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Abstract: Structural information about the coordination environment of calcium present in bone is highly
valuable in understanding the role of calcium in bone formation, biomineralization, and bone diseases like
osteoporosis. While a high-resolution structural study on bone has been considered to be extremely
challenging, NMR studies on model compounds and bone minerals have provided valuable insight into the
structure of bone. Particularly, the recent demonstration of 43Ca solid-state NMR experiments on model
compounds is an important advance in this field. However, application of 43Ca NMR is hampered due to
the low natural-abundance and poor sensitivity of 43Ca. In this study, we report the first demonstration of
natural-abundance 43Ca magic angle spinning (MAS) NMR experiments on bone, using powdered bovine
cortical bone samples. 43Ca NMR spectra of bovine cortical bone are analyzed by comparing to the natural-
abundance 43Ca NMR spectra of model compounds including hydroxyapatite and carbonated apatite. While
43Ca NMR spectra of hydroxyapatite and carbonated apatite are very similar, they significantly differ from
those of cortical bone. Raman spectroscopy shows that the calcium environment in bone is more similar
to carbonated apatite than hydroxyapatite. A close analysis of 43Ca NMR spectra reveals that the chemical
shift frequencies of cortical bone and 10% carbonated apatite are similar but the quadrupole coupling
constant of cortical bone is larger than that measured for model compounds. In addition, our results suggest
that an increase in the carbonate concentration decreases the observed 43Ca chemical shift frequency. A
comparison of experimentally obtained 43Ca MAS spectra with simulations reveal a 3:4 mol ratio of Ca-I/
Ca-II sites in carbonated apatite and a 2.3:3 mol ratio for hydroxyapatite. 2D triple-quantum 43Ca MAS
experiments performed on a mixture of carbonated apatite and the bone protein osteocalcin reveal the
presence of protein-bound and free calcium sites, which is in agreement with a model developed from
X-ray crystal structure of the protein.

Introduction

Bone is a complex composite material system with a
hierarchial structure. The composition can be divided into two
major components: an organic matrix and an inorganic mineral
that interact with each other and contribute to bone mechanical
properties and to its other functions including calcium homeo-
stasis.1 The organic matrix is about 90% type I collagen. The
remainder consists of about 200 noncollagenous proteins, which
incude proteins that regulate biomineralization, bone formation
and bone resorption, and proteins that chemically couple the
mineral and matrix. Bone mineral is a poorly crystalline
carbonated hydroxyapatite, which also contains small amounts
of other cations and anions. The crystallites are small, typically
less than 20 nm in the c-axis direction, and shorter in the a-

and b-axes. Arguably, the mineral could better be described as
an apatite-like material.2

Understanding the molecular organization of bone at a high
resolution is of considerable current importance as it would
provide valuable insight into the role of individual components
on the strength and toughness of bone and could also provide
a better understanding of degenerative joint diseases like
osteoarthritis. However, this is a daunting task, because bone
presents a significant challenge to many commonly used
physical techniques. Solid-state NMR spectroscopy is an excel-
lent tool to obtain such high-resolution information on bone
samples not subjected to any chemical pretreatment (e.g.,
deproteination or demineralization). In fact, 1H, 13C 31P, and
2D 1H/31P HETCOR NMR experiments3-21 under magic angle
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spinning (MAS) conditions have been used for the structural
studies of bone mineral and model calcium phosphate com-
pounds. These studies have provided a wealth of atomic-level
information from model compounds and considerably enhanced
our understanding on the structure of bone. 31P MAS NMR
experiments are insensitive to structural changes in bone mineral
and have provided relatively little information about either
biomineralization or the formation of bone mineral.10,21 On the
other hand, proton MAS NMR has been used to establish the
presence of a hydroxide ion in the c-axis column of bone mineral
at 20% of the amount found in hydroxyapatite and also to
distinguish among different types of water in the mineral
lattice.3–5,9 However, it remains a major challenge to understand
the chemical environment around calcium ions in the bone
matrix.

