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The Arabidopsis (Arabidopsis thaliana) Heavy Metal Associated3 (AtHMAS3) protein belongs to the P, , subgroup of the P-type
ATPase family, which is involved in heavy metal transport. In a previous study, we have shown, using heterologous expression
in the yeast Saccharomyces cerevisiae, that in the presence of toxic metals, AtHMA3 was able to phenotypically complement the
cadmium/lead (Cd/Pb)-hypersensitive strain ycfl but not the zinc (Zn)-hypersensitive strain zrcl. In this study, we
demonstrate that AtHMAS3 in planta is located in the vacuolar membrane, with a high expression level in guard cells,
hydathodes, vascular tissues, and the root apex. Confocal imaging in the presence of the Zn/Cd fluorescent probe BTC-5N
revealed that AtHMAS3 participates in the vacuolar storage of Cd. A T-DNA insertional mutant was found more sensitive to Zn
and Cd. Conversely, ectopic overexpression of AtHMA3 improved plant tolerance to Cd, cobalt, Pb, and Zn; Cd accumulation
increased by about 2- to 3-fold in plants overexpressing AtHMA3 compared with wild-type plants. Thus, AtHMA3 likely plays
a role in the detoxification of biological (Zn) and nonbiological (Cd, cobalt, and Pb) heavy metals by participating in their

vacuolar sequestration, an original function for a P,;, ATPase in a multicellular eukaryote.

Plant metal homeostasis must be tightly regulated to
ensure sufficient micronutrient (Zn, Cu, Fe, etc.) sup-
ply to the different organs and to prevent toxic con-
centrations of these and nonessential metals (Cd, Pb,
Co, etc.) from inducing deleterious effects (Clemens,
2001; Fraustro da Silva and Williams, 2001; Hall, 2002).
Transporters belonging to various additional families,
such as Cation Diffusion Facilitator (CDF), Natural
resistance-associated macrophage protein (Nramp),
ATP Binding Cassette (ABC), Zinc Iron-like Protein
(ZIP), and others, have already been shown to be
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involved in these processes (for review, see Colangelo
and Guerinot, 2006; Clemens, 2006; Kramer et al., 2007),
and this list is quickly extending. One of the most re-
cent additions has been a member of the major facil-
itator superfamily, ZIF1 (for Zinc Induced Facilitator),
for its participation in Zn/Fe homeostasis (Haydon
and Cobbett, 2007).

The P,z-ATPase subfamily HMA (for Heavy Metal
Associated) plays an important role in the process of
metal allocation or detoxification (Williams and Mills,
2005). CadA from Staphylococcus aureus or Listeria
monocytogenes (Lebrun et al., 1994) and ZntA from
Escherichia coli (Rensing et al., 1997; Sharma et al., 2000)
belong to the Zn/Cd/Pb subgroup and are among the
first P,z-ATPases that have been functionally charac-
terized; they are implicated in the detoxification of the
bacteria by an ATP-dependent efflux of metals.
Among the 46 genes identified in the genome of
Arabidopsis (Arabidopsis thaliana) to encode P-type
ATPases, eight belong to the group of HMAs, HMA1
to HMAS, based on previously proposed nomencla-
ture (Baxter et al., 2003). This subfamily clusters in two
subgroups depending on heavy metal specificity: Cu*/
(Ag*) or Zn?*/Cd**/Pb*/Co?**; AtHMAS to -8 and
AtHMAT1 to -4 belong to those subgroups, respectively.
The copper transporter family has been studied earlier
in planta (Hirayama et al., 1999; Woeste and Kieber,
2000; Shikanai et al., 2003; Abdel-Ghany et al., 2005;
Andrés-Colas et al., 2005; Puig et al., 2007). AtHMA1
was listed in the Pz, subgroup (Argiiello, 2003), a
cluster including CoaT, a cobalt efflux pump from
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Synechocystis (Rutherford et al., 1999). In planta,
AtHMAL1 is expressed at the inner envelope membrane
of the chloroplast and participates in the loading of
copper into the stroma (Seigneurin-Berny et al., 2006).

