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Introduction

Magnesium is unique among the biological cations.
Its size, charge density, structure in aqueous solu-
tion and its aqueous chemistry are generally different
from all other cations, monovalent or divalent. Just as
magnesium itself is different, the proteins that trans-
port it are different, even unique. Mg?* transport has
been extensively studied in mammalian and other sys-
tems. For reviews the reader is referred to the article
by Romani and Maguire in this issue and a recent
comprehensive review by Romani & Scarpa (2000).
Despite this extensive study, only a single gene for a
Mg?* transport protein has been cloned to date from
any eukaryote. In contrast, three distinct families of
prokaryotic Mg?* transport proteins have been iden-
tified and cloned: MgtE, CorA, and MgtA/B. This
review will concentrate on these three prokaryotic
Mg?* transporter types from the viewpoints of their
structure, transport properties and regulation.

Mgt chemistry

Mg?* is highly unusual among the biologically rele-
vant cations in the geometry of the Mg?* cation and
strength its ionic interaction with water and other lig-
ands (see review by Maguire & Cowan in this issue).
Because magnesium lacks d electrons to participate
in ligand coordination, it has significantly less bond
angle flexibility than most other cations. In aqueous
solution and in biological systems, Mgt is almost
always hexacoordinate, binding water or other ligands
in a regular octahedral geometry with all bond an-
gles close to 90° (Cowan 1991; Diebler et al. 1969;
Huang & Cowan 1994; Martin 1990). Mg>* strongly
prefers oxygen as a ligand. It can frequently interact
with nitrogen, as in chlorophyll, but interactions with
sulfur are unknown in biological systems. Magnesium

binds its waters of hydration orders of magnitude more
tightly than do Nat, K* or Ca?*. Indeed, as reviewed
elsewhere in this issue by Cowan, many of Mg>*’s
activities as an enzyme cofactor are mediated through
precise spatial coordination of a bound water molecule
rather than through interaction with the cation itself
(Black & Cowan 1997; Cowan 1993, 1998; Jou &
Cowan 1991; Suga et al. 1998).

Mg?* has the largest hydrated radius of any com-
mon cation; it’s ionic radius, i.e., minus waters of
hydration, is among the smallest seen with divalent
cations. Because of these size considerations, the
volume change between hydrated and ionic Mg?* is
almost 400-fold. Thus, any protein transporting Mg>*
must be capable of initially interacting with a rather
large cation. Then, assuming that Mg>* like other
cations is transported in its ionic form, Mg?t must
pass through a pore that is quite small. Consequently,
transport (or interaction with an enzyme) must there-
fore involve a large initial binding site and/or more
elaborate means of dehydration than are commonly
found in other cation transporters. It is these atypical
geometric and energetic features of magnesium chem-
istry that explain why magnesium transporters, as far
as they have been characterized, tend to be novel types
of proteins.

Prokaryotic magnesium transport

Three classes of magnesium transporter have been
cloned from Bacteria and Archaea, MgtE, CorA,
and MgtA/B (for reviews see Smith & Maguire
1995b, 1998). Detailed information is available
only for the three transporters — CorA, MgtA, and
MgtB — cloned from Salmonella enterica serovar Ty-
phimurium (S. Typhimurium). The transporters were
cloned by complementation of the Mg?* growth re-
quirement of a S. Typhimurium strain engineered to
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lack all Mg2+ transport. This strain, MM281, re-
quires 100 mM supplemental Mg+ in the growth
medium because it has insertions in its three Mg+
transporters, CorA, MgtA and MgtB (Hmiel et al
1986, 1989; Snavely et al. 1989, 1991a). Introduction
of the gene for any one of the three S. Typhimurium
Mg?* transporters or of the gene for a Mg?* trans-
porter from another organism relieves both the growth
and transport phenotype.

MgtE magnesium transporters

Genomics

In screening microbial genomic libraries for addi-
tional CorA-like transporters, the MgtE class of Mg?™
transporter was unexpectedly cloned from Bacillus fir-
mus OF4 (Smith et al. 1995) and Providencia stuarti
(Townsend et al. 1995). At least 36 MgtE-like pro-
teins can be identified currently in DNA sequence
databases using a reasonably stringent BLAST search.
Except for a short stretch of about 100 amino acids
in the middle of the protein that resemble Archaeal
inosine monophosphate dehydrogenases, MgtE trans-
porters do not resemble any known class of proteins.
The proportion of organisms carrying MgtE sequences
in Bacteria versus Archaea is essentially equivalent,
reflecting the total number of genomes sequenced to
date. The phylogenetic relationships of their amino
acid sequences follow quite closely the taxonomic
relationships of the organisms containing them.

