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The magnesium channel controls Mg?* concentration in the cell and plays an indispensable role in
biological functions. The crystal structure of the Magnesium Transport E channel suggested that Mg®*
hydrated by 6 water molecules is transported through a selection filter consisting of COO™ groups on two
Asp residues. This Mg®* motion implies successive pairing with “OOC-R and dissociation mediated by water
molecules. For another divalent ion, however, it is known that RCOO™--Ca®* cannot be separated even
with 12 water molecules. From this discrepancy, we probe the structure of Mg?*(CH;COO)(H»0)4_17 clus-
ters by measuring the infrared spectra and monitoring the vibrational frequencies of COO™ with the help of
quantum chemistry calculations. The hydration by (H,O)g is not enough to induce ion separation, and
partially-separated or separated pairs are formed from 10 water molecules at least. These results suggest
that the ion separation between Mg?* and carboxylate ions in the selection-filter of the MgtE channel not
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only results from water molecules in their first hydration shell, but also from additional factors including

rsc.li/pccp water molecules and protein groups in the second solvation shell of Mg?*.
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1. Introduction

Ion channels are membrane proteins that selectively permeate
specific ions and play an important role in biological
systems.’™ The mechanism of ion selectivity depends on the
type of ion channel, but the simplest understanding is a
competition between the ion affinity of the channel and the
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solvation of the ion. For example, in the case of potassium, the
selective filter motif at the channel opening has several carbo-
nyl groups, which are responsible for ion selection.”” This ion
selection is achieved because the interaction energy of the
carbonyl group with the potassium ion is slightly more favor-
able than the hydration energy of the potassium ion, whereas
the sodium ion cannot enter the ion channel because its
hydration energy is more favorable. Further detailed under-
standing at the molecular level has been gained by using X-ray
diffraction,” 2D infrared spectroscopy,” molecular dynamics
simulations,®® and bottom-up approaches in which the inter-
actions between parts of the selection filter and metal ions are
studied by cold ion trap laser spectroscopy.’ >

The magnesium channel is one of the ion channels that
controls Mg>" concentration in the cell.”*”"” The magnesium
ion is the most popular divalent ion in biological cells and is
essential for life because of its role in biological functions, such
as RNA and protein formation, catalysis by enzymes and so
on.'® Recently, the crystal structure of Magnesium Transport E
(MgtE), a type of Mg®>* channel, has been revealed by Nureki’s
group'®! raising questions about Mg>" transport mechanism
and selectivity still under investigation.”> According to this
report, the selection filter responsible for selectivity consists
of two COO™ groups on two Asp residues. This anionic moiety
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Fig. 1 (a) Mg®*(H,0)e transportation through the —COO™ selection filter
and (b) full contact ion pair formation with 6 H,O. The former corresponds
to separated ion pair of R—-COO~Mg?* by hydration (Solvent separated lon
Pair in solution chemistry).

does not bind directly to Mg>", but binds to the water molecule-
clad Mg>" in an octahedral arrangement, thus exerting ion
selectivity. In the crystal structure analysis, 13 water molecules
are found in the channel, but only 6 in the vicinity of Mg>",
which is interpreted as the transportation of Mg”>* hydrated by
6 water molecules, Mg”'(H,0)g, ie. corresponding to a complete
first hydration shell for this ion. The transportation of Mg>"
hydrated by its first solvation shell seems to be preferred over
the transportation of the isolated divalent ion (see Fig. 1a).*'
Indeed, the hydration shell appears necessary to avoid the strong
interactions that can occur between the divalent ion and the
channel,'® and contributes to smooth transport.

Here, we would like to raise a new viewpoint on Mg**
transportation in MgtE. With a small number of water mole-
cules, Mg”" and R-COO™ can bind to form a full contact ion
pair because of their strong electrostatic interaction (see
Fig. 1b), but such a contact has not been observed in the crystal
structure.”® Instead, the transportation of Mg>'(H,0) through
the -COO™ selection filter involves two separated ion pairs
between Mg>* and two opposite carboxylate groups where ions
are separated by hydration (see Fig. 1a). One may think that the
second -COO™ may help to keep such a centred position of
Mg>*, however the presence of a two charge system never
guarantees such an equilibrium at the centre of the two charges
like Fig. 1a. In general, such a two-charge centre system may
also lead to a double minimum potential, which is the reason
why e.g. a lithium cation prefers to bind to one of the oxygen of
the carboxylate group instead of making two equal interactions
with the oxygen atoms (bidentate binding) in crystals*® as well
as in solution.** Such a double minimum potential would put
the Mg>" cation in one side, like in Fig. 1b.

