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Abstract

The magnesium ion, Mg?*, is essential for myriad biochemical processes and remains the only
major biological ion whose transport mechanisms remain unknown. The CorA family of
magnesium transporters is the primary Mg2* uptake system of most prokaryotesl—3 and a
functional homologue of the eukaryotic mitochondrial magnesium transporter®. Here we
determine crystal structures of the full-length 7hermotoga maritima CorA in an apparent closed
state and its isolated cytoplasmic domain at 3.9 A and 1.85A resolution, respectively. The
transporter is a funnel-shaped homopentamer with two transmembrane helices per monomer. The
channel is formed by an inner group of five helices and putatively gated by bulky hydrophobic
residues. The large cytoplasmic domain forms a funnel whose wide mouth points into the cell and
whose walls are formed by five long helices that are extensions of the transmembrane helices. The
cytoplasmic neck of the pore is surrounded, on the outside of the funnel, by a ring of highly
conserved positively charged residues. Two negatively charged helices in the cytoplasmic domain
extend back towards the membrane on the outside of the funnel and abut the ring of positive
charge. An apparent Mg?* ion was bound between monomers at a conserved site in the
cytoplasmic domain, suggesting a mechanism to link gating of the pore to the intra-cellular
concentration of Mg2*.
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The CorA magnesium transporter is a homopentamer with fivefold symmetry about a central
pore and can be divided into three parts (Fig. 1). A carboxy-terminal transmembrane domain
comprises two transmembrane helices from each monomer (Fig. 2). The middle portion
resembles a funnel, narrow at the entrance ( 5 A) and wide at the mouth ( 20A), that is
formed largely by a long a-helix extension of the inner transmembrane helix. Finally, a
large cytoplasmic domain lies exterior to the funnel.

The cytoplasmic domain of CorA is a seven-stranded parallel/antiparallel B-sheet
(B2AB1vB3AB7AP6YB54AP4Y) sandwiched between two sets of a-helices (al, a2, a3) and
(a4, a5, a6) (Fig. 1). The domain fold is unlike all other known structures of ion channels or
transporters and constitutes a new protein fold (see Supplementary Information). This
domain, solved in its soluble form at 1.85 A resolution (Supplementary Fig. S1), is linked to
the transmembrane helices by the long a7 helix (residues 251-312), termed the stalk helix.
The stalk helix kinks as it enters the membrane, extends through the membrane, forms the
first transmembrane helix (TMZ1; residues 293-312) and harbours the “YGMNF’ signature
sequence of CorA (residues 311-315)°6 (Fig. 2 and Supplementary Fig. S2). The five TM1
helices (residues 293-312) form the pore. After a short extracellular seven-amino-acid loop,
the TM2 helix (residues 326—345) returns back to the cytoplasm and ends in a highly
conserved C-terminal KKKKWL motif (Fig. 3). In the current structure, neither the
extracellular loop nor the final two amino acids could be resolved.

The cytoplasmic domain shows the lowest sequence conservation among CorA transporters.
Nonetheless, the predicted secondary structure of CorA orthologues agrees well with the
three-dimensional structure of the 7. maritima CorA, allowing the prediction of the structure
of both the prokaryotic ZntB Zn?* efflux transporter” and eukaryotic mitochondrial MRS2
homologues® as CorA-like structures even though these proteins have minimal sequence
conservation with CorA (Supplementary Fig. S3).

The transmembrane region comprises two concentric rings of helices. The TM2 helices,
which are essentially perpendicular to the membrane, form an outer ring that envelops the
inner ring of TM1 helices, which form the pore. The TM1 helices are twisted along the five-
fold axis and kinked in two places, at Pro 303 and Gly 312 (Fig. 2), resulting in a tapering of
the pore near the periplasmic surface. Pro 303 is conserved in a similar position in almost all
CorA orthologues. The distortion of transmembrane helices by proline or glycine residues is
a feature noted in other ion channels and can provide flexibility during the dynamic gating
process?10,

