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Abstract—The complex formed from crystallization of human farnesyl pyrophosphate synthase (hFPPS) from a solution of racemic
[6,7-dihydro-5H-cyclopenta[c]pyridin-7-yl(hydroxy)methylene]bis(phosphonic acid) (NE-10501, 8), a chiral analog of the anti-oste-
oporotic drug risedronate, contained the R enantiomer in the enzyme active site. This enantiospecificity was assessed by computer
modeling of inhibitor—active site interactions using Autodock 3, which was also evaluated for predictive ability in calculations of the
known configurations of risedronate, zoledronate, and minodronate complexed in the active site of hFPPS. In comparison with
these structures, the 8 complex exhibited certain differences, including the presence of only one Mg>*, which could contribute to
its 100-fold higher ICso. An improved synthesis of 8 is described, which decreases the number of steps from 12 to 8 and increases

the overall yield by 17-fold.
© 2008 Elsevier Ltd. All rights reserved.

Bisphosphonate drugs have long been used for the treat-
ment of bone disorders such as Paget’s disease, cancer-
related hypercalcemia, and postmenopausal osteoporo-
sis,! but the molecular mechanisms underlying their effi-
cacy are only recently beginning to be understood.??
The first compounds in this class of drugs were intro-
duced as stable analogs of pyrophosphate, an endoge-
nous bone-mediating agent. Bisphosphonates (BPs)
incorporate a hydrolytically inert P-C—P backbone that
mimics the pyrophosphate P-O-P backbone, providing
the bone mineral affinity of the natural compound, while
making possible substitution at the central carbon, en-
abling creation of more effective drugs.

Both phosphonate groups are required for maximal
affinity to bone, which is increased by the presence of
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an o-hydroxyl group.*> The presence of a nitrogen (N-
BPs) atom in a second a-substituent can confer greatly
enhanced anti-osteoporotic potency, which has been
associated with the inhibition of human farnesyl pyro-
phosphate synthase (hFPPS, EC 2.5.1.10). hFPPS cata-
lyzes the condensation of the isoprenoid dimethylallyl
pyrophosphate (DMAPP) with isopentenyl pyrophos-
phate (IPP).%7 This forms geranyl diphosphate (GPP),
which then condenses with a second IPP to yield far-
nesyl pyrophosphate (FPP). Inhibition of hFPPS blocks
prenylation of several G proteins, impairing their reloca-
tion to the cellular membrane and ultimately leading to
apoptosis of the osteoclast.?

Recent X-ray crystallographic structures of several
clinically used nitrogen-containing bisphosphonates
including risedronate [(1-hydroxy-2-pyridin-3-ylethane-
1,1-diyl)bis(phosphonic acid)] in complex with bacte-
rial and human FPPS® !0 suggest that the side-chain
nitrogen of the inhibitor is positioned in the complex
to form a hydrogen bond with one or more active site
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residues. None of the drugs used in these studies are
chiral.

To further clarify the contribution of the drug side-chain
nitrogen interactions to FPPS inhibitor binding, we
decided to examine by active site modeling and X-ray
crystallography the relative binding of the enantiomeric
forms of a chiral risedronate analog in which the rota-
tion of the pyridine ring about the bond joining it to
the linking methylene carbon is prevented by its incor-
poration into a rigid ring, (R,S)-[6,7-dihydro-5H-cyclo-
penta[c]pyridin-7-yl(hydroxy) methylene]bis(phosphonic
acid) (NE-10501, 8)!" (Fig. 1). The racemate of this com-
pound has an ICsy of 629.5 nM, thus even if one enan-
tiomer were wholly responsible for the inhibition, its
ICso would exceed that of risedronate (ICsy = 5.7 nM)’
by almost two orders of magnitude. Earlier work dem-
onstrates the importance of conformational templates
in examining the activity of bisphosphonates.'?

To facilitate these and future investigations, a signifi-
cantly improved synthesis of 8 was devised, which is re-
ported here together with the results of our structural
studies of the 8-hFPPS complex.

