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Abstract

Arsenic is a non-essential, environmentally ubiquitous toxic metalloid. In response to this
pervasive environmental challenge, organisms evolved mechanisms to confer resistance to
arsenicals. Inorganic pentavalent arsenate is taken into most cells adventitiously by phosphate
uptake systems. Similarly, inorganic trivalent arsenite is taken into most cells adventitiously,
primarily via aquaglyceroporins or sugar permeases. The most common strategy for tolerance to
both inorganic and organic arsenicals is by efflux that extrude them from the cytosol. These efflux
transporters span across kingdoms and belong to various families such as aquaglyceroporins,
major facilitator superfamily (MFS) transporters, ATP-binding cassette (ABC) transporters and
potentially novel, yet to be discovered families. This review will outline the properties and
substrates of known arsenic transport systems, the current knowledge gaps in the field, and aims to
provide insight into the importance of arsenic transport in the context of the global arsenic
biogeocycle and human health.
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Introduction

Arsenic is the most prevalent environmental toxic substance. As such, the Agency for Toxic
Substances and Disease Registry (ATSDR) ranks arsenic first on its priority list of
Hazardous Substances (https://www.atsdr.cdc.gov/spl/index.html), above other toxic metals
such as lead, cadmium and mercury. While arsenic is not more toxic than other metals on the
list, it ranks above them based on a combination of frequency, toxicity, and potential for
human exposure. We are exposed to arsenic daily, mostly from our food and water supplies.
It enters the biosphere from geochemical sources, and to a lesser extent, from anthropogenic
sources such as herbicides, growth promoters for farm animals, wood preservatives, the
semiconductor industry and other industrial sources (Zhu et al., 2014). Arsenic is classified
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by the International Agency for Research on Cancer (IARC) as a Group 1 human carcinogen
and is associated with skin, bladder and lung cancer. Other arsenic-related diseases include
cardiovascular and peripheral vascular diseases, neurological disorders, diabetes mellitus
and chronic kidney disease (Abernathy et a/., 2003). The U.S. Food and Drug
Administration recommends limiting infant consumption of baby food prepared from
arsenic-contaminated rice because of the potential for serious developmental problems
(https:/iwww.fda.gov/food/foodborneillnesscontaminants/metals/ucm319870.htm).

Arsenic is not required for life; thus, no known organism has arsenic-specific uptake
systems. All uptake pathways for arsenic are adventitious via several types of transporters.
Their physiological functions include transport of minerals and nutrients such as phosphate,
glucose and glycerol, but arsenic can mimic those natural substrates well enough to share
their uptake systems. On the other hand, arsenic resistance pathways are quite specific for
arsenic or other metalloids such as boron, silicon and antimony. Microbes have been
exposed to arsenic since the origin of life and consequently have evolved arsenic resistance
(ars) genes. Arsenic detoxification pathways are found in nearly every present-day organism,
from bacteria to humans. Arsenic resistance determinants include transporters and
biotransformations such as redox enzymes, methyltransferases and biosynthetic pathways
for arsenosugars, arsenolipids and other nontoxic forms of arsenic (Li et a/., 2016; Yang and
Rosen 2016). Arsenic has two biologically-relevant oxidation states, trivalent arsenite
As(I11) and pentavalent arsenate As(V). Methylated arsenicals include methylarsenate
(MAs(V)) and methylarsenite (MAs(I11)), dimethylarsenate (DMAs(V)) and
dimethylarsenite (DMAS(111)), and trimethylarsine (TMAs(111)) and trimethylarsine oxide
(TMASs(V)O). In general, trivalent arsenicals are considerably more toxic than the
pentavalent species, trivalent methylated arsenicals are much more toxic than inorganic
As(111), and trivalent aromatic arsenicals are the most toxic (Dopp et al., 2005). MAs(I11)
and DMASs(111) are less stable than other arsenic species, and their stability depends on
sample matrix and temperature. Low temperature conditions (4 °C) significantly improve the
stability of these arsenic species over room temperature conditions. They are relatively
stable in a reducing cellular environment and can be quantified in cells and tissues. It is
conceivable that MAs(111) and DMASs(111) species are partly oxidized to MAs(V) and
DMAs(V) during sample collection, handling, and storage. Thus, it is not surprising that
these trivalent arsenic species have not been commonly detected in environmental samples.
Although DMAS(I11) is biosynthesized, it is very reactive and rarely detectable in biological
systems. New strategies for sample handling are needed for future studies involving these
organic trivalent arsenic species.

Developing analytical methods to identify more complex organoarsenical compounds has
also been important for distinguishing these compounds from the more toxic inorganic
arsenic species. Key organic arsenic compounds routinely found in food (depending on food
type) include arsenobetaine, arsenocholine, arsenosugars, and arsenolipids. Arsenobetaine is
the major form of arsenic in marine animals, and it is considered a compound that is
nontoxic by itself, available information indicates it is not mutagenic, immunotoxic, or
embryotoxic (Alexander et al., 2009). Arsenocholine, which is mainly found in shrimp, is
chemically similar to arsenobetaine, and is also essentially nontoxic. Arsenosugars and
arsenolipids have recently been identified. Exposure to these compounds and toxicological
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implications are currently being studied. Arsenosugars are detected mainly in seaweed but
are also found to a lesser extent in marine mollusks. Concerns about the potential toxicity of
arsenosugars have been raised because there is evidence that arsenosugars are metabolized to
DMASs(V) (Andrewes et al., 2004). Studies addressing arsenosugar and arsenolipds toxicity,
however, have largely been limited to /n vitro studies, which show that they are significantly
less toxic than both inorganic arsenic and trivalent methylated arsenic metabolites (Taylor et
al.,, 2017).

The major pathway of arsenic detoxification is extrusion from cells or sequestration in
intracellular compartments (Ben Fekih et a/., 2018). The substrate of transporters can be
either free arsenic, as is seen in most bacterial transporters and the fronds of the arsenic
hyperaccumulator Pteris vittata (Poynton et al., 2004), or As(l11) conjugates with GSH or
other thiols, as is observed in human hepatocytes (Leslie 2011). Inorganic arsenic
detoxification in prokaryotes has been well described (Ben Fekih et al., 2018); however,
highly toxic organic arsenic compounds such as methylarsenite (MAs(111)) are biologically
synthesized, and have the classical properties of an antibiotic (Chen et a/., 2019). In
response, aerobic microbes have adapted by acquiring MAs(I11) resistance mechanisms,
including MASs(I11) transporters. While new genes found in ars operons have been suggested
to be involved in organic arsenic detoxification, there is little information on the transport of
these organic arsenic compounds. This review will focus on arsenic transporters for
inorganic and organic arsenicals, including uptake systems that are responsible for arsenic
toxicity, and efflux systems that confer arsenic tolerance.

1. Transport systems responsible for uptake and toxicity of arsenic

A. Arsenite uptake systems

Life arose when the atmosphere was anoxic, and arsenic was primarily in the form of
As(111). As(111) uptake systems were responsible for arsenic toxicity long before As(V) was
a problem for living cells. In 1997, the first As(l11) uptake pathway was identified (Sanders
et al., 1997). As(l11) and Sb(111) were shown to be taken into cells of Escherichia coliby the
glycerol channel GlpF. a member of major intrinsic protein (MIP) (Reizer et al., 1993) or
aquaporin (AQP) (Agre et al.,, 2002) superfamily. GIpF was identified from a search for
mutants of £. coliresistant to trivalent antimony, Sb(lll), a metalloid with close chemical
properties to As(l11). The Sh(lll)-resistant mutant had a disruption in the g/pF gene. The
mutant accumulated considerably less As(l11) than the wild type (Meng et al., 2004).