Initial database searches for eukaryotic MgtE ho-
mologs were negative. In retrospect, this was proba-
bly because sequence from most eukaryotic genomes
was essentially random, reflecting cloning of individ-
ual genes rather than a priori genomic sequencing.
This has changed however with the recent comple-
tion of sequencing of several eukaryotic genomes.
Unlike the CorA and possibly the MgtA/B class of
Mg?* transporters, potential homologs of the prokary-
otic MgtE Mg?* transporter are widespread in eu-
karyotes including humans. The eukaryotic homologs
appear more closely related to the Archaeal MgtE ho-
mologs where there is over 20% identity and over
40% similarity between Archaeal and human amino
acid sequences. No eukaryotic MgtE homolog has
been cloned and tested for Mgt transport to date.
Nonetheless, there is no other known function of the
MgtE class of proteins; moreover, while the percent
identity from prokaryote to human is relatively low,

somewhat closer homologs exist in other eukaryotes
such as Caenorhabditis elegans. Finally, we have pre-
viously shown that when an Archaeal CorA homolog
is expressed in S. Typhimurium (Smith et al. 1998a),
it has virtually identical transport properties with the
S. Typhimurium CorA even though they share only
16% overall identity (see below for discussion of the
CorA transport system.). Thus, it seems likely that at
least one class of mammalian Mg>* transporters has
now been identified.

Physiology

When expressed from multicopy plasmids in S. Ty-
phimurium, the MgtE proteins of B. firmus OF4 and
P. stuarti (Smith et al. 1995; Townsend et al. 1995)
exhibit similar Ky,’s and Vpax’s of about 70 uM
and 0.50 nmol min~! 103 cells~! for >’Co®* uptake,
respectively. Mg®* inhibits with an apparent K; of
50 uM. Sr*t, Mn2T, Ca?™, and Zn?" inhibit with K;’s
ranging from 80 uM down to 20 uM, respectively,
though it has not been determined if any of these
cations is transported. Ni>T does not inhibit. Nothing
is known about the regulation of MgtE expression. Re-
cently, an MgtE homolog was cloned from Aeromonas
hydrophila and shown to be involved in biofilm for-
mation and adherence in this opportunistic pathogen
(Merino et al. 2001). Thus, like CorA (vide infra),
MgtE may be involved in bacteria pathogenesis.

Structure

MgtE transporters appear to have 4 or more likely
5 transmembrane (TM) domains with a large hy-
drophilic domain at the N-terminus residing in the
cytosol (Smith er al. 1995; Townsend et al. 1995).
Putative helical transmembrane segments contain a
few modestly conserved charged residues and sev-
eral well conserved residues bearing hydroxyl side
chains. Because introduction of a single gene is suf-
ficient to induce Mg?* uptake, it can be inferred that
MgtE does not require another protein for transport,
but it is unknown whether MgtE transporters function
as homo-oligomers or monomers. MgtE sequences
lack recognizable NTP binding motifs and therefore
likely depend on the transmembrane electrochemical
gradient to provide energy for Mg?™ transport.



CorA magnesium transporters

The genetic locus for the CorA transporter of Es-
cherichia coli was identified by Silver and colleagues
in 1969 (Silver 1969) and some transport properties
described. CorA from S. Typhimurium was the first
Mgt transport system to be cloned in 1985 (Hmiel
et al. 1986). Like the subsequently discovered MgtE,
it represents a totally novel class of protein with no ho-
mology to any other type of transporter or membrane
protein.

Genomics

CorA is ubiquitous within both the Bacteria and the
Archaea. Among the many microbial genomes now
available, CorA is absent in only a few species, gen-
erally those with the smallest genomes (Kehres ef al.
1998) where MgtE appears to take its place. CorA’s
virtually universal distribution indicates that it is the
primary Mg?* transporter of both the Bacteria and
the Archaea. As these two Kingdoms of life comprise
the largest biomass on Earth, CorA is thus the Earth’s
most abundant Mg?* transporter.

Some species have multiple CorA-like sequences,
usually 2 and sometimes 3 (Kehres et al. 1998; Smith
& Maguire 1995a). Analysis indicates that there are
two major branches of the CorA family. One subclass
is termed the ‘MPEL’ group, where MPEL represents
a highly conserved sequence between TM domain 2
(TM2) and TM3. This subclass is closely related to the
originally cloned S. Typhimurium CorA. The second
subclass is less coherent, and we have termed them
‘CorA-II” sequences. They likely diverged from CorA
relatively early in evolution. Preliminary data from our
laboratory and from the laboratory of R.L. Smith sug-
gest that CorA-II proteins are efflux systems although
the identity of the ion(s) transported physiologically is
not known. They do not transport Mg2+.

