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Pg-type ATPases transport heavy metal ions (Cu*, Cu**, Zn**, Cd**, Co**, etc.) across biological membranes. Several members
of this subfamily are present in plants. Higher plants are the only eukaryotes where putative Zn>"-ATPases have been
identified. We have cloned HMA2, a Pz-ATPase present in Arabidopsis (Arabidopsis thaliana), and functionally characterized
this enzyme after heterologous expression in yeast (Saccharomyces cerevisiae). HMA?2 is a Zn*"-dependent ATPase that is also
activated by Cd?" and, to a lesser extent, by other divalent heavy metals (Pb2+, Ni?*, Cu?*, and Co2+). The enzyme forms an
acid-stable phosphorylated intermediate and is inhibited by vanadate. HMA? interacts with Zn?" and Cd** with high affinity
(Zn*" K, 2= 0.11 £ 0.03 um and Cd* K, 2 = 0.031 = 0.007 um). However, its activity is dependent on millimolar concentrations
of Cys in the assay media. Zn?" transport determinations indicate that the enzyme drives the outward transport of metals from
the cell cytoplasm. Analysis of HMA2 mRNA suggests that the enzyme is present in all plant organs and transcript levels do
not change in plants exposed to various metals. Removal of HMA? full-length transcript results in Zn** accumulation in plant
tissues. ima2 mutant plants also accumulate Cd** when exposed to this metal. These results suggest that HMA? is responsible
for Zn*" efflux from the cells and therefore is required for maintaining low cytoplasmic Zn** levels and normal Zn**

homeostasis.

Zn*" plays a critical role in plants as an essential
component of key enzymes (Cu-Zn superoxide dis-
mutase, alcohol dehydrogenase, RNA polymerase,
etc.) and DNA-binding proteins (Marschner, 1995;
Guerinot and Eide, 1999). Zn®* deficiency leads to
a reduction of internodal growth with a consequent
rosette-like development and also produces an im-
paired response to oxidative stress, likely due to a re-
duction in superoxide dismutase levels (Hacisalihoglu
et al., 2003). Thus, Zn*" deficiency is a significant agri-
cultural problem, particularly in cereals, limiting crop
production and quality (Guerinot and Eide, 1999;
Hacisalihoglu et al., 2003). Zn>* toxicity induces chlo-
rosis in young leaves, probably via competition with
Fe’" and Mg”>™ (Woolhouse, 1983; Marschner, 1995).

7Zn*", as other metal micronutrients, is essential for
normal physiology; however, plants must also protect
themselves from hazards associated with chemical
modifications that these and nonessential metals
(Cd2+, Pb**, etc.) can drive (Woolhouse, 1983; Clemens,
2001; Fraustro da Silva and Williams, 2001; Hall, 2002).
Consequently, plants and other organisms have de-
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veloped molecular chaperones, chelators, and specific
transmembrane transporters to (1) absorb and distrib-
ute metal micronutrients throughout the entire organ-
ism and (2) prevent high cytoplasmic concentrations of
free heavy metals ions (Fox and Guerinot, 1998; Rauser,
1999; Guerinot, 2000; Williams et al., 2000; Clemens,
2001; Cobbett and Goldsbrough, 2002; Hall, 2002).
These processes require the metal to be transported
through permeability barriers and compartments de-
limited by lipid membranes. Several types of heavy
metal transmembrane transporters have been identi-
fied in plants (Rea, 1999; Guerinot, 2000; Maser et al.,
2001; Baxter et al., 2003). Since metal ions must be
transported against electrochemical gradients at some
point during plant distribution, metal pumps involved
in contragradient transport should play key roles in
metal homeostasis. The presence of plant genes encod-
ing proteins that specifically perform this function
(mainly Pj-ATPases) is known and their potential
importance has been repeatedly noted (Williams et al.,
2000; Clemens, 2001; Hall, 2002).

Pz-ATPases, a subfamily of P-type ATPases, trans-
port heavy metals (Cu*, Ag*, Cu*", Zn**, Cd**, Pb**,
and Co”") across biological membranes (Lutsenko and
Kaplan, 1995; Axelsen and Palmgren, 1998; Argiiello,
2003). Initial reports named these proteins CPx-
ATPases (Solioz and Vulpe, 1996). They confer metal
tolerance to microorganisms (Solioz and Vulpe, 1996;
Rensing et al., 1999) and are essential for the absorp-
tion, distribution, and bioaccumulation of metal mi-
cronutrients by higher organisms (Bull and Cox, 1994;
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Solioz and Vulpe, 1996). Most P|z-ATPases appear to
have eight transmembrane segments (Melchers et al.,
1996; Tsai et al., 2002; Argiiello, 2003). Like all other
P-type ATPases, they have a large ATP-binding cyto-
plasmic loop between their sixth (H6) and seventh
(H?7) transmembrane segments. Within this loop, the
Asp in the signature sequence DKTGT is phosphory-
lated during the catalytic cycle (Lutsenko and Kaplan,
1995; Axelsen and Palmgren, 1998). Two other struc-
tural characteristics are usually considered to differ-
entiate Pz-ATPases: the signature sequence (CPC,
CPH, CPS, SPC, and TPC) in H6, and the frequently
present metal-binding domains in the cytoplasmic
N-terminal region (Bull and Cox, 1994; Solioz and
Vulpe, 1996; Rensing et al., 1999; Argiello, 2003;
Lutsenko and Petris, 2003). Pjz-ATPases appear to have
a catalytic mechanism similar to that of well-charac-
terized enzymes in the subgroup P, of the P-type
ATPase family (plant H-ATPase, Na,K-ATPase, sarco-
plasmic reticulum Ca-ATPase, etc.). Our group and
others have established the formation of the phos-
phorylated intermediate and basic transport proper-
ties for some bacterial, archaeal, and mammalian
Pz-ATPases (Tsai et al., 1992; Tsai and Linet, 1993;
Solioz and Odermatt, 1995; Rensing et al., 1998a,
1998b; Voskoboinik et al.,, 1998, 1999; La Fontaine
et al.,, 1999; Okkeri and Haltia, 1999; Sharma et al.,
2000; Fan and Rosen, 2002; Mandal et al., 2002; Mana-
Capelli et al., 2003; Mandal and Argiiello, 2003). Both
in vivo and in vitro metal transport studies have
shown that Pjz-ATPases drive the export of ions from
the cell cytoplasm (Tsai et al., 1992; Tsai and Linet,
1993; Rensing et al., 1998a, 1998b; Voskoboinik et al.,
1998, 1999; Fan and Rosen, 2002; Mandal et al., 2002;
Mana-Capelli et al., 2003).

