methyltransferase aetivity inVolved in arsenic methylation [Vahter et al, 1995a).

Moreover, a significantly higher percentage of urinary DMAA was found in the subjects

conSlIming water containing the bighest level of arsenic (200 J.L8 As/l), indieating an

induction ofDMAA formation by this high arsenic exposure [Vahter et al, 1995a).

Although total urine and whole blood arsenic levels are often used as biological

indieators of exposure, limitations exist for both of these measurements in evaluating the

extent of exposure. For example, the total urine and blood arsenic levels can be readily

affected by the intake of arsenic-containing food, UD1ess the subjects under study refiain

completely trom ingestion of seafood before their urine is sampled. To overcome the

interference from the seafood arsenic, selective methods bave been developed for

monitoring exposure to inorganic arsenic [Braman and Foreback, 1973; Braman et al,

1977; Norin and Vahter, 1981], as will be discussed later. Another limitation for the use of

whole blood arsenic concentration is its time-dependence, since arsenic in blood is rapidly

cleared foUowing exposure. Othee biochemical indieators and genetic markers, such as

changes in the ratio of coproporphyrin:uroporphyrin associated with urinary excretion

[Cebrian et al., 1994], the trequency of c:bromosomal abeuations and sister-ehromatid
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excbaDges [Conner et al., 1993; Cebri8n et al., 1994], and the leve1s of gene expression

and enzymatic aetivities [Craig et al., 1996], have been sought for monitoring arsenic

exposure and toxicity. These will be discussed in later sectiODS.

1.4 CHEMICAL PROPEllTIES

Arsenic is a member of the nitrogen group, situated between phospborus and

antimony in the periodic table, and thus classified as a traDsitional e1ement or metaJloid.

The transitional status ofarsenic between metals and Donmeta1s reflects the fact that it can

fonn alloys with metaIs, as weB as covalent bonds with carbon, suIfur, hydrogen, and

oxygen [MaIachowski, 1990]. Therefore, the chemistry ofarsenic is very complex. Arsenic

may exist as a ftee e1ement [As (0)], which is extremely rare in nature, or in various

combined inorganic or organic fonDS, in which arseaic appears mainly in tbree OxidatioD

states, +V, +UI, and -m [Tamaki and Frankenberger, 1992]. E1emental arsenic is a gray

crystalIine material with atomic number 33 and atomic weight 74_92, and is fonned by the

reduction ofarsenic oxides. Arsines and aIkyIarsines, which are cbaracteristic ofarsenic in

the -fi oxidatiOD state [As(-Ill)], are generally uustable in air. Arsenate [As(V)] and

arsenite [As(Ill)] are the prevalent forms of inorganic arsenic found in natural

environments. The toxicity ofarsenic compounds to living organisms varies with OxidatiOD

state, organometa1loidal fonD, dose, and duration of exposure. In general, arsine gas

(H~) is the most toxic fonn to mammals, foUowed in order of decreasing toxiCÏly by

inorganic trivalent arsenic compounds, organic trivalent arsenic compounds, inorganic

pentavalent arsenic compounds, organic pentavalent arsenic compounds, and fina1Iy,

elemental arsenic [MaIachowski, 1990; Gorby, 1994]. Some organic arsenic compounds

are not found to be toxic at any doses, such as arsenobetaine [Vahter et al., 1983], the

major fonn of arsenic compound in seafood. In biological systems, arsenicals are readily

converted between oxidation states and organometalIoidal fonDS, thus a1teriDg their

relative toxicity, and complieating the understanding of their intoxication and

detoxifieation mechanisms.
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1.5 TOXICITY AND BIOCHEMISTRY

Existing knowledge on the biological toxiàty of arsenicals 10 htunans is fàr &om

complete. Our current understanding of the mechaniSJM of arsenic toxiCÏty comes mainIy

trom the early wade on arsenic toxicity in animais, the development of orgmïc arsenical

drugs during the late 1800s and the early 19OOs, and fiom the work stimuIatecI during the

19405 by the need to find effective antidotes to arsenical warfare agents. These studies

revealed that the toxiCÏty of arsenic is primarily due to its ability 10 fonn covalent bonds

with suIfur and its simiJarity to phosphorus, an essential e1ement to living organisms [For

review, see Squibb and Fowler, 1983; MaIachowski, 1990; Tamaki and Frankenberger,

1992]. Trivalent arsenic is highly reactive with sulfhydryls in biological systems, resuIting

in the inhibition of critical sulfhydryl-containing enzymes. Many enzymes are susceptible

to deactivation by arsenic. In most cases, the enzyme aetivity CID be proteetecl or restored

by addition of excess amounts of monotbiols, such as glutatbio~ suggesting tbat

inhibition is due ta the interaction of arsenic with a single thiol group in the enzyme

molecule [Sqwôl? and Fowler, 1983]. An important exception to this finding is tbat

arsenite can inbibit the pyruvate dehydrogenase multi-enzyme complcx, whose ae:tivity

cannat be protected against arsenic toxicity by addition of ecœs5 DlOnotbiols. Further

studies found that inlubition ofpyruvate dehydrogenase activity is mediated by binding of

arsenic to a lipoic acid moiety, which bas a ditbiol group that can form a stable ring

structure with arsenite [Aposhian, 1989]. This tinding stinndated the search for dithiol

compounds that are able to antagonize the warfare agent, Lewisite, and led ta the

discovery of a 2',3'-dimercaptopropanol, also known as British anti...Lewisite (BAL),

which eventual1y became widely used as an antidote for arsenic poisoning. The interaction

between trivalent arsenic and tbiols also accounts for the et1icacy ofthe aromatic aneoical

drug, melarson oxide [p-(4,6...diamino-s...triazinyl...2-yl) aminophenyl arsenoxide], in the

treatment of Afiican sleeping sickness [Fairlamb et al, 1989; Cunningham et al., 1994].

The primary target for melarson oxide is tryp8notbioDey wbich is a dithiol of

trypanosomatids. Interaction of trivalent arsenic with trypanothione resuIts in the

formation of a stable adduet, which is a competitive inhibitor of the tlavoprotein
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trypanothione redu~ an enzyme that is essentiaI in regulating the thiolldisulfide redox

balance in the parasite and absent trom the hast [Fairlamb et al., 1989; Cunningham et al.,

1994]. A sirnilar meclmnism may also be responsible for the efficacy ofSalvarsan 606, the

aromatic trivalent arsenic compound used in the tteatment ofsyphilis.

On the other band, arsenate (H3As04), the inorganie pentavalent foml, is an

analogue of phosphate and is taken up via phosphate transport systems by most

organisms. ArseDate interferes with phosphate metabolism by competition and substitution

for phosphate, resulting in the formation ofunstable arsenate esters. These arsenate esters

readiIy undergo hydrolysis with a concomitant loss ofhigb-energy phosphate bonds to the

ceUs, resulting in unCOUpÜDg of oxidative phosphorylation [Valee et al., 1960; Summers

and Silver, 1978; Malachowski, 1990]. This toxie process is termed arsenolysis and

appears to be limited to inorgauic pentavalent arseoate. Pentavalent MMAA and DMAA,

and trivalent arsenite, did DOt perturb phosphate metabolism [DeInomdedieu et al., 1995],

probably beca11se oftheir chemical structures difFering ftom tbat ofphosphate. In addition,

arsenate can be reduced to arsenite witbin ceUs, as will be discussed below, exerting its

toxic effects via interaction with sulfbydryl groups ofcritical cellular enzymes.

Volatile arsine~ sueh as arsenic hydride (AsIL), are the most toxie forms to

mammals and induce lysis of reci blood ceIls [Malachowski, 1990; Tamalci and

Frankenberger, 1992]. However, the mechanism of arsine toxicity remains to be

e1ucidated. Further tests are aIso needed to determine the toxicity ofalkyIarsines.

Arsenic species in natural environments are subject to oxidation, reductioD, and

methylation reactions, most of which are biochemically mediated [Summers and Süver,

1978; Cullen and Reimer, 1989; Tamaki and Frankenberger, 1992]. Arsenie

oxidationlreduetion occurs in various living organisms [Green, 1918; Turner, 1949;

Phillips and Taylor, 1976; Bencko et al, 1977; Vahter and EnvaIl, 1983] and is involved in

many metabolic and toxicological proçesses. Oxidation of arsenite to less toxie arsenate

was found in arsenite tolerant bacteria isolatecl ftom eatt1e-dipping solutions [Green, 1918;

Turner, 1949]. The process was effedecf by a soluble enzyme, whose aetivity wu

inducible, and appeared to he coupled to electron tnmsport via cytochromes to oxygen
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[Turner, 1949]. Tbirteen arsenite-oxidizing strams ofAJcaligenesjaeœJiswere isolated in

another study [Pbillips and Taylor, 1976]. In one particularly active strain, YE56, the

arsenite-oxidWng ability was round to be induced in the presence of arsenite [phiUips and

Taylor, 1976]. Understanding of the medwnism of arsenite oxidation in A./cQJigenes

jaecaJis bas progressed with the purification and cbaracterization of an arsenite oxidase

[Anderson et al., 1992]. The enzyme is an 85 kDa monomer contain;ng one molybdemun,

five (or six) irons, and inorgaDic suJfide cofactors, and was found to be located on the

outer surface of the inner membrane. Azurin and çytochrome c were found to be reduced

in the presence of arsenite and arsenite oxidase. Moreover, reduced azurin aIso recfuces

cytochrome c, suggesting the possible formation of a periplasmic electron traDsfer

pathway for arsenite detoxifieation, and indieating that the electron transfer pathway for

arsenite oxidation may involve both azurin and cytochrome c [Anderson et al., 1992].

Since arsenite is more toxie tban arsenate, this oxidation reaction may represent a

detoxifieation mecbanism evolved in these organisms. Arsenite oxidation bas also been

found in mixed thermophilie bacterial cultures used in mining industries for biooxidation of

gold-bearing arsenopyrite, giving rise to Fe(III), S(VI) and As(V) [Barret!, et al, 1993].

Arsenic oxidation and reduetion are also involved in the release of arsenic ftom sulfidic

ores via microbial activities (Cullen and Reimer, 1989; Tamaki and Frankenberger, 1992].

Reduction ofarsenate to arsenite bas been observed in a variety oforganisms, and

implicated in many biochemical and detoxifieation processes. In mamma1ian ceIls,

. reduction of arsenate to arsenite is usually a prerequisite for arsenate methylation. In

baeteria, arsenate reduetion occurs mostly through detoxifieation mechanisms, in wbich

arsenate is reduced to arsenite before being exported ftom the cells via an energy­

dependent process [Sïlver and Keach, 1982]. Reduction of arsenate bas also been

observed in the aquatic bacterium, Pseudomonasfluorescens. under aerobic conditions, in

activated sewage sludge under anaerobic conditions, and in wine yeast [Cullen and

Reimer~ 1989]. Reœntly~ an arsenate utilizing microorganism, MIT-13, bas been identified

which acquires energy for growth tbrough reduetion of arsenate to arsenite [Ahrnann et

al., 1994].
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In nature, biological methylation of arseniç is a ubiquitous pbenomeDOD [Cuneo

and Reimer, 1989]. Sïnce inorganic arsenate and arsenite are mown to he more toxie tban

their corresponding methylated compounds to humans and animaIs [Braman and

Foreback, 1973; Peopl~ 1974; WHO, 1981], arsenic methylatiOD in living orpnisms may

acœunt for a naturaI defense mecbanism against inorganic arsenie toxicity. Altematively,

arsenic detoxifieatioD may simply he an additional oonsequenœ of methylatiOD reactiODS

involved in arsenic metabolism. Due to the complexity of arsenic chemistry, bowever, the

mechanism ofarsenic methylatioD is Dot fùlIy understood and thus attracts much research

interest. It bas been shawn tbat trivalent arsenicals are prefetTed aabstrates for methylation

reactions, and that arsenate must be reduced to arsenite in order to he methylated [cuneo
et al., 1984; Buchet and Lauwerys, 1985; 1987; 1988]. Arsenate is methylated to DMAA

via a sequential series of reactions, wbich indude the formation of arsenite and MMAA

[Challenger, 1945]. Ditbiols are also involved in arsenic methylatioD (Buchet and

Lauwerys, 1988; Georis et al, 1990]. Methylation reaaiODS occur -enzymatically via

oxidative addition of a methyI group to arsenic with S-adenosyl-metbionine (SAM) as the

methyl donor [Challenger et al., 1954; Cullen et al., 1977; 1995]. F'mally, mono- and

dimethylation reactioDS are eatalyzed by distinct methyltraDsferases, a

monomethyltransferase and a dimethyltransferase [Buchet and Lauwerys, 1985; Georis et

al, 1990].

Given the high reactivity of trivalent arsenicals with thiols, the role of glutathione

(GSH), a major intraeeUular non-protein thiol, bas been shown to he imponant in arsenic

biotransformation and toxicology. OSH is involved in both reduction ofAs(V) to As(Ill)

and methylation [Vahter and EnvalI, 1983; Vahter and Marafante, 1983; Buçhet and

Lauwerys, 1988; Delnomdedieu et al., 1994a]. CeUular toxicity of arsenicals is inversely

related to intraceIIuIar levets ofglutathione, and can be enbanced by glutathione depletion

[Chang et al., 1991; Huang et al., 1993; ()çhi et al., 1994, Oya-ohta et al., 1996]. Wmski

and Carter (1995) showed that removal ofthiols by pre-treating ceUs with the sulibydryl

derivatizing agent, N-ethylmaleimide (NEM), severe1y inhibited the formation of As(Ill).

The interaction of arsenic with thiols is not limited to the ftee tbiols, since the concurrent

14



•

•

increase in glutatbione disnlfide (GSSG) did DOt acoount for the totalloss of GSH during

arsenate reduction, suggesting the formation of mixed disulfides with proteins (ProSSG).

This is supported by the observation of a mixed complex of As(llI) with GSH and

hemoglobin in red blood ceIIs [Wmski and Carter, 1995]. In vitro assays with rabbit

erythrocytes exposed to arsenite or arsenate sbowed tbat the accumulation of As(Ill) in

the cells reached a quasi-plateau at 7rAt of the total As after a 1 h incubation and 88% of

the total As aftec a 24 h incubation [DeInomdedieu et al., 1994b; 1995]. Approximately

200A» of the total erythrocyte As(llI) was associated with proteins, particularly with

hemoglobin, and 6SOAt is bound to GSa The main ftaction of the As(V) enters the

phosphate metabolic pathway, depletes ATP, and increases ftee phosphate (Pt)

[Delnomdedieu et al., 1994b; 1995].

During the methylation proœss, GSH is required mainly for the reduction of

arsenate to arsenite, and MMAA(V) to MMAA(DI) (Cullen et al., 1984]. The role of

GSH in the reduetion of As(V) and DMAA(V) and subsequent binding to As(Ill) and

DMAA(Ill) was examined using proton and l''e NMR. [DeInomdedieu et al., 1994a], and

the results suggest tbat As(V) must he reduced to As(Ill) before complexing with GSH.

StoichiometricaIly, two GSH molecules are required as e1ectron donors for the reduetion

of one As(V) to As(DI), and three GSH molecules are required for the subsequent

complexing with one As(llI), fonning a (GShAs(ID) complex [DeInomdedieu et al,

1994a]. Omission of GSH ftom an in vitro assay system nearly abolished the methy1ation

of arsenite (Styblo et al., 1996a]. In addition, GSH also plays a raie in stabiliDng the

reductive œllular environm. allowing arsenic methylation to 0CCUt. On the other band,

cellular levels ofGSH are susceptible to arsenic exposure. For example, a dose-ciependent

decrease in GSH bas been observeci in the Iiver, kidney, and heart of rats foUowing

arsenite treatment [Ramos et al, 1995]. Arsenate was also able to decrease non-protein

thiols, main1y GSH, in rat red blood ceIIs in a tilDe- and dose-dependent 1IWIJl«, probably

through a redox reaction with subsequent formation of arsenite and oxidized glutathione

(GSSG) [Winski and Carter, 1995]. GaAs, a superior semiconduetor with extremely low

solubiIity, caused a decrease in the blood GSH leva foUoWÏDg treatment of male rats
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[Flora and Kumar, 1996]. This wu probably due to the h"beration of inorgaDic arsenic in

vivo, as wu prevîously observed in hamsters [Yamauchi et al, 1986]. At an equimolar

concentration of0.5-10 mM arseniC; As(Ill) is more potent in depleting thiols tban As(V)

[Wmski and Carter, 1995]. This cao be explained by a bigber uptake rate of As(III) into

cells than As(V) [Delnomdedieu et al, 1994b; 1995], and the direct interaction ofAs(IIl)

with cellular thiols. A model for the interaction between arsenic and thiols bas becn

proposed based on the observation tbat the at1inity of arsenite for ditbiols is greater than

that for monothiols, and the binding at1inity is inverseIy related ta the distance between the

two tbiol groups [DeJnomdedieu et al., 1993).

In summarizing the mecbanism of biomethylation in bigber eukaryotic systems, a

chemical hypothesis wu proposed which consists of two mecbanisms (1 and fi) cldrering

in the involvement of dithiol cofàctors for arsenic methylation [Thompson, 1993]. It is

hypothesized that arsenate is reduced to arsenite using OSH as an electron donor. Arseoite

binds to a ditbiol, which couId he a methylation cofactor Cm MechaniSID 1) or a

monomethyltransferase Cm Mechanism m. The arsenic-dithiol complex may remain bound

through the dimethylation $lep or the dithiol cofactor may be hydro1yzed fèom the arsenic

complex after the monomethylation step is completed. Most Iikely, the dithiol cotàctor

could he the mono- or dimethyltransferase. The As(IIl) species bind ta mono- or

dimethyltransferase and are then released upon oxidative methylation, because the

organoarsenic (V) compounds have a lower at1inity for dithiols than the corresponding

As(IIl) species [Thompson, 1993]. This is the underlying principle of arsenic

detoxification. Howevec, there are exceptions to this methylation detoxification

mechanism. For example, as noted earlier, marmoset monkeys 8Dd chimpanzees are unable

to methylate inorganic arsenic due to the Jack of methyltransferase aetivity [Vahter et al.,

1982; 1995b; Vahter and Marafante, 1985; zakbaryan et al., 1996]. Therefore, a difrerent

mechanism may he involved in arsenic detoxifieation in these organisms.

Microorganisms (e.g. fimgi and bacteria in soïl, alpe in water) bave the capacity

to methylate inorganic arsenic to the much less aeutely toxie compounds, MMAA and

DMAA; the latter is readily converted in soü to the volatile methylarsines (Summers and
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Silver~ 1978; Cullen and Ileimer, 1989]. The formation ofmethylarsines is an important

part of the enviromnental cycle of arsenic. The mechanism of arsenic methylation in

Methanobacter spp. wu found to be associated with metbane biogenesis, and effected by

a coenzyme M, 2,2'-ditbiodiethane sulfonic acid [McBride aDd Edwards, 1977]. Moldy

fungi are also able to methylate arsenic, tbrough. a process tbat involves S­

adenosy1methionine (Cullen et al., 1977]. Algae aetively take up naturalIy occuning

arsenate, wbich is reduced and traDsformed into a variety of orgaoic arsenic compounds

[Takimura et al., 1996]. On the other band, demethylation of methyl arsenic compounds

by microorgaoisms bas aIso been reported [Hanaoka et al., 1996; Chen ct al., 1996;

Hasegawa, 1996]. For instance, sedimentary microorganisms degrade trimethylarsine

oxide and tetramethylarsonium salts to inorganic As(V), and arsenocholine to

arsenobetaine [Hanaoka et al., 1996]. In the natural waters of Tosa bay and Uranouchi

inlet, methylarsenic(V) was found to he produced through baeterial decomposition of

organic matter [Hasegawa, 1996]. Both methylatïon (mto trimethylarsine oxide) aDd

demethylation (mto arsenite) ofDMAA have been observed in rats foUowing chronie oral

exposure, and this demethylation of DMAA may he associated with intestinal bacteria

[Chen et al., 1996].

1.6 PHYTOTOXICITY

Arsenic is toxic to aU living organisms, including bacteria, plants, animais, and

human. Studies on the phytotoxicity of arsenic indicate that the margin between

background and toxic concentrations of arsenic in soils is very narrow (Sheppard, 1992].

Phytotoxicity primarily depends on the source of arsenic. In contrast to animals and

hllmans, plants are more sensitive to organic arsenicals than 10 inorgaoie forms [Sheppard.

1992]. When inorgaoie fOnDS ofarsenic are considered, the type of growth medium, such

as the $Oil content, is the only other significant variable factor for arseoic phytotoxicity

[Sheppard, 1992]. For instance, difFerent levels ofphytotoxicity of arsenic were observed

in Canola when grown in hydroponic solution or in soD containing similar amonms of

arsenic. High phosphoRIS concentrations in the growth medium (the hyclroponic solution)
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appear to protect against arsenie toxicity in the plant [Cox et al." 1996]" indieating a

competition of phosphate with arsenate for uptake. The amount of arsenic taken up by

plants is proportional to the concentration of usenic in the sail, except at very bigh

concentrations [IPCS, 1992]. In the mineral and arseme emiehed soils surrouDdiDg a

former smelter, marked modifications to the native vegetation ool1Ul1UJ1Ïty were observed,

including loss of evergreen forests, species impoverisbment, and reduetion in the vertical

complexity of the habitat [Galbraith et al., 1995]. Substantial phytotoxicity wu typical1y

represented by the reduetion in root growth. The causes of phytotoxicity in minerai soils

are positively correlated with· the bigh concentrations of As, Cu, and Zn and, to a Iess«

extent, Pb and Cd (Kapustka et al., 1995]. Resistance to arsenic toxicity bas been found in

plants growing on mine or smelter wastes [Meharg et al., 1993; IPCS, 1992]. These plants

MaY contain high levels of arsenic and poison anjmals consnmjng them. Arsenic is

distributed to ail tissues in plants [œCS, 1992]. The toxicity of arsenic to aquatie plants

and invertebrates varies with pH and usually decreases with increasing pH, re8ecting a

change in oxidation states [Tamaki and Frankenberger, 1992].

1.7 DETRIMENTAL EFFECTS OF ARSENIC TO ROMANS AND ANIMALS

The toxie efFects ofarsenic to humans and animais are numerous. Acute symptoms

ofarsenic poisoning in humans, who have ingested inorganic arsenic, are cbaracterized by

profound gastrointestinal distress, including oonstrietion of the tbroat, severe nallsea with

projectile vomiting, gastric pain, profuse watery or bloody diarrhea, dehydration, and aIso

leg cramps, irregular pulse, shock stupor, paralysis and ooma [MaIacbowski, 1990;

Landrigan, 1992; Garcia-Vargas and Cebrian, 1996]. Inorganic arsenic also bas

carcinogenic effects on humans [Smith et al., 1992; Chen and Lin, 1994]. Systemic etfects

of chronic oral exposure to inorgauic arsenic include skin abnormalities, such as byper­

pigmentation, palmer and plantar keratosis, and cutaneous malignancies [Ma1achow&1Q,

1990; Cebrian et al., 1994; Chen and Lin, 1994; Maloney, 1996]. Internai malignancies

have also been found to he associated with long term arsenic exposure [Chen et al., 1992].

Inhalation of inorganic arsenic bas a well-documented history of inducing Iung cancer
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among smelter workers (WHO, 1981]. A1though arsenic bas been dearly jdentified as a

human carcinogen, there is Hmited evidence to show the carcinogenicity of arsenic in

experimental animaIs. Arsenic bas been sbown 10 induce chromosomal damage and gene

amplification. However, it fails to induce mutations at specific sene loci. Arsenic

potentiates cytotoxicity and mutageDicity of severa! cbemicals. The mechaniSJM of

arsenic-induced carcinogenicity and co-mutagenicity, however, remain to he e1ucid ued

Arsenic exposure is aIso Issociated with embryotoxicity in both hnmans and animais. In

this section, epidemiological observations ofarsenic induced carcinogenesis and the cause­

effec:t relationship ofarsenic carcinogenicity, genotoxic::ity and co-mutagenicity, as weil as

the developmental toxicity of arsenic on blnnans and experimental animais, will be

discussed.

1.7.1 Carcinogenicity

Arsenic is a we11-established human carcinogen [lARC, 1980; 1982] with a well­

defined dose-response relationship [Chen et al, 1986a; 1988; Cbiou et al, 1995]. The

cancer risk trom ingested arsenic bas been reviewed repeated1y [lARC, 1980; Smith et al.,

1992; Chen and Lin, 1994]. Populations who consume drinking-water containing bigh

levels of arsenic were found to bave bigh rates of skin cancer [Tseng, et al., 1968;

Cebrian, et al., 1983; Chakraborty and Saba, 1987; Zaldivar, 1974]. A causal relationsbip

between ingested arsenic and liver, lung, bladder, and Iddney cancers bas aIso been

established [Chen et al., 1992; ~mith et al., 1992; Chïang et al., 1993]. For example, the

rate ofbladder cancer in an area of endemic periphenl blackfoot disease (DFD) on the

southwest coast of Taiwan is about 10 times bigher than that found in other areas in

Taiwan [ChïanS et al., 1993]. High concentrations of arsenic in artesiID weil water were

identified to be a major factor related to the high rate of bladder cancer [Cbïang et al.1I

1993]. In an l1-year follow-up study, a significant excess of blacider cancer mortality

(observedlexpected ratio = 5/1.6; P = 0.05) wu observed in a cohort of 478 patients

treated with Fowler's solution [Cuzick et al., 1992]. Increased incidence of liver cancers,

such as hepatic angiosarcoma and hepatoceDuIar carcinoma, wu found among vintners
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who had been exposed to arsenic-containing pesticides [Roth, 1957], among patients

treated with Fowler's solution [popper et al., 1978; Falk et al., 1981; Roat et al, 1982],

and among subpopu1ations drinJcjng bigh arsenie-containing water [Rennlre, 1971; Chen et

al., 1985a]. A significandy increased mortality ftom hepatoceUuIar carcinoma bas been

reported among copper smelter worken in Iapan, with a standardized mortality ratio of

3.4 [Tokudome and Kuratsune, 1976]. High incidence of lung cancers caused by

inhalation of arsenic through contaminated air in smelter worken bas also been reported

[lARC, 1980; Reger and Morgan 1993; Liu and Chen, 1996]. The content of arseDic in

the lung tissue ofexposcd mining worken was round to be 17 times higher tb:m that in the

control group. Moreover, the incidence of Jung cancer wu round to. he positively

correlated with the amount of arsenic accumuIated in the lungs, the length of time of

working in the mines, and the ambient arsenic concentration in the mining environment

[Liu and Chen, 1996).

Carcinogenesis is a multi-step process, including initiation, promotion, and

progression stages [For review, seey Weinstein, 1988; Barrett, 1993]. In terms ofthe role

of chemical carcinogens in the temporal development of cancers, they can he grouped as

tumor initiators and promoters. In view of the mecbanisms of chemical carcinogens,

however, they can be classified as genotoxic and nongenotoxic [Cohen and Ellwein,

1990]. Although it is obvious that arsenic is a human carcinogen, Iittle evidence bas

supported its carcinogenicity in experimental animalS [Thorgeirsson et al., 1994]. Rather,

increasing evidence appears to support the co-carcinogenic effects of arsenic in animaIs.

Therefore, the mechanism ofarsenic carcinogenicity is currently under debate.

Yamamoto and bis coUeagues (1995) found tbat when rats were pretreated with

multiple knOl\'ll carcinog~DMAA treatment significantly enhanœd tumor induction in

the urinary bladder, kidney, liver, and thyroid gland. Induction of preneoplastic lesio05,

such as glutathione S-transferase placental form-positive foci in the liver and atypical

tubules in the kidney, wu also significantly increased in DMAA-treated groups. Ornitbine

decarboxylase (ODC) aetivity, an enzymatic marker for ce1l Proliferation, wu

considerably increased in the kidneys of rats treated with 100 ppm DMAA However, in
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rats treated with DMM. alone, no tumors or preneoplastic lesions were observed

[Yamamoto et al, 1995]. These results suggest that DMAA, considered ta be non-taxie in

many situations, is acting as a promoter, but not as an initiator, ofurinary bladder, kidney,

liver, and thyroid gland carcinogenesis in rats. This is supported by previous findiogs tbat

accumulation ofDMAA occurs particu1arly in the kidney, liver, and possibly in the thyroid

gland [Vahter et al., 1984]. Sodium arsenite was shown to stimuIate ODe and heme

oxygenase aetivities in rat Iiver, but no DNA damage was detected [Brown and Kitchin,

1996], lending further support to the proposition that arsenie is-a promoter rather than an

initiator oftumorigenesis.

1.7.2 Genotoxicity

Ample evidence bas demonstrated that arsenic bas genotoxic effects on mammals

both in vivo and in vitro, and the genotoxicity of arsenic appears to be associated with its

careinogenicity [For review, see Snow, 1992]. In addition to hyperkeratosis, melanosis,

actinie keratosis, and basal c:ell carcinoma, a significandy increased frequency of sister­

chromatid exchanges (SeEs) in lymphocytes was found in a subpopulation exposed to

drinking-water containing more than 0.13 mgll (0.13 ppm) arsenic in Argentina [Lenla,

1994]. In vitro studies indicate that arsenite induces chromatid-type aberrations and SCEs

in human lymphocytes [Jha et al., 1992; Wiencke and Yager, 1992], potentiates X-ray­

and ultraviolet (UV}induced chromosomal damage [Jha et al, 1992], and aets

synergistical1y with a DNA crosslinking agent, diepoxybutane (DEB), in the induction of

aberrations [Wiencke and Yager, 1992; Yager and Wiencke, 1993]. Both arsenite and

arsenate were shown to inhibit human lymphocyte stimulation and proliferation [Jha et al.,

1992; Gonsebatt et al., 1992; Wieneke and Yager, 1992]. Induction of SeEs byarsenite

correlates with the extent of inlubition of lymphocyte proliferation [Wieneke and Yager,

1992]. The effects ofinorganic arsenic on DNA synthesis have been investigated. At very

low concentrations, either arsenite or arsenate enhanced DNA synthesis in

phytohemagglutinin {PHA}stimulated human lymphocytes. Whereas inhibition of DNA

synthesis was observed when arsenate or arsenite was present at high concentrations
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[Men& 1993]. Animal studies showed tbat treatment of Cbinese Hamster Ovary (CHO)

cells with sodium arsenite during their G2 phase induced poorly condensed du'omosomes

and chromatid breaks during metaphase, doubled the chromosome number by the second

division, and delayed the re entry ofmitotic ce11s ioto interphase [Gurr et al., 1993]. One

speculation on the mecbanism of arsenic carcinogenesis 5Uggests tbat arsenie-induccd

inlubition of DNA synthesis and delay in lymphocyte proliferation could represeot an

impairment ofthe cellular immune response and consequently, may facilitate or eventually

lead to malignancy [Ostrosky-Wegman et al., 1991]. Since toxicity varies with the

oxidation states of arsenic and its organometalIoidal fonDS, the poteney of difFerent

arsenicals in the induction of chromosomal aberrations in human fibroblasts bas been

investigated (Oya-Qhta et al., 1996]. It wu found tbat the rank of clastogenic potency of

compounds was in the order arsenite > arsenate > DMM. > MMAA > TMAO

(trimethylarsine oxide). Although DMAA. did DOt induce any detectable DNA damage in

rat cells [Brown and Kitcbin, 1996], it wu very potent in C8using chromosome

pulverization in DIOst metaphases in buman fibroblasts wben present at doses higher tban 7

x 10-3 M. Other organoarsenic compounds, such as arsenosugar, arsenocholine,

arsenobetaine, and tetramethylarsonium iodide were less effective [Oya-ohta et al., 1996].

Depletion of GSH increased the frequency of chromosomal aberrations induced by

arsenite, arsenate, and :MMAA, but markedly suppressed the clastogenic eftècts of

DMAA. Potent clastogenic effects of DMAA were observed even in GSH-depleted ceUs

with exogenouslyadded GSH [Oya-ohta et al., 1996], suggesting tbat GSH may play a

raie in protecting cells against the clastogenic effects of arsenite, arsenate, and :MMAA,

but fàcilitate the expression of the clastogenic efFects of DMM. Together, these

observations suggest a possible explanation for the positive carcinogenicity of arsenic

compounds in man, but Dot in animais, that arsenic compounds may afFect or cause some,

but oot ail, elements of mu1ti-stage carcinogenesis. The elements of muIti-stase

carcinogenesis, which arsenic does not cause, may be naturalIy operative in humans but

Qot in common experimental animais such as rats and mice. 1berefore, arsenic may let as

an incomplete carcinogen in some cïrcumstances. It is also possible that the clastogenic
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efFects ofarsenic observed in human ceDs may lad to the loss of tumor suppressor genes

or impairment of their function, or the activation of oncogenes, thus contnbuting to

arsenic carcinogenicity.

Although arseuic-induced DNA damage bas been widely observed in mammalian

systems, the mecbanisms of arsenie genotoxicity are not fuUy understood. However,

evidenc:e suggests that the genotoxic etfects of arsenic may be mediated by oxygen

radicals. For example, arsenite wu shown to enhaDc:e the production ofheme oxygenase,

an indicator of oxidative stress [Applegate et al., 1991; Lee and Ho, 1995]. Secondly, the

ftequency of SCEs induced by arsenite can be reduced by addition oC the radical­

scavenging enzyme, superoxide dismutase, but DOt by cataJase [Nordenson and Beckman,

1991]. In contrast, an X-ray sensitive CHO ceU lïne, XYS-S, with lower levels ofcataJase

activity, is hypersensitive to arsenite-induced micronucleus formation and cel JcjJ1ing

[Wang and Huang, 1994], suggesting that arsenic-inducecl SCE and micronucleus

formation are mediated by diiferent mechanisms. Moreover, catalase could effective1y

reduce the ftequency of arsenite-induced micronucl~ suggesting that arsenite probably

induces micronuc1ei via the overproduetion of hydrogen peroxide (HA) [Wang and

Huang, 1994]. Fmally, oral administration ofDMAA induces lung..specific DNA damage

through the formation ofactive oxygen radicals [Yamanaka et al., 1989; 1990; 1991]. The

formation of dimethylarsenic peroxyl radical (CH3hAsOO·] is probably respoDSlble for

the lung-specifie DNA single·strand breaks (SSB) in mice [Tezuka et al., 1993], and may

a1so he responsible for the formation of DNA·nuclear protein crosslinkings in DMAA­

treated cell cultures [Yamanaka et al., 1993]. The linkage wu found to occur through a

phospho-nitrogen bond at serine and threonine residues ofHl histone and ofnon-histone

proteins [Yamana1ca et al., 1993]. To elucidate the mechanism of DMAA-induced DNA

damage, Yamanaka and colleagues (1995) assayed alkaIi-sensitivity of DNA in a human

embryonic cellline ofalveolar epithelial (L-132) ceI1s exposecl to DMAA. They found tbat

formation of aIkali-labile sites, most likely apurinic-Japyrimidinic (AP) sites, oc:curred prior

to the induction of SSB and protein crosslinks, and the AP sites were formed by c1eavage
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ofthe N-glycosyl bond between the deoxyribose moiety and DUcleic acid bases [Yamanab

et al., 1995].

The finding that humaD fibroblasts were 100fold more susceptible to sodium

arsenite than Chinese hamster ovuy (CHO-Kl) ceIIs [Lee and Ho, 1994a) may accouDt, at

least in part, for the diifereoce in arsenic carcinogeuicity between humaM and anÎ1DI1S.

Comparison of cellular antioxidant enzyme activity sbowed tbat CHO-Kl ceIls contained

3- to 8-fold more g1utathione-peroxidase and catalase aetivities, respectively, tban bllJnan

fibroblasts [Lee and Ho, 1994a]. In an arsenite resistant CHO ceIlline, SA7, there wu an

elevated level ofglutatbione-S-traDsferase activity, whereas in an arsenite resistam blnan

lung adenocarcinoma ceII line, CL3R, the level of berne oxygeuase wu found to he

increased [Lee and Ho, 19948, bl. These results suggest that the di1rerential toxicity of

arsenic to human and animal ceUs could be due to differential levels of antioxidant

enzymatic aetivities. This may result in more efficient protection apiost arsenic-inducecl

oxidative damage in animal ceUs tban in human cells.

Other mechanisms ofarsenic genotoxicity bave also been suggested. As mentioned

earlier, arsenite is highly reactive with sulfhydryls, especialIy the dosely spaced (vicinal)

protein-bound dithiol groups (Josbi and Hughes, 1981; Knowles and Benson, 1983],

which are common structural features among DNA binding proteins, transcription factors,

and DNA repaie proteins [Ber& 1990]. Based on these facts, it is reasonable to postuJate

that arsenite may interaet with the dithiol groups of DNA repaie proteins, thereby

interfering with their normal repaie fimetions and potentiating induced cbromosomal

damage. The observation that inorgauic arsenicals iDluDit the removal of UV-induced

thymine dimers from the DNA ofbllman SF34 celIs and potentiate the Ietbal efl"ects ofUV

in excision-proficient normal and xeroderma pigmentosum (XP) variant ce11s but not in

excision-defective XP group A ceUs (Okui and Fujiwara. 1986], indieates that, in this case,.

the toxic effects ofarseniç are excisionlrepair-dependent. Sodium arsenite wu also round

to inlubit the repaie of N-methyl-N-nitrosourea (MNU}-induced lesions by aftècting the

incorporation of dNMPs into damaged DNA templates or by interfering with the ligation

$lep (Li and RoS$1D8D, 19898, b]. In addition, arseIÙte wu shown to retard the
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disappearance ofUV- or alkylation-induced DNA strand breaks in Chïnese hamster ovary

cells [Lee-ehen et al.~ 1994], suggesting an inhibition in the rejoining ofthe broken ends.

In contrast, Dong and Loo (1993) found that 1-5 J.LM sodium arsenite produced DNA­

protein cross1inks and protein-associated DNA-strand breaks in human fetal Jung

fibroblasts, as weil as increased unscheduled DNA synthesis (UDS) values of N-methyl­

N -nitro-N-nitrosoguanidine (MNNG)-treated human fetaI lung fibroblasts (Dong and .

Luo, 1994]. This suggests that arseDÎc damages DNA directly via a protein-associated

mechanism rather than via inlubiting DNA repaie.

