
              
P1: Nbl/kkk/ars/dat P2: ARS/plb QC: ARS/anil T1: ARS

April 13, 1998 13:19 Annual Reviews AR060-26

Annu. Rev. Plant Physiol. Plant Mol. Biol. 1998. 49:669–96
Copyright c© 1998 by Annual Reviews. All rights reserved

MOLECULAR BIOLOGY
OF CATION TRANSPORT
IN PLANTS

Tama Christine Fox and Mary Lou Guerinot
6044 Gilman, Department of Biological Sciences, Dartmouth College, Hanover,
New Hampshire 03755; e-mail: mary.lou.guerinot@dartmouth.edu

KEY WORDS: calcium, copper, iron, manganese, potassium, zinc

ABSTRACT

This review summarizes current knowledge about genes whose products function
in the transport of various cationic macronutrients (K, Ca) and micronutrients
(Cu, Fe, Mn, and Zn) in plants. Such genes have been identified on the basis
of function, via complementation of yeast mutants, or on the basis of sequence
similarity, via database analysis, degenerate PCR, or low stringency hybridization.
Not surprisingly, many of these genes belong to previously described transporter
families, including those encoding Shaker-type K+ channels, P-type ATPases,
and Nramp proteins. ZIP, a novel cation transporter family first identified in
plants, also seems to be ubiquitous; members of this family are found in protozoa,
yeast, nematodes, and humans. Emerging information on where in the plant each
transporter functions and how each is controlled in response to nutrient availability
may allow creation of food crops with enhanced mineral content as well as crops
that bioaccumulate or exclude toxic metals.
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INTRODUCTION

Ions need to be transported from the soil solution into the root and then dis-
tributed throughout the plant, crossing both cellular and organellar membranes.
Transport across the plant plasma membrane is driven by an electrochemi-
cal gradient of protons generated by plasma membrane H+-ATPases (76, 106).
These primary transporters pump protons out of the cell, thereby creating pH
and electrical potential differences across the plasma membrane. Secondary
transport systems then utilize these gradients for many functions, including
nutrient uptake, phloem loading, and stomatal opening. Since the first reports
on the cloning of H+-ATPase genes from plants in 1989 (40, 88), a number of
genes have been identified that encode various types of primary and secondary
transporters (as reviewed in 3, 66). This review focuses on a group of plant
cation transporters that has been identified either functionally or via sequence
similarity. We highlight transporters for two macronutrient cations, K and Ca,
and four micronutrient cations, Cu, Fe, Mn, and Zn. These are the mineral
cations for which we currently have the most information at the molecular
level.

When we think about cation transport, it is important to keep in mind that
many cations, although essential, can also be toxic when present in excess (e.g.
39). Thus, plants may regulate uptake and efflux systems in order to control
their intracellular cation concentrations. With cloned genes in hand, it now be-
comes possible not only to carry out structure-function studies on how various
transporters move cations but also to investigate how transporters respond to
changing cation levels. For most of the transporters we discuss, definitive proof
of where they function within the plant has not yet been obtained. Nonethe-
less, what is becoming increasingly clear is that plant transporters belong to a
number of well-described families, thus narrowing the perceived gap between
the biology of animals and that of plants and allowing us to apply knowledge
gained in one system directly to another.
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Throughout this review, the term transporter is used inclusively to refer to
both channels and carriers. Ion channels are distinguished from carriers by
their several orders of magnitude higher flux rates and by their mediation of the
passive flux of ions across membranes. The electrochemical gradient across the
membrane in which the channel resides determines whether, and in which di-
rection, ions move. Carriers may move ions either with or against their substrate
concentration gradients and may function as uniporters or as cotransporters.

POTASSIUM

K+ is the most abundant cation in higher plant cells. K+ plays central roles in
plant growth and development, including maintenance of turgor pressure, leaf
and stomatal movement, and cell elongation (68, 69, 102, 111). Whereas K+

levels in soil solution range from 1µM to 10 mM, with many soils falling in the
range of 0.3 to 5.0 mM, intracellular K+ levels are maintained at 100–200 mM
(56). Thus, uptake of K+ from the soil must move K+ against its concentration
gradient. Recent articles have provided excellent overviews of K+ transport
in plants (10, 68, 69, 98, 102). We discuss genes identified to date that encode
plant K+ transporters. These transporters can be grouped into four categories:
(a) high-affinity cotransporters, (b) inwardly rectifying K+ channelα sub-
units, (c) K+ channelβ subunits, and (d ) an outwardly rectifying K+ channel
(Table 1).

High-Affinity K+ Transport
High-affinity K+ transport occurs when external K+ concentrations range from
approximately 1–200µM (56). The first high-affinity transporter, HKT1, was
identified by complementation of a mutant yeast strain defective for K+ uptake
with a wheat (Triticum aestivum) root cDNA expression library.HKT1restores
the ability of the yeasttrk1trk2mutant to grow on low K+-containing medium
(96). In situ hybridization experiments show thatHKT1 mRNA localizes to
the root cortex as well as to leaf and stem vascular tissue.HKT1 confers
high-affinity K+ transport when expressed in yeast and inXenopusoocytes
(96).

Although originally thought to be a H+-K+ symporter, further investigations
suggest that HKT1 may function as a K+-Na+ symporter (34, 92). Nontoxic
(µM) Na+ concentrations stimulate K+ transport whenHKT1 is heterologously
expressed in yeast or inXenopusoocytes (92). Even more striking, HKT1 can
mediate low-affinity Na+ influx into oocytes. This Na+ influx can be stimulated
by external K+. Furthermore, high (10–100 mM) external Na+ concentrations
inhibit K+ influx into oocytes, probably via competition between Na+ and K+

for binding to the K+ coupling site of HKT1 (92). The dual activities expressed
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Table 1 Plant K+ transporters and associated subunits

Direction of Proposed
Gene Species Cloning approach transport function Reference

High-Affinity K + Carriers
HKT1 T. aestivum Complementation Inward K+-Na+(H+)- 96

of a yeasttrk1 trk2 symporter
mutant

KEA1 A. thaliana PCR Inward Putative K+-H+ 115
or Na+-H+
antiporter

Low-Affinity K + Channels
LCT1 T. aestivum Complementation Inward K+, Na+ 95

of a yeasttrk1 trk2 transport
mutant

KAT1 A. thaliana Complementation Inward Channel 97
of a yeasttrk1 trk2
mutant

KST1 S. tuberosumDNA hybridization Inward Channel 80
based onKAT1
sequences

AKT1 A. thaliana Complementation Inward Channel 99
of a yeasttrk1 trk2
mutant

AKT2/3 A. thaliana DNA hybridization Inward Channel 16, 52
based onKAT1or
Shakersequences

