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Abstract: The use of microorganismsfor the recovery of arsenic from waste streams
has achieved growing attention. Microor ganisms have evolved complex mechanisms
to counter the toxic effects of arsenic. Biotechnological techniques exploit several
mechanisms which might be evolved to control the arsenic pollution by
microorganisms. Thus, thereisahigh level of interest in devel oping methods aimed at
cleaning up or detoxifying arsenic contaminated siteswith the fewest environmental
side effects. To protect themsel ves against the toxic effects of arsenic, microorganisms
generally evolved strategiesfor detoxification and the best among theseisthe microbial
reduction of arsenate to arsenite by meansof the ars system, an enzymatic processin
which energy isactually consumed to drive the reduction. Arsenic detoxification has
been documented in Escherichia coli, Staphylococcus aureus, and Staphylococcus
xylosis, and is controlled by arsoperon consist of threeor fivegenesarsRDABC or ars
RBC organized on asingletranscription unit. ThearsR and arsD aretheregulators,
whereasthe arsA and ars B formsthe oxyion pumpswhich efflux out thearsenic. Ars
C codes for the arsenate reductase convert the arsenate to arsenite, which is then
efflux out by the oxyion pump. I n some organisms, res stance involvesover production
of intracellular thiols. In many cases, resistanceto arsenic saltsistheresult of removal
of themetalloid from the cytosol, usually by extrusion fromthe cell. Arsenate poisoning
generally results from the transport of thision by the phosphate transport system
thereby competitively inhibiting the oxidative phosphorylation pathway. One
phosphate transport system (Pit) takes up both, phosphate and arsenate, at similar
rates, whereas the other (Pst, phosphate specific transport) is highly specific for
phosphate. Four general mechanism operated in the microbial system involves:
Keeping thetoxic ion out of the cell (reduced uptake); Highly specific efflux pumping
(i.e. removing toxic ionsthat entered the cell by meansof transport systems evolved for
nutrient cationsor anions), Intra or extra-cellular sequestration by specific mineral-
ion binding components (e.g.: metallothioneins) and/or segregation into complex
compounds; Enzymatic detoxification (oxydoreductions) that converts a more toxic
ionto alesstoxicone. The present review paper summarizesthework donein thisarea
and providesthe reader better understanding of therolesof microorganismsin cycling
of arsenic which may lead to improved processesfor Bioremediation of contaminated
Sites.
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Arsenic, thethirty-third d ement, is synonymouswith
poison. Discovered in 1250 by Albertus Magnus, it
has acolorful history, reputed (but unlikdy) to bethe
cause of death of such notables as Napoleon and the

American president Zachary Taylor. It is classified
as a metalloid, meaning it has both metallic and
nonmetallic properties. Arsenic is situated in Group
15 of the periodic table, below nitrogen and

369


mailto:kirankalia-in@yahoo.com

J. Cdl Tissue Research

phosphorous. Arsenic commonly forms complexes
with other metals and isreadily ableto form covalent
bonds with carbon, hydrogen, and oxygen. Arsenic
is subject to eight eectron reductions and can occur
in+5, +3, 0and -3 gates. Initsinorganic form, arsenic
primarily existsin two redox states: thereduced form,
arsenite [As (111)], and the oxidized form, arsenate
[As(V)]. In soils, themost often encountered arsenic
forms are inorganic As (111) (arsenite) and As (V)
(arsenate) [1-4].

Methylated species, monomethyl arsonic acid
(MMAA), dimethyl arsinic acid (DMAA) and
trimethyl arsineoxide (TMAOQO), dominatein biomass,
but have al so been detected in soils[5,6] . Inaddition,
As (V) and As (I11) can be volatilized to arsine
(AsH,); MMAA to monomethylarsine (CH,AsH,;
MMA); DMAA to dimethylarsine [(CH,),AsH;
DMA]; and TMAO to trimethylarsine [(CH,),As),
TMA] [1]. Arsenic forms organic compounds and is
methylated by microorganisms, but neither group is
considered as toxic as inorganic As (111) nor As (V)
compounds [7]. Arsenic has a natural affinity for
sulfur as evident by many natural arsenic containing
minerals such as As,S, (orpiment), AsS (realgar),
and FeAsS (arsenopyrite).Arsenate and phosphate
are smilar and may substitute for one another. For
example, stereochemical properties of arsenateresult
in arsenate incorporation instead of phosphate and
the uncoupling of oxidative metabolism from ATP
biosynthesis[8]. This may account for sometoxicity
effects of arsenic. Toxicity depends on physical state
(gas, solution, or powder-particle size), rate of
absorption into cdls, rate of dimination, presence of
impurities, and the nature of chemical substituentsin
the toxic compound [9].

Arsenic is found naturally in trace amounts in the
earth’s soils, waters, and organisms [10]. Thereisa
largerange of arsenic concentrationsfound in natural
waters, from less than 0.5 to more than 5000 pg/L
[10]. This has become amajor concern in areas such
as India, Bangladesh, Argentina, and Mexico where
high arsenic concentrations in natural aquifers are
influencing drinking water and millions of peopleare
exposed to toxic water resources [8,10]. Other areas
of naturally occurring high arsenic concentrationsare
found near geothermal springs such as those
surrounding the Greater Yellowstone Ecosystem of
Wyoming and Montana, USA. Nimick et al. [11]
found that arsenic discharge from a geothermal
system (900 to 3560 pg/L) into the Madison River

near West Yellowstone generated base flow
concentrations of 250 to 370 pg/L.