Knowledge of the storage and transport of calcium ions in
bone, and the interaction between bone proteins and calcium
ions is essential for understanding biomineralization and bone
remodeling. Moreover, the calcium ions at the surfaces of
mineral crystallites are likely the sites for chelation that couples
mineral to matrix, although the chelating proteins are still
unknown. Additionally, these ions tightly bind bisphosphonates
as sparingly soluble salts and allow bisphosphonate antiresorp-
tives to be administered at intervals varying between 1 week
and 1 year, depending on the solubility.22

Unlike other techniques such as X-ray diffraction and neutron
diffraction,20 NMR parameters measured from a 43Ca MAS
experiment provide a direct high-resolution observation of the
environment around the calcium ion. Therefore, 43Ca solid-state
NMR spectroscopy could be a powerful tool to study the
mechanisms by which noncollagenous proteins and other
molecules, that may chelate calcium such as lipids, guide
biomineralization, bone formation, bind mineral to matrix, and
control the delivery of therapeutic molecules. 43Ca chemical shift
is sensitive to the environment around the calcium ion. A 50
ppm high-field shift relative to the free Ca2+ ion in solution

has been observed for Ca2+ bound to bovine testis calmodulin.23

43Ca NMR has been previously used to identify and characterize
the Ca2+ binding sites, and to study the transport process in
other proteins including calmodulin, calbindin, troponin C, and
parvalbumin.23–31 43Ca MAS experiments have also been used
to obtain structural information from inorganic solids.32-38

However, there are several factors that limit the application of
43Ca solid-state NMR to bone specimens. Low gyromagnetic
ratio and natural-abundance (0.145%) of 43Ca quadrupolar
nucleus (nuclear spin 7/2) with a low resonance frequency (for
example, it is 33.5 MHz in a 11.7 T magnetic field) make a
bone sample considerably less sensitive (than natural-abundance
13C for example) and therefore unsuitable for NMR spectros-
copy. Therefore, 43Ca NMR, until recently, has not been
considered for studies on biological systems without isotope
enrichment. The second-order quadrupole moment of 43Ca
cannot be averaged out under MAS, which could further reduce
the sensitivity and spectral resolution. Fortunately, the second-
order quadrupolar broadening of 43Ca NMR is relatively small
in most inorganic and organic solids,32–38 and recent studies
on model calcium phosphate compounds have demonstrated its
potential applications. In this study, natural-abundance 43Ca
MAS experiments are demonstrated for the first time on bone
tissue specimens and used to analyze the effect of deproteination
of cortical bone.

Raman spectroscopy is another useful tool for studying
heterogeneous materials such as bone and other mineralized
tissues. The information obtained from Raman spectroscopy is
less detailed than that provided by NMR, but can be acquired
quickly and, if needed, with spatial resolution on the micrometer
scale. The phosphate band ∼959 cm-1 is a prominent marker
for mineral content in bone and other phosphate and carbonate
bands are monitors of subtle changes in mineral composition.
Amide I, amide III, and CH2 deformation bands are typical
markers for the protein and other organic matrix components
of bone.39-44 Even in cases where it is difficult to pinpoint the
structural changes that cause shifts in Raman band positions or
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intensities, their presence indicate subtle changes that may be
fruitfully studied by NMR spectroscopy. Therefore, in this work,
43Ca solid-state NMR has been employed to study the structure
of bovine cortical bone. In addition, we have shown that a
combination of a high external magnetic field and a 2D
MQMAS technique can provide high-resolution information
about the coordination chemistry around the calcium atom
present in bone. We have chosen several systems that illuminate
features of cortical bone, including bovine cortical bone,
deproteinated bovine cortical bone, synthetic carbonated apatite
and hydroxyapatite, and synthetic 43Ca-enriched carbonated
apatite. The 43Ca-enriched carbonate apatite with absorbed
bovine osteocalcin is used in this study as a model complex for
the first 43Ca NMR studies of the interaction between bone
mineral and a matrix protein.

Materials and Methods

Materials. Cortical bone powder, deproteinated bone powder,
hydroxyapatite, and synthetic carbonated apatite were used in our
study. Hydroxyapatite was purchased from Sigma-Aldrich Company.

