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ABSTRACT

Recognition of bone mineral by bisphosphonates is crucial to their targeting, efficacy, therapeutic and
diagnostic applications, and pharmacokinetics. In a search for rapid and simple NMR approaches to
assessing the bone recognition characteristics of bisphosphonates, we have studied alendronate, pamidr-
onate, neridronate, zoledronate and tiludronate, in crystalline form and bound to the surface of pure bone
mineral stripped of its organic matrix by a simple chemical process. 3'P NMR chemical shift anisotropies
and asymmetries in the crystalline compounds cluster strongly into groupings corresponding to fully pro-
tonated, monoprotonated, and deprotonated phosphonate states. All the mineral-bound bisphosphonates
cluster in the same anisotropy-asymmetry space as the deprotonated phosphonates. In *C{3!P} rota-
tional echo double resonance (REDOR) experiments, which are sensitive to carbon-phosphorus inter-
atomic distances, the strongly mineral-bound alendronate displays very similar conformational and
side chain dynamics to its crystalline state. Pamidronate and neridronate, with shorter and longer side-
chains, respectively, and generally weaker mineral binding, display more dynamical sidechains in the
mineral-bound state. The REDOR experiment provides a simple rationalization of bisphosphonate-min-
eral affinity in terms of molecular structure and dynamics, consistent with findings from much more
labour- and time-intensive isotope labelling approaches.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bisphosphonates (typified by the structures of the bisphospho-
nates in this study in Fig. 1) provide an important drug therapy for
diseases of inappropriate bone resorption, including osteoporosis,
myelomas and bone metastases, and Paget’s disease of bone [1].
Moreover, their ability to bind highly selectively to bone mineral
in the mammalian body has meant that, conjugated to other ac-
tives, they also have actual and potential uses as vehicles for bone
targeting of therapeutic and imaging radioisotopes, antibacterials,
and antineoplastics [2]. Their use in treating chronic resorptive dis-
eases like osteoporosis relies on relatively long-term binding of the
bisphosphonate molecules to bone mineral and subsequent inter-
ference with the cellular processes of bone resorbing osteoclasts
[3-6]; their interactions with the target farnesyl pyrophosphate
synthetase (FPPS) have been studied by NMR [7]. Their beneficial
effect in demineralizing diseases may also be partly attributable
to inhibition of osteoblast apoptosis [8,9]. Weaker bone-binding
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molecules also have clinical usefulness [10] and indeed there are
contexts, such as in pediatric use, in which strong bone binding
may actually be undesirable.

There is thus intense interest in developing methods to probe
the nature of the bisphosphonate-bone mineral recognition and
binding mechanisms [11,12]. In particular, recent solid-state
NMR studies have given crucial insight into how several bis-
phosphonate species bind to human bone material and their con-
formations and dynamics [13,14]. These studies depend on '3C,
5N and 2H labelled bisphosphonates bound to untreated human
bone; the isotopic enrichment of the bisphosphonates allowed
their respective NMR signals to be visible against the background
of natural abundance signals arising from organic components in
the bone, primarily type I collagen. Enrichment enabled '>C{'°N}
TEDOR (transferred echo double resonance) experiments to probe
the conformations of the bone-bound bisphosphonates, and 2H
NMR their dynamics. Such approaches involving multiple synthe-
ses of stable isotope-enriched compounds, while extremely ele-
gant, are not practical for screening new bisphosphonates for
mineral binding propensity and characteristics within the
demanding timescales of a commercial drug discovery or develop-
ment programme.

The main impediment to applying solid-state NMR to study the
structural aspects of bisphosphonate-bone recognition is (as
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Fig. 1. Chemical structural formulae of the five bisphosphonates studied.

already alluded to) the strong natural abundance signals from bone
biopolymers. Another method besides isotope enrichment of cir-
cumventing this is by studying bisphosphonates complexed with
synthetic hydroxyapatites [12], and thermodynamic insights into
binding affinities have been obtained in this way [11]. However
synthetic hydroxyapatites do not closely mimic native bone min-
eral in several respects. First, they do not reproduce the numerous
substitutions of different biological cations (e.g. sodium, magne-
sium) and anions (e.g. carbonate, chloride) into the ideal (Ca;o(-
PO4)s(OH),) structure. Second, and probably more importantly,
the surface of bone, the structure of which is clearly a crucial deter-
minant of bisphosphonate binding, is more heterogeneous,
hydrated, and poorly ordered than typical synthetic hydroxyapa-
tites [15,16] and is certainly not well represented by the surface
of the latter.

