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Phytochelatins mediate tolerance to heavy metals in plants
and some fungi by sequestering phytochelatin-metal com-
plexes into vacuoles. To date, only Schizosaccharomyces pombe
Hmt1 has been described as a phytochelatin transporter and
attempts to identify orthologous phytochelatin transporters in
plants and other organisms have failed. Furthermore, recent
data indicate that the smt1 mutant accumulates significant
phytochelatin levels in vacuoles, suggesting that unidentified
phytochelatin transporters exist in fungi. Here, we show that
deletion of all vacuolar ABC transporters abolishes phytoch-
elatin accumulation in S. pombe vacuoles and abrogates
355-PC, uptake into S. pombe microsomal vesicles. Systematic
analysis of the entire S. pombe ABC transporter family identi-
fied Abc2 as a full-size ABC transporter (ABCC-type) that me-
diates phytochelatin transport into vacuoles. The S. pombe
abcl abc2 abce3 abc4 hmtl quintuple and abc2 hmtl double
mutant show no detectable phytochelatins in vacuoles. Abc2
expression restores phytochelatin accumulation into vacuoles
and suppresses the cadmium sensitivity of the abc quintuple
mutant. A novel, unexpected, function of Hmt1 in GS-conju-
gate transport is also shown. In contrast to Hmt1, Abc2 or-
thologs are widely distributed among kingdoms and are pro-
posed as the long-sought vacuolar phytochelatin transporters
in plants and other organisms.

Heavy metal contamination is a serious worldwide environ-
mental problem caused by almost two centuries of intense
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industrial and mining activities, combined with an inappro-
priate disposal of residual waste (1, 2). Detrimental effects of
heavy metals on human health may arise from occupational
exposure, food intake and long-term exposure to metals in the
environment, and have been linked to diabetes, hypertension,
myocardial infarction, diminished lung function and certain
types of cancer (3, 4). Non-essential heavy metals such as cad-
mium (Cd), lead (Pb), and mercury (Hg) interfere with the
function of essential metals, including copper, zinc and man-
ganese, by displacing them from their functional binding sites
in proteins, thus interfering with biochemical and physiologi-
cal functions (for reviews see Refs. 5-7). Because of the intrin-
sically high reactivity of heavy metals, exposure to elevated
concentrations of both essential and non-essential metals im-
pairs metabolism. Therefore, organisms have developed
mechanisms to sense, transport, and mobilize essential met-
als, and other mechanisms to detoxify non-essential heavy
metals (5—8). One of the most studied mechanisms mediating
heavy metal detoxification involves phytochelatins, which are
present in plants, algae, Schizosaccharomyces pombe and, sur-
prisingly, Caenorhabditis elegans (5, 6,9 —13).

Phytochelatins (PCs)* are glutathione-derived peptides syn-
thesized in the cytosol by the enzyme phytochelatin synthase
(14-16). In plants and S. pombe, cytosolic phytochelatin-
metal complexes are transported into vacuoles (17-20). In
plants, PCs can also undergo long distance transport between
shoots and roots (21-23) and this transport affects the shoot-
to-root distribution of Cd. In the case of plants and S. pombe,
PC-Cd complexes inside the vacuole bind sulfide and free
Cd**, forming high molecular weight complexes (HMWCs)
that surround cadmium-sulfur clusters, providing enhanced
stability and vacuolar Cd accumulation capacity (24 —27).

*The abbreviations used are: PC, phytochelatin; abc1-4, S. pombe abc1 abc2
abc3 abc4 quadruple mutant; abc1-4hmt1, S. pombe abc1 abc2 abc3 abc4
hmt1 quintuple mutant; ABC transporters, ATP-binding cassette trans-
porters; ATM, ABC transporters of the mitochondrion; Cd, cadmium; CdS,
cadmiume-sulfur clusters; FeS, iron-sulfur clusters; GS-bimane, bimane-S-
glutathione; Hmt1, heavy metal tolerance factor 1; HMWC, high molecu-
lar weight complexes; HPLC-MS, reversed phase high performance
liquid chromatography coupled to mass spectrometry; MCB, mono-
chlorobimane; MRP, multidrug resistance protein; YFP, yellow fluores-
cent protein.
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Cd**, as a free ion, can also be transported into vacuoles by
vacuolar Ca®*/H™ antiporters (19, 28, 29). As for phytochela-
tin transporters, early studies in isolated vacuoles indicated
that PC transport was mediated by ABC-type transporters
(18, 19). Furthermore, a vacuolar half-size ABC transporter
required for Cd tolerance, Hmt1 (heavy metal tolerance 1),
was proposed to function as the S. pombe vacuolar PC trans-
porter (19, 26).

For more than 10 years the role of Hmtl in Cd tolerance
was undisputed, but attempts to identify Hmt1 orthologs in
plants were unsuccessful (30, 31). This was particularly in-
triguing after the completion of the Arabidopsis genome pro-
ject, where it was clear that this reference plant lacks an Hmt1
ortholog, but retains the capacity to sequester PCs and Cd in
vacuoles to form HMW(Cs (30, 32). Hmt1-like proteins are
not abundant in nature, being restricted to a limited number
of organisms, and their function is not completely understood
(33). The closest Hmt1 homologues in Arabidopsis are the
ATM transporters localized in the mitochondrion (30, 31, 33,
34). ATM3 mediates the maturation of iron-sulfur clusters
(35) and functions in the synthesis of molybdenum cofactor
(36). Interestingly, overexpression of ATM3 in Arabidopsis
enhances cadmium resistance (37).