Although arsenic does occur naturally throughout the
world, mining and industrial uses of arsenic have
substantially increased arsenic availability to humans
and other organisms of the earth’s surface. This
recent (sincetheindustrial revolution) anthropogenic
loading of arsenic has created concern for human
exposure through consumption of contaminated water
and for aquatic biota subjected to increased
concentrations[8,10]. Throughout history arsenic has
beenused inavariety of interesting ways. Thehistory
of arsenic useincludes many stories of homicide and
suicide from the middle Ages. There is evidence of
active research by Schedein 1775 to find a method
to counteract arsenic asahomicideagent [8]. Thomas
Fowler, aBritish physician, created Liquor Arsenicalis
to treat a plethora of health conditions accepted into
London Pharmacopoeia in 1809 and the U.S.
Pharmacopoeia in 1820 [8]. Similar forms of this
solution were common until the 1960s. Over 8000
arsenic based compounds were used to treat asthma,
malaria, tuberculosis, diabetes, and skin diseases, and
some arsenic based compounds were used until the
mid 1980sfor treating narcolepsy (sleeping sickness)
[8]. In Syria and Tyrol, healthy people ingested
orpiment (As,S,) as a luxury food to increase their
health and virility. There are also rumors of current
arsenic use to lighten skin complexion. Although
arsenic has almost exclusively been associated with
criminal poisoning for many centuries, the matter of
concern today is its contribution to environmental
pollution through man’s use of arsenic containing
insecticides, herbicides, fungicides, pesticides and
wood preservatives and through mining and burning
of coal, dectroplating and paint manufacturers [6].
Thus, anthropogenic use makes arsenic a common
inorganic toxicant found at contaminated sites
nationwide. Ironically, it is these “sources’ are of
the most concern to human health on a global basis.
Globally, in developed countries, pollution of the
agquatic system is controlled by the union under the
framework ‘ Dangerous Substances Directive’ which
has led to certain environmental protection acts and
regulations enforced by environmental agencies.
Consequently, all effluents need to be assessed and
requireintegrated pollution documentation beforether
final discharge. Theeffect of arsenic on human health
is an issue of global concern. A large-scale shift in
water resource allocation from surface water to
ground water inWest Bengal, India, and Bangladesh
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(tube well water) and the exposure of local
populations to ground water containing arsenic at
concentrations of several hundred mg/L haveresulted
in very extreme environmental health effects.
Spurred by increasing concern over exposure to low
levels of increased arsenic mobility in natural
environments is a major concern in the creation of
new wells and water supply systems in areas that
arerichin arsenic.

Worldwide, arsenic in soil ranges from 0.1 to 40 mg
kg' with a median concentration of 6 mg kg/L [10].
Arsenic in seawater averages 1.7 pg/L with a
relatively homogeneousrangefrom1.5to 5 ug/L. In
contrast, freshwater from lakes and rivers transport.
Freshwater arsenic concentrations range from 1 to
10 pg/L with an average of 1.7 ug/L. The
recommended maximum concentration for arsenic
inirrigationwater is 100 ug/L withthedrinking water
standard being at 50 pg/L [10]. Arsenate is more
predominant in oxygenated water while arsenite is
more common under reduced anaerobic conditions.
The total arsenic influx into oceans is estimated at
246,110 metric tons/year. Of thistotal 62,900 metric
tons is dissolved arsenic, 178,900 metric tons is
sediment suspended arsenic and 4,310 metric tonsis
from the atmosphere per year.

Biological properties of arsenic and its
compounds

The impacts of arsenic on bhiological systems are
concentration dependent and vary from organism to
organism. In general, the toxicity of arsenic is
dependent onits oxidation state: Both statesaretoxic
tomost organisms. Arsenite (specifically the arsenite
ion, AsO, ) trivalent arsenic forms are approximately
100 times moretoxic than the pentavalent derivatives,
which, interfereswith sulfhydryl groupsinaminoacids
and can disrupt protein structure. Thus, As (I11)
inhibits enzyme reactions requiring free sulfhydryl
groups, leading to membrane degradation and cdll
death. As (V), in most environments, arsenite is
generally thought to be the more soluble and mobile
form, which increaseits potential toxicity. However,
arsenate is the thermodynamically favorableformin
most aerobic systems [1]. In general, methylated
species, MMAA and DMAA, are less toxic forms
than inorganic As (V) and As (I11) because of their
low solubility and reduced affinity to tissues[6]. For
plants, however, organic arsenic compounds are
highly toxic when applied foliarly [12]. For more

developed organisms, gaseous arsines are the most
toxic forms of arsenic dueto their ability to combine
with hemoglobin within the red blood cdlls, causing
destruction or severe swelling of the cells and
rendering them nonfunctional [5,6,13].

