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Abstract: We report the results of an investigation of the binding of a series of bisphosphonate drugs to
human bone using 2H, 2C, N, and 3!P nuclear magnetic resonance spectroscopy. The 3P NMR results
show that the bisphosphonate groups bind irrotationally to bone, displacing orthophosphate from the bone
mineral matrix. Binding of pamidronate is well described by a Langmuir-like isotherm, from which we deduce
an ~30—38 A2 surface area per pamidronate molecule and a AG = —4.3 kcal mol~. TEDOR of [}3C3, 15N]
pamidronate on bone shows that the bisphosphonate binds in a gauche [N—C(1)] conformation. The results
of 3P as well as N shift and cross-polarization measurements indicate that risedronate binds weakly,
since it has a primarily neutral pyridine side chain, whereas zoledronate (with an imidazole ring) binds
more strongly, since the ring is partially protonated. The results of 2H NMR measurements of side-chain
’H-labeled pamidronate, alendronate, zoledronate, and risedronate on bone show that all side chains
undergo fast but restricted motions. In pamidronate, the motion is well simulated by a gauche*/gauche™
hopping motion of the terminal —CH,—NH3* group, due to jumps from one anionic surface group to another.
The results of double-cross polarization experiments indicate that the NHz*-terminus of pamidronate is
close to the bone mineral surface, and a detailed model is proposed in which the gauche side-chain hops
between two bone PO,3" sites.

1. Introduction

O OH O, OH
 Bisphosphonate drugs such as pamidronate Aredia), HzN\/\go,.?H S A
risedronate Z, Actonel), zoledronate3( Zometa) and alendr- o-F~0H N7 O/,F,’\OH
onate 4, Fosamax) are used to treat a variety of bone resorption OH OH

diseases, such as osteoporosis, Paget’s disease, and hypercal-

cemia due to malignancéyThey are thought to act by inhibiting 1 (pamidronate)

2 (risedronate)

the enzyme farnesyl diphosphate synthassulting in inhibi-

QO OH
OH \
tion of protein prenylation in osteoclasts. In addition to their 0, _OH P-oH
use in treating these diseases, bisphosphonates have also been N~ N/\l/\OH HzN/\/\go"'
foundf to activateyd T cells (containing the Y2Vo2 T cell P~oH o~ 6;0"'
OH

receptor) of the immune system, which then kill tumor célls;
plus, they have direct activity against tumor cell growths
well as the growth of a variety of pathogenic protozead
some bacteridThere is thus interest in studying in more detail
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how bisphosphonates bind to human bone, since this could have
important implications for their future development in oncology
and as anti-infectives, where, in general, bone binding might
be expected to reduce efficacy.

In recent work, several groups have used chromatographic
and other methods to investigate how bisphosphonates bind to
hydroxyapatité 10 one component of bone mineral. However,
because bone contain®25—40% proteiA! (mainly collagen)

10.1021/ja0759949 CCC: $40.75 © 2008 American Chemical Society



NMR of Bisphosphonates on Bone

ARTICLES

and because there are only relatively low levels of hydroxya-
patite present in the mineral phas& (the major component is
carbonatoapatite), it is clearly of interest to probe in a more
direct fashion how bisphosphonates bind to human bone.
Moreover, chromatographic methods give no direct information
on either the static or the dynamic structures of bound
bisphosphonates, or information on their protonation states. It
is likewise unclear whether binding is primarily a physisorption

and analysis. FotH NMR, a solid echo pulse sequence (96- t —

90, —) was used and the signal was left shifted to the echo maximum
prior to data processing.**C NMR chemical shifts were referenced
with respect to the downfield peak of adamantane (taken to be 38.48
ppm from TMS);*®N shifts are reported with respect to a liquid NH
standard taking an external reference of M,-urea in DMSO to be

at 79.4 ppm downfield from NE#2 and3'P NMR chemical shifts were
referenced with respect to an external standard of 85% orthophosphoric
acid. All shifts use the IUPAC convention that high frequency,

process, or involves displacement of phosphate groups by theparamagnetic, downfield or deshielded values are positive. Deuterium
anionic bisphosphonate ligands. Here, we thus report the resultsine shape simulations were carried out by using the Turbopowder

of a series of liquid- and solid-state NMR investigations of the

progranm?*

interactions between bisphosphonates and human bone. Solid- 2.2. Synthesis ofH, $3C, and 1*N-Labeled Bisphosphonates. 2.2.1.

state NMR is an ideal technique with which to investigate the
structures (static and dynamic) of molecules bound to bone

General Procedure:A mixture of a carboxylic acid (1 mmol), $#0;
(5 mmol) and toluene (4 mL) was heated to®Dwith stirring. After

surfaces, and has previously been used to investigate thedll solids melted, POGI(5 mmol) was added slowly and the mixture

structures of bone mineréd!® as well as of a bone-seeking
peptide, statherin, interacting with hydroxyapatité&Ve show
that bisphosphonates bind tightly to human bone (displacing
PQO27); that their sidechains exhibit restricted mobility; that

stirred vigorously at 80C for 5 h25 Upon cooling, the toluene was
decanted, ath6 N HCI (3 mL) was added to the residue. The resulting
solution was stirred for 6 h, after which most of the solvent was removed
in vacua Isopropanol (25 mL) was added to precipitate a 1-hydroxy-
methylene bisphosphonate as a white powder, which was filtered,

protonation states can be observed directly, and that, in the casgyashed with ethanol (5 5 mL), dried, and then further purified by
of pamidronate, the bound drug conformation can be determinedrecrystallization from HO/EtOH. All compounds had satisfactory C

experimentally, leading to a detailed molecular model for
pamidronate-bone binding.

