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3-(3-Pyridyl)-2-hydroxy-2-phosphonopropanoic acid (3-PEHPC, 1) is a phosphonocarboxylate (PC)
analogue of 2-(3-pyridyl)-1-hydroxyethylidenebis(phosphonic acid) (risedronic acid, 2), an osteoporo-
sis drug that decreases bone resorption by inhibiting farnesyl pyrophosphate synthase (FPPS) in
osteoclasts, preventing protein prenylation. 1 has lower bone affinity than 2 and weakly inhibits Rab
geranylgeranyl transferase (RGGT), selectively preventing prenylation ofRabGTPases.We report here
the synthesis and biological studies of 2-hydroxy-3-imidazo[1,2-a]pyridin-3-yl-2-phosphonopropionic
acid (3-IPEHPC, 3), thePCanalogue ofminodronic acid 4. Like 1, 3 selectively inhibitedRab11 vs.Rap1A
prenylation in J774 cells, and decreased cell viability, but was 33-60� more active in these assays. After
resolving 3 by chiral HPLC (>98% ee), we found that (þ)-3-E1 was much more potent than (-)-3-E2 in
an isolated RGGT inhibition assay, ∼17� more potent (LED 3 μM) than (-)-3-E2 in inhibiting Rab
prenylation in J774 cells and>26�more active in the cell viability assay. The enantiomers of 1 exhibited a
4-fold or smaller potency difference in the RGGT and prenylation inhibition assays.

Introduction

Bisphosphonates are well-established antiresorptive drugs
due to their ability to inhibit osteoclast-mediated bone resorp-
tion. Bisphosphonates also exhibit a range of other biological
properties in vitro, including antitumor, antiparasitic, and
antibacterial activities, raising the possibility of additional
therapeutic uses in vivo.1,2 The most potent bisphosphonate
drugs currently used to treat bone metabolism disorders such
as osteoporosis all contain an amino or other N-containing
group (N-BPs) and have been shown to impede bone resorp-
tion by inhibiting farnesyl diphosphate synthase (FPPS),
thereby blocking the synthesis of isoprenoid lipids required
for the prenylation of small GTPases in osteoclasts.2

Phosphonocarboxylate (PC) analogues of N-BP drugs,
e.g. 3-(3-pyridyl)-2-hydroxy-2-phosphonopropanoic acid (3-
PEHPC, 1), whose structure relates to the bone active drug
2-(3-pyridyl)-1-hydroxyethylidenebis(phosphonic acid) (rised-
ronic acid, 2; formulated as sodium risedronate), exhibit lower
bone affinity than N-BPs but retain some ability to block
protein prenylation.3-6 However, PCs such as 1 selectively
inhibit a different enzyme in the mevalonate pathway, Rab
geranylgeranyl transferase (RGGT), thereby preventing
prenylation of only the Rab family GTPases,3,5 which are

important regulators of organelle biogenesis and vesicle trans-
port.7 The SAR for inhibition of RGGT by PCs differs from
that for inhibition of FPPS by N-BPs.5 R-Halo and R-desoxy
derivatives of 1 inhibit RGGT with similar potency to the
parent PC, but R-halo and R-desoxy derivatives are generally
weaker inhibitors of FPPS than 2 itself.8,9

Rab proteins such as Rab11 and Rab25 may contribute to
the aggressiveness and progression of various cancers, includ-
ing those that frequently metastasize to bone.6,10 RGGT is
overexpressed in a subset of human tumors, and there is
evidence that the anticancer effects of some compounds
designed as inhibitors of FPPS might involve suppression of
prenylation mediated by RGGT,11 stimulating interest in the
designof specific inhibitors for this enzyme.12 PCanalogues of
N-BP drugs exhibit antitumor properties in vitro, both by
inhibiting cell invasion13 and reducing cell viability,4 and 1has
exhibited direct antitumor activity in an animalmodel.14 1 has
only modest potency as an RGGT inhibitor, prompting a
search for a more active analogues.

In this work, we describe the synthesis (6 steps) of 2-hydroxy-
3-imidazo[1,2-a]pyridin-3-yl-2-phosphonopropionic acid
(3-IPEHPC, 3), which is the PC analogue of minodronic acid,
4.15 In contrast to the bisphosphonate 4, the carbon bridging
the two acidic groups 3 is chiral, raising the possibility of
stereospecificity in its biological activity. The same achiral-
chiral relationship exists between 2 and 1. We have developed
a method to resolve the 1 and 3 racemates using chiral
HPLC, permitting individual evaluation of the component
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enantiomers.16 In a companion study of the kinetics and
mechanism of RGGT-mediated Rab geranylgeranylation,
we found that (þ)-3 had significantly lower IC50 andKi values
than 1 in inhibiting this enzyme.17 We here compare the
relative inhibitory potencies of the individual 3 and 1 stereo-
isomers in isolated RGGT, J744 cell viability and cellular
prenylation assays, and also examine their selectivity vs.
FPPS. The antiresorptive properties of 1 and 3 are examined
using both in vitro (rabbit osteoclasts) and in vivo (Schenk)
models (Chart 1).

Results and Discussion

Synthesis of 3.The point of departure for our preparation of
3 was a constructive synthesis from the patent literature18 in
which condensation of aldehyde 6 with N,N-dimethylglycine
ethyl ester followed by further transformations leads to the
gateway enol 10. However, our preliminary attempts to effect
this initial condensation were unsuccessful, and we ultimately
devised a new route to intermediate 10, outlined in Scheme 1.

