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Proper regulation of the intracellular ion concentration is essential to
maintain life and is achieved by ion transporters that transport their
substrates across the membrane in a strictly regulated manner. MgtE
is a Mg2* transporter that may function in the homeostasis of the
intracellular Mg?+ concentration. A recent crystallographic study
revealed that its cytosolic domain undergoes a Mg?*-dependent
structural change, which is proposed to gate the ion-conducting pore
passing through the transmembrane domain. However, the dynamics
of Mg?* sensing, i.e., how MQgtE responds to the change in the
intracellular Mg2* concentration, remained elusive. Here we per-
formed molecular dynamics simulations of the MgtE cytosolic do-
main. The simulations successfully reproduced the structural changes
of the cytosolic domain upon binding or releasing Mg?+, as well as the
ion selectivity. These results suggested the roles of the N and CBS
domains in the cytosolic domain and their respective Mg?* binding
sites. Combined with the current crystal structures, we propose an
atomically detailed model of Mg2* sensing by MgtE.

magnesium homeostasis | molecular dynamics simulation

Proper regulation of the intracellular ion concentration is
crucial for organisms. Ion transporters are responsible for
transporting ions across the cellular membrane in a strictly
regulated manner. This regulation is accomplished by converting
the physical stimuli or the chemical environment into the
structural changes of the transporter protein. Although these
regulatory mechanisms have been investigated from a structural
point of view for several membrane proteins, including Mg?*
transporters (1-4), the Ca?*-activated K* channel MthK (5)
AmtB-GInK (6, 7), and an acid-sensing ion channel (8), the
molecular mechanism of the regulation, i.e., how these proteins
provide a response to the change in the chemical environment,
is still poorly understood.

MgtE is a Mg?" transporter conserved in all three kingdoms
of life. Its Mg?*-transporting activity was demonstrated by a
complementation assay and the uptake of a Co>* isotope in vivo
(9). In bacteria, translation of its gene is regulated by a Mg?*-
specific riboswitch (10). Its human homologues have been
functionally characterized and may be involved in the Mg?>*
homeostasis in the cell (11-13). Recently we solved the crystal
structures of full-length MgtE and of its cytosolic domains in the
presence and absence of Mg?* (4). A comparison of these crystal
structures revealed that a large structural change occurs in the
cytosolic domain upon binding or releasing Mg?*. The cytosolic
domain is therefore proposed to act as a sensor for the intra-
cellular Mg?* concentration, and its structural change may
induce a rearrangement of the transmembrane (TM) helices,
which control the gating of the ion-transduction pore.

The cytosolic domain of MgtE is composed of the NH;3"-
terminal (N) domain and the cystathionine B-synthase (CBS)
domain (Fig. 1). The crystal structure obtained under Mg?*-
excess conditions revealed that MgtE forms a dimer, in which the
CBS domains from both subunits face each other and several
Mg?" are bound at the CBS-CBS and N-CBS domain interfaces
(“closed” form; Fig. 1 4 and B). In contrast, in the crystal
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structure under the Mg?*-free conditions, the orientations of
these domains were drastically changed (“open” form; Fig. 1 C
and D); the two CBS domains are separated from each other by
a 40° rotation, and the N domain moves away from the following
CBS domain by a 120° rotation. These structural changes may
control the gating of the ion-conducting pore through the “plug
helices” (formerly referred to as the “connecting helix”)l, com-
posed of a long a-helix connecting the CBS and TM domains.
Especially, the structural change of the CBS domain may play a
crucial role in regulating the transporter activity by sensing the
intracellular Mg?* concentration, because it directly affects the
orientation of the plug helices (Fig. 1 B and D). In fact, CBS
domains are present in other transporter proteins and may be
involved in the regulation of their transporting activities (14-16).
On the other hand, despite its large movement, the functional
role of the N domain remained elusive. The domain forms a
right-handed superhelix, consisting of 10 a-helices, which shares
structural similarity with the C-terminal domain of the human
FANCEF protein (17). However, no functional relationship has
been found between the FANCF protein and MgtE.