1.7.3 Co-mutagenicity

As MOst carcinogens are alsa mutagens, the mutagenicity of inorganic arsenic

compounds has been investigated. Interestingly~ little evidence was found to support its

mutagenicity in baeteria, animals, and bumans [LOfroth and Ames,' 1978; Amacher and

Pailler, 1980; Rossman et al., 1980; Jacobson-Kram and Montalbano, 1985]. Arsenic is

not able to induce mutations at single gene loci Rather, co-mutagenic effects of arsenic

compounds have been reported. For example, post-treatment ofUV light irradiated CHO

cells with sodium arsenite enhanced the mutation frequency at the hypoxanthine (guanine)

phosphon'bosyltransferase (bprt) locus, and altered the mutational spectnun by increasing

the frequency of transversions from 57% (UV-induced only) to 7()oA. (UV plus sodium

arsenite-induced). In addition, sodium arsenite increased mutation freqtiency at the S'

position ofTT and the 3' position of CT, suggesting that arsenite MaY interfere with the

process ofmutation fixation ofTf and CT dimers during DNA replieation [Yang, et al.,

1992].

ln contrast to the observations in eukaryotic systems, sodium arsenite was found

to strongly inlu'bit mutations induced by UV light, 4.nitroquinoline-l-oxide (4NQO),

furylfuramide (AF-2), and methyl methanesulfonate (MMS), as weil as to reduce

spontaneous mutations in the E. coli WP2uvrAlpKMI01 reversion assay. However, no

such effect was observed in mutagenesis induced by N-methyl-N'-nitro-N­

nitrosuguanidine (MNNG). The mecbanism of antimutagenesis by sodium arsenite was
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thought to be two raid: i) as an inluoitor ofumuC gene expression, and ii) as an enhancer

ofuvrA and recA-dependent error-free repaies [Nunoshiba and WlShioka, 1987].

The Jack of mutagenicity further supports the notion that arsenic is a tumor

promoter and not an inîtiator. Othee genetic effects conceming its tumor-promoting

activity have aIso been observed. Arsenite was found to stimulate expression of

transcription factor AP-l [Cavigelli et al. 1996], a complex of the c-jun and c-fos gene

products, whose aetivity can also - be stimulated by severa! other tumor promoters.

Arsenite-induced c-jos and c-jun transerlption correlates with the activation ofIun ~nases

(JNKs) and p38MpIa, wbich phosphorylate transcription factors that aetivate immediate

early genes, such as c-jun and c-fos. Stimulation of JNKs by arsenite is mediated by

inhibition ofa co~tive dual specificity ofJNK phosphatase, which aets to maintain low

basal 1NK activity in non-stimulated cells. Inhibition of the JNI{ phosphatase by arsenite

may result in tumor promotion through induction ofprotO-ODcogenes" such as c-fos and c-

jun, and stimulation ofAP-l activity [Cavigelli et al., 1996].

1.7.4 Embryotoxicity

Arsenic exens profound detrimental effects on developing embryos (For review,

see Domingo, 1994; Shalat et al., 1996]. Both arsenite and arsenate have been reporte<! to

have teratogenic effects in mamma1s [Domingo, 1994; Tabacova et al., 1996].

Exencephaly, micrognathia, open eye, tail defects, renal agenesis, gonadal agenesis and

skeletaI anomalies of the nos and vertebrae are the most common defects associated with

arsenic treatment on experimental animaIs [Domingo, 1994]. Different routes of maternai

exposure may cause difFerent extents ofeffects. Oral administration usualIy bas less eifect

on conceptus than treatment by intraperitonea1 (ip) injection [Baxley et al., 1981; Hood

and Harrison, 1982]. This suggests that Cetal arsenic uptake is more rapid and extensive

foUowing ip than oral maternai exposure [Hood et al., 1978, 1987]. ln vitro studies

revealed higher teratogenicity for arsenite than for arsenate. In mouse embryos, arsenite

was found to be teratogenic between 3 and 4 JlM and embryolethal al higher

concentratio~ whereas arsenate only produced simjlar effects when concentrations were
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10 times bigher (CbaineaJJ et al, 1990]. Another study sbowed tbat, with respect to

malformations and letbality in mouse wbole embryos, arsenate and arsenite ioduœ simjJar

malformations, but arsenite is approximately tbree times more potent tban arsenate

[Tabacova et al, 1996]. Rasco and Hood (1994) investigated the effects of arsenate on

the mouse conc:eptus when combined with maternai restraint stress, and found tbat

arsenate, when combined with maternai. restraint stress, may bave a greater efrect on the

conceptus than exposure to either agent alone.

To understand the molecuJar mecbanism of arsenic-induced teratogenicity,

Wlodarczyk et al (1996) examjned the etrects ofarsenic on the expression of~eral ceII

cycle controlling genes, and round tbat arsenate treatment on pregnant LMIBc micc .

upregu1ated the expression ofthe bcl-2 and PS3 genes at gestational clay 9:0, compared to

their control values. The increased expression ofboth ofthese genes suggests tbat arsenic

inhibits cell proliferation, wbich deIays neural tube cIosure and ultimately leads to the

neural tube defects, a cbaracteristic of arsenic-induced embryo malformation observed in

exposed embryos [WIodarczyk et al. 1996). The teratogeDÏc eft"ects of arsenate was aIso

observed in the topminnow, Fundulus heœroclitus [Craig et al., 1996], al a level sirm1ar to

that observed in murine embryos. The most common response ta arseuate was a delay in

growth and development, which affected approximately 9()O/O of the surviving embryos. To

delineate the specifie molecular a1terations that are responsibIe for both developmental

deIay and congenital defects, Craig and colleagues (1996) examined the eff'ect ofarsenate

on the expression of 47 genes. They found that arsenate treatment induced alteration of

expression of Il genes, including glucocorticoid receptor (OCR) and cellular retiDal

binding proteins 1 and 2 (CRBP-l and CRBP-2), which are known to play a pivotai raie in

embryogenesis [Craig et al., 1996].

Gallium arsenide (GaAs) wu shawn to cause testicul8r spermatid retention and

epididymal sperm reduction in hamsters and rats [Omura et al., 19968, b). However, the

same efFects were not observed wben the animais were treated with indium arsenide

(InAs) or arsenic trioxide (As203), indicating tbat gallium may play an important raIe in

the testicular toxicity ofGaAs [Omura et al, 1996a, b].
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1.7.5 Other effects

In addition to the above mentioned detrimental efrects to plants, animais, and

humans, other misceIlaneous effects bave aIso been reported. It bas been observed. that

arsenic in the sera of GaAs-exposed mice iDhibited bacterial growth and increased host

resistance to StreptOCOCCIIS pneumoniDe and Listeria monocytogenes infections [Burns et

al., 1993]. GaAs treatment ofmale rats bas a1so been shown to cause a decrease in blood

GSH lev~ inhibition of6-aminolevulinie &cid dehydratase (ALAO) aetivity, an increase

in urinary ô-aminolevulinie &cid (ALA) excretion and blood zinc protoporphyrin levels

[Flora and Kumar, 1996]. Moreover, multiple GaAs exposure produced adverse eftècts on

the hematopoietic, renal, and immune systems [Flora and Kumar., 1996]. Disodium

arsenate strongly inhibits heme biosynthesis in mouse spleen by depressing the aetivities of

ALA synthase (ALAS), ALAD, and porphobilinogen deamjnase (pBGD) [Kondo et al.,

1996]. Treatment of male rats with sodium arsenate (oral dose of 10 mg AslkWday) for

two clays caused an increase in hepatie GSH leve1s, ascorbie acid levels in both liver and

plasma, and triglyceride content, but a decrease in the plasma level ofurie acid [SchineDa

et al., 1996]. The Iipoprotein levels in arsenate-treated animaJs demonstrated a greater

tendency for in vitro oxidation than in control animaJs [Schinella et al., 1996].

Gluconeogenesis is one of the metabolic pathways severely affected by aeute

arsenic poisoning [Muckter et aL, 1993; Liebl, et al., 1995a]. Among the arsenicals tested,

trivalent oxoarsines, such as oxophenylarsine (PhAsO), were the most potent arsenicals in

inhibiting glucose uptake in both rat kidney tubules (RK.T) and Madin-Darby canine

kidney (MDCK) ceUs, followed by arsenite, arsenate, and phenylarsonate in order of

decreasing potency. Conversely, methylarsonate bad virtually no elfect on g1uconeogenic

aetivity [Liebl et al., 1995a]. The toxiCÏty ofPhAsO is thougbt to be due to its inbibitory

effects on pyruvate dehydrogenase, wbich leads to a decrease in acytyI-CoA formation and

a slow-down of the citrie acid cycle. Glucose bas protective effects on the toxicity of

PhAsO in MDCI{ cells, probably due to an increase in glycolysis tbat prevenu the lethal

shortage of cellular ATP (Liebl et al., 1995b]. Moreover', the iDlubitory eft"ects ofPhAsO

on glucose uptake in MDCK cells c:an be reversed by addition of dithiol molecules,
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suggesting an As-thiol interaction involved in the mecbanism of PhAsO toxicity [Liebl et

al., 1995c).

When studying arsenic toxicity, the interactive action of arsenic with other metals

or surrounding materials should be considered. Evidence bas shawn that when

Ceriodophnia dubia, an aquatic invertebrate, was exposed to arsenic, molybdenum (Mo),

and selenium (Se), separately or in combination, selenium exhibited the strongest effects

on survival and fecundity. Molybdenum and arsenic in binary combinations appear to be

strongly antagonistic in their eJrects on C. dubia, even at their respective ICso

concentrations. Moreover, addition of Se to the As-Mo mixtures significantly reduced

survival and reproduction. AlI tertiary metal mixtures, except the combination ofthe ICl2.5

concentrations of eaeh metal, significantly reduced C. dubia fecundity [Naddy et al,

1995]. Selenium and iron have aise been shawn to antagonize the efFect of arsenic on

progression ofblackfoot disease [Wang et al, 1994a].

In spite of these detrimental efFects, arsenic bas been considered to be an essential

human micronutrient, with a predicted requirement of 12 J.1g per day. The physiological

role of arsenic as a trace element is thought to he its involvement in methyl group

transport and metabolism (Nielsen, 1991].

1.8 CELLULAR DEFENSE MECHANISMS

Living ce1Is are constantly exposed to their ever-changing environment. To survive

environmental stress, various mechanisms have evolved to protect cens ftom

environmental perturbations. Severa! mechanisms involved in arsenic detoxitieation have

been descnDed in the scientific Iiterature, ïncluding energy-dependent eftlux systems, stress

responses and adaptation, and sequestration. Moreover, biotransformation processes, sueh

as oxidation-reduction and methylation-demethylation, are also implicated in arsenic

metabolism and detoxification, as have been descnDed in previous sections. This section

will focus on the major mechanisms involved in arsenic detoxification.
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1.8.1 Effiux:

The MOst extensively studied mechanism of arsenic detoxification is the energy­

dependent effiux systems [For review, see Silver et al, 1989; Kaur and Rosen, 1992a;

Sïlver and TI, 1994; Rosen, 1995; Silver, 1996]. The best characterized baeterial arseuic

eftlux system is the Escherichia coli plasmid R773 encoded ars operon, which consists of

five ORFs, in the order arsRDABC, and organized as a single transcription unit [Owolabi

and Rosen, 1990]. The operon canCers resistance to arsenite, arsenate, and antimonite

oxyanions by energy-dependent eftlux of the oxyanions, preventing their concentration

from reaching toxic levels [Silver and Keach, 1982]. The resistance phenotype can be

induced by ail three oxyanions, as well as bismuthate, another member of the nitrogen

group in periodic table. The structures and funetions of the ars gene produets have been

elucidated. The three structural gene produets include AnA, an arsenitelantimonite­

stimulated ATPase [Rosen et al., 1988], ArsB, an inner membrane channel, also serving as

a membrane ancbor for the ArsA protein [Tisa and Rosen, 1990; Wu et al., 1992], and

ArsC, an arsenate reductase [Gladysheva et al., 1994]. The ArsA and ArsB proteins are

sufficient for arsenite resistance [Chen et al., 1985b], whereas the ArsC protein Mediates

the reduction of arsenate to arsenite, and thus is required ooly for arsenate resistance

[Rosen and Borbolla, 1984; Chen et aL, 1985b]. The operon is negatively regulated by

two repressors, ArsR and ArsD [Wu and Rosen, 1991; 1993a]. Two unique features are

found to be associated with this arsenic eftlux system. rll'St, it is evolutionarily unrelated

to other classes of transport ATPases [Endicott and Ling, 1989; Sïlver et al., 1993a].

Secondly, the substrates for this efllux pump are anions rather than cations.

The catalytic subunit of the R773 ars operon is the ArsA protein, which is an

arsenitelantimonite-stimulated ATPase with two nucleotide binding sites, one in the N­

tenninal half and one in the C-terminal baIf of the protein [Chen et al., 1986b]. Both

nucleotide·binding sites interaet with each other [Li et al., 1996] to form a catalytie unit

that is required for resistance and ATP binding (Karkaria et al., 1990; Kaur and Rosen,

1992b; 1994a, b]. The binding ofpurified ArsA protein to ATP is specifie and requires the

presence of Mg(ll) ions. AMP, ADP, GTP, UTP, and CTP are not able to compete with
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ATP for binding [Rosen et al., 1988; Karkaria and Rosen, 1991; Zhou et al., 1995], nor

can these nucleotides substitute ATP in providiDg eoergy for oxyanion transport [Dey et

al., 1994a]. The ArIA protein is allosterically activated by tricoordinate bjnding of As(DI)

or Sb(DI) ta three cysteine thiolates [Bbattaduujee et al., 1995], and metallOlldivation of

the protein is associated with the formation ofAnA bomodimen [Mei-Hsu et al., 1991].

The arsB gene produet is an integral membrane protein with a predieted molecular

mass of45 kDa [San Francisco et al., 1989]. The protein contains 12 membrane-spanning

regioDS, which are tbougbt to compose an U'SeIÜtelantimonite-specific charmel for

exPOrting the OxyaniODS (Wu et al., 1992]. The ArsB protein serves u an ancbor for the

AnA protein to loca1ize the Ars pump to the inner membrane of E. coli ceUs [Tisa and

Rosen, 1990). Synthesis ofthe ArsB protein is the rate-Iimiting factor for assembly of the

pump [Owolabi and Rosen, 1990; Dey etai., 1994<:].

The ArsC protan, encoded by the arsenical resistance operon of plasmid R773.

eatalyzes the redUetiOD ofarsenate to arsenite in E. coli [Gladysheva et al., 1994; Oden et

al., 1994]. The enzymatic activity of the ArsC protcin bas been shawn to require reduced

gIutathione and g1utathione reductase [Gladysheva et al., 1994; Oden et al., 1994],

suggesting that thiol chemistry might be involved in the reactiOD mechanism.

The ArsR and ArsD proteins are inducer-dependent trans-acting repressors that

control the basal and UpPer levels of the operon expression, respectively [Wu and Rosen,

19938, b; Shi et al., 1994; Chen andRo~ 1997]. 80th repressors function by binding to

the same sequence in the ars operator/promoter region, but with different temporal

control [Chen and Rosen, 1997]. The ArsR repressor wu found to be dissociated ftom

the operator sequence in the presence of low levels of arsenidantimony OxyaniODS.

Whereas the AnD repressor requires higher levels of inducers to relief the repression

[Chen and Rosen, 1997]. Arsenite and antimonite, but DOt arsenate are effective inducers

for bot repressors [Wu and Rosen, 1993b; Shi et al., 1994; Chen and Rosen, 1997].

Sïmilar arsenic resistance operons have been identified and cbaraderized in

plasmids of Gram-positive bacteria SIDphyIOCOCCIIS QIH'e1IS (PUS8) [Ji and Silver, 1992a]

and Staphylococcus rylosus (pSX267) [Rosenstein et al., 1992]. The staphylococcal ars
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operons contain only the arsR, B, and C genes. Althougb the ar,sA and D coding

sequences are absent, the resistant cells still aetively extrude arsenite [Ji and Sïlver, 19928;

Rosenstein et al, 1992]. This suggests that the ArsB protein can trànsport arsenite in the

absence of the arsA. gene produet. Interestingly, when the R773 AnA was provided in

trans to the S. aureus ArsB, increased resistance to arsenite was observecl (Brëer et al.,

1993]. This suggests that the ArsB protein may funetion in a dual mode mechanism

Indeed, Dey and Rosen (1995) round that ceUs expressing the R773 arsB gene alone

exluoîted intermediate level of energy-dependent arsenite resistance compared to ceUs

expressing both the anA. and arsB genes. Arsenite extrusion in the ceDs expressing arsB

alone was coupied to electrochemical energy, while in cells expressing both DrsA and arsB

genes, extrusion was coupled to chemical energy, most likely ATP. The ArsC protein of

the S. aureus pI258 ars operon was purified ftom the cytoplasmic fraction of the ceUs [Ji

and Silver, 1992b; Ji et al., 1994]. In vitro, reduction ofarsenate to arsenite by the plasmid

pI258 ArsC protein is coupled with thioredoxin and dithiothreitol. Reduced GSH and

glutaredoxin are not required for its aetivity in vitro [Ji and Silver, 1992b; Ji et al, 1994].

Between the staphylococcal ars and the R773 ars operons, the amino acld sequence

homology of Ars&, B, and C is 30, 58, and 18%, respectively [Silver et al., 1993a). The

ArsR proteins of the staphylococcal ars operons, like the R773 Ars&, are trans-acting

repressors [Rosenstein et al., 1994; Ji and Silver, 1992a].

Studies indicate that arsenic resistance mediated by the R773-encoded arsenic

eftlux system requires ATP [Mobley and Rosen, 1982; Rosen et al., 1988; Karkaria and

Rosen, 1991; Zhou et al., 1995]. However, the extrusion of arsenic and antimony

oxyanions by the staphylococcal plasmid ars operons is couplecl to membrane potential

rather than ATP [Ji and Silver, 1992; Rosenstein, et al., 1992; Brëer et al., 1993; Silver et

al., 1993].

Following the discovery of the aforementioned plasmid-encoded ars operons,

many more arsenic resistance plasmids have been found [Dabbs et al., 1990; Cervantes and

Châvez, 1992; Bruhn et al, 1996; Neyt et al, 1997]. The arsenic resistance plasmid,

pUM310, from a Pseudomonas aeruginoSQ clinical isolate is similar to the ars operons in
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E. coli and staphylococcal plasmids, as it confers resistance to arsenite, arsenate, and

antimonite, and is induClble by these oxyanions. Phosphate was found to protect ceUs

containing pUM310 nom arsenate toxicity, but the protective effect on arsenite was not

observed [Cervantes and Cbâvez, 1992]. More recendy, an arsenical resistance operon of

the IncN plasmid R46, consisting of 4696 bp coding for ive ORFs, arsRDABC, was

identified and characterized [Bruhn, et al, 1996]. This operon shares high homology to

the R773 ars operon at both the DNA and protein levels, and is the second version round

to contain the arsD and arsA coding sequences after that of the R773 plasmid [Bruhn et

al., 1996]. In addition, an ars operon bas been round in transposon Tn2S02 of the low­

virulence strain of Yersinia enterocolitica [Neyt et al., 1997]. Four genes are involved in

arsenic resistance by this ars operon. Three of them are homologous to arsRBC. The

fourth gene, arsH, bas not been found in any other known ars operons. Although the

function ofthe gene is currendy unknown, ArsH is required for arsenic resistance encoded

by the Tn2502 ars operon [Neyt et al., 1997]. Genetic determinants for arsenite and

arsenate resistance were also found inRhodococcus spp. [Dabbs and Sole, 1988], in which

the resistance phenotype bas been employed to develop shuttle veaors for cloning

purposes [Dabbs et al., 1990; Quan and Dabbs, 1993].

Interestingly, in addition to the well-recognized plasmid..located arsenic resistance

systems in various baeterial isolates, an E. coli chromosomal ars homolog, containing

arsRBC, was discovered by two research groups using different strategies [Sofia et al,

1994; Diorio et al., 1995, see Chapter 2 of this thesis]. Moreover, the E. coli

chromosomal ars homolog was found to be conserved in the chromosomes of many other

Gram-negative baeteria! species [Diorio et al., 1995, see Chapter 2 of this thesis],

suggesting a funetional importance of the ars operon during evolution. The sequence

homology between the E. coli chromosomal ars and the R773 and staphylococcal plasmid

ars operons may implicate a common ancestor of the baeterial ars operons [Diorio et al,

1995].

The funetional importance of the arsenic eftlux system appears to extend beyond

prokaryotic systems, since the energy-dependent eftlux mediated resistance to arsenic bas
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also been observed in eukaryotic systems (Ouellette and Dorst, 1991; Wang and Rossman ,

1993; Dey et al., 1994b]. Wang and Rossman (1993) isolated severa! arsenite resistarrt and

hypersensitive Chïnese hamster V79 een line YBriants. Some of the arsenite resistant

subcell liDes are cross resistant to arsenate and potassium antimonyl tartrate, a trait similar

ta that observecl in bacterial QTS OperODS. The level of resistance can be increased by

pretreatment of the cel1s with nontoxie concentrations of the oxyanions [Wang and

Rossman, 1993; Wang et al, 1994b). In the resistant variants, arsenic resistance occurs as

a result afdecreased acomuJ1ation ofthe OxyanioDS, and is mediated by energy-dependent

efflux [Wang et al, 1996]. Moreover, it appears that an arsenite-glutathione interaction is

involved in tbis arsenite resistanœ mecbanism, since addition of two inhibitors of

glutathione S-transferase (aST) to the system decreased arsenite efBux [Wang et al,

1996]. A sirnjJar eff'ect ofOST inlubitors on the resistance phenotype wu also observed in

SA7, an arsenite resistant Chïnese Hamster Ovary cell line, which expresses GST at bigh

levels [Lo, et al., 1992; Wang and Lee, 1993]. This suggests that GST is involved in

arsenic detoxifieation in Cbïnese hamster ceUs.

A funetionally related arseniclantimony resistanœ mecbanism bas been found in

unicellular eukaryotes, including important parasites of man, such as leishmarûal and

trypanosomal species. The resistance in Leishmania torento/Qe and Trypanosome brucei is

determined by a P-glycoprotein (PgpA) associated fimetion [Ouellette and Borst, 1991;

Jackson et aL, 1990; Gr6gl et al., 1992]. It is specifie to arsenicals and antimoDiais

[Cal1ahan and Beverley, 1991; Papadopoulou et al., 1994; 1996], and resembles that ofthe

E. coli ars operon [Kaur and Rosen, 1992a]. Transfection experiments showed that the

pgpA genes of L torentoloe and L major were implieated in the low level oxyanion

resistance [CaJJahan and Beverley, 1991], whereas the high level resistance is round to he

associated with amplification ofthepgpA gene [Grondin et al., 1993]. A null mutant of the

pgpA gene ofL torento/ae exhibited increasecl seusitivity to arsenite and antimonite, and

decreased intracellular survival inside murine macrophages [Papadopoulou et al., 1996].

Transfection of an intact pgp~ gene into a L tarentolae pgp~ DU1l mutant reversed the

resistance levels to !hase of the wild-type cens [papadopoulou et al., 1996]. Experiments
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with disrupted cbromosomal pgpÂ locus in the anenic rai••• mutant indicate tbat PIPA

is not essential for resistance to oxyaniODS, althougb it migbt be required in the

establishment ofresistance in the early stages [Papadopoulou et al., 1996]. Recent studies

on the mechanism ofarsenic resistance ofL tarentoloe sbowed tbat the aneaic resÎ••nt

ceUs overproduce intraœ1lular thiols, mainly trypanotbione [Mukhopadhyayet al., 1996],

which forms an As(SG), or Sb(SG), complex in an ATP-depeadent manner [Dey et al.,

1996]. The direct substrates for the arseoiclantimony pump are As(III)ISb(III)-thiol

complexes, which acœmu1ate in the plasma membrane vesides prepared &om either wiId

type or pgpA. nun mutant strains at sinu1ar rates, inmcaring tbat the pgpA. gene does DOt

encode the As-tbiol eft1ux pump [Dey et al., 1996; Mukhopadhyay et al., 1996]. However,

the As(V)ISb(V)-containing compounds, iDduding the antiIeishmania drug, Pentostam, are

proposed to be reduced intracellularly to their trivalent equivalents, foDowed by the

formation of metaUoid-thiol complexes in arder to be extruded [Dey et al., 1996;

Mukhopadhyay et al., 1996].

Although the leishmanial P-g1ycoprotein A does not seem to fimction u an efIlux

pump, a strong analogy does exist between the overall structure of the bacterial arsenic

translocating ATPase (encoded by the R.773 ars operon) and the mammalian multidrug

resistanœ system (MOR) [Silver et al., 1989]. The mammalian MDR system is composed

of a P-glycoprotein (P-gp) with a duplieated ATPase domain anchored to the ceU

membrane through the integral membrane regioDS [Gros et al., 1986]. The MDR

phenotype results tram amplification and overexpression ofthe MDR gene wben ceUs are

exposed to a single drug, thus increasing the eft1ux ofmultiple unreIated cbemothcrapeutic

agents (Endicott and Ling, 1989]. The common features in the overall structure and

function of these energy-dependent eftlux systems may imply a fimdamental cellular

defense mecbanism conserved in many orpnisms duriDg evolution.

1.8.2 Stress responses and adaptation

A sudden change in growth conditions may elicit a saies ofresponses within a ceIl.

These responses may involve gene activation and syntbesis of stress proteins, which aIlow

35



•

•

the cell (or organism) to adapt to its new envîronment. One commonly observed stress

response in allliving organjsms is the heat sbock response., in which an abrupt sbift to a

higher temperature leads to the synthesis of a set of heat shock proteins (HSPs). Many

HSPs funetion as chaperones and chapero~ and assist in protein folding and renaturing

under e1evatecl growth temperature conditions [Morimoto et al., 1~]. The heat shock

response appears to he a universal stress response, as it is observed in ail living organisms.

Althougb the classical stimlllator for the heat shock response is a r8pid up-sbift in growth

temperature, many external stimuli are able to elicit synthesis of HSPs. These stimuli

include changes in oxidative growth conditions, viral infection, and exposure to • vanety

of chemica1s, such as ethaDol, 2,4-dinitrophenol. sodium azide, hydrogen peroxid~ heavy

metals, and amino &cid analogues [Welch, 1990]. Kato et al. (1993) found that exposure

of human glioma ceIIs to arsenite co-induced the synthesis of!Wo low molecular weight

stress proteins, aB crystaIIin and HSP28, wbich belong to the low-molecular-weigbt HSP

family and cao a1so he induced by heat shoc:k treatment. Increased synthesis ofHSP70 and

HSP90 wu found in precision-œt rat liver s1ices exposed to sodium arsenite or heat shock

[Wijeweera et al., 1995]. A stress protein response was found in arsenite-exposed Fathead

minnows (PimephaJes promelas) [Dyer et al. 1993], which showed significant increases in

the synthesis and accumulation of 20-, 40-, 70-, 72-, and 74-kO proteins in giII, and 20-,

30-, 68-, 70-, and 9O-kD proteins in muscles. A1though the identity and physiological

funetion of these proteins are not yet clear, synthesis and accumulation rates of arsenite­

induced proteins 20-, 70-, 72-, and 74-kD in gin and the 70-k:D protein in the muscle were

significantly correlated with arsenic.induced mortality [Dyer et al, 1993]. Falkner and

colleagues (1993) found that arsenite can induce NAD(P)H:Quinone acceptor

oxidoreductase (QOR) activity in Iiver, Jung, kidney, and heart, and glutathione S­

transferase aetivity in kidney ofthe rat. QOR. is primarily a cytosolic protein tbat eatalyzes

the two e1ectron reduction of quinones to hydroquinone, an important detoxifieation

pathway [Cadenas et al., 1992]. A1bores et al (1995) found that subcutaneous

administration of sodium arsenite to Sprague-Dawley male rats selectively increased Jung
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cytochrome P450 isozyme lAl-dependent monooxygeuase aetivity, indieating the

activation ofthis cellular defense mecbanjsm against arsenite-induced oxidative stress.

In addition to stress responses and physiological adaptation, living orpnisms cao

also undergo genetic adaptation, in which a mutant is selected by a new environment to

become the predominant type in the population. Genetic adaptation to arsenic bas been

recently reported in some organisms [Teixeira et al, 1995; Kondrayeva et al., 1995;

1996]. For example, two arsenate resistance mec:banisms have been observed. in

Thiobacillusfe"ooridans strain VKM-45S [Teixeira et al., 1995], an important baderium

employed for metal-leaching in mining processes. The low level anenate resistance

observed in this strain is thought to be mediated by a constitutive mecbanism tbat a1Iows

the baeterial cells to sustain levels of arsenic ranging ftom 0 to 4 g/l. The high level of

arsenate resistance wu acquired by an adaptation proœss resuIting ftom the growth of

cells in a semi-continuous culture with relatively low concentrations of arsenate (4 g AsIl)

in a fermentor. The bacterial celIs 50 adapted sbowed an improved growth profile in the

presence of arsenic concentrations as high as S gIl, and an increased rate of ferrous iron

oxidation, a characteristic orthe metabolic aetivity of the speàes [Teixeira et al, 1995].

Comparison ofthe protein profiles ofthe ceU-free exuacts trom the adapted ceUs grown in

the absence and presence ofS gIl arsenate by SnS..PAGE revealed the appearanc:e offour

extra protein bands in the Iater case [Teixeira et al., 1995]. This suggests that the arsenate

resistance resulted ftom adaptation involves synthesis ofnovel proteins. In addition, pulse­

field gel electrophoresis of the chromosomal DNA ftom an experim.entaJly enhanced

arsenate resistant T. jerrooridons strain (VKM-45SAs2) and its parental strain (VKM­

458) wu performed. The strain VKM-458As2, which developed arsenic resistaDce after

10 passages on growth medium containing low leve1s of arsenic as arsenopyrite, sbowed

an XbaI restriction fragment of 28 kb in size, weh was not present in the parental strain

VKM-458 [Kondrayeva et al., 1995; 1996]. This observation indieated an involvement of

gene amplification during this arsenic adaptation process. The arsenic resistaDce gene

might he localized within the amplified DNA fragment.
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Arsenic tolerance resulting from adaptation bas also been observed in Yorkshire

Fo& Ho/eus lanatus L. (poaceae) collected from arsenate contaminated mine soils

[Meharg et al., 1993]. The levels of arsenic in the contaminated soils range from 2.2 to

18.6 J.UDol Aslg soil dry weigbt, 10 to 100 times higber than those round in

uncontarninated soils. Root tests showed that 92-1()()oAt of the individuals from arsenate

contarninated soils were tolerant, compared to the 500/0 trom the uncontaminated soils

[Meharg et al., 1993]. It is known that arsenate is taken"up by angiosperms through bath

the high and low at1inity phosphate transport systems [Meharg and Macnair, 1990]. In

arsenate contaminated $Oïls, arsenate competes for phosphate transport, resu1ting in a

condition equivalent to phosphate starvation. To reduce the cost of living under such

nutrient-poor conditions, the high affinity phosphate transport system in H. lanatus is

suppressed. As a consequence, the arsenate uptake is also reduced in the plants adapted to

phosphate-poor conditions [Meharg and Macnair, 1990; 1992], leading to the observed

arsenate tolerance.

1.8.3 Sequestration

One common mechanism for detoxifying heavy metals is seqUestration, a process

in which metaIs bind to cellular proteins. Metallothioneins (MTs), a group of low...

molecular-weight, sulfbydryl...rich, metal-binding proteins, play an important role in the

homeostasis of essential metals, in heavy Metal detoxification, and in the scavenging of

free radicals [Dunn et al., 1987]. The production ofMTs can be induced by g1ucocorticoid

honnones, acute str~ various organic chemicals [Dunn et al, 1987; Andrews, 1990], and

a variety ofmetals [Maitani and Suzuki, 1982; Waalkes and Klaassen, 1985].

It bas been reported that arsenicals are able to induce the in vivo production of

hepatic metallothionein (MT) in mouse and rat [Albores et al., 1992; Kreppel et al. 1993].

Among arsenite, arsenate, MMAA, and DMAA, arsenite is the most potent inducer of

MT, and at a dose of 80 IIMollkg induces a 30-fold increase in MT. Moreover, 3-, 50-,

and 120-fold Molac amounts ofarsenate, MMAA, and DMAA, respectively, are neecled to

cause asimilar level of MT induction. However, the level of hepatic MT is highest with
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MMAA (80-fold), foDowed by arsenite (30-fold), arseoate (25-fold), and DMAA (10­

fold) [Kreppel et al, 1993). Induction ofMT by arsenite bas aIso beeo observed in other

mammaljan species incIuding cultured human (HeLa) cells [Guzzo et al, 1994]. Zinc wu

shown to induce the synthesis of hepatic MT as wei as arsenite tolerance in mice.

However, induction of MT by zinç did DOt appear ta he responsible for the induccd

arsenite tolerance [Krepple et al, 1994].

Although MT bas been implicated in detoxifieation of a variety of heavy metals,

the in vivo binding of MT to arsenic appears to he insignificant [Chen and Whanger,

1994]. Therefore, the role ofMT in arsenic detoxifieation remsins to he clarified. Other

cellular proteins may bind to arsenic and thus reduce the toxic eft'ects of arsenic ioDS. In

vitro methylation assays of rat liver cytosol and of Iiver and kidney cytosol of arsenite­

treated mice showed that MOst inorganic arsenic was protein bound. Appreciable &actiODS

oforganoarsenical Metabolites were also protein bound [Styblo et al., 1996b). It is known

that arsenite or arsenate administered to rabbits is bound initiaIly to hepatocyte proteins

before methylated arsenic appears in urine [Marafante et al, 1981; 1982; Vahter and

Marafant~ 1983]. This protein binding may decrease the toxicity of inorganic arsenic in

situ by decreasing its metabolic availability until it is methylated enzymatically. It wu

found that when cylosolic proteins were incubated with inorganic arsenic, the amount of

As(llI) bound is 13 times greater tban that for As(V). Three arsenite-binding proteins

were found in the cytosolic portion of rabbit üver [Bogdan et al, 1994]. However, the

identity and funetion ofthe three arsenite-binding proteins need to he further studied.

In prokaryotic systems, detoxifieation via sequestration bas been reported for the

copper resistance systems. In E. coli and Pseudomonas syringae, copper resistance is

mediated by two periplasmic copper binding proteins and two other membrane

components [8ilver and TI, 1994]. The first weU-defined bacterial metallothionein wu

found in the cyanobacterium Synechococcus. Baeterial MT is encoded by the smtA. gene

and contains 56 amino acids, inclucling 9 "cysteine residues. The syntbesis of the bacterial

MT is controUed by severa! mecbanisms, including derepression of repressor aetivity,

deletion of the repressor gene al fixed positions (over a long term), and amplification of
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the MT gene [Silver and Ji, 1994]. Although arsenic specifie binding proteins have DOt yet

been reported, such sequestration mechanisms MaY also play a role in arsenic

detoxification, and remain to he further investigated.

1.8.4 Other mechanisms

Arsenic tolerance cao also resu1t ftom genetic derects that cause decreased uptake

of arsenicaIs. For example, mutations in phosphate transport systems, through which

arsenate is transported ioto cells, are responsible for arsenate resistance in some E. coli

strains [Willsky and Malamy, 1980b). Melaminophenyl arsenical drogs, such as melarsen,

have been used to treat Afiican sleeping sickness. Recently, trypanosomes resistant to

melarsen have been round. The resistance is due to the absence of an unusual adenosine

transporter that is a1so responsible for the uptalce of melaminophenyl arsenical drugs

[Carter and Fairlamb, 1993].

1.9 CIŒMICAL AND BIOLOGICAL MONITORING OF ARSENIC

1.9.1 Analytical methods

Development in anaIytical chemistry bas made it possible to identify arsenic

compounds in environmental and biological samples. Numerous sophisticated analytical

techniques, such as atomic absorption spectrometry (AAS), atomic emission, atomic

fluorescence, high performance liquid chromatography (HPLC), and gas chromatography

(GC), and combinations of spectrometry and chromatography, have been developed for

quantitative anaIysis of arsenic and other Metal pollutants [Harriot et al, 1988]. These

methods are highly sensitive and seledive in detecting different species of metallic and

metalloid compounds. A very popular analytical method for arsenic speciation is the

hydride generation atomic absorption spectrometry (HG-AAS), which selectively

determines arsenite ion, arsenate ion, MMAA, and DMAA concentrations in aqueous

solutions with high specificity and low detection limits [Braman and Foreback, 1973;

Braman et al., 1977; Norin and Vahter, 1981; Masscheleyn et al., 1991b]. MMAA and

DMAA are the major urinary Metabolites detected after exposure to inorganic arsenic.
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Organic arsenic compounds ofmarine origin are not biotransformed into inorganic arsenic

or methylated arsenic acids to any significant degree in human body, and thus will not he

detected by this method. This analytical procedure involves reduetion ofarsenicals to their

corresponding arsines, which are coUected in a liquid N z trap. Mer sequential

volatilization, the arsines are detected by an emission detection system [Braman and

Foreback, 1973]. In this assay system, As(llI) ion is the ooly fonn that can be reduced to

arsine by sodium borohydrate between pH 4 and 9. As(V) ions must first be reduced to

As(llI) ions by sodium cyanoborohydride before they cm be reduced ta arsine by sodium

borohydride. MMAA and DMAA are reduced to methylarsine and dimethylarsine,

respeetively, by sodium borohydrade between pH 1 and 2. The detection limits of this

procedure are 0.05 ng for As(llI) and As(V), and 0.5 ng for methylarsinic acid [Braman

and Forebaek, 1973]. Recently, various improved analytical methods have been developed

for full speciation of organic and inorganic arsenie compounds in biological and

environmental samples [Lamble and Hill, 1996; Lopezgonzalvez et al., 1996; Le et al.,

1994; 1996]. An effective urine elean-up method bas been developed by Lopezgonzalvez

et al. (1996) for the determination of arsenite, arsenate, MMAA, DMAA, AB, and AC in

urine samples. This method involves precipitation of MOst high molecular mass inorganic

salts and organie compounds in the urine sample in ethanol at -1 SoC prior to injection into

an HPLC column. The six arsenic species of the eleaned-up urine extract are then

separated on an anionie HPLC column coupled to a microwave-assisted oxidation-hydride

generation-AAS (HPLC-MO-HG-AAS) [Lopezgonzalvez et al., 1996]. Because urine is

the main pathway of arsenie excretion and the toxic species, As(lll), As(V), MMAA, and

DMAA are not transformed to the non-toxie species (AB or AC), separate quantification

ofthese species May reveal the source of arsenic, i.e. from occupational exposure (toxie

species) or from food ingestion (non-toxie species), and thus enable an adequate

toxicological eva1uation of arsenic exposure. The HPLC at elevated temperature and

selective hydride generation atomie fluorescence detection method [Lamble and Hill,

1996; Le et al., 1996] reduced chromatography retention times for AB, AC, tetramethyl­

arsonium, and arsenosugars, and enabled differentiation of more toxic from less toxie
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arsenic species [Le et al., 1996]. In addition to the most common and widely applicable

HG-AAS and HPLC assays, other improved anaIytical techniques, inclucfing HPLC

coupled to an inductively-coupled plasma-mass spectrometer (lCP-MS), and ion-exchange

chromatography with detection of arsenic by instrumental neutron activation, are now in

use, although oflimited availability.

