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The two forms of inorganic arsenic, arsenate (AsV) and arsenite (Aslll), are easily taken up
by the cells of the plant root. Once in the cell, AsV can be readily converted to Aslll, the
more toxic of the two forms. AsV and Aslll both disrupt plant metabolism, but through
distinct mechanisms. AsV is a chemical analog of phosphate that can disrupt at least some
phosphate-dependent aspects of metabolism. AsV can be translocated across cellular
membranes by phosphate transport proteins, leading to imbalances in phosphate supply.
It can compete with phosphate during phosphorylation reactions, leading to the formation
of AsV adducts that are often unstable and short-lived. As an example, the formation and
rapid autohydrolysis of AsV-ADP sets in place a futile cycle that uncouples photophos-
phorylation and oxidative phosphorylation, decreasing the ability of cells to produce ATP
and carry out normal metabolism. Aslll is a dithiol reactive compound that binds to and
potentially inactivates enzymes containing closely spaced cysteine residues or dithiol co-
factors. Arsenic exposure generally induces the production of reactive oxygen species that
can lead to the production of antioxidant metabolites and numerous enzymes involved in
antioxidant defense. Oxidative carbon metabolism, amino acid and protein relationships,
and nitrogen and sulfur assimilation pathways are also impacted by As exposure. Readjust-
ment of several metabolic pathways, such as glutathione production, has been shown to
lead to increased arsenic tolerance in plants. Species- and cultivardependent variation in
arsenic sensitivity and the remodeling of metabolite pools that occurs in response to As
exposure gives hope that additional metabolic pathways associated with As tolerance will

be identified.
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INTRODUCTION

The element arsenic (As) is an environmental toxin that is found
naturally in all soils (Cullen and Reimer, 1989; Smedley and
Kinniburgh, 2002). The main environmental exposure to As for
humans is through contaminated drinking water, for example on
the Indian sub-continent (Nordstrom, 2002). Arsenic becomes
part of the human solid food chain when crops and fodder
become contaminated. The metalloid enters into farming sys-
tems through a variety of means that include natural geochemical
processes (Smedley and Kinniburgh, 2002), the past and present
use of As-based pesticides, mining operations, irrigation with As-
contaminated groundwater, and fertilization with municipal solid
wastes (Meharg et al., 2009).

Arsenic contamination of the human food chain is a world-
wide concern that is not restricted by economic boundaries. Rice
grain has been identified as a major source of human As out-
side of contaminated drinking water (Mecharg et al., 2009). In
rice samples collected from around the world, As was found to
be normally distributed in samples from developing economies,
but strongly skewed toward high As contents in samples from
developed economies (Meharg et al., 2009). Thus, the elimi-
nation of As accumulation in grain, especially rice, is a major
research goal.

Arsenic is non-essential and generally toxic to plants. Roots are
usually the first tissue to be exposed to As, where the metalloid

inhibits root extension and proliferation. Upon translocation to
the shoot, As can severely inhibit plant growth by slowing or arrest-
ing expansion and biomass accumulation, as well as compromising
plant reproductive capacity through losses in fertility, yield, and
fruit production (reviewed by Garg and Singla, 2011). At suffi-
ciently high concentrations, As interferes with critical metabolic
processes, which can lead to death. Most plants possess mecha-
nisms to retain much of their As burden in the root. However, a
genotype-dependent proportion of the As is translocated to the
shoot and other tissues of the plant.

Numerous physiological processes are susceptible to As toxic-
ity. Cellular membranes become damaged in plants exposed to As,
causing electrolyte leakage (Singh et al., 2006). Membrane damage
is often accompanied by an increase in malondialdehyde, a prod-
uct of lipid peroxidation, pointing to the role of oxidative stress in
As toxicity. Arsenic exposure induces antioxidant defense mech-
anisms. The synthesis of ascorbate, the y-Glu-Cys-Gly tripeptide
glutathione (GSH), and the GSH oligomer ([y-Glu-Cys],-Gly)
phytochelatin (PC) increases throughout the plant, but particu-
larly in the roots (Schmoger et al., 2000; Li et al., 2004; Geng et al.,
20065 Singh et al., 2006; Khan et al., 2009), while anthocyanin
accumulates in leaves (Catarecha et al., 2007). Plant transpiration
intensity can be reduced (Stoeva and Bineva, 2003). Low As burden
causes the number of nitrogen-fixing root nodules to be repressed
in soybean (Vdzquez et al., 2008). The molecular mechanisms
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underlying these physiological responses to As exposure are not
clear, but have recently attracted increased attention.