2. Materials and Methods

2.1. NMR Spectroscopy.Solid-state NMR spectra were obtained
by using the magic-angle sample spinning technique using 600 MHz
(*H resonance frequency) Infinity Plus spectrometers (Varian, Palo Alto,
CA) equipped with 14.1 T, 2.0 and 3.5 in. bore Oxford magnets and
Varian/Chemagnetics 3.2 and 4.0 mm T3 HXY probes. ¥6rand
15N NMR experiments, spectra were obtained by using cross-polariza-
tion and with TPPMP® decoupling. Proton decoupled solid-stéte
spectra were recorded with and without (for quantitation) cross
polarization, while liquid-state spectra were acquired with full proton
decoupling. For pamidronate, a two-dimensiokal—13C correlation
spectrum was obtained by using radio frequency driven recoupling
(RFDR) A heteronuclear, broadband double cross polariz&tion
(DCP) experimentt was performed fot3C—3'P chemical shift cor-
relation of pamidronate on bone and TED®Rvas used for N-C
distance determinations, on the same sample.r3| N, and 3P
spectra were obtained &t30 °C, with the exception of the TEDOR
and DCP spectra, which were obtained at@ (to provide a slight
enhancement in sensitivity and minimize the probability of water loss
during the long data acquisition period). All 2D NMR experiments were
processed with NMRPige and Sparks* was used for visualization

(8) Lawson, M. A.; Triffitt, J. T.; Ebetino, F. H.; Barnett, B. L.; Phipps, R. J.;
Locklin, R. M.; Russell, R. G. GJ. Bone Min. Res2005 20, S396.
(9) Nancollas, G. H.; Tang, R.; Phipps, R. J.; Henneman, Z.; Gulde, S.; Wu,

W.; Mangood, A.; Russell, R. G.; Ebetino, F. Bone2006 38, 617—
627.

(10) Robinson, J.; Cukrowski, I.; Marques, H. Nl. Mol. Struct.2006 825
134-142.

(11) Aerssens, J.; Boonen, S.; Lowet, G.; DequekeEntocrinology1998
139 663-670.

(12) Cho, G. Y.; Wu, Y. T.; Ackerman, J. IScience2003 300, 1123-1127.

(13) Kolodziejski, W. New Techniques in Solid-State NMRap. Curr. Chem.
2005 246, 235-270.

(14) Goobes, G.; Goobes, R.; Schueler-Furman, O.; Baker, D.; Stayton, P. S;
Drobny, G. P.Proc. Natl. Acad. Sci. U.S.2006 103 16083-16088.

(15) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys1995 103 6951-6958.

(16) Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, $. Chem. Phys1992
96, 8624-8627.

(17) Hediger, S.; Meier, B. H.; Ernst, R. Rhem. Phys. Letl995 240, 449~
456

(18) Sch'aefer, J.; Mckay, R. A.; Stejskal, E.DMagn. Resorll979 34, 443~
447

(19) Jaréniec, C. P.; Filip, C.; Griffin, R. Gl. Am. Chem. SoQ002 124,
10728-10742.

H, N microanalyses antH solution NMR spectra.

2.2.1.1. 1-Hydroxy-3-aminopropyl-1,1-bisphosphonic Acid3Cs,
15N (Pamidronic Acid-3Cs, 1N). This compound was made froftCs,
15N] B-alanine (Cambridge) (250 mg), following the above general
procedure (205 mg, 45%).

2.2.1.2. 1-Hydroxy-3-aminopropyl-1,1-bisphosphonic Acid-2,2,3,3,-
2H,4 (Pamidronic Acid-d,). This compound was made frofiaalanine-
2,2,3,3%H, (C/DIN Isotopes, Quebec, Canada) (250 mg), following the
above general procedure (225 mg, 50%)

2.2.1.3. 1-Hydroxy-4-aminobutyl-1,1-bisphosphonic Acid-2,2,3,3,4,4-
?He (Alendronic Acid-de). This compound was made from [2,2,3,3,4,4-
2Hg]-4-aminobutyric acid (Aldrich) (250 mg), following the above
general procedure (210 mg, 47%).

2.2.1.4. 1-Hydroxy-2-P’Nj]-imidazol-1-yl)-1,1-bisphosphonic Acid
(**N,-zoledronic Acid). This compound was made from™i,]-
imidazole-1-acetic acid, which was prepared according to a published
proceduré>2¢from [**N_]-imidazole (Cambridge) (260 mg), following
the above general procedure (265 mg, 26%).

2.2.1.5. 1-Hydroxy-2-([2,4,5,6H]-pyridin-3-yl)ethylidene-1,1-
bisphosphonic Acid- (Risedronic Acid-d). [2,4,5,62H4]-3-Pyridiny-
lacetic acid-was prepared according to a published proc&dinoen
[2,4,5,62H,]-3-bromopyridin€?® followed by hydrolysis (1 N DCI,
reflux). [2,4,5,62H,]-risedronic acid was made from the acid obtained
(137 mg) following the above general procedure (185 mg, 65%).

2.2.2. Preparation of Bisphosphonate-Bone Sampleduman bone
tissue (non-demineralized bone powder, gun-shot victim; ¥um
particle size,) was obtained from the Pacific Coast Tissue Bank (Los
Angeles, CA) and was used without further treatment. Typically, 50

(20) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.

Biomol. NMR1995 6, 277—293.

(21) Goddard, T. D.; Kneller, D. G. University of California, San Francisco.

http://www.cgl.ucsf.edu/home/sparky/.

(22) Davis, J. H.; K. R. J.; Bloom, M.; Valic, M. I.; Higgs, T. Ehem. Phys.
Lett. 1976 42

(23) Wishart, D. S.; Bigam, C. G.; Yao, J.; Abildgaard, F.; Dyson, H. J.; Oldfield,

E.; Markley, J. L.; Sykes, B. DJ. Biomol. NMR1995 6, 135-140.

(24) Wittebort, R. J.; Olejniczak, E. T.; Griffin, R. @. Chem. Phys1987, 86,

5411-5420.

(25) Harel, Z.; Kovalevski-Liron, E.; Lidor-Hadas, R.; Lifshitz-Liron, R. Use
of certain diluents for making bisphosphonic acids. World Patent
WO03097655. November 27, 2003.

(26) Gil, M. S.; Cruz, F.; Cerdan, S.; Ballesteros Bfoorg. Med. Chem. Lett.
1992 2, 1717-1722.

(27) Kondo, Y.; Inamoto, K.; Uchiyama, M.; Sakamoto, CThem. Commun.
2001, 2704-2705.