AQPs are bidirectional channels that include classical water channels, with small pores that
only allow water through, and aquaglyceroporins, with pores large enough to allow
molecules such as glycerol to pass through. In neutral solution arsenite is As(OH)3, an
inorganic polyol similar to glycerol. Although bidirectional, AQPs are mostly responsible
for As(111) movement into cells, increasing toxicity. However, there is a single instance of an
atypical aquaglyceroporin, AgpsS, in the ars operon of Sinorhizobium meliloti that mediates
As(I11) efflux (Yang et al., 2005). In S. meliloti, As(V) is reduced to As(l11), and AgpS
confers resistance by downhill efflux of internally generated As(I11). Sequence alignment of
the putative MIPs distributed in ars operons reveals two highly conserved NPA (Asn-Pro-
Ala) motifs. The x-ray crystal structure of GlpF was the first structure of an AQP, and the
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two NPA motifs are found in two short helices that align to span the membrane (Fu et al.,
2000) (Figure 1). In Agps orthologs the consensus NPA sequences are SGXHXNPAVT and
GXXXNPAR(S/D)XG, which form constrictions in the transmembrane channel. In AQPs, a
constriction is formed at the center of the pore by oppositely juxtaposing two NPA motifs.
This constriction is proposed to be involved in proton exclusion. A second constriction in
AQPs known as the aromatic/arginine (ar/R) selectivity filter is formed at the extracellular
mouth of the pore by four residues. Variability at the ar/R selectivity filter is thought to form
the basis for broad spectrum of substrates in aquaglyceroporins.

Aguaglyceroporins have also been shown to be a major route of bidirectional movement of
As(111) into and out of cells of eukaryotes, including humans (Mukhopadhyay et al., 2014).
The first eukaryotic AQP shown to mediate As(l11) entry was the Saccharomyces cerevisiae
GIpF ortholog, Fpslp (Wysocki et al., 2001). Disruption of #psI resulted in resistance to
both As(I11) and antimonite. Fpslp activity is modulated by phosphorylation at position
T231, which is catalyzed by the mitogen-activated protein kinase (MAPK) Hoglp that
belongs to the high osmolarity glycerol (HOG) pathway of yeasts and other fungi (Tamas et
al., 2000). This study suggests that the physiological function of Fpslp is to maintain turgor
rather than for nutrient uptake.

Mammalian AQPs were first shown to transport As(l11) by expression of AQP9 of Rattus
norvegicus and AQP7 of Mus musculusin a AfpsI mutant of S. cerevisiae strain that also
had deletions of As(l11) resistance genes Aacr3, which encodes an As(l11) efflux permease,
and Aycfl1, which encodes a vacuolar As(111) accumulation pump (Liu ef a/., 2002). When
AQP9 or AQP7 was expressed in this strain, it accumulated As(l11) and became As(l11)
hypersensitive. Similarly, Xenopus laevis oocytes expressing AQP7 showed a 10-fold
increase in uptake of As(OH)s.

AQP?7, the adipose tissue isoform, is responsible for glycerol release into the bloodstream,
where is it taken into liver hepatocytes by AQP9, the major liver isoform, for
gluconeogenesis (Lebeck 2014). Both AQP9 and AQP?7 facilitate As(l11) uptake and are the
likely pathway for uptake of arsenic in liver and adipose. In hepatocytes As(ll1) is
methylated to highly toxic MAs(I11), which can exit into the bloodstream via AQP9 and be
transported to other organs such as brain, heart and kidney (Liu et a/,, 2006b). It is
eventually excreted in urine and oxidized in air to nontoxic MAs(V). Interestingly, AQP7
does not appear to conduct MAs(I11), suggesting that AQP isoforms may differ in substrate
selectivity. Aquaporins are widely expressed in tissues implicated in high rates of active
fluid transport. The human AQP7 was initially described as an adipose-specific glycerol
channel, but this pore is also expressed in kidneys, testes, ovaries, heart, gastrointestinal
tract, and skeletal muscle. The glycerol channel AQP7 plays a pivotal role in adipose tissue
enlargement and function as well as glucose homeostasis. Human AQP9 expression is most
found in liver, leukocyte, lung, and spleen. In rat, AQP9 mRNA is found in liver, testis, brain
and lung (Hibuse et al., 2006). The level of AQP9 expression has been shown to vary in rats
due to environmental factors such as diet, suggesting that AQP9 expression in humans could
also be affected by such factors, and thus affect the risk of arsenic-related diseases.
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Arsenic uptake by AQPs is of considerable relevance to human health and disease, and an
understanding of both metalloid chemistry and the molecular details of metalloid transport
systems is essential for the rational design of new drugs and for treating drug-resistant cells
and microorganisms. For example, AQP9 expression level is correlated with adjuvant
chemotherapy response in colorectal cancer (CRC), particularly in stage 111 CRC patients
(Huang et al.,, 2017). The role of AQP9 in regulating tumor sensitivity to adjuvant
chemotherapy in CRC is of current interest. In addition, arsenic trioxide (ATO, Asy03),
which forms As(l11) in solution, is an important and highly effective drug in the treatment of
acute promyelocytic leukemia (APL). ATO must enter cells before exerting its cytotoxic
activity, thus the control of arsenic trafficking through the plasma membrane could modulate
arsenic sensitivity. AQP9 has been shown to modulate transmembrane transport of ATO
(Bhattacharjee et al., 2004), and an increase in AQP9 expression at the transcription and
protein levels led to increased arsenic uptake and intracellular concentrations, enhancing
ATO-induced cytotoxicity in human APL cells (Chau et al., 2015). Pharmacological
upregulation of AQP9 may be a novel approach to increase ATO sensitivity in neoplastic
cells. Additionally, AQP9 also transports MAs(I11), so it is possible that MAs(I11) could be a
more efficient treatment for APL than inorganic arsenic.

Agquaglyceroporins have since been shown to be a universal route of As(l11) uptake in plants
(Bhattacharjee et al., 2008). There are many more of these channel proteins in plants than in
animals, perhaps because regulation of water homeostasis is more critical to organisms that
cannot move in either flood or drought. The plant MIP superfamily falls into numerous
subfamilies, of which members of the nodulin 26-like intrinsic protein (NIP) subfamily are
responsible for facilitating As(l11) uptake into the plant root (Zhao et a/., 2009). In
Arabidopsis thaliana, at least five NIPs, including NIP1;1, NIP1;2, NIP5;1, NIP6;1, and
NIP7;1, facilitate As(I11) uptake into roots. Nip3;1 is also involved in movement of As(l11)
into the root and from there into the shoot (Xu et a/., 2015). In addition to As(OH)3, plants
aquaglyceroporin facilitate uptake of other metalloids, including B(OH)3, Si(OH)4, Sb(OH)3
and Ge(OH)3. Boron and silicon are essential minerals for plants. A. thaliana NIP5;1
facilitates boron uptake and is crucial for plant growth under boron limitation (Takano et a/.,
2006). In rice (Oryza sativa), OsNIP2;1 (also called Lsil) facilitates silicon accumulation
(Ma et al., 2006).