One of the many interesting paradoxes related to As toxicity is
that plant growth is stimulated at low As concentrations (Wool-
son et al., 1971; Carbonell-Barrachina et al., 1997, 1998b; Miteva,
2002; Garg and Singla, 2011). The fact that this phenomena occurs
under axenic conditions in cultured plants, such as Arabidopsis
thaliana (Chen et al., 2010), indicates that the trait is not based
on As disrupting plant-biotic interactions. Instead, it results either
from a direct interaction of As with plant metabolism, or from
an interaction of As with plant nutrients. While the mechanism
is unknown, it has been suggested that the growth benefit arises
from As stimulation of Pi uptake (Tu and Ma, 2003).

There are relatively few species of plants that are naturally As
tolerant. Among these are a group of plants including Pteris vittata
and other members of the Pteridaceae that hyperaccumulate As
(Ma et al., 2001; Visoottiviseth et al., 2002; Ellis et al., 2006; Picker-
ingetal., 2006; Zhao et al., 2009). The growth of these plants is not
compromised during times when they are accumulating extremely
high levels of As. In contrast to As non-hyperaccumulating plants,
hyperaccumulators tend not to restrict As to the roots, instead
allowing transfer of the toxicant immediately to the shoots. This
is likely to be an important aspect of the hyperaccumulation
phenotype. The mechanisms by which these plants are able to
hyperaccumulate As are being elucidated, but it is not entirely
clear how they are able to avoid As toxicity while As is actively
accumulating to extremely high levels in the leaves.

A better understanding of the mechanisms responsible for As
resistance and toxicity in plants is needed. A potential outcome
of a better understanding would be the production of As-resistant
plants for phytoremediation and safe cropping. For soil reme-
diation and contaminated site rehabilitation, a diverse group of
resistant plants suitable for growth in a wide-range of environ-
ments and able to (hyper)accumulate As in harvestable biomass are
needed. In contrast, for safe cropping in areas where land and/or
groundwater are contaminated, As-resistant plants that prevent As
accumulation in the harvested plant product are required.

Significant advances have been achieved recently in our under-
standing of the physiological processes that are affected by As
exposure. We are also making progress unraveling some of the
biochemical mechanisms underlying the disruption of key phys-
iological processes. Our understanding of As as an inducer of
oxidative stress is a good example of such a biochemical mech-
anism. In recent times, insights have been gained on identifying
the gene expression changes that accompany As stress. One area
where much remains to be learned is in identifying the cellular
metabolic processes that are most at risk from As-induced dam-
age. In this paper, we review what is known about the metabolic
consequences to the plant of As exposure, identifying key areas
where further research is needed.

ARSENIC ACQUISITION, TRANSPORT, AND METABOLISM IN
PLANTS

When considering the effects of As on plant cellular metabolism,
it is important to consider the As species present in soils, the abil-
ity of these chemical species to enter plant cells, the ability of the
plant to transform one As species to another, and the various As

transport pathways that are available within the plant. During the
movement of As through the plant tissues, some cell types are likely
to be exposed to and need to respond to relatively high levels of
particular As species, while others will be exposed to only low lev-
els of the metalloid. The cell types that are exposed to high levels of
particular As species is a defining difference between As hyperac-
cumulators and non-accumulators. While non-accumulators tend
to retain As in root cells, with much lower concentrations of As in
shoot cells, the hyperaccumulators have incredibly high concen-
trations of As in the cells of aerial tissues compared to the root.
Understanding the responses of different cell types to the various
As species to which they are exposed and internalize will likely be
important in designing ways of producing plants that are better
suited to deal with high environmental As burdens. The speciation,
acquisition, transport, and metabolism of As have been extensively
reviewed recently (Zhao et al., 2009, 2010; Zhu and Rosen, 2009;
Mendoza-Coézatl et al., 2011), so only a brief overview of these
topics will be given here to provide a context for the discussion on
the consequences of As exposure to cellular metabolism.

ARSENIC ACQUISITION AND TRANSPORT

In the environment, As can exist as inorganic or organic species. Of
the two inorganic forms, the more highly oxidized arsenate (AsV)
predominates in aerobic environments, while the more highly
reduced arsenite (AsIII) is the predominant form in anaerobic
environments, such as flooded rice paddy fields. Microbes are able
to biotransform inorganic As to organic forms (Zhao et al., 2010).
The organic species of AsV that are found at low concentrations
in most soils include monomethylarsonic acid (MMAY — super-
script denotes As oxidation state), dimethylarsinic acid (DMAY)
and trimethylarsine oxide (TMAOV). The concentrations of the
methylated species are higher in anaerobic soils than in aerobic
soils (Abedin et al., 2002). The corresponding mono-, di-, and
trimethylated derivatives of AsIII (MMAIL, DMAIL TMAM are
volatile. They are produced in the soil through processes likely to
be limited by the availability of MMAY (Mestrot et al., 2011). Like
AsV and AslII, the methylated forms of As are phytotoxic (Zhao
et al., 2010).