(28) Sirimanne, S. R.; Maggio, V. L.; Patterson, D. &.Lab. Comp. &

Radiopharm.1992 31, 163-174.
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mg of bone powder was suspended in 1 miOHnd the bisphosphonate
was dissolved in 1 mL of BD. The pH of both samples was adjusted

to the pH of interest, and the samples were then mixed, and the pH
adjusted (with concentrated NaOH or HCI) as needed. Samples were
incubated fo 1 h and centrifuged, after which the supernatant was
removed. The bone-bisphosphonate pellets were then washed with 2
mL of Millipore water and packed into NMR rotors. In some cases,
the supernatant solutions were also investigated by solution NMR using
an external NakPO, quantitation standard (doped with 4 FeCl).

Bisphosphonate
Zoledronate (3)

3. Results and Discussion

3.1. Chemisorption of Bisphosphonates to Bonén Figure
1A—D, we show thélP MAS NMR spectra of three different
bisphosphonates: zoledrona®, (pamidronateX), and deoxy-
risedronateX), bound to human bone at pH 7 together with,
inset, the® P MAS NMR spectra of the pure bisphosphonates.

In each case, the bone spectra consist of two sets of resonances
(and their associated side-bands): a sharp feature3gppm
corresponding to orthophosphate in the bone mineral, and a
second, broader and weaker feature~dt5 ppm, due to the
bisphosphonate bound to bone. The bisphosphonate peak is
featureless, unlike those seen in the spectra of the corresponding
crystalline bisphosphonates, and has essentially the same width
and shift at 18, 10%, and 16 ppm loadings, disappearing into
the noise level at-100 ppm (Figures 2AD) No other peaks
were observed. These observations are similar to those made
by Josse et af? who found that zoledronate8) bound to a
variety of calcium phosphate compoundst(icalcium phos-
phate; calcium-deficient apatites), of interest as novel bioma-
terials for drug delivery, with a relatively broad, featureless line
shape?® The lack of any discernible structure would, however,
be consistent with either physisorption or chemisorption. That
is, the bisphosphonates might undergo either relatively weak
electrostatic interactions with the inorganic components of bone,
together with hydrophobic interactions with the collagen
component, or they might be involved in the displacement of
anionic groups (OH, COs?~, and PQ@*"), with the bisphos-
phonate P@groups substituting for these anions in the lattice.
And, of course, both types of interaction might occur. The
“chemical” displacement interaction might be expected to be
more likely, because bisphosphonates are known to have half-
lives in bone on the order of many years; plus, this displacement
mechanlsm would Q'Ve at least a qualitative ex_planatlon of the bisphosphonates bound to bone{B) together with (inset), spectra of the
observation that high levels of RO are required to elute  corresponding crystalline bisphosphonates. All spectra were obtained by
bisphosphonates from hydroxyapatite in chromatographic ad-using cross-polarization followed by TPPM decoupling during data
sorption experimentsThe NMR results support several aspects acquisition. (A) zoledronate on bon2 s recycle, 8192 scans and 10 kHz

. . . . spin speed; (B) pamidronate on bon® s recycle, 1024 scans and
of this strong chemisorption model. First, the overall spans of 13 333 kH spin speed:; (C) deoxy-risedronate on barerecycle, 16384
the chemical shielding tensors ard.20 ppm, similar to those  scans and 10 kHz spin speed; and (D) pamidronate on, Bbagecycle,
seen in crystalline bisphosphona#sndicating no significant 4096 scans and 8 kHz spin speed. All FIDs were processed with 50 Hz
motional averaging of the chemical shift anisotropy. If only 'Iné broadening.
physisorption were involved, then considerable narrowing the
31p spectral width would seem likely, due to fast motion on the
bone surface. Second, an analysis of the supernatants in ou
experiments by solutioA’P NMR shows that there is, in fact,
release of inorganic phosphate on bisphosphonate addition with,
on average,~1.25 bisphosphonates binding per phosphate ™. . . .

with C&* in the bone mineral matrix.

released, essentially the same effect as that seen with the Int tinaly. th f the bisoh h ‘ ; K
synthetic calcium phosphate compounds investigated by Josse nierestingly, the area of Ihe bisphosphonate surtace pea
observed does not correlate in a linear way with the amount of

(29) Josse, S.; Faucheux, C.; Soueidan, A.; Grimandi, G.; Massiot, D.; Alonso, bisphosphonate added to the sample. Rather, our results indicate

Pamidronate (1)

Deoxy -

. (5)
risedronate

40 0 40
3, ppm from H3PO4

Figure 1. 3P MAS NMR spectra (600 MH2H resonance frequency) of

80

et al2® So, bisphosphonates bind in an irrotational manner to
Eone (or, at least, these are no fast, large-angle motions of the
isphosphonate backbone), and this can be attributed, at least
in part, to displacement of inorganic phosphate by at least one
phosphonate group, enabling strong bisphosphonate interactions

B.; Janvier, P.; Laib, S.; Pilet, P.; Gauthier, O.; Daculsi, G.; Guicheux, J.

J.; Bujoli, B.; Bouler, J. M Biomaterials2005 26, 2073-80.
(30) zZhang, Y.; Oldfield, EJ. Phys. Chem. B006 110, 579-586.
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that binding exhibits the type of sigmoid binding behavior seen
with chemisorption, as expected for example by the Langmuir-
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in 1.41 mg of bisphosphonate being bound per 50 mg bone
B sample, from which we deduce that the maximum coverage
corresponds to 4.68 mg of bound pamidronate. Given that the
mineral component of human bone has a surface area area of
~110 nt/gran??-33and that~60—75% of bone is composed of
this mineral component, we can deduce a surface area of
pamidronate on bone as: (bone mineral surface area in sample)/

A
*
JL/J\./*\J

F D (number of pamidronate molecules bourdj110 n?/g x 0.05
C g x (0.6-0.75) x 10?0 A?)/ (6.023 x 10?3 x 0.00468 g/270
g/mol (Na"pamidronateH,O Fwt)) ~30—38 A% molecule. This

*

*
50 0 50 50

value is close to that the 40%Anolecule that can be deduced
from the unit cell dimensions of monosodium pamidrorfite,
and indicates that pamidronate molecules are quite highly packed
on the mineral component of human bone, at high coverage,
: 0 50 although as shown in Figure 1B, th¥ MAS NMR spectra of
6, ppm from H3PO4 8, ppm from H3PO4 crystalline pamidronate are of course quite different. From the
isotherm, we obtail\G = —4.3 kcal mof! for pamidronate