Bovine femora were harvested from freshly slaughtered animals
(2-4 years old) obtained from a local slaughterhouse. Femora were
stripped of soft tissue, and cortical bone specimens were prepared
from central diaphyseal sections. Each diaphysis was sectioned on
a band saw into parallelepipeds. Calcium-buffered saline was used
during all machining steps to avoid heating the bone and to maintain
tissue saturation and ionic balance. Parallelepipeds randomly chosen
from an inventory of 10 femora with respect to longitudinal and
circumferential location were milled into a powder cryogenically
cooled with liquid nitrogen.

Bone powder was deproteinated with hydrazine according to a
published procedure.43 Briefly, 2 g of bovine bone powder was
immersed directly into 20 mL of hydrazine (95%, Sigma Aldrich)
and stirred at 55 °C in a glass bottle for 1 h. Then, the temperature
was increased to 60 °C. After 4 h of reaction, the sample was
washed with water, then ethanol to remove supernatant. After drying
at 37 °C for 1 h, the sample was immersed into 10 mL of hydrazine
and stirred at 60 °C for 19 h to completely remove all remaining
proteins and collagen and then rewashed with water and ethanol,
and finally dried at 37 °C for 1 h.

Synthetic B-type carbonated apatite samples were prepared
according to a published procedure40 and dried overnight at 100
°C. Weight percent carbonate was determined by infrared spec-
troscopy calibrated against carbonated apatite standards analyzed
coulometrically (Galbraith Laboratories, Knoxville, TN).40 Carbon-
ated apatite samples contained 5.6 wt % carbonate.

Bovine Osteocalcin Adsorption to 43Ca Carbonated Apatite. 43Ca
carbonated apatite was prepared from calcium-43 carbonate (57.9%
enrichment, Cambridge Isotope Laboratories, MA) according to the
following procedure: 30.4 mg of calcium carbonate (43Ca, 57.9%
enriched) was dissolved in 1.5 mL of 0.5 M nitric acid. Dry, filtered
nitrogen was bubbled into the solution for several minutes to reduce
dissolved CO2. A second solution (13.4 mg of (NH4)2HPO4, 1.20
mL of water, 0.90 mL of NH4OH) was added dropwise to the
calcium carbonate solution which was maintained at 80 °C in a
water bath. After 30 min, the solution was cooled to room
temperature and centrifuged (5 min, 3400 rpm), and supernatant

was removed. The pellet was washed with 5 mL of water and
centrifuged five times and then the pellet was dried overnight at
80 °C.

Bovine osteocalcin (Haematologic Technologies, VT) was phy-
sisorbed to 43calcium carbonated apatite by mixing a solution
composed of 0.1 mg/mL of osteocalcin in a phosphate buffer with
about 20 mg of 43calcium-enriched carbonated apatite. After 6 h of
mixing under mild stirring at -4 °C, the unbound protein was
separated from the protein-apatite complex through centrifugation.
The protein-apatite sample was washed several times with buffer
and was packed in the rotor for 43Ca solid-state NMR studies.

NMR Spectroscopy. Solid-state NMR experiments were per-
formed on a Bruker 833 MHz NMR spectrometer at the national
high-magnetic field laboratory (NHMFL, Tallahassee, FL). A single
channel 4 mm MAS probe tuned to 55.8 MHz and a 4 mm zirconia
rotor were used in the 833 MHz spectrometer with a 10 kHz
spinning speed. 43Ca chemical shift spectra are referenced with
respect to CaCl2/H2O saturated solution at 0 ppm. All spectra were
processed using the Topspin software from Bruker. Other experi-
mental details are given in the figure caption.

Results and Discussion

Natural-Abundance 43Ca Solid-State MAS NMR Spectrosco-
py of Cortical Bone Is Feasible. 43Ca MAS experiments were
performed on powder samples of bovine cortical bone, depro-
teinated bone, carbonated apatite, and hydroxyapatite. Natural-
abundance 43Ca spectra of these samples are given in Figure 1
along with experimental conditions. It is impressive that a
natural-abundance 43Ca NMR spectrum of cortical bone with a
reasonable signal-to-noise ratio (9.5) is obtainable within 36 h
of data acquisition. The frequency and line shape of 43Ca spectral
lines indicate the nature and number of coordination of Ca in
the sample. Any changes in the line shape suggest a change in
the coordination chemistry at the calcium site.