SKT2 S. tuberosumYeast two-hybrid Inward Channel 28
screen using
KST1as bait

SKT3 S. tuberosumYeast two-hybrid Inward Channel 28
screen using
KST1as bait

KCO1 A. thaliana EST database Outward Channel 27
searched for
P-domain
sequences

K+ Channelβ Subunits
KAB1 A. thaliana EST database Modulates 109

searched for channels
animalβ subunits
sequences
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by HKT1—beneficial high-affinity K+-Na+ uptake under non-Na+ stress con-
ditions and detrimental low-affinity Na+ uptake under Na+ stress conditions—
point out the importance of dissecting the selectivity of transporters. Na+ stress
conditions are frequently found in irrigated soils, and HKT1 may provide one of
the pathways for Na+ uptake, making it a potential target for engineering Na+

tolerance in plants. Indeed, genetic selection in yeast has allowed the isolation
of mutations in HKT1 that confer reduced Na+ uptake and improved salt toler-
ance relative to wild-type HKT1. The next step is to test such mutant forms in
plants. It is crucial that the observations obtained via heterologous expression
in yeast and oocytes be verified experimentally in plants. To date, physiolog-
ical studies of high affinity K+ uptake in intact roots have not supported the
importance of Na+-coupled K+ transport in roots of terrestrial plants (69a).

Another gene,LCT1, was identified in the same screen that identifiedHKT1
(95). LCT1 mediates low-affinity Na+, Rb+, and possibly Ca2+ transport in
yeast. The physiological role of LCT1 in plants is uncertain, but the competitive
inhibition of cation uptake by Ca2+ fits well with studies that have shown the
importance of Ca2+ in reducing Na+ uptake and ameliorating Na+ toxicity.
Thus, LCT1, like HKT1, may be a good target for lowering Na+ influx in
plants to increase salinity tolerance (95).LCT1 is expressed at a low level in
roots and leaves. LCT1 is predicted to have 6 or 7 transmembrane domains
and a hydrophilic N-terminus with two PEST sequences. There are currently
no related proteins in the databases.

Finally, a cDNA—KEA1—has been cloned from Arabidopsis that shares
22% identity with bacterial K+-H+ and Na+-H+ transporters and mediates K+-
dependent inward currents in oocytes (115). It is unknown whether KEA1 also
mediates Na+ transport.

Low-Affinity K+ Transport
Low-affinity K+ transport occurs at mM external K+ concentrations and is
nonsaturating at physiologically relevant K+ concentrations. Low-affinity K+

transport is carried out by voltage-gated channels that allow the passive flow of
K+ down its electrochemical gradient (10, 69, 102). All of the known plant K+

inward channels show amino acid similarity to the animal Shaker K+-channel
family (58). Family members have six conserved transmembrane domains
(called S1–S6). An amphipathic S4 domain is involved in voltage sensing, and
a hydrophobic hairpin region between S4 and S5, called the H5 or P( pore)
domain, is proposed to form the channel pore and contain ion binding sites
(Figure 1). Shaker channels are composed of fourα-subunits, with the P
domain from each subunit lining the channel pore (13). Some Shaker channels
have additionalβ subunits as well (discussed below). All the plant K+ inward
channels, and many animal Shaker channels, contain a cyclic nucleotide binding
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Figure 1 Plant inward-rectifying K channels all contain six transmembrane domains, a voltage
sensing S4 domain, a nucleotide binding domain and a P domain. Some also have an ankyrin-repeat
domain at the C terminus.

domain (1, 16, 52, 99) and some of the plant channels have an ankyrin repeat
domain (16, 99).

Structural similarity does not predict direction of ion flux. Animal Shaker
channels are all outward-rectifying. Outward-rectifying channels open upon
depolarization of the membrane potential, thereby allowing K+ efflux. The only
plant outward-rectifying K+ channel identified so far,KCO1, has four trans-
membrane domains and is more similar to human and yeast inward-rectifying
channels than to the 6-transmembrane Shaker channels (27). In contrast, the
plant 6-transmembrane Shaker channels are all inward-rectifying and thus ac-
tivate K+ influx upon membrane potential hyperpolarization. Animal inward-
rectifying K+ channels have only two transmembrane domains (11). Further
details on specific plant K+ channels are presented below.

KAT1/KST1 The ArabidopsisKAT1gene was identified by its ability to restore
the growth of a yeasttrk1trk2mutant strain on low K+ media. KAT1 transports
K+ when expressed inXenopusoocytes (97) and insect Sf9 cells (35, 72).
KAT1-GUS constructs are expressed in guard cells and the vascular tissue of
the stem and root of Arabidopsis (82). Thus, KAT1 is likely to have a role in
stomatal opening and the transport of K+ into vascular cells rather than the direct
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uptake of soil K+. Further evidence that KAT1 functions in vivo as predicted
comes from studies on transgenic plants expressing a mutant form of KAT1
that is resistant to Cs+ blockage (48). These plants showed inward K+ currents
that were less sensitive to blockage by Cs+ than controls. In addition, the Cs+

inhibition of light-induced stomatal opening observed in wild-type plants was
not seen in the transgenic plants; stomata in these plants opened in the presence
of external Cs+. This study clearly provides molecular biological evidence
that K+ channels constitute an important pathway for physiological K+ uptake
during stomatal opening.

The tripeptide G262Y263G264 is conserved in the P domain of KAT1 and in
animal inward-rectifying K+ channels. This sequence may create selectivity by
occupying the narrowest region of an hour glass–shaped pore (58). Normally,
ion permeability through KAT1 in oocytes is in the order K+ > NH4+ > Rb+

À Na+ ∼ Li+ ∼ Cs+ (97). Altering the GYG tripeptide region or a T proposed
to interact with GYG changed selectivity and/or converted acid activation to
inactivation (81, 112). In addition, mutations were found that increased the
sensitivity of yeast to NH4+ or Na+. KAT1 has an additional 14 amino acids in
the P domain as compared to Drosophila Shaker channels. Mutation analyses
suggest that the additional KAT1 amino acids are involved in pore selectivity
and inhibition by Cs+ and Ca2+ (6). Both plant inward- and animal outward-
rectifying K+ channels appear to have the same orientation in membranes, with
the P domain on the extracellular side (Figure 1) (49). Evidence for conserved
membrane orientation includes (a) chimeric channels containing portions of
KAT1 and theXenopusK+ channel, Xsha2, are capable of transporting K+ into
Xenopusoocytes, suggesting that the two channels have the same orientation in
the membrane (15), and (b) the KAT1 P domain mutants (H267to T, and E269to
V) are less sensitive to Cs+ and TEA blockage (without changing selectivity),
suggesting that the P domain is accessible to the external side of the membrane
as in animal Shaker channels (49). If inward- and outward-rectifying channels
have the same orientation, then what determines whether a channel is inward
or outward rectifying? The S4 domain appears to be involved; altering three
amino acids in the S4 domain converts the Shaker B channel from outward to
inward rectification (77).

A gene encoding a guard cell K+ channel,KST1, was also cloned from a
Solanum tuberosumcDNA library based on its similarity toKAT1(80). While
bothKAT1andKST1mRNA are both predominantly expressed in guard cells,
KST1mRNA is present at low levels in flowers, whereasKAT1mRNA is present
in the vascular tissue of stems and roots (82).

