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Arabidopsis thaliana MTP1 is a Zn transporter in the vacuolar membrane
which mediates Zn detoxification and drives leaf Zn accumulation
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Abstract The Arabidopsis thaliana metal tolerance protein 1
(MTP1) of the cation diffusion facilitator family of membrane
transport proteins can mediate the detoxification of Zn in Ara-
bidopsis and yeast. Xenopus laevis oocytes expressing AtMTP1
accumulate more Zn than oocytes expressing the AtMTP1D94A

mutant or water-injected oocytes. An AtMTP1-GFP fusion pro-
tein localizes to the vacuolar membrane in root and leaf cells.
The analysis of Arabidopsis transformed with a promoter-GUS
construct suggests that AtMTP1 is not produced throughout
the plant, but primarily in the subpopulation of dividing, differen-
tiating and expanding cells. RNA interference-mediated silenc-
ing of AtMTP1 causes Zn hypersensitivity and a reduction in
Zn concentrations in vegetative plant tissues.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

All organisms require small amounts of the micronutrient

metal ion Zn2+, which acts as a metallic cofactor in a large

number of zinc metalloproteins. Zinc-dependent proteins

include, for example, Zn finger-containing transcription factors

and more than 400 enzymes, for example Cu/Zn superoxide

dismutase, carbonic anhydrase, and Zn-metalloproteases

[1,2]. Nutritional zinc deficiency is now thought to affect 20%
Abbreviations: bp, base pairs; cDNA, complementary DNA; Col,
Arabidopsis thaliana accession Columbia; EGFP, enhanced green
fluorescent protein; GFP, green fluorescent protein; HEPES, N-2-
hydroxyethylpiperazine-N0-3-propanesulfonic acid; RT-PCR, reverse
transcriptase-polymerase chain reaction; SC, synthetic complete min-
imal medium; S.D., standard deviation; S.E., standard error of the
mean; URA, uracil; Zn, zinc
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of the World�s population and can impair, for instance, the per-

formance of the immune system, as well as growth and neuro-

behavioural development in children [3]. In the human

monogenic autosomal disease Acrodermatitis enteropathica,

which is associated with severe Zn deficiency symptoms such

as skin lesions, a genetic defect in the human Zn transporter

gene hZIP4 interferes with Zn absorption in the intestine

[4,5]. Despite their essentiality, Zn2+ ions can cause toxicity

when accumulated in excess. In plants, an excess of zinc leads

to the inhibition of root growth, decreased photosynthetic

rates and chlorosis [6]. All organisms have to control very

tightly the uptake, speciation and localization of Zn and other

metals.

Plasma membrane Zn uptake systems are of key importance

for the control of metal entry into cells. In the yeast Saccharo-

myces cerevisiae, in the plant Arabidopsis thaliana and in

humans, the major known cellular Zn uptake systems are

members of the ZIP (zinc-regulated transporter, iron-regulated

transporter protein) family [7–10]. The expression of a number

of ZIP genes from yeast, humans and plants is upregulated

under Zn deficiency and downregulated under Zn sufficient

conditions. In addition, in yeast and humans, ZIP proteins

are removed from the plasma membrane post-translationally

when cells are moved from Zn-deficient to sufficient

conditions, thereby inactivating Zn uptake [11–13]. However,

merely controlling cellular Zn uptake is not sufficient. When

Zn-deficient yeast cells are transferred to media containing

high concentrations of zinc, cellular zinc influx rates through

ScZrt1p and ScZrt2p are very high before the removal of the

transporters from the plasma membrane is completed [14].

This condition has been referred to as ‘‘zinc shock’’, and it re-

quires the operation of highly effective intracellular detoxifica-

tion mechanisms.

Two transport proteins in the vacuolar membrane, ScZrc1p

and ScCot1p, are important for Zn detoxification in yeast cells

under conditions of ‘‘zinc shock’’ and during exposure to high

Zn concentrations [15–17]. These transporters belong to the

ubiquitous cation diffusion facilitator (CDF) family of proteins

[18], and have been shown to mediate the transport of Zn2+ into

the vacuole. TheZrc1p-mediated transport ofZn2+ intovacuole-

enriched microsomal vesicles is dependent on ATP and requires

an inside-acidic proton gradient [19]. ScZrc1p, the Escherichia

coli CDF protein ZitB and the Bacillus subtilis CDF protein

CzcD [20,21] have been proposed to operate as Zn2+-proton

antiporters. Proteins of the CDF family generally mediate the

efflux of metal ions from the cytoplasm [22,23]. The genome of
blished by Elsevier B.V. All rights reserved.
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A. thaliana encodes 12 putative proteins which are highly diver-

gent in sequence, but share some characteristics of CDF family

membrane transport proteins [24]. These characteristics include

six predicted membrane-spanning segments, C- and N-termini

predicted to be oriented towards the cytoplasmic side, a large

and often histidine-rich cytoplasmic region between predicted

transmembrane segments four and five, a signature sequence SX-

(ASG)(LIVMT)2(SAT)(DA)(SGAL)(LIVFYA)(HDN)X3DX2

(AS) between the first and second membrane-spanning segment

[18,23], and significant sequence conservation within the cation

efflux domain which encompasses all transmembrane segments

and part of the cytoplasmic C-terminus (http://pfam.wustl.

edu/cgi-bin/getdesc?acc=PF01545).

The first plant CDF protein, identified at the complementary

DNA (cDNA) level, was ZAT (zinc transporter of A. thaliana)

and was later renamed AtMTP1 (metal tolerance protein 1)

[25,26]. By reverse transcriptase-polymerase chain reaction

(RT-PCR), AtMTP1 transcripts were shown to be present at

equally low levels in whole seedlings grown under normal or ex-

cess Zn supply [25]. Ectopic overexpression of the AtMTP1

cDNA under the control of a cauliflower mosaic virus (CaMV)

35S promoter resulted in enhanced Zn tolerance of transgenic

seedlings and slightly increased zinc accumulation in the roots.

Twooutof the12putativeCDFproteinsofA. thaliana,AtMTP2

and AtMTP3, are closely related to AtMTP1 (64.4% and 67.6%

identity, and 71.2% and 76.1% similarity, respectively).

Homologues of AtMTP1 have been implicated in metal tol-

erance of metal hyperaccumulator plants, namely the TgMTP1

protein in Thlaspi goesingense [27,28] and the AhMTP1 protein

in Arabidopsis halleri [29]. A further AtMTP1-related protein is

poplar PtdMTP1, which, when ectopically expressed in A. tha-

liana, confers enhanced zinc tolerance, analogous to AtMTP1

[24]. All plant MTP1-like proteins described so far have been

reported to complement the zinc hypersensitivity of a mutant

of S. cerevisiae which lacks one or both of the two CDF trans-

porters Zrc1p and Cot1p that can transport Zn2+ into the yeast

vacuole. Expression of the Stylosanthes hamata MTP1 has

been reported to confer Mn tolerance to yeast cells [30]. This

protein has now been renamed ShMTP8 (AY181256) because

it belongs to a distinct group of plant CDF proteins and shares

only 25% sequence similarity (10% identity) with AtMTP1.