The Pz-ATPase subfarmly includes proteins with
different metal spec1f1c1t1es (Cu*-ATPases, Cu®*-AT-
Pases, Zn**-ATPases, Co®"-ATPases, etc.) and a partic-
ular protein often can transport various metals
(Rensing et al., 1999; Arguello, 2003). Functional as-
says have shown that Ag” can also activate Cu’-
ATPases (Solioz and Odermatt, 1995; Fan and Rosen,
2002; Mandal etal., 2002), Zn2+—ATPases can use Cd 2
and Pb** as substrates (Tsai et al., 1992; Tsai and Linet,
1993; Okkeri and Haltia, 1999; Sharma etal., 2000), and
Cu?"-ATPases can also be partially activated by Ag"
and Cu® (Mana-Capelli et al., 2003). Although it has
been proposed that the Cys-containing sequences in
Hé participate in metal binding and transport (Bull
and Cox, 1994; Lutsenko and Kaplan, 1995; Solioz and
Vulpe, 1996, Axelsen and Palmgren, 1998; Rensing
et al., 1999; Mandal and Argiiello, 2003), the relation-
ship between ion specificity and the various conserved
sequences in H6 (CPC, CPH, SPC, TPC, or CPS) is not
fully understood. However, true signature sequences
in H6, H7, and H8 have been identified and they
appear to be associated with five subtypes of Pp-
ATPases, each with singular metal selectivity charac-
teristics (Argtiello, 2003). These conserved amino acids
are likely located close to each other, participating in
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metal coordination and consequently determining the
enzyme specificity.

Arabidopsis (Arabidopsis thaliana) has eight genes
encoding P;-ATPases (heavy metal ATPases [HMAY]).
(We have chosen to use the nomenclature recently
proposed by Baxter et al. [2003] and adopted in the
PlantsT database [http://plantst.sdsc.edu]. Conse-
quently, the proteins previously named PAA1, RAN1,
and HMAG6 are referred to here as HMA6, HMA7,
and HMAS, respectively.) A search through other
plant genomes (see http://www.tigr.org or http://
plantst.sdsc.edu) reveals the presence of many putative
orthologs (Axelsen and Palmgren, 2001; Baxter et al.,
2003) Since other eukaryotes appear to have only two
Cu -ATPase isoforms, the presence of multiple, distinct

P p-ATPase isoforms seems unique to plants (Argtiello,
2003) The analysis of conserved residues in thelr trans-
membrane segments suggest that three are Zn**-ATP-
ases (HMA2, 3, and 4) and four are Cu"-ATPases
(HMAS, 6, 7, and 8; Argiiello, 2003). The remaining
protein, HM A1, has different conserved amino acids in
the transmembrane region. The only HMAT homolog
that has been studied is CoaT from Synechocystls
PCC6803, which appears to confer Co”* tolerance to
this organism (Rutherford etal., 1999). Additionally, the
primary sequences of plant PIB-ATPases suggest the
presence of various putative metal-binding domains in
their cytoplasmic loops. These are likely to play impor-
tant regulatory roles, such as those observed in similar
domains of other P|z-ATPases (Voskoboinik et al., 2001;
Mana-Capelli et al., 2003; Mandal and Argiiello, 2003).

Several of the plant P\z-ATPases, HMA2, HMAS3, and
HMA4 (putatwe 7Zn*"-ATPases), and HMA6 and HMA7
(putative Cu"-ATPases originally named PAA1 and
RANT1), have been the subject of characterization
studies (Hirayama et al., 1999; Woeste and Kieber,
2000; Mills et al., 2003; Shikanai et al., 2003; Gravot
etal., 2004; Hussain et al., 2004). ran1-1 and ranl-2, two
HMA7 mutants, are partlally functional and can re-
place Cec2 (a Cu'-ATPase) in Accc? yeast (Saccaromyces
cerevisiae; Hirayama et al., 1999). ran1-1 plants present
ethylene phenotypes in response to trans-cyclooctene
(ethylene antagonist; Hirayama et al., 1999). As Cu is
part of the ethylene receptor, a decrease in the number
of functional receptors was proposed. A third mutant,
ranl-3, produces a truncated mRNA and shows con-
stitutive activation of ethylene response pathways and
a rosette lethal phenotype. Transgenic 35S5:RANI
plants show constitutive expression of ethylene re-
sponse due to cosuppression of RAN1 (Woeste and
Kieber, 2000). The requirement to produce functional
ethylene receptors suggests a post-Golgi location for
HMA?. Arabidopsis mutants that are defective in the
HMAG6 (PAAT) gene show a high-chlorophyll fluores-
cence phenotype due to a decrease in holoplastocyanin
and a consequent reduction in photosynthetic electron
transport (Shikanai et al., 2003). Addition of Cu**
suppresses this phenotype These studies suggest that
HMAG is responsible for Cu” transport into chloro-
plasts.
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Putative Zn**-ATPases present in Arabidopsis are
particularly interesting because, as mentioned above,
plants are the only eukaryotes where these proteins are
present. Initial studies of HMA4 have shown that this
enzyme is able to confer cell resistance to high Cd** or
Zn*" when expressed in yeast or Escherichia coli, re-
spectively (Mills et al., 2003). In Arabidopsis, high
levels of HMA4 transcripts are observed mainly in
roots and are increased upon plant exposure to high
Zn** levels (Mills et al., 2003). Arabidopsis HMA3
confers Cd*" and Pb*" tolerance to Aycfl yeast cells
and a green fluorescent protein-tagged HMA3 appears
located at the yeast vacuole (Gravot et al., 2004). HMA3
mRNA is detected mainly in roots and its level is not
affected in response to exposure to Cd*" or high Zn**.
A recent report has shown that, while no morpholog-
ical alterations were observed in hma2 or hma4 Arabi-
dopsis mutants, an hma2 hma4 double mutant shows
visible morphological alterations and male sterility
(Hussain et al., 2004). These phenotypes can be com-
pensated by increasing Zn”' levels in the growth
medium. Interestingly, decreased levels of Zn were
detected in shoots of the hma2 hma4 mutant and hma4
single mutant, while increased levels of this metal
were detected in roots of the double mutant. In
addition, Hussain et al. showed that HMA2 and
HMA4 promoters drive the expression of a reporter
gene predominantly in vascular tissues and that
HMAZ2 is localized at the plasma membrane in Arabi-
dopsis cells (Hussain et al., 2004). In summary, pre-
vious reports have shown the likely role of these
proteins in Zn** homeostasis and Cd**/Pb** toler-
ance; however, the molecular properties that deter-
mine their physiological functions have not been
established.