The yeast two-hybrid system was used to screen for proteins that interact with
KST1 (28). Because transmembrane domains cannot be used efficiently in the
two-hybrid system, C-terminal regions of KST1 predicted to be cytosolic were
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used as bait. However, instead of identifying genes encoding proteins that might
be involved in channel regulation or localization, two putative K+ channel genes,
SKT2andSKT3, were isolated. SKT2 and SKT3 are 88% similar to each other
and both show similarity to Arabidopsis AKT2 (81% amino acid similarity for
SKT2 and 77% similarity for SKT3; see next section for discussion of AKT2).
A comparison of KST1, SKT2, and SKT3 with other K+ channels revealed
two conserved regions at the C-terminus that are found exclusively in all of the
plant inward-rectifying K+ channels. These regions, termed KHA domains, are
enriched for hydrophobic and acidic amino acid residues (28). Using insect cells
expressing a GFP-KST1 fusion, clusters of K+ channels could be visualized
within the plasma membrane. Deletion of the KHA domain resulted in an even
distribution of the GFP-KST11KHA fluorescence pattern, suggesting that the
KHA domain is required for the clustering of KST1. KST1 lacking the KHA
domain is electrophysiologically active in insect cells, indicating that the KHA
domain is not required for assembly intoα-subunit tetramers (28). All the
potato inward-rectifying K+ channels interact with each other indiscriminately
in vitro, suggesting that the tissue-specific expression of these transporters likely
influences which proteins interact to form channels.

AKT1 The Arabidopsis AKT1gene was cloned by complementing the yeast
trk1trk2 mutant (99).AKT1 transports K+ into transfected insect cells but not
into Xenopusoocytes (35). Northern blot analyses indicate thatAKT1 is ex-
pressed mainly in roots (5, 59). Transgenic Arabidopsis expressing anAKT1
promoter-GUS fusion exhibit GUS activity in the peripheral cell layers of ma-
ture root regions as well as in leaf primordia and hydathodes (59).AKT1 ex-
pression in roots is consistent with a role in K+ influx from the soil solution.
This was confirmed using a T-DNA insertional mutant ofAKT1calledakt1-1
(44). In akt1-1 root cells, no inward K+ currents could be detected. These
akt1-1plants grew poorly on low K+ medium and exhibited reduced high- and
low-affinity Rb+ uptake.

AKT2, which is approximately 60% identical toAKT1andKAT1, was identi-
fied using aKAT1PCR product to probe an Arabidopsis cDNA library (16). The
same gene was also identified by using a degenerate oligonucleotide made from
the conserved P domain of Shaker K+ channels to probe an Arabidopsis genomic
library (52). AlthoughAKT2did not complement the yeasttrk1trk2mutant (16),
AKT2can function as an inward-rectifying K+ channel in oocytes (52).AKT2
was found by Northern blot analysis to be highly expressed in leaves (16, 52).
This contrasts with the root expression seen forAKT1(5, 59). BothAKT1and
AKT2genes contain similar C-terminal ankyrin-binding sequences. Ankyrin-
binding sites facilitate the binding of proteins to the cytoskeleton, either to
localize proteins to specific locations on the PM, or to promote protein-protein
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interactions (reviewed in 52). This cytoskeletal interaction is different from that
proposed for KAT1, which has a C-terminal microtubule-binding site rather than
ankyrin-binding sites. Colchicine, which destabilizes microtubules, decreases
the current amplitude in oocytes expressing KAT1 but has not been tested on
AKT1 or AKT2.

KCO1 The first plant outward-rectifying K+ channel, KCO1 (for K+ channel,
Ca2+ activated,outward-rectifying), was found by searching the Arabidopsis
EST database for sequences containing the conserved P domain of Shaker chan-
nels (27). KCO1 belongs to a new class of K+ channels, recently described
in yeast and in humans, that contain not one but two P domains and have four
transmembrane segments. Sequences with similarity to KCO1 have also been
identified in other plant species (79). When expressed in insect cells, KCO1
directs outward-rectifying K+ currents that are strongly dependent on the pres-
ence of nanomolar concentrations of cytosolic free Ca2+. Indeed, two EF-hand
motifs (Ca2+-binding sites) are present at the C-terminal end of KCO1. KCO1
is activated by depolarization of the plasma membrane. This depolarization
is affected by external K+ concentration.KCO1 expression can be detected
in seedlings, as well as in the leaves, and flowers of older plants, albeit at a
low level, requiring the use of RT-PCR for detection. This level of localization
offers few clues about KCO1 function. However, physiological studies have
identified a number of outwardly rectifying K+ channels and it is hoped that
we will soon be in a position to correlate KCO1 expression with one of these
known K+ channel activities.

KAB1 An Arabidopsis EST was found to encode a protein with 49% identity
to rat and bovine K+ channelβ subunits (74, 109). Co-expression of certain
β subunits with Shakerα subunits can convert these channels from noninacti-
vating to fast-inactivating. The ratβ subunit, while hydrophilic, co-localizes
with nativeα subunits isolated from brain membranes, suggesting thatα and
β subunits may interact (reviewed in 58).β subunits have been proposed to
modulate K+ channels by (a) blocking the pore sterically, causing channels to
be fast inactivating (58); (b) reducingα subunits, based on the similarity of
β subunits to NAD(P)H oxidoreductases (22, 74); and/or (c) modulating the
maturation and direction ofα/β complexes to membranes (100).

KAB1 RNA is highly expressed in Arabidopsis leaf (especially guard) cells
and to a lesser extent in root cells, as shown by in situ hybridization (109). West-
ern blot analyses demonstrated the presence of KAB1 in both soluble and mem-
brane protein fractions of leaves, flowers, and roots (110). Immunocytochem-
ical analyses show that KAB1 is present in the plasma membrane, tonoplast,
chloroplast inner envelope, and mitochondrial inner membrane. The staining
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pattern suggests that the native polypeptide is present in regularly spaced indi-
vidual protein complexes (H Tang, AC Vasconcelos & GA Berkowitz, submitted
manuscript). KAB1 physically associates with KAT1α subunits; in vitro trans-
lated35S-KAT1 binds specifically to an affinity column made from immobilized
affinity-purified KAB1 and polyclonal antibodies directed against KAB1 specif-
ically immunoprecipitate both KAB1 and35S-KAT1. The widespread expres-
sion of KAB1 mRNA in various tissues suggests that KAB1 may interact with
multiple K+ channels rather than exclusively with shoot-localized KAT1 (110).