E 3 47- ~ 100 binding to human bone mineral.
e @ This type of chemisorption is only seen at pH 7, and
B’ | g | without any pH control, we find that a separate bisphosphonate
g 3.5 1075 phase can form. For example, addition of the free zwitterionic
o ] T risedronic acid to bone (in #) results in the appearance of
o 284 - 0.50 new resonances at= 15.0, 16.1 ppm, the same as seen in a
o - = . sample of C& -risedronate prepared by adding Ca@o
g 1.2 4 d0.25 risedronate at low pH. X-ray powder diffraction of such samples
o l i at high bisphosphonate loading reveals sharp diffraction peaks
O PO, T
o 00- - J10.00 that are the same as those found if Gasedronate, indicating
m e e et —tr e formation of a new nanocrystalline phase, due to displacement
1E3 001 04 1 10 100 1000 of bone C&". This result is similar to that observed by Josse et
al.?® on zoledronate addition to a calcium phosphate phase, but
BP added(mg) seems unlikely to be of physiological relevance. So, the results

Figure 2. 3P MAS NMR spectra of pamidronate on bone and Langmuir of Figure 2 support the idea that, at pH 7, bisphosphonate
adsorptit(?nrfog‘erlng- (A%v 30}0;&?@0‘):::[2:?;332?- S(OC')Utiion L:Tf?f(’g)‘ ng‘p'e chemisorbs to human bone mineral surface, forming, at high
E;rnengajraf t’)o(n()e miﬁZralsP(;* peak, * = bisphospho?gtey pea(k. (E), Concentr_a_tlons’ a_monqlayer' . . .
Langmuir adsorption isotherm. Y-axis at left indicates mg pamidronate  In addition to displacing Pand interacting with CH, there
bound,y-axis at right indicate# (¢ = 1 for monolayer coverage). is also now evidence for the importance of the 1-OH group on
the bisphosphonate backbone in binding to hydroxyaphtite,
well as the importance of side chain charge and locétibhis
_ K is evidenced by differences in the affinity for hydroxyapatite
BP(solution}+ S<== BP.S (bound) in chromatographic experiments by, e.g., zoledronate and
risedronaté, whose side chains have differeritpvalues, as
where BP= bisphosphonate, § bone surface, and the surface well as by3P NMR results, on bone. At pE 4.0, the pyridine
coveragef, is given by the following: ring in risedronate is protonated, since th€,value of the
pyridine ring is~5.7, and this protonation enables the ready
cross-polarization oflPN]-risedronate bound to bone, as shown

where F] is the concentration of bisphosphonate in solution N Figure 3A. The?'P MAS NMR spectrum also indicates strong
andK = ky/k_1. At low [c], 6 U [c], whereas in the limit [c}~ bone binding, as seenin Flgure SB._At pH_ES.OZ however, the

0, O=1. The binding of the salivary protein statherin to HAP *N NMR cross polarization peak intensity is much weaker
has also been shown to follow Langmuir-binding behagtor, ~(@bout the same as the intensity arising from tHé-sites in
from which information on the thermodynamics of binding can collager?), Figure 3C, although th&P peak from the chemi-
be deduced. We thus obtainé® MAS NMR spectra of sorbed bisphosphonate is still pronounced (Figure 3D). This is
pamidronate bound to bone at eight concentrations (representaConsistent with a decrease in bone adsorption due to the fact
tive spectra are shown in Figures 2®), then plotted the that the pyridine ring nitrogen is now (on averagg). fgr less
relative bisphosphonate: bone area versus the amount of Bpgsrotonatgd than that at pH 4.0. At pH= 8.0, the pyridinium
(pamidronate) used and fitted the data to a rectangular hyperbolic N P&ak is no longer detectable (Figure 3E) although the surface
function, Figure 2E [the Y axes are bound pamidronate (left) (32) Holmes, J. M.: Davies, D. H.: Meath, W. J- Beebe, R Bochemistry
andé (right), respectively]. The graph can be calibrated by using 1964 3,2019-2024. T

our observation that the addition of 2.7 mg pamidronate results 33) ,'jg'cr{‘ﬁaén%‘ézﬁ%%ﬂ 35 eavewicz, A Kolodziejski, Wolid State

(34) Stahl, K.; Treppendahl, S. P.; Preikschat, H.; FischeAcE Cryst. Section

(31) Goobes, R.; Goobes, G.; Shaw, W. J.; Drobny, G. P.; Campbell, C. T.; E-Struct. Reports Onlin2005 61, M132—M134.
Stayton, P. SBiochemistry2007, 46, 4725-4733. (35) Naito, A.; Tuzi, S.; Saito, HEur. J. Biochem1994 224, 729-734.

like binding isotherm for the reaction:

0 = K[c]/(1+K[c])

J. AM. CHEM. SOC. = VOL. 130, NO. 4, 2008 1267
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100
— N )
100
100

H=70 o, OH 222
p =7. 2N P-OH £

<—HN\9/N/\£\0H 0,20
N3(Im) O’(')\ H T
[

618+
(0]
E

=16
S
€

914
T T T T T g

300 200 100 0 -100 10 15 20 25
3, ppm from liq. NH3 [BPY[bone]

Figure 3. 1N and3P MAS NMR of bisphosphonates on bone «R), >N (A, C, E) and3P (B, D, F) MAS NMR spectra of'pN]-risedronate on bone

at the pH values indicated. (3N MAS NMR spectrum of °N,]-zoledronate on bone, pE 7.0. The natural abundance levéN signals from collagen

are indicated. At pH= 7.0, there is a small resonance from N3 of the neutral imidazole side chain, at 245 ppm. Spectra were typically obtained by using
a 3.38us 90 pulse, a mix pulse of 6 m$N NMR) or 1 ms (for3P NMR), followed by data acquisition for 1024 points with a dwell time ofi20 A

pulse delay b3 s (for 15N) or 2 s (for3!P) was used. FIDs were zero-filled to 2048 points and processed with 200MANMR) or 50 Hz 1P NMR)
line-broadening prior to Fourier transformation. AP NMR spectra were obtained with 8192 scans, while'thespectra required from 65536 to 100 000
scans. (H) Comparison plot of retention times of bisphosphonates (zoledr8hatettfo-risedronates), risedronateZ) and deoxy-risedronat&) on HAP

obtained by column chromatograghyersus the ratio of the bisphosphonate/ bétrepeak areas®? = 0.88.

