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Arsenate is a major toxic constituent in arsenic-contaminated water supplies. Saccharomyces cerevisiae was engineered as a potential biosorbent for enhanced arsenate accumulation.
The phosphate transporter, Pho84p, known to import arsenate, was overexpressed using a
2l-based vector carrying PHO84 under the control of the late-phase ADH2 promoter. Arsenate uptake was then evaluated using a resting cell system. In buffer solutions containing
high arsenate concentrations (12,000 and 30,000 ppb), the engineered strains internalized
up to 750 lg of arsenate per gram of cells, a 50% improvement over control strains.
Increasing the cell mass 2.5-fold yielded a proportional increase in the volumetric arsenate
uptake, while maintaining the same level of speciﬁc uptake. At high levels of arsenate, loss
from the intact cells to the medium was observed with time; knockouts of two known arsenic
extrusion genes, ACR3 and FPS1, did not prevent this loss. At trace level concentrations
(120 ppb), rapid and total arsenate removal was observed. The presence of 50 lM phosphate reduced uptake by approximately 15% in buffer containing 80 lM (6,000 ppb) arsenate. At trace levels of arsenate (70 ppb), the phosphate reduced the initial rate of uptake,
but not the total amount removed. PHO84 mRNA levels were nearly 30 times higher in the
engineered strains relative to the control strains. Uptake may no longer be a limiting factor
in the engineered system and further increases should be possible by upregulating the downC 2012 American Institute of Chemical Engistream reduction and sequestration pathways. V
neers Biotechnol. Prog., 28: 654–661, 2012
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Introduction
Drinking water supplies contaminated with arsenic are a
major health risk to greater than 60 million people worldwide, as chronic exposure to toxic levels of arsenic causes a
number of human diseases including cancer and organ failure.1,2 To mitigate the health risks, both the World Health
Organization and the US Environmental Protection Agency
have deﬁned 10 parts per billion of arsenic in water as the
safe limit.2,3 Arsenic in contaminated water supplies comes
from both natural sources, such as leaching of bedrock
deposits, and anthropogenic activities, e.g., runoff from mining, application of arsenic containing wood preservatives,
and pesticides, and primarily exists in one of two oxide
forms: arsenite [As(III)] and arsenate [As(V)].4–7 The arsenite [As(III)] species is considered to be more oxidizing and
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toxic, and disrupts synthesis of proteins and DNA. The toxicity of arsenate [As(V)] stems from its interference in cellular phosphate metabolism, and due to its reduction to
arsenite [As(III)] once inside the cell.8–10
Novel technologies based on engineered microorganisms
have been proposed for arsenic remediation. It is known that
arsenic enters many plant and microbial cells via a number
of membrane transporters and the cells have evolved mechanisms to expel or sequester internalized toxic arsenic compounds.11–13 One proposed approach is to engineer these
pathways to create a microbial ‘‘arsenic biosorbent’’ that is
capable of removing high levels of arsenic from its environment by internalizing and storing high levels of arsenic.
Several studies using engineered Escherichia coli and Saccharomyces cerevisiae strains overexpressing native or
heterologous sequestration and transport proteins speciﬁcally
targeting arsenite [As(III)] have shown heightened internalization of this species of arsenic oxide.14–18
Arsenate [As(V)] is one of the two major species in arsenic contaminated water supplies and often represents more
than 50% of the total arsenic depending on location and
C 2012 American Institute of Chemical Engineers
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water chemistry,6,9 e.g., arsenate levels in groundwater
supplies in various areas of Bangladesh are found in the
range of 20–1,100 ppb.9 Inhibition of phosphate metabolism
by arsenate and its reduction to the toxic arsenite species by
intracellular reducing agents are both harmful to human
health. Therefore, novel microbial tools effective in removing arsenate can offer signiﬁcant beneﬁts.
Native pathways in S. cerevisiae have been elucidated to
show the mechanisms by which arsenate gains entry into the
yeast cells and is subsequently neutralized and removed for
detoxiﬁcation (Figure 1).19–22 The pathway suggests arsenate
enters the intracellular matrix via membrane embedded phosphate transporters because of its chemical similarity to phosphate. The internalized arsenate is subsequently reduced to
arsenite by Acr2 reductase to curtail its displacement of
phosphate in vital energy production. Arsenite is then
extruded via membrane embedded Acr3 transporters or packaged into the vacuole by Ycf1 proteins to prevent arsenite
toxicity. Therefore, a S. cerevisiae based ‘‘arsenate biosorbent’’ can be engineered to maximize the internalization of
arsenate from an aqueous environment through enhancing
arsenate uptake and minimizing or eliminating extrusion.
The yeast high afﬁnity phosphate transporter Pho84p has
been shown to co-transport phosphate and arsenate into the
cell interior.21,23,24 In the current study, a novel resting yeast
cell system with overexpression of Pho84p was constructed
and evaluated for enhanced uptake of arsenate. S. cerevisiae
strains, with and without deletion of the ACR3 extrusion
gene, were grown to stationary phase to accumulate cell
mass and to overexpress Pho84p under the control of the
strong late-phase ADH2 promoter.25,26 The resting cells were
tested in aqueous buffer solutions containing various concentrations of arsenate to quantify levels of speciﬁc and volumetric uptake in the engineered yeast cells. Further studies
evaluated the effects of cell density and the presence of
phosphate (a competitor for transport) on arsenate uptake.
Real-time PCR was used to assess PHO84 transcription levels in both the wild type and engineered strains.

