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2 Introduction

This thesis is focused on arsenic and the mechanisms that confer arsenic
resistance in prokaryotes. I have studied these mechanisms in the Gram-
positive bacterium Bacillus subtilis. The main aim of the thesis is to both
summarize and present the research I have done and to put it into context with
what is known in the field. To accomplish this, I have structured the thesis in
three parts; Part I, II and III. The first part gives the reader a general
understanding of arsenic. It includes a brief introduction to arsenic, the history
of the element and how arsenic affects an alarmingly large number of people.
Following this short introduction, I present the main kinds of arsenic, how
they are formed and how they affect living cells. The final sections of Part I
deal with the important phenomenon of arsenic respiration and how arsenic is

internalized in cells.

In Part II of the thesis I describe, in more detail, the proteins that are
considered to be the main mediators of arsenic resistance in prokaryotes. Our
research concerns three of these proteins and it has resulted in three papers (I-
II). The main aim of Part Il is to relate our results to, as well as integrate them
with, the overall understanding of prokaryotic arsenic resistance. Part I ends
with a summary of the papers presented in part III, together with a discussion

on the future perspectives of our research.

Parc III at the very end of the thesis is composed of the manuscripts that have
resulted from our research. The papers give a detailed account for the methods
that have been used, each individual result, as well as derived conclusions and

discussions of these.



I would like to briefly comment on the choice of title for my thesis. Even
though the title as well as the first sentence in this chapter specifies
“prokaryotic”, the following text includes examples from the Domain of
Eukaryota, e.g. humans, rats and yeasts. This is simply because a vast amount
of research has been conducted on the interaction between arsenic and
eukaryotes. Thus, even though this is a thesis in microbiology, the present
knowledge on eukaryotes is an invaluable asset when discussing the interactions
between arsenic and prokaryotes. Also, the readers who possess knowledge
about the phylogeny of microorganisms might wonder why I chose
“prokaryotic” instead of “bacterial” — a valid question since I have focused my
studies on the bacterium Bacillus subtilis and the term Prokaryote comprises
both Bacteria and Archaea. The answer is that many features of arsenic
resistance are similar between the two Domains, and the mechanisms discussed
below are not only applicable to Archaea, they are also in some cases

exemplified by them.



3 Part |- A Brief Background

The toxic metalloid arsenic (As) is element nr 33 in the periodic table of
elements and belongs together with nitrogen, phosphorous, antimony and
bismuth to group XV. Arsenic is the 20" most abundant element in the Earth’s
crust and has been present on our planet since its birth. Human activity such as
coal combustion, mining and use of arsenic in agriculture has led to severe
arsenic pollution. However, the main causes of spread throughout the

biosphere are volcanic activity, weathering and leaching [1].

The occurrence of arsenic in the environment is of great concern, mainly
because of contaminated drinking water. The World Health Organisation
(WHO) has set the provisional guideline value of arsenic to 10pg/L, meaning
that water with arsenic concentrations that exceed this limit is considered
unsuitable for consumption [2]. However, at least twenty regions, dispersed
across all continents, contain hydrologic sources with arsenic concentrations
exceeding 10pg/L, and approximately 100 million people risk disadvantageous
health effects due to arsenic ingestion [3]. The geographical location that
harbours the largest population being exposed to dangerously high levels of
arsenic is the Ganges-Brahmaputra-Meghna region in India and Bangladesh.
Here, the arsenic concentration in waters can exceed 4000pg/L and 50 million
people are estimated to be subjected to contaminated drinking water [3, 4].
The situation has been described as the “largest poisoning of a population in

history” [5].

The vast human exposure to arsenic is of great concern due to the metalloids’
inherent toxicity. In humans, arsenic ingestion can lead to arsenicosis, arsenic

poisoning, which in its early stages manifests as melanosis and keratosis
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(abnormal deposits of melanin and a hardening of the skin) on the hands and
feet [6]. Prolonged exposure to arsenic has been shown to elevate the risk of
developing several cancers, including lung cancer, skin cancer and bladder
cancer [7, 8]. Arsenic is also known to increase the risk of developing type 2

diabetes [9] and it can cause severe neurological effects [10].

Although the main public topic of arsenic has recently been focused on
contaminated drinking water, the story of arsenic use and abuse stretches
further back in time and people have throughout history found practical uses
of the metalloid. Under the names ‘Poison of the Kings and the King of Poisons
and ‘inheritance powder , arsenic trioxide (As,O,) has since ancient times been
known to be a potent poison. People have also found other, less morbid, areas
of use for arsenic. It was for long used in beauty products, paint and in
tapestries. During the last century arsenic was used as a wood preservative, in
electronics, in pesticides and as an additive in poultry food to protect against
parasites and increase growth [11]. In contrast to its cause of mass poisoning
via drinking water, arsenic also has a history of successful use in medicine.
During the 18" century Thomas Fowler dissolved arsenic trioxide in potassium
bicarbonate and the resulting Fowlers” solution was used for treatment of
different infections and diseases [12]. In 1908 Paul Ehrlich won the Nobel
Price for his invention of Salvarsan, an arsenic-containing ointment developed
for treating syphilis [13, 14]. Today, arsenic has gained a lot of attention in the
development of treatments for multiple myeloma [15], promyelocytic leukemia

[12, 16] and it is presently under trial for treatment of solid tumors [17].



3.1 Arsenic species and their toxicity

Arsenite and arsenate

Arsenic is predominantly present as the trivalent arsenite (As(III)) and the
pentavalent arsenate (As(V)). The biologically most important form of arsenite
is arsenic trioxide (As,O,). Arsenic trioxide has a very high pKa (pKa=9.2) and
is as a result uncharged at neutral pH [18-20]. Arsenite reacts strongly with
thiols and is more toxic than arsenate. Many enzymes contain reactive thiol
groups. Thus, these enzymes risk loosing their activity if they are exposed to
arsenite [21]. Arsenite also forms strong bonds with the imidazolium nitrogens
of histidine residues [19], which could possibly interfere with, for example,

heme binding in cytochromes.

The biologically most important form of arsenate is arsenic acid (H,AsO,),
which exists as the arsenate oxyanion at neutral pH [18-20]. Arsenate has a
similar structure and similar chemical properties to phosphate. As a
consequence, arsenate is able to compete with phosphate in chemical
compounds. Of critical concern for living organisms is the ability of arsenate to
induce arsenolysis, a process which uncouples the production of adenosine-5’-
triphosphate (ATP) from respiration. In contrast to the stable, “high energy”
P-O bonds in ATP, the corresponding As-O bond is not stable. This causes the
bond to spontaneously hydrolyse, ultimately depleting the cell of ATP [21].
Arsenate has also been proposed to interfere with DNA integrity in a similar

manner [22].

Methylated arsenic

It has for a long time been known that both mammals and bacteria can

methylate arsenic to form non-volatile monomethylarsonic acid (MMA") and
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dimethylarsenic acid (DMA"), and volatile trimethylarsine oxide (TMAQ),
trimethylarsine (TMA™) and dimethylarsine (DMA™) [23]. The Cyt19 enzyme
which methylates arsenite in rat has recently been identified [24]. The
sequence of Cytl9 is very similar to that of proteins found in mouse and
humans. Thus, these proteins have been suggested to be members of the Cyt19
family of arsenite methyltransferases. Cyt19 methylates inorganic arsenite to
form MMA" by addition of a methyl group originating from
S-adenosylmethionine (AdoMet). MMA" is then reduced by thioredoxin (Trx)
to MMA™ which is methylated to DMA" by Cyt19 [24]. As summarized in
[25], further methylation and reduction steps converts DMA" to TMAQO® and
TMA"™. DMA" can also be reduced to DMA". Arsenite methylation was for a
long time considered a way to detoxify arsenic [26]. The main reason for this
was that the methylated end products are usually less toxic than inorganic
arsenite [24]. However, several recent studies have shown that methylated
arsenic is in fact more toxic than inorganic arsenicc. MMA', for example,
perturbs phospholipid bilayers more effectively than arsenate [27] and MMA™
is a stronger deactivator of thioredoxin and the nucleotide excision repair
system of damaged DNA than arsenite [28, 29]. As a consequence,
methylation of arsenic is no longer considered to be a mechanism of
detoxification [29]. On the other hand, expression of
Rhodopseudomonas palustris arsM has been shown to increase arsenic tolerance
in E. coli [30]. ArsM was the first arsenite-S-adenosylmethyltransferase to be
identified in bacteria. It mediates resistance by catalyzing the production of
TMA" which can leave the cell due to its volatility [30, 31]. Even though
arsenic methylation yields highly toxic compounds, it is clearly too early to

dismiss the methylation process as a way of detoxification.



Arsenic and oxidative stress

In several studies, arsenic has been shown to induce the formation of reactive
oxygen species, ROS, in cells [32]. ROS have one or more unpaired electrons
and two important forms are the superoxide (O,), and the hydroxyl (OH)
radicals. Superoxide and hydroxyl radicals are produced at low levels under
normal physiological conditions when oxygen accepts electrons from redox
enzymes, e.g. terminal oxidases and xanthine oxidases [33]. They are also
formed by ionizing radiation [34, 35]. Under normal conditions, superoxide is
rapidly converted to hydrogen peroxide by superoxide dismutase [36] and
hydrogen peroxide is subsequently removed by catalases and glutathione
peroxidases [37]. However, arsenic can induce the formation of ROS that
overload the ROS detoxification enzymes and other redox maintaining

systems.

The toxicity of ROS is multifaceted. One significant effect is the induction of
DNA damage, including DNA strand breaks and DNA oxidation [32]. More
than 100 ROS-induced oxidized DNA-products have been identified, all of
which are associated with mutagenesis and carcinogenesis in humans [35].
Reactive oxygen species can also initiate the autocatalytic oxidation of lipids,
resulting in the highly toxic malondialdehyde (MDA) [38]. Formation of
MDA can deplete the cell of lipids and result in DNA-DNA or DNA-protein
crosslinking due to formation of MDA-guanine adducts [35]. There are several
ways by which ROS can oxidize proteins and amino acid side chains [39-41].
The amino acid side chains most susceptible to ROS oxidation are Arg, Glu,
His, Val, Tyr, Cys and Met. Oxidation of the last three can lead to protein
crosslinking [42]. Cys and Met are especially vulnerable to oxidation by ROS
[43]. In addition, superoxide can release iron from enzymes containing iron-
sulfur clusters [44, 45]. The free iron is reduced by superoxide and becomes

available for the Fenton reaction which generates hydroxyl radicals (Fe(Il) +
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H,O, -> Fe(lll) + OH + OH) [46]. The net yield is the formation of more
ROS.

The mechanisms by which arsenic causes the formation of ROS can be either
direct or indirect. Ahmad et a/ [47] showed that both DMA' and DMA"
efficiently cause a release of iron from horse spleen ferritin and they proposed
that the free iron could contribute to ROS formation by the Fenton reaction.
It has also been demonstrated that DMA' causes damage to DNA by the
formation of superoxide, hydroxyl or peroxyl radicals [48]. The trivalent
species As(I1I) and MMA"™ are known to bind to thioredoxin and glutathione
and inactivate glutathione- and thioredoxin reductases [28, 49-51]. The
glutathione- and thioredoxin redox systems are involved in maintaining the
intracellular redox homeostasis [52]. By disrupting these systems, arsenic
cripples a vital part of the cells ROS detoxification scheme. It has also been
suggested that by accepting electrons from either water or oxygen, As(III) can
spontaneously be oxidized to As(V). Hydrogen peroxide is produced in the
process [22]. In conclusion, the formation of ROS is an aspect of arsenic

toxicity.

3.2 Arsenic respiration

In the process of cellular respiration, nutrients are converted to biochemical
energy. In aerobic respiration, the oxidation of organic compounds is coupled
to the terminal reduction of oxygen. Initially, a dehydrogenase oxidizes an
electron donor. Electrons are then shuffled through a membrane bound
electron transport chain and are finally used by a terminal oxidase to reduce
molecular oxygen. Bacteria are known to utilize many different dehydrogenases
and several terminal oxidases. In B. subtilis, the membrane bound type 2

NADH dehydrogenase and succinate dehydrogenase are main dehydrogenases
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[53, 54]. Upon oxidation of either NADH or succinate, the enzymes transfer
electrons to menaquinone which is reduced to menaquinol. Menaquinol is
oxidized by cytochrome 64 or cytochrome aa,, both of which are terminal
oxidases [55]. Alternatively, menaquinol can be oxidized by the cytochrome be-
complex which then reduces cytochrome caa,. The cytochrome b¢ complex
translocates protons [56, 57]. The reduced terminal oxidases transfer electrons
to molecular oxygen which is reduced to water. This final reduction of oxygen
by oxidases results in further proton translocation [55]. The net result is the
formation of an electrochemical gradient across the membrane. This gradient
can be utilized by the bacterium in several different ways, e.g. to actively
transport solutes across the membrane (4.2 The arsenic resistance protein -
Arsenite extrusion, p. 23), to energize flagellar motion [58] and most

importantly, to drive the synthesis of ATP by ATP synthase [59].

Some prokaryotes are able to use arsenic in respiration, either as an electron
donor (aerobic conditions) or acceptor (anaerobic conditions) [18, 60]. Arsenic
respiration can influence both the speciation of arsenic and its mobility. This
in turn can have a large impact on the environment. The importance of
microbial arsenic respiration has been illustrated in Bangladesh, where a
number of studies have shown that microorganisms at large contribute to
arsenic contamination of water supplies [11, 61, 62]. The contamination is a
result of the ability of bacteria to release arsenic from sediments, aluminum

oxides, ferrihydrites and other minerals [18, 63].