Differences between Cortical Bone and Synthetic Carbonated
Apatite around Ca Sites Revealed by 43Ca NMR. The two
observed peaks at 2 and 14 ppm in the 43Ca NMR spectrum of
a powder sample of hydroxyapatite (Figure 1a (second column)
and Table 1) indicates two different coordination environments
around calcium, which corroborates with previous studies.36,37

The NMR parameters, chemical shift, δ, quadrupole coupling
constant, CQ, and the asymmetry parameter, ηQ, associated with
each calcium site were determined from computer simulations
via quadfit.45 Experimentally measured values of CQ and ηQ

reported from previous studies were used in our simulations
for the model compounds, carbonated apatite and hydroxyapa-
tite. The results are given in Table 1 and the simulated spectra
are shown as dashed lines in Figure S2. The simulated spectra
agree reasonably well with the experimental results. For the
purpose of clarity, simulated spectra of Ca-I and Ca-II are also
potted in Figure 1 (second and third columns). The intensity
ratio of Ca-I/Ca-II was determined to be 2.3:3 for hydroxyapatite
(Figure 1a (second column)) and 3:4 for 5% carbonated apatite
(Figure 1b (second column)). The line shape of carbonated
apatite is significantly broader compared to pure hydroxyapatite,
which can be attributed to the presence of CO3

2- ions. Since
∼7% of carbonate ions are present in bone, the observed
carbonate-induced change in the 43Ca NMR spectral line shape
is interesting and could be an important parameter to understand
the environment of calcium in bone. Therefore, to further
understand the role of carbonate ions on the 43Ca NMR line
shape, carbonated apatite samples with varying amounts of

(41) Awonusi, A.; Morris, M. D.; Tecklenburg, M. M. J. Calcif. Tissue
Int. 2007, 81, 46–52.

(42) Morris, M. D.; Schulmerich, M. V.; Dooley, K. A.; Esmonde-White,
K. A. Infrared and Raman Spectroscopic Imaging; Salzer, R.; Siesler,
H. W., Eds.; Wiley-VCH, GmbH & Co, KGaA: Weimheim, 2009;
pp 149-172.

(43) Termine, J. D.; Eanes, E. D.; Greenfield, D. J.; Nylen, M. U.; Harper,
R. A. Calcif. Tissue Res. 1973, 12, 73–82.

(44) Featherstone, J. D. B.; Pearson, S.; LeGeros, R. Z. Caries Res. 1984,
18, 63–66.

(45) Kemp, T. F.; Smith, M. E. Solid State Nucl. Magn. Reson. 2009, 35,
243.
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carbonate ions were prepared and their 43Ca NMR are shown
in Figure 1 (first column). The difference in the S/N ratio
observed between these spectra is mainly due to the difference
in the amount of samples used in NMR experiments. Neverthe-
less, judging from these spectra (except spectra f and g that
have poor S/N ratio), the 43Ca NMR line shape broadens as the
concentration of carbonate ion increases. A comparison of
experimental and simulated spectra from 5 and 10% carbonated
samples indicates a small change in the isotropic chemical shift
value (about 2 ppm; see Table 1) and also a 2.3:3 intensity ratio
between Ca-I and Ca-II sites for the 10% carbonated sample.
Interestingly, the quadrupole coupling constant values obtained
from these carbonated and noncarbonated (that is, hydroxy-

apatite) samples are the same within the limitation of experi-
mental measurements (Table 1). These results suggest that the
coordination geometry in hydroxyapatite and carbonated apatite
samples is similar while the chemical difference between
coordinating ligands (phosphate vs carbonate) contributes to the
observed difference in the chemical shift.