Toward understanding the physiological roles of
Zn-ATPases in plants, we initiated enzymatic and
metal transport studies of Arabidopsis HMA2. This
article describes the molecular characteristics of this
metal-transporting ATPase and its consequent role in
metal homeostasis. Ion selectivity, activity rate, di-
rection of transport, catalytic phosphorylation, and
interaction with Cys (a Pjz-type ATPase activator) and
vanadate (a classical inhibitor of P-type ATPases) were
measured. The presence of HMA2 mRNA in different
plant organs and its variation upon plant exposure to
various metals was determined together with the
effect of HMA2 knockout on Zn*" homeostasis. The
results obtained indicate that HMAZ2 drives the efflux
of Zn?* from plant cells. Thus, HMA2 appears re-
sponsible for maintaining low cellular Zn*" levels.

RESULTS

The HMA2 ¢cDNA was amplified by reverse tran-
scription (RT)-PCR. The obtained sequence was iden-
tical to that expected from genome sequencing,
confirming the intron/exon predictions. The 951-
amino acid-long encoded protein shows characteristic

3714

P 2N
104 328 || 337 668 675
C347 ,
679
P K 658 D
C (5681
86 307 || 357 647 695
D391
Putative
Metal Binding
N Domains
Cytoplasm C

Figure 1. Structural features of HMA2. Transmembrane segments are
represented by white rectangles. Numbers in bold indicate the position
of transmembrane segments within the HMA2 sequence. Asp-391 is
phosphorylated during the catalytic cycle and conserved in all P-type
ATPases. Cys-347ProCys, Lys-658, Asp-679, and Gly-681 are con-
served in all Zn?*-ATPases and are likely determinants of the enzyme
specificity. Striped and black blocks represent putative metal-binding
domains.

features of Pz-ATPases (Fig. 1). Signature sequences
corresponding to Zn**-ATPases are found in H6, H7,
and HS8, and analysis with topology prediction soft-
ware suggests that it has eight transmembrane seg-
ments (Argiiello, 2003). HMA2 contains a relatively
short N-terminal end with significant homology to the
heavy metal-associated domain (PF00403; Bateman
et al., 2004). However, it is unlikely that this would
have a regulatory role as the typical N-terminal metal-
binding domains observed in Cu*-ATPases, since
a Cys critical for metal binding is not present in
HMAZ2 (CysXXCys — Cys-17CysThrSer-20; Voskoboi-
nik et al.,, 1999, 2001; Lutsenko and Petris, 2003).
HMA2 has a long C-terminal end (258 amino acids)
characterized by the presence of several short sequen-
ces that might be involved in heavy metal binding: six
CysCys pairs, five HisXHis repeats, and two repeats of
the sequence GXDSGCCGXKSQQPHQHEXQ (start-
ing at Gly-794 and Gly-824). Supporting the participa-
tion of these putative metal-binding sequences in
common regulatory mechanisms, several of them
can be found in the C-terminal ends of both HMA?2
and HMA4 (§""GCCG; $*’GCCG; S"*SDHSHSGCC;
C*CRSYAKESCSHDHHHTRAH; positions corre-
spond to the HMA2 sequence).

Functional Characterization of HMA2

A central point for understanding the role of HMA2
is to elucidate its metal specificity and enzymatic
properties. We chose to functionally characterize this
enzyme after expressing it in yeast under the control
of the GAL promoter. Figure 2 shows the expression
of HMA?2 in a membrane vesicle preparation from
transformed yeast. HMA2 expression was routinely
detected by immunostaining blots with anti-His, anti-
bodies. Control experiments showed no differences in
metal-dependent ATPase activity or metal affinity
among membrane preparations of the His,-tagged
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Figure 2. Expression of Arabidopsis HMA2 in yeast. Membrane
preparations from untransformed yeast (lanes 1 and 3) and Gal-induced
yeast transformed with HMA2-pYES2/CT (lanes 2 and 4). Lanes 1 and 2,
Coomassie Brilliant Blue-stained gel; lanes 3 and 4, blot immuno-
stained with anti-His, rabbit polyclonal IgG (Santa Cruz Biotechnology,
Santa Cruz, CA) and donkey anti-rabbit IgG-horseradish peroxidase-
linked monoclonal antibody (Santa Cruz Biotechnology).

HMAZ2 and those of protein lacking the tag (data not
shown). It should be noted that, in the following
ATPase and phosphorylation experiments, saponin
was included in the assay media to permeabilize
sealed vesicles present in the membrane prepara-
tions.

ATPase act1v1ty determinations indicate that HMA2
is a Zn®"-ATPase as expected from its signature
sequence in the transmembrane region (Fig. 3).
HMA? is also activated by Cd** (97%) and other
divalent metals (Ni**, Co**, Cu**, and Pb*"), although
to a lesser extent (34%-52%). Even Cu™ elicits a mea-
surable activity. Confirming that the measured activity
was associated with HMA2, no measurable heavy
metal-dependent ATPase activity was detected in
membranes obtained from yeast transformed with
empty pYES2/CT Vector The act1v1ty observed in
the presence of Ni 2*, Cu?*, Co**, and Pb*" is not
surprising since another biochemically characterized
Zn”"-ATPase, E. coli ZntA, is also partially activated by
these metals, although to different extents (Okkeri and
Haltia, 1999; Sharma et al., 2000). The kinetics param-
eters describing the metal interaction with HMA2
were evaluated by measuring the dependence of
ATPase activity on metal concentration (Fig. 4). These
determmatlons show that HMA?2 is activated by Zn2+
and Cd*" with surprlslngly hlgh affinity (Zn** Ky,

0.11 = 0.03 um and Cd*" K, ,, = 0.031 = 0007,LLM) In
the analysis of the spec1f1c1ty and function of metal
transporters, the apparent absence of free heavy met-
als in living systems should be considered. Both
cytoplasmic [Cu] and [Zn] appear to be in the pico-
molar range under physiological conditions (Rae et al.,
1999; Outten and O’Halloran, 2001). In this direction,
the dependence of Pjz-ATPase activity on the presence
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of millimolar Cys in the assay media has been pro-
posed to be an indication of the interaction of the metal
complex with these enzymes (Sharma et al.,, 2000;
Mandal et al., 2002). Figure 5 shows that HMA2
activity was also dependent on the presence of milli-
molar Cys in the media, suggesting that plant
Pz-ATPases also appear to require the delivery of
complexed metals for activity.

