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A small set of triazole bisphosphonates has been prepared and tested for the ability to inhibit geranylger-
anyltransferase II (GGTase II). The compounds were prepared through use of click chemistry to assemble
a central triazole that links a polar head group to a hydrophobic tail. The resulting compounds were
tested for their ability to inhibit GGTase II in an in vitro enzyme assay and also were tested for cytotoxic
activity in an MTT assay with the human myeloma RPMI-8226 cell line. The most potent enzyme inhib-
itor was the triazole with a geranylgeranyl tail, which suggests that inhibitors that can access the enzyme
region that holds the isoprenoid tail will display greater activity.

� 2012 Elsevier Ltd. All rights reserved.
Protein prenylation is a post-translational modification which
involves attachment of hydrophobic isoprenoid chains through a
reaction that is mediated by the enzymes farnesyltransferase
(FTase), geranylgeranyltransferase I (GGTase I), or geranylgeranyl-
transferase II (GGTase II).1 The latter enzyme is also known as Rab
GGTase because it mediates modification of the Rab family of small
GTPases.2 Rab proteins play critical roles in all aspects of intracellu-
lar membrane trafficking.3 Studies involving mutated versions of
Rabs or knock-out mice have demonstrated defects in protein secre-
tion,4 which may make the Rab proteins particularly attractive ther-
apeutic targets in diseases characterized by an overabundance of
secreted proteins such as multiple myeloma. Proper function of
Rab proteins depends upon correct membrane localization which
is achieved through geranylgeranylation. Mutant forms of Rabs that
are unable to be geranylgeranylated are improperly localized and
essentially nonfunctional.5 We already have demonstrated that
agents which disrupt Rab geranylgeranylation result in the inhibi-
tion of monoclonal protein trafficking in myeloma cells.6 This repre-
sents an intriguing therapeutic strategy by which to induce cellular
stress and apoptosis in cells heavily engaged in protein secretion.

At least two lines of attack may achieve diminished cellular lev-
els of Rab geranylgeranylation. The less direct approach would be to
deplete cells of the isoprenoid substrate geranylgeranyl diphos-
phate. This might be achieved by inhibition of any of the individual
steps in the isoprenoid biosynthetic pathway that lead to geranyl-
All rights reserved.
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geranyl diphosphate (GGDP), from inhibition of HMGCoA reductase
by a statin7 (the first committed step in isoprenoid biosynthesis8) to
inhibition of GGPP synthase9 (the final enzyme in the assembly of
this C20 isoprenoid10). This strategy is less specific as it affects other
cellular processes requiring the isoprenoid intermediates, including
other prenyltransferases. The more direct strategy involves inhibi-
tion of GGTase II itself. While inhibitors of GGTase II are rare,11 a
few have been reported. The carboxy phosphonate 1, an analogue
of the bisphosphonate risedronate (2) known as 3-PEHPC (Fig. 1),
is one of the more readily accessible inhibitors.12 This compound
displays good selectivity for GGTase II although millimolar concen-
trations are required to observe cellular effects and the IC50 first re-
ported for the recombinant enzyme was �600 lM.12 More recently
(+)-(S)-3-IPEHPC (3), a carboxy phosphonate analogue of minodro-
nate (4), has been shown to be more potent than 3-PEHPC, to be a
mixed-type inhibitor with respect to GGPP, and to be an uncompet-
itive inhibitor with respect to Rab.13 Efforts that have involved ac-
tual screening of a compound library that contained a significant
number of natural products14 and a virtual high-throughput
screening of a tetrahydrobenzodiazepine core15 also have led to
compounds with activity as inhibitors of GGTase II. Our own ap-
proach is based on a longstanding interest in the design of terpe-
noid analogues as inhibitors of the enzymes of isoprenoid
biosynthesis.16 In this Letter, we describe efforts to assemble a
small set of potential inhibitors of GGTase II based on a triazole
template with varied hydrophobic tails that might engage an iso-
prenoid binding region of the protein, as well as the results of bio-
assays on these new compounds.
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Figure 1. Two carboxy phosphonates that inhibit GGTase II and their parent bisphosphonates.
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Figure 2. Retrosynthesis of a family of triazole bisphosphonates.
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In compounds such as 3-PEHPC and (+)-(S)-3-IPEHPC, the polar
head group appears to represent the diphosphate moiety of gera-
nylgeranyl diphosphate while the nitrogen atom may complex to
the zinc ion known to be near the active site of GGTase II. Our syn-
thetic plan was directed at compounds of the general structure 5
(Fig. 2), which might maintain features needed to engage these
sites within the enzyme but also carry a hydrophobic tail that
would mimic the isoprenoid portion of GGPP. Assembly of such
structures is readily approached through cycloaddition of an azide
and an acetylene, a process commonly referred to as click chemis-
try.17 The most convenient preparation of the desired compounds
would require an acetylene bearing the polar head group and a
set of azides with alkyl groups of different size and shape
(Fig. 2). To simplify determination of the impact of various alkyl
chains, and avoid issues of absolute stereochemistry at this time,
a bisphosphonate head group was employed as the diphosphate
mimic (Fig. 3).