M echanism of resistance:

Heavy metals are often required by the cell in trace
amounts for biochemical reactions, however, at higher
concentrations, they can havetoxic effects[14]. The
cel may use the low concentrations of some heavy
metals (such as iron, copper and nickd) in redox
reactions, or other heavy-metal ions (such as
magnesium or zinc) to stabilize dectrostatic forces,
and still others (suchas Mg*, in MgATPor Zn?*) in
often bind to sulfhydryl groups and thereby inhibit
the activity of certain enzymes by interacting with
ligands present in all enzymes. Some heavy metals
also interact with physiological ions and inhibit the
activity of that ion. Other heavy metals bind
glutathione in Gram-negative bacteria, and the
resulting complex reacts with molecular oxygen to
form bisglutathione, the metal cation, and hydrogen
[15]. Heavy metals, when present, may bind to any
or all of these sites and compounds, however, some
sites are considered more “ sensitive” than others and
therefore, binding at these sites causes more damage
tothe cdl than binding at other, less “ sensitive’ sites
[16]. This explanation allows for an understanding
of why most cells are protected to some extent
against low heavy metal concentrations, and why
higher concentrations are often more toxic. Due to
the presence of highly concentrated areas of heavy
metals in the environment, heavy metal resistance
mechanisms are commonly found in bacterial
genomes. There is some debate as to when these
resistance genes may have been formed. One theory
is that the resistance genes were present when
bacteria evolved into a world aready polluted with
heavy metals from volcanic activity and other
geological events. Another suggests that these genes
arose much later, after humans polluted the world
[17,18]. Regardless of when these genes may have
arisen, heavy metal resistance is known to be a
common phenotypic characteristic encoded by
chromosomal and plasmid Uptake will describe the
fact that toxic ions enter the cdl while efflux will
describe the fact that the cell removes these ions.

Resgancetoagiven metd can beinducibleor conditutive
Many authorsfound two types of uptake systlemsfor metal
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Figure 1 shows a schematic overview of the cellular arsenite and arsenate uptake { After Silver and Phung [22]}

ionswhoseexpressionsweredther inducibleor condtitutive

One is fast, unspecific and generally driven by the

chemiosmaticgradient (membranepatertia gradient, usudly

200 mV across the cytoplasmic membrane of bacteria

(condtitutive) wheress the other oneis dower and has high

subgrate spedificty. The latter often uses ATP hydralyss

astheenargy source Itisexpensveandindudble(intimes

of nexd or garvetion). Silver [19] distinguishesfallowing 4

mechaniams of bacterid metal resstance

a). Kegping the toxic ion out of the cdl (reduced uptake).

b). Highly spedific efflux pumping (i.e removing taxicions
that entered the cdl by means of transport systems
evalved for nutrient cations or anions). Efflux pumps
canbedther AT Passsor chemiosmoatic driven. AT Pases
areenzymesthat usethechamica energy fromdeavage
of the high-energy phospho-ester bond of ATPto drive
the formation of concentration gradiants.

0). Intra.or extracdlular ssquestration by spedific mineral-
ion binding components (eg.: metalothionains) and/or
Ssegregation into complex compounds.,

d).Enzymetic detoxification (oxydoreductions) that convarts
amoretoxicion to alesstoxic one

Thefirgt two mechaniams can be grouped under theterm
avoidance wheareastheladt two areknown as sequestration
mechanisrs. Ingenera, matasbecometoxicfor organisms
when thar concantration is higher than the demand from
themetabdlism, at thispoint themaa canact asinhibitor of

maabalic pathways by strongly binding to enzymes or by

forming unwanted radicas or less Sable reaction products
and therefore wasting energy. Cells have deve oped
mechanignstoavoidthetoxicity of metdls, asdedtiveuptake
regulated by the metabalic need for the metdl, an efficient
excretion mechanism or specific meabalic pathways by
whichthetoxicformof themeta istransformed into anon-
or lesstoxic form.

Uptakeand excretion:

Cdlular mambranesareformeadby hydrgphobiclipid bilayers
which are nearly impendrablefor charged compounds. In
the course of evolution, membrane-gpanning transporters
were developed for the exchange of ions between the
surrounding environment andtheintracdlular space Thee
transporters ether form simple pores, by which energy-
independant diffusonispassibleor they trangpart their fraght
through mambranes by consuming energy.

Passvecdlular uptakeand excretion by smple
diffuson:

Smpledffuson of metasthrough cdl membranesisnot a
biologicaly relevant process, smply because of the
hydrophobic nature of cdl membranes and the hyadrophilic
natureaf theions. Diffusonthrough cdl membranesisused
by gaseslike axygen, nitrogen or methane[14]. Diffusion
isenergy indegpendent sinceit isdriven by aconcentration
gradient. It is likdy that volatile metal compounds for
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example Me,As, Me,Hg or AsH,, synthesized by the
metabolism in the cdl, are also excreted by passive
diffusion.