The unifying functional characteristic of all P-type
ATPases is the formation of a phosphorylated inter-
mediate in the presence of ATP-Mg and the outwardly
transported substrate (i.e. the ion that is transported
out of the cytoplasm into an organelle or the extra-
cellular compartment; Pedersen and Carafoli, 1987).
Phosphorylation of HMA2 was performed at 0°C in
the presence of micromolar amounts of ATP and 20%
dimethyl sulfoxide, conditions that minimize enzyme
turnover. Preliminary experiments in which the sam-
ples were resolved in acid gels and their radioactivity
visualized using a phosphoimager indicated that, un-
der the experimental conditions, a single band cor-
responding to HMA2 was phosphorylated in the
presence of Zn** (Fig. 6A). Protein phosphorylation
was not observed in membranes from yeast trans-
formed with the empty pYES2/CT vector. Similar
results were obtained with all tested metals. For
simplicity, in subsequent experiments HMA2 phos-
phorylation was directly quantified counting radioac-
tive emission (Fig. 6B). Levels of phosphoenzyme in
the presence of various metals roughly follow the
activation pattern observed in the ATPase determina-
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Figure 3. Activation of HMA2 ATPase by metals. HMA2 ATPase activity
was determined as indicated in ““Materials and Methods.” Final
concentration of each tested metal ion was 1 um, which is a saturating
concentration for all of them. A total of 2.5 mm DTT were included in
Cu”-containing assay mixture. Bars indicate activity in the presence of
each metal as percentage of maximum activity. One-hundred per-
cent = 1.8 to 2.5 umol mg~" h™". Values are the mean = st (n = 4).
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Figure 4. Zn’* and Cd** dependence of HMA2 ATPase activity. The
ATPase activity was measured in the presence of different concentra-
tions of Zn** (O) or Cd** (A) ions. Data were fitted using the following
parameters: Zn’* K,,, = 0.11 um, V., = 100%; Cd** K,,, = 0.031 um,
V. x = 100%. One-hundred percent = 2 to 2.5 umol mg~" h™". Values
are the mean = st (n = 4).

tions (Fig. 3). The small variations are not surprising
since these determinations are not equally related to
the metal interaction with the enzyme (Mandal et al.,
2002; Hou and Mitra, 2003). Figure 6B also shows the
inhibition of phosphorylation by vanadate, a well-
known feature of P-type ATPases; however, in the case
of HMA?2, vanadate inhibits its ATPase activity with
a slightly high IC;, = 0.15 * 0.05 mM (not shown). The
quantitative determination of phosphoenzyme levels
allows the calculation of HMA2 turnover number.
Assuming that under the maximum ;)hosphorylation
conditions (in the presence of Cd”") most of the
enzyme is arrested in the E1P-E2P conformations,
and taking into account the activity of the particular
HMA?2 preparations used in the phosphorylation
assays (2 umol rng_1 h™'), a turnover of 143 min '
was calculated. This value is similar to those observed
in other Pjz-ATPases (Mandal et al., 2002).

Although the phosphorylation determinations sug-
gest that HMAZ2 transports metals out of the cyto-
plasm, it is pertinent to directly demonstrate the
direction of metal transport by this enzyme. To this
end, the vesicular nature of the yeast membrane
preparation can be exploited. Although this prepara-
tion might contain broken vesicles, only sealed inside-
out vesicles would be able to perform ATP-dependent
metal transport. Similar yeast membrane preparations
have been used to measure Cu" transport by heterol-
ogously expressed human ATP7A (Voskoboinik et al.,
2001). The Zn** level outside the vesicles was moni-
tored using the membrane-impermeable, fluorescent
Zn indicator FluoZin-1 (Gee et al., 2002). Figure 7
shows the ATP-dependent Zn*" uptake into HMA2-
containing vesicles. In these experiments, as the metal
is transported into the vesicles, the level of Zn-Fluo-
Zin-1 complex decreases and a consequent reduction
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of its fluorescence is detected. The observed decline in
the uptake rate after 8 to 10 min is likely associated
with enzyme inhibition by high intravesicular Zn**.
Further evidence that the decrease in fluorescence is
due to ATP-dependent Zn** transport by HMA?2 is
provided by the absence of Zn>" uptake in the pres-
ence of 1.5 mM vanadate or ADP (replacing ATP in the
assay medium). Similar lack of Zn** uptake was
observed in experiments performed using membranes
from yeast transformed with empty pYES2/CT vector.
In summary, these results clearly indicate that HMA2
drives Zn** export from the cell cytoplasm.

Analysis of HMA2 Transcript Levels

The role of HMA? in the Zn** homeostasis in plants
is also determined by its location and regulation upon
plant exposure to various conditions. In a first ap-
proach to establish these characteristics, HMA2 mRNA
levels were measured in roots, leaves, stems, and
flowers from 6-week-old plants and 10-d-old seedlings
using semiquantitative RT-PCR. Figure 8A shows
significant HMA? transcript levels in all tested organs.
Although slightly higher levels were detected in roots
(50% higher than in leaf), the similar distribution in all
organs suggests the ubiquitous expression of this
ATPase. Similar levels of HMA2 mRNA were observed
when seedlings were exposed to various metals (Fig.
8B), albeit up-regulation can be detected in the pres-
ence of Ag” (53%) or Co*" (66%). These findings can be
compared with similar studies of two other Arabidop-
sis Zn*"-ATPases. Different from HMA2, HMA3 and
HMA4 mRNAs are more abundant in roots, and
HMA4 transcription appears to be up-regulated in
the presence of Zn>" or Mn*" and down-regulated in
the presence of Cd** (Mills et al., 2003; Gravot et al.,
2004). Thus, HMAZ2’s distinct transcript distribution
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Figure 5. Cys dependence of HMA2 ATPase activity. The Zn** (O) and
Cd** (A) dependent ATPase activities were determined as indicated in
“Materials and Methods” in the presence of various Cys concen-

trations. No curve fitting was attempted. One-hundred percent = 2 to
2.5 pwmol mgfl h™". Values are the mean = st (n = 4).
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Figure 6. Metal-dependent phosphorylation of HMA2 by ATP. A,
Membrane preparations from yeast-transformed empty vector (EV)
and HMA2-expressing yeast (HMA2) were phosphorylated in the
absence (—) or presence (+) of 2.5 um Zn?*, resolved by SDS-PAGE
in an 8% acidic gel, and visualized in a phosphoimager. HMA2 protein
is indicated. B, The metal-activated enzyme phosphorylation by ATP
was measured as described in “Materials and Methods.” One-hundred
percent = 0.232 nmol mg~". Values are the mean =* st (n = 4).

pattern and regulation of expression suggest a unique
role for this gene.