Our synthesis of 3 begins with a Vilsmeier-Haack for-
mylation of imidazo[1,2-a]pyridine 5 to give the aldehyde 6,
following the approach of Almirante et al.19 as modified by
Gueiffier et al.20 By washing the crude product with water,
we were able to isolate clean 6 without chromatographic
purification. In the next step, ethyl azidoacetate 7, readily
prepared from ethyl bromoacetate and sodium azide,21 was
condensed with 6 using sodium ethoxide dissolved in etha-
nol.22 When following the original procedure,22 the conden-
sationwas accompanied by an uncontrolled temperature rise
with release of gas (possibly due to exothermic ethyl azidoa-
cetate rearrangement22). This problem was circumvented
by decreasing the equivalents of azide 7 from 10 to 4,
as suggested by the preparation of the t-butyl esters of
2-azidocinnamate analogues where a smaller azide excess

was successfully employed.23 The reduction of 8was effected,
after some exploration of alternative conditions,24 by hydro-
genation over 10% Pd/C, giving the enamine product

Chart 1. PhosphonocarboxylicAcids3-PEHPC(1) and3-IPEHPC
(3) and the Parent Bisphosphonic Acids, Risedronic Acid (2) and
Minodronic Acid (4)

Scheme 1. Synthesis of 2-Hydroxy-3-imidazo[1,2-a]pyridin-3-yl-2-phosphonopropionic Acid, 3

Reagents and conditions: (a) Vilsmeier reagent, from 2-140 �C, 31%; (b) EtONa/EtOH, from -30 �C to rt, 4 h, 55%; (c) H2/10% Pd-C, MeOH,

2.5 h, rt, 100%; (d) AcOH/H2O (7/1, v/v), 1.5 h, 0 �C, 59%; (e) (EtO)2P(O)H, 70 �C, 21 h; (f ) 6 N HCl, 6 h, reflux, 60%, (e) and (f ) combined.

Figure 1. Enantiomers of 1 have small differences in activity. (A)
Comparative effects of 1 and its enantiomers on Rab prenylation in
J774 cells. Cells were treated for 24 h with 31-500 µM of the stereo-
isomers of 1, or the racemate, then lysed in triton X-114 buffer and
fractionated aqueous phases (containing unprenylated Rab proteins),
electrophoresed and Western blotted for Rab11 or β-actin. (B) Selecti-
vity of 1 enantiomers on GTPase prenylation. J774 cells were meta-
bolically labeled for 18 h with [14C]mevalonate, in the presence or
absence of 1 mM compounds, then radiolabeled; prenylated GTPases
were detected by phosphorimaging after separating proteins in cell
lysates by electrophoresis. (C) Effect of 1 and its enantiomers on activity
of RGGT in isolated enzyme assays, assessed by measuring the incor-
poration of [3H]geranylgeranyl (from [3H]GGPP) into Rab1a.
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9 which was then hydrolyzed by treatment with 87% v/v
acetic acid, providing the key intermediate 10, in an overall
yield of 10% (from 5). A 1HNMRstudy of this compound in
CDCl3 showed that <1% of the keto tautomer of 10, ethyl
2-oxo-3-(imidazo[1,2-a]pyridin-3-yl)propanoate, was pre-
sent, confirming the expected stabilization of the enol form
by interaction with the extended π orbital system of the
heterocycle. Addition of diethyl phosphite to 10 proceeded
smoothly to provide the phosphonate adduct 11, which
however was found to be of limited stability due to rearran-
gement to its phosphate isomer. Phosphonate-phosphate
rearrangements of R-hydroxy phosphonate diesters are
well documented.25 As a result, crude 11 was not purified
but instead was quickly subjected to hydrolysis in refluxing
concentrated hydrochloric acid, giving the acid 3, which was
isolated as a crystalline solid by precipitation and washing
with ethanol andwater. The compoundwas characterized by
1H and 31P NMR, HRMS, and elemental analysis.

Resolution of 1 and 3 Enantiomers. The role of chirality in
the biological activity of bisphosphonate analogues has received
little attention in the past. R,R-Disubstituted methylenebisphos-
phonate drugs such as 2, zoledronate, alendronate, ibandronate,
and clodronate are prochiral at the P-C-P carbon and have
achiral substituents.We recently reportedX-ray crystallographic
evidence that [6,7-dihydro-5H-cyclopenta[c]pyridin-7-yl(hydroxy)-
methylene]bis(phosphonic acid), an analogue of 2 incorporating
a chiral bicyclic substituent, showed stereospecificity in forming
its active site complex with FPPS.26

Unlike the bisphosphonates, all nonequivalently R,R-di-
substituted phosphonocarboxylates have a chiral bridging
R-carbon, but the relationship of this inherent stereoisomer-
ism to their biological activities has remained unexplored.
In search of a general method to resolve racemic PCs,
we investigated separation on the commercially available

quinine (ProntoSIL AX QN)-quinidine (ProntoSIL AX
QD; the pseudoenantiomeric quinidine QD column has
opposite chirality to the QN column) weak anion exchange
HPLC columns introduced by Lindner et al.27 Retention of
the analyte by the stationary phase is believed to involveπ-π
donor-acceptor, hydrogen bonding, and steric as well as
ion-pairing interactions. Cinchona alkaloid-based columns
have proved effective for the resolution of a number of
different racemic monoacids27 but have not been previously
applied to multifunctional substrates such as 1 or 3, which
contain hydroxy- and nitrogen-containing heterocycle
groups in addition to two different kinds of acid function-
ality with pKas ranging from ∼2 to ∼7.

In preliminary studies using the QN column, we found
that the peaks of the 1 or 3 enantiomers partially overlap and
tail. One-pass separation gave the faster-eluting enantiomer
(E1) with ∼95% ee and the slowly eluting one (E2) with
∼70-80% ee, as determined by reanalysis on QN and QD
columns (the enantiomer with the shorter retention time on
the QN column is dextrorotatory and is therefore referred to
as (þ)-3-E1 or (þ)-1-E1, and the more slowly eluting,
levorotatory enantiomer as (-)-3-E2 or (-)-1-E2; the order
of elution is reversed on the QD column). Attempts to
improve the enantioseparation by use of partial or full ester
derivatives of the desoxy analogue of 1, 13, proved successful
for its P,P-diester analogue 14 (see Supporting Information
for details), but attempts to convert a 1 (or 3) triester to its
P,P-diester 15 under basic conditions led to rearrangement
(to a phosphate ester). We therefore decided to concentrate
on chiral HPLC reprocessing of the first-pass, enantiomer-
enriched fractions obtained from the unmodified compounds.
Because (-)-3-E2 elutes from the QN column within the tail
of the faster-moving (þ)-3-E1 peak, it was advantageous to
carry out its second enrichment pass using the QD column

Figure 2. Compound 3 is a potent inhibitor of RGGT. (A) Effect of 4, 1, and 3 on J774 cell viability. Cells were treated with compounds for 48 h
and then viable cell number assayed by Alamar blue assay (mean ( SEM; n= 3). (B,C) Effect of 4, 1, and 3 on Rab prenylation in J774 cells.
The cells were treated for 24 h as indicated and then lysed in triton X-114 buffer and fractionated aqueous phases (containing unprenylated Rab
proteins) were Western blotted for Rab11, or β-actin.
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(on which it elutes first), whereas the (þ)-3-E1-enriched
fraction was rechromatographed on the original QN col-
umn. The %ee of each enantiomer was estimated to be
g98% after two enrichment passes.