1.9.2 Biological assay systems

The weU-developed analytical chemistry systems, as descnèed above, can provide

accurate data on the concentration and speciation of arsenic compounds. However, the

procedures are usually time-consuming and expensive, and the resu1ts cannot distinguish

between compounds that are avaiIable to biological systems ftom those that exist in inert,

unavailable forms.

In an effort to overcome the drawbacks of these analytical methods, various in

vivo and in vitro biological assay systems, including biosensors, bave been developed. The

biosensor system that is gaining increasing popularity in environmental monitoring is the

bioluminescence system due to its high sensitivity, rapid response, large dynamic range,

high accuracy, ease ofmeasurement, and economy [Danilov and Ismai1ov, 1989; Van Dyk

et al., 1994]. Bioluminescence is an inherent trait of relatively few org~ ranging

from baeteria and fimgi to insects and fish. The chemical basis ofbioluminescence varies

from species ta species. The most popular and best studied bioluminescence system ta

date is baeterial bioluminescence. There are currently six recogniud marine luminous

baeterial species, all beloDging to the familles EnteTobacteriaceae and Vibrionaceae.

These luminous marine baeteria are ubiquitous in marine enVÎronments. They emit VÎSlèle

blue-green light at a rate of 102 ta 10" quanta per second per cell [Danilov and Ismailov~

1989]. The light emitting reaction of ail luminous baeteria is catalyzed by a specifie

enzyme, luciferase~ and involves oxidation of a reduced mono8avin nucleotide (FMNH2)

and an aIiphatie aldehyde in the presence of oxygen, to form FMN, aliphatic acid, water,

and blue-green light, which can be readi1y detected at 490 Dm [Danilov and Ismailov~

1989; Meigh~ 1991].
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I..I1minesœat biosenson bave been used to monitor ceIl survival under various

growth conditio~ to identify the presence of specifie toxins, heavy meta1s and other

xenobiotie substances, to monitor gene expression, and to study the intracellular levels of

the substrates involved in the bioluminescence reactioD. For in vivo bio1uminescence

assays, two major types oC bioluminescent organisms have hem used. One type exploits

naturaIIy luminous orgaoisms that constitutively express biohlminescence and

microorganisms that contain a constitutively expressed luciferase sene on a plasmid. This

type is often used Cor monitoring environmental changes that affect cen physiology and

thus affect bioluminescence at either the substrate or enzyme level. For example, a

plasmid-carried constitutively expressed luciferase gene system bas been used to monitor

the thermal inactivation of Salmonella typhymurium in the presence of competitive

microfiora [Duffy et al., 1995]. The MICROTOxe assay system, a commercia1ly available

in vivo bioluminescence system, uses the bioluminescent bacterium, Photobocterium

phosphoreum. The fteeze-dried bacteria and aD the reaction components are supplied as a

kit (Beckman Instruments Inc.). The system bas been used for predieting the relative

toxicity of metal ions using ion characteristics [McCloskey et al., 1996]. The second type

of in vivo bioluminescence assay system consist5 of genetically-engineered luminous

microorganisms, in which the expression of bioluminescence is controUed by the

regulatory elements of interest, 50 that the system can be used to evaluate the effects or

the level of a given compound. These luminous microorganisms have been used to detect

the presence ofspecific environmental poUutants, such as heavy metal ions (Selifonova et

al., 1993; Guzzo and DuBow, 1994] and organie contaminants [King et al., 1990; Heitzer

et al., 1992], ta monitor pathogenic microbes [Shaw and Kado, 1986], to identify a

specific microorganism in a heterogenous mixture ofmicrobial tlora [Rattray et al, 1990],

and to monitor gene expression [Guzzo and DuBow, 1994; Corbisier et al., 1993; Van

Dyle et al., 1994; Kondo et al., 1993; Kondo and Isbiura, 1994]. AIthough there have been

few reports on arsenic specifie bioluminescent bioseusors, this appears to be • promising

strategy for monitoring the bioavailability ofarsenic compouncfs.
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In addition to bioluminesœnt biosensor systems, bioassays for detecting the toxic

effects of various enviromneotal poUutants, such as arsenic, have been developed. For

example, based on the tàct tbat arsenic induœs oxidative stress [Ahmad, 1995], Zaman

and coUeagues (1995) developed an insect mode! in wbich the oxidative stress related to

arsenic toxiclty can he monitored. In tbis assay, changes in the activities of severa!

antioxidant enzymes, including superoxide dismutase (SOD), c.ataJase (CAT), glutatbione

transferase (GST), the peroxidase aetivity of glutathione transferase (GSTPX), and

glutathione reduetase (GR) are monitored. When adult female houset1ies, Musca

domestica, were treated with As(llI), an increase in enzymatic aetivity wu found in SOD

(1.3-fold), GST (1.6-fold), and GR (I.S-fold), but the aetivity of CAT and GSTPX were

not affected. As(V) had no effect on these parameters. In another insect species,

Tricoplusia ni, the antioxidant enzyme aetivities were not affected by As(nI), except for

SOO, which wu suppressed by 29.4% and GST, wbich wu induced l.4-fold. As(V) bad

no effect, except the suppression of SOO by 41.201'0. Lipid peroxidation and protein

oxidation were elevated in bath insects by up to 2.9-fold. These data suggest that the

effects of arsenie-induced oxidative stress may differ between the two insects [zaman et

al., 1995]. Based on the haemolytic aetivity of arsine sas, an in vitro model for arsine

toxicity bas been reported uSÎDg isolated red blood cells [HatIelid et al, 1995].

1.10 OBJECTIVES AND OUTLINE OF TIŒ nœSIS

Owing to the prominent toxic effects of arsenic on ecosystems and the incteasing

levels of arsenic released ioto the environment from various sources, the objective of this

study was to reveal the molecular basis of genetically-programmed responses to arsenic

exposure in bacterial cens. Our mst effort was to identify bacterial genes whose

expression is derepressed in the presence of arsenic oxyanions. This task wu acbieved

using transposable bacteriophage Mudi (lac, Ap~ [Casadaban and Cohen, 1979] to create

a random lacZ gene fusion borary ofE. coli, and screening for arsenic induction of IocZ

expression in a lac-deleted strain ofE. coli. One arsenic induClole clone wu isolated, and

the chromosomal arsenic responsive operon, the ars operon, wu prelimjnarily
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characterized as descnOed in Chapter 2. Further analysis was perfonned to e1ucidate the

expression and ttanseriptiooal regulation of the E. coli ch:romosomal ars operon, as

depieted in Cbapter 3. Cbapter 4 is devoted to exploring of the potential of the

transcriptional gene fusion straÎDS, constructed durinS the course of this study, in

biological1y monitoring the presence ofarsenic in chromated copper arsenat«\ a c:ommonly

used wood preservative. Chapter S descnDes the identification and characterization of a

chromosomal ars operon bomolog in the pathologically and environmentally imponant

species Pseudomonas aeruginosa, and the comparison of this operon with its homologs in

other baeterial species, in order to shed ligbt on the evolutionary relationsbips aDd

funetional importance of this operon. Lastly, a general conclusion bas been mad~ in

Chapter 6, to summarize the importance and significance ofthe present study.
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CBAPTER2

AN ESCHER/CHIA COU CHROMOSOMALARS OPERON HOMOLOG IS

FUNCTIONAL IN ARSENIC DETOXIFICATION AND IS CONSERVED IN

GRAM-NEGATIVE BACTERIA
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2.1 ABSTRACT

Arsenic is a Imown toxic metaIloid, wbose trivalent and pentavalent ions can inhibit

many biochemical processes. Operons which encode arsenic resistance have been found in

multicopy plasmids ftom both Gram-positive and Gram-negative bacteria The resistance

mechanism is encoded ftom a single operon which typically consists of an arsenite ion­

inducible repressor that regulates expression of an arseuate reduetase 8Dd iDner

membrane-associated arsenite export system. Using a /QcZ transeriptional gelle fusion

h"brary, we have identified an Escherichia coli operon whose expression is induced by

cellular exposure ta sodium arsenite at conœubations as low as S Jlglliter. This

chromosomal operon was clon~ sequenced, and found to consist oftbree cistrons which

we named ar~ arsB, and ar5C because of their strong homology ta the plasmid-bome

ars operons. Mutants in the chromosomal ars operon were found to be approximately 10

to lOO-fold more seusitive ta sodium arseoate and arsenite exposure than wild type E.

coli, while wild type E. coli that coDtained the operon cloned on a ColEl-based plasmid

was found to be al least 2 ta 10-foid more raistant to sodium arsenate and arsenite.

Moreover, Southern blotting and high-stringency hybridization of this operon with

chromosomal DNAs from a number of bacterial species showed homologous sequences

among members of the family Enterobacteriaceae, and hybridization was detec:table even

in Pseudomonas aeruginosa. These results suggest that the cbromosomal ars operon may

be the evolutionary precursor of the plasmid-bome operon, as a multicopy plasmid

location would allow the operon ta he amplified and ils produets ta confer increased

resistanœ ta this toxic metalloid.

2.2 INTRODUCTION

Arsenic is a metaIloid found in the environment and cxists commonly in the

trivalent or pentavalent ionic faons [Lindsay and Sanders. 1990]. Its toxie propenies are

weIl known, and bave been exploited in the production ofantimicrobial agents, such as the

first specifie antibiotic (Saivarsan 606) and the Aftican sleeping siekness drug Melarsen, in

addition to the commonly-used wood preservative chromated copper arsenate [Carter and
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Fairlamb, 1993; Weis and Wei$, 19928]. Because of the increasing environmental

concentrations as a result of industria1ization, perbaps, it is Dot surprising that plasmid­

loeated genes which confer resistance to arsenic have been isolated ftom baeteria [Kaur

and Rosen, 1992a; Sîlver et al., 1993a]. These arsenic resistance determinants (ars),

isolated fi"om both Gram-positive and Gram-negative baeterial species, have been round to

be very homologous and genera1ly consist ofeither three or five genes that are organized

inlo a single transcriptional unit (Sîlver and Walderhaug, 1992]. In the well-studied ars­

containing plasmid R773, isolated from Escherichia coli [Chen et al, 1986b; Silver et al.,

1981], the operon consists offive genes that are controDed trom a single promotor located

upstream of the first cistron (arsR). These cistrons, arsRDABC (m that order), encode an

arsenic inducible repressor (arsR) [Wu and Rosen, 1991], a negative regu1atory protein

that controls the upper level of transcription (arsD) [Wu and Ro~ 1993a], an ATPase

plus a membrane-Iocated arsenite eftlux pump (arsA and arsB, respectively) [Karkaria et

al., 1991; Rosen et al., 1988; Sîlver et al., 1993a; Tisa and Rosen, 1990], and an arsenate

reduetase (arse') [Gladysheva et al., 1994]. In the weU-studied ars-containing plasmids

isolated from SUlphylococcus species, (plasmids pI2SS and pSX(67), the arsR, arsB. and

arsC cistrons are conserved, while the arsD and arM cistrons are absent [Ji and Silver,

1992a; Rosenstein, et al., 1992]. In this case, the ArsB protein is believed to use the œU's

membrane potential to drive the eft1ux ofintracellular arsenite ions [Ji and Silver, 1992b].

The origin ofthese homologous plasmid-bome arsenic resistance detenninants bas not yet

been defined.

Given the ubiquitous presence of arsenic, we sought to determine if baeteria

contain chromosomally located genes whose expression is induced at elevated arsenic ion

concentrations and which aid cells in detoxification of episodic increases in extraeellular

arsenic [Smith et al.~ 1992]. We have previously reported the presence of a1uminum

[Guzzo et a1.~ 1991] and nickel [Guzzo and DuBow, 1994]- inducible genes in E. coli by

screening a übrary of 3000 single-eopy, Vibrio harveyi luciferase gene fusion

chromosomal insertion clones (Guzzo and DuBow, 1991] for changes in light emission

upon addition of these metals. Using a collection of lacZ chromosomal gene fusions

prepared with MucII (Casadaban and Cohen, 1979], we report here the identification ofan
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arsenic-induable operon in the chromosome ofE. coli located at 77.S min. The doniDg

and sequencing of this operon revealed tbat it cao encode proteiDs that are highly

homologous to plasmid-encoded ars detemUnants and that its expression is inducible al

arsenic ion concentrations just above the environmental background [Dudka and Markert,

1992; Smith et al, 1992]. We also showtbat this operon is present in the chromosomes of

a wide variety of Gram-negative bacterial species and tbat it is a fimetiooally important

detenninant in detoxifieation ofarsenic ions inE. coli.

2.3 MATERIALS AND MEmODS

2.3.1 Bacterial strains and phages

The following bacterial strains used were ail derivatives ofE. coli K12: E. coli 40

(Apro-/ac, rpsL, trp), E. coli BU5029 (a recA mutant derivative of strain 40), and those

descnDed (mcluding sources) by Autexier and DuBow (1992). Phages Mudl and Plvir

were kind gifts of M. Casadaban (University of Chicago) and R. Stewart (McGill

University), respectively.

2.3.2 DNA manipulations

AIl restriction endonuclease hydrolyses and DNA ligations were performed as

descnbed by Tolias and DuBow (1985). DNA sequencing ofooth strands (Fig. 2A) was

performed by the dideoxy DNA sequencing method with single-stranded DNAs nom

cloned fragments in plasmids pUCl18 or pUC119 [Vieira and Messing, 1987] by using

the Sequenase kit Version 2.0 nom United States Biocbemicals. Southem blotting and

hybridization, as well as isolation of total cellular DNA, were performed according to the

metbod ofAutexier and DuBow (1992), while PI transduction wu dOIle according to the

method of Miller (1972). DNA wu isolated fi-om stationary-pbase celIs grown in Luria­

Bertani (LB) [Miller, 1972] broth (E. coli strain 40 and P. œruginosa strain PAOI) or

nutrient broth (Difco Laboratories; Shigella sonneii, CitrobDcter freundii, Enterobacter

cloacae, Salmonella arizonae, Erwinia carotovora, and KlebSiel1a pneumoniae) at 3rC

except for E. coli strain 40, P. aeruginosa PAOI, and S. arizonae. which were grown al
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32°C. For Southem blotting, 10 I!g of total cenular DNA was digested with the

appropriate restriction enzyme and blotted onto nylon (Hybond-N; Amersbam)

membranes foUoWÎDg electrophoresis through 0.75% agarose gels (Sambrook et al.,

1989]. Membranes were probed with2 x 10' to 4 x 10' cpmlml ofan a ...32P-labelIed 1188­

bp EcoRV (bp 1664 ta 2852 [see Fig. 2A]), or a S87-bp Nt:kI- &oR.V (bp 1077 to 1664

[see Fig. 2A]) DNA fragment (prepared by the random priming method [Sambrook et al.,

1989]) under high stringency conditions [Autexier and DuBow, 1992]. After heing

wash~ membranes were exposed to Agfà Curix RPI X-cay film.

2.3.3 Construction ofstrains LF20001 and LF20018

/acZ fusions to chromosomal genes were construeted by infecting E. coli 40 with

MucII (lac Apj baeteriophages as descnbed by Casadaban and Cohen (1979). The

resultant clones were picked to a master plate and replicated on LB agar plates that

contained ampicillin and S-brom0-4-chloro-3-indolyl-b-D-galaetopyranoside (X-Gal;

Research Organics Inc.) plus increasing concentrations ofsodium arsenate (0.1-10 J.lg/ml).

One clone, which became blue when it was grown in the presence ofsodium arsenate and

remained white in its absence, was named LF20001 and isolated for further study. E. coli

LF20018 was construeted by Plvir transduction [Miller, 1972] ofE. coli LF20001 into E.

coli 40 and selection on LB plates that contained ampicillin. The resultant Apr clone (E.

coli LF20018) was tested for arsenic induction ofJ3-galaetosidase, and the location of the

MucII prophage was detennined by Southem blotting and hybridization, with the lacZ

gene as the probe.

2.3.4 Isolation of the arsenic-inducible operon

Ta isolate the proximal portion of the arsenate-inducible operon, a lac operon-Mu

attR.. E. coli DNA fragment was cloned trom strain LF20001 via isolation oftotal cellular

DNA [Guzza and DuBaw, 1991], cleavage with BglII, Iigation into BamHI-eleaved

pBR322 DNA, and transformation into E. coli BUS029. One colony, which developed a

blue côlor on LB agar with ampicillin and X-Gal (because of amplification of the lac
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operon), wu selected and its plasmid designated pJS29 (Fig. 1). The clonecf cbromosomal

DNA adjacent to the rigbt end of the MucII insertion wu isolated and used as a probe to

identify a 1S-kb PstI fragment trom the çbromosome of E.. coli 40. The lS-kb fi'agment

was çloned into pBR322 (digested withPstI) to yield plasmid pJC076 (Fig. 1) by standard

procedures [Sambrook et al, 1989]. A 3-kb NSlI-BglI fragment that encompassed the site

of Mudl insertion in sttain LF20001 was subcloned (plasmid plel03) and completely

sequenced.

2.3.5 6-Galactosidase assays

B-GaIaetosidase assays were performed as desaibed by Miller (1972) by the

chloroform- sodium dodeçyl sulfàte ceIl Iysis procedure. Ce1ls were grown to an A,50 of

0.4 in LB broth al 32°C and exposed to various arsenic 8Dd antimony compounds, and

aliquots were removed for 8-gaIae:tosiciase assays after 30 min..

2.3.6 Arsenic sensitivity tests

The sensivities of E.. coli strains to trivalent and pentavalent arsenic ions were

determined by preparing petri plates that contained LB agar and various concentrations of

sodium arsenate and sodium arsenïte. Ovemight cultures ofE. coli strains grown in LB

broth were diluted in ftesh LB broth and grown al 32°C ta an A,50 of approximately 0.4.

Theo, ceIls were diluted IO'-rold in LB bro~ and O.lm! ofthese dilutions were spread Cm

triplieate) on different agar plates. Petri dishes were incubated at 32°C ovemight and then

colonies were counted.

2.3.7 Nucleotide sequence acœssion number

The nucleotide sequence reported here bas been submittecl 10 the EMBL database,

and assigned accession number X800S7.
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2.4 RESULTS

2.4.1 Discovery ofa chromosomal ars operon homolog

A collection of /acZ transcriptional gene fusions wu prepared using E. coli strain

40 and the MudI baeteriophage [Casadaban and Cohen, 1979]. In order to identify any

gene whose transcription is specifically affected by arsenic salts, this collection of clones

was replicated on petri dishes in the absence and presence of vanous concentrations of

sodium arsenate and the B-galactosidase indieator substrate X-Gal. A single clone whic:h

formed blue colonies on petri plates that contained sodium arsenate and white colonies in

its absence was identified. This clone, designated strain LF2000l, wu isolated for further

study. A PIvir transduetant of the Mudl prophage region was also prepared in E. coli 40

and designated E. colioLF20018. The DNA adjacent to the Mud! prophage was mapped

by Southem blotting (with the lac operon as the probe), cloned, and used as a probe to

map and isolate the DNA sequences that Bank the MudI insertion. site tram the

chromosome ofE. coli 40 (Fig. 1). By hybridization of the chromosomal DNA [Guzzo et

al., 1991] in plasmid pIC103 to the Kohara phage set [Kohara et al., 1987], it was

determined that the arsenate-inducible gene was loeated at 77.5 min on the E. coli genetic

map. A total of 2.973 kb of DNA was sequenced (EMBL accession number X800S7)

(Fig. 2A) from plasmid pIC103 and used to scan databases with the University of

WISconsin Genetic Computer Group sequence analysis software package. It was round

that this region of the chromosome is highly homologous to the arsenic-inducible ars

operons ofplasmid isolates ftom E. coli [Chen et al., 1986b; San Francisco et al., 1990;

Wu and Rosen, 1993a], Staphylococcusaureus [Ji and Sïlver, 1992a] and Staphylococcus

rylosus [Rosenstein et al., 1992] (Fig. 2B); thus because of its homology and arsenate

inducibility, it was designated ars. This chromosomal ars operon was found to consist of

three cistrons, which we have named arsR, arsB. and arsC because of the suong

homology to the plasmid-bome ars operons. The arsR cistron is 77.()OA. homologous (81

the protein level) to the same cistron in the ars operon isolated trom plasmid R773 ofE.

coli., while the arsB and orsC cistrons are 90.7 and 94.3% homologous, respectively, with

this opéron. Weaker, though still significantly homologous, are the plasmid-encoded ArsR,
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ArsB, and ABC proteiDs of both S. aureflS·and S. rylosus (Fig. 2B). The location of the

Mudl prophage in E. coli LF20001 was found to be in the arsBg~ 799 bp downstream

ftom the ATG start codon. Transcription of the inserted promoterless IDe operon would

occur from an upstream promoter (Fig. 2A), presnmahly located in a position simi1ar to

that ofthe ars operon in plasmid R773 (Wu and Roseo, 1993b].

%.4.2 Effects ofvarious arsenic and antimony compounds on ars sene expression

The plasmid-bome ars operons are induClble by various toxic arsenic and antimony

compounds [Silver and Walderbau& 1992}. In order to measure induction of expression

of the chromosomal ars operon by these compounds, E. coli LF20001 wu grown in LB

broth and exposed to various compounds, and B-galactosidase aetivity was quantified.

MaYimal levels of B-galactosidase aetivity were reached at approximate1y 60 min after

exposure of strain LF20001 to sodium arsenate at final concentrations tbat ranged

between 1-10 Jlglml (not shown). When strain LF20001 wu exposed to increasing

concentrations of sodium arsenite, induction of gene expression wu detectable 30 min

postexposure al S JlgII, with maximal induction observed al 1000 flgIl (FiS. 3). Sodium

arsenate, the pentavalent (and less toxic) form of arsenic, did not induce ars operon

expression at 30 min postexposure and 5 JlgIl. However, higher concentrations (100 and

1000 flgIl) were able ta induce expression of the arsB::IacZ fusion. ~ny (as

antimony oxide), located just below arsenic in the periodic table, was aIso round to induce

ars operon expression, as it does for the plasmid-bome ars operons [Silver et al, 1981].

However, cacodylic &cid, a relatively nontoxic pesticide which contains arsenic in an

organic fomndation [Brannon and Patrick, 1987], wu unable to induce expression orthe

arsB::IacZ fusion, even when added at concentrations as high as 1000 pgll arsenic (Fig.

3). The observed thresbold and concentration-dependent induction of the chromosomal

arsB::IacZ fusion are very simj1ar to those observed with the plasmid-bome ars operons

[Corbisier et al., 1993]. No induction orthe arsB::lacZ fusion wu observed with otber

(e.g. Pb, Zn, Cu) metal ions at concentrations that ranged trom 10-10000 pgll, DOr was B­

galactoSidase aetivity Û'om wild tyPe E. coli induced or affected by arsenic and antimony
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Figure 1: Strate&)' used to dooe the cbromosomal aneaic-inducible lelle. See Materials

• and Methods" for details. Displayed at the top of the figure is • scbematic drawing (DOt

drawn to scale) orthe Mudl insertion in the chromosome. Mu DNA€}, the bla sene
.), the lac operon (.), tIp-derived sequeacea0, and E. coli cbromosoma1 DNA

(wavy fine) are indieated. The direcâon oftranseriptioD fi'om the putative arsenic-inducible

promoter-operator resiOD (PlO) is aIso sbown. The construction ofpJS291Dd plelO] is

outIïned. Lane M in the Southem bIot, the positions of À DNA fiagmeots generated der

cleavage with HindJIl. The 2973-bp NSll - BglI fragment fi'0Dl pJel03 wu subcloned and

sequenced.
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Figure 2: (A) Nucleotide sequence ofDNA c10ned in plel03 tbat contained the arsRBC

genes. 1be predieted amino acid sequences of gene products are sbown below the DNA

sequence. Stop codons are marked by asterîsks. Sm..Dalgamo (SD) sequeaces are

printed in bold and underlined. The putative promoter sequences for 0
70 RNA polymerase

are printed in bolet, underlined, and identified as -10 and -35. The location and orieotation

of the MudI insertion, as determined by DNA sequencing fi'om Lf20001, u well as

several restriction enzyme sites, are aIso shown.

(B) Homologies among the arsenic resïstance determinants of E. coli plasmid R773,

Staphylococcus plasmids pI2S8 and pSX267, and the chromosomal an operon ofE. coli.

The promoter-operator (PlO) regioDS are indieated. The sizes of putative gene products

Cm amino acid residues ru]), are shown above or below the genes. The mlmbers between

Iines are percentages ofsirniJarity among the ArsR, ArsB, and ArsC proteins.
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compounds al the concentrations used bere (data DOt sbown).

2.4.3 A fimctional role for the ars operon in protection ftom arsenic toxicity

In order to determine if the cbromosomal an operon plays • fimctional fOIe in

protecting ceUs trom arsenic toxicity, clones with (E. coli 40) and witbout (E. coli

LF20001 and LF2(018) a functional ars operon were tested in identical SenebC

background for tbeir growth in arsenie-containing LB media. Increasing concentrations of

sodium arsenite or sodium arsenate were added to LB apr on petri disbes, and the

colony-forming capacities of the various strains were ex.mined after ovemigbt growtb.

The SOOA 1etha1 concentrations of sodium anenate and sodium anenite ofE. coli 40 were

found to he between 200 and 2000 Jlglml (Fig. 4), and simjJar results were obtained for E.

coli strain MG16SS (data oot shown). Disruption ofthe chromosomal Ql"S operon by Mucll

insertion wu found to increase the sensitivity ofE. coli 40 to sodium arseoite (Fig. 4A)

and arsenate (Fig. 4B) by approximately 10- to l00-fold (Fig. 4A). However, wben the

complete ars operon, cloned on a multicopy plasmid (pleI03), wu introduced into wild­

type E. coli 40, resistance to sodium arsenite (Fig. 4A) and arsenate (Fig. 4B) increased by

at least 3 to l().fold, though the absolute levels of resistance were somewbat lower than

those observed for E. coli that coDtained the arsRDÂBC operon of plasmid R773 [Silver

et al., 1981). The ability ofE. coli arsB mutant strains (LF20001 and LF20018) to survive

at arsenic levels whicb induce ars operon expression (0.01-1 Jlglml) may be due to othee

cellular detoxification mechanisms, sucb as those provided by g1utatbione and thioredoxin

[Greer and Perbam, 1986; Huang et al., 1993; Huclde et al., 1993].

2.4.4 Sequences bomologous to the cbromosomal ars oPeron are bighly conserved

Because of the high degree ofhomology between the protein produets of the E. coli

chromosomal ars operon and those found on plasmids trom both Gnm-neptive and

Gram-positive bacteria, we sougbt to determine iftbe cbromosomal operon wu conserved

at the DNA level (and tbus possibly the progemtor of the plasmid-based usenic resistanee

determinants). DNA wu isolated trom a numb« ofplasmid.~Gram-neptive bacterial
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species [Autexier and DuBow, 1992]. hydro1ysecl with restriction enzymes, and Southem

blotted after agarose gel electrophoresis. After hybridization with an E. coli ars-speclfic

probe, sequences tbat were homologous to the E. coli chromosomal ars operon were

found in ail of the enterobacterial species examined. Moreover, homologous sequences to

the ars operon were detected in the non-enterobacterial species P. aervginosa (Fig. S).

This large degree of· evolutionary conservation at the DNA leva strongly reinforces

notions that the chromosomal ars operon is tùnctionally important and tbat its

chromosomal presence is Dot ofrecent origin.

1.5 DISCUSSION

We have discovered a fimetiooal, arsenic-inducible operon present in the

chromosome of E. coli, with homologous sequences detectable in many other Gram­

negative baeterial specïes. This operon displays strong homology, both in protein sequence

and genetic organiUbOn, with pJasmid-bome arsenic detoxifieation operons. During the

latter stages oftbis work, continued sequencing ofthe E. coli genolDe aIso uncovered this

chromosomal ars operon homologue. though no funetional studies were performed [Sofia

et al., 1994]. The names arsE, arsF. and arsG were given to these three homologous

cistrons, but arsR, arsB. and arsC more accurately ret1ect their evolutionary relatedness

and probable funetion(s). Thus, it is likely that the chromosomal ars operon is organized

as a single transcription unit that is regulated by the arsenic- and antimony-indua"ble ArsR

repressor. Moreover, the structural genes of the cbromosomal ars operon appear to

encode an arsenate redudase (arsC) and an arsenite-specific eftIux system (arsB). The

apparent strong evolutionary conservation ofchromosomal ars determinants also suggests

that this operon may be the progenitor ofplasmid-bome ars operons. The origins ofmany

plasmid-bome resistance determinants bas not yet been. elucidated_ However, it is known

that B-Jaetamases are also higbly conserved, whether their location is cbromosomal or on

plasmids [Nordmann and Nus, 1994; Seoane and Garcia Lobo, 1991]. In addition,

hemolysins show simj1ar strODg evolutionary conservation [Baba et al., 1991; Frey et al.,

1991]. -More recentIy, however, a chromosomal bomolog of a plasmid-bome copper
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Figure 3: B-Galactosidase levels in E. coli LF20001 ceIIs at 30 min after exposure to

arsenic and antimony compounds. CeRs were grown to an A.,so of0.4 and exposed to the

indieated final concentrations of sodium arsenate (+ ), sodium arsenite ( 0 ), cacodylic

acid ( • ), and antimony oxide ( *" ), and the amounts of B-galactosidase produced ailer

30 min were measured as descnbed in MataiaIs and Methods.
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Figure 4: Arsenic sensitivity tests on solid media. Log-phase cultures ofE. coli 40 (0),

LF20001 (.), U20018 (e), and LF20020 [E. coli 40 (pleI03)] (*> were diluted and

spread on petri disbes tbat contained the indieated concentrations of sodium arsenite (A)

and sodium arsenate (B), as descnDed in Materia1s and Methods. Colonies were coUDted

after 18 h and expressed as the average perceutage ofCFU p« plate, compared with tbose

obtained in the absence ofadded arsenic compounds.
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Figure 5: Southem hybridization analyses of cbromosomal DNAs ftom various bacterial

species to detect sequences homologous ta those of the E. coli chromosomal arsRBC

genes. DNA was digested with PstI (lanes 1), &oRV (Ianes 2), BgIn (Ianes 3), &mm

(lanes 4), Pvltn (Ianes S), and HindIll (lanes 6). <a) Escherichia coli 40; (b) Shigella

sonneii; (c) Citrobocter freundii; (d) Enterobacter clot:lCtle; (e) Salmonella tII'izonœ; (t)

Frwinia carotovora; (g) Klebsiella pneumoniae; (h) Pseudomonas aeruginostr, Lanes M,

markers (m kilobases) are Â. DNA digested with HindIII. (a and b) Hybridized with an

NdeI-EcoRVarsB probe; (c to h) probed with an &oRV fragment that contained the

arsB and ar5C genes. See Materials and Methods for details.
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resistance operon bas been found in Pseudomonas syringœ [Lim and Cooksey, 1993]. To

our knowledge, its evolutionary conservation bas not been determined.

It bas been proposed that the structure of the plasmid-bome, ATP-driven arsenic

eftlux pump, made up of the ArsA and ArsB proteins, may be strueturally related to the

multiple drug resistance ATP-driven efBux pump found amplified in mamma1ian cancer

cells (Sîlver et al, 1989; Silver et al., 1993b; Wu et al., 1992]. During cbemotherapy of

cancer patients, ceIIs become resistant to anti-cancer cbemotherapeutic agents by

amplification of the number of copies of the multidrug resistaDce gene and thus

overexpression of the multidrug resistance pump [Roninson, 1992]. In analogous fàsbi~

amplification of the chromosomal ars operon, by its presence on multicopy plasmids,

should aIlow increased resistance to cellular exposure to toxic arsenic salts. In this regard,

we found tbat the presence ofthis operon in pBR322 (ple103), under its own regulatioD,

conferred at least a 2 to 10-fold increase in resistanœ of E. coli ta arsenate or arsenite

exposure.

A IacZ fusion to the chromosomal ars operon was found to be induced by arsenic

compounds at concentrations that ret1ect their relative toxicity (arsenate < arsenite).

Moreover, antimony oxide could also induce expression of the arsB::IacZ fusion. These

results are consistent with those observed for the R773 ars operon of E. coli [Wu and

Rosen, 1993b]. We aIso observed a tbreshold ofars operon expression; induction was not

observable at a concentration less than 1 Jlg arsenite pee liter. A similar threshold effect of

induction bas been shown for the mer oPeron by its inducer, mercury [Ralston and

O'HaIloran, 1990]. In addition, cacodylate did oot induce the arsB::IacZ fusion, even at

elevated concentrations. Thus, the induction ofars gene expression appears to reflect the

relative toxicities ofthe arsenic and antimony compounds. The LF20001 (IacZYA. inserted

in arsB) done may therefore prove useful in determining the potential c:ytotoxicity of

arsenic compounds (to enteric baeteria), as the assay for B-galactosidase is both rapid and

quantitative [Miller, 1972].

In contrast to the E. coli plasmid..bome ars operon, the cbromosomal ars operon

contains neithec the arsD nor arsA cistron. Low-stringency Southem blotting [Sol et al.,

1986] and hybridization with cloned arsR, arsB, and orsC cistrons ftom plasmid R773
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enabled these cistrons to be detected in the chromosome of E. co/i, and the pattern of

fragments wu consistent with restriction enzyme mappiDg of the cbromosomal Ql"S region

(data not shawn). However, no signal wu deted:ed with the arsD and ars.4 cistrons as

pro~ even after loog exposure times. These results imply that the anD and ar.s,4

cistrons are not present at another location on the E. co!i chromosome. Whether (and

trom where) plasmid-bome ars operons have gained the arsD and arsA cistrons or the E.

co!i ars operon bas lost them is not dear at present.. In this regard, it is interesting that the

chromosomal ars operon organiution more close1y resembles that of Gram-positive

bacteria in lacldng anD and aI"Sd, evcn tbough it is more homologous to tbat ofGnm­

negative baeterial specîes.

The Jack of an arsA-encoded ATPase subunit in the cbromosomal ars operon is

striking. Nonetheless, the ArsB subunit May function as an arsenite-specific eftJux system

which uses membrane potential instead of ATP hydrolysis provided by the arsA cistron.

This mecbanism bas been observed in the plasmid-bome ArsB protein trom

Staphy!ococcus [Brëer et al., 1993] and in tetraeyc6ne eftlux for the TnlO-derived

tetracycline resistance detenninant [Kaneko et al., 1985]. Determjnation of the structures

and functions of other cbromosomal ars operons and the origin(s) of the arsD and ar.t,4

genes, is currently in progress.
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CllAPTER3

EXPRESSION OF 1HEESCHER/CHIA COU CHROMOSOMALARS OPERON
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3.1 PREFACE

In Cbaptec 2, an Escherichia coli cbromosmal ors operon bas been idenrified usina a

random lDcZsene fùsioD sttategy. Tbe operon wu·Cound 10 play a mie in protee1ing ceIIs 1iom

arsenic toxicity and be evoIutionarily conserwd in the duomosomes ofa qgnber ofblcteria1

species. The /QcZ reporter poe in the _ doue was found to he jodueed by

inorganic arseuic and 81lli"~ compounds, and was inselted witbin the arsB avting sequence.

A furthec inwstiptiœ oftranscriptional regulation aud expression ofthe E. coli dJromosomal

ars operon is described in Chaptec 3.
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3.2 ABSTRAcr

A cbromosomaDy-located operon (ars) ofEsdwrichia coli bu been previouIly shawn

ta be protedive againtt arsenic toxicity. DNA sequencing revaIed three open rading fiames

homologous ta the arsR arsB. and one open radi. &ames of pIumid-based lrsenÎC

resistance operons isolated ftom bath E. coli and StapbyIococcaI specïes. To ex'mine the

outIine of transeriptional regtdarion of the cbromosomal on operon, sewnl tnnICripâooaI

fusions, using the luciferase-encoding baAB ..- of Yibrio han1eyi. were c:onstructed.

Measurement ofthe expression oftbese poe Alsions demonstnted that the operon wu rapidly

induced by sodium anenite and negative1y resw"·ted by the tn'Jr&HCting anR sene product.

Northem blotting and primer extension analyses revealed tbat the cbromosomaI on operon is

most likely transaibed as a single mRNA of approximately 2100 nudeotides in Ieugth and

processed into two smaIler mRNA products in a lD8JJIW' similar ta that found in the E. coli

R773 plasmid-bome ars operon. However, transaiption wu found to initiate al a position that

is reIatively further upstream of the initiation codon of the trsR coding sequence tban that

detennined for theE. coli R.773 plasmid-encoded an operon.

3.3 INTRODUcnON

Resistance ta elevated levels ofarsenic and antimony in bath Gram-negative and Gram­

positive bacteria was originally found to be encoded by plasmid-located detenninants, caIIed

ars operons [Novick and Roth, 1968; Hedges and Baumberg, 1973]. The weO-studied E. coli

conjugative plasmid am ars operon encodes an ATP4iven,~ and antimonite-specific

membrane eft1ux pump, conferring resistance ta arsenic and antimouy saIts by extmsion of

intraœlIular toxie oxyanions ftom the ceII [Kaur and Rosen, 1992a]. This operon consists of

ive ORfs, in the orcier arsRDABC, organized as a sinsJe transe:ription unit initiated al a site

just upstream of arsR. It encodes an arsenic-induàble tram-acting repressor (ArsIl),

controUing the basallevel of expression of the operon [San Francisco ct al., 1990; Wu and

Rosen, 1991; 1993a]; a negative regulator (AnD) that independendy contIois the upper leveI

of expression of the operon [Wu and Rosen, 1993b]; ut arseaite- and antimonite-stim"ated

ATPase (ArsA) [Rosen et al., 1988; Mei-Hsu et al, 1991]; a membrane pump foc eftIux of
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arsenite and lDtimonite ions (ArsB) [Wu et al, 1992; Dey and Roseo, 1995]; and an arsenate

reduetase (ArsC) [Rosen et al, 1991; GIadysbeva et al, 1994]. The arsR, arsB, lDd one
genes are highly conserved in plasmid-based on operons (plasmids pI2S8 and pSX267)

isolated ûom Gram-positiYe Staphylococad species [Broër et al., 1993; Rosmstein et al,

1992]. However, the anD and tJI"S4 geœs are absent The eftJux of arsenic and alltimony

oxyaniODS by Staphylococcal an operons bas been sbown to be powered by membraœ

potential ratber tban An [Ji and SiIver, 19928; Roseostein et aL, 1992; Brôer et al, 1993;

Sïlver et al, 1993].