Analysis of Zn** Homeostasis in hma2 Mutant Plants

Homozygous plants for a T-DNA insert in the first
intron of the HMA2 gene were isolated by screening
the Salk_034292 Arabidopsis line (Alonso et al., 2003;
Fig. 9). In a recent report, Hussain et al. (2004) de-
scribed the isolation of homozygous plants for this
mutant line and named it hma2-4. By performing back-
crosses to wild type, these investigators verified that
hma2-4 plants segregated for a single T-DNA insert. In
our laboratory, we determined that full-length HMA?2
transcripts were absent in these plants (Fig. 9, C and
D). hma2-4 plants grow at a normal rate with no
observable distinctive morphological phenotypes
(Fig. 9F). Although hma2-4 seedling roots appear 10%
to 20% shorter than those of wild type, no statistically
significant difference in root length could be estab-
lished (not shown). Exposure of hma2-4 plants (in soil
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or in agar) to Cd** or high Zn** did not reveal any
growth or morphological alteration. These observa-
tions were supported by similar findings in hma2-5
plants. This T-DNA insertion mutant was isolated by
Harper and collaborators. hma2-5 plants also lack full-
length HMA?2 transcripts (Fig. 9E).

In spite of the absence of macroscopic changes, large
alterations in Zn®>* homeostasis were observed in
HMA2 knockout plants. Under normal growth con-
ditions, mutant plants show a 65% increase in whole-
plant Zn*" levels (Fig. 10A). This imbalance is also
observed when plants are exposed to high Zn**
concentrations (50%-130% increase). Keeping in mind
that HMA2 exports Zn*" from the cell cytoplasm,
these results are in agreement with the location of this
pump in the cell plasma membrane (Hussain et al.,
2004). To test in vivo the HMA2 capacity of trans-
porting Cd**, the effect of exposing wild-type and
mutant plants to this metal was analyzed. In prelim-
inary control experiments, the absence of Cd*" in
plants drenched in water was confirmed. When ex-
posed to Cd**, hma2-5 and hma2-4 plants accumulate
higher amounts of this metal than wild-type plants
(Fig. 10B). Cd*" accumulation mimics the increase
in Zn** levels in mutant plants and is in agreement
with the metal specificity determined in biochemical
assays. It was also observed that wild-type Plants
accumulated more Zn** when exposed to Cd*" (Fig.
10A). This is likely associated with competition of both
cations for cell efflux systems, HMA2 among others.
The specific competition of Zn** and Cd** for HMA2
is clearer when Zn** levels in Cd*"-exposed hma2-5
and hma2-4 plants are analyzed (Fig. 10A). In this case,
a reduction (25%-30%) in the Zn>" levels is observed.
These results can be interpreted in terms of a parsimo-
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Figure 7. ATP-dependent Zn>* transport by HMA2. Zn?* uptake into
empty vector-transformed yeast (A), HMA2-expressing yeast vesicles in
the absence (A ) and presence of vanadate (O) or ADP (replacing ATP;
V) was measured as indicated in ““Materials and Methods.” Results are
shown as the relative change in fluorescence with respect to the
maximum initial value. Values of uptake in the presence of ATP are the
mean = Se (n = 3).
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Figure 8. HMA2 transcript levels. RT-PCR (25 cycles) was used to
amplify a 2,056-bp fragment of the HMA2 mRNA. eEFTa amplification
(20 cycles) was used as a control of total RNA levels. A, HMA2 mRNA
levels in various organs of 6-week-old plants. B, HMA2 mRNA levels in
10-d-old seedlings grown in the presence of the indicated metal.

nious model where Zn** homeostasis is controlled by
a cell influx component (transporter), an efflux system
(a metal pump, HMA?2), and a component that pumps
the metal into an intracellular storage compartment.
Thus, removal of the efflux system (in these experi-
ments by HMA2 knockout) would lead to an increase
in the Zn" level. Alternatively, even in the absence of
efflux (HMAZ2 knockout), removal of transport into the
intracellular compartment and/or influx system (in
this experiment by high Cd** competition) would lead
to a reduction in the Zn?" total level. Finally, to verify

Figure 9. Isolation of hma2-4 mutants. A, A
Schematic map of HMAZ2 gene carrying
a single copy of the T-DNA insert. Arrows ﬂ 2

that the observed effects are not the result of unspecific
alterations in ionic homeostasis, Fe?" levels were
measured in wild-type, hma2-5, and hma2-4 plants.
No significant changes in the level of this ion were
detected in the mutant plants compared to wild type.

DISCUSSION

Maintenance of Zn*" homeostasis is required for
normal plant physiology. This homeostasis is achieved
by the specific and coordinated action of numerous
secondary and primary transporters. Among these,
Zn**-transporting P-type ATPases appear as likely key
players considering their capacity for contraelectro-
chemical gradient transport and their unique presence
in plants. Here we present experimental evidence for
a determinant role of one of these enzymes, HMA?2, in
plant Zn®* homeostasis.

HMAZ?2 Biochemical Characteristics and Their
Physiological Implications

HMAZ2 behaves as a classic P-type ATPase. It forms
a phosphorylated intermediate in the presence of ATP
and the outwardly transported metal and it is inhibi-
ted by vanadate. Similarly, HMA2 presents charac-
teristics that are unique to Pp-type ATPases. It is
activated by several (similar) metals and requires Cys

B
b
indicate the annealing position of specific - 1

primers for the HMA2 and left border of 1 bp
T-DNA insert. B, Screening of hma2-4
mutants by PCR: DNA amplification for

=
CHHCEC T H I

4325 bp

wild-type (WT), heterozygous hma2-4 |
mutants (hma2-4, ht), and homozygous E
hmaZ2-4 mutants (hma2-4, hm) are shown.
Bold letters indicate the primer pairs used

for DNA amplification. C, Northern-blot B WT  hma24

analysis of HMA2 mRNA levels in wild-
type (WT) and homozygous hma2-4 mu-
tants (hma2-4). Equal amount of loading
was verified by the staining of 18S rRNA
with ethidium bromide (lower image). D,
RT-PCR analysis of HMA2 mRNA levels in
wild-type (WT) and homozygous hma2-4
mutants (hma2-4) using primers D and E.
Equal amount of cDNA in each PCR tube
was verified by amplification with eEFTa
primers (lower image). E, RT-PCR analy-
sis of HMA2 mRNA levels in wild-type C
(WT) and homozygous hma2-5 mutants
(hma2-5) using primers D and E. Equal
amount of cDNA in each PCR tube was
verified by amplification with eEFTa pri-
mers (lower image). F, Wild-type and
hma2-4 plants grown in soil for 3 weeks.
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Figure 10. Zn**, Cd**, and Fe*" levels in wild-type, hma2-5, and
hma2-4 plants. A, Zn*" levels in wild-type (white bars), hma2-5 (light
gray bars), and hma2-4 (dark gray bars) plants drenched in tap water
(Water), 0.5 mm ZnCl, (Zn), or 0.125 mm CdCl, (Cd), as indicated in
“Material and Methods.” B, Cd** levels in wild-type, hma2-5, and
hma2-4 plants drenched in 0.125 mm CdCl,. C, Fe’* content of wild-
type, hma2-5, and hma2-4 plants treated as indicated above. Values are
the mean = st (n = 3); tissue from three plants was pooled for each
independent sample. Significant differences from the wild type as
determined by Student’s t test are indicated. *P < 0.05; **P < 0.005.

