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ABSTRACT: Calcium ion complexation in aqueous solutions is of CaZ* complexes in solution via MAS DNP NMR
paramount importance in biology as it is related to cell signaling, MW

muscle contraction, or biomineralization. However, Ca**-complexes
are dynamic soluble entities challenging to describe at the molecular
level. Nuclear magnetic resonance appears as a method of choice to
probe Ca’*-complexes. However, *Ca NMR exhibits severe

limitations arising from the low natural abundance coupled to the :ﬁ:

Sensitivity x 120

MAS DNP
—

low gyromagnetic ratio and the quadrupolar nature of **Ca, which

overall make it a very unreceptive nucleus. Here, we show that *Ca z;‘:::’;n
dynamic nuclear polarization (DNP) NMR of *Ca-labeled frozen - NODNP
solutions is an eflicient approach to enhance the NMR receptivity of 200 100 0 -100 200

#Ca and to obtain structural insights about calcium ions complexed
with representative ligands including water molecules, ethylenediami-
netetraacetic acid (EDTA), and vr-aspartic acid (1-Asp). In these conditions and in combination with numerical simulations and
calculations, we show that **Ca nuclei belonging to Ca** complexed to the investigated ligands exhibit rather low quadrupolar
couplings (with C,, typically ranging from 0.6 to 1 MHz) due to high symmetrical environments and potential residual dynamics in
vitrified solutions at a temperature of 100 K. As a consequence, when 'H—*Ca cross-polarization (CP) is used to observe *Ca
central transition, “high-power” v(*Ca) conditions, typically used to detect spin 1/2 nuclei, provide ~120 times larger sensitivity
than “low-power” conditions usually employed for detection of quadrupolar nuclei. These “high-power” CPMAS conditions allow
two-dimensional (2D) 'H—*Ca HetCor spectra to be readily recorded, highlighting various Ca**—ligand interactions in solution.
This significant increase in **Ca NMR sensitivity results from the combination of distinct advantages: (i) an efficient 'H-mediated
polarization transfer from DNP, resembling the case of low-natural-abundance spin 1/2 nuclei, (ii) a reduced dynamics, allowing the
use of CP as a sensitivity enhancement technique, and (iii) the presence of a relatively highly symmetrical Ca environment, which,
combined to residual dynamics, leads to the averaging of the quadrupolar interaction and hence to efficient high-power CP
conditions. Interestingly, these results indicate that the use of high-power CP conditions is an effective way of selecting symmetrical
and/or dynamic **Ca environments of calcium-containing frozen solution, capable of filtering out more rigid and/or anisotropic
*#Ca sites characterized by larger quadrupolar constants. This approach could open the way to the atomic-level investigation of
calcium environments in more complex, heterogeneous frozen solutions, such as those encountered at the early stages of calcium
phosphate or calcium carbonate biomineralization events.

43Ca chemical shift (ppm)

B INTRODUCTION biomineralization process is mediated by various specific
Calcium is the fifth most profuse element in mass in the Earth’s proteins controlling the nucleation and the crystallization of
crust'” and is of crucial importance for many organisms as it is the final mineral phase through complex mechanisms that

involved 1n many physmloglcal processes such as cell
s1gnahng, muscle contraction,” or biomineralization.’ In
both intracellular and extracellular compartiments, spatial and
temporal variations of calcium concentrations are controlled by

remain obscure at the molecular-level conditions for calcium

9 i 10
carbonates” or bone apatite.

various calcium-binding proteins.” On the other hand, excess Received:  October 26, 2023
of calcium ions is suspected to be involved in cardiovascular’ Revised:  December 11, 2023
or neurodegenerative” diseases. Accepted:  December 26, 2023

Calcium is also used by many organisms to produce Published: January 19, 2024

mineralized structures or tissues through the precipitation of
calcium phosphate or calcium carbonate phases. The

© 2024 The Authors. Published b
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As such, calcium—protein complexation is of crucial
importance in vivo, and its understanding is of paramount
importance in various fields of research including biological
chemistry, biomineralization, or medicine. However, these
calcium-based nanometric soluble entities are challenging to
describe at the molecular level. Therefore, nuclear magnetic
resonance (NMR) appears as an appealing technique because
of its ability to probe dynamics, structure, and interactions at
the atomic scale. However, the use of ®*Ca NMR is still limited
because of severe intrinsic sensitivity drawbacks."' Indeed,®Ca,
the NMR-active stable isotope of calcium, possesses a natural
abundance of only 0.135% and a low gyromagnetic ratio
(Iyscd/yg ~ 0.07) making it a highly insensitive nucleus.
Moreover, *Ca is a 7/2 quadrupolar spin, that can lead to line
broadening effects arising from quadrupolar couplings.'” Last
but not least, in physiological conditions, calcium concen-
trations are low, around 2.5 mM in vertebrates blood
plasma'®~"* and around 10 mM in seawater.'>"”

Hence, few studies using *Ca solution NMR are reported
on complexed-Ca*" with biomolecules. Dynamical information,
such as the exchange rate regime, is mainly extracted from such
analyses. When the exchange rate regime is favorable, the
complexation site can be determined.'® For example, Parello et
al."” correlated “*Ca quadrupole relaxation to a change of the
parvalbumin protein conformation during Ca** complexation.
#Ca solution NMR can also inform on the dynamics of the
complex. For example, Andersson et al.** explored the rigidity
of the Ca**-binding sites in parvalbumin, troponin C, and
calmodulin through rotational correlation times analysis.