Such solvent induced ion pair separation has been exten-
sively studied by gas-phase laser spectroscopy and ab initio
calculations on solvated clusters, such as Li'T" and Cs'T",*
Mg>'HO ,*®* Na'AcO~,”” Na'Cl**** Mg”RCOO~,*° Ca**
RCOO~,**32 Ba**AcO™*? and LiCl, .** These studies show that
5 or 6 solvent molecules are barely enough to separate pairs
made of monovalent ions. For divalent ions, however, no
separation has been observed for the cluster size investigated.
Recent results on RCOO - - -Ca** ion pairs®! demonstrated that
even 12 water molecules are not able to separate these ions.
Although the chemical properties of Ca>* and Mg>" are not the
same,* both are divalent ions capable of binding strongly to
RCOO™. Then, it is legitimate to wonder whether six water
molecules are intrinsically enough to separate -COO~ and Mg**
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or not. If not, additional factors must help to keep these ions
separated in the channel as observed by XRD.*!

In order to solve the discrepancy between Mg>"(H,O), trans-
port in MgtE and the accumulated knowledge of ion pair
separation by solvent molecules, we have applied cold ion trap
spectroscopy”>>° to hydrated Mg>*(CH;COO™) clusters, which
serve as minimum model systems of the selection filter in
MgtE. Infrared spectra can sensitively probe the coordination
and H-bonds in hydrated Mg>(CH;COO") clusters. With the
help of quantum chemistry calculations, we can discuss
whether a solvent-separated ion pair state which corresponds
to the Mg>*(H,0), transport, is formed from Mg*"(CH;COO")
by hydration of six water molecules or not.

2. Methods

The experimental procedure is described in a previous article
except for an additional quadruple ion mass spectrometer
(Q-MS) before the first ion trap, which generate hydrated
clusters (Fig. S1, ESIf). [CH;COOMg]' is introduced into
vacuum from electrospray (ESI) source (2.5 x 10™* M in
methanol solution). The ions are collected by ion funnel and
introduced into the first Q-MS. The mass-selected ions are
trapped by the first clustering ion trap®®*" at 130 K, in which
water vapor and He buffer gas are filled. The hydrated ions,
(CH;COOMg)"-(H,0),, are further mass-selected by the second
Q-MS, and then are introduced into the cryogenic quadruple
ion trap (QIT) at 4 K. The QIT was cooled to 4 K by a closed cycle
He refrigerator. A buffer gas (He/H, (20%)) was injected into the
QIT via a pulsed nozzle, and H, were able to attach the hydrated
complex ions. Then, a tunable IR laser (OPO/OPA: LaserVision)
was introduced into the ion trap and scanned over the range of
CO stretching vibrational range (1300 to 1800 cm™'). When the
frequency of the IR laser is resonant to vibrational levels of
H,-tagged clusters, H, is dissociated. Then, the infrared photo-
dissociation (IRPD) spectra, which correspond to the IR absorp-
tion spectra, can be measured by monitoring the H,-lossed ion
intensity as a function of the IR laser wavenumber (H,-tagging
method). Here, the fragment ions were measured by time-of-
flight mass spectrometer (TOF-MS), and ion signal is digitized
and integrated in PC via a digital oscilloscope. Following the
investigation of [CH;COOMg]" (H,0), (n = 1-5) by DePalma
et al.,’® we measured the infrared spectra of [CH;COOMg]"
(H,0), from n = 4 to 17, and discussed the change of ion pair
solvation state by stepwise hydration with the help of theore-
tical calculations (see ESIt).

