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Magnesium (Mg2�) is the second most abundant cation in cells, yet
relatively few mechanisms have been identified that regulate
cellular levels of this ion. The most clearly identified Mg2� trans-
porters are in bacteria and yeast. Here, we use a yeast comple-
mentary screen to identify two mammalian genes, MagT1 and
TUSC3, as major mechanisms of Mg2� influx. MagT1 is universally
expressed in all human tissues and its expression level is up-
regulated in low extracellular Mg2�. Knockdown of either MagT1
or TUSC3 protein significantly lowers the total and free intracel-
lular Mg2� concentrations in mammalian cell lines. Morpholino
knockdown of MagT1 and TUSC3 protein expression in zebrafish
embryos results in early developmental arrest; excess Mg2� or
supplementation with mammalian mRNAs can rescue the effects.
We conclude that MagT1 and TUSC3 are indispensable members of
the vertebrate plasma membrane Mg2� transport system.

ALR1 � transporter � TRPM � zebrafish � KMG104-AM

Magnesium (Mg2�) is the most abundant divalent cation in
eukaryotic cells. Estimates of total intracellular Mg2�

concentrations ([Mg2�]) vary from 17 to 20 mM in different
mammalian cells (1), while free [Mg2�] is �0.5–1 mM (2–5). The
majority of Mg2� is bound to the major building blocks of the
cell, such as proteins, phospholipids, nucleic acids, and especially
ATP (6). Serum [Mg2�] is maintained in a relatively narrow
range (1–2 mM) in mammals (7), only slightly higher than the
intracellular free [Mg2�], making the reversal potential for Mg2�

close to zero. Thus, the electrochemical gradient for Mg2� is
normally into the cell due to the negative plasma membrane
potential. Compared to [Ca2�], free [Mg2�] in the cytosol
f luctuates much less dramatically with extracellular stimuli (8).
Nevertheless, Mg2� plays a fundamentally important role in
cellular processes. Mg2� serves as a major cofactor of ATP;
�90% of cellular ATP is Mg-ATP (9). Therefore, it is not
surprising that cell metabolism and many enzymatic activities are
affected by Mg2� homeostasis (10). Mg2� deficiency results in
small cell size and cell cycle arrest (11), as well as accelerated cell
senescence (12), and intracellular Mg2� levels modulate the
activity of many ion channels (13–18). In whole animals, hypo-
magnesemia results in hypocalcemia (19, 20), and Mg2� defi-
ciency has been correlated to hypertension (21, 22).

Magnesium bond angles for ligand coordination are tightly
constrained and Mg2� is almost always hexacoordinated (23).
Mg2� binds tightly to H2O, with very high energies (40–80
kcal/mol) required for dehydration (24, 25). These features
dictate that Mg2� transporters should differ in significant ways
from other cationic ion channels and transporters. The recently
solved structures of bacterial CorA (26–28) and MgtE (29) Mg2�

channels show little overall structural similarity to other cation
channels. Interestingly, the ALR1 gene from Saccharomyces
cerevisiae shares minimal sequence homology with CorA, yet
ALR1 and CorA are functionally interchangeable (30, 31).

Recently several vertebrate genes were implicated in Mg2�

homeostasis (32). SLC41A1 (33, 34) and SLC41A2 (35) genes are

remote homologs to the widely expressed prokaryotic Mg2�

transporter MgtE, and their overexpression in mammalian and
avian cells increases total cellular [Mg2�]. SLC41A1 (36),
SLC41A2 (37), MagT1 (38), NIPA1 (39), NIPA2 (40), and HIP14
(41) have all been proposed to conduct Mg2� currents when
overexpressed in Xenopus oocytes. Magnesium permeation of
several transient receptor potential (TRP) ion channels, such as
TRPM6 (42–44) and TRPM7 (45, 46), has raised interest in
putative Mg2� channels. TRPM6 mutations have been linked to
the human genetic disease familial hypomagnesemia with sec-
ondary hypocalcemia (47, 48). TRPM7 knockout in DT-40 avian
lymphocytes exhibited a Mg2� deficiency phenotype and growth
arrest (49). However, detailed studies of [Mg2�] in tissues of
TRPM7�/� mice show that these channels play little direct role
in Mg2� homeostasis (50). The extremely low inward conduc-
tance of the TRPM6/7 channels rather suggests that the affects
of permeant Mg2� are confined to the immediate vicinity of the
channel.