In the case of solids, ®*Ca solid-state NMR is a method of
choice to access the Ca®* chemical environment in various
classes of materials.'**"** In particular, in solid organic
complexes and in metalloproteins, the **Ca chemical shift
was shown to be highly sensitive toward small structural
differences within the first coordination sphere of Ca*t,
depending on both Ca—O and Ca—N distances, and Ca
coordination number,””** hence providing unique insights of
the local structure around the Ca site. Moreover, ®*Ca solid-
state NMR is sensitive to variations of the magnetic shielding
and electrical field gradient tensors leading to fine insights into
some crystalline structures.'' However, it is generally admitted
that the ®Ca isotropic chemical shift is more sensitive to
structural variations than to the quadrupolar parameters. As
previously mentioned, applications of **Ca NMR are rather
limited due to the lack of sensitivity at natural abundance,
although approaches such as the use of high magnetic field,
large rotors, or dedicated signal-enhancing NMR pulse
sequences> >’ allow us to circumvent this issue. The
acquisition of one-dimensional (1D) **Ca spectra is possible
within a few hours to a few days leading to the characterization
of various synthetic™*™*° and even mineralized biological
samples.”*> However, getting deeper information from 2D
experiments is still impossible at a natural abundance. In this
case, it is possible to combine the previously mentioned
strategies with **Ca labeling” > and/or hyperpolarization
techniques, such as MAS-DNP.*°

In MAS-DNP, NMR signal enhancement is achieved by
transferring the electronic spin polarization of stable unpaired
electrons (usually nitroxides®”) to the nuclear spins (typically
protons) under microwave irradiation at cryogenic temper-
atures.>® Following '"H—'H spin diffusion, 'H hyperpolariza-
tion is then transferred to the nuclei of interest through a cross-
polarization (CP) step, potentially leading to NMR signal
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enhancements of several orders of magnitude.”””*' The
intensity of the NMR signal under “indirect” (i.e. 'H-mediated)
DNP depends on the efficiency of spin diffusion among 'H
nuclei as well as on the efficiency of cross-polarization. The
latter is typically low in the case of a quadrupolar nucleus such
as *Ca because a proper magnetization spin lock, required in
CP, can be prevented by the time dependence of the
quadrupolar interaction. A viable option to partially circumvent
this issue is to use low radio frequency (RF) fields.””™* In
DNP NMR****~** applications, RF fields comprised between
0.8 and 20 kHz have been reported on quadrupolar nuclei for
proton-to-quadrupolar nucleus CPMAS. In the case of *Ca,
MAS-DNP NMR was successfully used by Lee et al*® to
understand the chemical environment of hydroxyapatite by
recording '"H—*Ca dipolar-based 2D correlation spectra that
enabled the distinction of core and surface Ca®" sites.

Here, we propose a novel approach to study Ca-based
complexes in solution to understand the Ca®* complexation by
solute ligands. We show that frozen solutions of Ca-based
complexes can be efficiently investigated by using 'H-mediated
$Ca MAS-DNP NMR, enabling molecular-level character-
ization of the interaction sites around the calcium ions. The
MAS-DNP approach benefits from two advantages: (i) the low
temperature (100 K) limits the dynamics in solution® and
allows the use of dipolar-based sequences (such as cross-
polarization CP) and (ii) DNP leads to significant **Ca signal
enhancement that enables one to overcome the intrinsic low
sensitivity of **Ca. Different solutions were investigated for
which calcium ion is complexed by water molecules,
ethylenediaminetetraacetic acid (EDTA), or L-aspartic acid
(L-Asp). The latter ligand was chosen to mimic the Ca’*
interaction with acidic amino acids commonly found in
mineralizing proteins representative of biomineralization
processes.

More specifically, our data show that the sensitivity of 'H-
mediated ®Ca MAS-DNP NMR experiments carried out on
frozen solutions strongly depends on the RF conditions used
during "H—*Ca cross-polarization. In particular, “high-power”
®Ca RF conditions (i.e., typically employed for spin 1/2)
exhibit higher performances than “low-power” **Ca RF
conditions (i.e., typically used for quadrupolar nuclei). Using
high-power conditions, 2D "H—*'Ca HetCor experiments are
readily recorded (30 min to 28 h depending on *Ca
concentration) and can allow us to distinguish calcium
complexes when different ligands are present in solution.
Importantly, our results suggest that the use of high-power
'"H—*Ca CP conditions on frozen solutions provide the
required sensitivity to selectively detect highly symmetrical
and/or dynamic **Ca environments and filter out more rigid
and/or anisotropic environments, which are not enhanced
under these conditions. This approach could open the way to
the selective investigation of more complex, heterogeneous
calcium-containing solutions as those encountered at early
stages of calcium phosphates or calcium carbonate formation
in a biomineralization context.