Here we performed a series of molecular dynamics (MD)
simulations of the MgtE cytosolic domain (see Table 1). When
the bound Mg>* are removed from the closed form of MgtE,
the cytosolic domain spontaneously converts to the open form. The
resulting open form is in good agreement with the crystal structure
of the Mg?*-unbound form. By reducing the number of bound
Mg?*, we also examined the role of each Mg?™ in the stability of the
closed-form structure. Furthermore, we observed the structural
changes occurring upon the transition from the open to closed form
by adding Mg?* at the proper binding sites in the open structure of
MgtE. These reversible simulations provided insights into the roles
of the N and CBS domains and allowed us to propose a detailed
dynamic model of Mg?* sensing and transport by MgtE.

Results

The Closed Crystal Structure of MgtE Is Stable, with 6 Mg2*. The
MgtE cytosolic domain is composed of the a-helical N domain
(1-131) and the CBS (132-245) domain (Fig. 1). The CBS
domain comprises the tandemly repeated CBS motifs, which are
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IThe regulation of the transporter activity by an a-helix called a “plug helix” has been
proposed for several membrane transporter systems, such as the protein-conducting
channel SecY (28) and the gap junction channel connexin26 (29). The gating by the long
a-helix of MgtE is conceptually the same as that of a plug helix, and this may be a general
mechanism among transporter systems. Therefore, we renamed this a-helix of MgtE as the
“plug helix."”
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used as the initial structure for the simulations. Protein backbones are de-

Crystal structure of the MgtE cytosolic domain (PDB ID code 2YVY)

picted by ribbon models. The N domain, CBS1, CBS2, and the plug helix are
colored blue, yellow, green, and red, respectively. Mg?* ions (Mg4, Mg5, and
Mg6) investigated in the present simulations are shown as gray spheres. (A)
View from the intracellular region. The boundary of the subunits is indicated
by a dashed line. (B) View in the plane of the membrane. Part of the N domain
(1-88) of molecule B is not shown. (C and D) The crystal structure of the MgtE
cytosolic domain under the Mg2*-free conditions viewed from the same
directions asin A and B, respectively. The directions of the observed structural
change are designated by arrows. This figure and the other figures were
generated with the programs CueMol (http://www.cuemol.org/) and Warabi
(http://park11.wakwak.com/~warabiya/).

hereafter denoted as the CBS1 (132-203) and CBS2 (204-245)
domains, respectively. The “plug helix” (246-263) is a long
a-helix connecting the CBS and TM domains, which may affect
the gating of the ion-conducting pore in the TM domains. The
MgtE cytosolic domain forms a dimer, mainly through the
interactions between the CBS1 and CBS2 domains. In the crystal
structures, three Mg?* binding sites are observed per protomer
of the MgtE cytosolic domain: one is site 5 between the CBS
domains of both subunits, and the others are sites 4 and 6
between the N and CBS domains (hereafter we refer to the Mg?*
ions bound at sites 4, 5, and 6 as Mg4, Mg5, and Mg6, respec-
tively) (Fig. 14). Electron densities for Mg4 and Mg6 with
coordinated water molecules are clearly visible in the crystal
structure of the Mg?*-bound cytosolic domains [Protein Data
Bank (PDB) ID code 2YVY]. On the other hand, whereas a
high-electron-density peak corresponding to Mg5 was observed
in the crystal structure (PDB ID code 2YVY), we could not
identify electron density peaks for the coordinated water mol-
ecules. We therefore included only two Mg?* (Mg4 and Mg6) in
the deposited coordinates (PDB ID code 2YVY), considering
the uncertainty about whether the peak corresponding to Mg5
can actually be ascribed to Mg?*. One of the purposes of this
study was to determine the lowest number of Mg?>* needed to
stabilize the closed form of MgtE.

