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Magnesium (Mg

 

2

 

�

 

) is the most abundant divalent cation in plant cells and plays a critical role in many physiological pro-
cesses. We describe the identification of a 10-member Arabidopsis gene family (

 

AtMGT

 

) encoding putative Mg

 

2

 

�

 

 trans-
port proteins. Most members of the 

 

AtMGT

 

 family are expressed in a range of Arabidopsis tissues. One member of this
family, 

 

AtMGT1

 

, functionally complemented a bacterial mutant lacking Mg

 

2

 

�

 

 transport capability. A second member,

 

AtMGT10

 

, complemented a yeast mutant defective in Mg

 

2

 

�

 

 uptake and increased the cellular Mg

 

2

 

�

 

 content of starved
cells threefold during a 60-min uptake period. 

 

63

 

Ni tracer studies in bacteria showed that 

 

AtMGT1

 

 has highest affinity
for Mg

 

2

 

�

 

 but may also be capable of transporting several other divalent cations, including Ni

 

2

 

�

 

, Co

 

2

 

�

 

, Fe

 

2

 

�

 

, Mn

 

2

 

�

 

, and
Cu

 

2

 

�

 

. However, the concentrations required for transport of these other cations are beyond normal physiological
ranges. Both 

 

AtMGT1

 

 and 

 

AtMGT10

 

 are highly sensitive to Al

 

3

 

�

 

 inhibition, providing potential molecular targets for Al

 

3

 

�

 

toxicity in plants. Using green fluorescence protein as a reporter, we localized AtMGT1 protein to the plasma mem-
brane in Arabidopsis plants. We suggest that the 

 

AtMGT

 

 gene family encodes a Mg

 

2

 

�

 

 transport system in higher plants.

INTRODUCTION

 

Magnesium (Mg

 

2

 

�

 

) is the most abundant divalent cation in a
living cell and serves as a cofactor with ATP in a number of
enzymatic reactions. In addition, free Mg

 

2

 

�

 

 stabilizes mem-
branes and regulates many cellular enzymes. In higher
plants, Mg

 

2

 

�

 

 plays an even more prominent role because it
is an essential component of chlorophyll molecules. Despite
these critical cellular functions, Mg

 

2

 

�

 

 uptake, transport, and
homeostasis in eukaryotes are poorly understood at both
the physiological and the molecular level.

Mg

 

2

 

�

 

 is unique among the major biological cations in its
chemical properties. It has the largest hydrated radius, the
smallest ionic radius, and the highest charge density. Be-
cause it binds water molecules three to four orders of mag-
nitude more tightly than do other cations, Mg

 

2

 

�

 

 often
interacts with other molecules while maintaining its hydra-
tion sphere. As a result, it is speculated that Mg

 

2

 

�

 

 transport
systems may use unique membrane channels or carriers
(Gibson et al., 1991). Studies of Mg

 

2

 

�

 

 transport in bacteria
support this hypothesis. The major Mg

 

2

 

�

 

 transport genes in
bacteria belong to the CorA family, originally identified from

 

Salmonella typhimurium

 

 (reviewed by Smith and Maguire,
1998). CorA is a single gene locus in 

 

S. typhimurium

 

 encod-
ing a 37-kD integral membrane protein (Smith et al., 1993).
Topological analyses of CorA protein reveal a unique struc-
ture that contains a large, acidic, N-terminal, periplasmic
domain and three transmembrane (TM) domains at the C-ter-
minal region (Smith et al., 1993).

MgtA and MgtB are additional Mg

 

2

 

�

 

 transport genes
found in 

 

S. typhimurium.

 

 Both are large multi-TM proteins
that belong to the P-type ATPases (Maguire, 1992). Both the
CorA and Mgt

 

A

 

/

 

B

 

 systems are capable of transporting other
divalent cations such as Ni

 

2

 

�

 

 and Co

 

2

 

�

 

 (Smith and Maguire,
1998; Moncrief and Maguire, 1999). However, the physio-
logically relevant function of all these genes is their action as
Mg

 

2

 

�

 

 uptake systems, based on their relative 

 

K

 

m

 

 values for
these cations and the concentrations of the cations usually
encountered by bacteria (Smith and Maguire, 1998).