B METHODS

Sample Preparation. “*Ca-Labeled CaCO; (62.2%) was
purchased from Cortecnet. All other reagents were purchased
from Sigma-Aldrich and used as received.

Calcium lon Complexed with Water Molecules (Ca—H,0).
The Ca—H,0O sample was prepared by dissolving 6.18 mg of

https://doi.org/10.1021/acsomega.3c08292
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#Ca-Labeled CaCOj; in 100 uL of HCI aqueous solution (1
M). The solution was degassed with N, for 2 h (in order to
produce Ca®" acidic aqueous solution free of carbonates)
before adding 60 uL of D,O and 40 uL of glycerol-dg (H,0/
D,0/glycerol-dg volume ratio was 5:3:2). Finally, Tris buffer
was added (1.22 mg, SO mM) to raise the pH of the solution to
7. Final Ca** concentration in the Ca—H,O sample was 300
mM, and the final H/D molar ratio was around 1:2.

Calcium lon Complexed with Ethylenediaminetetraacetic
Acid (Ca-EDTA-50). The Ca-EDTA-50 sample was prepared
similarly to Ca—H,O with a final Ca®*/EDTA molar ratio fixed
to 2:1 (50% EDTA compared to Ca**). Ethylenediaminetetra-
acetic acid (EDTA) tetrasodium salt dihydrate
(NaOOCCH,),NCH,CH,N(CH,COONa),-2H,0 was
added (3.12 mg, 37.5 mM), the final pH was adjusted to 12
using aqueous NaOH, and the final Ca®* concentration in the
Ca-EDTA-50 sample was 75 mM.

Calcium lon Complexed with r-Aspatrtic Acid (Ca-LAsp-50
or Ca-LAsp-100). The Ca-LAsp samples were prepared as
above except that L-Aspartic acid (0.61 mg, 23 mM) was
dissolved into a 46 or 23 mM Ca®" solution, leading to an
aspartic acid/Ca*" molar ratio of 1:2 (50% of L-Asp compared
to Ca**; Ca-LAsp-50) or 1:1 (100% of L-Asp compared to
Ca®"; Ca-LAsp-100). The final pH of the solutions was about
8.

DNP Samples Preparation. For further DNP character-
izations, 1.1 mg (15 mM) of Amupol was dissolved in 100 uL
of the desired solution. Then, aliquots of 15 uL of these
solutions were placed in 3.2 mm sapphire NMR rotors with
Teflon inserts. Rotors were then introduced into the low-
temperature DNP probe at 100 K. Solutions were found to be
stable with time once the rotors were stored at low
temperature (—20 °C) as similar 'H and **Ca DNP
enhancements were obtained after several weeks.

MAS-DNP NMR Experiments. All DNP solid-state NMR
spectra were acquired on a Bruker 9.4 T wide-bore magnet
with an AVANCE-III-HD NMR console and a 3.2 mm DNP
low-temperature double-resonance "H/**Ca MAS probe (H-Y
channel, damped with a 110 pF capacitor on the Y channel).
Larmor frequencies were, respectively, 400.13 and 26.93 MHz
for '"H and *Ca. Microwaves were applied using a gyrotron
(frequency, 263 GHz; power, 4 W) connected to the NMR
probe. All spectra were recorded at a MAS frequency of 8 kHz.
"H MAS spectra were recorded using the Hahn-echo sequence
with the echo delay set to one rotor period. The radio
frequency (RF) field was 67 kHz for both the 90 and 180°
pulses. 'H recycle delays were determined using a saturation
recovery scheme and were set to 1.3 X T} (typically between 1
and 4 s).

The 'H—*Ca CPMAS experiments were optimized
according to two distinct Hartmann—Hahn conditions: (i) a
low-power condition (“quadrupolar condition”, or “LP CP”)
where 'H and ¥Ca RF fields were set to 11.9 and 0.8 kHz,
respectively, and (ii) a high-power condition (“spin 1/2
condition”, or “HP CP”) where "H and **Ca RF fields were set
to 56 and 32 kHz, respectively. The "H—*Ca polarization
transfer was achieved through a ramp scheme. The
Hartmann—Hahn (HH) profiles for both LP and HP
CPMAS conditions are shown in Figure S1. The contact
time was found to be optimal at 3 ms in HP CP conditions for
Ca—H,0 and Ca-EDTA-50 samples and at 5 ms for Ca-LAsp
(Figure S2). CPMAS spectra were recorded with 'H
decoupling during acquisition using the spinal-64 scheme
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(67 kHz). Two-dimensional {"H}**Ca HetCor NMR spectra
were obtained using the high-power CP condition and by
recording 16 to 2100 scans each and 32—48 t; increments.
FSLG homonuclear decoupling scheme operating at an
effective field of 90 kHz was used for the proton dimension.
1D ®Ca MAS spectra were also recorded using a hyperbolic
secant sequence with a hyperbolic secant z-inversion® pulse
(6.9 kHz, 1000 us), followed by a 90° selective observation
pulse with a recycle delay of 15 s.

