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Metal transport from the cytosol to the vacuole is thought to be an important component of ion tolerance and of a plant’s
potential for use in phytoremediation. The Arabidopsis antiporter CAX2 (calcium exchanger 2) may be a key mediator of this
process. CAX2 expression in yeast suppressed both Ca®>" and Mn*" growth defects. A peptide-specific antibody to the
antiporter reacted with a 39-kD protein from plant vacuolar membranes. Tobacco (Nicotiana tabacum) plants expressing
CAX?2 accumulated more Ca?", Cd?", and Mn?" and were more tolerant to elevated Mn?" levels. Expression of CAX2 in
tobacco increased Cd*" and Mn*" transport in isolated root tonoplast vesicles. These results suggest that CAX2 has a broad
substrate range and modulation of this transporter may be an important component of future strategies to improve plant ion

tolerance.

Plants are susceptible to toxicity from most essen-
tial and nonessential ions. The concentration causing
toxicity varies with the ion type, ion concentration,
plant type, and conditions of growth. Tolerance to
metals is thought to be based on multiple mecha-
nisms, one of which is vacuolar sequestration (Cun-
ningham et al., 1995; Kumar et al., 1995; Salt et al.,
1995, 1998; Tomsett and Thurman, 1998). Vacuolar
transporters may provide an important mechanism
for metal sequestration into vacuoles (Salt and Wag-
ner, 1993; Salt and Rauser, 1995; Shaul et al., 1999). In
fact, a concentration gradient of Cd** and Mn>" is
established across the oat root tonoplast by Cd** /H™"
and Mn** /H" exchange activities (Salt and Wagner,
1993; Gonzales et al., 1999); however, the genes en-
coding these biochemical activities have not yet been
identified.

Manipulation of vacuolar exchange activity may be
an important component of genetic modifications to
improve plant productivity and ion tolerance. Over-
expression of an Arabidopsis vacuolar Na* /H™" an-
tiporter in plants increased salinity tolerance (Apse et
al., 1999). Expression of CAX1, a putative vacuolar
Ca?"/H" antiporter from Arabidopsis, in tobacco
(Nicotiana tabacum) increases Ca®" accumulation and
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Ca?*-related stress sensitivities (Hirschi, 1999). Ectopic
expression in tobacco of AtMHX, an Arabidopsis Mg**
and Zn>" vacuolar antiporter, increases sensitivity to
Mg®* and Zn** (Shaul et al., 1999). Thus, dysregu-
lated expression of vacuolar antiporters can impart
positive (salinity tolerance) or negative (ion sensitiv-
ity) effects on plant growth.

Previously, two Arabidopsis genes, CAX1 (for cal-
cium exchanger 1) and CAX2 were identified by their
ability to suppress mutants of yeast defective in vac-
uolar Ca*?* transport (Hirschi et al., 1996). CAX1
biochemical activities in yeast vacuoles correlate well
with those described for plant vacuolar Ca®"/H*
antiport activities, and recent evidence suggests that
CAX1 plays a role in plant Ca®" homeostasis (Hirs-
chi, 1999); however, the role of CAX2 in plant growth
and ion homeostasis is unknown. Biochemical activ-
ities of CAX2 in yeast su§§est that this gene product
has a low affinity for Ca®" (Hirschi et al., 1996).

In yeast, either CAX1 or CAX2 can compensate for
the absence of the endogenous vacuolar Ca®"/H*
antiporter (Hirschi et al., 1996). The functional redun-
dancy of CAX1 and CAX2 suggests that loss-of-
function Ca®" antiporter mutations may not reveal a
perceived phenotyzpe. Ectopic expression of CAX1 in
tobacco causes Ca®" deficiency-like symptoms (Hir-
schi, 1999), suggesting that heterologous CAX2 ex-
pression might provide useful insights into CAX2
function (Diener and Hirschi, 2000).