The first evidence indicating that Hmt1 may have a role in
Cd tolerance other than PC transport came from work in
C. elegans, where PC synthase and Hmt1l homologues were
identified (12, 13, 38). RNAI studies, and more recently dele-
tion analyses, revealed that the C. elegans Hmtl and PC syn-
thase have an additive effect on Cd tolerance, suggesting that
Hmtl1 and PC synthase do not function in a simple linear
pathway (38, 39). In addition, an HMT1 protein from the
non-PC producing Drosophila melanogaster was able to res-
cue the Cd sensitivity of the S. pombe hmtI mutant (33). Con-
versely, S. pombe Hmtl1 conferred tolerance to Cd in Esche-
richia coli and Saccharomyces cerevisiae, organisms devoid of
phytochelatins (40). Furthermore, recent data showed that the
S. pombe hmtl mutant accumulates significant levels of PCs
in vacuoles (33), suggesting that other, yet unidentified pro-
teins mediate PC transport into vacuoles. Altogether these
results might explain why the search for a Hmt1-related PC
transporters in other organisms has been futile and re-opens
the original question regarding the identity of vacuolar PC
uptake transporters.

Here we report that Abc2, a full-size ABC transporter of
the MRP/ABCC subfamily, mediates accumulation of PCs in
S. pombe vacuoles. Systematic analyses of ABC transporter
deletion mutants, Cd sensitivity assays, complementation ex-
periments, PC content, and HMW(Cs in purified vacuoles
demonstrate that Abc2 mediates PC accumulation into vacu-
oles. We further show a new role for Hmt1 in GS-conjugate
transport. The identification of Abc2 as a PC transporter ex-
pands the current model of Cd tolerance mediated by PCs
and opens the possibility to identify the long-sought PC trans-
porters in plants and other organisms. These transporters, in
combination with other genes, hold the potential to enhance
the heavy metal tolerance and accumulation capacity of or-
ganisms for their use in the bioremediation of soils and waters
contaminated with heavy metals, or to circumvent the accu-
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mulation of non-essential metals in the edible parts of crop
plants.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions—The S. pombe strains
used are described in supplemental Table S1. Deletion mu-
tants were constructed using standard techniques (41). For
Cd sensitivity assays, S. pombe wild type (h- ura4-D18 leul—
32) and mutants were grown in liquid YES (yeast extract with
supplements) medium and 1:10 serial dilutions were spotted
on YES plates containing 5-100 um CdCl, as described else-
where (42). The S. cerevisiae strain Sm14 (MATa, ura3, leu2,
his3, trp3, lys2, suc2, ycf::hisG, yhl035c:Leu3s,
yll015w::Kan-M X6, yll048c:: TRP1-MX6) was used to gener-
ate a PC-synthase integration strain (Sm15) by inserting the
TaPCS1 coding sequence under the control of the CUPI-1
promoter (TaPCS1::cupl-1).

Cloning of Hmtl1, Abc2, and Abc4 for Complementation
Experiments—The Abc2 coding sequence was amplified from
genomic DNA using the following primers (Fw 5'-agggaatat-
taagcttatgaattctgcttacaaaggattcacattt-3’, Rv 5'- ttactagtggatc-
cgagctctcaaataagtccactctcttttgegaggga-3'). pRep4l, but not
the Abc2 PCR fragment, was digested with Sall and BamHI to
prevent self-ligation and used to directly recombine Abc2 into
pRep41 using the In-Fusion™cloning system (Clontech). All
cloned genes were confirmed by sequencing. SpAbc4 was am-
plified from S. pombe genomic DNA using the following
primers (Fw 5’-caccatggaaaactttcaccatcgtccgtttaaa-3’, Rv 5'-
tcatgctgatttcgaacctcgagtttcagg-3') and cloned into pENTR/
D-TOPO™Y(Invitrogen). SpAbc4 was recombined into a
pRep41 Gateway™-compatible vector (pRep41-GW) using
LR clonase II (Invitrogen). pRep41 and pRep41-YFP were
modified to be Gateway™™-compatible (pRep41-GW and
pRep41-GW-YFP) by inserting a Gateway" ™ cassette into the
Smal site, followed by ligation with T4 DNA ligase as recom-
mended by the manufacturer (Invitrogen). For Abc2 localiza-
tion studies, S. pombe Abc2 coding sequence was amplified
from genomic DNA using the following primers (Fw 5'-cac-
catgaattctgcttacaaaggattcacattt-3’, Rv 5'-aataagtccactctctttt-
gcgagggaata-3’) and cloned into pENTR/D-TOPO™ follow-
ing the manufacturer’s recommendations (Invitrogen). The
resulting plasmid, pENTR-Abc2 was recombined into
pRep41-GW-YFP using the LR clonase II reaction (Invitro-
gen) to generate pRep41-Abc2-YFP. The Hmt1 coding se-
quence was amplified by PCR from cDNA using the following
primers (Fw 5’-ggggacaagtttgtacaa aaaagcaggcttcaccatggttc-
tacgttacaacagcccac-3',Rv 5'-ggggaccactttgtacaagaaagct-
gggtcttaatgagtttcagcagaagttttt-3', att sites are marked in bold)
and recombined into pDONR221 through a BP clonase II re-
action (Invitrogen). pPDONR221-Hmt1 was then used to
transfer Hmt1 into pRep41-GW using LR clonase II (Invitro-
gen). For Hmt1 expression in S. cerevisiae, pPDONR221-Hmt1
was recombined into pYES-DEST52 (Invitrogen) using LR
Clonase II (Invitrogen)(43).

For complementation experiments, S. pombe wild type,
hmtl and the quintuple mutant abcl abc2 abc3 abc4d hmtl
(abcl—4hmtl) were transformed with pRep41, pRep41-Hmt1,
pRep41-Abc2 or pRep41-Abc4 using the lithium-acetate
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method (44) and transformants were selected on Edinburgh
minimal medium plates, without leucine, plus supplements
(adenine, uracil, histidine, 225 mg/liter each) (EMMS without
Leu). Independent transformants were grown on liquid
EMMS without Leu medium and 1:10 serial dilutions were
spotted on selective plates containing 5-100 um CdCl,. For
thiamine repression experiments, 50 uMm of thiamine was
added to the liquid culture to repress the nmtl-driven gene
expression. For expression of Hmtl1 in S. cerevisiae, Sm14 and
Sm15 strains were transformed with pYES-DEST52 (Invitro-
gen) or pYES-DEST52-Hmtl using the lithium-acetate
method, and transformants were selected on dextrose-con-
taining YNB-Ura medium. For Cd exposure experiments,
yeast were grown on liquid galactose/raftfinose YNB-Ura me-
dium, supplemented with 50 um of CuCl, to induce TaPCS1
expression, and serial dilutions (1:10) were spotted on galactose/
raffinose selective plates containing 5-1000 um CdCl,. Expres-
sion of Hmt1, Abcl, Abc2, Abc3, and Abc4 during Cd exposure
was examined using publicly available microarrays (43).