We first performed an MD simulation of MgtE with the three
Mg2" at the respective binding sites, starting from the crystal
structure of the Mg?*-bound MgtE cytosolic domain (closed
form; PDB ID code 2YVY) (Fig. 2). In the simulation with the
three Mg?"™ (C465; Table 1), the crystal structure remained
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Fig. 2. The closed-to-open form structural changes observed in the simula-
tions. (A and B) The initial (A) and final (B) structures in the CO simulation,
viewed in the plane of the membrane. The protein backbones of the CBS
domains and the plug helices (residues 132-262) are depicted by ribbon
models, with the same coloring scheme as Fig. 1. The positions of the hinge axis
(perpendicular to paper) of the CBS rotation are indicated as filled red circles.
Mg?* binding sites are indicated by circles in A. (C) CBS rotation as a function
of time during the C465 (red), CO (green), C5 (cyan), and C46 (blue) simulations.
The value corresponding to the open-form crystal structure (23°) is indicated
by the dashed horizontal line. (D) Structural deviation (Ca rmsd over residues
132-252) from the Mg?*-free crystal structure (PDB ID code 2YVZ) as a function
of time during the CO simulation. A superposition of the minimal rmsd
snapshot from the CO simulation (at 6.554 ns; blue) and the crystal structure
(red) is shown in the Inset. (E and F) The initial (E) and final (F) structures in the
CO0 simulation viewed from the intracellular region. The protein backbones of
the entire cytosolic domains (residues 5-262) are depicted by ribbon models,
with the same coloring scheme as Fig. 1. The positions of the hinge axis
(perpendicular to paper) of the N-domain rotation are indicated as filled red
circles. Mg?* binding sites are indicated by circles in E. (G) N-domain rotation
as a function of time during the C465 (red), CO (green and yellow green), C5
(cyan), and €46 (blue) simulations. For the CO simulation, both of the rotations
forthe Aand B subunits are shown. The value corresponding to the open-form
crystal structure (117°) is indicated by the dashed horizontal line.

stable without any interdomain and intradomain motions
throughout the 10-ns simulation [Fig. 2 C and G and supporting
information (SI) Figs. S1 and S2]. In the simulation, the Mg?*
binding at site 5 as well as those at sites 4 and 6 remained stable
(Fig. S3). In addition, their coordination manners, including the
water molecules, were unchanged: Mg?*-binding at site 4 involves

Ishitani et al.


http://www.pnas.org/cgi/data/0802991105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0802991105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0802991105/DCSupplemental/Supplemental_PDF#nameddest=SF3

Lo L

P

2N

the two carboxyl oxygens of Asp-91 (N domain) and Asp 247 (plug
helix) as well as four coordinating water molecules, whereas the
carboxyl oxygen of Asp-95 (N domain), the carbonyl oxygen of
Gly-136 (CBS1), and four water molecules form site 6. At site 5,
four water molecules were bound to the Mg, in addition to the
carboxyl oxygen of Asp-226 and the carbonyl oxygen of Ala-223
(CBS2 in subunit A). Two of the water molecules were strictly fixed
by the carboxyl oxygens of Asp-250 in the plug helix of subunit B
(Fig. S3B). These results strongly support our interpretation that
the high-electron-density peaks at sites 4, 5, and 6 observed in the
crystal structure stem from Mg?*.

Structural Changes from the Closed to Open Form upon Mg2+ Re-
moval. In the simulation without any Mg?* (CO; Table 1), the
magnitude of the intradomain motions for the N and CBS
domains was similar to that in the simulation with three Mg?*
(C465; Table 1), suggesting that the bound Mg?* do not affect
the internal conformations of the N and CBS domains (Fig. S2).
By contrast, we observed large domain movements, which could
be divided into the intersubunit movements of the CBS domains
and the movements of the N domains from the following CBS
domains. To study the former, we evaluated the rotational angle
between the two CBS domains by fixing one subunit (“CBS
rotation” in Fig. 2B). The latter movement was also evaluated by
calculating the rotational angle of the N domain relative to the
CBS domain in each protomer (“N-domain rotation” in Fig. 2F).
Because the cytosolic domain of MgtE forms a homodimer, two
N-domain rotations for the A and B subunits can be obtained.