Materials and Methods
Strains and vectors
S. cerevisiae strains BY4742 (MATa his3D1 leu2D0
lys2D0 ura3D0) and BY15616 (MATa his3D1 leu2D0
lys2D0 ura3D0 acr3::kan) (Open Biosystems, Huntsville,
AL) were used for PHO84 expression. The latter strain is
derived from BY4742 and has a deletion in the gene for the
Acr3p arsenic extrusion protein. E. coli strain XL1 Blue
(Stratagene, La Jolla, CA) was used for plasmid maintenance
and ampliﬁcation.
YEplac195 is a 2l-based vector with a URA3 selection
marker.27 Plasmid pKOS12-122C carrying the ADH2 promoter and ADH2 terminator cassette was a gift from Kosan
Biosciences (Hayward, CA). The PHO84 gene was PCR
ampliﬁed from the BY4742 S. cerevisiae genome using primers: PHO84F (50 -GAAGTCGACCCAAATGAGTTCCGT
CAATAAAGATAC-300 )
and
PHO84R
(50 -GCATCC
TAGGGGCTTTTATGCTTCATGTTGAAGTTGAGATG-300 ).
The PHO84 PCR product was inserted into SalI and AvrII
sites between the ADH2 promoter and terminator on
pKOS122-122C. The PADH2-PHO84-TADH2 cassette was then
excised and inserted between BamHI and HindIII sites on
pYEplac195 forming plasmid p2l-PHO84. BY4742 and
BY15616 were transformed with either YEplac195 (p2l) or
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Figure 1. Arsenic uptake and processing pathways in S.
cerevisiae.