GS-bimane and Abc2-YFP Confocal Imaging—S. pombe
transformed with pRep41, pRep41-Hmtl, pRep41-Abc2 or
pRep41-Abc4 were grown on EMMS without Leu medium
to an A4 pm 0f 0.5-1.0 and 50 um of monochlorobimane
(Sigma-Aldrich), dissolved in dimethylformamide, was
added to the medium, and cultures were incubated over-
night. The following morning, cells were washed twice with
Milli-Q water (Millipore), mixed 1:1 with 0.1% low melting
agarose (Sigma) and placed on microscope slides. GS-bi-
mane fluorescence imaging was done with a Nikon TE-
200U microscope equipped with a Yokogawa Nipkow spin-
ning disk confocal head, Chroma HQ480/40 band-pass
emission filter and a Roper Cascadell 512b EM CCD cam-
era, using the violet-blue excitation line. For YFP imaging,
S. pombe cells were transformed with pRep41-Abc2-YFP
and grown on EMMS medium without leucine. Cells in log
phase were mixed 1:1 with 0.1% low melting agarose,
placed on microscope slides and excited with an argon la-
ser (488 nm). The YFP signal was detected using a Chroma
HQ525/50 band-pass emission filter. Images were pro-
cessed using Image J. (http://rsbweb.nih.gov/ij).

Gel Filtration Chromatography for HMWC Detection in
Cell Extracts—HMW(Cs in cell extracts were separated by size
exclusion chromatography using a Superdex 75 10/300 GL
column equilibrated with 20 mm Tris pH 7.7 (GE Healthcare)
and a BioLogic DuoFlow FPLC system (Bio-Rad) at flow rate
of 1 ml/min. S. pombe cells were grown on YES liquid me-
dium to a A4y, 1.0 and then exposed to 200 um CdCl, for
20 h. Cells were harvested by centrifugation, washed twice
with 20 mm Tris, pH 7.7, and broken with glass beads. Cell
debris was eliminated by centrifugation (20 000 X g, 10 min)
and the supernatant was cleared using 0.45 um filters (Milli-
pore). 250 ul of sample (0.25— 0.5 mg of protein/ml) were ap-
plied to the column and the absorbance at 254 nm was re-
corded. Molecular weights were estimated using the Gel
Filtration LMW Calibration Kit (GE Healthcare), and chro-
matograms were normalized using the protein concentration
of the extracts determined with the Bradford reagent
(Sigma-Aldrich).
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Vacuole Isolation and Vacuolar PC and HMWC
Measurements—For the isolation of intact vacuoles for subse-
quent PC and HMWC analyses, S. pombe cells were cultured
in EMMS selective medium supplemented with or without Cd
as described (33). Briefly, 200-ml volumes of stationary phase
cultures were diluted into 1.5 liters of EMMS and grown for
4-6 h at 30 °C after which time CdCl, was added to a final
concentration of 500 uM to activate PC production. Cells
were cultured in the presence of CdCl, for an additional 18 h,
collected by centrifugation, converted to spheroplasts, dis-
rupted and subjected to fractionation by differential centrifu-
gation as described (33). PC content was analyzed in intact
vacuoles by HPLC, followed by thiol quantification with Ell-
man’s reagent as described (45). For PC analyses in cell ex-
tracts, S. pombe cells were cultured in EMM medium to sta-
tionary phase and diluted 5-fold with fresh EMM medium
before adding CdCl, (200 uMm) to activate PC synthesis. After
18 —24h of culturing at 30 °C with shaking, cells were col-
lected by centrifugation at 4,000 X g for 5 min and subjected
to two rounds of re-suspension/centrifugation in water and
then in lysis buffer containing 50 mm Tris-HCI, pH 7.8, 10 mm
2-mercaptoethanol and a mixture of protease inhibitors (pep-
statin, aprotinin, and leupeptin, 1 ug/ml each and PMSF 1
mM). After the final centrifugation, cells were broken by soni-
cation at 4 °C in the same lysis buffer and cell debris was
cleared by low-speed centrifugation at 3,500 X g for 10 min.
PCs were analyzed in the supernatants by reverse-phase (RP)-
HPLC on a Microsorb-MV 100-5 C18, 150 X 4.6-mm HPLC
column (Varian, Inc) followed by thiol quantification with
Ellman’s reagent as previously described (45). HMWC’s in
intact vacuoles were analyzed by gel-filtration FPLC using an
AKTA purifier FPLC system (GE Healthcare). Aliquots of
vacuoles (100 ug protein) were injected onto a Superdex pep-
tide 10/300GL column (GE Healthcare) equilibrated with 50
mM Tris-HCI, pH7.8. The column was developed with the
same buffer at a flow rate of 0.5 ml/min. Fractions (1 ml) were
collected, reacted with Ellman’s reagent and analyzed spectro-
photometrically at 412 nm as described (45). The elution pro-
files of protein markers including cytochrome ¢ (M, 12,500),
aprotinin (M, 6,512), and vitamin B12 (M, 1,355) (GE Health-
care) were analyzed using the same conditions, and detected
in collected fractions using the UV detector of the FPLC
system.

A LMW standard (a mixture of different chain length
PCs) was synthesized in vitro using purified AtPCS1-FLAG
(45). HMWC standards were produced from LMWC by addi-
tion of CdCl, (500 um final) and Na,S (10-fold molar access
to PCs in LMW C). In vitro-synthesized LMWC and HMWC
were separated by FPLC as described above.