Based on the localization of chimeric green fluorescent protein

(GFP) fusion proteins, some plant MTP1-like proteins operate

in the vacuolar membrane, as found for PtdMTP1, AhMTP1

and AtMTP1, whereas others are in the plasma membrane,

as reported for TgMTP1 [24,28,29,31].

Here we present evidence for the transport of Zn2+ by the

AtMTP1 protein expressed heterologously in yeast and in

Xenopus laevis oocytes. Furthermore, we examine the function

of AtMTP1 in metal homeostasis of A. thaliana by determining

the regulation and localization of MTP1 expression and by

investigating Zn partitioning and Zn tolerance in plants trans-

formed with an intron-spliced hairpin construct designed for

RNA-interference-mediated silencing of AtMTP1.
2. Materials and methods

2.1. Plant material and growth conditions
Seeds of A. thaliana (L.) Heynhold (Col) were used throughout

(Lehle Seeds, Round Rock, TX, USA). Sterile plant growth was per-
formed in square plastic Petri plates (14 cm) in a climate-controlled
growth cabinet (20 �C day/18 �C night; 60% relative humidity day/
75% night; 11 h day with illumination at a light intensity of
120 lmol m�2 s�1). Plants on soil were cultivated in 1:1 (v/v) standard
soil (GS90) and vermiculite in a greenhouse with the following settings:
20 �C day/18 �C night, 50% relative humidity day/80% night, 16 h day,
with supplementary lighting provided by mercury vapor lamps to give
a total light intensity of approximately 250 lmol m�2 s�1. Hydroponic
plant culture was performed in a modified 0.25-strength Hoagland
solution as described [32] in a climate-controlled growth chamber (tem-
perature: 20 �C day/16 �C night; relative humidity: 60% day/75% night;
light: 16 h day/8 h night and a light intensity of 120 lmol m�2 s�1).
Plants were supported by floating polystyrene lids. After germination,
solutions were exchanged weekly.

2.2. Cloning and DNA manipulations
Cloning and DNA manipulations were performed using standard

procedures [33] and according to the instructions from manufacturers.
A DNA fragment containing the coding sequence of AtMTP1
(At2g46800) was amplified by PCR from cDNA using the forward
primer 5 0-CACCATGGAGTCTTCAAGTCCCCACC-3 0, and reverse
primers 5 0-TTAGCGCTCGATTTGTATCGTGAC-3 0 (with stop co-
don) or 5 0-GCGCTCGATTTGTATCGTGACATG-3 0 (without stop
codon), respectively, and Pfu Turbo DNA polymerase (Stratagene,
La Jolla, CA, USA), and the following program: 35 cycles of 95 �C
for 30 s, 55 �C for 30 s, 72 �C for 2 min. The PCR product was intro-
duced into the entry vector pENTR/D-TOPO (pENTR/D-TOPO
cloning kit, Invitrogen, Carlsbad, CA, USA) by site-directed recombi-
nation. The mutant AtMTP1D94A was generated in pENTR/D-TOPO-
MTP1 using a previously described technique [29], employing primers
5 0-GCTCATTTGCTCTCTGCCGTTGCTGCCTTTGC-3 0 and 5 0-
GCAAAGGCAGCAACGGCAGAGAGCAAATGAGC-3 0 (10 cy-
cles of 95 �C for 30 s, 55 �C for 60 s, 68 �C for 12 min), followed by
digestion of the parent DNA with DpnI, which digests methylated
and hemimethylated DNA, and subsequent transformation of E. coli
for repair of the doubly nicked plasmid. All entry clones were verified
by sequencing.

2.3. Expression of AtMTP1 in oocytes of X. laevis
The 1197-bp coding sequence of the AtMTP1 cDNA was subcloned

into a GATEWAY-converted (F.Porée, University of Potsdam)
pGEMHE vector [34]. Capped complementary RNA (cRNA) was syn-
thesized in vitro using either the mMESSAGE mMACHINE T7 kit or
the mMESSAGE mMACHINE T7 Ultra kit (Ambion, Austin, TX).
Stage V and VI Xenopus oocytes were prepared as described
previously [35]. For Zn accumulation experiments, oocytes were in-
jected with 50 nL H2O, or 25 ng cRNA per oocyte for AtMTP1 or
AtMTP1D94A, respectively. Injected oocytes were maintained in Barth�s
medium, composed as follows: 10 mMN-2-hydroxyethylpiperazine-N 0-
3-propanesulfonic acid (HEPES)–NaOH pH 7.4, 88 mM NaCl, 1 mM
KCl, 2.4 mMNaHCO3, 0.33 mMCa(NO3)2, 0.41 mMCaCl2, 0.82 mM
MgSO4, supplemented with 10 mg L�1 gentamycin. Seventy-two hours
after injection, pools of 50 oocytes were subjected to the following treat-
ments at 25 �C: 30 min in OR2 medium or 30 min in OR2 medium sup-
plemented with 0.1 mM ZnSO4, respectively. The OR2 medium was
composed as follows: 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, and
5 mM HEPES; pH was adjusted to 7.4 with NaOH. After the expo-
sures, oocyte pools were transferred onto ice immediately and rinsed
three times with ice-cold OR2 medium at pH 8.5. Subsequently, the
remaining drops of medium were carefully removed. Oocytes were
dried at 60 �C for 3 days. Oocyte pools were digested and analyzed as
described [32] by inductively-coupled plasma optical emission spec-
trometry (ICP-OES). The experiment was repeated independently using
a different batch of oocytes. Results were qualitatively similar, but all
oocytes contained higher Zn concentrations.
2.4. Expression of AtMTP1 in the yeast S. cerevisiae
To generate yeast expression constructs, the AtMTP1 cDNAs were

