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Despite the importance of Mg?* for numerous cellular activities,
the mechanisms underlying its import and homeostasis are poorly
understood. The CorA family is ubiquitous and is primarily re-
sponsible for Mg?* transport. However, the key questions—such
as, the ion selectivity, the transport pathway, and the gating
mechanism—have remained unanswered for this protein family.
We present a 3.2 A resolution structure of the archaeal CorA from
Methanocaldococcus jannaschii, which is a unique complete struc-
ture of a CorA protein and reveals the organization of the selectivity
filter, which is composed of the signature motif of this family. The
structure reveals that polar residues facing the channel coordinate a
partially hydrated Mg?* during the transport. Based on these find-
ings, we propose a unique gating mechanism involving a helical
turn upon the binding of Mg?* to the regulatory intracellular bind-
ing sites, and thus converting a polar ion passage into a narrow
hydrophobic pore. Because the amino acids involved in the uptake,
transport, and gating are all conserved within the entire CorA family,
we believe this mechanism is general for the whole family including
the eukaryotic homologs.
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he magnesium ion (Mg?*) is the most abundant divalent cation

in living cells and mediates in numerous cellular activities. The
uptake of this ion in most prokaryotes is through the action of
the CorA family, which is also one of the most studied families of
divalent cation transporters (1, 2). Functional homologs of the
CorA family have been found in eukaryotes, which would suggest
conserved functional and regulatory mechanisms (3). In addi-
tion, the virulence of some human and plant pathogens is directly
linked with the function of the CorA or its homologs (4-7). The
only structural features shared by all CorAs and their eukaryotic
homologs are the presence of two transmembrane helices at the
C termini, which are connected by a short extraplasmic loop. The
loop contains an essentially conserved motif consisted of Gly-Met-
Asn (GMN), which is believed to be important for the Mg**
uptake (1, 2). The only reported structure of a CorA is that from
Thermotoga maritima (TmCorA) (8-10). However, all these reports
failed to reveal the structure of the loop, including the GMN
motif. Furthermore, no functional model could be revealed by
the structures of TmCorA and thus far its function has only been
speculated. The speculations include the gating mechanism, where
a hydrophobic gating, which opens and closes in an iris-like action,
has been suzggested (11). In addition, TmCorA was recently shown
to be a Co”* selective transporter with no ability to regulate the
Mg?* transport (12). Therefore, as the speculations of the func-
tional mechanisms of this CorA homolog have been based on the
functional and computational characterizations using Mg>™" as the
substrate, a careful revision and reconsideration and certainly new
structure of a Mg?* transporter CorA are clearly needed. Here,
we report the crystal structure of the Mg®* transporter CorA from
the Archaea Methanocaldococcus jannaschii (MjCorA) at 3.2 A
resolution, including its conserved extraplasmic loop. Thus, we
provide a unique complete structure of a CorA protein, which is
also Mg?*-selective. This structure presents previously undescribed
details about the mode of Mg?* uptake and transport, which is
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most likely applicable to the entire CorA family, including the
distant eukaryotic homologs. Based on this structure, we have been
able to suggest a unique gating mechanism.

Results

The MjCorA crystal structure, similar to the TmCorA crystal
structures (8-10), shows a homopentameric arrangement with a
funnel-shaped intracellular hydrophilic domain and two trans-
membrane helices (TMs), the first of which (TM1) forms the pore
of the channel (Fig. 14). Each monomer is composed of seven
a-helices and five B-strands; helix-6 is a very long helix, which
also makes the TM1, and helix-7 is the TM2 (Fig. 1B). MjCorA
shares only 24.3% sequence identity with TmCorA and is also
39-amino acids shorter (Fig. S14). The latter is reflected by the
less dense N-terminal domain, where MjCorA is composed of
five p-strands and five a-helices, in contrast to seven B-strands
and seven a-helices in TmCorA (Fig. S1 B-D). Thus, MjCorA
has a largely open monomer-monomer interface at the N-terminal
side (Fig. 1 C and D and Fig. S1C).