Thus, based on amino acid alignments (Argiiello,
2003), the Zn**/Cd*"/Pb*"/Co** subgroup in Arabi-
dopsis potentially includes three members, AtHMAZ2,
AtHMAS3, and AtHMAA4. These proteins present a high
degree of amino acid sequence similarities in their
transmembrane domains, but they display divergent
soluble C-terminal segments. AtHMA2 and AtHMA4
present unusually long C-terminal sequences (around
250 and 460 residues, respectively), with many Cys
doublets and ending with a His stretch. In contrast,
the AtHMA3 C terminus is shorter (around 60 resi-
dues) and includes only two Cys doublets. In planta,
AtHMA4 is expressed at the plasma membrane, and
studies of T-DNA insertional mutants have demon-
strated that this protein is involved in Zn and Cd
xylem loading and in the translocation of these metals
from the roots to the shoot (Hussain et al., 2004; Verret
etal., 2004). Interestingly, the plant tolerance to Zn/Cd
was enhanced in AtHMA4-overexpressing plants
(Verret et al., 2004). The functional characterization
of AtHMA2 in planta has demonstrated a large re-
dundancy with AtHMA4 in Zn transport (Eren and
Argiiello, 2004; Hussain et al.,, 2004). A hma2 hma4
double mutant had a strong Zn nutritional deficiency
and was sterile due to an absence of pollen. These
results demonstrate that AtHMA4 and AtHMA?2 pro-
teins are the main transporters that ensure Zn trans-
location from roots to the shoot (Hussain et al., 2004).
Heterologous expression of the AtHMA3 cDNA from
the Wassilewskija (Ws) ecotype in yeast led us to
propose a role of this protein in Cd/Pb transport
(Gravot et al., 2004). AtHMAS3 expression was able to
rescue the Cd/Pb-hypersensitive phenotype of the
mutant strain ycfl but unable to phenotypically com-
plement the Zn-sensitive mutant zrcl. Various tran-
scriptomic studies have shown that AtHMA3 mRNA is
present at a very weak level in all plant parts and that
its expression is only slightly modulated by Zn or Cd
treatments, if affected at all (Becher et al., 2004; Gravot
et al., 2004; Talke et al., 2006). In contrast, the ortholog
of AtHMAS3 in the tolerant hyperaccumulator species
Arabidopsis halleri is strongly expressed and even up-
regulated upon Zn exposure (Becher et al., 2004;
Gravot et al., 2004; Talke et al., 2006). These observa-
tions suggest that HMA3 could be one of the trans-
porters implicated in metal hyperaccumulation and/
or metal tolerance processes. AtHMAZ3 is a pseudogene
in the wild-type Columbia (Col-0) ecotype (Hussain
et al., 2004). A single base pair deletion at position
1,626 of the Col-0 cDNA (position in relation to the
ATG start codon) results in a frameshift, leading to a
premature stop codon and a subsequent truncated
protein (Supplemental Fig. S1). Additionally, a T-DNA
insertional mutant in the Ws background, Athma3-1,
was found to be indistinguishable from the wild type
under normal culture conditions (Hussain et al., 2004).
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AtHMAS3, a Vacuolar Metal Pump in Arabidopsis

Our study deals with the functional characterization
of AtHMAS3 in planta in the Ws background. AtHMA3
is found to be a vacuolar transporter whose over-
expression results in Cd, Pb, Cd, and Zn tolerance.

RESULTS
HMAS3 Localizes at the Vacuolar Membrane

To determine the subcellular location of AtHMAS3,
an N-terminal EGFP fusion was obtained by cloning
the EGFP cDNA in frame with the AtHMA3 cDNA
under the control of the cauliflower mosaic virus 355
promoter (CaMV35S). Ws plants were transformed
with this clone, and four homozygous, independent
strains were obtained by hygromycin B selection (13C,
18], 19K, and 27G). The subcellular localization of the
EGFP:AtHMAS3 fusion protein was determined by
confocal microscopy. In addition to the cell wall
autofluorescence, the green fluorescence of the EGFP
fusion protein was observed at the level of the tono-
plast, delineating the nucleus, in root cells, and guard
cells (Fig. 1A). Since the fusion of the EGFP could lead
to a mistargeting of the protein, two EGFP fusion
proteins (EGFP::AtHMA3 and AtHMAZ3::EGFP) were
also transiently expressed in mesophyll protoplasts
from Arabidopsis. When the plasma membrane and
the tonoplast were separated by the nucleus or chlo-
roplasts, the fluorescent pattern of the two fusion
proteins was clearly consistent with a localization of
AtHMAS3 at the vacuolar membrane (Fig. 1B).

AtHMA3 Expression Pattern as Revealed by
GUS Activity

GUS activity was used to determine AtHMAS3 ex-
pression pattern in planta. The promoter region of
AtHMA3, 2,747 bp upstream of the ATG start codon,
was fused with the uidA gene, which encodes GUS; the
fusion gene was expressed in transgenic Ws plants.
Three homozygous independent lines were obtained
by selection on hygromycin B. GUS expression was
mainly observed in root, collar, and leaf cells of 4- to
6-d-old plantlets (Fig. 2, A and B). In roots, GUS
activity was seen in vascular bundles and at the apex
(Fig. 2, B and C). In a root section, staining was
restricted to stellar cells around the vascular vessels
(Fig. 2D). In leaves, GUS was strongly expressed in
guard cells (Fig. 2, E and G) and hydathodes (Fig. 2F).
In a leaf cross-section, GUS staining was also present
in vascular bundles (Fig. 2G). In inflorescence, the
expression was observed in stigma, stamen filaments,
and vascular tissues of sepals (Fig. 2H) as well as at the
abscission zone of siliques (Fig. 2I). This expression
profile is consistent with data compiled from various
microarray experiments (http://www.bar.utoronto.
ca/efp/cgi-bin/efpWeb.cgi; Winter et al., 2007). The
GUS staining pattern and intensity were not modified
when plantlets were incubated in the presence of 200
uM Zn or 30 um Cd (data not shown).
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Figure 1. AtHMA3 localizes at the tono-
plast. Confocal imaging of the expression
patterns of the EGFP:AtHMA3 and
AtHMAZ3::EGFP chimeric protein fusions.
A, Root cells and guard cells from plants
expressing the EGFP::AtHMA3 fusion pro- pm
tein. B, Transient expression in mesophyll
protoplasts of EGFP (left), EGFP::AtHMA3
(middle), and AtHMA3::EGFP (right). Ar-
rows indicate regions where the tonoplast B
is separated from the plasma membrane.