A recent study has identified two yeast proteins referred
to as ALR1 and ALR2 for their function in aluminum resis-
tance (MacDiarmid and Gardner, 1998). These proteins
show some similarity to CorA and are required for yeast
growth under low concentrations of Mg

 

2

 

�

 

, suggesting that
ALR proteins may serve as Mg

 

2

 

�

 

 transporters (MacDiarmid
and Gardner, 1998). Recently, another yeast protein, MRS2,
which also has structural similarity to the bacterial CorA
family, has been suggested as a transporter of Mg

 

2

 

�

 

 across
the inner mitochondrial membrane (Bui et al., 1999). Overex-
pression of bacterial CorA in the mitochondrial membrane
compensated for the loss of Mg

 

2

 

�

 

 content in mitochondria
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in an 

 

mrs2

 

 deletion strain. The yeast MRS2, ALR1, and
ALR2 proteins share some structural features with the bac-
terial Mg

 

2

 

�

 

 transporter CorA. All have a highly charged
N-terminal domain and two hydrophobic regions near the C
terminus (MacDiarmid and Gardner, 1998; Bui et al., 1999).
There is also an absolutely conserved GMN motif near the
end of one of the hydrophobic regions, and mutagenesis of
CorA has shown that these three conserved residues are es-
sential for functional Mg

 

2

 

�

 

 transport (Szegedy and Maguire,
1999). There may be differences in the number of TM do-
mains in various members of the family, because MRS2 pro-
tein has been shown to possess only two TM domains (Bui
et al., 1999), in contrast to the three found in CorA (Smith et
al., 1993).

To date, the only Mg

 

2

 

�

 

 transport protein characterized
from a multicellular organism is the Mg

 

2

 

�

 

/H

 

�

 

 exchanger in
Arabidopsis, AtMHX (Shaul et al., 1999). Very similar to ani-
mal Ca

 

2

 

�

 

/Na

 

�

 

 exchangers, AtMHX is localized to the tono-
plast and mediates transport of Mg

 

2

 

�

 

 into the vacuole in a
proton-dependent manner (Shaul et al., 1999). Here, we re-
port identification of a family of Mg

 

2

 

�

 

 transporters from Ara-
bidopsis that are homologous to the yeast 

 

MRS2

 

 gene and
to the CorA family in bacteria. The family has 10 members,
most of which are expressed in a range of plant tissues

 

.

 

 One
family member, 

 

AtMGT1

 

, functionally complements an Mg

 

2

 

�

 

transport mutant of 

 

S. typhimurium

 

, whereas a second
member, 

 

AtMGT10

 

, complements an equivalent yeast mu-
tant. AtMGT1-mediated uptake of cations into bacteria
showed similar kinetics to that of CorA, a high-affinity Mg

 

2

 

�

 

transporter in bacteria. We also present evidence that sug-
gests a plasma membrane localization of AtMGT1 in Arabi-
dopsis, which is consistent with a possible function of
AtMGT1 in Mg

 

2

 

�

 

 uptake and translocation.

 

RESULTS

 

AtMGT10

 

 Complements a Yeast Strain Deficient in
Mg

 

2

 

�

 

 Uptake

 

The first member of the Arabidopsis gene family was identi-
fied by complementation of a yeast mutant (CM66) that
lacks both the 

 

ALR1

 

 and 

 

ALR2

 

 genes, and therefore cannot
grow on standard synthetic media (SD) containing 4 mM
Mg

 

2

 

�

 

 (Sherman, 1991). This strain was used to screen the
Lacroute cDNA library (Minet et al., 1992) for Arabidopsis
genes that confer the ability to grow on 4 mM Mg

 

2

 

�

 

. From

 

�

 

1.5 million transformants, we obtained a single plant
cDNA that appeared to be altering Mg

 

2

 

�

 

 uptake. This plas-
mid was completely sequenced. It contained a gene that
has been called 

 

AtMGT10

 

 (for 

 

Arabidopsis thaliana

 

 magne-
sium transport; numbering is derived from analysis of the
family [see below]). Figure 1A shows that expression of this
plant gene is able to complement growth on solid medium

with 4 mM Mg

 

2

 

�

 

. However, the plant gene is not as effective
as is the endogenous yeast 

 

ALR1

 

 gene in allowing growth at
lower levels of Mg

 

2

 

�

 

 (Figure 1B).

 

AtMGT10

 

 is able to direct Mg

 

2

 

�

 

 uptake into yeast over a
short time frame. Yeast strains were grown at high Mg

 

2

 

�

 

(250 mM) and then starved by growing them for 24 hr in
minimal media lacking Mg

 

2

 

�

 

. Figure 2A shows that before
starvation, the steady state Mg

 

2

 

�

 

 content of the mutant
strain CM66 expressing 

 

AtMGT10

 

 was 34% higher than that

Figure 1. AtMGT10 Allows Growth of Mg2�-Deficient Yeast.