CALCIUM

Ca is an abundant element in soils and is usually present in sufficient amounts to
meet plant needs. Ca constitutes 0.1–2.0% dry weight of plants and structurally
stabilizes membranes and cell walls (71). Ca is also an important signaling
molecule: stimulation by red light, gravity, touch, cold shock, fungal elicitors,
hormones, or salt stress induces the opening of gated Ca2+ channels (reviewed
in 14). Ca2+ is transiently transported from organelles and the apoplasm into the
cytosol, thereby activating signal transduction pathways. In resting plant cells,
Ca2+ is actively exported by high-affinity Ca2+-ATPases and Ca2+/H+ anti-
porters out of the cell or into organelles to maintain cytosolic Ca2+ ≤ 0.1µM.
This prevents the activation of signal transduction pathways until a stimulus is
sensed (reviewed in 14).

P-type Ca-ATPases
High-affinity Ca2+-ATPases localize to the plant plasma membrane (2, 31) and
endomembranes (J Harper, personal communication; 91), including the ER
(63, 65), the Golgi Apparatus (65), the tonoplast (2, 20, 30, 31, 70), and the plas-
tid envelope (47). These transporters remove cytosolic Ca2+ into organelles or
the apoplasm. All the plant Ca2+-ATPases cloned are P-type ATPases that
are characterized by a phosphorylated intermediate, inhibition by vanadate, a
requirement for Mg2+, and a high substrate specificity for MgATP (47). Align-
ment of eukaryotic Ca2+-ATPases shows that the plant and animal genes are
related (70) and can be divided into “PM-type” pumps that are calmodulin-
stimulated and “ER-type” pumps that are not (78).

CALMODULIN-STIMULATED CA2+-ATPASES At present, three genes encoding
calmodulin-stimulated Ca2+-ATPases have been cloned from plants (Table 2).
Although similar to animal PM-type pumps, none localizes to the PM.PEA1
[(47), later calledACA1for Arabidopsis Ca2+-ATPase; (70)], was cloned from
Arabidopsis using antibodies generated against spinach chloroplast envelope
proteins (47). ACA1 is 40–44% identical to mammalian PM-type Ca2+-ATPases
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Table 2 Ca2+ transporters in plants

Gene Species Cloning approach Location Reference

Calmodulin-Stimulated Ca2+-ATPases
PEA1/ACA1 A. thaliana Antibody to chloroplast Chloroplast inner 47

protein envelope
ACA2 A. thaliana PCR using degenerate Endomembranes 40a

primers
BCA1 B. oleracea Calmodulin-binding Tonoplast 70

protein micro-
sequencing

Calmodulin-Insensitive Ca2+-ATPases
LCA1 L. esculentum PCR using degenerate Tonoplast 113

primers and plasma
membrane

pH27 N. tabacum PCR using degenerate Endomembrane 90
primers

DCBA1 D. bioculata PCR using degenerate Endomembrane 91
primers

ACA3/ECA1 A. thaliana PCR using degenerate Endoplasmic 63
primers (ACA3) and reticulum
DNA hybridization
using pH27 as a
DNA probe (ECA1)

OsCa-atpase O. sativum Differential display Endomembrane 21
+/− gibberellin

Ca2+/H+-Antiporters
CAX1 A. thaliana Complementation Tonoplast 45

of a yeastvcx1pmc1
mutant

CAX2 A. thaliana Complementation Tonoplast 45
of a yeastvcx1pmc1
mutant

but lacks the C-terminal calmodulin-binding domain. ACA1 has been proposed
to export Ca2+ from the plastids into the cytosol because (a) ATP-dependent
Ca2+ import could not be shown in spinach leaf chloroplasts (albeitACA1ex-
pression is lower in leaves than in roots); (b) the evolutionary relationship of
plastids to cyanobacteria, which export Ca2+ out of the cytoplasmic membrane;
and (c) the low activity of Ca2+ in the stroma as compared with total plastid
Ca2+ concentration (47).

A vacuolar calmodulin-affinity purified Ca2+-ATPase from Brassica
oleraceawas microsequenced, and the gene,BCA1, was cloned (70). BCA1
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shares 62% identity with ACA1 and>80% identity with proteins specified
by three Arabidopsis EST sequences. BCA1 contains a potential calmodulin-
binding, amphipathic helix at the N-terminus (instead of at the C-terminus as
in animal PM-type ATPases). Immunoblotting confirmed that BCA1 is in the
tonoplast, and isolated vacuoles were shown to have calmodulin-stimulated,
ATP-dependent Ca2+ influx (2).

An Arabidopsis cDNA,ACA2, was identified using primers designed against
sequences conserved among P-type ATPases (40a). ACA2 is 78% and 62%
identical to ACA1 and BCA1, respectively, at the amino acid level. Biochemi-
cal assays confirm that ACA2 encodes a calmodulin-regulated Ca2+-ATPase
and provide evidence that the N-terminal domain of ACA2 functions as a
calmodulin-regulated autoinhibitor. Removal of this autoinhibitory domain
results in constitutively high ACA2 activity. Only the truncated pump allows
a yeast mutant defective in calcium homeostasis (lacking both tonoplast and
Golgi apparatus Ca2+-ATPases as well as calcineurin) to grow on Ca2+-depleted
medium. Anti-ACA2 antibodies recognize a protein that is most abundant in
root and flower endomembranes.

CALMODULIN-INSENSITIVE CA2+-ATPASES LCA1, a Lycopersicon esculentum
Ca2+-ATPase, was identified by using a degenerate sequence of the conserved
ATP-binding domain of P-type ATPases to probe a root cDNA library (113).
LCA1 shares over 60% amino acid identity with regions of animal ER-type
Ca2+-ATPases. Northern blots of tomato identified threeLCA1 transcripts in
roots and one in leaves.LCA1expression was induced by 50 mM NaCl in both
leaves and roots (113), consistent with a model in which salt stress perturbs
intracellular Ca2+ levels (62). A similar Ca2+-ATPase (encoded by a cDNA
called pH27) was identified inNicotiana tabacum(90). Expression of the
N. tabacumgene was highest in cultured cells and stems, intermediate in roots,
and lowest in leaves. High NaCl induces expression of this Ca2+-ATPase in
cultured cells. Both LCA1 and the protein encoded by pH27 were initially pro-
posed to localize to the ER (90, 113). However, antibodies raised against LCA1
(31) reacted instead with tonoplast and PM vesicle proteins. ATP-dependent
45Ca2+ transport occurred only in those vesicles containing LCA1 and was
inhibited by the anti-LCA1 antibodies (31).

A Ca2+-ATPase, DCBA1, with 54% identity to mammalian ER-type Ca2+-
ATPases was identified from the highly salt-tolerant algaDunaliella bioculata
using a conserved region of theDunaliellaP-type H+-ATPase gene,DBPMA1,
to probe a cDNA library (91).DCBA1is expressed at very low levels as shown
by Northern blots.