AsV is an analog of inorganic phosphate (Pi) and is easily trans-
ported across the plasmalemma by Pi transporter (PHT) proteins
(Ullrich-Eberius et al., 1989; Meharg and Macnair, 1990, 1991,
1992; Wu et al., 2011). AsV and Pi compete for uptake through the
same transport systems in As hyperaccumulators (Wang et al,,
2002; Tu and Ma, 2003), As-tolerant non-hyperaccumulators
(Meharg and Macnair, 1992; Bleeker et al., 2003) and As-sensitive
non-accumulators (Abedin et al., 2002; Esteban et al., 2003). Under
low Pi conditions, AsV may outcompete Pi for entry into the plant,
amplifying Pi deprivation symptoms. Conversely, Pi fertilization
can protect plants, including the hyperaccumulator P, vittata, from
AsV toxicity (Tu and Ma, 2003).

Increasing or decreasing the rate of Pi and As uptake by increas-
ing or decreasing PHT protein amount or activity at the plas-
mamembrane through genetic means can also increase or decrease,
respectively, the toxicity of AsV (Shin et al., 2004; Gonzalez et al.,
2005; Catarecha et al., 2007; Wu et al.,, 2011). In the Arabidop-
sis pht1-3 mutant, which has a compromised Pi uptake system,
As accumulates without causing toxicity (Catarecha et al., 2007),
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similar to the Pi fertilization effect in P. vittata. The lack of toxic-
ity in such non-hyperaccumulating systems has been explained by
postulating that a slower rate of As accumulation allows the plant
to detoxify the incoming As before defense systems are overloaded
and the toxicant can exert its toxic effects (Hartley-Whitaker et al.,
2001a; Catarecha et al., 2007).

Once inside the plant cell, AsV can probably move easily from
one cellular compartment to another, crossing internal mem-
branes through the various Pi transporters. For example, AsV has
been demonstrated to be a co-substrate for three mitochondrial
dicarboxylate transporters, proteins localized to the inner mito-
chondrial membrane and responsible for dicarboxylate exchange
with co-substrates such as Pi, between the cytosol and the organelle
matrix (Palmieri et al., 2008). The outcome of this rapid move-
ment would be the rapid equilibrium of As throughout the cell,
exposing all parts of cellular metabolism to the toxicant.

AsV can be found in the xylem, having most likely been loaded
into the xylem vessels by PHT proteins (Catarecha et al., 2007;
Zhao et al., 2010; Mendoza-Cézatl et al., 2011; Wu et al., 2011).
However, roots of As non-hyperaccumulators have the ability to
strongly retain As. In Arabidopsis, only about 3% of the As taken
up by the root was translocated to the shoot (Quaghebeur and
Rengel, 2003). Similar results have been found for other plants
(Lomax et al., 2012). Of the small portion of As that is translo-
cated, no more than 40% would be expected to be in the form of
AsV, based on As speciation determinations in a number of species
(Zhao et al., 2009).

ASIII is able to enter root cells through nodulin26-like intrin-
sic proteins (NIPs, Meharg and Jardine, 2003; Bienert et al., 2008;
[sayenkov and Maathuis, 2008; Ma et al., 2008). These proteins
belong to the aquaporin family of major intrinsic proteins. In rice
roots, the OsNIP2;1/OsLsil silicon transporter has been impli-
cated as the major AslII uptake protein, while AsIII efflux from rice
root cells to the xylem is through the OsLsi2 silicon transporter
(Ma et al., 2008). The localization of OsLsi2 to the proximal side
of epidermal and endodermal cells (Ma et al., 2007), and OsLsil to
the distal side of the same cells (Ma et al., 2006) is an elegant exam-
ple of the heterogeneous distribution of proteins in a membrane
providing directionality to solute transport across cells and tissues.
Other types of proteins may facilitate the transport AsIII into cells.
In yeast, the majority of AsIII uptake occurs through hexose per-
meases (Liu et al., 2004). While plants have proteins with strong
homology to the yeast hexose permeases, it is not known if they
provide a path for AsIII entry into plant cells.