Bacteria that use arsenate as terminal electron acceptor in the electron transport
chain are referred to as dissimilatory arsenate-reducing bacteria. They comprise
members of the Crenarchaeota, Aquificae, Chrysiogenes, Deferribacteres, low GC
gram-positive bacteria, Halanaerobacter as well as the y-, 8- and e-

Proteobacteria [60]. Dissimilatory arsenate reduction is mediated by a
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heterodimeric enzyme consisting of a catalytic ArrA subunit and a smaller
electron transferring ArrB subunit. The ArrAB-complex can be either soluble
and located in the cytoplasm [64] or anchored to the cytoplasmic membrane
[65, 66]. The enzyme belongs to the family of DMSO reductases, which are all
members of the mononuclear molybdate class of enzymes [67]. The ArrA
polypeptide from Shewanella sp. Strain ANA-3 (95.2kD) contains an iron-
sulfur cluster coordinating domain (C-x,-C-x,-C-x,,-C), a molybdopterin
dinucleotide binding domain, and a TAT-export (twin-arginine translocation)
signal sequence. The corresponding ArrB subunit (25.7kD) and contains four
putative iron-sulfur cluster domains [68]. ArrAB-complexes from other
prokaryotes exhibit similar characteristics [64, 65]. The Shewanella sp. Strain
ANA-3 arrA gene is only expressed under anaerobic conditions when arsenic is
present and when electron acceptors with more favorable redox potentials, e.g.
nitrate (the midpoint potential of arsenate/arsenite is +130mV compared to
+420mV of nitrate/nitrite) are absent [69]. In contrast to the ArsC arsenate
reductases, which receive their reducing equivalents from glutathione or
thioredoxin (see 4.2 The arsenic resistance proteins — Arsenate reduction,
p- 19), the dissimilatory arsenate reductases reduce arsenate using electrons
from the respiratory electron transport chain. In Shewanella sp. Strain ANA-3
the electrons are transferred from the quinone pool to the Arr-complex by the

CymA periplasmic c-type cytochrome [70].

Bacterial arsenite oxidizers are phylogenetically diverse and include a-, -, and
y-proteobacteria, Thermus [11], and Archaea [71, 72]. However, in contrast to
anaerobic arsenate reduction, respiration by arsenite oxidation is mainly
aerobic and coupled to the reduction of molecular oxygen [18]. Even though
the arsenite oxidases are members of the DMSO family of reductases they are
phylogenetically separate from arsenate reductases. The arsenite oxidases are

heterodimers consisting of AoxA and AoxB polypeptides. The catalytic ~-90kD
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AoxB subunit contains an iron-sulfur cluster and a molybdenum atom
coordinated by four sulfur ligands [73, 74]. The smaller ~14kD AoxA subunit
contains one Rieske-type iron-sulfur cluster and a TAT-signal sequence [18,
73]. Even if arsenite oxidation is wusually coupled to metabolism
(chemolithoautotrophic arsenite oxidizers), some species do not use arsenite as
an electron donor in respiration (heterotrophic arsenite oxidizers). This
suggests that arsenite oxidation also can be exclusively used a mechanism of

arsenic resistance [1, 75, 76].

Oremland and Stolz [11] have proposed a model of how prokaryotic arsenate
reduction and arsenite oxidation may contribute to arsenic mobilization and
contamination of water supplies. In summary; initial activity of both
heterotrophic and chemolithoautotrophic arsenite oxidizing prokaryotes
mobilize arsenic from arsenite-containing minerals. Over time, this results in
accumulation of arsenate which is subsequently adsorbed to oxidized minerals.
Various human activities elevate the waters’ oxygenation which leads to
increased bacterial growth and arsenite oxidation and a subsequent
accumulation of microbial organic material. Following the increase in biomass,
anoxic conditions arise. This in turn supports the activities of prokaryotic
arsenate reducers that release arsenite into the aqueous phase. Over time, these
processes increase the arsenite concentration to toxic levels and result in heavily

contaminated waters.

3.3 Mechanisms of arsenic uptake

Not much is known about how extracellular arsenic affects bacterial cells.
However, considering the mechanisms of toxicity discussed above and the fact
that almost all components and reactions which sustain the life of the cell are

enclosed within the phospholipid bilayer, it is reasonable to believe that
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intracellular arsenic exerts a larger threat to the cells’ viability compared to
extracellular arsenic. The phospholipid bilayer is a semi permeable barrier
which prohibits the free diffusion of hydrophilic molecules, including arsenic.
Movement of molecules across the membrane occurs instead via a large
number of trans-membrane transporters with varying specificity. Since there
are no known proteins that are used to specifically transport arsenic into the

cell it is of interest to discuss how the metalloid is able to enter the cytoplasm.

Phosphate is of large importance to the cell. In Escherichia coli phosphate is
known to be internalized via two different transport systems; the Pit- and the
PhoS-PstABC systems. Because of the chemical similarity between arsenate and
phosphate, both systems mediate the uptake of also arsenate [77, 78].
Similarly, the yeast Saccharomyces cerevisiae phosphate transporters Pho84,
Pho86 and Pho87 have been shown to internalize arsenate [79]. B. subtilis has
both a Pst- and a Pit transport system. In contrast to the situation in E. coli,
the B. subtilis Pst system does not mediate uptake of arsenate [80]. However,
B. subtilis sensitivity to added arsenate is decreased by phosphate in the
medium (E. Aaltonen and M. Silow, unpublished) which suggests that arsenate
enters the cell via a phosphate transporter. Since only two phosphate transport
systems have been described in B. subtilis, arsenate uptake in this organism

most likely occurs via by the Pit transporter.

Arsenite is not internalised by phosphate transporters. It has been suggested
that As(OH,) can form six membered rings similar to that of hexose [20].
Indeed, studies have shown that arsenite internalization in . cerevisiae is
facilitated by the hexose permeases [20]. In addition, the structure of As(OH,)
is similar to that of glycerol which explains why the glycerol facilitators Fpslp
in S. cerevisiae and GIpF in E. coli have been found to transport arsenite to the

cytoplasm [81, 82]. Array studies show that the B. subrilis glycerol facilitator
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gene glpF [83] is downregulated upon arsenic exposure (M. Silow,
unpublished). A deletion of glpF has also been shown to decrease B. subtilis
arsenite sensitivity [84]. This suggests that GIpF is the entry point of arsenite
in B. subtilis. Glucose is mainly transported by the B. subrilis glucose-PTS
system and the GlcP permease [85] but it is not known if either of these

systems also transports arsenite.
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4 Part Il - Arsenic Resistance

Because of the toxicity and ubiquity of arsenic most living organisms have
evolved intrinsic systems for arsenic resistance. Since the article describing an
attempt to construct an arsenic resistant strain of Spirochaeta pallida, the
causative agent of syphilis, in 1948 [86], the scientific community has managed
to identify and characterize many of the systems that mediate bacterial arsenic
detoxification. Most of the prokaryotic arsenic resistance systems share three
main features: 1) reduction of arsenate to arsenite, 2) extrusion of arsenite to
the outside of the cell, 3) control of functions 1 and 2 by regulation of gene
expression. Features 1-3 are mediated by three proteins. ArsC reduces arsenate
to arsenite. ArsB and Acr3 are integral membrane proteins that transport
arsenite across the cell membrane. ArsR is a negative regulator which represses
the expression of the resistance genes in the absence of arsenite. In addition to
these three core components, there are several proteins which have been found
to contribute to arsenic resistance. Some of these work together with the above
proteins, e.g. ArsD in E. coli [87] whereas other proteins seem to function
independently, e.g. ArsM in Rbhodopseudomonas palustris [30]. The genes for the
proteins with peripheral function are usually encoded together with the genes
for the core proteins. Interestingly, even though the functions of the resistance
proteins are conserved throughout the Bacteria, their amino acid sequences as
well as the structural- and mechanistic properties vary. There is also a wide
diversity in the genomic location and context of the genes encoding the
resistance proteins. Resistance genes are most often clustered together in what
are called ars operons [88] but they can also be dispersed in the genome [89].
Operons and individual resistance genes are located on chromosomes [88, 90],

on plasmids [91-93] or on transposons [94]. In addition, even though the
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order of the genes in identified ars operons often is arsR, arsB, arsC, the
number of resistance genes, their order and their orientation can differ. Bacillus
clausii KSM-k16, for example, has two arsR genes within the same operon,
Thiobacillus ferrooxidans has two unusual divergently transcribed arsC-arsR and
arsB-arsH operons [95] and the orientation of the arsR gene in the ars operon

of Nostoc sp. PCC7120 is reversed with respect to the other resistance genes.

Arsenic resistance genes are essential for the survival of prokaryotes in an
arsenic contaminated environment. The disruption of a single gene can
drastically affect the arsenic tolerance of the organism (c.f. Paper III) and the
removal of an entire resistance operon is usually fatal if the cell encounters even
low levels of the metalloid. The opposite is true with respect to adding
resistance genes. A general rule is that more resistance genes confer a higher
tolerance towards arsenic [94, 96]. One of the most arsenic resistant bacteria
isolated so far is Corynebacterium glutamicum [96]. It contains two separate
resistance operons and two additional isolated resistance genes, comprising a
total of 9 resistance genes. C. glutamicum can grow at up to ~12mM arsenite,
compared to ~-5mM for E. coli [96] and ~4mM for B. subtilis (Paper III).
When multiple copies of its resistance operons were introduced, C. glutamicum

cells were viable at 60mM arsenite, a previously undescribed level of resistance

[89].

4.1 Arsenic resistance in Bacillus subtilis

B. subtilis is an aerobic, spore-forming bacterium with soil as its natural habitat.
It belongs to the family Bacillaceae but unlike its relatives Bacillus cereus and
Bacillus anthracis it is not pathogenic. The bacterium has served as a model

organism for the Gram positive order for the past 50 years and its
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biochemistry, genetics and physiology has been extensively mapped. The

genome of B. subtilis strain 168 was completely sequenced in 1997 [97].

Arsenic resistance in B. subtilis is mediated by two resistance systems. The
four-gene ars operon, located in the skin element on the bacterial chromosome,
is responsible for resistance to arsenate and arsenite. It consists of arsR, arsK
(yqcKIORFE2), acr3 (arsB) and arsC [88]. The ars operon accounts for
approximately 50% of the arsenite and 100% of the arsenate tolerance. The
other resistance system is encoded by the chromosomal two gene ase operon. It
encodes AseR, a negative transcriptional regulator, and AseA, an arsenite
extrusion pump [98, 99]. The Ase system provides 40% of the resistance to
arsenite but since it contains no arsenate reductase it does not provide
resistance to arsenate [98]. The proteins encoded by the ars and ase operons are
considerably different. Acr3 belongs to the ACR family of transporters and its
amino acid sequence shares only ~10% identity with that of AseA. In contrast,
the amino acid sequence of AseA shares 57% identity to that of ArsB from E.
coli (E. Aaltonen, and M. Silow, unpublished), the founding member of the
dual mode transporters which are phylogenetically distant from the ACR
family. ArsR and AseR both belong to the ArsR/SmtB family of repressor
proteins [98](Paper II). However, they are only -27% identical on the
sequence level (E.Aaltonen, and M. Silow, unpublished). Whereas both
repressors contain putative a3 arsenite binding sites, ArsR also contains an o5
site (see 4.2 The arsenic resistance proteins — Transcription regulation, p. 29).
Additionally, the proposed AseR DNA binding site [99] is different from the
ArsR DNA binding site (Paper II). It is believed that the a7s operon is a recent
lateral acquisition [88, 100] while the ase operon may be ancestral and

originating from before the event of oxygenation of the atmosphere [98].
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4.2 The arsenic resistance proteins

The following sections describe what is known about the individual
components that contribute to arsenic resistance. The first three sections
discuss the individual core components of the resistance machineries, i.e.
arsenate reduction, arsenite extrusion and transcription regulation. The last
section deals with additional proteins that have been found to play a role in

arsenic resistance in prokaryotes.

Arsenate reduction

Arsenate reductase catalyzes reduction of arsenate to arsenite [101]. Excluding
the respiratory arsenate reductases and methylation reductions discussed in the
Arsenic species and their toxicity-section above, three classes of bacterial
arsenate reductases have been described [102]. They are all relatively small
proteins (-135 amino acid residues) and act as soluble monomers in the
cytoplasm. They all reduce arsenate to arsenite via several steps of thiol-
mediated redox-reactions. The mechanisms of reduction, however, have

evolved independently of each other [103].

The first class is composed of Trx-coupled arsenate reductases. The most well
studied ArsC proteins are found in B. subtilis and Staphylococcus aureus
(encoded on the pI258 plasmid). These enzymes are similar both in their
structure and their reduction mechanism and they are related to the low
molecular weight protein phosphotyrosine phosphatases [104, 105]. The Trx-
coupled reductases are mostly found in Gram positive bacteria, but they have
also been identified in two Gram negative species [95, 106] and possibly also in

the Archaeon Archaaeoglobus fulgidus [102].
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Trx-coupled arsenate reductases contain three conserved cysteine residues
(Cys10, Cys82 and Cys89 in B. subtilis and S. aureus ArsC). The cysteines are
critical for the enzymatic function [107] and they function in a disulfide
cascade mechanism (Figure 1) [108]. The reaction cycle is initiated with a
nucleophilic attack of Cys10 on arsenate which results in a covalent Cys10-
As(V) intermediate. Cys82 then attacks Cysl0 and forms a Cys10-Cys82
intermediate with the subsequent release of As(III). Finally, Cys82 is attacked
by Cys89 which leads to the formation of a Cys82-Cys89 intermediate [107].
Oxidized ArsC is then regenerated and converted into its reduced and active

state by intermolecular thiol-disulfide exchange reactions with Trx [109, 110].