Without Mg?* in the CO simulation, the CBS domains in the
two subunits quickly opened, and the CBS rotation finally
reached 45° after the 20-ns simulation (Fig. 2 A-C). The open
conformation of the CBS domains that appeared in the C0
simulation is in good agreement with the crystal structure under
the Mg?*-free conditions (PDB ID code 2YVZ), and the
minimum rmsd against the crystal structure is 1.3 A (Fig. 2D).
At the same time, the N domain of each subunit also swung away
from the CBS domain (Fig. 2 E and F). The N-domain rotations
of the A and B subunits both underwent similar changes and
attained about 90° after the 20-ns simulation (Fig. 2G). In the
other simulations, the N-domain rotations of the A subunit also
exhibited tendencies similar to those of the B subunit, and thus
we selected those of the A subunit to clarify the following
discussion. To characterize the domain rotation, we examined
the hinge axes of the CBS and N domains. The hinge axis of the
CBS rotation lies parallel to the membrane surface and passes
between the Ile-190 side chains (in CBS1) of both subunits,
which are far away from Mg5 (Fig. 2 4 and B). The hinge axes
of the N-domain rotation are perpendicular to the membrane
and pass near the linker region between the N and CBS domains
(residues 127-129; Fig. 2 E and F).

To investigate the structural role of each Mg?™ site, we also
performed simulations after the removal of selected Mg?* ions (C5
and C46; Table 1). In the C5 simulation, in which both Mg4 and
Mgb6 were removed, the N-domain rotation increased to the same
degree as observed in the CO simulation (Fig. 2G). By contrast, the
orientation of the CBS domains did not change from the initial
structure, as in the C465 simulation (Fig. 2C). In the C46 simulation,
in which Mg5 was removed (Table 1), the N domain orientation was
mostly locked in the closed form, as observed in the C465 simula-
tion (Fig. 2G). On the other hand, the CBS rotation approaches the
value in the open conformation, as observed in the CO simulation
and the Mg?*-free crystal structure (Fig. 2C). These simulations
demonstrated that the CBS rotation exclusively depends on Mg5,
supporting our interpretation that the electron density peak ob-
served at site 5 in the crystal structure stems from Mg?*. They also
showed that the conformational change of the N domains exclu-
sively depends on Mg?* binding at sites 4 and 6, which are located
at the interface between the N and CBS domains.
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Fig. 3. CBS rotation as a function of time during the Na5 (cyan) and Ca5
(purple) simulations. Profiles for the C465 (red) and CO (green) simulations are
also shown for comparison.

Simulations with Cations Other than Mg2+. To investigate the ion
selectivity at site 5, we performed simulations with the replace-
ment of Mg5 with Na* and Ca?* (Na5 and Ca5; Table 1). In the
Na5 simulation, a Na* ion, which was initially bound at site 5 in
one of the subunits, was dissociated immediately after the
equilibration (Fig. S4 A and B), with the CBS rotation increasing
quickly, as in the C46 and CO simulations (Fig. 3). Finally, the
Na™ at site 5 of the other subunit also diffused into the solvent
after the 10-ns simulation (Fig. S44). On the other hand, in the
Ca5 simulation, the orientation of the CBS domains did not
change from that in the initial structure, as in the C465 simu-
lation (Fig. 3). Both of the Ca?* ions were stably bound
throughout the simulation. However, the Ca?* was bound to site
5 with a different coordination manner from that of Mg?*; i.e.,
the Asp-250 of one subunit and the Asp-226 of the other subunit
made bidentate interactions with CaZ*, with both subunits
directly bridged by the Ca?* (Fig. S3E).

Structural Changes from the Open to Closed Form upon Mg?* Addition.
To investigate the open-to-closed transition of the CBS rotation, we
performed MD simulations starting from the two different open-
form structures (O5 and O465; Table 1). At first, we performed the
30-ns simulations starting from the open-form structure without the
N domains (Fig. 44) (O5; Table 1). In the course of the simulations,
Mg5 stably bound to Asp-224 and Ala-223 despite the absence of
a water-mediated interaction with Asp-250 (Fig. S54). Unexpect-
edly, the CBS rotation fluctuated between the open and closed
forms several times (Fig. 4C). This fluctuation was reproducibly
observed in two independent simulations.