An Arabidopsis Ca2+-ATPase gene,ACA3/ECA1(for ER-type Ca2+-ATPase),
was cloned using the same screen that identifiedACA2(Y Wang, B Hong &
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JF Harper, submitted manuscript) and by probing a cDNA library withpH27
(63). ECA1 is 69% identical to OsCa-atpase (see below), 64% identical to
LCA1 and 42% identical to a rabbit ER-type Ca2+-ATPase. Western blots
showed highest expression of ECA1 in roots and flowers versus shoots and
siliques. ECA1 is located mainly in the ER (63). ECA1 restores growth to
both apmr1yeast mutant (defective in a Golgi Apparatus Ca2+-pump), and a
pmr1pmc1cnb1mutant (lacking also the vacuolar Ca2+-pump and calcineurin)
on low Ca2+-containing medium (63). ECA1 may also transport Mn2+ (dis-
cussed in the Mn section; 63).

A differential display approach was used to compare gene expression in
rice aleurone cells treated± gibberellin for 1 h (21). A gibberellin-inducible
Ca2+-ATPase, OsCa-atpase, was identified that, when transiently expressed in
aleurone cells, bypasses the gibberellin requirement for stimulatingα-amylase.
Thus, OsCa-atpase may be an early downstream component of the gibberellin
signal transduction pathway.

Calcium/Proton Antiporters
Previously, high-affinity vacuolar Ca2+-ATPases were thought to lower Ca2+

activities in the cytosol of resting cells, whereas Ca2+/H+-antiporters were
thought to pump Ca2+ from the cytosol only when cytosolic Ca2+ levels were
elevated (30). However, genes encoding two high- and low-affinity Ca2+-H+-
antiporters,CAX1andCAX2, have now been cloned from Arabidopsis (45)
via their ability to suppress the Ca2+ hypersensitivity of aSaccharomyces
cerevisiae vcx1pmc1double mutant that lacks both the vacuolar P-type Ca2+-
ATPase and the Ca2+/H+-antiporter (25, 26; Table 2). CAX1 and CAX2 share
a central acidic motif, and 11 proposed membrane-spanning domains with
Ca2+/H+-antiporters identified inS. cerevisiaeandE. coli. CAX1 and CAX2
catalyze1pH-dependent Ca2+ transport. CAX1-mediated Ca2+ transport is
concentration dependent and exhibits Michaelis-Menton kinetics with aKm
of 13 µM. Thus CAX1, along with Ca2+-ATPases, is proposed to keep cy-
tosolic Ca2+ activities below 1µM in resting plant cells (45). However, Cd,
Hg, and La strongly inhibit45Ca uptake, suggesting that CAX1 may trans-
port other cations (121). In support of this, CAX1 mediates Na+-H+ antiport
as well as Cd transport (121). CAX2-mediated Ca2+ transport was also con-
centration dependent but exhibits a lower affinity (Km > 100 µM) for Ca2+

(45). The highKm suggests that CAX2 does not normally function in Ca2+

transport. Rather, preliminary experiments suggest that CAX2 may function as
a high-affinity H+/heavy metal cation antiporter with a role in metal homeosta-
sis rather than Ca2+ signaling (K Hirschi, personal communication).CAX1and
CAX2RNA are both expressed in Arabidopsis roots, leaves, stems, flowers and
siliques.
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COPPER

Uptake
Cu is an essential redox component required for a wide variety of processes,
including the electron transfer reactions of respiration (cytochromec oxidase,
alternate oxidase) and photosynthesis (plastocyanin), the detoxification of su-
peroxide radicals (Cu-Zn superoxide dismutase) and lignification of plant cell
walls (laccase). Cu levels in soils range from 10−4 to 10−9 M, with up to 98% of
the Cu in soil solution complexed to low molecular weight organic compounds
(71). Plants require from 5 to 20µg gDW−1 Cu, depending on the species.
Whether Cu needs to be reduced before transport, as has been shown to be the
case for yeast (41), is still an open question (see section below on Fe).

A putative Cu transporter from Arabidopsis, encoded by theCOPT1gene
(Table 3), can suppress the growth defects of a yeastctr1-3strain that lacks high-
affinity Cu uptake (51).COPT1is expressed in flowers, stems, and leaves but
is undetectable in roots. The lack of root expression may indicate that COPT1
is not responsible for Cu uptake from soil; however, it is not known whether Cu
deficiency causes an increase in the expression ofCOPT1in roots (or in any
other tissue). Although originally reported to be present as a single copy in the
genome, several ESTs in the database encode proteins with similarity to COPT1,
suggesting thatCOPT1may be part of a small gene family in Arabidopsis.

COPT1 is similar to Ctr1p (49% similarity as predicted by the GAP program)
and to a newly described human copper transporter, hCTR1 (56% similarity as
predicted by the GAP program), that was also identified by its ability to rescue a
yeastctr1 mutant (122). COPT1 (169 aa) and hCTR1 (190 aa) are significantly
smaller than Ctr1p (406 aa), mainly due to truncations at the N- and C-termini.
However, COPT1, like Ctr1p and hCTR1, has three potential transmembrane
domains, and all three proteins contain an N-terminal putative metal-binding
domain rich in methionine and serine residues. This metal-binding domain is
predicted to lie on the extracellular surface and is similar to those found in sev-
eral bacterial copper-binding proteins, including theEnterococcus hiraecopper
ATPase (CopB) and the CopA and CopB proteins fromPseudomonas syringae
(101). Two other genes in yeast (CTR2andCTR3; see 51, 53) and one other
gene in humans (hCTR2; see 122) are similar toCOPT1. Ctr2p and hCTR2
were originally identified as being similar to COPT1 and to hCTR1, respec-
tively, in database searches (51). NeitherCTR2nor hCTR2can rescue actr1-3
mutant, and neither has a recognizable metal-binding motif (51, 122). How-
ever,CTR2overexpression confers sensitivity to Cu, andctr2 mutants are more
resistant to Cu, suggesting that Ctr2p functions as a low-affinity Cu transporter.
Ctr3p is a small, integral membrane protein identified by its ability to restore
high-affinity Cu uptake to actr1-3–deficient yeast mutant (53). Mutations in
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Table 3 Genes involved in micronutrient transport in plants

Gene Species Cloning approach Proposed function Reference

COPT1 A. thaliana Complementation of a yeast Cu transport 51
ctr1 mutant

PAA1 A. thaliana PCR using degenerate Cu efflux from 107
primers cytosol

AMA1 A. thaliana PCR using degenerate Cu efflux from J Harper, personal
primers cytosol communication

OsNramp1 O. sativa BLAST search for Nramp Mn transport, roots 8
ESTs and DNA probing
of a cDNA library

OsNramp2 O. sativa BLAST search for Nramp Mn transport, leaves 8
ESTs and DNA probing
of a cDNA library

OsNramp3 O. sativa BLAST search for Nramp Mn transport, roots 8
ESTs and DNA probing and leaves
of a cDNA library

frohA, frohB, A. thaliana PCR using primers based b-type cytochrome; 91a
frohC, frohD on yeast ferric reductases Fe(III)-chelate

reductase

IRT1 A. thaliana Complementation of a yeast Fe(II) transport 29; H Pakrasi,
fet3fet4mutant Mn(II) transport personal

communication

ZIP1, ZIP2, A. thaliana Complementation of a yeast Zn transport ML Guerinot,
ZIP3 zrt1zrt2mutant unpublished

data

NA synthase H. vulgare Protein purification; cDNA Synthesis of 42
has not been identified phytosiderophores

NAAT H. vulgare PCR with degenerate Synthesis of 108
primers based on phytosiderophores
microsequencing data

IDS2, IDS3 H. vulgare Subtractive hybridization Synthesis of 83, 85
of +/− Fe roots phytosiderophores

both Ctr1p and Ctr3p are required to completely eliminate high-affinity cop-
per uptake. Interestingly, in many laboratory strains,CTR3is interrupted by a
transposable element (53). The exact role that Ctr3p plays in Cu transport is
not entirely clear. Ctr3p is thought to function in an endocytic copper transport
pathway, based on its localization pattern (53).