Besides Si, Lsil also mediates transport of a range of small neutral molecules including
Sb(l1), urea, B(OH)3 and As(l1). In rice roots, Lsil which is highly expressed in the distal
side of endodermal and exodermal plasma membranes where Casparian strips are formed, is
a major entry route for silicic acid and As(l11) (Zhao et a/., 2010). Mutations in Lsil resulted
in a 60% loss of As(l11) uptake. Lsil also mediates the uptake of undissociated pentavalent
MAs and DMAs (Alexander et al., 2009), where mutants lost 80% and 50% of the uptake
capacity for MAs and DMAs respectively compared to wild-type rice. Present-day seawater
contains approximately 0.4 mM borate and 0.1 mM silicate but submicromolar arsenic. We
proposed that the essential metalloid oxyacids of boron and silicon, B(OH)3 and Si(OH)s,
were original physiological substrates of aquaglyceroporins earlier than glycerol, which was
not present in high concentrations in early oceans, whereas arsenic was taken up
adventitiously.
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Both As(111) and MAs(I11) have also been shown to be taken up by glucose permeases,
which are members of the major facilitator superfamily (MFS) (Reddy et a/., 2012). Hexose
permeases HXT1, HXT3, HXT4, HXT5, HXT7 and HXT9 of S. cerevisiae transport As(l11)
at least as well as or better than Fpsl (Liu et al., 2004). Like AQPs, these sugar transporters
are bidirectional but physiologically are responsible for sugar uptake. Subsequently both
human and rat glucose permease GLUT1 were shown to transport As(l11) and MAs(I11) (Liu
et al.,, 2006a). The x-ray crystal structure of GLUT1 has been solved (Deng et a/., 2014)
(Figure 1), however the mechanism of As(I11) transport cannot be deduced from the glucose
translocation pathway. GLUTL is highly expressed in heart and brain because of the high
energy demand of those organs. We speculate that GLUT1 may be involved in uptake of
both As(I11) and MAs(111) into heart and brain and could be related to arsenic cardiotoxicity
and neurotoxicity. In plants, As(l11) can be transported by permeases for the sugar alcohol
inositol (Duan et al., 2016). The inositol permeases AtINT2 and AtINT4 are responsible for
As(I11) translocation from phloem to seed. By extrapolation, we speculate that similar sugar
alcohol permeases are responsible for putting arsenic into the rice grain. It is not clear how
sugar permeases catalyze As(l11) uptake. One possibility is that As(l11) uses a different
transport pathway, as has been suggested for GLUT1 (Jiang et a/., 2010). It is also possible
that in solution As(OH)3 polymerizes to form polyhydroxylated ring structures that are an
inorganic mimetics of sugars and sugar alcohols (Meng et a/., 2004), which might allow
As(I11) to be a substrate of sugar transporters.

B. Arsenate uptake systems

While still of worldwide concern, As(V) is much less toxic compared to trivalent arsenic
species, which form strong metal-like interactions with thiol groups in protein cysteine
residues and small molecule thiols such as reduced glutathione (GSH). As(ll1) is also more
mobile in groundwater and soils than As(V) and is the substrate for several arsenic
biotransformations. Knowledge of As(V) uptake and physiology is key to understanding the
arsenic biogeocycle and its effects on human health worldwide.

Following the Great Oxidation Event (GOE) about 2.5 Bya, trivalent arsenicals were
generally oxidized to the pentavalent species (Planavsky et al., 2014). In present day aerobic
soil and water, inorganic As(V) is the prevalent species of arsenic. As(V) is chemically
similar to phosphate (Pi), and entry of As(V) into most cells is primarily mediated by Pi
transporters. This was originally shown in £. coli, which has two phosphate uptake systems:
the high affinity Pst and low affinity Pit transporters (Rosenberg et al., 1977). Pit is the
primary pathway for As(V) uptake and is mainly responsible for As(V) toxicity, although
As(V) also enters cells via Pst at higher concentrations (Willsky and Malamy 1980). In rice,
As(V) uptake by Pi transporters has been shown by competitive inhibition of As(V) uptake
by Pi (Jiang et al., 2014). In A. thaliana, resistance to As(V) is conferred by loss-of-function
mutations in Pht1,1, which encodes a high-affinity Pi transporter (Catarecha et al., 2007).
The PHT1 family of plant Pi transporters are MFS transporters and are mostly, if not
exclusively, expressed in roots. When exposed to arsenate, plants suppress PHT1:1
expression and remove it from the plasma membrane (Castrillo et al.,, 2013). Interestingly,
A. thaliana Pht1 mutants also showed increased accumulation of arsenic even though the
rate of uptake was lower.
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This apparently paradoxical observation suggests that mutants that accumulate As(V) more
slowly are able to cope with arsenic toxicity through the action of reductases such as HAC
(Chao et al., 2014), which reduce As(V) to As(l11), and is subsequently sequestered in
vacuoles by phytochelatin-As(l11) conjugate pumps such as the A. thaliana AtABCC1/2
(Song et al., 2010). This novel A. thaliana reductase, HAC1, was shown to catalyze
reduction of As(V) to As(l11) in the outer cell layer of the root, which allowed efflux of
As(111) from the root back into the soil. Other members of this family such as OSHAC1;1/2
and OsHAC4 have also been found in rice, and also are As(V) reductases, whichare critical
in restricting As accumulation in rice shoots and grain (Shi et al., 2016; Xu et al., 2017).

Interestingly, arsenic hyperaccumulators such as £ vittata are more efficient in root-to-shoot
arsenic translocation, resulting in increased accumulation. Enhanced As(V) uptake of A2
vittata results from both increased transporter expression (Caille et al., 2005) and increased
affinity of the Pi/As(V) uptake system for As(V) (Poynton et al., 2004). The maximum
influx velocity (Vmax) of As(V) into roots was much higher in £ vittata than for non-
accumulator species. In P, vittata, PvPht1;3 transports As(V) with high affinity (DiTusa et
al., 2016). Furthermore, Pht1:3 transporters are inhibited more strongly by addition of As(V)
compared to A. thaliana transporters, suggesting that the former may have higher affinity for
As(V) than the latter. Like non-accumulator species, P, vittata also relies on As(V) reduction
and shuttling into cellular compartments to confer As resistance. £ vittta expresses two
copies of a protein similar to the yeast As(l11) efflux pump Acr3 (vide infra), which
sequester As(l11) in the vacuole, and when knocked-down, causes an As(l11)-sensitive
phenotype (Indriolo et a/., 2010).. Both homologs are involved in arsenic metabolism, but
have different expression patterns (Chen et al., 2017b). PvACR3 expression markedly
increased As tolerance and root-to-shoot As translocation (Wang et a/., 2018), and it was
observed to be localized in the plasma membrane in transgenic plants, suggesting a role in
mediating As(l11) efflux for xylem loading (Chen et a/., 2013). On the other hand,
PVACRS3;1 was localized to vacuolar membrane, indicating that PvACR3;1 probably
mediates As sequestration into vacuoles to increase As retention in the roots, thus reducing
As translocation to the shoots (Chen et a/., 2017b). Mechanisms of uptake and translocation
by arsenic hyperaccumulators such as £ vittataare of current interest, as these organisms
offer a promising method of arsenic bioaccumulation/remediation and expand our
understanding of the arsenic biogeocycle.