In this report, we took advantage of the growth arrest phe-
notype of the S. cerevisiae Mg2� transporter mutant alr1�, and
performed a complementary screen to search for potential
human genes that could rescue the phenotype. We found that
MagT1, and its homolog, TUSC3, support the growth of alr1�
yeast without Mg2� supplementation. We show that both genes
are required for mammalian cellular Mg2� uptake and are
crucial for zebrafish embryonic development.

Results
MagT1 and TUSC3 Complement the Yeast ALR1 Mg2� Transporter.
Growth of yeast Saccharomyces cerevisiae strain alr1� (30, 31)
arrests on common YPD medium, and it only proliferates when
the media is supplemented with 50–100 mM MgCl2 (Fig. 1A). To
identify human genes that might complement this defect, we
transformed a Jurkat cell library in the yeast GAL1 expression
vector (pNV7-Jurkat) into alr1�, and collected clones that could
grow on normal YPGal medium without Mg2� supplementation.
One of the complementation clones contained the sequence
from MagT1 (GeneBank CAB66571.1), encoding a membrane
protein with four predicted transmembrane (TM) helices (Fig.
1B). MagT1 was previously identified in an oligonucleotide
microarray screen for genes up-regulated in mouse kidney distal
convoluted tubule cells under low Mg2� growth conditions (38).
MagT1’s sequence reveals no similarity to any known bacterial,
yeast, or mammalian Mg2� transport genes, except for remote
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homology to OST3, a regulatory subunit of the S. cerevisiae
endoplasmic reticulum oligosaccharyltransferase complex (51).
No clearly defined domains or signature sequences were found
in MagT1. The predicted topology of MagT1 protein is the
inverse of both CorA and MgtE, with a large N-terminal
extracellular domain and very small numbers of intracellular
residues (Fig. 1B). MagT1 has a human gene homolog, TUSC3
(GeneBank AAH10370.1), identified as a putative tumor sup-
pressor gene in prostate cancer (Fig. S1) (52). Recently, TUSC3
has also been found to be associated with autosomal recessive
mental retardation (53). MagT1 and TUSC3 share 66% identity
in the amino acid sequences, with similarly predicted secondary
structures, and both are well conserved in mouse, rat, chicken,
Xenopus, and zebrafish (Fig. S2). In Drosophila, only one po-
tential gene, CG7830, is homologous to MagT1 and TUSC3.

We cloned MagT1 and TUSC3 into the yeast expression vector
p413GPD (54), and verified that either can complement the
yeast Mg2� transporter ALR1 (Fig. 1 A). TUSC3 has two pre-
dicted splicing variants that differ at their C-termini (Fig. S3).
Interestingly, only TUSC3–2 complemented ALR1 (Fig. 1 A).
Both MagT1 and TUSC3 have four TM domains, and a N-
terminal signal peptide predicted to be cleaved from the mature
protein (http://www.cbs.dtu.dk/services/SignalP/) (Fig. 1B).
Cleavage of the N-termini was confirmed by Western blots with
tagged proteins. MagT1 appears to be universally expressed in

human; TUSC3 has a more limited expression pattern, with
highest expression in ovary, placenta, prostate, testis, adipose
tissue, and lung (Fig. 1C). mRNAs of both MagT1 and TUSC3
were represented in extracts from HEK-293T (Fig. 2A) and
Jurkat cell lines.

Extracellular Mg2� Regulates Expression of MagT1. To test the
hypothesis that MagT1 and TUSC3 are involved in Mg2� trans-
port, we first determined whether MagT1 expression changes
with extracellular [Mg2�]. As shown in Fig. 2 A, MagT1 mRNA
levels cells increased �2.5-fold after 1 day, and 7.5-fold after 2
days of low [Mg2�], while high [Mg2�] incubation had no effect.
Meanwhile, TUSC3 expression was unchanged by either high or
low extracellular [Mg2�]. We developed a specific polyclonal
antibody against the N-terminal region of human MagT1 (Fig.
S4); Western blots showed similar regulation of MagT1 protein
levels in HEK-293T cells (Fig. 2B).