Selectivity Filter. The most striking feature of the MjCorA struc-
ture is the arrangement of the conserved extracellular loop, which
forms a concavity (Fig. 2 and Fig. S24). The GMN motif (G278,
M279, N280) is positioned at the bottom of this concavity. The
side-chains of N280 from each monomer form a polar ring that
creates the substrate entrance (Fig. 24 and C). The ability of this
ring to attract Mg?" seems to be enhanced by an underlying
carbonyl ring formed by G278 (Fig. 2C). We observed a spherical
electron density within the N280-ring (Fig. 24), which was inter-
preted to be Mg?* because the crystals were grown in the presence
of 60 mM MgCl,. The distance between Mg?* and the hydroxyl
group of each N280 is ~4 A A fully hydrated Mg>* has two hy-
dration shells. The first shell has been shown, both theoretically
and experimentally, to contain six water molecules organized
in an octahedral gzeometry (13, 14). These molecules are tightly
bound to the Mg”* and make the ion partially hydrated. The
second hydration shell is believed to contain 12 water molecules,
which are loosely bound to the Mg?* and substitute a fully hy-
drated jon (13, 14). Fully and partially hydrated Mg?* have radii
of <5 A and ~2.09 A, respectively (13, 14). Therefore, the Mg**
in the N280-ring is apparently partially hydrated and coordinates
with the N280 hydroxyl groups via the water molecules in the
first hydration shell. Although the role of the GMN motif had
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Fig. 1.

previously been addressed to be involved in ion transport (1, 14,
15), this is unique structural evidence for the direct role of the
Asn of the GMN motif in Mg®* uptake. The Asn-ring, because of
its %eometry, apparently allows the entry of only partially hydrated

g°*. Additionally, the Asn-ring might be the binding area for
cobalt(IIT)hexamine, the known inhibitor of CorA proteins (16),
which could tightly seal the selectivity filter (Fig. S3). It was also
shown that analogous compound nickel(II)hexamine [somewhat
larger than cobalt(IIT)hexamine] failed to inhibit transport func-
tion (16), confirming the geometrical “narrowness” of selection.
G278 creates a hinge that allows the hydrophobic M279 to be
kept fixed in a highly hydrophobic environment. A mutation in
any of these three residues results in the loss of CorA transport
activity (15). Thus, this arrangement of the GMN motif appears
to create a perfect entry for partially hydrated Mg?*, explaining
why this motif has been maintained throughout the evolution of
the CorA family and its eukaryotic homologs (1, 3).

In prokaryotes, the conservation of the GMN motif is extended
to the YGMNF sequence (Fig. 2B and Fig. S14) (2). The aromatic
groups in this sequence contribute to the hydrophobicity of the
interior, where M279 is fixed (Fig. 2B). The residues in the LPLA
motif (Fig. 2B) further strengthen this hydrophobic interior, which
is located after the YGMNF sequence. These motifs ultimately
form a very hydrophobic and thus rigid scaffold for the Asn-ring.
Between the YGMNF and LPLA motifs, there is a highly con-
served aromatic residue (Y283 of MjCorA) in the CorA family,
which is involved in the stabilization of the hydrophobic interior.
As seen in the MjCorA structure, the hydroxyl groups of S282
and the carbonyl groups of F281 are oriented toward the interior
of the concavity. Apparently, this arrangement and the shape of
the concavity together provide a suitable environment to attract
and concentrate hydrated ions and move them toward the se-
lectivity filter (Fig. 2 B and D). Other CorA homologs often have
Asp or Glu, with carboxyl groups, instead of S282 (Fig. S14) (2, 17);
these residues most likely fulfill the same role but are more efficient
in ion attraction (18).

Internal Cavity. The Mg®* bound to the N280-ring revealed that
the uptake of the ion substrate by the selectivity filter is in the
partially hydrated form. A relatively wide cavity (~4-5 A in radii)

18460 | www.pnas.org/cgi/doi/10.1073/pnas.1210076109

The overall structure of MjCorA. (A) The side-view of the pentameric MjCorA with one monomer highlighted in purple. The helix-6 suggested to
rotate during gating is indicated with an arrow. (B) The cytoplasmic view of MjCorA. The Mg?* ions are shown as green spheres. a-Helices and p-strands are
numbered. (C) The same view showing the electrostatic surface (+ 5 kT/e) and the Mg*-binding grooves. (D) The close-up of the metal binding groove
between monomers A and E (the boxed area in B) showing the accumulation of Mg?* (green spheres) in this region. The interacting residues are shown as
sticks. All distances are in the range of 4-5 A. *Denotes the residues from adjacent monomer.