introduced into the target vector pFL613 [29], which generates a trans-
lational fusion of the encoded protein to an N-terminal triple hemag-
glutinin (3 ·HA) epitope tag. Transformation of the zcr1 cot1 double
mutant strain was performed as described [29], and transformants were
selected on synthetic complete minimal medium (SC)-URA. For each
construct, overnight liquid cultures of four independent transformant
colonies grown in low phosphate low sulphate synthetic minimal
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medium (LSP)-URA medium supplemented with 2% (w/v) glucose and
1.4 lM ZnSO4, were washed once in fresh culture medium and used to
inoculate 4 mL of the same medium with concentrations of added
ZnSO4 between 50 lM and 2 mM, at a cell density of 105 cells mL�1.
Cultures were incubated at 30 �C with constant mixing in a culture
wheel. Optical density was measured at 600 nm in 5- to 8-h intervals.
The doubling time was determined for the phase of maximum growth
between 19 and 24 h after the beginning of cultivation. The experiment
was repeated three times. Cells were collected by centrifugation from
low Zn control cultures of equivalent cell densities after 48 h of culture.
Total protein was extracted, separated on a 10% (v/v) denaturing
sodium dodecyl sulfate–polyacrylamide gel [36], and blotted [37] onto
a PVDF membrane (Immobilone, Bedford, MA, USA) using a semi-
dry blotting apparatus (Fastblot B33, Biometra GmbH, Göttingen,
Germany). Membranes were blocked in 10% (w/v) milk powder,
0.1% (v/v) Tween 20 in tris-hydroxymethyl aminomethane-buffered
saline (TBS), and then incubated in a solution of 1% (w/v) milk
powder, 0.125% (v/v) Tween 20 in TBS containing 1:5000 monoclonal
mouse anti-HA antibody (Covance Research Products, Santa Clara,
CA, USA). Membranes were washed three times in the same solution
without antibodies for 10 min, and then incubated in the same solution
containing 1:10000 anti-mouse-Igg coupled to horseradish peroxidase
(Amersham Biosciences, Little Chalfont, UK) for 4 h, followed by
three washes as described above, and chemiluminescent detection
(ECL kit; Amersham Biosciences, Little Chalfont, UK).
For neutral red loading, 4-mL cultures of equivalent cell densities

grown in minimal medium at 1.4 lM Zn for 56 h were sedimented at
1000 · g for 5 min, resuspended in an equal volume of fresh minimal
medium and incubated with mixing at 30 �C for 45 min. After sedimen-
tation, yeast cells were suspended in 4 mL 100 mM Na2CO3, at pH 9.4
adjusted with HCl, containing 0.04% (w/v) neutral red and incubated
at 30 �C with gentle agitation for 10 min. Cells were washed once in
4 mL 50 mM potassium phosphate buffer at pH 7.5, and finally sus-
pended in 100 lL of the same buffer. Equal volumes (50 lL) were
transferred into each well of a 96-well microtiter plate for scanning
of the color image.
2.5. Expression of GFP fusion proteins and confocal microscopy
To generate a construct encoding a chimeric fusion protein of an N-

terminal RSsm-GFP [38,39] and AtMTP1, the AtMTP1 cDNA was
subcloned by in vitro site-directed recombination (Invitrogen) into
the plant transient expression vector pA7-p35S-N-GFP (Katrin Czem-
pinsky, University of Potsdam, Germany), adapted for Gateway clon-
ing (Ben Trevaskis, CSIRO Plant Industry, Canberra, Australia).
Protoplasts were prepared from an A. thaliana suspension culture
and transfected, as described [29]. Between 24 and 48 h after transfec-
tion fluorescence was imaged by confocal microscopy (Leica TCS SP2,
Leica Microsystem, Wetzlar, Germany) with excitation at 488 nm, and
the GFP fluorescence emission signal was detected between 505 and
520 nm. A coding sequence of the AtMTP1 cDNA lacking the transla-
tional stop codon was introduced by site-directed recombination into
the binary vector pK7FWG2 [40], designed for translational fusion
of the encoded protein to a C-terminal enhanced green fluorescent pro-
tein (EGFP). The resulting vector was introduced into Agrobacterium
tumefaciens by electroporation, and six A. thaliana (Col) plants were
used for transformation employing the floral dip method [41]. Trans-
formant individuals were selected on vertical plates containing 0.5·
Murashige & Skoog (MS) medium, 0.5% (w/v) sucrose, 0.8% (w/v)
phytagar (Invitrogen) and 50 mg L�1 kanamycin (Duchefa, Haarlem,
The Netherlands) for 6–13 days. Seedlings were incubated in a solution
of 1 mg mL�1 propidium iodide (Molecular Probes, Inc., Eugene, OR)
in ultrapure water for 0.5 h before observation. Transformants were
analyzed in the T2 generation, and the images shown are representative
of a total of four analyzed independent transgenic lines.
2.6. Quantitative real-time RT-PCR analysis of AtMTP1 expression in

wild-type A. thaliana
Two plants were grown hydroponically in 400 mL nutrient solution

in each culture vessel as described above. Plant organs were harvested
from six-week-old flowering plants, generating pooled samples from
four plants grown in two replicate culture vessels per sample. Organs
were sampled as follows: opened flowers, the five oldest green siliques,
all cauline leaves, a 2-cm section of the inflorescence stem at mid-
height, the entire root system without the hypocotyls, and rosette
leaves from an intermediate position within the rosette. All plant tis-
sues were frozen immediately in liquid nitrogen and subsequently
stored at 80 �C. Total RNA was isolated from 100 mg subsamples
after homogenization using RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). The quantity of RNA was determined spectrophotometri-
cally, and its quality was checked by agarose gel electrophoresis.
RNA was treated with RNase-free DNase-I (Ambion) for 30 min fol-
lowed by DNase-I removal. Two micrograms of DNA-free RNA was
reverse transcribed using First-Stand Synthesis System for RT-PCR
(Invitrogen) according to the manufacturer�s specifications. The ab-
sence of genomic DNA was verified by performing a control reaction
omitting reverse transcriptase for each template, and by performing
PCR with primers for the AtAKT1 gene (At2g26650), 5 0-
ATCGGATAACAATGGCAGAACAC-3 0 and 5 0-GCAGGACGG-
ATGTTGGGTTCACTA-30. These primers span an intron of the
genomic AtAKT1 sequence, and thus amplify a product of 579 bp from
cDNA, and 766 bp from genomic DNA. PCR conditions and primers
were optimized for amplification efficiencies of 100 ± 5% for all primer
pairs used. AtMTP1-specific primers were 5 0-ACGGCCATGACCAT-
CACAATC-30 and 5 0-TGCTTGTCCTCTCCATGACCA-30. Primers
specific for the constitutively expressed control gene AtCYP5 (cyclo-
philin; At2g29960) were 5 0-CCAGGTGTACTTTCAATGGCG-3 0

and 5 0-CAAACACCACATGCCTTCCA-3 0. These primer pairs were
designed to specifically amplify fragments of approximately 120 bp
of the coding sequence (Primer Express version 2.0, Applied Biosys-
tems, Foster City, CA, USA). The real-time PCR was performed using
the qPCR MasterMix for SYBR green kit (RT-SN2X-03, Eurogentec,
Seraing, Begium), in a total volume of 25 lL, including 0.1–10 ng of
cDNA, and gene-specific primers (250 nM final concentration). Ampli-
fication of PCR products was monitored via intercalation of SYBR
Green using an ABI PRISM 5700 or 7900HT sequence detection sys-
tem (Applied Biosystems, Foster city, California, USA). Amplification
was performed for 40 cycles, and data were analyzed as described [32].
Amplification efficiency was calculated using absolute fluorescence
data captured during the exponential phase of amplification of each
real-time PCR [42,43] to ensure equal amplification for all primer
pairs. The relative transcript level for AtMTP1 was calculated by nor-
malizing to AtCYP5 as follows: RTL ¼ 2�DCT , whereby
DCT = CT(MTP1) � CT(CYP5). After completion of each PCR reac-
tion, all PCR products were checked by melting-curve analysis and
by agarose gel electrophoresis. Three independent replicate experi-
ments were conducted.