We performed two steps of theoretical calculations. The first
calculations are simpler one to estimate the vibrational signa-
tures that indicate the solvation condition of Mg>" from
CH;COO™, such as full-contact ion pair state (bidentate ion
pair), dissociated state (solvent-shared ion pair) and semi-
dissociated state (monodentate ion pair) structures. For this
purpose, IR spectra of (CH;COOMg)"-(H,0), are calculated by
density functional theory (DFT) calculations at CAM-B3LYP-D3/
6-311+G(d,p)*>™** level by using Gaussian 16. Optimized
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structures of three different bonding states are reported for
(CH;COOMg)"-(H,0), by the DFT calculations without disper-
sion correction and the theoretical spectra are not shown.*® We
build the three initial structures according to the previous
work, and the geometries are optimized by the dispersion
corrected DFT calculations. The calculations give several con-
formations for a single ionic condition (such as the dissociated
state). The conformational difference is relatively the minor
part in relation to the ionic condition, so that we obtained the
theoretical IR spectra for three typical ionic conditions. The
obtained harmonic vibrational frequencies were scaled by
0.985. The performance and limitation of this well-known
approach used to compare experimental and theoretical fre-
quencies can be found e.g. in Section 5 of ref. 47 and ref.
therein.

The RI-B97-D3/dhf-TZVPP***®*° level of calculation (TUR-
BOMOLE package®®) was used for quantitative comparison with
experimental results obtained on (CH;COOMg)"-(H,0), clus-
ters for n = 10 and 14. The potential energy surface of these
systems being too complex for an exhaustive structural explora-
tion, only a sample of selected structures was considered for
geometry optimization (see ESIt for detail). These initial struc-
tures were either built from educated guesses, or randomly
chosen among previously optimized structures of analogue
[CH3COONa](H,0),, (n > 14) clusters®*! by replacing Na* by
Mg>" and removing water molecules in excess. These initial
structures were optimized by the DFT calculations and vibra-
tional frequencies were calculated at the same level. Optimized
structures were sorted according to the type of ion pair formed,
i.e. either bidentate or monodentate contact ion pairs, or
solvent-shared ion pairs, thus defining three families of struc-
tures for each cluster size. Their Gibbs energy are reported on
Fig. S2 (ESIT) and frequencies and intensities are reported on
Tables S1-S6 (ESIf). Then, an averaged spectrum for each
family and each size was obtained by averaging energy-
weighted frequencies and intensities of each individual struc-
tures according to a procedure detailed in Section S4 (ESIT).
Finally, an arbitrary spectral width of 6 cm™" was chosen in
order to model each vibrational transition by a Gaussian
function, and present their sums as full theoretical spectra
for comparison with the experimental ones.

3. Results and discussion

Prior to spectroscopic measurements, DFT calculations (CAM-
B3LYP-D3/6-311+G(d,p)) were performed on [CH;COOMg]"
(H,O)6 to estimate the vibrational signatures of each type of
ion pair (see Section S3 in ESIt). We optimized three typical
structures of [CH;COOMg]"-(H,0)e in which COO- binds to
Mg>" either as a full-contact ion pair state (bidentate), a
partially-separated state (monodentate), or a separated state
(no coordination). The obtained theoretical spectra and struc-
tures are shown in Fig. 2. In the full-contact ion pair state, from

COO0—

the low wavenumber side, each band is assigned to SCH ygoo—,

COO—

vE2°~ and 6™°". However, in separated and partial-dissociated
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Fig. 2 Calculated stick spectra of [CHsCOOMgl*-(H,0)s for full-contact,
partially-separated and separated ion pairs with the IRPD spectrum of
[CH3;COOMg]*-(H,0)s.

COO0— COO—

states, vg and v~ are no more observed and replaced
with two decoupled v*° modes, one of which being observed
at 1430-1450 cm ™ * instead of ~1510 cm ™! for v$%°~ in the full
contact ion pair. Thus, a transition at 1510 cm™ " is a signature
specific to bidentate ion pairs. The intensities of the v*° modes
at 1430-1450 cm ™ are enhanced significantly in the separated
state and mildly in the partially-separated, and can thus be
used to monitor the formation of these states. Similarly, the
enhancement of 1°° near 1550 cm™ ' can be an indicator
of the separated state, although it may overlap with v5°™ in
the case of a mixture of different types of structures. From
these expectations, we measured the infrared spectra of
[CH;COOMg]" (H,0),,.