is located on the intracellular side of the N280-ring, which is wide
enough to allow water movement (Fig. 3). The shape of the cavity
is dictated by P270, which is positioned in the middle of the TM1
and creates a kink in the helix. The kink is further stabilized by
the hydrophobic interactions between F267, P270, and W272* [here
and elsewhere an asterisk (*) denotes a residue from an adjacent
monomer]| (Fig. S4). Furthermore, this cavity is ~23 A long, spans
almost the entire membrane, and ends at a second hydroxyl ring
composed of T264 (Fig. 34). Similar to the selectivity filter, this
ring is enhanced with an additional ring of the main-chain car-
bonyls of highly conserved F267 (2). The observed electron density
within these polar rings was assigned to Mg?*, indicating that the
partially hydrated Mg?*, once through the selectivity filter,
passes through the pore as partially hydrated. A hydrophobic lock
composed of the L260-ring, the M257-ring, and the M253-ring
seems to block the movement of the partially hydrated Mg>* to-
ward the intracellular side of CorA immediately after the T264-ring
(Fig. 3 A and B). The calculations of the pore profile revealed that
the transmembrane passage is inevitably blocked with this hydro-
phobic lock and even water molecules cannot pass through (Fig. 3 B
and D). Only after manual remodeling of the constriction site to
become polar the passage widens to ~3 A in radius (Fig. 3 C and
D), which is enough to allow the movement of water or ions, as
demonstrated by Sansom and colleagues (19). In the same manner,
calculations of the ion solvation energy along the permeation
pathway of a channel revealed a considerably lowered energetic
barrier in case of a putative polar passage (Fig. S5). These cal-
culations show that the constriction site is indeed closed to water
and Mg®* because of its hydrophobic nature; however, it could
allow Mg?* movement if converted to become polar. The hydro-
phobic lock is positioned at the membrane/cytoplasm interface.
Thus, the pore-forming transmembrane domain of MjCorA is
arranged in a way that allows the free passage of partially hydrated
Mg?* through almost the entire membrane and this passage is
stopped by the L260-ring in the closed form of MjCorA.

Mg?>* Binding Grooves. At the N-terminal monomer-monomer in-
terfaces spherical electron densities were identified and annotated
as Mg”* (Fig. 1D). In contrast to TmCorA, where the Mg>* binding
sites at the monomer-monomer interfaces are well defined, in

Guskov et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210076109/-/DCSupplemental/pnas.201210076SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210076109/-/DCSupplemental/pnas.201210076SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210076109/-/DCSupplemental/pnas.201210076SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210076109/-/DCSupplemental/pnas.201210076SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1210076109/-/DCSupplemental/pnas.201210076SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1210076109

Fig. 2. The structure of the ion selectivity filter. (A) The selectivity filter
made of the conserved GMN motif, where the N280-ring and the carbonyl
groups of G278 are involved in ion selection and attraction, respectively, and
M279 is fastening the filter in the hydrophobic interior. The 2fo-fc electron
density for Mg2+ is contoured at 1.7 5. (B) The architecture of the side-chains
of the YGMNF as well as the LPLA motifs, which create the rigidity of the
loop, and ultimately the selectivity filter. S282 and Y283 separating the
two motifs are highlighted in gray. (C) The side view on GMN motif (two
monomers are omitted for clarity). Note the widening of a second ring
formed by carbonyls of G278. (D) Electrostatic potential surface (same as in
Fig. 1C), showing the selectivity filter attractiveness for magnesium ions. LPLA
motif and following residues form the shielding walls of concavity.