As(V) uptake via phosphate transporters is of relevance to human health, in particular its
connection to diabetes mellitus. Epidemiological studies have previously established a
correlation between arsenic exposure and prevalence of diabetes mellitus in regions of
hyperendemic arsenicosis (Navas-Acien et al., 2006). Although the causality proposed by
these studies has been debated, diabetes-like effects have been observed in animal models on
exposure to arsenic. Human single nucleotide polymorphisms (SNPs) in the major arsenic-
detoxifying enzyme As(111) S-adenosylmethionine methyltransferase (AS3MT) are linked to
a higher frequency of diabetes, suggesting a correlation (Drobné et al., 2013). However,
association does not imply causality; hence, there is a need to understand the mechanisms
behind these observations. A recent study was designed to address this by exploring
As(V)/Pi uptake by type Il sodium/phosphate (Na*/Pi) cotransporters using a type |
diabetes animal model (Paul et al,, 2011). Transporters of this family, including PIT1 and
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PIT2, are of interest as they are expressed ubiquitously in various tissues and have been
proposed as the predominant mechanism of phosphate transport in rats. As expected, these
transporters have also been observed to transport As(V). Following administration of several
doses of the beta cell-specific toxin streptozotocin to induce type | diabetes mellitus, diabetic
mice accumulated significantly more As(V), with the highest concentrations being in the
liver and kidney. Interestingly, transcription and expression of PIT1 and PIT2 were increased
in diabetic mice in all tissues studied, suggesting that an underlying effect of diabetes may
be to increase susceptibility to inorganic As(V) toxicity.

Once inside of cells, As(V) is reduced to As(l11) by one of several different As(V)
reductases (Mukhopadhyay and Rosen 2002). In bacteria, two unrelated ArsC enzymes
reduce As(V) using either GSH and a small thiol protein glutaredoxin 2 (Grx2) or another
small thiol protein thioredoxin. In yeast, an unrelated As(V) reductase Acr2 carries out the
same function. Acr2 has both As(V) reductase activity and protein phosphatase activity. It is
structurally similar to the catalytic domain of human Cdc25 phosphatase (Bordo and Bork
2002). Both have an active site Cys-X(5)-Arg, where the five X residues form a phosphate
binding loop. Human Cdc25 is a dual specificity phosphatase involved in control of cyclin-
dependent kinases and progression through the cell cycle. The catalytic domains of Cdc25b
and Cdc25c isoforms have been shown to have As(V) reductase activity, although it is not
clear whether this is a physiological activity of those phosphatases (Bhattacharjee ef 4.,
2010). It may seem counter-intuitive for cells to reduce relatively nontoxic As(V) to the
more toxic oxidation state As(lI1). Prior to the GOE, all arsenic detoxification pathways
used trivalent arsenicals as substrates. Following the GOE, it was only necessary to reduce
As(V) to As(l1), the substrate of the efflux and biotransformation systems. Nature may not
progress in the most logical path but builds on existing edifices.

C. Effect of osmolytes on arsenic uptake

Plants can also combat As-induced toxicity through the production and/or accumulation of
compatible solutes or osmolytes such as glycinebetaine (Garg and Singla 2011) and proline
(Mishra and Dubey 2006). Osmolyte accumulation is an important attribute for protection
and survival of plants under stress (Maheshwari and Dubey 2007). Moreover, As-regulated
oxidative stress could be successfully reversed in plants by exogenous supply of proline
(Singh et al., 2015b). Other compounds such as sodium nitroprusside, (a source of NO)
(Singh et al., 2013) and salicylic acid (Odjegba 2012; Saidi et al., 2017) have also been
shown to provide tolerance against As in many plants.

Singh et al. demonstrated that exogenously applying proline to the seedlings of Sofanum
melongena, followed by treatment with various concentrations of As(V) under hydroponic
conditions reduced toxicity of As by reducing its uptake (Singh et a/.,, 2015b). In addition,
better growth of plants under As stress was attributed to an increase in the activities of
antioxidants which minimized oxidative damage to seedlings. Proline is involved in arsenic
sequestering, thus conferring tolerance against As (Chandrakar et a/., 2016; Chandrakar et
al.,, 2017). Increased endogenous proline levels of have been reported under As stress, which
protects plants by reducing As uptake and detoxifying OH radicals (Singh et a/., 2015b;
Yadav et al,, 2014).
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Nitric oxide has also been successfully used to reduce both growth inhibition and ROS-
imposed injuries under As stress in rice (Singh et al., 2016; Singh et al., 2015a), Festuca
arundinacea (Jin et al., 2010), and Vigna radiata (Ismail 2012). Acting as an antioxidant, the
pretreatment of plants with NO has been reported to scavenge ROS completely and enhances
tolerance against As. NO stimulates the entire biosynthetic pathway of PCs in roots. In Luffa
acutangula, the application of NO boosts As tolerance by enhancing cell wall thickness in
root epidermis, thereby controlling As absorption and accumulation (Singh et a/., 2013).
Nitric oxide provides tolerance against As by reducing As uptake through regulating various
transporters, reducing chlorosis by increasing iron (Fe) concentrations in shoots, and causing
vacuolar sequestration of As through enhanced synthesis of PCs.

Salicylic acid is a phenolic substance and endogenous plant growth regulator. Singh et al.
found that exogenous application of SA to rice plants under As stress reduced As toxicity by
increasing the endogenous concentrations of both SA and NO (Singh et al., 2017). The
increased concentration of NO was attributed to the enhanced activities of nitrate reductase.
Co-application of SA, compared to pre-application, was also shown to be more effective in
reducing As uptake in rice due to enhanced antioxidant activity and increased concentrations
of GSH and phytochelatins (PCs) (Singh et al., 2015a; Singh et al., 2015b).

2. Transport systems responsible for efflux of and tolerance to arsenic

A. Arsenite efflux systems

1) ArsB—In anaerobic environments, As(111) is the predominant form of inorganic
arsenic and is significantly more toxic than its oxidized counterpart. It is also highly mobile
in groundwater, making it a major source of arsenic exposure. As prokaryotes evolved in an
anoxic, As(I11)-rich environment throughout Earth’s early history, they acquired genes
which allowed them to survive exposure to As(l11) (Zhu et al., 2017). It is no surprise;
therefore, that most bacterial enzymes and transporters that confer arsenic tolerance do so
for the trivalent species. In bacteria and archaea, arsenic resistance genes are usually
organized in arsoperons that are found on both plasmids and chromosomes. Expression of
the ars genes are controlled by an ArsR As(l11)-responsive transcriptional repressor. Nearly
every arsoperon has a gene encoding one of two As(l11) efflux proteins, ArsB (Meng et al.,
2004) or Acr3 (Villadangos et al., 2012), which are unrelated antiporters belonging to
different families (Figure 2).

By extruding As(l11), cells can grow in the presence of high As(l11) concentrations. ArsB
was the first identified As(l11) efflux system and is employed by many bacteria for arsenic
tolerance, followed by Ac3. Despite the similar biological roles of ArsB and Acr3 they
evolved independently, with only limited sequence similarity (around 20%—-40%) found
between these two families. ArsB is classified in the ion transporter superfamily. A
preliminary study of genome databases revealed a wide distribution of Acr3 homologues in
bacteria, archaea and eukaryotes (mainly fungi and some lower plants) (Achour et al., 2007),
while fewer ArsB homologues are found outside the bacteria kingdom. Thus, it appears that
ArsB and Acr3 are the products of convergent evolution. Although it has not been identified
in animals, an ArsB homologue exists in plants that is responsible for transcellular
translocation of As(l11) (Ma et al., 2007b; Ma et al., 2008a). Nearly every prokaryote has

Environ Int. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garbinski et al.

Page 10

either an arsB or acr3 gene, which are found in roughly equal frequencies. Often there are
multiple copies of either, and sometimes both within a single organism. For example, £. coli
has a chromosomal arsB gene as well as plasmids that have additional copy or copies.