Root cells

358::EGFP

An Athma3 T-DNA Insertional Mutant Is Zn and
Cd Sensitive

A T-DNA insertional mutant of AtHMA3, Athma3-1,
has already been described in the Ws background
(Hussain et al., 2004). The T-DNA is inserted in the
first exon, and no AtHMAS3 transcript was found in
this mutant, which did not exhibit any particular
phenotype under control conditions (Hussain et al.,
2004). Zn, Cd, Pb, and Co metal tolerance of this line
was estimated by measuring the root length of plant-
lets, which were grown vertically on solid bactoagar
medium. In control conditions, at 3 uM Zn in the
nutrient solution, Athma3-1 showed as much develop-
ment as the wild-type seedlings (Fig. 3). While there
was no difference when this line was challenged with
Pb or Co, the metal tolerance to Zn and Cd was slightly
impaired in the mutant line compared with the wild

type (Fig. 3).

AtHMA3 Overexpression Enhances Plant
Metal Tolerance

Plants ectopically overexpressing AtHMA3 were
generated by agrotransformation of Arabidopsis strain
Ws with the AtHMA3 cDNA cloned under the control
of the constitutive promoter CaMV35S. Four inde-
pendent 355:EGFP:AtHMAS3 lines (13C, 18], 19K,
and 27G) and four 355::AtHMA3 lines (35], 36A, 271,
and 38F), which represented the higher amounts of
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AtHMA3 transcripts, were selected (see semiquantita-
tive reverse transcription [RT]-PCR in Supplemental
Fig. 52). All experiments presented below were per-
formed on wild-type Ws and the overexpressing lines.
Zn, Cd, Pb, and Co metal tolerance of these lines was
estimated as described above (Fig. 3; Supplemental
Fig. 53). In the presence of toxic concentrations of Zn,
50 and 100 mm, the mean root length of the wild-type
plantlets was reduced by 50% and 72%, respectively
(Fig. 3). Under the same conditions, the overexpress-
ing plantlets exhibited 34% and 39% longer roots than
the wild-type plants. The tolerance to Cd, Pb, and Co
in the 35S::AtHMAS3 lines was also tested. In all cases,
root lengths of the plants overexpressing AtHMA3
were less affected by the heavy metals than those of
the wild-type plants (Fig. 3).

AtHMA3 Overexpression Induces an Increased
Accumulation of Cd in Plants

In order to test the effect that ectopic expression of
AtHMAS3 has on plant tolerance to Cd and metal
accumulation, hydroponic cultures of wild-type and
overexpressing plants were performed for 2 weeks in
nutrient solution, followed by 11 d in nutrient solution,
supplemented or not with a 30 um Cd solution. The Cd
treatment led to typical chlorotic symptoms in all lines,
but the overexpressors exhibited a better tolerance to
the toxic metal, which was characterized by a higher
growth rate. The roots of wild-type plants became

Plant Physiol. Vol. 149, 2009
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brown in the presence of Cd (Fig. 4, B and C), as
reported previously (Howden et al., 1995a, 1995b).
Such intense brownish coloration was seen in roots of
the glutathione-deficient mutants cad1 and cad2, which
are unable to accumulate and sequester Cd. This
brown coloration was faint in the overexpressors,
suggesting that these plants were less stressed than
the wild-type plants (Fig. 4, C compared with B). In
accordance, overexpressing lines exhibited better
shoot development than the wild-type plants by about
50% (Fig. 4D). At the end of the Cd treatment, metal
contents in the roots and the shoot of the different lines
were determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) analyses.
Compared with wild-type plants, both overexpressing
lines studied, 27G and 35]J, were found to have accu-
mulated about 2.5-fold more Cd in the roots and about
2-fold in the shoots (Fig. 4E).

Plant Physiol. Vol. 149, 2009

Figure 2. AtHMA3 is expressed in several plant
tissues. Expression profile of AtHMA3 in planta
revealed by GUS activity. A, Whole plantlet. B,
Detail from A. C, Root apex. D, Root section. E,
Leaf epidermis. F, Leaf. G, Leaf section. H, Inflores-
cence. |, Silique. Gc, Guard cell; Sc, stellar cells.

AtHMA3 Mediates Cd Sequestration into the Vacuole

Due to AtHMA3 localization at the vacuolar mem-
brane, the role of this transporter in heavy metal
sequestration into the vacuole was investigated. Cd
uptake in the vacuole of leaf protoplasts was followed
using a Cd/Zn fluorescent probe, the acetoxymethyl
ester form of the fluoroprobe BTC-5N/AM (acetoxy-
methyl ester of 5-nitrobenzothiazole coumarin). Pro-
toplasts, loaded with the fluorophore, were incubated
in the presence of 0.35 mMm Cd, a concentration found
optimal for fluorescence recovery in wheat (Triticum
aestivum) protoplasts (Lindberg et al., 2004). The fluo-
rescence exhibited by protoplasts, from the wild-type
Ws and the overexpressing 355::AtHMAS3 lines, was
analyzed in the presence and absence of Cd (Fig. 5). A
low signal was detected in wild-type protoplasts; this
could be attributed to the intracellular Zn content (Fig.
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Figure 3. AtHMA3 enhances heavy
metal tolerance of Arabidopsis
plantlets. Root length measurements *
of wild-type (Ws), Athma3-1 (h3),
and 35S:AtHMA3- or 35S::EGFP::
AtHMA3-overexpressing seedlings.
Plantlets were vertically grown in
the presence of the indicated metal
concentrations. Photographs of plates
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done 14 d after germination. The
dashed lines on the photographs
represent the mean values of root
lengths. Values are means of 100 to
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representative of three independent
experiments. Significant differences
from the wild type as determined
by Student’s t test are indicated by
one (P < 0.05) or two (P < 0.001)
asterisks.
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5A; Supplemental Movie S1). The addition of 0.35 mm
Cd increased the level of fluorescence in wild-type
protoplasts (Fig. 5B; Supplemental Movie S2). The
signal was observed throughout the cell, with the
exception of the chloroplasts, suggesting that Cd en-
tered the cytoplasm and reached the vacuole. In the
absence of Cd, protoplasts from the 35S:AtHMA3
lines exhibited an enhanced fluorescence compared
with wild-type protoplasts (Fig. 5C; Supplemental
Movie S3). After incubation in the presence of 0.35
um Cd, a strong fluorescence was observed inside the
vacuole of overexpressing 355:AtHMA3 protoplasts
(Fig. 5D; Supplemental Movie S4). Treatment with a
hypotonic medium led to a burst of the protoplasts,
leading to highly fluorescent isolated vacuoles (Fig.
5E; Supplemental Movie 54).

