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a b s t r a c t

A structure-based approach was pursued in designing novel bisphosphonate inhibitors of the human far-
nesyl pyrophosphate synthase (hFPPS). Preliminary SAR and structural evidence for the simultaneous
binding of these inhibitors into the isopentenyl pyrophosphate (IPP) and the geranyl pyrophosphate
(GPP) substrate sub-pockets of the enzyme are presented.

� 2010 Elsevier Ltd. All rights reserved.
The human farnesyl pyrophosphate synthase (hFPPS) is respon-
sible for the catalytic elongation of dimethylallyl pyrophosphate
(DMAPP) to geranyl pyrophosphate (GPP) and then to farnesyl
pyrophosphate (FPP) via the successive condensation of two iso-
pentenyl pyrophosphate (IPP) units. FPP is the key biosynthetic
precursor to geranylgeranyl pyrophosphate (GGPP), a transforma-
tion in the mevalonate pathway that is catalyzed by the human
geranylgeranyl pyrophosphate synthase (hGGPPS). Post-transla-
tional prenylation of proteins with either FPP or GGPP is estimated
to constitute approximately 2% of the total mammalian proteome.1

These post translational modifications confer membrane localiza-
tion, promote specific protein–protein interactions and play a cru-
cial role in controlling intracellular trafficking, cell signaling and
cell proliferation in various human cancers.

Over the last 15 years, interest in hFPPS inhibitors focused
mainly on the role of this enzyme in protein prenylation in osteo-
clasts.2–4 Nitrogen-containing bisphosphonate (N-BP) inhibitors of
hFPPS are currently used in the treatment of osteoporosis, tumor-
induced hypercalcemia, Paget’s disease and osteolytic metastases.5

However, increasing awareness of the pleiotropic affects that
hFPPS inhibitors have in human diseases (including various types
of cancers), has stimulated investigations into potential therapeu-
tics that target this enzyme. The antitumor effects of hFPPS inhib-
itors may be due to a direct impact on oncogenic proteins or yet
unclear indirect effects involving the immune system.6–11

The drugs alendronate (1, Fosamax�), zoledronate (2, Zometa�)
and risedronate (5, Actonel�), and the more recently reported ana-
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logues 3, 4 and 6–10 typify the molecular architectures of currently
known bisphosphonates.1–4,12,13 The main pharmacophore anchor-
ing these inhibitors to the hFPPS active site is the bisphosphonate
moiety, which coordinates with the aspartate-rich fingerprint re-
gion via chelation of three Mg2+ ions. Consequently, the selectivity
for hFPPS versus other structurally related human enzymes, such
as hGGPPS, decaprenyl diphosphate synthase (hDPPS) and squa-
lene synthase (hSQS) is usually poor to modest. For example, stron-
ger inhibition of hSQS than hFPPS was recently reported for
analogs 3 and 4,13 whereas analog 9 was found to inhibit hFPPS,
hGGPPS and hDPPS with almost equal potency.14 In contrast, com-
pound 10 was reported to be somewhat selective for hGGPPS,
exhibiting a selectivity index of approximately 47 and 17 for
hGGPPS/hFPPS and hGGPPS/hDPPS, respectively.14

In addition to the bisphosphonate pharmacophore, binding of
compounds such as 2 and 5 into the GPP sub-pocket of the en-
zymes is biased by favorable hydrogen-bond interactions between
their protonated heterocyclic side chain and residues Lys 214 and
Thr 215 (Fig. 1a). The importance of the pyridine side chain and the
proper alignment between the protonated nitrogen atom and res-
idues Lys 214/Thr 215 (in the presumed bound state) were previ-
ously reported by Dunford et al.4 In order to explore the SAR of
pyridine derivatives that could simultaneously occupy both the
GPP- and IPP- sub-pockets of the active site, novel derivatives were
designed that do not require protonation for binding. To facilitate
our investigation, previously reported protocols for the preparation
of bisphosphonates were also modified and rendered amenable to
the parallel synthesis of our inhibitors.

