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Arabidopsis (Arabidopsis thaliana) contains about 130 ATP-binding cassette (ABC) proteins, which are likely to contribute to the
transport of diverse materials, including toxic substances. However, the substrates of ABC transporters remain unknown in
most cases. We tested which ABC transporter is involved in detoxification of lead [Pb(II)]. Among the many tested, we found
that the message level of only AtPDR12 increased in both shoots and roots of Pb(II)-treated Arabidopsis, suggesting that it may
be involved in the detoxification of Pb(II). AtPDR12-knockout plants (atpdr12) were used to further test this possibility. In
Pb(II)-containing medium, atpdr12 plants grew less well and had higher Pb contents than those of wild-type plants. In contrast,
AtPDR12-overexpressing Arabidopsis plants were more resistant to Pb(I) and had lower Pb contents than wild-type plants.
The mutant phenotypes and their Pb contents, as well as the localization of the GFP:AtPDR12 fusion protein at the plasma
membrane, suggest that AtPDR12 functions as a pump to exclude Pb(Il) and/or Pb(Il)-containing toxic compounds from the
cytoplasm. Inhibition of glutathione synthesis by addition of buthionine sulfoximine to the growth medium exacerbated the
Pb(Il)-sensitive phenotype of atpdr12 plants, consistent with a glutathione-dependent detoxification mechanism operating in
parallel with an AtPDR12-dependent mechanism. Thus, we propose that AtPDR12 is an ABC transporter that contributes to

Pb(II) resistance in Arabidopsis.

Heavy metals contaminate soils as a result of in-
dustrial processes and agricultural practices (Ross,
1994) and are a dangerous stress to plants that grow in
the contaminated soils. Plants grown in contaminated
agricultural fields contain the heavy metals and thus
endanger animals who feed on them. Among the
heavy metals, lead (Pb) is particularly important, since
it is toxic to many organisms, widespread in the
human environment, and causes multiple serious
health problems in growing children and adults (as
stated in a U.S. Environmental Protection Agency fact
sheet at http:/ /www.epa.gov/iaq/lead.html).

Many transporters have been identified that detox-
ify heavy metals in diverse organisms. Since cells have
to remove heavy metals from the cytoplasm to avoid
toxicity, some transporters extrude them across the
plasma membrane and others sequester them into
inactive organelles. Transporters that have been
shown to extrude heavy metals across the plasma
membrane are P-type pumps, including ZntA from
Escherichia coli, a Pb(II)/Cd(Il)/Zn(Il)-transporting
ATPase that mediates resistance to toxic concentra-
tions of Pb(ll), Cd(Il), and Zn(II) by pumping these
metals out of cells (Rensing et al., 1997; Sharma et al.,
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2000). CAD2 from yeast (Saccharomyces cerevisiae) has
a similar role (Shiraishi et al., 2000). Many different
types of transporters sequester heavy metals into
inactive organelles. ScYCF1 is an ATP-binding cassette
(ABC) transporter of yeast that contributes to Cd(Il)
resistance by pumping Cd(II) conjugated to glutathi-
one into the vacuole (Szczypka et al., 1994; Li et al.,
1997). ScYCF1 has been found to confer Pb(Il) resis-
tance as well, possibly by a similar mechanism (Song
et al., 2003). In Schizosaccharomyces pombe, a half-size
ABC transporter has been shown to transport phyto-
chelatin-Cd complexes (Ortiz et al., 1995). In plants,
CAX, a Ca’*/H" exchanger, has been shown to
exchange Cd(II) with protons at the vacuolar mem-
brane (Hirschi et al., 2000), thereby sequestering Cd
into the vacuole. An Arabidopsis (Arabidopsis thaliana)
P-type ATPase, AtHMAS3, improves Cd(Il) and Pb(II)
resistance when expressed in Cd(Il)-sensitive ycfl
yeast and is localized at the vacuolar membrane; it
has therefore been suggested to function as a vacuolar
sequester of toxic heavy metals (Gravot et al., 2004).
ABC transporters have been reported to trans-
port many cytotoxic compounds, such as drugs, in
addition to heavy metals (Rogers et al., 2001; Sanchez-
Fernandez et al., 2001; Martinoia et al., 2002). Arabi-
dopsis has about 130 ABC proteins, but the functions
of most of them are unknown (Sanchez-Fernandez
et al, 2001). Many investigators have searched for
a plant ortholog of ScYCF1, but it has not yet been
found. The only ABC transporter that has been sug-
gested to transport Cd(Il) is AtMRP3, which par-
tially restores Cd(II) resistance when expressed in
a Aycfl mutant (Tommasini et al., 1998). ABC pro-
teins of Arabidopsis play important roles in normal

Plant Physiology, June 2005, Vol. 138, pp. 827-836, www.plantphysiol.org © 2005 American Society of Plant Biologists 827



Lee et al.

