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ABSTRACT Saccharomyces cerevisiae has two indepen-
dent transport systems for the removal of arsenite from the
cytosol. Acr3p is a plasma membrane transporter that confers
resistance to arsenite, presumably by arsenite extrusion from
the cells. Ycflp, a member of the ABC transporter superfam-
ily, catalyzes the ATP-driven uptake of As(III) into the vac-
uole, also producing resistance to arsenite. Vacuolar accumu-
lation requires a reductant such as glutathione, suggesting
that the substrate is the glutathione conjugate, As(GS)s.
Disruption of either the ACR3 or YCFI gene results in sensi-
tivity to arsenite and disruption of both genes produces
additive hypersensitivity. Thus, Acr3p and Ycflp represent
separate pathways for the detoxification of arsenite in yeast.

Exposure to drugs and metals frequently results in the acqui-
sition of resistance mechanisms. Development of transport
systems for the export or sequestration of heavy metals and
drugs is one of the most commonly utilized strategies used by
all cell types for producing resistance (1, 2). In bacteria efflux
systems that produce resistance to salts of the metalloids
arsenic and antimony have been characterized (3). The path-
ways of metalloid resistance in eukaryotes are less clear. In
both Leishmania and Chinese hamster cells, resistance corre-
lates with active extrusion of arsenite from resistant cells (4, 5),
but the relevant genes or gene products have not been iden-
tified. Human multidrug resistance-associated protein (MRP),
a member of the ABC transporter superfamily, also confers
resistance to arsenite (6), but arsenite transport by MRP has
not been demonstrated.

The yeast Saccharomyces cerevisiae can serve as a model
system for the study of arsenite resistance in eukaryotes.
Recently, three ACR (arsenic compounds resistance) genes
related to resistance to arsenite and arsenate, ACRI, ACR2,
and ACR3, were identified on chromosome XVI of S. cerevisiae
(7). ACRI encodes a putative transcription factor; insertional
inactivation of ACRI resulted in sensitivity to both arsenate
and arsenite. ACR2 encodes a protein required for arsenate
but not arsenite resistance that has been shown to be an
arsenate reductase (8). ACR3 encodes a putative membrane
protein. Disruption of ACR3 resulted in sensitivity to arsenite,
leading to the hypothesis that it is a plasma membrane arsenite
efflux transporter (9).

In this report, we demonstrate that there are two parallel
pathways for removal of toxic arsenite from yeast cytosol. The
first pathway is extrusion of arsenite into the medium. We
show that cells with an ACR3 disruption exhibit not only
increased sensitivity to arsenite but also that deletion of ACR3
was directly correlated with increased arsenite accumulation,
most likely reflecting loss of efflux activity. Both resistance and
ability to prevent arsenite accumulation was restored by ex-
pression of ACR3 on a plasmid. The second pathway is
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vacuolar sequestration of As(III) in a reaction catalyzed by the
product of the YCFI gene. Ycflp (yeast cadmium factor
protein), a close homologue of the human MRP, has been
shown to be a vacuolar glutathione S-conjugate pump with a
broad range of substrate specificity (10, 11) and confers
cadmium resistance in S. cerevisiae by catalyzing sequestration
of Cd(GS); in the vacuole (12). Both MRP and a homologue
from Arabidopsis thaliana complement a YFCI-disrupted yeast
strain (13, 14). We show here that vacuolar membrane prep-
arations exhibit uptake of 7>As(III) in the presence of MgATP
and glutathione (GSH). No uptake was observed in vacuolar
membrane vesicles prepared from a YCFI-disrupted strain.
The YCFI-disrupted strain was sensitive to As(III), As(V),
Sb(III), and Cd(II) whereas the ACR3-disrupted strain was
sensitive to As(III) and As(V) but remained resistant to
Sb(IIT) and Cd(II). An ACR3-YCF1 double disruption pro-
duced hypersensitivity to arsenite and arsenate. These results
are consistent with ACR3 and YCFI encoding independent
transporters, either of which confers arsenite resistance.

MATERIALS AND METHODS

Strains and Plasmids. Plasmids and S. cerevisiae strains are
described in Table 1. E. coli strain IM109 [recA1 supE44 endA1
hsdR17 gyrA96 relAl thi A(lac-proAB) F' (traD36 proAB*
lacl¥ lacZAM15)] was used for molecular cloning.

