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Abstract—Nitrogenous bisphosphonates are used clinically to reduce bone resorption associated with osteoporosis or metastatic
bone disease, and are recognized as inhibitors of farnesyl diphosphate synthase. Inhibition of this enzyme decreases cellular levels
of both farnesyl diphosphate and geranylgeranyl diphosphate which results in a variety of downstream biological effects including
inhibition of protein geranylgeranylation. Our lab recently has prepared several isoprenoid bisphosphonates that inhibit protein ger-
anylgeranylation and showed that one selectively inhibits geranylgeranyl diphosphate synthase. This results in depletion of intracel-
lular geranylgeranyl diphosphate and impacts protein geranylgeranylation but does not affect protein farnesylation. To clarify the
structural features of isoprenoid bisphosphonates that account for their geranylgeranyl diphosphate synthase inhibition, we have
prepared a new group of isoprenoid bisphosphonates. The complete set of compounds has been tested for in vitro inhibition of
human recombinant geranylgeranyl diphosphate synthase and cellular inhibition of protein geranylgeranylation. These results show
some surprising relationships between in vitro and cellular activity, and will guide development of clinical agents directed at gera-

nylgeranyl diphosphate synthase.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Nitrogenous bisphosphonates, including pamidronate
(1), alendronate (2), risedronate (3), and zoledronate
(4), are used clinically for treatment of human skeletal-
associated diseases including osteoporosis and meta-
static bone disease (Fig. 1).!'> These drugs also have
been shown to have direct growth inhibitory effects on
malignant cells in the laboratory,>* as well as activity
in animal models of parasitic infections.>® Methylene
bisphosphonic acid (5), the parent compound, can be
viewed as an analog of pyrophosphoric acid (6) where
the central carbon imparts metabolic stability and a
template for additional substituents. The number and

Keywords: Bisphosphonate; Geranylgeranyl diphosphate; Geranylger-

anyl diphosphate synthase; Ras; Rapla; Prenylation; Geranylgera-

nylation; Farnesyl diphosphate; Farnesylation.

* Corresponding author. Tel.: +1 319 335 1365; fax: +1 319 335
1270; e-mail: david-wiemer@uiowa.edu

0968-0896/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2007.09.029

nature of these substituents defines the biological activ-
ity of the specific analog.

The clinical bisphosphonates deplete cells of isoprenoid
diphosphates leading to inhibition of protein isoprenyla-
tion, a modification necessary for activation of many
small GTPases.” While the clinical bisphosphonates
inhibit farnesyl diphosphate synthase (FDPS),5 !4 their
cellular effects may result from geranylgeranyl diphos-
phate (GGPP) depletion.!>!° Indeed, it has been
reported that inhibition of osteoclast-mediated bone
resorption by bisphosphonates can be fully reversed by
addition of exogenous geranylgeraniol.'® If GGPP levels
are of critical importance, development of bisphospho-
nates that inhibit geranylgeranyl diphosphate synthase
(GGDPS), and specifically deplete cellular GGPP with-
out depleting farnesyl diphosphate (FPP), may be bene-
ficial (see Fig. 2).

There have been few published attempts at designing
bisphosphonate inhibitors of GGDPS. One study
from the Oldfield laboratory identified saturated 1-alkyl
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Figure 1. Representative nitrogenous bisphosphonates of clinical usefulness and related compounds.
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Figure 2. The biosynthesis of farnesyl diphosphate and geranylgeranyl diphosphate from smaller isoprenoids.

1-hydroxy bisphosphonates as inhibitors in vitro.?
Another report from Ciosek et al. showed that some
mono-alkyl isoprenoid bisphosphonates including
2E,6E-farnesyl bisphosphonate are capable of potent
in vitro inhibition of squalene synthase,?' but the activ-
ity of these compounds against GGDPS was not
reported. However, we have reported that 2E,6E-far-
nesyl bisphosphonate inhibits protein geranylgeranyla-
tion in K562 leukemia cells.”> These past studies
prompted our group to design and prepare two series

of dialkyl isoprenoid bisphosphonates of varying chain
lengths, and we have demonstrated that some can specif-
ically inhibit protein geranylgeranylation and not far-
nesylation.?*2* We also have shown that one of these
isoprenoid bisphosphonates, digeranyl bisphosphonate
(7), is a potent and selective inhibitor of GGDPS and
not FDPS in vitro.?>2% To clarify the structural features
of isoprenoid bisphosphonates that account for their
GGDPS inhibition, we have prepared a new group of
isoprenoid bisphosphonates and tested them in enzyme
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and cellular assays. This study describes for the first time
the inhibition of GGDPS by this set of isoprenoid
bisphosphonates.