There is ample evidence that bisphosphonates bind to bone
mineral via the two phosphonate groups and possibly also via
the hydroxyl group (when present) on carbon 1 [17,18]. The en-
thalpy of binding via the phosphonate groups is clearly dependent
on their charge and thus protonation state; the hydroxyl group is
more likely to be involved in hydrogen bonding to mineral surface
entities. In bisphosphonates with a terminal amine group, there is
evidence that this group also binds to the bone mineral [19],
anchoring the bisphosphonate molecular conformation, which af-
fects the entropy of binding. There are thus two features of partic-
ular importance when screening the bone mineral-binding
properties of a new bisphosphonate: (i) the protonation state of
the phosphonate groups when the molecule is bound to bone min-
eral and (ii) the conformation of the bound molecule. Quantum
mechanical calculations [20] have suggested that the >'P chemical
shift tensor of the phosphonate groups is highly sensitive to pro-
tonation state, in contrast to the chemical shift. '*C{*'P} REDOR
spectra of bisphosphonate bound to mineral in intact bone would,
of course, be dominated by signals from the organic matrix in bone
(primarily collagen), making the much smaller signals from the
bisphosphonate difficult to extract with any certainty.

In this work, we present a straightforward method of determin-
ing the protonation state of the phosphonate groups in mineral-
bound bisphosphonates, by measurements of 3'P chemical shift
anisotropies, and show how '3C{3'P} REDOR can be used to exam-
ine the conformation of bone mineral-bound bisphosphonate,
using natural abundance levels of '3C. The organic matrix is not
strongly relevant to studies of molecules binding to bone mineral;
and hence in this work, we use bone from which the organic matrix
has been removed by chemical digestion. Powder X-ray diffraction
(pXRD), 3'P NMR, and two-dimensional 'H-3'P heteronuclear cor-
relation spectra [15,21] show that the resulting bone mineral is
broadly similar to that in intact bone, suggesting that it represents
a realistic substrate for examining the binding of bisphosphonates.
Furthermore, our '*C{3'P} REDOR results lead to conclusions in
agreement with those of the earlier >*C{*°N} TEDOR study utilizing
labelled bisphosphonates on intact bone [14], again suggesting
that our relatively simple approach produces meaningful and valu-
able results.

2. Materials and methods
2.1. Bone mineral

Bone mineral was produced from equine bone by powdering
the bone in a laboratory ball mill and then digesting the powder
for several weeks in concentrated sodium hydroxide and sodium
hypochlorite to remove the organic collagenous matrix. The free
mineral was then filtered, washed thoroughly with distilled water,
dried in air, and stored at —20 °C. Loss of collagen and other matrix
macromolecules was confirmed by their disappearance from the
13C CP-MAS NMR spectrum.

2.2. Bisphosphonates

Monosodium alendronate trihydrate, disodium pamidronate,
and neridronic acid were purchased from Sigma. Disodium tiludr-
onate was synthesized by Sanofi-Aventis using described proce-
dures [22]. Disodium zoledronate was donated by Novartis. All
compounds were used without further purification.

2.3. Mineral-bound bisphosphonates

Bisphosphonates (ca. 0.1 mmol) were dissolved in ca. 5 ml
water and pH adjusted to neutral with dilute NaOH or HCI; nerid-
ronic acid was sparingly soluble in water but was solubilized by
addition of the base. To each solution about 100 mg of dry bone
mineral was added, the mixture was allowed to stand overnight
at 4 °C, filtered, washed several times with distilled water to re-
move bisphosphonate not strongly bound to mineral surface, and
the resultant bisphosphonate-bone mineral complexes dried in
air at room temperature.

2.4. NMR measurements

All experiments were performed on a Bruker 400 MHz Avance
spectrometer operating at a 'H frequency of 400.1 MHz, 3'P fre-
quency of 161.9 MHz and '3C frequency of 100.5 MHz.