Activecdlular uptake:

The first barrier to penetration is the wall, which
provides some protection for the cytoplasmic
membrane. Cdl walls, especially those of fungi, can
be used as biosorbents[20]. Thus, many works have
focused on the description of Langmuir or Freundlich
isotherms to describe binding [21]. However, walls
cannot act as a perfect barrier to entry of some ions
that are essential trace e ements for microorganisms.
So, themetal ionisfirst transported into the cytoplasm
in spite of its high concentration, which is the first
reason why metal ionsaretoxic. Molecul es spanning
cdlular membranes for transporting other molecules
are often protein-complexes with hydrophobic and
hydrophilic domains. They can form pores suitable
for passive transport through the membrane, like
members of the permease family. These proteins
span the membrane, but they arenot ableto transport
against a concentration gradient. They allow energy
independent unhindered diffusion of hydrophilic
compounds, like water, through hydrophobic
membranes “downhill”. Active transport of
transporters can ether be selective for a specific
molecule or molecule-group or non-specific
transporters. As an example, the up-to-date
knowledge about the uptake of arsenate and arsenite
is briefly discussed in the following paragraph.

Arsenate uptaketakes placevia phosphate-transporters,
because of the structural similarity of phosphate and
arsenate ions. So far, examination of prokaryotic
microbes showed they possess two different phosphate
transporters; onewithahighaffinity for isregulated via
a feedback mechanism. Members of the low-affinity
Pit-family are expressed predominantly when the
phosphate concentration in the environment is high.
These transporters belong to the permease transporter
channels. Members of the Pst-family are ATP-
dependent phosphate transporters. The affinity of the
Pit-transporter for arsenate is higher than that of the
Pst-transporter. The uptake of arsenite (As(OH),) or
thestructurally smilar antimonite(So(OH),) isfadilitated
by transporters, which also transport glycerol, water and
other polyadls. Transporters of thiskind areinvolved in
the osmoregulation of every cdl. Theability of glycerol
trangportersto transport arseniteis probably aresult of
the smilarity of arseniteto other polyols[14].

Activecdlular excretion:

Efflux systems, which essentially pump thetoxicions
out of the cell prohibiting them from accumulating to
levels high enough to inhibit growth or cause cell
death, are the most common mechanism of “heavy
metal” resistance [22]. Resistance systems to all
metals other than mercury appear to use one of
several variations of the energy-dependent efflux
mechanism of detoxification. Efflux detoxification
may involve both the plasma-membrane-bound
AT Pases, which are cation pumps that form a
phosphorylated intermediate during the catalytic cycle,
and the energy required to maintain such a specific
pump or gradient far exceeds the “genetic cost of
having plasmid genesin thepopulation that can spread
when needed” [23]. Therefore, the normal, non-
specific uptake systems constitutively expressed and
are very energy efficient considering that they
transport several types of heavy-metal ions by the
same system. However, high concentrations of
intracellular metal ions can interferewith thefunction
and transport of other metal ions [24]. Resistance
mechanisms, that are often plasmid-encoded, have
evolved to allow the induction of metal-ion efflux
systems[23,24]. Efflux pumpsreducetheintracd lular
concentration of metals by means of transport
systems, without any enzymatic transformation [14].
This mechanism is more widespread than enzymatic
detoxification. Uptake and efflux mechanisms can
beclassified in 8 protein families approximatdy: the
most important are the ABC family (ATP Binding
Cassette), the P- and A-type ATPases family, the
RND family (Resistance, Nodulation and cdl Division)
and the MIT family (Metal Inorganic Transport).
Excretion of metals from cdlsis normally an energy
demanding process involving selective or non-
selective transport molecule complexes. Some metal
ions like iron are normally not excreted in freeionic
form. Others like arsenic are excreted as free ions
aswell as in metabolised form. These exporters are,
astheimporters, transmembrane protein complexes.
Most contain binding domains for ATP or other
energy-rich molecules, necessary for ddivering the
energy for thetransport, in addition to the substrate-
binding site. Not all metalsimported into thecdl can
be excreted as wdll. For example iron exporters are,
in contrast to importers, virtually unknown. Partial
responsibility may liewithiron being alimiting factor
for microbial growth in most environments, because
of itslow solubility. Theiron export iniron-respiring
microbes has not yet been studied. It may be similar
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totheonly known iron export cdlular toxin. Arsenite
is able to inhibit every enzymatic activity where
sulfhydryl groups are participating. Cells with a
defective arsenite export-system are extremely
sensitive to the lowest environmental arsenic
concentrations. The enzyme systems involved in the
excretion of arsenite are known in detail in
prokaryotic and eukaryotic cells. Thesetransporters
are ether plasmid or chromosomal encoded. In all
studied species so far these transporters bdong al to
the AT P-binding-cassette-protein super family, despite
ther variability.