MagT1 Is a Cell Surface Protein. Cell surface biotinylation (55) was
used to investigate the subcellular localization of MagT1(Fig. 3).
Both transfected HA-tagged MagT1 (Fig. 3A) and native MagT1
(Fig. 3B) were biotinylated in nonpermeabilized HEK 293T cells,
indicating that a portion of the total protein was at the cell
surface. Upon antibody staining of nonpermeabilized cells with
extracellular antibody, only N-terminal-tagged MagT1 was la-
beled. No signal was detected when the tag was inserted into the
loop between putative TM3 and TM4 (see Fig. 1B). In contrast,
both tags were labeled when the cells were first permeabilized
(Fig. 3C). These results confirm that MagT1 is at the plasma
membrane, but also show that the N terminus of MagT1 is
extracellular. The loop between TM1 and TM2, as well as,
between TM3 and TM4 would then be intracellular, consistent
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Fig. 1. MagT1 and TUSC3 complement the yeast ALR1 Mg2� transporter-
deficient strain. (A) Yeast complementation assay. MagT1 and two splicing
isoforms of TUSC3 were subcloned into the yeast p413GPD expression vector
and the alr1� strain transformed. Yeasts were streaked on either YPD or YPD
plates supplemented with 100 mM MgCl2, and grown for 2 days at 30 °C. (B)
Predicted MagT1 secondary structure with the positions of transmembrane
(TM) helices and signal peptide indicated. (C) RT-PCR of mRNA from human
tissues as indicated.
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Fig. 2. MagT1 is up-regulated in low Mg2�. (A) Quantitative RT-PCR of total
RNA from HEK 293T cells grown in either standard DMEM, or media with the
indicated [Mg2�] for 1 or 2 days. Samples were measured in triplicate, and
�-actin levels were used as internal controls. Error bars indicate SEM, and
asterisks indicate P � 0.01. (B) Western blots on cells grown in the media
indicated in (A) using polyclonal antibody against human MagT1. The relative
intensity of the Western signal is shown (Bottom).
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with the topology predicted by the TMHMM (http://
www.cbs.dtu.dk/services/TMHMM-2.0/).

MagT1 and TUSC3 Are Required for Mg2� Uptake. To determine
whether MagT1/TUSC3 transport Mg2�, cells were loaded with
Mg2�-sensitive dyes and monitored for changes in fluorescence.
The cell permeable dye, KMG104-AM (50, 56), has �100 times
lower affinity for Ca2� than commonly used Mag-Fura2 (57). To
reduce MagT1 and TUSC3 protein, we applied small interfering
RNA (siRNA) in HEK 293T cells. As shown in Fig. 4A, each of
the three siRNAs dramatically reduced MagT1 protein levels.
MagT1 and TUSC3 knockdowns were also verified by RT-PCR
from total cell mRNA.

KMG104-AM-loaded HEK 293T cells exhibited a rapid flu-
orescence increase after the media was switched from a nomi-
nally Mg2� free extracellular solution to one containing 10 mM
Mg2�. A plateau in the fluorescence signal was reached within
approximately 1 min. Upon perfusion with a solution containing
50 mM Mg2�, f luorescence increased further, and returned to
baseline when the perfusate was switched back to Mg2� free
solution (Fig. 4B). In HEK 293T cells treated with control
siRNA, free cellular [Mg2�] increased �15% upon 10 mM Mg2�

application, and �30% with 50 mM Mg2� (Fig. 4C). MagT1
siRNA-treated cells showed a significantly reduced free
�[Mg2�], �50–60% of the level in control siRNA-treated cells
(Fig. 4 B and C). Similar effects were observed with TUSC3
siRNA and double (MagT1 and TUSC3) siRNA treatments (Fig.
4 B and C), indicating that both MagT1 and TUSC3 are required
for Mg2� uptake.

We overexpressed both MagT1 and TUSC3 in HEK 293T cells
and measured the change in Mg2� uptake. Although MagT1
(Fig. 4A) and TUSC3 levels were significantly increased in the
cells upon overexpression, we did not observe a significant

difference in �[Mg2�] in 10 mM extracellular [Mg2�], and only
a 20% difference in �[Mg2�] in 50 mM extracellular [Mg2�]
between mock-transfected and overexpressing cells (Fig. 4D).