MjCorA they are rather spread. Thus, we postulate them as the
Mg?*-binding grooves, where several ions might bind and cause
progressive structural impact ultimately leading to the pore closure
(vide infra). The crystal structure shows heterogeneous accumula-
tion of Mg?* within the grooves, which might be caused by the
crystal contacts. Each binding groove might provide a transient
binding area for up to eight Mg>* ions as found within the A-E
groove (Fig. 1D). This groove primarily comprises the side-
chains of the negatively charged D54*, E68*, E69*, D70*, E142,
D219, E215, and D223 residues, the hydroxyl containing Q62*,
Y137, N141, and N216 residues, and the main-chain carbonyls
of P65*, V67*, and V127. The P65*, V67*, E68*, and D70* are
bound to the rigid and bulky a-p-bundle, whereas the V127, Y137,
N141, E142, N216, D219, and D223 bind mainly to the a-helices 5
and 6 of the adjacent monomer. The binding distances are ~4 A
and thus indicate a partially hydrated Mg>* to be bound, which in
turn could indicate a weak and transient binding. To examine
whether the presence of Mg?* induces stability to MjCorA, we
performed in vitro thermostability tests on the purified MjCorA.
Because M. jannaschii is a hyperthermophile and can live at tem-
peratures up to 95 °C (20), we monitored the stability of MjCorA
from 25 °C to 95 °C. The tests revealed that the thermostability
of MjCorA is unaffected by the presence of Mg®* (Fig. S6). This
finding further strengthens the argument that the Mg”* bound to
the binding grooves does not stabilize the protein and suggests
that the binding of Mg?* to these grooves is of regulatory pur-
pose. Similar sites in the crystal structures of TmCorA (8-10) as
well as the Mg®* transporter MgtE (21) have been found, which
have been postulated as the regulatory binding sites.

Gating. In both TmCorA and MgtE, the involvement of the metal
ion binding sites in the regulation of gating has been further
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confirmed by biochemical studies (15, 22) and molecular dynamics
simulations (11, 23). Based on these studies, the suggested gating
mechanism for TmCorA proposes that a hydrophobic gate, suf-
ficiently wide to allow the passage of hydrated Mg?*, closes as
the result of a decrease in the pore size upon Mg>* binding to the
aforementioned binding sites (11). This gating supposedly occurs
as the result of the sideway, iris-like, movement of the body of
the pore-forming helices. However, it is unclear how the ion
binding will induce such a large movement. As observed in the
MjCorA crystal structure, polar hydroxyl groups coordinate the
uptake and movement of partially hydrated Mg** through the
pore. MjCorA contains three other polar residues (N254, T261,
and T265) on the TM1, which all point away from the pore (Fig.
4A4). N254 is highly conserved in the CorA family, and T261 is
conserved as Thr and Ser in subgroups A and B, respectively (2).
In TmCorA, the corresponding residues are N288, T295, and
T299, and superposition of the crystal structures of MjCorA and
TmCorA clearly shows similar spatial arrangement of these res-
idues (Fig. S7). However, if these residues were pointing toward
the interior of the pore in the open state, either completely or
partially, they would create a more suitable environment for the
passage of Mg?*. Because all of these residues are vertically
aligned, turning TM1 in the closed state anticlockwise would not
only move these residues toward the pore but would also move
the hydrophobic residues away from the pore. This process would
create a notably more polar environment that is open to Mg+, as
shown by the calculations (Fig. 3D and Fig. S5). To further ex-
amine this finding, we explored the possibility of mutating the
conserved Asn to a hydrophobic residue. Such mutation would
thus force CorA into a closed state. We chose TmCorA as a model
system for this purpose by examining its Co>* transport activity,
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Fig. 3. The internal cavity and the ion transport path. (A) The conserved
YGMNF motif located at the bottom of the concavity at the extracellular
entrance, where the side-chains of Y277, M279, and F281 make the hydro-
phobic interior, and the main-chain of G278 and side-chain of N280 trap
a Mg?* (green sphere). The T264-ring is holding a Mg?* immediately before
the hydrophobic lock. A Mg?* ion held by the N250-ring at the cytoplasmic
side, immediately after the hydrophobic lock, is also shown. (B) The calculated
contour of the entire channel (red mesh). Mg?* shown as green spheres. Note
the gap at the area of the hydrophobic lock, where ion movement is blocked
by M253, M257, and L260. (C). The computed channel profile for the putative
open conformation shown as yellow mesh overlaid on B. (D) The change in
the radius of the channel pore. The closed form is shown in red. The line
break means program failed to calculate any possible route even with the
smallest probe size (indicating the hydrophobic lock is not permeable even
for water molecules). Values are in angstroms.
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which is remarkable for this transporter (12). Therefore, , we created
the N288L mutant of TmCorA and followed its Co®™ transport
activity by evaluating the Co®* resistance of a cord-deficient
Escherichia coli strain. The complete resistance of this E. coll
strain was a clear indication of a completely abolished Co?*
transport (Fig. S8). This observation could further strengthen
our hypothesis. Based on both MjCorA and TmCorA structures,
such an anticlockwise turn to open the channel would seem pos-
sible if there were no Mg?* bound to the Mg?*-binding groove
and metal binding sites, respectively. Therefore, as illustrated in
Fig. 4, we believe that when CorA is open, the pore is polar and
allows the passage of a partially hydrated Mg”* (19). An increase
in the 1ntracellular concentration of Mg®* leads to the accumu-
lation of Mg”" at the interfacial cavities between monomers be-
cause of the presence of negative charges. The partially hydrated
Mg?* will eventually bind to D54*, P65*, V67*, E68*, E69*, and
D70*, and thus pull the E215, N216, D219, and D223 by attractive
forces through the water molecules in its hydration shell, which
will cause a clockwise turn of helix 6 along its axis. This turn will
move the polar residues away from the pore and replace them
with the hydrophobic residues, thus blocking the pore. D54*, P65*,
V67*, E68*, E69*, and D70* reside on the a-p-bundle and are
therefore more rigid in movement than the E215, N216, D219,
and D223 on the long helix-6; the latter is more flexible and thus
prone to turn.