Media. S. cerevisiae strains were grown at 30°C in complete
yeast extract/peptone/dextrose (15) medium supplemented
with 2% glucose. Alternatively, the minimal selective (15)
medium with 2% glucose supplemented with auxotrophic
requirements was used. Escherichia coli cells were grown in
Luria-Bertani medium (16) supplemented with 125 pg/ml
ampicillin as required.

DNA Manipulations. Cloning procedures were carried out
as described (16, 17). Transformation of yeast cells was carried
out by using a lithium acetate method (18). Yeast genomic
DNA was isolated by using QIAamp spin column (Qiagen,
Chatsworth, CA).

Disruption of the ACR3 Gene. Disruption of the ACR3 gene
was carried out by a one-step gene replacement method (19).
A 3.1-kilobase (kb) fragment of yeast genomic DNA contain-
ing ACR3,ACR2, and a portion of ACRI was amplified by PCR
using a forward primer 5'-CGACATAAGCTTATCTT-
GTCC-3' that hybridizes with a region 533 bp downstream of
ACR3 and a reverse primer 5'-GTCATTTGAGAGATTCG-
TACAGC-3' that hybridizes to a region 483 bp inside of ACRI.
The fragment was ligated into pPGEM-T. The resulting plasmid
pGEM-T-ACR3, carrying ACR3, ACR2, and a portion of
ACRI, was digested with Kpnl. The linearized plasmid was
made blunt with T4 DNA polymerase, was digested with

Abbreviations: MRP, multidrug resistance-associated protein; GSH,

glutathione; kb, kilobase.
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Table 1. Strains and plasmids

Proc. Natl. Acad. Sci. USA 96 (1999)

Strains/plasmids Genotype/description Source

S. cerevisiae strains

W303-1B MAT« ade2-1 his3-11, 15 leu2-3, 112 ura3-1 trp-1 Ref. 45

MG100 MATa ade2-1 his3-11, 15 leu2-3, 112 ura3-1 trp-1 acr3::HIS3 This study

DTY165 MATa ura3-52 his6 leu2-3, 112 his3-A, 200 trpI1-901 lys2-801 suc2-A Ref. 10

DTY167 MATa ura3-52 his6 leu2-3, 112 his3-A, 200 trp1-901 lys2-801 suc2-A ycfl::hisG Ref. 10

MG101 MATa ura3-52 his6 leu2-3, 112 his3-A, 200 trp1-901 lys2-801 suc2-A acr3::URA3 This study

MG102 MATa ura3-52 his6 leu2-3, 112 his3-A, 200 trp1-901 lys2-801 suc2-A ycfl::hisG acr3::URA3 This study
Plasmids

pGEM-T E. coli cloning vector, Ap" Promega

pGEM-T-ACR3 3.1-kbp PCR fragment containing ACR3, ACR2, and part of ACRI cloned in pGEM-T This study

pUCI8-HIS31

1.7-kbp BamHI fragment containing HIS3 ligated into BamHI site of a pUC18 derivative in

S. Ackerman

which the BamHI site proximal to the EcoRI site had been destroyed by a fill in reaction

pUC18-URA3212

1.17-kbp Hind1ll fragment cloned into the HindIll site of pUCI18

S. Ackerman

pGEM-T-ACR3-HIS3 1.1-kbp BamHI-Kpnl fragment of pGEM-T-ACR3 replaced by 1.7-kbp BamHI-Smal HIS3 This study
fragment of pUC18

pGEM-T-ACR3-URA3 1.17-kbp HindIIl fragment containing URA3 cloned into Kpnl site of pGEM-T-ACR3 This study

YEp352 S. cerevisiae—E. coli shuttle vector, Ap", URA3 Ref. 21

YEpACR3 2.1-kbp EcoRI-Pacl fragment containing ACR3 ligated into EcoRI-Smal-digested YEp352 This study