The CorA structure appears to represent a closed form of the transporter. A series of
constrictions are present along the transmembrane section of the ion conduction pathway.
These start with a ring of five Asn 314 side chains at the periplasmic entrance that probably
block ion movement (Figs 2 and 4). The Asn 314 ring appears to be held in conformation, at
least in part, by an aromatic stacking interaction between Tyr311 of one monomer and Phe
315 of an adjacent monomer (that is, Y and F of the conserved YGMNF sequence) (Fig.2
and Supplementary Fig. S2). Immediately following this sequence is a loop connecting TM1
and TM2. The loop is poorly ordered in this structure (residues 316—-322 are unassigned).
Nevertheless, this sequence always contains significant negative charge in those CorA
family members known to transport Mg2* (Supplementary Fig. S4)%11, The presence of the
negatively charged loop on the periplasmic face of these Mg?* transporters strongly suggests
that this region comprises part of a selectivity filter.

The cytosolic part of the transporter, shaped like a funnel, is formed by the amino-terminal
domains. The five a7 stalk helices form both the wall of the pore (TM1) and the wall of the
funnel (Fig. 1). The inner wall of the funnel is lined along its length with successive rings of
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negative or hydroxyl-bearing residues (Tyr 255, Asp 263, Glu 266, Asp 270, Ser 273, Asp
277, Ser 281, Ser 284, Glu 230, Ser 233, Asp 238, Glu 246) (Fig. 3). Such an arrangement
of charged residues is found in other cation channels and may serve as an electrostatic sink
to increase the local ion concentration2,

The orientation of the outer TM2 helices positions the short, highly basic C terminus of the
protein (KKKKWL) on the intracellular side of the membrane. Given the pentameric nature
of CorA, this places at least 20 lysines at the membrane interface, creating a ring of positive
charge approximately 50 A in diameter, which we term the basic sphincter (Fig. 3).
Additional lysines from the a7 stalk helix (Lys 292 and Lys 286) may also contribute to this
remarkable concentration of positive charge. Abutting the basic sphincter is a cluster of
negatively charged residues from two helices in the soluble domain (a5 and a6; residues
166-202 and 208-238). These helices, which are oriented perpendicularly towards the
membrane interface and ‘hang’ towards the membrane like the branches of a weeping
willow tree, are referred to as the willow helices. Almost half the residues in the willow
helices and their intervening loop are aspartate or glutamate, and are highly conserved (Fig.
3 and Supplementary Fig. S5).

An Mg?* ion entering the cell through CorA would traverse a distance of at least 40 A,
extending through the putative periplasmic selectivity filter, transmembrane domain and part
of the cytoplasmic domain (Fig. 4). The diameter of the pathway varies considerably along
its length, producing two small cavities with diameters of 6A and 5.6 A; these
intersperse three constrictions. Starting from the periplasmic side, the first constriction is
formed by the Asn 314 side chains. The second is formed by Thr 305 and Met 302, and the
third, positioned at the membrane/cytoplasmic interface, is formed by two hydrophobic
residues, Leu 294 and Met 291. There is experimental electron density inside the two
cavities near Gly 309 and Ala 298 that is not readily assignable to backbone or side chain
groups, consistent with the presence of Mg2* ions. Potassium channels have a single, larger
cavity, located at the centre of the bilayer, which helps to stabilize an ion13. The two cavities
possibly have an analogous role for CorA. The basic sphincter is at the same level in the
protein as the last constricting hydrophobic girdle. This suggests that the concentration of
positive charge could be important for controlling pore diameter at this point in TM1.

Given the varying diameter throughout the pore, it appears that the transporter is in a closed
state. The hydrophobic ring created by residues Leu 294 and Met 291 would create a strong
energetic barrier to ion permeation and therefore be expected to form the main gate. A bulky
hydrophobic residue at position 294 is a conserved feature of CorA transporters. This
hydrophobic gate seems to be one of a number of recurring themes in cation selective
channels1214 by which ion movement is controlled indirectly through the controlled
movement of water. This has been observed in the closed-state structures of the potassium
channel KirBac1.115, the mechanosensitive stretch receptor MscL16 and the nicotinic
acetylcholine receptor (NAChR)7.