Enhancement factors (¢(‘H) and £(**Ca)) were determined
by taking the ratio of the 'H and **Ca signal intensities with
and without microwave irradiation, all of the other conditions
being identical.

#Ca and 'H chemical shifts were calibrated at 0 ppm based
on hydroxyapatite (HA) central transitions (**Ca) and
hydroxyl group ('H) at 100 K. More precisely, all of the
#Ca signals of frozen aqueous solutions investigated in this
study were referenced to the approximate center of gravity of
the ¥*Ca signal of HA at 9.4 T, which was fixed to 0 ppm
(Figures S3 and S4). It must be pointed out that under the
experimental conditions employed in this study, chemical shift
referencing is not straightforward. Indeed, the standard
protocol recommended in the literature”' relies on the use of
1 M aqueous solution of CaCl,. However, these solutions are
solid at 100 K. As a consequence, the low temperature and the
change of the physical state from liquid to solid (crystalline or
not) might influence the line shape (quadrupolar effects) and
the chemical shift of the detected signals. Moreover, the rf
circuit properties of the LT CPMAS-DNP probe change
significantly when passing from RT to 100 K, which prevents a
direct transfer of RT chemical shift calibration to 100 K.
Alternative methods for achieving accurate **Ca chemical shift
calibration under cryogenic conditions are currently being
explored in our groups and will be the object of a separate
study.

Since HA was used for **Ca chemical shift referencing in this
study, the HA **Ca NMR spectrum was fitted to extract the
main line shape parameters. Figure S4 shows the best fit of the
LP CP spectrum of HA acquired at 100 K. A good quality fit of
the experimental CT line shape was obtained. In particular,
two calcium sites (Ca(I) and Ca(Il)) are required to correctly
reproduce the experimental spectrum, in agreement with
previous studies.”®>' Table S1 shows the best fitting
parameters (8,,,(*Ca), Cy nQ), which are in good agreement
with corresponding values previously reported on a nano-
crystalline HA sample under the same magnetic field and
temperature conditions.”® Hence, our setting matches well the
chemical shift referencing used in the work of Lee et al.*® on
#Ca MAS-DNP analysis of a similar sample at the same
magnetic field.

#Ca MAS-DNP spectral fitting was carried out using
DMFit>* (spinning sideband manifold) and ssNake>® (hydrox-
yapatite central transitions line shape). In particular, the *Ca
spinning side bands manifolds were fitted only including first
order quadrupolar contributions, without considering chemical
shift anisotropy or dynamic effects.

Numerical Simulations and Calculation of NMR
Parameters. Starting from a 13 X 13 X 13 A? box in which
a calcium cation Ca®* and two chloride anions CI~ were
initially introduced, 70 H,O molecules were added and both
cell parameters and atomic positions were then relaxed with
the Vienna Ab initio Simulation Package (VASP) code’ based
on the Kohn—Sham density functional theory (DFT) and

https://doi.org/10.1021/acsomega.3c08292
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Figure 1. (A) *Ca MAS-DNP NMR normalized spectra of the Ca—H,O sample acquired with HP CP (red), LP CP (blue), and HS (green)
sequences. Fitting of the central transition is depicted in dashed lines. (B) Normalized sensitivity per unit time constant (see eq (1)) for MAS-DNP
NMR spectra of the Ca—H,O sample acquired in different conditions (all experiments were acquired in the presence of microwave irradiation).

€43canp cp = 64 MW ON

MW OFF x5

WWMWMMAMM

100 0 -100
43Ca chemical shift (ppm)

200

-200

200

MW OFF x5

_..ANAw— A

Aot

100 50 0 50 -100 -150 -200
1H chemical shift (ppm)

150

Figure 2. Enhancement factor determination for the Ca—H,O sample at 100 K by comparison of DNP NMR spectra with (top) and without
(bottom) MW. (A) 'H—*Ca HP CPMAS spectra: £4c.upcp = 64. (B) 'H MAS-DNP NMR spectra: £,y = 64.

using a plane-wave pseudopotential approach. The potential
energy surfaces were then explored by ab initio molecular
dynamics at 300 K with time steps set at 1.5 fs. A
microcanonical ensemble in the NVT (constant number of
molecules, constant volume, and constant temperature)
approach was used. The local energetical minima found were
then optimized at 0 K. Similarly, a calcium cation Ca’*, a
molecule of ethylenediaminetetraacetate (EDTA*"), 62 H,0
molecules, and two H;O" were relaxed in an initial 13 X 13 X
13 A® box. Finally, a calcium cation Ca®*, a molecule of L
Aspartate (1-Asp”), 39 H,O molecules, and one OH™ were
relaxed in an initial 13 X 13 X 13 A® box.