In As hyperaccumulating species, such as P. vittata, As is not
immobilized in the roots, but is instead rapidly transported as
ASIII through the xylem to the fronds (Lombi et al., 2002; Picker-
ingetal., 2006; Su et al., 2008). In the fronds, AsIII is sequestered as
free AsIII in the vacuole (Lombi et al., 2002; Pickering et al., 2006),
where it accumulates to extremely high levels (Zhao et al., 2009). It
has been shown that PvACR3 is involved in the vacuolar sequestra-
tion of AsIII (Indriolo et al., 2010). This protein is a homolog of
the yeast SCACR3p protein, a plasmamembrane protein respon-
sible for the efflux of AslIII from the yeast cell. In P. vittata, the
PvACR3 protein still acts to efflux AsIII from the cytosol, but
instead of delivering the AslIII to the outside of the cell, PvACR3

resides on the vacuolar membrane and transports the AsIII into the
vacuole. Single-copy ACR3 genes are found in moss, lycophytes,
ferns, and gymnosperms, but not in angiosperms, which may help
explain the lack of As hyperaccumulators among the angiosperms
(Indriolo et al., 2010).

Plants have been found to contain methylated As species (Marin
etal., 1992; Quaghebeur and Rengel, 2003; Raab et al., 2005, 2007b;
Xu et al., 2007). For example, when fed AsIII or AsV, roots of
Helianthus annuus (sunflower) contained up to 14 extractable
and separable forms of As, of which eight were identified (Raab
et al., 2005). Among these forms were MMAY and DMA" and a
MMAM.-PC complex. The finding of methylated As species inside
plant tissues brought the question of their origins to recent atten-
tion. Several reports using non-axenically grown plants concluded
that plants were able to methylate AsV to form MMAY and DMAY
(Raabetal.,2005,2007b; Xu et al.,2007). Moreover, it was reported
that leaf extracts of Agrostis tenuis, again from non-axenically
grown plants, had an AsV-inducible AsIII/AsV methylation activ-
ity (Wu et al., 2002). However, methylated forms of As were not
found in several plant species grown under axenic conditions
(Lomax et al., 2012). This study, then, indicates that the methy-
lated derivatives of As that have been found in plants are likely
to have been acquired after biotransformation by soil microbes
(Lomax et al., 2012). The question of the source of methylated
forms of As is important, as methylated forms of AsIII are more
reactive and cytotoxic to animal cells than non-methylated forms
(Styblo et al., 1997, 2000; Lin et al., 1999; Schwerdtle et al., 2003;
Naranmandura et al., 2011). Moreover, methylated forms of AsV
common in terrestrial environments are also a concern as they can
be reduced to the more cytotoxic methylated AsIII forms. Thus,
methylated forms of As have the potential to more strongly dis-
rupt plant metabolism at lower concentrations than the inorganic
species.

Like AslII, the protonated, uncharged forms of the methylated
As species MMAY and DMAY enter rice roots at least in part
through the aquaporin channel OsLsil (Li et al., 2009). How-
ever, the rate of uptake for MMAY and DMAY is much slower
than that of AsIII or AsV (Abedin et al., 2002; Raab et al., 2007a;
Abbas and Meharg, 2008). In contrast, the mobility within the
plant of MMAY and DMAV appears to be substantially greater
than that of AsIII or AsV (Marin et al., 1992; Burl6 et al., 1999;
Raab et al., 2007a; Li et al., 2009; Carey et al., 2010, 2011). While
OsLsil has been implicated in the uptake of both MMAY and
DMAY, OsLsi2 does not seem to be involved in their efflux
(Li et al., 2009). In animal systems, MMA!! is also transported
through aquaporins (Liu et al., 2006); however, it is not yet known
whether OsLsil, OsLsi2 or AsIII transporters are able to transport
MMA™,

Arsenic can also be metabolized by various organisms to form
arsenocholine, arsenobetaine, and arseno-sugars. These com-
pounds have been detected in some terrestrial plants (reviewed by
Dembitsky and Levitsky, 2004). However, it has not been demon-
strated that these compounds can be produced by the plant, or
whether they are simply taken up in those forms from the soil.
The effects of these compounds on plant metabolism are largely
unknown.
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ARSENIC METABOLISM IN PLANTA

When plants were supplied AsV, typically more than 90% of the
As in the roots and in the shoots was found to be in the form of
ASIII (Pickering et al., 2000; Dhankher et al., 2002; Xu et al., 2007).
Thus, AsV is readily reduced to AslII by plants. This reduction is
accepted as the first step in the major As detoxification pathways
found in plants (Pickering et al., 2000; Schmdoger et al., 2000). The
reduction of AsV to AslII occurs both enzymatically and non-
enzymatically. In the non-enzymatic pathway, two molecules of
GSH are able to reduce AsV to AsIII (Delnomdedieu et al., 1994).
The oxidation of GSH is via the formation of a disulfide bond, pro-
ducing a GSH dimer (GSSG; Delnomdedieu et al., 1994), which
can be rapidly recycled to two GSH molecules by GSH reductase
(Foyer and Noctor, 2011).