In contrast, 43Ca resonances corresponding to Ca-I and Ca-II
sites observed from the cortical bone sample (Figure 1e (second
column)) are shifted to higher field region from those of model
compounds, hydroxyapatite (Figure 1a (second column)) and
carbonated apatite (Figure 1b,c (second column)). The charac-
teristic peak of Ca-II in all model compounds (observed in the
10-14 ppm range in Figure 1a-c (second column) and Table
1) was not observed in the 43Ca NMR spectrum of cortical bone.
These results suggest that the coordination environment of
calcium in bone mineral material differs from that of synthetic
hydroxyapatite or carbonated apatite compounds. However, it
is difficult to correlate the observed changes with the possible
difference in the coordination chemistry around calcium sites
between cortical bone and model compounds. Further, these
observations cannot be solely explainable by the observed line
broadening of 43Ca NMR signal as demonstrated by the
simulations (see Figure S2). The dependence of the observed
43Ca NMR line shape on the quadrupole coupling constant CQ

and the line broadening factor is illustrated in simulated spectra
as shown in Figure S2, where the asymmetry parameter, ηQ,
was assumed to be a constant. On the basis of the simulated
spectra, the large resonance shift and the disappearance of Ca-
II peak in the cortical bone spectrum (Figure 1e (second
column)) could be explained using a large quadrupole coupling
constant CQ. By assuming the line broadening in the cortical

Figure 1. Natural-abundance 43Ca NMR spectra of powder samples of bone and model compounds. First column: Natural-abundance 43Ca NMR spectra of
(a) 0%, (b) 0.3%, (c) 2.3%, (d) 3.5%, (e) 5.0%, (f) 6.9%, (g) 8.8%, and (h) 10% carbonated apatite samples. Second column: Natural-abundance 43Ca NMR
spectra of (a) hydroxyapatite, (b) 5% carbonated apatite, (c) 10% carbonated apatite, (d) deproteined cortical bone, and (e) cortical bone samples. Spectra
were obtained on a 833 MHz solid-state NMR spectrometer using a single-resonance 4 mm MAS probe with a spinning frequency of 10 kHz at room
temperature. All spectra were recorded using a spin-echo, 90°-τ-180°-τ-acquire, sequence with a 2 µs 90° pulse width, τ of 40 µs, and a 0.5 s recycle delay.
A total of 131 072 scans were used for spectra a-d, while 480 000 and 262 144 scans were used for the deproteined bone (d) and cortical bone (e) spectra,
respectively. A saturated solution of CaCl2 (at 0 ppm) was used as a standard to reference 43Ca chemical shift. The simulated spectra are displayed in red
dashed lines (second and third columns). The simulated Ca-II (green) and Ca-I (blue) are also plotted for a comparison (in the third column).

Table 1. NMR Parameters (Isotropic Chemical Shift, δiso,
Quadrupole Coupling Constant, CQ, and Asymmetry Parameter,
ηQ) Obtained from a Comparison of Experimental and Simulated
43Ca MAS Spectra of Hydroxyapatite, Carbonated Apatite, and
Bovine Cortical Bone Samples

δiso (ppm) CQ (MHz) ηQ

Hydroxyapatite:
Ca II 14 2.6 0.6
Ca I 2 2.6 0.4

Carbonated Apatite (5%):
Ca II 13 2.6 0.6
Ca I 0 2.6 0.4

Carbonated Apatite (10%):
Ca II 11.5 2.6 0.6
Ca I -2 2.6 0.4

BoVine Cortical Bone:
Ca II 10 4 0.6
Ca I -2 4 0.4
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bone sample to be the same as that observed for 10% carbonated
apatite sample, a CQ value of 4 MHz was obtained for the
cortical bone sample. The chemical shift values of Ca-I and
Ca-II were also determined by comparing the experimental and
simulated spectra and are very close to that observed for 10%
carbonated apatite (Table 1). These chemical shift values suggest
the presence of carbonate ions around the calcium sites in
cortical bone, which is consistent with previous reports on the
presence of ∼7% carbonate ions in the bone matrix.41 On the
other hand, a large quadrupole coupling constant (CQ ) 4 MHz)
observed from cortical bone could be attributed to the poor
crystalline nature of the bone mineral sample as compared to
carbonated apatite samples. In addition, interaction between
calcium and a protein in bone could also contribute to the
observed difference in quadrupole coupling values between these
samples. This interpretation is consistent with a model proposed
from a crystallography study on porcine osteocalcin which
revealed the coordination of negatively charged side chains of
aspartic acid and carboxylated glutamic acid residues with
calcium in a hydroxyapaptite crystal lattice.47 In this context,
our results indicate that the 43Ca quadrupole coupling constant
is highly sensitive to protein-calcium binding in bone. Therefore,
the use of MAS NMR experiments to measure 43Ca quadrupole
coupling constant could provide insight into the recognition of
the bone mineral by proteins in the biological processes of bone.