Intracellular Transport
It is likely that multiple Cu-trafficking pathways come into play after transport
of Cu across the plasma membrane. Cu must be delivered to the mitochondria,
to a compartment needed for activation of cytosolic Cu proteins and to the
secretory pathway. InS. cerevisiae, ATX1encodes a 73 amino acid polypeptide
that is believed to act in the intracellular transport of Cu to the secretory sys-
tem (64). Atx1p contains the highly conserved metal-binding motif MTCXXC
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that functions as the mercury binding site in theEscherichia coliMerP and
MerA proteins and as the putative copper-binding site for the Cu-ATPases from
E. hirae(CopA), S. cerevisiae(Ccc2p), and humans (the Wilson and Menkes
proteins). Two plant ESTs, from Arabidopsis and rice, encode peptides having
greater than 60% identity to Atx1p; each contains a presumptive metal-binding
motif, MXCXXC. Although the role of these Atx1p-like proteins in metal
homeostasis in plants has not yet been established, their similarity to Atx1p
suggests a similar function and makes these genes interesting targets for further
investigation.

Efflux
P-type ATPases belong to a large superfamily of ATP-driven pumps involved
in the transmembrane transport of a variety of cations across cell membranes.
A recent analysis of 159 P-type ATPases demonstrates that these proteins can
be organized in a phylogenetic tree with five major branches according to
substrate specificity and not according to the evolutionary relationship of parent
species. This indicates that abrupt changes in the rate of sequence evolution are
accompanied by the acquisition of new substrate specificities (4). Analysis of
the Arabidopsis EST database reveals that there are at least 18 different P-type
ATPases represented.

Using degenerate oligonucleotides based on residues conserved among metal-
transporting P-type ATPases, an Arabidopsis cDNA has been identified en-
coding a protein, PAA1, that is 42.6% identical to the PacS Cu-ATPase from
Synechococcusand 37.9% identical to the Wilson Cu-ATPase (107). PAA1 con-
tains all four motifs commonly found in P-type ATPases, a phosphatase region
(TGES), an ion transduction region (xPC), a phosphorylation site (DKTGT),
and an ATP binding domain (GDGxNDxP). It also contains the highly con-
served MTCXXC metal-binding motif in its N terminal domain.PAA1 tran-
scripts are not very abundant in either roots or shoots and are not copper induci-
ble. Another P-type ATPase, AMA1, has also been identified from Arabidopsis
using degenerate PCR. There is also an Arabidopsis gene, recently sequenced
as part of the genome effort, that has up to 80% similarity to Ccc2p, Menkes
protein, and Wilson’s protein (ML Guerinot, unpublished data). All three of
these proteins probably function in the export of Cu from the cytosol into an
extracytosolic compartment (118).

MANGANESE

Uptake
Mn is required for a number of essential processes in plants, including oxy-
gen evolution in photosynthesis (water-splitting enzyme S in the Hill reaction),
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detoxification of oxygen-free radicals (Mn-superoxide dismutase), and CO2
fixation in C4 and CAM plants (PEP carboxylase). Mn is taken into plants
mainly as the free Mn2+ ion. Concentrations of Mn can vary greatly in the soil,
ranging from less than 0.1µM in well-aerated alkaline soils to greater than
400µM in submerged soils (54). The Mn concentration required by plants also
spans a wide range, from 0.01 to 50µM. Although there are a large number
of reports linking Fe and Mn nutrition, almost no work has been done at the
molecular level on the transport of Mn in plants. A number of proteins similar
to Nramp may function as Mn transporters (see below). In addition,IRT1, iden-
tified originally by its ability to complement a yeast mutant with a defect in Fe
uptake (see section on Fe), has been shown to rescue asmf1mutant of yeast that
has a defect in high-affinity Mn uptake (H Pakrasi, personal communication).
There is accumulating evidence from both yeast and Arabidopsis that Ca and
Mn may be substrates for the same intracellular transporter (60, 63).

Members of the Nramp (Naturalresistanceassociatedmacrophageprotein)
family have now been implicated in Mn transport inS. cerevisiae(104) and
in Fe transport in mammals (32, 38). Two ESTs fromO. sativaand one from
Arabidopsis show strong similarity (60% as determined by a BLAST search)
to mammalian Nramp (7). Using the ESTs as hybridization probes, three
different cDNAs have been isolated from rice (8). Northern blots indicate that
OsNramp1is expressed primarily in roots, whereasOsNramp2is primarily
expressed in leaves.OsNramp3is expressed in both tissues. As yet, there is no
functional proof of what substrate(s) the plant Nramp proteins are transporting.
We would also like to know whether any of the plant Nramp proteins respond
to a deficiency of any particular metal. For example, dietary Fe deficiency
upregulates the expression ofDCT1, the rat isoform of human Nramp2, possibly
via an iron responsive element found in the 3′ UTR of DCT1 (38). DCT1 has
an unusually broad substrate range that includes Fe, Mn, Co, Cd, Cu, Ni, and
Pb. It is not known whether other dietary deficiencies can also upregulate the
expression of this transporter.

The Nramp family has been highly conserved throughout evolution with
representatives found in yeast, birds, Drosophila,Caenorhabditis elegansand
bacteria in addition to those found in mammals and plants (17, 18). Nramp
proteins have 10 conserved transmembrane domains, a glycosylated loop (be-
tween TM6 and TM7), and a sequence signature (TMT[X]4G[D/Q[X]4GF in
the TM8 to TM9 interval) that shares similarity to the permeation pore of the
K+ channel family (17). Originally, Nramp1 was identified in mice because
a mutation in this gene leads to susceptibility to intracellular pathogens such
as Mycobacterium, Salmonella, andListeria. If all members of the Nramp
family function as metal transporters, this could nicely explain the original ob-
servations on Nramp1 (for models, see 38, 105). Briefly, Nramp is proposed
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to transport certain divalent cations, possibly Mn and/or Fe, from the extracel-
lular milieu into the cytoplasm of a macrophage, and after the generation of
a phagosome removes these divalent cations from the organelle, thus depriv-
ing the invading microorganism of divalent cations needed for production of
defense enzymes such as superoxide dismutase (Mn) and catalase (Fe). It is
also possible that Fe2+ uptake by macrophages may allow production of toxic
hydroxyl radicals via the Fenton reaction, killing pathogens in the phagosome
as part of the defense mechanism.