bisphosphonate peak is still observable (Figure 3F) but is clearly of bound bisphosphonates might of course be guessed fikam p

less intense than that at the lower pH values. Clearly, tHése  values alone, this approach clearly does not work with bispho-
and3P NMR results indicate that side-chain deprotonation is sphonates bound to their target FPPS enzyme, where both
associated with weaker bone binding. In the casel®i]- risedronate and zoledronate bind in a fully protonated ¥tate
zoledronate bound to bone at pH 7.0, the’>N MAS NMR (at pH= 7.0), even though there are no obvious nearby proton
spectrum (Figure 3G) is more intense than that seen with sources present in the active site, warranting therefore thsse
risedronate at either pHE 6 or 8, consistent with the fact that NMR experiments on bone. But what are the structtistatic

the imidazole side chain of zoledronate is expected to have aand dynamic, of these adsorbed bisphosphonates?

pKa ~ 6.7 and is, therefore, more highly protonated, resulting  3.2. Static and Dynamic Structures of Bound Bisphos-

in increased cross polarization as well as enhanced electrostatiphonates.We thus next investigated the structures (static and/
interactions with anionic groups on the bone surface. On the or dynamic) of several bisphosphonates bound to bone. We
basis of integrate@P CP-MAS NMR peak areas, we find that elected to begin by investigating the static and dynamic structure
pamidronate and zoledronate bind most strongly to human boneof pamidronate 1, Aredia), since this is the simplest nitrogen-
(28.7, 23% bisphosphonate: bone peak areas), followed bycontaining bisphosphonate drug and can be readily prepared as
ortho-risedronate®) and alendronate (17.5, 16.9%), with weaker the [13C, 15N]-labeled isotopomer from commercially available
binding of risedronate and deoxy-risedronate (10.4, 10.7%). For [13C3, 15N] -alanine. The 103C CP-MAS NMR spectrum of

the four compound<( 3, 5, 6) where chromatographic retention  [*3Cs, 15N]-pamidronate is shown in Figure 4A, and consists of
times on HAP are availabfethese results correlate quite well  the resonance of {qJ-coupled to Pand B) at 73 ppm, with
(R2=0.88, Figure 3H) with the HAP retention times, suggesting :
that binding to the collagen component in bone is not significant, (36) Mag, J. H.; Mukherjee, S, Zhang, Y;; Cao, R.; Sanders, J. M.; Song. .

. X C.; Zhang, Y. H.; Meints, G. A,; Gao, Y. G.; Mukkamala, D.; Hudock, M.
at least for these bisphosphonates. Although the protonation state  P.; Oldfield, E.J. Am. Chem. So@006 128 14485-14497.
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Figure 4. 13C and'>N MAS NMR spectra of 3Cs, 15N] pamidronate. (A}*C NMR spectrum of pamidronate acquired by usings3H 90° pulse width,

2 ms mix time, 50us dwell time, 2048 points, 10 s recycle delay, 16 scans, and a 13.333 kHz spin speed. Spectrum was zero-filled to 4096 points and
processed with 50 Hz line broadening. (BEC—13C RFDR correlation spectrum of3Cs, 1°N] labeled pamidronate. (EYE) 13C NMR spectra of (C)
pamidronate on bone; (D) bone; and (E) difference between (C) and (D}*@INMR spectra obtained using aud width 90 pulse, 2 ms mix time, 10

us dwell time, 2048 points, 10 s recycle delay, 2048 scans and a 13.333 kHz spin speed. Data zero-filled to 4096 points and processed with 50 Hz line
broadening. (F}°N NMR spectrum of {3Cs, 1°N]-pamidronate on bone, 4s 'H 90° pulse width, 5 ms mix time, 5@s dwell time, 2048 pointst s recycle

delay, 20 388 scans, and a 13.333 kHz spin speed. Data zero-filled to 4096 points and processed with 50 Hz line broadening.

the C(2), C(3) peaks to high field.These resonances can be spectra of pamidronate on bone can be readily obtained, opening
unambiguously assigned from an RFDR spectrum (Figure 4B) up the possibility of determining the structure of this bisphos-
with C(2) being the most highly shielded peak. When bound to phonate, on human bone. To do this, we employed-fiieered
bone, there is a substantial broadening of each resonance (FigurdEDOR methoéP to determine the distances between C(1) and
4C); plus, there are additional small peaks observed. These ariséN, which give, in principle, the backbone conformation.

from the glycine, alanine, proline, and hydroxyproline residues  |n crystalline sodium pamidronatthe bisphosphonate side

in collagen3® as shown in Figure 4D. A difference spectrum chain adopts a close-toans C(1)—C(2)—C(3)—N configura-
([bone + bisphosphonate]-bone) is shown in Figure 4E, and tjon, but on bone, the conformation is unknown and could, in
represents the spectrum of pamidronate alone, when bound tQyrinciple, be either &ransor agaucheconfiguration gauche
bone. The3C(3) line width is small, but that of C(1) (the  or gauche), with thegaucheconformations potentially facilitat-
bisphosphonate backbone carbon) is larger, and that of C(2) ising electrostatic interactions between the terminal ammonium
larger still. For C(1), much of the apparent broadening must group in the bisphosphonate with anionic groups on the bone
arise from J-coupling t§'P (see Figure 3A), but this cannot  syrface, due to its “bent” conformation. It also seemed possible
contribute to the breath of C(2). Rather, it seems that here, therethat the side chain might actually be quite dynamic, jumping
is a chemical shift dispersion due, most likely, tegauche  from one anionic bone surface site to another. To deduce the
interactions with a heterogeneous population of phosphonatejikely backbone conformation, we used the TEDOR experi-
OH/O™ groups. As expected, tHEN NMR spectrum contains  ment!® We first investigated as a reference sampted, 15N]J-
only a single intense resonance, having a chemical shift of 36.5|abeled pamidronate, diluted (9%) into natural abundance
ppm (from NH), consistent with a fully protonated alkyl-  pamidronate, and cocrystallized as the sodium salt (sample
ammonium group (Figure 4F). S&C and*N MAS NMR characterized via powder X-ray diffraction). In Na-pamidronate,
the 154 (~trang) side-chain conformation corresponds to a 3.82