O'

Cys10—5~ Cys10—S— A ( )=0
S
. | Cys82—SH Cys82—SH “oH
NADP
S Cys89—SH Cys89— SH

Cys10—SH
NADPH SH Cys10—$
Cys82 —f |
H Cys82—S
s Cy589 —S Y

Cys89—SH

Figure 1. Trx-coupled arsenate reduction by ArsC. Grey arsenate marks the startpoint. B.
subtilis thioredoxin A (TrxA) and thioredoxin reductase B (TrxB) are used in this
illustration. Adopted from [102].
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The B. subtilis thioredoxin A (TrxA)-ArsC interaction occurs via a nucleophilic
attack of TrxA-Cys29 on ArsC-Cys89 which regenerates the ArsC-C82 and
-89 thiols. A subsequent attack of TrxA-Cys29 on TrxA-Cys32 results in the
formation of an intramolecular Cys29-Cys32 disulfide bond [109]. Trx is in
turn recycled to its reduced state by thioredoxin reductase and NADPH [109-
111]. Thioredoxin is known to only interact with oxidized ArsC, but how it
discriminates between the two oxidative states of ArsC is under some debate.
Based upon studies of S. aureus ArsC it has been proposed that the Cys82-
Cys89 region in oxidized ArsC loops out to the surface of the protein and
interacts with Trx [112]. However, a recent study on B. subtilis ArsC has
shown that the loop does not contribute to the TrxA-ArsC interaction. Instead,
upon formation of the Cys82-Cys89 disulfide bridge, a conformational change
moves the segment spanning between Lys88 and Val99. Residues Lys88-Pro94
were seen to constitute the main contact points with Trx. In addition, the
conformational change exposes Cys89 which at this stage points towards the
surface of the protein. Thus, it is likely that the conformational change as well
as the position and reactivity of Cys89 cooperate in mediating the ArsC-TrxA

reaction [109].

The second class of arsenate reductases use glutathione (GSH) as a reductant.
The model enzyme for this class is encoded by a7sC on the E. coli plasmid
R773. The sequence similarity between the E. coli ArsC protein and ArsC in B.
subtilis and S. awreus is low (about 10%) and there are few structural
similarities between the enzymes [102, 113]. Moreover, only one of the two
cysteines found in E. coli ArsC, Cysl12, is essential for catalysis. The other two
thiols used in the disulfide cascade mechanisms are present in glutathione
(GSH) and glutaredoxin (Grx) [102]. The proposed thiol-disulfide reaction
cascade therefore differs significantly from the Trx-ArsC mediated arsenate

reduction (Figure 2). The reaction cycle is initiated by a nucleophilic attack of
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Cys12 on arsenate which results in a covalent Cys12-As(V) intermediate. GSH
then binds to the arsenic by displacing a hydroxyl group. The resulting

glutathionylated As(V) intermediate is subsequently reduced to a covalently

N

on < 7
C-,
As(lll) &) A“V

N
x \QQ'
2H,0
/O-
Cys12— Asfli) —oH Cys12— S — Ag(V)=0
\OH

o

Cys12— As(III) Cys12—S— As
NoH \SG
%

& o
>

NADP NADPH

Figure 2. GSH-coupled arsenate reduction. Grey arsenate marks the startpoint. GSH;
glutathione, Grx; glutaredoxin, GrxR; glutaredoxin reductase. Adopted from [102].



bound dihydroxy As(IlI) intermediate by Grx and oxidized Grx-SG is released.
Then in two steps the dihydroxy As(IIl) intermediate is first converted to
monohydroxy As(IlI) and then to free As(III) by hydroxylation [114, 115].
Glutaredoxin is regenerated by glutaredoxin reductase and NADPH [116].

The third class of reductases is exemplified by ArsC from Synechocystis sp.
Strain PCC 6803. The amino acid sequence of this enzyme is highly similar to
those of ArsC from S. aureus and B. subtilis. However, it shares characteristics
with both the Trx- and the GSH- coupled ArsC enzymes [117]. Although the
activity of ArsC from Synechocystis sp. strain PCC 6803 is dependent on three
reactive cysteine residues (Cys8, Cys80 and Cys82), similar to ArsC from
S. aureus and B. subtilis, the enzyme uses GSH and Grx as reductants. The
proposed reduction mechanism is similar to the first steps of E. coli ArsC, up to
the formation of the ArsC-glutathionylated As(V) intermediate. However,
instead of the following formation of a dihydroxy arsenate intermediate, the
arsenate is reduced and released as arsenite and a Cys8-GSH disulfide remains.
After a subsequent shuffle of GSH to Cys80 or Cys82, ArsC is reduced and
reactivated by Grx [117].

Although not being a bacterial reductase, it is worth mentioning the eukaryotic
Acr2p arsenate reductase from S. cerevisiae. Acr2p is evolutionarily independent
of the bacterial enzymes. It is very similar to ArsC from E. coli with respect to
the use of GSH and Grx and the reaction schemes are rather similar. However,
it differs from the previously discussed arsenate reductases in that it functions

as a homo-dimer [102, 118].

Arsenite extrusion — Paper I

The central feature of arsenic resistance in prokaryotes is the transport of

arsenite from the cytoplasm to the outside of the cell. This extrusion is
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As(ll)
ATP ADP

Figure 3. Cartoon representations of three types of arsenite transporters found in
bacteria. A) An ACR transporter with 10 trans-membrane (TM) helices and with a
putative H'/As(III) antiport mechanism (Paper I). B) An ArsB transporter with 12 TM-
helices associated with dimeric ArsA ATPase. C) Hypothetical organization of the AqpS
channel with four AqpS monomers with 6 TM-helices each. It should be noted that the
organization of the TM helices has not been determined for any of the transporters.
Thus, the cartoons are simplified illustrations.

accomplished by specialized trans-membrane proteins that can be divided into
three distinct families depending on the protein structure and the mechanism

of pumping (Figure 3).

The ACR family of arsenite transporters is represented by the 346 residue Acr3
(previously ArsB, Paper I) from B. subtilis and the 404 residue Acr3p from the
eukaryote S. cerevisiae (Figure 3A) [88, 119, 120]. Since these proteins are
unrelated to ArsB from E. coli and S. aureus we have renamed B. subtilis ArsB
as Acr3 (Paper I). Members of the ACR family are phylogenetically wide
spread and are found in Gram-positive and Gram-negative bacteria as well as
in Archae and Eukaryota [121, 122]. The ACR proteins belong to the BART
(bile acid/arsenite/riboflavin transporter) superfamily [121]. It was previously

believed that ArsB-type transporters were more common than those of the
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ACR family. However, a recent analysis of bacteria in soil samples showed a
significantly larger prevalence of ACR-type transporters [122]. Interestingly,
the use of either an ACR- or ArsB-transporter does not seem to be a factor in

determining the level of arsenic tolerance [122].

Members of the ACR family have been much less studied compared with the
ArsB-type of transporters. Little is known about their structure or mechanism
of transport. Previous studies predicted that the ACR transporters have 10
trans-membrane (TM) a-helices. Since they have not been found to be
coupled to ATPase activity it is speculated that the extrusion of arsenite is
driven by the proton motive force by a As(OH),/H" antiporter mechanism [88,
119].

We contributed to the knowledge of this large class of arsenite transporters by a

study of the trans-membrane topology of B. subtilis Acr3 (Paper I). The results

Extracellular

Intracellular

Figure 4. Topological model of B. subtilis Acr3 in the cytoplasmic membrane (Paper I).
Residues conserved in six ACR family members are marked with an asterisk (*). H1 to H10
indicate trans-membrane helices.
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of the study provided the first experimentally determined structural
information on a member of the ACR family of arsenite transporters. By
combining in silico topology modeling with activity of green fluorescent
protein (GFP) and alkaline phosphatase (PhoA) reporter proteins fused to a
range of C-terminally truncated Acr3 variants, we concluded that Acr3 has 10
TM helices and both the N- and C-terminus located in the cytoplasm
(Figure 4). The protein has short extracellular loops and slightly longer
intracellular loops. A comparison between B. subrilis Acr3 and ACR
representatives from a range of Gram-positive and Gram-negative bacteria as
well as from yeasts showed that all proteins share a similar topology.
Interestingly, 38 or 39 of the 41 conserved residues are located within TM
helices, including the single cysteine which is found in TM helix 4. In
addition, 8 of the conserved residues are prolines which may indicate that

several of the helices in the ACR proteins contain multiple helix kinks [123].

Nothing is yet known about how Acr3 extrudes arsenic or which residues are
actively involved in the transport mechanism. It is interesting that TM helices
4, 5,9 and 10 contain a significant amount of the residues that are conserved
in the ACR family members analyzed in Paper I. These residues could be
intimately involved in arsenite transport. In the “Future perspectives” section
(p- 39) I describe ongoing work to further characterize the B. subtilis Acr3

transporter.

The so called dual mode transporters, such as ArsB from E. coli plasmid R773
(Figure 3B), were the first family of arsenite transporters to be characterized.
They are also the most studied transporters. Homologs of E. coli ArsB can be
found in both Gram-positive and Gram-negative bacteria [122]. These
proteins belong to the Major Facilitator Superfamily (MFES) and extrude
arsenite driven by the electro chemical gradient or by hydrolysis of ATP by a
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second protein, the ArsA ATPase [124, 125]. The E. coli ArsB and ArsA
proteins form an ArsA B complex which is able to extrude arsenite at a much
higher rate than ArsB alone [125]. The 429 amino acid ArsB has been shown
to have 12 trans-membrane a-helices. Both the N- and C-termini are oriented
to the cytoplasm [126]. The 583 residue ArsA protein contains two
homologous segments, Al and A2, with a 25 amino acid linker in between.
Both halves contain nucleotide binding domains (NBD). Segment Al contains
two cysteine residues (C113 & C172) whereas segment A2 contains one
cysteine (C422). These three cysteines function as a binding site for arsenite.
Upon binding of one arsenite, the Al and A2 segments are brought together.
This in turn brings the NBDs in close proximity to each other. As a result,
ATP is hydrolyzed and energy is provided for the extrusion of arsenite through
the ArsB-membrane channel [127]. In the absence of ArsA, the extrusion of
arsenite by ArsB is powered by the charge difference across the membrane and

the protein functions as a As(OH),/H" antiporter [81, 125].

It has recently been found that a third protein, ArsD, also participates in
arsenite extrusion by the E. coli ArsAB complex. The homodimeric ArsD
protein has been found in E. coli [126], Shewanella species strain ANA-3 [128],
Acidithiobacillus caldus [94], and Halobacterium sp. strain NRC-1 [129]. It was
previously thought that ArsD functions as a transcription regulator controlling
the ‘upper limit’ of transcription of the arsenic resistance genes [130].
However, it was recently found that ArsD acts as a metallochaperone that
scavenges the cytosol for free arsenite and delivers it to ArsA [87]. The
interaction between ArsD and ArsA enhances the catalytic affinity of ArsA. Le.,
the transfer of arsenite from ArsD to ArsA increases the efficiency of arsenite
extrusion. Because ArsD has a higher affinity for arsenite than ArsA, ArsD

confers more efficient resistance at lower concentrations of arsenite [87].
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The amino acid sequence of ArsB from E. coli is 58% identical to the sequence
of ArsB encoded by Staphylococcus aureus plasmid pI258 [125] and 57%
identical to the B. subtilis AseA sequence [99]. The latter two are encoded by
operons that do not encode ArsA homologs. However, when arsA from E. coli
was expressed in trans together with arsB from S. aureus it was found that ArsA
and ArsB functioned together and provided a higher level of arsenite extrusion
than ArsB alone [125]. It is possible that ArsA homologs are encoded elsewhere
on the chromosomes of B. subtilis and S. aureus or that ArsB from S. aureus
and AseA from B. subtilis might be coupled to other ATPases and transport
substrates other than arsenite. This does not seem likely however since ArsB

from S. aureus is specific for arsenite [125].

The third family of bacterial arsenite transporters is represented by AqpS, the
major arsenite transporter in Sinorbizobium meliloti (Figure 3C). The 233
residue amino acid sequence of AgpS is similar to the bacterial glycerol
facilitator (GlpF) and the yeast aquaglyceroporin Fpsl. AqpS facilitates
unidirectional diffusion of arsenite. It only confers resistance towards arsenite.
The agp$ gene is situated in an operon that contains an arsC gene, the product
of which is similar to the arsenate reductase ArsC from E. coli. In a proposed
detoxification scheme, arsenate enters S. meliloti through phosphate
transporters, is reduced to arsenite by ArsC and the subsequent increase in the
intracellular concentration of arsenite drives its transport through AqpS to the
cell exterior [131]. The trans-membrane topology of AqpS has not been
investigated. However, considering its sequence similarity with E. coli GIpF the
possibility exists that it also has the structure of a tetramer in which each
monomer has 6 TM-helices and two helices which span through half the

membrane [132, 133].
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There is also a fourth family of arsenite efflux proteins. However, it is not
found in prokaryotes. It belongs to the multidrug resistance-associated protein
(MPR) subgroup of the ABC transporter superfamily and is represented by
Ycflp protein from S. cerevisiae [134]. Ycflp is a close relative to the human
MRP, and has been shown to pump a wide diversity of metal substrates
conjugated to glutathione. The energy for pumping is provided by hydrolysis
of ATP. In contrast to the dual mode- and ACR transport families, which
transport arsenite to the exterior of the cell, Ycflp transports glutathione-metal
conjugates into the vacuole for sequestration [135]. Ycflp is predicted to

contain three trans-membrane domains (Tmd1-3). Tmd1l has 4-6 a-helices

whereas Tmd 2 and 3 each have 6 a-helices [136]. Ycflp contains two
nucleotide binding folds (NBF) which together constitute the ATP
hydrolyzing domain. One NBF is located in the cytosolic region between
Tmd2 and Tmd3 together with a regulatory domain and the other NBF is
located in the cytosolic domain following Tmd3 [137]. The exact mechanism
of ATP hydrolysis and substrate pumping is unknown. It is thought that the
binding and hydrolysis of ATP induces a conformational change which allows

substrate to pass through the protein [138].