Fig. 3 shows the infrared spectra of [CH;COOMg]"-(H,0),
(n = 4-17). The spectra of n = 4 and 5 reproduce those of a
previous report,*® and the spectral changes fromn=4ton =9
are relatively minor. These spectra can be assigned to the full-
contact ion pair state according to our calculations. They are
indeed consistent with the corresponding theoretical spectrum
for n = 6 in Fig. 2, where the observed vibrational bands are
assigned to 6“7, v5°°, v52°” and 67" as indicated in the figure.
Among the minor changes in this series, the general blue shift
of V55~ results from the motion away from the cation in full
contact, induced by hydration by an increasing number of
water molecules as already observed in the case of Ca**.*'*?
The blue shift of §"°" between n = 6 and n = 9 suggests the
formation of the second hydrated shell from the analogy to the
infrared spectra of [CD;CD,COOCa]’(H,0), (n < 12),*' in
which the ion pair COO™---Ca®" keeps the full contact struc-
ture. From these infrared spectra, we conclude that Mg”" is in
full contact with COO™ in [CH;COOMg]'(H,0)e, and thus that
the solvent-separated ion pair (see Fig. 1a), which is involved in
the transportation of Mg”"(H,0)s in MgtE in solution, is

intrinsically not stable enough to be formed with only six, or
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Fig. 3 Infrared photodissociation spectra of [CH3COOMg]l*(H,0),

(n = 4-17).

even nine water molecules. In contrast, the XRD study>' clearly
shows the presence of the Mg>*(H,O)s of octahedral hydration
structure separated from COO™. Then, the formation of the
separated Mg®"(H,0)s must be attributed to additional factors,
such as the presence of the second COO™ group and/or the
second hydration shell. As the XRD study reported the presence
of the 13 water molecules in the channel, the effect of the
second hydration shell should be considered. Indeed, for Mg>*
in water, a priori 6 water molecules form the first shell and the
next 12 molecules the second one.”" According to the Nureki’s
crystal structure, the second shell in the Mg>* channel is filled
by 7 water molecules and 4 oxygen atoms in the peptide
framework, instead of 12 water molecules.

The effect of higher hydration can be explored by the
infrared spectra in Fig. 3. The spectrum changes significantly
when the 10th water molecule is added to the cluster (see Fig. 3
for the change from n = 9 to 10). In the 5°™ range at around
1430 cm ™', the intensity of one band (green) is significantly
enhanced. In contrast, v$°°~ becomes weaker. Such a clear
spectral change reveals a notable modification of the hydration
condition of the (Mg?*---COO") ion pair. This spectral feature
keeps going up to n = 13, before another clear spectral change
takes place at n = 14 where v5°°” is no more observed, leaving
onlyv®-like bands. If we take the simple analogy of the calcu-
lated structures for n = 6, the disappearance of v°°~ from n =13
to n = 14 strongly suggests the complete transition from full-
contact ion pairs to partially-separated or separated ones.
Similarly, the spectral change from n = 9 to n = 10 suggests
that [CH;COOMg]"-(H,0)10_15 clusters are a mixture of full-
contact ion pairs with partially-separated or separated ones.

These interpretations are further examined by more sophis-
ticated simulations for two critical cluster sizes n = 10 and 14.
By investigating a set of structures representative of the diver-
sity encountered in these clusters, the simulated spectra enable
us to study the influence of the partially-filled second hydration
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Fig. 4 RI-B97-D3/dnf-TZVPP mode-dependent scaled harmonic vibra-
tional spectra compared to IRPD spectra for n = 10 (a) and n = 14 (b)

shell. These energy-weighted averaged spectra are presented in
Fig. 4 (see ESIT for details). It should be noted that the labels of
the vibrational bands in Fig. 2 and 3 are slightly different from
Fig. 4 because the description of the vibrational motions in
terms of internal coordinates changes with the size of the
clusters. The former figures present calculated systems with
only 6 water molecules, while the latter show an average of
various conformations for n = 10 and 14 clusters. The corre-
spondence between the assignments in Fig. 2 and 4 are
explained in ESL{