(37) Harris, R. K.; Merwin, L. H.; Hagele, Glagn. Reson. Chenmi989 27,

470-475.
(38) Reichert, D.; Pascui, O.; deAzevedo, E. R.; Bonagamba, T. J.; Arnold, K.; (39) Vega, D.; Fernendez, D.; Ellena, J.Acta Crystallogr., Sect. @002 58,
Huster, D.Magn. Reson. Chen2004 42, 276-284. M77—M80.
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Figure 6. 92 MHz?H NMR quadrupole echo NMR spectra #i-labeled

= bisphosphonates on bone and as crystalline solidsD)Abisphosphonates
ok at 30°C; (A), [2H4]-pamidronate, (B),3He]-alendronate, (C), [ringH3]-
P 1»2 . 0 zoledronate, and (D), [ringH,]-risedronate; (E-H), bisphosphonates on

. I bone at—50 °C, in the same order as in (AD); (I-L), bisphosphonates

TEDOR Dephasing time (ms) on bone at 30C, in the same order as in (AD); and, (M—P), deuterium
line shape simulations (shown in red) of bisphosphonates bound to bone at
30 °C, in the same order as in (AD), superimposed on the experimental
30°C spectra. A small narrow central peak in each case arises frothiHO
The 90 pulses were typically Zs. The interpulse spacing was 46. There
was a 25.s delay prior to data acquisition, and FIDs were left shifted to
the echo maximum. A 2000 Hz linebroadening was generally applied. The
number of scans for bisphosphonates on bone were in the range from 14
810 to 102 819, recycle times were in the rangesls; recycle times for
the crystalline bisphosphonates were typically 100 s wilfd0 scans being
acquired. The kinetic rate (s, conformer ratioy;, QCC (kHz) and jump
angles (degrees) were as follows: pamidronate, 307, 1:1, 0.05, 175,
+65; alendronate, & 105, 1:1, 0.05, 167460 (for both the side-chain
torsion angles); zoledronate 610, 1:1, 0.068, 185;:35; risedronate, 3
x 108, 1:4, 0.05, 185;+60; A 50% attenuation of theACC® CH, groups
in alendronate was used to reflect their largervé@lues. In the case of
zoledronate, the intensity used féid(5) was only 20%, due téH/H
exchange during synthesis (based on 500 MHz solutibNMR).

Relative Intensity (%) T

N w
Relative Intensity (%)
==
=
: :
=

Figure 5. 13C—{15N} zfiltered TEDOR results for (A)'FCs, 1°N] labeled
pamidronate diluted with 9X natural abundance pamidronate and crystallized
as the Na salt; (B) pamidronate on bone afQ. Both samples were spun

at 10 kHz, and the recycle time was 2 s. A z-filter period of 280
(corresponding to twice the rotor period) with 10 kHMz decoupling was
used while an 80 kH2H field was applied for both the CW and TPPM
decoupling periods. Peak intensities are normalized to those in a spectrum

obtained with a 90pulse ontH, followed by cross polarization t§C and conformers would be consistent with the NMR results and
data acquisition. In (A), the 9Qpulse widths were &s for 1H, Q.Sys for because the two forms are mirror images, neither would be
13C and 7us for'>N. The>N REDOR 180-pulse was 14:s while thel*C f d d indeed di d bel . hat th
refocusing 180 pulse was s. 8192 scans were used for each point. In preterre (a}n Indeed, as. 'Sculsse. elow, it appears that the
(B), the 90 pulse widths were 3.&s for IH, 5 us for 13C and 7.5us for two forms interconvert, via 2-site jumps). In any case, the
**N. The'*N REDOR 180-pulse was 1fs, the*C refocusing 180pulse  TEDOR results strongly suggest that the pamidronate side chain

was 10us. 16 384 scans were used for each point. The experimental results - . | LT . ith the b . |
were fit to eqs 812 in Jaroniec, et 42 by using the Mathematica program. ~ Maximizes its electrostatic interaction with the bone minera

In both (A) and (B), the simulation in blue corresponds to the €(8) surface (carbonatoapatite and hydroxyapatite) viazNH
distance, while red corresponds to the C{lll) distance, and the dotted (pamidronate)-PG* (or CO32*) (bone mineral) interactions.
lines indicates 95% confidence intervals for the simulation. The typical range . : . . " .

of the amplitude scaling factok, was~0.2—0.5 and the relaxation rate That is, the bisphosphonate side chain is “bent” over, in order
was ~70—210 Hz. (C) NMR derived structure of pamidronate on bone. to enhance this interaction.

The side chain (¢-Co~Cs—N) torsion angle ist71-77"; d = 3.2 A. Of course, the interactions of the bisphosphonate side chains

A C(1)-N distance. The results of a TEDOR experiment on this With bone could be quite dynamic, even though the bisphos-
magnetically dilute sample, Figure 5A, yielded a G{N phonate backbones are not highly mobile. To investigate this

distance of 3.90 A, in quite good accord with the crystal- POossibility, we determined th&H NMR spectra of side chain
lographic result (3.82 A). In contrast, for pamidronate bound H-labeled pamidronate, alendronate, zoledronate, and risedr-
to the surface of human bone mineral, the TEDOR result (Figure Onate, bound to bone. Refererit¢ NMR spectra for each of
5B) yielded a C(1}N distanced = 3.2 A. This is clearly very ~ the pure bisphosphonates at3Dare shown in Figure 6AD,

short and translates to a closeg@uchebackbone conformation ~ Wwith each clearly indicating the absence of any significant side
(x = £77, using the 1.49 A X-ray C(3)N bond length71° chain mobility at 30°C, on the~107° s time scale of théH
using the 1.59 A TEDOR-derived C(3N bond length, Figure NMR experiment. Essentially the same spectra are observed
5B), shown in Figure 5C. Of course, bahuch& andgauche for each bisphosphonate when bound to bone, 5 °C (Figure
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Figure 7. Models for bisphosphonates on bone depicting proposed side- (] Da—