The best characterized member of the family is the 429-residue ArsB permease from
plasmid R773 (Yang et al., 2012). From membrane topology studies, ArsB has been
proposed to have 12 transmembrane (TM) segments in two groups of six with a central
cytosolic loop (Figure 3A). While ArsB has little sequence similarity with MFS transporters,
its transmembrane topology may place it in that superfamily. ArsB is an antiporter that
extrudes As(111) or Sh(111) from cells by H*/As(OH)5 exchange coupled to the
electrochemical proton gradient (Meng et al., 2004). Many proteins with As(111) binding
sites have groups or pairs of cysteine residues in the binding site (Chen et a/., 2017a; Huang
et al., 2018; Yoshinaga and Rosen 2014). In contrast, ArsB has only a single cysteine residue
that could be changed to either a serine or alanine residue without effect and so is not an
essential residue (Rosen et al., 1995). Thus, unlike most other As(l11) detoxification
proteins, ArsB does not use soft metal chemistry in As(l11) transport but has been proposed
to transport a polymeric ring composed of three As(OH)3 molecules (Meng et al., 2004).
ArsB is unique in having a dual mode of energy coupling depending on its association with
ArsA, a 583-residue soluble enzyme with As(I11)-stimulated ATPase activity (Rosen et al.,
1995). From the crystal structure of ArsA, the As(l11) binding site is composed of three
cysteine residues (Zhou et al., 2000). Although ArsB can catalyze As(lI11) efflux coupled to
the electrochemical proton gradient, when it binds ArsA, it is converted into a primary ATP-
coupled As(111) efflux pump. /n vivo studies on the energetics of As(I11) extrusion showed
that expression of both the arsA and arsB genes resulted in ATP-coupled As(l11) extrusion
independent of the electrochemical proton gradient. To confirm this, everted membrane
vesicles from E. coli cells expressing the ArsA—ArsB complex were prepared and shown to
catalyze ATP-coupled uptake of As(I11). These results demonstrate that ArsB has the
potential to be either a secondary antiporter coupled to the proton motive force or an
obligatory ATP-coupled pump, depending on whether ArsA is part of the transport complex.
As an antiporter, the maximum concentration gradient of As(l11) outside the cell to inside
the cytosol can be calculated to be 103. In contrast, depending on the number of ATP
molecules hydrolyzed per As(111) transported, an ATP coupled pump can be calculated to
create a concentration ratio of 10°, a thousand times more efficient, providing a driving force
for the evolution of the ArsAB complex.

In addition to As(l11), Sb(l11) has also been shown to be a substrate for the ArsB transporter
from E. coli and plasmid R773. ArsB from Campylobacter jejuni appears to be different.
First, its predicted transmembrane topology has only 11 transmembrane domains, instead of
12 for the R773 ArsB. Second, CjArsB does not appear to catalyze Sbh(l1l) extrusion (Shen
et al., 2013). It is not clear what produces the difference in substrate specificity; perhaps the
difference in the number of transmembrane helices contributes.

2) Acr3—Even though ArsB and Acr3 are both efflux systems for As(l11), they have key
functional and structural differences. With 357 residues, Acr3 is considerably smaller than
ArsB. The Acr3 permease is a member of the bile/arsenite/riboflavin transporter (BART)
superfamily (Mansour et a/., 2007). The transmembrane topology of Acr3-1 from the iron-
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reducing alkaliphile Alkaliphilus metalliredigens has been determined by a combination of
cysteine scanning mutagenesis and accessibility to thiol-reactive probes (Fu et al., 2009).
The results clearly demonstrate that AmAcr3-1 has 10 transmembrane spanning segments,
with the N- and C-termini localized in the cytosol (Figure 3A), like other BART superfamily
proteins. This is consistent with the smaller size of Acr3 compared with ArsB, which has
two additional transmembrane spanning segments. Two residues may be involved in
metalloid translocation, a highly conserved cysteine residue in the P/R-C-T/I-AMV motif in
TM3 of CgAcr3-1, and a conserved glutamate residue in TM9. Replacing either Cys129 or
Glu305 led to loss of transport activity in CgAcr3-1. The possible requirement for a thiol
suggests that the transport mechanism of Acr3 may be different from ArsB, which has no
required cysteine residues. The role of these residues in mediating transport is still unknown,
but it is reasonable to speculate that both residues may serve as a selectivity filter for As(l11).
There is, however, debate over the substrate specificity for Acr3. Fungal members of this
family include the ScAcr3p metalloid efflux protein from S. cerevisiae, which was proposed
to be selective for As(111) over Sb(l11). ScAcr3p has been suggested to transport Sb(lll) /n
vivo as well, and yeast plasma membrane vesicles accumulate both As(l11) and Sb(lll) by
exchange with protons (Maciaszczyk-Dziubinska et a/., 2012). However, a separate study
found no Sb(lll) transport in yeast plasma membrane. Bacterial Acr3 orthologues appear to
be specific for As(l11) and do not transport Sh(lll). Cells of £. coli expressing AmAcr3-1 or
CgAcr3-1 confer As(l11) resistance (Fu et al., 2009). In addition, everted membrane vesicles
prepared from C. glutamicum expressing Acr3—1 were shown to transport As(I11) but not
Sb(111) using NADH and an electron donor for the respiratory chain.

Some plants also have proteins related to Acr3 that confer arsenic tolerance. For example, an
Acr3 ortholog was identified in the vacuole of P, vittataand is responsible for arsenic
tolerance in this plant (Indriolo et al.,, 2010). In contrast, rice, in which arsenic in the rice
grain is a serious health hazard, does not have Acr3 (Zhao et al., 2010). In an attempt to
mitigate this problem, transgenic rice plants expressing the S. cerevisiae Acr3 gene
increased As(l11) efflux and also lowered arsenic accumulation in rice grain (Duan et al.,
2012). Expression of PvAcr3;1 from P, vittatain A. thaliana and tobacco (Nicotiana
tabacum) was shown to increase arsenic retention in the roots, thereby decreasing arsenic
accumulation in the shoots (Chen et al., 2017b).

B. Arsenate efflux systems

1) ArsJ—As described above, As(V) is taken up adventitiously by phosphate transporters
and is reduced to As(l11) to become the substrate of the ArsB, Acr3 or ArsK efflux
permeases. If first methylated to MAs(111) it becomes the substrate of ArsP or ArsK
permeases. Until recently there were no known efflux permeases that confer resistance to
pentavalent As(V).