31p chemical shift anisotropy measurements were made on one-
dimensional CP-MAS spectra of all the bisphosphonates in the
spectra of which structurally inequivalent 3'P signals are well re-
solved, at MAS rates between 4 and 6 kHz. CP from 'H to 3P was
effected with a 2.5us 'H n/2 pulse followed by 5ms 'H-3'P
cross-polarization contact, then high-power TPPM 'H decoupling
with a field strength of 100 kHz during acquisition. The exception
is pamidronate (in the 3'P spectrum of which two structurally
inequivalent signals are fortuitously overlapped) for which the
powder-sideband correlation pattern approach [23] was used.
Here, the 3'P MAS-CSA spectrum of pamidronate was recorded at
a spinning rate of 5750 Hz and with the CSA-recoupling sequence
in t; having an anisotropic scaling factor of ya = 0.1797, giving an
w1 spectral width of 32 kHz. The basic CSA-recoupling pulse unit
in t; consisted of six m-pulses in three rotor periods. There were
20 t1 complex data points collected, with 150 scans per point using
a cogwheel phase cycling scheme [24]. The 'H-3'P ramped cross-
polarization contact time was 5ms with a 'H field strength of
78 kHz. The 3'P n-pulse length was 5.9 ps, and the 'H w/2-pulse
length was 3.2 ps. High-power TPPM proton decoupling was ap-
plied throughout with a field strength of 78 kHz. Recycle delays
of 65 and 2 s, respectively, were used for the crystalline and for
the mineral-bound materials.

13¢31p} REDOR measurements were performed on a standard
Bruker triple-resonance magic-angle-spinning probe using 4-mm
zirconia rotors. Samples were packed in the middle one-third of
the rotor, the rest of the rotor being packed with Teflon tape. For
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alendronate and neridronate, the sample spinning rate was
12.5 kHz; for pamidronate, it was 8 kHz. The 'H 7/2 pulse length
was 2.5 ps, 'H-13C cross-polarization contact time, 4 ms and the
31p n-pulse length, 8.1 ps. High-power TPPM 'H decoupling was
applied with a field strength of 100 kHz. The number of rotor cycles
of the REDOR sequence was varied to give the dephasing times
shown in the figures. The number of scans was also varied between
experiments, the effect of which is seen in the error bars. The re-
cycle delay was 2 s for mineral-bound bisphosphonates and 6 s
for crystalline bisphosphonates, with the exception of pamidronate
for which it was 10 s for the pure crystalline material. To construct
the dephasing curves, the intensity was integrated over the peak
widths shown in the figures, and the ratio of the dephased inten-
sity to the reference intensity was calculated. The errors were cal-
culated from the standard deviation in the noise.

3. Results and discussion
3.1. 3'P chemical shift anisotropy measurements

Chemical shift anisotropy (CSA) has its origin in the fact that the
NMR shielding of a given atomic nucleus is a function of local elec-
tronic structure and distribution, which in turn depends on the
molecular scaffold surrounding it, and the orientation of this scaf-
fold with respect to the external polarizing (Bo) field of the NMR
magnet (see any solid-state NMR textbook such as Duer [25] for
a discussion of theory and relationship of CSA to molecular struc-
ture). The CSA characteristics of every NMR-active nucleus in a so-
lid are a fundamental property of the structure of that solid and can
give valuable insights into this structure. Moreover, the CSA is
fairly easy to extract from simple non-overlapped spectra, such
as those of all the crystalline bisphosphonates studied except
pamidronate, by side band analysis at moderate spinning speeds.
It is convenient to define the CSA in terms of three parameters,
the (familiar) isotropic chemical shift dis, (Which is what is ob-
served in the standard MAS experiment), an anisotropy ¢ (in units
of ppm), and a dimensionless asymmetry parameter #; { and 5 are
effectively independent of d;5, and so are useful parameters for
comparing the CSA characteristics of nuclei with different J;s.

The 3'P chemical shift anisotropies and asymmetries for the
crystalline bisphosphonates shown in Fig. 1 were measured as de-
scribed elsewhere [26-28] and are shown in Table 1 (error esti-
mates in parentheses are Cramer-Rao upper bounds [29]). The
protonation state of all these bisphosphonates in their crystalline
form is known from X-ray diffraction structural analysis [30,31]
or is obvious from their counterion stoichiometry. Fig. 2 shows a
scatter plot of chemical shift anisotropy { versus asymmetry #;
there is a clear correlation between these chemical shift parame-
ters and protonation state, and these clusterings are colour coded.
Moreover, the groupings are very well separated, so that knowl-
edge of the chemical shift anisotropy and asymmetry should allow
a confident assignment of protonation state.