BamHI, which excised a 1,145-bp fragment that included all
but the first 34 bp and last 35 bp of ACR3, and was ligated with
a 1.7-kb HIS3 gene that had been obtained from plasmid
pUCI18-HIS3-1 as a 1,769-bp BamHI-Smal fragment. The
resulting plasmid was digested with EcoRI, and the 3.6-kbp
fragment was isolated, purified, and transformed into yeast
strain W303-1B, producing the ACR3-disrupted strain MG100
by homologous recombination. Recombinants were selected
for growth in the absence of histidine and were screened for
arsenite sensitivity. Disruption of ACR3 was verified by PCR
using a forward primer 5'-AGATCTATGTCAGAAGAT-
CAAAAAAGTG-3' that introduces a Bg/II site immediately
in front of the first ACR3 codon and hybridizes from that point.
The reverse primer was 5'-GAATTCATTTCTATTGTTC-
CATATATAATATGGTTTAAGGATCCTCG-3’, which hy-
bridizes at the last ACR3 codon and introduces an EcoRI site
immediately following ACR3.

To construct a strain with both ACR3 and YCF1I disrupted,
a similar strategy was carried out starting with strain DTY167,
in which YCFI had been deleted (20). Plasmid pGEM-T-
ACR3 was digested at the unique Kpnl site in ACR3, was made
blunt with T4 DNA polymerase, and was ligated with URA3.
URA3 was obtained from plasmid pUC18-URA3-212 as a
1.17-kb HindIII fragment and was made blunt. The resulting
plasmid was digested with EcoRI, and a 4.2-kb fragment was
isolated, purified, and transformed into yeast strain DTY167,
producing the ACR3-YCF1 double-disrupted strain MG102 by
homologous recombination. Strain MG101, in which ACR3 of
DTY165 was disrupted, was constructed similarly. Disruption
of ACR3 in the resulting uracil prototrophs was verified by
PCR, as described above.

For complementation, ACR3 under control of its endoge-
nous promoter was cloned from plasmid pGEM-T-ACR3 by
digestion with Pacl, was made blunt, and then was digested
with EcoRI. The resulting 2.1-kb fragment was ligated with
EcoRI1-Smal-digested yeast E. coli shuttle vector plasmid
YEp352 (21). The ligation mixture was transformed into E. coli
strain JM109, and the resulting plasmid, YEpACR3, was
isolated and transformed into both wild-type and ACR3-
disrupted W303-1B. The transformants were selected on
minimal SD medium without uracil and histidine.

Metal Ion Resistance Assays. Strains were grown overnight
at 30°C in liquid minimal selective medium with 2% glucose
and appropriate supplements. The cultures were diluted into
minimal media to an ODg of 0.1 in presence of varying
concentrations of the indicated additions and were incubated
for an additional 24 hr, after which the growth was estimated

from ODygpo. For growth on solid media, cells were streaked
from single colonies and were incubated for 3—4 days at 30°C.

Membrane Preparations. For preparation of membrane
vesicles, a 10-ml stationary phase culture of the appropriate
yeast strain was diluted into 200 ml of fresh yeast extract/
peptone/dextrose medium. The culture was grown at 30°C to
an ODgo of ~1.0. The cells were chilled on ice for 20 min, were
harvested at 4,000 X g at 4°C, and were washed twice with a
buffer consisting of 50 mM TrissHCI (pH 7.5), containing 5
mM Na,EDTA, 1 mM Na,EGTA, 0.3 M sucrose, 5 mg/ml
BSA, 20 mM B-mercaptoethanol, and 1 mM 4-(2-aminoeth-
yl)benzenesulfonylfluoride (buffer A). After the final wash,
cells were suspended in 3 ml of buffer A per gram of wet cells
and were passed through a French pressure cell at 20,000 psi.
Diisopropylfluorophosphate (2.5 ul/g of wet cells) was imme-
diately added, and the cells were disrupted by grinding with
acid-washed glass beads (150-212 um) (10 g/g of wet cells)
(22). The suspension was diluted with 30 ml of buffer B (10 mM
TrissHCI, pH 7.5/1 mM Na,EGTA/10% glycerol/20 mM
B-mercaptoethanol/1 mM 4-(2-aminoethyl)benzenesulfo-
nylfluoride/2 mM MgCl,) and was centrifuged at 3,000 X g for
10 min at 4°C to remove the glass beads, unbroken cells, and
cell debris. The supernatant suspension was centrifuged at
17,000 X g for 40 min to remove organelles and then at
140,000 X g for 1 hr. The pelleted membranes were washed
once and were suspended in 2 ml of buffer C (75 mM
Hepes'KOH, pH 7.2/0.15 M KCl/2 mM MgCl,), all at 4°C.
The suspension then was gently homogenized several times
with a Wheaton Scientific homogenizer immersed in ice. The
membrane vesicles were rapidly frozen in liquid nitrogen and
were stored at —80°C until use. The protein content of the
membrane vesicles was determined by an Amido Black filter
assay (23).