TM2 is highly hydrophobic, binds strongly to lipid bilayers, and
is the only support providing stability to TM1 (and the entire
protein) in the membrane. Moreover, the lateral movement of
TM2 is probably restricted by the rigid scaffold of the selectivity
filter, as well as tight hydrophobic interactions with TM1 (Fig. S9)
and the lipid bilayer. Thus, the sideways movement, as suggested
in the iris-like mechanism (11), seems rather unlikely. Upon such
consideration, a turn along the helical axis of TM1 might be more
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feasible than sideways helical movements. As seen from the
channel profile and the channel-permeation energy calculations,
a simple rearrangement of side-chains of amino acids forming
the hydrophobic lock can be enough to permit the ion transport.
Thus, the postulated turn should not be very considerable; a slight
rotation would be sufficient. At the C terminus of TM2 there are
two highly conserved residues: F311 and W316. As shown by the
crystal structure, these residues form hydrophobic interactions
with the residues from TM1 at the membrane/cytoplasm surface
(Fig. S10). These interactions may hold TM1 in place to ensure
that its hydrophobic residues at the constriction site in the closed
state are far enough from each other to prevent irreversible clo-
sure. This assembly is further stabilized by the conserved positively
charged residues at the end of the C terminus of CorA; these
residues most likely form salt bridges with the phospholipids
from the membrane (Fig. S10). This mechanism, in which the
encapsulating helices interact with the interior and pore-forming
helices and stabilize their helical turn, has been observed in the
acetylcholine receptor (24).

Discussion

In this studg we have presented a unique complete structure of
a CorA Mg~™ transporter, including the conserved extraplasmic
loop. Untll now, it has been a mystery why the YGMNF motif,
and in particular the GMN motif, have been so strictly conserved
throughout the life kingdoms. Asn is the only polar amino acid
in the YGMNF motlf and it appears to be the key residue for
coordlnatmg the Mg?* uptake by replacing the water molecules
in the second hydration shell. It seems that neutral Asn fulfills
this role better than, for example, an acidic Asp, because the
latter might interfere strongly with the first hydration shell of
Mg?* causing the blockage of the entry. Additionally, weaker in-
teraction provided by Asn is perhaps to maintain a highly transient

Fig. 4. The model of the gating mechanism. (A)
Alignment of M253, M257, and L260 (in red) that
point inside the channel and create the hydrophobic
lock, and the polar side-chains of N254, T261, and
T265 (in blue) that face away from the channel. One
monomer is removed for clarity. (B) The cytoplasmic
view of the arrangement of the metal binding
groove, as well as the hydrophobic lock, used as
the basis for (C) an illustrative model for the gating
mechanism of CorA. (Left) lllustration of the pre-
dicted model of CorA during the open state at low
intracellular Mg?* concentration. The helix 6 is po-
sitioned to point N254, T261, and T265 of the TM1
toward the channel to create a hydrophilic pore.
Simultaneously, M253, M257, and L260 are facing
away from the pore. Upon elevation in the in-
tracellular Mg?* concentration (Right), magnesium
jons (green circles) accumulate in the metal binding
groove and bind to the carboxyl and carbonyl groups
on the helix 6 by pulling them with ionic forces.
Consequently, the helix 6 will turn clockwise (the
black arrows), which will result in moving the hy-
droxyl groups of the TM1 away from the channel and
their replacement by the hydrophobic residues. Now,
the gate is too hydrophobic to allow the ion passage.
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binding to facilitate the transport. The only carbonyl that is in-
volved in the Mg** uptake is from the G278 main chain, which is
distant enough from the ion pathway and this is likely to avoid a
strong binding to the Mg>*.