p2l-PHO84 to create four strains: two control strains
(BY4742 and BY15616 each with p2l) and two engineered
strains (BY4742 and BY15616 each with p2l-PHO84).
Vector constructions were performed following standard
protocols.28 The TSS method29 was used for E. coli transformation. Yeast transformations were carried out using a lithium acetate protocol.30
For FPS1 gene deletion in BY15616, a knockout cassette
containing the LEU2-d8 marker was generated by nested
PCR using the pXP222 plasmid31 as template and the following primers: FPS1KOfwd (50 -CCAAGTACGCTCGA
GGGTACATTCTAATGCATTAAAAGACGCATGCCTGCA
GGTCGACTC-30 ), FPS1KOrev (50 -CTATCAGTCTATATT
ATTTGTTTCTTTTTCTTGTCTGTTTTCGAATTCGAGCTC
GGTACCCGGG-30 ), FPS1NESTEDKOfwd (50 -GTCCCAAT
AAGCGTCGGTTGTTCTTCTTTATTATTTTACCAAGTAC
GCTCGAGGGTAC-30 ), and FPS1NESTEDKOrev (50 -ACC
GGCGGTAGTAAGCAGTATTTTTTTCTATCAGTCTATAT
TATTT G-30 ). Strain BY15616 was transformed with the
PCR-generated knockout cassette and plated onto leucine-deﬁcient SD plates. Deletion of the FPS1 open reading frame
(ORF) occurred by double crossover recombination of the
70-mer homologous sequences on the knockout cassette and
those ﬂanking the FPS1 ORF. Replacement of the FPS1
ORF was veriﬁed using primers: FPS1KOCheckFwd(50 -TGT
GAATCCGGAGACGGCAAGATT-30 ) and FPS1KOCheckRev (50 -TAGGT GACCAGGC TGAGTTCATGT-30 ).
Media
E. coli XL1 Blue was grown in Luria-Bertani (LB) medium,28 supplemented with 0.1 mg/mL of ampicillin for
selection of plasmid-containing strains. YPD media (1% dextrose, 1% Bacto yeast extract, and 2% Bacto peptone) and
SDC media (1% dextrose, 0.67% yeast nitrogen base, 0.5%
Bacto casamino acid, 20 mg/L L-tryptophan, and 100 mg/L
adenine) were used for cultivating yeast strains. YPD and
SDC agar plates contained 2% Bacto agar.
Arsenate uptake and measurement
For the arsenic uptake studies, S. cerevisiae strains were
inoculated into 3 mL of SDC media from frozen glycerol
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stocks and cultured for 18 h in a 30 C air shaker (New
Brunswick Scientiﬁc, Model G-25) at 250 rpm. The cultures
were used to inoculate 20 mL of YPD (1% glucose) at an
initial optical density (OD)600 of 0.02, and placed in a 30 C
water bath shaker (New Brunswick Scientiﬁc, Model G76D)
at 250 rpm. At 36 h, the cells were centrifuged and resuspended two times with 20 mL of sterile 25 mM Tris-succinate
buffer, pH 4.5, and then diluted to OD600 5.0–6.0 with buffer.
Sterile arsenate standard (Fisher Scientiﬁc) was added to 20
mL of the cell/buffer mixture. To study the effect of phosphate
on arsenate uptake, 25 mM Tris-succinate buffer was supplemented with 50 lM of K2PO4. For arsenate uptake at high cell
density, cells were grown in several ﬂasks in YPD (1% glucose) to stationary phase, centrifuged, and resuspended with 20
mL Tris-succinate buffer in a single ﬂask resulting in an OD600
of 19.0–21.0. Cell OD600 were measured using a Pharmacia
Novaspec II spectrophotometer, with OD600 of 1.0 equating to
a dry cell weight (DCW) of approximately 0.6 g/L.
At various time points, 1 mL samples were taken and centrifuged, and the supernatant was stored separately. The cell
pellets were washed twice with fresh 25 mM Tris-succinate
buffer and then dried at 65 C for 2 days. Dried cell pellets
were then digested with 100 lL of concentrated nitric acid
for 2 days followed by addition of ddH2O to reconstitute to
a 1 mL volume (modiﬁed from Singh et al., 2008). Cell pellets from culture ﬂasks without arsenate addition were similarly treated with nitric acid and reconstituted with water.
This arsenic free ‘‘cell debris’’ solution was used in mixing
arsenic standards for the atomic adsorption spectroscopy
(AAS) analysis and for dilution of samples with high arsenic
readings to provide a consistent background for all samples.
Total elemental arsenic in the cell pellet (intracellular) and
supernatant (medium) samples was measured using AAS
with a graphite furnace (Perkin Elmer, Waltham, MA) at
193.7 nm wavelength.
Plasmid stability
The segregational stability of the yeast plasmid was evaluated using replica plating. The 36-h yeast culture was
diluted with sterile ddH2O and plated onto YPD plates. Two
hundred colonies were transferred to SDC plates (lacking
uracil) and YPD plates (to verify viability). The percent plasmid containing cells was determined as the number of colonies on the SDC plates divided by the number of viable
colonies transferred.
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Figure 2. Arsenate uptake in buffer containing 12,000 ppb of
As(V).
Cells were grown in YPD for 36 h to stationary phase, and
transferred to Tris-succinate buffer with arsenate added to the
speciﬁed concentration. (a) Volumetric arsenate uptake and (b)
speciﬁc arsenate uptake by strains: 4742:p2l (h), 15616:p2l
(*), 4742:p2l-PHO84 (n), and 15616:p2l-PHO84 (l).
4742:p2l and 151616:p2l are the controls. 15616 strains have
the ACR3 deletion. Data are mean values and standard deviations of triplicate experiments.