SHOOT ROOT

Pb(ll)

C Pbl) C

AtPDR12

S-tubulin

Figure 1. Pb(I)-induced elevation of AtPDR12 expression detected by
RT-PCR. Total RNA was extracted from shoots and roots of 2-week-old
wild-type Arabidopsis without (C) or with (Pb[ll]) 0.5 mm Pb(NO,),
treatment for 24 h. B-Tubulin was used as a loading control.

developmental processes as well. For example,
AtMDR1 and AtPGP1 have roles in polar-auxin trans-
port across the plasma membrane (Noh et al., 2001).
The double mutant atmdrlatpgpl shows auxin-
signaling or distribution-defective phenotypes, such
as dwarfism, and reduced apical dominance in adult
plants (Noh et al.,, 2001). AtATM1, a mitochondrial
inner membrane ABC protein, transports Fe/S cluster
precursor from mitochondrial matrix to the cytosol
(Kispal et al., 1999; Kushnir et al., 2001). AtPMP2 is
localized to the peroxisome and transports acyl-CoA
derivatives from the cytosol into the peroxisomal
matrix (Zolman et al., 2001). Soluble ABC protein
AtNAP1 is required for transport of the chlorophyll
precursor protoporphyrin IX from the chloroplast
envelope into the stroma (Moller et al., 2001). An
AtMRP5 knockout plant, atmrp5-1, shows abnormal
stomatal movement in light and, when treated with
calcium or ABA, and displays reduced water use,
indicating a role for AtMRP5 in guard cell functioning
(Klein et al., 2003).

In this paper, we present evidence that a member
of the pleiotropic drug resistance (PDR) subfamily of
ABC transporters in Arabidopsis has a role in Pb(Il)
detoxification. We show that AtPDRI2 expression
is strongly induced by Pb(Il) treatment and that
AtPDR12-knockout plants are more sensitive to
Pb(Il) than wild-type plants. In addition, AtPDR12-
knockout plants contain more Pb than wild-type
plants and AtPDR12-overexpressing plants are more
resistant to Pb(II) than wild-type plants. These results,
as well as localization of AtPDRI12 to the plasma
membrane, suggest that AtPDR12 confers Pb(Il) re-
sistance by pumping Pb(II) and/or Pb(II)-containing
toxic compounds out of the cell from the cytoplasm.

RESULTS
Expression of AtPDR12 Is Elevated by Pb(II) Treatment

As a first step in the identification of ABC trans-
porters involved in Pb(II) transport, we searched data-
bases (http://www.ncbi.nlm.nih.gov/ and http: // www.
ddbj.nig.ac.jp/E-mail/clustalw-e.html) to select Ara-
bidopsis ABC transporters with high amino acid
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sequence homology to ABC transporters of other
organisms that are reported to transport toxic sub-
stances. We then performed reverse transcription (RT)-
PCR experiments to test whether the transcript levels
of these candidate ABC transporters are up-regulated
when Arabidopsis is treated with Pb(Il). The expres-
sion of AtMRP4, AtPDR1, AtPDR4, AtPDR6, and
AtPDR9 did not change much upon Pb(Il) treatment
(data not shown), whereas that of AtPDR12 increased
both in shoots and in roots (Fig. 1). Without Pb(II)
treatment, the AfPDRI12 transcript was expressed in
shoots but not detected in roots.

AtPDR12-Knockout Plants Are Less Resistant to Pb(II)
Than Wild-Type Plants

To test whether AtPDR12 contributes to Pb(II) re-
sistance in plants, we obtained seeds of 2 AtPDR12-
knockout alleles from the Salk Institute Genomic
Analysis Laboratory. These knockout plants have
T-DNA inserted into 2 different sites of the 21st exon
of the AtPDR12 gene (Fig. 2A; http:/ /signal.salk.edu/
cgi-bin/tdnaexpress, SALK stock nos. SALK_ 013945
and SALK_005635). Homozygous knockout plants
(atpdr12-1 and atpdr12-2) were selected by PCR using
1 T-DNA-specific primer and 2 AtPDRI12-specific
primers with genomic DNA as a template. The PCR
using 2 AtPDR12-specific primers did not produce any
product (right lanes of Fig. 2B, subsections a and c),
but the PCR using a T-DNA-specific primer and 1
AtPDR12-specific primer produced 730- and 760-bp-