Whether the N280-ring, or the Asn-ring in general, acts also as
a fine selectivity filter to distinguish among similar divalent ions
(Mg**, Co**, Ni**) is unclear. Perhaps additional residues are
involved in the fine-tuning of the selection. However, the filter
does not allow other divalent cations, such as Ca>* and Mn>", to
enter. This finding is probably because of the differences in the
radii of the first hydration shells, which is fairly similar for Mg?*,
Co?*, and Ni?* (2.09 A, 2.1 A, and 2.05 A, respectively) but rel-
atively larger for Ca®* and Mn" (2.46 A and 2.2 A, respectively)
(25). Because Mg”>* and Co** are the most suitable substrates
for CorA, we can assume that the filter selects cations with a very
narrow range in first hydration shell radii.

The hydrophobic residues in the YGMNF motif are clearly
involved in creating a stable and rigid scaffold to ensure the
position of the Asn-ring is kept fixed. In MjCorA, this rigidity
formed by Y277, M279, and F281 is further strengthened by the
LPLA motif. MjCorA is one of the rare CorA homologs that
contain the LPLA motif. In most microorganisms this motif
is conserved as MPEL (Fig. S1) (2, 17). LPLA and MPEL are
similar with respect to their hydrophobic features and differ with
respect to the negatively charged Glu in MPEL. Therefore, it is
reasonable to assume that the Met, Pro, and Leu residues of the
MPEL motif in the rest of the CorA family are positioned sim-
ilarly to the corresponding Leu, Pro, and Ala residues of the
LPLA motif. However, such positioning of the given residues
would orient the charged Glu of the MPEL motif toward the
unfavorable hydrophobic interior. Nonetheless, assuming spatial
similarity between the MjCorA and other CorA loops, sequence
alignment indicates that the negatively charged Glu of MPEL
might be compensated by a neighboring positively charged Arg/
Lys/His residue via a salt bridge. Certainly, evolution has chosen
the MPEL motif in most cases. Whether this choice is a result of
either structural or functional factors remains unknown. In addition
to the highly rigid loop formed by the hydrophobic interactions,
the loop is kept unaffected from any structural rearrangement
as directed from the cytoplasmic side, by creating a kink in the
middle of the TM1. A similar kink was observed in the TmCorA
structure (8), which was created by the hydrophobic interactions
between a Pro residue from one monomer and the Phe residue
from the adjacent monomer.

Until now, it has been unknown in what shape Mg”* is taken
up and transported by CorA. Recently, it was reported that Mg>*
is selected as fully hydrated by the Salmonella typhimurium CorA
(StCorA) (17). Indeed, more structural evidences from StCorA
(or any of its close homologs) are needed to further justify this.
Certainly, the differences between the LPLA motif of MjCorA
and the MPEL motif of StCorA, as well as the extra Glu present
in StCorA (S282 in MjCorA) positioned between the YGMNF
and MPEL motifs, may lead to the ability of the StCorA to select
Mg?* as fully hydrated before the actual uptake. However, these
parts are not involved in the final uptake and it is most likely that
all CorAs take up their substrates as partially hydrated similar to
M;jCorA,; this is because of the entry is made up of the extremely
conserved YGMNF motif.

Once the Mg?* is inside the channel, it can either remain as
partially hydrated or return to a fully hydrated state. The latter is
because of the wide cavity, which could accommodate water mol-
ecules and a fully hydrated Mg**. It is also a more plausible sce-
nario, as the N280-ring will also be able to allow water to enter the
cavity. This cavity of ~23 A long, together with the concave entry,
reduces the distance inside the membrane that the Mg?* needs to
pass as partially hydrated. Thus, it is only at the extraplasmic entry,
and most likely at the exit to the cytoplasm, where partial de-
hydration of Mg®* becomes necessary. Such reduction in the
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traveling distance through the membrane is an important, but also
a common feature of ion channels (26, 27).