Transcription regulation — Paper II

Proteins that confer arsenic resistance are not constitutively produced by their
host cells. The cells have the ability to “sense” arsenite and as a response “turn
on” the expression of resistance genes. The sensing is mediated by negative
transcription regulators named ArsR. In the absence of arsenite this dimeric
regulator is bound to a region of DNA located just upstream of the ars genes
(the operator sequence) and thereby it inhibits the binding of

RNA-polymerase. If arsenite enters the cell it binds to specific sites on the ArsR
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protein, causing the protein to dissociate from the DNA. This allows gene

transcription and production of arsenic resistance proteins.

ArsR is a founding member of the ArsR/SmtB family of metalloregulatory
proteins [139]. All members of this family are homodimeric metal sensitive
transcriptional repressors that control the expression of specific metal resistance
genes. Although the structure of ArsR has not been solved, it is believed to be
similar to that of several other members of the family; i.e. to have five a-helices
and two B-strands arranged into a al-02-a3-a4-B1-B1-a5-fold. The a3-turn-
o4 region constitutes a helix-turn-helix (HTH) DNA binding motif of which

the a4 helix is speculated to interact with the major groove. Helices a1 and a5
from one monomer interact in an antiparalle] manner with the corresponding

helices of the second monomer to form the dimer interface domain [140].

ArsR/SmtB regulators bind to DNA at specific inverted repeats which are
usually organized in a 12-2-12 pattern. These repeats are located near to, or
overlapping with, the transcriptional start site of the regulated gene or operon.
A comparison of inverted repeats shows that the ArsR/SmtB proteins SmtB,
ZiaR, CzrA and NmtR bind to a consensus sequence of aAtAxxTGAaca-xx-
tatTCAxaTxtc (capital letters; conserved residues, lower case letters;
semiconserved residues, x; non-conserved residues). The operator consensus
sequence of ArsR from E. coli (ArsR,) and CadC from S. aureus (CadC,) is
TAxAXTCAAAta-xx-taT TTGaxTxTA [140]. Although monomeric SmtB
binds weakly to DNA [141, 142], the ArsR/SmtB regulators most often bind
as multimeric complexes consisting of two (CadC,, [143]) or four homodimers

(CzrA, [140]).

B. subtilis ArsR binds to a 50 bp double stranded oligonucleotide that includes
a previously identified [88] 8-2-8 inverted repeat (IR1) as well the ars operon
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A)

*Ek * * * L& J

Bacillus anthracis Ames TAATCGAAAAAAATTGATATATT-A
Bacillus cereus ATCC 14579 AAATCAAAAAAACTTGATTAATA-A
QOcenobacillus iheyensis HTE831 ACATCAAAAAARAGTTGATGTAAA-A
Bacillus halodurans C-125 TAATCAAAAAAAATTGATTTAAC-A
Staphylococcus epidermidis ATCC GAATCAACAAAAAATGAC-TATAAA
Bacillus clausii KSM-k16 AAATCAAGAACACTTGATTTTTAGT
Bacillus subtilis 168 TAATCARAATAAATTGATTTATTIG

aATCaAaAaaAatTGALtt

IR2

B)
ArsRg/CadCg TAXAXTCAAAtaxxtaTTTGaxTxTA
ArsRg aATCaAa-Aaa-AatTGA Lt t

Figure 5. Operator sequence alignment. A) Alignment of the operator sequences of the
B. subtilis ars operon and of operons encoding ArsR, homologs. Asterisks (*) indicate
conserved nucleotides. Boxed regions on the B. subtilis sequence show IR1. Arrows and
shaded nucleotides indicate IR2. B) Comparison between the operator consensus sequence
of ArsR,/CadC, and ArsR, homologs. The ArsR; contact motifs are shaded.

-35 promoter region (Paper II). The binding is reversed by adding arsenite but
not arsenate. A previous study [88] suggested that IR1 is the ArsR, binding
site. However, experiments with mutant variants of the 50 bp oligonucleotide
show that only the first half of IR1 is essential for ArsR,-DNA binding and
that neither the -35 region nor the second half of IR1 is important (Paper II).
IR1 is not similar to known operator sequences for other ArsR/SmtB
regulators, and is not conserved in the operator regions of ars operons that
encode ArsR, homologs (Paper II). We identified a 6-6-6 inverted repeat (IR2)
in the DNA region located upstream from the ars operon where it overlaps
with the first half of IR1. IR2 is conserved in other bacteria encoding ArsR,
homologs (Figure 5A). IR2 is strikingly similar to the operator sequences of
CadC; and ArsR,, including the TCAT and TTTG motifs identified as the
DNA contact points for ArsR, [139] (Figure 5B). These findings strongly
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suggest that IR2 is the ArsR, operator site (Paper II). Interestingly, a
comparison between the operator consensus sequences of the ArsR, homologs
and ArsR;/CadC, shows that there is a difference in the number of nucleotides
that separates each half of the inverted repeats (Figure 5B). This may reflect a

yet undetermined factor in protein-DNA specificity (Paper II).

DNA binding by ArsR, involves formation of higher order multimers of ArsR,
(Paper II). Although the phenomenon is expected and known for other
ArsR/SmtB proteins, this is the first example of formation of higher order
multimers in an autoregulated arsenic responsive ArsR repressor. It may
indicate that multimerization plays an important role in transcription

regulation by ArsR proteins.

Metal recognition and binding by ArsR/SmtB proteins is conferred by two
different sites in the protein. The a3, or type 1, binding site is composed of
one core motif and one variable component. The core component is a highly

conserved Cys-Val-Cys-Asp (CVCD) motif located in the a3 helix. The
C*VC"D core motif in CadC; is complemented by an N-terminal C'-X,-C"
motif. Metal binding in CadC; is conferred by C’ and C" from one monomer
and the C* and C” residues from the other monomer [144]. The CVCD core
component of E. coli plasmid R773 ArsR (ArsR)) is instead complemented by a
third cysteine, forming the binding motif C*VC*DLC”. The ArsR,
monomers bind arsenite independently of each other by using all three
cysteines to coordinate the ion [145]. Mycobacterium tuberculosis CmtR
(CmtR,,) binds cadmium with its type 1 site, but uses a C-terminal cysteine,
C"™, from the second monomer to coordinate the ion [146]. Metal binding in
CadC,, ArsR, and CmtR; is presumed to induce a conformational change in
the DNA binding HTH domain which leads to protein dissociation from the
DNA.
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The a5, or type 2, binding site of ArsR/SmtB proteins is located on the a5-
helix and is thus situated in the dimerization domain. Until recently only one
main type of a5 binding site had been identified. This consists of an Asp-X-

His-X, -His-X-Glu/His (DxHx10Hx,E/H) motif. The use of this a5 metal
binding site is exemplified by Synechococcus PCC7942 SmtB (SmtB,) where
D™ and H'® from one monomer together with H'"” and E™ from the second
monomer coordinate a zinc ion [147]. However, a recent study of ArsR from

Acidithiobacillus ferrooxidans (ArsR,) identified a novel ArsR a5 arsenite

. . . .. 95,96 . . . .
binding site consisting of a C”C*X,C"” motif. ArsR, lacks the a3 binding site
found in ArsR; and in contrast to SmtB, the three cysteine residues of ArsR,
coordinate arsenite within each monomer [148]. It is speculated that a

conformational change induced by o5 metal binding results in regulator

dissociation from the DNA.

Some ArsR/SmtB family members contain only a type 1 metal binding site
(e.g. ArsR)). Other proteins of the family contain only a type 2 binding site
(e.g. ArsR,, CzrA and NmtR), whereas still others contain both types (e.g
CadC; and SmtBy). In the latter case it seems as if only one of the sites is
essential for metalloregulation. The only known exception is Synechocystis ZiaR
(ZiaR,) which depends on both type 1 and type 2 binding sites to sense zinc
[140]. Interestingly, B. subtilis ArsR contains at least two putative arsenite
binding sites, one a3 and one a5 (E. Aaltonen and M. Silow, unpublished).
Although these sites have not been studied, ArsR, may be the first identified
arsenite responsive ArsR regulator with two arsenite binding sites. The a3 site
has a conserved C*VC"D motif and an additional C”* residue. A cysteine
corresponding to ArsR, C” is also found adjacent to the CVCD motif of
CadC,, but is not involved in metal binding. Also, although C” of the ArsR,

32- 34 37 . . . . . . . . . .
C*VC"'DLC” motif is involved in arsenite coordination, it is not essential.

-33-



Thus, it is possible that the ArsR, a3 site binds arsenite either with or without

the C” residue. The a5 binding motif corresponds to the ArsR, binding site

. . . 93 ~94 104 105
and consists of two conserved cysteine pairs, C'C" and C'C", that are

located at the C-terminus. These residues may function as an a5 binding site,

102

but it is also possible that they work similar to CmtR, C™, i.e. by delivering

arsenite to the a3 binding site.

Other resistance proteins

Many arsenic resistance systems in prokaryotes include proteins other than
arsenate reductases, arsenite transporters and transcription regulators. Some of
the proteins are without known exact function whereas others have functions

that have been characterized in greater detail.

ArsK — Paper 111

The arsK (previously ygcK or ORF2) gene was first identified in B. subrtilis [88]
and genes encoding proteins with sequences similar to that of ArsK are present
in ars operons of at least twelve other species belonging to the firmicutes,
cyanobacteria, actinobacteria and proteobacteria (Paper III). arsK encodes the
146 residue ArsK protein and has in two separate studies, by an in-frame
deletion (Paper III) and a plasmid insertion disruption [88], been shown to
contribute to resistance against low levels of arsenite, as well as high levels of
arsenate. Interestingly, an arsK deletion mutant and wild type B. subrilis cells
grow similarly for some time before the arsenic sensitivity phenotype of the
mutant becomes apparent (Paper III). This indicates a delayed need for ArsK

after the onset of arsenic stress.



MKYVﬁVGVNWSLEKSINFYEKVFGVKAVKVKTDYAK -37
FLLETPGLNFTLNVADEVKGNQVNI:FGFQVDSLEEV -73
LKHKKRLEKEGFFAREEMDTTCCYAVQDKFWITDPDG - 110
NEWEFSYTKSNSEVQKQDSSSCCVTPPSDITTNSCC - 146

Figure 6. Amino acid sequence of ArsK. Asterisks (*) indicate putative metal
coordinating residues. The cysteine pair found to be conserved in all ArsK homologs is
underlined and shaded. Remaining cysteine residues are shaded.

The amino acid sequences of ArsK and its homologs are similar to that of
members of the Vicinal Oxygen Chelate (VOC) superfamily (Paper III). The
dimeric VOC-family proteins catalyse a diverse set of reactions, including
isomerizations (glyoxalases) and nucleophilic subsitutions (fosfomycin
resistance proteins). All of them, except the bleomycin resistance proteins,
contain a metal ion cofactor [149]. Interestingly, three of the four residues
known to coordinate a Ni* ion in E. coli glyoxalase 1 (GIxI) [150] are
conserved also in all ArsK homologs (Figure 6) (Paper III). The same three
residues have been proposed to function as metal coordinators in the
fosfomycin resistance proteins [149]. The similarity between ArsK and
members of the VOC-family indicates that ArsK may be an enzyme containing
a tridently coordinated metal ion cofactor (Paper III). Another interesting
feature of ArsK is that it contains three pairs of cysteine residues (Figure 6), all
of which are absent in the known VOC proteins. One pair is conserved in all
the investigated ArsK homologs. When projected and modelled onto the
structures of E. coli GIxI [151] and Pseudomonas aeruginosa fosfomycin
resistance protein A (FosA) [152], this cysteine pair is located on a loop with
close access to the active sites of the enzymes (Paper III). Considering the

strong affinity of arsenite for dithiols [51], this may indicate that the cysteines
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are involved in the function of ArsK (Paper III). All but one of the ArsK
homologs also contains one, two, or three additional cysteine pairs in their C-
terminal part. Although these residues cannot be projected or modelled onto
the structures of GIxI and FosA due to low sequence similarity, they may serve
a specific function, e.g. scavenge free arsenite for transfer to the active site or

sequester arsenite in a manner similar to ArsD [87].

Based on the functions of various VOC-family enzymes, we hypothesise that
ArsK functions similarly to the fosfomycin resistance proteins (Paper III).
These inactivate the antibiotic fosfomycin by coupling it to cysteine or
glutathione [153, 154]. Since B. subtilis does not encode genes needed for
glutathione biosynthesis, we speculate that ArsK uses cysteine, coenzyme A
(CoA) or the newly identified thiol U12 [155, 156]. The possession of ArsK
may allow the cell to specify which thiol is to be used in the detoxification
process and thereby limit the toxic effects of arsenic, including that on the

intracellular thiol pool.