B WT atpdri2-1 C

WT atpdri2-1

AtPDR12
F-tubulin

WT atpdr12-2 WT atpdr12-2

c AtPDR12

d [B-tubulin

Figure 2. Selection of AtPDR12-knockout plants. A, T-DNA insertion
sites in the AtPDR12 gene in 2 alleles of AtPDR12-knockout plants. The
dark gray and white boxes represent the SALK_013945 line (atpdri2-1)
and SALK_005635 line (atpdri12-2), respectively. B, PCR for genotype
analysis using genomic DNA as template and two gene-specific
primers (subsections a and c¢) and a T-DNA-specific and one
AtPDR12-specific primer (subsections b and d). C, RT-PCR using total
RNA from wild-type and AtPDR12-knockout plants. Note the absence
of the AtPDR12 message in atpdri2-1 and atpdri2-2 plants. Total
RNA of wild-type and AtPDR12-knockout plants was extracted from
14-d-old Arabidopsis seedlings treated with 0.5 mm Pb(NOs,), for 24 h.
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size bands from genomic DNA of atpdr12-1 and 2,
respectively, as expected (right lanes of Fig. 2B, sub-
sections b and d). These PCR products were sequenced
using T-DNA-specific primers, and insertion sites
were confirmed. To confirm that the homozygous lines
do not have the AtPDRI12 transcript, RT-PCR was
performed using total RNA extracted from the plants.
PCR using 2 AtPDR12-specific primers did not pro-
duce any product from the homozygous knockout
plants, as it did from wild-type plants (Fig. 2C).

We obtained the next generation of seeds from the
selected AtPDR12-homozygous knockout plants and
tested their resistance to Pb(II) and Cd(II). In control
medium, the growth of AtPDRI12-knockout plants
(atpdr12-1 and atpdr12-2) was similar to that of wild-
type plants, and they reproduced normally (Fig. 3, A
and B, top). In Pb(II)-containing medium, the growth
of roots and shoots was reduced more in AtPDR12-
knockout plants than in wild-type plants (Fig. 3, A
and B, bottom). Although addition of Pb(NO;), may
have caused some precipitation of P and S, the plant
symptoms did not resemble those of P and S de-
ficiency, which cause dark-green coloration and
chlorosis of young leaves, respectively. Rather, the
Pb(II)-treated plants displayed the typical symptom of
Pb(II)-treated plants, reduced root growth. Growth of
AtPDR12-knockout plants was not different from that
of wild-type plants in 30, 40, or 50 um Cd(II)-contain-
ing media (Fig. 3C; data not shown) or in media
containing Zn(II), Cu(ll), AI(III), or the antifungal drug
sclareol (data not shown). These results demonstrate
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that AtPDR12 specifically confers Pb(Il) resistance, at
least under our experimental conditions.

For quantitative analyses of the phenotypes, we
tested various concentrations of Pb(NOj;), and chose
two concentrations that showed the most striking
differences between the knockout and wild-type
plants. Figure 4 shows the fresh weight and root length
of AtPDR12-knockout and wild-type plants grown on
Pb(II)-containing one-half Murashige and Skoog (MS)
agar plates without (control) and with 0.7 mMm or
0.75 mMm Pb(NO;), for 4 weeks. In the control me-
dium without additional Pb(Il), atpdr12-1 plants had
1.2-fold higher fresh weight and 1.1-fold higher root
length than wild-type plants. In contrast, atpdr12-2 plants
did not display any differences in fresh weight and
root length compared to wild-type plants (Fig. 4, A
and B). However, in Pb(NOj;),-containing media, both
fresh weight and root length were more severely re-
duced in AtPDR12-knockout plants than in wild-type
plants; the fresh weights of atpdr12-1 and atpdr12-2 were
reduced to 52% and 87% of wild type, and root lengths
were decreased to 67% and 79% of wild type in me-
dium containing 0.75 mm Pb(NO,), (Fig. 4, A and B).

AtPDR12-Knockout Plants Contain More Pb

We measured the Pb contents of 2-week-old wild-
type and AtPDR12-knockout plants whose roots were
soaked in 1 mm Pb(NO;), for 2 d. Shoots of atpdr12-1
plants contained 1.4-fold more Pb than those of wild-
type plants (P < 0.001; Fig. 5). Although the Pb content