Membranes were separated into plasma membrane-
enriched and vacuolar membrane-enriched fractions by su-
crose density gradient centrifugation (24). The membranes
were layered on a four-step gradient containing 3 ml each of
four different sucrose solutions [18%, 26%, 34%, and 68%
(wt/wt)] in buffer C. After centrifugation for 2 hr at 49,000 X
g in a Sorvall TH641 swinging bucket rotor at 4°C, two turbid
sections were observed, one in the region of 26% sucrose and
one at the interface of 34 and 68% sucrose. The turbid
fractions were individually isolated, were diluted 3- to 10-fold
with buffer C, and were centrifuged for 1 hr at 140,000 X g. The
pellet was suspended in 0.5 ml of buffer C containing 2 mM
MgCl, and was stored at —80°C until use.
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The membranes were analyzed for localization markers by
polyacrylamide gel electrophoresis and immunoblotting. Sam-
ples were dissolved in 0.1 ml of SDS sample buffer, were
incubated for 5 min at room temperature, and were analyzed
by SDS/PAGE (25) by using a 10% polyacrylamide gel.
Proteins were electrophoretically transferred to a nitrocellu-
lose membrane (0.2-um pore size) and were immunoblotted
overnight at 25 mV and 4°C with either of an antibody directed
against Pmalp or Pho8p, each at a dilution of 1:2,000. A
chemiluminescent assay was used to detect the antigen—
antibody reaction. The filter was incubated with 10 ml of the
enhanced chemiluminescence solution (New England Nu-
clear) and was exposed on x-ray film for 1 min at room
temperature.

Transport Assays. For uptake assays in vivo, cells were
grown in yeast extract/peptone/dextrose medium containing
2% glucose at 30°C to exponential phase, followed by induc-
tion with 0.1 mM sodium arsenite for an additional 24 hr. The
cells were washed twice with cold degassed water and once
with degassed buffer C and were suspended at a density of 1 X
108 cells/ml in buffer C. To initiate the assay, 0.1 ml of cells
was diluted with 0.9 ml of buffer C containing 0.1 M glucose.
After 30 min at 30°C, Na,”?AsO, was added to a final
concentration of 5 uM. Portions (0.1 ml) were withdrawn at
intervals and were filtered through nitrocellulose filters
(0.2-pm pore size; Whatman). The filters were washed with 5
ml of room temperature buffer C and were dried, and the
radioactivity was quantified in liquid scintillation counter.
Na,*AsO, was prepared by reduction of radioactive arsenate
(26).

Proc. Natl. Acad. Sci. USA 96 (1999) 5003

For uptake assays in vitro, frozen membrane vesicles were
thawed rapidly and were stored on ice until use. Unless
otherwise noted, the transport assay contained 5 mM MgCl,,
0.1 mM Na,3AsO,, and 0.4 mM GSH in buffer C. Vesicles
were added at 0.5 mg/ml of membrane protein. After 5 min at
room temperature, the reaction was initiated by addition of
ATP to a final concentration of 10 mM in a total volume of 0.3
ml. At intervals, samples (50 ul) were withdrawn and filtered
on wet nitrocellulose filters. The filters were washed with 5 ml
of cold buffer C and were dried, and radioactivity was mea-
sured. In control experiments, ATP was replaced with AMP at
a final concentration of 10 mM.