Here, we take three different approaches to further
ascertain the function of CAX2 in plants. First, we
describe the growth characteristics of yeast strains
expressing CAX2. In the second approach we analyze
the intracellular localization of CAX2 and the influ-
ence of various metal stresses on CAX2 expression in
Arabidopsis. Our third approach is to create CAX2-
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expressing tobacco plants and analyze their biochem-
ical properties. Together, these studies demonstrate
the involvement of CAX2 in the transport of several
divalent cations into the vacuole in yeast and higher
plants.

RESULTS
CAX2 Expression Confers Mn** Resistance in Yeast

Yeast strains lacking functional calcineurin (cnb
strains) display increased Mn®" sensitivity due, in
part, to decreased activity of the Golgi Ca>*-ATPase
PMRI1 (Farcasanu et al., 1995; Cunningham and Fink,
1996; Pozos et al., 1996; Fig. 1). Expression of the
yeast vacuolar Ca®>"/H™ antiporter suppresses this
growth defect (Pozos et al., 1996). We therefore tested
whether CAX2 expression in yeast could improve the
growth of the calcineurin mutant strain on medium
containing MnCl,. As shown in Figure 1, CAX2 ex-
pression increases the Mn®" tolerance of both cnb
mutant strains and isogenic wild-type parent strains.

Calcineurin mutants display growth defects under
a variety of conditions: for example, they have in-
creased salt sensitivity (Pozos et al., 1996). In contrast
to the Mn”" sensitivity of cnb strains, these growth
defects were unchanged by CAX2 expression (data
not shown). Thus, CAX2 specifically increased toler-
ance to Mn?" but could not substitute generally for a
lack of calcineurin in vivo.

CAX2 expression did not alter the tolerance of
wild-type yeast strains to any additional ions that
were tested (Cd**, Cu®*, Na*, Mg®", and Zn*"; data
not shown). Furthermore, CAX2 expression also did
not suppress the Cd** sensitivity of a yeast strain
defective in vacuolar Cd** sequestration (data not
shown; Li et al., 1996).
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Figure 1. Mn?* tolerance assay of yeast strains expressing vector or
CAX2. All strains were grown to saturation in selection media at 30°C
and diluted 500-fold into fresh media containing a range of MnCl,
concentrations and incubated for 1 d (wild-type strains) or 2 d (cnb
strains) at 30°C in flat-bottom 96-well dishes (0.2 mL/well). Optical
density at 650 nm was measured for each resuspended culture and
plotted directly (Matheos et al., 1997).
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Figure 2. Intracellular localization of CAX2 in wild-type Arabidopsis
plants. Arabidopsis membranes were extracted and fractionated in a
Suc gradient as previously described (Schaller and DeWitt, 1995).
The fractions (fraction 1T = 21%; fraction 7 = 38% [v/v] Suc) were
subjected to western-blot analyses using the following antibodies:
CAX2, affinity-purified antibodies against a peptide from CAX2 de-
duced amino acid sequence; VM, antibodies against a vacuolar
membrane marker VM23, a homolog of tonoplast intrinsic protein
from radish (Raphanus sativus), which is a species closely related to
Arabidopsis (Maeshima, 1992); PM, antibodies against the Arabidop-
sis plasma membrane marker protein RD-28 (Yamaguchi-Shinozaki
et al., 1992); ER, antibodies against the endoplasmic reticulum yeast
BiP protein that specifically recognize plant endoplasmic reticulum
BiP (Shimoni et al., 1995).

CAX2 Is Localized in the Plant Vacuolar Membrane

CAX2 contains 11 putative transmembrane do-
mains and has a predicted molecular mass of 39 kD
(Hirschi et al., 1996). The amino acid sequence of
CAX2 lacks any special sequences that could suggest
the cellular membrane to which it is targeted. How-
ever, in yeast this protein appears to function at the
tonoplast membrane (Hirschi et al., 1996). To identify
the cellular localization of CAX2 in plants, we pro-
duced polyclonal antibodies against a peptide from
the deduced amino acid sequence of the central non-
membranal loop. The antibody did not cross-react
with yeast proteins; however, it did react with a
39-kD protein in yeast strains expressing CAX2 (data
not shown). As shown in Figure 2, western-blot anal-
ysis of Arabidopsis membranes fractionated on Suc
gradients show that CAX2 cofractionates with the
vacuolar membrane marker tonoplast intrinsic pro-
tein, and not with plasma membrane or endoplasmic
reticulum markers. Differential centrifugation simi-
larly indicated that CAX2 did not cofractionate with
mitochondria, plastids, or nuclei (data not shown).
Thus, CAX2 is predominately localized in the vacu-
olar membrane. This localization is supported by
ion-transport studies of tonoplast vesicles isolated
from tobacco plants transformed with CAX2 (see
below).