(ACT1) gene cDNA was used as the internal control for normalizing baseline expression levels of all samples. The actin
primers used were: ActinFwd (50 -ATTCTGAGGTTGCT
GCTTTGG-30 ) and ActinRev (50 -TGTCTTGGTCTACC
GACGATA-30 ). Real-time PCR was conducted with the
following conditions: 5 min at 95 C; 40 cycles of 20 s at
95 C, 15 s at 55 C, and 20 s at 72 C.

Results
Uptake at high extracellular arsenate concentration

PHO84 expression measurement using real-time PCR
The yeast mRNA was isolated from cells using the
Yeastar RNA Kit (Zymo Research, Orange, CA). The
mRNA isolate was treated with the TURBO DNA-free Kit
(Applied Biosystems/Ambion, Foster City, CA) to remove
residual DNA. The cDNA was generated from mRNA using
a High Capacity Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The cDNA concentration for all
samples was measured using a Nanodrop Spectrophotometer
(Thermo Scientiﬁc, Wilmington, DE) and diluted to identical
concentrations using ddH2O. Real-time PCR was performed
using the iQ SYBR Green Kit (Biorad, Hercules, CA) on an
Eppendorf RT-PCR cyler (Realplex4 Mastercycler), with primers: PHO84RTF (50 -TTACCGAAGGTGGTAACATGG
CCT-30 ) and PHO84RTR (50 -TTGTTGCCAACCGAAAC
CTTCGTC-30 ). Real-time PCR of the S. cerevisiae actin

The control strains (BY4742:p2l and BY15616:p2l) and
engineered strains (BY4742:p2l-PHO84 and BY15616:p2lPHO84) were each cultured in complex YPD media for 36 h
to stationary phase. Aliquots were then harvested, washed,
and resuspended in 20 mL of buffer to obtain cell densities
of approximately 3.0–3.6 g/L (OD600 of 5.0–6.0). Arsenate
was added to 12,000 ppb and samples were taken immediately after arsenate addition and at 1, 3, 6, and 10 h. Analysis of the intracellular samples showed rapid uptake by all
strains; an average of 250 ppb of arsenate was removed immediately after the addition of arsenate (Figure 2a). After 1
h, the control strains removed between 1,700 and 1,900 ppb
of arsenate, while the engineered strains overexpressing
PHO84 removed 2,600 to 2,800 ppb. Speciﬁc arsenate
uptake (Figure 2b) was calculated by dividing volumetric
arsenate uptake by the biomass concentration; this provides a
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Figure 4. Comparison of arsenate uptake at high and low cell
density.
Figure 3. Arsenate uptake in buffer containing 30,000 ppb of
As(V).
Cells were grown in YPD for 36 h to stationary phase, and
transferred to Tris-succinate buffer with arsenate added to the
speciﬁed concentration. (a) Volumetric arsenate uptake and (b)
speciﬁc arsenate uptake by strains: 4742:p2l (h), 15616:p2l
(*), 4742:p2l-PHO84 (n), and 15616:p2l-PHO84 (l).
4742:p2l and 151616:p2l are the controls. Data are mean values and standard deviations of duplicate experiments.