RESULTS

ACR3 Confers Arsenite Resistance in S. cerevisiae. The
1,212-bp ACR3 gene in S. cerevisiae strains W303-1B and
DTY167 was disrupted, producing strains MG100 and MG101,
respectively. Disruption of ACR3 had no effect on growth of
cells in the absence of arsenite. Cultures derived from single
colony isolates with the ACR3 disruption exhibited sensitivity
to both arsenite (Fig. 14) and arsenate (Fig. 18). MG101 was
as resistant to Sb(III) (Fig. 1C) and Cd(II) (Fig. 1D) as its
parent DTY165, indicating that Acr3p is specific for As(III).
To confirm that arsenite sensitivity was the result of disruption
of ACR3, the wild-type and disrupted strains were separately
transformed with the ACR3-bearing plasmid YEpACR3. The
plasmid complemented the arsenite and arsenate sensitive
phenotypes (data not shown). It is interesting to note that cells
expressing ACR3 on this multicopy plasmid exhibited in-
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Metal ion sensitivity of S. cerevisiae strains with disruptions of ACR3 and/or YCF1. Cells were grown in liquid selective minimal medium

with the indicated concentrations of sodium arsenite [As(III)] (4), sodium arsenate [As(V)] (B), potassium antimonyl tartrate [Sb(III)] (C), or
Cd(OAc), [Cd(ID)] (D). Strains were DTY165 (parental) (0); MG101 (acr3::URA3) (O); DTY167 (ycf1::hisG) (< ); and MG102 (acr3::URA3

yefl:hisG) (0).
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creased resistance to both arsenite and arsenate compared
with parental strains. If the amount of the putative positive
transcription factor Acrlp were limiting for expression of the
ACR genes, an increase in resistance with ACR3 alone would
not occur. If Acr2p were limiting for arsenate resistance, then
ACR3 alone would not produce an increase in resistance to
arsenate as well as arsenite. These results indicate that the
amount of Acr3p is rate-limiting for resistance to both oxidized
and reduced arsenic salts.

YCF1 Confers Arsenite Resistance in S. cerevisiae. MRP, an
ABC transporter, has been reported to confer resistance to
arsenite in human cells (6). Similarly PgpA, a Leishmania MRP
homologue, has been associated with arsenite resistance (27).
In S. cerevisiae, YCFI, which confers cadmium resistance,
encodes a close homologue of MRP (10, 11). The YCFI-
disrupted strain DTY167 (20) was examined for metal ion
sensitivity (Fig. 1). Disruption of either ACR3 or YCFI re-
sulted in equivalent sensitivity to arsenite (Fig. 1A4). These
results are consistent with ACR3 and YCFI encoding inde-
pendent pathways for arsenite detoxification. Double disrup-
tion of both genes in strain MG102 resulted in additive
hypersensitivity. Similar results were found for arsenate (Fig.
1B). This was anticipated because Acr2p reduces arsenate to
arsenite (8), which then can be transported by either system.
In contrast, only YCFI conferred resistance also to Sb(IIT) and
Cd(II) (Fig. 1 C and D). Considering the chemical similarity of
As(IIT) and Sb(III), it is surprising that ACR3 does not produce
antimonite resistance. However, the results demonstrate that
the substrate specificity of Acr3p and Ycflp differ; the former
is a specific arsenic transporter whereas the latter has a
broader range of metal ion substrates.

Acr3p Is a Plasma Membrane Arsenite Exporter. Decreased
accumulation of arsenite from cells of E. coli expressing
arsenite resistance genes reflects active extrusion; cells resis-
tant to arsenite do not accumulate radiolabeled arsenite
whereas sensitive cells accumulate the metalloid (28). Accu-
mulation of 73AsO, ! into cells of S. cerevisiae was examined
(Fig. 2). In the parental strains W303-1B and DTY165 exclu-
sion of radiolabeled arsenite was observed, consistent with
active efflux. Cells of MG100, with an ACR3 disruption,
accumulated 10-fold more arsenite over a 60-min period,
consonant with inability to extrude the metalloid. In contrast,
disruption of YCFI had no effect on accumulation; cells of
DTY167 were able to exclude arsenite as efficiently as its
parent. These results are consistent with Acr3p catalyzing
arsenite efflux through the plasma membrane. In these exper-
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FI1G. 2. ACR3-encoded arsenite exclusion from cells of S. cerevi-
sige. 3AsO,~ accumulation was measured in cells of W303-1B
(parental) (0); MG100 (acr3::HIS3) (O); DTY165 (parental) (»); and
DTY167 (ycfl::hisG) ().
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iments, the cells were induced with sodium arsenite; even
wild-type cells were unable to exclude arsenite without induc-
tion (data not shown).