2. Results and discussion

As shown in Scheme 1, synthesis of two new neryl bis-
phosphonates®’ began with the alkylation of tetraethyl
methylenebisphosphonate with neryl bromide under
basic conditions, to afford both the mono alkylated
product 8 (29%) and the dialkylated product 9 (24%).
The dineryl bisphosphonate 9 subsequently was con-
verted to the sodium salt 20 via a standard bromotri-
methylsilane (TMSBr) reaction followed by treatment
with sodium hydroxide. The mononeryl bisphosphonate
8 was converted to the dialkyl bisphosphonate 10 via a
typical alkylation procedure with geranyl bromide under
basic conditions (Scheme 2). Subsequent hydrolysis
upon treatment with TMSBr and NaOH afforded the
geranyl-neryl bisphosphonate salt (19).

For the next series, tetramethyl methylenebisphospho-
nate was allowed to react with geranyl bromide to
obtain the known compound 11,%® or with neryl bro-
mide to give the monoalkyl product 12. Further alkyl-
ation of compound 12 with prenyl bromide under
standard basic conditions gave bisphosphonate 13. In
all three cases, phosphonate ester hydrolysis and treat-
ment with NaOH resulted in formation of the required
bisphosphonate salts 17,2 18, and 21 (Scheme 2).
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1) TMSB, collidine 1

1 2 >
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19 neryl geranyl 96
20 neryl neryl 93
21 neryl prenyl 92
22 | 2E,6Z-farnesyl H 94
23 | 2Z,6E-farnesyl H 97
24 | 2Z,6Z-farnesyl H 90

Scheme 2. Hydrolysis of bisphosphonate esters.

2FE,6E-Farnesyl bisphosphonate (29) also is a known
compound,?'-?? and the other three farnesyl bisphospho-
nate isomers were prepared in a straightforward fashion.
The farnesyl bromide isomers were obtained via a typi-
cal PBr; reaction of synthetic and isomerically pure
farnesols.?®3! In each case, a standard alkylation reac-
tion of tetramethyl methylenebisphosphonate afforded
the desired monoalkyl bisphosphonates 14, 15, and 16
in modest yields (Scheme 1), accompanied by some of
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11 Me geranyl H 32
12 Me neryl H 24
13 Me neryl prenyl 27
14 Me 2E,6Z-farnesyl H 38
15 Me 2Z,6E-farnesyl H 35
16 Me 2Z7,6Z-farnesyl H 32

Scheme 1. General synthesis of bisphosphonate ester isomers.
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Figure 3. Chemical structures of previously synthesized isoprenoid bisphosphonates.

a GGDPS Activity
100
S
€
[=]
&
=
50
\
—a—19
——20
-7
0 T T
0.01 0.1 1

Inhibitor Concentration [uM]

10

393
H = = =
(HO)QII? Iﬁ(OH)2
(@] 29 (@]
I-Il COOH
™ S / N
(HO)QII:’I Il:l’(OH)2
O__ 0
30
HOOC |T| I7| COOH
N\M)\/N
(HO),P™ “P(OH),
31
'T' COOH
HX\)\/\/)\/N
(HO),P™ “P(OH),
0]
32
'T' COOQCH
S 2 = = N
(HO)zﬁ II"-l‘(OH)2
33
b GGDPS Activity
100
.
& e
5 SITEs
= . N,
Q = "“-t____ s
(&) \ ~{\ »
X \\ \\
50 LN [ 3
n S
——29
———22
i 23
—— 24
0 T T T
0.01 0.1 1 10 100

Inhibitor Concentration [uM]

Figure 4. Inhibition of GGDPS by selected bisphosphonates. In vitro enzyme assays were performed as described in Section 4. GGDPS activity as a

percentage of control is shown for (a) digeranyl bisphosphonate (7) and its isomers geranyl-neryl (19) and neryl-neryl bisphosphonate (20); and (b)
2E,6E-farnesyl bisphosphonate (29) and its 2E,6Z- (22), 2Z,6 E-(23), and 2Z,6Z- (24) isomers.