for full activity. Analysis of the enzyme metal de-
pendence indicates that, in addition to Zn*", its likely
phgsiolo%ical substrate, HMA?2, is also activated by
Cd?*, Pb*", Ni**, Co*", and Cu*". This broad metal
selectivity is common to other Zn-ATPases. For in-
stance, HMA4 confers Zn*" and Cd>" resistance when
expressed in E. coli and yeast, respectively (Mills et al.,
2003), while HMA3-expressing Aycfl yeast cells
present Cd** and Pb*" tolerance (Gravot et al., 2004).
A prokaryote HMA2 homolog, E. coli ZntA, is also
activated by these divalent heavy metals (Okkeri and
Haltia, 1999; Sharma et al., 2000). However, HMA?2
and ZntA relative activities in the presence of various
metals are different. ZntA appears activated by Pb**
= Zn*" > Cd*" > Ni** = Cu®" (compare with Fig. 3).
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The multiselectivity of these enzymes is likely associ-
ated with the similar ionic radius, Lewis character-
istics, and / or K, for the corresponding Cys complexes
of these metals. On the other hand, the relative diff-
erences in activation patterns might be associated
with small structural differences due to variations in
nonmetal-coordinating amino acids located close to
metal-binding sites (Argiiello, 2003). These molecular
characteristics have direct physiological effects since,
in vivo, HMA2 does transport the nonphysiological
substrates as evidenced by higher Cd** levels and the
competition of Zn** and Cd** observed in hma2-5 and
hma2-4 plants exposed to these metals.

HMAZ2 interacts with metals with particularly high
affinity, approximately three orders of magnitude
higher than those observed in ZntA (Sharma et al.,
2000). This higher affinity for Zn®" and other sub-
strates might lead to lower cytoplasmic levels of these
metals in plants. Although it is possible that this is
based on a tighter metal coordination, it appears more
likely that the high metal affinity is originated in the
preference of HMA?2 to remain in its E1 conformation.
In this case, a higher apparent affinity for ligands (ATP
and metals) that bind this form would be observed.
Correspondingly, lower apparent affinities of those
ligands binding E2 should be detected. This would
explain the relatively high vanadate ICg, showed by
HMAZ2. It is also interesting that HMA2 requires the
presence of Cys in the assay medium for maximum
activity as E. coli ZntA or Archaeoglobus fulgidus CopA
(Cu™-ATPase) do (Sharma et al., 2000; Mandal et al.,
2002). Experiments with CopA suggest that Cys is not
transported by these enzymes but is rather required
for substrate delivery to the transmembrane transport
sites (Y. Yang, A.K. Mandal, and J.M. Argiiello, un-
published data). In plants, it might not be Cys but
a similar complexing or chaperone molecule that
delivers the metal to the enzyme. Soluble metal
chaperones have been identified in plants (Himelblau
et al., 1998).

Physiological Role of HMA2

The increase in Zn** and Cd*" levels in hma2 plants
indicates that the enzyme has a key role in maintaining
metal homeostasis. Moreover, these phenomena ap-
pear as the predictable consequence of HMA?2 driving
the export of metals from the cytoplasm and being
located in the plasma membrane rather than in an
intracellular organelle. Supporting this rationale, it can
be considered that, if HMA2 would transport extra-
cellular ions into the cytoplasm, a different phenotype
(reduced metal levels) would be observed. Moreover,
our results correlate with the recent studies involving
transgenic expression of E. coli ZntA in Arabidopsis
(Lee et al., 2003). ZntA appears to be targeted to the
plasma membrane of Arabidopsis protoplasts; conse-
quently, constitutive expression of this Zn*"-ATPase
leads to the reduction of Zn*" total levels in plants.
However, in this analysis we should also consider the
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phenotypes observed in hma2, hma4, and hma2 hma4
double mutants (Hussain et al., 2004). It was reported
that shoots from the hma2-2 mutant (in the Wassilewskija
ecotype background) had Zn*" levels similar to wild-
type plants when grown in agar in the absence or
presence of 10 um Zn**. Although the apparent lack of
phenotype might be due to the different mutant or
ecotype tested, we think that more likely the differ-
ences might be attributable to the distinct experimen-
tal conditions. In our studies, metal levels were
measured in plants grown in soil, recewmg an expo-
sure to higher metal levels (0.5 mm Zn*"). Hussain et al.
(2004) also observed a decrease in Zn>" levels after
irrigating soil-grown hma2 hma4 double mutants with
water or 1 mm Zn**. In this case, it is likely that the
effect of the hma2 mutation was masked by the hma4
knockout smce thlS mutation seems to prevent trans-
location of Zn** from roots to shoots, thus leading to
a decreased metal level (Hussain et al., 2004).

The analysis of HMA?2 function should also consider
the tissue distribution of this protein. The expression
of a reporter gene under the control of the HMA2
promoter region shows that HMA?2 is likely expressed
in vascular tissues (Hussain et al., 2004). On the other
hand, metal exposure seems to have little effect on
HMA? transcript expression. Thus, transcript levels
and reporter gene location in conjunction with the
plasma membrane location of the protein and the
observed direction of transport suggest that HMA2
might have a central role in Zn>* uploading into the
vasculature, particularly the phloem, while HMA4
might have a more predominant role in xylem upload-
ing in roots. Assuming that apoplastic metal levels
influence the kinetics of the various metal transporters
and thus the intracellular metal levels, it can be hy-
pothesized that 1nd1rectly, these two Zn-ATPases affect
the overall Zn>" homeostasis in plants by controlling
the loading of this metal into the vasculature.