Figure 3. Reduced growth  of
AtPDR12-knockout plants in medium
containing Pb(NO,),. A to C, Photo-
graphs of wild-type and AtPDR12-
knockout homozygous plants
(atpdr12-1 and -2) germinated and
grown on one-half MS agar media
without (control) or with Pb(NO,), (A
and B) or CdCl, (C) for 3 weeks.
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Figure 4. Phenotypic analysis of wild-
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of atpdr12-2 plants seemed slightly higher than that
of wild-type plants in Pb(NOj;),-containing media, the
difference was not statistically significant (data not
shown). Additionally, the phenotypes of atpdri2-2
plants were less pronounced than those of atpdr12-1
plants with respect to fresh weight and root length. We
have no valid explanation for this difference, except
perhaps for the observation that the T-DNA insertion
site of atpdr12-2 is closer to the stop codon than that of
atpdr12-1. We then examined the possibility that Pb
treatment of the knockout plants causes changes in the
levels of other metal ions, using an inductively cou-
pled plasma spectrometer. While potassium, copper,
magnesium, iron, zinc, and manganese levels re-
mained the same, the Pb level was confirmed to be
higher in AtPDR12-knockout plants (atpdr12-1) than in
the wild type (data not shown).

AtPDR12-Overexpressing Arabidopsis Plants Are
More Resistant to Pb(II)

If AtPDR12 contributes to Pb(II) resistance,
AtPDRI12-overexpressing plants may be more resistant
to Pb(II) than wild-type plants. The AtPDR12 gene was
inserted into the pBI121 vector with a 35S promoter
(pBI121:AtPDR12) and the construct was introduced
into wild-type Arabidopsis plants. We selected 3 T2
lines that had only 1 copy of pBI121:AtPDR12, and T3
homozygous lines were chosen from the next genera-
tion and tested for their resistance to Pb(II). In one-half
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Pb(ll) mM

MS control medium without Pb(NO;),, growth of
AtPDR12-overexpressing and wild-type plants was
similar (Fig. 6A). However, in medium containing
0.75 mM Pb(NOj;),, the shoots and roots of AtPDR12-
overexpressing plants grew slightly better than

30
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5 |

i

Pb content
(ug / mg plant FW)

WT atpdr12-1

Figure 5. Increased accumulation of Pb in AtPDR12-knockout plants.
Wild-type and AtPDR12-knockout plants were grown for 2 weeks on
one-half MS agar plates, then their roots were soaked with 1 mm
Pb(NO,), for 2 d, and shoots were harvested in pools of 3 plants for
measurement of the Pb contents using an atomic absorption spectrom-
eter. A representative from 3 independent experiments with similar
results is shown (n = 17 in the representative experiment; n = 1 means
a pool of 3 plants.) Error bars represent se. **P < 0.001 by Student’s
t test.
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P12 -1

0.75 mM Pb(NO,),

Figure 6. Enhanced Pb(ll) resistance of AtPDR12-overexpressing Arabidopsis. A, Growth in control medium. B, Growth in
medium containing 0.75 mm Pb(NO;), T3 homozygous lines of AtPDR12-overexpressing plants and wild-type plants were
grown vertically on one-half MS agar media with 1.5% Suc with or without 0.75 mm Pb(NO,),. Photographs were taken 2 weeks
after sowing. P12-1, -2, and -3, Three independent lines of AtPDR12-overexpressing T3 homozygous plants.

those of wild-type plants (Fig. 6B). Quantitative anal-
yses showed that the fresh weights and root lengths
of AtPDRI12-overexpressing and wild-type plants
were similar in control medium except for one
AtPDR12-overexpressing line, which had a slightly
reduced fresh weight (Fig. 7, A and C). In Pb(NO,),-
containing medium, fresh weight and root length were
consistently higher in the 3 AtPDR12-overexpressing
plants than in the wild-type plant; the fresh weight
of AtPDR12-overexpressing lines were 1.14-, 1.37-, and
1.28-fold higher than that of the wild type (Fig. 7B),
and root lengths of 2 AtPDRI12-overexpressing lines
were 1.23- and 1.29-fold longer than that of the wild-
type plant (Fig. 7D). To investigate the AtPDRI12
transcript level in AtPDR12-overexpressing plants, total
RNA was extracted from Pb(Il)-treated AtPDR12-over-
expressing and wild-type plants. The 3 AtPDR12-over-
expressing plants had a higher AtPDR12 transcript
level compared to wild-type plants (Fig. 7E).

To test whether AtPDRI2-overexpressing plants
had reduced Pb contents compared to wild-type

Plant Physiol. Vol. 138, 2005

plants, AtPDR12-overexpressing and wild-type plants
were grown on 0.7 mM Pb(NOj;),-containing medium
for 2 weeks and then their shoots were prepared.
Pb contents of 3 independent lines of AtPDRI12-
overexpressing plants (P12-1, P12-2, and P12-2) had
Pb contents that were 73%, 68%, and 72% of that of
wild-type plants (P < 0.05 for all 3 lines; Fig. 8).