Genesfor arsnicresgance

Microorganisms have evolved a number of mechanismsto
copewith metad toxidty, and some organisms even bendfit
fromthepresancedf metd ions. Insomecasssmetd taxidity
isavoided by minimizing the amount of arsenic thet enters
thecd|. Toxicmetalsintheenvironment sdect and maintain
microbes possessing gendic determinants which confer
resstanceto thetoxic compounds. In bacteria heavy metd
resistance genes are frequently located on plasmids.
Resigance ganes are aso encoded by the chromosomdl or
plasmid encoded system. Chromosomally encoded
resstance occurs by the activation of a phosphate uptake
pump with an increased sdectivity for phosphate, two
phosphate uptake sysams are presat, Fit (inorganic Pi
trangport) under abundant phosphate conditions, the high
Vmax but less spadific Pit system fulfills the phosphates
ned of the cdl and leads also to arsenate accumulation
[25]. Under conditions of phosphate sarvation, the more
specific Pt (phogphatespedific trangport) systemisinduced
[26]. P4 discriminates between phosphate and arsenate
100-fdld better than Fit [27, 28, 29, 30]. Thus, oneway for
the cdl to adapt to arsenate stress is to inactivate the At
system by apit mutation, which leadsto moderate arsanete
tolerance due to the discrimination between arsanate and
phosphete by the Pst system. During periods of phospheate
darvation or arsenate toxidty the Ps system is adtivated
and despitehavinganidentical Ki for arsanate, thereduction
in cdlular arsenic is achieved by the higher affinity for
phosphate TheKmfor phosphateis0.25pM, onehundred
times grester affinity than the it sysem [28]. The gendtic
determinants for there arsenic resstance are sudied in E.
coli, Pseudomonas aeruginosa, Bacillus subtilis and
Mycobacterium tuberculoss. Thus the activation of the
Pst system confers higher levds of arsanate resistance by
virtue of reduced uptake of arsenate As more and more
bacterid genomes are seguenced, it has become dear that
arseic resstance oparons are ubiquitous. The resstance
determinant systlems are functiond and provide arsanic

tolerance; inactivating these ars operons leads to
‘hypersendgititivity’ to arsenic compounds. Bacteid ars
systems confer arsenic resistance primarily by encoding a
specific efflux pump that extrudes As (l11) from the
cytoplaam, thus lowering the intracdlular concentration of
thetoxicarsenic[31]. Insomeplasmid-determined systems
of Gram-negetive bacteria, the flux pump consds of a
two-componantt ATPase complex. The arsA gene product
is a soluble ATPase subunit, which physically assodates
withan integra mambrane proten, the product of thearsB
gene[31,32,33]. ArsAand ArsB genesproduct areinvolved
in the export of arsenite and antimonate while ArsC gene
product is reguired to confer resstance to arsenate The
ArsA protein encodes two distinct adenylate-binding
consensus sequences which have binding affinity for
nudentidesand pecifically catalyzesthehydrolysisof ATP
Theoxy-anion pumpiscompasad of only two protans, a63
KD hydrophilicArsA protein and a45.5 KD ArsB protan
[34]. The ArsA gene has been saquenced and the deduced
amino acid sequence shares homology with several
adenylate-binding proteins such as nitrogenase and the 6-
subunit of the mitochondrial ATPase The binding of ATP
by ArsA is independent of the presence of oxyanions;
however, the rate of ATP hydrolysis is dependent on ther
pressnce andis stimulated 5-fold by the addiition of arsenite
and 50-fald with the addition of antimonite[34]. TheArsA
proteinismainly cytosalic but aportionisfound sedimented
within the cdl membrane and is thought to complex with
ArsB. ArsB isfound in theinner membrane of E. coli and
hasbea postulatedto betheportionof thepumpresponsible
for the export of anions from the cdl. The deduced amino
acid ssquenceof ArsB reveds severd regions of theprotein
are patertidly transmembrane regions. Bacterid arsmate
reductases can be grouped the 16 KD ArsC polypeptides
modify the ArsA-ArsB complex alowing the pumping of
arsate ArsC is nat reguired for the eflux of arseniteor
antimonate[35], itisgrouped intotwofamiliesaccordingto
thar structure and conssquent catalytic mechanisms, but
both associated with protains thet promotethiol oxidation/
reduction, such asglutaredoxin (Grx) or thioredoxin (Trx),
inorder to catalyzedisulfide bond reduction [36]. Thebest-
SudiedgroupistheE. coli resstanceplasmidR773family.
Resiganceto arsanicisindudble and recently afourth gene
has ben identified which regulates the arsenic resstance
operon. Plasmid encoded resistance results from the
activation of an anion-trandocation AT Pase with high
sdectivity for arsenate, arsenite and antimonate [34].
Plasmid-encoded resistance for arsenate/arsenite is
widespread among different bacteria species [37]. In
Saphylococcus, threegenes aredso involved in conferring
ressanceto arsenic, however, sanuence andyssindicates
only ArsB, the gene encoding the transmeambrane protan,
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Fgures 2 summarize the current knowledge about resistance to arsenate in E. coli.