Biological Activity of 1 and 3 Stereoisomers

Stereoisomers of 1 Show Small Differences in Activity. The
enantiomers of 1 show a relatively small difference in their
ability to inhibit prenylation ofRab 11 in J774 cells, (þ)-1-E1
being about four times as potent as (-)-1-E2 (LED ∼63 vs.
250 μM, respectively) (Figure 1A). At 1 mM, both stereo-
isomers prevented the incorporation of [14C] mevalonate
into Rab GTPases, but not the Rho and Ras GTPases,
confirming the specificity of these compounds for RGGT
(Figure 1B). Neither (þ)-1-E1 nor (-)-1-E2 affected the
prenylation of Rap1A at concentrations up to 2 mM (data
not shown). Consistent with these results, (þ)-1-E1 was
moderately more potent than isomer (-)-1-E2 in inhibiting
incorporation of tritiated geranylgeranyl into Rab1a by iso-
lated RGGT (IC50 values 39 ( 2.3 μM and 150 ( 54 μM,
respectively; the racemate was of intermediate potency (IC50

51.7 ( 11.5 μM) (Figure 1C).
Compound 3 Is a Potent Inhibitor of Rab Prenylation. (þ)-3

was previously shown to be ∼25� more potent than 1

in inhibiting geranylgeranylation of Rab1a by isolated
RGGT.17 The greater potency of 3 was confirmed in

a J774 cell viability assay (IC50 47 μM compared to
2800 μM, respectively), although it is still less than that of
its parent BP 4 (IC50 3 μM;Figure 2A). Rab11 prenylation in
J774 cells was∼30�more sensitive to 3 than to 1, the LEDof
3 (3 μM) being similar to that of minodronate itself, com-
pared to ∼100 μM for 1 (Figure 2B and C). The similarity
between the potency of 3 and 4 for inhibition of Rab
prenylation highlights the importance of inhibition of pre-
nylation of non-Rab small GTPases in the mechanism of
action of 4, because this compound, which prevents the
modification of all prenylated proteins, reduced J774
viability much more effectively than 3. Moreover, the effect
of 4 on protein prenylation is most likely exclusively the
result of inhibition of FPPS because it has little effect on
RGGT (IC50 > 1 mM; data not shown).

Similarly to 1, 3 had almost no effect on FPP synthase
activity at up to 10 μM (Figure 3A; note that the IC50 for the
parent 4 is 3 nM in this assay28) and, unlike 2, had no effect
on the farnesylation of Ras at up to 400 μM (Figure 3B).
Moreover, 3 prevented the incorporation of [14C]mevalonate
into Rabs but, unlike the specific FTase inhibitor FTI-277
(18),29 did not affect farnesylation of nuclear lamins
(Figure 3C). Therefore, like 1, 3 is a selective RGGT
inhibitor both in vitro and in whole cells but is significantly
more potent. Interestingly, the difference in potency of the
parent BPs (4 vs. 2) is only about 4-fold for both inhibition
of FPPS and inhibition of prenylation (data not shown).

Figure 3. Compound 3 does not affect FPPS or protein farnesylation. (A) Assay for FPPS activity, in which partially purified recombinant
human FPPS was preincubated with 2 or 3 for 10 min prior to commencing the assay by adding [14C]IPP enzyme substrate. The data are the
mean ( SEM (n = 4). (B) Effects of 2 and 3 on prenylation of Ras, Rap1, and Rab6 in J774 cells. The cells were treated for 24 h and then
prenylated and unprenylated proteins separated by triton X-114 fractionation. Resulting aqueous (containing unprenylated proteins; U) and
detergent-enriched (containing prenylated proteins; P) phases were thenWestern blotted for Ras, Rap1, Rab6, or β-actin. (C) Comparison of
18 and 3 prenylation selectivity in J774 cells. The cells were metabolically labeled for 18 h with [14C]mevalonate, in the presence or absence of
400 μM 3 or 10 μM 18, then radiolabeled; prenylated proteins were detected by phosphorimaging.
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Our finding that the desoxy analogue of 1 has reduced
mineral affinity, but is of similar potency to 1,8 suggested
that a similar modification to 3 could produce an equally

potent Rab prenylation inhibitor with even lower affinity for
bone. However, we have found that the desoxy analogue of 3
is less potent than 3 (data not shown).9

Figure 4. Isomers of 3 have differential activity. (A) The effect of 3 and its enantiomers on the activity of recombinant Rab GGTase in vitro
was assessed by measuring the incorporation of [3H]geranylgeranyl (from [3H]GGPP) into Rap1A (mean ( SEM; n = 2). (B) Effects of 3
enantiomers on J774 cell viability. The cells were treatedwith the compounds for 48 h and then viable cell number assayed byAlamar blue assay
(mean( SEM; n=3). (C,D) Effects of 3 enantiomers compared to 1, 13, 16, and 17 on prenylation in J774 cells. Cells were treated for 24 hwith
the indicated concentrations (μM) of the compounds, then lysed in triton X-114 buffer and fractionated into aqueous phases (containing
unprenylated Rab proteins) and Western blotted for unprenylated Rab11, β-actin, or unprenylated Rap1A.
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At a high concentration (400 μM), 3 appeared to have an
additive effect with 18 in preventing the prenylation of
∼21 kDa proteins (i.e., those modified by FTase and GGTase
I), further indicating that 3 inhibits prenylation of all proteins
modified with geranylgeranyl groups. In accordance, concen-
trations of g100 μM 3 also inhibited prenylation of proteins
modifiedbyGGTase I, suchasRap1 (Figures 3Band4D).This
suggests that at concentrations ∼30 times higher than those
necessary for inhibition of RGGT, 3 also weakly inhibits
another enzyme of the mevalonate pathway downstream of
FPPS, i.e., either GGPP synthase or GGTase I (discussed
further in the section below concerning stereoisomers of 3).