Pb(II) Resistance Conferred by AtPDR12 Is Independent
of Glutathione

Because Pb(Il) can form complexes with thiol
compounds, we investigated whether the Pb(Il) de-
toxification mechanism of AtPDR12 is related to
glutathione. To test this possibility, we compared the
growth of wild-type and AtPDR12-transgenic plants
in medium containing buthionine sulfoximine (BSO),
an inhibitor of glutathione synthesis. In control or
1 mM BSO-containing media, the growth rates of
AtPDR12-overexpressing (P12-1), -knockout (atpdr12-1),
and wild-type plants were similar (Fig. 9, A and B).
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Figure 7. Quantitative analyses of A B
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In 0.7 mm Pb(NO,),-containing medium, AtPDR12-
overexpressing and -knockout plants showed slightly
enhanced and slightly reduced growth, respectively,
compared to the wild-type plants (Fig. 9C), as found
in previous experiments. In medium containing
both 1 mm BSO and 0.7 mm Pb(NQO,),, this growth dif-
ference was even more striking than in medium
containing Pb(NO,), alone (Fig. 9D). This amplified
phenotypes under low-glutathione condition indi-
cates that AtPDR12 does not use glutathione for Pb(Il)
detoxification.

AtPDR12 Is Localized at the Plasma Membrane and
Expressed in Many Organs of Arabidopsis

To investigate the localization of AtPDRI12, we
isolated protoplasts from Arabidopsis whole seed-
lings and introduced a green fluorescent protein
(GFP):AtPDR12 construct (GFP gene fused to the 5’
end of AtPDR12 gene) into them using the polyethyl-
ene glycol transformation method (Jin et al.,, 2001).
After 30 h of incubation, the fluorescence of
GFP:AtPDR12 was localized at the boundary of the
cell, most likely the plasma membrane (Fig. 104,
subsections a and b). To confirm the plasma mem-
brane localization, we used AtAHAZ2:red fluorescent
protein (RFP) as a control. AtAHA?2 is an Arabidopsis
H'-ATPase that is known to localize to the plasma

832

AtPDR12

membrane. When GFP:AtPDR12 and AtAHA2:RFP
were transformed into the Arabidopsis protoplasts at
the same time, AtAHA2 and AtPDR12 were colocal-
ized at the boundary of the cell (Fig. 10A, subsections
c—e), confirming the plasma membrane localization of
GFP-AtPDR12. Plasma membrane localization of

50 r
40
30

20

Pb contents
(vg / mg plant FW)

10

P12-1 P12-2 P12-3

Figure 8. Reduced accumulation of Pb in AtPDR12-overexpressing
plants. Wild-type and 3 independent lines of AtPDR12-overexpressing
plants (P12-1, -2, and -3) were grown for 2 weeks on 0.7 mm Pb(NO,),-
containing medium. Their shoots were then harvested for measurement
of Pb content using an atomic absorption spectrometer. Black and
white bars represent wild-type and AtPDR12-overexpressing lines,
respectively. The average of 2 independent experiments, each consti-
tuted of 8 independent replicates, is shown (n = 16). Error bars
represent Se. *P < 0.05 by Student’s ¢ test.
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0.7 mM Pb(NO;),

AtPDR12 was confirmed by transforming the proto-
plasts with a second construct of the fused genes,
AtPDR12:GFP (GFP gene fused to the 3’ end of
AtPDR12 gene; data not shown).

To investigate the tissue-specific expression pattern
of AtPDR12 in wild-type plants, we extracted total
RNA from each tissue and performed RT-PCR.
AtPDRI2 transcripts were detected in rosette leaves,
stems, cauline leaves, and flowers, but not in roots
(Fig. 10B).

DISCUSSION

AtPDRI12 has been studied before (Van den Brule
and Smart, 2002; Campbell et al., 2003), but informa-
tion about it has been limited to its induction by
defense-related molecules and the susceptibility of its
knockout plants to sclareol. In this study, we cloned
the AtPDR12 gene and studied its function in Pb(II)
resistance. Results we obtained are highly suggestive
of a role for AtPDR12 in Pb(Il) resistance. First, we
showed that the expression level of AtPDR12 was
strongly induced by Pb(Il) treatment (Fig. 1). Second,
we showed that the shoots and roots of AtPDR12-
knockout plants grow less on Pb(Il)-containing me-
dium than those of wild-type plants (Figs. 3 and 4).