The recent discovery ofa cbromosomally-located an operon homolog in E. coli and

other Gram-negarive baderial species [Carlin et al, 1995; Diorio et al, 1995; Sofia et al,

1994] revealed a potential evolutionary relatedness between the plasmid-enooded and the

cbromosomal an operons in bacteria. The E. coli cbromosomaI ars operon is composed of

tbree ORFs wbicl1 couId potentiaJIy encode polypeptides wbich wouId sbare strong bomoIogy

with the ArsR, ArsB, and ArsC proteins ofthe plasmid R.773 an operon, and weaIœr, though

significant, homoIogy with those encoded by the Staphylocoœal plawid ars operoDS [Diorio

et al, 1995]. Disroption of the chromosomal arsB coding sequence by a MudI iDsertioD, or

deletion ofthe operon, resuIted in increased seositivity ofthe c:eDs to arsenic saIts [Carlin et al,

1995; Diorio et al, 19951 implying a protective roIe of this operon again. arsenic toxicity in

œIIs that do DOt harbour any arsenic resistanœ plasmids. Conversely, the presence of this

operon c10ned on a multicopy plasmid wu found to confer increased resistanee ta elewted

levels of sodium arsenate or sodium arsenite [Diorio et al., 1995]. Expression of this operon

bas been sbown to he induced by arsenic and antimony oxyanions, and the iDduàbiIity of

arsenic compounds tested appears ta retlect tbeir relative toxicity [Diorio et al, 1995].

To outIiDe the parameters UDderIying transe:riptional reguIation of the E. coli

cbromosomal an operon, several E cdi strains containing arsB::ba.4B or arsR.::/m:AB sene
fusions were coostrueted. Expression of the Iuciferase reporter gene in tbese fusion straiDs

confirmed the mie ofthe arsR gene product as a trœ&s-acting represser. Northem blotting and

primer extaJsion analyses were performed to detennine the transaipt size and transeriptional

initiation site. Tbese resuIts, in tum, were compared and coDttasted with those ofthe plasmid­

based ars operons.
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3.4 MATERIALS AND MElHODS

3.4.1 Bacterial strains and plasmids

l'be E.. coli strains 8Dd plasmids used in tbis study are described in Table 1. CeIIs weR

grown in 1..lJria..Bertani (LB) broth [Miller, 1972] al 37'C for ail straïns. AmpiciIIin (40 Jlwm1),

tetracycline (10 JlWm1), and Iamamycin (50 p&'mI) were added to the growth DWtiUJD al the

indieated final conceutIatiODS when required. Phage Plvil' was a kind gift trom Dr. R.. Stewart

(University ofMaryland, CoDege Park, Md).

3.4.2 MateriaIs

AIl restriction endonudeases and nucleic acid-mocfitYing enzymes were purcbased fiom

Gibco BRL (BurIington, Ont.), New England Biolabs (MisciS81Jga, Oot.), and Pbarmacia

Biotech (Baie d'Urfe. Quê.). Radioisotopes were purchased from Amersbam (OakYiOe, Ont.).

Ano~dlemicals were obtained from commercial sources.

3.4.3 DNA manipJlatjons

The conditions for DNA restriction eodonuclease hydrolyses and DNA ligation

reactions were as described by Tofias and DuBow (1985). Plasmid isolation and transformation

(using the calcium chloride method) were performed as desaibed (Sambrook et al, 1989]. Pl

transduction was performed (using Plvir) foUowing the procedure desaibed by Miller (1972).

3.4.4 Construction ofchromosomal arsB::luxAB and arsR.:.:ha.tUl poe fusions

A 7.4 kb DNA fragment containiog a promoterIess Yibrio harveyi 1uJrAB reporter

geoe, plus a tetraeycline resistance (T~ geoe ftom TnlO, was isoJated fiom BamHI-HindDI

digested pIasmid pAG3 [Autecier and DuBow, 1992], made bhmt-ended by backfiDing the S'

extensions of the restriction enzyme sites with IOenow enzyme, and 6gated with plasmid

pIC103 [Diario et al, 1995] digested with eitbcr ScaI for the anB fusion, or BglH (plus

Klenow enzyme bhmt-ended) for the arsR fusion. The ligation mixtures were used ta traDsfonn

E. coli stnün NMS22, foDowed by selection on Iamamycin- and _ LB

agar plates. The recombiDaDt plasmids, containing the orsB::ha.tUl (p1C202) or anR.::baA.B
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Table 1. BaaeriaI Sb'ains and plasmids.
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LF2OO1%
Lf2OO13
Inool2ll
In00131l
LF2OO131l'
D301
InooIO
LF2OO11
NMS22

Lf20014
Lf2001S

P1umids

pJCI03

pAG3

p1C202
pJC301
pKK223-3
pJC612

pJC701

pUCl19

pJCS02

pMO

pOOl

pDKl

pABl00

pJC613

F. 4 pro-Iœ. ".L. ."

tIrS8::Aa.a iD E. t:JDIi 40
.-sR::1taAB iD E.t:di 40
LF2OO12 œruini,. pDlCl pJC612
LF2OO13 CWùinina pDlCl pJC612
LF2OO13 cpMjni,. pJC613
ncDlOO9._~..
tIrS8::ItaAB .. F.. coli D30I
t'SIt:haAll iD F.. coliD_
Apro-Iœ. 'JAfL. 1N1. 1&wIR4• .",FA4IFND36.
proA·r.1ad'ZAM15
anB::haAB fbsioa iD E.œIi NMS22
onR.::hI:dB fi&sioa iD E. œIiNMS22

.2970 bp DNA fbamaIt eaatainina the aire E. colidIr~
ars operoIl dooed iDto die Sc:rIllitc oC. pRRJ22~ (Kat')
CoIEI comainina' TD5::f..aa:,t(B cIcriYaIM. T~

• hDcAB Tc' iDsertioft in.sB oCpJCI03 ÎD die Sad..
• ha.AB Tc' iDsertioft iD.sR oCpIC10] ÎD me BgIIJ •
AV. ~Iac (P.J PlO contlini,.wei«
.411 bp Ndtl-B.dl DNA hpIeat Ml!Caini,. the.sR... doam
into the obI lite oC plCX223-3
a DNA ftaamem comainina die ÎIItICt wsBC JfDe' fbIIowed by •
SIS bp pBRJ22 sequeaœ (&oaa the ScGIIO EœR1lita) dooed dO
the &oIU lite oC plCK223-3
AV ltJt: PlO coatainiaI WCIor

.411 bp Nc*I-B.a91 DNA hpIeat Ml!Cljnjna.sR... c:Ioaed ÏDlO
the Smal lite oCpUCI19
• pBIl322 derivaIiw witb a lad'a-(1.7 th) doaed do tbc EœRI
1ÏtC.
III 1.7 kb EœRJ filament. canyiDa .1acf4... &oœ pMC9. doDed
into theEœRl lite ofpACYCII4. Tt!.
1ft 1. J kb BarNHI fbamaIt Mnbinina • kuaaIyc:ia rai.......
sene &018 piC10] doned Ùlto the "'HlIde ofpDOl. KtII.
• pBIl322 derivaIiw containiDa the a.m~ ........
the p. COIIIrOI. AV
• pBR.322 derivaIiw colltainiaa the am t1nR1_UDder the p.
QOfttroi. COGSIIUCted by deJ«iDa • 3 kb HiIIdIII hpaIt &om
pASIOO. Ap'

8ukbIri lad MdIay
lm
11üMft
11üwart
11üMft
11üwart
11Iiawart
lusteIIet Il. 1919
11iIMft
11üwort
Gouab &ad Murray
1913
11üwort
11üwork

Diorio et al 1995

A'«eri«mdDuBaw
1992
Thiswork
Tbiswort
8laliJl1Id lfDIy 1914
This wart

VICin &ad MessiDa
1911
Tbiswott

Miller et al 1914

FoniD et Il.
iD prcpantioa
Tbiswork

Tumcr et al 1991
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(pI001) fusions, were jdentjfied by a htrninescenœ assay as previously desc:ribed [Gozzo and

DuBow, 1991], and confinDed by restriction enzyme mapping analyses.

To replace the intact cbromosomal ors operon with the poe fusions, p'esmids pIC202

and pIeJOI wae liDeatizecl witb the restriction enzyme HindDI, wbich cleaves witbin the

vector sequence 0IIIy. The Iinearized plasmids weœ tben traDSformed into the recU E. coli

strain D308 [RusseI1 et al, 1989] and pIated on lB api' containing tetracydine. The

recombinaDt clones Me initiaIly idenlified by a JunUnesœnœ assay on IB apr plates [GuDo

and 0uB0w, 1991] aad mapped [Autexier and DuBow, 19921 and the sene fusion

replacements for the anB and anR fusions \Wle designattd LF20010 lDd InOOll,

respective1y. Tbese Iuc:iferase fusions were subsequently placed into the dJromosome of str3in

E. coli 40 by Pl transduction, resuIting in strains LF20012 (anB::h«AB) and LF20013

(arsR::h«AB), respectîYely, wbich were tùrther confirmed by Soutbem blottiDg analyses using

the luxAB and an genes as probes. To examiœ the trans-aetiDg efFects of the anR gene

produet, these strains were tnmsformed with pDKI (Table 1), a pACYCI84 derivative tbat

contains a fadI gene to control the aetivity ofthe p. promoter, followed by plasmid pIC612

contajning the arsR sene under the control orthe PK promoter (see below), yie1ding strains

LF20012R and Lf20013R, respectively.

To examine wbetber any strain-specific effects occurred with the baAB geoe fusions.

the arsB::ba.AB and arsR::hDcAB cbromosomal fusions wue iubuduced into strain NMS22 by

Pl transduction fiom LF20012 aDd LF20013, resultiDg in E. coli strains LF20014 and

LF200IS, respectively.

3.4.5 Cooing and expression ofars gene products

Plasmid pICI03 wu digested withNdeI and BstBL Tbree ûagments were geoerated: a

411-bp BstBI·NdeI fiagmeot containing the arsR coding sequence, a S.8-kb NdeI-NdeI

fragment containing the arsBC sequence foDowed by the t1anIdDg plel03 DNA, and a third,

2.2-kb NœI-BstBI fiagmeot contajnjng the rest ofthe plel03 DNA The DNAfi'agments in

the digestion mixIure wece backfi11ed at the S' extensions ofthe restriction enzyme sites with

Klenowenzyme and ligated with SmaI--digested plasmid pKK223-3 [Brosius and Roly, 1984].
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The ligation mixture WU used ta transform E. coli strain NMS22 using the calcium cbIoride

method [Sambroolc et aL~ 1989], foDowed by se1ection for _ transformams.

The recombinant plasmids were mapped by restriction enzyme analyses, and two rec:ombiD8IIt

pIasmids were isoIated One, designated plC612, conrains the emire",sR sene (witbout the p.

promoter) under' the coutaul ofthe p. promoter. 1be otber, designated pJC604, coataiDs the

S.8-kb NdeI-NdeI &agment Plasmid pIC701 WU subsequendy created by dooiDg a 2.4-kb

&oR! fragment ûom plC604 iDto the EœRl site ofpKK223-3. In this c:onsIrUCt (pIC701),

expression ofthe anBC geœs is under the control ofthe Plie promoter. l'be in VÎW1 expression

assay wu carried out using a modified [Tolias aDd DuBow, 1986] cblOlamphenicol R:Iease

procedure [Neidbardt et al, 1980].

3.4.6 Luciferase assays

Ovemigbt aJ1tures of E. coli strains grown in lB medium, containing the required

antibiotics, were diluted 100 foId in the same medium and aIIowed to grow to early log phase

(~ 0.2 - 0.3). CeIIs were exposed to inaeasing couceuttations of sodoJID arsenite and

sampled eveey 30 min for a period of2 h (DOt sbown). Ifowever, maximum induction ofgeoe

eKpression under tbese conditions wu observed al 60 min post-exposure. Samples were

diluted in LB brotb to a final A.o of O.OS and theD ÏDtioduœd into a Tropix Optocomp 1

Iuminometer (MGM Instruments, Hamden, CoIUL). Total relative ligbt units were determined

for a 100s interval, after iJVection of 100 pl ofdodecyl a1debyde (dihlted 1:100 in lB broth).

Luciferase activity is expressecl as the numbec ofphotoos emitted per second perA.o unit.

3.4.7 Nortbem blotting anaJysis

Total c:eDular RNA was isolated Û'Om arsenite-induc: (for 60 min witb 0.8 pM

sodium arsenite) aiId uninduced E. coli strain 40 using the e6ethy1pyrocarbonate (DEPC}

saturated NaCl metbod as desaibed by Ausube1 et al (1989).

Total c:eDular RN...~ (10 pg) fiom arsenite-indnœd and uniDduced œIIs were denatured

by hearing at 6SOC for 15 minutes in fonnamide 10atting buftèc, aDd tben subjected to

e1ectrophoresis through a 1% formaldehyde agarose Sel as described by Sambrook et al
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(1989), eKcept that the RNA wu prestained by addition or9.5 pg ethidPun bromideIml (finIl

concentration) to the Ioatting bu1lèr. After~ the ge1 was soaked in 20 x SSC

[3M sodium d1Ioride, O.3M sodium citrate (pH 7.0)] for 20 min and transferred ovemigbt by

capillary bIotIing onto a nylon membrane fiIter (Hybond1M_N, 0.45 miaou, Amenbam). The

RNA wu fixed to the fiIter by baking at sc:rC for 1 b, and the fiIter wu prehybridized [m a

solution containing O.SM sedum phosphate (pH 7.2), ImM EDTA, 1% (wlv) boYiœ serum

aIbumin (BSA), and 70/0 (wlv) sodium dodecyl sn1&te (SDS)] al 6SOC for 1 h and tben

hybridiz.ed to an a-32p-labelled DNA fi'agment containing the E. coli cbromosomal arsRBC

senes, isolated as a 2 kb &ap.ea4 fi"om StuI4gested ple103, al 6SOC for 24 b. The DNA

probe was labeIIed with [a-32p]dAlP (3000 CilmmoI, 1 Ci = 37 GBq) using the random

priming method [Sambrook et al 1989] and random he:xamdeotide primers (Regional DNA

Synthesis Laboratory, University ofCalgary, Calgary, Alta). The 0.4- to 9.S-kb RNA Iaddec

(GiIx.o BRL) was subjected to eJectrophoresis in paraDel with the above samples and

hybridized 10 a-np.labelIed T.ambda DNA cleaved with HindIII. Unhybridized probes were

removed by washing the tiIters four times al 6SOC in a solution containing 40mM sodium

phosphate (pH 7.2), ImM EDTA, and 1% (wlv) SOS. l'be blots were air dried for 30 min and

exposed 10 Kodak XAR-S film (Eastman Kodak, Rochester, N.Y.) UDder Dupont ClOnee

inteosifying screeDS al -7Cf'C.

3.4.8 Primer extension analysis

A synthetic 24.mer oligomacleotide (S'-TAAcrcrCCCAGTICGCTGAGCAG-3'),

compJernentary to the putative trmsaibed strand ofanR, was used as a l'limer. The primer

was end-labelled with [y-np)AlP (6000 Ci/mmol), using T4 polymc1eotide Jeinase [Sambrook

et al., 1989].

For the plïmec exten$Ïon reactiOD, 10 Jl8 of total œ1IuJar RNA, isolated as desaibed

above, were mixed with 2 pmoI of radioJabelied primer. The reaction wu performed using

Gibco BRL reageuts (Le. 1 x RT butIèr, 10 pM ditbiotbreitol (DDT), 1.25 td RNA Guard, 0.5

mM dNlPs, and 200 U ofMoIoney murine leukemia virus reYa'Se transcriptase) foDowing the

manll&etureI's iDstruc:tioDs and tenniDated by addition of1 Jd 0.5 M EDTA (pH 8.0) plus 1 Jl1
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ofDNase-fi'ee paDCleatÎC RNase (S pglml) to a readion volume of20 pl at 3'1'C for 30 min.

The reaction mixture wu extraeted with phenol:cl1Ioroform (1: l, vlv) aod precipitated with

ethanol foDowing the procedure desaibed by Sambrook et al (1989), dissoIved in fonnamide

loading buffa', heated Il gsoC for 5 min, and iu imediately cltiIJed on ic:e. A semple (2.5 pl) was

then Ioaded 0Dt0 a S% poIyacryIamide-7M urea sequencing sel The Iengtb of the AMne

transcriptase product wu measnred against a size standard produced by dideoxy scquencing of

the pUCl19 vector [Vieira and Messin&, 1987) containing the arsR geoe (p1CS02) using the

above primer.

3.5 RESULTS

3.5.1 Construction and expression ofthe ars::1ux.AB geœ fusions

To measure the expression of the arsR and arsB genes, a 7.4 Id> BamHl-HindIII

fragment (ftom pAG3) containing a promoterless Vibrio harveyi lu:cAB gene and a Tc! sene,

was introduced into the cbromosomal arsR and arsB geoes, respectiveIy, ofE. coli strain 40,

yielding strains LF20013 (arsR::haAB) and LF20012 (arsB::/urAB). Subsequent1y, plasmids

pJC612 (containing the E. coli duomosomal arsR geoe under the CODtloi ofP. promater) and

pDKl (colltajning the Iacl' geoe) were traDsformed into these strains, yieIding stnIÎIIS

LF20013R and LF20012R, respectiveIy. l'be same cbromosomal geœ fusion CODStIUetS were

aIso introduced inta E. coli strain NMS22 by Pl transduction, resulting in strains Lf20015 and

LF20014. The ability of the plasmid Rm arsR geoe product to control the expression of the

chromosomalan operon wu ex;nnined by transforming plasmid pIC613 (Table 1), contaüring

the am arsR gene under the control of the plasmid-based arsenie-inducible promoter, ioto

strain LF20013 and then measuring the h,mjnesœnce of the resulting traDsfonnant

(LF20013R') with and without added arsenic oxyanions.

The above gene fusion strains were grown in the absence and presence of sodium

arsenite and Iuciferase activity was aœlysed as desaibed in Materials and Metbods. Expression

of the arsB::haAB fusion in strain LF20012 was found 10 be induœd by arsenite in a

concentration-dependent manner (Fig. lA). Maximum induction of luciferase expression wu

obseIved at 60 min 8ft« addition of sodüun arsenite at concentIations ranging fèom 0.8 te 2
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Figure 1. Expression of the anB:~ fi·sjon (A) lad tnR.:~ tùsioD (B) in E coli

strain 40. Ovemigbt cultures of strains LF20012 and LF2OO13 were cfihtted (1:100) in

_ lB media, grown to early log phase, and tben exposed to iDcreasina
coucentlations OfSOctillID arseaite: .,0 pM;~ 0.08 fIM; *, 0.8 JIM;. 1.2 pM; Y, 2 pM.

AIiquots were removed every 30 min aftec the addition of rodQgn .seoite and Iuciferue

aetivity was deteiiüwed as described inMataiaIs and Metbods
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F"agare 2. Expression of the anB::1IDtJUl fùsion (A) and crsIt:1lDtJUl fùsion (B) in E. coli

strain 40 with pIC612 (arsR1 and the arsR.::haAB fusion in E. coli strain 40 with plC613 (c).

Ovemigbt aI1tures of LF20012R, LF2OO13R and LF20013Ir were màned in LB media

containing the required antibiotic(s), grown ta earIy log phase, and tben exposed to iDcreasing

concenti'ation ofsOOium arsenite: ., 0 pM; *, 0.8 JlM; 'Y, 2 JIM. Sanlllles were taken fNerY

30 min der addition ofsncfium arsenite and Iuciferase activity was deteimined as described in

Materials and Metbods.
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pM (Fig. lA). In strain LF20013, bowewr, the baAB reporter pœ, iDserted witbin anR, WU

found to he constitutively eçressed (Fig. lB). Wben the wiId type cbromosomal arsR sene
was provided in trans to tbese two straiDs, DOt only was a reduced basallevel ofeqxession of

the operon obserwd in the anB::baAB fusion strain LF20012R (Fig. 2A), but in"Jcib(e

expression ofthe hDct4B report«sene wu restored in the ersR::baAB fusion strain LF20013R

(Fig. 28), suggestiDg tbat the anR pœ produc:t fi.mrtions as a traru-acting iepressor.

1nteI'estingIy, the constitutive eqnssion ofthe cbromosomal anR::baAB fusion was Cound to

be repressed by the plasmid Rm anR geoe product provided in trons (F'Jg. 2C), indicatiDg

tbat the anR geoe products of bath pIasmid and dttomosomal an operons are fimctionaDy

interchangeable. SimïIar patterns of reporter gene expression were aIso obsavecl in

arsB::/uxAB and arsR.::haAB gene fusion strains derived ftom E coli straiDs D308 (LF20010

and Lf20011) and NMS22 (LF20014 and LF2OO1S) (data DOt sbown).

3.5.1 Determination ofthe transaipt size and transcription initiation site ofthe cbromosoma1

ars operon

To measure the size of the transaipt produced Û'om the ars operon, formamide­

denatured total œlhlJar RNA ftom arsenite-induced and uninduced c:eDs was subjected to
...

formaldehyde agarose gel e1ectrophoresis, traDsferred to a nylon membrane fiIter, and

hybridiz.ed to a radiolabelled DNA ftagment containing the arsRBC geoes. The~

induced sampIe wu shawn to bybridize to the probe as three bauds CM:[' the background of

non-specific hybridization with rRNA (Fig. 3A, Jane 2). The top ars-specific band corresponds

to the size of a fuD-length arsRBC transaipt, predieted to he approxjmatety 2.1-2.2 kb. The

lower two bands ofars-specific RNA are most Iikely RNA processiDg produets of the fùIl­

leogth transcript. A sjmiJar mRNA pauœssjng pattern was observed in the plasmid R773 an

operon in wbich a single, fùIl-leogth transaipt is processed to produce two smaDer mRNAs of

approximateJy 2.7 kb and O.S kb in size (OwoJabi and Rosen, 1990]. Conservation of the

putative cleavage region in the arsB gene between the plasmid aud the cbromosomal an

operons couId accollot for the processing and the sizes ofthe observed smaIIer mRNAs..
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Fagure 3. (A) Northem hybridization anaIysis oftotal œllI1Jar:RNA ofE. coli strain 40 using an

[a.-np]ATP-labellecl DNA fi'agment comtaining the trsRBC senes as a probe as desaibed iD

Materials and Methods. Laœ l, unexposed; LaDe 2, exposed to 0.8 pM sodolD1 arsenite for 60

min. The arrowbeads indicate the RNA bands tbat spec:ificaDy hybridi7.ed to the probe. l'be

numbers on the Id sicle represent size markers (M, in kb) geneaated by hybridizing the RNA

Iadder (024-9.S kh, Gibco BRL) with Œ-32p-labellecl lambda DNA deaved with Hïiadm. (D)

Determination of the iDitiation site of the an transaipt by pm- extension ana1ysis. l'be

primer and reaclion were as describecl in MateriaIs and Methods Laue P: primer extended witb

revecse traDsaiptase usiDg RNA fiom (0.8 .,aM)~ (for 1 h) E. coli strain 40.

Lanes C, T, A, G are the sequencing reactiODS using the same a-np...JabeIled oligonucleotide as

a primer. The tempIate wu single-stranded DNA tiom pUCI19 containing the 411 basepair

NdeI-BstBI ftagment (anR). The nudeotide sequence ofthe ooding strand (comp1ernenta'Y to

the observed sequence) is sbown on the rigbt side. The arrowbead indieates the putative an

transaipt initiation site. (C) ln viwJ expression of cloned ars genes using a modified

cblorampheoic:ol release assay, as descaibed in MateriaIs and Metbods. Laue 1, host strain

NMS22 onIy; Laœ 2, NMS22 (p1C612); Lane 3, NMS22 (pJC701); Laue 4, NMS22

(pKK223-3). The numbers on the left iDdieate size markers (M, kD). The ArsR, B, C protein

produets are indie:ated by the arrowbeads on the rigbt side ofthe figure.
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The above resuIts sugest tbat the dU'Omosoma1 an operon is 6Iœly transeribed as a

single mRNA fi'om a unique promoter upstream of the anR sene. To detenniœ the initiation

site of the an transeript, a primer extension assay was perfonned OB RNA isolated &om

arseoite (0.8 JIM) exposed aud tmeqx>sed E. coli strain 40. A 24-mer oIigomdeoti~

compJementary to the arsR transeribed strand wu used as a primer. The on transeript wu

found ta begin ftom an A-residue, 27 nucleotides upstream ftom the anR initiation codon (Fig.

3B).

3.5.3 Identification ofansene products

To determiœ ifthe putative an ORFs can express polypeptides in VÏ\.IO, the anR and

arsBC genes were doned separateIy into the plasmid eçression vector pKK223-3, resuIting in

plasmids pJC612 and pIC701, respeaiveJ.y, and expressed in vilo onder the control of the

IPTG-inducible PK promoter'. The arsR geoe in pIC612 wu expressed in vivo (Fig. 3e, Jane

2), producing a protein product with an obseIved moIecuiar mass of 13.2 to, corresponding ta

the predicted size of the ArsR protein. The arsB and one genes, cloned in pJC701, were

fuund ta produœ polypeptides with a molec:ular mass of 15.8 kD for ArsC, and 36 kD (or

ArsB (Fig. 3e, Jane 3). 1be observed molecular mass of the ArsB protein on SDS-PAGE is

similar to that observed with the plasmid~edArsB protein, whieb is aIso smaller tban its

predieted size of45 kDa [San Francisa> et al, 1989].

3.6 DISCUSSION

A cl1romosoma1ly-located an operon in E. coli was round to contain three ORFs that

are homologous to p1asmid-enov'ed~ arsB, and arsC senes and confer resistance to

arsenate, arsenite, and antimooite oxyanions [Carlin et al, 1995; Diorio et al, 1995].

Moreover, this operon was aIso fuund to he conserved in the chromosomes of many GraJD.

negative bacterial species [Diorio et al, 19951 implyjng a fimctional importance oftbis operon

during evolution. The pIasmid-bome E. coli Rm ors operon is oegatively RglJ1ated by two

trans-acting repœssors. The ArsR. protein is a metaIIOR1P'Jated repre5SOr, lCting by biodiDg to

an operator sequence in the ars reguIatory region [Wu and Rosen, 1993a; Shi et al, 1994]. Tbe
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second negative l'P3'''ator orthe am an operon, ABD, is an inducer-independent reprtSSOr'

tbat controls the upper level ofexpression ofthe operon by an unknown medvmism (Wu and

Rosen, 1993b). Sïnœ a close re'atedness exists between the Rm-mcoded and the

chromosomal an operons, as indicated by tbeir stroDg bomoIosY at botb. tbe DNA and protein

levels [Dioria et al., 1995], it is reasonable to posbJJare tbat the dJromosomal an operon may

be reguIated by the arsR geœ product in a sürnlar manner 10 tbat ofthe R773-encoded ArsR

protein.

To address the question of the regnJation of expression of the cbromosoma1 QI"S

operon, anR.::IurAB 8Dd arsB::lœcAB transeriptional fusions wae construeted. The

arsB::/uxAB fusion straiDs sbowed arseniç..induàble expression in a concentration-dependent

manner in ail E coli strains tested, consistent with tbat obseM:d in an onB::JocZ fusion strain

[Diano et al~ 1995]. Tbese resuhs also suggest that oeither a reporter ~specificDOl" a

strain-specific eftèct is responsible for the obs«Yed patterns ofan sene fusion expression. In

addition, expression ofthe cbromosomal ors operon bas been preYiously sbown 10 be iDduced

by arseoate and aDtimonite ions [Diono et al, 1995]. HoweYa', unIike the Rm ars operon,

whieb confers moderate levels ofresistanœ to teUurite (Turner et al, 19921 the chromosomal

ars operon was net found to confer increased resistanœ ta teDurite when donecl on a higb.

copy m.unbec plasmid, nor was its expression indnced by tbis oxyanion (data DOt sbown). While

expression of the arsB geue is induced by sublethal doses of arsenite in the presence of a

fimetional arsR sene produet, the role ofthe arsR sene product c:an be ded1lcecf fiom its strong

homology with the ArsR protein encoded by the Rm ars operon, and exanrined using the

arsR::/uxAB fusion straïns. That arsenic-inducible expression ofthe cbromosomal an operon is

controlled by the product of the first sene (arsR) in the operon is supported by tbree tines of

evidence. FII'St, constitutive ecpression of the operon was observed wben the anR pœ was

disrupted by a reporter sene insertion (Fig. lB), altlQJgh a sligbt decrease inf Jmninesœnœ

was observed with tilDe. This etfect may be due ta the &ct tbat as ceIIs grow older, tbeir

cellular metaboüc rate decreases, thus decceasing the cellular uptake ofoxygen required for the

Iuminesœnœ reaction [Meigbeo, 1991]. This observation aIso reinforces the DOtion tbat a strict

quantitative concordance between luciferase activity and gene expression is DOt always

observed [Guzzo et al, 1992; Forsberg et al, 1994]. Second, in the presence of a fimctional
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arsR gene proWIed in trans (p1C612), iDduabIe expression of the anR.::ba.A.B fùsioD wu

restored (Fig. 28). Introduction ofthe vec:tor plasmid under the same conditiœs did DOt affect

the constitutive expression ofthe arsR.::ba.A.B sene fùsion (data DDt sbown). ThinI, the dosage

of the arsR sene affects the level of expression of the operon.~ wben the anR sene is

clooed in a bigh copy ngnber plasmid (pJC612), bath the basal and the jncb'œd leveIS of

expression ofthe enB::ba.A.B fùsiOll are Iower (Fig. 2A) compared witb tbose obserwd wben

arsR is present in siDgIe c::opy on the d1romosome (Fig. lA). HoweYec, oveaprodudion ofthe

arsR gene produ~by addition ofbigh leveIs oflPTG, with or without the addition ofsubletbal

c:ooceotratioos of soditlftl anellit~ madœdIy inbibited ceJl growth in both LF2001211 ad

LF20013R (data DOt sbown). A SÜ111'ar inhibitory eftèct on cellular growth wu aIso obserwd

when ceJIs containing pIC701 (confaïaïng tnBC under the CODboi ofthe P-.c promoter) were

induced by IPTG (data DOt sbown).~ overpioductioo of the dlromosomal an gene

products appears to he 10xie 10 the œIls, thougb the reason for this efFect is DOt kDown al the

curreot tïme. In addition, expression of the cbromosomal an operon was sbown to be

repressed by the Rm anR gene produet (Fig. 2C), suggesting that the insertional mutation of

the chromosomal anR geœ can he fimctionally comple:rnrnted by the plasmid Rm anR gene

product. Tber'efŒe, the cbromosomal anR gene product most Iikely encodes an arsenic.

inducible repressor~ in agreeIDe'lt with the fimction of the bomoIogous plasmid-en.;«ted anR

gene product [Wu and Rosen, 1991l·
AIthougb the third gme, cnC~ ofthe E. coli du'omosomal ars operon wu DOt directly

assayed in tbis study, it is likely that it is cotransaibed with the ",sR and arsB geœs IS. a single

transcription unit, as eYidenced by the Northem b10tting analysïs. Moreover, Western blotting

anaIysis, using aDtiserium against the plasmid-bome Rm ABC protein [Carlin et al, 1995],

sbowed an inaease in cbromosomal ArsC protein production in E. coli exposed to arsenite

ions.

Arsenic-induced expression fiom a unique QI"S promoter was demonstrated by

Northem bIotting analysis in wbidl a fùIl-length transaipt of the ars operon, as weil IS

processed mRNA products, were observed onIy in the~ sample (FJ8. 3~ Jane

2). Theo observed increase in ars-specüic tnmsaipts suggests tbat regnJarion of expression of

the ars opcmn by arsenic occ:urs mainIy al the transeriptioualleYel, and that transaiption ofthe
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operon, plus proœssing, is simiIar to tbat observed for the plasmid llm ars operoa, in wbich

processing of the mRNA was bdieved to OCQJC in • region within the arsB ooctiog sequence

preœeded by two potentiaIly stable hairpin structures separated by 20 Dt. One of the bairpin

structures resides in the iDtergeniç region between ar.tA and orsB, with ID 8-bp perfectly­

matcbed stem and a 3 nt Ioop. l'be otber resides in the begining ofthe onB coding sequence,

containing an 8 bp stem with 1 Dt umnatcbed and a 1O-nt Ioop [Owolabi lDd Roseu, 1990]. It

is interesting to note that two simiIar putative bairpin stIUCtUl'eS, separated by 22 Dt, are

observed in the dJromosomal an operon. The upstream bairpin, containing. 12-bp stem with

one pair UDIIJ8tcbed œcleotides and • 2 nt Ioop, is Iocated in the intergenic region between

arsR. and an/J. The downstream one is at· preciseJ.y the same location as tbat in the R,773 anB

geoe, with 7 bp and 1 nt umnatched in the stem and 12 nt in the Ioop (Fag. 4A). AIbeit the

presence ofthese sligbt diferenœs, a similar mecJwûsm, whicb is perbaps structure-depenent,

may ocaJf in the processing orthe chromosomal arS transcript.

The transcription initiation site of the chromosomal ars operon, as determined by

primer extension aœlysis, was found to be Iocated 27 nt upstream ofthe onR initiation codon

(Fig. 3B~ 10 to Il Dt further upstream tban tbat observed in the plasmid Rm an operon [San

Francisco et al, 1990]. l'be operator sequenœ orthe plasmid R773 ars operon is Iocated fiom

~ to -40 with respect to the transaiptional initiation site, in a region of impeafect dyad

symmetry, and be1ieved to he bound by an ArsR. dimer [Wu and Rosen, 1993.]. Close

exarnination ofthe DNA sequences ofthe chromosomal ars operon reveaIs a perCea inver1ed

repeat ofthe sequence 5'-AeITA-3', separated by 9 bp, jmmediateJy upstream ofthe putative ­

35 region (Fig. 4B). 1bis potential arsR. operator sequence is conserved as an inverted repeat

of 5'- NCNTA-3' (ftom bp -59 ta -64~ separated by 12 bp, in the plasmid am ars operon,

and suggests tbat the R773 ArsR protein may regulate cbromosomal ars operon expression

tbrough action al dUs potential operator site. Moreover, the fiIct that bath the putative meta1

binding motifELCVCDL and the aitical His-SO residue in the putative DNA-binding beIïx­

tum-heIix motif identified in the llm-encoded Arsll protein [Shi et al, 1994] are also

conserved in the cbromosomal ars homolog, impies sjmiJar DNA- and metaIloid-biDding

properties of the cbrolllOsomal arsR. sene produet However, sinœ the sequences of both

operons are DOt fùDy ideotica1 in the putative operator regiOIlS, it is possible tbat ooly a few
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Fagure 4.. (A) Comparison of potential secoodary structures of the E. coli duomosomal

(bottom) and plasmid am (top) ars transaipts in tbe region spanrring the translarional

tennination region of the arsR (for duomosomal GrS) or ar.r,.f (for am ars) sene and the

initiation region ofthe anB pue. The orientation ofthe an geoes are jndjqted by lI1'OWS. l'be

UAA translational termiDation codon orthe arsR and ars4 senes, the AUG initiation codon of

the arsB senes, and the putative nDosome biding site (SD) for the arsB genes are undertiDed.

(B) Sequence ofthe putative operator/promotee resion ortheE. coli cbromosomal an operon.

The transeiption initiation site is indieated in bold &ce. The numbers on the top ofthe sequence

indicate the positiOil ofthe rmdeotides with respect ta the traDsaiption initiation site, wbich is

numbered as +1. The putative -35 and -10 regions are undertiDed. The inverted repeats wbich

may represem the ArsR binding sites are indieated by arrows on the top ofthe sequence. The

translation initiation site ofthe arsR sene and its orieutation are sbown by an arrow UDdemeath

the sequence.
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base pairs in this regioo are aitical for the ArsR. protein to bind The result shawn in Fig. 2C

demonstrates tbat the Rm anR sene product cm replaœ the cbromosomal ArsR. protein in

controlling the ind11Cib1e expression ofthe cbromosomaI an operon, niDforciDg the simiIarity

of the operators of both ars operoas. Tbe observed ditIèrenœs in the basal level aDd the

patterns of reporter seœ expression between Fig. 2B and Fig. 2C Mn reprodnable and

probably QU!sec' by a variety ofreasons, one ofwbidt couId be a Iowa' aftinity ofthe pIasmid­

based ArsR protein for the dmmosomal an opaator sequence. Secoodly, arscuic-iDducin
conditions DOt only aDow derepression of the chromosomaI arsR.::1taAB geoe fùsion, feacting

ta an ~jate inaease in the expression of the haAB reporter gene upon œfh,Jar exposure

to~ but also e1evate the Ievel of expression of the am arsR geoe tbat is pt sem in

multicopy in the plasmid pJC613, wbich, in 1Um, aets to repress the expression of the siDgle

copy chromosomal anR::ba.4B fusion in strain LF20013r, resuIting in a decrease in

huninescenœ with time (Fig. 2C). It is aIso intcresting ta note tbat bath the putative -35 region

(TATATG) and -10 region (TCGAAG) of the cbromosomal an operon (Fig. 4B) are Jess

homologous than those of the am ars operon (TIGACIT for the -35 and GATACIT for

the -10) [San Francisco et al, 1990] ta tbeE coli consensus promoter sequences (TIGACA

for -35 and TATAAT for -10) [Hawley and McClure, 1983; Harley lDd Reynolds, 1987]

recognized by the 0
70 &clar ofE. coli RNA polymerase. It bas been proposecl that promoter

strength is govemed by two fàctors. ODe is the biDding affinity of promoter DNA to RNA

polymerase, involving the -35 region, and the other is the rate of open complet formation,

involving the -10 region [Gilbert, 1976]. Studïes bave shawn that promoters containiDg

sequences close to the consensus have bigh values for both parameters [Kajitani aud Isbibama.
1983a; 1983b). Kobayasbi et al (1990) studied the streDgth of a series ofEcoli lac UV5

promoters by base substitution within the -35 region. They found tbat promoters with the

consensus sequence (TrGACA) of the -35 regioo exibited higbest values for promoter

strength and base substitutiODS al eithec nucleotide position -34 (a G residue) or -32 (a C

residue) greatly reduced the strength ofthe promoters. The putative -35 promoter sequence of

the cbromosomal an operon is poorly homologous to the consensus sequence (216 versus 6/6),

baving i1either Û34 nor C.n in its ..35 region, whereas tbat of the am ars operon is much

82



•

•

closer (5/6 versus 6/6). Moreover, the -10 region of the cbomsomal ars operon is Jess

homoJogous to the consensus sequence than that of the am ars operon (3/6 versus 4/6),

suggestiDg that the putative promoter of the chromosomal tIrS operon is weaIœc tban tbat of

the am ars operon. l'be plasmid R.773 ars operon is subjected to botb basal and upper leveIs

of transeriptionaI COIIIoi by the anR and anD sene products. wbiIe the cbromosoma1 an

operon Jacks the homoIog of the ors/) geœ~ Tberefore, we c:an hypothesize tbat a weaker

promoter may bave evolved to control the upper level ofexpression of the cbromosomal an

operon, since ovaexpression ofthe an senes was shawn to he taxie to the œDs.
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CllAPTER4

USE OF A LUMINESCENT BACTERIAL BIOSENSOR FOR BIOMONITORING

AND CHARACTElUZATION OF ARSENIC TOXICITY IN CHROMATED COPPER

ARSENATE (CCA)
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4.1 PREFACE

In Chapters 2 and 3, we described the identification and cbaracterization of

baeterial Senes inducable by arsenic compounds. An important strateS)', proven to be very

useful in such studies, is the construction of transeriptional sene fùsions tbat aIIow direct

monitoring expression of the sene of ïnterest. Gelle tùsion strains, sucb as anB::IacZ,

arsB: :/uxAB, and arsR::/ta;Ul bave playecl an essential rote in elucidltins the repIation of

expression of the E. coli cbromosomal ars operon. Tbrousb these studies, we found tbat

sodium arsenit~ wbieb is known to be more toxie tban sodium 1I'se"'~ induced

expression of the anB::kJcZ sene fùsion al Iower coaœntrationl, wbiIe the much leu

toxie cacodyüe acid did not induce expression of the geae fusion even at very hi.
concentrations (Cbapter 2, Figure 3), suggesting tbat the arsB::IacZ or arsB::/ta;Ul sene
fusion strain may serve as a biologiad indieator for the toxicity of various arsenic

compounds. Cbapter 4 descnbes an investigation of the arsB::/1IJCÂ.B gene fùsion strain as

a potential biosensor in monitoring the levels and toxicity of arsenic in a commonly used

arsenic-containiug wood preservative, cbromated coppel' anenate (CCA).

