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CorA is a primary Mg2� transporter for Bacteria and Archaea. The C-terminal domain of �80 amino acids
forms three transmembrane (TM) segments, which suggests that CorA is a homo-oligomer. A Cys residue was
added to the cytoplasmic C terminus (C317) of Salmonella enterica serovar Typhimurium CorA with or without
mutation of the single periplasmic Cys191 to Ser; each mutant retained function. Oxidation of the Cys191Ser
Cys317 CorA gave a dimer. Oxidation of Cys317 CorA showed a dimer plus an additional band, apparently
cross-linked via both Cys317 and C191. To determine oligomer order, intact cells or purified membranes were
treated with formaldehyde or carbon disulfide. Higher-molecular-mass bands formed, consistent with the
presence of a tetramer. Cross-linking of the Bacillus subtilis CorA expressed in Salmonella serovar Typhi-
murium similarly indicated a tetramer. CorA periplasmic soluble domains from both Salmonella serovar
Typhimurium and the archaeon Methanococcus jannaschii were purified and shown to retain structure. Form-
aldehyde treatment showed formation of a tetramer. Finally, previous mutagenesis of the CorA membrane
domain identified six intramembrane residues forming an apparent pore that interacts with Mg2� during
transport. Each was mutated to Cys. In mutants carrying a single intramembrane Cys residue, spontaneous
disulfide bond formation that was enhanced by oxidation with Cu(II)-1,10-phenanthroline was observed
between monomers, indicating that these Mg2�-interacting residues within the membrane are very close to
their cognate residue on another monomer. Thus, CorA appears to be a homotetramer with a TM segment of
one monomer physically close to the same TM segment of another monomer.

Salmonella enterica serovar Typhimurium has three trans-
port systems mediating influx of Mg2�: CorA, MgtA, and
MgtB (6, 7, 22, 24). The CorA system is encoded by the corA
gene that constitutively expresses a 37-kDa integral membrane
protein (19). The MgtA and MgtB Mg2� uptake systems are
only expressed significantly under conditions of Mg2� depri-
vation (4, 25, 26, 31). Phylogenetic studies have shown that
CorA homologs are widespread and form the principal Mg2�

uptake system of most Bacteria and Archaea (9, 19, 22).
The secondary structure of CorA is unusual, with a relatively

large N-terminal periplasmic domain (CorA-PPD) of about
235 amino acids followed by a compact C-terminal domain of
80 amino acids forming three transmembrane (TM) segments
(19). Since three TM domains of a single polypeptide seem too
few to form a channel or pore through the membrane, the
functional CorA transporter is likely to be an oligomer. Fur-
ther, since no other protein is apparently required for Mg2�

transport via CorA (6, 7, 22), CorA is presumably a homo-
oligomer. To determine the order of the presumed homo-
oligomer, chemical cross-linking of CorA in intact cells and
membranes and of purified CorA-PPD coupled with site-di-
rected mutagenesis were used. The data indicate that CorA is
a homotetramer. Further, within the membrane, a TM seg-

ment of one monomer is physically close to its cognate TM in
another monomer.

MATERIALS AND METHODS

All media were obtained from Difco (Detroit, Mich.). All other reagents were
from Sigma unless otherwise specified. Oligonucleotides were purchased from
Oligos, Etc. (Wilsonville, Oreg.) or Genosys (The Woodlands, Tex.). All cells
were grown in Luria-Bertani (LB) broth with 0.4% glucose. MgSO4 was used for
supplementation of media with Mg2�. Buffers A, B, and C consisted of 20 mM
Tris-Cl pH 7, 500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 0.1% Tween
20, with 1, 40, or 80 mM imidazole-HCl, respectively. The buffers were purged
with N2 before use to minimize oxidation catalyzed by the Ni2�-nitrilotriacetic
acid (NTA) column.

Cloning of the Bacillus subtilis corA. The full-length B. subtilis corA gene was
cloned from genomic DNA using as forward primer 5�-ACTGGATCCAAGG
AGATATACCAATGATCAACATTACCGCAATCAC, which has a BamHI
and a ribosomal binding site at the 5� end, and as reverse primer 5�-ACTGAATT
CTTTAAAAATATTGAACCATCCTTTATGTACAAACC, containing an EcoRI
site at the 5� end for cloning into pUC19 to determine complementation. A
reverse primer of 5�-ACTCTCGAGTTTAATTCAGATCCTCTTCTGAGATG
AGTTTTTGTTCTTTAAAAATATTGAACCATCCTTTATG was used for
cloning into expression vector pET-24(�) and contains a XhoI site at the 5� end
and a sequence placing a c-myc epitope at the C terminus. The insert was fully
sequenced to ensure the absence of sequence errors. MM281 is a Salmonella
serovar Typhimurium strain in which all three endogenous Mg2� transporters
have been deleted. It requires 10 to 100 mM Mg2� for growth (6, 24). Expression
of the c-myc-tagged B. subtilis corA electroporated into MM281 (MM2902)
allowed growth without supplemental Mg2�, thus demonstrating that the cloned
gene was a functional Mg2� transporter.