In support of this hypothesis we found that an 7K deletion mutant is more
sensitive to arsenite in the presence of oxygen (Paper III). As discussed above,
arsenic is known to induce oxidative stress and low molecular weight thiols
play an important role in the protection against oxidative stress. Thus, it is
possible that the a7sK deletion mutant is impaired in its thiol homeostasis
which renders it more sensitive to arsenite induced oxidative stress. Our
experiments also showed that an a7sK deletion mutant has reduced sporulation
efficiency in the presence of arsenite (Paper III). The sporulation process
includes a complex set of events, some of which depend on the formation and
breaking of disulfide bonds [157]. In parallel with the oxidative stress
experiment, the sporulation deficient phenotype of the 47K mutant may be an

effect of a disrupted thiol homeostasis.
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ArsK is undeniably an important part of the B. subtilis resistance machinery.
However, one may validly argue that any disruption of the arsenic
detoxification process could result in oxidative stress- and sporulation
phenotypes similar to that of the 475K deletion mutant. No matter what the
function of ArsK is, its removal is likely to result in elevated levels of
intracellular arsenic. This can by itself increase the degree of oxidative stress
and affect the sporulation process. Thus, even if the results support our
hypothesis, we need to confirm it with more experiments. Some of these

experiments are described in the “Future perspectives” (p. 41) section.
p persp p

ArsM

The arsM gene was initially found coupled to an a7sR gene in the haloarchacon
Halobacterium sp. strain NRC-1. A deletion of arsM resulted in increased
arsenite sensitivity [129]. The amino acid sequence of ArsM is strikingly
similar to those of both human methyltransferases and Magnetospirillum
magnetotacticum S-adenosylmethionine-dependent methyltransferase. This led
to the speculation that ArsM may function as an arsenite-methyltransferase
[129]. A later study showed that a hypersensitive E. coli strain expressing arsM
from R. palustris had an increased arsenic tolerance and that arsenic in this
strain was converted to volatile TMA" gas with DMA" and TMAO" as
intermediates [30, 31]. A subsequent analysis of purified ArsM showed that it
catalyzes the transfer of methyl groups from S-adenosylmethionine (AdoMet)
to arsenite [30]. This suggests that the production of volatile arsenic species by

ArsM may be a detoxification mechanism [30, 129].
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ArsH

The ArsH proteins were first identified in Yersinia enterocolitica [93] and later
in Acidothiobacillus ferrooxidans [95], Synechocystis sp. strain PCC6803 [158]
and S. meliloti [131]. ArsH has been shown to be necessary for resistance to
both arsenite and arsenate in Y. enterocolitica and S. meliloti [93, 131], but it is
not critical for resistance in Synechocystis sp. or A. ferrooxidans [95, 158]. The
amino acid sequence of ArsH shows similarities to those of NADPH-
dependent mononucleotide reductases [131, 158] and it produces hydrogen
peroxide by reducing oxygen via a NADPH:FMN oxidoreductase mechanism
[159]. The 241 residue ArsH from S. meliloti was recently crystallized and
found to be a tetramer [159]. The exact mechanism by which ArsH
contributes to arsenic detoxification is not known. It is speculated that it either
oxidizes arsenite to the less toxic arsenate [158, 159] or reduces arsenite to

volatile arsines [159].

ArsO and ArsT

Two novel arsenic resistance coupled genes were recently found on the linear
plasmid pHZ227 in Streptomyces sp. strain FR-008 [160]. The arsT" gene
encodes a putative thioredoxin reductase and is cotranscribed with an arsR
gene. The arsO gene encodes a putative flavin-binding monooxygenase and is
localized in an @rsRBO operon. The arsT gene is essential for arsenic resistance
and the ArsT protein is likely to partake in arsenate reduction together with
ArsC which has sequence similarities with Trx-coupled arsenate reductases. In
contrast, the 25O gene is not essential for arsenic resistance. Considering its

similarity to flavin-binding monooxygenases it may have a function similar to

ArsH [160].
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4.3 Summary of papers and future perspectives

Paper I — Acr3

We have analyzed the transmembrane topology of the ACR family arsenite
transporter Acr3 from B. subtilis. Using in silico topology modeling we initially
constructed two models with 9 and 10 TM helices, respectively. Subsequent
experimental analysis of 32 translational fusions of ac73 with genes for alkaline
phosphatase and green fluorescent protein showed that both the N- and C-
termini are located in the cytoplasm. The experiments provided information
about the locations of the majority of the cytoplasmic and extracellular loops of
Acr3. Two data points indicated a possible 8 TM helix topology. However, the
results from 10 additional translational fusions did not support this alternative
topology. We concluded that Acr3 contains 10 TM helices. The results also
indicate that helices 5 and 6 may be tilted within the membrane. A majority of

the residues which were found to be conserved in six Acr3 homologs are

located in TM helices.

Our future studies will focus on three aspects of Acr3; 1) the source of energy
required for arsenite pumping, 2) the residues involved in arsenite pumping,
and 3) the 3-dimensional structure. It has been speculated that Acr3 functions
as an H'/arsenite antiporter similar to ArsB, without the ArsA ATPase. We
plan to investigate this possibility by studying Acr3 arsenite pumping in
membrane vesicles. We are currently at a stage of purifying His,-tagged
B. subtilis Acr3 produced in E. coli. With the membrane vesicle system one can
also assay the efficiency of arsenite pumping by Acr3. By mutating specific
amino acid residues in Acr3 the assay will allow us to probe residues important
for arsenite extrusion. An 7z vivo assay with the same purpose is also currently

under development and aims to monitor arsenic sensitivity in a acr3 deficient

-39-



strain which expresses mutated acr3. Although difficult, solving the crystal
structure of Acr3 would give detailed insight into how the protein is organized
and how it functions. The purification of heterologously produced Acr3

protein is our first step towards this goal.

Paper IT — ArsR

Using a combination of modelling based on homologs and electrophoretic
mobility shift assays we identified the operator site of ArsR; from B. subtilis. It
consists of a single 6-6-6 inverted repeat and is located close to the -35
promoter element of the ars operon. The binding site is very similar to
reported binding sites for ArsR/SmtB repressor proteins. ArsR, binds to double
stranded DNA in a highly specific manner and the results indicate that the
binding involves formation of higher order multimers of ArsR,. This is the first
time multimerization is reported for an autoregulated arsenic responsive ArsR
repressor and the investigation is the first detailed study of DNA binding by an

ArsR/SmtB repressor from B. subtilis.

We report a single 6-6-6 inverted repeat as the ArsR, operator site, but it
remains to be determined which residues constitute the protein-DNA contact
points. These residues are likely to include the conserved ATC and TGA
motifs in each respective half of the repeat. However, this needs to be
confirmed with footprinting and EMSA experiments. Our results suggest that
the number of nucleotides that bridge the contact points may vary between
different operator sequences. To our knowledge the plasticity of the spacing
between the contact points recognized by ArsR/SmtB proteins has not been
investigated. Thus, it would be interesting to determine how the spacing and

sequence variables of the ars operon operator affect the binding of ArsB,,.
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Another interesting feature of ArsR; is the presence of two putative arsenite
binding sites. To distinguish if ArsR; makes use of only one or use all of the
possible binding sites we have initiated a study to investigate which of the
seven cysteine residues in ArsR, that are involved in arsenite binding. We have
so far constructed a set of ArsR, mutants with different cysteine substitutions
and we are currently studying the interaction between these variants and

arsenic as well as between the variants and DNA.

Although the structures of several ArsR/SmtB proteins have been solved, there
is no published structure of an arsenite responsive repressor. There is also no
available structure of an ArsR/SmtB repressor bound to its cognate operator
sequence. We are presently in the process of determining the structure of both
apo ArsR, and ArsR; bound to DNA in solution using nuclear magnetic

resonance (NMR) spectroscopy.

Paper III — ArsK

By constructing an in-frame deletion of a7sK (yqcK) in B. subtilis and analyzing
the arsenic tolerance of resulting strains we have shown that 275K contributes to
arsenic resistance. The a7sK deletion mutant is more sensitive to arsenite in the
presence of oxygen and suffers decreased sporulation efficiency when arsenite is
present. It is possible that these phenotypes are an effect of a disrupted low
molecular weight (LMW) thiol homeostasis in the deletion mutant. On the
sequence level, ArsK is similar to proteins belonging to the VOC-family of
metalloenzymes. The three metal coordinating residues in the fosfomycin
resistance proteins (Fos) are conserved in ArsK and its homologs. The function
of Fos detoxification is to enzymatically couple cysteine or glutathione to
fosfomycin. Considering the high affinity of arsenite for thiols we propose a

similar detoxification mechanism for ArsK.
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The results of the complementation of the #7sK deletion mutant needs to be
confirmed. By repeating the experiments at a lower level of arsenite we hope to
increase the resolution of the results. Also, by acquiring and using antibodies
directed against ArsK, we will investigate the presence of the ArsK protein in

the complemented strains.

We are currently investigating the proposed function of ArsK. Using HPLC we
analyze the low molecular weight thiol content of B. subzilis and how it changes
during growth, both with and without arsenic in the medium. The results will
be interesting by themselves since they may give insight into both normal and
stress affected LMW thiol metabolism in real time. Comparing the results with
those of similar experiments with the 7K deletion mutant could allow us to

identify which LMW thiol compound is utilized by ArsK.
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5 Populdrvetenskaplig sammanfattning

Arsenik ir ett naturligt fsSrekommande och mycket giftigt grundimne. Det har
i artusenden nyttjats av minniskor i olika sammanhang och flera av dessa
anvindningsomrdden, exempelvis gruvindustrin, har bidragit tll enorma
utsldpp av arsenik i vir milj. Det 4r dock naturliga fenomen som ansvarar for
den storsta frisittningen och spridningen av arsenik och man brukar rikna
vulkanisk aktivitet, kemisk urlakning och erosion som de storsta orsakerna.
Arseniks utbredda forekomst har pid senare tid uppmirksammats som en
allvarlig hilsorisk fér omkring 100 miljoner ménniskor runt om i virlden. Det
storsta hotet fér minniskan ir arsenikfororenat dricksvatten och man har
funnit att minniskor som exponeras for arsenik l6per hog risk att utveckla
bland annat olika sorters cancer. Arsenik férekommer huvudsakligen i tvd
former; som arsenit och som arsenat. Bdda formerna kommer in i cellen genom
proteiner som vanligtvis transporterar andra imnen som cellen behéver.
Arsenit reagerar med svavelgrupper i proteiner. Svavelinnehédllande aminosyror
dr viktiga bestindsdelar i minga enzym. Arsenit har en hog affinitet for
aminosyrornas svavelgrupper och binder dirfor ofta till dessa. Inbindningen
gor att enzymen forlorar sin aktivitet och arsenit kan pa s sitt stinga av ett
stort antal cellulira funktioner. Arsenat dr diremot kemiske likt fosfat och har
formdgan att ersitta fosfat i ett antal viktiga molekyler. Problemet 4r att arsenat
dr instabilt nir det anvinds i molekyluppbyggnad och effekten ir att dessa

molekyler blir defekta och ofta forlorar sin funktion.

Lyckligtvis 4r alla levande organismer férsedda med inbygda resistenssystem
mot arsenik. De enklaste resistenssystemen finns i bakterier och bestir

vanligtvis av tre olika proteiner; ArsB, ArsC och ArsR. ArsB idr en pump som
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sitter i bakteriens cellmembran. Pumpen har till uppgift att transportera arsenit
fran cellens insida (cytoplasma) till dess utsida. ArsB kan dock enbart
transportera arsenit och proteinet ArsC har dirfor dll uppgift att omvandla
intracellulirt arsenat till arsenit. For att cellen ska veta nir den ska producera
ArsB och ArsC har den ArsR, som fungerar som en arseniksensor. I frinvaro av
arsenik sitter ArsR bundet till ett omride pd cellens DNA som ligger precis
bredvid de gener som kodar for resistensproteinerna. Denna inbindning gor att
cellen inte kan “lisa” resistensgenerna och dirmed inte heller producera de
kodade proteinerna. ArsR idr mycket kinsligt f6r arsenik och reagerar med det
sd fort det har tagit sig in i cellen. Resultatet av ArsR-arsenik-interaktionen ir

att ArsR lossnar frin DNA:t och att cellen d& kan producera ArsB och ArsC.

Vi studerar arsenikresistens i den jordlevande bakterien Bacillus subtilis. Dess
resistens medieras av fyra proteiner, ArsR, AstK, Acr3 och ArsC, varav vi har
studerat de tre forstnimnda. Acr3 motsvarar den ovan beskrivna ArsB, men till
skillnad frin ArsB har man tidigare inte kint till hur Acr3-proteinet ser ut eller
hur det fungerar. Vi har visat att Acr3 bestdr av 10 stycken segment som vart
och ett l6per genom cellmembranet. Acr3 skiljer sig frin det tidigare
karakteriserade ArsB som har 12 st transmembrana segment. Var
strukturbestimning ligger till grund for framtida analyser av hur pumpen
fungerar. Vi har dven studerat ArsR frin B. subtilis och kartlagt exake var pd
DNAt proteinet binder for att blockera produktionen av de andra
resistensproteinerna. DNA-sekvensen for inbindningsstillet liknar tidigare
identifierade inbindningsstillen fér ArsR frin andra bakterier. Det finns
diremot skillnader i hur sekvensen ir strukturerad vilket kan innebira att vi
har uppticke en ny faktor som avgér var p& DNAt som ArsR kan binda. Vira
resultat visar dven att flera ArsR proteiner kan binda tll samma

inbindningsstille pd DNAt. Detta fenomen har man inte sett for andra ArsR



proteiner och det antyder att ArsR fungerar pd ett mer komplicerat sitt 4n vad

man tidigare har funnit.

Aven ArsK ir ett vanlige forekommande bakteriellt resistensprotein. Vi har
visat att B. subtilis-celler som saknar den gen som kodar for ArsK dr mycket
kinsligare for arsenik 4n celler som har genen kvar. Reultatet visar att ArsK har
en roll i arsenikresistensen. Sekvensen av de aminosyror som bygger upp ArsK
liknar den sekvens man hittar hos proteiner som tillhér en stor familj av
enzymer som heter VOC. ArsK sekvensen ir speciellt lik ett VOC-enzym som
skyddar bakterier frin ett visst antibiotikum. VOC-enzymet inaktiverar
antibiotika genom att addera svavelrika molekyler. Med tanke pd att arsenit
ofta binder svavelrika aminosyror foresldr vi att ArsK-proteinet fungerar med
en liknande mekanism, dvs att binda arsenit till specifika svavelinnehallande

molekyler. En sddan funktion skulle minska mingden fri intracellulir arsenit

och didrmed skydda cellen.