.5



•

•

4.2 ABSTRACT

An arsenic oxyaDion-induable Escherichia coli chromosomal operon (arsRBC)

bas been previously identified. Construction of a 1uciferase transeriptional gene fusion

(arsB::/urAB) showed that ars operon expression, plus concomitant ceIl luminescence,

WU inducible in a concentration-dependent maDIler by arsenic saIts. The present study wu

condueted to evaluate the potential of the arsB::hDcAB transeriptional gene fùsion for use

as a biosensor in monitoring the toxicity of arsenic compounds. Cultures trom this gene

fusion strain were exposed to increasing concentrations of the wood preservative

chromated coppel' anenate (CCA), u weil as its constituents, sodium arsenate and

chromated copper solution (CC). Analysis of luciferase aetivity revealed that the

arsB::lraAB gene fusion was expressed in response to CCA and sodium arsenate, but not

to the CC solution. The detection limit ofarsenic was found to be 0.01 pg As/ml (10 parts

per billion, 10 ppb) and therefore well within the range of environmental concems. A

greater induction of luminescence by arsenate was observed when cells were limited for

phosphate, as phosphate cm act as a competitive inhlbitor of arsenate ions. Our resuJts

suggest that the E. coli arsB::lraAB fusion stnUn bas a promising future as a specifie and

sensitive biosensor for monitoring bioavaiIable levels and toxicity of arsenic neac sites

where CCA-treated wood bas been used.

4.3 INTRODUCTION

The inCfease of arsenic (As) concentration on the eanh's surtàce is due to both

natural sources, such as volcanic aetivity and weathering processes, as weB as

anthroPOgenic sources, sucb as mining activities, agricultural and forestry applications.

One example of antbropogenic arsenic contamjnation in the environment is the use of

arsenic-containing wood preservatives. The MOst extensively used wood preservative is

chromated copper arsenate (CCA), which is pressurized into the wood through a process

called "Wo1manjzjng" [Weis and Weis, 1994]. Wood intended for marine uses receïves 24

to 40 kg CCA per cubic meter ofwood ta prevent its destruction by bacteria, fùnsi, and

ïnsects.· Each of the three chemica1s in CCA is known to he toxie to aquatiç biota at
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concentrations above trace levels, and found to he leacbed ftom the treated wood in bath

ftesh and sea water [Wamer and Solomon, 1990; Weis et al., 1991; Weis and Weis,

1992b]. Chemicals leachecl trom CCA-treated wood cm affect organisms tbat grow on the

wood itseI( tbose tbat live adjacent to the CCA-treated hl1kheads, and also he adsorbed

onto sediments, where!bey cao be slowly released or taken up by benthie OrganilSlM [Weis

and Weis, 19928, b; 1995; Weis et al., 1993]. The rate ofmetallCC'lDDdation in sediments

and in benthos di1fers with each chemical in the order: Cu > As > Cr, and decreases with

distance and time [Weis and Weis, 1994; 1996]. Benthie organisms living near CCA­

treated buJkbeads were found to coDtain e1eYated levels of Cu and As. The Nimber of

individuals, as well as the species diversity, were a1so decreased at sites adjacent to CCA­

treated bulkheads [Weis and Weil, 1994]. Pathologie and genotoxie efFects bave a1so been

observed in oysters (Crossostrea virginica) living on CCA-treated wood [Weis et al.,

1995]. In addition, CCA wu sbown to affect the growth of PCP-degrading bacterial

species and their ability to degrade PCP [Wall and Stratton, 1995; 1994]. Thus,

monitoring of bioavailable amounts of CCA released by the treated wood is important in

arder to deteet and rectify its toxic efFects. Among the tbree chemical constituents of

CCA, arsenic is the mast abundant in the environment, and Imown to bave carcinogenic

and teratogenic efFects on humans upon chrome exposure [Morton and Dunnett~ 1994;

Hartwig, 1995].

Arsenic belongs ta the VA group in the periodic table. It can exist in +5, +3, 0, and

-3 oxidation states in nature. The arsenic component in CCA is arseuate, the pentavalent

inorganic form that is chemica1ly sirniJar to phosphate. The toxicity of arsenical

compounds depends on their bioavailability, oxidation states, and organometalloidal forms

[for review, see Tamaki and Frankenberger, 1992]. For the last few decades, numerous

analytical methods, including gas chromatography (Ge) with flame ionization, reverse

phase and bigh performance liquid chromatography (HPLC), mass spectrometry, X-ray

fluorescence, and ftame atomic absorption spectrophotometry (AAS), bave been

developed to deteet the concentration of difrerent fo~ as weil as the total amount, of

arsenic -in environmental samples. These rnethods are bigbly sophistieated and sensitive,
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but may require extensive sample pretreatment and bigh costl. In many cases. the samples

have to he converted ioto other- forms (e.g. arsine) in order to be detected by these

analytical procedures. Moreover~ the bioavailability of the original arsenic species present

in a sample, and their potential toxic efFects on biota, may oot he ref1ected by these

analyses. In this regard, effective means of detecting bioavailable concentrations of

arsenic~ and its eff'ec:ts on living cells, need to be 1ùIly eIabonted.

Our Iaboratory bas previously identified, using gene fusion techniques, an

Escherichia coli chromosomal operon (ars), whose expression is induced in the presence

of inorganic arsenic and antimony oxyanions [Diorio et al., 1995]. This AslSb-induable

operon contains three ORFs, arsR, arsB, and ar~. wbich encode a trans-acting repressor

(arsR) that negatively regulates the expression of the operon [Xu et aL~ 1996; Cai and

DuBow~ 1996]" a membrane-based pump (arsB)~ which specüically mediates extrusion of

arsenite and antimonite anions, and an arsenate reduetase (arsC). The cbromosomal ars

operon confers moderate levels of resistance to toxie forms of arsenicals and antimonials

[Diorio et al., 1995; Carlin et al., 1995]. The arsRBC genes of the chromosomal ars

operon are higbly homologous to an E. coli plasmid (R.773)-encoded ars opero~ which

contains live ORFs in the order arsRDABC and encodes an arsenitelantimonite-stimulated

ATP-driven effiux pump [Kaur and Rosen, 1992a; Wu and Rosen, 1993a]. Further studies

have been conducted to e1ucidate the regulation of ehromosomal ars operon expression

[Xu et al., 1996; Cai and DuBow, 1996].

The aim of the present study is to examine the effects of CCA and ils constituent

compounds on baeterial cell growth and expression of the ars operon. Moreover, we

explore the potential of an E. coli chromosomal arsB::lraAB gene fusion as a biosensor

[Karube and Suzakï, 1990; Danilov and Ismailov~ 1989] in detecting biologically

important concentrations ofarsenic in CCA
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4.4 MATERIALS AND METRODS

4.4.1 Bacteria1 strains and growth media

The bacterial strains used in this study have been described previously [Cai and

DuBow, 1996]. E. coli 40 is the sttain in wbich we isolated and sequencecl the

chromosomal ars operon [Diorio et al, 1995). E. coli strain LF20012 is a cbromosomal

arsB::luxAB Ter transeriptional fusion strain (and thus ars) derived from E. coli 40 [Cai

and DuBow, 1996]. AlI assays were performed in either Luria-BertaDi (LB) [MiDer, 1972]

or LB broth reduced in phosphate, c::al1ed dephosphorylated LB broth [Bukhari and

Ljungquist, 1977], to compare the effeds of phosphate on arsenate toxicity. Tetracycline

(la Jlgl~ final concentration) wu routinelyadded to cultures ofLF20012.

4.4.2 Chemicals

Chromated copper arsenate was purcbased fiom Cbemical Specialties Inç. (CS!,

Harrisberg, Ne), and is a mixture ofarsenate (I90At as ~5. w/w), chromate (23.5% as

CIÛ3. w/w), and cupric onde (9.25% as CuO, w/w). The ratio of As:Cr:Cu in this

commercial formula is 13.11 : 14.82 : 9.11. Sodium arsenate (NaJAs04·7H~),chromium

oxide (C~) and cupric oxide (CUO) were purchased from American Chemica1s Ltd.

(A&C, Montréal, QC). A stock solution, containing identical CODcentratiOns of chromium

oxide (23.5%, w/w) and cupric oxide (9.25%, w/w) as those in CCA, was prepared and

designated CC solution. AIl other chemicals were obtained from commercial sources.

4.4.3 Luclferase assays

Cultures of E. coli LF20012 were grown ovemigbt in LB, or dephosphorylated

LB, broth containing tetraeycline in a 3rc air shaking incubator. The ovemight culture

was diluted l00-fold in the same medium and growth continued until mid-log phase(~

0.3-0.4). The ceDs were then exposed to increasing concentrations of sodium arsenate,

CCA, or CC, respectively, by adding increasing amounts of the stock solutions of each

chemical to the culture, and growth wu continued for 2 h.. Aliquots ofthese cultures were

removeif evecy 30 min for luciferase aetivity assays. Samples were diluted in LB broth to a
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final~ ofO.OS. One mil1iliter (1 ml) ofdiluted baeterial culture (m trip6eate) wu p1accd

in a 4 ml cuvette, which was then inserted ioto a luminometer (Tropix Optocomp 1, MGM

Instruments, Hamden, Connecticut). [.J,minesceoce measurements were initiated by

injection of 100 Jl1 ofa dodeeanal stock solution (1:100 dilution in LB, mixed by vigorous

sbalring). Total relative ligbt units (RLU) were recorded for a 10 sec intervaI. The average

RLU of each triplieate, as weil as their standard deviations, were calculated by the

automated program ofthe luminometer. Luciferase aetivity wu expressed as the number

ofphotons emitted per second per Aao unit.

4.4.4 Sensïtivity assays

Baeterial ceIls were grown at 3T'C ovemight in LB or dephosphorylated LB,

broth containing tetraeycline when required. The ovemight cultures were dùuted lOO-fold

in the same medium containing incceasing concentrations of the chemicals of ÎDtere5t. The

cultures were incubated in a shaking incubator for 6 h at 3rC. The optical density at 600

Dm of each sample (m triplieate) was recorded. The average value of the Aeo of each

culture obtained in the absence of added chemicals after 6 h incubation wu used as a

reference point, and set al 1000". The percent growth of each culture in the presence of

added chemicals al various concentrations was calculated by dividing the average value of

the observed~ after 6 h incubation by tbat of the reference culture. The etfects of the

chemicals on cell growth was expressed as the percent growth versus arsenic

concentration. In the case of CC, the concentration was equivalent to tbat used for the

experiments with CCA The LD50 values of each sample were defined as the elemental

concentrations ofarsenic in each cbemical (except in CC, as designated above) that c'''sed

a 500" reduetion in œll growth, and obtained according to the above growth curves.

4.5 RESULTS

4.5.1 Expression ofthe arsB::IUJCIfB gene fusion is specifie for arsenic in CCA

To evaluate the effects of CCA on the expression of the ars opero~ and the

potentiàl of the arsB::IUJCÂB gene fusion for use as a biosensor in detecting bioavailable
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levels of arsenic compounds, bacterial ceUs containing this gene fusion (LF20012) were

exposed to subletbal levels of CCI\. Luciferase activity wu ana1yzed as described in

Materials and Metbods. Two other compounds, sodium arsenate, wbich is the fonn of

arsenic in CCA, and the CC solution, wbich contains identical concentrations of chromate

and cupric oxide as in CCA, but Iacks arsenic, were also examined. The results showed

that the arsB::/urAB gene fusion cao he induced by CCA in both LB (Fig. ID) and

dephosphorylated LB broth (Fig. lA), but not by CC (Fig. IC and F), iDdieating that

expression of the arsB::/za:AB gene fusion is specifie for the arsenic oxyanion of CCI\.

These results were supported by the inducible expression ofceIl )uminesœnœ by sodium

arsenate (Fig. lB and E). Expression of luciferase is concentration-dependent witbin the

sublethal concentrations test~ with an assay time of60 min or less, and can he detected

at arsenic concentrations as lowas 0.01 pg As/ml (la parts per billion, 10 ppb). Optimum

levels of luciferase aetivity were achieved at 60 min post-exposure to 0.1 to 1.0 fig/ml

arsenic in CCA or sodium arsenate, with a maximum induction of 50- to 9O-fold,

depending on the experimental conditions used (Fig. lA, B, D, and E). A decrease in the

level of luminescence was observed after 60 min when cells were exposed to CCA ~

dephosphorylated LB but not in LB (see Discussion). Arsenic concentrations greater than

1.0 J.lg As/ml œnsed a reduetion ofluminescence (data not shown) presnmably due to the

toxie effects of arsenic on œil physiology and luciferase cofactor levels [Meighen, 1991;

Guzzo et al., 1992].

4.5.2 Effects ofCCA on bacteriaI growth

The e1fect ofCCA on bacterial growth wu evaluated as descnbed in Materials and

Methods. The arsB::haAB fusion strain (ms) wu found to be more sensitive to arsenie

than the wild type strain (Fig. 2A, B and E), consistent with preYious studies of E. coli

strains in which the ars operon is no longer fimetional [Diono et al, 1995; Carlin et al.,

1995]. The toxicity ofCCA or sodium arsenate was bigher in dephosphorylated LB than

in LB medium, as revealed by the LDso values shown in Table 1. However, when cuItures
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Figure 1. ùnninesœnce of the DrS1J::bDcA.B fusion strain LF20012 in the presc:nc:e of

CCA, arsenate, and CC. Cells growing at mid-log phase in dephosphorylated LB (A-e) or

reguJar LB (D-F) were exposed to increasing concentrations ofarsenic in CCA (A and D),

sodium arsenate (B and E), u weil as CC solution (C and F), whose concentration was

equivalent to tbat ofCCA Samples were removed every 30 min. Luciferase aetivity wu

measured (ID triplieate) as desaibed in Materials and Methods. The standard deviatiODS

are shown by error bars. • , 0 pglml; Â, 0.01 pglml; *, 0.1 pglml; • O.S pglml; ~, 1.0

Jaglml.
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Figure 2. Growth inhibition in the presence ofCCA, arsenate, lDd CC. CeUs were grown

at 3rC in a shaking air incubator in the presence of inc:reasing concentlations ofCCA (A

and D), sodium arsenate (B and E), and CC (C and F) in either dephosphorylated LB (A.

C) or regular LB (D-F). After 6 h, the absorbanœ at 600 Dm (~) of each sample (18

triplieate) wu recorded. The average percent of growth (compared with no added

chemica1) of each sample was calculated as descnDed in Materials and Metbods, and

plotted on the Y axes. The standard deviatiODS are sbown by error bars. The

concentrations indieated on the X axes are the e1emental concenbatioDS of arsenic

(Jlglml), except in the case ofCC, whose concentration is equivalent to that used for the

experiments with CCA *, LF20012 (ars); ., 40 (ars)_
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Table 1. LD50 (Jolg As/ml) ofchemicals to E. coli 40 (QI"SJ and E. coli LF20012 (ars).



-

Table 1.
LDso (IIg As/mit of chemlcals 10 E. coll 40 (ars+) and E. coll LF20012 (ars -)

chemlc81 CCA Na arsenate CC b

~E. coll medium c
LB de-P LB LB de-P LB LBstraln de-P LB

40 (ars+) 17 14.8 50 300 30 35

LF20012 (ar5-) 3.9 13.4 5.8 20.8 23.5 30

a. Calculated as described in Materials and methods.

b.The concentrations of chromate and cupric oxide in ee are equivalent to thase in eeA.
c.Dephosphorylated LB.

,



•

•

were exposed to CCA in LB broth, tbere wu 00 significant ditference in LDso values

between the arsB::IUXÂB fusion strain and the wild type strain at the conceubatioDS tested

(Fig. 2D and Table 1). This result may be due to the predominant toxie eft"ects of

chromium and copper, over those of arsenic, when phosphate is abundant, and is

supported by the observation tbat wild type ceIls were more sensitive to CC tban to

arsenate (Table 1). Nonetheless, greater sensitivity ofboth strains wu observed in media

contajning CCA than those containjng CC omy" suggesting • syuergistie toxic effect ofthe

three constituents ofCCA on the cells.

4.6 DISCUSSION

In the present study" an E. coli arsB::Iux.A.B luciferase gene fusion strain

(LF20012) wu shown to increase luminescence in the presence of increasing

concentrations ofthe commonly used, arsenic-<:ontaining wood preservative, CCA, as weB

as to sodium arsenate,. but DOt to the other two components (chromate and cupric oxide)

of CCA It is interesting to note that the arsB::luxAB gene fusion wu expressed, in

general to a bigher level in dephosphorylated LB medium than in LB medium when the

same amount of arsenic was present in the media (Fig. 1). These results may he due,. in

part, to the &ct that arseœte is taken up by most organisms through phosphate transport

systems. In E. coli, for example, there are two major inorganic phosphate transport

syst~ the low afIinity Pit system and the high affinity Pst system [Willski and Malami,

1980a]. The Pit system bas equal affinity for bath phosphate and arsenate, wbile the Pst

system bas a higher affinity for phosphate tban for arsenate [Wi1lski and MaJami, 198Ob].

Therefore, the depletion of phosphate (m dephosphorylated LB broth) may favor

increased arsenate uptake by the ceI1s through bath the Pit and Pst systems due to the

decreased phosphate competition for arseuate uptake,. leading to higher levels of

arsB::lraAB gene fusion expression in response 10 arseuate. On the other bancf,. a genera1

decrease in the level of luminescence was observed after 60 min of ceUuIar exposure to

CCA or arsenate. In particular, a greater decrease was seen after 60 min in

dephosphorylated LB with CCA tban in LB medium. This phenomenon could be
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attributed to several factors. FItSt, ceIls begin to enter SIaâonary phase at the time between

60 to 90 min under these conditioDS, with concomitantly slower metabolic rates and

reduced oxygen uptake, production ofluciferase enzyme and its substrate (FMNH2), ail of

which cao lead to. decrease in luminescence in general (see CU and DuBow, 1996, for

example). Secondly, Blouin et al. [1996] sugest that formation of the luciferase­

FMNHOOH complex is • primary determining fador for bioluminescence. wbereas

regeneration of FMNH2, the substrate for the luciferase enzyme, depends on the level of

NAD(P)H+11 and NADH-FMN oxidoreduetase [Blouin et al., 1996]. Arsenate is known

ta UDcouple oxidative phosphorylation by arsenoIysis [Valee et al., 1960; Summers lUld

Silver, 1978], which may affect the intraceIluiar leve1 ofNAD(P)H+1r generated via the

electron transport system, thus decreasing cellular levels of FMNH2. Sïnœ the ceUs

presumably contaÎD • higber leve1 of intraccllu1ar arsenate in phosphate depleted LB

medium than in regular LB medium, this toxie effect may be more pronounced in

dephosphorylated LB medium with time, leading to • more rapid decrease in luminesœnce

in dephosphorylated LB.

The advantage of this baeterial gene fusion as an arsenic biosensor lies in its

specificity, sensitivity, se1ectivity, and simpücity of operation. Our results have sbown tbat

this biosensor is specifie for arsenic, and the detection 1imit CUI be as low as 0.01 fig/mi,

which is within the federal drinking water standard (i.e. O.OS pg As/ml). Secondly,

baeterial œlls are easy to maintain. It bas been recendy reported tbat a recombinant E. coli

biosensor for organophosphorus neurotoxins cao he stably maintained at 4°C for over 2

months [Rajnina et al., 1996]. Our arsB::llaAB gene fùsion strain bas been round to be

stable for at least 6 months when stored in 25% (v/v) glycerol at ..20°C (data not sbown).

Moreover, baeterial ceUs can he easily and inexpensively propagated, 1wninescence assays

are simple to perfo~ and results cao he rapidly obtained der sampling. It is interesting

to note that a non-linear dependence of luminevence versus the concentration of arsenic

tested wu observed in our system, suggesting • complex intraceIIuJar biocbemistJy of

arsenic. This is supported by our previous observation tbat even an ars· mutant cao srow
in arsenite or arsenate concentratioDS above those tbat induce QTS operon expression
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[Diorio et al., 1995]" suggestÎD8 that the ars operon is DOt the only system Iding on toxic

arsenic oxyanions. Nonetheless, the value of this gene fusion strain u a living bacterial

biosensor cannat be underestimated. With proper control analyses, the use of living

biosensor systems can enhance analytica1 cbemistry in quantitatively evaluatins DOt only

the levels, but also the bioavailability and toxie eff~ of arsenic in the environmental

samples. Thus, the use of these Iuminesccnt 8ene fùsion biosenson in detectinB
environmental arsenic contamination may hold promise in enviroomentai Ulessment.
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CllAPTER5

IDENTIFICATION AND CHARACTERIZATION OF A CHROMOSOMAL ARS

OPERON HOMOLOG IN PSEUDOMONASAERUGINOSA
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S.l PREFACE

In Chapter 2~ we descn"bed the identification of the Escherichia coli cbromosomal

ars operon and the detection ofhomologous sequences in the chromosomes ofmany other

Gram-negative bacterial species, including the non-enteric bacterium Pseudomonas

aeruginosa. This finding wu controversial, as other Iaboratories [Carlin et al~ 1995]

stated that they could oot find one. P. aeruginosa is a medically and industriaIly important

baeterial speci~ and known to he widely present in the environment, thus being

frequently exposed to various environmental toxicants. Tberefore, it would be of great

interest to e1ucidate potential arsenic detoxifieation mechanisms in this organism This

chapter descnbes the cloDing and molecular cbaracterization ofa cbromosomal ars operon

homolog in P. aeruginosa~ and characterization of its funetion in arsenic detoxification.
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5.2 ABSTRACT

Operons encoding homologous arsenic resistance detenninants (ars) have been

found in bacterial plasmids isolated trom Gram-positive and Gram-negative orgaoisms, as

wen as in the Escherichia coli chromosome. However, there exists conflieting evidence as

to the presence of this arsenic detoxification determinant in the medically and industria1Iy

important bacterial species Pseudomonas aeruginosa. We report here the ideutifieation of

a P. aeruginosa cbromosomal ars operon homolog via c1oniog_and complementation ofan

E. coli ors- mutant. The P. aeruginosa operon contains three potential open reading

frames, whose encoded proteins sbare significant homology to those encoded by the arsR.

orsE, and arsC genes of the E. coli chromosomal ars operon and severa! plasmid-based

ars operons. The cloned P. aeruginosa chromosomal ars operon canfers res.istance to

arsenite, arsenate and antimonite in an E. coli arsS mutant strain. Expression of the

oPeron was shown to he induced by arsenite at the mRNA leveL Homologous DNA

sequences of this operon were detected in some, but Dot a11 species of the genus

Pseudomonas.

5.3 INTRODUCTION

Plasmid-based arsenic resistance in baeteria, encoded by the ars operons, bas been

known for many years [For review, see Kaur and Rosen, 1992a]. The weB studied E. coli

plasmid R773-1ocated ars operon contains five open reading frames (ORFs) in the order

arsRDABC, and is transcn"bed as a single polycistronic mRNA [Owolabi and Rosen,

1990]. The protein produets confer resistance to arsenic and antimony via an ATP­

dependent eftlux of the oxyanions [Mobley and Rosen, 1982]. Homologous Senes,

organized in the same fàsbion, bave a1so been round in the IncN plasmid R46 ars operon

[Bruhn et al., 1996]. In contrast, the Gram-positive ars oPerOns, encoded by

staphylococcal plasmids pI2S8 and pSX267, contain ooly three ORFs: arsR, an/J, and

ar~, and lack the ars,{ and arsD coding sequences [Ji and Silver, 19924; Rosenstein et

al., 1992]. In the case of the R773 ars operon, the first two ORFs, arsRD, encode two

trans-acting repressors that control the basa1 and upper levels of operon expression,

respectively. ArsR is an arseDÎc-inducible repressor, whereas ArsD acts in an Ûlducer-

100



•

•

independent manner [San Francisco et al., 1990; Wu and Rosen, 1991; 1993a]. The true

inducers for expression of the ars operon are trivalent arsenic, antimony, and bismuth

oxyanions, while the pentavalent arsenate needs ta he reduced ta arsenite in order ta

derepress the operon (Wu and Ro~ 1993b]. The last three genes, arsABC, encode the

structural components of the arsenic pump [Chen et al., 1986b]. The ArsA protein is an

arsenite- and antimonite-srimulated ATPase [Rosen et al., 1988] which foons a complex

with the membrane-bound ArsB protein [TISa and Rosen, 1990; Wu et al., 1992], and

functions to activelyexport arsenite and antimonite ions upon hydrolysis of ATP [Kaur

and Rosen, 1994a, b; Li et al., 1996]. The ArsC protein is a smaII cytosolic protein that

aets to reduce arsenate ta arsenite [Gladysheva et al., 1994; Oden et al., 1994], which an

then be extruded by the ArsAB complex. The staphylococcal ars operons, though

containing only two structural components, ArsBC, are also able to mediate the eftlux of

arsenicals and antimonials [Ji and Sïlver, 1992a; Rosenstein et al., 1992]. However, the

energy source coupled to this process is the electrochemica1 proton gradient rather than

ATP [Ji and Sïlver, 1992a; Rosenstein et al., 1992; Brëer et al., 1993]. The recently

discovered E. coli chromosomal ars operon also contains three ORFs, arsRBC,

struetura1ly resembling the staphylococcal plasmid ars operons [Sofia et al., 1994; Diorio

et al., 1995], and bas been shown to be functional in arsenic detoxification [Carlin et al.,

1995; Diorio et al, 1995). The significant homology between the E. coli chromosomal ars

operon and the plasmid-encoded ars operons [Diorio et al., 1995] suggests that the ars

operons found in both plasmid and chromosomal locations MaY have arisen ftom a

common ancestor. Since the E. coli chromosomal ars operon is the ooly chromosomally·

located ars operon identified in batteria 50 far, it is important to identify other possible

chromosomal ars homologs in order to better understand the evolutionary relationship

between these ars operons and, perhaps, other plasmid and chromosomal-based senes.

We have previously observed (via Southem blotting) that sequences homologous

to the E. coli chromosomal ars operon were present in the chromosomes ofmany Gram·

negative batterial species, including the non-enteric baeterium, P. aerug;nosa [Diono et

al., 1995]. Although it bas been reported that plasmid pUM310 ofP. aerug;nosa contains

a genetic detenninant that confers resistance to arsenic and antimony ions [Cervantes and
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Chàvez, 1992], the evidence for the presence of a cbromosomally-Iocated an operon in

the members ofthe genus Pseudomonos bas been controversial [Carlin et al., 1995; Diorio

et al., 1995]. The aim ofthis study is to identify and cbaracterize an ars operon homolog

in the chromosome ofP. œruginosa. Here we report the isolation, DNA sequencing, and

E. coli ars operon complementation of a cbromosomal ars operon of P. aeruginosa. It

was found to consist ofthree ORFs, whose predicted protein products are homologous to

those encoded by the arsR, arsB, and ar~ genes of othee mown ars OperODS. The P.

aerugi1lOSQ ars operon is functional in arsenic detoxifieatioD, as determined by

complementation of an E. coli arsB mutant. Moreover, expression of this operon, as

measured by RNA dot blots, is induced by sodium arsenïte. Sequence analyses revealed

that the P. t1el1lginosa chromosomal ars operon is evolutionariIy related to plasmid-based

ars operons ftom bath Gram-negative and Gram-positive origins, and is conserved in the

chromosomes ofsome, but Dot ail, Pseudomonas species.

5.4 MATERIALS AND MEniOnS

5.4.1 Baeterial strains and plasmids

E. coli strain 40 (F, ~r~/Qc, rpsL, tTp) is the strain in which we isolated and

sequenced the chromosomal ars operon [Diorio et al., 1995]. E. coli strain LF20012 is

derived trom E. coli strain 40, but contains an arsB: :/uxAB chromosomal transeriptional

gene fusion [Cai and DuBow, 1996], and is thus genotypically arsIT and hypersensitive to

arsenic oxyanions [Cu and DuBow, 1997]. P. aeruginosa strains PAOl and PAK, P.

fluorescens, P. stutzeri, P. diminuta, and Burkholderia cepacia are ail plasmid-tree wild

type strains obtained ftom Dr. George Hegeman (Indiana University). E. coli cultures

were grown in LB medium [Miller, 1972] at 3rc. Cultures from other strains were grown

initially in BH! (Brain-Heart Infusion, Difco) broth and then in LB broth al 32°C. Plasmid

pICSO1 (Ap') is a pBR322 derivative that contains the cloned P. aeruginosa cbromosomal

ars operon as a 3.4-kb &oRV fragment (described in the fonowing sections). Plasmids

pUC119 and pUC118 [Vieira and Messing, 1987; Sambrook et al., 1989] were used as

vectors" for subcloning and sequencing the P. aeruginosa cbromosomal ars operon.

Ampicillin was used at a final concentration of40 fig/mi when required.
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5.4.2 Cloning and sequencing ofthe P. œruginosa cbromosomal ars operon

AIl restriction enzymes and T4 DNA ligue used for cloning purposes were

purchased from New England Biolabs (Mississauga, Ont.) and used foUowing the

supplier's instructions. Isolation of plasmid and genomic DNA, preparation of competent

E. coli cens, and DNA transformation into E. coli ceIIs were performed as described by

Sambrook et al (1989). A1pba-np-1abeIIing ofDNA probes for Southem and RNA dot

blotting analyses wu performed using the random priming method [Sambrook et al.,

1989] with random hexanucleotide primers (Regional DNA Synthesïs Laboratory,

University of Calgary, Calgary, AB, Canada). Radioisotopes were purcbased from

Amersham (Oakville, ON, canada).

To clone the P. aeruginosa strain PAOI chromosomal ars operon homolo&

restriction fragments of approximately 3.4 kb in size, previously shawn to hybridize to the

E. coli chromosomal "'s operon [Diorio et al, 1995], were purified from a 0.8% agarose

gel ofEcoRV-cleaved chromosomal DNA ofP. aeruginosa strain PAal, and ligated 10

an EcoRV-linearized pBR322 plasmide The ligation mixture wu then transformed into E.

coli strain JMIOS [Yanish-Perron et aL, 1985]. Recombinant transformants were selected

for ampicillin resistanc:e and screened for tetraeycline sensitivity. To identify the plasmids

containing the putative P. aeruginosa chromosomal ars operon bomolo& clones nom the

recombinant transfonnants were 1ysed by the "cracking" procedure [Bames, 1977],

subjected to O.S% agarose gel electrophoresis [Diorio et al., 1995], transfered to a

Hybond-N nylon membrane (Amersham, Oakvi1Ie, ON, Canada) and hybridized (Diorio et

al., 1995] to a 32p-labeUed E. coli chromosomal arsB probe, isolated as a 65S-bp SeoI­

Pvun restriction fragment nom plasmid pIC701 [Cai and DuBow, 1996]. FoUowing

autoradiography, the plasmid DNA from recombinant clones which showed enhanced

hybridization signais was isolated [Sambrook et al, 1989] and transformed into E. coli

LF20012 (arsB). The resulting transformants were then screened for enhanced resistanœ

ta sodium arsenite (when compared with E. coli LF20012 contaïoing plasmid pBR322) by

replica plating them on LB agar plates coataioing inaeasing concentrations of sodium

arsenite- (0,20, 100,200,400, and 800 J.l8 As/ml). One ofthe clones found to complement

the E. coli orsK mutant for enhanced arsenic resistance was isolated, and the recombinant
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• plasmid, containing a 3.4-kb &oRV P. aeruginosa chromosomal DNA fragment, wu

named pleSOl.

Fragments of the P. aeruginosa chromosomal DNA in pJesOI were further

subcloned into pUC119 or pUC118 [Sambrook et al, 1989]. Double- or single-stranded

DNA templates for sequencing analysis were prepared using QIAprep Spin Mini Prep Kit

(QIAGEN Inc., Chatsworth, CA), or foDowing the method ofVïeïra and Messing (1987).

DNA sequencing of bath strands of these subclones wu performed manuaI1y by the

dideoxy DNA sequencing method using the ISOTHERM'IM sequencing kit (EPICENTRE

Technologies, Madison, WI), and by automatic sequencing (Core Facilities for

ProteinlDNA Chemistry, Biochemistry Depanment, Queen's University, Kingston, ON,

Canada ).

5.4.3 Complementation assays in an E. coli arsB mutant strain

The plasmid plCSOI (and the parental plasmid pBR322) was transformed into an

E. coli arsIr mutant strain LF20012 (arsB::luxAB) [Cai and DuBow, 1996] as weil as its

parental strain, E. coli 40. The resistanœ profile to arsenic and antimony saIts was

examined for ail four transformants by their ability to grow in LB broth containing

increasing amounts of arsenic or antimony oxyanioDS as follows. Ovemight cultures of

each sample were diluted SO-fold in LB broth containing the appropriate antibiotics and

increasing concentrations of sodium arsenïte, sodium arsenate, and potassium antimony

tartrate hemihydrate. The cultures were incubated for 6 h at 3r~, and the turbidity at 600

Dm (~) of each sample Cm triplieate) wu determined. The arsenic and antimony

oxyanion resistance profile of the clones wu expressed as the average value of the

percentage ofthe Aao ofeach strain, calculated as previously descnbed [Cai and DuBow,

1997], as a fimetion of the e1emental concentrations of arsenic or antimony in the

compounds used.

5.4.4 Southem blotting analysis

-Genomic DNAs (10 pg) trom the strains ofinterest were c1eaved with EcoRV and

• Pst!, respectively, and then subjected to O.BOAt agarose gel electrophoresis [Sambrook et
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al., 1989]. The subsequent DNA transfer and hybridization with a 32p-radiolabel1ed probe

were performed as previously descn"bed [Diorio et al, 1995]. The probe was isolated as a

1.14-kb Bamm-SphI double-cleaved ftagment, containing the second baIfofarsR and the

first two thircis ofarsB" ftom pJC801. After hybridization, the membrane wu washed to

remove unhybridized probe, and exposed to Kodak: XAR.-S film (Eastman Kodak,

Rochester, N.Y.), using Dupon Cronex intensifYing screens, prior to development.

5.4.5 Preparation oftotal ceUular RNA ofP. aeruginosa PAO1 and dot blotting anaIysis

Cultures oCP. aeruginosa strain PAOI were grown in LB broth at 32°C in a

shaking incubator untiI mid-log phase (~ = O.S-o.6), and then sodium arsenite wu

added to a final concentration of 0.1 J.lg As/ml. This concentration wu chosen based on

our previous observations for the E. coli ars operon [Cai and DuBow, 1996]. Samples

were removed at 0, 15, 30, and 60 min post arsenic addition and kept on ice untiI an
samples were ready. Total cellular RNA wu isolated using the RNaid Plus kit (BIO lOI,

!ne., La JoUa, CA), fonowing the manutàcturer's instructions. The RNA concentrations of

each sample were spec1rophotometrically detennined using a UV-1201 spectrophotometer

(SHlMADZU Scientific Instruments IDe., Japan). Different amounts (S, 2.S, and 1

Jlglslot) of total cellular RNA ftom arsenite-exposed and unexposed P. aeruginosa were

loaded ooto a Hybood-N nylon membrane (Amersham, Oakvi11e, ON, Canada) in a

BioRad (Mississauga, ON" Canada) dot blot apparatus as descnbed [Sambrook et al,

1989]. The RNA was fixed to the membrane by miCl'owave exposure for 2.S min and

hybridized to the same probe as the one used for Southem blotting anaIysis.

Prehybridization and hybridization reactions were Peâonned as descn"bed by Cai and

DuBow (1996), and the tilter was washed and exposed to Kodak XAR.-S film as described

in the previous seçtÏons.

5.4.6 Nucleotide sequence accession number

The DUcleotide sequence reported here bas been submitted ta the EMBL datab~

and it bas been assigned accession number AFO10234.
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5.5 RESULTS

5.5.1 Cloning ofan ars operon bomolog ofP. œruginosa

Based upon our previous observation that an approximately 3.4-kb EcoRV DNA

fragment contained sequences homologous to the E. coli cbromosomal ars operon and

thus a potential chromosomal ars operon homolog ofP. aeruginosa [Diorio et aL7 1995]7

EcoRV fragments of this size were isolated and cloned into plasmid pBR322.