2.7. GUS activity staining and microscopy
The generation of a fusion construct of the promoter region of

AtMTP1 and the E. coli uidA gene was out-contracted (Hermann
Schmidt, DNA Cloning Service, Hamburg, Germany). The constructs
were made from PCR products amplified from A. thaliana (Col) geno-
mic DNA, in the vector pGPTV-Kan [44]. Based on full-length
AtMTP1 cDNAs available in the databases (http://signal.salk.edu/
cgi-bin/tdnaexpress), the construct incorporated 1537 bp of the pro-
moter region, followed by the genomic region encoding the 5 0-UTR
of AtMTP1 and containing one or two introns upstream of the
intron-less coding sequence of AtMTP1, as well as the first 357 bp of
the AtMTP1 coding sequence. Constructs were verified by sequencing
and sequentially introduced into A. tumefaciens and A. thaliana as
described above. Histochemical staining was performed in the T2
generation, using eleven independent transgenic lines for seedlings
and seven independent lines for flowers and siliques. Seeds were
surface-sterilized and germinated on 0.5· Murashige & Skoog medium
containing 0.5% (w/v) sucrose and 50 mg L�1 kanamycin. Plant tissues
were harvested as indicated and immediately transferred into ice-cold
90% (v/v) acetone, and subsequently incubated at room temperature
for 20 min. Tissues were washed in staining buffer (0.2% (v/v) Triton
X-100; 50 mM Na-PO4 buffer, pH 7.2; 2 mM potassium ferrocyanide;
2 mM potassium ferricyanide), and subsequently transferred into
staining buffer supplemented with 2 mM Cyclohexylammonium 5-bro-
mo-4-chloro-3-indolyl-b-DD-glucuronate (X-Gluc, Duchefa). Samples
were infiltrated under vacuum for 20 min and stained at 37 �C for
4 h. After successive incubation in 20%, 35%, and 50% (v/v) ethanol,
each for 30 min, samples were placed in fixative (50% (v/v) ethanol;
5% (v/v) formaldehyde; 10% (v/v) acetic acid) for 30 min. Samples were
kept in 90% (v/v) ethanol at 4 �C or room temperature. Selected tissues
were embedded in Technovit (Technovit 7100 and 3040, Heraeus
Kulzer, Hanau, Germany) resin for subsequent sectioning using a
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Fig. 1. Expression of AtMTP1 complements, and expression of
AtMTP1D94A exacerbates, zinc sensitivity of the zrc1 cot1 mutant of
S. cerevisiae. (A) Zinc tolerance in liquid culture. Shown are the
numbers of cell divisions per hour during the logarithmic growth
phase, as a function of the zinc concentration in the medium. Values
are arithmetic means ± S.D. of n = 4 independent transformants of the
zrc1 cot1 mutant strain expressing (–d–) 3HA-AtMTP1, (–j–) 3HA-
AtMTP1D94A. Data for the zrc1 cot1 mutant transformed with the
(. . .m. . .) empty pFL61 vector are also shown. Liquid minimal medium
was supplemented with ZnSO4 as indicated in the diagram and
inoculated with yeast cells at an initial cell density of 105 cells mL�1.
The OD600 values measured at 19 and 24 h after inoculation were used
to calculate doubling times. Data shown are from one experiment
representative of a total of three independent experiments. (B) Signals
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microtome (RM 2155, Leica, Wetzlar, Germany). Other samples were
embedded in 5% (w/v) low melt agarose in ddH2O and cut using a
vibratome (VT 1000 S, Leica). Sections of 275 lm thickness were
stained in a solution contained 100 mM Na-PO4 buffer (pH 7.2),
10 mM EDTA, 3 mM potassium ferrocyanide, 0.1% (v/v) Triton X-
100 and 2 mM X-Gluc, as described above.

2.8. Generation and analysis of A. thaliana transformed with an

AtMTP1 RNA interference construct
A600-bp fragment encompassing nucleotides 152–752of the 1197-bp-

long coding sequence ofAtMTP1was amplified fromcDNAusing prim-
ers 5 0-TATCTAGAGGCGCGCCGCTCTGCTTCTATGCGGA-30

and 5 0-ACGGATCCATTTAAATTCTTTTGCTGCGACTTGA-3 0.
The restriction sites introduced by the primers,AscI andSwaI, andBam-
HI and XbaI, respectively, were used to sequentially introduce the frag-
ment in opposite orientation into the binary vector pFGC5941
(ChromDB; http://www.chromdb.org/index.html, chromdb@ag.ari-
zona.edu, University of Arizona, AR, USA). After transformation of
A. thaliana (Col) as described above, seeds of the T1 generationwere sur-
face-sterilized, and transformants were selected on vertical plates filled
with 0.5· Murashige & Skoog (MS) medium containing 0.5% (w/v) su-
crose, 0.025 mg ml�1

DLDL-phosphinotricine (Duchefa) and 0.8% (w/v)
phytagar (Invitrogen). Each selected individual plant thus represented
an independent transformant line. For experiments, 10-day-old seed-
lingswere transferred either onto soil, or onto vertical plastic Petri dishes
containing modified 0.25-strength Hoagland solution [32] with 0.5% (w/
v) sucrose, 0.8% (w/v) phytagar and between 1 lM and 200 lMZnSO4.
Three replicate plates, each containing ten seedlings, were set up for each
genotype and each Zn concentration. Plants were photographed and
harvested after 7 days for the determination of final root length and
the analysis of transcript levels. RNAwas extracted from 4 pooled seed-
lings grown at 1 lMZnSO4. Real-time RT-PCR and data analysis were
performed as described [32], using the following primers: AtMTP1,
5 0-TCAGACCAGAAGCAGATGCAGA-3 0 and 5 0-CTCCCTGCGG-
ATGTAATCAATT-30; AtMTP2, 5 0-GGACAACCATTAAGATG-
CTTCG-30 and 5 0-TCTCTCGGTGTGCTCTCCATTA-3 0; AtMTP3,
5 0-GCGATTACTGTCGGCAAACTTT-3 0 and 5 0-AAACCATATCT-
GCCTCTGCCTC-3 0. Three independent replicate experiments were
performed for the analysis of transcript levels and Zn tolerance. For
the determination of Zn accumulation, 17-day-old plants were trans-
ferred individually into 6 cm pots of soil following selection as described
above.After growth in the greenhouse for 27days, plant tissueswere har-
vested separately. Seeds were harvested at maturity. Tissues collected
from nine replicate plants were pooled from groups of three plants to
generate three independent replicate samples. Plant tissues were washed
in deionizedwater, blotted on tissue paper, dried and analyzed by induc-
tively-coupled optical emission spectrometry as described [32]. Data
shown are representative of three independent biological experiments.
on a Western blot of total protein extracts from the transformants
described in (A), after incubation with an anti-HA antibody. Data
shown are from one experiment representative of a total of two
independent experiments. (C) Yeast cells expressing AtMTP1D94A

accumulate less neutral red than cells expressing AtMTP1 or yeast cells
transformed with an empty vector. Yeast cultures of equivalent cell
densities were equilibrated in an alkaline sodium carbonate solution
containing 0.04% (w/v) neutral red for 10 min, and then washed. For
each construct, three dilutions are shown for each of three independent
yeast transformants. The image shown is from one experiment
representative of a total of two independent experiments. dil., dilution
factor.
3. Results