There is a surprising lack of correlation between
CorA molecular phylogeny and the generally accepted
underlying organismal phylogeny derived from 16S
rRNA sequence (Kehres et al. 1998). This could im-
ply that there have been multiple lateral transfers of
corA between organisms, even possibly between Ar-
chaea and Bacterial as has recently been suggested for
catalase-peroxidase genes (Faguy & Doolittle 2000).
The lack of phylogenetic concordance suggests that
CorA is a very ancient protein in prokaryotes, predat-
ing the divergence of Bacteria and Archaea.
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Faint homology to CorA has been claimed for
some yeast proteins (Bui et al. 1999; MacDiarmid &
Gardner 1998) including two aluminum resistance loci
ALRI and ALR2 and a mitochondrial RNA splicing
factor, MRS2p. The similarity is weak and is confined
to a small portion of the transmembrane domains. No
direct evidence for Mg transport has been presented
although the presence or absence of each of these pro-
teins does cause a change in Mgt content of the cell
or organelle. The phenotype of mutant strains in each
of these loci is partially complemented by introduction
of the S. Typhimurium corA gene. Regardless of the
function of these putative homologs, the ever-growing
amount of eukaryotic DNA sequence available clearly
indicates that close homologs of the CorA Mg+
transporter are unlikely to exist in eukaryotes.

Physiology

S. Typhimurium CorA is a constitutive protein whose
promoter does not respond to changes in extracellu-
lar magnesium concentration or to any other stimuli
so far tested (Smith et al. 1998b; Tao et al. 1998).
Nothing is known about transcriptional regulation of
CorA from other organisms or about regulation of the
CorA-II branch of the family. It is likely that most if
not all corA genes are constitutively expressed since
the CorA Mg?* transporter can be considered a basic
‘housekeeping’ gene, essential for cell function.
Transport parameters have been established for
CorA systems from the Bacteria S. Typhimurium,
E. coli, and Haemophilus influenzae, and the Archaeon
Methanococcus jannaschii. The bacterial CorA’s all
mediate the influx of Mg?*, Co**, and Ni** (Hmiel
et al. 1986; Snavely et al. 1989). CorA exhibits an
affinity for Mg?>* of 15-20 uM. The affinities for
Co”* and Ni%* are 20-40 and 200-400 1M, respec-
tively, clearly within the toxic range for organisms
such as S. Typhimurium. Thus uptake of Co?" and
Ni?* is unlikely to be important physiologically al-
though since the requirement of a cell for these two
cations is very small, their ‘leakage’ through CorA
might provide some or all of the cell’s requirements
under some environmental conditions. The maximal
rate of Mgt uptake by CorA is >1 nmol min~!
103 cells~!. Given the size of S. Typhimurium and
its cellular content of Mg2+, this rate would double
cell Mg in less than 60 sec if influx were unabated.
Uptake of Mgt at 37 °C is linear for only 15—
20 sec after which it plateaus; in contrast, uptake of
Co?* and Ni** are not markedly slower than that of
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Mg2+, but the rate remains linear for at least 15 min.
These observations imply the conclusion that the cell
can control the function of the CorA protein itself or
that CorA is a channel that desensitizes during Mg+
uptake. The sequence of CorA contains no recogniz-
able ATP binding site and since transport via CorA is
sensitive to membrane potential, the likely mechanism
of Mg?* uptake is either through CorA functioning as
a Mg?* channel driven by the inward electrochemical
Mg?* potential or as a Mg>t/H* antiporter driven by
the overall electrochemical gradient.

The S. Typhimurium CorA can also mediate Mg+
efflux but cannot efflux Ni** or Co**. The signif-
icance of this activity is not known as it only oc-
curs under conditions unlikely to occur outside of the
laboratory except in sea water, i.e., a very high ex-
tracellular Mg?* concentration (Gibson et al. 1991;
Snavely et al. 1989). In the absence of a functional
CorA protein, no Mg?* efflux can be detected un-
der a variety of conditions, thus demonstrating both
that CorA is the only apparent Mg* efflux protein of
S. Typhimurium and that Mg?* efflux is not essential
to cell viability. Efflux via CorA requires extracellu-
lar Mgt concentrations in the millimolar range, two
orders of magnitude above the Ky, for influx. Thus
the efflux does not represent a Mg>+-Mg?* exchange
process since the influx rate is already saturated before
any significant amount of efflux can be detected.