32S-PC, Synthesis and Uptake Assays—>>S-PC, was synthe-
sized using [**S]GSH (Perkin-Elmer) and recombinant At-
PCS1. 3*S-PC, synthesis was carried out in 100 mm Tris (pH
8.0) containing 100 um CdCl,, 3 mm GSH, [**S]GSH (30 ul,
60 nCi, 2.22 MBq) and 5 ug of AtPCS1-His, for 1 h at 37 °C.
The reaction (0.1 ml) was stopped by adding 10 ul of perchlo-
ric acid 30% (v/v), mixed vigorously for 1 min and centrifuged
20,000 X gx10 min. The supernatant was filtered using a 0.22
pm Ultrafree-MC filtering device (Millipore), and the flow-

VOLUME 285-NUMBER 52+ DECEMBER 24, 2010



through was used for phytochelatin purification, as previously
described (23). Purified **S-PC, was resuspended in 100 mm
Tris (pH 8.0), 500 um DTT, and 500 um PC, (non-radoactive,
Anaspec). Unless otherwise noted, 0.025 uCi of >*S-PC, were
used for transport assays using S. pombe microsomal vesicles
prepared as described previously for S. cerevisae (46).

RESULTS

Hmtl and PC Synthase Have Additive Effects on Cd
Tolerance—Expression of S. pombe hmt1™ or pcs™ cDNAs in
S. cerevisiae dramatically increases Cd tolerance (15, 16, 40).
To test whether Hmt1 and PC synthase have an additive ef-
fect on Cd tolerance in yeast, we expressed S. pombe hmt1™ in
a S. cerevisiae strain engineered to synthesize phytochelatins
(strain Sm15). S. cerevisiae strain Sm14, the parental strain of
Sm15, lacks 4 ATP-binding cassette transporters (YDR135C,
YHLO35C, YLLO15W, YLL048C) that mediate metal tolerance
and is Cd hypersensitive (Fig. 1, A and B), thus providing a
suitable background to study proteins that mediate metal tol-
erance. Expression of #mt1™" in the absence of Cd reduced the
fitness of both S. cerevisiae strains (Fig. 1A4). In the presence of
Cd, however, hmt1™ increased the Cd tolerance of the Sm14
yeast strain (Fig. 1, B and C). Integration of the Triticum aesti-
vum PCS1 gene (TaPCS1I) into the yeast genome increased
the Cd tolerance of the Sm15 strain compared with Sm14
(Fig. 1, Band C). The reduction in fitness induced by Hmt1
was also observed at low Cd concentration (10 uM) in the
Sm15, TaPCSI-expressing strain (Fig. 1B). However, heterol-
ogous expression of imtl™ increased the Cd tolerance of the
PCS integration strain even further compared with Sm14 (Fig.
1, Cand D). Co-expression of hmtl™ and TaPCS1 (Sm15 +
Hmt1) allowed the Cd-sensitive strain to tolerate remarkably
high concentrations of Cd (up to 1 mwm, Fig. 1D). These results
suggest that Hmt1 and PC synthase have additive effects on
Cd detoxification. To test whether Hmt1 and PC synthase
also have additive effects on Cd tolerance in S. pombe, we
generated an imtl pcs double mutant and compared its Cd
sensitivity to smt1 and pcs single mutants. Growth of the
hmtl pcs double mutant strain was more sensitive to Cd com-
pared with the single imtI or pcs deletion mutants (Fig. 1E),
suggesting that in S. pombe Hmt1 and PC synthase do not act
in a single linear pathway but have additive effects.

ABC-type Transporters Contribute to Cd Tolerance in
S. pombe—PC transport into vacuoles was thought to be me-
diated solely by Hmtl1 (19). However, recent data demonstrate
that PCs can be transported into vacuoles in an Hmt1-inde-
pendent manner by a yet unidentified transporter (33). PC
transport into vacuoles displays biochemical properties typi-
cal of ABC-type transporters (ATP-dependent, inhibited by
vanadate but insensitive to uncouplers) (18, 19). Of the 11
ABC transporters encoded in the S. pombe genome, only
Hmt1, Abc2, Abc3, and Abc4 localize to the vacuolar mem-
brane, as determined by GFP-protein fusions (47). Abcl is
part of the Cluster IL.1 of S. pombe ABC transporters (Abcl,
Abc2, Abc3, and Abc4), but Abcl localizes to the cell perime-
ter (47). To determine whether ABC transporters, other than
Hmtl, contribute to vacuolar PC accumulation, and hence to
Cd tolerance, we generated a S. pombe mutant strain lacking
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S. cerev TaPCS1-int (Sm15)
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FIGURE 1. Cadmium tolerance mediated by Hmt1, PC synthase and ABC
transporters. A-D, Hmt1 and PC synthase have additive effects on cad-
mium tolerance in S. cerevisiae and S. pombe. A, S. cerevisiae strain Sm14
lacks 4 ABC transporters (ydr135C/ycf1, yhl035c, yll015w, yll048c) and (B) is
Cd hypersensitive. Integration of TaPCS1 in Sm14 (strain Sm15) rescues the
Cd sensitivity (B and C). Heterologous expression of S. pombe Hmt1 en-
hances Cd tolerance in both Sm14 and Sm15 strains (panels B and C).