Bisphosphonate-bone mineral complexes give rise to a single
broad bisphosphonate 3'P NMR signal at about 20 ppm (relative
to 85% phosphoric acid at 0 ppm) and well resolved from the 3'P
signal from bone mineral itself (between 2 and 3 ppm). 3'P spectra
of the mineral-bound bisphosphonates are compared to those of
the respective crystalline bisphosphonates in Fig. 3; they are very
similar to those already published [12,14], with the bisphospho-
nates contributing a single broad signal to high frequency of the
mineral signal. Table 2 lists the room temperature chemical shift
anisotropies and asymmetries measured for these bisphospho-
nates bound to native bone.

Of course in whole bone, there is a significant possibility that
native organic matrix components will compete with pharmaco-
logical bisphosphonates for mineral binding and that therefore

Table 1

Experimental >'P chemical shift parameters for the five crystalline bisphosphonates
studied. d;5, — Isotropic chemical shift referenced to external 85% phosphoric acid at
0 ppm; { - chemical shift anisotropy; 1 — asymmetry. These are defined as follows in
terms of the three principal values of the chemical shielding tensor dy, dyy and d..:
Siso = 1/3(Sxx + Oyy + 022); (=022 — Sisoy N =(Sxx — Oyy)[{. See Ref. [23] for an extensive
discussion of the fitting procedures and the estimation of the Cramer-Rao upper
bound error limits shown in parentheses.

Bisphosphonate Protonation Siso { (ppm) n
state (ppm)
Pamidronate De 20.5 68.0 (0.1) 0.24(0.01)
(disodium) Mono 20.5 -83.2(0.2) 0.99(0.01)
Alendronate Mono 22.1 69.9 (0.2) 0.72(0.01)
(monosodium) Mono 17.4 -77.4(0.4) 0.88(0.02)
Neridronate (free Bis 239 —60.1 (0.2) 0.54(0.02)
acid) Bis 21.6 —66.9 (0.2) 0.46 (0.02)
Mono 18.2 53.2(0.2) 0.83(0.02)
Mono 121 64.0 (0.1) 0.96 (0.01)
Zoledronate Mono 171 —80.4 (0.8) 0.99 (0.02)
(disodium) Mono 13.8 78.4 (0.4) 0.84(0.01)
De 10.7 74.8 (0.4) 0.35(0.02)
De 8.7 73.5(0.4) 0.55 (0.02)
Tiludronate Mono 20.8 —75.3(0.2) 0.90 (0.02)
(disodium) Mono 17.2 —71.6 (0.6) 0.97 (0.02)

our experiments using stripped bone mineral are unrepresentative.
To address this important point, we repeated all the experiments
just described with a complex formed between zoledronate and
native bone; results were indistinguishable from those obtained
on the zoledronate-mineral complex suggesting that the organic
matrix in native bone is not an effective competitor for bisphosph-
onate-binding sites. Moreover, in order to rule out the possibility
that molecular dynamics of a mineral-bound bisphosphonate at
room temperature are partially averaging the shielding interaction,
the measurements were repeated at 273 K for alendronate, zoledr-
onate, and tiludronate and at 223 K for zoledronate; no differences
in the chemical shift parameters were detected, suggesting that the
phosphonate groups at least are static on the NMR timescale.

Both the chemical shift anisotropy and asymmetry fall within a
relatively narrow range for all the mineral-bound bisphosphonates
studied, corresponding to the region expected for the fully depro-
tonated state. It would seem therefore that the primary factor
affecting the chemical shift anisotropy and asymmetry in these
molecules is their protonation state. Other factors, such as molec-
ular structure, degree of hydrogen bonding, and other inter/intra-
molecular interaction must have an effect of course, but these
considerations would seem to play a more minor role. This is not
surprising. In terms of geometrical structure, the phosphonate
geometry is unlikely to deviate significantly from tetrahedral
around the 3'P. In terms of electronic structure, the electron distri-
bution in the P-O bonds will be most influenced by the net charge
on the phosphonate group which in turn is dominated by the pro-
tonation state.