While AsV reduction can occur non-enzymatically, the enzy-
matic rate is much higher (Duan et al., 2005). AsV can be directly
reduced to AsIII by arsenate reductase (ACR), an enzyme first
isolated from bacteria and yeast (Mukhopadhyay et al., 2000).
Based on homology between the yeast ACR gene ScAcr2 and sev-
eral homologous sequences from plants, an HIAsr cDNA was
cloned from AsV-hypertolerant Holcus lanatus and shown to
encode an enzyme with ACR activity (Bleeker et al., 2006). The
homologous proteins from Arabidopsis (AtAst/AtACR2), P. vit-
tata (PvACR2), and rice (OsACR2.1 and OsACR2.2) also have
ACR activity (Dhankher et al., 2006; Ellis et al., 2006; Duan et al.,
2007).

The plant ACR2 protein is related to the CDC25 cell cycle dual
specificity tyrosine phosphatases. Interestingly, AtACR2 has phos-
phatase activity, while the PvACR2 enzyme, like the yeast ScAcr2p
protein, does not (Landrieu et al., 2004; Ellis et al., 2006; Duan
etal., 2007). Also like ScAcr2p, the plant ACR2 enzyme uses GSH
and glutaredoxin (GRX) as electron sources (Ellis et al., 2006; Duan
etal., 2007), suggesting that the catalytic cycle involves the forma-
tion of a mixed disulfide between GSH and ACR?2 that is resolved
by GRX (Mukhopadhyay et al., 2000).

The Arabidopsis AsV reductase activity has an AsV-inducible
component that has been attributed to AtACR2, as well as a con-
stitutive component that is not diminished in AfACR2 T-DNA
insertion lines (Bleeker et al., 2006). Moreover, AsIII has been
stated to remain the predominant form of As present in AtACR2
T-DNA insertion lines supplied with AsV (reported in Zhao et al.,
2009). Together, these results indicate that Arabidopsis, and thus in
all likelihood other plants, possess enzymes in addition to ACR2
that have As(V) reductase activity.

Multiple enzymes from other systems have been shown to
exhibit AsV reductase activity. These include glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), polynucleotide phosphory-
lase, purine nucleoside phosphorylase (PNP), glycogen phospho-
rylase, and the mitochondrial F1F, ATP synthase (Németi and
Gregus, 2002; Radabaugh et al., 2002; Gregus and Németi, 2005;
Németi et al., 2010). Each of these enzymes can incorporate AsV
instead of Pi into biological molecules, forming an arsenoester
that would readily undergo hydrolysis. In the presence of a suit-
able thiol group, for example GSH, the hydrolysis can result in the
reduction of AsV to AsIIL. It is not known if the analogous plant
enzymes can also reduce AsV in the presence of thiols. However,
one form of the plant GAPDH is known to interact with GSH

(Zaffagnini et al., 2007), suggesting it as a candidate ACR. More-
over, a cytosolic triose-phosphate isomerase (¢cTPI) from P. vittata
has also been shown to have ACR activity (Rathinasabapathi et al.,
2006). Since the TPI reaction does not involve the transfer of a Pi
group, the mechanism by which PvcTPI promotes the production
of AsIII is unclear. However, like the enzymes mentioned above,
the plant TPI interacts with GSH (Ito et al., 2003; Rathinasabapathi
et al., 2006). The number of enzymes that could misincorporate
AsV for Pi, and therefore have the capacity to form arsenoesters, is
large, providing many opportunities for the enzymatic reduction
of AsV to AsIII. However, it is not known whether these enzymes
affect the redox status of As in vivo. It is likely that any contribution
that they make to the reduction of AsV to AsIII will depend on the
concentrations of substrates and effectors in the cell (Gregus and
Németi, 2007; Németi et al., 2011).