D, co-expression of Hmt1 and PC synthase (Sm15 + Hmt1) dramatically
increases the Cd tolerance compared with yeast expressing either PC syn-
thase or Hmt1 (1000 um panel). E, deletion of hmt1™ or pcs™ in S. pombe
results in Cd sensitivity and deletion of both genes (pcs hmt1) exhibits an
additive negative effect on Cd tolerance. F, vacuolar full-size ABC transport-
ers function in cadmium tolerance in S. pombe. Deletion of all vacuolar ABC
transporters (Abc2, Abc3, Abc4, and Hmt1) induces Cd hypersensitivity
compared with hmt1. Abc1 is part of the Cluster Il.1 of S. pombe ABC trans-
porters, together with Abc2, Abc3, and Abc4, but Abc1-GFP fusions show a
pattern typical of endoplasmic reticulum (47).

all vacuolar ABC transporters and Abcl, and assessed its Cd
sensitivity. The abcl abc2 abc3 abc4 hmtl quintuple mutant
(abcl—4 hmtl) was found to be extremely Cd sensitive, com-
pared with hmtl (Fig. 1F). The abcl abc2 abc3 abc4d quadru-
ple mutant did not exhibit substantial Cd sensitivity, likely
due to the presence of a functional Hmt1 (Fig. 1F; and data
presented further below). Nevertheless, the dramatic sensitiv-
ity of the abc1—4 hmtI quintuple mutant compared with
hmtl (Fig. 1F) suggested that full-size ABC transporters also
mediate Cd tolerance. In contrast, pdrl bfr1, a double mutant
of a different clade of S. pombe ABC transporters (Cluster I),
did not show any Cd sensitivity (supplemental Fig. S1A4).
Analyses of publicly available microarray data show that none
of the vacuolar ABC transporters are significantly (>2-fold)
induced by Cd exposure (supplemental Fig. S1B). To analyze
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FIGURE 2. Systematic deletion of vacuolar ABC transporters reveals the
function of the vacuolar transporter Abc2 in cadmium tolerance. A, Cd
sensitivity of ABC transporter mutants in the hmt1 background was com-
pared with the single hmt7 mutant. The abc2 hmt1 deletion mutant showed
the strongest effect on Cd sensitivity compared with abc3 hmt1 and abc4
hmt1 mutants. B, cadmium sensitivity of triple abc hmt1 mutants showed
that Cd sensitivity of abc2 abc4 hmt1 is identical to the quintuple abc1-4
hmt1 mutant. Yeast strains were grown in rich medium (YES + supple-
ments), and 1:10 serial dilutions were spotted onto plates containing 5 um
Cdcl,.

the possibility that vacuolar morphology could be altered by
the lack of vacuolar ABC transporters, thus causing Cd sensi-
tivity, we analyzed the integrity of the vacuolar membrane
using the fluorescent dye FM4 — 64. All mutants analyzed
showed wild type-like vacuoles suggesting that Cd sensitivity
of the abc1-4 hmt1 quintuple mutant was not due to changes
in vacuolar morphology (supplemental Fig. S1C).

To establish which of the full-length ABC transporters me-
diate Cd tolerance, we systematically analyzed different com-
binations of abc mutants using the imt1 background. The
abc2 hmtl double mutant strain was found to exhibit the
most dramatic Cd sensitivity, while the Cd tolerance of abc3
hmtl and abc4 hmtl was no different from the hmt1 single
mutant (Fig. 2A). However, the abc2 hmt1 double mutant
strain was slightly less Cd sensitive than the abcl1-4 hmtl
quintuple mutant, suggesting that other members of the Clus-
ter IL.1 of S. pombe ABC transporters could play a minor role
in conferring Cd tolerance (Fig. 2A4). To identify which ABC
transporter mediated this residual Cd tolerance, we generated
triple mutants and evaluated their Cd tolerance. The triple
mutant abc2 abc4 hmtl was found to exhibit identical Cd
sensitivity compared with the abc1—4 hmtl quintuple mutant
suggesting that, among the full-length vacuolar ABC trans-
porters, Abc2 is the major contributor to Cd tolerance fol-
lowed by Abc4 (Fig. 2B).

Abc2 Mediates PC Accumulation in Vacuoles—To directly
determine the function of Abc2 in Cd tolerance, the coding
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sequence of Abc2 (abc2™) was cloned into pREP41 (pREP41
and pREP41-GW-YFP) to evaluate intracellular localization,
Cd tolerance and PC accumulation in vacuoles. To confirm
that Abc2 was functionally active when expressed in the
abcl-4 hmtl quintuple mutant, we evaluated the accumula-
tion of glutathione-bimane conjugates (GS-bimane) into
vacuoles. Monochlorobimane is a permeable dye that forms a
fluorescent impermeable compound (GS-bimane) when con-
jugated with glutathione in the cytosol by glutathione S-trans-
ferases. GS-bimane is actively transported into vacuoles by
ABC-type transporters and it is visualized as intense fluores-
cent bodies under UV excitation (Fig. 34) (33, 47, 48). In

S. pombe, Abc2 and Abc4 are required for vacuolar accumula-
tion of GS-X conjugates (47), thus providing a good test for
evaluating functional activity of the recombinant protein. The
abcl-4 hmtl quintuple mutant was unable to compartmen-
talize GS-bimane conjugates into vacuoles and displayed only
residual fluorescence from cytosolic GS-bimane conjugates
(Fig. 3B). GS-bimane conjugates, although fluorescent, are not
accumulated to high levels in the cytosol, possibly because of
product inhibition of cytosolic glutathione S-transferases by
GS-bimane. Expression of Abc2 in the abc1-4 hmtl quintu-
ple mutant was sufficient to restore GS-bimane fluorescence
in vacuoles (Fig. 3C), and cells expressing Abc2-YFP fusions
displayed fluorescence at the vacuolar membrane (Fig. 3D),
demonstrating that Abc2, expressed from pREP41, was func-
tional and properly localized. Moreover, expression of Abc2
enhanced the Cd tolerance of the abci—4 hmtI quintuple
mutant (Fig. 3E).