Expression and purification of CorA-PPDs. The coding regions for Salmonella
serovar Typhimurium CorA-PPD (19) and Methanococcus jannaschii CorA-PPD
(20) were amplified by PCR with Pfu DNA polymerase (Stratagene, La Jolla,
Calif.). The Salmonella serovar Typhimurium CorA-PPD consisted of residues
1 to 231. The forward and reverse primers were 5�-ACTGGCATGCTGAGCG
CATTTCAACTGGAAAA-3� and 5�-ACTAGATCTATCCTTATCGTCATCG
TCTTCATTGTGCGGCAGCAGAG-3�, respectively. The M. jannaschii CorA-
PPD consisted of residues 1 to 229. The forward and reverse primers to amplify
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the M. jannaschii CorA-PPD were 5�-ACTGCCATGGTTACGGTAATTGCTA
TAGCTAAAG- and 5�-ACTAGATCTATCCTTATCGTCATCGTCGTACAG
ATCAATTAACTGTAAAGTGTCGTAGT-3�. To facilitate cloning, a SphI re-
striction site and a NcoI restriction site were introduced at the 5� end of both
forward primers, respectively, while a BglII restriction site was introduced at the
5� ends of the reverse primers. Reverse primers also contained a stretch of
sequence encoding an enterokinase cleavage recognition sequence. The resulting
PCR products were ligated into pQE-60 (M. jannaschii CorA-PPD) or pQE-70
(Salmonella serovar Typhimurium CorA-PPD) expression vectors (QIAGEN,
Valencia, Calif.) and transformed into Escherichia coli DH5� IQ cells (Gibco
BRL, Rockville, Md.) to create strains MM2641 and MM2640, respectively.
Plasmid inserts were completely sequenced to verify the fidelity of the PCR
amplification.

To purify the CorA-PPD fusion proteins, cells were grown in 1 liter of LB
broth to an optical density at 600 nm (OD600) of 0.6 to 1. Cultures were induced
with 1 mM isopropyl-�-D-thiogalactopyranoside for 4 h at 37°C and harvested by
centrifugation. With overexpression of the CorA-PPD, more than 90% of the
protein was sequestered in inclusion bodies such that the amount of Tween 20 in
buffer A was insufficient for solubilization. The pellets were therefore resus-
pended in 40 ml of buffer A containing 3% (wt/vol) Empigen (n-dodecyl-N,N-
dimethylglycine; Calbiochem, San Diego, Calif.) instead of Tween 20. This re-
suspension buffer also contained 2 mg of lysozyme/ml, 100 �g of DNase I/ml, and
100 �g of RNase/ml. Empigen solubilized virtually all CorA-PPD present in the
cells and consequently gave much higher yields than samples not so treated.
However, circular dichroism spectra and cross-linking patterns of CorA-PPD
were identical whether or not Empigen was used (data not shown). Resuspended
cells were incubated on ice for 30 min, complete lysis was ensured by passage
through a French press three times at 8,000 lb/in2, and cell lysates were centri-
fuged at 17,000 � g at 4°C for 30 min. The supernatants were loaded on 3- by
5-cm columns of Ni2�-NTA agarose that had been charged with NiCl2 and
equilibrated with buffer A with 3% (wt/vol) Empigen. The Ni2�-NTA agarose
column was sequentially washed with buffer containing 2%, 1%, and no Empigen
to remove detergent before elution with imidazole using 100 ml of buffer B
followed by 100 ml of buffer C. Ten-milliliter fractions from the buffer C elution
were collected; 20 �l of each fraction was removed and analyzed by sodium
dodecyl sulfate- polyacrylamide gel electrophoresis (SDS-PAGE). Peak fractions
were pooled, and the His tag was removed with enterokinase according the
manufacturer’s directions (Invitrogen, Carlsbad, Calif.). Typical yields were 1
mg/liter for Salmonella serovar Typhimurium CorA-PPD and �3 mg/liter for M.
jannaschii CorA-PPD.

Cys mutants. Cys substitution mutations within TM2 and TM3 of Salmonella
serovar Typhimurium CorA have been previously described (23, 30). Cys mu-
tants in intramembrane residues generally retained some transport capacity, and
all appeared to insert properly in the membrane (30). To create additional
cysteine mutants, pMAS29 (30) carrying a functional Salmonella serovar Typhi-
murium corA gene was mutagenized using a QuikChange mutagenesis system
(Stratagene). All mutations were verified by sequencing the entire coding region
of the membrane domain. Initial mutagenesis was performed in E. coli DH5� IQ.
The plasmid was passaged through Salmonella serovar Typhimurium JR501 for
modification and then transformed into the Salmonella serovar Typhimurium
MM281 strain to determine functionality. Insertion of a Cys at the C terminus
(Cys317 CorA) gave Salmonella serovar Typhimurium strain MM1322, mutation
of the single Cys residue in CorA to Ser gave Salmonella serovar Typhimurium
strain MM1318 (Cys191Ser CorA), and mutation of both residues gave Salmo-
nella serovar Typhimurium strain MM1324 (Cys191Ser Cys317 CorA).