Recombinant transformants were screened for the presence ofars bomologous sequences

by hybridization to the E. coli arsB probe (see Materials and Methods). Four putative

clones were further identified by ~ complementation assay (MateriaIs and Methods) and

isolated due to their ability to confa high levels of resistance to arsenite (i.e. the ability to

allow growth on solid media containiDg 400 pg As/ml as sodium arsenite) when

transformed into an E. coli orsE mutant. These four plasmids were designated pIC801

through plC804, and found to contain an identical DNA insertion based upon subsequent

restriction enzyme mapping analysis (data not shown). Therefore, only pJC801 wu

chosen for further studies.

s.s.% DNA and predieted amino &cid sequence analyses

Subcloning and DNA sequencing analyses sbowed that the cloned P. aeruginosa

PAOI chromosomal DNA ûagmen~ which conferred increased arsenite resistance and

was capable ofhybridizing with the E. coli chromosomal ars opero~ contains three ORFs

(Fig. 1), whose encoded proteins share significant homology to the ArsR, ArsB7 and ArsC

polypeptides of the E. coli cbromosomal and plasmid.encoded ars OperoDS. Comparison

of the amino &cid sequences between the P. Dentginosa ars operon and other known ars

operons, using the method of Myers and Miller (1988), revealed striIâng bomology as

summarized in Table 1. In the case ofArsR, the amino &cid sequence identity between the

P. aeruginosa chromosomal ars operon and other ars operons ranges nom 28 to 44%

(Table 1). It is not~ in particular, that the putative metal binding box, ELCVCDL, and

the DNA-binding belix-tum-helix (H-T-H) motif identified in the ArsR proteins of other

ars op'ero~ and known to be critical in arsenic-dependent resuJation of operon

expressio~ are aIso conserved in the ArsR sequence of the P. DentginosD chromosomal
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Figure 1. DNA sequence oCthe P.aeruginosQ cbromosomal an operon c10ned in plasmid

pICSO1. The predieted amino acid sequences oC the gene produets are shown below the

DNA sequence. The potential arsR, arsB. and ars!: ORFs are indieated. Stop codons are

indieated by asterisks. Shine-Dalgamo (SO) sequences are marked in bold and underlined.
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Figure 1. Multiple a1ignments ofamino acid sequences of the ArsR proteins trom various

ars operons using the Clustal computer program (PC-Gene softwar~ Inte1ligenetics, Inc.

Mountain View~ CA). Identic:al amino &cid residues are indieated in hatcbed areas, sirniJar

amino acid residues are indieated in dotted areas. The potential metaI binding motif and

the DNA binding motifs are marked.
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ars operon (Figure 2). These results suggest that the P. aeruginosa chromosomal ars

operon is a new member of the arsenie eŒux system family, and may be regulated in a

manner sirnjlar to tbat used by other known ars operons. The highest homology. rangÎDg

from 51 to 700At, wu found between the ArsB protein ofthe P. aeruginosa chromosomal

ars operon and that ofother known ars operons (Table 1). Multiple aligmnents [Higgins

and Sharp7 1988; 1989] oftheP. aeruginosa ArsB sequence with the ArsB proteins ofthe

ars operons listed in Table 1 revealed an overall amino acid identity (similarity) of 45.3%

(33.5%) (data not shown). Hydrophobicity analyses, using the method ofEisenberg et al

(1984), indicate that the arsB gene produet is a hydrophobie protein with 12 putative

membrane associated heliees, consistent with its potential fimction as a membrane

transporter and the structures ofother known ArsB proteins. It is interesting ta note that

both the ArsR and ArsB proteins of the P. aeruginosa chromosomal ars operon share

higher homology to those of the ars operons of Gram-negative baeteria. In contrast, the

ArsC protein of the P. aeruginosa chromosomal ars operon is more homologous to the

ArsC proteins ofGram-positive ars operons (Table 1).

5.5.3 The cloned P. aeruginosa chromosomal ars operon confers increased arsenite and

antimonite resistance in an E. coli arsB mutant

To examine the roIe of the P. aeruginosa PAO1 chromosomal ars oPeron in

arsenic resistance, the cloned ars operon (m pIC801) was introduced into an arslT E. coli

strain, LF20012 [Cai and DuBow, 1996], and the parental strain E. coli 40 (ars). The

resulting transfonnants were called LF20012(pICSOl) and 40(pJCSOI), respeetively. As a

control, the vector plasmid pBR322 was transformed into both E. coli 40 and LF20012.

Cultures trom these four strains were analysed for their ability to grow when exposed to

increasing concentrations of arsenite, arsenat~ and antimonite ions as descnDed in

Materials and Methods, and the results are shown in Fig. 3. Introduction of plasmid

ple801 into E. coli confened an increase in arsenite resistance in both ars· and ars· strains

in a manner similar to that observed when the E. coli chromosomal ars operon is cloned in

a multieopy plasmid [Diorio et al., 1995] (Fig.3A). A simi1ar increase in antimonite

resistance
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Table 1. Percent identity (similarity) in amino acid sequences with P. aeruginosa~ B,

andC.
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Table 1

Percent Id.ntlty (almllarlty) ln amlno .cld
sequence. wlth R .e,ul/ln"••AraR, B, and C

AraR AraS AreC

E. coll .,. 44.4 (11.1 ) 89.3 (15.6) 10.& (17)

R773 .,. 43.& (18.2) 69.3 (18.3) 12.8 (11.3)

IncN R46 .,. 43.& (13.7) 69.9 (15.6) 12.1 (11.5)

Tn250S .,. 42.7 (13.7) 68.9 (14.4) 13.5 (15.8)

pl258 .,. 28.8 (20.2) 51.7 (21) 29 (16.8)

pSX267 .,. 27.9 (18.3) 51.4 (21.2) 29 (16.8)



• was also observed (Fig. 3e). These results suggest tbat the P. QD'llginosa cbromosomal

ars operon can complement an E. coli arsIr mutant and provide enbanced protection to

both the mutant and wild type E. coli ceUs ftom the toxicity of arsenite and antimonite

ions. Interestingly, although the cloned P. aerugïnosa chromosomal ars operon increased

arsenate resistance in the E. coli tusJj mutant, it did not show any detectable enJvmcement

on arsenate resistance in wild type E. coli cells (Fig. 3B) (see Discussion).

5.5.4 RNA expression of the P. aeruginosa chromosomal ars operon is inducible by

sodium arsenite

To e1ucidate arsenic-regulated expression of the P. aeruginosa chromosomal ars

operon, equal amounts of total cellular RNA, isolated trom sodium arsenite-ex:posed (for

15~ 30~ and 60 min, respectively) and unexposed cells, were loaded onto a nylon

membrane, fix~ dried and hybridized to a 32p-labelled DNA fragment containing the P.

aeruginosa chromosomal ars genes as descnDed in Materials and Methods. The

autoradiograph (Fig. 4A) showed a dramatic increase in hybridization in the arsenite­

exposed RNA samples when compared to the unexposed sample, suggesting that mRNA

expression of the P. aeruginosa chromosomal ars operon is induClble by arsenic at the

transcriptionallevel. Quantitation analysis using the Image QuantlM program (Molecular

Dynamics. Synnyrale, CA) revealed at least a lS-fold increase in ars-specifie RNA upon

addition of 0.1 Jlg As/ml (as sodium arsenite) for 15 min, indieating that ars mRNA is

rapidly induced by arseDÏte. Moreover, a decease in the intensity of the ars-specifie RNA

was observed at 60 min post-exposure (Fig. 4A), consistent with previous observations

for the E.. coli chromosomal and the R773 ars operons [Cai and DuBow, 1996; Owolabi

and Rosen, 1990].

5.5.5 The P. aeruginosa chromosomal ars operon is conserved in the chromosomes of

other Pseudomonas species

A Southem blotting analysis with chromosomal DNAs ftom other Pseudomonas

species -was condueted using a 32p-labeled probe containing part of the P. aeruginosa

• chromosomal ars operon (see Materials and Methods). The results, shown in Fig. 4B,
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Figure 3. Growth of plasmid-containing E. coli strains in the presence of increasjog

amounts of arsenic and antimony oxyanions. Ovemight cultures were diluted SO-fold iD

LB broth containing appropriate antibiotics and inaeasing amounts ofarsenic or antimony

salts. Cellular growtb was measured 6 h after addition of chemicals and expressed u

percent turbidity versus elemental concentrations of arsenic (antimony) added to the

growth media (see MateriaIs and Methods). Standard deviations are represented by error

bars. ., E. coli 4O(pBR322); ., E. coli 4O(plCSOl); ., LF20012(pBR322); .,

LF20012(plCSO1).

112



• 120

1

g
~
~

1
1:

l

50 100 ZOO 300 400 110O
[Aa(lIIn ~g/ml)

2010O ......--------------------Jo

12Or---------------------__.
1

~

i
.a

1
&.

10 20 50 100 200 300 400 500

[AaM] (I.Ig/ml)

12Or-----------------------,

•
10 20 50 100 200 300 400 500

Sb CIIg/ml)



•

•

Figure 4. (A) Dot blot hybridization oftotal cellular RNA to. 32p-labelled P. aerllginosa

chromosomal ars operon probe (see Materials and Methods). Lane 1 contains RNA ûom

unexposed cultures; Jane 2, 3, and 4 are the RNAs ftom celIs incubated with sodium

arsenite (at a final concentration of 0.1 Jlg As/ml) for 15, 30, and 60~ respectively.

Samples in rows a, b, and c, are loaded with 5, 2.5, and 1 pg RNA/slol, respectively.

(B) Southem hybridization of genomic DNAs &om various baeterial species 10 a 32p­

labelled P. œruginosa chromosomal ars operon probe (see Materia1s and Methods). The

numbers on top indieate difrerent baeterial straïns. 1, B. cepacia; 2, P. diminuto; 3, P.

fluorescens; 4, P. stutzeri; S, P. aeruginosa PAIe; 6, P. aeruginosa PAOlo The (etters on

top indicate the restriction enzymes used to digest the genomic DNAs. P, PstI; E, &oRVe

The numbers on the right side are DNA size markers (ID kb).
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demonstrate that sequences homologous to the P. aeruginosa cbromosomal ars operon

cao be detected in the chromosomes ofP. aeruginosa strain PAl{, another major wild type

strain ofP. aeruginoso {Minamishima et al., 1968; Takaya and Amako, 1966], and ofP.

fluorescens. However, no sequences homologous to the P. aeruginosa cbromosomal ars

operon were found in the cbromosomal DNAs of P. stutzeri, P. dimimlta, and

Bhurkholderia cepacü:I (formerly P. cepacia) under the conditions used, suggesting tbat

the P. aeruginosa chromosomal ars operon is conserved, al the DNA level, in SOlDe, but

not all Pseudomonas species.

5.6 DISCUSSION

The genetic organization of the ars operons identified to date appears to he

conserved. Almost ail begin with the gene encoding the ArsR repressor, and end with the

ar~ gene encoding arsenate reduetase, except that in the recently discovered ~

enterocolitica Tn2S02 ars operon, an arsH gene is located upstream of arsR and

trallsaibed in an opposite direction [Neyt et al., 1997). The arsB gene is essential for

arsenic detoxifieation, and aets either a10ne or in combination with an arsenite- and

antimonite-specific ATPase [Dey and Rosen, 1995]. The present study descnbes the

identification and prelimjnary CbaracterizatiOD of the P. aeruginosa chromosomal ars

operon, which is the second of the chromosomally-Iocated ars operons of bacteria

identified 50 far. DNA sequencing analysis reveaIed three potential ORFs (Fig. 1), whicb

share significant homology to the arsR arsB, and arsC ORFs ofother kDown ars opero~

and are oriented in an identical fashion to those in other known ars operons. Multiple

aIignments ofthe amino acid sequences ofthe putative P. aeruginosa ArsR sequence witb

the ArsR proteins of other known ars opero~ using the Clustal program [Higgins and

Sharp, 1988; 1989], reveaIed the conservation of the putative metal-binding motif and

DNA binding H-T-H motif in the P. aeruginosa ArsR.. protein. This further supports the

fact that the P. aeruginosa chroma5Omal ars operon is a member of the arsenic; OxyaniOD

effiux family. The putative ArsB pr~teinofthe P. aeruginosa chromosomal ars operon is

the moSt conserved among the ars polypeptides, consistent witb wbat bas been observed

for othee known ars operons [8ilver et al, 1993; Dioria et al., 1995; Silver, 1996]. Both
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ArsR and ArsB sbare greater homology to their respective proteins trom Gram-negative

ars operons, which is Dot UDexpected since P. aeruginosa is a Gram-negative bacterial

species. Surprisingly, the putative ArsC protein of the P. aeruginosa chromosomal ars

operon shares greater homology to the ArsC polypeptides ofGram-positive an operons.

A functional anaIysis ofP. aeruginosa chromosomal ars operon in E. coli suggests

that the operon can provide enhanced resistance to arsenic and antimony OxyaniODS in E.

coli when cloned in a multicopy plasmid in a manner similar to that observed for the E.

coli chromosomal ars operon [Diorio et al., 1995; Carlin et al., 1995]. However, when the

P. aeruginosa chromosomal ars operon wu introduc:ed ioto wild type E. coli, only

increased resistance ta arsenite and antimonite was observee!, and no detectable increase

was found in arsenate resistance. This is in contrast to our previous observation that the E.

coli chromosomal ars operon, when cloned in a multicopy plasmid and introduced into

wild type E. coli, resulted in increased resistance to bath arsenite and arsenate ions [Diorio

et al., 1995]. The Jack of increase in arsenate resistance in wild type E. coli containing a

cloned P. aeruginosa chromosomal ars operon could be due to one or more of the

following reasons. FU'St, previous studies have shown that the Gram-positive ArsC protein

of the Staphylococcus aureus plasmid pI25S ars operon requires thioredoxin and

thioredoxin reductase for proper fimetion [Ji and Sîlver, 1992b; Ji et al, 1994], whereas

the in vivo enzymatic aetivity ofthe Gram-negative ArsC protein nom the E. coli plasmid

R773 ars operon requites g1utathione, and g1utathione reduetase [Oden et al., 1994]. This

reflects the existence of inherent differences between Gram-negative and Gram-positive

ArsC proteins. This difference may account for an inefficient function of the P. aeruginosa

ArsC protein in E. coli cens, since the P. aerugïnosa ArsC protein more dosely resembles

that of Gram-positive baeteria. In addition, due to the closer relationship of the ABC

protein of the P. De1'llgïnosa chromosomal ars operon to that of Gram-positive ars

operons, the ar~ gene of the P. ae1'llginosa chromosomal ars operon MaY not be weB

expressed in E. coli. Analysis of the DNA sequence of the P. aeruginosa chromosomal

ars operon revealed a relative1y large intergenic regioD between the arsB and orsC genes,

compared with that of other known an operons and that between the arsR and orsB

cistrons of the P. aeruginosa chromosomal ars operon (Fig. 1). It is possible that either
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Figure S. Sequence and prediction of a potential mRNA secondary structure in the

intergenic region between arsB and arsC of the P. aeruginosa cbromosomal ars operon.

The tennination codon, UGA, of the arsB gene is underlined. The putative nbosome

binding sequence (SD) is marked with triangles. The translation initiation codon, AUG. of

the arsC gene is marked with dots. The fi'ee energy of formation of the indieated

secondary structure is -29.3 kcallmol, as estimated by the Hibio DNAsis'IM program

(Hitachi Software Engineering Co., Ltd. Yokohama, Japan).
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the orsC gene is controlled by another promoter, whidt may DOt be active in E. coli, or it

is not efficient1y translated by noosomes in E. coli. Previous studies bave shown that an

optimal aligned spacing ofS nt between Shine-Dalgamo (SD) sequence and the translation

initiation codon is required for n"bosomes to et1iciendy traDslate mRNAs in E. coli [Chen

et aL, 1994a], and long-range secondary structures involving the Sbine-Dalgamo sequence

and internai complementary sequences were found to inhibit traDS1ation initiation [Chang

et al., 1995]. Sec:ondary structure predictions of the P. tM!nlgïnosa chromosomal ars

mRMA. in the intergenic region between the arsB and ar5C cistrons revealed the presence

of a potential secondary structure as shown in Fig. S, and this stn1eture involves bath the

putative SD sequence and the initiation codon of ArsC. Thus, it is possible that the

formation of this secondary structure in arsC mRNA could hinder the binding of

nbosomes to the SO sequence and inhibit initiation of translation. Because of the above

reasons, the P. aeruginosa arsC gene may be expressed at a low level or have a low

aetivity in E. coli ceUs. Nonetheless, in an ars- background, tbis low level ofArsC aetivity

may still lead ta significant reduetion of arsenate to arsenite, resulting in the observed

increase in arsenate resistance in strain LF20012(pJCSO1), compared with that in strain

LF20012(PBR322) (Fig. 3B). However, in wild type E. coli this low level expression (or

activity) ofAIse ftom plCSO1 may have been disguised by the fuIly-induced endogenous

E. coli chromosomal arsC gene. Thus, no significant increase of arsenate resistance was

observed in wild type E. coli.

It bas been shown that bath the E. coli cbromosomal and plasmid R773 ars

operons are ttansenbed upon arsenic exposure, and the transeripts are processed within 1

h [Owolabi and Rosen, 1990; Cai and DuBow, 1996]. Evidence also indicated that

overexpression of the E. coli ArsR or ArsBC proteins is toxic to the cens [Cai and

DuBow, 1996]. Therefore, a control on the upper level of ars mRNA (provided, where

presented by the ABD protein) may protect the ceIIs ftom ars polypeptide-induced

toxicity. In the present study~ the P. aeruginosa cbromosomal ars operon is found to he

transen1>ed upon cellular exposure to subinhibitory levels of arsenite ions, and that the

level of ars-specifie RNA decreases with prolonged induction tàne (Fig. 4A), consistent

with what bas been observed for other ars operons. A Southem blotting analysis (Fig. 4B)
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revealed the presence ofars homologous sequences in P. aeruginosa strain PAIe, and P.

fluorescens, but not in P. stutzeri, P. diminuta, and B. cepacia, a species formerly

. classified as P. œpacia, the later three species being more distally related than P.

fluorescens. Further genetic sequencing and identification ofchromosomal ars operons in

other baeteria will shed Iight on the evolution of this highly-conserved and important

baeterial operon. Moreover, recent results have shown that this type ofarsenic resistance

mechanism bas hem observed in mammals [Wang and Rossman, 1993; Wang et al, 1994,

1996], supporting the notion tbat the protective fimetion ofars operons bas been strongly

conserved in the course ofevolution.
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CBAPTER6

SUMMARY, CONCLUSIONS, AND FUTURE PROSPECTS
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Arsenic is weil known as a toxicant, with little evidence for its nutritional

requir~ents [Nielsen, 1991]. The ubiquitous existence ofarsenic in the .environment due

to both natural and man-made sources bas become an unavoidable source of exposure to

humans and other living organisms. Various detrimentai effects caused by arsenic

exposure to living systems bave been observed and investigated, as discussed in Chapter 1.

During evolution, living organisms have evolvecl various. genetically-programmed

mechanisms to cope with environmental stresses, including the elevated levels of arsenic.

A fundamental mechanism by which living ceUs adapt to the changes in the external

environment is to modulate gene expression. ThereCore, a crucial step towards

understanding these mechanisms is to monitor gene expression upon exposure to these

toxicants. In many cases, however, it is inconvenient, or impossible, to assay the gene

produet directIy as a means of monitoring gene expression. This problem is frequent1y

circumvented by generating transeriptional fusions between the promoter of interest and a

reporter gene, whose produet is easy to assay. Many reporter gene systems have been

developed. The most widely used reporter genes are lacZ (for B-galaetosidase) [Silhavy

and Beckwi~ 1985], cal (for chloramphenicol acetyl transferase), gaJK (for

galaetokinase) (McKenney et al., 1981], and Ira (for baeterialluciferase) [Engebrecht et

al., 1985].

Sïnce ail living organisms follow the central dogma for the expression and

replication of genetic information, we chose Escherichia coli, whose genetics is well

und.erstood in addition to other advantages shared by all microorganisms, as a model

system to study the a1terations in gene expression upon cellular exposure to environmental

stresses. Our investigation began with the creation ofa random IacZ gene fusion hbrary of

E coli. This was accomplishecl by infecting a lac-deletecl E. coli strain (40) with a

transposable baeteriophage MudL which curies a promoterless lacZ reporter gene and a

selection marker (Ap'). By screening the hbrary in the presence and absence of various

environmental toxicants, including arsenic salo, a clone, which tumed blue in the presence

of arsenic but remained white in its absence, was isolated and designated LF20001

(Chapter 2). Analysis ofthe IacZ reporter gene expression revealed that expression ofthis
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gene can be induced by sodium arsenite. sodium anenate and antimony oxïde. al the 1eveIs

just above environmenta1 backgroUlld. but not by cacodyIic &cid even al the bigb

concentrations of arsenic in this organoarsenic pesticide (Cbapter 2, Figure 3). Induction

of sene expression by inorganic arsenic and antimony wu found 10 he concetlliation

dependent. Cloning and sequencing analyses sbowed tbree open radina fi'ames (ORFs)

tbat shace strong homology to the ar~ arsB, and ",se OaFs of the plasmid eocoded

arsenic resistance operons (ars) from both Gnm-positive and Gnm-negarive bacterial

species (Chapter 2, Figure 2). Therefore, the operon we identified wu named the

cbromosomal an operon. The Mudl insertion in the straia LF20001 wu found to he

within the coding region of the arsB gene. Arsenic sensitivity assays sbowed that the

arsB::IacZ sene fusion strain is 10- to l00-fold more seniitive to arsenate and arsenîte

than the wild type ceUs, whereas wild type E. coli containing the c10ned ars operon on a

multicopy plasmid showed increased resistance to these arsenic ions (Cbapter 2, Figure 4).

suggestinS that the E. coli chromosomal ars operon plays • role in protection 'pinst

arsenic toxicity.

To elucidate transeriptional regulation ofthe E. coli cbromosomal ars operon. two

more chromosomal transeriptional gene fusions. in arsR and arsB, respective1y, were

construeted. using the lurAB genes from a marine bacterium, Vibrio horvyï. Luciferase bas

been used extensively as a rePOrter gene due to its unique advantages of high sensitivity,

rapidity, and ease ofdeteetion. It bas not ooly been used for monitoring gene expression.

but also in other aspects of microbiology and biotecbnology. Exposure of the ceIls fi'om

the arsB::/uxAB gene fusion strain. LF20012, to sodium arsenite eücited • concentration­

dependent luminescent response (Chapter 3, Figure lA), similar to tbat observed in the

arsB: :IacZ sene fusion strain. indieating that the observed results were DOt due to reporter

gene-specific eff~ and confirmed the inducible expression of the operon by arsenîte.

Interestingly, insertion of the lurAll reporter gene ioto arsR, which is the first gene in the

operon. resulted in a constitutive expression of luciferase (Cbapter 3, Figure lB),

suggesting tbat the arsR gene produet may fimction u • repressor, wbich neptively

regulates expression of the operon, inciudinS itself: It is kDown tbat the E. coli plasmid
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R773 encoded arsR sene produd fimctiODS U • traIIs-aeting repreuor tbat aets by biDding

to an operator sequence as a dîmer [Wu and Rosen, 1993b). The cbromosomal ArsR

shares 770" amino &cid identity with tbat ofthe &773 Ql'S operon (Chapter 2, Figure 28).

Therefore, it is possible that the cbromosomal Anll protein fùnctions in • sim). "'Inner

as that of the R773 plasmid. To demonstrate that the cbromosomal Arsll protein cao

funetion in trans to repress expression of the cbromosoma1 ars operon, • c10ned

chromosomal arsR sene was introduced into the arsR.::haÂB sene fùsion strain, and

cellular luminescence wu assayed upon exposurc to aneaïte. It bas been sbown tbat the

constitutively expressed arsR::/uzAB cbrolDOlOlll8l gene fùlion CUl be repreaed by the

cloned arsR gene in trans (Chapter 3, Figure 28). Moreover, the cbromosomal and the

R773 plasmid ArsR proteins are funetionally inten:bangeble sioce the R773 AnR CUl aIso

repress the expression of the cbromosomal arsR::/1aMl sene fusion wben provided in

trans (Chapter 3, Figure 2C). These results indieate tbat both cbromosmal and plasmid ars

operons ofE. coli are regulated via • similar mechanism, and that these ars operons are

evolutionarily related. Northem hybridization and primer extension aoa1yses sbowed tbat

the operon is transcnDed as a single transeript, wbich is about 2.1 kb in sîze, and appears

to he proœssed into two smaIIer RNA molecules (Cheptel' 3, Figure 3A). Transcription of

the operon initiates at 27 nt upstream ofthe arsR initiation codon (Chapter 3, Figure 3B).

The individual genes of the E. coli chromosomal ars operon bave been c10ned into an

expression vector, pKK223-3, in which the cloned genes are controUed by a P. promoter.

The gene produdS have been visua1ized in an in VÏlO expression system using a

chloramphenicol release assay (Chapter 3, Figure 3C).

The studies desaibed in Chapter 2 and Chapter 3 demonstrated tbat the gene

fusion technique is a powerful tool in identifying unknown genes, whose expression alters

upon environmental changes. The reporter sene systems are aIso proven to be very usefid

in elucidating regulation of gene expression. Thcse studies not only aUow us to better

understand how baderial ceUs respond to extemal changes, but aIso provide us with

sensitive molecular tools that can be exploited in environmental toxicology. Cb&pter 4 bas

focused on exploring the potential ofthe E. coli arsB::/1DCIfB sene fusion strain, LF20012,
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as a luminescent baeterial biosensor in monitorins the bioavaüble leveIs and toxiCÎty of

arsenic compounds of eJ1vironmental concem. The arsenic compound tbat is still used in

vast amount is the wood preservative cbromated copper anenate (CCA), in which

arsenate is mixed with two other toxic compounds, chromate and cupriç oxide. Our study

showed that the usenie comPOoent in tbis mixture cau he selectively detected by the

luminescent baeterial gene fusion strain al the levels of arsenic within the environmentaIly

relevant level. Whereas the mixture ofcupric oxide and cbromat~without anenat~ fai1ed

to induce the expression of the arsB::/raAB gene fusion (Cbapter 4, Figure 1). Tbese

observations indieate tbat the arsB::haiUJ pœ fùsioo stnin bu • sreat potentiaI to he

used as a specifie and sensitive biosensor for monitoring the bioavaiJable leveIs ofanenïc.

So far, a number of plasmid-based ars operons bave been isolated, and Cound to

share homology amongst themselves. To address the question of whether the

chromosomal ars operon is also a common genetic detenninant sbared by ditrerent

bacterial speci~ we have condueted a Southem hybridization analysis with the

chromosomal DNAs trom a variety oC Gram-negative bacterial species using the E. coli

chromosomal ars operon as a probe. We Cound that, indeed, the homologous sequences of

this operon cao he detected in the chromosomes ofmany other bacterial species, incIuding

Pseudomonas aeruginosa (Cbapter 2, Figure S). To fùrther exteod our understanding of

the chromosomally-encoded ars operons and the evolutionary relationsbip between them,

the ars homolog ofP. aeruginosa was eloned trom a wild type strain, PAO1, and isolated

by complementation of an E. coli ars mutant. Tbrough DNA sequencing anaIysis, tbree

ORFs have been identified in this operon basecl 00 their homology to the arsR, arsB, and

arsC genes of other known ars operons. Comparison of the predicted protein sequences

of the P.· aeruginosa ehromosomal ars operon with those of otber known ars operons

revealed a greater homology between the ArsR. and ArsB of the P. .",ginosa

chromosomal ars operon and those ofGram-neptive bacterial ars operons. In contrut, a

higher homology wu found between the ArsC protein ofP. aeruginosa ars operon and

that of the Gram-positive ars operons. These observations indieate that the ars operons

round in both Gram-positive and Gram...negatïve bacterial species may bave arisen ftom •
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common ancestor. Functional anaIysis showed that the PAOI an operon increued

resistance to arsenite and antimonit~ but not to arsenate, in wild type E. coli, probably

due to inet1icient expression of the P. .11Iginostl AnC protein and, perbaps,

inappropriate fimdion of the P. tlerugillOSQ AnC in E. coli ce1Is. RNA dot blot

hybridization sbowed an induced expression of the operon by cellular exposure to •

subinhibitory concenuation of sodium~ and the fe8'd.tion mainIy taka place It

transcription and post-transcription levels. Since pseudomonads represent a group of

organisms with great genetic diversity, we also examined the presence of this

ehromosomal ar$ in the genomes of other P-.dotnonas species, or tbose previously

defined as pseudomonads, and found that the homologous sequences CID be detected in

some, but not ail Pseudomonas species.

The study described in this thesis provided valuable information on identification

and elucidation of genetically..programmed responses to the prevalent environmental

pollutant, arsenic, in baeteria. Identification of the cbromosomal ars operons in bath E.

coli and P. aeruginosa revea1ed that the eft1ux system is a prevalent lJMIIdvmism involved

in protection agaiost arsenic toxicity. The homology between the P. œ11lgïnosa

chromosomal ars operon and other ars operons implied • common origin for these genetic

determinants. The molecular approach used in this study cao be exploited in other similar

studies in both prokaryotic and eukaryotic systems for identifying genes responsive to

extemal stimuli. In addition, the resulting gene fusion construets bave a great potential to

be developed as efficient and specifie biosensors for biomonitoring the levels and toxicity

ofvarious environmental toxicants or monitoring gene expression und« given conditions.

124



•

•

Ahmad, S. 1995. Oxidative stress &om environmental pollutants. Arch. Insect Biocbem.
Biophys.29: 135-157.

Ahmann, D., Roberts, A.L., Krumbo~L.R., andMo~ F.M.M. 1994. Microbe srows by
reducing arsenic. Nature (London) 371: 750.

AIbores, A, Koropatnick, 1., Cherïan, MG., and ZeJamwski, AI. 1992. Arsenic induccs
and enhances rat bepatic metaJlotbionein production in vWo. Chein. Biol Interact. 8S:
127-140.

Albores, A, SinaI, CJ., Cherian, MG., and Benet, 11 1995. Selective increase ofrat Iung
cytochrome P450 lAI dependent monoxygenase activity after aeute sodium arsenite
administration. Cao. J. PhysioL Pbarmacol. 73: 153-158.

Amacher, D.E., and Pailler, S.C. 1980. Induction of tritluorothymidine-resistant mutants
by metal ions in L5178YIlX+/- ceUs. Mutation Res. 78: 279-288.

Anderson, L.CD., and BruIaDd, K.W. 1991. Biogeochemistry ofarseoic in natural waters:
The importance ofmethylated species. Environ. Sei Teclmol. 23: 420-427.

Anderson, GL., Wimams, 1., and HilIe, Il. 1992. The purificaion and cbaracterization of
arsenite oxidase ftom AlcaJigenesfaecalis, a molybdenum-containing hydroxylase. 1. BioL
Chem. 267: 23674-23682.

Andrews, G.K. 1990. Regulation of metallothionein gene expression. Prog. Food Nutr.
Sei. 14: 193-258.

Aposhian, H.V. 1989. Biochemical toxicology of arsenic. !lev. Biochem. Toxicol. 10:
265-299.

Applegate, L.A., Luscher, P., and TyrreU, R.M 1991. Induction of heme oxygenase: a
general response to oxidant stress in cultured rnammaJjan ceOs. Cancer Res. SI: 974-978.

Aurilio, AC., Mason, R.P., and Hemond, H.F. 1994. Speciation and fate of arsenic in
three Iakes ofthe AœJona watershed. Environ. Sei. Tecbnol. 28: 577-585.

Ausubel, FM, Brent, R.., ICmptoD, RE., Moore, DD., Seidman, I.G., Smith, lA, and
StIUhl, K.. 1989. Current protocoIs in molec:ular bioIogy. lo1m Wiley" Sons Inc. New York
pp 4.4.2.-4.4.4

125



•

•

Autexier~ C.~ and DuBow~ MS. 1992. The Escherichia coli MulDI08 phage nec
homologue gene (1$) is transcnDed and evo1utionarily conserved among the
Enterobacteriaceœ. Gene 114: 13-18.

Azcue, J.M~ and Nriagu, 1.0. 1994 Arsenic: historical perspectives. In: Nriagu, 1.0. (ed.).
Arsenic in the Envïronment. Part 1: Cycling and cbaracterization. Advances in
Environmental Science and Tecbnology. lohn Wdey I/r, Sons Inc. New York vol 26, pp.
1-15.

Bab, K., Shîrai, H.~ Tetai, A~ Ktunagai. K.~ Takeda, Y., and N'JSlubuchi, M. 1991.
Similarity of the tdh gene-beariDg plasmids of Yibrio ch%ae non-O1 and Vibrio
parahaemolyticus. Microbial Pathogenesis 10: 61-70.

Barn~ W.M 1977. Plasmid detection and sizing in single colony Iysates. Science 195:
393-394.

Barrett, J.C. 1993. Meehanisms of multistep carcinogenesis and carcinogen risk
assessment. Environ. Hea1th Perspect. 100: 9-20.

Barrett, J.~ Ewart, D.K.~ Hugbes~ M.N.~ and Poole, R.K. 1993. Chemical and biological
pathways in the bacterial oxidation ofarsenopyrite. FEMS Microbiol. Rev. Il: 57-62.

Baxley~ M.N., Hood, R.D., Vedel, G.C., Harrison, W:P., Szczecb, GY 1981 Prenatal
toxicity of orally administered sodium arseuate in mïce. Bull Environ. Contam. Toxicol
26: 749-756.

Bencko, V., Symon, K., Cbladelc, V., and Pihrt, 1. 1977. Hea1th aspects ofbuming coal
with a high arsenic content. II. Hearing changes in exposed children. Environ. Res. 13:
386-395.

Benson, AA 1989. Arsonium compounds in algae. Proc. Nad. Acad. Scî. USA 86: 6131­
6132.

Berg, J. 1990. Zinc &nger domains: hypothesis and current knowledge. Anno. Rev.
Biophys. Cbem. 19: 405-421.

Bhattaclwjee, K, Li, J., Ksenn:nko, MY, and Rosen, B.P. 1995. Raie of cysteinyl
residues in metalloaetiva.tion orthe oxyanion-transloc:ating AnA ATPase. 1. Biol Chem.
270: 11245-11350.

Blouin, K., Walker~ S.G., Smît, 1., and Tumec~ R.FB. 1996. Cbaracterization of in vivo
reporter systems for gene expression and bioseosor applications based on haAB Iuciferase
genes. Appt. Environ. Microbiol 62: 2013-2021.

126



•

•

BogdaD, GM, Sampayo-Reyes, A, and Aposbian, H.V. 1994. Arsenic binding proteins
of mamma1jan systems: L Isolation of the three arsenite-binding proteins of rabbit Iiver.
Toxicology 93: 175-193.

Braman, R.S. and Foreback, C.C. 1973. Methylated forDIS of arsenic in the environment.
Science 182: 1247-1249.

Braman, R.S., Johnson, DL., Foreback, C.C." AmIDons, J.M." and Bricker, JL. 1977.
Separation and detennination ofnanogram amounts ofinorganic arsenic and methyIarsenic
compounds. Anal. Chein. 49: 621-624.

Brannon, J-M." and Patrick, W.H.Jr. 1987. FIXation" transformation, and mobilization of
arsenic in sediments. Environ. Sei. Technol. 21: 450-459.

Brëer, S., Tl" G., BrOer" A." and Sîlver, S. 1993. Arsenic eftlux govemed by the arsenic
resistance determinant ofStaphylococcus aureus plasmid pI258. J. Baeteriol. 175: 3480­
3485.

Brosius, J." and Holy" A 1984. RegJJlarion ofribosomal RNA promoters with a syntheric lac
promoter. Pme. Nad. Acad. Sei USA 81: 692~33.

Brown, J.L., and Kitcbin, K.T. 1996. Arsenite, but not cadmium, induces omithine
decarboxylase and berne oxygenase aetivity in rat liver: relevanœ to arsenic
carcinogenesis. Cancer Lett. 98: 227-231.

Bruhn, D.F., Li, J., Sîlver, S., Roverto, F., and Rosen, B.P. 1996. The arsenical resistance
operon ofIneN plasmid R46. FEMS Microbiol. Leu. 139: 149-153.

Buchet" J.P., and Lauwerys, RA. 1988. Role of thiols in the in vitro methylation of
inorganie arsenic by rat liver çytosol. Biochem. Pharmacol. 37: 3149-3153.

Buchet" J.P., and Lauwerys, R.R. 1987. Study of factors influencing the in vivo
methylation ofinorganic arsenic in rats. Toxicol. Appl. Pharmacol. 91: 65-74.

Buchet, l.P., and Lauwerys, R.R. 1985. Study ofinorganic arsenic metbylation by rat liver
in vitro: relevance for interpretation ofobservatiODS in man. Arch. Toxicol. 57: 125-129.

Buchet" J.P., Lauwerys. Re" and RoeIs, H. 1981a. Comparison of the urinary excretion of
arsenic metabolites after a single oral dose of sodium arsenite, monomethylarsonate, or
dimethylarsinate in man. Int. Arch. Occup. Environ. Health 48: 71-79.

Buchet" 1.P., Lauways, R.." and RoeIs, H. 1981b. Urinary excretion of inorganic arsenic
and its metabolites after ils repeated ingestion of sodium metaarsenite by volunteers. Int.
Arch. Occup. Environ. Health 48: 111·118.

127



•

•

Bukhari, AL, and Ljungquist, E., 1977. Bacteriophage Mu: methods for cu1tivation and
use. In: Bukbari, AI., Shapiro, JA, and~ SL. (eds.), DNA Insertion Elements,
Plasmids, and Episomes. Cold Spring Harbor Laboratory, Cold Spring Harbor, New York
pp. 751-756.

Bukhari, Al andMetlay, M 1973. GeneticmappingofpropbageMu. VuoIogy 54: 109-116.

Burns, L.A, Mccay, JA, Brown, R., and Munson, AE. 1993. Arsenic in the sera of
gallium arsenide-exposed mice inhibits baderial growth and increases host resîstance. J.
Phannacol. Environ. Tberap. 265: 795-800.

Burton, C.A, Hatlelid, K., Divin~ K., Carter, D.E., Fernando, Q., Brendel, K., and
Gandolfi, AJ. 1995. Glutathione etrects on toxicity and uptake ofmercuric chloride and
sodium arsenite in rabbit renal cortical slices. Environ. Health Persp. 103 (Suppl 1): 81-84.

Byme, A.R., Siejkovec, Z., Stijve, T., Fay, L., GOssIer, W., Gailer, J., and Irgolic, KI.
1995. Arsenobetaine and other arsenic species in musbrooms. AppL Organomet. Chein. 9:
305-313.

Cad~ E., Hochstein, P., and Emster, L. 1992. Pro. and antioxidant fimctioDS of
quinones and quinone reduetases in mammaJian ceJ1s. Mv. EmzymoL ReIat. Areas MoL
Biol. 65: 97-146.

Cai, J., and DuBow, MS. 1997. Use of a buniœsœnt baaerial biosensor for biomonitoring
and cbaracterization ofarsenic toxicity in cbromated coppec arsenate. Biodegradation, In press.

~ J., and DuBow, MS., 1996. Expression of the Escherichia coli chromosomal ars
operon. Cao. J. Microbiol. 42: 662-671.

CaDahan, HL., and Beverley, SM 1991. Heavy metal resistance: a MW role for P­
glycoproteins in I.esbmania J. Biol Chem. 266: 18427-18430.

Carlin, A, Shi, W., Dey, S., and Rosea, B.P. 1995. l'be an operon ofEscherichia coli confers
arsenical and antimonial resistance. J. BacterioL 177: 981-986. .