The *Ca quadrupolar parameters were then calculated on
structures optimized at 0 K using the QUANTUM-ESPRESSO
code™ keeping the atomic positions equal to the values
previously calculated with VASP. Calculations were performed
using the generalized gradient approximation (GGA) with
Perdew, Burke, and Ernzerhof (PBE) functionals and norm
conserving pseudopotentials’® in the Kleinman—Bylander
form.>” The wave functions are expanded on a plane-wave
basis set with a kinetic energy cutoff of 80 Ry. The
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experimental value of the quadrupole moment of 43CQ Q=
—40.8 X 107 m?*) was used to calculate CQ.58

B RESULTS AND DISCUSSION

Calcium lon Complexed with Water Molecules. Figure
1A displays the 1D MAS-DNP NMR spectra of the Ca—H,O
sample obtained under different conditions: 'H—*Ca HP
CPMAS, 'H—*Ca LP CPMAS, and direct excitation using the
hyperbolic secant (HS) enhancement scheme.’” Both CP
conditions lead to almost identical *Ca spectra showing a
single symmetrical resonance (full width at half-maximum,
fwhm = 20.2 ppm) compatible with the presence of Ca®" ions
coordinated by water molecules. This similarity between the
spectra acquired with the two CP conditions strongly suggests
that the **Ca central transition detected here is not
significantly affected by second-order quadrupolar interaction.
Interestingly, the HP CPMAS condition is significantly more
efficient in terms of sensitivity (SNR = 264 in 4.5 min of
acquisition) than the LP CPMAS condition (SNR = 7 in 30
min of acquisition). The comparison of the contact time
optimization for Ca—H,O in low- and high-power CP

https://doi.org/10.1021/acsomega.3c08292
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conditions (Figure S2) reveals that the T, values for 'H and/
or ¥*Ca are shorter when weak spin-locking fields are used that
can explain the difference in CP efficiencies. The absolute
efficiency for each condition can be estimated by calculating
the sensitivity per unit time (S) as follows:

_ SNR

=5

(1)

where SNR is the signal-to-noise ratio of a given experiment
and t,,, is the corresponding experimental time of acquisition.
After normalization, the absolute sensitivities of the two
'"H—*Ca CPMAS conditions can be compared, revealing that
the HP CPMAS condition is ~120 times more efficient than
the LP CPMAS condition for the frozen Ca—H,O sample
(Figure 1B). This highest sensitivity shows that, in our
conditions, the *Ca central transition of the Ca—H,O sample
can be efficiently polarized in CP conditions usually used for
spins 1/2 (although I(**Ca) = 7/2). This finding is in line with
the absence of a contribution from the second-order
quadrupolar interaction to the **Ca central transition.
Combined with **Ca enrichment, such enhancement could
allow the detection of calcium frozen solutions within minutes
even at low concentrations (Figure SS).

The high sensitivity generated by the 'H—*Ca HP CP
condition allows the acquisition of the HP CPMAS spectrum
in the absence of microwave irradiation (MW OFF) — all of
the other conditions remaining identical — which enables the
determination of the DNP enhancement (&) for **Ca as the
ratio between the MW ON and the MW OFF HP CPMAS
spectra. The DNP enhancement for ®Ca, &,c.upcp = 64
(Figure 2A), is equivalent to the one obtained for "H MAS-
DNP NMR spectra (g, = 64; Figure 2B), suggesting a
homogeneous distribution of the polarizing agent within the
H,0/D,0/glycerol-dg (5:3:2) frozen solution.

To achieve efficient direct excitation (i.e. not via "H nuclei)
of quadrupolar and insensitive nuclei like **Ca, dedicated
NMR pulse sequences are typically used, which can
significantly increase the sensitivity. Using the HS experiment,
the direct-excitation signal of a quadrupolar nucleus can be
increased by a theoretical factor of I X 2 (i.e, 7 in the case of
#Ca) by relying on population transfer from satellite
transitions to the central transition.”® The corresponding
*Ca HS NMR (MW ON) spectrum (Figures 1A and S6) is
similar to the HP and LP CPMAS spectra. The evaluation of
the corresponding absolute efficiency (SNR = 155 in 440 min
of acquisition) indicates that the HS experiment is 7 times
more efficient than LP CP but 16 times less efficient than HP
CP for a Ca—H,0 frozen solution (Figure 1B). We also note
that in the presence of residual dynamics and small
quadrupolar couplings, the HS scheme is usually less efficient.

The analysis of the spinning sideband manifold of the 1D
HP CPMAS-DNP NMR spectrum of Ca—H,0O can be
achieved by taking into account the first order quadrupolar
interaction, hence allowing the estimation of the C, value.”
The corresponding fitting leads to an average C, value ranging
from 0.65 to 1.05 MHz (Figure 3). Modeling with a Cq of 0.65
MHz correctly describes the overall width of the spinning side
bands manifold, but the relative intensities of the first side
bands are overestimated (Figure 3B). On the other hand,
modeling with C = 1.05 MHz leads to a good accuracy for the
first four spinning side bands but induces an overestimation of
the farthest side bands (Figure 3A). Hence, we cannot exclude

exp
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Figure 3. Experimental 'H—*Ca HP CPMAS-DNP NMR spectra
(blue) of the Ca—H,O sample with corresponding fittings (red) using
Cq = 1.05 (A) and 0.65 MHz (B). 14 was set to 0.75.

that *Ca irradiation is not large enough for covering the whole
spectrum, leading to an underestimation of the farthest side
bands. Interestingly, these values are lower than those
determined for **Ca in inorganic crystalline solids (around
1—-4 MHz™") and agree with the absence of visible second-
order quadrupolar line shape for the central transition in our
conditions (B, = 9.4 T).