A new bacterial mechanism for As(V) tolerance was identified that in effect transports
As(V) out of cells even though As(V) is not the actual substrate (Chen et al., 2016). Two
genes, gapdh and arsJ, encoding the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and a predicted MFS protein (Figure 4), respectively were found
to link together in arsoperons in several bacterial species. The two genes were cloned from
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the chromosome of Pseudomonas aeruginosa DK2 and expressed in E. coli. Together, but
not individually, they conferred resistance to As(V) but not to As(l11) or any trivalent
organoarsenical. These results indicated that resistance is specific to As(V) and that the
products of the two genes work synergistically to enhance As(V) resistance. Everted
membrane vesicles prepared from cells expressing arsJaccumulated As(V) when purified
rabbit GAPDH and its substrates were present. These results indicate that ArsJ transports an
As(V)-containing product of the GAPDH reaction. ArsJ is a 410-residue membrane protein
with 10 predicted TMs (Figure 3B). It has a large putative extracellular loop between TMs 3
and 4, and a smaller intracellular loop between TMs 4 and 5. It is possible that the some of
these form two additional TMs, which would give ArsJ 12 TMs, similar to other MFS
transporters. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) plays a major role in
glycolysis. It fulfills a catabolic function, allowing oxidative phosphorylation of
glyceraldehyde-3-phosphate (G3P) intol,3-bisphosphoglycerate (1,3-BPG) and reduction of
NAD™* to NADH (lddar et a/., 2002). GAPDH can use As(V) instead of inorganic phosphate
(Pi), converting G3P into 1-arseno-3-phosphoglycerate (LAs3PGA) rather than 1,3-BPG
(Byers et al., 1979). This arsenylated metabolite is extremely unstable and spontaneously
hydrolyzes with a half-life of less than 2.5s. In everted membrane vesicles, As(V) uptake
was observed only when purified GAPDH, G3P, and NADH were present. Little uptake
occurred in the absence of GAPDH, G3P or NAD* (Chen et al., 2016). Thus the GAPDH
reaction is required for As(V) accumulation in vesicles. Energy-dependent transport by ArsJ
was confirmed by addition of an uncoupling agent of the proton motive force. Since the
genes for ArsJ and GAPDH are linked, it seemed reasonable to consider that ArsJ could be
an efflux system for 1As3PGA. After uptake by Pi transporters, intracellular As(V) would be
converted to 1As3PGA by GAPDH, followed by extrusion from cells by ArsJ, conferring
As(V) resistance. Once outside the cell, LAs3PGA immediate hydrolyzes to generate
external As(V), making ArsJ effectively an As(V) efflux system. Coupling of a glycolytic
enzyme and an organoarsenical efflux permease is a novel transport pathway for As(V)
resistance. To date ArsJ represents the sole efflux permease for a pentavalent arsenical.

C. Methylarsenite efflux systems

1) ArsP—While ArsB and Acr3 have been recognized as the dominant efflux permeases
for inorganic arsenic in most bacteria, they do not transport organoarsenicals. ArsP was
identified as an MAs(I11)-selective permease. ArsP was first identified as encoded by an ars
operon of Campylobacter jejuni (Shen et al., 2014; Wang et al., 2009). ArsP was originally
reported to be an organic arsenic transporter for the pentavalent forms of roxarsone and
nitarsone (Shen et al., 2014). The substrate specificity was subsequently demonstrated to be
for trivalent organoarsenicals (Chen et al., 2015). E. coli expressing CjarsP conferred high
resistance to MAs(I11) and Rox(I11) but not to inorganic As(l11) or pentavalent
organoarsenicals. Everted membrane vesicles from those cells accumulated MAs(111)
energized by the proton motive force, consistent with ArsP catalyzing efflux from cells.
ArsP was selective for the natural product MAs(111) over synthetic trivalent aromatic
arsenicals such as Rox(l11). ArsP is unrelated to other ars operon permeases (Figure 2) and is
the smallest, with only 315 residues. It is smaller than MFS transporters and is predicted to
have only 8 TMs (Figure 3B), which is atypical for bacterial permeases. There is a vicinal
cysteine pair, Cys65 and Cys67, present in a highly conserved motif (TPFCSCSXXP) in the
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middle of predicted TM2 that appears to be involved in the transport reaction. Vicinal
cysteine pairs form strong binding sites for arsenicals. Given the substrate specificity, it
would have to be a binding site for MAs(111) and not As(l11). If one assumes that TM2 is a
straight a-helix, the distance between the two thiols would be too long to form a binding site
for MAs(I11), where the As-S distance would be predicted to be on the order of 2.2 — 2.4 A.
However, there are proline residues on each side of the two cysteine residues that could
produce a bend in the helix and bring the thiols close enough to each other to bind MAs(I11)
on the cytosolic side of the membrane. Reorientation of the binding site to the medium side
of the membrane could be predicted to allow the helix to straighten, releasing MAs(111) into
the external medium (Chen et al,, 2015).

2) ArsK: Quite recently a novel MFS transporter (Figure 4), ArsK, was identified in an
arsenic gene island in the chromosome of Agrobacterium tumefaciens GW4 (Shi et al.,
2018) and a Bacillus sp. strain (Jia et al., 2019). ArsK is a 411 amino acid residue
transmembrane protein that can be predicted to have 12 TMs (Figure 3A). Genome analysis
showed ArsK orthologs are widely distributed in arsenic-resistant bacteria, but not in
archaea, fungi, plants or animals. ArsK is in a distinct group that is highly phylogenetically
divergent from other arsenic transporters. ArsK confers resistance to As(l11), Sb(lll),
Rox(111) and MAs(I11) by reducing cellular accumulation of these compounds. It does not
confer resistance to As(V), DMAs(111) or Cd(Il). There are three cysteine residues in ArsK
from A. tumefaciens GW4, but only one cysteine is conserved in other putative orthologs.
Whether this cysteine residue is involved in ArsK function was not investigated. The ars
operon containing arsKis negatively regulated by an ArsR repressor. ArsK expression is
induced by As(111), Sb(lll), Rox(111) and MAs(11T) and As(V) (perhaps after reduction to
As(111)). ArsK has the broadest substrate specificity of any known trivalent arsenic efflux
permease, including both inorganic and organic species.

D. ABC transporters

The ATP-binding cassette (ABC) superfamily is one of the oldest group of transporters
found in species of every kingdom. Some of these ATP-coupled pumps confer resistance to
multiple drugs and metals, including As(l11). ABC transporters normally contain 12-14
transmembrane helices and are among the biggest membrane super families across all
domains of life (Rees et al., 2009). ABC transporters facilitating arsenic extrusion have been
found in several eukaryotes. One example is the S. cerevisiae ABC pump Ycflp that was
originally isolated as a cadmium resistance transporter. Ycflp pumps the Cd-glutathione
complex (Cd(GS)) into the yeast vacuole, and this sequestration confers a resistant
phenotype. Ycflp also transports As(l11) and Sb(lll) from the cytoplasm into the vacuole, as
the glutathione adducts As(GS)3 and Sb(GS)3. In addition to Ycflp, S. cerevisiaehas a
cluster of three ACR genes that also confer arsenic resistance (Bobrowicz et al., 1997).
Acrlp is a transcription factor, and Acr2p is the yeast As(V) reductase. Acr3p is a plasma
membrane carrier protein that catalyzes extrusion of As(l11) from cytosol. Thus, these two
systems are independent of each other and provide parallel pathways for arsenic
detoxification in yeast. Acr3p homologs are present in bacteria and archaea but have not yet
been found in mammals.
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The related mammalian liver ABC pump is MRP2, which belongs to the multidrug
resistance-associated protein (MRP) group of the ABC superfamily. Like the yeast pumps, it
extrudes arsenic—glutathione complexes into bile and may be a major route of arsenic
detoxification in human liver, and it is responsible for biliary excretion of not only As(GS)3
but also the methylated species, MAs(GS), (Leslie 2011). These findings suggest that
arsenic excretion by MRP transporter is in part dependent on GSH. Previous studies show
that the liver plays a primary role in inorganic As metabolism (Drobné et a/., 2010). Liver
cells methylate arsenic to MAs(I11), DMA(III), and their pentavalent forms. In addition, the
capacity of hepatocytes to metabolize inorganic As is closely linked to the expression of
specific membrane transporters. To date, several MRP orthologs have been shown to be
involved in arsenic transport. /n vivo studies show that MRP1 is also responsible for biliary
excretion of As(GS)3; and MA(GS),. However, despite the roles MRP1 and MRP2 play in
protecting cells and tissues from arsenic, neither protein is localized to the basolateral
surface of human hepatocytes (Banerjee et al., 2014). Thus, MRP1 and MRP2 are not
responsible for the transport of hepatic arsenic metabolites into sinusoidal blood, leading to
urinary clearance. Instead, other transporters of this family such as MRP3, MRP4, MRP5 are
expressed at the basolateral surface of hepatocytes. Interestingly, MRP3-5 are not capable of
reducing the cytotoxicity of inorganic arsenic. HEK293 cells overexpressing MRP3 or
MRP5 did not exhibit resistance to As(l11), As(V), MAs(111), MAs(V), DMASs(III), or
DMAs(V), suggesting that MRP3 and MRP5 do not provide cellular protection against
arsenicals. MRP4 reduced the toxicity and cellular accumulation of As(V), MAs(V), and
DMASs(I1I), but were not directly transported by MRP4. Instead, MRP4 resistance to As(V)
was completely GSH-dependent, suggesting that MRP4 reduced the toxicity and
accumulation of As(V) by extruding As-GSH complexes. MRP4 was also found to transport
DMAs(V), elucidating a novel detoxification pathway for this As metabolite. MRP
expression levels in tissues of humans and rats has been characterized, and differences in
expression of the individual MRP family members exist in various tissues, with age, and
with gender (Maher et a/., 2005). Humans have high expression of MRP1 in lung, bladder,
spleen, testes, thyroid, and adrenal glands, and little variation among these tissues.
Interestingly, MRP1 was not expressed in the liver (Sugawara et al., 1997), whereas MRP2
is highly expressed in the liver and intestine. MRP3-5 are expressed in the liver; however,
tissues where the most expression is observed is different between each transporter, with
such as the large intestine (MRP3), kidney and lung (MRP4), and skeletal muscle (MRP5).