M. jannaschii is an Archaeal microbe isolated
from deep sea vents (Jones et al. 1983). It contains
an apparent corA gene, the same length as that of
S. Typhimurium, but only 12% identical to it in the
soluble, periplasmic domain and 19% identical in the
membrane domain. Strikingly, when this distantly
related protein is expressed in S. Typhimurium, it ex-
hibits transport properties virtually identical to those
of S. Typhimurium CorA (Smith et al. 1998a). Normal
conditions for this Archaeal protein would be 85 °C,
250 atmospheres of pressure, a greatly different mem-
brane environment and an extracellular environment
of sea water which contains 55 mM Mg?* (Jones
et al. 1983). Yet the M. jannaschii CorA exhibits an
identical affinity for Mg>t and other divalent cations
compared to those for the S. Typhimurium CorA. Its
rate of influx is somewhat less than that of CorA, al-
though this is certainly in part because of its insertion
into a quite different lipid environment. As would be
expected for a protein from a thermophile, it is consid-
erably more stable to temperature, retaining maximal
activity to at least 65 °C. Since such a distant homolog
can function under such different, it seems likely that

all members of the CorA branch of this protein family
are capable of transporting Mg>™ into cells.

This laboratory has recently identified selective
and potent inhibitors of the CorA family of Mg>*
transporters (Kucharski ez al. 2000). The Mg?* cation
binds 6 waters, forming an inner, relatively tightly
bound hydration shell of almost 5 A in diameter,
far larger than for other divalent cations. Cations
of similar size but with much greater stability exist.
Certain transition metals who prefer a hexacoordi-
nate liganded state including Co, Ru, and Ni can
covalently bond to a variety of ligands which re-
place the waters of hydration. The most common of
these ligands are the ene-amines and ammines. Thus,
Co(III)hexaammine consists of a trivalent Co atom
covalently bonded to six ammines (NH3) with a geom-
etry and size identical to a hydrated Mg?* cation
(Basolo & Pearson 1967; Meek & Ibers 1970). Such
substituted cations can mimic the action of hydrated
Mg?* in many enzyme active sites (Black & Cowan
1997; Cowan 1993; Huang & Cowan 1994). We tested
Co(III)-, Ru(II)-, and Ru(IIT)-hexaammines and found
that they were potent inhibitors of CorA but not of
other Mg?* transporters and other Mg?+-binding pro-
teins, whether from S. Typhimurium or M. jannaschii.
The hexaammines that inhibit have affinities for CorA
about 3—10-fold greater than Mg?™* itself. Other cation
hexaammines and some related complexed cations did
not inhibit CorA. Structural data shows that those
compounds that inhibit are all roughly 5 A in diam-
eter or slightly less, but that larger complexed cations
could not inhibit at all. We interpret the data to in-
dicate that the initial binding site for Mgt in the
periplasmic domain of CorA is at least 5 A in diam-
eter and binds a fully hydrated cation. Thus, unlike
many binding sites for Mg?T and other cations, CorA
interacts initially with the fully hydrated cation and
then during transport presumably strips the hydration
shell. Finally, the ability of the cation hexaammines
to inhibit M. jannaschii CorA with affinities identical
to those for the S. Typhimurium CorA implies, despite
only 12% identity in the soluble, periplasmic domain,
that the structure of the Archaeal and Bacterial CorA’s
are very similar.

Structure

CorA’s have a variably conserved N-terminal hy-
drophilic domain of about 240 amino acids followed
by a fairly well conserved hydrophobic domain. The
large majority of CorA’s have only a short soluble



sequence of 6 amino acids at the C-terminus. The
membrane domain of S. Typhimurium CorA has been
shown experimentally to consist of 3 TM domains,
separated by very short loops (Smith et al. 1993b).
This places the C-terminus in the cytosol and the N-
terminus in the periplasm. This topology is highly
unusual if not unique among membrane transporters.
CorA is thus a two-domain protein: a large N-terminal
periplasmic domain and a smaller C-terminal mem-
brane domain. Three transmembrane segments sug-
gests that CorA must function as an oligomer. Genetic
data indicate that the CorA protein alone is sufficient
for transport, and preliminary data suggest that CorA
is pentameric (M.A. Szegedy, L.M. Kucharski and
M.E. Maguire, unpublished).