chain motions: nitroger= cyan; deuterium= yellow; carbon= gray; '_—_O’_ __:_\:. P ._! ;_:_\‘
oxygen= red; phosphorus pink. (A), pamidronatgauche/gauche side- r, P 2 P
chain motion leading to a backbone torsional oscillation~af65°; (B), ® 3 ® 3

alendronate undergoing tetrahedral or “mirror image” jump motion; (C), ) ) )
zoledronate undergoing30° ring wobbles and, (D), risedronate undergoing ~ Figure 8. Molecular models for pamidronate-bone (HAP) interactions. (A),
+60° ring wobbles. With the exception of risedronate, all the side chains Top view of pamidronate bound igauche/gauche conformations to a
are shown protonated. (E), Schematic of pamidronate on bone depicting PO:*~ in one of the threé'P-triangles in the unit cell of HAP. (B, C), two
motional averaging model fGH?. views of pamidronate (carbon in brown; oxygen in red and hydrogen in
cyan) side chain Ngt (dark blue) binding to one or other of the FO (P
6E—H). However, at 30C, there are clearly spectral line shape = purple) groups (Por Ps) in the “Ps-triangle”, the bisphosphonate RO

changes (Figure 61L), indicating the presence of side chain group OECTPieSTtt:‘ée%?ifgl;ite dehe 1-OH gfouﬁ iﬂtefaCtSh Wi”;%i@a
mObi”tY' We thus next perfom_]edzH NMR line shape g}(r)jgn)anedoyg.c“—“POﬁ‘ (%tanéset:‘n;ﬁt;s tnr?lejctwso Ocrt)er:ff)r?nna:ions and
simulations for all fouPH-labeled bisphosphonates on bone (at interactions shown are consistent with the TEDGR,and DCP NMR

30 °C), as shown in Figure 6MP, in which the line shape  results.

simulations (in red) are superimposed on the experimental

spectra (in black). The models used are shown in Figure 7A  €vidence for restricted motion that freezes out at low temper-
D. In the case of pamidronate, the results of the TEDOR atures (Figure 6H), with the results of a line shape simulation
experiments indicated the likely existence ajaucheconfor- (Figure 6P) suggesting-a60° ring wobble with a 1:4 conformer
mation, with a C(1)-N torsion angle ef+71-77° (~gauche, population, at 3C°C. While further work with, for example,
~gauche). As gauchée andgauche are equally energetically  specifically?H-labeled bisphosphonates, will be needed in order
likely, this suggested a simple two-site model (Figure 7A) in to obtain more detailed motional models, what is clear from
whichgauché andgauche forms interconvert, and the results  the results of Figures 6 and 7 is that the side chains of each

of a?H-line shape simulation in which theCH,—NH3z* group bisphosphonate undergo fast (but restricted) motions when
undergoes a 2-fold hopH5°) betweengauché andgauche bound to bone. In contrast, none of the crystalline bisphospho-
at ~3 x 10’ s1, due perhaps to the-CH,—NH3" group nates undergo fast side-chain motion, and all of the side chain

sampling two different anionic binding sites, was found to be motions on bone are frozen out at50 °C. In the case of
in good agreement with experiment (Figure 6M). In the case of pamidronate, fasgjauché/gauche isomerization is indicated
alendronate, the line shape is very different from that seen with (at 30 °C) from the 2H NMR line shape simulation and is
pamidronate, and closely resembles that seen previoudly in  consistent with the TEDOR result (afQ), which also indicates
NMR spectra ofPH-labeled gel-state lipid¥, where the CH the presence of a gauche conformer. In this case, only the C-3
groups undergo fast but restricted two-site hopping. One possibleor y-protons are affected, as illustrated in Figure 7E. For
motion for the alendronate side chain, shown in Figure 7B, alendronate, the line shape is similar to that seen previously in
would be a “mirror-image” jump in which all three Gigroups gel state lipids, and suggests restricted tetrahedral jumps (e.g.,
undergo motional averaging. In this case, the sNHjroup between the “mirror-images” shown in Figure 7B). For zoledr-
remains in the same location, but there are coupled rotations atpnate and risedronate, the situation is more complex, since both
each site in the side chain and again, the results of a line shapgyrotonated and neutral rings could be present. However, there
simulation are in good agreement with experiment, Figure 6N. jg clearly no evidence for rapid 180ing flips in either
For zoledronate, we find good accord (Figure 60) fat30° zoledronate or risedronate, since these would be expected to
ring wobble (Figure 7C) and for risedronate, there is again (ggt iny ~ 0.65 line shapes, as observed, e.g., for phenyla-
(40) Huang, T. H. Skarjune, R. P.: Wittebort, R. J.: Griffin, R. G.: Oldfield, £. |aNine residues in proteins and in zwitterionic phenylalartine.
J. Am. Chem. S0d.98Q 102, 7377-7379. This can of course be attributed to the presence of the basic
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Figure 9. Double cross-polarization spectrudti(— 13C — 31P) of [13Cs, 15N] pamidronate on human bone. The experiment was performed at a spinning
speed of 10 kHz with &H 90° pulse width of 3.5us, alH — 13C mix time of 0.8 ms followed bystevolution, al3C — 3P mix time of 6 ms followed by

data acquisition using 2048 points and a dwell time of&0Power levels for th&’C — 31P transfer were matched tec = (5/2)wr andwpe = (7/2)wr in

order to facilitate a broadband transfer covering all the peaks of interest in both dimensions. The indirect dimension was sampled with 64 real points
(TPPP4) with a dwell time of 20us and 2048 scans were acquired per row with a recycle delay of 2 s. TPPM decouptB@ &Hz (6us and 16 phase

shifted) was used during chemical shift evolution and acquisition periods wiiitekHz CW decoupling was used during tH€ — 3P transfer. Two such
experiments with a total acquisition time of6 days were added before processing. The cross-peak volurieCfer3lPO,3~ is large and indicates close
proximity betweer3Cr and bonéPO;2~ groups. There are only small or no significant cross-peak volumés@éy13C* and3'PQO43~, due to longer (3.75,