We monitored total cellular magnesium in HEK cells by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), an
accurate and sensitive measurement of elemental content (58).
HEK 293T cells were grown in low Mg2� media overnight before
they were transferred to media containing normal [Mg2�] (2
mM). Compared to control cells, cells treated with MagT1
siRNA showed significantly lower total Mg2� content, both in
standard and low Mg2� media, and slower cellular Mg2� recov-
ery rates when cells were switched back to standard Mg2� media
after Mg2� starvation (Fig. S5A). Interestingly, overexpressing
MagT1 alone did not raise the total cellular Mg2� content, while
expression of both MagT1 and TUSC3 resulted in modestly
higher cellular Mg2� content. This difference was especially
apparent when cells were first starved of Mg2� and later switched
back to Mg2�-rich media (Fig. S5A). Calcium content could not
be compared using ICP-MS due to technical limitations, but zinc,
copper, iron, and manganese levels were not significantly dif-
ferent between MagT1 siRNA-treated cells and control cells
(Fig. S5B; nickel and cobalt levels were too low to be accurately
measured).

We examined net currents resulting from overexpression of
MagT1 and TUSC3 in HEK 293T cells. No significant difference

Fig. 3. MagT1 is located on the cell surface. (A) Biotinylation of overex-
pressed MagT1 protein. HEK 293T cells were transfected with HA-tagged
MagT1, grown for 24 h, and surface proteins labeled by biotinylation. Total
cell lysate and streptavidin-purified portions were loaded onto SDS/PAGE gels,
and Western blots were performed with �-HA, �-tubulin, or �-Na, K-ATPase
antibodies. (B) Biotinylation of native MagT1 protein in untransfected HEK
293T cells; native MagT1 protein was detected by �-MagT1 polyclonal anti-
body. (C) Immunostaining of transfected MagT1-HA protein in HEK 293T cells.
Permeabilized (0.2% Triton X-100), or nonpermeabilized cell immunostaining
with �-HA antibody are compared. (Scale bar, 10 �m.)
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Fig. 4. MagT1 and TUSC3 are required for cellular Mg2� uptake. (A) RNA
interference and overexpression of MagT1. HEK 293T cells were transfected
with three different siRNAs or MagT1 cDNA and grown for 2 days before
Western blotting total cell lysates using polyclonal �-hMagT1 and �-tubulin
antibodies. (B) Representative traces of the Mg2� assay in MagT1 knockdown
cells. HEK 293T cells were loaded with 20 �M KMG104-AM (45 min, 37 °C), and
fluorescence changes monitored in differing [Mg2�]. One molar Mg2� was
added at the end of the experiment. (C) Quantification of traces in (B), with
peak fluorescence levels shown for each [Mg2�] treatment; error bars indicate
SEM; asterisks indicate P � 0.01. (D) Mg2� uptake assay on MagT1 and TUSC3
overexpressing cells. HEK 293T cells were cotransfected with MagT1 and
TUSC3 and incubated for 24 h before the assay. (E) Mg2� uptake assay in Jurkat
cells with potential Mg2� transporters (MagT1, SLC41A1, SLC41A2) knocked
down. Each of the indicated siRNAs was transfected into Jurkat cells via
electroporation and cells were incubated for 2 days before the assay. (F)
RT-PCR on total RNA from the Jurkat cells in (E).
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was detected with whole cell patch clamp methods in transiently
transfected cells or inducible stable cell lines. This contrasts with
a reported Mg2�-permeant inward current in MagT1 mRNA-
injected Xenopus oocytes (38).

MagT1/TUSC3 Are Mg2� Transporters in Jurkat Cells. The bacterial
MgtE homologs, SLC41A1 and SLC41A2, were reported to
function as Mg2� exporters and importers, respectively, in
vertebrates (33, 35). In Jurkat cells, which express SLC41A1,
SLC41A2 (34), MagT1 and TUSC3, knockdown of SLC41A1 and
SLC41A2 (Fig. 4F) did not reduce or increase Mg2� uptake,
while MagT1 knockdown achieved similar effects as its knock-
down in HEK 293T cells (Fig. 4E). We conclude that SLC41A1
and SLC41A2 do not transport significant amounts of Mg2� in
Jurkat cells in comparison to MagT1 and TUSC3, under our
conditions.