-45-



6 Acknowledgements

This thesis is the final product of my approximately four and a half years as
PhD-student at COB. Needless to say the result cannot be attributed only to
me. I would not be where I am without the guidance, leadership and
friendship of a rather large number of people.

Maria Berggdrd-Silow, my humble and brilliant supervisor — we first met when
you accepted me as a master thesis student in the spring of 2003. Since then
you have guided me with sharp wit and enormous optimism. Our frequent
discussions on mutual interests and the multitude aspects of life have made our
relationship all the more enjoyable. My time as your PhD student has been a
sweet pleasure — thank you!

Lars Hederstedt, my assistant supervisor, you are a truly passionate scientist
with the biggest possible heart. You have been a huge inspiration and the
amount of help you have given me and Mia throughout the years is
immeasurable.

Anna, it has been an honour to be your PhD-twin and partner in our own
corner of the world; the U! Thank you for giving me valuable feedback on my
thesis and I hope life will spring happy surprises on you in the northern valleys
of Norway. Michael, the traditions of lab 238 are now yours to maintain (and
enforce) and I wish you all the best! Annika — your insightfulness has taught
me many lessons and I'm always at awe with your efficiency. No matter where
you go and what you do when you’re finished, I seriously hope you start selling
some prints! Helena, my dissertation buddy and the woman who greets me
most mornings by loading my in-box with hilarious e-mails, you can brighten
even the darkest of days! Your smile is incredibly contagious and my heart
warms whenever I hear your laughter bouncing through the corridors.

Light on / lights off, windows open / windows closed, living plants / very, very
sad plants, Tolkien, heavy metal with accordions, Chinese paraphernalia, every
day anecdotes — Room 335 has been the best of offices and no matter where I
end up I'll always regard it as my favourite. Mari, Sabd and Yiming - thank you
for these years!

-46 -



The rest of the junior and senior staff — thank you all for the scientific
discussions, experimental help and inspiration and for adding to the experience
of every day!

I also wish to express my gratitude to all those friends who have shared my
successes and defeats. Thomas and Erica — it was our trio that lit my interest in
microbiology and your friendship has since then continued to be more than
rewarding. The Friday-beer buddies — being able to unload and share the mass
of events from the week while enjoying some cold ones is the ultimate way to
spend each Friday evening. May we continue to see the light every Monday!
David — the man who pops my balloon of ignorance every so often — thanks to
you for all the support, advice, conversations and relaxing hangouts.

Mom, Dad and Anders — your support, calmness and never failing belief in my
abilities means the world to me. Wherever we are in the world we will always
be the Aaltonens and all of which that embodies.

Kristina, you are the core of my soul! I cannot thank you enough for
everything you have done for me, including several review sessions of this
thesis. You, I and tiny K will now move on to a completely new chapter and I
am more excited than I have ever been before. It’s you and me babe, you and
me!

-47 -



7

References

10.

11.

12.

Croal, L.R,, J.A. Gralnick, D. Malasarn, and D.K. Newman, 7he genetics of
geochemistry. Annu Rev Genet, 2004. 38: p. 175-202.

WHO. Arsenic in drinking water. 2001 [cited 080808]; Available from:

http://www.who.int/mediacentre/factsheets/fs210/en/.

Mukherjee, A., P. Bhattacharya, K. Savage, A. Foster, and J. Bundschuh,
Distribution of geogenic arsenic in hydrologic systems: Controls and challenges. ] Contam
Hydrol, 2008. 99: p. 1-7.

Smedley, P.L. and D.G. Kinniburgh, A review of the source, behaviour and
distribution of arsenic in natural waters. Applied Geochemistry, 2002. 17(5): p. 517-
568.

Bhattacharjee, Y., Toxicology. A sluggish response to humanity's biggest mass poisoning.
Science, 2007. 315(5819): p. 1659-1661.

Saha, K.C., Diagnosis of arsenicosis. ] Environ Sci Health A Tox Hazard Subst
Environ Eng, 2003. 38(1): p. 255-272.

Luster, M.I. and P.P. Simeonova, Arsenic and urinary bladder cell proliferation.
Toxicol Appl Pharmacol, 2004. 198(3): p. 419-423.

Rossman, T.G., A.N. Uddin, and F.J. Burns, Evidence that arsenite acts as a
cocarcinogen in skin cancer. Toxicol Appl Pharmacol, 2004. 198(3): p. 394-404.

Diaz-Villasenor, A., A.L. Burns, M. Hiriart, M.E. Cebrian, and P. Ostrosky-
Wegman, Arsenic-induced alteration in the expression of genes related to type 2 diabetes

mellitus. Toxicol Appl Pharmacol, 2007. 225(2): p. 123-133.

Vahidnia, A., G.B. van der Voet, and F.A. de Wolff, Arsenic neurotoxicity - a review.
Hum Exp Toxicol, 2007. 26(10): p. 823-832.

Oremland, R.S. and J.F. Stolz, The ecology of arsenic. Science, 2003. 300(5621): p.
939-944.

Kwong, Y.L. and D. Todd, Delicious poison: Arsenic trioxide for the treatment of
leukemia. Blood, 1997. 89(9): p. 3487-3488.

-48-



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

The nobel prize in physiology or medicine 1908. 2006 [cited 080808]; Available from:
http://nobelprize.org/nobel prizes/medicine/laureates/1908/.

Rosen, B.P., Families of arsenic transporters. Trends Microbiol, 1999. 7(5): p. 207-
212.

Kalmadi, S.R. and M.A. Hussein, The emerging role of arsenic trioxide as an
immunomodulatory agent in the management of multiple myeloma. Acta Haematol,

2006. 116(1): p. 1-7.

Yedjou, C.G., P. Moore, and P.B. Tchounwou, Dose- and time-dependent response of
human leukemia (HL-60) cells to arsenic trioxide treatment. Int ] Environ Res Public
Health, 2006. 3(2): p. 136-140.

Dilda, P.J. and P.J. Hogg, Arsenical-based cancer drugs. Cancer Treat Rev, 2007.
33(6): p. 542-564.

Stolz, J.F., P. Basu, J.M. Santini, and R.S. Oremland, Arsenic and selenium in
microbial metabolism. Annu Rev Microbiol, 2006. 60: p. 107-130.

Rosen, B.P., Biochemistry of arsenic detoxification. FEBS Lett, 2002. 529(1): p. 86-
92.

Liu, Z., E. Boles, and B.P. Rosen, Arsenic trioxide uptake by hexose permeases in
Saccharomyces cerevisiae. ] Biol Chem, 2004. 279(17): p. 17312-17318.

Hughes, M.F., Arsenic toxicity and potential mechanisms of action. Toxicol Lett, 2002.
133(1): p. 1-16.

Del Razo, L.M,, B. Quintanilla-Vega, E. Brambila-Colombres, E.S. Calderén-
Aranda, M. Manno, and A. Albores, Stress proteins induced by arsenic. Toxicol Appl
Pharmacol, 2001. 177(2): p. 132-148.

Bentley, R. and T.G. Chasteen, Microbial methylation of metalloids: Arsenic,
antimony, and bismuth. Microbiol Mol Biol Rev, 2002. 66(2): p. 250-271.

Thomas, D.J., S.B. Waters, and M. Styblo, Elucidating the pathway for arsenic
methylation. Toxicol Appl Pharmacol, 2004. 198(3): p. 319-326.

Silver, S. and T. Phung le, A bacterial view of the periodic table: Genes and proteins for
toxic inorganic ions. ] Ind Microbiol Biotechnol, 2005. 32(11-12): p. 587-605.

Aposhian, H.V., Enzymatic methylation of arsenic species and other new approaches to
arsenic toxicity. Annu Rev Pharmacol Toxicol, 1997. 37: p. 397-419.

Suwalsky, M., C. Rivera, C.P. Sotomayor, M. Jemiola-Rzeminska, and K. Strzalka,

Monomethylarsonate (MMA") exerts stronger effects than arsenate on the structure and
thermotropic properties of phospholipids bilayers. Biophys Chem, 2008. 132(1): p. 1-8.

-49-



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, Z., H. Zhang, X.F. Li, and X.C. Le, Study of interactions between arsenicals
and thioredoxins (human and E. coli) using mass spectrometry. Rapid Commun Mass
Spectrom, 2007. 21(22): p. 3658-3666.

Piatek, K., T. Schwerdtle, A. Hartwig, and W. Bal, Monomethylarsonous acid destroys
a tetrathiolate zinc finger much more efficiently than inorganic arsenite: Mechanistic
considerations and consequences for DNA repair inhibition. Chem Res Toxicol, 2008.
21(3): p. 600-606.

Qin, J., B.P. Rosen, Y. Zhang, G. Wang, S. Franke, and C. Rensing, Arsenic
detoxification and evolution of trimethylarsine gas by a microbial arsenite
s-adenosylmethionine methyltransferase. Proc Natl Acad Sci U S A, 2006. 103(7): p.
2075-2080.

Yuan, C., X. Lu, J. Qin, B.P. Rosen, and X.C. Le, Volatile arsenic species released
from Escherichia coli expressing the Aslll s-adenosylmethionine methyltransferase gene.
Environ Sci Technol, 2008. 42(9): p. 3201-3206.

Shi, H., X. Shi, and K.J. Liu, Oxidative mechanism of arsenic toxicity and
carcinogenesis. Mol Cell Biochem, 2004. 255(1-2): p. 67-78.

Valko, M., M. Izakovic, M. Mazur, C.J. Rhodes, and J. Telser, Role of oxygen radicals
in DNA damage and cancer incidence. Mol Cell Biochem, 2004. 266(1-2): p. 37-56.

Fridovich, 1., Biological effects of the superoxide radical. Arch Biochem Biophys, 1986.
247(1): p. 1-11.

Valko, M., C.J. Rhodes, J. Moncol, M. Izakovic, and M. Mazur, Free radicals, metals
and antioxidants in oxidative stress-induced cancer. Chem Biol Interact, 2006. 160(1):
p. 1-40.

Desideri, A. and M. Falconi, Prokaryotic Cu, Zn superoxide dismutases. Biochem Soc
Trans, 2003. 31(Pt 6): p. 1322-1325.

Michiels, C., M. Raes, O. Toussaint, and J. Remacle, Importance of Se-glutathione
peroxidase, catalase, and Cu/Zn-SOD for cell survival against oxidative stress. Free
Radic Biol Med, 1994. 17(3): p. 235-248.

Marnett, L.]J., Lipid peroxidation-DNA damage by malondialdehyde. Mutat Res,
1999. 424(1-2): p. 83-95.

Davies, K.J. and M.E. Delsignore, Protein damage and degradation by oxygen radicals.
III. Modification of secondary and tertiary structure. ] Biol Chem, 1987. 262(20): p.
9908-9913.

Davies, K.J., M.E. Delsignore, and S.\. Lin, Protein damage and degradation by

oxygen radicals. II. Modification of amino acids. ] Biol Chem, 1987. 262(20): p.
9902-9907.

-850 -



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Davies, K.J., Protein damage and degradation by oxygen radicals. I. General aspects. ]
Biol Chem, 1987. 262(20): p. 9895-9901.

Stadtman, E.R., Role of oxidant species in aging. Curr Med Chem, 2004. 11(9): p.
1105-1112.

Levine, R.L., L. Mosoni, B.S. Berlett, and E.R. Stadtman, Methionine residues as
endogenous antioxidants in proteins. Proc Natl Acad Sci U S A, 1996. 93(26): p.
15036-15040.

Liochev, S.I. and I. Fridovich, 7he role ofOZ‘ in the production of HO': In vitro and in
vivo. Free Radic Biol Med, 1994. 16(1): p. 29-33.

Flint, D.H., J.E. Tuminello, and M.H. Emptage, The inactivation of Fe-S cluster
containing hydro-lyases by superoxide. ] Biol Chem, 1993. 268(30): p. 22369-22376.

Liochev, S.I. and 1. Fridovich, The Haber-Weiss cycle - 70 years later: An alternative
view. Redox Rep, 2002. 7(1): p. 55-57; author reply 59-60.

Ahmad, S., K.T. Kitchin, and W.R. Cullen, Arsenic species that cause release of iron
[from ferritin and generation of activated oxygen. Archives of Biochemistry and
Biophysics, 2000. 382(2): p. 195-202.

Yamanaka, K. and S. Okada, Induction of lung-specific DNA damage by metabolically
methylated arsenics via the production of free radicals. Environ Health Perspect, 1994.
102 Suppl 3: p. 37-40.

Hansen, J.M., H. Zhang, and D.P. Jones, Differential oxidation of thioredoxin-1,
thioredoxin-2, and glutathione by metal ions. Free Radic Biol Med, 2006. 40(1): p.
138-145.

Styblo, M., S.V. Serves, W.R. Cullen, and D.]. Thomas, Comparative inhibition of
yeast glutathione reductase by arsenicals and arsenothiols. Chem Res Toxicol, 1997.
10(1): p. 27-33.

Kitchin, K.T. and K. Wallace, The role of protein binding of trivalent arsenicals in
arsenic carcinogenesis and toxicity. ] Inorg Biochem, 2008. 102(3): p. 532-539.

Smits, W.K., J.Y. Dubois, S. Bron, J.M. van Dijl, and O.P. Kuipers, Tricksy business:
Transcriptome analysis reveals the involvement of thioredoxin A in redox homeostasis,
oxidative stress, sulfur metabolism, and cellular differentiation in Bacillus subtilis. ]
Bacteriol, 2005. 187(12): p. 3921-3930.