Membrane sample preparation. Single colonies of the appropriate strains
were used to inoculate 25 ml of LB broth containing appropriate antibiotics (30)
and 100 mM MgSO4 and incubated by shaking overnight. The cells were pel-
leted, resuspended in 1 ml of ice-cold 10 mM Tris-Cl and 150 mM NaCl, pH 7.5,
and lysed by two passages through a French press at 12,000 lb/in2. Cellular debris
were removed by centrifugation at 16,000 � g for 15 min. Membranes were
pelleted by centrifugation at 100,000 � g for 1 h, resuspended on ice in 0.5 ml of
the same buffer, and dispersed by repeated pipetting until no clumps were visible.
Protein concentration was determined using a Pierce bicinchoninic acid assay
(Rockford, Ill.) with bovine serum albumin as the standard. Protein samples were
precipitated with an equal volume of ice-cold 20% (wt/vol) trichloroacetic acid
and washed once with ice-cold 70% ethanol before addition of bicinchoninic acid
reagent to avoid lipid interference.

Sodium tetrathionate and Cu(II)-1,10-phenanthroline oxidation. For cross-
linking with sodium tetrathionate, aliquots of a freshly made 100 mM stock
solution were added to membrane fractions of each strain to final concentrations
of 5 �M up to 10 mM. Samples were incubated for 30 to 60 min at ambient
temperature. Reactions were stopped by precipitation with an equal volume of

20% (wt/vol) trichloroacetic acid and incubated on ice for 20 min. Cross-linking
with Cu(II)-1,10-phenanthroline was done according to the method of Falke and
Koshland (3, 15), by incubating membrane preparations of each strain with final
concentrations of 1.5, 0.75, or 0.15 mM cross-linker for 1 h. Reactions were
stopped by the addition of SDS-PAGE loading buffer. Proteins were analyzed by
SDS-PAGE and Western blotting. Approximately 10 or 50 �g of total protein
was added for minigels or 20-cm gels, respectively.

Formaldehyde cross-linking. The protocol for formaldehyde cross-linking was
adapted from protocols of Prossnitz et al. and Skare et al. (16, 18). Approxi-
mately 15 ml of E. coli DH5� IQ, Salmonella serovar Typhimurium LT2
(MM1442), MM1947 (MM281/pMAS29), or the cysteine mutants (MM1318,
MM1322, MM1324) or other strains as noted were grown to an OD600 of 0.5,
pelleted, and resuspended in 100 mM sodium phosphate, pH 6.8, to an OD600 of
0.5. For each strain, 12-ml aliquots of cells were incubated with 324 �l of 37%
formaldehyde (1% final concentration). After various times of incubation, 4-ml
cells were pelleted and washed with the same buffer. The pellet was resuspended
in SDS-PAGE buffer and heated to 60°C prior to gel loading for electrophoresis.
Cells with an OD600 of approximately 1 were loaded onto a 20-cm SDS–10%
PAGE gel.

Western blot analysis. Proteins were electrophoresed on 10% polyacrylamide
gels and transferred onto nitrocellulose (Schleicher & Schuell, Keene, N.H.). An
antibody to the N-terminal 16 amino acids of Salmonella serovar Typhimurium
CorA (23) was used at a dilution of 1:10,000 to 1:20,000. Donkey anti-rabbit
horseradish peroxidase-linked secondary antibody (Amersham) was used at
1:10,000 dilution. Proteins were visualized by enhanced chemiluminescence
(Amersham). The resulting films were scanned into Canvas version 8 or 9 (ACD
Systems of America, Miami, Fla.). Other than cropping, no alterations were
made except some adjustment of brightness and contrast.

Circular dichroism. Spectra were collected on a Jasco 600 spectropolarimeter.
The pathlength was usually 0.1 cm, and spectra were collected at several protein
concentrations between 0.1 and 5 mg/ml. Ellipticity was measured at 1-nm
intervals. Deconvolution of the spectrum was performed with multiple computer
algorithms (17), all of which indicated an �-helical content of �70% with no
detectable �-sheet component. This is in agreement with computer analysis of
68% �-helix by the Chou-Fasman (2) and 85% �-helix by the Garnier-Robson
(5) algorithms.