3.90 A) 13C—31p distances as comparedf€’—3PQ,3~ (3.03 A, on average, from the models shown in Figure 8).

nitrogen atoms in both bisphosphonates, which can interactas shown in Figure 8B,C. This packing arrangement gives an
electrostatically or via hydrogen bonds, with bone surface immediate explanation for the presence of a gauche side chain

groups. configuration, because in this conformation, the termimiHs

3.3. Molecular Model for Pamidronate on Bone.Finally, group can interact electrostatically with either one of the two
we propose a detailed molecular model for pamidronate binding remaining PG*~ groups (R/Ps) in the “Ps-triangle”, as shown
to the mineral component of human bone at$H at 300 K. in Figure 8B,C. The conformations of the side chains are either

As can be seen from the results presented above, there argauche or gauche, and based on théH NMR results, we
numerous pieces of the puzzle that need to be assembledpropose that these conformations can rapidly interconvert, at
Pamidronate binds in a chemisorption process, releasihg 30°C. The model also reveals that the 1-OH group is adjacent
inorganic phosphate per bisphosphonate bound, and this procesto a C&", explaining the importance of this group for bone
follows a classical first-order Langmuir isotherm, from which binding since a sizable ion-dipole interaction would be expected.

we deduce a surface area per pamidronate-8—38 A2 at To try to further test this model, we carried out a double cross
0=1. The results of the TEDOR experiment indicate that the polarization experimentld — 13C — 31P) on [3C;, 15N]
pamidronate side chain adoptgaucheas opposed to zans pamidronate on bone: the result is shown in Figure 9. As can

conformation (at @C), whereas théH NMR results indicate be seen in the Figure, there is a major cross-peak between the
that at 30°C there is £65°) hopping between 2 states and that 13C” and 3’PQ;2~ bone mineral peaks, a smaller cross-peak
this process is frozen out at50 °C. The simplest explanation  betweer*C# and3PQ;2~, but no observable cross-peak between
for these observations would of course be that the side chain!3C®* and bone mineral. ThECr—31P cross-peak volume is by
conformational change auché < gauche, and we see from  far the largest and is consistent with the short (aver&s)—
Figure 7E that this “hop” affects (or motionally averages) just 3!PQs3~ distance of~3.03 A found from the model (Figure 8),
the C’ protons. whereas thé3C# and13C*—31PQ,3~ distances are clearly much
Next, we need to see how the bisphosphonatg Oup longer,~3.75 and 3.9 A, respectively. These results therefore
might bind to bone mineral. To do this, we inspected the X-ray strongly support a “bent-over” side chain conformation in which
crystallographic structure of hydroxyapatiteThe structure is the "NH3 group interacts with the bone surface, consistent with
characterized by several relatively close-packed triangular the TEDOR and?H NMR results which indicategauche/
arrangements of P& groups, and we propose that one of the gauche side-chain conformations.
two phosphonate groups in a bisphosphonate (P atoms are showy ~gnclusions

in purple in Figure 8A) displaces one bone mineral;P(P1), In summary, the results discussed above can be viewed

(41) Kinsey, R. A; Kintanar, A.; Oldfield, EJ. Biol. Chem1981, 256, 9028~ together to provide the first detailed spectroscopic picture of
9036. ; ; ; ;

(42) Wilson, R. M.; Elliott, J. C.: Dowker, S. E. Am. Mineral. 1999 84 how bisphosphonates bind to human _bor_le. FII‘._SI, and indepen-
1406-1414. dent of any molecular model of binding, bisphosphonate
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backbones bind to bone in a “rigid” or irrotational manner, at hydroxyapatite (carbonatoapatite) triangle of 4/#Ogroups,
least on the time scale of the inverse of tH® chemical enabling thegaucheconformers (from TEDOR) to interconvert
shielding tensor anisotropy-s). That is, the overall breadths  (from 2H NMR), jumping from one PG¥~ site to another (from

of the 31P shielding tensors in crystalline bisphosphonates are DCP).

very similar to those found for bisphosphonates on bone, and  Given that bisphosphonates represent a large contribution to
there is no evidence for fast surface diffusion, which would be the global pharmaceutical market and that there is interest in
expected to average the CSA. Second, we find that inorganictheir further development for use in oncology and as anti-
phosphate is released when bisphosphonates bind to bonejnfectives, the results presented above are of general interest in
indicating a displacement mechanism in which the bisphospho-the context of tailoring new bisphosphonates to suit their
nates are “chemically” bonded to the bone matrix. This would jntended application. In particular, the ability to begin to probe
be consistent with the observation that high levels pfie both the binding affinitiesAG, and in principle of coursaH
needed for the chromatographic elution of bisphosphonates fromandAS) as well as the static structures of bisphosphonates bound
HAP. Third, we find that pamidronate binding can be well to human bone should help with the development of novel
described by a Langmuir adsorption isotherm, that the surfacespecies that have particular attributes by using, for example,
area/pamidronate is-30—38 A? and thatAG for binding is the types of structure-based design techniques used to develop
~—4.3 kcal mot? (at pH = 7, 30°C). Fourth, the results of  enzyme inhibitors. For example, it has recently been shown that
15N NMR measurements indicate that zoledronate binds in a bisphosphonate activity in bone resorptiarvivo can be well
“partially” protonated form at pH 7, risedronate is non- described by using a simple statistical model involving enzyme
protonated, while pamidronate is essentially fully protonated, (FPPS) and HAP affinity dat# an obvious extension of this
consistent with known Ig, values for imidazole (. ~ 6.7), would be to use enzyme QSAR and structure-based bone
pyridine (Ka ~ 5.7) and primary amines K ~ 10.5). Fifth, binding results. In addition, it should also be possible to further
the results of TEDOR experiments show that pamidronate binds deve]op the static (and dynamic) models described above, to

in a close-togauche conformation, which suggests that the help validate computational modes for bone (HAP)-bisphos-
terminal ammonium group might bind in such a way as to phonate interaction.

maximize its electrostatic interactions with anionic groups in

the bone mineral. Sixth, the results%df NMR measurements Acknowledgment. This work was supported by the United
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