3.1. Comparative Analysis of AtMTP1 and AtMTP1D94A by

heterologous expression in yeast cells and in oocytes

In order to address the transport function of AtMTP1, the

AtMTP1 protein or the AtMTP1D94A mutant protein were

expressed in yeast. In the AtMTP1D94A protein, an aspartate

residue, which is strictly conserved in all members of the

CDF protein family [23] and located in the second predicted

membrane-spanning segment within the CDF signature

sequence, was replaced by an alanine. An analogous mutation

of the corresponding residue in the A. halleri MTP1 protein

results in the loss of the ability to complement the zinc sensitive

zrc1 cot1 double mutant of S. cerevisiae [15,29]. As shown

before [29], the expression of AtMTP1 complemented the Zn

sensitivity of the zrc1 cot1 double mutant (Fig. 1A). In

addition, including several low Zn concentrations revealed that

the expression of AtMTP1D94A exacerbated Zn hypersensitiv-

ity of the double mutant (Fig. 1A). Both proteins were

expressed in yeast cells in comparable amounts (Fig. 1B). This
suggested that AtMTP1D94A was not only unable to mediate

the detoxification of Zn2+ in the yeast vacuole, but caused

additional stress. To gain more information, we allowed cells

to equilibrate in a neutral red solution at alkaline pH, a condi-

tion which should allow passive diffusion of the uncharged

neutral red molecule, a weak base, and trapping in acidic com-

partments upon protonation. The less intense red staining of

AtMTP1D94A -expressing yeast cells, when compared with

AtMTP1-expressing cells or empty vector transformants, sug-

gests that AtMTP1D94A expression results in a reduced ability

http://www.chromdb.org/index.html


Table 1
Zn accumulation in X. laevis oocytes expressing AtMTP1 or
AtMTP1D94A

cRNA Zn concentration

Zn 0 Zn 0.1 mM

nmol per oocyte
AtMTP1 1.17 1.25
AtMTP1D94A 1.37 1.01
Control (water) 1.36 1.02

Pools of 50 oocytes were incubated in OR2 medium (pH 7.4), with or
without 0.1 mM added ZnSO4 for 30 min.
Zn concentrations were determined by ICP-OES. The data are from
one experiment representative of two independent experiments per-
formed using different batches of oocytes.

Fig. 2. A chimeric fusion protein of AtMTP1 and GFP localizes to the
vacuolar membrane of Arabidopsis cells. (A) GFP fluorescence image
of GFP-AtMTP1 (left), overlay of GFP fluorescence, transmission and
chlorophyll fluorescence images (middle), and overlay of transmission
and chlorophyll fluorescence images (right) of an A. thaliana proto-
plast 24 h after transfection. The size bar corresponds to 8 lm. Images
are from one transfected protoplast representative of a total of at least
ten. (B) Fluorescence image of a leaf epidermis of a transgenic seedling
of A. thaliana expressing AtMTP1-GFP. Chlorophyll and propidium
iodide fluorescence are shown in red, and the GFP signal in green. The
size bar corresponds to 4 lm. (C) Fluorescence image of root
epidermal cells of a transgenic seedling of A. thaliana expressing
AtMTP1-GFP. The propidium iodide signal is shown in red, and the
GFP signal in green. The size bar corresponds to 20 lm. Images in (B)
and (C) are from one transformant line (T2 generation) representative
of four independent lines. Seedlings were stained with propidium
iodide to visualize cell walls and nuclear DNA.

∆CT ± SD

2.57 ± 0.29

1.48 ± 0.41

2.80 ± 0.67

2.05 ± 0.37

2.26 ± 0.28

1.99 ± 0.16

0.0 0.1 0.2 0.3 0.4

flowers

siliques

stem

leaves (c)

leaves (r)

root

Relative transcript level

Fig. 3. AtMTP1 transcripts are present in all plant organs. Transcript
levels were determined in different organs of hydroponically cultivated
six-week-old flowering A. thaliana plants by quantitative real-time RT-
PCR. Values are mean DC ± S.D. (right) and mean relative transcript
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of yeast cells to maintain an acidic vacuolar lumen (Fig. 1C).

This observation may be due to the leakage of protons through

the mutant transporter. Alternatively, another ion, such as

Na+, may leak through the transporter and lead indirectly to

a depletion of the proton gradient.

Next we tested whether Zn accumulation in oocytes injected

with MTP1 cRNA differed from Zn accumulation in oocytes

injected with MTP1D94A cRNA or with water. Oocytes

injected with MTP1 cRNA contained on average 1.17 nmol

Zn per oocyte after incubation in control medium and

1.25 nmol Zn per oocyte after exposure to the Zn-supple-

mented medium (Table 1). This suggests a net influx of

0.08 nmol Zn per oocyte during exposure to 0.1 mM ZnSO4

for 30 min. In water-injected and AtMTP1D94A-injected oo-

cytes mean Zn concentrations were very similar and amounted

to between 1.35 and 1.36 nmol Zn per oocyte for control (no

added Zn) oocytes and between 1.01 and 1.02 nmol Zn per oo-

cyte in Zn-exposed oocytes (Table 1). This suggests a net efflux

of approximately 0.34 nmol Zn per oocyte in control oocytes

during exposure to 0.1 mM Zn for 30 min. The apparent net

Zn efflux in water or AtMTP1D94A-injected oocytes upon

exposure to Zn is likely to reflect the induction of an endoge-

nous Zn export activity during exposure to Zn for 30 min.

Most probably, this export activity was also present in

AtMTP1-injected oocytes. The correction for MTP1-indepen-

dent Zn efflux thus results in a total MTP1-dependent Zn in-

flux of 0.42 nmol per oocyte in 30 min. 4 These data are

consistent with a significant proportion of the MTP1 protein

localizing to the plasma membrane of oocytes in this expres-

sion system and mediating the cellular influx of Zn2+. Overall

Zn concentrations measured in the oocytes were consistent

with the previously reported Zn content of 70 ng (1.08 nmol)

per oocyte in stage VI [45].

3.2. Subcellular localization of the AtMTP1 protein

To determine the subcellular localization of AtMTP1 we

localized a transiently expressed fusion protein of an N-termi-

nal GFP moiety and AtMTP1, in protoplasts of A. thaliana

(Fig. 2A). GFP fluorescence was localized to the vacuolar

membrane of transfected protoplasts. To verify these results

we generated stable A. thaliana transformants expressing

AtMTP1 with an EGFP moiety fused to its C-terminus. The

GFP fluorescence signal was localized to the vacuolar mem-
4 Zn uptake rates could not be determined using shorter exposures
because of the limited sensitivity of ICP-OES. It was also not possible
to obtain permission to use the radioisotope 65Zn.
brane in leaf as well as root cells (Fig. 2B and C, respectively).