RESULTS

Formation of CorA dimers by cysteine cross-linking. The
location of the C terminus of CorA within the cytoplasm is well
defined. In most homologs, it consists of only six amino acids,
the first three of which are invariably Arg or Lys. These posi-
tive charges serve to anchor TM3 in the membrane and at the
same time define which residues are within the lipid bilayer
and which are in the cytosol. We reasoned that in a homo-
oligomer of CorA, the C-terminal segment of one monomer
might be sufficiently close to that of other monomers to inter-
act despite possible charge repulsion from the anchoring Arg
and Lys residues. Salmonella serovar Typhimurium CorA con-
tains a single Cys residue at position 191 which was mutated to
Ser (Cys191Ser CorA), with retention of about 55% of wild-
type transport activity and no change in apparent Mg2� or
Ni2� affinity (data not shown). Addition of a Cys residue to the
C terminus (Cys317 CorA) or the construction of a Cys191Ser
Cys317 CorA also had no effect on apparent cation affinity and
gave 85 and 25% of wild-type transport activity, respectively.
All mutants were present in the cell membrane at normal
abundance and migrated identically to wild type (reference 30
and data not shown).

Sodium tetrathionate treatment of membrane vesicles was
used to oxidize Cys residues in CorA. The CorA monomer
from Salmonella serovar Typhimurium has an expected molec-
ular mass of 37 kDa but migrates on both reducing or nonre-
ducing SDS-PAGE gels at about 42 kDa. The Cys191Ser CorA
did not exhibit cross-linking with or without tetrathionate,
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showing only a monomer band at about 42 to 44 kDa (Fig. 1A).
Wild-type CorA also did not exhibit significant cross-linking
(Fig. 1A), although an occasional minor band at an apparent
dimer position was evident on nonreducing gels (data not
shown). In contrast, the Cys191Ser Cys317 CorA containing
only a C-terminal Cys residue showed a second band at 91 kDa
in the presence of tetrathionate, consistent with formation of a
dimer. Cross-linking was significant but not complete in any
sample. The C317 CorA, containing cysteines at both Cys191
and Cys317, showed spontaneous formation of the 91-kDa
dimer band plus an additional band at 104 kDa (Fig. 1B).
Tetrathionate oxidation enhanced formation of the 104-kDa
band. Presumably, formation of a disulfide bond between the
Cys317 residues of two monomers can force Cys191 residues
sufficiently close together to allow formation of a second di-
sulfide bond within the dimer. The alternative possibility, that
the 104-kDa band is a trimer formed by Cys191-Cys191 cross-
links between two monomers and a Cys317-Cys317 cross-link

between one of those monomers and a third monomer, seems
unlikely both because of the relatively low molecular mass of
the third band and because the Cys191 residues do not appear
to interact significantly in the wild-type protein.

Formaldehyde and carbon disulfide cross-linking of mem-
brane-bound CorA. To determine whether CorA could form a
higher order oligomer, we investigated a variety of cross-link-
ing agents, both hydrophilic and hydrophobic, for cross-linking
CorA in intact cells, spheroplasts, and membrane vesicles. Hy-
drophobic agents included carbon disulfide (CS2), disuccinimi-
dyl suberate, dimethylpimelimidate, and others with different
lengths of spacer arms between reactive groups. Relatively
hydrophilic cross-linking agents included 3,3�-dithiobis[sulfo-
succinimidylpropionate], glutaraldehyde, and formaldehyde
among others. Only formaldehyde and CS2 were able to cross-
link CorA.

For formaldehyde cross-linking, the Mg2� transport-defi-
cient strain MM281 (6) was used as a negative control and
showed no bands reactive with the anti-CorA antibody under
any conditions tested as previously determined (19, 21). E. coli
DH5� was tested since the Salmonella serovar Typhimurium
antibody cross-reacts well with the highly homologous E. coli
CorA. Formaldehyde treatment of E. coli, wild-type Salmo-
nella serovar Typhimurium, or Salmonella serovar Typhimu-
rium strains carrying high-copy plasmids overexpressing wild
type or various Cys mutants of CorA resulted in the formation
of additional higher-molecular-mass bands detected with the
anti-CorA antibody. In both whole cells and membrane prep-
arations, bands consistent with a tetramer were formed at
approximately 42, 105 and 110, 180, and 225 kDa (Fig. 2A),
consistent with formation of a tetramer. A similar tetrameric
pattern of cross-linking was observed in membrane prepara-
tions (Fig. 2B, lane 1) or in whole cells expressing CorA from
a low-copy-number vector (Fig. 2B, lane 2). In cells overex-
pressing the C317 CorA, a higher-molecular-mass band at
about 260 kDa was also seen (Fig. 2A, lane 8). This band was
not always well separated from the stacking gel and did not
appear in any strains that were not markedly overexpressing
CorA. CS2 treatment of intact cells (Fig. 2B, lane 3) or mem-
branes (data not shown) also suggested a tetramer and did not
show any bands of higher mass than the apparent tetramer
even in cells overexpressing the C317 CorA. Finally, cross-
linking of a c-myc-tagged CorA of the gram-positive B. subtilis
expressed in MM281 also gave bands consistent with the pres-
ence of a tetramer (Fig. 2C).