To determine whether full-size ABC transporters mediate
PC accumulation in vivo, we analyzed the PC content in
highly purified vacuoles. Vacuoles isolated from wild-type
cells exposed to Cd showed high levels of PCs (Fig. 3F). The
hmtl mutant strain showed a reduction in PC, content but
the PC; content remained unaffected. Likewise, the abc2 mu-
tant showed a significant reduction in PC, content. In con-
trast, vacuoles isolated from either the abcl—4 hmtl quintu-
ple or abc2 hmtl double mutant showed undetectable levels
of either PC, or PC; (Fig. 3F). Expression of Abc2 restored
accumulation of both PC, and PC; in abcI-4 hmtI vacuoles,
demonstrating that Abc2 is sufficient to mediate PC accumu-
lation in S. pombe vacuoles in vivo (Fig. 3F). Expression of
Hmt1 also restored the accumulation of PCs in vacuoles (Fig.
3F) and, as previously reported, Cd tolerance (26) (supple-
mental Fig. S2). These results suggest that both Hmt1 and
Abc2 mediate vacuolar accumulation of PCs. One central im-
plication of this finding is that, in contrast to Hmt1, plants
have Abc2 homologues (MRP/ABCC subfamily of ABC-type
transporters), providing a new avenue to address the long-
standing problem of how PCs are sequestered into plant
vacuoles.

To further analyze whether ABC transporters mediate PC,
uptake, radiotracer experiments using **S-PC, were per-
formed using microsomal vesicles obtained from wild type,
hmtl and the abcl—4 hmtl quintuple mutant strains. PC
transport in wild type vesicles was ATP-driven (34.2 + 0.1
pmol PC,/(mg prot X min) !, n = 3 * S.E.), 70% inhibited by
1 mM vanadate (10.9 = 3.4 pmol PC,/(mg prot X min) !, n =
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FIGURE 3. The vacuolar transporter Abc2 rescues the cadmium sensitiv-
ity of the S.pombe abc1-4 hmt1 quintuple mutant and restores phy-
tochelatin accumulation in vacuoles. A and B, GS-bimane accumulation
was used to assess the function of Abc2. GS-bimane conjugates are ac-
cumulated in wild-type vacuoles but not in the abc1-4 hmt1 quintuple
mutant. C, expression of Abc2 in the abcT-4 hmt1 quintuple mutant re-
stored GS-bimane accumulation in vacuoles. D, S. pombe cells express-
ing Abc2-YFP displayed fluorescence characteristic of the vacuolar
membrane. Accumulation of GS-bimane in vacuoles and the Abc2-YFP
fluorescent pattern demonstrates that Abc2, expressed from pRep41,
was functional and properly localized. E, expression of Abc2 in the
abc1-4 hmt1 quintuple mutant reduced the Cd sensitivity of the abc71-4
hmtT1 quintuple mutant. F, PC accumulation in vacuoles was decreased
in the hmt1 mutant and abolished in the abc7-4 hmt1 quintuple and the
abc2 hmt1 double mutant. Expression of Abc2 in the abc1-4 hmt1 quin-
tuple mutant restored the accumulation of PCs in vacuoles. Hmt1 also
restored vacuolar accumulation of PCs.

3 = S.E.) and not abrogated by the uncoupler NH,Cl (5 mwm,
24.36 * 5.33 pmol PC,/(mg prot X min) ', n = 3 = S.E.). All
these properties reflect an ABC transporter-mediated PC up-
take activity. Vesicles obtained from the /mt1 single mutant
showed a reduced but substantial uptake of both PC, and
PC,-Cd, which was dramatically reduced in the abcl-4 hmtl
quintuple mutant (supplemental Fig. S3), suggesting that full-
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size ABC transporters, in parallel to the half-size ABC trans-
porter Hmt1, mediate phytochelatin transport into S. pombe
vacuoles.

Expression of Abc4 in the abcl—4 hmtl quintuple mutant
also restored GS-bimane accumulation in vacuoles (supple-
mental Fig. S44), but did not noticeably enhance the Cd toler-
ance of the abc1-4 hmtI quintuple mutant (supplemental
Fig. S4B). In addition and in contrast to the abcl—4 hmtl
quintuple mutant, imtI and abc2 hmtl mutants showed GS-
bimane accumulation in vacuoles, suggesting overlapping
functions of this clade of ABC transporters in vacuolar GS-
bimane uptake (supplemental Fig. S4C).

PC Content and HMW(Cs in S. pombe abc Mutants—To
analyze the possibility that the lack of vacuolar PCs in the
abcl—4 hmtl quintuple mutant was caused by a lack of PC
synthesis, we quantified the total PC content in whole cell
extracts obtained from the different abc and hmt1 mutants
and complemented strains. All strains show detectable levels
of PCs in cell extracts, suggesting that PC synthesis remained
functional (supplemental Fig. S5A). However, the hmtlI, abc2
hmtl, and abcl—4 hmtl mutant strains showed a decrease in
PC content, suggesting that the absence of Hmt1 and ABC
transporters partially impairs PC synthesis or degradation to
different extents (supplemental Fig. S5A). Expression of either
Hmt1 or Abc2 in the abcl—4 hmtl quintuple mutant partially
restored the PC content in cell extracts compared with wild
type (supplemental Fig. S5A).

Cadmium, PCs, and sulfide form high molecular weight
complexes (HMWCs) surrounding cadmium-sulfur cores
(CdS), and these complexes are considered the final step in
Cd sequestration inside vacuoles (25, 27). The inability to
form HMW s results in Cd sensitivity (49). To determine
whether formation of HMWCs was impaired in the abcl—4
hmtl mutant, HMWCs were analyzed by size-exclusion chro-
matography in cell extracts obtained from Cd-exposed cells
(Fig. 4, A and B). As described elsewhere, HMWCs were
mainly composed of PCs, as detected by HPLC-MS (supple-
mental Fig S5B) and, as expected, the S. pombe PC-deficient
mutant (pcs) was unable to synthesize HMW Cs (Fig. 4C). Un-
expectedly, all S. pombe abc mutants, including hmt1, show
peaks corresponding to HMWCs (Fig. 4, D—F). To determine
whether these HMWC were inside the vacuole or located in
the cytosol, HMW Cs were further analyzed in vacuole prepa-
rations obtained from the abc mutants. S. pombe wild-type
vacuoles showed HMW Cs (Fig. 4G, open circles) in the same
fractions compared with in vitro synthesized HMWCs (Fig.
4H). Vacuoles from the smtl mutant showed a decreased
content of HMWCs compared with wild type (Fig. 4G) while
vacuoles isolated from the abc2 hmt1 double mutant did not
show any traces of HMWCs (Fig. 4G). Accumulation of
HMW(Cs in the cytosol is highly toxic and impairs PC synthe-
sis (49), suggesting that PC synthesis inhibition, rather than
an increased PC degradation rate, is in part responsible for
the extreme Cd sensitivity of the abc1—4 hmtI and abc2 hmtl
mutants (Figs. 1F and 2).