At over 25 kDa (about 240 amino acids in length)
the soluble domain of CorA is the largest known N-
terminal sequence to be translocated across the plasma
membrane without a signal peptide. It contains an un-
usually high percentage of charged amino acids and
is predicted to have a pl of about 4. A truncated pro-
tein consisting of the entire soluble domain has been
purified using a 6 x His tag. The purified protein ap-
pears to retain structure, and, as predicted by various
computer algorithms, is virtually all a-helix as mea-
sured by circular dichroism. Crystallization efforts are
in progress.

Only one CorA homolog of over 50 now known
contains even a single charge in TM2 and TM3,
though the presence of multiple hydroxyl-bearing
residues renders both of these TM domains amphi-
pathic. In TM1 of the S. Typhimurium CorA there
is a single Glu residue; it is not conserved in other
CorA’s. This single charged Glu residue in TM1 can
be mutated to alanine without detectable effect on
CorA transport (Smith ef al. 1998c). Thus, the S. Ty-
phimurium CorA and presumably other CorA’s are
able to transport Mgt across the membrane bilayer
without electrostatic interactions. This lack of nega-
tively charged residues within the membrane domain
sets CorA quite apart from virtually all other cation
transporters, most of which require multiple Glu and
Asp residues within the membrane domain for trans-
port. In contrast, CorA mediates the influx of the
most charge dense of the biological cations without
use of a single negatively charged residue within the
membrane.

What residues within the membrane are in-
volved? Site-directed mutagenesis (Smith et al. 1998c;
Szegedy & Maguire 1999) suggests that three con-
served residues on a single face of the a-helix of both
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TM2 and TM3 are important to transport and seem to
participate directly in substrate binding. These muta-
genesis studies also indicate that all the residues in
a highly conserved ‘YGMNF’ sequence near the C-
terminal end of TM2 are essential for transport. This
region appears to play a role in maintaining a proper
critical loop conformation between TM2 and TM3
rather than participating in direct substrate binding.

As noted above, many, perhaps most, Bacteria
and Archaea carry paralogs of CorA. As noted above,
CorA Mg?* transporters have no charged residues in
TM2 or TM3. The number of charged residues in TM|1
varies from 0 to 4 in M. jannaschii. In contrast, the
CorA-II class, which phylogenetically branch from the
CorA transporters all carry multiple (up to 9) charged
residues in the sequence corresponding to TM1 in
the S. Typhimurium CorA. Clearly such a stretch of
charged amino acids would not be stable within the
hydrophobic membrane environment and suggests that
the CorA-II class of transporters possess only 2 TM
domains, corresponding to TM2 and TM3 in the S. Ty-
phimurium CorA. This prediction has been tested by
topology mapping and found to be correct, the CorA-II
family has only 2 TM segments (R.L. Smith, personal
communication). The presence of only 2 TM domains
in the CorA-II family has the interesting corollary that
the N-terminal soluble domain, rather than being in
the periplasm, would be in the cytosol. It would be
of interest to determine whether it has the same 3-
dimensional structure as the periplasmic domain of the
CorA family.

Physiology

Because CorA is expressed constitutively and is the
cell’s primary transporter for an essential cation, corA
could be referred to as a housekeeping gene. The usual
implication of such a designation is that the gene plays
no other role than to supply it’s product. Yet this does
not seem to be the case for corA. Mutation in the corA
gene do not elicit any significant growth phenotype for
S. Typhimurium when grown in the laboratory on ei-
ther rich or minimal medium. As discussed below, the
organism has 2 other Mg transporters, MgtA and
MgtB with which to obtain Mg?t which can supply
sufficient Mg?* for even rapid growth in rich media.
Nonetheless, corA appears to influence a number of
functions within the cell. Specifically, S. Typhimurium
corA mutants are markedly defective for invasion of
and survival and proliferation within macrophages (J.
Lin, L.M. Kucharski and M.E. Maguire, submitted for
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publication). Moreover, the virulence of a corA mutant
strain is significantly attenuated in the mouse infection
model. The basis for this decreased virulence is not yet
known, but we have determined that a number, though
not all, of genes regulated by the Mg>* receptor
PhoQ and its response regulator (transcription fac-
tor) PhoP are derepressed. Although the PhoPQ signal
transduction system is still functional and changes in
extracellular Mg?* concentration can alter gene tran-
scription, the transcription of some PhoPQ-regulated
genes increases markedly, independent of the extracel-
lular Mg?* concentration. This suggests that there is
some alteration in intracellular Mg?* homeostasis that
has widespread effects on cell function. The lack of a
growth phenotype when tested on defined media sim-
ply underscores the idea that the laboratory is not the
normal environment for S. Typhimurium. The basis for
this alteration in gene transcription and its downstream
effects are under investigation.