Calcium lon Complexed with Ethylenediaminetetra-
acetic Acid (EDTA). EDTA is known to be a strong
complexing agent for many cations, including Ca®**. In
particular, complexation with EDTA occurs in a 1:1 ratio
with the metallic cation and it was shown to induce a 6-fold
coordination.*’~®* Figure 4A displays the **Ca DNP NMR
spectrum of the Ca-EDTA-50 sample ([EDTA]/[Ca**] = 1:2)
recorded with HP CP conditions. The spectrum exhibits two
resonances assigned to Ca®* complexed by water molecules
(comparison with the Ca—H,O sample) and to Ca?*
complexed by EDTA at a higher chemical shift. Although, as
previously discussed, the exact chemical shift values of the
observed *Ca signals could not be obtained based on standard
referencing methods, we note that the two signals correspond-
ing to calcium complexed to EDTA and to H,O molecules in
the frozen solution are separated by 32 ppm, with the Ca-
EDTA complex located at higher chemical shift compared to
the Ca—H,O complex. Burgess et al. reported two distinct **Ca
signals for crystalline Ca,(EDTA)-7H,0O corresponding to the
two Ca sites at the same magnetic field.”* These two sites were
assigned to calcium fully coordinated by oxygen (Ca I) or to
calcium containing two Ca—N bonds (Ca II). The difference
in the isotropic chemical shifts of these two Ca sites was 9
ppm. Very interestingly, the relative position of the two sites is
in agreement with our data as calcium fully surrounded by
oxygens is positioned at a lower chemical shift than calcium
complexed by N atoms from EDTA. Hence, coordination to O
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Figure 4. (A) '"H—>*Ca HP CPMAS-DNP NMR spectrum of Ca-EDTA-50 (top) and Ca—H,O (bottom) samples. Fitting of the central transition
is depicted in red dashed lines. (B) Best fit (red) of the spinning sideband manifold of Ca-EDTA-50 (blue) using two components at 23.7 (Ca**
complexed with EDTA) and —8.5 ppm (Ca®" complexed with water) and C, = 0.65 MHz for both. 77, was set to 0.70 for both components.
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Figure S. (A) HP CPMAS-DNP NMR spectrum of Ca-LAsp-100 (top), Ca-LAsp-S0 (middle), and Ca—H,O (bottom). (B) Experimental MAS-
DNP NMR spectrum of the Ca-LAsp-100 sample (blue) with the corresponding fitting of the spinning sideband manifold (red) using C, = 0.6
(top) and 0.85 MHz (bottom).

or N seems to significantly affect the §(**Ca) value. Moreover, the Ca—H,O case, it is possible to estimate the C, for the Ca-
variations in Ca—N and Ca—O distances in a calcium EDTA complex by fitting the spinning sideband manifold with
aminosalicylate model compound were shown to have a first order quadrupolar coupling. The analysis provides C,
strong effect on the **Ca chemical shift of solid complexes, values of 0.65 + 0.1 MHz for both Ca®" sites (Figure 4B),
leading to average chemical shift variations of ~—30 ppm/A slightly lower than the C,, values estimated for the frozen Ca—
for Ca=N and Ca—O bonds.®® H,O complex and for the solid Ca,(EDTA)-7H,O complex

determined from a previous study.®®

Calcium lon Complexed with L-Aspartic Acid (L-Asp).
In order to mimic Ca® interaction with acidic proteins
involved in biomineralization processes, we studied calcium
ion complexation with L-Asp, a key amino acid found in large
amounts in mineralizing proteins. We investigated two
e - ) different molar ratios in solution: [L-Asp]/[Ca**] = 1:2 (Ca-
to a homogeneous distribution of the polarizing agent in the LAsp-50) and 1:1 (Ca-LAsp-100). We have recently shown
glassy solution leading to efficient 'H spin diffusion before the that in solution, one calcium ion binds with one aspartic acid

It is important to note that, also in this case, the HP CP
condition was found to be more efficient (SNR = 162 within
275 min of acquisition time) than the LP CP condition.
Interestingly, both **Ca signals exhibit 1/1 relative intensities
in agreement with the EDTA/Ca*" molar ratio (1:2). Here, if
cross-polarization appears to be quantitative, it is probably due