Carter, N.S., and FairIamb, AH. 1993. Arsenical-resistant trypanosomes Jack an unusual
adenosine transporter. Nature (London) 361: 173-176.

Casadaban, M.I., and Cohen, S.N. 1979. Lactose genes fused to exogenous promoters in
one step using a Mu-lac bacteriophage: in VÏW) probe for transeriptional control
sequences. Proc. Nati. Acad. Sei. USA 76: 4530-4533.

128



•

•

Cavigelli, M.~ Li, W.W.~ Lin, AN.~ Su., B." Yosbioka, K., and Karin, M. 1996. The tumor
promoter arsenite srimlllates AP-l aetivity by inhibiting a JNK phospbatase. EMBO J. IS:
6269-6279.

Cebriân, M.E., AIbores, A, AquiIar, M., and Blakely, E. 1983. Chronie arsenic poisoning
in North Mexico. Human Toxicol. 2: 121-133.

Cebriân, M.E., AIbores, A, Garcia-Vargas, G., Del Razo, LM, and Ostrosky-Wegman,
P. 1994. Chrome arsenic POisoning in bllmal1$: the case ofMexico. In: Nriagu, J.O. (ecI.)
Arsenic in the Environment, Part n: Human health and ecosystem efFects. Volume 27.
Advances in Environmental Science and Tecbnology. Jolm WiJey " Sons Inc. New York.
pp. 93-107.

Cervante, C., and Cbavez, J., 1992. Plasmid-determined resistance to arsenic and
antimony in Pseudomonas aerugtnosa. AmoDie van Leeuwenhoek 61: 333-337.

Chaineau, E.~ Binet, S., Pol, D., Chatellier, G., and Meininger, V. 1990. Embryotoxie
effects of sodium arseoite and sodium arsenate on mouse embryos in culture. Teratology
41: 105-112.

Chakraborty~ AK., and Saba, !C.C. 1987. Arsenic dermatosis nom tubeweU water in west
Bengal. Indian J. Med. R.es. 85: 326-334.

Challenger, F. 1945. Biological methylation. Chem. Rev. 36: 315-361.

Challenger, F., Lisle, DB., and Dransfield, PB. 1954. Studies on biological methylation.
Part XIV. The formation oftrimethyUarsine and dimethyl selenide in mould cultures ftom
methyl sources containing 14C. J. Chem. Soc. 1760-1771.

Chang, I.T., Green, C.B-R., and Wott: Jr.R.E. 1995. InIubition of translation on
Escherichia coli gnd mRNA by formation of a long-range secondary structure involving
the n"bosome binding site and the internai complementary sequence. J. BacterioL 177:
6560-6567_

Chang, W.C., Chen, SR, Wu, HL., Shi, G.Y., Murata, S.I., and Morita, 1. 1991.
Cytoprotective eft"ect of reduced glutatbione in arsenical-induced endothelial ceR injury.
Toxicology 69: 101-110.

Chen, C.I., Chen, C.W., Wu, MM, and !Cuo, TL. 1992. Cancer potential in liver, Jung,
bladder, and kidney due ta ingested inorganic arsenic in drinking water. Br. J. Cancer 66:
888-892.

129



•

•

Chen, C.I., Chu'" Y.C., Lin, T.M, and Wu, R Y. 1985L Malignant neoplasms amona
residents of a blaclâoot disease endemie ara in Taiwan: bisJt-anenie artesian weil wat«
and cancers. Cancer Res. 45: 5895-5899.

Chen, C.l., CIu.... Y.C., Vou, SL., Lin, TM, and Wu, R Y. 1916a. A retroIpeC1ÏYe
study on malignant neoplasms ofbladder, lun& and liver in bladâoot disease endemic area
in Taiwan. Br. 1. Cmcer 53: 399-405.

Chen, C.l., lCuo, TL., and Wu, M.M. 1988. Arsenic and cancers. Lanœt 1: 414-415.

Chen, C.I., and Lin, L.l. 1994. Ruman carcioogeoicity and atberogeaicity induœd by
chronie exposure to inorpnie arsenic. In: Nriap, 1.0. (ecI.), Arsenic in the Environment,
Part fi: Human health and ecosystem efrects. Volume 27, Advances in ElIVirouillet.tai
Science and Technology. John Wdey & Sons Inc. New York. pp. 109-131.

Chen, CL., and Whanger, PD. 1994. Interaction of selenium and arsenic with
metallotbionein: eft"ect ofvitaminBl2. J.Inorg. Biocbem. 54: 267-276.

Chen, C.M, Misra, T.K., Silver, S., and RolCD, B.P. 1986b. Nudeotide sequence of the
structural genes for an anion pump. The plasmid-encoded arsenical resistance operon. 1.
Biol. Chem. 261: 15030-15038.

Chen, C.M, Mobley, HL.T., and Rosen, B.P. 1985b. Separate resistance systems to
arsenate and arsenite (antimonate) encoded by the arsenical resistance operon ofR factor
R773. J. Bacteriol. 161: 758-763.

Chen, H., Yoshida, K., Wambucbi, K, Fukushima, S., Iooue, Y., and Enclo, G. 1996.
Methylation and demethylation of dimethylarsinic acid in rats foUowing chronie oral
exposure. Appl. Organomet. Chem. 10: 741-745.

Chen, K, Bjerknes, M., Kumar, ll., and Jay, E. 1994a. Determination of the optimal
aligned spacing between the Shïne-Dalgamo sequence and the translation intiation codon
ofEscherichia coli mRNAs. Nueleic Acids Res. 22: 4953-4957.

Chen, S-L., Dzeng, S.a., Yang, M-R, Chiu, K-R., Shieh, G-M, and Wai, C.M. 1994b.
Arsenic species in groundwaters of the blackfoot disease •• Taiwan. Environ. Sei.
Technol. 28: 877-881.

Chen, Y., and Roscn, B.P. 1997. MetaUoreguiatory properties of the AnD repressor. J.
Biol. Chem. 272: 14257-14262.

Chiang, H.S., Guo, H.R., Hong, CL., Lin, S.M, and Lee, E.F. 1993. The incidence of
bladder cancer in the blackfoot discase endemic area in Taiwan.. Br. J. Urology. 71: 274­
278.

130



•

•

Chilv~ D.C., aud Peterson, P.J. 1987. Global çycling of arsenic. In: Hutchinson, T.C.,
Meema, KM. (eds.), Lead, Mercury, Cadmium, and Arsenic in the Envïronment. John
WiJey & Sons IDc. New York, pp. 279-301.

Chiou, KY., Hsueb, Y.M, Liaw, K.F., Homg S.F., Chiso& M.H., Pu, Y.S., Lin, J.S.N.,
Huang. CH, and Cb~ C.J. 1995. Incidence of internai cancers and ingested inorganic
arsenic: a seven-year follow-up study in Taiwan. Cancer Res. 55: 1296-1300.

Cohen, SM, and Ellwein, LB. 1990. Cell proliferation in caccinogenesis. Science 249:
1007-1011.

Conner, E.A, Yamauchi, H., Fowler, B.A, and Akkennan, M. 1993. Biological indieators
for monitoring exposureltoxicity &om m-V semiconduetors. J. Exposure Anal Environ.
Epidemiol. 3: 431-440.

Corbisier, P., TI, G., Nuyts, G., Mergeay, M., and Silver, S. 1993.luxAB gene fusions with
the arsenic and cadmium resistance operons of Sklphylococcus aurellS plasmid pI2SS.
FEMS Microbiol Lett. 110: 231-238.

Cox, M S., Bell, P.F., and Kovar, JL. 1996. Differentiai tolerance of Canola to arsenic
when grown bydroponically or in soil. J. Plant Nutr. 19: 1599-1610.

Craig, J.e., Westerman, ME., Bennett, G.D., DiMichele, L., and FiDneJ1, R.H. 1996.
Screening for reproductive toxicity in Fundulus heteroclitus by genetic expression
profiling. Biomarkers 1: 123-135.

CulIen, WR, Froese, CL., Lui, A., McBrid~ B.C., Patmore, D.J., and Reîmer, M 1977.
The aerobic methylation of arsenic by microorganisms in the presence of L-methionine­
methyl-d3• J. Organomet. Chem. 139: 61-69.

CulIen, W.R, Li, H., Pergantis, S.A, Eigendor( G.K., and Mosi, AA 1995. Arsenic
biomethylation by the microorganism Apiotrichum humicola in the presence of L­
methionine-methyl-d3. Appl. Organomet. Chem. 9: 507-515.

CulIen, W.R., McBride, B.C., and Reglinski, J. 1984. The reaction of methylarsenicals
with thiols: some biological implications. 1. Inorg. Biochem. 21: 179-194.

Cullen, W.R, and Reimer, KJ. 1989. Arsenic speciation in the environment. Chem. Rev.
89: 713-764.

Cunningham, ML., Zvelebil, MJ.J.M, and FairIamb, A.H. 1994. Mecbanism of inhibition
of trypanothïone reductase and glutathione reduetase by trivalent organic arsenicals. Eur.
J. Biochem. 221: 285-295.

131



•

•

Cuzick, J., Sasieni, P., and Evans, S. 1992. Ingested arsenic, keratosis, md bladder canœr.
Am. J. Epidemiol. 136: 417-421.

Dabbs, EA, Gowan, B., and Andersen, S.J. 1990. Nocardinoform arsenic resista~

plasmids and construction ofRhodococcus cloning vectors. Plasmid 23: 242-247.

Dabbs, E.R., and Sole, G.J. 1988. Plasmid-borne resistance to arsenate, arsenite,
cadmium, and cbloramphenicol inRhodococcus specics. MoL Geu. Genet. 211: 148-154.

Danilov, V.S., and IsmaiIov, AD., 1989. Baeterialluciferase as a biosensor ofbiologically
active compounds. In: WISe, DL. (ed.), Applied Biosenson. Bioteclmology series.
Davies, JE. (Series ed.), ButterworthPublishers. Stonebam, MA. pp. 39-78.

Delnomdedieu, M, Basti, M.M.., Otvos, ID., and Thomas, D.l. 1994a. Reduction and
binding of arsenate and cimethylarsinate by glutathione: a magnetic resonance study.
Chem. Biol. Interact. 90: 139-155.

Delnomdedieu, M, Basti, MM, Otvos, ID., and Thomas, D.J. 1993. Trausferofarsenite
from glutatbione to dithiols: a model ofinteraction. Chem. Res. Toxicol. 6: 598-602.

Delnomdedieu, M., Basti, M.M.., Styblo, M., Otvos, ID., Thomas, DJ. 1994b.
Complexation ofarsenic species in rabbit erythrocytes. Chem. Res. Toxicol. 7: 621-627.

Delnomdedieu, M., Styblo, M., and Thomas, D.J. 1995. rune dependence of
acQJmulation and binding of inorganic and organic arsenic species in rabbit erythrocytes.
Chem. Biol. Interact. 98: 69-83.

Dey, S., Dou, D., and Rosen, B.P. 1994a. ATP-dependent arsenite transPort in everted
membrane vesicles ofEfcherichia coli. J. Biol. Chem. 269: 25442-25446.

Dey, S., Ouellett~ M., Lightbody, J., Papadopoulou, B., and Rosen, B.P. 1996. An ATP­
dependent As(IIl)-glutathione transport system in membnne vesicles of LeishrnDnia
taTento/ae. Proc. Nad. Acad. Sei. USA 93: 2192-2197.

Dey, S., Papadopoulou, B., Haïmeur, A, Roy, G., Grondin, K., Dou, D., and Rosen, B.P.
1994b. High level arsenite resistance in Leishmania toTento/ae is mediated by an active
eftlux system. Mol. Biochem. ParasitaI. 67: 49-57.

Dey, S., and Rosen, B.P. 1995. Dual mode of energy coupling by the OxyaniOD
translocating ArsB protan. J. Bacteriol. 177: 385-389.

Dey, S., Dao, D., Tisa, L.S., and Rosen, B.P. 1994c. Interaction of the eatalytic and the
membrane subunits of an oxyanion-trans1ocating ATPase. Arch. Biochem. Biophys. 311:
418-424.

132



•

•

Diario, C., Cai, J., Marmor, J., Sbinder, R, and DuBow, MS. 1995. An Escherichia coli
chromosomal ars operon bornolog is funetional in arsenic detoxifieation and is conserved
in Gram-negative baeteria. J. Baeteriol. 177: 2050-2056.

Doak, G.O., and Freedman, LE. 1970. Arsenicals, antimonials, and bismutbiaIs. In:
Burger, A (ed.), Medicinal Chemistry. 3rd ed. Wl1ey-Interscien~New York. pp. 610­
626.

Domingo, IL. 1994. Metal-induced developmental toxicity in mammals: A revïew. 1.
Toxicol. Environ. Hea1th 42: 123-141.

Dong, l-T., and Luo, X-M. 1994. Effects ofarsenic on DNA damage and repaie in human
fetallung fibroblasts. Mutation Res. 315: 11-15.

Dong, l-T., and Luo, X-M 1993. Arsenic-induced DNA-strand breaks associated with
DNA-protein crosslinks in human fetallung fibrob1asts. Mutation Res. 302: 97-102.

Dudka, S., and Markert, B. 1992. Baseline concentrations ofAs, Ba, Be, Li, Nb, Sr and V
in swfàce soils ofPoland. Sei Total Environ. 122: 279-290.

Duffy, G., Elliso~ A, Anderson, W., Cole, M.B., and Stewart, G.S.AS. 1995. Use of
bioluminescence to mode! the thermal inactivation of Salmonella typhymurium in the
presence ofa competitive microf1ora. Appl. Environ. Microbiol. 61: 3463-3465.

Dunn, MA, Blalock, TL., and Cousins, R.I. 1987. Metal1othioneÎn. Proc. Soc. Exp.
Biol. Med. 185: 107-119.

Dyer, SD., Brooks, GL., Dickson, K.L., Sanders, BM, and Zimmennanm, E.G. 1993.
Synthesis and accumulation of stress proteins in tissues of arsenite-exposed fethead
minnows (Pimephalespromelas). Environ. Toxicol. Chem. 12: 913-924.

Eisenberg, D., Schwarz, E., Komaromy, M, and Wall, R. 1984. Analysis of membrane
and swfàce protein sequences with the hydrophobie moment plot. J. Mol. Biol. 179: 125­
142.

Endicott, I.A, and Lin& V. 1989. The biochemistry ofP-glycoprotein-mediated multidrug
reSÏStaDce. Anou. !lev. Biochem. 58: 137-171.

Engebrecht, J., Simo~ M., and SilvermaD, M. 1985. Measuring gene expression with
light. Science 227: 1345-1347.

Fairlamb, AR, Henderson, GB., and Cerami, A 1989. Trypanotbione is the primary
target for arsenical drogs against Afiican trypanosomes. Proc. Natl. Acad. Sei. USA 86:
2607-2611.

133



•

•

.
Falk, H., Caldwell, C.G., and Isbak, K.G. 1981. Arsenic-induced hepatic angiosarcoma.
Am. J. Ind. Med. 2: 43-50.

Falkner, K.C., McCaII~ G.P., and Bend, J.R. 1993. EtTects of arsenite treatment on
NAD(P)H:quinone acceptor oxidoreduetase aetMty in liver~ Iun& kidney~ aDd heart ofthe
rat. Drug Metabolism and Desposition 21: 334-337.

Fao, V., Colombi, A, MatoDi, M., Buratti, M., and Ca1zaferri, G. 1984. The speciatiOD of
the chemica1 forms of arsenic in the biological monitoring of exposure to inorganic
arsenic. Sei Total Environ. 34: 241-259.

Ferguson, J.F., and Ga~ J. 1972. A review ofthe arsenic cycle in natura! waters. Water
Res. 6: 1259...1274.

Flora, S.J.S., and Kumar, P. 1996. Biochemica1 and immunotoxicologic:al a1terations
following repeated gallium arsenide exposure and their recoveries by meso-2,3...
dimercaptosuccinic acid and 2,3-dimerçaptopropane l-sulfonate administration in rats.
Environ. Toxicol. PharmacoL 2: 315...320.

Forsberg, AJ., Pavitt, GD., 8Dd Higgins. C.F. 1994. The use of transeriptional fusions to
monitor geœ expression: a eautionary tale. J. BacterioL 176: 2128-2132.

Fowler, B.A, Yamaucbi, H., Conner, E.A, and Akkerman, M. 1993. Cancer risks for
humans trom exposure to the semiconduetor metaIs. Scan. J. Work Environ. Health 19
(Suppl 1): 101-103.

Francesconi, K.A, Edmonds, 1.S., and Stich, R.V. 1989. AC'OJlnmu1ation of arsenic in
yelloweye mullet (A./drichetta forsten) foUoWÎDg oral administration of organoarsenic
compounds and arsenate. Sei Total Environ. 79: 59-67.

Frey, J., Meier, R., Gy~ D., and Nicolet, 1. 1991. Nucleotide sequence ofthe hemolysin 1
sene trom A.ctïnobocilluspleuropneumoniae. Infect. Immun 59: 3026-3032.

Galbraith, H., LeJeune, K., and Lipton, J. 1995. Metal and arsenic impacts 10 soils,
vegetation communities and wildJife habitat in southwest Montana uplands contaminated
by smelter animons: l Field evaluation. Environ. ToxicoL Chem. 14: 1895-1903.

Garcia-Vargas, G.G., and Cebriân, ME. 1996. Health effeets ofarsenic. In: Toxicology of
metals. Wang, L.W. (ed.), CRC~ Boca Raton. pp. 423-438.

Georis, B., Cardenas, A, Buchet, 1.P., and Lauwerys, R.R. 1990. Inorgauic arsenic
methylation by rat tissue slices. ToxicoL 63: 73-84.

134



•

•

Gilbert, W. 1976. Starbng and stopping sequenœs for the RNA po(ymerase. In Losick, R. and
~ M (eds.), RNA polymerase. Cold Spring Harbor Press. Cold Spring Harbor. pp.
193-205.

G1adysheva, T.B., Od~ KL., and Rosen, B.P. 1994. Properties of the arsenate reduetase
ofplasmid Il773. Biochemistry 33: 7288-7293.

Gonsebatt, ME., Vega, L., Herrera, L.A, Montero, R.., Rojas, E., Cebrian, ME., and
Ostrosky-W~P. 1992. Inorganic usenic efTeds on humaa lymphocyte stimulation
and proliferatioa Mutation Res. 283: 91-95.

Gorby, M.S. 1994. Arsenic in human medicine. In: Nri~ 1.0. (ed.), Arsenic in the
environment, Part n: Human health and ecosystem effects. Volume 27, Advanc:es in
Environmental Science and Technology.lohn WiJey & Sons, Inc. New Yorle pp. 1-16.

Gougb, 1., and Munay, N. 1983. Sequence diversity among reJated genes for recognition of
specifie targetsin DNAmolecules.1. Mol Biol 166: 1-19.

Green, H.H 1918. Isolation and description of a bacterium causing oxidation of arsenite
to arsenate in eattle dipping bath. Rep. Dir. Veto Res. S. Afr. 5-6: 593-599.

Greer, S., and Perbam, R..N. 1986. G1utathione reduetase nom Escherichia coli: doDing
and sequence analysis of the gene and relationship to other tlavoprotein disulfide
oxidoreductases. Biochemistry 25: 2736-2742.

GrôgI, M, Thomason, T.N., and Franke, ED. 1992. Drug resistance in leishmaniasis: its
implication in systemic chemotherapy of eutaneous and mucocutaneous dïsease. Am- 1.
Trop. Med. Hyg.47: 117-126.

Grondin, K., Papadopoulou, B., and OueUette, M 1993. Homologous recombinatiOD
between direct repeat sequences yiels P-glycoprotein containing amplicons in arsenite
resistant Leisbmania. Nucleic Acids Res. 21: 1895-1901.

Gros, P., Croop, J., and Housman, D. 1986. MammaJian multidrug resistance gene:
complete cDNA sequence indicates strong homology to baeterial transport proteins. Ceu
47: 371-380.

Gurr, IR, Lin, Y.C., Ho, I.C., Jan, K.Y., and Lee, T.C. 1993. Induction of chromatid
breaks and tetraploidy in Chinese hamster ovary ceUs by treatment with sodium arsenite
during the G2 phase. Mutation Iles. 319: 135-142.

Guzzo, A, Diorio, C., and DuBow, M.S. 1991. Transcription of the Escherichia coliJliC
gene is regulated by metaI iOBS. Appl. Environ. Microbiol. 57: 2255-2259.

135



•

•

Guzzo, A., and DuBow, MS. 1994. A hDwUJ transcriptional fùsion to the cryptic celF
gene of E. coli displays increased luminescence in the presence of nickel Mol. Gen.
~et.242:455-460.

Guzzo, A., and DuBow, MS. 1991. Construction of stable, single-copy luciferase gene
fusions inE. coli. Arch. Microbiol. 156: 444 448.

Guzzo, J., Guzzo, A, aDd DuSow, M.S. 1992. Cbaracterizatio ofthe eftècts ofahnnjnum
onluciferase biosensors for the detectionofecotoxicity. ToxicoL Leu. 64/65: 687-693.

Gozzo, A., Karatzios, C., Diorio, C., and DuBow, MS. 1994. Meta1Iotbionein n and
ferritin H mRNA levels are increased in arsenite-exposecl HeLa ceUs. Biochem. Biophys.
Res. Comm. 205: 590-595.

Hanaoka, K., Dote, Y., Yosida, K., Kaise, T., Kuroiwa, T., and Maeda, S. 1996. Arsenic
c:ompounds accu mu1ated in sedimentary micrOOrganiSD1S cultivated in media comaioing
several arsenicals. AppL Organomet. Chem. 10: 683-688.

Harriot, M., Burns, D.T., and Gloclcling. F. 1988. Metal speciation studies usiDg combiœd
atomie absorption spectrometry and chromatographie tedmiques. In: Crai& PJ., and
Gloclding, F. (eds.), The biologica1 alkylation of heavy elements. The Royal Society of
Chemistry. Burlington House, London. pp. 243-257.

Harley, C.B., and Reynolds, RP. 1987. AnaIysis ofE. coli promoter sequences. Nucleic Acids
Res. 15: 2343-2361.

Hartwig, A 1995. Current aspects in metal genotoxicity. Biometals 8: 3-11.

Hasegawa, H. 1996. Seasonal changes in methylarsenic distribution in Tosa bay and
Uranouchi inlei. AppL Organomet. Chem. 10: 733-740.

Hatlelid, KM, Brailsford, C., and Carter, DE. 1995. An in vitro model for arsine toxicity
using isolated red blood ceIIs. Fund. Appl ToxicoL 25: 302-306.

Hawley, D.K., and Mc:CIure W.R. 1983. Compilation and anaIysis of Escherichia coli
promoter DNA sequences. Nuc1eic Acids Res. Il: 2237-2255.

Hedges, R.W., and Baumbe:rg S. 1973. Resistance to arsenic componnds cODtèued by a
plasmid transmjsmbte betweenEscherichia coli. 1. Bae:taioL 115: 459-460.

Heitzer, A, Webb, O.F., Thonnard, J.E., and Sayler, G.S. 1992. Specifie and quantitative
assessment ofnaphtba1ene and salicylate bioavailability by using a bioluminescent eatabolie
reporter bacterium. Appl Environ. Microbiol. 58: 1839-1846.

136



•

•

Higgins, D.G., and Sbarp, PM. 1989. Fast and sensitive multiple sequence a1igoments on
a microcomputer. Comput. Appt BioSCÎ. 5: 151-153.

Higgins, D.G., and Sharp, P.M. 1988. ClustaI: a package for performing multiple sequence
alignment on a microcomputer. Gene 73: 237-244.

Hood, RD., and Harrison, W.P. 1982. Effects of prenatal arsenite exposure in the
hamster. BuD. Environ. Contam. Toxicol. 29: 671-678.

Hood, RD., Tbacker, G.T., Patterson, BL., and Szczecb, GM. 1978. Prenatal eff'ects of
oral versus intraperitoneal sodium arsenate in ice. J. Environ. Pathol Toxicoll: 857-864.

Hood, RD., Vedel, G.C., Zaworotko, M.J." Tatum,. FM." and Meeks, R.G. 1987.
Distnoution, metabolism, and fetal uptake of pentavalent arsenic in pregnant mice
following oral or intraperitonea1 administration. Teratology 35: 19-15.

Huang, K, Huang, C.F., Wu, Dll., Tmn, C.M., and Jan, K.Y. 1993. G1utathione as a
cellular defence against arsenite toxicity in cultured Chïnese hamster ovary œlls.
Toxicology 79: 195-204.

Huang, Y.C. 1994. Arsenic distn1>ution in soils. In: Nriagu, J.O. (ed.) Arsenic in the
Environment, Part 1: Cycling and Characteriz.ation. Advances in Environmental Science
and Technology. John Wüey& Sons Inc. New York. vol. 26. pp. 17-50.

Huclde, I.W., Morby, AP., Turner, J.S., and Robinson, N.I. 1993. Isolation of a
prokalyotic meta1lothioneÎn locus and anaIysis of transeriptional control by trace metal
ions. Mol. Microbiol. 7: 177-187.

Hunter, F.T., Kip, AF., and Irvine, W. 1942. Radioactive traœr studies on arsenic
injected as potassium arsenite. I Pharmacol. Exp. Therap. 76: 207-220.

lARC. International Agency for Research on Cancer, 1982. IARC monographs on the
evaluation ofcarcinogenic risk ofchemicals to humans. Suppliment 4. Industrial processes
and industries associated with cancer in bumans. Lyon.

IARC. International Agency for Research on Cancer 1980. IARC monograghs on the
evaluation ofcarcinogenic risk ofchemicals to man: some metals and metallic compounds,
vol. 23.. Lyon.

IPes International programme on chemical safety. 1992. Health and Safety Guide No. 70.
Inorganic arsenic compounds other than arsine health and sarety guide. World Heaith
Organization, Geneva.

137



•

•

Jackson, I.E., TaDy, JD., Ellis, W.Y., Mebrahtu, YB., Lawyer, P.G., Were, J.B., Reed.
S.G., Panisko, D.M., and Limmer, BL. 1990. Quantitative in lIÏtro drug potency and drug
susceptibi1ity evaluation of Leishmania spa fi'om patients unresponsive to pentavaleat
antimony therapy. Am. 1. Trop. Med. Hyg. 43: 464-480.

Jacobson-Kram, D., and Montalbano, D. 19S5. The reproductive effects assessment
group's report on the mutageaicity ofinorpnic arsenic. Environ. Mutagenesis 7: 7S7-804.

Jha, AN., Noditi, M, Nilsson, R., and Natarajan, AT. 1992. Genotoxic efFeeu ofsodium
arsenite on hllman ceIls. Mutation Res. 284: 215-221.

fI, G., Qarber, E.AE., Armes, L.G., Chen, CM, Fuchs, J.A, and Silver, S. 1994.
Arsenate reduetase ofStophylOCOCCIIS aureus pI2S8. Biodlem. 33: 7294-7299.

fI, G., and Sïlver, S. 1992a. Regulation and expression of the arsenic resistance operon
fi'om Staphylococcus auraIS plasmid pUSS. J. Bacteriol. 174: 3684-3694.

fI, G., and Silver, S. 1992b. Reduction of arsenate to arsenite by the ArsC protein of the
arsenic resistance operon ofStophylococcus aureus plasmid pI2SS. Proc. Natl. AcacI. Sei.
USA 89: 9474-9478.

Johnson, DL., and Braman, R.S. 1975. AJkyl and inorganic arsenic in air samples.
Chemosphere 4: 333-338.

Joshi, S., and Hughes, J.B. 1981. Inhibition ofcoupling factor B aetivity by cadmium ion,
arsenite-2,3~ercaptopropanol, and phenylarsine oxide, and preferential reaction by
dithiols. J. Biol. Chem. 256: 11112-11116.

Kajitaoi, M, and Jsbibama, A 19838.. Detennination of the PI'OIIlOter sttength in the mixed
transaiption system: promoters of lactose, tryptopban and ribosomal protein LlO operons
ftom Escherichia coli. Nuc1eic Acids Res. Il: 671-686.

Kajitini, M, 8Dd Ishibama. A 1983b. Detenniœtion of the Pl'Qmoter strength in the mixed
transaiption system, n. promoters ofribosomal RNA. ribosomal protein SI and R.ecA protein
operons ftom Escherichia coli. Nucleic Acids Res. Il: 3873-3889.

Kaneko, M., Yamaguchi, At and Sawai, T. 1985. Energetic:s oftetraeyc6ne eftlux system
encoded by Tnl0 inE. coli. FESS Lett. 193: 194-198.

Kapustka, L.A, Lipton, J., Galbraith, R, Cacela, D., and LeJeune, K. 1995. Metal and
arsenic impacts to soils, vegetation communities and wildlife habitat in southwest Montana
uplands contarninated by smelter emissions: n. Laboratory phytotoxicity studies. Environ.
Toxicol. Chem. 14: 1905-1912.

138



•

•

Karkaria, C.E., Chen, CM, and Rosen, B.P. 1990. Mutagenesis of a nucleotide-bind;ng
site ofan anion-traDslocating ATPase. J. Biol Chem. 265: 7832-7836.

Karkaria, C.E., and Rosen, B.P. 1991. Trinitrophenyl-ATP binding to the AnA protein:
the catalytic subunit ofan anion pump. Arch. Biochem. Biopbys. 288: 107-111.

Karkaria, C.E., Steiner, R.F., and Rosen, B.P. 1991. Ligand interactions in the ArsA
protein, the eatalytic eomponent of an anion-translocating adenosine-triphosphatase.
Biochemistry 30: 2625-2628.

Karube, 1., and Suzukï, M., 1990. Microbial biosensors (Chapter 6)- In: Cass, AE.G.
(ed.), Biosensors, a Practical Approach. The Practical Approach Series. Rickwood, D.,
and Hames, B. D. (Series eds.), IRL Press at Oxford University Press, New York. pp.
155-169.

Kata, K., Goto, S., Hasegawa, K., and Inaguma, Y. 1993. CoindUetiOD of two low­
molecular-weigbt stress proteins, aB crystallin and HSP28, by heat or arsenite stress in
human glioma cens. J. Biochem. 114: 640-647.

Kaur, P., and Rosen, B.P. 1994a. In vitro assembly of an anion-stimlliated ATPase nom
peptide fragments. J. Biol Chem. 269: 9698-9704.

Kam, P., and Rosen, B.P. 1994b. Identification of the site of [Œ-32P]ATP adduet
formation in the AnA protein. Biochemistry 33: 6456-6461.

Kaur, P., and Rosen, B.P. 1992a. Plasmid-encoded resistance to arsenic and antimony.
Plasmid 27: 29-40.

Kaur, P., and Rosen, B.P. 1992b. Mutagenesis ofthe C-termïnal nucleotide-binding site of
an anion-translocating ATPase. J. Biol Chem. 267: 19272-19277.

King, J.M.R, DiGrazia, P.M, Applegate, B., Burlage, R.., Sanseverïno, J., Dunbar, P.,
Larimer, F., and Sayler, G.S. 1990. Rapid, sensitive bioluminescent reporter teelmology
for naphthalene exposure and biodegradation. Science 249: 778-781.

Knowles, F.C., and Benson, AA 1983. The biochemistry ofarsenic. Trends Biomed. Sei
8: 178.

Kobayasbi, M, Nagata, K., and IasJùbama, A 1990. Promoter selectMty ofE.scherichio coli
RNA polymerase: eftèct ofbase substitutions in the promoter -35 region on promoter strengtb.
Nucleic AàdsRes. 18: 7367-7372.

139



•

•

Kohara, Y.,~ K., and Isono, K.. 1987. The physical map of the whole E. coli
chromosome: application of a new strategy for rapid analysis and sorting of a large
genomic b"brary. CeU SO: 495-508.

Kondo, M., Ichikawa, l, ud~ T. 1996. Acute efrects of orally administered
gallium arsenide, gallium nitrate and disodium arsenate on berne syntbesis in male and
female mice. Appl. Organomet. Cbem. 10: 689-696.

Kondo, T., and Isbiura, M. 1994. Circadian rhytbms of cyanobacteria: IDOnitoriDg the
biologica1 docks ofindividual colonies by bioluminescence. 1. Baeteriol 176: 1881-1885.

Kondo, T., Strayer, C.A, KuIkami, RD., Taylor, W., Ishiura, M., Golden, S.S., and
Johnson, CR 1993. Circadian rhytbms in procaryotes: luciîerase u a reporter of
circadian gene expression in cyanobaeteria. Proc. Nad. Acad. Sei. USA 90: 5672...5676.

Kondraty~ T.F., Muntyan, L.N., and Karavaiko, G.I. 1995. Zinc- and arsenic-resistant
strains of Thiobocillus ferrooridans have increased copy numbers of cbromosomal
resistance genes. Microbiology 141: 1157...1162.

Kondraty~ T.F., Pivovarova, T.A, Muntyan, L.N., and KlU'avaiko, G.I. 1996.
Structural changes in the chromosomal DNA of 1'hiobacil/us ferrooxidons cultivated on
media with various oxidation substrates. Microbiology 65: 59-64.

Kreppel, K, BalllMD, J.W., Liu, 1., McKim, J.MJr., and Klalssen, CD. 1993. Induction
ofmetallothionein by arsenicals in mice. Fund. Appt Toxicol20: 184...189.

Kreppl~ H., Liu, J., Liu, Y., Reichl, F.X, and Klaassen, C.D. 1994. Zinc-induced arsenite
tolerance in mice. Fund. Appt Toxicol. 23: 32-37.

Lamble, K.I., and Hill, S.I. 1996. Arsenic speclation in biological samples by on-Iine high­
performance Iiquid chromatography microwave digestion hydride generation atomic
absorption spectrometry. Anal. Chem. Acta. 334: 261-270.

Landrigan, P .1. 1992. Arsenic. In: Rom, W.N. (ed.), Environmental and ocœpational
medicine, second edition. Little Brown and Co., Boston, MA pp. 773...779.

Le, X.C., CuIlen, W.R., and Reimer, K.I. 1994. Human uriDary arsenic excretiOD after
one-time ingestion ofseaweed, crab, and sbrimp. Clin. Chem. 40: 617~24.

Le, XC., Ma, M.S., and WODg, N.A. 1996. Speciatîon of arsenic compounds using bigh...
performance Iiquid cbromatography at elevated temprature and selective hydride
generation atomic fluorescence detection. Anal. Chem. 68: 4501-4506.

140



•

•

Lee, T.C., and Ho, LC. 1994a.. DifFerential cytotoxic effects of arsenic on Inunan and
animal ceUs. Environ. Health.. Perspect. 102 (Suppl 3): lOI-lOS.

Lee, T.C., and Ho, LC. 1994b. Expression ofhemeoxygenase in arsenie-resistant human
Iung adenocarcinoma celIs. Cancer Res. 54: 1660-1664.

Lee, T.C., and Ho, LC. 1995. Modulation of cellular antioxidant defense aetivities by
sodium arsenite in human fibroblasts. Arch. Toxicol. 69: 498-504.

Lee-Cben, S.F., Yu, C.T., and Jan, K.Y. 1994 DifFerentiai eff'ects ofluminol, nickel, and
arsenite on the rejoining of ultraviolet Iight and alkylation-induced DNA breaks. Environ.
Mol. Mutagen. 23: 116-120.

Lerda, D. 1994. Sister-cbromatid excbange (SCE) among individuals chronical1y exposed
to arsenic in drinking water. Mutation Res. 312: 111-120.

Li, l., Liu, S., and Rosen, B.P. 1996. Interaction of ATP binding sites in the AnA
ATPase, the eata1ytic subunit ofthe Ars pump. I. Biol. Chem. 271: 25247...25252.

Li, I.H., and RoS$llUlD, T.G. 1989a.. Mecbanism ofcomutagenesis ofsoclium arsenite with
N...methyl...N-nïtrosourea. Biol. Trace Element Res. 21: 373...381.

Li, IR, and Rossman, T.G. 1989b. Inhibition of DNA Iigase aetivity by arsenite: a
possible mechanism ofits comutagenesis. Mol. Toxicol. 2: 1...9.

Liebl, B., Muckter, K, Nguyen, Ph...T., Doklea, E., IsJambouli, S., Fichtl, B., and Forth,
w. 1995a. Differentiai eff'ects of various trivalent and pentavalent organic and inorganic
arsenic species on glucose metabolism in isolated kidney ceUs. Appl. Organomet. Chem. 9:
531-540.

Liebl, B., Muckter, K, Doldea, E., Reichl, F.X, Fichtl, B., and Forth, W. 1995b.
Influence ofglucose on the toxicity ofoxophenylarsine in MDCK ceJls. Arch. ToxicoL 69:
421-424.

Liebl, B., Muckter, K, Doldea, E., Fichtl, B., and Forth, W. 1995c. ReversaI of
oxophenylarsine-induced inhibition of glucose uptake in MDCK ceIIs. Fund. AppL
Toxico1. 27: 1-8.

Lim, ex, and Cooksey, D.A 1993. Cbaracterization of chromosomal bomologs of the
plasmid-bome copper resistance operon of Pseudomonas syringt:Ie. J. Baeteriol 175:
4492-4498.

Lindsay, DM, and Sanders, I.G. 1990. Arsenic uptake and transfer in a simplified
estuatine food chain. Environ. Toxicol. Chem. 9: 391-395.

141



•

•

Liu, Y.T., and Chen, Z. 1996. A retrospective Jung cancec morta1ity stucly of people
exposed to insoluble arsenic and radon. Long Cancer 14 (Suppl 1): 131...148.

Lo, J.F., Wang, H.F., Tarn, MF., and Lee, T. C. 1992. Glutathione S-transferase pi in an
arsenic-resistant Chinese hamster ovary ceJlline. Biochem. 1. 288 (Pt 3): 977-981.

LOfroth, G., and Ames, B.N. 1978. Mutagenecity ofinorganic compounds in SaJmonello
typhymurium: arsenic, chromium, and selenium. Mutation Res. 53: 65-66.

Lopezgonzalvez, M., Gomez, MM, Palacios, M.A, and Camara, C. 1996. Urine clean­
up method for determinatioD of six arsenic species by LC...AAS involving microwave
assisted oxidation and hydride generatïon. Chromatograpbia 43: 507-512.

Maitani, T., and Suznki, K.T. 1982. Extent of hepatic zine-thionein induction in mice
given an equimplar dose ofvarious heavy metals. Chem. Phann. Bun. 30: 4164-4169.

Malachowski, ME. 1990. An update on arsenic. Clin. Lab. Med. 10: 459-472.

Maloney, ME. 1996. Arsenic in dermatology. Dermatol. Surgery 22: 301-304.