AtHMAS3 Is a Pseudogene in Some Ecotypes

AtHMAS3 is a pseudogene in the Col-0 strain
(Hussain et al., 2004). The presence of a single base
pair deletion at position 1,626 of the cDNA results in a
frameshift, inducing a premature stop codon immedi-
ately downstream. The corresponding AtHMA3
mRNA putatively encodes a 542-amino acid polypep-
tide lacking the two last transmembrane helices and a
large part of the cytosolic loop between the sixth and
seventh helices, which present specific motifs impli-
cated in the catalytic cycle. A 675-bp DNA fragment
from 15 Arabidopsis ecotypes was amplified on the
genomic DNA (Table I). After sequencing, it appeared
that two of them (Limeport and Hau-0) exhibit the
same base pair deletion as the Col-0 strain. Root
growth experiments were carried out for Ws, Col-0,
and two Ws-like and two Col-0-like ecotypes (Fig. 6).
Under control conditions, the root length of the vari-
ous lines was similar for Ws-like HMAS3 ecotypes and
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Col-0-like ecotypes (P < 0.946). When the plants were
grown under 10 um Cd, the root lengths of all lines
were shorter, but the effect was more obvious for Col-0
and Col-0-like ecotypes. The root development under
Cd treatment was significantly higher in Ws-like eco-
types compared with Col-0-like ecotypes exhibiting
the point mutation (P < 0.03). Similar results were
obtained in a second independent experiment (data
not shown).

DISCUSSION

The P,z-ATPases are involved in heavy metal trans-
port through biological membranes via an ATP-
dependent process. While those participating in copper
transport (P, ; subgroup) are present in all kingdoms
(Axelsen and Palmgren, 1998), P;;-ATPases responsi-
ble for Zn, Cd, Pb, and Co transport (P, , subgroup)
are lacking in animals. In prokaryotes, this last sub-
group plays an important physiological role in heavy
metal detoxification. A prototypical example is CadA,
conferring Cd tolerance to S. aureus through metal
efflux (Lebrun et al., 1994). Eight P, ;-ATPases (HMAs)
are encoded in the Arabidopsis genome; three of them
belong to the P, ,-ATPase subgroup (AtHMA?2 to -4)
and are predicted as putative Zn/Cd/Pb/Co trans-
porters. AtHMA?2 and AtHMA4 have been extensively
studied by means of heterologous expression, Arabi-
dopsis knockout, and overexpressing mutant analyses
(Eren and Argiiello, 2004; Hussain et al., 2004; Verret
et al.,, 2004, 2005). They both transport Zn, and in
planta they are the main components for the long-
distance transport of this micronutrient from the roots
to the shoots (Hussain et al., 2004; Verret et al., 2004). In
contrast, the physiological function of AtHMAZ3, the
shortest P, ,-ATPase, which is lacking the character-
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Figure 4. AtHMA3 overexpression in planta en-
hances Cd tolerance and accumulation. A, Plants
were grown hydroponically in the aerated nutrient
solution, in the presence or absence of 30 um Cd, for
11 d. The nutrient solution and, when present, the Cd
solution were renewed every 2 d. B and C, Roots of
wild-type Ws plants (B) exhibited a brownish color-
ation less perceptible in the roots of the overexpressor
lines 27G and 35) (C). D and E, Leaves and roots were
harvested, weighed (D), dried, and mineralized, and
the metal content was determined by ICP-AES mea-
surements (E). Values are means of 12 measurements
for each line = se. Significant differences from the
wild-type as determined by Student’s t test are indi-
cated by one (P < 0.05) or two (P < 0.001) asterisks.
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istic long C-terminal extension exhibited by AtHMA?2
(Supplemental Fig. S1), and AtHMA4 was still un-
known. This lack of knowledge may be due to the fact
that AtHMA3 is a pseudogene in the main studied
Arabidopsis ecotype, Col-0 (see below). In a previous
study, it has been shown by means of RT-PCR that
AtHMA3 was expressed elsewhere in the plant, but at
a low level compared with AtHMA4 (Gravot et al,,
2004). When expressed in yeast mutant strains,
AtHMA3 was able to rescue the Cd/Pb-sensitive
phenotype of the ycfl strain; however, AtHMA3 was
unable to complement the Zn-sensitive phenotype of
the zrcl strain (Gravot et al., 2004). These results
pointed to a possible role of AtHMA3 in the compart-
mentalization of toxic heavy metals. In accordance, in
this study we found that a T-DNA insertional mutant,
Athma3-1, was slightly more sensitive to Cd and Zn at
the level of root growth. The rather weak phenotype

Plant Physiol. Vol. 149, 2009

could result from the low expression level of the
AtHMA3 gene in Arabidopsis.