The apparent molecular masses of the bands do not corre-
spond exactly to multiples of the CorA monomer. However,
this is to be expected for at least two reasons. First, the CorA
monomer migrates somewhat anomalously, running at 42 to 43
kDa rather than the expected 36 to 37 kDa, and thus its higher
order forms might also be expected to migrate anomalously.
Second, cross-linking generates a polypeptide that is not linear,
thus altering its migration on gels.

Additional bands of lesser intensity were evident at various
molecular masses in some experiments with formaldehyde
(Fig. 2A and B), a result that is not unexpected since formal-
dehyde is highly reactive and would cross-link two adjacent
proteins whatever their origin. Some but not all of these bands
were eliminated if an affinity-purified CorA antibody was used
for Western blotting (data not shown). These bands are gen-

FIG. 1. Addition of a Cys residue at the C terminus of CorA allows
dimer formation. Salmonella serovar Typhimurium strains MM1318
(Cys191Ser), MM1322 (Cys317), and MM1324 (Cys191Ser Cys317)
and a wild-type strain (MM1442) were grown in LB broth to an OD600
of 0.5 to 1.0, and membrane fractions were incubated with or without
10 mM tetrathionate. The samples were then run on nondenaturing
PAGE before Western blotting with anti-CorA antibody and scanning
into Canvas. No editing was performed except adjustment of bright-
ness and contrast. Panel A shows the wild-type, the Cys	 mutant, and
the double mutant strains treated with tetrathionate. Some prepara-
tions showed a small amount of the 91-kDa band before tetrathionate
oxidation (see panel B); the amount of the 91-kDa species was mark-
edly increased by oxidation with tetrathionate. Panel B shows the
formation of a third band at 110 kDa in the Cys 317 mutant containing
both a cytoplasmic (Cys317) and a periplasmic (Cys191) cysteine. The
band was enhanced by tetrathionate oxidation, in addition to the 91-
and 44-kDa bands.
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erally not evident in CS2 cross-linked samples or in B. subtilis
samples visualized with a c-myc antibody (Fig. 2B and C),
suggesting that they are nonspecific. In addition, even with
short exposures to formaldehyde, a significant amount of pro-
tein remained at the interface with the stacking gel. Similar
material at the stacking gel interface was not seen in experi-
ments using CS2 to cross-link CorA, probably because bond
formation is far slower with CS2 than with formaldehyde
(hours versus seconds). It is possible that the presence of
very-high-molecular-mass bands could indicate a higher order
oligomer (e.g., Fig. 2A, lane 8). However, multiple experiments
with different times of exposure or protein and formaldehyde
concentrations suggest that these additional minor bands are
most likely due to adventitious cross-linking of other proteins
to CorA under conditions of relatively high protein and form-
aldehyde concentrations and/or long exposure times.

The apparent dimer band appeared as a doublet in most
formaldehyde cross-linking experiments. This is likely due to
some degree of disulfide cross-linking at Cys191 and/or Cys317
in these experiments which in turn allows enhanced formalde-
hyde cross-linking. Consistent with this interpretation, the 110-
kDa band is greatly increased in experiments with the Cys317

CorA expressed either in E. coli (data not shown) or Salmo-
nella serovar Typhimurium (Fig. 2A, lane 8). Electrophoresis
of formaldehyde cross-linked cells in the presence of 3 mM
dithiothreitol diminished formation of the 110-kDa band al-
though it was never entirely eliminated (data not shown). This
is similar to observations with the Tar receptor, where very
harsh conditions were necessary to eliminate some disulfide
cross-links (13).

Cross-linking of the purified PPD of CorA. The topology of
CorA suggests that it can be treated as a simple two-domain
protein, i.e., a soluble N-terminal PPD (CorA-PPD) of about
235 to 240 amino acids and a C-terminal highly hydrophobic
membrane domain of about 75 to 80 residues. We reasoned
that a truncated CorA consisting only of the CorA-PPD might
self-assemble after purification. A C-terminal six-His tag for
purification of the CorA-PPD was therefore inserted into the
corA genes from both Salmonella serovar Typhimurium and M.
jannaschii, after residues 231 and 229, respectively. The ar-
chaeal M. jannaschii CorA has previously been shown to ex-
press sufficiently well in Salmonella serovar Typhimurium,
where it exhibits transport properties virtually identical to
those of the Salmonella serovar Typhimurium CorA despite