more accurate comparison as it corrects for any variation
in cell mass. Speciﬁc arsenate uptake levels for the
control strains BY4742:p2l and BY15616:p2l were
507.1(44.6) lg(As)/g cells (DCW) and 460.3(53.9)
lg(As)/g cells, respectively. Speciﬁc uptake levels for the
engineered strains BY4742:p2l-PHO84 and BY15616:p2lPHO84 were 699.8(99.0) lg(As)/g cells and 744.5(63.5)
lg(As)/g cells. Therefore, overexpression of the PHO84
gene resulted in the removal of up to 60% more arsenate on
a per cell basis.
The results in Figure 2 show that the BY15616 strains
(ACR3 deletion) had comparable levels of arsenic accumulation as the BY4742 strains (intact ACR3). Acr3p is known to
extrude internalized arsenite (Figure 1). However, prior studies indicate that transcription of ACR3 is only induced in the
presence of the arsenite [As(III)] metalloid.32 No arsenite or
arsenate was present during the batch culture of the yeast
strains; arsenate was only added to the resting cells in the
non-nutrient buffer mixture. Therefore, Acr3p should not
have been expressed in either BY4742 or BY15616 leading
to similar arsenic accumulation for the two strains, as
observed.
To determine whether a maximum level of arsenate uptake
was reached with the engineered yeast strains, experiments
were conducted using 30,000 ppb of extracellular arsenate.
The volumetric and speciﬁc arsenate uptake levels observed
at 30,000 ppb were similar to those obtained for 12,000 ppb

BY15616:p2l-PHO84 strain was cultured in YPD for 36 h to
stationary phase and transferred to buffer containing 30,000
ppb of As(V). (a) Volumetric arsenate uptake and (b) speciﬁc
arsenate uptake at high cell density (11.4–12.6 g/L) and low
cell density (3.0–3.6 g/L) are shown with white bars and black
bars, respectively. Data are average values and standard deviations of duplicate experiments.

of arsenate (Figures 3a,b). The higher arsenate concentration
in the solution did not result in increased arsenate uptake.
Because we obtained comparable levels of arsenate internalization from experiments conducted with arsenate concentrations of 12,000 and 30,000 ppb, a maximum level of
arsenate internalization has likely been reached in the resting
yeast cell system.
As an additional veriﬁcation, we conducted uptake experiments with an approximately 3.5-fold higher concentration
of yeast in the buffer solution. Strain BY15616:p2l-PHO84
was grown to stationary phase in several ﬂasks and concentrated into a single ﬂask to obtain a cell mass of 11.4–12.6
g/L. Arsenate was added to the high-density cell/buffer solutions to a concentration of 30,000 ppb. Samples were taken
1 h and 6 h after As(V) addition. The volumetric arsenate
uptake for the higher cell density was on average 3.2 times
higher than that measured for the lower cell density (Figure
4a). Therefore, increasing the cell mass resulted in a nearly
proportional increase in volumetric uptake of arsenate. The
speciﬁc uptake at the higher cell density was reduced by
approximately 13% relative to the lower cell density (Figure
4b); this is not a signiﬁcant deviation from the range of speciﬁc uptakes values observed for this strain. These results
further validate our conclusion that a maximum level of
uptake per cell had been reached in our resting cell system.
Uptake at low extracellular arsenate concentration
Arsenic contamination in water supplies often exceeds the
safe limit of 10 ppb deﬁned by the World Health
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Figure 5. Volumetric arsenate uptake in buffer containing 120
ppb of As(V).
Cells were grown in YPD for 36 h to stationary phase and
transferred to buffer with arsenate added to 120 ppb. Volumetric uptake for control BY15616:p2l (white bars) and
BY15616:p2l-PHO84 (black bars) are shown. Data are the average values and standard deviations of duplicate experiments.

Organization.4,33 Therefore, a S. cerevisiae based biosorbent
should remove arsenate to below this threshold to be successful. To determine whether our engineered yeast strain is
capable of removing arsenate to below the prescribed limit,
BY15616:p2l (control) or BY15616:p2l-PHO84 (engineered) resting cells were suspended in buffer solutions containing 120 ppb of arsenate. Samples were taken at 10-min
intervals over a 1-h period. AAS analysis of the intracellular
samples showed that on average 30–55 ppb of arsenate were
removed by the resting yeast cells immediately after arsenate
addition (Figure 5). After 10 min, the control and engineered
yeast strains had internalized all of the arsenate initially
present in the buffer. To verify that the yeast cells had
removed all extracellular arsenate, supernatant samples were
measured and showed no detectable arsenate after 10 min.
The strains were thus able to remove low levels of extracellular arsenate to concentrations below the 10 ppb limit
deﬁned by the World Health Organization. The very rapid
rate of internalization of the extracellular arsenate demonstrates that S. cerevisiae cells have high afﬁnity toward arsenate. This is desirable in a S. cerevisiae-based arsenic
biosorbent.