Plant Physiol. Vol. 138, 2005
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Figure 9. Glutathione-independent Pb(l)-resis-
tance mechanism of AtPDR12. A, Growth of
AtPDR12 mutants in control medium. B, Growth
in 1 mm BSO-containing medium. C, Growth
in medium containing 0.7 mm Pb(NO,),. D,
Growth in both T mm BSO and 0.7 mm
Pb(NO,),-containing medium. AtPDR12-overex-
pressing (P12-1), -knockout (atpdri2-1), and
wild-type (WT) plants were grown vertically on
one-half MS agar media without or with
Pb(NO,), or BSO. Photographs were taken
3 weeks after sowing.

0.7 mM Pb(NO),
+1mM BSO

Third, we showed that AtPDRI2-overexpressing
plants, when grown on Pb(Il)-containing medium,
had improved growth of shoots and roots compared
to wild-type plants (Figs. 6 and 7). We propose that
the improved resistance of the AfPDR12-overexpress-
ing plants is due to the exclusion of Pb(Il), because
GFP:AtPDR12 was localized to the plasma mem-
brane (Fig. 10), and the AtPDRI12-knockout and
-overexpressing plants had increased or reduced lev-
els of Pb, respectively (Figs. 5 and 8). It remains
unknown whether AtPDR12 transports Pb(I) and/or
Pb-containing compounds directly or indirectly. It
may also transport other substrates generated by
Pb(II) toxicity, or it may even function as a regulator
of an unknown Pb(Il) transporter. This problem will be
difficult to resolve until a flux assay for Pb(II) becomes
available.

To test whether AtPDR12 responds specifically to
Pb(Il), AtPDR12-knockout plants were tested for
growth on media containing various metal ions such
as Zn(II), Cd(II), Cu(ll), and AI(III). However, their
growth rates were not different from those of wild-
type plants (data not shown). AtPDR12 is unique in
the sense that it confers resistance to Pb(II) but not to
Cd(I), whereas the heavy metal transporters of other
organisms, including ZntA and Ycf1, confer resistance
to both Pb(Il) and Cd(Il). Thus, AtPDR12 appears to
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Figure 10. Intracellular localization of the
GFP:AtPDR12 fusion protein and tissue-specific
expression in Arabidopsis. A, Subsections a and
b, Localization of GFP:AtPDR12. Subsection a,
Bright field image of mesophyll cell protoplasts
transformed with GFP:AtPDR12. Subsection b,
Fluorescent image of the cells shown in sub-
section a. Subsections ¢ to e, Colocalization of
GFP:AtPDR12 and AtAHA2:RFP. Subsection c,
Bright field image of a mesophyll cell protoplast
transformed with GFP:AtPDR12 and AtAHA2:
RFP. Subsection d, Fluorescence image of
GFP:AtPDR12 in the cell shown in subsection
c. Subsection e, Fluorescence image of AtAHA2:
RFP in the cell shown in subsection c. Bar =
5 wm. B, RT-PCR analysis of the AtPDR12 ex-
pression pattern. Total RNA was extracted from 2-
week-old plants grown on one-half MS agar plate
(rosette leaf and root) and 5-week-old plant
grown in soil (cauline leaf, stem, and flower).

be the first ABC transporter gene that contributes
specifically to Pb(II) resistance.

Not much is known about the Pb(II) resistance
mechanisms of plants. We previously showed that
oxalate secretion is important for Pb resistance in
certain varieties of rice (Yang et al., 2000). Glutathione
is also known to be important for Pb(ll) resistance.
Glutathione is required for glutathione-conjugated
vacuolar sequestration, an important pathway of
heavy metal detoxification in plants (Grill et al., 1989;
Li et al.,, 1997). Glutathione is a precursor of phytoche-
latin, which binds to Pb(Il), and phytochelatin synthe-
sis increases in plants exposed to Pb(Il) (Mehra et al.,
1995). In addition, we showed that expression of YCF1
enhanced plant resistance to Pb(Il) via a glutathione-
dependent pathway (Song et al., 2003). In this paper,
we have confirmed the importance of glutathione
in Pb(Il) resistance, since addition of BSO further
reduced the growth of all plant genotypes tested,
including the wild-type, AtPDR12-knockout, and
AtPDR12-overexpressing plants, all of which already
displayed growth in the presence of Pb(Il) (Fig. 9,
compare C and D). When the glutathione-dependent
mechanisms of Pb(Il) resistance were blocked by BSO,
the contribution of AtPDR12 to Pb(Il) resistance be-
came more apparent (Fig. 9D). Thus, plants seem
to have at least two distinct mechanisms for Pb(II)
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resistance, a glutathione-dependent mechanism and
a glutathione-independent mechanism that depends
on AtPDR12.