'H — *Ca CP transfer. However, we note that the presence of molecule with a supposed preferential complexation site on the
Ca-complexes of high C, that would not be detected at our C, from aspartic acid.”* The **Ca MAS-DNP NMR spectra
moderate static magnetic field cannot be totally excluded. As in (HP CP condition) of the three samples (Ca-LAsp-50, Ca-
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LAsp-100 and Ca—H,0O) were found to be very similar (Figure
5A) with a ¥*Ca chemical shift of —9.6 ppm and a line width of
20.2 ppm for Ca-LAsp-50 and Ca-LAsp-100. Only a slight
increase of the **Ca chemical shift (<1 ppm, Figure S7) is
observed when Ca®* is complexed to 1.-Asp when compared to
water molecules. Therefore, the complexation to L-Asp does
not modify significantly the **Ca chemical shift of the central
transition as already noticed using **Ca solution NMR,**
where a variation of 0.1 ppm is observed when passing from 0
to 100% of L-Asp in aqueous solution at pH 7.4. Similarly to
the previous samples, Ca-LAsp-50 and Ca-LAsp-100 samples
exhibit a symmetrical line shape due to weak quadrupolar
coupling. The evaluation of the quadrupolar constant Cq
through the fitting of the spinning side manifold of Ca-LAsp-
100 leads to a Cq value ranging between 0.6 and 0.85 MHz
(Figure 5SB). We note also that the **Ca isotropic resonance
line width is similar for the three Ca**-based solute complexes
implying that the degree of chemical distribution in the glassy
matrix is probably similar.

Numerical Simulations of Calcium lon Complexation.
In order to rationalize the low C values observed and their
relationships with chemical environments around Ca**, we
undertook numerical simulations of calcium ion complexation
with water, EDTA, and L-Asp (Figures 6 and S8—S11). In the
presence of water molecules, Ca>* tends to adopt a 6- to 7-fold
coordination (when considering Ca-+O distances below 2.7 A)
with an average Ca—OH, distance of 2.43 A (with values

Cq (3Ca) = 1.29 MHz
Nq=0.72

1p

Cq (3Ca) = 0.92 MHz
Nq=0.93

Cq (43Ca) = 1.90 MHz
Nq = 0.61 -

=

Figure 6. Low-energy configurations obtained by DFT and
corresponding calculated **Ca quadrupolar parameters for (A) Ca**
in interaction with water molecules, (B) Ca*" in interaction with
EDTA and water molecules, (C) Ca® in interaction with L-Asp
through C,007, and (D) Ca® in interaction with L-Asp through
C,00". Characteristic distances around Ca* are shown.
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ranging from 2.32 to 2.66 A). Interestingly, the results of our
molecular dynamics (MD) simulations agree well with the
results of DFT calculations reported by Wong et al,”* which
concluded that 7 water molecules are preferred in the first
hydration shell of the Ca®>" ions in a dilute CaCl, solution.
Moreover, the range of Ca—O distances predicted by MD is
also in agreement with the typical Ca—O distances reported by
Wong et al. for Ca** ions coordinated by 6 or 7 water
molecules (2.3—2.4 A). Such arrangements of water ligands
lead to C, values ranging between 2.17 and 1.34 MHz (Figure
S8). If these values are rather small, they are larger than the C,
average value determined for the Ca—H,O sample by **Ca
DNP NMR (0.65—1.05 MHz).

In the presence of EDTA, known as a strong complexing
agent toward Ca®*, molecular dynamics simulations show that
Ca®" tends to adopt a 8-fold coordination through the
formation of six coordination bonds with EDTA and two
additional water molecules. In this situation, we observe Ca—O
distances of 2.35—2.7 A and Ca—N distances of 2.5-2.7 A.
These distances are in agreement with the values discussed by
Burgess et al®® for similar coordination modes. Such
complexation mode is imposing a relatively high symmetrical
environment that produces C,, values ranging between 1.3 and
0.92 MHz (Figure S9). Interestingly, these values, too, are in
the same range as those calculated for crystalline Ca,(EDTA)-
7H,0 complexes (~1 MHz).®> However, once again, the
calculated values are slightly higher than the measured values
by ¥*Ca DNP NMR (0.65 MHz).

Finally, we investigated the complexation by L-Asp that is
known to form 1/1 complexes with Ca>".°* When considering
coordination with the C, group, Ca®" tends to adopt a 6- to 7-
fold coordination where Ca*" binds to one single oxygen from
the C;00~ group. The coordination sphere is then completed
by S to 6 water molecules. It should be noticed that the
complexation with 6 water molecules (total coordination of 7)
seems more stable and leads to smaller Cy values of ~1.29—
1.37 MHz (Figure S10). If we consider coordination with the
C, group, stable Ca®>" complexes of similar energies are found.
However, the binding mode is slightly different with a
bidentate coordination of Ca®* with the C,00~ group, the
coordination being completed by 4 to S water molecules. As
observed for the coordination by the C; group, the
complexation with the maximal coordination (7 with S water
molecules) looks more stable and leads to smaller C, values of
~1.90—2.42 MHz (Figure S11). Again, calculated values for
the two distinct binding modes with L-Asp are higher than the
measured values by “*Ca DNP NMR (0.60—0.85 MHz).

The discrepancy between the measured and calculated Cq
values can have two origins. First, an insufficiently large **Ca
irradiation leading to the underestimation of the furthest away
spinning side bands intensities leading to the underestimation
of Cq values through the fitting procedure. Second, the
presence of residual dynamics at low temperature as some
molecular motions®™ or vibrations®®®” can persist at low
temperature leading to a partial averaging of the quadrupolar
coupling.