Arsenate uptake in the presence of phosphate
Arsenate enters the yeast cell via the yeast Pho84 phosphate transporter because of its chemical similarity to phosphate. The arsenate uptake experiments described above
were conducted using buffer solutions without phosphate.
However, groundwater may contain an average of 30–50 lM
of phosphate.34,35 Therefore, it is essential to evaluate the
effect that the presence of phosphate has on arsenate uptake,
as both compounds compete for the phosphate transporter.
The engineered strain BY15616:p2l-PHO84 was cultivated
for 36 h in YPD and was then resuspended in either Trissuccinate buffer without phosphate or Tris-succinate buffer
with 50 lM of phosphate. Arsenate was added to the resting
cell suspensions to a concentration of 80 lM (6,000 ppb).
Samples were taken immediately following arsenate addition,
and then at 2 h and at 4 h. Speciﬁc arsenate uptake in buffer
solution without phosphate was measured at 567.1(52.9)
lg(As)/g cell, while in the presence of 50 lM phosphate the
arsenate uptake averaged 490.3( 28.8) lg(As)/g cell,
approximately 15% lower (Figure 6). The phosphate thus

Figure 6. Comparison of speciﬁc arsenate uptake in buffer
with and without phosphate.
BY15616:p2l-PHO84 was grown in YPD for 36 h to stationary
phase and transferred to buffer with or without 50 lM of phosphate. Arsenate was added to 80 lM (6,000 ppb). Speciﬁc arsenate uptakes in buffer without phosphate (white bars) and with
phosphate (black bars) are shown. Data are the average values
and standard deviations of duplicate experiments.

Figure 7. Volumetric arsenate uptake in buffer containing 70
ppb of As(V) with or without 50 lM of phosphate.
BY15616:p2l-PHO84 was grown in YPD for 36 h to stationary
phase and transferred to buffer prepared with or without 50 lM
of phosphate. Arsenate was added to 70 ppb. Volumetric arsenate uptakes in buffer without phosphate (white bars) and with
phosphate (black bars) are shown. Data are the average values
and standard deviations of triplicate experiments.

had a minor impact on the arsenate uptake capabilities of the
engineered yeast in the current system.
The uptake of trace levels of arsenate was also evaluated
in the presence of phosphate. In this study, BY15616:p2lPHO84 was placed in buffer solutions containing 70 ppb of
arsenate, with or without 50 lM of phosphate. Samples were
taken immediately after arsenate addition, and after 20 and
60 min. The immediate uptake was 6-fold lower in the phosphate-containing buffer compared to the phosphate-free
buffer (Figure 7). However, within 20 min, the uptake was
the same with or without phosphate and nearly complete removal of arsenate was observed. Therefore, 50 lM of phosphate inhibited the initial rate of arsenate uptake at trace
concentrations but not the total amount removed. Similar
results were observed with the BY15656:p2l control strain.
In previous studies, S. cerevisiae was shown to have a higher
afﬁnity and transport kinetics for phosphate relative to
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Table 1. Plasmid Stability After 36 h of Cultivation in YPD
Strain