FIG. 2. Formaldehyde cross-linking indicates that CorA is a tetramer. Intact cells of E. coli DH5�, wild-type Salmonella serovar Typhimurium
LT2 (MM1442), Salmonella serovar Typhimurium MM281 carrying pMAS29, a high-copy plasmid expressing CorA (MM1927), or Salmonella
serovar Typhimurium MM1324, carrying the same plasmid vector expressing the Cys191Ser Cys317 CorA, were grown and treated as described
in Materials and Methods. The resulting Western blot was scanned into Adobe Photoshop 5.0 and transferred into Canvas. No editing was done
except some alteration of brightness and contrast. Gels from several different experiments were exposed for various times before development.
Note that virtually all E. coli CorA was cross-linked by formaldehyde, while in the other three strains formaldehyde converted a large amount of
monomer to higher-molecular-weight bands.
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only 12% amino acid identity (20). The constructs also con-
tained an enterokinase cleavage site to allow removal of the
His tag. This was necessary since formaldehyde would likely
cross-link at the His residues. Although most of the CorA-PPD
expressed was found in inclusion bodies, it could be solubilized
with Empigen detergent. The CorA-PPD proteins remained
soluble after removal of the detergent and apparently folded
spontaneously during purification since circular dichroism
spectra indicated an �-helical content of �70% (Fig. 3), con-
sistent with predictions from various computer algorithms in-
dicating that the soluble domain is virtually all �-helical in
structure (9).

To determine if the purified soluble domain could self-as-
semble, formaldehyde was used for cross-linking. With both
Salmonella serovar Typhimurium (data not shown) and M.
jannaschii (Fig. 4) CorA-PPD, higher-molecular-mass bands
consistent with cross-linking of a tetramer were seen after
formaldehyde treatment. We attempted to enhance oligomer
formation by treatment with formaldehyde in the presence of
substrate cation (Mg2�) (data not shown) or Co(III)hexa-
ammine (12), a selective inhibitor of CorA (Fig. 4). However,
neither Mg2� nor Co(III)hexaammine had a significant effect
on CorA cross-linking. Cross-linking of the Salmonella serovar
Typhimurium CorA-PPD was examined at different protein
concentrations. Formation of higher order oligomers increased
roughly in proportion to the increasing protein concentrations,
but there was no evidence of complexes greater in size than the
apparent tetramer (data not shown). In addition, boiling of the
samples before electrophoresis to break the formaldehyde-
induced cross-links broke down the cross-linked complexes
and regenerated, as expected, the monomer band (data not
shown).

Cross-linking of Cys residues in TM domains. In previous
mutagenesis work, several residues within TM2 and TM3 were
changed to Cys (23, 30). These included Thr270, Ser274, and
Met278 in TM2 and Tyr292 and Met299 in TM3, all of which

seem to form part of a Mg2� permeable “pore” within the
membrane (23, 30). During control studies to determine if the
mutant CorA proteins were inserted in proper amounts in the
membrane, we noticed that strains carrying a Tyr292Cys mu-
tation in TM3 of CorA formed spontaneous cross-links even in
the absence of an oxidizing agent (Fig. 5A). Cross-linking was
enhanced somewhat by treatment with Cu(II)-1,10-phenanth-
roline. These results indicated that the Tyr292 residue of one
monomer must be very close to a Tyr292 residue in another
monomer. Cu(II)-1,10-phenanthroline treatment of strains
carrying the Thr270Cys, Ser274Cys, or Met299Cys (Fig. 5B)
CorA proteins also induced considerable formation of cross-
linked protein, indicating that Thr270, Ser274, and Met299
could all interact with their cognate residues on another mono-
mer. Sodium tetrathionate, which is charged and thus relatively
membrane impermeable, did not induce formation of apparent
dimers of these CorA proteins carrying Cys residues within the
membrane (Fig. 5B).

In the Tyr292Cys CorA, a doublet was observed in the ap-
parent dimer position at 75 and 82 kDa (Fig. 5A), possibly due
to formation of disulfide bonds between two Tyr292Cys resi-
dues coupled with formation of a disulfide bond between
periplasmic Cys191 residues. Consistent with this hypothesis,
involvement of C191 was confirmed by creating a Cys191Ser
Tyr292Cys mutant (MM1898) which formed only a single band
of 75 kDa (Fig. 5A). Electrophoresis in the presence of 3 mM
dithiothreitol diminished the amount of the 75-kDa band but
did not eliminate it, similar to results noted above in formal-
dehyde cross-linking experiments.

FIG. 3. Circular dichroism spectrometry shows that purified CorA-
PPD retains it structure. The purified Salmonella serovar Typhi-
murium CorA-PPD was used to obtain a circular dichroic spectrum on
a Jasco 600 spectropolarimeter (see Materials and Methods). The
negative maximum from about 209 to 220 nm is indicative of �-helical
structure. Computer deconvolution of the spectrum indicates that the
protein is at least 70% �-helix with no detectable �-sheet structure.