MgtA/MgtB Mg>* transporters

Genomics

The MgtA/B class of Mg>* transporters are not a well-
defined set of proteins from a phylogenetic standpoint.
S. Typhimurium MgtA and MgtB are siblings. Their
transport properties are not strikingly different. mgrA
is the endogenous Salmonella P-type ATPase Mg+
transporter while mgtB is a foreign gene. It is part of
the mgtCB operon (see below) carried on Salmonella
Pathogenicity Island 3, an insertion of unknown ori-
gin acquired by one branch of the Salmonella enterica
family via horizontal transfer and which carries a num-
ber of genes important for virulence (Blanc-Potard &
Groisman 1997; Snavely et al. 1991b; Tao et al. 1995).
The phylogenetic distributions of mgtA and mgtB dif-
fer markedly as would be expected for an endogenous
versus an acquired genetic element. Southern blot ex-
periments and available genomic sequences suggest
that MgtA may be widespread in the Gram-negative
Enterobacteriaciae. Although Mgt transport has not
been demonstrated, apparently close homologs exist in
Gram-positive bacteria and in some but by no means
all extremophiles. Despite its apparent occurrence in
only distantly related organisms, MgtA is far from
ubiquitous like CorA. Indeed, the large majority of
sequenced Bacterial and Archaeal genomes do not
contain a P-type ATPase closely related to either MgtA
or MgtB. In contrast to MgtA, MgtB was only found

in three of nine Enterobacterial species tested (Blanc-
Potard & Groisman 1997). The significance of this
varied and limited distribution of the Mg?* transport
P-type ATPases is unknown.

Structure

Based on sequence alignments, the MgtA/B class of
Mg?* transporter belong to the P-type ATPase super-
family (Carafoli & Brini 2000; Scarborough 1999).
They are most similar to the yeast HT-ATPases and the
mammalian CaZt - ATPases of the sarco(endo)plasmic
reticulum. Interestingly, there are few if any exam-
ples of bacterial P-type ATPases that transport Ca>™,
suggesting the possibility that P-type Mgt trans-
port ATPases gave rise in evolution to eukaryotic
Ca’*t-ATPases.

MgtB was the first P-type ATPase, bacterial or
mammalian, whose complete membrane topology was
unequivocally determined (Smith er al. 1993a). As
had been predicted for the large majority of eukary-
otic P-type ATPases, MgtB was shown to have ten
TM domains with both its N- and C-termini in the
cytoplasm. This experimental data has been con-
firmed by subsequent studies on other P-type ATPases
and especially by the recent crystal structure of the
sarco(endo)plasmic Ca%t-ATPase (Toyoshima et al.
2000; Zhang et al. 1998). The presence of 10 TM do-
mains in a prokaryotic P-type ATPase is unusual. The
large majority of other prokaryotic P-type ATPases
are about 300 amino acids shorter than MgtA/MgtB
and lack the 4 C-terminal TM domains. With the
exception of the Kdp KT-ATPase of E. coli, MgtA
and MgtB are also different from all other P-type AT-
Pases, prokaryotic or eukaryotic, in that their apparent
primary function is to mediate the influx of a cation
(Maguire et al. 1992). Other P-type ATPases mediate
the efflux of their primary substrate, only occasionally
mediating the influx of a secondary substrate, e.g.,
the Nat, K*-ATPase. The mechanistic basis for this
difference is not apparent.

The mammalian Nat, K*-and Ca’*- P-type AT-
Pases have been shown to possess six highly conserved
negatively charged residues within the membrane do-
mains that are apparently responsible for binding
cation during membrane passage (Clarke et al. 1989;
MacLennan et al. 1997). These residues are also con-
served in MgtA and MgtB; however, mutagenesis of
S. Typhimurium MgtB suggests there are puzzling dif-
ferences in addition to intriguing similarities. Indeed,
only two of the six conserved residues appear to have



any role whatsoever in transport (D.G. Kehres, L.M.
Kucharski and M.E. Maguire, unpublished) and one
of those two residues is uncharged.