Even though CorA has several structural themes in common with ion channels it transports
ions much more slowly. The nAChR allows 100,000 ions per second through whereas K*
channels allow up to 100 million ions through per second (ref. 18). The throughput of CorA
is only of the order of 10 million ions per minute for the whole cell3. This must be related to
the way in which the Mg2* ion interacts with the transporter. The problem may be that MgZ*
prefers to be hexacoordinated and probably remains so throughout the conduction process®®.
Hence, as the hydrated Mg2* ion enters the conduction pathway, the number of available
coordination sites would not match the five-fold symmetry of the CorA selectivity filter. The
key to K* channel selectivity and throughput is the high degree to which the potassium
channel's selectivity filter mimics the hydration coordination of potassium ions1314, Hence,
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the hydrated Mg2*/CorA symmetry mismatch may be a form of control that slows down the
rate at which the Mg?* ion can move through CorA.

The selectivity determinants of 7. maritima CorA for Mg2* are unclear because part of the
periplasmic entrance to the pore, which presumably contains an ion selectivity filter, was not
seen in the structure. However, the visible structural features of the CorA transporter, as well
as the unique chemistry of Mg?*, limit the mechanisms by which it can be highly selective
for the ion. Sieving for hydrated cations is an insufficient explanation because the hydrated
radius of magnesium is the largest of all biological cations ( 5 A)1°. Based on size alone,
Ca?* would be predicted to be transported, but it is neither a substrate nor an inhibitor of
CorA320, Moreover, cobalt(111) hexaammine, which has the same size as a hydrated Mg2*
but carries a +3 charge, potently inhibits transport via CorA transporters?L, Thus, the CorA
transporter must make use of other properties of ions, in addition to their charge and
hydrated size.

For several reasons, we believe that an incoming magnesium ion is at least partially
dehydrated upon entering the ion conduction pore of CorA, and that this is a key basis for
selectivity. First, CorA transporters can also transport Co?* and Ni2*, two ions with atomic
radii similar to that of Mg2*, but not Mn2*, whose atomic radius is significantly larger than
Mg?2* (refs 3, 20). Second, the atomic Mg?* ion is the smallest of all biological cations,

350 times smaller than its hydrated form1®. A conduction pathway that exploited the small
size of the dehydrated Mg2* ion would conceivably be highly selective. Third, the inhibitory
action of cobalt (111) hexaammine, which is almost exactly the same size as a hydrated
Mg?2*, suggests that a fully hydrated Mg2* ion first binds to the CorA transporter but cannot
enter the pore. Fourth, the lining of the periplasmic entrance to the pore with polar groups
(Figs 2, 4 and Supplementary Fig. S2) may serve to compensate for the energetic cost of
dehydration. The Asn 314 constricting ring, which obviously cannot block the pore in an
open conformation, may have a role in the initial Mg?* dehydration, as occurs in other ion
channels1214,

The crystal structure of the isolated cytoplasmic domain at 1.85 A resolution revealed
electron density hexacoordinated to oxygen atoms (one from Asp 89 and five from water
molecules) that can be reasonably interpreted as a Mg2* ion (Fig. 5a and see Supplementary
Information). The structure of the full-length CorA, although at lower resolution, revealed
strong electron density at a similar location, between the cytoplasmic domains of adjacent
monomers (Fig. 5b). This density was found proximal to residue Asp89 in the a3 helix of
one monomer and Asp 253 on the stalk helix (a7) of the adjacent monomer. Asp89 and Asp
253 are among the most highly conserved residues, pointing to a critical functional role. We
suggest that this putative Mg2*-binding site could be the pivot point of a hinge comprising
the stalk helix and the a-B-a sandwich domain, allowing metal binding to influence the
orientation of these elements within the CorA pentamer. Small changes in the structure of
the Mg2*-binding site might be predicted to translate into large movements of both the stalk
helix and the willow helices at their opposite ends near the pore.