shares homology with sequences of R773 [38]. In most
chromosomal arsanic resstance systems of Gram negative
bacteria and the plasmids and chromosomes of Gram:+
postivebacteria, contiguousarsB and arsC genesarefound,
but thereisno arsA gere Littleis known about this subject
inalgaeandfungi. Anarsenic resstiancegeneduster smilar
to that of bacteria is found in the yeast Saccharomyces
cerevigae [39].There are three contiguous genes in the
dudte, ARRL, ARR2 and ARR3 (previoudy caled ACRY,
ACR2 and ACR3). The arsR encodes a trans-acting
repressor of theArsR/SmitB family involved intranscriptiond
regulation. ThearsR under noninducing conditionsprevants
RNA polymerase binding and therefore transcription. The
arsRisatranscriptiona repressor that repondstoAs (1)
and So(I11) E. coli ArsR protansaredimersinsolutionand
thet dimerization is required for DNA binding [40,41,42).
Herethegeneral mechanismof arssmateressanceexplains
indetails Onceinddethecdl, thereisa probleminvolving
arsateddaxification duetothesructura Smilarity, it would
bedifficult to export arsenate with high affectivity with the
high phosphateconcantrationinthebackground [23]. Thus,
arsateddoxificationhastoinvolveaninitiad step, whichis
not possible for phosphete, and this step is reduction of
arsateto arsanite [43, 44]. More specific arsenate efflux

resstancesystars havebemintensvdy sudiedintheGram-
negative bacterium Escherichia coli (Fig. 1) and in two
Spedies of the Gram-pasitive genus Saphylococcus. The
chromosomal and plasmid-harbored functions encoded by
arsdgerminantsinal resstant organismsmediateefflux of
arsnic in an energy-dependent process, driven in E. coli
by ATPhydralyssandin Saphylococcus by themembrane
potential [34,45-48]. The ars determinants aso govern
resstanceto antimonite (which appearsto bean dternative
subgirate for the transport systam) and to tdlurite [49,50].
Because of the dectrochemical gradient across the
cytoplaamic membrane, export of any anion hasa negetive
free enargy for the bacteria cdl. Thus, the cdl nesds only
an arsenic-gpecific tunnd through the membrane to get rid
of thetoxicanion(seeFg. 2). Thesearsenic-gpedifictunnds
are the products of the arsB genes in E. coli and
Saphylococcus [35,44,51].

Resistanceto arsenic isinducible and recently afifth
gene arsD has been identified which regulates the
arsenic resistance operon. The lack Bacterial
arsenate reductases can be grouped of arsD and
arsA genes gives the Bacterial arsenate reductases
can be grouped more similar to structures of the ars
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operonsfrom plasmids of gram-positivebacteria, even
though the gene products exhibit only moderate (57%
for ArsB) to poor (19% for ArsC) similarity.

The distinct gene named arsH was also found in both
copies of the genomic ars operonsin P. pituda. The
arsH was originally identified in the ars cluster of a
Tn2502 transposon (belonging to the virulent plasmid
pYV of Yersinia enterocolitica and in Thiobacillus
ferrooxidans [52,53]. In Y. enterocolitica, arsH
appears to be necessary for arsenic resistance [52].
In P. putida both ArsH1 and ArsH2 were highly
similar to their counterpartsin Y. enterocolitica and
T. ferrooxidans (over 74%). Although P.fluorescens
strain M SP3 lacks an arsH gene[54], P. aeruginosa
has an arsH homologue (87% amino acid similarity)
located downstream of arsC. The arsH gene, which
is required for arsenic resistance, although the
function of the arsH product has not yet been,
elucidated chromosomal arsenic-resistance (ars)
operon of A.ferrooxidans is atypical in that it is
divergent, with its arsCR and arsBH genes
transcribed in oppositedirections [52]. Furthermore,
the amino-acid sequence of the putative ArsR-like
regulator of thearsoperonisnot conservedinregions
that have been shown to be responsible for binding
to arsenic.

Response of micro-organismsto metal stress-
metallothionein:

Metallothioneins (M Ts) are ubiquitous proteins of
extremdy high metal and sulfur content. They are
thought to play rolesboth intheintracdlular fixation
of the essential trace eements zinc and copper, in
controlling the concentrations of thefreeions of these
eements, in influences of exposureto toxic dements
such as cadmium and mercury and in the protection
from of avariety of stress conditions. Thisis one of
the most important mechanisms by which bacteria
combat heavy metal exposure and subsequent
accumulation. Bacterial metallothionein (MT) are
commonly grouped in 3 classes. Class | and |l are
gene-encoded, whereas class Il is not. Proteins
within the cdls may also provide a mechanism for
isolating metal ions and conferring a degree of
resistance. These groups of proteins are
characterized by their resistanceto thermocoagulation
and acid precipitation, by the presence of ca. 60 non-
aromatic amino acids, and by theabsence of disulfide
bonding [55,56]. Metallothioneins are a particularly
well-characterized family of metal binding proteins.