These results suggest that AtMTP1 localizes to the vacuolar

membrane of plant cells. Two attempts of generating an

AtMTP1-specific antibody were unsuccessful.
T

levels (left) calculated from two technical replicates from one exper-
iment representative of a total of three independent biological
experiments. The DCT values were calculated as follows:
DCT = CT(AtMTP1) � CT (constitutive control gene: AtCYP5). Rel-
ative transcript levels were calculated as follows: RTL = 2�DCT.
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3.3. Transcript analysis and promoter activity

To better understand the in planta function of AtMTP1 we

analyzed steady-state MTP1 transcript levels by real-time RT-

PCR. As reported earlier [29], no induction of AtMTP1 tran-

scripts was observed in response to exposure to Zn in either

roots or shoots after exposure for between 2 h and 4 days (data

not shown). In addition, we did not observe an increase in

transcript levels in either roots or shoots upon exposure to

an excess of Cd, Co, Cu, Fe or Mn for 2 days, using quantita-
tive real-time RT-PCR (data not shown). Next we investigated

whether AtMTP1 is expressed differentially in different plant

organs (Fig. 3). AtMTP1 transcripts were detected at similar

levels in all analyzed tissues, namely entire mature flowers,

the inflorescence stem, cauline and young rosette leaves, as well

as in roots of mature plants. In siliques transcript levels were

slightly higher than in the other tissues analyzed (Fig. 3).

To gain further information on the expression of AtMTP1

we analyzed plants transformed with a GUS reporter gene con-

struct incorporating approximately 1.5 kpb of the AtMTP1

promoter region, the 5 0 untranslated region of AtMTP1 con-

taining one or two introns and the first 357 bp of the intron-

free AtMTP1 coding sequence. The construct thus encoded

the first two N-terminal transmembrane segments of MTP1,

fused to the b-glucuronidase reporter protein. GUS activity

was detectable in the youngest leaves of young seedlings

(Fig. 4A), as well as in the hydathodes of older leaves. GUS

activity was particularly high in the root systems of young

14-day-old seedlings (Fig. 4B). With increasing seedling age,

GUS activity decreased in most parts of the roots (data not

shown), but remained very high in the tips of main and lateral

roots (Fig. 4C and D). In mature plants, there was virtually no

histochemically detectable GUS activity in fully expanded

leaves (not shown). Flower buds displayed an intense GUS

staining, primarily in the carpels (Fig. 4E). GUS activity in

carpels decreased during flower maturation and was low and

confined to the abscission zone in young siliques (Fig. 4F),

but remained high in filaments and in pollen grains of mature

flowers (Fig. 4G). GUS activity was also high in the upper part

of the inflorescence stem (Fig. 4G), but not detectable in the

lower part (not shown). During maturation of siliques GUS

activity was highest in developing seeds between 4 and 7 days

after pollination, and decreased afterwards (9 and 11 days after

pollination, Fig. 4H). In a section of a developing seed, GUS

activity was localized in the embryo and endosperm (Fig. 4I).

To investigate whether GUS activity was representative of

steady-state transcript levels we analyzed the AtGenExpress

data of organs at comparable developmental stages (http://

www.arabidopsis.org/info/expression/ATGenExpress.jsp).

According to the AtGenExpress data MTP1 transcript levels

are highest in developing seeds and in mature pollen (Fig.

4K). The AtGenExpress database further indicates that in
Fig. 4. Localization and developmental regulation of AtMTP1 pro-
moter activity. (A–I) Histochemical staining for b-glucuronidase
activity in A. thaliana (Col) lines transformed with a pAtMTP1::GUS
construct. (A) Shoot of a 20-day-old seedling. (B) Root system of a 14-
day-old seedling. (C) Root tip of a 20-day-old seedling. (D) Emerging
lateral root tip of a 20-day-old seedling. (E) Flower buds and flowers of
a 45-day-old plant. (F) Silique of a 45-day-old plant stained with
flowers shown in E. (G) Inflorescence of a 45-day-old plant as used in
(E) and (F). (H) Siliques 4, 5, 7, 9 and 11 days (left to right) after
pollination. (I) Section of a developing seed containing embryo at
torpedo stage 7 days after pollination. Transgenic seedlings of the T2
generation were germinated and grown on 0.5· MS medium on
vertical agarose plates for up to 20 days and harvested (A–D), or
transferred onto soil (E–I). The shown GUS staining patterns are
representative of a total of eleven independent transgenic lines for
seedlings, and seven independent lines for flowers and siliques. Scale
bars correspond to 1 mm. (K) Relative AtMTP1 transcript abundance
in selected organs and developmental stages. Bars represent arithmetic
mean ± S.D. of scaled signal intensities (target value 1000) of a subset
from the AtGenExpress data for AtMTP1 taken from the Geneves-
tigator website (https://www.genevestigator.ethz.ch/~w3pb/genevesti-
gator/index.php?page=home).

b
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young seedlings AtMTP1 transcript levels are higher in roots

than in shoots, and tend to decrease between 8 and 21 days

of plant age. Finally, transcript levels are higher in the vegeta-

tive apex, the inflorescence and in young flowers than in rosette

leaves. The publicly available transcript data is thus qualita-

tively in agreement with GUS staining patterns in pAt-

MTP1::GUS lines.
3.5. Suppression of AtMTP1 transcript levels by RNA

interference

Ectopic overexpression of an AtMTP1 cDNA under the

control of a CaMV 35S promoter has previously been shown
to slightly enhance Zn tolerance [25]. This is consistent with

the localization of AtMTP1 in the vacuolar membrane and a

cellular function in the transport of Zn2+ ions into the vacuole

for sequestration, as described here. However, in order to de-

fine the role of AtMTP1 in planta, a loss-of function mutant

is more appropriate. A putative T-DNA knockout line was

identified in the Syngenta collection (Garlic_305_A09.b.1a.

lb3Fb). This line harbored two tandem T-DNAs in an intron

of the MTP1 gene 306 bp upstream of the translational start

codon of MTP1 (not shown). In this line MTP1 transcript

levels were not reduced compared to wild-type plants (not

shown).

A. thaliana plants were transformed with an intron-spliced

hairpin construct designed for MTP1 silencing by RNA inter-

ference (RNAi) [46]. This construct contained two identical

600-bp fragments of the AtMTP1 coding sequence in reverse

orientation, separated by an intron, downstream of the strong

constitutive CaMV 35S promoter. Based on the assumption

that plants with reduced MTP1 protein levels are likely to be

zinc-hypersensitive, T1 seeds were selected for expression of

the resistance marker, and transformants were subsequently

transferred onto media containing high Zn concentrations.