In the crystal structure, the Mg>™ at the cytoplasmic-membrane
interface is coordinated by the T264-ring. Based on our gating
model, a helical turn will then move the T264 residues away from
the pore upon opening. However, the turn will also move the
T265 residues inside the channel, and thus one Thr is replaced by
another Thr. Hence, to pass through the narrow gate on the cy-
toplasmic side, Mg?* will remain in a partially hydrated state.
At the exit, Mg?" will pass through another highly conserved
Asn-ring, the N254-ring. It is feasible to assume that the similar
ring to the N280-ring at the entrance will form upon the pore
opening. Altogether, this means that once Mg?* has passed the
cavity it will pass by the T265-, T261-, and N254 rings in a par-
tially hydrated form. Therefore, Mg>* that passes through the
MjCorA channel is never completely dehydrated. Mg?* holds to
its water molecules of the first hydration shell very strongly and,
hence, a complete dehydration is both energetically unfavorable
and time-consuming. Partial dehydration of Mg?*, on the other
hand, requires much less energy and time. The structural arrange-
ment of the MjCorA has thus created a polar environment that
is cost-efficient energetically and allows partially hydrated Mg?*
to freely pass through the membrane without the need of com-
plete dehydration. It also defines how the Mg?* binding to the
cytoplasmic side closes the channel gate and stops the uptake of
Mg?*. Concluding from the binding distances (~4 A), the binding
of Mg?* in case of MjCorA will probably be weaker compared
with TmCorA, in which clearly defined binding sites (with ~2 A
binding distances) are located (8, 10). Thus, the Mg>* ions in
the MjCorA sites are partially hydrated and bind weakly. Such
difference could be because of physiological dissimilarities be-
tween these homologs; TmCorA is a bacterial Co** transporter,
whereas the archaeal MjCorA is a Mg”* transporter. However,
more specialized experiments are needed to in detail examine
the degree of a possible main-chain rotation and explore other
possibilities: for example, whether the mechanism of gating is
a combination of slight main chain movements with rotation.

The presented MjCorA crystal structure clarifies the general
role of the essential and conserved GMN motif as the entry for
partially hydrated ion substrate and provides the basis for a plau-
sible novel gating mechanism involving helical turn in a substrate
feedback mechanism, which converts an open hydrophilic channel
into a closed hydrophobic pore. Impairing this mechanism could
be used to develop novel and specific antivirulent agents.

Methods

Production of MjCorA. MjCorA was cloned into pNIC28-Bsa4 vector encoding
an N-terminal 6xHis-tag and a tobacco etch virus protease cleavage site.
The protein was overexpressed in E. coli BL21(DE3)Rosetta grown in terrific
broth at 37 °C by 0.1 mM isopropyl-b-b-thiogalactoside for 3 h. The cells
were resuspended in 20 mM TriseHCl pH 8.5, 300 mM NacCl, and 0.5 mM
Tris(2-carboxyethyl)phosphine (TCEP) and lysed using a high-pressure ho-
mogenizer. The lysed cells were centrifuged at 10,000 x g for 30 min and the
supernatants were centrifuged at 135,000 x g for 1 h. The pellet was solu-
bilized with 1% (wt/vol) n-Undecyl-B-pb-Maltopyranoside (UDM) (Anatrace)
in 20 mM TriseHC| pH 8.5, 300 mM NaCl, 0.5 mM TCEP. The proteins were
purified by immobilized metal ion affinity chromatography, where 0.1% UDM
was added to all buffers. The proteins were further purified by Superdex 200
16/60 (GE Healthcare). The purified proteins were concentrated by ultrafil-
tration using Vivaspin columns (Sartorius) and kept at 4 °C until further
use. SeMet construct of MjCorA was expressed using M9 SeMet growth
kit (Medicilon) according to the manufacturer’s protocol, followed by
purification as mentioned above.