On the basis of these results, different HP and LP CP
spectra should be expected depending on the type of calcium
environment present in a given sample. Notably, while HP CP
conditions should highlight calcium sites characterized by a
small “effective” quadrupolar coupling constant (i.e., resulting
from relatively symmetric environments and/or the presence
of dynamics), the LP CP conditions should also reveal *Ca
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Figure 7. "H—*Ca HetCor spectra of (A) Ca—H,0, (B) Ca-EDTA-50, and (C) Ca-LAsp-100. For Ca-EDTA-50, the two different 'H projections
are shown to highlight the distinct protonated environment from Ca**—water (red line) and Ca**—EDTA complexes (purple line).

sites that are characterized by larger quadrupolar constants and
hence show a correspondingly larger central transition line
width. As a striking example, Figure S3 shows that the
CPMAS-DNP NMR spectrum of hydroxyapatite powder (C,
~ 2.6 MHz)*® acquired using HP “spin 1/2” CP condition
resulted in no *Ca signal (160 scans), while LP “quadrupolar”
CP condition provided the **Ca spectrum of hydroxyapatite
central transition (32 scans), hence highlighting the capability
of this approach to edit symmetrical and/or dynamic *Ca
environments.

Two-Dimensional 'H-**Ca MAS-DNP NMR Experi-
ments. The sensitivity of *Ca MAS-DNP NMR experiments
achieved using the HP CP conditions allowed 'H—*Ca
heteronuclear correlations (HetCor) experiments to be carried
out on the investigated frozen solutions (Figure 7). For the
Ca—H,0 solution (Figure 7A), the HetCor experiment shows
the presence of a single correlation peak, indicating the
presence of an interaction between **Ca ions and the protons
of the coordinated water molecules, identified by a 'H signal of
6.3 ppm. Interestingly, the same experiment performed on the
Ca-EDTA-50 solution shows the presence of two distinct
correlation peaks (Figure 7B). One peak, very similar to the
one observed in the Ca—H,O sample, indicates the proximity
of calcium ions to the coordinated water molecules (‘H
chemical shift of 6.3 ppm). The second peak reveals an
interaction between calcium ions and CH, protons of EDTA
("H chemical shift = S ppm). Overall, this experiment confirms
that water and EDTA both interact with calcium ions in the
first coordination sphere. Finally, the Ca-LAsp-100 sample
(Figure 7C) exhibits a distorted correlation resonance with a
maximum at 6.3 ppm corresponding to water molecules and a
shoulder down to 2.5 ppm assigned to CH, and CH from L-
aspartic acid. Such observation is consistent with the '"H—"C
MAS-DNP NMR study of CaCOj; formation induced by L-
Asp.®* Thus, two-dimensional 'H—*Ca MAS-DNP NMR
experiments of vitrified solutions allow the characterization of
the spatial proximities between the calcium ion and small
ligands for Ca®* complexes.

B CONCLUSIONS

#Ca solution NMR is a precious tool to investigate the
dynamical aspects of calcium ion complexation mechanisms.
However, achieving structural information on Ca-complexes
formed in solution using solution NMR remains limited due to
the presence of chemical exchange of organic ligands. In this
study, we have shown that *Ca MAS-DNP NMR analysis of
frozen solutions can efliciently provide structural insights into
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calcium ion complexes. In our conditions, Ca** complexed by
water molecules, EDTA, or L-aspartic acid exhibit rather low
quadrupolar couplings that can be explained by a highly
symmetrical environment combined with the presence of
residual dynamics around calcium ion at 100 K. As a
consequence, cross-polarization (CP) NMR experiments are
much more efficient (~120 more efficient) to detect **Ca
central transition when high-power vpp(**Ca and 'H)
Hartmann—Hahn CP conditions, typically employed to detect
spin 1/2 nuclei, are used instead of the low-power conditions,
typically used for quadrupolar nuclei. Using high-power CP
conditions, and with the help of ®Ca labeling, 2D TH-%Ca
HetCor spectra can be readily recorded, highlighting the
different Ca**—ligand interactions in solutions. This approach
holds promise to study more complex interactions such as Ca**
with macromolecules or proteins to understand biological
functions related to calcium complexation. Moreover, other
complexes in solution could be studied by this approach that
combines distinct advantages in terms of sensitivity: (i)
significant enhancement from DNP, (ii) reduced dynamics
allowing the use of CP as a sensitivity enhancement technique,
and (iii) relatively high symmetrical environment combined to
residual dynamics leading to the averaging of the quadrupolar
interaction and thus leading to efficient high-power CP
conditions. Importantly, using high-power CP conditions
seems to be an effective way of editing **Ca environments
characterized by small “effective” quadrupolar coupling
constants (i.e., resulting from relatively symmetric environ-
ments and/or the presence of dynamics) while filtering out
more rigid and/or anisotropic *Ca sites characterized by larger
quadrupolar constants, for which these conditions are unable
to provide efficient cross-polarization transfer.
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