All MTP1-RNAi transformant individuals were hypersensitive

to Zn in the T1 generation (Fig. 5A).

To confirm that MTP1 transcript levels were reduced in

these plants we performed quantitative real-time RT-PCR.

On average, transcript levels of AtMTP1-RNAi transformant

seedlings were reduced to 28.5% of those found in empty vec-

tor control transformants in the T1 generation (Fig. 5B). In A.

thaliana the MTP2 and MTP3 coding sequences are the most

homologous to MTP1, with 65.1% and 62.8% identity, respec-

tively, within the cDNA fragment chosen for RNA interfer-

ence. The longest stretch of identical nucleotides of 18

consecutive nucleotides is found between the chosen fragment

from MTP1 and theMTP2 sequence. Relative to empty vector

controls, MTP3 transcript levels were slightly reduced to on

average about 83.4%, whereas MTP2 transcript levels were

not reduced in AtMTP1 RNA interference transformants

(Fig. 5B). Root elongation was significantly more sensitive to
Fig. 5. Silencing of AtMTP1 by RNA interference causes Zn
hypersensitivity. (A) Photograph showing 17-day-old T1 individuals
transformed with the AtMTP1 RNA interference construct (top) or an
empty vector (bottom) after growth on media containing normal
(1 lM, left) or high (150 lM, right) concentrations of ZnSO4. Note
that each seedling of the T1 generation represents an independent
transformant line. (B) Quantitative real-time RT-PCR analysis of
MTP1, MTP2 and MTP3 transcript levels in AtMTP1-RNAi trans-
formants. Values are average transcript levels in AtMTP1 RNAi
transformants normalized to empty vector transformants (arithmetic
mean ± S.E. of n = 3 independent experiments). In each experiment, 4
seedlings of the T1 generation were pooled for analysis. For AtMTP1,
DCT values for RNAi plants were significantly different from those in
empty vector controls (P < 0.05; Student�s t test, with Bonferroni
adjustments for multiple comparisons). (C) Final root length as a
function of Zn concentration in the growth medium for AtMTP1
RNAi and empty vector transformants as shown in (A). Values are
arithmetic means ± S.D. of 20 replicate seedlings from one experiment
representative of a total of three independent experiments. After
selection of transformants, 10-day-old seedlings were transferred onto
plates containing a modified Hoagland�s medium and added ZnSO4 as
indicated, for 7 days. Asterisks indicate the level of significance of
differences between empty vector and MTP1-RNAi transformant
plants (\\P < 0.01; \\\P < 0.001, Student�s t test, with Bonferroni
adjustments for multiple comparisons).
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Fig. 6. Zn accumulation is decreased in A. thaliana transformed with
an AtMTP1 RNA interference construct. Each value is the arithmetic
mean ± S.D. of zinc concentrations in three independent replicate
samples, for each of which material was pooled from three individual
plants of the T1 generation. Transformants were selected on plates as
described in Fig. 5. Seventeen-day-old seedlings were transferred onto
soil and grown for 27 days before harvest and analysis by ICP-OES. A.
thaliana (Col) wild-type plants were used as controls. Data shown are
from one experiment representative of a total of three independent
experiments. Asterisks indicate the level of significance of differences
between wild-type and transgenic plants (\P < 0.05; \\P < 0.01;
Student�s t test).
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Zn in AtMTP1-RNAi transformants than in empty vector

transformants at 100, 150 and 200 lM Zn (Fig. 5C). There

was no difference in root elongation under control (low zinc;

Fig. 5C) or zinc deficiency conditions (data not shown). This

suggests that MTP1 contributes to basal Zn tolerance in A.

thaliana.

To investigate whether MTP1 contributes to Zn accumula-

tion in A. thaliana, Zn concentrations were analyzed in various

organs collected from mature plants grown on soil. Compared

to the wild-type, Zn concentrations were significantly lower in

the inflorescence stem (42% of wild-type) and in cauline leaves

(68% of wild-type) and rosette leaves (50% of wild-type) of

AtMTP1 RNA interference plants (Fig. 6). Compared to

empty vector transformants MTP1 RNAi plants contained

80%, 91% and 65% Zn in the stem, in cauline leaves and rosette

leaves, respectively, in an independent experiment (data not

shown; P < 0.05, P < 0.05, P < 0.001 in a Student�s t test,

respectively). This suggests that AtMTP1 is involved in deter-

mining the strength of these organs as depositories for Zn in A.

thaliana. In contrast, Zn concentrations in reproductive sink

organs, namely flowers and siliques, which contained the high-

est Zn concentrations, appeared unaffected by reduced

AtMTP1 expression. In seeds of wild-type and RNAi plants,

Zn concentrations were 46.7 ± 2.1 mg kg�1 (n = 3 independent

replicates) and 39.2 ± 1.6 mg kg�1 (n = 3), respectively. It has

to be kept in mind that the residual levels of AtMTP1 tran-

script in the RNA interference plants imply that some MTP1

protein was likely to be present in these plants.
4. Discussion

Here we identify a mutation in AtMTP1, AtMTP1D94A, the

expression of which is unable to complement Zn sensitivity of

the zrc1 cot1 double mutant. We show that this mutation ren-

ders the yeast double mutant distinctly hypersensitive to Zn

(Fig. 1). This observation suggests that AtMTP1D94A cannot
transport Zn, and it is consistent with the hypothesis that the

mutant transporter introduces an ion leak into the yeast vacu-

olar membrane. AtMTP1 localizes to the vacuolar membrane

of plant cells when expressed transiently with an N-terminally

fused GFP moiety, or stably with a C-terminally fused EGFP

(Fig. 2). These data support the idea of a cellular function of

MTP1 in Zn detoxification by transport of Zn across the vac-

uolar membrane into the vacuole for sequestration. The local-

ization of AtMTP1 reported here is different from the

localization of T. goesingense MTP1, which has been reported

to localize to the plasma membrane [28]. MTP1 proteins from

A. halleri [29] and poplar [24] have been reported to localize to

the vacuolar membrane. Our results are in agreement with the

localization of a transiently expressed AtMTP1-GFP fusion

protein and the fractionation of AtMTP1 in a sucrose density

gradient reported recently [31]. However, these authors could

not detect a GFP signal when protoplasts were transiently

transfected with a construct encoding GFP fused to the N-ter-

minus of the MTP1 protein. A. thaliana NRAMP3 (natural

resistance-associated macrophage protein 3), a member of a

distinct family of transition metal transport proteins, was also

localized to the vacuolar membrane and was proposed to have

a role in the release of transition metals, including iron, from

vacuoles [47].