Ycflp Is a Vacuolar Arsenite Pump. Since Ycflp has been
shown to catalyze ATP-coupled Cd(GS), transport into vacu-
oles (12), crude membranes prepared from S. cerevisiae were
fractionated by sucrose density gradient centrifugation. By
Western blot analysis, a dense fraction was found to react with
an antibody against Pmalp, the plasma membrane H*-
translocating ATPase (29) (Fig. 3 Inset). A light fraction
reacted with an antibody directed against Pho8p, a vacuolar
membrane enzyme (30). Vacuolar membrane vesicles pre-
pared from cells of S. cerevisiae DTY165 accumulated radio-
labeled arsenite (Fig. 3). In contrast to cellular extrusion, in
vitro transport activity did not depend on induction with
arsenite (data not shown). Accumulation required reduced
glutathione under conditions in which arsenite spontaneously
forms an As(GS); conjugate (31). This result is consistent with
the fact that many of the substrates of MRP and its homologues
are S-glutathione conjugates (10, 32). Of interest, tris(2-
carboxyethyl)phosphine, a strong nonthiol reductant, was as
effective as GSH (data not shown). Phosphine complexes of
Tc(III) are substrates of P-glycoprotein (33), suggesting that
phosphines form adducts with As(III) that are recognized by
Ycflp. Accumulation in vacuolar membrane vesicles required
MgATP (Fig. 3). MnATP, CaATP, or other Mg?*-nucleoside
triphosphates could substitute to varying degrees (data not
shown). As(GS)s transport was totally inhibited by equimolar
amounts of Cd(II), Sb(III), Hg(II), or the organoarsenical
phenylarsine oxide (data not shown). In those experiments,
GSH was added in excess over both As(III) and competitor,
which would result in spontaneous formation of their respec-
tive S-glutathione conjugates. These results are consistent with
those metal ions being competitive substrates. The effect of the
ionophores valinomycin and carbonyl cyanide-p-trifluorome-
thoxyphenylhydrazone was examined. Neither inhibited (data
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of| s [ W -
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FiG. 3. YCFl-encoded 7*As(GS)3 accumulation in vacuoles of S.
cerevisiae. As(GS)3 accumulation was assayed in the plasma mem-
brane-enriched (PM) and vacuolar membrane-enriched (VM) frac-
tions from cells of DTY165 or DTY167. 73As(GS)3 was prepared by
mixing 0.1 mM Na”?AsO; and 0.4 mM GSH. Accumulation was
assayed with 5 mM MgCl, and 10 mM ATP, unless otherwise noted.
Curves: (0), DTY165 VM; (0), DTY165 VM - ATP; (=), DTY165
VM - GSH; (), DTY165 PM; (»), DTY167 VM; (@), DTY167 PM.
(Inset) Membranes from strains DTY165 and DTY167 fractionated by
sucrose density gradient centrifugation were analyzed by immunoblot-
ting with antibody against the plasma membrane Pmalp or the
vacuolar membrane Pho8p. The arrows indicate the predicted position
of Pmalp and Pho8p estimated from the migration of proteins of
known molecular mass.
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F1G. 4. Detoxification of arsenicals in prokaryotes and eukaryotes. On the left is the phylogenetic relationships of representative members of
the three independently evolved families of arsenite transporters (accession numbers in parentheses). (4) ArsB family: pI258, Staphylococcus aureus
plasmid pI258 (M86824); pSX267, Staphylococcus xylosus plasmid pSX267 (M80565); Staphylococcus epidermis (S57521); E. coli (U00039); E. coli
plasmid R46 (U38947); E. coli plasmid R773 (J02591); Yersinia enterocolitica (U58366); Mycobacterium tuberculosis (Z96072). (B) Acr3p family:
S. cerevisiae Acr3p (Q06598); B. subtilis YqcL (D844321); Archaeglobus fulgidus (AE001071); Synechocystis sp. (D90914). (C) ABC ATPases: Three
members of this large superfamily have been shown to confer arsenite resistance, including PgpA of Leishmania tarentolae (P21441); the S. cerevisiae
Ycflp cadmium resistance protein (S51863); and the human MRP1 (2828206). A closely related homologue is AtMRP3 from A. thaliana (U92650).
Other members of the ABC superfamily that are probably not arsenite pumps are human cystic fibrosis transmembrane conductance regulator
(CFTR) (L49339) and P-glycoprotein (MDR1) (P08183). (D) On the right is a comparison of arsenite transport pathways in E. coli and S. cerevisiae.
Although the pathways of resistance are similar in overall design, the prokaryotic proteins are unrelated evolutionarily to their eukaryotic analogues.
In both E. coli and yeast, the first step is arsenate detoxification by reduction to arsenite catalyzed by the ArsC or Acr2p enzyme, respectively.
Arsenite then is extruded from cells by a plasma membrane carrier protein, ArsB or Acr3p, respectively. Both carriers are proposed to be anion
uniporters, coupled to the membrane potential. In S. cerevisiae, there is a second, parallel pathway for removal of arsenite from cytosol in which
the ATP-coupled Ycflp pump catalyzes sequestration of As(GS)3 in the vacuole.