The use of 43Ca NMR to obtain high-resolution insight into
the nature of protein-calcium interactions is severely limited
by the poor S/N observed from bone samples. However, we
have made the first attempt to use 43Ca NMR experiments to
probe the chemical nature of the interaction between a bone
protein and bone minerals. For this purpose, we prepared two
different samples: the first sample (denoted as deproteinated
bone sample) was prepared by removing all proteins from a
cortical bone powder sample while the second sample (denoted
as osteocalcin-bone sample) was prepared by mixing osteocalcin
with a 43Ca-enriched carbonated apatite. The natural-abundance
43Ca NMR of the deproteined bone sample is shown in Figure
1d (second column). While the S/N ratio of the deproteinated
bone sample is low (Figure 1d (second column)), the frequency
distribution of the spectral line more closely resembles that of
the untreated cortical bone (Figure 1e (second column)) than
that of the model compounds (Figure 1a-c (second column)).
The low S/N ratio is due to the less sample volume used to
obtain this spectrum when compared to other samples.

Triple-Quantum 43Ca Solid-State MAS NMR Provides Evi-
dence for Osteocalcin Binding to Calcium Sites. A one-dimen-
sional natural-abundance 43Ca MAS spectrum of 5% carbonated
apatite is given in Figure 1b (second column) while that of a
mixture of bone protein osteocalcin and 43Ca-enriched carbon-
ated apatite is shown in Figure 2a (solid line spectrum). A
simulated spectrum that fits well with the experimental spectrum
of 5% carbonated apatite sample (see the simulated spectrum
given in dashed lines in Figure 1b (second column)) is also
shown in Figure 2a (dashed lines spectrum) for a comparison.
From the comparison of the simulated and experimental spectra
in Figure 2a, it is clear that the addition of bone protein
osteocalcin to carbonated apatite significantly broadens the 43Ca
NMR spectrum and also generates some extra peaks in the
spectrum as the spectrum is shifted high field. The observed
line broadening in 43Ca MAS spectra may in general be
attributed to the unaveraged higher-order quadrupole coupling

interaction. Therefore, to achieve a better resolution on the 43Ca
NMR spectrum of the carbonated apatite sample containing
osteocalcin, a 2D triple-quantum MAS (3QMAS) experiment46

was performed and the resultant spectrum is shown in Figure
2b. Since natural-abundance 43Ca 2D NMR experiments require
a very long signal averaging (∼200 h are estimated for a bone
sample), a synthetically obtained 43Ca-enriched (57.9%) carbon-
ated apatite was used to prepare the sample containing osteo-
calcin that was used in the 2D MQMAS experiment. The 2D
spectrum displays well-resolved spectral lines and clearly shows
two high intensity peaks at -0.1 and -6.7 ppm from Ca-I and
Ca-II sites in carbonated apatite with a intensity ratio Ca-I/Ca-I
I) 3:4. This observed intensity ratio from the sample containing
osteocalcin is similar to that measured from a 5% carbonated
apatite powder sample.34 On the other hand, two other relatively
lower intensity peaks at 2.4 and 9.5 ppm (see Figure 2b) are

(46) Frydman, L.; Harwood, J. S. J. Am. Chem. Soc. 1995, 117, 5367.
(47) Hoang, Q. Q.; Sicheri, F.; Howard, A. J.; Yang, D. S. C. Nature 2003,

425, 977–980.

Figure 2. Calcium-43 MAS experiments probing the interaction of
osteocalcin bone protein with calcium sites in 5% carbonated apatite. (a)
One-dimensional 43Ca MAS spectrum of 43Ca-enriched carbonated apatite
containing osteocalcin protein at room temperature (solid line in black),
simulated spectrum of 5% carbonated apatite (dashed lines in red color;
same as in Figure 1b of the second column), and simulated spectrum of
cortical bone (dashed lines in blue color; same as in Figure 1e of the second
column). (b) Two-dimensional MQMAS spectrum that correlates the 43Ca
chemical shift and a triple-quantum frequency of 43Ca-enriched carbonated
apatite powder sample containing osteocalcin protein at room temperature.
Five and 10 µs were the length of the excitation and the conversion radio
frequency pulses, respectively. The 2D spectrum is the resultant of 16 t1
experiments, 61 440 scans, a 0.5 s recycle delay, and a 10 kHz sample
spinning speed. The 1D spectrum was obtained using a single pulse sequence
with a 90° pulse length of 2 µs, 512 000 scans, a recycle delay of 250 ms,
and a 10 kHz sample spinning speed. (c) The two calcium coordination
environments in carbonated apatite.
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also observed from a sample containing osteocalcin; these
additional peaks are not present in a 2D spectrum of 5%
carbonated apatite powder sample containing no osteocalcin.35