Bergsma, J., M.B. Van Dongen, and W.N. Konings, Purification and
characterization of NADH dehydrogenase from Bacillus subtilis. Eur ] Biochem, 1982.
128(1): p. 151-157.

von Wachenfeldt, C. and L. Hederstedt, Molecular biology of Bacillus subtilis
cytochromes. FEMS Microbiol Lett, 1992. 79(1-3): p. 91-100.

-B51-



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Wachenfeldt, C.v. and L. Hederstedt, Respiratory cytochromes, other heme proteins,
and heme biosynthesis. Bacillus subtilis and its closest relatives; from genes ro cells, ed.
A.L. Sonenshein, J.A. Hoch, and R. Losick. 2002, Washington DC: ASM Press. p.
163-178.

Yu, J., L. Hederstedt, and P.J. Piggot, The cyrochrome be complex
(menaquinone: Cytochrome ¢ reductase) in Bacillus subtilis has a nontraditional subunit

organization. ] Bacteriol, 1995. 177(23): p. 6751-6760.

Yu, J. and N.E. Le Brun, Studies of the cytochrome subunits of

menaquinone: Cytochrome ¢ reductase (bc complex) of Bacillus subtilis. Evidence for the
covalent attachment of heme to the cytochrome b subunit. ] Biol Chem, 1998. 273(15):
p. 8860-8866.

Sowa, Y., A.D. Rowe, M.C. Leake, T. Yakushi, M. Homma, A. Ishijima, and R.M.
Berry, Direct observation of steps in rotation of the bacterial flagellar motor. Nature,
2005. 437(7060): p. 916-919.

Nartsissov, Y.R. and E.V. Mashkovtseva, Application of rigid body mechanics to
theoretical description of rotation within FOFI-ATP synthase. ] Theor Biol, 2006.
242(2): p. 300-308.

Oremland, R.S. and ].F. Stolz, Arsenic, microbes and contaminated aquifers. Trends
Microbiol, 2005. 13(2): p. 45-49.

Harvey, C.F., C.H. Swartz, A.B. Badruzzaman, N. Keon-Blute, W. Yu, M.A. Alj, J.
Jay, R. Beckie, V. Niedan, D. Brabander, P.M. Oates, K.N. Ashfaque, S. Islam,
H.F. Hemond, and M.F. Ahmed, Arsenic mobility and groundwater extraction in
Bangladesh. Science, 2002. 298(5598): p. 1602-1606.

Islam, F.S., A.G. Gault, C. Boothman, D.A. Polya, ].M. Charnock, D. Chatterjee,
and J.R. Lloyd, Role of metal-reducing bacteria in arsenic release from Bengal delta
sediments. Nature, 2004. 430(6995): p. 68-71.

Malasarn, D., C.W. Saltikov, K.M. Campbell, ].M. Santini, ].G. Hering, and D.K.
Newman, arrAis a reliable marker for As(V) respiration. Science, 2004. 306(5695): p.
455.

Krafft, T. and J.M. Macy, Purification and characterization of the respiratory arsenate
reductase of Chrysiogenes arsenatis. Eur ] Biochem, 1998. 255(3): p. 647-653.

Afkar, E., J. Lisak, C. Saltikov, P. Basu, R.S. Oremland, and ]J.F. Stolz, 7he
respiratory arsenate reductase from Bacillus selenitireducens strain MLS10. FEMS
Microbiol Lett, 2003. 226(1): p. 107-112.

Malasarn, D., J.R. Keeffe, and D.K. Newman, Characterization of the arsenate

respiratory reductase from Shewanella sp. strain ANA-3. ] Bacteriol, 2008. 190(1): p.
135-142.

-52-



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Stolz, J.F. and R.S. Oremland, Bacterial respiration of arsenic and selenium. FEMS
Microbiol Rev, 1999. 23(5): p. 615-627.

Saltikov, C.W. and D.K. Newman, Genetic identification of a respiratory arsenate
reductase. Proc Natl Acad Sci U S A, 2003. 100(19): p. 10983-10988.

Saltikov, C.W., R.A. Wildman, Jr., and D.K. Newman, Expression dynamics of
arsenic respiration and detoxification in Shewanella sp. strain ANA-3. ] Bacteriol,
2005. 187(21): p. 7390-7396.

Murphy, J.N. and C.W. Saltikov, The cymA gene, encoding a tetraheme c-type
cytochrome, is required for arsenate respiration in Shewanella species. ] Bacteriol, 2007.
189(6): p. 2283-2290.

Lebrun, E., M. Brugna, F. Baymann, D. Muller, D. Lievremont, M.C. Lett, and W.
Nitschke, Arsenite oxidase, an ancient bioenergetic enzyme. Mol Biol Evol, 2003.
20(5): p. 686-693.

Jackson, C.R., H.W. Langner, J. Donahoe-Christiansen, W.P. Inskeep, and T.R.
McDermott, Molecular analysis of microbial community structure in an arsenite-

oxidizing acidic thermal spring. Environ Microbiol, 2001. 3(8): p. 532-542.

Ellis, P.J., T. Conrads, R. Hille, and P. Kuhn, Crystal structure of the 100 kDa
arsenite oxidase from Alcaligenes faecalis in two crystal forms at 1.64 A and 2.03 A.
Structure, 2001. 9(2): p. 125-132.

Conrads, T., C. Hemann, G.N. George, L.]. Pickering, R.C. Prince, and R. Hille,
The active site of arsenite oxidase from Alcaligenes faecalis. ] Am Chem Soc, 2002.
124(38): p. 11276-11277.

Silver, S. and L.T. Phung, Genes and enzymes involved in bacterial oxidation and
reduction of inorganic arsenic. Appl Environ Microbiol, 2005. 71(2): p. 599-608.

Muller, D., D. Lievremont, D.D. Simeonova, ]J.C. Hubert, and M.C. Lett, Arsenite
oxidase a0x genes from a metal-resistant beta-proteobacterium. ] Bacteriol, 2003.

185(1): p. 135-141.

Rosenberg, H., R.G. Gerdes, and K. Chegwidden, Two systems for the uptake of
phosphate in Escherichia coli. ] Bacteriol, 1977. 131(2): p. 505-511.

Willsky, G.R. and M.H. Malamy, Characterization of two genetically separable
inorganic phosphate transport systems in Escherichia coli. ] Bacteriol, 1980. 144(1): p.
356-365.

Masanori, B.-y., S. Koh, N. Shinji, Y. Chulee, H. Satoshi, and O. Yasuji, Two new

genes, PHOB86 and PHO87, involved in inorganic phosphate uptake in
Saccharomyces cerevisiae. Current Genetics, 1996. 29(4): p. 344-351.

-B3-



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Qi, Y., Y. Kobayashi, and F.M. Hulett, The pst operon of Bacillus subtilis has a
phosphate-regulated promoter and is involved in phosphate transport but not in
regulation of the pho regulon. ] Bacteriol, 1997. 179(8): p. 2534-2539.

Meng, Y.L., Z. Liu, and B.P. Rosen, As(I1I) and Sb(II]) uptake by GlpF and efflux by
ArsB in Escherichia coli. ] Biol Chem, 2004. 279(18): p. 18334-18341.

Wysocki, R., C.C. Chery, D. Wawrzycka, M. Van Hulle, R. Cornelis, J.M.
Thevelein, and M.]. Tamas, The glycerol channel Fpslp mediates the uptake of arsenite
and antimonite in Ssaccharomyces cerevisiae. Mol Microbiol, 2001. 40(6): p. 1391-
1401.

Milton H. Saier, J., S.R. Goldman, R.R. Maile, M.S. Moreno, W. Weyler, N. Yang,
and LT. Paulsen, Transport capabilities encoded within the Bacillus subtilis genome. J
Mol Microbiol Biotechnol, 2002. 4(1): p. 37-67.

Clauss, A., Inactivation and expression of three genes encoding putative tyrosine
phosphatases in Bacillus subtilis, Department of Microbiology. 2000, Lund University:
Lund. p. 14.

Inaoka, T. and K. Ochi, Glucose uptake pathway-specific regulation of synthesis of
neotrehalosadiamine, a novel autoinducer produced in Bacillus subtilis. 2007. p. 65-75.

Probey, T.F., Attempt to produce an arsenic-resistant strain of Spirochaeta pallida iz
experimental syphilis. Public Health Rep, 1948. 63(51): p. 1654-1659.

Lin, Y.-F., AR. Walmsley, and B.P. Rosen, An arsenic metallochaperone for an arsenic
detoxification pump. Proc Natl Acad Sci U S A, 2006. 103(42): p. 15617-15622.

Sato, T. and Y. Kobayashi, The ars operon in the skin element of Bacillus subtilis
confers resistance to arsenate and arsenite. ] Bacteriol, 1998. 180(7): p. 1655-1661.

Ordonez, E., M. Letek, N. Valbuena, J.A. Gil, and L.M. Mateos, Analysis of genes
involved in arsenic resistance in Corynebacterium glutamicum A7CC 13032. Appl
Environ Microbiol, 2005. 71(10): p. 6206-6215.

Carlin, A., W. Shi, S. Dey, and B.P. Rosen, The ars operon of Escherichia coli confers
arsenical and antimonial resistance. ] Bacteriol, 1995. 177(4): p. 981-986.

Ji, G. and S. Silver, Regulation and expression of the arsenic resistance operon from

Staphylococcus aureus plasmid pI258. ] Bacteriol, 1992. 174(11): p. 3684-3694.
Chen, C.M., T.K. Misra, S. Silver, and B.P. Rosen, Nucleotide sequence of the
structural genes for an anion pump. The plasmid-encoded arsenical resistance operon. |

Biol Chem, 1986. 261(32): p. 15030-15038.

Neyt, C., M. Iriarte, V.H. Thi, and G.R. Cornelis, Virulence and arsenic resistance in
Yersiniae. ] Bacteriol, 1997. 179(3): p. 612-619.

-54-



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Tuffin, LM., P. de Groot, S.M. Deane, and D.E. Rawlings, An unusual TN21-like
transposon containing an ars operon is present in highly arsenic-resistant strains of the
biomining bacterium Acidithiobacillus caldus. Microbiology, 2005. 151(9): p. 3027-
3039.

Butcher, B.G., S.M. Deane, and D.E. Rawlings, The chromosomal arsenic resistance
genes of Thiobacillus ferrooxidans have an unusual arrangement and confer increased
arsenic and antimony resistance to Escherichia coli. Appl Environ Microbiol, 2000.

66(5): p. 1826-1833.

Mateos, L.M., E. Ordonez, M. Letek, and J.A. Gil, Corynebacterium glutamicum as
a model bacterium for the bioremediation of arsenic. Int Microbiol, 2006. 9(3): p. 207-
215.

Kunst, F., N. Ogasawara, I. Moszer, A.M. Albertini, G. Alloni, V. Azevedo, M.G.
Bertero, P. Bessieres, A. Bolotin, S. Borchert, R. Borriss, L. Boursier, A. Brans, M.
Braun, S.C. Brignell, S. Bron, S. Brouillet, C.V. Bruschi, B. Caldwell, V. Capuano,
N.M. Carter, S.K. Choi, J.J. Codani, I.F. Connerton, A. Danchin, and et al., The
complete genome sequence of the Gram-positive bacterium Bacillus subtilis. Nature,

1997. 390(6657): p. 249-256.

Moore, C.M., A. Gaballa, M. Hui, R.W. Ye, and J.D. Helmann, Genetic and
physiological responses of Bacillus subtilis ro metal ion stress. Mol Microbiol, 2005.
57(1): p. 27-40.

Harvie, D.R., C. Andreini, G. Cavallaro, W. Meng, B.A. Connolly, K. Yoshida, Y.
Fujita, C.R. Harwood, D.S. Radford, S. Tottey, J.S. Cavet, and N.J. Robinson,
Predicting metals sensed by ArsR-SmtB repressors: Allosteric interference by a non-effector
metal. Mol Microbiol, 2006. 59(4): p. 1341-1356.

Takemaru, K., M. Mizuno, T. Sato, M. Takeuchi, and Y. Kobayashi, Complete
nucleotide sequence of a skin element excised by DNA rearrangement during sporulation
in Bacillus subtilis. Microbiology, 1995. 141(2): p. 323-327.

Ji, G. and S. Silver, Reduction of arsenate to arsenite by the ArsC protein of the arsenic
resistance operon of Staphylococcus aureus plasmid pI258. Proc Natl Acad Sci U S A,
1992. 89(20): p. 9474-9478.

Messens, ]. and S. Silver, Arsenate reduction: Thiol cascade chemistry with convergent
evolution. ] Mol Biol 2006. 362(1): p. 1-17.

Mukhopadhyay, R., B.P. Rosen, T. Phung le, and S. Silver, Microbial arsenic: From
geocycles to genes and engymes. FEMS Microbiol Rev, 2002. 26(3): p. 311-325.

Zegers, 1., J.C. Martins, R. Willem, L. Wyns, and J. Messens, Arsenate reductase from

S. aureus plasmid pI258 is a phosphatase drafted for redox duty. Nat Struct Biol, 2001.
8(10): p. 843-847.

-B5-



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Bennett, M.S., Z. Guan, M. Laurberg, and X.D. Su, Bacillus subtilis arsenate
reductase is structurally and functionally similar to low molecular weight protein tyrosine

phosphatases. Proc Natl Acad Sci U S A, 2001. 98(24): p. 13577-13582.

Cai, J., K. Salmon, and M.S. DuBow, A chromosomal ars operon homologue of
Pseudomonas aeruginosa confers increased resistance to arsenic and antimony in

Escherichia coli. Microbiology, 1998. 144 (10): p. 2705-2713.

Messens, J., G. Hayburn, A. Desmyter, G. Laus, and L. Wyns, The essential catalytic
redox couple in arsenate reductase from Staphylococcus aureus. Biochemistry, 1999.

38(51): p. 16857-16865.