3.2. 3Cf'P} REDOR measurements

The rotational echo double resonance (REDOR) experiment is a
powerful technique for obtaining a measure of interatomic dis-
tances in crystalline and non-crystalline solids [32]. Briefly, the
method recouples the through-space interaction between nuclear
magnetic dipoles, which is usually removed in conventional so-
lid-state NMR experiments by magic-angle-spinning because it is
a significant source of spectral broadening and degrades resolution.
This is effected by applying a series of rotor-synchronized radiofre-
quency pulses at the resonance frequency of one of the interacting
elements (>'P in this case) while observing the signals from the
other (3C in this instance). In practice, the experiment is
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Fig. 2. Scatter plot of the distributions of *'P chemical shift asymmetry (1) against anisotropy (¢) (left hand panel) and against isotropic chemical shift (d;s,) (right hand panel).
The colour coded regions correspond to the state of the relevant phosphonate group as follows: red - fully deprotonated, green - monoprotonated, yellow - bis-protonated;
the blue regions correspond to mineral-bound bisphosphonates. Individual compounds are identified by letters on the scatter plots as follows: A - monosodium alendronate;
P - disodium pamidronate; N - neridronic acid; Z - disodium zoledronate; T — disodium tiludronate. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 3. >'P CP-MAS spectra of the crystalline bisphosphonates (left hand traces) and
spectra of the respective bisphosphonates bound to bone mineral (right hand
traces) in which the single broad bisphosphonate signal is asterisked. (Crystalline
disodium zoledronate is a mixture of two distinct hydrate forms, which accounts for
the signal multiplicity.)

performed in two stages; a reference spectrum is acquired without
the 3'P-'3C coupling, then a REDOR spectrum is acquired in which
the rotor-synchronized pulses on the 3'P channel have restored
this coupling. The effect is best appreciated by overlaying the ref-
erence and REDOR spectra. The internuclear dipole-dipole cou-
pling manifests as a decrease in 'C intensity on the part of those

Table 2

Experimental 3'P chemical shift parameters for the five bisphosphonates bound to
bone mineral. Symbols have the same meaning as in Table 1. Quoted values are
means, which are likely to reflect some range of values due to heterogeneity of
binding geometry.

Bisphosphonate complexed to bone Jiso {(ppm) 1
mineral (ppm)
Pamidronate 17.5 64.5 0.42
(0.4) (0.04)
Alendronate 18.5 62.2 0.50
(0.4) (0.02)
Neridronate 19.1 61.0 0.57
(0.6) (0.04)
Zoledronate 15.2 69.8 0.41
(0.6) (0.04)
Tiludronate 15.7 65.8 0.53
(0.8) (0.04)

13C signals in close proximity to >'P, a phenomenon referred to
as dephasing. The dipole-dipole coupling between two neighbour-
ing spins is inversely proportional approximately to the sixth
power of the distance between them, and the dependence of the
amount of dephasing on recoupling time can, in favourable cases
of isolated spin pairs, be analyzed to yield accurate interatomic dis-
tances. The 100% natural abundance and high NMR receptivity of
the NMR-active 3!P isotope of phosphorus makes it a particularly
attractive, non-perturbing, and readily available REDOR “probe”
nucleus of interatomic distances, and hence potentially molecular
conformation and intermolecular interactions, in biological and
pharmacological systems where it is naturally present [15,33]. It
makes the REDOR method particularly attractive in qualitative
and comparative investigations into the conformation and mecha-
nisms of action of the bisphosphonates. Quantitative analysis is
challenging, however, and has not been pursued, because the pres-
ence of two 3'P spins in any bisphosphonate structure means that
as far as phosphorus-carbon interactions are concerned the ideal
“isolated spin pair” condition is never fulfilled. Moreover, in the
crystalline materials at least, the presence of intermolecular as
well as intramolecular dipole-dipole interactions introduces a fur-
ther level of complexity. Rationalizing the REDOR behaviour quan-
titatively for any of the crystals is not within the scope of this work.
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Alendronate, pamidronate, and neridronate all bind to bone
mineral, with alendronate binding most strongly and neridronate
least [1,6]. As they only differ by the length of the carbon chain be-
tween the phosphonate groups and terminal amine, they represent
a useful homologous series to gain some insight into the factors,
which affect the strength of binding.