AtHMAS3 Subcellular Localization and
Expression Pattern

To obtain further insight into AtHMAS3 function, the
subcellular localization of the protein was investigated
in Ws plants expressing the GFP fused to AtHMAS3.
Confocal imaging showed that AtHMA3 is targeted to
the vacuolar membrane (Fig. 1, A and B). This tono-
plastic localization of AtHMAS3 suggests a role of the
protein in the transfer of heavy metals from the cyto-
plasm into the vacuole. This subcellular location con-
trasts with those previously determined for the other
HMA proteins. Three proteins participate in chloro-
plastic copper homeostasis, AtHMA1 and AtHMAG®,
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Figure 5. AtHMA3 participates in the
metal sequestration into the vacuole. Pro-
toplasts from wild-type and 355:: AtHMA3-
overexpressing plants were loaded with
BTC-5N/AM. A to E, Green fluorescence of
Zn- or Cd-conjugated BTC-5N. F to J,
Corresponding transmission images. A and
F, The control untreated protoplasts of
Ws plants. B and G, The Ws protoplasts
incubated with 0.35 um Cd. C and H,
The control untreated protoplasts of 35S:
AtHMA3 plants. D and |, The 35S::AtHMA3
protoplasts incubated with 0.35 um Cd. E
and ), The same as D and |, after plasmolysis
of the protoplasts. K, Fluorescence quanti-
fication, performed on eight to 12 proto-
plasts for each genotype and condition,
using Image) 1.36 (http://rsb.info.nih.gov/

35S::AtHMA3 + Cd

35S::AtHMA3

ij/). Statistical treatment of the results was
done using Kruskal-Wallis ANOVA on
ranks (Sigmastat version 3.5); populations
a, b, and c were significantly different (P <
0.05).

Buffer

Relative fluorescence intensity

4 Buffer
+Cd

Buffer 35S8::AtHMA3 + Cd
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b [
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located at the chloroplast inner membrane (Shikanai
etal., 2003; Abdel-Ghany et al., 2005; Seigneurin-Berny
et al., 2006), and AtHMAS, at the thylakoid membrane
(Abdel-Ghany et al., 2005). AtHMA?, a copper trans-
porter, is located in the Golgi membrane (Hirayama
et al., 1999; Woeste and Kieber, 2000), while AtHMA?2
and AtHMA4, two Zn transporters, are embedded in
the plasma membrane (Hussain et al.,, 2004; Verret
et al., 2004). AtHMADS, which participates in copper
detoxification, is putatively present at the plasma
membrane (Andrés-Colas et al., 2005).

The expression pattern of the AfHMAS3 gene has
shown that it is expressed in the roots, in the stellar
cells that surround the vascular vessels (Fig. 2, A, B, D,
and G), and at the root apex (Fig. 2C). Previous RT-
PCR analysis of the AtHMAS3 level of expression
(Gravot et al., 2004) and microarray transcript profil-
ing on HMAS3 from A. halleri (Becher et al., 2004; Talke
et al.,, 2006) agree with the expression of AtHMA3 in
the roots. At the shoot level, AtHMA3 is essentially
expressed in the vasculature (Fig. 2A), in guard cells,
and in hydathodes (Fig. 2, E and G). Altogether, the
expression profile of AtHMAS3 is reminiscent of that of
AtHMA?2 or AtHMA4 (Hussain et al., 2004; Verret
et al.,, 2004), with the exception of guard cells, hyda-
thodes, and the root apex. This suggests that these
proteins may act in a cooperative way to maintain
the cytoplasmic metal homeostasis in specific cells.
AtHMA?2 and AtHMA4, located at the plasma mem-
brane, are involved in Zn translocation from roots to
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the shoot. AtHMA4, and likely AtHMAZ2, is able to
load the xylem with Cd, Co, and Pb, which are toxic to
the plant. We hypothesize that AtHMAS3, expressed in
the same cells, could act as a “filter” by decreasing the
cytoplasmic concentration of toxic metals (Cd, Pb, and
Co); this may be accomplished by sequestration into
the vacuole and would limit the export of Cd, Pb, and
Co or excess Zn to other tissues by AtHMA2/4.
Additionally, AtHMAS3 is highly expressed in the
root tip, which may face the presence of heavy metals
in the soil, in guard cells, and in hydathodes, which are
located at the end of the transpiration stream, where
heavy metals coming from the soil or from aerosols
can accumulate after evaporation of the apoplastic
solute. Many metal transporters that can promote a
cytoplasmic Cd influx are expressed in guard cells
(Leonhardt et al., 2004). The ZIP4 homolog in the
hyperaccumulator species Thlapsi caerulescens is spe-
cifically expressed in guard cells (Kiipper et al., 2007)
and transports Cd and Zn (Pence et al., 2000). Addi-
tionally, it has been shown that Cd can penetrate the
guard cells through hyperpolarized Ca®* channels
(Perfus-Barbeoch et al., 2002). In this context, a large
activity of AtHMA3 could participate in cytoplasmic
detoxification of Cd in guard cells, these cells being
critical to maintain the plant water status. AtHMA3
expression is also observed in the inflorescence at the
level of the filament of the stamen, the junction be-
tween the style and the stigma, and the abscission zone
of the silique (Fig. 2, H and I).
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Table I. AtHMAS3 status in various Arabidopsis ecotypes

The presence of a full-length AtHMA3 coding gene was studied for 15 Arabidopsis ecotypes. + indicates
the presence of a full AtHMA3 coding sequence; — indicates the occurrence of a base pair deletion at

position 1,626, relative to the ATG start codon.