Modeling studies: Numerous crystal structures of hFPPS-bound
to its substrates and/or inhibitors have been reported; these in-
clude the complexes of enzyme-bound 5 (e.g., PDB codes 1YQ7,
1YV5) and the ternary complexes of 2 and IPP simultaneously
bound to the enzyme (PDB code 1ZW5). Mindful of the large
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conformational changes that are induced to the C-terminal region
of the protein upon binding of IPP and an inhibitor, as well as the
essential role of the C-terminal residues 350KRRK353 for catalytic
activity, we chose to develop an in silico model based on the crystal
structure of the hFPPS-IPP-2 complex (1ZW5).15,16 Initially, a small
set of >200 virtual pyridine-based molecules were docked in to the
hFPPS active site using GLIDE (version 5.5, Shrödinger, LLC, New
York, NY 2009; standard parameters of XP-mode were used); a
sub-set of these compounds is shown in Table 1. The bisphospho-
nate was considered fully ionized and the pyridine nitrogen pro-
tonated to attain the interactions with Lys 214 and Thr 215. As it
would be expected, when a large substituent was attached to the
pyridine ring, these derivatives were not able to adopt the ex-
pected bound orientation in the GPP-pocket, or engage in interac-
tions with Lys 214 and Thr 215. All derivatives were also docked
with a neutral pyridine side chain. In the latter case, more than
80 analogs from those shown in Table 1 could bind into the IPP
sub-pocket, placing the pyridine moiety approximately 90� from
that of the enzyme-bound side chain of 5 (Fig. 1b). The docking
score assigned by GLIDE (gscore) was used only as a qualitative
Figure 1. Semitransparent protein surface of the hFPPS active site (some residues w
bisphosphonate moiety are highlighted. The IPP substrate and the bound inhibitors are sh
inhibitor 13f in green colour. Oxygen, nitrogen and phosphorus atoms are coloured in red
heterocyclic side chain of 5 and residues Lys 214/Thr 215 are indicated with dashed yello
of hFPPS-IPP-2 (PDB 1ZW4) and hFPPS-5 (PDB 1YV5); (b) analog 13f superimposed with
measure and assessment of favorable binding was based primarity
on visual inspection of the output poses. Proper alignment be-
tween the bisphosponate moiety and the Mg2+ ions, and favor-
able/unfavorable potential ligand–protein interactions, were
considered. A sub-set of 16 analogs, including 11h, 11l, 11m and
13b which were predicted to be inactive (i.e. GLIDE did not gener-
ate an output pose for these compounds or the bisphosphonate
moiety was misposed) was synthesized, in order to validate our
approach.

Synthetic studies: Analogs of scaffold 11 were prepared starting
from the chloro or bromo nitropyridine 18 (Scheme 1). Suzuki
cross-coupling of 18 with heterocyclic (Het) boronic acids, fol-
lowed by catalytic hydrogenation of the nitro group produced
intermediates 19 in 30–80% overall yield. Conversion of anilines
19 to the bisphosphonate esters was achieved by condensation
with diethyl phosphite and triethyl orthoformate at high tempera-
tures as previously reported.17 Deprotection of the ethyl esters was
performed by transesterification with bromotrimethylsilane, fol-
lowed by hydrolysis of the silyl esters with methanol.18 Although
this reaction proceeds very slowly (incomplete conversion even
ere removed for clarity). The three Mg2+ ions mediating interactions with the
own in stick form. The carbon backbone of IPP and 5 are highlighted in magenta and
, blue and orange, respectively. Hydrogen-bond interactions between the protonated
w lines. (a) Model of an hFPPS-IPP-5 ternary complex, based on the crystal structure

IPP in the hFPPS-IPP-5 complex.



Table 1
Virtual library of potential hFPPS inhibitors
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after 48 h at rt), it allowed for isolation of the pure final products
11 by simple precipitation (25–65% isolated yield).

The synthesis of analogs corresponding to scaffolds 12–17
(Table 1, Scheme 2) was initiated with the appropriately substi-
tuted halo picolinic, nicotinic or isonicotinic acid (20), which was
first converted to the corresponding mixed anhydride with ethyl-
chloroformate, reduced with NaBH4 to give the alcohol 21 and then
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treated with PBr3 to obtain the intermediate bromide 22; yield for
the formation of both 21 and 22 ranged from 50% to 90%. Deproto-
nation of tetraisopropyl methylenebis(phosphonate) with sodium
hydride, followed by substitution of the bromide moiety of 22,3

produced the key building block 23 in yields of 30–60%. Fluorina-
tion at Ca to the phosphonates using the conditions previously re-
ported by McKenna and co-workers failed for these compounds.3