The metallothioneins are simple, cysteinerich, small
molecule proteins that are found in many organisms,
from, and even in some cyanobacteria [57]. These
proteins have a high affinity for metal ionsin groups
11 and 12 (most commonly Cd?*, Cu*, Hg2+, and
Zr?*) and complex 7 to 18 metal ions forming one or
two metal-thiolate clusters [56]. Given their unusual
structure, 1abiality, and induction by avariety of agents,
rolein metal homeostasis, detoxification, and transfer
[57,58]. In the prokaryotic cyanobacteria, metal ion
sequestration within thecdl is performed by theclass
Il metallothioneins. Class Il metallothioneins are
sulfhydryl-containing, cysteine-rich, metal-binding
proteins that sequester metal, thus preventing
accumulation of potentially toxic forms of metal ions
within the cell metals by limiting their cellular
availability [59]. Metal ion binding occurs through the
interactions of the ionswith the sulfhydryl groups of
cysteine residues [60]. The smt locus contains a
metal-regulated gene; smtA [61].This operon encodes
a class Il metallothionein and a divergently
transcribed repressor of smtA transcription, smiB. SB
is a trans-acting repressor of expression from the
SMtA operator-promoter region. Metallothionein
protein expression is dependent upon the loss of the
repressor gene, smtB, and subsequent unregulated
transcription of smtA, has been shown to be
advantageous to organisms constantly stressed with
changinglevels of cadmium, copper, lead, nickd, zinc,
or arsenate [62]. These mutant strains, devoid of the
functional repressor, show eevated leves of smtA
messenger RNA even in the absence of a metal
inducer. One such protein, identified in a P. putida
strain isolated from a metal-polluted site, displays a
high degree of homol ogy to the Synechococcus SmtA
[63,64]. The three-dimensional structure of the
Synechococcus MT has been determined, and all
the cysteine residues present in the peptide have been
assigned to the chelation of metals. Alignment of the
Synechococcus MT with the pseudomonad (P.
putida KT2440 and P. aeruginosa) MTs showed
the latter to have one or two cystene residues more
(one conserved at position 33) that could play arole
inbinding themetal [64]. All the cysteneand histidine
residues in SmtA involved in metal binding are
conserved in the pseudomonad MTSs, except His-49.
Actually, this residue is different in both
pseudomonad MTs, being replaced by either
methionine or aspartate. Pseudomonad MTs are
longer than those of other bacteria, although the C-
terminal tail lacks cysteine and histidine molecules
has been reported for Synechococcus SmtA, in which
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both cysteine and histidine residues are involved in
Zn co-ordination. Metallothionein contains several
sulfhydryl groups, which arsenite might bind indicated
that arsenite can bind to metallothionein, but the
binding is pH dependent, with greater binding
occurring at pH < 7. At pH 7, zinc can displace
arsenite from binding to metall othionein.

In eukaryotic system, sodium arsenite, and less
potently sodium arsenate, induce hepatic metallo-
thioneinin miceand ratsin a dose-dependent manner
after oral, intraperitoneal and subcutaneous
administration [65-67]. Both isoforms of metallo-
thionein as well their corresponding mRNA are
induced by arsenic [66,67]. Arsenite induced
metallothionein levels in other organs of the mouse
including kidney, heart, lung, spleen, stomach and
small intestine. However, the levd of induction in
these organs is less than the induction of
metallothionein in the liver [66]. Arsenite was found
not to be associated with hepatic metall othionein after
rats were treated with zinc and arsenite [67]. Yeast
cells defend themselves against heavy metals by
production of specific proteins, metallothioneins
(MTs) by binding to heavy metals [69-72]. Over
expression of metal-binding proteinssuchasMTsin
bacterial cells resulted in enhanced Hg?*
accumulation and thus offers a promising strategy
for the devdopment of microbe-based biosorbents
[73,74].

Stressinduced proteins:

When microbial species are subjected to abnormal
environmental circumstances, the organisms rapidly
redirect geneexpression and produceadistinct range
of newly synthesized proteins which assist their
survival and adaptation to the new conditions. Living
organisms respond to stressful environmental
conditions by increasing the production of specific
proteins which aleviate or reduce damage incurred
by the cell. Several resistances one of the
environmental stresses that activate a specific set of
genes called the heat shock genes, which are
associated with newly synthesized mRNA [75,76].
The most thoroughly studied stress proteins include
the heat shock proteins (HSP), theinduction of which
isthe most highly conserved response across genera.
This group of proteins interacts with other cdlular
proteinsto facilitate appropriatefolding, assembly into
protein complexes, or their translocation into
organdles[77,78]. Many environmental stresses are

known to induce the production of HSPs that can
help protect an organism from damage until stressis
removed. One of the most important of the heat shock
proteinsis GroEL. GroEL is a 58-kDa protein that
assembles into two stacked rings of seven subunits
each with an additional ring of seven 10-kDa GroES
subunits. This complex has been shown to renature
proteins, making them again functional [79]. Since
their major roleisin assisting protein folding with the
consumption of ATP, GroE termed chaperonins.
Chaperonins providekinetic assistanceto the process
of folding of newly translated proteins or proteins
disrupted as a result of celular stress to regain a
biologically active conformation [80]. In the bacteria,
thegenesfor GroES and GroEL protensarearranged
into an operon (groESL) and transcription is
coordinately expressed by the use of specific stress
sigma factors, essential component for maintaining
viability with changes in temperature [81], essential
proteins for cellular growth and are always
transcribed at baseline leves, only under conditions
of stress does the transcription rate increase.