CAX2 Expression in Arabidopsis

CAX2 RNA and CAX2 protein could be detected at
low levels in all Arabidopsis tissues (data not
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Figure 3. Expression of CAX2 and CAXT in Arabidopsis. CAX RNA
expression in response to ion imbalances. RNA is from whole Ara-
bidopsis plants 16 h after treatment with various ions (Murashige and
Skoog-nutrient media; Ca?*, 80 mm CaCl,; Cd**, 0.01 mm CdCl,;
Cu?*, 0.1 mm CuCl,; Mg?*, 50 mm MgCly; Mn?*, 0.5 mm MnCl,;
Ni*, 0.1 mm NiCl; Zn?*, 1 mm ZnCl,). The blot was hybridized with
either the CAX2 or CAXT cDNA. Ethidium bromide-stained rRNA
before transfer is shown in the bottom panel.

shown). Northern analyses were performed to deter-
mine how ion imbalances and a variety of other
stresses induced CAX2 RNA accumulation. As
shown in Figure 3, CAX2 RNA was not greatly in-
duced by any of the tested treatments; however,
there may be a slight induction by Zn** treatment.
For purposes of comparison, we also probed this blot
with CAXI. The levels of CAX2 protein also did not
appear to significantly increase after these treatments
(data not shown). The plant hormones, abscisic acid,
auxin, and gibberellin, at concentrations of 0.1 um,
also did not induce CAX2 RNA or protein expression
after a 16-h incubation (data not shown).

Expression of CAX2 in Transgenic Tobacco

In previous work, CAX2 was partially character-
ized as its ability to suppress defects in vacuolar Ca**
transport in yeast. However, CAX2 appears to have
biochemical properties in yeast that are inconsistent
with its involvement in transport of Ca®* into the
vacuole (Hirschi et al., 1996). To examine the role of
CAX2 in ion homeostasis, we expressed CAX2 driven
by the cauliflower mosaic virus 355 promoter (35S) in
Arabidopsis and tobacco plants.

Transgenic expression of CAX2 in Arabidopsis
plants was expected to either attenuate endogenous
transcript levels of CAX2 by a gene-silencing phe-
nomenon or exaggerate CAX2 expression. By north-
ern analysis, we found that CAX2 overexpression in
Arabidopsis augmented normal CAX2 expression.
However, this overexpression did not result in mea-
surable changes in CAX2 protein levels (data not
shown).

As an alternative approach, we took advantage of
heterologous expression and expressed the Arabi-
dopsis CAX2 gene in tobacco (cv KY160). We gener-
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ated transgenic lines of tobacco with a CAX2 open
reading frame (ORF) expressed in either the sense or
antisense orientation, driven by the 355 promoter. As
controls, transgenic lines were prepared that har-
bored only the expression vector.

Preliminary examination of CAX2 expression in
tobacco suggested that CAX2 was affecting plant
growth. Figure 4A demonstrates that after several
weeks, some of the primary transformants expressing
the sense-oriented CAX2 displayed altered leaf mor-
phology. This was observed in 10 of the 70 primary
transformants. After several weeks, the leaves were
spindle-shaped and chlorotic (Fig. 4B). In these 10
plants and an additional 10 plants, there appeared to
be a reduction in root mass (data not shown). The
remaining sense lines and the 50 transgenic plants
expressing antisense-oriented CAX2 displayed growth
phenotypes indistinguishable from the 10 vector con-
trol transgenic plants.