3.2.1. Alendronate

Typical 3C{>'P} REDOR data are shown in Fig. 4, obtained on
crystalline monosodium alendronate and alendronate bound to
bone mineral. Dephasing curves for the '3C sites in crystalline
alendronate and alendronate bound to bone mineral derived by
digesting native bone are shown in Fig. 5. Even without reference

OH

Overlap with N
signal fromborje ]

Fig. 4. >C{?'P} REDOR data from crystalline monosodium alendronate (top) and
alendronate bound to bone mineral (bottom). Each red trace is a reference '>C
spectrum acquired with the 3'P-'3C through-space magnetic dipole-dipole inter-
action inactive, while each black trace was acquired under identical conditions to
the red trace which it overlays, except that the phosphorus-carbon dipole-dipole
interaction is activated by the REDOR procedure (for 2.6 ms in each case shown).
Signals from structurally different carbon atoms lose intensity, i.e. dephase, under
REDOR recoupling to a greater or lesser extent depending on whether they are close
to or distant from neighbouring phosphorus atoms. Dashed vertical lines represent
low field and high field limits between which integration of individual peaks was
performed. The region in the spectrum from bone mineral highlighted in red
contains the signal from lipid included in the mineral, which does not respond to
REDOR and which was excluded from the integrals of the bisphosphonate peaks.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

to the X-ray crystal structure of alendronate [30], the dephasing
characteristics of each carbon atom relative to one another are con-
sistent with structure; '*C{3'P} REDOR curves simulated according
to the '3C-3'P intramolecular distances determined from this
structure agree well with the experimental curve for the crystalline
compound (not shown). As Fig. 5 shows, there is a high degree of
similarity between the experimental REDOR curve for the pure
crystalline material and that for the mineral-bound molecule. This
suggests a very similar molecular geometry in both cases; and
moreover, no molecular dynamics on the NMR timescale, as any
reorientational motion of the molecule or part of it would reduce
the effective 13C-3'P dipolar couplings and result in slower dephas-
ing on the REDOR curves. This suggests that the bisphosphonate
not only binds via the phosphonate groups but also binds via the
terminal amine group, anchoring the molecular conformation. Pre-
sumably in solution, prior to binding, the C3 chain of the alendro-
nate molecule is relatively mobile, so binding to bone mineral
and consequent loss of this mobility constitutes a significant loss
of entropy.

3.2.2. Pamidronate

The >C{3'P} REDOR dephasing curves for pamidronate in pure
and mineral-bound form are shown in Fig. 6. Mukherjee et al.
[14] propose that the carbon chain in bone-bound pamidronate
adopts a gauche conformation, presumably so that the terminal
amine group can interact with the mineral surface as well as the
phosphonate groups. The REDOR dephasing curves in Fig. 6 shows
strong similarity between the crystalline pamidronate (crystal
structure [31]) and mineral-bound pamidronate for all 13C except
C-3, which shows slightly more rapid dephasing in the initial part
of the REDOR curve than in the crystalline form, which would be
expected if the mineral-bound molecule does indeed adopt a
gauche conformation, although the difference between the curves
is relatively small within the level of error. If such a conformation
does indeed occur, it would explain why pamidronate binds less
strongly to bone mineral than alendronate. The large differences
between the curves for the crystalline and mineral-bound mole-
cules for C-2 are largely due to the fact that the !3C signal for this
site is overlapped with a residual lipid signal from the bone min-
eral in the mineral-bound form, so extraction of the C-2 signal
intensity with any degree of certainty is difficult.