Percent plasmid-containing cells

4742 2l (control)
4742 2l-PHO84
15616 2l (control)
15616 2l-PHO84

98
54
90
63

arsenate and selenite in nutrient medium.36,37 Therefore, the
slight delay in arsenate uptake observed in our experiments
may indicate the preferential initial uptake of phosphate.
Plasmid stability
2l-Based plasmids are generally assumed to be maintained at 10–40 copies per cell in S. cerevisiae.38 However,
both copy number and segregational stability can vary
depending on the gene product and expression level. In the
current studies, the late-phase ADH2 promoter was used for
high-level synthesis of the Pho84 transporter prior to transfer
to the buffer, and yeast cells were grown in a complex YPD
media to maximize ADH2 promoter induction.26
To determine the percentage of cells that retained the plasmid vector, plasmid stabilities were measured after 36 h of
growth for the engineered and control strains. Plasmid stabilities were found to be 54% and 63% for BY4742:p2lPHO84 and BY15616:p2l-PHO84, respectively; in comparison, both control strains (BY4742:p2l and BY15616:p2l)
had plasmid stabilities of over 90% (Table 1). Therefore, the
observed increases in arsenate uptake by the engineered
strains were achieved with only 54–63% of the cell population retaining the PHO84 expression cassette. While plasmid
stability of the engineered strains may be improved in selective media, the induction from the late-phase ADH2 promoter would be much lower.26
Determination of PHO84 expression level
with real-time PCR
Real-time PCR was used to determine the transcription
levels of the PHO84 gene in both the control and engineered
strains when grown to stationary phase. The ratio between
PHO84 mRNA and ACT1 mRNA levels in each yeast strain
was determined to gauge gene expression level. For the control strain BY4742:p2l, the ratio of PHO84 mRNA to ACT1
mRNA was 0.030(0.005). In comparison, the engineered
strain BY4742:p2l-PHO84 had a PHO84 mRNA to ACT1
mRNA ratio of 0.868(0.057), 29 times higher than that
measured in the control strain. Similarly, PHO84 and ACT1
mRNA ratios in the engineered strain BY15616:p2l-PHO84
was 1.041(0.106), 28 times higher than the mRNA ratio of
0.036(0.001) measured in the control strain BY15616:p2l.
Given the plasmid stabilities for BY4742:p2l-PHO84 and
BY15616:p2l-PHO84 (Table 1), the difference in mRNA
levels between the engineered and control strains were even
greater.
The real-time PCR data showed that the late-phase ADH2
promoter provided very high levels of PHO48 transcripts relative to the control strains. Although the level of transporter
protein and insertion into the membrane were not directly
quantiﬁed, the great excess of PHO84 transcript indicates
that Pho84p overexpression was responsible for the observed
increases in arsenate uptake in the engineered strains (Figures 2 and 3). Based on these results, we hypothesize that arsenate transport may no longer be limiting arsenate removal
in the engineered strains.

Figure 8. Comparison of speciﬁc arsenate uptake for BY15616 and
BY15616DFPS1 strains with Pho84 overexpression.
Cells were grown in YPD for 36 h to stationary phase and
transferred to buffer with 7,000 ppb of arsenate. Speciﬁc arsenate uptake by BY15616:p2l-PHO84 (white bars) and
BY15616DFPS1:p2l-PHO84 (black bars) are shown. Data are
the average values and standard deviations of duplicate
experiments.

Leakage of intracellular arsenate
In our studies at high arsenate concentrations, gradual
decreases in intracellular arsenic level were observed over
the course of the experiments (Figures 2 and 3). Similar
results were seen for both BY4742 and BY15616 (ACR3 deletion); therefore, the difference was not due to Acr3p-mediated extrusion.
To determine whether prolonged immersion in buffer with
high levels of arsenate [As(V)] may have compromised cell
health and integrity of the cell membranes, resulting in outward diffusion of internalized arsenic, cells from the 0-h and
10-h samples were treated with trypan blue and observed
with the microscope. Yeast cells heated at 60 C for 20 min
were also treated with trypan blue for comparison of cell
membrane integrity. Microscope images of heat-treated yeast
cells indicated entry of trypan blue into the cell interior
through porous cell membranes damaged by the heat treatment. In comparison, the yeast cells exposed to arsenate
showed essentially no entry of trypan blue. This implied that
the cell membrane integrity was not compromised and likely
not the reason for arsenic loss from the cells.
A recently published study39 has concluded that the aquaglyceroporin Fps1p in the S. cerevisiae membrane is a bidirectional channel for the ﬂow of arsenite. This diffusion of
arsenite is believed to be concentration gradient driven. Following arsenate uptake, the reduction of the internalized arsenate to arsenite by Acr2p (Figure 1) creates a high
intracellular arsenite concentration, which could drive the
outward diffusion. To determine whether Fps1p is responsible for the observed leakage of internalized arsenic, we
knocked out FPS1 in BY15616 and transformed the strain
with the p2l-PHO84 plasmid. Arsenate uptake from buffer
containing 7,000 ppb arsenate was then compared for
BY15616 and BY15616DFPS1 both overexpressing PHO84.
Similar levels of uptake were observed. In addition, intracellular arsenic levels decreased between 1 h and 10 h for both
BY15616 and the FPS1 deletion strain (Figure 8). Therefore,
an unidentiﬁed mechanism (possibly another bidirectional
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transporter) must contribute to the export of the intracellular
arsenic.