Next we performed the 50-ns MD simulation starting from the
initial structure including the N domain (O465; Table 1). The aim
of this O465 simulation was to see how the closed-form N domain
affects the CBS rotation. Therefore, we modeled the N domains to
adopt the closed form, as in the crystal structure, whereas the
orientation between the CBS domains of both subunits was mod-
eled to adopt the same open form as in the initial structure of the
O35 simulation (Fig. 4D). The six Mg?* ions were placed at the
proper Mg?* binding sites (see Methods for the detailed modeling
procedure). Throughout the simulation, Mg4, Mg5, and Mg6
remained stably bound to the protein without changing their coordi-
nation manners (Fig. S5B). As compared with the O5 simulation, the
CBS domains underwent a gradual structural change from the open to
closed form (Fig. 4C) through the 50-ns simulation, suggesting that the
N domain in the closed form has considerable influence on the
formation of the closed form of the CBS domains.

Surprisingly, in the O465 simulation, the water molecules
between the CBS domains were gradually excluded, and several
contacts between the CBS2 domains observed in the closed-form
crystal structure, especially the van der Waals contact between
the Leu-249 side chains (Fig. S6 A and C), were recovered after
40 ns of the simulation. The minimum rmsd value against the
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Table 1. Bound ions, lengths, and initial structures of the simulation runs investigated in this

work

Bound ions at
Run Initial structure* Site 4 Site 6 Site 5 Simulation length, ns
C465 X-ray; 5-262 Mg2+ Mg?+ Mg2+ 10.5
co X-ray; 5-262 — — — 20
c5 X-ray; 5-262 — — Mg2+ 10.5
C46 X-ray; 5-251 Mg2+ Mg2+ — 10
Na5 X-ray; 5-262 — — Na+* 10
Ca5 X-ray; 5-262 — — Ca2+ 12
05 From CO run; 132-251 — — Mg2+ 30 X2
0465 From CO run; 5-251 Mg2+ Mg2+ Mg2+ 50

*The numbers indicate protein residues included in the simulations.

closed-form crystal structure over the CBS domains (132-252) is
1.48 A. However, several water molecules still remained at the
interface between the two CBS2 domains of both subunits. As a
result, the CBS rotation plateaued at ~10° in the 0465 simula-
tion (Fig. 4C), which is still larger than that in the C456
simulation (Fig. 2C). It is possible that these water molecules will
also be excluded from the interface, but this phenomenon may
transcend the time scale currently achievable by MD simulation.

Fig. 4. The open-to-closed form structural changes observed in the simula-
tions. (A and B) The initial structure (A) and the most closed structure at 11.574
ns (B) in the O5 simulation viewed in the plane of the membrane. The protein
backbones are depicted by ribbon models, with the same coloring scheme as
in Fig. 1. Mg?* ions are shown as gray spheres. (C) CBS rotation as a function
of time during the two O5 (red and magenta) and 0465 (cyan) simulations. (D
and E) The initial structure (D) and the most closed structure at 44.912 ns (E)
in the 0465 simulation viewed from the intracellular region. The protein
backbones are depicted by ribbon models, with the same coloring scheme as
in Fig. 1. Mg?* ions are shown as gray spheres.
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Discussion