Therefore, the observation of these additional peaks is most
likely due to the binding of the bone protein osteocalcin to both
calcium sites. The observed significant change in the chemical
shift values (-0.1 and -6.7 without and 2.4 and 9.5 ppm with
osteocalcin samples) and the large quadrupole coupling constant
(see Table 1) most likely due to the coordination of negatively
charged side chains of aspartic acid and carboxylated glutamic
acid residues with calcium in a hydroxyapaptite crystal as shown
in a previously reported model from a crystallography study.47

However, the detailed information about the binding between
osteocalcin and carbonated apatite is still limited by the low
resolution of 43Ca spectra.

More solid-state NMR experiments such as 43Ca-13C RE-
DOR (Rotaional-Echo Double-Resonance)48 could be performed
to obtain the distance between 43Ca in the bone matrix and 13C
atoms in the bone protein osteocalcin; since natural-abundance
43Ca-1H REDOR and 43Ca-13C TRAPDOR (TRAnsfer of
Population DOuble Resonance) were recently demonstrated, it
is possible to use such MAS experiments to measure interatomic
distances from bone to understand the protein-calcium interac-
tions in bone.36 In addition, a combination of experimental and
quantum chemical calculation approach to characterize the
magnitudes of the principal components of 43Ca chemical shift
anisotropy tensor and its orientation with respect to quadrupole
coupling tensor from model systems to mimic the interaction
of calcium sites with bone proteins would provide insights into
the coordination chemistry around the calcium sites in bone.37

It may also be fruitful to apply double quantum MAS experi-
ments to extract structural information on the bound osteocalcin,
as demonstrated for statherin proteins bound to hydroxy-
apatite.49-51 Most of these sophisticated solid-state NMR
experiments require bone proteins to be labeled with13C and
15N isotopes and are beyond the scope of this study.

Conclusions

In this study, we have analyzed the calcium coordination
environment of bovine cortical bone and model compounds of
for bone mineral, including hydroxyapatite and carbonated
apatite using 43Ca 1D MAS and 2D 3QMAS NMR experiments.

To the best of our knowledge, this study reports the first natural-
abundance 43Ca NMR spectrum of a bovine cortical bone
specimen sample and it identifies two different calcium sites
with a 4:5 ratio. We found that the quadrupole coupling
parameters measured from the 43Ca spectrum of the cortical bone
sample are significantly larger than those of hydroxyapatite and
carbonated apatite due to the presence of additional ions in the
cortical bone. We have also demonstrated the use of 2D 3QMAS
experiment to probe the interaction of osteocalcin binding with
carbonated apatite. Protein-bound and free calcium sites in the
sample significantly differ in the observed 43Ca NMR chemical
shifts from 2D 3QMAS experiments. We believe that the
findings reported in this study will be useful in probing structural
changes in the calcium environment accompanying bone
mineralization as well as the bone formation processes. This
successful demonstration of 43Ca NMR experiments on osteo-
calcin samples could also enable an investigation of the
interaction of noncollagenous bone proteins with bone minerals
and organic matrix. We hope that our study would encourage
the use of other cutting-edge solid-state NMR MAS techniques
to investigate the high-resolution structure of bone minerals,
the interaction between proteins and bone minerals, and the
chemical changes in bone. Natural-abundance 43Ca solid-state
NMR in general and its applications to structural studies of bone
in particular will significantly benefit from the use of highest
possible magnetic field NMR spectrometers,52 low temperature
experiments,53 and other successful solid-state NMR tech-
niques.54
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