Modeling studies: We first undertook modeling of three
known hFPPS complexes of clinical bisphosphonates
(minodronate, risedronate, and zoledronate) with Auto-
Dock 3 to provide an indication of the predictive power
of the program with these systems. AutoDock 3 has been
used to model risedronate complexes with avian, bacte-
rial, and recombinant human FPPS'? and has shown!#!>
potential as a tool for the discovery of new FPPS-targeted
BPs. For all three drugs, the computer model generated a
consensus ensemble of bound conformers that coincided
reasonably well with the experimentally determined struc-
tures (Fig. 2).'¢ In these studies, IPP was not included in
the model because, while IPP is required for the overall
function of the enzyme in vivo, its presence is not required
for the binding between N-BPs and hFPPS. The IPP bind-
ing site is fully formed only after the allylic substrate or N-
BPis bound and hFPPS is triggered into a partially closed
conformation.'®

In all such docking analyses performed to date, the com-
pared inhibitors have been different compounds, with
one very recent exception where diastereomeric forms
of an inhibitor were examined.!> We therefore modeled
the individual enantiomers of 8 into the active site of
hFPPS (PDB ID# 1YV5) to determine whether the
model would predict a significant preference for binding
one over the other. For 100 docking trials with each
enantiomer, the average docked energy for the S enan-

N
N —_—
H
O\\ //o
HO-P—T~PZOH
HO OH OH

(R)  NE-10501 (S)

Figure 1. Structures of the enantiomers of 8.

tiomer was —30.86 kcal/mol over a cluster of 73 confor-
mations, whereas the R enantiomer had a value of
—31.33 kcal/mol in a cluster of 80 trials. As seen in Fig-
ure 3a, (S)-8 docking predicts poor conformational
homology with risedronate in the active site. Figure 3b
shows that (R)-8 demonstrates homology with a critical
risedronate-binding component, the pyridinyl nitrogen.
Although these absolute energies computed by Auto-
dock 3 are considered unreliable, the relative energy dif-
ference, ~0.5 kcal/mol predicting favored binding of the
R isomer, combined with qualitative visualization of the
bound enantiomers through docking, merited experi-
mental evaluation. Accordingly, we sought to crystallize
the enzyme complex resulting from the incubation of the
enzyme with racemic 8 and to determine its structure by
X-ray crystallography (Fig. 4).

Synthetic studies: The synthesis of 8, which involved the
first entry into the pyrindinyl carboxylate 7 via photo-
chemical ring contraction of 7-hydroxyisoquinoline-8-
diazonium chloride 4 (Scheme 1), was previously accom-
plished in 12 steps with an overall yield of 0.2%.!! Our
impatience to proceed to our crystallographic studies
impelled us to seek improvements to the efficiency of this
route, focusing on intermediate 1, isoquinolin-7-ol. In
the original procedure, 1 was prepared by condensing
3-methoxybenzaldehyde with  aminoacetaldehyde
diethyl acetal in refluxing benzene, hydrogenation of
the imine product to the amine with PtO, catalyst, tosy-
lation, cyclodehydration by HCI in dioxane, and
demethylation with BBr; at —78 °C. We found that
these tedious multiple transformations can be replaced
by an elegantly simple one-pot procedure using commer-
cially available starting materials, in which 3-(benzyl-
oxy)benzaldehyde is refluxed with aminoacetaldehyde
dimethyl acetal until the water formed has been com-
pletely removed using a Dean-Stark trap, whereupon
the condensation product is reacted in situ with trifluo-
roacetic acid—-BF;-Et,0, giving 1 directly after weakly
alkaline aqueous work-up, in 54% yield.!”

Conversion of 1 to the 8-nitro derivative 2 with NO,BF,
in sulfolane followed the prior procedure, with the inclu-
sion of a recrystallization step to improve purity.'® After
reduction with 10% Pd/C and acidification, the 8-amino
hydrochloride salt 3 was obtained.'?

Conversion of 3 to the diazonium chloride 4 in prepara-
tion for the subsequent photochemical ring contraction
to the pyrindinyl intermediate 5 was effected with ¢-butyl
nitrite as previously described,!! but EtOH-HCI was re-
placed by MeOH—-HCI (generated by the reaction of the
dry solvent with acetyl chloride) to unify the reaction
solvent, resulting in an enhanced yield.?°

Irradiation of 4 in a high-intensity UV reactor (Rayon-
et) appeared to depress the yield of 5, and we reverted to
the recommended 275 W sun lamp, an original example
of which was obtained from an online reseller.?! The
overall yield for the next two steps, reduction of 5 to 6
and saponification to 7 (isolated as the HCl salt), was in-
creased about threefold by adjustments to the original
procedures.?>?3
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Figure 2. Docking of minodronate, risedronate, and zoledronate into the active site of hFPPS, based on their respective enzyme complex crystal
structures (3B7L, 1YV5, and 2F8C). All compounds were docked as the nitrogen-protonated forms. Spheres are magnesium ions.