Stereoisomers of 3 Differ Markedly in Their Potencies. By
contrast with 1, stereoisomers of 3 show dramatically differ-
ent activities, with (þ)-3-E1 more potent than (-)-3-E2 in
inhibiting RGGT (IC50 values 1.1 μMcompared to 67.7 μM,
respectively; Figure 4A). The racemate was of intermediate
potency, although its IC50 appeared somewhat higher than
might be expected from the (þ)-3-E1 value. Large differences
in potency were found with respect to reduction of J774
cell viability (IC50 values 31 μM for isomer (þ)-3-E1 vs. >
800 μM for isomer (-)-3-E2; Figure 4B) and to a lesser
extent, inhibition of Rab11 prenylation (LED ∼3 and
∼50 μM, respectively; Figure 4C). Similar to the racemate,
(þ)-3-E1 inhibited prenylation of Rap1A at concentrations
around 30 times higher than those required for inhibition of
Rab11 prenylation (∼100 μM compared to ∼3 μM). (-)-3-
E2 also inhibited prenylation of Rap1A but only at a
concentration ∼80 times higher than that required for
inhibition of Rab prenylation (Figure 4D). Other PC analo-
gues, both active8 (1, 13, 16) and inactive3 (17) against
RGGT, did not inhibit Rap1A prenylation even at this high
concentration (4 mM) (Figure 4D). This indicates that the
isomers of 3 are both able to inhibit an additional enzyme
target besides RGGT (most likely GGPPS), but their poten-
cies for inhibition of this enzyme are not directly related to
their potencies for inhibition of RGGT (Chart 2).

The data demonstrate that (þ)-3-E1 is the most potent
selective PC inhibitor of RGGT yet to be identified. Other
selective inhibitors of RGGT are similar in potency toward
this enzyme in vitro (IC50 values 2.1-2.8 μM) but less
effective in whole cell prenylation assays (inhibition of Rab
prenylation at 20-50 μM).12 Although the compound BMS-
1 is a more potent inhibitor than (þ)-3-E1 in enzyme assays,
this compound is also a potent inhibitor of FTase.11

Compound 3 Likely Inhibits GGPP Synthase in Cells.

Surprisingly, in isolated enzyme assays, (þ)-3-E1 (and

indeed (-)-3-E2) had little effect on the activity of either
GGPPS orGGTase I at concentrations up to 1mM (Figure 5A
and B). Despite these results, two pieces of evidence indicate
that (þ)-3-E1 achieves its effects on Rap1A prenylation
through weak inhibition of GGPPS. First, (þ)-3-E1 did
not inhibit the incorporation of [3H]GGPP into 21 kDa
proteins (which are exclusive substrates for GGTase I;
Figure 5C), indicating that this compound has no effect on
GGTase I. Second, similar to 2, the inhibition of prenylation
of Rap1A caused by (þ)-3-E1 could be overcome by the
addition of GGPP, whereas the inhibition of Rap1A
prenylation caused by the specific GGTase I inhibitor
GGTI-298 (19)30 was unaffected (Figure 5D). This indicates
that (þ)-3-E1 inhibits an enzyme upstream ofGGTase I (i.e.,
GGPPS). It remains unclear why inhibition of GGPPS was
so weak in isolated enzyme assays, but these differences
could reflect differences in the relative concentrations of

Chart 2. Structures of Compounds 13 and 16-19

Figure 5. Compound 3 is a weak inhibitor ofGGPPS in intact cells.
(A) The effect of the enantiomers of 3 on activity of GGPPS in
isolated enzyme assays (mean ( SEM; n= 3). (B) The effect of the
enantiomers of 3 on activity of GGTase I in isolated enzyme assays
(mean(SEM; n=3). (C) Selectivity of 3 enantiomers for inhibition
of prenylation ofGTPases in J774 cells. The cells weremetabolically
labeled for 18 h with [3H]GGOH in the absence or presence of
400 μM (þ)-3-E1 or (-)-3-E2 and then lysates separated by
electrophoresis on 12% polyacrylamide-SDS gels and [3H]-labeled,
geranylgeranylated proteins detected by fluorography. (D) Effect of
2, 3, and 19 with/without added GGPP on Rap1A prenylation in
J774 cells. Cells were treated for 24 h with 25 μM 2, 400 μM 3 or
10 μM 19 in the presence or absence of 10 μM GGPP. Proteins in
cell lysates were then separated by electrophoresis on 12% SDS/
PAGE gels and unprenylated Rap1A (uRap1A) or β-actin detected
by Western blotting.
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enzyme and substrates in the cells compared to the enzyme
assays.

A summary of the biological activities of compounds 1-4,
1-E1-E2, and 3-E1-E2 is presented in Table 1.

Compound 3 Inhibits RabPrenylation inOsteoclasts but is a

Weak Inhibitor of Bone Resorption. Compound 3 was much
more potent (∼15�) than 1 in inhibiting Rab prenylation in
rabbit osteoclasts (effective at 12.5 μM compared to 200 μM
for 1 (Figure 6A)). 3was also an inhibitor of bone resorption
(Figure 6B), but was only around 3-fold more potent than 1

in vitro (IC50 ∼330 μM compared to 970 μM for 1), and in
vivo in the Schenk growing rat model (LED = 2.8 mg/kg
compared to 12 mg/kg for 1),31 which may be somewhat less
than anticipated from its potency for inhibitingRab prenyla-
tion in osteoclasts. The in vivo data are for the racemates,
thus the LED of the E-1 isomer of 3 should be lower, e.g.
∼ 1.4 mg/kg. Unlike 1, 3 affected the osteoclast cytoskeleton
at concentrations that also inhibited resorption. The reason
for the discrepancy between the effects of these two PCs on
osteoclasts remains unclear.