Crystallization. Native crystals of soluble MjCorA were obtained by the
vapor-diffusion method, in the sitting-drop plate in 28% (wt/vol) PEG8000,
Hepes-Mops, pH 7.5 with the addition of alcohols-morpheus additives
(Molecular Dimensions), whereas SeMet-derivative crystals were grown in
31% (vol/vol) PEG550MME, Imidazole-Mes, pH 6.5 with monosaccharides
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(Molecular Dimensions). Full-length MjCorA was crystallized in 30% (wt/vol)
PEG8000, HepeseNAOH, 60 mM MgCl,.

Structure Determination and Refinement. Datasets from native, SeMet, and
full-length native crystals were collected at BL13C1 beamline (National
Synchrotron Radiation Research Center, Taiwan), MX2 beamline (Australian
Synchrotron, Australia), and 104 beamline (Diamond, United Kingdom), re-
spectively. All datasets were processed and scaled with XDS (28). Experi-
mental phases were determined by the SAD method, using SeMet-derivative
crystals. Initial model was obtained using AutoRickshaw software (29). The
structure of the full-length protein was solved by molecular replacement using
the model obtained at the previous step. Model building was performed
with Coot (30). Refinement was carried out with Phenix (31). All figures were
generated with Pymol (32). The data collection and refinement statistics
are shown in Table S1.

Structure Analysis and Calculations. The channel profiles were calculated with
MOLE software (33). The putative open conformation was constructed in
Coot by choosing those rotamers for amino acids forming hydrophobic lock.
The visualization of charge distribution was done with Adaptive Poisson-
Boltzmann Solver (APBS)-plugin (34) in Pymol. The contribution to the elec-
trostatic potential of Mg?* along the pore axis of the channel was calculated
with the APBSmem software (35), based on the original APBS (36), but opti-
mized for membrane protein calculations. The Mg®* pathway and axis were
defined using APBSmem. Charges and radii were assigned with PDB2PQR
server (37). Energies were calculated using a NaCl bath with an ionic strength
of 0.15 M at 298 K. The protein was embedded into a dielectric slab (¢ = 2),
mimicking the membrane environment, with membrane thickness set to
35 A. The pore itself was excluded from the membrane and assigned a solvent
dielectric (¢ = 80).

Co?* Transport Assay. The assay was performed as previously described (12),
with some modifications. The E. coli MG1655 with a knock-out corA (National
Institute of Genetics) was transformed with either wild-type or mutated corA
in pBAD or empty pBAD vector. Cultures were grown overnight at 37 °C in
Luria Bertani medium (LB). The overnight culture was diluted 12 times into
10 mL fresh LB. Cells were grown at 37 °C for 1 h. The expression was then
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induced with 0.02% L-arabinose (Sigma-Aldrich) for 2 h. Subsequently, the
cells were harvested at 3,000 x g for 10 min at 25 °C and washed twice by
resuspension in 10 mL of N-buffer [7.5 mM (NH;),SO4, 5 mM KCl, 1 mM
KH,PO4, 0.5 mM K,SO,4 and 0.1 M TriseHCl, pH 7.4]. The cells were then
normalized to an ODgqo of 0.2 by dilution with N-buffer containing various
concentrations of Co?*. The mixture was then incubated for 10 min at 37 °C.
Three equivalents of LB containing the same concentrations of Co®* were
added into each mixture, and the solution was incubated at 37 °C for an
additional 3 h. The final ODggo Was recorded and analyzed in comparison
with the starting ODgqo.

Thermostability Assay. Purified MjCorA in solubilization buffer was diluted
to a concentration of about 0.5 mg/mL. The solution was divided in 50-pL
aliquots and 1 pL of stock solution of different metals was added. The
samples were incubated at room temperature for about 30 min before
heating in a thermocycler (Agilent Technologies). Samples were incubated
for 10 min at each temperature. The samples were filtered on a 96-well filter-
plate (0.65 pm) (Millipore). The filtrate was analyzed by SDS/PAGE followed
by Coomassie staining.

Thermal Aggregation Shift Assay. Purified MjCorA in solubilization buffer
was diluted to a concentration of 0.2 mg/mL in various concentrations of
Mg?* or Co?* and aliquoted to a final volume of 50 L in a clear-bottom
384-well plate (Nunc). The mixture was then covered with 45 pL mineral oil
to prevent evaporation and heated up gently from 25 °C to 80 °C using
Stargazer-384 (Harbinger Biotech). Data collated was analyzed with Bioactive
software (Harbinger Biotech).
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