In plants, phytochelatins (PCs) are glutathione-derived peptides that chelate heavy metals
and metalloids such as arsenic, thereby functioning as the first step in their detoxification
(Dhankher et al., 2002). Most of the As(I11) in the root and shoot tissues of plants is
coordinated with the sulfhydryl groups of thiol-rich peptides such as glutathione (GSH) and
phytochelatins (PCs), as has been observed in A. thalianaand Brassica juncea (Schmoger et
al., 2000).

Like GSH complexes, metal(loid)-PC complexes are sequestered into vacuoles, protecting
cellular components against exposure. The most prominent complexes are (GS)As(111)-PC2,
As(111)-PC3, As(l11)-(PC2),, and As(GS)3. In A. thaliana, two ABC transporters were
identified that are required for arsenic detoxification (Song et a/., 2010). In the absence of
the ABCC-type transporters AtABCC1 and AtABCC2, A. thalianais extremely sensitive to
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arsenic and arsenic-based herbicides. Heterologous expression of these ABCC transporters
in phytochelatin-producing S. cerevisiae also enhanced arsenic tolerance and accumulation.
Thus, AtABCC1 and AtABCC2 are major vacuolar PC transporters.

In addition to the previously discussed Lsil transporter, which catalyzes uptake of As(l11)
and Sh(lll), a second Si(OH),4 transporter, Lsi2, was reported in rice (Ma et al., 2007a). Lsi2
shows homology to plant citrate-efflux transporters and to the bacterial As(l11) efflux
transporter ArsB. E. coli ArsB and Lsi2 are both efflux transporters of arsenic and antimony.
Lsi2 is localized to the proximal side of the plasma membranes of the exodermis and
endodermis cells, allowing solute efflux toward the stele for xylem loading. Mutations in
Lsi2 had a dramatic effect on As(l11) transport to the xylem and As accumulation in the
shoots. However, rice Lsi2 is not involved in the efflux of MAs or DMAs, possibly because
most MAs and DMAs is dissociated at cytoplasmic pH (Ma et al., 2008b).

Another C-type ABC transporter (OsABCC), OsABCC1 was found to be involved in the
detoxification and reduction of As in rice grains (Song ef a/., 2014). OSABCCL1 is localized
to the phloem region of vascular bundles. Furthermore, OSABCCL is localized to the
tonoplast and confers phytochelatin-dependent As resistance in yeast. In addition to As
detoxification, OSABCCL is also involved in reducing the allocation of As to the rice grain,
particularly during the reproductive growth stage. Knockout of OSABCCL1 in rice resulted in
decreased tolerance to As and significantly lower As concentrations in the grain. OSABCC1
in the upper nodes of rice plants restricts distribution of As to the grain by sequestering it in
the vacuoles of the phloem companion cells of diffuse vascular bundles directly connected to
the grain. Overexpression of AtPCS1 and AtABCCL resulted in plants exhibiting increased
arsenic tolerance. Modification of ABCC transporter and PCS expression in plants may
therefore enable future engineering of reduction in the accumulation of arsenic in edible
organs of plants, a strategy for limiting As accumulation in rice grains and thereby reducing
human As exposure.

Summary and future prospects

Arsenic efflux systems are found in nearly every organism and evolved to rid cells of this
toxic metalloid. As described in this review, the most frequently employed stratagem for
resistance is efflux of inorganic and organic arsenicals from cells (Figure 5). The majority of
these transporters are related to ArsB, Acr3, ArsP, ArsK, ArsJ or AgpS that confer resistance
to environmental As(I11), As(V) and MAs(111) and to synthetic trivalent aromatic arsenicals.
The existence of multiple permeases demonstrates that life evolves multiple solutions to
similar environmental challenges.

Even as we learn more about these known efflux systems, it is obvious that there are
probably more. As whole genome sequencing has become increasingly available, a number
of additional ars genes that encode membrane proteins of as-yet unknown function have
been observed. Approximately 2,500 genomes have been analyzed to date, with more added
daily, and over 700 ars genes encoding membrane proteins have been identified. Not all of
these fall into known classes. We predict that some, if not all, of these are transporters for
inorganic or organic arsenicals. The recent identification of ArsK as a broad-substrate efflux
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permease is an example. However, the identification of ArsJ as an organoarsenical efflux
permease for LAs3PGA shows that the substrates or physiological function of putative
permeases cannot be deduced solely from its presence in arsoperons. Originally annotated
simply as a membrane protein in the major facilitator family, without additional information
—in this case, association of the arsJ/and gapdh genes in the arsoperons — it is doubtful that
the substrate of the ArsJ permease would have been identified.

The major facilitator superfamily is an ancient and ubiquitous transporter group, consisting
of more than 15,000 sequenced members, and this number is growing rapidly with the
continuing emergence of genome sequences (Reddy et al., 2012). Members of the MFS have
an extraordinarily broad spectrum of substrates, including inorganic and organic ions,
nucleosides, amino acids, short peptides, and lipids. MFS members comprise facilitators,
symporters, and antiporters that move substrates across membranes via facilitated diffusion,
cotransport, or exchange. Genomics analysis reveals at least four distinct MFS clusters
(Figure 4). ArsJ and ArsK are members two of the clusters, and other putative arsenic
transporters belong to two other clusters. However, there are no experimental data that
demonstrate involvement of those uncharacterized permeases in arsenic resistance. For
example, an MFS3 transporter has been designated as arsQ in Rhodobacter sphaeroides
ATCC17025, but an arsenic-related function is not known (Chauhan et a/., 2009). In our
MFS phylogenetic tree analysis, it appears to be more closely related to the MFS4 subgroup.
Another MFS gene is found downstream of the gapdharsJjgenes in Halomonas sp. strain
GFAJ-1 (Wu et al., 2018). This MFS transporter likely belongs to the MFS3 group. Another
representative of MFS3 is a transporter in an ars operon found in Cupriavidus metallidurans
CH34. MFS3 transporters have several highly conserved sequences, but there is only one
conserved cysteine residue, suggesting that it is not an ArsP-like MAs(I11) transporter, which
has two conserved cysteines in its MAs(111) binding site (Chen et a/., 2015). MFS4
transporter genes are not as widely distributed as other ars operon MFS genes. MFS
transporters in ars operon are quite different in terms of their diversity and occurrence,
suggesting that they may have diversity in arsenical substrate specificity.