MagT1 and TUSC3 Are Crucial for Zebrafish Embryonic Development.
We used zebrafish (Danio rerio) to examine the role of MagT1
and TUSC3 in vertebrate embryonic development since MagT1
and TUSC3 genes are 80% and 93% identical to their human
homologs, respectively. A genome-wide mRNA expression study
showed that both are widely distributed in tissues throughout all
stages of embryonic development (59).

We designed two sets of morpholinos (60) against both MagT1
and TUSC3, targeting the translation start sites (Morpholino A)
and intron-exon borders (Morpholino B). By blocking transla-
tion initiation, Morpholino A reduces both maternal and zygotic
protein levels; Morpholino B interferes with mRNA splicing and
only affects zygotic expression. Thirty hours after injection,
MagT1 protein levels in the embryos injected with Morpholino
A were reduced to �10% of those in the mock injections, and
Morpholino B injection resulted in a 78% protein reduction of
MagT1 (Fig. 5A). Morpholino B dramatically blocked mRNA
splicing of MagT1 (Fig. 5B).

We compared the hatching rate of morpholino-injected em-
bryos to that of mock-injected counterparts after 48 h. The
injection of MagT1 Morpholino A alone abrogated embryos
procession to hatch; TUSC3 Morpholino A decreased hatching
rates to �30% (Fig. 5C). MagT1 or TUSC3 Morpholino B
injected embryos had comparable hatching rates as mock-
injected controls (�90%; Fig. 5C), perhaps as a result of residual
protein expression from maternal mRNA translation. However,
when combined Morpholino B oligos against MagT1 and TUSC3
were injected, only 20% of the embryos hatched (Fig. 5D). These
results indicate that both MagT1 and TUSC3 are important for
zebrafish embryonic development and function cooperatively.
Profound developmental abnormalities were apparent 30 h after
injection with combined Morpholino A oligos against MagT1 and
TUSC3 (Fig. 5E) as only 5% of the embryos hatched (Fig. 5D).

We next determined whether the observed embryonic devel-
opmental arrest was correlated with Mg2� deficiency secondary
to MagT1/TUSC3 ablation. When human MagT1 and TUSC3
mRNA was coinjected with combined MagT1 and TUSC3
Morpholino A (Fig. 5A, Lane 3), the hatching rate was increased
4-fold, to 25%. When 10 mM MgCl2 was included in the
Morpholino A injection buffer, a 22% survival rate was achieved
(Fig. 5D). Either hMagT1�TUSC3 mRNA coinjection with
morpholino B, or Mg2� coinjection with Morpholino B, also
partially rescued the phenotype (Fig. 5D).

Discussion
We showed that MagT1 and TUSC3 genes underlie a major
component in cellular Mg2� transport and are required for
vertebrate embryonic development.

Perhaps due to magnesium’s unique chemistry, Mg2� trans-
porters share little similarity with other ion transporters or
channels. Different families of purported Mg2� transporters

share few common signature domains (32, 61), making it difficult
to identify new transporters through homology searches. In this
report we designed a functional screen for complementary genes
in yeast that did not rely on sequence similarity. MagT1 shares
no sequence homology with any known Mg2� transporters, yet
it fully complemented the yeast Mg2� deficiency phenotype.

MagT1 and TUSC3 share significant similarity, and knock-
down of either or both genes similarly reduced Mg2� uptake,
suggesting that the two gene products function cooperatively.
Interestingly, MagT1 is more universally expressed than TUSC3,
raising the possibility that MagT1 may function alone or in
conjunction with other proteins. Meanwhile, despite almost
complete ablation of cellular MagT1, significant residual Mg2�

uptake activity remained, suggesting additional Mg2� transport
mechanisms. It is worth noting, however, that while both
SLC41A1 and SLC41A2 were reported to mediate large currents
when expressed in Xenopus oocytes (36, 37), no significant Mg2�

currents were recorded upon overexpression in mammalian and

Control Morpholino A

Morpholino A Morpholino B
Co
nt
ro
l

M
ag
T1

TU
SC
3

S
u
rv
iv
al
ra
te

0

0.2

0.4

0.6

0.8

1.0

M
ag
T1

TU
SC
3

C

D

MagT1+TUSC3
Morpholino A

C
on
tr
ol

M
g
2+

m
R
N
A

m
R
N
A

M
g
2+

MagT1+TUSC3
Morpholino B

0

0.2

0.4

0.6

0.8

1.0

S
ur
vi
va
lr
at
e

E

A

B
Control - Mg2+

Morpholino B: MagT1+TUSC3

mRNA

MagT1

Tubulin

Control - mRNA Mg2+ hMagT1

Morpholino A:
MagT1+TUSC3

Relative
intensity 100 8 23 6

MagT1

Tubulin

Control - mRNA Mg2+ hMagT1

Morpholino B:
MagT1+TUSC3

Relative
intensity 100 22 51 28

Fig. 5. MagT1 and TUSC3 are required for zebrafish embryonic develop-
ment. (A) Western blots of zebrafish embryo total lysates. Fertilized eggs were
injected by one of two combinations of morpholinos against both MagT1 and
TUSC3 (Morpholino A, Morpholino B; 100 �M each in final concentration) or
buffer alone (Control). Embryos were collected after 30 h, homogenized,
lysed, and anti-MagT1 and -tubulin antibodies used to recognize zebrafish
proteins. Lysate from HEK cells with stable MagT1 expression (hMagT1) served
as control. Sets of the same eggs were also coinjected with either 100 ng/�L of
human MagT1 and TUSC3 mRNA, or 10 mM MgCl2, as indicated. The ratio
between the MagT1 and tubulin signals was calculated and normalized to the
controls. (B) RT-PCR of total RNA from the embryos injected with Morpholino
B, showing effects on splicing. Eggs were injected as in (A), with the Morpho-
lino B set. (C) Embryo survival rates after single morpholino injection. 48 h
after injections with 200 �M each of the morpholinos indicated, survival rates
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injected. (D) Double morpholino injections and rescue by coinjection with
Mg2� and human MagT1 and TUSC3 mRNA. Eggs were injected with a com-
bination of morpholinos against MagT1 and TUSC3 as in (A and B), and survival
rates were calculated as in C. For C and D, 40–70 embryos were counted for
each injection. Control, mock injection with buffer. (E) Zebrafish development
is arrested after morpholino treatment. Fertilized eggs were injected with a
combination of morpholino A against MagT1 and TUSC3 (100 �M each in final
concentration) or buffer alone. Images: 30 h stage.
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avian systems (33, 35). Also, in contrast to the currents reported
by Goytain and Quamme in Xenopus oocytes (38), we did not
record current associated with overexpression of MagT1 and
TUSC3 in mammalian cells.

Although the reduction of MagT1 and TUSC3 in our cell lines
resulted in significantly lower levels of both free and total
cellular Mg2�, overexpression of the two genes caused only
modest increases in Mg2�. This might be explained if native
MagT1 and TUSC3 in these cells have already reached their
Vmax, or the overexpressed protein is not properly inserted into
the plasma membrane. Alternatively, it is possible that other
unidentified proteins impose rate limiting constraints. Nonethe-
less, as evidenced by our zebrafish experiments, we conclude that
MagT1 and TUSC3 each play a central role in vertebrate
embryonic development that cannot be compensated by other
putative Mg2� transporters. The phenotype could be partially
rescued by supplying extra Mg2� to zebrafish embryos.

Cells have robust homeostasis mechanisms to confine intra-
cellular [Mg2�] to within a relatively narrow range (1). Even after
48 h Mg2� starvation, HEK 293T cells maintained �90% of their
total cellular Mg2� without excessive cell death (Fig. S5A).
Up-regulation of MagT1 might compensate for low extracellular
[Mg2�], but we currently have little knowledge of potential other
compensatory mechanisms, such as decreases in Mg2� efflux,
release from intracellular compartments, and changes in protein
and ATP binding. Future experiments will be necessary to
explore the molecular details of MagT1, TUSC3, and other
proteins that control intracellular Mg2� levels.

Materials and Methods
Screen for Mammalian Mg2� Transporters. S. cerevisiae alr1� strain JS74B and
the human Jurkat cDNA expression library pNV7-Jurkat were gifts from R.
Schweyen (University of Vienna, Austria) and D. Thiele (Duke University, NC),
respectively. Fifty-five micrograms of library DNA were transformed into
JB74B to generate �1,100,000 transformants; these were spread on YPGal
plates to allow expression and selection for growth without Mg2� supple-
mentation. Fifty-five colonies resulted, and the plasmids were sequenced;
among these, three included parts of the MagT1 gene.