However, intermediate 24 was successfully obtained using N-flu-
oro-N-(phenylsulfonyl)benzenesulfonamide (NFSI) as the fluori-
nating agent under strongly basic conditions. Interestingly, the
yields of this reaction were modest (30–40%) for all analogs with
a para-substituted pyridine ring (i.e. halide precursors to scaffolds
Figure 2. Inhibition of hFPPS at 1, 10 and 100
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Figure 3. Section of the 1H NMR spectra of inhibitor 13f corresponding to the Ha and
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13 and 16), irrespective of the position of the pyridine nitrogen,
whereas, good to excellent yields (70–90%) were obtained with
the meta-substituted scaffolds. Suzuki cross-coupling of 24 with
a heterocyclic (Het) boronic acid produced the bisphosphonate es-
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purified as previously described by Dunford,4 Oppermann,16 and
co-workers. For this preliminary evaluation of our compounds,
the enzyme was only partly purified (the final gel filtration on a
Superdex 200 column was omitted).4,16 The hFPPS activity was
measured using similar assay conditions to those reported by Dun-
ford et al. (pre-incubation period was reduced to 5 min instead of
10 min).4 Initially, the potential of all compounds to inhibit hFPPS
was evaluated at the concentration of 1 lM (Fig. 2). For the pur-
pose of validating our in silico studies, some analogs were also
tested at 10 and 100 lM concentrations (Fig. 2). Although the en-
ergy scores computed by GLIDE were based on a rigid protein mod-
el, overall, a good correlation was observed between the
computational predictions and experimental data (Fig. 2). Potency
comparison between analogs having the same Het substituent, but
different pyridine cores (i.e. 11–17) suggests that scaffold 15 pro-
vides some advantages. For example, analog 15a (81% inhibition
at 10 lM) is more potent than analogs 13a and 17a (46% and
34% inhibition at 10 lM, respectively), and similarly 15g (86% inhi-
bition at 10 lM) is more potent than 12g and 17g (9% and 33%
inhibition at 10 lM, respectively). Two analogs, 15b and 15f, were
identified that exhibited an inhibition value of >50% at concentra-
tion of 1 lM. Concentration dependent inhibition of hFPPS was ob-
served for both 15f and 15b and IC50 values of 650 and 700 nM,
respectively, were calculated; under the same assay conditions,
the IC50 of 5 was �300 nM.

NMR studies: Based on the available structural data and our in
silico model, it is reasonable to assume that the potency of 15b
and 15f is derived from interactions with the hFPPS active site that
are different from those observed with risedronate (5). In order to
probe the binding mode of our inhibitors, competition experiments
were conducted using 1H line broadening NMR.19,20 Broadening of
the 1H resonances of compound 13f was observed in the presence
of hFPPS, confirming binding of 13f to the enzyme; free state of 13f
(Fig. 3a) versus enzyme-bound 13f in fast exchange with its free
state (Fig. 3b–e). Addition of IPP to the hFPPS/13f NMR sample re-
stored the 1H resonances of 13f almost completely (Fig. 3h). These
results strongly suggest that IPP and 13f compete for binding into
the same sub-pocket of the active site (Fig. 1b). The proposed bind-
ing mode is in clear contrast to those of 2 and 5 which are known
to bind mostly in the GPP sub-pocket and can form ternary com-
plexes with IPP (Fig. 1a vs b). A direct competition experiment with
analogs 15b or 15f and IPP cannot be easily performed, due to the
high affinity of these inhibitors for the enzyme. However, the size
and shape of these compounds would clearly forbid binding to the
GPP sub-pocket without imposing a dramatic conformational rear-
rangement to the protein structure. Displacement of the hFPPS-
bound 13f (i.e. reversal of line broadening in the 1H NMR spectrum
of 13f) could also be achieved with risedronate (5), strongly sup-
porting that 13f also binds (at least in part) to the GPP sub-pocket
of the enzyme. Our NMR data is consistent with the model devel-
oped from our docking studies for 13f and the more potent struc-
turally related analogs 15b and 15f (Fig. 1b).

In summary, a small library of virtual molecules was docked
into the active site of hFPPS. The protein structure of the hFPPS-
IPP-2 complex, which has the C-terminal residues conformational-
ly rigidified and sequestering the active site from bulk solvent, was
used to develop a model for the plausible ternary complex of
hFPPS-IPP-5. We reasoned that the binding orientation of 5 is
biased by the favorable interactions attained with residues Lys
214 and Thr 215 upon protonation of its pyridine side chain. These
interactions are limiting the binding of 5 into the GPP sub-pocket
and may restrict SAR optimization into more potent and selective
inhibitors. To test this hypothesis, we selected in silico new pyri-
dine-based derivatives that could bind to hFPPS without proton-
ation and could simultaneously occupy both the IPP and the GPP
sub-pockets of the active site. A small set of compounds was syn-
thesized, including analogs 15b and 15f which exhibit comparable
in vitro potency to 5. Docking and 1H line broadening NMR data
strongly suggest that the binding mode of these compounds is dis-
tinctly different from that of 5 and does not rely on interactions
with residue Lys 214. However, based on our docking data, the
neutral pyridine nitrogen of the enzyme-bound 15b or 15f is close
enough to the hydroxyl side chain of Thr 215 to act as a hydrogen-
bond acceptor. Comparison of the inhibition observed with analogs
having the same Het substituent but different pyridine cores
strongly suggests that scaffold 15 provides some advantages over
the others. The novel analogs 15b and 15f (which, arguably, should
not be compared to 5 in terms of their IC50 values) represent prom-
ising new leads for further optimization.
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