All 10 of the chlorotic lines failed to produce seeds.
The other 60 355::CAX2-expressing lines, the antisense-
oriented CAX2 lines, and vector-containing transgenic

.“. ‘}
4 \ /

o

ANTISENSE

Figure 4. Phenotypes of tobacco plants expressing CAX2 genes.
Sense lines denote expression of the CAX2 ORF. Antisense lines
contain the ORF in the opposite orientation. A, Phenotype of primary
CAX2-expressing transformants lines using a 35S promoter. B, Leaf
phenotype of primary CAX2-expressing transformants lines using a
35S promoter. C, CAX2-expressing seedlings grown in standard me-
dia immediately after transfer to various media (pretreatment).
D, CAX2-expressing seedlings transferred to standard media and
grown for 10 d. E, CAX2-expressing seedlings transferred to standard
media supplemented with 0.5 mm MnCl, and grown for 10 d. F,
Phenotype of transgenic plants grown for 1T week in a hydroponic
solution containing 0.5 mm MnCl,.
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Figure 5. Expression of CAX2 in transgenic tobacco plants. Ten
micrograms of total RNA extracted from fully expanded leaves of
6-week-old T, plants was analyzed by RNA gel blotting. The blot was
hybridized with the CAX2 cDNA probe. Transgenic lines expressing
the vector alone do not express CAX2 RNA. Sense lines (C-14, C-21,
C-28, and C-35) denote 5'-3" expression of the CAX2 ORF using the
35S promoter (35S::CAX2). Ethidium bromide-stained rRNA before
transfer is shown. A protein gel blot of fractionated transgenic to-
bacco plants probed with Arabidopsis anti-CAX2 antiserum. Protein
was extracted from 6-week-old T, plants and 10 ug of protein was
transferred to each lane of a SDS-polyacrylamide gel, blotted to
nitrocellulose, and probed with the anti-CAX2 antibody.
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lines all possessed about 90% fertility. The reduction
in root mass revisited the majority of T, plants from
the 10 original transformants, which displayed this
phenotype. Approximately 10% of the T, plants from
the remaining CAX2-expressing lines had a slight
reduction in root mass; however, the majority of the
plants appeared normal.

We selected four independent transgenic lines (C-
14, C-21, C-28, and C-35) that displayed normal
growth (no reduction in root mass) for further study.
The expression of CAX2 RNA was measured in these
lines by northern analysis. As shown in Figure 5,
CAX2 RNA accumulates in all 355::CAX2 transgenic
lines. CAX2-specific RNA could also be detected in
all antisense lines tested (data not shown). The in-
ability to detect an endogenous transcript of the to-
bacco CAX2 homolog in the vector transgenic lines
attests to the high stringency of our hybridization.

The expression of CAX2 protein could also be ver-
ified in the transgenic plants. The antibody reacted
with a protein with the expected molecular mass of
39 kD, which did not appear in vector only plants
(Fig. 5B).

CAX2 Expression Confers Mn>* Tolerance in Plants

Constitutive CAX2 expression might also alter the
ion sensitivity of transgenic plants. As shown in Fig-
ure 4C, transgenic seeds were germinated on stan-
dard media and then transferred to various media
when they were similar in size and vigor to the
control plants. When the CAX2-transformed plants
were allowed to grow in standard media, they were
the same size as the vector controls (Fig. 4D). More

128

than 200 T, seeds were analyzed from 20 35S:CAX2
lines, and these plants exhibited no alterations in
growth on AI**-, Ca®"-, Cd**-, Cu**-, Ni**-, Mg?*-,
Na*-, or Zn**-containing media (data not shown).
CAX2-expressing plants were more tolerant to Mn**
than the vector control (not shown) or antisense lines
(Fig. 4E). This tolerance to Mn*" could be seen in 30%
of the CAX2-expressing transgenic lines. The Mn**
tolerance could also be seen when plants were grown
hydroponically in 0.5 mMm MnCl, (Fig. 4F). However,
under the conditions tested, the sense CAX2-
expressing plants began to exhibit similar symptoms
to the vector controls after an additional 4 d (data not
shown).