AtPDR12 may function in plant defense responses,
since previous reports showed that the AtPDR12 tran-
script was highly elevated under sclareol treatment
(Van den Brule and Smart., 2002) and germination of

Table 1. Primer sequences used for RT-PCR that tested transcript
levels of some ABC proteins of Arabidopsis

Primer Name Primer Sequence (5’ to 3")

AtMRP4-RF CCACTTGTGCTCAAGGGGATCACTCTTGAC
AtMRP4-RR  TCCAGCAAGCGAGCCGGGCTATCGAACTCT
AtPDR1-RF GGATCCCCCGGGATGAGGACAGTGAG-
GAATACA
AtPDR1-RR  AAGCCCACTAACACGTAGCAATCGG
AtPDR4-RF GCGTTCGAATGGTCCGCGGTGAAGTTC
AtPDR4-RR  CAGTAATGACAGAGGAAGAATAGGCAGTC
AtPDR6-RF ACCGGGATCGAATGATCTCTACTTCC
AtPDR6-RR AGGCGATGTGGACAACGGCTACAACT
AtPDR9-RF CGGGAAAGATTCGCAGGGATGTACTCAGCG
AtPDR9-RR  GGCAATGGGAAAAGCGATTTGAACCGC

AtPDR12-RF  GAAGCGGCTTTAGGAGTCGATTTCGC
AtPDR12-RR  CGTCCACTCGAATCCTATCATAGCG
Tub1 CTCACAGTCCCGGAGC TGACAC
Tub2 GCTTCAGTGAACTCCATCTCGT
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AtPDR12-knockout seeds was inhibited by sclareol
(Campbell et al., 2003). Supporting this possibility, the
AtPDR12 transcript is induced by fungal-pathogen
inoculation or treatment with defense-related signal
molecules, including salicylic acid, jasmonic acid,
methyl jasmonate, and ethylene (Campbell et al.,
2003). Although we used the same line of AtPDR12-
knockout plants used by Campbell et al. (2003),
atpdr12-2, we were not able to observe any remarkable
phenotypes on sclareol-containing media (data not
shown). However, our results do not exclude the possi-
bility that AtPDR12 is associated with other plant
defense responses.

AtPDR12 may have functions unrelated to Pb de-
toxification as well, because AtPDR12 is expressed in
shoots and flowers under normal conditions (Fig. 9). It
is commonly found in many organisms that one pro-
tein has multiple functions that are not related to each
other (Lee et al., 2002; Kim et al., 2003). Moreover, ABC
transporters of many organisms are known to trans-
port more than one substrate. For example, ScPDR5
exports cycloheximide, oligomycin, steroids, and anti-
fungal drugs (Kolaczkowski et al., 1996; Mahe et al.,
1996). Therefore, AtPDR12 may transport materials
important for the normal growth and development of
plants. Further studies are necessary to understand the
substrates of AtPDR12 under normal conditions.

In summary, our results strongly support the pos-
sibility that AtPDR12 contributes to the resistance of
Arabidopsis to Pb(II) by pumping or regulating trans-
port of Pb(Il) or Pb(Il)-related toxic compounds to the
exterior of the cell.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana) wild-type ecotype Colombia-0,
AtPDR12-overexpressing, and AtPDR12-knockout plants were surface steril-
ized, placed in the dark at 4°C for 2 d, and then sown on agar plates of one-half
MS with 1.5% Suc (Murashige and Skoog, 1962) or in soil. For phenotype tests,
heavy metals and drugs were added to one-half MS medium.

Cloning of AfPDR12 and Plasmid Construction

The full AtPDR12 sequence was isolated from a cDNA by PCR. The cDNA
was synthesized using total RNA extracted from Pb(I)-treated roots of
Arabidopsis wild-type plants. The primers used were AtPDR12-TFF (5'-CCC-
GGGGGGGATCCATGGAGGGAACTAGTTT TCACCAAGCGAGTA-3') and
AtPDRI2-TFR (5'-GGATCCGCGGCCGCCTATCGTTTTTGGAAATTGAAA-
CTCTTGATTC-3'). The primers contained two restriction enzyme sites for
easy cloning. The PCR product was ligated into the pGEM-T easy vector
(Promega, Madison, WI) using T4 DNA ligase. The fidelity of the AtPDR12
sequence (GenBank accession no. NM_101421) was confirmed by automated
DNA sequencing (ABI 3100, Perkin-Elmer Applied Biosystems, Foster
City, CA).