In oocytes, expression of AtMTP1 confers the ability to

accumulate Zn (Table 1). By contrast, expression of AtMTP1-

D94A does not confer Zn accumulation to oocytes, consistent

with the results in yeast, which suggested that AtMTP1D94A

is unable to transport Zn. The accumulation of Zn in oocytes

expressing AtMTP1 suggests that in this expression system, a

proportion of the transporter localizes to the plasma mem-

brane. Localization of functionally significant amounts of het-

erologously expressed plant tonoplast proteins to the plasma

membrane of Xenopus oocytes has been reported for other pro-

teins [35] and is likely to be a consequence of the high expres-

sion levels and the absence of a large central vacuole in

oocytes. In plant cells, AtMTP1 generally mediates the export

of Zn from the cytoplasm. Oocytes injected with MTP1 cRNA

and incubated under low-Zn (0 Zn) conditions contained lower

Zn concentrations than water-injected or MTP1D94A-injected

oocytes. This may reflect MTP1-mediated efflux of Zn con-

tained in the oocytes during incubation in media lacking added

Zn between cRNA injection and harvest. Our data strongly

suggest that the direction of MTP1-mediated Zn transport

can be reversed under conditions of high external Zn2+ in

the oocyte expression system. It may therefore be feasible to

analyze MTP1 transport properties in oocytes using electro-

physiological techniques.

Real-time RT-PCR analysis of bulk tissues from different

organs of A. thaliana indicate a widespread and uniform

expression of the AtMTP1 transcript (Fig. 3). An analysis of

lines transformed with a promoter-reporter gene construct sug-

gests that the rate of synthesis and translation of the spliced

AtMTP1mRNA is particularly high during very young growth

stages of the plant, as well as in growing tissues of A. thaliana

plants at all ages (Fig. 4). Silencing of AtMTP1 in A. thaliana

by RNA interference causes hypersensitivity of root elongation

to excess Zn, suggesting that AtMTP1 contributes to basal Zn

tolerance in A. thaliana (Fig. 5). Dividing and elongating cells

may be particularly sensitive to Zn toxicity. It is conceivable

that damage to cells in the growing region of a plant directly

inhibits growth. A constitutively high abundance of MTP1-re-
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lated transcripts has recently been implicated in naturally se-

lected Zn hypertolerance in the Zn hyperaccumulator plant

A. halleri [29]. This may reflect higher MTP1 transcript levels

or a more widespread localization of MTP1 expression in A.

halleri, when compared to A. thaliana (see Fig. 4).

Recently, Zn hypersensitivity has also been reported in the

A. thaliana mtp1-1 T-DNA insertion line [31]. A significant dif-

ference between root elongation in wild-type and mtp1-1 seed-

lings was apparent at a concentration of 400 lM Zn on MS

agar plates [31]. Root elongation of MTP1-RNAi plants was

significantly lower than in wild-type plants at Zn concentra-

tions of 100 lM Zn and above (Fig. 5C). The iron concentra-

tions was much lower in the medium used here than in the MS

medium used by Kobae et al. [31] (5 lM FeHBED in Hoa-

gland solution vs. 100 lM FeEDTA in MS medium). It is

known that the addition of extra iron reduces metal toxicity

[48]. We did not detect an increase in MTP1 transcript levels

in plants exposed to an excess of Cd, Co, Cu, Fe or Mn for

2 days (data not shown). Heterologous expression of MTP1

in yeast cells does not confer tolerance to Cd, Mn or Fe and

confers only very low levels of Co tolerance (A.-G. Desbros-

ses-Fonrouge and U. Krämer, unpublished data). Earlier re-

ports suggested that purified MTP1 protein reconstituted

into proteoliposomes is able to transport Zn2+, but not Cd2+

or Co2+ [49]. In agreement with this, root elongation in the

mtp1-1 mutant was equivalent to wild-type plants following

exposure to 80 lM Co, 40 lM Ni, 1.5 mM Mn or 40 lM Cd

in MS agarose medium [31]. Thus, all available data suggest

that the function of MTP1 is Zn-specific.

Despite the specific function of the MTP1 protein in Zn

detoxification by sequestration in the cell vacuole, MTP1 tran-

script levels are not upregulated in response to exposure to

excess Zn or Zn deficiency in the culture medium [25,29,50].

In agreement with this, there was no Zn-induced increase in

MTP1 protein levels in a suspension culture derived from roots

of A. thaliana [31]. Compared to the root-derived suspension

culture, MTP1 protein levels were very low in a suspension cul-

ture derived from whole A. thaliana seedlings. The authors

suggested that the MTP1 protein content of the suspension

cultures may reflect the MTP1 protein content in the cell type

or tissue of origin. Our results provide experimental support

for the hypothesis that MTP1 expression is localized to specific

cell types in A. thaliana plants.

The silencing of AtMTP1 also results in a reduction in Zn

concentrations in rosette and cauline leaves and in the inflo-

rescence stem (Fig. 6). Thus, in vegetative tissues, MTP1

expression is necessary for the accumulation of normal con-

centrations of Zn (Fig. 6). Kobae et al. [31] did not report

Zn concentrations accumulated in the mtp1-1 mutant. Based

on the localization of the MTP1 protein in the vacuolar

membrane, a model can be envisaged, in which the rate of

MTP1-mediated vacuolar sequestration drives the rate of cel-

lular Zn uptake, the delivery of Zn to the respective tissue

via long distance transport in the plant and possibly also

root Zn uptake. This raises the question of whether a local-

ized ectopic expression of MTP1 is sufficient to increase the

accumulation of Zn in the respective cells. Zinc hyperaccu-

mulator plants such as A. halleri are known to accumulate

Zn specifically in their leaf biomass. It will be very interesting

to investigate whether A. halleri MTP1 genes are not only

important for Zn tolerance [29], but also play a role in leaf

zinc accumulation.
In Arabidopsis plants exhibiting MTP1 silencing by RNA

interference a decrease in Zn accumulation was less pro-

nounced or absent in flowers, siliques and seeds. It is likely that

in these tissues MTP1 is functionally redundant. This idea is

supported by AtGenExpress data, which suggest that tran-

scripts encoding other MTP1-related transporters, namely

MTP2 and MTP4, as well as MTP3 (our own unpublished

data) are present in floral organs and in developing seeds. A

further possibility could be that in these tissues Zn accumula-

tion is primarily driven by zinc delivery rather than by Zn

sequestration.

AtMTP1 promoter activity was primarily detected in grow-

ing regions of the plant. In A. thaliana plants, in which MTP1

was silenced by RNA interference, Zn concentrations were

lower than in wild-type plants in bulk leaves and stems. To

conciliate these results, two hypotheses could be tested. The

MTP1 protein could be stable so that it is synthesized in young

leaves but still present in older leaves. Alternatively, MTP1-

driven Zn accumulation in a leaf may occur at a young stage,

with sequestration in the vacuole at least partly driving total

cellular Zn accumulation, and total leaf Zn content may be lar-

gely maintained in mature leaves.

In summary, we provide evidence at the cellular and whole-

plant level to support that AtMTP1 is a Zn transporter local-

ized in the vacuolar membrane and mediates Zn detoxification

and storage by vacuolar sequestration of Zn. Our data suggest

that the primary role of MTP1 is to contribute to cellular metal

accumulation and to basal metal tolerance in cells of growing

tissues.
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