In a synthetic sense, this effort began with preparation of the
known acetylenic bisphosphonate 9 from commercial tetraethyl
methylene bisphosphonate (8), formaldehyde, and acetylene
according to the two-step sequence described by Roschenthaler.18

The first cycloadduct then was obtained from reaction of acetylene
9 with benzyl azide, generated from benzyl bromide and sodium
azide, and gave the known triazole 10a18 in good yield. Standard
hydrolysis under McKenna conditions19 gave the new bisphos-
phonic acid 11a in modest yield. A parallel series of reactions with
naphthyl bromide was employed to prepare the naphthyl analogue
10b, and cleavage of the ester groups proceeded smoothly under
standard conditions to afford compound 11b.

Given the encouraging results obtained from the reactions of
benzyl and naphthyl azide, one might assume that isoprenoid
halides can be converted to triazoles just as readily, but allylic sys-
tems are more complicated than the benzylic ones. Allylic azides
are known to undergo a facile [3,3]-sigmatropic rearrangement.20

More recent studies on prenyl azide show that the primary azide
is both more reactive in the [3 + 2] cycloaddition and favored in
the equilibrium between the primary and tertiary azides.21 Unfor-
tunately this equilibrium can result in partial isomerization of a
trans olefin to a cis olefin21 which can complicate preparation of
triazoles from higher isoprenoid azides.22

To pursue preparation of the first isoprenoid triazole in this ser-
ies, geranyl bromide was obtained from geraniol through reaction
with PBr3, converted to the azide, and the resulting azide was al-
lowed to react with acetylene 9 under standard conditions to
obtain the triazole 10c. The spectral data supported formation of
the desired triazole system, but the 13C NMR spectrum of the prod-
uct suggested that a mixture of isomers was obtained. To confirm
that this mixture was the result of olefin isomerization at the stage
of the intermediate azide, and not reflective of the regiochemistry
of the cycloaddition, the isomeric neryl bromide was converted to
the azide and carried through the same reaction sequence. The
resulting product was identical to that obtained from the geranyl
series, which confirms formation of E- and Z-olefin isomers
through this reaction sequence. Whether geranyl bromide or neryl
bromide was employed as the starting material, the isomer ratio
was approximately 2:1 in favor of the E-isomer, as judged by inte-
gration of the 1H NMR resonances for the methyl or vinyl hydro-
gens of the first isoprenoid unit.

The corresponding farnesyl triazole 10d was prepared from
commercial farnesol through a parallel series of reactions involving
sequential formation of the bromide, the azide, and a final cycload-
dition. Once again, the resulting triazole was found to be a mixture
of olefin isomers. Preparation of the geranylgeranyl analog 10e
required synthesis of geranylgeraniol from reaction of farnesyl ace-
tone with triethyl phosphonoacetate, and reduction of the result-
ing ester with LiAlH4.23 This strategy is known to favor formation
of the 2E isomer by approximately 10:1, which is not problematic
for this application given the expected isomerization after prepara-
tion of the azide. Therefore, geranylgeraniol prepared this way was
converted to the bromide, the azide, and finally to the triazole 10e
under standard conditions. In all three of these isoprenoid cases
(compounds 10c–10e), the high polarity of the bisphosphonate
head group made separation of the olefin isomers very difficult.
Therefore, the mixtures were carried on to the corresponding phos-
phonic acid salts 11c–11e through straightforward cleavage of the
ester groups, and then used directly for screening purposes.

The five new triazole bisphosphonic acids were tested for their
ability to inhibit GGTase II using radiolabeled GGPP, recombinant
enzyme, Rab substrate, and REP.24 As shown in Table 1, the length
of the alkyl chain significantly affected inhibitory activity against
GGTase II. The most active compound was the triazole bisphosph-
onate 11e, which bears a geranylgeranyl chain. The geranyl length
compound 11c displayed no activity as a GGTase II inhibitor, while
the farnesyl length 11d displayed modest activity. All five com-
pounds also were tested for their ability to induce cytotoxicity in
the human myeloma RPMI-8226 cell line following a 48 h incuba-
tion.25 Interestingly, there was not a uniform correlation between
the observed cytotoxicity and the GGTase II inhibitory activity.
The napthyl derivative 11b, was the most potent in the MTT assay.
The mechanism of action for this compound’s cytotoxic effect is
unknown at this time. Cellular assays demonstrated that this com-
pound does not affect protein farnesylation or geranylgeranylation
(data not shown).

In conclusion, click chemistry has been used to prepare a set of
five new triazole bisphosphonic acids, and these compounds have
been tested for their ability to inhibit GGTase II and to induce cyto-
toxicity in human myeloma cells. Of these five compounds, com-
pound 11e clearly is the most potent inhibitor of this enzyme.
This suggests that a long, lipophilic tail can enhance the potency
of potential GGTase II inhibitors, presumably through interaction
with the enzyme site that holds the tail of the natural substrate
geranylgeranyl diphosphate. The potency of this new compound
is not yet at the level required for clinical utility. However, now
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Figure 3. Synthesis of the target triazole bisphosphonates.

Table 1
Biological activity of triazoles 11a–e

Compound GGTase II IC50 MTT IC50

11a 2 mM >1 mM
11b >2 mM 0.2 mM
11c >2 mM >1 mM
11d 0.65 mM 0.9 mM
11e 0.10 mM 1 mM
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that the importance of this hydrophobic group is apparent, it is
quite likely that modification of the polar head group and/or heter-
ocyclic system will afford even more potent inhibitors of the en-
zyme. Furthermore, given the promising activity observed with
these triazoles, synthesis of additional examples where olefin
isomerization is precluded through use of a homoallylic azide26

or through replacement of the first prenyl unit with an aromatic
analogue27 becomes a priority. Studies along these lines are under-
way and will be reported in due course.
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