Figure 3. (a) S-8 docking predicts poor conformational homology with risedronate in the active site of hFPPS (1YV5). (b) R-8 docking gives overlap
of bound risedronate’s key binding element, the pyridyl nitrogen, with 80% of the calculated conformations.
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Figure 4. The crystal structure of NE-10501 in complex with hFPPS
(PDB ID: 2RAH). R enantiomer was preferentially bound. Large
spheres, Mg**; small spheres, H,O.

The last step of the original synthesis relied upon the
standard but sometimes refractory PCl;/H3;PO5; phos-
phorylation of a carboxylic acid, in this instance 7-car-
boxy-6,7-dihydro-5[ H]-cyclopenta[c]pyridinium  chlo-
ride, 7 to create the final bisphosphonate product, 8.
Although the previous report!! demonstrated a reason-

able synthetic pathway at this point, yields of only
~11% were achieved consistently. We first attempted
to substitute the method of Lecouvey et al.,>* in which
2 equiv of tris(trimethylsilyl)phosphite is reacted with a
carboxylic acid or anhydride. We were unable to obtain
pure 6,7-dihydro-5H-2-pyrinidine-7-acid hydrochloride,
and therefore attempted to generate the TFA anhydride
of 7. This proved accessible in situ, but reaction with
tris(trimethylsilyl) phosphite was unsuccessful. We then
returned to the original reaction and using slightly dif-
ferent conditions,?® succeeded in doubling the yield of
the bisphosphonic acid to 23%. Substitution of toluene
for the reaction solvent provided a further gain, and
we finally were able to obtain pure 8 from 7 in 38%
yield.?® For the total synthesis, the overall yield is 17-
fold higher than the previous method, and begins from
an inexpensive, commercially available starting material.

Crystallography: Compound 8 thus prepared, was co-
crystallized with hFPPS. X-ray crystallography revealed
that only the R-isomer (PDB ID: 2RAH) was detectable
in the active site of hFPPS. However, although the over-
all configuration of the active site complex resembles
that of other inhibitor-bound FPPS structures reported
to date,?’ the complex differed in that surprisingly, only
a single Mg?" was present. Changes in the side-chain
locations of Asp 103 and GlIn 171 are also apparent.
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Scheme 1. Reagents and conditions: (a) i—aminoacetaldehyde dimethylacetal, toluene, 110 °C, 6 h; ii—TFA anhydride, BF5-Et,0, <10 °C, 4 days;
iii—Ether, NH4OH to pH 9; (b) i—sulfolane, nitronium tetrafluoroborate, rt, 6 h; ii—EtOH/Et,O (1:1); (c) i—10% Pd/C, H,, ethanol; ii—Ether,
HCI; (d) MeOH-HCI, ~-BuONO 0 °C — rt, 4 h; (¢) NaHCO;, MeOH, /v, 0 °C, 3 h; (f) 10% Pd/C, MeOH, rt, 5 h; (g) i—NaOH, 58 °C, 4 h; ii—EtOH,

HCI; (h) i—H3PO;, PCls, toluene, 110 °C, 4 h; ii—HCI, 100 °C, overnight.

Redocking of 8 into the experimentally determined ac-
tive site complex still gave docking scores favoring the
binding of the R over S enantiomer, although with a
smaller bias (data not shown), provided that a water
molecule was inserted into the position normally occu-
pied by the Mg®*, which interacts with Asp 103 and a
bisphosphonate P-O oxygen (This water is present in
the experimental structure but requires manual inclusion
in the docking program). The presence of the rigid 8
pyridinyl ring appears to block the incorporation of this
Mg>* into the complex, decreasing its stability.

In summary, AutoDock 3 modeling studies were consis-
tent with the favored conformations of risedronate,
zoledronate, and minodronate in the hFPPS active site
obtained by X-ray crystallography and indicated that
the enzyme should preferentially bind the R enantiomer
from a solution of racemic [6,7-dihydro-5H-cyclo-
penta[c]pyridin-7-yl(hydroxy)methylene] bis(phosphonic
acid) 8, for which a more efficient synthesis (8 vs 12
steps, 17x higher yield) was devised. X-ray crystallogra-
phy confirmed the enantiomeric selectivity, but an unu-
sual active site complex structure was revealed,
incorporating a single Mg**. The results suggest a new
structural basis to interpret the lower affinity of hFPPS
for 8 relative to the three clinical drugs.
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