Cloning and Molecular Biology. Whole length cDNA of MagT1 and TUSC3 was
obtained by RT-PCR from HEK 293T cell mRNA. For overexpression, the cDNA
was subcloned into pcDNA3.1. Due to the cleavage of N-terminal signal
peptides and unstable C-terminal tagged expression, GFP and HA tags were
inserted after the signal peptide between residues 29 and 30 of MagT1 and 41
and 42 of TUSC3, respectively. Tags were also inserted into the TM3–4 loop
between residues 290 and 291 of MagT1 and 302 and 303 of TUSC3. The
integrity of these tagged proteins was verified by Western blots and their
subcellular localization was comparable to untagged proteins in immuno-
staining experiments. For RT-PCR, total RNA was extracted with TRIzol reagent
(Invitrogen) and SuperScript III (Invitrogen) used. For quantitative PCR, re-

verse-transcribed cDNA from �0.05 �g total RNA was used as template with
SYBR Green kit (Applied Biosystems) on an Eppendorf Realplex4 Mastercycler.
�-actin levels were used as internal controls.

Protein Analysis and Western Blots. Standard Western blot procedures were
followed. �-human MagT1 antibody was generated by immunizing rabbits
with a synthesized peptide with the N-terminal sequence (INFPAKGKPKRGD-
TYELQV); 0.2 �g/mL antibody was used for Western analysis. The intensity of
the Western signal was quantified with the ImageJ program. Biotinylation
was carried out with the Cell Surface Protein Isolation Kit (Pierce #89881).

Cell Culture and siRNA. HEK 293T and Jurkat cells were grown in standard
DMEM and RPMI 1640 media, respectively, supplemented with 10% FBS (FBS).
Solutions containing nominally 0 mM [Mg2�] are designated as ‘‘low Mg2�’’
solutions. For low Mg2� media, FBS-containing media were incubated in
Chelex 100 resin (Bio-Rad) twice before 1 mM CaCl2 was added; pH was
adjusted to 7.4. Lipofectamine (Invitrogen) and electroporation (Amaxa Bio-
systems) methods were used to transfect HEK 293T and Jurkat cells, respec-
tively. siRNA was purchased from Ambion using the Silencer Predesigned
siRNA library; 50–250 nM was transfected into cells followed by 2–3 days
incubation before use.

ICP-MS and Mg Imaging. For ICP-MS, cells were grown in media with differing
[Mg2�] before collection and digestion with 1% HNO3 (95 °C, 4 h). Triplicate
samples were diluted and analyzed by ICP-MS in the Department of Earth and
Planetary Sciences at Harvard University. Total potassium was measured as an
internal control for Mg2� and other metal element measurements; ratios
between metals of interest and K� were used for data analysis. For Mg2�

imaging, cells were loaded with 20 �M KMG104-AM at 37 °C for 45 min,
before wash with extracellular buffer (140 mM NaCl, 3 mM KCl, 1.2 mM
KH2PO4, 10 mM HEPES, 5 mM glucose, pH 7.4). Solutions based on this buffer
with different concentrations of MgCl2 were perfused over cells and fluores-
cence changes were monitored every 3 s through a 40� objective, and
analyzed with MetaFluor software (Molecular Devices). All solutions were
adjusted to 300 mOsm/L.

Morpholino Treatment on Zebrafish Embryos. Morpholinos were designed to
block the translation initiation (Set A) or intron splicing (Set B) in zebrafish
embryos, respectively. The following morpholinos were purchased from Gene
Tools: MagT1-A, TAGTTTATGCAACATTTTTGTAGGC; MagT1-B, TTCTTTGTC-
CATACACTTACCTGCA;TUSC3-A, TGCTCCACCTTCTCTGCCAACATG; TUSC3-B,
CGTAAAAGCTATATTTTCACCTGTT. Newly fertilized zebrafish eggs were in-
jected with Morpholino (100 to 200 �M) 48 h before hatch rate was moni-
tored, typically of 40–70 eggs.
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