In summary, our results indicate that HMA?2 is
a Zn*'-transporting ATPase that drives the efflux of
the metal into the extracellular compartment. Conse-
quently, HMAZ gene knockouts lead to increased lev-
els of Zn**. The enzyme has high metal affinity and
broad spec1f1c1ty, thus also controllmg levels of non-
physiological heavy metals such as Cd**

MATERIALS AND METHODS
Plant Growth

Arabidopsis (Arabidopsis thaliana ecotype Columbia) seeds were sterilized
for 1 min in 70% (v/v) ethanol followed by soaking for 5 min in 1.25% (v/v)
bleach solution supplemented with 0.02% Triton X-100. After incubation at 4°C
for 48 h, seedlings were grown vertically on 2% agar, Murashige and Skoog salt-
base medium (Buer et al., 2000). Wild-type seedlings were exposed to various
metal stress conditions by growing them in Murashige and Skoog medium
supplemented with one of the following metals (mm): ZnSO, (0.5); CdCl, (0.25);
CoCl, (0.25); CuSO, (0.1); AgNO, (0.1); MnCl, (0.25); NiSO, (0.25). Arabidopsis
Columbia plants were grown in soil in a plant growth chamber at 22°C, 10,000 to
14,000 lux cool-white fluorescent light intensity under a 14-h day/10-h night
cycle. Soil-grown plants were exposed to Zn** and Cd** by drenching them in
either 0.5 mm ZnCl, or 0.125 mm CdCl, solutions every 5 d.
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HMAZ2 Cloning

First-strand HMA2 cDNA was obtained from Arabidopsis leaf RNA by
using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) and an
oligo(dT) primer. Second-strand synthesis was done by PCR using the first-
strand cDNAs as templates and forward and reverse primers correspond-
ing to the 5" and 3’ ends of the HMA2 predicted coding sequence (forward,
5'-ATGGCGTCGAAGAAGATGACC-3’; reverse, 5'-TTCAATCACAATCTC-
TTTCAAGGT-3’; At-genome, At4g30110; accession no. AY434728). Resulting
cDNA was purified and ligated into the pBAD/TOPO vector (Invitrogen). The
cDNA sequence was confirmed by automated DNA sequence analysis.

HMAZ?2 Expression in Yeast

HMA?2 cDNA was subcloned into the Kpnl and Xhol sites of the yeast
(Saccharomyces cerevisiae) expression vector pYES2/CT (Invitrogen) under the
control of a GAL-inducible promoter. This vector introduces a His, tag at the
C-terminal end of the protein. In control experiments, an HMA2 stop codon
was included in the insert. The resulting protein lacking the His, tag was used
to verify that the tag did not alter measured kinetic parameters. The forward
primer used for HMA2 cDNA amplification was designed to include a yeast
consensus sequence (AATA) upstream of the initiation codon, as suggested by
the vector supplier. Yeast strain INVScl MAT« his3A1 leu2 trp1-289 ura3-52
(Invitrogen) was transformed with the HMA2-pYES2/CT or the empty
pYES2/CT vector by the lithium acetate method (Ito et al., 1983), and uracil-
based selection was used to screen for transformants. Yeast cells were grown
overnight at 30°C in synthetic dextrose medium without uracil (6.7 g L',
yeast nitrogen base, 1.92 g L™ yeast synthetic dropout media without uracil
[Sigma, St. Louis]) supplemented with 20 g L™" Glc. To induce HMA2
expression, cells were diluted to ODgy, = 0.4 with the same media but
containing 20 g L™" Gal instead of Glc and grown for 8 h.

Yeast Membrane Preparation

Membrane preparation from yeast cells was done as previously described
with minor modifications (Voskoboinik etal., 2001). Briefly, cells were suspended
in 10 mm Tris (pH 7.4), 250 mm Suc, 10 mM ascorbic acid, 1 mm phenyl-
methylsulfonyl fluoride, 1 ug mL ™" leupeptin, and 1 ug mL " aprotinin. Cells
were disrupted in a bead beater (BioSpec, Bartlesville, OK; 4 X 30 s homoge-
nization with 30-s intervals) and the homogenate was centrifuged at 10,000g for
20 min. The supernatant was collected and centrifuged at 110,000 for 60 min. The
resulting pellet was resuspended in the buffer described above except that it
contained 0.2 mM ascorbicacid. All procedures were performed at 0°C to 4°C. The
membrane preparations (7-10 mg protein mL ") were stored at —80°C. Protein
was measured in accordance with Bradford (1976), using bovine serum albumin
as a standard. SDS-PAGE was carried out in 10% acrylamide gels (Laemmli,
1970). Protein bands were observed by staining the gels with Coomassie Brilliant
Blue. Heterologous protein was detected by electroblotting the gels onto
nitrocellulose membranes and immunostaining with anti-His, rabbit polyclonal
IgG (Santa Cruz Biotechnology, Santa Cruz, CA) and donkey anti-rabbit
IgG-horseradish peroxidase-linked monoclonal antibody (Santa Cruz Biotech-
nology).

ATPase Assays

The ATPase assay mixture contained 50 mm Tris, pH 7.5, 3 mm MgCl,, 3 mm
ATP, 20 mMm Cys, 1 muM dithiothreitol (DTT), 0.5 mg mL™! saponin, 1 um ZnCl,
(or the metal indicated in the figures), and 40 ug mL™' protein (membrane
preparation). In different experiments, these reagents were independently
varied as indicated in the corresponding figures. ATPase activity was
measured for 15 min at 30°C. Released inorganic phosphate was colorimet-
rically determined (Lanzetta et al., 1979). Background activity measured in the
absence of transition metals or in membranes from empty vector-transformed
yeast was less than 20% to 30% of the Zn’*- or Cd**-stimulated activity
present in HMA2-containing membranes. This background was subtracted
from the activity measured in the presence of metals.

Phosphorylation Assays
Enzyme phosphorylation by ATP was carried out at 0°C in a medium

containing 50 mm Tris, pH 7.5, 0.5 mg mL™! saponin, 1 mm MgCl,, 5 um [y-P]
ATP (MP Biomedical, Irvine, CA), 0.04 mm EGTA, 20 mm Cys, 20% dimethyl
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sulfoxide, 100 g mL ™! protein (membrane preparation), and 2.5 um metal as
indicated in Figure 6. Vanadate inhibition was measured by including 1.5 mm
Na;VO, in the assay medium. The reaction was initiated by the addition of
[y-*P] ATP. After 1 min incubation, phosphorylation was stopped with five
volumes of ice-cold 10% TCA and 1 mm inorganic phosphate. In initial
experiments, samples were centrifuged at 14,000¢ for 10 min, resuspended in
acidic SDS-PAGE loading buffer (5 mm Tris-PO,, pH 5.8, 6.7 M urea, 0.4 M DTT,
5% SDS, and 0.014% bromphenol blue), and resolved by SDS-PAGE in 8%
acidic gels (Sarkadi et al., 1986). The gels were dried and radioactivity was
monitored in a phosphoimager. In subsequent experiments, the samples
were filtered through nitrocellulose 0.45-um filters (Millipore, Billerica,
MA), washed five times with acid-stopping solution, and radioactivity was
measured in a scintillation counter. Background phosphorylation measured in
the absence of transition metals or in membranes from empty vector-trans-
formed yeast was less than 5% to 10% of the Zn>"- or Cd**-stimulated activity
present in HMA2-containing membranes. This background was subtracted
from phosphorylation measured in the presence of metals.