3.2.3. Neridronate

13¢{3'P} REDOR data for neridronic acid and mineral-bound
neridronate are typified in Fig. 7, and derived dephasing curves
are shown in Fig. 8. The crystal structure of the polymorph we
are working with is unknown, but as Fig. 7a shows, there are (at
least) two molecules in the asymmetric unit, as there are two sig-
nals for most '3C sites. (Although a crystal structure for neridronic
acid has been determined [34], its predicted X-ray powder diffrac-
togram is inconsistent with that of the polymorph we are studying;
data not shown.) The signals from C-4 and C-5 in the mineral-
bound sample are overlapped with the residual lipid signal in the
bone mineral and so the REDOR curves for these signals are impos-
sible to extract with any degree of accuracy. Nevertheless, the RE-
DOR dephasing curves from the other '3C sites provide very useful
information. C-3, C-6, and to some extent C-2 show much slower
dephasing for the mineral-bound molecule than the crystalline
form, suggesting significantly weaker '>C-2'P dipolar couplings
in the mineral-bound molecule than in the pure crystalline form.
This is consistent with the terminal amine being unbound, or
bound in a manner which still leaves the hydrocarbon chain rela-
tively free to move, resulting in partially averaged 3*C->'P dipolar
couplings. The enthalpy penalty of poor amine binding might help
explain why neridronate binds much less strongly to bone than
alendronate and pamidronate. As for why the terminal amine
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Fig. 5. '>C(3'P} REDOR dephasing curves for crystalline monosodium alendronate
(solid lines) and for alendronate bound to bone mineral (dashed lines). Curves are
colour coded as follows: green C-1, brown C-2, mauve C-3, red C-4. Each data value
is the intensity of the respective signal in the REDOR spectrum (S) relative to its
intensity in the reference spectrum acquired for the same dephasing time (Sp). For
additional clarity, traces have been labelled with the respective carbon atom. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. "*C{*'P} REDOR dephasing curves for crystalline disodium pamidronate
(solid lines), and for pamidronate bound to bone mineral (dashed lines), colour
coded as follows: green C-1, brown C-2, mauve C-3. Where necessary the labels on
the traces distinguish between crystalline and mineral-bound signals with the
suffixes (cr.) and (mi.), respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

group does not bind strongly on the NMR timescale, one surmises
that it requires too greater a loss of entropy between the free mol-
ecule and that with both ends of the molecule bound to bone
mineral.

Of course in all cases, it is possible that some of the observed
13¢{31P} REDOR dephasing is attributable to dipole-dipole interac-
tions between the '3C of the bisphosphonate and 3'P in the bone
mineral itself. While this possibility cannot be definitely excluded,
its operation would serve to increase the dephasing in the mineral-
bound bisphosphonates relative to that which is caused only by the
intramolecular '*C-3'P interactions operative in both crystalline
and mineral-bound states. Even were mineral phosphate contrib-
uting to the overall REDOR dephasing seen in the mineral-bound
bisphosphonates, the dephasing is still less than observed in the
crystalline state, maintaining our overall conclusions about molec-
ular dynamics.

OH

(b) : : Overlap with

signal frombone

Fig. 7. ">*C{3'P} REDOR data from crystalline neridronic acid (top) and neridronate
bound to bone mineral (bottom), at a dephasing time of 2.0 ms. Note the presence
of two signals for most of the carbon atoms of crystalline neridronic acid signifying
the presence of at least two non-equivalent structures in the crystallographic unit
cell. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 8. '>C{*'P} REDOR dephasing curves for crystalline neridronic acid (solid lines)
and for neridronate bound to bone mineral (dashed lines), colour coded as follows:
green C-1, brown C-2, mauve C-3, red C-4 and C-5 (unambiguous distinction not
possible), blue C-6. The doubling of some traces from the crystalline material
reflects the presence of two signals for the respective carbon. Measurements for C-4
and C-5 in the mineral-bound form were not possible due to overlap with the signal
from residual lipid in the mineral. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

This work has shown that bisphosphonates can be screened for
their bone mineral-binding potential using relatively straightfor-
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ward NMR techniques available, indeed routine, on many solid-
state NMR instruments in academia, and increasingly within the
pharmaceutical industry, without the need for isotope labelling
or enrichment and using nanoparticulate bone mineral produced
by a simple procedure digesting native bone so as to remove or-
ganic components. Bisphosphonates bind to bone mineral primar-
ily via the phosphonate groups, and protonation state of these is
readily determined by measurements of >!P chemical shift anisot-
ropy and asymmetry. Many bisphosphonates have one or more
additional groups that can potentially bind to bone mineral. The
involvement of these groups in binding can be assessed by
13¢{31P} REDOR measurements on the mineral-bound bisphospho-
nate, which allows the structure of the molecular relative to its
crystalline form to be compared and allows the determination of
which groups are involved in any molecular motion in the min-
eral-bound bisphosphonate. The combination of these two factors
allows ready assessment of which non-phosphonate groups are in-
volved in binding the molecule to the bone mineral. These methods
will assist in rapid screening of future bisphosphonates for their
mineral-binding properties.
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