(A) Complementation on solid medium. CM66 and CM52 cells con-
taining various plasmids were grown to saturation in SDM-ura me-
dium (see Methods), washed free of excess Mg2� with water, and
diluted to give similar OD600 readings; fivefold dilutions were applied
to SD-ura plates containing 4 mM or 250 mM Mg2�. Row 1, CM66 �
pFLN2; row 2, CM66 � pFL61-AtMGT10; row 3, CM52 � pFLN2-
ALR1. Plates were photographed after 3 days at 30�C.
(B) Growth in liquid medium. CM66 cells overexpressing either
AtMGT10 (left) or the yeast ALR1 gene (right) were grown in SDM-
ura to log phase (OD600 � 0.6 to 0.8). The cells were harvested by
centrifugation, washed twice with distilled water to remove traces of
Mg2�, and resuspended in distilled water. Aliquots of 25 mL of LPM
(see Methods) were prepared containing increasing concentrations
of MgCl2; 0 �M (open diamond), 5 �M (open square), 20 �M (open
triangle), 100 �M (open circle), and 4000 �M (x). CM66 cells were
then added to give a final A600 of 0.001 to 0.002. The growth of the
cultures was monitored over 24 hr by following OD600. Results dis-
played are averages (�SE) for three cultures grown on different days.
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of the same strain containing the vector. However, during
the 24 hr of starvation, Mg2� content decreased to similar
levels in both strains (Figure 2A). Mg2� uptake into the
starved cells was then compared at 4 mM Mg2� over a 60-
min period. In CM66 expressing AtMGT10, the total intracel-
lular Mg2� content doubled after 20 min and increased more
than threefold after an hour. In contrast, intracellular Mg2�

content in the control strain increased by only 41% in an
hour (Figure 2B).

AtMGT Is Encoded by a Multigene Family in Arabidopsis

We have identified from the Arabidopsis genome database a
family of 10 genes encoding proteins related to AtMGT10. We
refer to the genes as AtMGT1 to AtMGT10. cDNA copies of
AtMGT1 to AtMGT9 were amplified by reverse transcription–
polymerase chain reaction (RT-PCR) and sequenced to con-
firm the protein sequence; in five cases, the actual se-
quence differed from splice site predictions in the database
(see Methods).

An amino acid comparison of the Arabidopsis proteins
and their homologs is shown in Figure 3A. The gene family is
most similar to two yeast proteins, including MRS2, which is
involved with Mg2� uptake into mitochondria (Bui et al.,
1999). In addition, we recently isolated homologous cDNAs
from human and rat. The human protein has a mitochondrial
leader and can complement mitochondrial Mg2� transport in
mrs2 yeast (Zsurka et al., 2001). The 10 Arabidopsis family
members showed significant amino acid diversity, with
amino acid identities ranging from 15 to 89%. However,
there are six motifs conserved across the whole family
(shown in boldface in Figure 3A); none of these appears to
correspond to known functional groups identified to date.
The conserved GMN motif near the C terminus is also
present in the bacterial and yeast members of the CorA
family, where it is located in one of the two TM domains.
Even conservative changes in these residues inactivate
CorA (Szegedy and Maguire, 1999).

The phylogenetic relationship between the amino acid se-
quences of the yeast, mammalian, and Arabidopsis genes is
shown in Figure 3B. The yeast and mammalian genes group
separately on the tree from the plant genes, as expected.
Several of the Arabidopsis genes grouped in clusters on the
tree. For example, AtMGT1 and AtMGT2, AtMGT5 and
AtMGT6, and AtMGT7, AtMGT8, and AtMGT9 appear to be
closely related. AtMGT10 is the most divergent of the plant
family.

Figure 3C shows the approximate locations of introns in
the 10 Arabidopsis genes. The number and location of splice
sites vary widely between some genes (e.g., AtMGT10 and
all the others), with some others identical (e.g., AtMGT7 to
AtMGT9). The relationship between the number and location
of splice sites in each gene (Figure 3C) closely reflects the
phylogenetic relationships between the amino acid se-
quences shown in Figure 3B. The genes map to all five chro-

mosomes and, except for AtMGT7 and AtMGT8, are located
on different bacterial artificial chromosomes. On the basis of
a comparison of their locations and the chromosomal rela-
tionships (Blanc et al., 2000), researchers have found no ob-
vious indication that any of the genes have arisen by
polyploidization of the Arabidopsis genome.

Figure 2. Uptake of Mg2� in Yeast by AtMGT10.

(A) Time course of Mg2� starvation. The Mg2� content is shown for
yeast cells pre-grown in minimal (SD) medium containing 250 mM
Mg2� and then cultured for 24 hr in media without Mg2�. Diamonds,
pFL61-AtMGT10/CM66; squares, pFLN2/CM66. Results are aver-
ages (�SE) of duplicate measurements made for three cultures
grown on different days.
(B) AtMGT10 mediates Mg2� uptake. Starved cells were pre-incu-
bated with glucose, and then Mg2� uptake was measured in succinate
buffer, pH 4, with 4 mM Mg for 1 hr. Symbols and measurements are
as given in (A).
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Figure 3. Analysis of the AtMGT Family.
