Intracellular Transport
ECA1encodes a Ca2+-ATPase in Arabidopsis that localizes mainly to the ER
(63). In addition to being able to rescue the Ca pumping defect of apmr1
mutant ofS. cerevisiae, ECA1 could also restore the growth of thepmr1mutant
in Mn-containing medium, suggesting that this Ca pump may also catalyze Mn
transport. Mn has been shown to stimulate the formation of a phosphorylated
intermediate of ECA1 in microsomes prepared from yeast expressing ECA1.
Mn is likely to be sequestered in endomembrane compartments; ECA1 may be
responsible for transport of both Ca and Mn into the lumen of the ER or the
Golgi. Indeed, Pmr1p has been implicated in supplying both Mn and Ca to
the Golgi in yeast (60). An Arabidopsis line with a T-DNA insertion inACA3
(identical toECA1) can now be used to examine the role of this pump in plants
(J Harper, personal communication). For example, one would predict that such
a line would be more sensitive than wild type to high levels of Mn.

IRON

Fe is found in the soil mainly as insoluble oxyhydroxide polymers of the general
composition FeOOH. In an aerobic, aqueous environment at neutral pH, free
Fe3+ is limited to an equilibrium concentration of approximately 10−17 M, a
value far below that required for the optimal growth of plants (10−6 M). Thus,
before plants can take up Fe for transport into the root, they must somehow
solubilize these Fe(III) oxides. A recent summary of plant mutants affected
in iron uptake (12) will provide additional information to that covered here on
components of iron uptake systems now identified at the molecular level.

Strategy I
All plants except the grasses use a strategy (termed Strategy I) to acquire Fe
that is similar to the system used byS. cerevisiae(37). The initial reduction
of Fe(III), carried out by a plasma membrane–bound Fe(III) chelate reduc-
tase, is followed by transport of Fe(II) across the root epidermal cell mem-
brane. Both the Fe(III) chelate reductase (117) and the Fe(II) transport activities
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(33) are enhanced under Fe deficiency. Several candidate genes (frohA, frohB,
frohC, andfrohD) that may encode Fe(III) reductases have been identified in
Arabidopsisusing degenerate PCR with primers designed against motifs com-
mon to the yeast Fe(III) reductase proteins, Fre1p, Fre2p, and Frp1 (91a, 93).
Each of thesefrohgenes encodes ab-type cytochrome belonging to a larger fam-
ily whose other members include the respiratory burst oxidase of mammalian
neutrophils (gp91-phox). Arabidopsis mutants—frd1andfrd3—that exhibit de-
fects in Fe(III) reduction have also been identified (116, 117). We are now test-
ing to see whether thefrohAor frohBgenes can complementfrd1 mutants, be-
cause these two genes map to the same location asFRD1(Q Groom, C Procter,
E Connolly, ML Guerinot & N Robinson, unpublished data). Whereas there is
good evidence that Fe is required in its reduced form for uptake (19, 117), it
is still not clear whether Cu needs to be reduced before transport and whether
Fe(III) chelate reductases also reduce Cu(II) chelates. Because Arabidopsis has
a Cu transporter (COPT1) similar to the yeast Cu transporter Ctr1p that uses
Cu(I) as a substrate, it may indeed turn out that plants also reduce Cu before
transport. Cu deficiency has been shown to induce Fe(III) chelate reductase
activity in pea plants; deficiencies of other cations (K, Mg, Ca, Mn, and Zn)
do not elicit a similar response (23). Furthermore,frd1 mutants that do not
show induction of Fe(III) chelate reductase activity under iron-deficient growth
conditions have also lost the ability to reduce Cu(II) chelates (117).

Proton release is also enhanced under Fe deficiency, which lowers rhizo-
sphere pH and thereby increases the solubility of Fe(III). There is a large family
of H+-ATPase genes in Arabidopsis. One of these,AHA2, is upregulated in
response to Fe deficiency (BA Parry & ML Guerinot, unpublished data).

The ArabidopsisIRT1 gene (forIron RegulatedTransporter) was isolated
because its expression in yeast could restore iron-limited growth to a yeast
fet3fet4mutant defective in iron uptake (29). Consistent with its proposed role
as a metal ion transporter, yeast expressingIRT1possess a novel iron uptake
system that is specific for Fe(II) over Fe(III). Moreover, IRT1 is specific for
iron over other potential substrates; Fe(II) uptake was not greatly inhibited by
high concentrations of other physiologically relevant metal ions such as Cu(I),
Cu(II), Mn(II), and Zn(II). Most interestingly, Cd has been shown to inhibit
iron uptake by IRT1. This suggests that Cd may serve as a substrate for this
transporter. This will need to be tested directly using radiolabeled Cd. In
Arabidopsis,IRT1is expressed in roots and is induced by iron-deficient growth
conditions. Furthermore, its expression is altered in mutant strains with defects
in regulation of the root Fe(III)-chelate reductase. Based on these results, we
proposed that IRT1 is an Fe(II) transporter that takes up iron from the soil.

The significance of IRT1 in the field of metal uptake research is twofold.
IRT1is the first Fe transporter gene to be isolated from plants, and it provides a
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useful handle on the mechanism and regulation of Fe uptake in plants. Second,
IRT1 has led to the discovery of a family of transporters involved in metal ion
uptake. We have named this group the “ZIP” gene family (for ZRT/IRT-related
proteins) for the first three members to be isolated and characterized, ZRT1,
ZRT2, and IRT1. ZRT1and ZRT2encode Zn transporters inS. cerevisiae
(119, 120).ZIP family genes are found in a diverse array of eukaryotic organ-
isms (eight genes in Arabidopsis, one in rice, one gene in trypanosomes, two
genes inS. cerevisiae, four genes in nematodes, and two in humans). Based on
our studies ofIRT1and the twoZRTgenes, we propose that the other genes in
this family also function as metal transporters.

All ZIP proteins are predicted to have eight transmembrane domains. These
proteins range from 309 to 476 amino acids in length; this difference is largely
due to the length between transmembrane domains III and IV, designated the
“variable region.” This region is particularly intriguing because in all but two
members this domain contains a histidine-rich motif that may serve as a metal-
binding site. Similar domains have also been found in the Zn efflux transporters
ZRC1 (50), COT1 (24), ZnT-1 (87), and ZnT-2 (86).

Strategy II
Strategy II plants, the grasses, release phytosiderophores, low molecular weight
Fe(III)-specific ligands, in response to iron deficiency. These molecules are
nonproteinogenic amino acids synthesized from methionine via nicotianamine
(NA) to give mugineic acids that efficiently chelate Fe(III) with their amino and
carboxyl groups (67). The Fe(III)–mugineic acid complexes are then believed
to be internalized by specific transport systems that have yet to be characterized
at the molecular level. A similar chelating strategy is used by a wide variety of
bacteria and fungi (36).