In addition to being able to reduce AsV to AslII, plants also
appear to be able to reduce MMA" taken into the roots to MMA,
In two experiments, about 15% of the aqueous As extracted from
rice roots fed MMAY and washed prior to extraction was in the
form of MMAM (Li et al., 2009; Ye et al., 2010). The lack of
MMA™ in the medium led to the conclusion that MMAY was
reduced to MMA™! within the roots (Li et al., 2009). Another
experiment using rice grown in axenic culture found that 65%
of the As associated with the roots in MMAVY-treated plants
was in the form of MMA™ (Lomax et al., 2012). Moreover,
9% of the As in the shoots of these plants was in the form of
MMAM", demonstrating that MMA!™ can be found throughout
the plant. While it has not been formally demonstrated that the
observed MMA!™ was produced inside the cells of the root, the
finding of MMA!! in the shoots suggests that MMA!!! is able
to penetrate cell membranes at least at some point along the
transpiration stream. The presence of MMA inside plant cells
could have important implications for metabolism because of
its higher reactivity and cytotoxicity (Styblo et al., 1997, 2000
Lin et al., 1999; Schwerdtle et al., 2003; Naranmandura et al.,
2011).

Inorganic As has only limited mobility in most plants, demon-
strated by the steep decline in As concentration from roots to stems
to leaves to grain (Liu et al., 2006; Zheng et al., 2011; Zhao et al,,
2012). However, As is clearly mobile throughout the plant, as it
readily appears in leaves and grain. Since no As-sulfthydryl com-
plexes, indicative of As-GSH and As-PC complexes, were found
in sap exuded from sunflower, it appears that AsIII and AsV are
the sap-mobile forms of As (Raab et al., 2005). The movement of
AslII across membranes seems to be mediated by silicon transport
proteins such as OsLsil and OsLsi2, while the transport of AsV
would likely be mediated by Pi transporters.

THE TOXICITY OF ARSENIC

The results from a number of hydroponic experiments agree that
As phytotoxicity depends on the chemical species supplied to the
plant, but disagree on the identity of the most phytotoxic form of
As (Marin et al., 1992; Carbonell-Barrachina et al., 1998a; Abbas
and Meharg, 2008). These hydroponic experiments provide the
clearest insights into the potency of externally supplied As on
whole plant growth because they eliminate the complex and con-
founding phytoavailability issues that arise from differences in the
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mobility of various As species through the diverse growth sub-
strates. The studies generally agree with the hydroponic survey
of 46 different plant species (Raab et al., 2007a) that the uptake
of As by plants has the order AsIIl >AsV >MMAY > DMAY,
while translocation from the roots to the rest of the plant
has the order DMAY > MMAY > AsV > AsIIl. However, no
one As form appears to be consistently most phytotoxic.
In two Spartina species, where the order of uptake was
AsII > AsV ~MMAY > DMAY, the order of phytotoxicity was
DMAY ~ MMAY > AsIII~ AsV (Carbonell-Barrachina et al.,
1998a). This would suggest that DMAY, with lowest uptake
and high phytotoxicity, exerted the most highly toxic effects
within the plant. In contrast, the uptake order in rice was
AsIII > MMAY > AsV > DMA", an order that is similar to the
order of phytotoxicity, which was MMAY > AsIII > AsV = DMAY
(Marin et al., 1992). Finally, the order for phytotoxicity in maize, a
species with the typical order for uptake (Raab et al., 2007a), was
AsV > AslIl > DMAY (Abbas and Meharg, 2008).

The inconsistent order of phytotoxicity of the various As species
could be an indication that As has interacted differently with the
available nutrients, or that the phytotoxic form of As is plant
species dependent. Alternatively, the apparent inconsistency of the
above results may be due to our incomplete understanding of the
relative importance of the various As species to the mechanism
of As toxicity. After all, the mechanism through which As causes
phytotoxicity has not been definitively identified and the exact
species of As that is the primary cause of toxicity is unknown. In
this regard, the finding of MMA™ in plants (Li et al., 2009; Ye
et al., 2010; Lomax et al., 2012) is particularly intriguing. This As
species is up to 18 times more cytotoxic to animal cells than AsIII
(Styblo et al., 2000; Naranmandura et al., 2011). The phytotoxicity
of MMA! has not been tested.

Another issue that needs to be included when considering the
toxicology of As is that some forms of As may be under-represented
or even missing from the evaluations of As speciation in plants. Ina
study on sunflower, 15-20% of the total tissue As was not recovered
from the plant tissue, depending on the tissue and post-harvest
storage time (Raab et al., 2005). In beetroot, As was nearly quanti-
tatively extractable from tissues with low As burden, but in tissues
with higher As burdens, up to 75% of the As was not extracted
(Székovid et al., 2010). Perhaps the speciation of this missing As,
or indeed the molecules to which it may be bound, will give us
important insights into the underlying mechanism of As toxicity.