Metal Accumulation in CAX2-Expressing Plants

To ascertain whether CAX2 expression altered total
metal accumulation, ion concentrations were mea-
sured in roots and stems of transgenic plants. As
shown in Figure 6, CAX2-expressing plants contained
almost three times the total Cd*" in root tissue as the
vector control plants. Stems of CAX2-expressin
plants contained approximately 15% more total Cd*
than plants expressing the vector alone. Ca®*" and
Mn?" levels were doubled in CAX2-expressing root
tissues with 15% to 20% increases in the content of
these ions in the stem. CAX2-expressing plants were
grown in 0.1 um AISO,, 0.1 um CuCl,, 10 mm MgCl,,
or 0.5 mm ZnSO,; supplemented media did not show
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Figure 6. lon concentrations in roots and stems of transgenic plants.
lon content of vector controls (V) and CAX2-expressing plants (line
C-14) grown in standard media supplemented with 10 mm CaCl,, 0.1
um CdCl, or 0.1 mm MnCl,. lon content was determined using atomic
absorption spectrophotometry. Data represent the means (*sp) of
three independent assays.

Plant Physiol. Vol. 124, 2000



differences compared with the vector controls (data
not shown).

Vacuolar Transport in CAX2-Expressing Tobacco

The relative '°°Cd, >*Mn, and **Ca root tonoplast
transport activities of control, C-14, and C-21 lines
were examined using the direct vesicle filtration as-
say. As shown in Figure 7, CAX2-expressing plants
had higher root tonoplast transport of all three ions
than the control. For Cd?™, lines C-14 and C-21 had
approximately 2.1- and 1.6-fold the ion accumulation
after 8 min as controls, respectively. For Mn?*, the
enhancements were 3.0- and 2.2-fold, respectively.
For Ca®", C-14 and C-21 lines had similar uptake that
was 1.8 times that of the control. The initial rates of
uptake (0 to 1 min) of Cd** and Ca®" appeared to be
higher in transformed versus control plants. In the
case of Mn®", only the C-14 line suggested a clearly
higher initial rate versus control. Further study is
needed to substantiate and understand results re-
garding initial uptake rates. The real-time acridine
orange fluorescence quench assay unfortunately is
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Figure 7. lon uptake in root tonoplast vesicles of CAX2-expressing
plants. Potassium-loaded vesicles were energized by addition of
nigericin. A, '°°Cd transport, 10 uM total Cd. B, >**Mn transport, 100
uM total Mn. C, **Ca transport, 10 pm total Ca.

Plant Physiol. Vol. 124, 2000

CAX2 Expression in Tobacco

not useful for monitoring proton efflux in response to
Mn®" uptake (Gonzales et al., 1999). The methyl-
amine assay for monitoring proton efflux in response
to Mn>" uptake into vesicles, like the ion transport
assay used here, is not amenable to monitoring initial
rates in detail. The affinity of CAX2 for Mn*" is
apparently much lower than that for Cd** and Ca®".
In transport assays, 10 um Cd*" and Ca** was found
to be optimal, whereas for Mn?" no activity is ob-
served using this same concentration of Mn?*, but
100 um Mn®" was suitable. This observation corre-
sponds to the fact that 100 times more Ca®" than
Mn?** occurs in nutritionally balanced plants, and it
corresponds to the earlier observation that 20-fold
higher Mn** than Ca®* was required to obtain the
same proton efflux response (methylamine assay) in
oat root tonoplast vesicles (Gonzales et al., 1999).

DISCUSSION
Properties of CAX2

In plants, the primary driving force for transport
processes is the electrochemical H" gradient, which
is generated by H"-ATPases localized in both the
plasma membrane and the vacuolar membrane (Ma-
athuis and Sanders, 1992). The Arabidopsis CAX2
transporter appears to be localized in the vacuolar
membrane (Fig. 2) and transports divalent cations
into the vacuole (Fig. 7).

CAX2 was initially cloned by its ability to suppress
a yeast mutant defective in vacuolar Ca®* transport
(Hirschi et al., 1996). There have been several recent
reports of yeast and plant Ca®" transporters sup-
pressing Mn®" growth defects (Pozos et al., 1996;
Liang et al., 1997; Del Poza et al., 1999). We demon-
strate here that CAX2 is also capable of suppressing
Mn®* growth defects in yeast (Fig. 1).