S. pombe Hmtl Is a Half-size ABC Transporter with Broad
Substrate Specificity—During Hmt1 complementation experi-
ments of the abcl-4 hmtl quintuple mutant we noticed that
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FIGURE 4. Phytochelatin-containing High Molecular Weight Complexes (HMW(GCs) are absent in vacuoles of the S. pombe abc2 hmt1 double mutant
but not in the hmt1 single mutant. A-C, HMWCs, detected in whole cell extracts by size-exclusion chromatography, were formed after Cd exposure, and
their synthesis was PC-dependent. D, quadruple abc1-4, (E) the single hmt1, and (F) the quintuple abc7-4 hmt1 mutant showed HMWC-like compounds
(marked with arrows). The presence of phytochelatins in these high-molecular weight fractions was confirmed by HPLC-MS (supplemental Fig. S5). G, HM-
WCs in purified vacuoles from S. pombe wild type (open circles) have an identical elution pattern compared with a HMWC standard synthesized in vitro (H).
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FIGURE 5. Hmt1 is a half-size ABC transporter with broad substrate specificity. A and B, GS-bimane conjugates were sequestered in wild-type vacuoles
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posed model for cadmium tolerance, phytochelatin transport, and GS-conjugate sequestration in S. pombe vacuoles. Abc2 and Hmt1 mediate accumulation
of PCs and GS-bimane conjugates into vacuoles and both contribute to Cd tolerance in S. pombe. Hmt1 also contributes to Cd tolerance via a PC-indepen-
dent mechanism. Based on similar features between Hmt1 and the ABC transporters from the mitochondrion (ATMs), one additional function for Hmt1

could be the detoxification of CdS clusters from the cytosol (see “Discussion”).

expression of Hmt1 also restored GS-bimane fluorescence in
vacuoles (Fig. 5, A—C). Vacuolar accumulation of GS-bimane
conjugates was found to be Hmt1-dependent because the ad-
dition of thiamine to the growth medium, which represses
nmt1-driven expression of hmt1™, dramatically reduced the
accumulation of GS-bimane in vacuoles (Fig. 5D). This was
unexpected, as transport of GS-conjugates has been reported
to be mediated by full-length ABC transporters (i.e. AtMRP1,
ScYCF1), and not half-size transporters such as Hmt1 (47, 48,
50). The physiological substrate that allows Hmt1 to confer a
high degree of Cd tolerance is not known (see “Discussion”).
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However, these results suggest that the half-size transporter
Hmtl1, similarly to full-size ABC transporters of the ABCC
subfamily, can transport glutathione-S-conjugates.

DISCUSSION

Since its discovery 15 years ago, S. pombe Hmt1 has stood
alone as the only known PC transporter (19), despite numer-
ous genetic screens to identify PC transporters in plants and
other organisms. Here, we demonstrate through systematic
analyses of deletion mutants, Cd tolerance assays, PC content
in purified vacuoles and complementation experiments, that
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S. pombe Abc2, a full-size ABC transporter, also mediates PC
accumulation into vacuoles.

PC Synthase and Hmt1 Mediate Cd Tolerance through In-
dependent Mechanisms—The capacity of Hmt1 to confer Cd
tolerance in a PC-independent manner suggests that Hmt1
may have other functions in addition to PC transport (38 —40)
(Fig. 1). This is also evident in the S. pombe hmtl mutant,
which is Cd sensitive despite the fact that it retains the ability
to synthesize PCs and transport them into vacuoles to form
HMWCs (Figs. 1, 2, 3E, and 4E). These results have encour-
aged several groups to re-assess the function of Hmt1 (33,
40) (Fig. 1). The first suggestion that Hmt1 may have a
function other than PC transport came from work in C. el-
egans, where it was shown that imtI-1 and pcs-1 have an
additive effect on Cd tolerance compared with single mu-
tants (38). An additive effect of Hmt1 is not expected in a
linear model when PC synthase is deleted. We have found
that Hmtl and PC synthase also have additive effects on
Cd tolerance in both S. cerevisiae and S. pombe (Fig. 1),
suggesting that they do not function in a strictly linear
pathway (19). Moreover, in C. elegans, Hmt1 and PC syn-
thase localize to different tissues, supporting the hypothe-
sis that they cannot operate in a simple linear metal detoxi-
fication pathway (39).

PC Transport Mediated by Full-size ABC Transporters—
The finding that vacuoles isolated from the S. pombe hmtl
mutant exposed to Cd contain high levels of PCs, suggests the
existence of an Hmt1-independent mechanism for accumula-
tion of PCs into vacuoles (Fig. 3F) (33). PC uptake into vacu-
ole preparations shows biochemical properties characteris-
tic of ABC-type transporters (18, 19), as confirmed in the
present study (see “Results” section). The S. pombe genome
encodes a relatively small number of ABC transporters (11
transporters), compared with 29 in S. cerevisiae and >100
in A. thaliana (31, 47, 51, 52). Of the 11 S. pombe ABC
transporters, only Hmtl, Abc2, Abc3, and Abc4 are tar-
geted to the vacuolar membrane (Fig. 3D) (47) and deletion
of all vacuolar ABC transporters caused Cd hypersensitiv-
ity (Figs. 1F and 2) and abolished transport and accumula-
tion of PCs into vacuoles (Fig. 3F and supplemental Fig.
S3). Systematic characterization of different abc deletion
mutants led us to identify Abc2 as a major contributor,
among the full-size ABC transporters, to Cd tolerance (Fig.
2). Expression of Abc2 in the abcl-4 hmtl mutant par-
tially restores Cd tolerance and PC accumulation into
vacuoles (Fig. 3, E and F). Plants do not have orthologs of
the half-size ABC transporter Hmt1, which has hampered
the discovery of plant PC transporters. However, and in
contrast to Hmt1, plants and other organisms that produce
PCs have Abc2 homologues (MRP/ABCC subfamily of ATP
binding cassette transporters, supplemental Fig. S6).