FIG. 4. Formaldehyde treatment of purified M. jannaschii CorA-
PPD indicates a homotetramer. The M. jannaschii CorA-PPD protein
was purified and subjected to formaldehyde treatment as described in
Materials and Methods and the legend to Fig. 2. The resulting gel was
scanned into Canvas. No editing was performed except adjustment of
brightness and contrast. Additional experiments at different protein or
formaldehyde concentrations or different times of exposure to form-
aldehyde give similar results. Boiling of the samples before electro-
phoresis regenerated a significant amount of the monomer band as
expected (data not shown). In the experiment shown, formaldehyde
treatment was performed in the absence (left lane) or presence (right
lane) of the selective CorA inhibitor, Co(III)hexaammine (12).
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DISCUSSION

The CorA Mg2� transport system is unusual in many re-
spects (10). It lacks significant homology to other known trans-
port systems. Despite forming the primary Mg2� transport
system of a very large number of Bacteria and Archaea, there
are no close homologs in eukaryotes, unlike almost every other
class of cation transporter. CorA’s topology is unusual among
transport systems, with only three TM segments, too few to
form a Mg2� channel or pore as a monomeric protein. CorA
also features a large periplasmic soluble domain with no ap-
parent leader sequence. Finally, initial cation binding to CorA,
presumably via the periplasmic soluble domain, involves coor-
dination with a fully hydrated Mg2� cation 5 Å in diameter, far
larger than any other biologically important cation (6, 11, 12,
19). The results presented in this report indicate that CorA is
probably a tetrameric homo-oligomer in which cognate TM
domains are relatively close together.

Existence of a CorA tetramer. The formation of disulfide
bonds between residues on two different monomers of CorA
provides conclusive evidence that CorA is an oligomer. Cross-
linking of full-length CorA in intact cells or membrane frac-
tions with formaldehyde and CS2 indicated the existence of at
least a tetramer from both gram-negative and gram-positive
species. CorA oligomers were presumably native since identi-
cal patterns of cross-linking were seen in intact cells and in
membrane preparations. CorA is not an especially abundant

protein and hence would not be in a very high concentration in
the membrane. Consequently, cross-links between CorA mono-
mers in intact cells and membranes occurred at low relative
protein concentrations and therefore would not have been due
to adventitious nonspecific protein association.

Formaldehyde cross-linking of the purified CorA-PPD from
a gram-negative and an archaeal species also indicated a tet-
ramer. With the purified CorA-PPD, protein concentrations
were necessarily much higher, but formaldehyde treatment
with varied protein concentrations, multiple time points, and
different formaldehyde concentrations always gave tetrameric
bands, a strong indication that the cross-links observed were
due to normal association of CorA monomers. Although there
is only 12% identity in the soluble domain of the Salmonella
serovar Typhimurium bacterial and M. jannaschii archaeal
CorA molecules, identical cross-linking of the CorA-PPD from
both organisms indicates that a similar high order homo-oli-
gomer forms the basic CorA structure of each organism.

In most experiments with the CorA-PPD proteins, the tet-
rameric band was relatively weak. This might be explained
by a weaker association of the PPDs in the absence of the
membrane domain. Potential stabilization of the CorA-PPD
complex by addition of Mg2� or the selective CorA inhibi-
tor, Co(III)hexaammine (12), was without effect on oligomeric
state. If initial association of the CorA-PPD monomers were
relatively loose, formation of initial formaldehyde cross-links

FIG. 5. Intramembrane cysteine residues can cross-link to their cognate residue on another monomer. Strains were grown and membranes
fractionated when treated with Cu(II)-1,10-phenanthroline as indicated in Materials and Methods. The gel was scanned into Canvas. No editing
was performed except adjustment of brightness and contrast. Panel A shows cross-linking of the Tyr292Cys and Met299Cys mutants in TM3 of
CorA. The Tyr292Cys CorA mutant cross-links spontaneously, but cross-linking is enhanced by Cu(II)-1,10-phenanthroline treatment. Panel B
shows cross-linking of the Cys191Ser Tyr292Cys mutant of CorA demonstrating the absence of the higher-mass band of the dimer doublet, an
indication that the doublet results from disulfide bond formation at position 292 only or at both position 292 and at position 191. Panel C shows
Cu(II)-1,10-phenanthroline-mediated cross-linking at Tyr270Cys and at Ser274Cys in TM2.
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would presumably change conformation of the monomers in
the resulting cross-linked complex. The strength of association
between this cross-linked protein and the remaining mono-
mers would likely be greatly diminished by the cross-linking,
stimulating dissociation of the monomers that were not yet
cross-linked. If this argument is correct, it indicates that the
membrane domain also has an important role in stabilizing the
oligomeric structure of the complex.