The first step in phytosiderophore synthesis is the combination of three mo-
lecules ofS-adenosylmethionine to form NA via NA synthase. Genes encoding
S-adenosylmethionine synthetase have been cloned from a number of species,
including Arabidopsis. NA synthase has been purified from iron-deficient barley
roots, and efforts are now under way to identify cDNAs encoding this enzyme
(42). Besides serving as a precursor for mugineic biosynthesis, NA is also
thought to play a role in long-distance metal transport in Strategy I plants
(103). Based on electrophoretic and potentiometric techniques, NA is predicted
to transport Cu and Zn in the xylem and Cu, Zn, and Fe(II) in the phloem
(43).

After formation of NA, NA aminotransferase (NAAT) is then thought to
transfer an amino group to produce an unstable intermediate that is rapidly re-
duced to form deoxymugineic acid. cDNAs from barley-encoding NAAT have
been identified; NAAT is strongly induced under iron deficiency (108). Using a
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subtractive hybridization approach, two other barley genes—ids2andids3—that
may function in synthesis of mugineic acid have been identified (83, 85). Each
encodes a protein with some similarity to 2-oxoglutarate dioxygenases, making
them good candidates for the conversion of deoxymugineic acid and mugineic
acid to epihydroxymugineic acid via hydroxylation.

In order to identify the Fe(III)–mugineic acid transporter, a yeastctr1 mutant
that is unable to grow on iron-deficient media was transformed with a barley
cDNA expression library, and clones that could use Fe(III)–mugineic acid as an
iron source were isolated. One clone, designatedSFD1(Suppressor ofFerrous
uptakeDefect), can restore the ability of actr1 mutant of yeast to grow on iron-
deficient media when either Fe(III) mugineic acid or Fe(III) citrate are provided
(114). SFD1 has no similarity to any protein of known function, and the exact
mechanism by which the growth arrest is bypassed remains to be determined.

ZINC

Uptake
Zn is taken up from the soil solution as a divalent cation (71). Once taken up,
Zn is neither oxidized nor reduced; thus, the role of Zn in cells is based on
its behavior as a divalent cation that has a strong tendency to form tetrahedral
complexes (for a review, see 9). Zn is an essential catalytic component of over
300 enzymes, including alkaline phosphatase, alcohol dehydrogenase, Cu-Zn
superoxide dismutase, and carbonic anhydrase. Zn also plays a critical struc-
tural role in many proteins. For example, several motifs found in transcriptional
regulatory proteins are stabilized by Zn, including the Zn finger, Zn cluster, and
RING finger domains. Proteins containing these domains are very common; it
has been estimated that as many as 2% of all yeast gene products contain Zn-
binding domains. Despite the importance of Zn as an essential micronutrient for
plant growth, relatively few studies have examined the mechanisms and regula-
tion of Zn absorption by roots. Currently, there is little agreement on whether Zn
enters via ion channels or via a divalent cation carrier and whether there is a link
between uptake and metabolic energy transduction (55). Attention has mainly
been focused on hyperaccumulators, i.e. plants that can grow in soils containing
high levels of Zn and accumulate high concentrations of Zn in their shoots. Cer-
tain populations ofThlaspi caerulescenscan tolerate up to 40,000µg Zn g−1 tis-
sue in their shoots; for most plants, optimal Zn concentration is between 20 and
100µg g−1 tissue. Radiotracer studies withT. caerulescensand a nonhyperac-
cumulating related species,T. arvense, have shown that theVmax for the uptake
of Zn was 4.5-fold greater forT. caerulescensthan for the nonhyperaccumula-
tor T. arvense, while theirKm values were not significantly different (61). This
suggests that Zn uptake is controlled by regulating the number of transporters
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in the membrane (61). Once in the shoot, Zn is believed to be stored in the
vacuoles of leaf cells, preventing the buildup of toxic levels in the cytoplasm.

Using a method similar to the one used to isolateIRT1, we isolated the
ZIP1, ZIP2, andZIP3genes of Arabidopsis by functional expression cloning in
a zrt1zrt2mutant yeast strain; expression of these genes in yeast restored Zn-
limited growth to this strain (N Grotz, T Fox, E Connolly, ML Guerinot, W Park
& D Eide, submitted manuscript). Biochemical analysis of metal uptake has
demonstrated that these genes encode Zn transporters. Yeast expressingZIP1,
ZIP2, andZIP3 each have a different time-, temperature-, and concentration-
dependent Zn uptake activity with apparentKm values between 10 and 100 nM
Zn(II). These values are similar to the levels of free Zn available in the rhizo-
sphere (84). Moreover, no Fe uptake activity has been detected with any of
these proteins in uptake experiments using55Fe. We propose that each of these
three genes plays a role in Zn transport in the plant. These represent the first
Zn transporter genes to be cloned from any plant species.

CONCLUSIONS

DNA-based strategies (as opposed to biochemical approaches) have success-
fully identified a number of genes involved in cation transport in plants. Despite
this success, we must keep in mind that such approaches may not identify all the
relevant transporters. For example, yeast complementation may not allow us to
identify multimeric transporters if yeast cannot provide the appropriate partner
proteins. And although plant genes are well represented in several distinctive
families of cation transporters such as P-type ATPases, there are currently no
members of the RND (resistance/nodulation/cell division) (94), the CDF (cation
diffusion facilitator) (89), or ABC (ATP-binding cassette) transporter families
that have been implicated in cation transport in plants. Searching for family
members will undoubtedly continue; this search will surely be facilitated by
ongoing efforts to complete the sequence of Arabidopsis and other plant (rice,
maize) genomes. Space limitations did not allow us to cover another possible
avenue for identifying transporter genes, namely searching for mutants with
transporter defects.

With many cloned genes already in hand, the obvious challenge now is to
decipher the role of each of the transporters encoded by these genes. For most
transporters, physiologically important information such as expression pattern
and mechanism of regulation is still lacking. Various molecular approaches
ultimately can tell not only in what tissue and cell types certain transporters
are expressed but where within a cell each is expressed. They can also tell
whether gene expression is directly influenced by changes in cation concentra-
tions. We are also now in a position to identify plant mutants carrying insertions
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in particular transporter genes (57, 75); this will greatly help in assigning func-
tions. Having cloned genes is also allowing us to undertake structure-function
studies on the encoded proteins themselves. Many transporter activities have
been well characterized at the electrophysiological level. Our ability to now
combine such information with structural information about the proteins will
hopefully lead to an understanding of the molecular mechanisms of transport.
Finally, moving beyond how any one transporter functions, we need to keep in
mind that ultimately we want to understand cation transport at the whole plant
level and to use such knowledge to create plants with enhanced mineral content
as well as plants that bioaccumulate or exclude toxic cations such as cadmium
and lead.
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