not shown), consistent with 73As(GS); transport being cata-
lyzed by a primary ATP-coupled pump.

Arsenite accumulation into vacuoles was not affected by
disruption of ACR3 (data not shown), indicating that this
ATP-coupled transport reaction is not catalyzed by Acr3p.
Because disruption of YCFI produced arsenite sensitivity, it
was reasonable to consider that the transport activity is caused
by the activity of the vacuolar Ycflp pump. Although the
vacuolar membranes from the parental strain DTY165 accu-
mulated 73As(GS)s, vacuolar membranes from the YCFI-
disrupted strain DTY167 exhibited no accumulation, nor did
the plasma membrane fractions from either strain (Fig. 3).
Thus, the in vitro transport activity reflects catalysis by Ycflp
and not Acr3p.

DISCUSSION

The pressure of environmental exposure to arsenic has re-
sulted in the independent evolution of three distinct arsenite
transporters. In both prokaryotic and eukaryotic organisms,

resistance to arsenicals has been correlated with active extru-
sion (4, 5, 28). In prokaryotes, arsenite resistance is primarily
linked to the ArsB family of arsenite efflux proteins (Fig. 44)
(3). However, no eukaryotic ArsB orthologues have been
identified to date. Recently, an arsenite resistance gene en-
coding a putative membrane protein was identified in Bacillus
subtilis (34). Homologues of this protein have been identified
in other bacteria (35), in archaea (36), and in S. cerevisiae (7),
defining a second family of arsenite resistance proteins that we
call the Acr3p family (Fig. 4B). From our experiments, it is
clear that a subgroup of the ABC superfamily forms a third
class of arsenite resistance proteins (Fig. 4C).

We propose that arsenite detoxification mechanisms are
nearly universal in nature and that the pathways will have
similar steps even if they are the products of independent
evolution (Fig. 4D). The first step is reduction of arsenate to
arsenite. Because geological sources of arsenicals are exposed
to the oxidizing atmosphere, aqueous arsenical salts, such as
those that contaminate drinking water from geochemical
sources, are usually in the form of arsenate. In both bacteria
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and yeast, enzymatic reduction is catalyzed by members of
three evolutionarily unrelated families of arsenate reductases.
(7, 8, 37, 38). The next step in the pathway is removal of
arsenite from the cytosol (Fig. 4D). As discussed above,
transport proteins for the detoxification of arsenite also have
evolved independently at least three times: ArsB, Acr3p, and
Ycflp. In both bacteria and yeast, active extrusion out of the
cell is catalyzed by either ArsB or Acr3p, but, in yeast, Ycflp
provides a second, independent way to remove arsenite from
the cytosol by sequestering it in the vacuole as the glutathione
conjugate.

Arsenicals and antimonials have a long history of usage as
antimicrobial agents (39, 40), and resistance to these metal-
loids is of clinical importance in treatment of infectious
diseases caused by trypanosomatid parasites (40—42). More-
over, arsenite in the form of arsenic trioxide has been shown
to be an effective treatment for acute promyelocytic leukemia
(43). In a recent study, arsenite treatment produced complete
remission of acute promyelocytic leukemia in 11 of 12 patients
(44). Three of the eleven patients became unresponsive to
treatment with arsenite, suggesting that resistance may have
arisen in those individuals. Thus, it is important to determine
the routes of arsenic detoxification in higher eukaryotes,
including humans. At this point, S. cerevisiae is the only
eukaryotic organism for which the pathways of arsenical
resistance have been defined, and arsenite-sensitive yeast
strains may prove of value in identifying the genes for other
eukaryotic transporters.
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