How might the binding of Mg?* be exploited for regulation? CorA must have a mechanism
to regulate pore opening in response to changes in the intracellular concentration of ion. It is
noteworthy that the narrowest part of the pore, the putative Leu 294/Met 291 gate, is
precisely at the level of the basic sphincter noted above. The sphincter might be predicted to
draw negative charge away from the middle of the pore at this level, preventing passage of
the positively charged Mg2* cation. The presence of a putative Mg2*-binding site in the
soluble domain links important structural elements within the transporter and suggests a
mechanism to open the gate. In the presence of sufficient magnesium, the a-f-a domain
would be kept near to the stalk helix of the adjacent monomer, pulling the willow helices
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away from the membrane and the basic sphincter residues apparently closing the pore. Loss
of Mg2* from the binding site between a7 of one monomer and o3 of the adjacent monomer
would allow rotation or other movement of the a-p-a domain. This would necessarily cause
movement of the a7 stalk helix and of the acidic willow helices relative to the basic
sphincter. Because the membraneproximal portions of the willow helices are highly
negatively charged, this would in turn influence the effective concentration of positive
charge created by the basic sphincter, perhaps causing it to relax. Coupled with movement
of the extremely long a7 helix, this would allow the gate formed by Leu 294/Met 291 to
open, allowing Mg?* through.

Key residues within the pore-forming TM1 domain can be interpreted with regards to
Salmonella enterica serovar Typhimurium mutagenesis data?2. Leu294 appears to block the
pore near the cytoplasmic face. The equivalent residue in S. Typhimurium is Phe 259, an
equally bulky residue. Mutation of the adjacent Ser 260 residue in S. Typhimurium shows
that substitution of smaller (Ala) but not larger (\Val) residues allows transport, a result
compatible with Leu294/Phe 259 forming a moveable barrier for transport. Mutation of Pro
268 and Pro 269 in S. Typhimurium reduces transport, compatible with Pro 303 in 7.
maritima forming a kink and functional hinge in the TM1 helix. Mutations within the
signature YGMNF sequence (residues 311-315 in 7. maritima and 276-280 in S.
Typhimurium) almost invariably abolish transport. This suggests that this sequence is
critical both for positioning the periplasmic loop that is presumably responsible for initial
binding of Mg2*, and that Asn 314 is possibly required to restrict the external entrance to the
pore. Moreover, of the multiple mutations made in this sequence in S. Typhimurium, Tyr
311 is the only residue that can be changed with retention of activity. In the structure of
CorA, the side chain of Tyr311is pointed away from the pore, and appears to form an
aromatic stacking interaction with Phe 315 of an adjacent monomer. Mutation of Tyr 311 to
tryptophan, which would probably retain this interaction, has only modest effects on
activity.

We have crystallized the 7. maritima CorA Mg?* transporter in an apparently closed state.
Like the MscL mechanosensitive ion channel8, glycine?3, acetylcholinel’, GABAA and
serotonin (5HTs3) receptors?4, the CorA transporter is assembled as a pentamer. However,
beyond this common pentameric organization, the CorA transporter is quite different. On the
basis of this structure, we propose that several key principles underlie the mechanism of
Mg?2* transport through CorA. Initial selectivity occurs at the periplasmic surface and
involves dehydration. In the absence of sufficient intracellular Mg?* levels, Mg2* ions
bound between monomers are released. This causes the willow helices to shift and the basic
sphincter, which is in register with the Leu 294/Met 291 gate, to open and allow Mg?2* ions
to flow through. In addition to the Leu 294/Met 291 gate and the basic sphincter, other
regions of CorA probably widen to permit ion transport. In short, selectivity of CorA
transporters is achieved at the periplasmic face, but intracellular Mg2* determines transport.
Clearly, support for this mechanism will require further functional studies. Nevertheless, the
structure of 7. maritima CorA should serve as an attractive model for understanding the
mechanisms regulating Mg2* ion transport in this broad protein family.

Expression of full-length and soluble domain of T. maritima CorA

The coding sequence of 7. maritima CorA and its N-terminal domain (residues 1-266) were
expressed in Escherichia coli as fusions to an N-terminal sixhistidine tag in a modified T7
polymerase expression vector. After growth of the cells and induction of protein expression,
the cells were harvested, resuspended, lysed and the membrane fraction isolated. CorA was
solubilized from this fraction in a solution containing 50mM HEPES pH7.5, 500mM Nacl,
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5% glycerol, 10 mM imidazole, 1% n-dodecyl-B-D-maltopyranoside (DDM, Anatrace) and
protease inhibitors and then purified by nickel affinity chromatography. Expression of
selenomethionine-labelled proteins was essentially as described?®.