The CBS Domain Structure Facilitates Its Conformation Change upon
Mg?* Binding. The cytosolic domain of MgtE forms a dimer
through the CBS1 and CBS2 interfaces (Figs. 1 A and B and 5).
Characteristically, the CBS2 interface consists of hydrophobic
and conserved acidic residues (especially Asp-226 and Asp-250)
but lacks basic residues (Fig. 5F). The Mg?™ binding sites 5 reside
among these acidic residues in this CBS2 interface (Fig. 1B). The
C0 and C46 simulations revealed that the CBS domains imme-
diately undergo a closed-to-open structural transition without
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Fig. 5. The interactions between the two CBS domains that enable the
domain motion upon Mg?* binding. (A) The distances between the C{ atom
of Arg-159 in one subunit and the main-chain carbonyl atom of Ala-192 in
another subunit as a function of time during the O5 and 0465 simulations. (B
and C) The distances between the Cy atoms of Leu-186 (B) and Tyr-169 (C) in
both subunits during the simulations. (D and E) Close-up views of the subunit
interface of CBS1intheinitial structures of the CO (D) and 0465 (E) simulations.
The protein side chains discussed in the text are shown as stick models. The
distances shown in A-C are indicated. (F) Close-up view of the subunit inter-
face of CBS2 in the Mg2*-bound crystal structure. The protein side chains of
acidic residues are shown as stick models.
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Mg2" in site 5 (Fig. 2C), whereas the O5 and 0465 simulations
showed that the CBS domains of both subunits approached each
other after the addition of Mg?* to site 5 (Fig. 4C). Therefore,
the electrostatic repulsion between these acidic residues in the
subunit interface may facilitate the open form of the CBS
domains under low Mg?* concentration conditions. On the other
hand, in an environment with a high Mg?* concentration, Mg?*
bound to site 5 (Mg5) may relax this electrostatic repulsion and
thereby facilitate the closed form of the CBS domains. However,
the O5 and O465 simulations suggested the considerable con-
tributions of both Mg5 and the N domain in the closed form to
the formation of the closed form of the CBS domains. The
formation of the closed form is discussed further below.

In contrast, the interface between the CBS1 domains consists
not only of hydrophobic and acidic residues, but also of basic
residues, and lacks an ion-binding site. Throughout all of the
simulations, the van der Waals interactions involving the side
chains of Leu-155, Leu-158, Leu-186, Ile-190, Ile-168, and the
aliphatic chain of Arg-187 (i.e., CB, Cy, and C8) of both subunits
were maintained (Fig. 5B), suggesting that these residues in
CBS1 act as a hinge for the open-to-closed or closed-to-open
structural transition. However, the hinge region is not com-
pletely rigid during the structural transition. The cavity between
the Ca2 helices of both subunits shrinks in the closed-to-open
transition, whereas it expands in the open-to-closed transition
(Fig. 5 D and E). Consequently, the interactions between the side
chains on these helices were formed and disrupted during these
structural transitions. Especially, the guanidinium group of
Arg-159 was accommodated in the negatively charged pocket
formed by the carbonyl oxygens of Ile-190, Val-191, Ala-192 and
the side chains of Pro-194, Ile-155, and Val-151 in the open form.
On the other hand, the side chain of Arg-159 was withdrawn
from this pocket in the open-to-closed transition (Fig. 54, D, and
E). In addition, the stacking interaction between the side chains
of Tyr-169, which are located beneath the hinge region, was
disrupted in the closed-to-open form simulation and recovered
in the open-to-closed form simulation (Fig. 5 C-E). These soft
interactions between the two CBS1 domains may be crucial for
converting the electrostatic force between the CBS2 domains
into the domain rotating motion around the hinge axis.

lon Selectivity of Mg2+ Binding Site 5. The concentrations of Na™
and K* in the bacterial cytosol are usually on the same order as and
much higher than that of Mg?*, respectively (18). Therefore, to act
as a Mg>* sensor, the Mg?™ binding sites in the cytosolic domain of
MgtE must discriminate between Mg?* and monovalent cations. In
the present study, we investigated the binding affinities for Na* and
Ca?* and the structural changes of the MgtE cytosolic domain upon
Na* and Ca?" binding at site 5. In the simulation with Na* at site
5, the Na* immediately dissociated from site 5, and then the CBS
domains underwent the closed-to-open structural transition. After
the structural change, the same or other Na* ions iteratively bound
to and dissociated from site 5 (Fig. S4B). Similarly, in the simulation
C0, site 5 was also occasionally occupied by Na* (Fig. S4C).
However, the Na* could not induce the open-to-closed structural
transition, unlike the Mg?* bound at site 5, suggesting that mono-
valent cations like Na™ cannot relax the electrostatic repulsion
between the CBS2 domains and thus cannot induce the structural
change (Fig. 2C). On the other hand, in the Ca5 simulation, the CBS
domains formed the stable closed conformation with Ca?* at site
5 (Fig. 3), but in a coordination manner different from that of Mg?*
(Fig. S3E). This result led to the hypothesis that site 5 cannot
discriminate between Mg?* and Ca?", which is reasonable because
the cytosolic concentration of Ca?* is usually lower than that of
Mg?*, by three orders of magnitude (18). To assess this hypothesis,
we performed a protease protection assay of full-length MgtE (Fig.
S7). The results showed that MgtE exhibits not only Mg?* but also
Ca?"-dependent protease resistance, which presumably reflects the
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Fig.6. The proposed pathway of the open-to-closed structural transition based
onthe presentsimulations. The structural changes indicated with the solid arrows
were observed in the present simulations, and those with the dashed arrows
were notdirectly observed, but were suggested from the crystal structures and
simulations.