Accession Name  Original Stock Center No.

Geographic Origin HMA?3 Status

Be-0 N964 Bensheim, Germany +
Cha-1 N1070 Champex, Switzerland +
Col-0 N22625 Columbia, New York —
Cvi-0 N1096 Green Cape Islands +
Gr-2 N1200 Graz, Austria +
Gre-0 N1210 Greenville, Mississippi +
Hau-0 N1221 Hauniensis, Denmark —
Hi-0 N1227 Hilversum, The Netherlands +
Ler-1 N22618 Landsberg, Germany +
Limeport N8070 Friedensville, Pennsylvania -
Ost-0 N1430 Osthammer, Sweden +
Pla-1 N1460 Playa de Oro, Spain +
Ri-0 N1492 Richmond, British Columbia, Canada +
Tol-0 N8020 Toledo, Ohio +
Ws N915 Wassilewskija, Belarus +

AtHMA3 Overexpression Confers Heavy Metal Tolerance

The targeting of AtHMAS3 to the vacuolar mem-
brane suggests that it participates in heavy metal
loading into vacuoles. A fluorescent Zn/Cd probe,
BTC-5N, was used to visualize in vivo the intracellular
Cd patterning, as already reported for wheat proto-
plasts (Lindberg et al., 2004). This probe has a roughly
equal affinity for Cd and Zn, thus preventing discrim-
ination between these two cations (Haugland, 1994).
Nevertheless, in isolated protoplasts, a Cd treatment
clearly enhanced the fluorescence intensity in com-
parison with untreated protoplasts. This increase was
rather faint when wild-type Ws protoplasts were
examined (Fig. 5, B compared with A), whereas the
signal was largely enhanced when protoplasts over-
expressing AtHMA3 were used (Fig. 5, D and E com-
pared with C; Supplemental Movies S1-54). After
plasmolysis, the fluorescence was mostly found in
the vacuole (Fig. 5E; Supplemental Movie S4); this
coincides with the vacuolar localization of AtHMA3.
These observations support that AtHMAS3 plays a role
in the cytoplasmic detoxification of the cells by pump-
ing heavy metals into the vacuole and thus increasing
plant tolerance. Constitutive ectopic expression of
AtHMA3 in planta led to an increased tolerance to
Co, Cd, Zn, and Pb. AtHMAS3 could play a role in Zn
compartmentalization and/or detoxification, but it is
noteworthy that the improved metal tolerance was
particularly obvious for the highly toxic nonessential
metals, essentially Co and Cd (Figs. 3 and 4). Similar
roles for P, ATPases in metal detoxification are well
documented in prokaryotes (Lebrun et al, 1994;
Rensing et al., 1997; Sharma et al., 2000), but, to our
knowledge, this is an original observation of such a
role in a multicellular eukaryote. The function of
AtHMAS3, in planta, would be somewhat homologous
to that of YCF1 in Saccharomyces cerevisiae, participat-
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ing in the vacuolar sequestration of toxic metals such
as Cd and Pb (Li et al., 1996; Song et al., 2003).
Phytoremediation is an emerging biotechnology
that uses plants to detoxify contaminated soils. This
technique has the drawback of being time consuming,
but there is a strong interest in increasing plant toler-
ance and metal translocation to improve the yield of
metal recovery. Heavy metal tolerance and a high
potential of metal transfer from roots to the shoot are
common properties of metallophytes, metal-tolerant

Ws-like Col-0-like

£

Mean root growth (mm)

CdINS  46% 56% 52% 37% 29% 27% 43%

A. thaliana ecotypes

Figure 6. AtHMA3 participates in Cd tolerance in Arabidopsis. Root
length in the presence of 10 um Cd compared with that on nutrient
solution for various Arabidopsis ecotype plantlets. The experiments
were performed as described for Figure 3. Lerand Ri-0 ecotypes present
a functional AtHMA3 like Ws, while Limeport and Hau-0 ecotypes are
Col-0 like, which share a frameshift in the gene encoding AtHMA3.
Values are means of 100 to 150 root length measurements = se. All Col-0-
like ecotypes were more sensitive to Cd than Ws-like ecotypes (P < 0.05).
Statistical treatment of the results was done using Kruskal-Wallis ANOVA
on ranks (Sigmastat version 3.5). NS, Nutrient solution (Zn concentra-
tion = 3 um).
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species that accumulate abnormally high contents of
heavy metal in their leaves. A. halleri is a metallophyte
species, close to Arabidopsis, and is able to accumulate
high amounts of Zn and Cd. Comparison studies have
shown that in this species, AWHMAZ3, likely ortholo-
gous to AtHMAZ3, is highly expressed, more than 100-
fold the level found in Arabidopsis (Becher et al., 2004;
Talke et al., 2006). Accordingly, overexpression of
AtHMAS3 in Arabidopsis led to more tolerant plants
and to a higher metal content in the leaves (Fig. 4).