Crystals of full-length 7. maritima CorA and the CorA soluble domain were grown in
hanging drops over a solution containing either 20% (w/v) PEG 2000 (Fluka), 0.3 M
Mg(NO3), and 0.1M Tris pH 8.0, or 35% (w/v) PEG 3350 (Fluka), 0.2M MgCl, and 0.1 M
Tris pH8.5, respectively. Detailed purification and crystallization procedures can be found at
http://sgc.utoronto.ca/SGC-WebPages/StructureDescription/2BBJ.php and in the
Supplementary Information.

Structure determination

Native crystals of full-length CorA diffracted X-rays to 3.9 A. Selenomethionine-containing
crystals formed only from protein preparations that had low incorporation (<20%) of
selenomethionine. The low occupancy prevented us from solving the selenium substructure
from these data. Phase information for the crystals of the full-length protein was obtained by
first determining the 1.85 A structure of the amino-terminal two-thirds of CorA (residues 1-
244) and using this structure as a search model for molecular replacement.

The final model of the N-terminal domain of CorA contained residues 13-117, 120-199 and
207-244, 236 water molecules and two metal ions, assigned as Mg2*+ and Na*, and four
molecules of detergent (DDM). The model for the full-length protein, derived from the
molecular replacement solution, was built initially by fitting the N-terminal domain into the
electron density and then improved by a combination of building, refining and five-fold
noncrystallographic averaging. To help to register the amino acid sequence within the
mostly helical electron density, phases taken from this improved model were used to
calculate an anomalous Fourier map from the data collected from selenomethionine-
containing crystals. Inspection of this map revealed eight peaks and their non-
crystallographic symmetry mates; three peaks corresponded exactly to the positions of the
Met residues in the soluble domain. There were two additional peaks inside the pore and
three outside the pore. The register of the assigned sequence based on the conveniently
placed methionine signposts corresponds well with two kinks in the stalk helix at positions
Gly 274 and Pro 303. The final model, which was refined to 3.9 A, contains residues 9-315
and 323-349. The R factor was 0.361, and Rfree = 0.406.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Membrane

Willow
helices

Figure 1. Structure of the CorA Mg2* channel

a, Ribbon diagram of the CorA pentamericcomplex, viewed in the plane of the membrane.
On the right is a single unit of the CorA channel highlighting the following structural
features: Stalk helix and inner TM1 helix (turquoise), outer helix (dark blue) and willow
helices (purple). These and the remaining a-helices (red) and p-sheets (yellow) are
numbered according to the text. The membrane surface is indicated. b, View from the
intracellular region. ¢, View from the periplasm. This and other figures were generated with
the program PyMOL 23, except where indicated.
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Figure 2. Analysis of the Cor A pore

The CorA pore, highlighting the locations of key residues on one of the TM1 helices (pale
brown), as discussed in the text. The view is looking down the pore from the periplasmic
surface (left panel) and in the plane of the membrane (right panel, orientation in left panel
rotated 60° towards the viewer). To illustrate the pore interior better, a pair of TM1 and
TM2 helices was removed (highlighted in pale green and indicated by blue arrow) for the
panel on the right.
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Figure 3. Electrostatic view of CorA

Positively charged residues are coloured blue and negatively charged or hydroxyl-containing
residues are coloured red. Charged residues within the CorA basic sphincter
(bluehighlighted region) and cytoplasmic domain (funnel interior and willow helices, red-
highlighted regions) are labelled and illustrated as stick models. For better viewing of the
funnel interior, two of the CorA monomers were removed from the model.
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Figure 4. Pore dimensions

A cut-away view displaying the solventaccessible surface and dimensions of the CorA pore.
Also shown are stick models of residues lining the pore. The key residues discussed in the
text are labelled.
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Figure5. Electron density corresponding to protein and bound magnesium

a, A portion of the soluble domain 1.85 A electron density map in the region of Asp 89,
showing electron density for the putative Mg?* ion and the water molecules that fill the
hexacoordination shell. b, A portion of the 3.9 A difference Fourier electron density map
(purple) showing the putative magnesium ion between monomers. The inset shows the
residue Asp89 in one monomer (pale blue) and Asp253 in another monomer (green) and a
peak in the difference Fourier electron density map.
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