The above arguments indicate that we need a fuller under-
standing of the action of As at the cellular level. The structural
similarities of AsV and Pi allow this form of the metalloid to
substitute for Pi in biochemical reactions, potentially disrupting
vital cellular processes. On the other hand, AsIII is highly reactive
toward thiol groups, as are MMA!!' and DMA!!, The binding of
AslII to the thiol groups of proteins or enzyme co-factors may
alter or inhibit their activity, also exposing cellular processes to
risk. Oxidative stress brought about by the inevitable production
of reactive oxygen species (ROS) that occurs during As exposure
has most recently gained favor as the main driver of As toxicity in
plants. However, which cellular processes are most sensitive to As
toxicity and which As species pose the greatest threats to plant cell
health remain unclear.

REPLACING PHOSPHATE IN REACTIONS

An important mode of action of AsV toxicity may be the replace-
ment of Pi in critical biochemical reactions. Substitution of Pi by
AsV has been demonstrated to occur in numerous biochemical
reactions, and any reaction with Pi or a Pi-ester as a substrate is a
potential target for AsV disruption (Orsit and Cleland, 1972; Park
and Agrawal, 1972; Long and Ray, 1973; Gresser, 1981). Poten-
tial AsV-sensitive reactions would include those central to cellu-
lar metabolism (i.e., glycolysis, oxidative phosphorylation) and
biosynthesis (i.e., phospholipid metabolism), information storage
and retrieval (DNA, RNA metabolism), and cellular signaling (i.e.,
protein phosphorylation/dephosphorylation).

When AsV comes into contact with the surface of a cell
within the plant root, it is probable that a Pi transporter will be
the first enzyme where AsV will compete with Pi. Plants have
both low- and high-affinity Pi transport systems. High-affinity
transport is mediated by PHT1 proteins. The protein respon-
sible for the low-affinity transport is unknown, although some
PHT1 proteins also have a low-affinity activity. Competition by
AsV with Pi for entry into the cell through both of these trans-
port systems has been demonstrated in numerous plants, both
monocots and dicots, and both As-hyperaccumulators and non-
hyperaccumulators (Ullrich-Eberius et al., 1989; Meharg and Mac-
nair, 1992; Clark et al., 2000; Abedin et al., 2002; Wang et al., 2002;
Bleeker et al., 2003; Esteban et al., 2003; Tu and Ma, 2003). Since
Pi competes with AsV for uptake, AsV toxicity is lower under high
Pi conditions. On the other hand, AsV may outcompete Pi for
uptake under low Pi conditions, exacerbating Pi deprivation (Tu
and Ma, 2003). Other transporters besides PHT1 can also be fooled
into utilizing AsV instead of Pi. For example, AsV is able to move
across the plant inner mitochondrial membrane through the Pi
translocator (De Santis et al., 1975) and the dicarboxylate carrier
(Palmieri et al., 2008). The toxicant can also pass through the Ara-
bidopsis AtPHT4 family of Pi transporters localized to the plastid
and golgi (Guo et al., 2008a).

Relatively few enzymes use Pi as a substrate due to the irre-
versible nature of most Pi-liberating reactions. Therefore, few
enzymes are expected to use AsV directly as a substrate (Tawfik
and Viola, 2011). Perhaps the predominant Pi-requiring reaction
is the phosphorylation of ADP to ATP by the F; F,-type ATP syn-
thases found in the mitochondrial inner membrane and the plastid
thylakoid membrane. The mitochondrial enzyme uses AsV in a
reaction that produces ADP-AsV (Gresser, 1981). The Ky and
V max of this reaction are remarkably similar for both Pi and AsV
(Moore et al., 1983), demonstrating that at least some enzymes are
capable of recognizing and reacting equally well with AsV and Pi.
These characteristics are most probably shared with the plastid
F1Fo-type ATP synthase (Avron and Jagendorf, 1959; Watling-
Payne and Selwyn, 1974), although this has not been demonstrated
directly.