closed conformation of the cytosolic domain upon binding to these
divalent cations (see SI Text). For further discussions on Ca?*
binding by the MgtE cytosolic domain, including the significance of
the difference in the coordination manner, the effects of divalent
cations on the Mg?* transport activity of MgtE should be explored
by experimental methods.

Roles of the N Domain and Mg2* Binding Sites 4 and 6. Thus far, we
have discussed the structural role of Mg5 observed in the
computer simulations. However, we still need to address the
roles of Mg4 and Mg6 in the Mg?* sensing by MgtE. Is Mg?*
binding at sites 4 and site 6 essential for the ion sensing by MgtE?
A comparison of the MD simulation starting from the open form
bound to Mg5 (simulation O5) with that bound to Mg4, Mg6, and
Mg5 (simulation O465) would help to answer this question.

In the OS5 simulations without the N domain, the CBS rotation
approached the closed form, but it immediately returned to the
open form. This fluctuation of the CBS rotation was reproduc-
ibly observed in two independent simulations (Fig. 4C). As
discussed in the previous section, Mg5 may facilitate the forma-
tion of the closed form of the CBS domain. However, the
electrostatic attraction between Mg5 and the acidic residues may
not be sufficient to stably maintain the closed form of the CBS
domain. In contrast, the O465 simulation with the closed-form
N domain showed that the CBS domains never opened again
once they were converted to the closed form. In the initial
structure of this simulation, residues 29-31 of the N domain are
distant from CBS2 of another subunit (=16 A), and the inter-
actions between them observed in the crystal structure were
absent. After the 30-ns simulation, these interactions were
strikingly recovered as the CBS2 domains of both subunits
approached each other (Fig. S6 B and D). This recovery of the
interactions between the N domain and the CBS2 domain of
another subunit may lock the CBS domain in the closed form.
Therefore, the N domain may function like a clamp, which locks
the CBS domain into the closed form in conjunction with Mg5.

To summarize the findings from the present simulations, we
propose a hypothetical pathway of the open-to-closed form
structural transition, as shown in Fig. 6. In this pathway, the
binding of the first Mg?™ to site 5 in the CBS domain initiates the
structural transition (Fig. 6 4 and B). After the binding of Mg5,
the CBS domain may convert to the closed form, but it imme-
diately returns to the open form, as observed in the OS5 simu-
lation (Fig. 6 B and C). Next, the binding of Mg4 and Mgb fixes
the N domain in the closed form (Fig. 6D), which may further lock
the CBS domain in the stable closed form as a clump (Fig. 6 E and
F). Although we hypothesized here that the binding of Mg5
precedes those of Mg4 and Mgb, it is possible that Mg4 and Mg6
binding occurs first. However, in either case, the role of the N
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domain is the same as that proposed above. Further discussion on
the Mg?* binding order may require a quantitative comparison of
the binding free energies, calculated by computational methods,
and an analysis of the binding kinetics by experimental methods.