Messens, J., J.C. Martins, K. Van Belle, E. Brosens, A. Desmyter, M. De Gieter,
J.M. Wieruszeski, R. Willem, L. Wyns, and 1. Zegers, A/l intermediates of the arsenate
reductase mechanism, including an intramolecular dynamic disulfide cascade. Proc Natl
Acad Sci U S A, 2002. 99(13): p. 8506-8511.

Li, Y., Y. Hu, X. Zhang, H. Xu, E. Lescop, B. Xia, and C. Jin, Conformational
Jluctuations coupled to the thiol-disulfide transfer between thioredoxin and arsenate
reductase in Bacillus subtilis. ] Biol Chem, 2007. 282(15): p. 11078-11083.

Ji, G., E.A. Garber, L.G. Armes, C.M. Chen, J.A. Fuchs, and S. Silver, Arsenate
reductase of Staphylococcus aureus plasmid pI1258. Biochemistry, 1994. 33(23): p.
7294-7299.

Holmgren, A., Thioredoxin. Annu Rev Biochem, 1985. 54: p. 237-271.

Messens, J., L.V. Molle, P. Vanhaesebrouck, M. Limbourg, K.V. Belle, K. Wahni,
J.C. Martins, R. Loris, and L. Wyns, How thioredoxin can reduce a buried disulphide
bond. ] Mol Biol, 2004. 339(3): p. 527-537.

Guan, Z., L. Hederstedt, J. Li, and X.D. Su, Preparation and crystallization of a
Bacillus subtilis arsenate reductase. Acta Crystallogr D Biol Crystallogr, 2001.
57(11): p. 1718-1721.

DeMel, S., J. Shi, P. Martin, B.P. Rosen, and B.F. Edwards, Arginine 60 in the ArsC
arsenate reductase of E. coli plasmid r773 determines the chemical nature of the bound
As(III) product. Protein Sci, 2004. 13(9): p. 2330-2340.

Martin, P., S. DeMel, J. Shi, T. Gladysheva, D.L. Gatti, B.P. Rosen, and B.F.
Edwards, Insights into the structure, solvation, and mechanism of ArsC arsenate
reductase, a novel arsenic detoxification enzyme. Structure, 2001. 9(11): p. 1071-1081.

Holmgren, A. and F. Aslund, Glutaredoxin. Methods Enzymol, 1995. 252: p. 283-
292.

Li, R., ].D. Haile, and P.]J. Kennelly, An arsenate reductase from Synechocystis sp.

strain PCC 6803 exhibits a novel combination of catalytic characteristics. ] Bacteriol,
2003. 185(23): p. 6780-6789.

-56 -



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Mukhopadhyay, R., J. Shi, and B.P. Rosen, Purification and characterization of
Acr2p, the Saccharomyces cerevisiae arsenate reductase. ] Biol Chem, 2000. 275(28):
p. 21149-21157.

Wysocki, R. and P. Bobrowicz, The Saccharomyces cerevisiae ACR3 gene encodes a
putative membrane protein involved in arsenite transport. ] Biol Chem, 1997.
272(48): p. 30061-30066.

Piotr Bobrowicz, R W.G.O.A.G.S., Istrok, U. aw, Istrok, and aszewski, solation of
three contignous genes, ACRI, ACR2 and ACR3, involved in resistance to arsenic
compounds in the yeast Saccharomyces cerevisiae. Yeast, 1997. 13(9): p. 819-828.

Mansour, N.M., M. Sawhney, D.G. Tamang, C. Vogl, and M.H. Saier, Jr., The
bilelarsenitelriboflavin transporter (BART) superfamily. Febs J, 2007. 274(3): p. 612-
629.

Achour, A.R., P. Bauda, and P. Billard, Diversity of arsenite transporter genes from
arsenic-resistant soil bacteria. Res Microbiol, 2007. 158(2): p. 128-137.

Yohannan, S., S. Faham, D. Yang, J.P. Whitelegge, and J.U. Bowie, The evolution of
transmembrane helix kinks and the structural diversity of G protein-coupled receptors.
Proc Natl Acad Sci U S A, 2004. 101(4): p. 959-963.

Tisa, L.S. and B.P. Rosen, Molecular characterization of an anion pump. The ArsB
protein is the membrane anchor for the ArsA protein. ] Biol Chem, 1990. 265(1): p.
190-194.

Dey, S. and B.P. Rosen, Dual mode of energy coupling by the oxyanion-translocating
ArsB protein. ] Bacteriol, 1995. 177(2): p. 385-389.

Wu, J., L.S. Tisa, and B.P. Rosen, Membrane topology of the ArsB protein, the
membrane subunit of an anion-translocating ATPase. ] Biol Chem, 1992. 267(18): p.
12570-12576.

Rosen, B.P., H. Bhattacharjee, T. Zhou, and A.R. Walmsley, Mechanism of the ArsA
ATPase. Biochim Biophys Acta, 1999. 1461(2): p. 207-215.

Saltikov, C.W., A. Cifuentes, K. Venkateswaran, and D.K. Newman, 75e ars
detoxification system is advantageous but not required for As(V) respiration by the
genetically tractable Shewanella species strain ANA-3. Appl Environ Microbiol, 2003.
69(5): p. 2800-2809.

Wang, G., S.P. Kennedy, S. Fasiludeen, C. Rensing, and S. DasSarma, Arsenic
resistance in Halobacterium sp. strain NRC-1 examined by using an improved gene

knockout system. ] Bacteriol, 2004. 186(10): p. 3187-3194.

Chen, Y. and B.P. Rosen, Mezalloregulatory properties of the ArsD repressor. ] Biol
Chem, 1997. 272(22): p. 14257-14262.

-57-



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Yang, H.C., J. Cheng, T.M. Finan, B.P. Rosen, and H. Bhattacharjee, Nove/
pathway for arsenic detoxification in the legume symbiont Sinorhizobium meliloti. J

Bacteriol, 2005. 187(20): p. 6991-6997.

Fu, D., A. Libson, L.J. Miercke, C. Weitzman, P. Nollert, J. Krucinski, and R.M.
Stroud, Structure of a glycerol-conducting channel and the basis for its selectivity.
Science, 2000. 290(5491): p. 481-486.

Savage, D.F., P.F. Egea, Y. Robles-Colmenares, J.D. O'Connell, 3rd, and R.M.
Stroud, Architecture and selectivity in aquaporins: 2.5 A X-ray structure of aquaporin Z.
PLoS Biol, 2003. 1(3): p. E72.

Ghosh, M., J. Shen, and B.P. Rosen, Pathways of As(II]) detoxification in
Saccharomyces cerevisiae. PNAS, 1999. 96(9): p. 5001-5006.

Jungwirth, H. and K. Kuchler, Yeast ABC transporters - a tale of sex, stress, drugs and
aging. FEBS Letters, 2006. 580(4): p. 1131-1138.

Tusnady, G.E., E. Bakos, A. Varadi, and B. Sarkadi, Membrane topology distinguishes
a subfamily of the ATP-binding cassette (ABC) transporters. FEBS Letters, 1997.
402(1): p. 1-3.

Falcon-Perez, ].M., M.]. Mazon, J. Molano, and P. Eraso, Functional domain
analysis of the yeast ABC transporter Ycflp by site-directed mutagenesis. ] Biol Chem,
1999. 274(33): p. 23584-23590.

Falcon-Perez, ].M., M. Martinez-Burgos, J. Molano, M.J. Mazon, and P. Eraso,
Domain interactions in the yeast ATP binding cassette transporter Ycflp: Intragenic

suppressor analysis of mutations in the nucleotide binding domains. ] Bacteriol, 2001.
183(16): p. 4761-4770.

Wu, J. and B.P. Rosen, Metalloregulated expression of the ars operon. ] Biol Chem,
1993. 268(1): p. 52-58.

Busenlehner, L.S., M.A. Pennella, and D.P. Giedroc, The SmtB/ArsR family of
metalloregulatory transcriptional repressors: Structural insights into prokaryotic metal

resistance. FEMS Microbiol Rev, 2003. 27(2-3): p. 131-143.

VanZile, M.L., X. Chen, and D.P. Giedroc, Allosteric negative regulation of Smt O/P
binding of the zinc sensor, SmtB, by metal ions: A coupled equilibrium analysis.
Biochemistry, 2002. 41(31): p. 9776-9786.

Turner, J.S., P.D. Glands, A.C. Samson, and N.]. Robinson, an—seming by the
cyanobacterial metallothionein repressor SmiB: Different motifs mediate metal-induced

protein-DNA dissociation. Nucleic Acids Res, 1996. 24(19): p. 3714-3721.

Busenlehner, L.S., T.C. Weng, J.E. Penner-Hahn, and D.P. Giedroc, Elucidation of
primary (a(3)N) and vestigial (o.(5)) heavy metal-binding sites in Staphylococcus

- B8 -



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

aureus pI258 CadC: Evolutionary implications for metal ion selectivity of ArsR/SmiB
metal sensor proteins. ] Mol Biol, 2002. 319(3): p. 685-701.

Wong, M.D., Y.F. Lin, and B.P. Rosen, The soft metal ion binding sites in the
Sstaphylococcus aureus pI258 CadC Cd(ID)/Pb(ID)/Zn(Il)-responsive repressor are
formed between subunits of the homodimer. ] Biol Chem, 2002. 277(43): p. 40930-
40936.

Shi, W., J. Dong, R.A. Scott, M.Y. Ksenzenko, and B.P. Rosen, The role of arsenic-
thiol interactions in metalloregulation of the ars operon. ] Biol Chem, 1996. 271(16):
p. 9291-9297.

Banci, L., L. Bertini, F. Cantini, S. Ciofi-Baffoni, J.S. Cavet, C. Dennison, A.IL.
Graham, D.R. Harvie, and N.J. Robinson, NmR structural analysis of cadminm
sensing by winged helix repressor CmtR. J Biol Chem, 2007. 282(41): p. 30181-
30188.

Cook, W.J., S.R. Kar, K.B. Taylor, and L.M. Hall, Crystal structure of the
cyanobacterial metallothionein repressor SmtB: A model for metalloregulatory proteins. |
Mol Biol, 1998. 275: p. 337-346.

Qin, J., H.L. Fu, J. Ye, K.Z. Bencze, T.L. Stemmler, D.E. Rawlings, and B.P.
Rosen, Convergent evolution of a new arsenic binding site in the ArsRISmtB family of
metalloregulators. ] Biol Chem, 2007. 282(47): p. 34346-34355.

Armstrong, R.N., Mechanistic diversity in a metalloenzyme superfamily. Biochemistry,
2000. 39(45): p. 13625-13632.

Clugston, S.L., ].F. Barnard, R. Kinach, D. Miedema, R. Ruman, E. Daub, and J.F.
Honek, Overproduction and characterization of a dimeric non-zinc glyoxalase I from
Escherichia coli: Evidence for optimal activation by nickel ions. Biochemistry, 1998.
37(24): p. 8754-8763.

He, M.M,, S.L. Clugston, J.F. Honek, and B.W. Matthews, Determination of the
structure of Escherichia coli glyoxalase I suggests a structural basis for differential metal
activation. Biochemistry, 2000. 39(30): p. 8719-8727.

Rigsby, R.E., C.L. Rife, K.L. Fillgrove, M.E. Newcomer, and R.N. Armstrong,
Phosphonoformate: A minimal transition state analogue inhibitor of the fosfomycin
resistance protein, FosA. Biochemistry, 2004. 43(43): p. 13666-13673.

Bernat, B.A., L.T. Laughlin, and R.N. Armstrong, Fosfomycin resistance protein
(FosA) is a manganese metalloglutathione transferase related to glyoxalase I and the
extradiol dioxygenases. Biochemistry, 1997. 36(11): p. 3050-3055.

Cao, M., B.A. Bernat, Z. Wang, R.N. Armstrong, and ]J.D. Helmann, FosB, a
cysteine-dependent fosfomycin resistance protein under the control of sigma(W), an
extracytoplasmic-function sigma factor in Bacillus subtilis. ] Bacteriol, 2001. 183(7):
p. 2380-2383.

-59-



155.

156.

157.

158.

159.

160.

Lee, J.W., S. Soonsanga, and J.D. Helmann, A complex thiolate switch regulates the
Bacillus subtilis organic peroxide sensor ObrR. Proc Natl Acad Sci U S A, 2007.
104(21): p. 8743-8748.

Nicely, N.I., D. Parsonage, C. Paige, G.L. Newton, R.C. Fahey, R. Leonardi, S.
Jackowski, T.C. Mallett, and A. Claiborne, Structure of the type Il pantothenate
kinase from Bacillus anthracis az 2.0 A resolution: Implications for coenzyme A-
dependent redox biology. Biochemistry, 2007. 46(11): p. 3234-3245.

Erlendsson, L.S., M. Moller, and L. Hederstedt, Bacillus subtilis StoA is a thiol-
disulfide oxidoreductase important for spore cortex synthesis. ] Bacteriol, 2004. 186(18):
p. 6230-6238.

Lopez-Maury, L., E.]. Florencio, and ].C. Reyes, Arsenic sensing and resistance system
in the Cyanobacterium synechocystis sp. strain PCC 6803. ] Bacteriol, 2003.
185(18): p. 5363-5371.

Ye, J., H.C. Yang, B.P. Rosen, and H. Bhattacharjee, Cryszal structure of the
Sflavoprotein ArsH from Sinorhizobium meliloti. FEBS Lett, 2007. 581(21): p. 3996-
4000.

Wang, L., S. Chen, X. Xiao, X. Huang, D. You, X. Zhou, and Z. Deng, arsRBOCT

arsenic resistance system encoded by linear plasmid pHZz227 in Streptomyces sp. strain
FR-008. Appl Environ Microbiol, 2006. 72(5): p. 3738-3742.

-60 -