Other Pi-dependent enzymes that are able to use AsV include
the glycolytic enzyme GAPDH. Like the ATP synthase reaction, the
GAPDH reaction where AsV replaces Pi has remarkably similar
kinetic constants to the Pi-dependent reaction (Orsit and Cleland,
1972). Aspartate-B-semialdehyde dehydrogenase has a critical role
in the biosynthesis of essential amino acids in plants, catalyzing the
reversible reductive dephosphorylation of B-aspartyl phosphate
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to L-aspartate-B-semialdehyde. This enzyme, too, is able to use
AsV nearly as efficiently as Pi, judged from the Ky and kgt val-
ues (Kish and Viola, 1999). PNP catalyzes the phosphorolysis of
various nucleosides, producing the free nucleotide base and ribose-
1-phosphate. The substitution of AsV for Pi in the PNP reaction
releases ribose-1-AsV in an arsenolysis reaction with a Ky that is
again quite similar to that of the Pi-dependent reaction (Park and
Agrawal, 1972). While much of the above information comes from
non-plant systems, there is little reason to believe that the behavior
of homologous plant enzymes would be substantially different.

The AsV-esters produced by these and other reactions are highly
unstable in water and undergo spontaneous and rapid hydroly-
sis (Rosen et al., 2011; Tawfik and Viola, 2011). The hydrolytic
products are generally free AsV and the corresponding carbon
compound. The instability of AsV-esters is highlighted by the
rates of hydrolysis for glucose-6-AsV and ADP-AsV, which are
at least 10° greater than for the corresponding Pi-ester (Moore
etal., 1983). As pointed out above, some of the spontaneous ADP-
AsV hydrolysis reactions, for example, those catalyzed by GAPDH
and PNP in the presence of a suitable thiol group, are reductive,
releasing free AsIII instead of AsV (Radabaugh et al., 2002; Gregus
and Németi, 2005). The instability of AsV-containing compounds
is probably increased by the likelihood of such reductions (Rosen
etal., 2011).

As a consequence of the instability of As-esters, the enzymatic
reactions that produce them are essentially irreversible. The prod-
ucts simply do not stay around long enough to allow the reverse
reaction to proceed at an appreciable rate. The unstable nature of
the AsV-esters also creates futile reaction cycles around enzymes
that use free AsV to produce AsV-esters. The AsV and ADP released
by the auto hydrolysis of ADP-AsV produced by mitochondrial
and plastid ATP synthases, for example, can be used in subse-
quent reaction cycles. Such futile cycling uncouples respiratory
electron transport in the mitochondrial inner membrane and pho-
tosynthetic electron transport in chloroplast thylakoid membranes
from ATP synthesis (Avron and Jagendorf, 1959; Ter Welle and
Slater, 1967; Watling-Payne and Selwyn, 1974; Wickes and Wiskich,
1975; Gresser, 1981; Berry and Rumberg, 1999). This collapse of
ATP production has potentially grave consequences for the energy
status of the cell.

While AsV-esters are unstable, enzymes can utilize them when
they are available. Hexokinase can use ADP-AsV to arsenolate glu-
cose to glucose-6-AsV. This product, in turn, is a substrate for
glucose-6-phosphate dehydrogenase, an enzyme in the reductive
pentose phosphate pathway (Gresser, 1981). Glucose-6-AsV is also
a substrate for phosphoglucomutase in the formation of glucose-
1-AsV (Long and Ray, 1973). However, the lability of As-esters
calls into question the physiological relevance of these metabolic
reactions during AsV exposure.

BINDING THIOLS

The mode of action of AsIII differs substantially from that of
AsV. AsllI is a thiol reactive compound that can bind up to three
sulthydryl groups (Kitchin and Wallace, 2006b). This allows AsIII
to act as a cross-linking agent by binding up to three monoth-
iol molecules, such as the antioxidant GSH. Alternatively, it could
bind to a single molecule of a poly-thiol compound, such as PC,

the Cys-rich polymerization product of GSH. AsIII can also bind
to thiol-containing proteins and co-factors. Dihydrolipoamide,
which in plants is a co-factor associated the mitochondrial and
plastid pyruvate dehydrogenase complexes (mtPDC, ptPDC), the
2-oxoglutarate dehydrogenase complex (OGDC), the Gly decar-
boxylase complex (GDC) and the branched-chain 2-oxoacid
decarboxylase complex (BCOADC), has been long-thought to be
an important cellular target for AsIII binding (Peters et al., 19465
Bergquist et al., 2009).

The stability of AsIII complexes increases with the number
of bonds formed. The half-life of an AsIII-monothiol peptide
complex is only about 1-2s. The half-life increases to about 1.3
and 155 min when two or three intramolecular thiols are bound
(Kitchin and Wallace, 2006b). The high stability of AsIII-trithiol
complexes is supported by the finding that AsIII preferentially
binds zinc-finger proteins containing three or more Cys residues
in the zinc-finger motifs (Zhou et al., 2011). This study did not
find AsIII binding to zinc-finger motifs with only two Cys residues,
possibly due to the time needed