Conclusions

In this work, we successfully reproduced the Mg?*-dependent
structural conversion of the MgtE cytosolic domain between the
closed and open forms in silico using MD simulations. These
results suggested that the MgtE cytosolic domain senses the
Mg?* concentration by Mg?* binding site 5, wherein the elec-
trostatic interactions among Mg5 and the CBS2 domains are
converted to an intersubunit force. Subsequently, the interac-
tions between CBS1 in each subunit enable the conversion of this
force into the hinge motion of the overall CBS domains. Finally,
this motion affects the orientation of the plug helices, which
could result in the gating of the ion-conducting pore. Our
simulations also showed that site 5 can discriminate between
Mg?* and Na™, mainly by their charge differences. The other
abundant monovalent cation is K*, and its concentration in the
bacterial cytosol is usually higher than that of Na* (=100 mM)
(18). Site 5 presumably discriminates between Mg?* and K* in
a similar manner. To understand how the structural changes
observed in our simulations affect the structure of the TM
domain, including the ion-conducting pore, the MD simulation
of full-length MgtE, as well as the determination of the full-
length MgtE structure under Mg?*-free conditions, is required.

Our simulations revealed that the stable form of the N domain
depends exclusively on Mg?* binding at sites 4 and 6. The closed
form of the N domain allows the Mg?*"-bound CBS domains to
form the stable closed conformation by interacting with the CBS
domain of another subunit. Furthermore, the full-length MgtE
crystal structure suggested the existence of several Mg?* binding
sites between the TM and CBS domains. The presence of many
Mg?" binding sites, including Mg4 and 6, and the N domain may
confer a cooperative, allosteric nature to Mg?* sensing by MgtE.

Methods

MD Simulation. The details of the modeling procedures for the initial struc-
tures of the simulations are described in S/ Text. MD simulations were per-
formed by using the NAMD 2.6 package (19) with the CHARMM27 set of force
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field parameters (20) with ¢, s cross-term map (CMAP) correction (21). The
TIP3P model (22) was used for water. The bond lengths between hydrogens
and heavy atoms were restrained by the RATTLE method (23), allowing an
integration step of 2 fs. The target pressure and temperature were set to 1.0
atm and 300 K, respectively. Constant pressure was maintained by using the
Langevin piston Nose-Hoover method (24, 25). A Langevin damping coeffi-
cient y of 5.0 ps~' was used for temperature control. Periodic boundary
conditions were implemented in all systems. The particle mesh Ewald method
(26) was used to calculate the electrostatic forces without truncation. The
initial structures were subjected to energy minimizations to remove unfavor-
able contacts. The systems were then relaxed by 500-ps MD simulations with
gradually decreasing positional constraints from 10.0 to 0.0 kcal-mol~1-A=2 on
the protein heavy atoms. The O5 simulation was performed twice with dif-
ferent initial velocities. All simulations were conducted on the TSUBAME Grid
Cluster at the Global Scientific Information and Computing Center (GSIC) of
the Tokyo Institute of Technology.

MD Simulation of MgtE. The hinge axes of the domain rotation were calculated
by the program DynDom (27). The rotational angle between the two domains
(e.g., domains A and B) of the simulation trajectories was calculated as follows.
Each structure from the simulation trajectory was rotated and translated to fit
over the Ca atoms in domain A of the crystal structure by the least-squares
method. The Euler angles (¢, 6, ¢) for rotation and the translation vector to fit
to the Ca atoms in domain B of the crystal structure were then calculated for
each structure from the simulation trajectory. The Euler angles were then
converted to a quaternion q [go, g1, g2, g3]” by the following relation:

go = cos(6/2)c0s(6/2)cos(11/2) +sin(/2)sin(6/2)sin(/2)
q1 = sin(¢p/2)cos(6/2)cos(/2)—cos(¢p/2)sin(0/2)sin(y/2)
q> = cos(¢p/2)sin(6/2)cos(/2)+sin(¢p/2)cos(0/2)sin(y/2)
qs = cos(¢p/2)cos(6/2)sin(y/2)—sin(¢p/2)sin(0/2)cos(y/2),
and then the quaternion q was decomposed to the axis e [e,, e,, e,] Tand the

rotational angle y around that axis, by the following formula: q = [cos(x/2), ex
sin(x/2), ey sin(x/2), ez sin(x/2)]".
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