Various plant and yeast transporters appear to gen-
erally have a broad selectivity in ion transport (Ka-
mizono et al., 1989). For example, the plant trans-
porter IRT1 was initially identified as an Fe (II)
transporter (Eide et al., 1996); however, this protein
can also transport Mn*>* and Zn** (Korshunova et al.,
1999). The plant transporter LCA1 mediates the up-
take of Ca®" and Cd*" in yeast (Clemens et al., 1998).
CAX2 is shown here to be able to transport Ca*",
Cd**, and Mn*" (Figs. 6 and 7). Future experiments
will be directed at determining if CAX2 is capable of
transporting other ions as well.

The relative root accumulation of Cd** and Mn*"
versus Ca®" found here for CAX2 transgenic plants
(Fig. 6) is similar to the relative Cd*" and Mn®"
versus Ca”" transport capabilities observed in root
tonoplast vesicles isolated from these plants (Fig. 7).
The sensitivity of our studies unfortunately did not
allow us to precisely correlate the increased accumu-
lations with increased CAX2 expression. For exam-
ple, our results suggest that CAX2 is expressed at
approximately equal levels in transgenic lines C-14

129



Hirschi et al.

and C-21 (Fig. 5). However, C-14 demonstrated in-
creased ion accumulation and Mn** transport com-
pared with C-21 (Fig. 7; data not shown). Neverthe-
less, our findings support the conclusion that CAX2
has broad ion selectivity and that this transporter
plays a role in vacuolar uptake of Cd** and Mn*" in
plants.

CAX2 RNA levels did not increase in response to
exogenous Ca®*; however, CAX1 RNA levels in-
crease significantly in response to Ca?* treatment
(Fig. 3; Hirschi, 1999). Plants apparently regulate
these transporters through different mechanisms.
Given the lack of fluctuation in CAX2 protein levels
during ion imbalances, this protein may also be reg-
ulated post-translationally. In yeast, various trans-
porters are modulated during ion imbalances. This
regulation occurs through a cascade of proteins that
include a transcription factor that is regulated by the
phosphatase calcineurin (Matheos et al., 1997; Statho-
poulos and Cyert, 1997). In plants, CAX1 and CAX2
may be part of an ensemble of transporters, which
are regulated by as-yet-unidentified factors during
ion imbalances.

Implications of CAX2 Expression for Enhanced Mn**
Tolerance and Phytoremediation

At the cellular level, one component of engineering
ion tolerance in plants appears to be the manipula-
tion of plant vacuolar transporters. Increased expres-
sion of Na"/H™" antiport activity confers increased
sodium accumulation in Arabidopsis and thus in-
creased salt tolerance (Agse et al., 1999). Expression
of a putative vacuolar Ca®" /H™ antiporter in tobacco
increases total Ca>" content in plants (Hirschi, 1999).
Expression of a vacuolar Zn** and Mg>* transporter
in tobacco confers heightened sensitivity to these
specific ions (Shaul et al., 1999).

We demonstrate here that expression of CAX2 in
tobacco altered the Ca2", Cd?*, and Mn?" content of
plants and made transgenic plants more tolerant to
Mn*" stress (Figs. 4 and 6). Mn*" is a plant micro-
nutrient that is required for many enzyme-catalyzed
reactions (Marscher, 1995). Mn>* toxicity also can be
an important factor limiting plant growth, particu-
larly in acidic, poorly drained soils (Horst, 1988).
Mn*" toxicity affects a number of agriculturally im-
portant crops; in fact, in Kentucky this problem costs
growers 40 million dollars each year in yield loss
(Sims et al., 1990; Marschner, 1995). Cd*>* can also be
toxic to plants, but levels encountered in natural and
agricultural environments are generally below toxic-
ity levels (Wagner, 1992). Mechanisms of Cd** accu-
mulation in plants have been characterized (Wagner,
1992; Rea et al., 1998). Several hypotheses concerning
the physiological mechanisms of Mn** tolerance
have also been proposed (Gonzales and Lynch, 1999).
CAX2 expression in transgenic crops could poten-
tially alleviate Mn®" toxicity problems and aid in
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phytoremediation of Cd** through sequestration of
these ions into the vacuole. However, at the stress
levels tested, the Mn?™" tolerance was limited. After
several days, the CAX2-expressing plants also had
Mn?" toxicity symptoms. Furthermore, the CAX2-
expressing plants demonstrated only modest in-
creases in Cd*" and Mn®" accumulation in the stem
tissue (Fig. 6) and no enhanced Cd*" tolerance when
grown on Cd*"-containing media. This suggests that
future approaches to increase Mn”* tolerance and
Cd*" phytoremediation potential will have to also
include control of root uptake, long distance metal
transport, and additional tolerance factors to accom-
modate high concentrations of these ions (Raskin et
al., 1994). Nonetheless, it will be interesting in the
future to compare CAX2-like activity in naturally
derived Mn”"-tolerant and sensitive plants (Burke et
al., 1990).