Substrate Specificity of S. pombe ABC Transporters—In a
recent analysis of the 11 S. pombe ABC transporters, Abc2
was found to be required for accumulation of red pigments
inside vacuoles (47). In a broad analysis, single and multiple
ABC mutants were exposed to more than 20 different com-
pounds, including antibiotics, metal ions and oxidizing
agents. The Cd sensitivity of a abc2 abc4 hmtl mutant was
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noted but not investigated further (47). Here we show that
Abc2, as other members of the MRP/ABCC family, mediates
accumulation of GS-bimane conjugates (Fig. 3C) and, more
interestingly, PC accumulation in vacuoles (Fig. 3F). Abc2 is a
homologue of S. cerevisiae YCF1, a glutathione-S-conjugate
pump with broad substrate specificity (47, 48). YCF1 does not
mediate PC uptake (48), but based on the broad substrate
specificity of Abc2 (Fig. 3), it will be interesting to determine
whether, in addition to PCs, Abc2 also mediates transport of
GS,-Cd complexes. The great plasticity of ABC transporters
might not be surprising considering the variety of molecules
that need to be mobilized and detoxified by the limited num-
ber of ABC transporters present in S. pombe. In addition, we
cannot rule out at this point a possible interaction between
ABC transporters, which has been documented to modify the
kinetic properties of ABC transporters (53—55) and could ex-
plain why Hmt1 and Abc2 alone do not restore the vacuolar
PC content to wild type levels (Fig. 3F). It also remains un-
clear whether post-transcriptional regulation plays a role in
cadmium tolerance by regulating the trafficking and turnover
of Hmt1 and Abc2.

Mechanism Mediating Heavy Metal Tolerance by Hmt1—A
key remaining question is the chemical nature of the Hmt1
substrate in vivo. Hmt1 requires GSH to confer Cd tolerance
(40), but analyses of the peptide content of vacuolar
HMW(Cs in S. pombe have failed to detect significant
amounts of GSH inside vacuoles (24, 25, 56). Moreover,
vacuolar vesicles isolated from S. pombe overexpressing
Hmt1 did not show significant uptake rates of GSH or
GS,-Cd (19), suggesting that the GSH requirement of
Hmt1 may not be related to GS,-Cd transport. It is possi-
ble that Hmt1 may have an additional yet unidentified sub-
strate, which is highly toxic when it accumulates in the cy-
tosol of hmtl mutants.

The closest homologue to Hmtl in S. pombe is Atm1 (sup-
plemental Fig. S6), a mitochondrial half-size ABC transporter
that mediates export of FeS clusters from the mitochondrial
matrix to the cytosol (47, 57). The function of Atm1 in S. cer-
evisiae also requires GSH (58). Therefore, it is tempting to
speculate that Hmt1 may transport CdS clusters from the cy-
tosol into vacuoles (Fig. 5E) and that either GSH is required to
synthesize these clusters or, as recently determined for FeS
clusters in plants and bacteria, GSH and/or PC, help to stabi-
lize these clusters (59, 60). Transport of CdS-PC clusters by
Hmtl1 could explain why the abc2 single mutant still accumu-
lates PCs in the vacuole (Fig. 3F). In addition, active detoxifi-
cation of CdS clusters by Hmtl in the abc2 single mutant
could also explain why the PC content in this mutant re-
mained unaffected (Fig. 5E and supplemental Fig. S54) and
why abc mutants are not Cd hypersensitive (Figs. 1F and 2).
On the other hand, accumulation of CdS clusters in the cy-
tosol is expected to be highly toxic, impairing the activity FeS-
containing enzymes and PC synthesis (49). Impairment of PC
synthesis explains the decreased PC content in cell extracts
obtained from hmtI and the abcl—4hmtl quintuple mutant
(supplemental Fig. S5A). Moreover, formation of HMWC
around CdS cores is a spontaneous process that takes place in
the vacuole where all the components are readily available
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(25). In hmtl and abc mutants, traces of HMWC were de-
tected in cell extracts, but not in purified vacuoles (Fig. 4),
suggesting that HMWCs are also formed in the cytosol, im-
pairing PC synthesis, and explaining the extreme Cd sensitiv-
ity of the hmtl, abc2 hmtl, and abcl-4hmtImutants, even
though they retain the ability to synthesize PCs (supplemental
Fig. S5A).

In conclusion, we have determined that Abc2, a full-size
ABC transporter of the MRP/ABCC family, mediates accu-
mulation of PCs in vacuoles, and we have demonstrated that
Hmt1 and Abc2 have distinct and also overlapping functions
in Cd detoxification. These findings modify the original
model of Cd tolerance mediated by Hmt1 (Fig. 5E) and pres-
ent the possibility to identify the long-sought PC transporters
in other organisms. Tissue-specific expression of PC trans-
porters may be useful for bioremediation of soils and waters
contaminated with heavy metals and to exclude heavy metal
accumulation in edible tissues of plants used for livestock and
human nutrition.
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Note Added in Proof—A report describing the independent identi-
fication of the related AtABCC1 and AtABCC?2 as vacuolar phy-
tochelatin uptake transporters in Arabidopsis thaliana is in press
(Song, W.-Y., Park, J., Mendoza-Cézatl, D., Suter-Grotemeyer, M.,
Shim, D., Hortensteiner, S., Geisler, M., Weder, B., Rea, P., Rent-
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