AtHMAS3 Ecotypic Variability

AtHMAZ3 is nonfunctional in the Arabidopsis eco-
type Col-0 (Hussain et al., 2004). In this accession, the
cDNA presents a base pair deletion inducing a stop
codon, producing a truncated protein that is lacking
the essential large cytosolic loop and the seventh and
eighth transmembrane helices. This may explain why
various proteomic analyses performed on the tono-
plast in the Col-0 background failed to detect AtHMA3
(Carter et al.,, 2004; Shimaoka et al., 2004; Jaquinod
etal., 2007). Among 15 accessions, spanning the world,
only three present this mutation. The ecotypes sharing
the mutation were all found to be less tolerant of Cd,
with some variability, than those exhibiting the full-
length AtHMA3 cDNA (Fig. 6). This observation
suggests a correlation between the presence of a
functional AtHMA3 and heavy metal tolerance. A
segregation analysis will be necessary to precisely
determine the weight of AtHMA3 among other factors
in plant tolerance to heavy metals.

In conclusion, we propose that AtHMAS3 is involved
in heavy metal tolerance in plants, along with other
transporters such as CAX and metal chelators like
phytochelatins, metallothioneins, and organic acids
(Korenkov et al., 2007a, 2007b; for review, see Clemens
et al., 2002). The role of the protein is to detoxify toxic
metals by storing them in root cell vacuoles, which
prevents this essential organ from poisoning. More-
over, it is interesting that ectopic overexpression of the
protein favors the plant metal tolerance and accumu-
lation, through metal sequestration in the vacuoles of
aerial parts, a property that should be useful in
phytoremediation.

MATERIALS AND METHODS
Plants

Arabidopsis (Arabidopsis thaliana ecotype Ws) plants were grown in a
controlled environment (8-h photoperiod at 300 umol m 257}, 21°C, and 70%
relative humidity) in a nutrient solution [800 um Ca(NOs;),, 4H,0O; 2 mm KNO;;
1.1 mm MgS0,, 7 H,0; 60 um K,HPO,; 700 jum KH,PO,; 20 um FeSO,, 7H,0; 20
mm Na,EDTA, 2H,0; 75 nm (NH)Mo,0,,, 4H,0; 3.5 um MnSO,, H,O; 3 um
ZnSO,, 7H,0O; 9.25 um H;BO,; 785 nvm CuSO,, 5 H,O; final pH 5.8] with
additional 1% (w/v) Suc and 0.8% (w/v) bactoagar in the case of the solid
medium. For metal tolerance tests, seeds were germinated on bactoagar
nutrient solution in the presence of heavy metals [CdCl,, ZnSO,, CoCl,, and
Pb(CH,COO),].
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EGFP::AtHMA3, AtHMA3::EGFP Fusions,
and Expression

Full-length cDNA was obtained by RT-PCR on total RNA extracted from
leaves of Arabidopsis (ecotype Ws) as described previously (Gravot et al.,
2004). Gateway ends were added by PCR, and the construction was then
subcloned in the plant Gateway vector pMDC43 (Curtis and Grossniklaus,
2003) by LR Clonase recombination (Invitrogen). Transgenic plants were
generated by the floral dip method (Clough and Bent, 1998) using Agro-
bacterium tumefaciens strain C58 and selected on hygromycin B (30 g mL ™).
For fluorescence confocal microscopy, 3-week-old plants were used.

Protoplasts of Arabidopsis mesophyll cells were isolated and transfected
with the cDNAs of the EGFP::AtHMAS3 and the AtHMAS3::EGFP (this last
construction was subcloned in the plant Gateway vector pMDC83 as de-
scribed above) translational fusions or EGFP alone by the polyethylene glycol
method described previously (Abel and Theologis, 1995; Kovtun et al., 2000).
Typically, 0.1 mL of protoplast suspension (2 X 10° mL ') was transfected with
30 to 50 ug of cDNA in the presence of 40% (w/v) polyethylene glycol for 30
min at 23°C. They were then washed with W5 solution (150 mm NaCl, 125 mm
CaCl,, 5 mm KCl, 5 mm Glc, and 1.5 mm MES-KOH, pH 5.6) and incubated in
W5 solution overnight at 17°C before observations. Transient expression
experiments were repeated three times. Images were collected using a
confocal laser scanning microscope (LC TCS-SP2; Leica) with a 488-nm argon
laser for excitation. An objective HCX Plan Apo CS 63 oil (Leica) was used.
The fluorescence signals were collected from 500 to 530 nm for EGFP.

GUS Activity

The region upstream of AtHMA3 from —2,747 to 0, in reference to the ATG
start codon, +1, was amplified by PCR; the primers were used to add the
Gateway ends. The fragment was then recombined to the pMDC162 vector, as
described in the previous section. Generation and selection of transgenic
plants were performed as described in the previous section. Plants or organs,
at different stages of their development, were examined for GUS activity
according to Jefferson et al. (1987). The samples were vacuum filtrated in the
GUS staining solution, 50 mm NaPO,, pH 7.0, 0.01% (w/v) Triton X-100, 1 mm
K Fe(CN);, 1 mm K Fe(CN)g, and 1 mg mL! 5-bromo-4-chloro-3-indolyl-B-p-
glucuronide and then incubated at 37°C for 4 h. Immediately after, pigments
were washed by incubation of stained samples in 70% (v/v) ethanol at 60°C
for 2 h. To perform transverse sections, plantlet roots and leaves were fixed in
resin, after desiccation in successive ethanol baths of rising concentrations, for
30 min each.