Physiology

The MgtA/B class of Mg?* transporters are funda-
mentally different from other known Mg?* trans-
porters in that their expression is regulated by a
specific signal transduction system while the CorA
and MgtE classes are all apparently constitutively
expressed. S. Typhimurium MgtA and MgtB are re-
pressed as the concentration of Mg?* in the growth
medium increases; both are induced to an enormous
extent (at least 1000-fold) upon Mg?* deprivation
(Tao et al. 1995, 1998). This induction is mediated by
the PhoPQ two-component regulatory system (Grois-
man et al. 1989; Miller et al. 1989, 1991). PhoPQ
regulated genes are induced (technically, derepressed)
upon invasion of macrophage or epithelial cells, and
MgtA and MgtB among those genes induced upon
S. Typhimurium invasion of a mammalian host cell.
Many of these PhoPQ-regulated genes are important
for virulence. Nonetheless, despite this regulation
while within the macrophage, neither MgtA nor MgtB
appear to have a major role in S. Typhimurium patho-
genesis (Blanc-Potard & Groisman 1997). For a more
detailed discussion of the regulation of the mgtA and
mgtB genetic loci see reference (Smith & Maguire
1998).

MgtA and MgtB both transport Mg?* with Ky,’s
of 5-20 uM essentially equivalent to that of CorA.
Their true Vyax's are hard to measure because of their
regulation (Snavely et al. 1989; Tao et al. 1995, 1998).
The apparent V,ax of each transporter is perhaps 10-
to 100-fold lower than the ‘channel’-like throughput
of CorA. The two proteins differ very slightly in the
spectrum of cations that inhibit each and in pH and
temperature dependence. For example, MgtB is ex-
tremely temperature sensitive, being fully active at
37 °C but completely inactive in terms of transport at
20 °C whereas MgtA exhibits a normal response to
changes in temperature, being slightly active even at
4 °C. No physiological basis for these differences is
yet apparent.

Several puzzles remain regarding the actual phys-
iological role of MgtA/B transporters. With a Ky,
similar to that of the primary CorA Mg”* uptake sys-
tem, they apparently do not fulfill the classic role of
a second transporter for a substrate, that of a scav-
enger system expressed only to transport an important
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nutrient in less than optimal environments. They me-
diate cation influx, but their homologs primarily efflux
ion. Perhaps the Mg?* transport P-type ATPases efflux
some undetermined substrate, and Mg>* is simply a
counterion. Otherwise there is no obvious physiolog-
ical reason to use ATP to mediate the influx of Mg+
since there is a steep electrochemical gradient driving
Mg?* into the cell. Perhaps Mg?* uptake is not the
primary role of the MgtA/B class of proteins in Bac-
teria? A hint that S. Typhimurium MgtB may perform
some additional function comes from the phenotype
of a E337A mutant. When transformed into the Mg+
transport deficient S. typhimurium strain MM281, this
mutant will not support growth on LB agar plates in
the absence of 100 mM magnesium supplementation,
yet it transports Mgt with kinetics indistinguishable
from the wild type protein (D.G. Kehres, L. Kucharski
and M.E. Maguire, unpublished). Other mutants of
MgtB, even some with very low transport capacity,
fully complement the growth requirement for supple-
mental Mg?*. Could the E337A mutation be compro-
mising the export half of some bi-directional transport
cycle?

Phylogenetically, Mg?* transport P-type ATPases
are relatively sparse. The majority of Bacteria and Ar-
chaea with extensive or complete genomic sequence
possess only corA. A substantial minority of about
one-third also have an apparent mg?E homolog in ad-
dition to corA. Those few microbes that do not carry
a corA gene carry mgtE. In contrast, only a small
number of Bacteria and no Archaea possess a close ho-
molog of MgtA or MgtB. No microbe possesses only a
P-type ATPase as its sole Mg transporter (assuming
of course there is not an as yet identified fourth class of
Mg?* transporter). This suggests that most cells have
no compelling physiological need for such a transport
system. Conversely, since microbes generally do not
carry genes they do not need, it likewise suggests that
those cells that possess a Mg?* transport P-type AT-
Pase have a specific need, a physiological niche that
such an enzyme helps it fill.

The MgtC protein

In S. Typhimurium, the mgtB gene is the second gene
of a 3 gene operon. While other prokaryotic P-type
ATPases reside in an operon structure, the mgrCB-
Orf X operon is the only known to date in which the
other genes are apparently unrelated, functionally or
by sequence, to the transporter. The operon comprises
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the right end of Salmonella Pathogenicity Island 3
(SPI-3) but interestingly has normal GC content and
normal codon usage for Salmonellae (Blanc-Potard
et al. 1999; Blanc-Potard & Groisman 1997; Snavely
et al. 1991b). Thus, it is apparently a separate addition
to SPI-3 acquired presumably from a source differ-
ent than that (unknown) from which the remainder
of the genes in SPI-3 were derived. Orf X, the third
gene of this operon is of unknown function and has no
homology to other known genes.