Marafante, E., Rade, J., Sabbioni, E., Bertolero, F., and Foa, V. 1981. IntraceDuIar
interaction and metabolic &te ofarsenic in the rabbit. Clin. Toxicol. 18: 1335-1341.

Marafante, E., Bertolero, F., Edel, J., Pietra, R., and Sabbioni, E. 1982. IntraceDuIar
interaction and biotransformation of arsenite in rats and rabbits. Sei. Total Environ. 24:
27-39.

Masscheleyn, PH, Delaune, RD., and Patrick, W.Rlr. 1991&. A hydride generation
atomic absorption technique for arsenic speclation. J. Environ. QuaI. 20: 96-100.

McBride, B.C., and Edwards, TL. 1977. Biological implications of metaIs in the
envïronment. ERDA Symposium. Serier No. 42.

McCloskey, I.T., Newman, M.C., and CJar~ S.B. 1996. Predieting the relative toxicity of
Metal ions using ion characteristics: MICR.OTOx& bioluminescence assay. Environ.
Toxicol. Chem. 15: 1730-1737.

McKenney, K., Shimatake, H., Court, D., Schmeissner, U., Brady, C., and Rosenberg, M.
1981. A system to study promoter and tenninator signais recognjzed by Escherichia coli
RNApolymerase. Gene Amplification and Analysis 2: 383~15.

Meharg, AA, Cumbes, Q.I., and Macnair, M.ll. 1993. Pre-adaptation of Yorkshire fog,
Ho/eus ianatus L. (poaceae) to arsenate tolerance. Evolution 47: 313-316.

142



•

•

Meharg, AA, and MacDaïr, M.R.. 1990. An altered phosphate uptake system in arseDate
tolerant Holcus lanatus L. New Phytol 16: 29-35.

Meharg, AA, and MacDaïr, M.R. 1992. Genetic correlation between arsenate tolerance
and the rate ofuptake of arsenate and phosphate in Holcus 1antltus L. Heredity 69: 336­
341.

Meigben, EA 1991. MoIecuIar bioIogy ofbacterial biohunineseence. Microbiol. Rev. 55: 123­
142.

Mei-Hsu, C., Kaur, P.,~ C.E., Steiner, RF., and Rosen, B.P. 1991. Substrate­
induced dimerization of the AnA protein, the eatalytic component of an anion­
translocating ATPase. 1. Biol. Chem. 266: 2327-2332.

Meng, Z. 1993. Effects of arsenic on DNA synthesis in buman lymphocytes. Arch.
Environ. Contam. Toxicol. 25: 525-528.

ldiller, I.H. 1972. Experiments in molecular genetics. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York.

Miller, I.H, Lebkowslci, 1.S., Greisen, K.S., and Calos, MP. 1984. Specificity of mttatiODS

inducedin transfectedDNAbyrnammaJian œIIs. EMBO 1.3: 3117-3121.

Minarnishim, Y., Takeya, K., Obnishï, Y., and Amako, K. 1968. Physicocbemical and
biological properties offibrous Pseudomonas baeteriophages. 1. Vaol 2: 208-213.

Mobley, HL.T., and Rosen, B.P. 1982. Energetics of plasmid-mediated arsenate
resistance in Escherichia coli. Proc. Nad. Acad. Sei. 79: 6119-6122.

Moore, J.W., and Ramamoorthy, S. 1984. Heavy metals in natural waters. SpriDger­
Verlag, New York, NY. pp. 4-27.

Morimoto, R.L, T"1SSieres, A, and Georgopoulos, C. 1990. The stress response, funetion
of proteins, and peaspectives. In: Morimoto, R.L, TISSÎeres, A., and Georgopoulos, C.
(eds.), Stress proteins in biology and medicine. Cold Spring Harbor Laboratory Press.
Cold Spring Harbor, New York pp. 1036.

Morton, W.E., and Dunnette, D.A 1994. Health efFects of environmental arsenic. In:
Nriagu, J.O. (ed.), Arsenic in the Envirooment. Part n: Human Health lDd Ecosystem
Effects. John W'deyll, SonsInc. New York. pp. 17-34.

Muckter, H., IsIambouli, S., Doldea, E., Hopfer, C., Szincz, L., Fichtl, B., and Forth, w.
1993. Isolated rat kidney tubules as a screening system for arsenic antidotes. Toxicol.
Appl Pharmacol. 121: 118-128.

143



•

•

Mukhopadhyay, Il., Dey, 5., Xu, NX, Gage, G., Ligbtbody.l., Ouellette, M., and Rosen,
B.P. 1996. Trypanotbione overproduetion and resista"Ce 10 antimonials and arsenicals in
Leishmania. Pme. Natl. Acad. Sei. USA 93: 10383-10387.

Myers, E.W., and Miller, W. 1988. Optimal alignments in linear space. Comput. AppL
Biosci.4: 11-17.

Naddy, Il.B., La Point, T.W., and~ S.J. 1995. Toxicity ofarsenic, molybdenum , and
selenium COmbiDatiODS to Ceriodapbnia dubia. Environ. Toxicol. Chem. 14: 329-336.

Neidhardt, F.C., W~ Il, Smith, M.W., and BogeIian, Il.V. 1980. Selective syntbesis of
plasmid encoded proteins by Escherichia coli dwiDg recovery from clOOrampbenico1
tmIIUe4 J. Badcriol. 143: 535-547.

Neyt, C., Iriarte, M., Tm, V.R, and Comelis, G.R. 1997. Vuulence and arsenic resistance
in Yersiniae.l. Baeteriol. 179: 612-619.

Nielsen, F.R 1991. Nutritional requirements for boron, silicon, vanadium, nickel and
arsenic: current knowledge and speculation. FASEB J. S: 2661-2667.

Nordenson, 1., and Beckman, L. 1991. Is the genotoxic etfect of arsenic mediated by
oxygen ftee radicals? Hllman Hered. 41: 71-73.

Nordmann, P., and Nus, T. 1994. Sequence anaIysis ofPER.-l extended-specttum beta­
1actamase ftom Pseudomonas aeruginosa and comparison with class A beta-1actam ases.
Antimicrob. Agents Cbemother. 38: 104-114.

Norin, K, and Vahter, M 1981. A rapid method for the selective anaIysis of total urinary
metabolites ofinorganic arsenic. Scan. J. work Environ. Health 7: 38-44.

Novick, R.P., and Roth, C. 1968. Plasmid-Iînked resistaDce to inorganic salts in
Stophylococcusaureus. J. Bacteriol9S: 1335-1342.

Nunoshiba, T., and NlShioka, H. 1987. Sodium arsenite inhibits spontaneous and induced
mutations inEscherichia coli. Mutation Res. 184: 99-105. .

Ocbi, T., Kaise, T., and Oya-Qhta, Y. 1994. Glutathione plays di1f'erent roles in the
induction of cytotoxie efFects of inorganic and organic arsenic compounds in cultured
BALB/e 3D ceIIs. Experientia SO: 115-120.

Oden, KL., Gladysheva, TB., and Rosen. B.P. 1994. Arsenate reduction mediated by the
plasmid-encoded ArsC protein is coupled to g1utathione. Mol. Microbiol. 12: 301-306.

144



•

•

Okuï, T., and Fujiwara, Y. 1986. Inhibition of huma" excision DNA repair by inorganic
arsenic and the comutagenic eft"ect in V79 Chïnese hamster ceIls. Mutation Res. 172: 69­
76.

0Jnura, M, Hirata, M., Tanaka, A, Zhao, M.G., Makita, Y., Inoue, N., Gotoh, K., and
Isbjnisbi, N. 1996a. Testicular toxicity evaluation of arseuie-containjng binary compound
semiconductors, gallium arsenide and indium arsenide, in hamsters. ToxicoL Lett. 89: 123­
129.

0Jnura, M, Tanaka, A, Hirata, M., Zhao, M, Makita, Y., Inoue, N., Gotob, K., and
Isbjnisbi" N. 199&. Testicular toxicity of gallium arsenide, iDdium arsenide, and arsenic
oxide in rats by repetitive intratrachea1 instillation. Fund. AppL ToxiçoL 32: 72-78.

Ostrosky-Wegman, P., Gonsebatt, M.R., Montero, Re, Vega, L., Barbas K, Espinosa, J.,
Palao, A, Cortinas, C., Garcia-Vargas, G., del Rao, LM, and Cebrian, M. 1991.
Lymphocyte proliferation kinetics and genotoxic findings in a pilot study on individuals
chronically exposed to arsenic in Mexico. Mutation Res. 250: 477~82.

Ouellette, M., and Borst, P. 1991. Drug resistanœ and P-g1ycoprotein gene amplification
in the protozoan parasite Leishmania Res. MicrobioL 142: 737-746.

OwoIabi, lB., and Rosen, B.P. 1990. Differentiai mRNA stability controls relative Sene
expression within the plasmid-encoded arsenical resistance operon. 1. BaeterioL 172:
2367-2371.

Oya-ohta, Y., Kaise, T., and Ochi, T. 1996. Induction of cbromosomal aberrations in
cultured human fibroblasts by inorganic and organci arsenic compounds and the difFerent
raIe ofglutathione in such induction. Mutation Res. 357: 123-129.

Papadopoulou, B., Roy, G., Dey, S., Rosen, B.P., Olivier, M., and Ouelleue, M. 1996.
Gene disruption of the P-glycoprotein related gene pgIJÂ of Leishmania 1I:ITentollae.
Biochem. Biophys. Res. Comm. 224: 772-778.

Papadopoulou, B., Roy, G., Dey, S., Rosen, B.P., and Ouellette, M. 1994. Contribution of
the Leishmania P-g1ycoprotein-related gene ItpgpA to oxyanion resîstanœ. J. Biol. Chein.
269: 11980-11986.

Peoples, S.A 1974. Review of arsenical pesticides. In: Woolson, E.A (ecL), Arsenical
pesticides. ACS Symposia Series No. 7, Am. Chem. Soc., Washington OC. pp. 1-12.

Pershagen, G. 1986. Sources of exposure and biological effeeu of arsenic. In: O'Neill,
LK., Schuller, P., and Fashbein, L. (ecfs.), Environmental carcinosens: Selected methods of
analysis. Vol 8. International Agency for Research on Cancer (lAR.C), Lyon. pp. 45-61.

145



•

•

Phillips, S.E., and Taylor, ML. 1976. Oxidation of arsenite to arsenate by A.ICQ/igenes
faecalis. Appl Environ. Mic:robiol32: 392-399.

Popper, K, Thomas, L.B., Telles, N.C.,F~ H., and Selikoff: LI. 1978. Deve10pment of
hepatic angiosarcoma in man induced by vinyl cb1oride, thorotrast, and arsenic. Am. 1.
Pathol. 92: 349-376.

Quan, S., and Dabbs. E.R. 1993. Nocardinoform arsenic resistanœ plasmid
characterization and improved RhodococaJS clooing vectors. Plasmid 29: 74-79.

Raini", E.L, Ettemenco, E.N., Varfolomeyev, SD., Simonian, AL., and Wald, 1. Il.
1996. The development of a new biosensor based on recombinant E. coli for the direct
detection oforganopbosphorus neurotoXÎnS. Bioseusors and Bioe1ectronics Il: 991-1000.

Ralston, DM, and O'HaOoran, T.V. 1990. UItrasensitivit and beavy-metal selectivity of
the aIlosterically modulated MerR transcription complexe Proc. Natt. Acad. Sei. USA 87:
3846-3850.

Ramos, O., Carrizales, L., Yanez, L., Mejia, J., Batees, L., Ortiz, D., and Diaz-Barriga, F.
1995. Arsenic increased 6pid peroxidation in rat tissues by a mechanism independent of
glutatbione levels. Environ. Health Perspect. 103 (Suppl 1): 8S-88.

Rasco, J.F., and Hood, RD. 1994. Etfects ofmatemal restraint stress and sodium arsenate
in mice. Reprod. Toxicol. 8: 49-S4.

Rattray, E.AS., Prosser, I.A, KiJlbam, K., and Glover, LA 1990. Luminescent-based
nonextraetive technique for in situ detection of Escherichia coli in $Oil. Appt Environ.
Microbiol. 56: 3368-3374.

Reger, R.B., and Morgan, W.K. 1993. Respiratory cancers in mining. Occup. Med. 8:
185-204.

Rennke, K, Part, G.A, Etcheverry, R.B., Katz, &.U., and Donoso, S. 1971. MaIignant
hemangioendothelioma ofthe liver and chromc arsenicism. Rev. Med. Cbile 99: 664-668.

Roat, J.W., Wald, A, Mendelow, K, and Pataki, KI. 1982. Hepatic angiosarcoma
associated with short-term arsenic ingestion. Am. 1. Med. 73: 933-936.

Roninson, lB. 1992. From amplification to function: the case of the J,(])Rl gene.
Mutation Res. 276: 151-161.

Rosen, B.P. 1995. Resistance medutnisms to arsenicals and antîmonWs. J. Basic Clin.
Phys. Parmacol. 6: 251-263.

146



•

•

Rosen, B.P., and BorboUa, M.G. 1984. A plasmid-encoded arseDÏte pump produces
arsenite resistance inEscherichiacoli. Bioc:bem. Biophys. Res. Comm. 124: 760-765.

Rosen, B.P., Weige1, U., Karkaria, C., and Gangola, P. 1988. Molecular cbaracterization
ofan anion pump. The ar.!A gene produet is an arsenite (antimonate)-stimdated ATPase.
1. Biol. Chem. 263: 3067-3070.

Rosen, B. P., WeigeJ, U., MonticeJlo, R. A, andEdwards, B. P. F. 1991. MoIecu1ar anaIysis of
an anion pump: purification orthe ArsC protein. Arch. Biochem Biophys. 284: 381-38S.

Rosenstein, R., Nikol~ K., and Go~ F. 1994. Binding of ArsR, the repressor of the
Staphylococcus x:ylosus (pSX267) arsenic resistance operon to a sequence with dyed
symmetry within thean promoter. Mol Gen. Genet. 242: 566-572.

Rosenstein, R., Peschel, P., Wieland, B., and Gotz, F. 1992. Expression and regulation of
the StophylocOCCllS rylosus antimonite, arsenite, and arsenate resistance operon. J.
Baeteriol. 174: 3676-3683.

Rossman, T.G., Stone, D., Molina, M., and Troll, W. 1980. Absence of arsenite
mutagenecity in E. coli and Chïnese hamster ceIIs. Environ. Mutagen. 2: 371-379.

Roth, F. 1957. Conccming the delayed effects of chromc arsenic of the Moselle wine
growers. Dtsch. Med. Wochenschr. 82: 211-217.

Russell, CB., Tbaler, D.S., and Dablquist, F.W. 1989. Cbromosoma1 transformation of
Escherichia coli recD strains withlinearized plasmids.l. BacterioL 171: 2609-2613.

Sambrook, 1., Fritsch, E.F., and Maniatis, T. 1989. MoleaJ1ar cloDing. A Iaboratory
manual, 2nd ecf. Cold Spring Harbor Laboratory, Cold Spring Harbor, New York.

San Francisco, M.ID., Hope, CL., Owolabi, 1.8., Tasa, L.S., and Rosen, B.P. 1990.
Identification ofthe metalloregulatory e1ement ofthe plasmid-encoded arsenical resistance
operon. Nucleic Acids Res. 18: 619-624.

San Francisco, M.ID., TIS&, L.S., and Rosen, B.P. 1989. Identification of the membrane
component of the anion pump encoded by the arsenical resistance operon of R-fàctor
R773. Mol. Microbiol. 3: 15-21.

Sanders, I.G. 1980. Arsenic cyclingin marine systems. Mar. Environ. Res. 3: 257-266.

Schinella, G1, Tournier, KA, Buscbiazzo, N.O., and Debuschiazzo, P.M. 1996. Eff'ects
of arsenic(V) on the antioxidant defense system - in vitro oxidation of rat plasma
lipoprotein. Pbarmacol. ToxicoL 79: 293-296.

147



•

•

Selifonova, O., Burlage, R., and Barkay, T. 1993. Bioluminescent sensors for detection of
bioavailable Hg(ll) in the enwonment. AppL Environ. Microbiol 59: 3083-3090.

Seoane, A., and Garcia Lobo, lM 1991. Nucleotide sequeoœ of a new dass A beta­
laetamase gene &om the chromosome of Yersinia enteroeolitica: implications for the
evolution ofclass A beta-lactamase. Mol. Gen. Genet. 228: 215-220.

ShaIat, SL., Walkec, D.B., F'mneD, RB. 1996. Role of arsenic as a reproductive toxin
with particuIar attention to neural tube defects. J. Toxicol. Environ. Health 48: 253-272.

Shaw, I.J., and Kado, C.I. 1986. Development of a Vibrio bioluminescence sene-set to
monitor phytopathogenic bacteria during the ongoing disease process in a non-disruptive
manner. BiolTecbnoL 4: 560-564.

Sheppard, S.C. 1992. Summary of phytotoxic levels of soil arsenic. Watec, Air, and Soil
Pollution 64: 539-550.

Shi, W., Wu, J., and Rosen, B.P. 1994. Identification of a putative metal bindins site in a
new family ofmetalloregulatory proteins.l. Biol. Chem. 269: 19826-19829.

Shibata, Y., Sekiguchi, M., Otsuki, A., and Morita, M 1996. Arsenic c:ompounds in zoo­
and phytoplankton ofmarine ori8in. Appt. Organomet. Chem. 10: 713-719.

Shiomi, K. 1994. Arsenic in marine organisms: chemica1 fonus and toxicological aspects.
In Nriagu, 1.0. (ed.), Arsenic in the Environment. Part D: Ruman health and ecosystem
effects. Advances in Environmental Science and Technology. Waley &. Sons Inc. New
York. voL 27, pp. 261-282.

Silhavy, T.J., and Beckwith, 1.R 1985. Uses of lac fusions for the study of biological
problems. MicrobioL Rev. 49: 398-418.

Sïlver, S. 1996. Baeterial resistances to toxic metal ions - A review. Gene 179: 9-19.

Sïlver, S., Budd, K., Leahy, K.M., Shaw, W.V., Hammond, D., Novick, R.P., WilIsky,
G.R., Malamy, M.H, and Rosenberg, K 1981. Inducible plasmid-determined resistance to
arsenate, arsenite, and antïmony(lll) in Escherichia coli and StophylOCOCCllS QllTeIIS. 1.
Bacteriol. 146: 983-996.

Silver, S. and TI, G. 1994. Newer systems for bacterial resistanœs to toxie heavy meta1s.
Environ. Health Paspect. 102 (Suppl. 3): 107-113.

Sïlver, S., TI, G., Broer, S., Dey, S., Dou, D., and Rosen, B.P. 1993a. Orphan enzyme or
patriarcb of a new tribe: the arsenic resistance ATPase of bacterial plasmids. MoL
Microbiol. 8: 637-642.

148



•

•

Silver, S., and Keacb, D. 1982. Energy-dependent arsenate eftlux: the mechanism of
pIasmid-mediated resïstance. Proc. Nad. Acad. Sei. USA 79: 6114-6118.

Silver, S., Nucifo~ G., Chu, L., and Misra, T. 1989. Bacterial resistance ATPases:
primary pomps for exporting toxic cations and anioDS. Trends Biochem. Sei. 14: 76-80.

Silver, S., Nucifora, G., and PhuDg, L.T. 1993b. Hllman Meokes X-chromosome disease
and the staphylococcal cadmium-resistance ATPase: a remarkable simiJarity in protein
sequences. Mol. Microbiol. 10: 7-12.

Silver, S., and Walderbau& M. 1992. Gene reguIation of plasmid- and chromosome­
determined inorganic ion transport in baeteria. MicrobioL !lev. 56: 195-228.

Smith, AH, Hopenhayn-Ricb, C., Bates, MN., Geoden, KM, Hertz-Picciotto, L,
Duggan, KM, Wood, R., Kosnen, M.I., and Smith, M.T. 1992. Cancer risks fi'om
arsenic in drinking water. Environ. Health Perspect. 97: 259-267.

Snow, E.T. 1992. Metal C8Ccinogenesis: mechanistic implications. Pbarmacol. Thenp. 53:
31.(i5.

Sofia, KI., Burland, DL., Daniels, G., Plunkett, IlL and Blattner, FA 1994. ADa1ysis of
the Escherichia coli genome. V. DNA sequence of the region trom 76.0 to 81.5 minutes.
Nucleic Acid Res. 22: 2576-2586.

Sol, K., Lapointe, M., MacLeod, M., Nadeau, C., and DuBow, MS. 1986. A cloned
fragment of HeLa DNA containing consensus sequences of satellite n and m DNA
hybridizes with the Drosophila P-element and with the 1.8kb family of human KpnI
fragments. Biochim. Biophys. Acta 868: 128-135.

Sqw"bb, K.S., and Fowler, B.A 1983. The toxicity of arsenic and its compounds. In
Fowler, B.A (eci.), Biologica1 and environmental efrects of arsenic. Elsevier, Amsterdam,
pp. 233-263.

Stijve, T. 1995. [Arsenic in Paddestoelen.] Cm German) Coolia 38: 181-190.

Stijve, T., and Bourqui, B. 1991. Arsenic in ed1ble musbrooms. Deutsche Lebensmittel­
Rundschau 87: 307-310.

Stijve, T., Vellinga, E.e., and Herrmann, A 1990. Arsenic accnmaJation in some high
fungi. Persoonia 14: 161-166.

Styblo, M., Yamauchi, K, and Thomas, D. 1995. Comparative in vitro methylation of
trivalent and pentavalent arsenicals. Toxicol. Appl. PbarmacoL 135: 172-178.

149



•

•

Styblo, M., De1nomdedieu, M., Thomas, D.l. 1996a. Mono- and dimethylation in rat 6ver
cytosol in vitro. Chem.Biol. Interact. 99: 147-164.

Styblo, M., Hugh~ MF., -and Thomas, D.l. 1996b. Libration and analysis of protein­
bound arsenicals.l. CbromatographyB: Biomed. Appl. 677: 161-166.

Summers AO., and SiIver, S. 1978. Microbial transformation of metals. AnD. Rev.
Microbiol. 32: 637-672.

Tabacova, S., Humer, E.S.3rd., and Gladen, B.C. 1996. Deve10pmental toxicity of
inorganic arsenic in whole embryo: culture oxidation state, dose, lime, and gestational age
dependence. Toxicol. AppL Pharmacol. 138: 298-307.

Takeya, K., and Amako, K. 1966. A rod..shaped Pseudomonas phage. VU'ology 28: 163­
165.

Takimura, O., Fuse, H., Murakami, K., Kami~ K., and Yamaoka, Y. 1996. Uptake
and reduetion ofarsenate by DunaIiella sp. Appl. Organomet. Chem. 10: 753-756.

Tamaki, S., and Frankenberger, W.TJr. 1992. Environmental Biochemistry of arsenic.
Rev. Environ. Contam. Toxicol. 124: 79-110.

Teixe~ MC., Brandao, R.L., Bubi, S.N., and Nicoli, lA. 1995. Evidence for two
arsenate resistance mecbanisms in Thiobacillus ferrooxidDns. Rev. Microbiol., Sâo Paulo.
26: 16-21.

TeZ11ka, M, HaDioka, K., Yamanaka, K., and Okada, S. 1993. Gene damage induced in
human alveolar type n (1..-132) cells by exposure to dimethylarsinic acid. Biochem.
Biophys. Res. Comm. 191: 1178-1183.

Thompson, D.l. 1993. A chemical hypothesis for arsenic methylation in mammals. Chem.
Biol. Interact. 88: 89-114.

Thorgeirsson, U.P., Dalgard, D.W., Reev~ 1., and Adamson, ll.H. 1994. Tumor
incidence in a chemical carcinogenesïs study of nonhuman primates. R.egulatory Toxicol.
Pharmacol. 19: 130-151.

Tisa, L.S., and Rosen, B.P. 1990. Molecular clw-acterization ofan anion pump. The ArsB
protein is the membrane anchor for the AnA protein. J. Biol. Chem. 265: 190-194.

Tokudome, S., and Kuratsune, M. 1976. A cohort study on mortality fi'om cancec and
other causes among worken at a metal refinary. Int. J. Cancer 17: 310-317.

150



•

•

Tolias, P.P., lDd DuSow, MS. 1986. The ovaproduction and c:baracteriŒion of the
bacteriophage Mu regn1atoty DNA-binding protein Ner. VlI'Ology 148: 298-311.

To~ P.P., and DuBow, MS. 1985. The doning and cbaracterization of the
bacteriophageDI08 regulatoryDNA-binding proteinNer. EMBO J. 4: 3031...3037.

Tseng, W.P., Chu, H.M., How, S.W., Fong, l-M, Lin, C.S., and Yeh, S. 1968. Prevalence
ofskin cancer in an endemic area ofchronie arsenicism in Taiwan. J. Natl. CaDe« Inst. 40:
453-463.

Turner, AW. 1949. Bae:terial oxidation ofarsenite. Nature (London) 164: 76-77.

Turner, RJ., Hou, Y., Weiner, lB., and Taylor, DE. 1992. The arsenical ATItase efIIux pump
Mediates teIIurite resïstarr-. J. Bacteriol 174: 3092-3094.

Vahter, M 1994. Species difFerence in the metaboHsm of arsenic compounds. AppL
Organomet. Cbem. 8: 175-182.

Vahter, M 1986a. Arsenic. In: CIarkson, T.W., Fnberg, L., Nordberg, G." and Sager,
P.R. (eds.), Biologica monitoring oftoxic metals. Plenum Press, New York. pp. 303...321.

Vahter, M 1986b. Environmental and occupational exposure to inorganic arsenic. Acta
PharmacoL Toxicol. 59: 31-34.

Vahter, M, Concba, G., Nermell, B., N'dsson, R., Dulout, F., and Natarajan, AT. 1995a.
A unique metabolism ofinorganic arsenic in native women. Eur.I. Pbarmacol. 293: 455­
462.

Vahter, M, Coucb, R., NermeD, B., and Nalsson, R. 1995b. Lack of methylation of
inorganic arsenic in the chimpanzee. Toxicol. Appt PbarmacoL 133: 262-268.

Vahter, M, and Enva1I, 1. 1983. ln vivo reduetion of arsenate in mice and rabbits.
Environ. Res. 32: 13-24.

Vahter, M, and Marafante, E. 1988. ln vivo methylation and detoxifieation ofarsenic. In:
Craig, P.I., and Gloclding, F. (eds.), The biological alkylation of heavy e1ements. Royal
Society ofChemistry, London. pp. 105-119.

Vahter, M, and Marafànte, E. 1985. Reduction and binding of arsenate in marmoset
monkeys. Arch. Toxicol 57: 119-124.

Vabter, M, and Marafante, E. 1983. InuaeeDuIar interaction and metabolic fate ofarsenite
and arsenate in miœ and rabbits. Chem. Biol Interact. 47: 29-44.

151



•

•

Vahter, M., Marafimte, E., and Dencker, L. 1984. TISSUe distnDution and relension of
74As-dimethylarsinic acid in mice and rats. Arch. Environ. Contam. ToxicoL 13: 259--264.

Vabter, M., Marafante, E., and Dencker, L. 1983. Metabolism of arsenobetaine in mice,
rats, and rabbits. Sei Total Environ. 30: 197-211.

Vahter, M., Marafante, E., Lindgren, A., and Dencker, L. 1982. TISSUe distnbution and
subce11u1ar binding of arsenic in marmoset monkeys der injection of 74As-arseaüte. Arch.
Toxicol. 51: 65-77.

Valet\ BL., U1mer, DD., and Wacker, W.E.C. 1960. Arsenic toxicology and
biochemistry. Arch. Industrial Hea1th 21: 132-1SI.

Van Dyle, T.K., Majarian, W.R., Konstantinov, K.B. 1994. Rapid and sensitive poDutant
detection by induction of heat sbock gene-bioh1minesœnœ gene fusiODS. AppL Environ.
Miaobiol60: 1414-1420.

Vieira, 1., and Messin& 1. 1987. Production of single-straDded plasmid DNA Methods
EnzymoL 153: 3-11.

Waalkes, M.P., and KJaassen, CD. 1985. Concentration of metal1othiooein in major
organs olrats after administration ofvarious metals. Fund. AppL Toxicol. S: 473-477.

Wall, A.I., and StrattOD, G.W. 1995. Effeas of chromated-c:opper-arsenate wood
preservative on the growth of a pentaehlorophenol degrading baeterium. Water, Aïr, and
Soil Pollution, 82: 723-737.

Wall, A.l., and StrattOD, G.W., 1994. Efl'ects of a cbromated-c:opper-arsenate wood
preservative 00 the baeterial degradation of pentacblorophenoL CaB. J. MiaobioL 40:
388-392.

Wang, C.T., Chang, W.T., Huang, C.W., Chou, S.S., Lin, C.T., Liau, S.I., and Wang,
R T. 1994a. Studies 00 the concentrations of arsenic, selenium, copper, zinc, and iroo in
the hair of the blackfoot disease patients in clift"erent clinical stages. Eur. J. Clin. Chem.
Clin. Biochem. 32: 107-111.

Wang, H.F., and Lee, T.C. 1993. Glutathione S-transferase 1t fàcilitates the ex:cretion of
arsenic nom arsenic-resistant Cbinese hamster ovary ceUs. Biocbem. Biophys. Res.
Comm. 192: 1093-1099.

Wang, T.S., and Huang, H. 1994. Active oxygen species are involved in the induction of
micronuclei by arsenite in XRS-5 ceIls. Mutagenesis 9: 253-257.

152



•

•

Wang, Z., Dey, S., Rosen, B.P., and Rossman, T.G. 1996. Eftlux-mediated resistance ta
arsenica1s in arsenic-resistant and -hyPersensitive Chïnese hamster celJs. ToxicoL AppL
Pbarmacol. 137: 112-119.

Wang, Z., Hou, G., and Rossman, T.G. 1994. Induction of arsenite toleranœ and
thermaltolerance by arsenite occur by ditrerent mecbanisms. Environ. Health Perspect. 102
(Suppl 3): 97-100.

Wang, Z., and RossmaD , T.G. 1993. Stable and inducible arsenite resistance in Chines­
hamster ceUs. ToxicoL AppL Pharmacol. 118: 80-86.

Wamer, I.E., and SolomoD, K.R., 1990. Acidity as a factor in leacbing of copper,
chromium, and arsenic hm CCA-treated dimension Iumber. Environ. Toxicol. Chem., 9:
1331-1337.

Weinstein, LB. 1988. The origins of human cancer: molecular mecbanisms of
carcinogenesis and their implications for cancer prevention and treatment. Cancer Res. 48:
4135-4143.

Weis, 1.S., and Weis, P. 1996.lleduClion in toxicity ofc:bromated coppet arsenate (CCA)­
treated wood as assessed by c:ommunity study. Mar. Environ. Res. 41: 15-25.

Weis, J.S., and Weil, P., 1995. E1fects of chromated copper arsenate (CCA) pressure­
treated wood in the aquatic environment. Ambio 24: 269-274.

w~ J.S., and Weil, P. 1994. Etfects of contaminants Û'om chromated copper arsenate­
treated lumber on benthos. Arch. Environ. Contam. Toxicol. 26: 103-109.

Weis, J.S., and Weis, P. 1992a. Construction materials in estuaries: reduction in the
epibiotic community on chromated copper arsenate (CCA) treated wood. Mar. Ecot
Prog. Ser. 83: 45-53.

Weis, P., and Weis, J.S. 1992b. Toxicity of constlUction materials in the marine
environment: a comparison of chromated copper arsenate treated wood and recycled
plastic. Arch. Environ. Contam. Toxicol. 22: 99-106.

W~ P., Weil, J.S., and CoohiD, L., 1991. Toxicity to estuarine organisms ofleachates
from chromated copper arsenate treated wood. Arch. Environ. Contam. Toxicol. 20: 188­
194.

Weis, P., Weis, J.S., Couch, J., Daniel$, C., and Chen, T., 1995. Pathological and
genotoxicologica1 observations in oysters (CrassostreD virginica) living on cbromated
copper ·arsenate (CCA)-treated wood. Mar. Environ. Res. 39: 275-278.

153



•

•

Weis, P., Weil, J.S., and Procter, T., 1993. Copper, cbromium and arsenic in sediments
adjacent to wood treated with chromated-copper-arsenate. Estnar . Coast Shelf Sei 36:
71-79.

Welch, W. 1990. The mammaJian stress response: ceIl physiology and biocbemistry of
stress proteins. In: Morimoto, ReL, Tissieres, A, and Georgopoulos, C. (eds.). Stress
proteins in biology and medicine. Cold Spring Harbor Laboratory Press. Cold Sprïng
Harbor, New York.. pp. 223-278.

WHO, 1993. Guidelines for drinking-water quality. 2nd edn. World Health OrganizariOD.

Geneva.

WHO 1981. Arsenic - Environmental health criteria 18. World Health Organization.
Geneva. pp. 33.

Wiencke, JX, and Yager, J.W. 1992. Specüicity of arsente in potentiating cytogenebc
damage induced by the DNA cross1inlàng agent diepoxybutane. Environ. Mol. Mutasen.
19: 195-200.

Wijeweera, I.B., Thomas, CM., Gandolfi, A.I., and Brendel, K. 1995. Sodium arsenite
and heat shock induces mess proteins in precision-cut rat üver s1ices. Toxicology 104: 35­
45.

Willsky, GeR., and MaIamy, M.H, 1980a. Cbaracterization oftwo geneticaJly separable
inorganic phosphate transport systems in Escherichia co/i.I. Bacteriol. 144: 356-365.

Willsky, GeR., and Malamy, M.H.. 1980b. EfFect of arsenate on inorganic phosphate
transport inEscherichia coli. 1. Bacteriol. 144: 366-374.

Wmski, S.L., and Carter, D.E. 1995. Interactions of rat red blood cell sulfhydryls with
arsenate and arsenite. 1. Toxicol. Environ. Health 46: 379-397.

Wlodarczyk, B.I., Bennett, GD., Calvin, I.A., and Finnell, R.H. 1996. Arsenie-induced
neural tube defects in mice - alterations in ceIl cycle gene expression. R.eprod. Toxicol. 10:
447-454.

Wu. 1., and Rosen, B.P. 1993a. The arsD gene encodes a second trans-acting regt"atory
protein ofthe plasmid-encoded arsenical resistance operon. Mol MicrobioL 8: 615-623.

Wu. 1., and Rosen, B.P. 1993b. Metalloregulated expression of the ars operon. 1. Biol
Chem. 268: 52-58. .

Wu. J., -and Rosen, B.P. 1991. The Arsll protein is a trans-acting regulatory Pr0tein. Mol
Microbiol. 5: 1331-1336.

154



•

•

w~ J., r158, L.S., and Rosen, B.P. 1992. Membrane topology of the ArsB protein, the
membrane subunit ofan anion-translocating ATPase. J. Biol Chan. 267: 12570-12576.

Xu, C., Shi, W." and Rosen, B.P. 1996. The chromosomal arsR geue ofEscherichia coli
encodes a trans-acting metalloregulatory protein. 1. Biol Chein. 271: 2427-2432.

Yager, J.W., and Wiencke, IX 1993. Enbancement of cbromosomal damage by arseuic:
implications for mecJwrism Environ. Health Petspecl. 101 (Suppl 3): 79-82.

Yamamoto, S." Konisbi, Y., Matsuda, T., Murai, T., SIuData, M-A, Matsui-Yuasa, L,
Otani. S., Kur~ K., Endo, G., and Fukusbima, S. 1995. Cancer induction by an organic
arsenic compound, dimethylarsinic acid (cacodylic acid), in f344/DuCrj rats after
pretreatment with five carcinogens. Cancer Res. 5S: 1271-1276.

Yamanaka, K., Hasegawa, A, Sawamura, R., and Okada, S. 1991. Cellular response to
oxidative damage in lung induced by the administration of dimethylarsinic acicl, a major
metabolite ofinorganic arsenics, in mice. Toxicol Appl Pbarmacol. 108: 205-213.

Yamanaka, K., Hasegawa, A, Sawamura, R., and Okada, S. 1989. Dimethylated arsenics
induce DNA strand breaks in lung via the production of active oxygen in mice. Biochem.
Biophys. Res. Comm. 165: 43-50.

Yamanaka, K.., Hayasbi, K, Kato, K., Hasegawa, A, and Okada, S. 1995.lnvolvement of
preferential formation of apuriniclapyrimidinic sites on dimethylarsenie-induced DNA
strand breaks and DNA-protein crosslinks in cultured alveolar epithe1ial ceUs. Biochem.
Biophys. Res. Comm. 207: 244-249.

Yamanaka, K., Hoshino, M., Okamoto, M, Hasegawa, A, and Okada, S. 1990. Induction
of DNA damage by dimethylarsine, a metabolite of inorganic arseni~ is for the lD8:Ïoe
part likely due to its peroxyl radical. Biochem. Biophys. Res. Comm.. 168: 58-64.

Yamanaka, K., Teznica, M., Kato, K., Hasegawa, A, and Okada, S. 1993. Crosslink
formation between DNA and nuclear proteins by in vivo and in vitro exposure ofcens to
dimethylarsinic acid. Biochem. Biophys. Res. Comm. 191: 1184-1191.

Yamauchi, H., Tabbasbi, K., and Yamamura, Y. 1986. Metabolism and excretion of
orallyand intraperitonea1ly adrnioistered gallium arsenide in the hamster. Toxicology 40:
237-246.

Yang, J.L., Chen, MF., Wu, C.W., and Lee, T.C. 1992. Posttreatment with sodium
arsenite alters the mutational spectrum induced by ultraviolet Iight irradiation in Cbïnese
hamster ovary ceIls. Env. Mol. Mutagen. 20: 156-164.

15S



•

ta

Yanisch-Perron, C., Vieira, J., and Messins. J. 1985. Improved M13 phage c100ing
vectors and host straiDs: DUcleotide sequences ofthe M13mp18 and pUC19 vedors. Gene
33: 103...109.

zakharyan, R.A., WdcUàng, E., and Aposbian.. K V. 1996. Enzymatic methylation of
arsenic compounds. m. The marmoset and tamarin, but not the rbesus, monkeys are
deficient in methyltransferases that methylate inorganic arsenic. Toxicol. AppL PbarmacoL
140: 77-84.

Zaldiva, R. 1974. Arsenic contamination of driDking water and food-stufrs causing
endemic chronic poisoning. Beitr. Pathol. 151: 384-400.

zaman, K., MacGiIJ, R.S., Johnson, J.E." AIunad, S." and Pardini,. Il.S. 1995. An insect
model for assessing oxidative stress related to arsenic toxicity. Arch. lDsect Biochem.
Physiol. 29: 199-209.

Zhou, T., Liu, S.~ and Rosen, B.P. 1995. Interaction ofsubstrate and eff"ector binding sites
in the AnA ATPase. Biochemistry 34: 13622-13626.

156