Assay of ABC Protein Transcript Levels after Pb(II)
Treatment of Arabidopsis

To test expression levels of ABC proteins under Pb(II) stress, total RNA was
extracted from Pb(II)-treated and water-treated roots of Arabidopsis. RT-PCR
was performed using an RT-PCR kit (Invitrogen, Carlsbad, CA) with each
ABC protein-specific primer set. The primer sequences employed are listed in
Table I. As a control for RT-PCR, Tub1 and Tub2 primers were used.
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Selection of AtPDR12-Knockout Arabidopsis

Two alleles of AtPDR12-knockout Arabidopsis seeds, SALK_013945 and
SALK_005635, were obtained from the Salk Institute Genomic Analysis
Laboratory (http://signal.salk.edu/cgi-bin/tdnaexpress). The seeds were
sown and grown on soil for 4 weeks, after which genomic DNA was extracted
from the plants. Homozygous AtPDR12-knockout plants were selected by
PCR using 3 primers. In the case of the SALK_013945 line, a T-DNA-specific
primer (pROKLBb1, 5'-GCGTGGACCGCTTGCTGCAACT-3') and 2 AfPDR12-
specific primers (AtPDR12-TDNA-F, 5'-ATCAACACGGTCCCAGGAA-
TGC-3" and AtPDRI12-TDNA-R, 5'-CCATACGTTCTCGTGCAAGCGA-3")
were used. In the case of the SALK_005635 line, a T-DNA-specific primer
and 2 gene-specific primers (AtP12K/0-005635-LP, 5'-CTAATCCAGTG-
TTGTTGATCATCCT-3' and AtP12K/0-005635-RP, 5'-GAGCTAATCAAG-
GAGCTAAGCCAGC-3') were used.

Production of AtPDR12-Overexpressing Arabidopsis

To make AtPDR12-overexpressing plants, AtPDR12 was fused to pBI121
using the BamHI site of the pBI121 vector (Jefferson et al.,, 1987), and the
construct was introduced into the Agrobacterium tumefaciens GV3101 strain,
which was used to transform Arabidopsis ecotype Columbia by the floral-
dipping method (Clough and Bent, 1998). The transformed seeds were
selected on 30 ug/mL kanamycin-containing one-half MS agar plates. Tran-
scripts of AtPDR12-overexpressing lines were detected by RT-PCR using
primers described in Table I and total RNA extracted from Pb(NO,),-treated
2-week-old seedlings.

Measurements of Fresh Weight, Root Length, and
Metal Contents in Arabidopsis

Arabidopsis plants were grown on one-half MS-agar medium supple-
mented with 1.5% (w/v) Suc without (control) or with 0.7 mm or 0.75 mm
Pb(NO,), for 4 weeks or 2 weeks. Plants were collected and weighed and their
root length was measured. The shoots of plants were digested with 11 N HNO,
at 200°C overnight. Digested samples were diluted with 0.5 N HNO; and ana-
lyzed using an atomic absorption spectrometer (SpectrAA-800, Varian, Palo
Alto, CA) or inductively coupled plasma spectrometer (IRIS/AP, Thermo
Jarrell Ash, Franklin, MA).

Intracellular Localization of AtPDR12 in Arabidopsis

To investigate AtPDR12 localization, we made 2 different AtPDR12-GFP
fusion constructs, an N-terminal and a C-terminal GFP construct, which we
denoted GFP:AtPDR12 and AtPDR12:GFP, respectively. The former construct
was made by inserting AtPDR12 into the 326GFP-3G vector (CLONTECH
Laboratories, Palo Alto, CA) using the Smal and Sall sites, and the latter
construct was made by inserting AtPDRI2 into the 326GFP vector
(CLONTECH) using the BamHI site. AtAHA2:RFP was used as a plasma
membrane marker (Kim et al., 2001). The two constructs were introduced into
Arabidopsis protoplasts by the polyethylene glycol method (Abel and
Theologis, 1998; Jin et al.,, 2001). Expression of constructs was monitored
using a Zeiss Axioskop2 fluorescence microscope (Zeiss, Oberkochen, Ger-
many). The filter sets used were Filter set 44 (excitation, BP 455-495;
beamsplitter, FT500; emission, BP 505-555) for GFP and Filter set 20 (excita-
tion, BP 540-552; beamsplitter, FT560; emission, BP 575-640) for RFP.

Tissue-Specific Expression of AtPDR12

To investigate the tissue-specific RNA level of AtPDR12, RT-PCR was
performed using total RNA extracted from each organ. Rosette leaves and
roots were harvested from wild-type plants grown on one-half MS plate for
2 weeks. Flowers, stems, and cauline leaves were harvested from wild-type
plants grown in soil for 5 weeks.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession number NM_101421.
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