In summary, a general observation is that arsenic uptake systems are adventitious. For the
most part, organisms would prefer not to accumulate arsenic, but both As(V) and As(l11)
As(V) enter cells via uptake systems for other nutrients and minerals such as glucose
permeases and aquaglyceroporins. On the other hand, arsenic efflux systems show
considerable specificity and appear to have evolved to confer resistance to inorganic and
organic arsenicals. However, members of the MRP subfamily of the ABC superfamily are
nonspecific arsenic conjugate efflux pumps. With only one exception, the substrates of these
efflux systems are trivalent arsenicals, reflecting their early evolution in an anoxic world.
The only efflux system identified for a pentavalent arsenical is ArsJ, which extrudes the very
unstable pentavalent organoarsenical 1-arseno-3-phosphoglycerate, which rapidly
hydrolyzes to release free As(V) outside of the cell, conferring As(V) resistance.

There is still much to be learned about arsenic transport. First, the identification of ArsJ and
genes for other MFS transporters illustrates that there may be other novel and highly unusual
permeases to be discovered. Second, the molecular mechanism of arsenic transport has yet
to be determined. Efflux permeases like ArsB and Acr3 do not appear to use cysteine motifs
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for binding of As(lll). Cysteine pairs or triads form binding sites for trivalent arsenicals in
ArsR repressors, the ArsA ATPase subunit of the ArsAB pump, and the soluble enzymes of
arsenic biotransformation ArsM and Arsl. It was thought that if membrane proteins such as
ArsB or Acr3 used vicinal cysteine pairs for substrate binding, they might bind trivalent
arsenical with such high affinity that they could not be released, yet ArsP uses a vicinal
cysteine pair to bind MASs(I11). The binding helix is predicted to have a bend that brings the
two cysteines close enough to each other to bind MAs(111) on the cytosolic side of the
membrane. In a conformational change, the helix straightens out on the periplasmic side,
releasing the highly toxic organoarsenical into the medium. Thus, the transport mechanism
cannot be predicted from primary sequence. A third remaining obstacle is the lack of
structural information about arsenic transporters. The two-dimensional transmembrane
structures have been estimated from a combination of molecular and chemical methods for
ArsB and Acr3 (Figure 3A), and can be predicted from various algorithms for ArsK, ArsJ
and ArsP (Figure 3B). The number of TMs appears to be variable, from 8-12. However, the
predictions for ArsK, ArsJ and ArsP have not been experimentally verified, and their actual
transmembrane topology could be different. Except for ArsP, the topology provides little
predictive value about the substrate binding site. The arrangement of the helices in the
membrane and the localization of specific residues is absolutely required to deduce a
catalytic mechanism. This has been accomplished for membrane proteins such as the lactose
permease, potassium channel, bacteriorhodopsin, to name only a few. The number of crystal
structures of membrane proteins is increasing rapidly, and it is only a matter of time before
this is expanded to elucidate the structure and function of arsenic permeases.
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Highlights:

Arsenic is a toxic metalloid that enters cells adventitiously through uptake
systems for nutrients such phopshate permeases (arsenate), and or
aquaglyceroporins or glucose permeases (arsenite).

Cells detoxify arsenic primarily by extrusion from cells.
Efflux permeases for arsenite include ArsB and Acr3.
Efflux permeases for methylarsenite include ArsP and ArsK.

Novel efflux proteins ArsJ and AgpS confer resistance to arsenate even
though it is not the substrate of those transporters.
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Figure 1. Structure of As(111) uptake proteins GlpF and GLUTL.
GlpF (PDB accession code 1FX8) and GLUT1 (PDB accession code 4PYP) facilitate

As(I11) entry into cells. Left: Aquaglyceroporins such as GIpF have six transmembrane a-
helices and two half-helices. The two half-helices align to span the membrane. Each half
helix has an NPA motifs (orange) that form a constriction that contributes to exclusion of
protons and gives selectivity for uncharged substrates. Right: MFS sugar permeases such as
GLUT1 have two six-helix halves that fold together to form a central cavity into which
substrate binds. In the cytosol substrate binds to the cavity in an inward-facing
conformation. A conformational change reorients binding site to an outward-facing
conformation, with release of substrate from the cell.
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Figure 2. ArsB, Acr3, ArsP phylogenic trees.
A neighbor-joining phylogenetic tree showing the divergent from three arsenic efflux

proteins: ArsB, Acr3, and ArsP. To obtain sequences of arsP genes encoding candidate
orthologs, ArsP (Campylobacter jejuni RM1221), ACG76368, was used for Basic Local
Alignment Search Tool (BLAST). Only sequences containing a highly conserved MAs(I11)
binding motif (TPFCSCSXXP) were included. To obtain sequences of arsB genes encoding
candidate orthologs, ArsB (Escherichia coli), AJE59278, was used for BLAST. To obtain
sequences of acr3 genes encoding candidate orthologs, Acr3 (Corynebacterium
glutamicum), BAV22061, was used for blast. The tree was produced using MEGA?7.
Bacterial species and protein accession numbers are shown.
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B Extracellular

Figure 3. Transmembrane topology of arsenic permeases.
While the number of predicted TMs for ArsB and ArsK (A) supports their classification as

MFS transporters, other pumps such as Acr3 (A), ArsJ, and ArsP (B) are predicted to have
fewer than 12 TMs. The ArsB and Acr3 topologies are based on experimental data. ArsJ,
ArsP and ArsK topologies are predicted from /n silico analysis. Transmembrane topology
models were calculated with TMHMM and illustrated with Protter (Omasits et a/., 2014).
Residues in black are predicted to be involved in the catalytic mechanism.
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Figure 4.
A neighbor-joining phylogenetic tree showing the evolutionary relationship of MFS proteins

encoded in ars operons. To obtain sequences of m/s1 genes encoding candidate orthologs,
Ars) (Shewanella putrefaciens 200), WP_014610147, was used for BLAST. To obtain
sequences of mfs2 genes encoding candidate orthologs, ArsK (Agrobacterium tumefaciens
GWa4), KDR86814, was used for BLAST. To obtain sequences of m7s3 genes encoding
candidate orthologs, MFS3 from Cupriavidus metallidurans CH34, WP_011515208, was
used for BLAST. Only mfsgenes in arsenic operons were included for phylogenetic
analysis. ArsJ, predicted to transport the organorarsenical 1-arseno-3-phosphoglycerate
(1As, 3PGA), is a found in the MFS1 branch. ArsK, which has broad substrate specificity
for both inorganic and organic trivalent arsenicals, is found in the MFS2 branch. Substrates
of MFS3 and MFS4 transporters have not yet been determined. The tree was produced by
MEGAY. The bacterial species and protein accession numbers are shown.
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Figure 5. Model of transporters.
As arsenic compounds adventitiously enter the cell through nutrient transporters such as

aquaglyceroporins (AQP), glucose permeases (GLUT) or phosphate transporters (Pho), they
are either directly extruded by specialized arsenic efflux pumps such as ArsB, Acr3, ArsK or
ArsP, or are transformed by enzymes such as ArsC, ArsM, or GAPDH prior to efflux.
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