Discussion
Innovative microbial-based arsenic treatment technologies
are potentially affordable alternatives to conventional physical ﬁltration methods, and can be very beneﬁcial in reducing
arsenicosis in areas with arsenic contaminated water supplies. Encouraging results have been obtained in the removal
of arsenite [As(III)], including the engineering of E. coli and
S. cerevisiae for overexpression of arsenite transport and
sequestration proteins.15–18 However, given the prevalence of
arsenate [As(V)], which can constitute more than 50% of
total arsenic in contaminated water,4 its disruption of phosphate metabolism, and its ready intracellular conversion to
the more toxic As(III),8 removal of this arsenic species is
also essential. S. cerevisiae growth and cellular responses in
nutrient media supplemented with arsenate and arsenite have
been well characterized.19–21,39 However, only limited investigations have quantiﬁed the level of arsenate uptake in
growing cultures of S. cerevisiae or E. coli,14,36 and the engineering of S. cerevisiae speciﬁcally for arsenate remediation has not been reported. In addition, arsenate removal
from nutrient-deﬁcient aqueous solutions is critical for application to groundwater. The current studies have addressed
this by using a resting yeast cell system.
The S. cerevisiae Pho84 protein is a high afﬁnity phosphate transporter that has been shown to cotransport arsenate; yeast strains lacking Pho84p expression demonstrate
resistance to arsenate toxicity.23 While it has been established that Pho84p transports arsenate, the capacity and rate
at which resting yeast cells take up arsenate from aqueous
solution has not been previously reported. Our studies have
demonstrated that resting yeast cells are remarkably efﬁcient
at removing arsenate. In buffer containing 120 ppb of arsenate, both control and engineered strains were able to internalize all of the arsenate within the ﬁrst 10 min, removing
As(V) to levels below 10 ppb in the buffer solution. This is
in clear contrast to the uptake of arsenite [As(III)]. In our
studies on overexpression of the yeast arsenite transporters
Fps1p and Hxt7p,18 As(III) levels dropped from an initial 75
ppb to only 47 ppb after 10 h. Therefore, the As(V) transporter in S. cerevisiae is signiﬁcantly more efﬁcient relative
to the As(III) transporters, resulting in considerably faster arsenic internalization. Competition for the transporters by
phosphate was also found to have no overall detrimental
effect on the level of arsenate uptake. Considering the arsenate uptake efﬁciency, it may be advantageous to convert
(oxidize) the As(III) species to As(V) in water during pretreatment to maximize the use of the arsenate transporters in
an engineered yeast biosorbent.
In addition to exhibiting a rapid rate of arsenate uptake,
the yeast cells also displayed a high capacity for arsenate,
with increased removal by the engineered strains relative to
the control strains at high arsenate concentration. Furthermore, when a 3.5-fold higher cell concentration was used,
the total volumetric As(V) increased proportionally while the
speciﬁc uptake per cell remained the same. Therefore, the
engineered yeast allows for rapid and high level uptake of
arsenate, with immobilization of a larger density of engineered yeast cells translating to increased arsenic removal.
The real-time PCR measurements of PHO84 gene expression in the engineered strains were found to be nearly 30

times higher than that of the control strains. Therefore, the
transporter levels are likely no longer limiting and further arsenate removal may depend on upregulation of the downstream steps (Figure 1). The limit of arsenate uptake in the
current engineered strains may be the result of signiﬁcant
buildup and toxicity of the internalized arsenate affecting
other cell components or functions. Therefore, upregulation
of arsenate reduction (via Acr2p) and subsequent sequestration for effective entrapment (e.g., overexpression of Arabidopsis thalianas phytochelatin17) may be essential to
increase arsenate uptake, minimize the toxicity of free intracellular As(V) and As(III), and prevent leakage from the
cells.
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