Conclusions

The novel PC analogue of minodronic acid, 3, can be
synthesized in six steps from imidazo[1,2-a]pyridine. As pre-
viously observed for a series of phosphonocarboxylate analo-
gues of risedronate,3,5,8 the structural modification of
replacing one phosphonic acid group by a carboxylic acid
group in the drug “backbone” of the parent N-BP drug
redirects the active target from FPPS to RGGT, a more
downstream enzyme of the mevalonate pathway, causing a
selective inhibition of prenylation of Rab proteins (Figure 7).

Such compounds have potential therapeutic value, for
example as antitumor agents, because Rab GTPases have
been implicated in the pathogenesis of certain cancers that
metastasize to bone.6 In support of this, 1 has been shown
to possess antitumor effects both in vitro4,13 and in vivo.14,32

The lower affinity of PCs for bonemineral8 indicates that they
are likely to be targeted to the bone microenvironment5 but
not as tightly associated with the bone surface as higher
affinity BPs.

We have now demonstrated that 3 is a potent RGGT
inhibitor compared to previously studied PCs and exhibits
high selectivity for this enzyme. By separating chiral PC
inhibitors into their component enantiomers for the first time,
we have demonstrated that inhibition of RGGT can be highly
dependent on analogue stereochemistry at the R-carbon and
that almost all the activity of racemic 3 stems from one
enantiomer [(þ)-3-E1], which is the most potent PC-type
selective RGGT inhibitor discovered to date. This compound
illustrates the potential of bisphosphonate PC analogues as a
new platform for drug design,6 in addition to providing a new
tool for investigating Rab-dependent biological processes.3,5,33

Table 1. Effects of Selected PC and BP Analogues on Enzymes of the Mevalonate Pathway (Isolated Enzyme Assays), J774 Cell Viability, and Rab11
and Rap1A Prenylationa

compd

FPPS

inhibition

(IC50, µM)

reduction

of J774 viability

(IC50, µM)

RGGT

inhibition

(IC50, µM)

inhibition of Rab11

prenylation

LED (µM)

inhibition of

Rap 1A prenylation

LED (µM)

inhibition of

GGPPS

(IC50, µM)

inhibition

of GGTase 1

(IC50, µM)

(()-1 >10003 2800 51.7 100 no effect at 4 mM ND >2000b

1-E1 ND ND 39 63 no effect at 2 mM ND ND

1-E2 ND ND 150 250 no effect at 2 mM ND ND

(()-3 >10 47 12.5c 3 g100 ND ND

3-E1 ND 31 1.1c 3 100 >1000 >800

3-E2 ND >800 67.7c 50 4000 >1000 >800

2 0.0068 318 ND 12b 12b8 ND ND

4 0.00328 3 >1000 b 3 b 3 b 0.67 ND
aLED= lowest effective dose. ND= not determined. bNot shown in Figures. cUnder the assay conditions of ref 17, IC50 values (Rab1a) of 1.3 and

32 µMwere obtained for 3-E1 and 1, respectively. TheKi values (uncompetitive) obtained were 0.211 vs. 33.56 µM. The value for racemic 3 found here might be
expected to be closer to that for 3-E1. However, conservatively, the enantiomer IC50 ratio is at least ∼20:1.

Figure 6. Compound 3 inhibits bone resorption by rabbit osteo-
clasts in vitro. (A) Rabbit osteoclasts were treated for 24 h, then
lysed in triton X-114 buffer and aqueous phases (containing un-
prenylated Rab proteins) were Western blotted for Rab11 or
β-actin. (B) Rabbit osteoclasts seeded onto dentine discs were
treated with (þ)-3-E1 for 48 h, then fixed, stained with TRITC-
phalloidin, and the number of actin rings counted. Resorption pit
area per disk was then determined by reflected light microscopy.
Results are expressed as percentage of control and are the mean (
SEM of six independent experiments.

Figure 7. Mevalonate pathway, showing the prenylated proteins
analyzed in this study and sites of action of inhibitors, including 1

(3-PEHPC) and 3 (3-IPEHPC). GGPPS is suggested as an addi-
tional site of action for 3.
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Itwill be of interest to cocrystallizeRGGT12with the inhibitor
3 in complex, which we predict to show preferential binding
of (þ)-3-E1.

Experimental Section

GeneralMethods, Reagents andMaterials.Compounds 1 and
17 were gifts from Procter & Gamble Pharmaceuticals, Inc.
Compounds 12, 13, and 16 were synthesized by our published
method.8 Synthesis of the partial esters of 13 (used for HPLC
studies), 14, and 15 is discussed in the Supporting Informa-
tion. All solvents and reagents were reagent grade, purchased
commercially and used without further purification, except as
mentioned below. Phosphorus oxychloride and triethylamine
were freshly distilled before use. HPLC were carried out
using a Dynamax Rainin model SD-200 pump equipped with
a Shimadzu SPD-10A VP UV-vis detector on ProntoSIL
AX QN 8 mm � 150 mm and ProntoSIL AX QD 4 mm�
150 mm chiral columns (Bischoff Chromatography Leonberg,
Germany). Columns were eluted isocratically with 0.7 M
TEAAc containing 75%MeOHat pH5.8 for enantioseparation
of 3, or with 0.25 M TEAAc, 75% MeOH at pH 6.9 for
enantioseparation of 1. Optical rotations for both enantiomers
of 3 dissolved in water at pH 6.3 were determined on a Jasco
P-2000 polarimeter, cell path length 10 cm. NMR spectra were
measured on a Varian Mercury 400 spectrometer. Chemical
shifts (δ) are reported in parts per million (ppm) relative to
internal residual CHCl3 in CDCl3 (δ 7.29), or internal residual
HDO in D2O (pH ∼12, δ 4.8). Elemental analysis of racemic 3
was performed by Gallbraith Laboratories Inc., Knoxville,
TN. HRMS analysis was performed at the UC Riverside, MS
Laboratory, using a VG-ZAB MS spectrometer in FAB
mode. UV spectra were measured on a Beckmann Coulter
DU 800 spectrophotometer. Concentrations of 3 enantiomers
in aqueous solution (pH 6.3) were assigned by UV, using ε=
6450 at 280 nm.