In conclusion, expression of the low-affinity
Ca®"/H" antiporter, CAX2, in transgenic plants pro-
duces phenotypes that are distinct from and less se-
vere than those froduced by expression of the high-
affinity Ca>* /H™ antiporter, CAX1. CAX1-expressing
plants accumulate high levels of Ca®" but have
symptoms of Ca** deficiency (Hirschi, 1999). In con-
trast, even though CAX2-expressing plants accumu-
lated Ca®" levels comparable with those seen with
CAX1, these plants were, for the most part, as vigor-
ous as controls. Furthermore, the broad-substrate
range of the CAX2 transporter allowed plants to
accumulate other metal ions and increased the toler-
ance of the plants to Mn”>" stress. These findings
suggest that engineering the expression of vacuolar
metal transporters with broad substrate ranges may
have an important impact on improving plant
productivity.

MATERIALS AND METHODS
Yeast Strains and Plant Materials

Yeast strains were grown in standard yeast peptone
dextrose medium (2% [v/v] Difco yeast extract, 1% [v/V]
bacto-peptone, and 2% [v/v] dextrose) or synthetic com-
plete minus uracil media (Sherman et al.,, 1986) supple-
mented with the ions when indicated in the text. The
wild-type yeast strain was W303-1A (Wallis et al., 1989)
and the calcineurin-deficient strain was K603 (Cunning-
ham and Fink, 1994). These strains were transformed using
the lithium acetate procedure (Sherman et al., 1986) with
CAX2 and vector control plasmids (Hirschi et al., 1996).
Columbia was the Arabidopsis ecotype used in this study.
For stress treatment, surface-sterilized seeds were grown
on one-half-strength Murashige and Skoog medium (Mu-
rashige and Skoog, 1962), 2% (w/v) Suc, and 1% (w/v)
agar, pH 5.7 (standard media) for 3 weeks and then trans-
ferred to a water bath containing the appropriate stress. To-
bacco (Nicotiana tabacum cv KY160) was used in this study.
Plants were grown in a greenhouse as previously described
(Hirschi, 1999).
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Surface-sterilized tobacco seeds were plated on standard
media and maintained in a temperature-controlled room at
25°C with continuous cool-fluorescent illumination as pre-
viously described (Hirschi, 1999). Most experiments were
carried out with the segregating T, generations of tobacco
lines C-14 and C-21. Phenotypes did not drastically differ
among the 35S5:CAX2-expressing plants. Antisense line
D-23 was used in most experiments; however, the pheno-
types displayed by antisense and vector control lines were
indistinguishable in all experiments performed.

Preparation of CAX2 Antibody and Protein Gel Blots

A polyclonal antibody was raised against a synthetic
peptide that was derived for the CAX2 sequence: LDEE
SNQNEETSAE. The peptide was linked through its
N-terminal residue to the high-M, keyhole impact hemo-
cyanin carrier as previously described (Harlow and Lane,
1988) and injected into rabbits. The antibody was affinity
purified against this peptide using the Sulfolink Coupling
Gel (Pierce Chemical, Rockford, IL) according to manufac-
turer’s instructions.