Zn** Transport Assays

The assay mixture contained 50 mm Tris, pH 7.5, 3 mm MgCl,, 3 mm ATP,
5mwm Cys, 1 um ZnCl,, 5 um FluoZin-1 (Molecular Probes, Eugene, OR), and
100 ug mL ™! protein (membrane preparation). Vanadate inhibition was tested
by including 1.5 mm Na;VO, in the assay medium. Metal uptake was initiated
by the addition of ATP. Zn-FluoZin-1 was excited at 495 nm and emission
measured at 520 nm. The indicator showed a linear fluorescent response in the
0.25- to 5-um Zn>* range. None of the reagents in the assay media pro-
duced detectable fluorescence quenching. Determinations were performed at
25°C.

mRNA Level Analysis

Total RNA was isolated using the RNeasy-Midi kit (Qiagen, Valencia, CA)
from Arabidopsis 10-d-old seedlings grown either in agar plates containing
Murashige and Skoog or Murashige and Skoog supplemented with various
metals (see above) and from soil-grown 6-week-old plants (roots, leaves,
stems, and flowers). cDNA synthesis was performed with SuperScript III
reverse transcriptase (Invitrogen) and oligo(dT) as primer. The PCR amplifi-
cation was performed with a cDNA aliquot and gene-specific primers
for HMA2 (forward, 5 -TGCTGTACATCGGAGGTTCCGT-3' and reverse,
5'-CACTGAGCAACAACATGCTATTAAGG-3') and the ubiquitous eEFla
(forward, 5'-AGGAGCCCAAGTTTTTGAAGA-3’ and reverse, 5'-TTCTTCA-
CTGCAGCCTTGGT-3'). Samples were taken after each cycle and amplified
bands quantified in agarose gels to verify that saturation has not been
reached. Consistent results were obtained in two fully independent experi-
ments.

Northern-Blot Analysis

Total RNA was extracted as indicated and denatured by incubating 15 min
at 55°C. Samples were separated by denaturing agarose gel electrophoresis
and transferred to Immobilon nylon membranes (Millipore; Sambrook et al.,
1989). Equal loading of RNA in each lane was confirmed by ethidium bromide
staining of 185 rRNA. Probes were prepared by amplification of a 1,420-bp
DNA fragment that is complementary to the cDNA fragment between 49 and
1,469 bp. Probes were labeled with [a-**P]dATP (Amersham Biosciences,
Piscataway, NJ) by random hexamer primers. After hybridization at 65°C, the
nylon membranes were washed twice for 15 min at 65°C in a low-stringency
wash solution (2 X SSC/0.1% SDS). Radiolabeled bands were detected by
autoradiography.

Metal Content Analysis

Determinations were performed using whole-plant samples (approxi-
mately 250 mg) from 4-week-old wild-type and mutant plants. Three plants
were pooled for each independent determination. Samples were washed with
distilled water, drained, and acid digested at 80°C for 4 h and then overnight
at room temperature with 7 mL 4.5 N HNO,. After digestion, 0.5 mL 30% H,0O,
were added and samples diluted with water to 10-mL final volume. Metal (Zn,
Fe, and Cd) contents were measured by atomic absorption spectroscopy
(AAnalyst 300; Perkin-Elmer, Foster City, CA).
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Insertional Mutant Isolation

The Salk_034393 Arabidopsis line carrying a T-DNA insert approximately
140 bp from the start of the first intron in the HMA2 gene (Alonso et al., 2003)
was obtained from the Arabidopsis Biological Resource Center (ABRC).
Homozygous mutants (referred to as hma2-4 in this article) were identified
by PCR screening using genomic DNA as template and separated combina-
tions of a primer sitting in the left border of the T-DNA insert (5'-GCG-
TGGACCGCTTGCTGCAACT-3’; primer C in Fig. 9) and HMA2-specific
primers (forward, 5'-CGACAACGTTATCATTCATACCCATC-3' and reverse,
5'-AATTGGTTTCTCCGGTTACCCTCAC-3'; primers A and B, respectively,
in Fig. 9). The absence of a full-length HMA?2 transcript was confirmed by RT-
PCR (forward, 5'-TGCTGTACATCGGAGGTTCCGT-3' and reverse, 5'-CAC-
TGAGCAACAACATGCTATTAAGG-3'; primers D and E in Fig. 9) and
northern-blot analysis. The hma2-5 mutant was obtained from Jeffrey Harper’s
laboratory (The Scripps Research Institute, La Jolla, CA). This mutant is
homozygous for a T-DNA insertion in the fourth exon of the HMA2 gene
(404_B12; Syngenta, San Diego). The absence of a full-length HMA2 tran-
script in hma2-5 mutant plants was confirmed by RT-PCR analysis in our
laboratory.

Material Distribution

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes
subject to the requisite permission from any third-party owners of all or parts
of the material. Obtaining any permissions will be the responsibility of the
requester.

Sequence Analysis

Sequences were aligned using the LaserGene software package (DNAS-
TAR, Madison, WI). HMA2 membrane topology was obtained using the
TMHMM 2.0 on-line server for prediction of transmembrane helices (http://
www.cbs.dtu.dk/services/ TMHMM).

Data Analysis

Curves of ATPase activity versus metal were fitto v =V, L/(L + K, ,),
where L is the concentration of variable ligand. ATPase activity versus
vanadate curves were fit to v = (V.. — V;,))/[1 + (I/K; )] + V., where
I is the concentration of inhibitor, K, ,, is the inhibitor concentration that
produces one-half the inhibitory effect, and V,; is the activity at maximum
inhibition. Data analysis was done using the KaleidaGraph software (Synergy,
Reading, PA). The reported sks for V.. and K are asymptotic sEs reported by

the fitting program.

Sequence data from this article have been deposited with the EMBL/
GenBank data libraries under accession number AY434728.
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