We were uniformly unsuccessful with any cross-linking re-
agents tested except formaldehyde and CS2. This is puzzling,
especially with cross-linking agents that react with lysine since
CorA contains numerous lysine residues. Although agents with
different spacing between reactive groups were tested, the sim-
plest explanation for the lack of lysine reactivity is that there
are no sufficiently exposed and reactive lysines spaced at ap-
propriate distances for these reagents. Given the very large
number of other charged residues, especially aspartate and
glutamate, this could suggest that many lysines are not well
exposed or not very reactive, their charge possibly being neu-
tralized by interaction with a negatively charged residue.

In all experiments, a tetrameric band was readily evident
with short times of incubation and at low concentrations of
formaldehyde. In cells overexpressing CorA, longer exposure
to high concentrations of formaldehyde sometimes gave a
higher order band consistent with a pentameric species (Fig.
2). This never occurred with CS2-mediated cross-linking or
with formaldehyde cross-linking of the CorA-PPD. Thus, while
it is possible that native CorA could be a homopentamer (or
higher), the most probable interpretation of our data is that
CorA from both Eubacteria and Archaea is a homotetramer.

Membrane domain interactions and structure. Cross-links
between Cys residues in the membrane domain (Fig. 5) further
indicate that regions of one monomer are sufficiently close to
the same region of another monomer to be able to form a
disulfide bond. Unlike substitution at Cys191 or addition of
Cys317, however, substitution of an intramembrane residue
with a Cys had greater effects on function. When assayed at the
wild-type K0.5 for the 63Ni2� substrate, none of the intramem-

brane Cys substitution mutants exhibited more than 4% of
wild-type activity, although all were expressed in amounts
equivalent to wild-type CorA. Regardless, the retention of
function indicates that the ability of these residues to cross-link
within the membrane is not due to an abnormal protein con-
formation but to their proximity in a normal, essentially wild-
type structure.

The data indicate that cognate helices of each monomer are
sufficiently close to interact. An unambiguous structural inter-
pretation is difficult in the absence of crystallographic infor-
mation. If the monomers were arranged in a symmetrical pat-
tern (Fig. 6A), cognate residues in the same TM helix of
different monomers would not be adjacent to each other, mak-
ing disulfide bond formation much more difficult and thus
rendering a simple symmetrical arrangement unlikely. How-
ever, a possible symmetrical arrangement of monomers that
would obey constraints imposed by the cross-linking data might
be provided by the membrane domain structure of the bacte-
rial mechanosensitive ion channel, MscL (1, 29). The MscL
membrane domain consists of five pairs of helices. Each indi-
vidual helix is tilted both with respect to the other helix of the
same monomer and to the pore of the ion channel. Each pair
of helices from a given monomer is arranged such that one end
of the TM helix lies close to the pore while the other end is
tilted away from the pore. The other TM domain of the same
monomer is tilted in an opposite manner. In the course of this
helix movement as ion flows through the channel, the ends of
each helix distant from the pore move in towards the pore
while those ends of each helix nearest to the pore move away
from it. A recent modeling study (28) of this mechanism of
action of MscL is consistent with both structural data (1) and
site-directed mutagenesis results (27, 28). A similar arrange-
ment of TM2 and TM3 in a tetrameric CorA is possible with
the remaining TM1 segments being peripheral to the pore and
would suggest that intramembrane cross-links arise from dif-
ferent conformations of the membrane domain. An alternative
arrangement of the membrane helices as a “dimer of dimers”
(Fig. 6B) would resolve issues of proximity raised by a strictly

FIG. 6. Arrangements of TM domains of a tetrameric CorA. (A) A tetrameric CorA is symmetrically arranged around a putative Mg2� pore
with TM2 and TM3 forming the pore. TM1 is apparently peripheral to the core (23, 30). This necessarily places the TM2 of one monomer relatively
far away from the TM2 of another monomer, likewise for TM3 domains. Cysteine cross-linking data show that TM3 of one monomer can cross-link
with TM3 of another monomer, thus implying that they are very close. Similarly, residues in TM2 can cross-link to their cognate residue in TM2
of another monomer. This suggests that such a simple symmetrical arrangement is unlikely (see the text). (B) If TM domains are arranged as a
dimer of dimers, a pseudo-twofold axis of symmetry is generated. This arrangement is known for both soluble and membrane proteins. It could
satisfy the structural constraints imposed by intramembrane disulfide bond formation.
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symmetrical arrangement. This arrangement is known for sev-
eral soluble enzymes (8, 32, 34), and studies of the membrane
channel EmrE have recently demonstrated such a structure in
a membrane ion transporter (14, 33). While the latter EmrE-
like model seems more likely based on the multiple intramem-
brane residues that can form disulfide bonds, MscL-like and
EmrE-like structures make distinct predictions about helix and
residue proximity that are experimentally testable.
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