For biological assays, PC compounds were dissolved in PBS,
the pH was adjusted to 7.4 with 1 M NaOH, and the solution
filter-sterilized before use. Antibodies used for immunoblotting
were: antiunprenylated Rap1A (sc-1482) from Santa Cruz
Biotechnology, anti-Rab11 (05-853) fromUpstate Serologicals
(Lake, Placid, NY), and β-actin from Sigma (Poole, UK). 23c6
antivitronectin receptor (VNR) antibody was a generous gift
of Prof. Mike Horton (University College London, UK). [3H]-
GGOH was obtained from American Radiochemicals Ltd. (St
Louis,MO). [14C]Mevalonic acid lactone, Enhance reagent, and
[1-3H]trans-geranylgeranyl pyrophosphate (GGPP) were pur-
chased fromNEN (Hounslow, UK). Solvent was removed from
[3H]GGOH and [14C]mevalonic acid lactone by evaporating in
nitrogen. All other reagents were from Sigma Chemical Co
(Poole, UK) unless stated otherwise.

Imidazo[1,2-a]pyridin-3-carbaldehyde (6).19,20 To DMF (120
mL, 1.55 mol) cooled to 2 �C, freshly distilled phosphorus
oxychloride (61 mL, 0.65 mol) was slowly added. The tempera-
ture was allowed to gradually rise to room temperature. After
recooling to 2 �C and a solution of imidazo[1,2-a]-pyridine 5
(10 g, 0.085 mol) in DMF (60 mL) was added dropwise. The
mixture was warmed to 105 �C, and the temperature rose to
140 �C. The oil bath was removed until the temperature stabi-
lized at 120 �C.Heatingwas then continuted for 45min at 120 �C
and 2.5 h at 85 �C. After cooling, the reaction mixture was
poured into 5%HCl (600 mL) cooled by a water bath and then
brought to pH 9 by adding 20% aq NaOH. The resulting
solution was extracted with CH2Cl2 (1200 mL) overnight. The
organic layer was separated and dried over MgSO4, the solvent
removed under reduced pressure, and the crude product washed
with water (5� 15 mL) and dried: 3.49 g (31%) of a white solid
was obtained. 1H NMR (CDCl3): 7.17 (dt, 3JHH = 6.80 Hz,
4JHH = 0.8 Hz, CH, 1H), 7.60 (ddd, 3JHH = 8.40, 6.80 Hz,
4JHH = 1.6 Hz, CH, 1H), 7.83 (m, CH, 1H), 8.35 (s, CH, 1H),

9.53 (m, CH, 1H), 9.98 (s, CHO, 1H) (for a discussion of the 1H
NMR of imidazo[1,2-a]pyridine analogues, see Paudler and
Blewitt34).

Ethyl Azidoacetate (7).21 To a cooled (0-5 �C) solution of
ethyl bromoacetate (40 g, 0.24 mol) in 250 mL of acetone, a
solution of sodium azide (38.9 g, 0.60 mol) in 200 mL of water
was added dropwise. The temperature was increased to 63 �C
and maintained at that temperature for 4 h. The reaction
mixture was then cooled to room temperature and extracted
with CH2Cl2 (7 � 70 mL). The combined extracts were washed
with saturatedNaHCO3 (3� 40mL) andwater (3� 20mL) and
dried over MgSO4. Solvents were evaporated under reduced
pressure, and the residue was dried under vacuum. The product
was obtained as a colorless oil in 96% yield (29.9 g). 1H NMR,
CDCl3: 1.36 (t,

3JHH=6.80Hz, CH3, 3H), 3.92 (s, CH2N3, 2H),
4.31 (q, 3JHH = 6.80 Hz, CH2, 2H).

(Z )-2-Azido-3-imidazo[1,2-a]pyridin-3-yl-acrylic Acid Ethyl

Ester (8).22 To ethanolic sodium ethoxide, generated by the
addition of metallic sodium (4.5 equiv) to ethanol (140 mL) and
cooled to-30 �C, a solution of aldehyde 6 (4 g, 0.0273 mol) and
ethyl azidoacetate 7 (14.1 g, 0.109 mol) in ethanol (120 mL) was
added dropwise. The temperature was slowly increased to room
temperature, and the mixture allowed to stand for 4 h. The
reaction was quenched with a saturated aqueous solution of
NH4Cl (360 mL) and extracted with diethyl ether (1200 mL).
The combined organic extracts were dried over Na2SO4 and
concentrated in vacuo. The crude product was chromato-
graphed on silica gel, eluted with EtOAc:hexane (3:2), giving a
yellowish solid (3.87 g, 55%). Stereochemical assignment fol-
lows Chezal et al.22 1H NMR CDCl3: 1.45 (t, 3JHH = 7.2 Hz,
CH3, 3H), 4.44 (q, 3JHH = 7.2 Hz, CH2, 2H), 7.00 (dt, 3JHH =
7.0, 4JHH=0.8, CH, 1H), 7.12 (s, CHd, 1H), 7.35 (ddd, 3JHH=
8.8, 7.0, 4JHH = 1.2, CH, 1H), 7.73 (bd, 3JHH = 8.8, CH, 1H),
8.24 (d, 3JHH = 7.0, CH, 1H), 8.54 (s, CH, 1H).