Obtention of AtHMA3-Overexpressing Lines

The cDNAs of AtHMA3 and the translational fusion EGFP::AtHMA3 were
subcloned in a pGREEN0179 binary vector. These constructions were then
introduced to AGL1 cells of A. tumefaciens by electroporation. The agro-
transformation of Ws plants was carried out by the floral dip method; the
transformant plants were selected on solid medium supplemented with
hygromycin B (30 ug mL ™).

Metal Content Analysis

The germination of surface-sterilized seeds of wild-type Ws and 35S::
AtHMA3 lines was carried out on solid medium. After 2 weeks, the plantlets
were placed on sand, left there for an additional 3-week period, and finally
transferred to a hydroponic culture home-built setup. The nutrient solution
and the toxic metal were replenished every 2 d; Cd was supplied at 30 um.
Hydroponically grown plants were harvested after 11 d of metal treatment.
Roots were rinsed with 10 mm EDTA and then with distilled water. Roots and
leaves were dried for 48 h at 50°C and mineralized. The metal content of these
plants was determined using ICP-AES (Vista MPX; Varian).

Protoplast Cd Loading and Fluorescence Measurements

Leaf protoplasts from wild-type and 355:AtHMA3-overexpressing lines
were isolated from 3-week-old seedlings by the enzymatic method as follows.
The leaves were incubated overnight, at room temperature, in buffer A (0.6 M
sorbitol, 5 mm MES/KOH, pH 5.5, 0.5 mm CaCl,, 0.5 mm MgCl,, 0.5 mm
ascorbic acid, 0.25% [w/v] bovine serum albumin, 0.02% [w/v] Pectolyase
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Y-23, and 1.5% [w/v] Cellulase RS), then the protoplasts were filtered and
collected by centrifugation (110g, 10 min). Next, the protoplast pellet was
resuspended in buffer B (0.1 mm CaCl,, 10 mm KCl, 0.5 M sorbitol, 0.05% [w/v]
polyvinylpyrrolidone 40, 0.2% [w/v] bovine serum albumin, and 5 mm MES,
pH 5.5). A stock solution of BTC-5N, in the acetoxymethyl ester form
(Molecular Probes), was prepared and used as described previously
(Haugland, 1994). The protoplasts were incubated in the presence of BTC-
5N for 50 min at 4°C and centrifuged, and the pellet was resuspended into 0.5
mL of buffer B. For detection of Cd in samples, the protoplasts were incubated
in the presence of 0.35 mm Cd for 5 min in darkness. Fluorescence was
visualized after excitation at 415 nm using a confocal laser scanning micro-
scope. An objective HCX Plan Apo CS 63 oil (Leica) was used. The fluores-
cence signal was collected from 500 to 530 nm as described previously
(Haugland, 1994). Laser intensity was set at about 40% to 45%, and the gain
and offset adjustments were not modified between the samples. Fluorescence
quantification was performed on eight to 12 protoplasts for each genotype and
condition using Image] 1.36 software (http://rsb.info.nih.gov/ij/).

Genomic DNA Extraction and PCR Experiments

Genomic DNA was extracted from the inflorescence parts of various
Arabidopsis ecotypes (Table I). For each extraction, two inflorescences were
ground with a medium containing 100 mm Tris-HCI, pH 8.2, 50 mm EDTA, 100
mm NaCl, 0.1% (w/v) SDS, and 0.1 mg mL ™" proteinase K. The samples were
incubated for 10 min at 37°C, and then 500 mL of phenol-chloroform-isoamyl
alcohol was added. After 5 min at 37°C, the samples were centrifuged for 5
min at 14,000g at 4°C, and 50 mL of Na(CH,;COO) (3 m), pH 5.2, and 500 mL of
isopropanol were added. After centrifugation at 14,000g for 5 min, the pellets
were resuspended in a solution of 500 mL of 1X Tris-EDTA buffer. The
samples were incubated for 30 min at 37°C in the presence of 2 mL of RNase A
(10 mg mL ™). Next, 500 mL of chloroform-phenol-chloroform-isoamyl alco-
hol was then added, and the samples were centrifuged for 5 min at 14,000 at
4°C. The supernatants were collected and precipitated with 50 mL of Na
(CH,COO) (3 M), pH 5.2, and 500 mL of cold absolute ethanol. The DNA
pellets were obtained after 15 min of centrifugation at 14,000 at 4°C. The
pellets were washed with 70% (v/v) ethanol and resuspended in 1X Tris-
EDTA buffer. Independent PCR experiments were carried out on these
genomic DNAs with pfuUltra High-Fidelity DNA Polymerase (Stratagene)
and a primer pair around the base pair deletion found in the AtHMA3 gene of
the Col-0 ecotype. Different PCR products independently obtained from each
genomic DNA ecotype were sequenced.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number AY055217.
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Supplemental Figure S1. Amino acid alignments of AtHMA2 and
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AtHMAS3 and 355::EGFP::AtHMA3-overexpressing plants.
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AtHMA3 and 355:EGFP:AtHMA3-overexpressing lines under metal
stress.
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loaded with BTC-5N, as described previously in the legend of Figure 5.

Supplemental Movie S2. Confocal imaging in z-axis of a Ws protoplast,
loaded with BTC-5N after a 5-min 0.35 um Cd treatment.

Supplemental Movie S3. Confocal imaging in z-axis of a 355:AtHMA3
protoplast, loaded with BTC-5N, as described previously in the legend
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Supplemental Movie S4. Confocal imaging in z-axis of a 355:AtHMA3
protoplast, loaded with BTC-5N, after a 5-min 0.35 um Cd treatment.
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