Protein gel electrophoreses and electrophoretic transfer
was performed as previously described (Hirschi et al.,
1998). Immunodetection was performed using a 1:1,000
dilution of CAX2 antiserum and a 1:10,000 dilution of
horseradish peroxidase-coupled anti-rabbit secondary an-
tibody (Amersham, Buckinghamshire, UK). Detection of
the marker proteins was performed as previously de-
scribed (Hong et al., 1999; Shaul et al., 1999). Enhanced
chemiluminescence was performed, according to the in-
structions given by the manufacturer (Amersham). To en-
sure reproducibility of the results obtained from immuno-
blots, at least three independent experiments were performed
at exposure times, which varied from 30 s to 15 min.

Membrane Fractionation

We prepared microsomal membranes according to Hong
et al. (1999) and fractionated these on Suc gradients con-
taining EDTA.

Cloning and Plant Transformations

Standard techniques of DNA cloning were performed as
described by Ausubel et al. (1998). The coding region of
CAX2 was cloned into pBIN19 (CLONTECH Laboratories,
Palo Alto, CA), which contained the 35S fragment and nos
terminator (Hull et al., 2000). The recombinant plasmids, or
vector controls, were introduced in Agrobacterium tumefa-
ciens LBA4404 (Life Technologies, Grand Island, NY). To-
bacco leaf disc transformation were carried out as previ-
ously described (Hirschi, 1999). Transformants were selected
on standard media containing 100 pug/mL kanamycin. Sev-
enty primary transformants harboring the 35S::CAX2 con-
struct were transferred to soil.

RNA Extraction and RNA Gel-Blot Analysis

RNA was isolated from Arabidopsis plants (leaves,
stems, and roots) and tobacco leaves according to previ-
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ously published procedures (Niyogi and Fink, 1992). After
electrophoresis on a 1% (v/v) agarose gel in formaldehyde,
total RNA was blotted onto nylon membranes (Hybond
N", Amersham) as recommended by the manufacturer.
The full-length CAX2 c¢DNA was radiolabeled with
[**P]dCTP by using a random primed labeling kit (Amer-
sham). Blots were hybridized at 65°C according to the
method of Church and Gilbert (1984). Blots were washed
three times (15 min each) in 0.1X SSC (1X SSC is 0.15 m
NaCl and 0.015 M sodium citrate) and 0.1% (v/v) SDS at
65°C, and hybridization was visualized by autoradiography.

Metal Analysis

Tobacco plants were grown for 50 d in the greenhouse
using hydroponic conditions previously described (Hirs-
chi, 1999). Vector control and CAX2-expressing plants of
equal root mass and leaf area were grown side by side. The
plants were grown in a nutrient solution containing the
following macronutrients: 1.2 mm KNO;, 0.8 mm Ca(NO5),,
0.1 mm NH,H,PO,, and 0.2 mm MgSO,. The following
micronutrients were also added: 25 pum CaCl,, 2 um
MnSO,, and 2 um ZnSO,. Nutrient solutions were changed
every 15 d. Five days prior to metal analysis the nutrient
solutions were supplemented with various ions. The roots
and stems were harvested and treated as previously de-
scribed (Hirschi, 1999). The Fruit and Vegetable Science
Analytical Laboratory (Ithaca, NY) determined ion analysis.

Isolation of Sealed Tonoplast-Enriched Vesicles

Isolation of sealed tonoplast-enriched vesicles from to-
bacco roots was done according to previously published
procedures (Hirschi, 1999), essentially as described for oat
roots (Gonzales et al., 1999).

Loading of Vesicles with Potassium and
Transport Assays

Vesicles were loaded with potassium and transport as-
says were done after establishment of a proton gradient
using nigericin as previously described (Gonzales et al.,
1999; Hirschi, 1999). '%°Cd (1.06 X 10* MBq pg~ ', NEN-
DuPont, Research Products, Boston MA), **Mn (0.52 MBq
pdgfl, Amersham Life Science, Arlington Heights, IL), and
45Ca (carrier free, American Radiolabeled Chemicals, St.
Louis) were used in these studies.
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