(Z )-2-Amino-3-imidazo[1,2-a]pyridin-3-yl-acrylic Acid Ethyl

Ester (9). A mixture of azide 8 (4.63 g, 0.018 mol) and 10%
palladium on charcoal (1.05 g) inmethanol (130mL) was stirred
under H2 for 2.5 h at rt. The reaction progress was controlled by
TLC (CH2Cl2/acetone 9:1). The reaction mixture was filtered
and the filtrate concentrated under reduced pressure. The
product was obtained quantitatively (4.15 g). 1HNMR, CDCl3:
1.42 (t, 3JHH=6.80Hz, CH3, 3H), 4.37 (q, 3JHH=6.80Hz, CH2,
2H), 6.61 (s, CHdC, 1H), 6.92 (dt, 3JHH = 6.80 Hz, 2JHH =
1.2 Hz, CH, 1H), 7.26 (ddd, 3JHH = 6.80 Hz, 10.0 Hz, 2JHH =
1.2 Hz, CH, 1H), 7.66 (m, CH, 1H), 7.87 (s, CH, 1H), 8.15
(m, CH, 1H).

(Z )-2-Hydroxy-3-imidazo[1,2-a]pyridin-3-yl-acrylic Acid Ethyl
Ester (10). A solution of enamine 9 (3.5 g, 0.015 mol) in acetic
acid (5 mL) and water (35 mL) was stirred for 1.5 h at 0 �C. A
solid precipitated. The mixture was concentrated in vacuo, and
the semisolid residue was washed with water and dried in
vacuo, leaving the product as an off-white solid (2.08 g, 59%).
1H NMR: 1.43 (t, 3JHH = 7.20 Hz, CH3, 3H), 4.42 (q, 3JHH =
7.20 Hz, CH2, 2H), 6.78 (s, CHdC, 1H), 6.96 (dt, 3JHH = 6.80
Hz, 2JHH = 1.2 Hz, CH, H), 7.26 (m, CH, 1H), 7.72 (d, 3JHH =
9.20 Hz, CH, 1H), 8.22 (d, 3JHH = 6.80 Hz, CH, 1H), 8.32
(s, CH, 1H).

2-(Diethoxyphosphoryl)-2-hydroxy-3-imidazo[1,2-a]pyridin-
3-yl-propionic Acid Ethyl Ester (11).Amixture of enol 10 (1.45 g,
0.006 mol) in diethyl phosphite (25 mL) was stirred for 21 h at
70 �C. After cooling, it was concentrated in vacuo and subjected
to hydrolysis without further isolation or purification due to its
instability. 1H NMR, CDCl3: 1.40, 1.42, 1.43 (3t, 3JHH = 6.80
Hz, 3CH3, 9H), 3.62 (dd, 2JHH = 16.00, 3JHP = 6.80 Hz, CH,
1H), 3.84 (dd, 2JHH = 16.00, 3JHP = 4.40 Hz, CH, 1H),
4.18-4.34 (m, 3CH2O, 6H), 6.87 (t, 3JHH = 6.80 Hz, CH,
1H), 7.22-7.26 (m, CH, 1H), 7.48 (s, CH, 1H), 7.68 (d, 3JHH =
8.80 Hz, CH, 1H), 8.38 (d, 3JHH = 7.20 Hz, CH, 1H).

2-Hydroxy-3-imidazo[1,2-a]pyridin-3-yl-2-phosphonopropionic
Acid (3). A solution of the crude ester 11 in concentrated
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hydrochloric acid (45 mL) was refluxed for 5 h. After evapora-
tion under reduced pressure, the residue was dissolved partially
in 100 μL of water and precipitated by addition of ethanol (50
mL). The precipitate was filtered, washed with water (500 μL)
and then ethanol (40 mL), filtered, washed again with ethanol,
and dried, giving an off-white solid (1.03 g, 60% from 10). Two
overlapping peaks of approximately equal area on an AX QN
HPLC column (see below). 1H NMR (D2O, pH 12.8): 3.35 (dd,
2JHH= 15.6, 3JHP= 7.2, CHHCP, 1H), 3.75 (dd, 2JHH= 15.6,
3JHP = 1.2, CHHCP, 1H), 6.90 (t, 3JHH = 6.4, CH, 1H), 7.26
(bdd, 3JHH = 9.2, 6.4, CH, 1H), 7.35 (s, CH, 1H), 7.45 (d, 3JHH

=9.2, CH, 1H), 8.41 (d, 3JHH=6.4, CH, 1H). 31PNMR (D2O,
pH 12.8): 15.06. 13C NMR (D2O, pH 12.8): 29.30 (CH2CP),
80.51 (d, 1JCP = 138.3, CP), 112.10, 115.40 (2s, 2CH), 122.93
(d, 3JCP = 16.8, C), 125.26 (s, 2CH), 130.07 (s, CH), 145.12
(s, C), 179.55 (s, CdO). Anal. Calcd for C10H11N2O6P(H2O)2-
(C2H5OH)0.16: C 37.61%, H 4.88%, N 8.50%. Found: C
37.44%, H 5.00%, N 8.63%. HRMS for C10H10N2O6P

- (m/z):
found 285.0283; calcd: 285.028.

Separation of 3 Enantiomers by Chiral HPLC. 3 was eluted
isocratically on a ProntoSIL AXQN column (8 mm� 150 mm)
with 0.7 M triethylamine/acetic acid containing 75%MeOH at
pH 5.8. Each injection was done using 5-7 mg of 3, which was
dissolved in 100 μLbuffer and TEA at pH 6.7. The two fractions
corresponding to partially overlapping peaks were separated
and evaporated under reduced pressure.During the evaporation
process in glass vessels, but not in plastic (PP) vessels, an adduct
sometimes forms in variable amounts (2-10%), detectable by
chiral HPLC and 31P NMR analysis, that reverts (without
racemization) to 3 (E1 or E2) on treatment with water at pH
7-8 (Supporting Information). The origin and structure of this
compound will be discussed elsewhere.35 On the basis of reana-
lysis using QN and QD columns, the %ee of the enantiomer
fraction with the shorter retention time, (þ)-3-E1, was about
95%. The enantiomer with the longer retention time, (-)-3-E2
was obtained in about 70-80% ee. The fraction enriched with
(þ)-3-E1was further purified using the sameProntoSILAXQN
column, whereas the fraction enriched in (-)-3-E2 was repur-
ified using a ProntoSIL 4mm� 150mmAXQD column, which
reversed the elution order, eliminating tailing of (þ)-3-E1 into
(-)-3-E2. The enantiomeric purity of both enantiomers was
g98%, defined by chiral HPLC using the ProntoSIL AX QN
and AX QD columns to define the %ee of (-)-3-E2 and (þ)-3-
E1, respectively. The optical rotations of the two enantiomers
were opposite, as expected:

ðþ Þ-3-E1 : ½R�23D ¼ þ 112:4( 0:2 ðc ¼ 0:68g=dL; H2O, pH 6:3Þ

ð-Þ-3-E2 : ½R�23D ¼ -110:9( 0:2 ðc ¼ 0:64g=dL; H2O, pH 6:3Þ
Determination of the Extinction Coefficient of 3. First, UV

spectra of racemic 3 in aqueous solutions at pH 9, 7, 5, and 3
were acquired, which displayed an isosbestic point at 296 nm
between pH 9 and pH 7. The extinction coefficient determined
for pure racemic 3 (a sample which passed elemental analysis
and was pure by 31P, 1H, 13C NMR; MW = 286.2) in 0.1 N
phosphate buffer, at pH 6.3 was 6450 ( 3 at 280 nm (λmax)
(n = 3).

RGGT and GGTase I Assays. RGGT activity was measured
by determining the incorporation of [3H]GGPP into His-tagged
canine Rab1a protein as previously described.36 The final con-
centrations in the prenylation reaction were 50 mM sodium
HEPES, pH 7.2, 5 mMMgCl2, 1 mMDTE, 1 mMNP-40, 4 μM
Rab1a, 5 μMGGPP (800 dpm/pmol), 2 μMREP-1, and 50 nM
RGGT.All reactions were allowed for 30min at 37 �C in a 25 μL
volume in glass tubes (Fisher). The assay was conducted in
duplicate and repeated in three independent reactions. The
experimental data were fitted using the enzyme kinetic module
fromSystat Software and are expressed asmean( SEMof three
independent experiments.

FPPSandGGPPSAssays.FPP synthase andGGPP synthase
were purified and assayed as described.37 Briefly, compounds
under investigation were preincubated with 1 pmol FPPS or
6 pmol GGPPS for 10 min and then the reaction initiated by
adding 20 μL of substrate containing 50 μM [1-14C]IPP
(4 μCi/mmol) and either 50 μM GPP for FPPS or 50 μM FPP
for GGPPS. After 5 min, the assay was terminated by adding
200 μL of 1:4 conc HCl/methanol. Reaction products were then
extracted with 0.5 mL of scintillation fluid (Microscint E,
Perkin-Elmer) and radioactivity in the upper phase determined
by scintillation counting. Data was analyzed using Graphpad
Prism.

Assessment of Rab Prenylation by Western Blotting. The
effects of the compounds on protein prenylation were studied
using triton X-114 fractionation in which prenylated proteins
partition into the detergent-rich phase, whereas unprenylated
proteins remain in the aqueous phase.5 Briefly, cells were treated
for 24 h, then lysed in 20 mM Tris, 150 mM NaCl, pH 7.5, 1%
Triton X-114, a sample taken for determination of protein
concentration, and then remaining lysate incubated at 37 �C
for 10 min. Following centrifugation at 13000g for 2 min, the
aqueous and detergent-rich phases were separated and then
Triton X-114 added back to the aqueous phase to 1% v/v and
the extraction process repeated. Aqueous phases, equivalent to
20 mg of unfractionated lysate, were electrophoresed on 12%
gels and Western blotted for Rab11 (an abundant, ubiquitous
Rab), β-actin, or unprenylated Rap1A. Effects are expressed as
the lowest effective dose (from 3 independent experiments), i.e.,
the lowest dose at which unprenylated Rap1A or Rab11 was
detected.

In some cases in which prenylation of Rap1A was assessed,
cells were lysed simply in RIPA buffer38 because the antibody
recognizes only the unprenylated form of Rap1A and therefore
fractionation is not required.

Cell Viability Assay. The number of viable J774 cells follow-
ing treatment with the compounds for 48 h was assessed as
previously described.3 Experiments were carried out in repli-
cates of 6 and the data expressed are the mean( SEMof at least
four independent experiments.

Incorporation of [14C]Mevalonate and [3H]GGOH into Pre-

nylated Proteins in Intact Cells.Detection of prenylated proteins
in J774 macrophages was carried out as described previously.3

Briefly, cells were depleted of mevalonate by incubation with
5 μM mevastatin for 4 h and then transferred into fresh
medium containing 5 μM mevastatin and either 7.5 μCi/mL
[14C]mevalonic acid lactone or 30 mCi/mL [3H]GGOH plus
compounds under investigation. After 18 h, the cells were lysed
in RIPA buffer and then 50 μg of cell lysate from each treatment
were electrophoresed on 12% polyacrylamide-SDS gels under
reducing conditions. After electrophoresis, the gels were fixed in
10% (v/v) acetic acid, 40% (v/v) methanol, 50% (v/v) distilled
water, and then [14C]-labeled gels were dried and labeled pro-
teins visualized on a BioRad personal FX imager after exposure
to a Kodak phosphorimaging screen. [3H]-Labeled gels were
incubated in Enhance for 30 min prior to drying. [3H]-Labeled
proteins were then visualized by exposing the gel to pre-
flashed Hyperfilm-MP (Amersham, Aylesbury, UK) for 6 days
at -70 �C.

Rabbit Osteoclast Cultures. Mature osteoclasts were isolated
from 2-day old New Zealand White rabbits as previously
described39 and partially purified through an FCS gradient.
Cells were then resuspended in fresh a-MEM (4 mL/rabbit) and
100 mL seeded on to dentine discs in 96-well plates. Discs were
rinsed in PBS 90 min after seeding the cells and then cultured in
fresh a-MEM for 48 h. Cells were then fixed in 4% formalde-
hyde, and the number of osteoclasts, number of F-actin rings,
and resorption pit area determined as previously described.39 In
experiments for assessment of effects on prenylation, cultures of
pure rabbit osteoclasts in 12-well plates were also generated by
incubating marrow cells isolated from long bones of neonatal
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rabbits with 1,25 (OH)2D3, as previously described,40 and
Western blotted as described above.
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