Stress responses have been noted to occur in
Pseudomonas species, as initially reported in P.
aeruginosa [82]. Allan et al. [82] reported an
exposure to environmental pollutants and a rapid
temperature shift caused elevated synthesis of 17
proteins. Heat, NaCl, and hydrogen peroxide shock
exposure of P. putida also caused production of
clusters of new proteins, where some were similar
to starvation-stress proteins and otherswerecondition
specific or similar to the HSPs. Despite the
universality of the heat shock response, the
mechanism and production of HSPs varies greatly
and also among different bacterial species, and even
differs in one species depending on the stimulation
[83,84].

Inductions of heat shock proteins both by several
sulfhydryl reagent arsenite have recently been
reported. These induced heat shock proteins protect
membranes and proteins in a similar way as under
heat stress [85]. The induction of mMRNA for heat
shocks these heat shock or other stressors induces
several proteins. In the rabbit, intravenous
administration of sodium arsenite (0.8 mg/kg) results
in induction of a 74-kDa protein in the kidney, liver
and heart [86].Thisindicatesthereareorgan-specific
differences inthe ability of sodium arseniteto induce
this protein. The differences may be due to the
disposition of arsenic, which generally accumulates
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in low amounts in the brain [87]. A protein that is
induced by arsenite or heat shock in human renal
carcinoma cells is P-glycoprotein, which is an
expression of the multidrug resistance gene (MDR1)
[88].

Microorganisms play an important role in the
environmental fate of arsenic with a multiplicity of
mechanisms affecting transformations between
soluble and insoluble arsenic forms and toxic and
nontoxic arsenic forms. Inorganic arsenic forms, As
(V) and As (111), are subjected to microbiologically
mediated oxidation-reduction reactions. For example,
a Pseudomonas strain oxidizes As (I11) to As (V),
but they were not able to grow with As (111) as the
soleenergy source, thus suggesting that the ecol ogical
role of As (I11) oxidation was detoxification of
arsenic. Microbial reduction of arsenateisimportant
because arsenite (the reduced form) is more toxic
and more soluble (and thus, more mobile) than
arsenate. To date, dissmilatory reduction has been
observed in several bacteria [89-93]. In addition,
microorganisms may possess As (V) reduction
mechanisms that are not coupled to respiration but
instead are thought to impart arsenic resistance. For
eg. E.coli and S aureus reduces As (V) to As (l11)
for itsrapid extrusonfromthe cell [43,94]. In another
study of aerobic contaminated mine tailings, it was
found that members of the Caulobacter, Sphingo-
monas, and Rhizobium families may be responsible
for thereduction and mobilization of arsenic [93]. In
addition, Banfield[95] isolated anew Thermus strain
from an arsenic-rich terrestrial geothermal
environment, which was capable of both As (111)
oxidation and As (V) dissimilatory reduction.

Potential application for bioremediation of ar-
senic contaminated Stes:

The discharge of heavy metals due to industrial,
agricultural and military operations has serious adverse
effects on the environment [17,96]. In recent years, we
have seen dynamic growth in understanding arsenic as
aresult of the teamwork of aworldwide community of
researchers working on arsenic speciation,
transformations, transport kinetics, seasonal cycling,
accumulation, biochemistry, molecular biology,
geochemidtry, and toxicology. New devdopments in
arsenic biological and geochemical behaviour will
engender better understanding in developing new, safer
and cheaper technology to clean up the arsenic
contaminated sites and palluted drinking water.

A widevariety of fungi, algae, and bacteria are now
under study or are already in use as biosorbents for
arsenic remediation [97,98]. Metal binding by
biomolecules manipulated by cultivation conditions
(e.g., stress-inducible fungal melanin to improve its
metal binding properties[98].

During the last few decades extensive attention has
been paid to the hazards arising from contamination
of theenvironment by arsenic[96]. Decontamination
of heavy metalsin thesoil and water around industrial
plants has been a challenge for along time. The use
of microorganisms for the recovery of metals from
waste streams, as conventional processes used for
removal of heavy metalsfromindustrial wastewaters
include chemical precipitation, oxidation-reduction,
filtration, electrochemical techniques and
sophisticated separation processes using membranes
[97-100]. These processes are usually expensive
when heavy metals are present in moderate
concentrations, such as 1 to 100 mg/L. This
characteristic stimulates the use of alternative
biotechnologies, due to ther application. Moreover,
the possibility of altering the properties of living
species used in heavy metal remediation or
constructing chimeric organisms possessing desirable
features using genetic engineering is now under study
in many laboratories. Many scientists have sought
microbial community members responsible for
arsenate reduction. Hoeft et al. [101] found that in
the anoxic water of Mono Lake (California), two
subgroups (Sulfurospirillium and Desulfovibrio) of
the any arsenate that had been produced. Thus, in
some environments, both oxidation and reduction of
arsenic may occur. In another study of aerobic
contaminated mine tailings, it was found that
members of the Caulobacter, Sphingomonas, and
Rhizobium families may be responsible for the
reduction and mobilization of arsenic [93]. Although
several studies have attempted to show essentiality
of arsenic, a biological role for it has not been
demonstrated [8].The studies of interaction of living
organismsandtheir constituentswith thearsenic, will
prove to be useful for development of alternative
technology for the bioremediation of polluted sites.
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