First, according to the theoretical spectra for n = 10 (Fig. 4a),
the whole experimental spectrum is consistent with the coex-
istence of only two types of structures: (i) a full contact ion pair
whose vibrational pattern can be continuously tracked from
n =4 (Fig. 3), the poor agreement near 1500 cm ™" only resulting
from the insufficient description of the v~ and §°™
coupling®® by harmonic frequency calculations. (ii) a partially
separated ion pair, which is assigned to the new spectral
features popping up at n = 10, e.g. the blue-most component
of the v5°~ band (blue band) and the main red-most feature
(green band) in the vg°°~ spectral region. In addition, both
these ion pairs are isoenergetic (ESIT), supporting their simul-
taneous observation at this cluster size. In turn, separated ion
pairs present the worst v5°°~ frequency and energy agreement
(ESIY). For n = 14, the specific signature of the full contact ion
pair disappears (red band in Fig. 3 and 4), in agreement with

This journal is © the Owner Societies 2023
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the significant increase in their relative energy compared to
n = 10 (ESIt). In parallel, the triplet on the green band is most
likely explained by the coexistence of several structures. Accord-
ing to calculated v5e°~ bands (Fig. 4b), partially separated ion
pairs best agree with the experiment, suggesting that the IR
spectrum results mainly from a mixture of several partially
separated ion pairs. Alternatively, the appearance of separated
ion pairs should be accompanied by a new red-shifted
Vaso~ band, which is not observed. By comparing n = 10 and
n = 14 spectra, however, a modest red-shift of v52°~ (~3 cm™")
is observed and could be interpreted as the manifestation of the

presence of separated ion pairs as minor species.

4. Conclusions

Mg>*(H,0), transportation through RCOO™ ion selection filters
in MgtE corresponds to the separation of (RCOO™),-Mg>" ion
pairs by 6 water molecules if we focus on the local structure.
From accumulated knowledge on ion pair solvation, we pointed
out that contact ion pairs in the channel could compete with
separated ion pairs. This hydration-induced separation of
RCOO™---Mg>" and its dependence on the number of water
molecules has been explored by cold ion trap IR laser spectro-
scopy in which the separation of the ion pair can be detected by
the shift of IR frequencies for specific sizes of [CH;COOMg] (H,0),,
(n = 4-17) clusters. With the help of quantum chemistry
calculations, the shifts of the vibrational bands in the 1300-
1800 cm ™' range were interpreted along this series. The nature
of the ion pair, i.e. full contact, partially-separated and sepa-
rated, is monitored by following the vibrational frequencies
and intensities of the CO,  stretch marker bands. No clear
change of these vibrational bands has been observed
from n = 4 to 9, which demonstrates that the hydration by
six water molecules cannot disturb the strong interaction
RCOO™---Mg>". Consequently, additional factors other than
these six water molecules have to be invoked to promote the
transportation of Mg>*. Note that the presence of another
RCOO™~ does not explain the central transportation path
between the pair of RCOO™ automatically because two charge
center produces the double minimum potential in which Mg>*
ion have to be located at one of RCOO™, not at the center. The
results suggest that the transportation of hexa-hydrated Mg”>*
have to be rationalized not only by the interaction to the pair of
RCOO™ but also by the additional factors, such as the circul-
stance generated by other part of the channel and/or higher
hydration. Considering additional water molecules in the sec-
ond solvation shell of Mg>", the change of the marker bands
revealed significant structural changes upon hydration from
n=9ton=10,and n =13 to n = 14. From the more sophisticated
quantum chemistry calculations, the former change in the
vibrational spectrum is rationalized by the formation of
partially-separated ion pairs, while the latter is consistent with
the disappearance of the full contact ion pair and the dominant
formation of several partially-separated ion pairs together
with minor separated ion pairs. It may suggest that the
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transportation of Mg>* in MgtE, where separated ion pairs are
found in XRD of the crystal, may require hydration by at least
14 water molecules. In other sense, Mg>* would be transported
without help of the circulstance generated by the whole protein
if Mg®* is hydrated enough. Interestingly, the XRD analysis®' of
the channel shows 13 water molecules, which echo our conclu-
sion. Overall, these results highlight the strength of our
bottom-up approach using solvated ion pair clusters. They
reveal the importance of various contributions of the molecular
environment in Mg>* transportation, which have not been
discussed yet. The transportation of other divalent ions such
as Ca”" should also be studied with a similar approach in the
future.
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