The first gene of this operon, mgtC, is of some rel-
evance. Since it is part of the same operon as mgtB,
it is also subject to regulation by extracellular Mg+
via the PhoPQ two-component system (Snavely et al.
1991a; Tao et al. 1995). A few other Bacterial species
have apparent homologs of MgtC, but their phyloge-
netic distribution does not allow for any conclusions
about its origin, and the function of these homologs
is not known (Blanc-Potard & Groisman 1997). The
expressed protein is about 23 kDa in size and is very
hydrophobic with 5 or 6 TM segments. Extensive ge-
netic and transport work has shown that MgtC does not
form a B-subunit for the MgtB P-type ATPase, similar
to the B-subunits of many eukaryotic P-type ATPases
(Tao et al. 1995, 1998).

Using intraperitoneal injection of S. Typhimurium
into mice, Blanc-Potard and Groisman (1997) showed
that mgtC is an essential virulence gene for S. Ty-
phimurium and suggested that it may be a fourth Mg+
transporter in S. Typhimurium. They also demon-
strated that the mgtC homolog of Mycobacterium tu-
berculosis has a similar phenotype (Buchmeier et al.
2000). However, we subsequently showed that expres-
sion of mgtC alone in the Mgt transport deficient
MM281 strain of S. Typhimurium does not give de-
tectable Mg”* transport and does not relieve the re-
quirement for Mg>t supplementation in the growth
medium (Moncrief & Maguire 1998), although the
latter is slightly reduced by such expression. This sug-
gests that MgtC is not a Mg transporter. Curiously,
although Mg?* deprivation markedly and rapidly in-
duces transcription of both mgtC and mgtB, only MgtB
protein can be detected for several hours after tran-
scription of the operon. The reason for this marked
delay in MgtC translation and indeed its function re-
main a mystery as does its function in virulence of
S. Typhimurium.

Conclusions and perspective

The properties of prokaryotic magnesium trans-
porters reflect the unique chemistry of their substrate.
(i) CorA has no homology to other known transporters
and mediates influx of Mgt without use of charged
residues in the membrane domain, unlike other cation
transporters. (ii) Although the MgtA/B class of Mg+
transporters are P-type ATPases, they mediate influx
of cation rather than efflux, are phylogenetically much
closer to eukaryotic than prokaryotic P-type ATPases,
and do not appear to transport cation using the same
intramembrane residues as transporters of their class.
(iii) Finally, the MgtE class of Mg transporter, like
CorA, has no homology to other known transport pro-
teins. These results support our hypothesis that Mg+
transporters will most likely be unique transport pro-
teins or at least highly unusual members of known
classes of transport proteins (Grubbs & Maguire 1987;
Maguire 1990).

What about the relationship of these prokaryotic
Mg?* transporters to eukaryotic systems? There are
no clear homologs of either CorA or MgtE in any
eukaryote, although recent genomic sequence data
suggests that some distant MgtE homologs may ex-
ist. Of the multitudinous P-type ATPases described in
eukaryotes, none have been shown to transport Mg?+.
Given the extent of microbial genomic sequence now
available from a wide phylogenetic distribution and
the recognition of a CorA or MgtE homolog in every
organism for which extensive genomic sequence is
available, it is highly unlikely that another widely dis-
tributed class of Mg?T transporter exists among the
prokaryotes. Thus, the Eukarya appear to have evolved
quite different Mg transport systems than the Bacte-
ria and Archaea. Why this has occurred is completely
unknown.

The properties of the prokaryotic Mg>* trans-
porters are obviously not yet completely defined. En-
ergetics and molecular details of MgtE are completely
unstudied. With MgtA and MgtB, despite delineation
of basic transport properties and definition of some
important intramembrane residues, the mechanism by
which Mgt influx occurs is not known, nor is it
clear whether Mg?* is a primary or secondary sub-
strate. With respect to CorA, extensive mutagenesis
has clearly defined those intramembrane residues nec-
essary for transport, but that information has only
opened more questions since the movement of the
charge dense Mg?* ion through the bilayer without
benefit of electrostatic interactions is a mechanistic



mystery. Moreover, our recent discovery that CorA is
involved in virulence has shown that Mg?+ homeosta-
sis is part of a complex network of cellular controls
having widespread effects on cell function. It is abun-
dantly clear that much is left to be discovered in the
areas of Mg?* transport and homeostasis.
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