394

the corresponding dialkyl compounds. After purifica-
tion by column chromatography, subsequent hydrolysis
through reaction with TMSBr followed by treatment
with NaOH provided the respective sodium salts 22,
23, and 24 (Scheme 2).

Once the isoprenoid bisphosphonates were prepared,
they were examined in enzyme assays in vitro and in
whole cell assays. Our previous studies have shown that
digeranyl bisphosphonate (7) is a potent and specific
inhibitor of the enzyme geranylgeranyl diphosphate
synthase (GGDPS, EC 2.5.1.29),%° and that some iso-
prenoid bisphosphonates, including digeranyl bis-
phosphonate (7), could inhibit cellular protein
geranylgeranylation.?>?* In order to determine the rela-
tive potency for GGDPS inhibition for the compound li-
brary, dose-response curves for GGDPS inhibition were
generated for each of these compounds as described in
Section 4. Dose-response curves that reflect inhibition
of GGDPS by digeranyl bisphosphonate (7) and its iso-
mers (19, 20), as well as for 2E,6 E-farnesyl bisphospho-
nate (29) and its isomers (22-24), are shown in Figure 4.
As reported previously, digeranyl bisphosphate (7) is a
potent inhibitor of GGDPS. The new isomers of diger-
anyl bisphosphonate, compounds 9 and 10, also inhibit
GGDPS although they are less potent.

Interestingly, 2E,6E-farnesyl bisphosphonate (29),
which has been shown by others to inhibit squalene syn-
thase?! and in our lab to inhibit farnesyl transferase
weakly in vitro but not cellular farnesylation,? also is
a potent inhibitor of GGDPS. Our previous study??
had failed to detect inhibition of GGDPS, most likely
as a result of testing these compounds with partially
purified bovine brain homogenate prior to our success-
ful preparation of recombinant human GGDPS. Each
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of the other three stereoisomers of farnesyl bisphospho-
nate (22-24) also inhibits GGDPS, although potency is
decreased with each successive incorporation of a Z-ole-
fin. These results show for the first time that non-nitrog-
enous bisphosphonates bearing only one isoprene chain
inhibit GGDPS in vitro. They also indicate that while
cis-isoprenoid bisphosphonate isomers are capable of
inhibiting GGDPS, they are less potent inhibitors than
all trans-isoprenoid bisphosphonates. This result may
not be surprising given that the primary substrate of
GGDPS is 2E,6 E-farnesyl diphosphate, but it does indi-
cate the importance of using isoprenoids of defined and
pure olefin stereochemistry.?’

As with the previous representatives of this family, the
compounds reported here also were tested for their abil-
ity to inhibit protein prenylation in K562 leukemia cells
(Fig. 5). Western blots were conducted for total Ras and
for unmodified Rapla as described in Section 4. Inhibi-
tion of farnesylation results in a more slowly migrating
or wider band for Ras, which is demonstrated by addi-
tion of lovastatin in lane 2 (Fig. 5). As with the other
compounds in our library, none of the novel bisphosph-
onate isomers inhibit protein farnesylation. Because the
Rapla antibody is specific for the non-geranylgeranyl-
ated form of Rapla, diminished protein geranylgerany-
lation results in the appearance of the unmodified
Rapla band as shown by addition of lovastatin.
2F,6 E-Farnesyl bisphosphonate (29, Fig. 5) displays po-
tent inhibition of cellular geranylgeranylation, its
2E,6Z-isomer (22) displays comparatively mild inhibi-
tion, and the 2Z,6E-and 2Z,6Z-isomers (23 and 24,
respectively) are inactive up to 100 uM (data not
shown). Parallel to our findings with digeranyl bis-
phosphonate (7), both the geranyl-neryl (19) and dineryl
(20) compounds inhibited cellular geranylgeranylation
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Figure 5. Cellular inhibition of prenylation by selected bisphosphonates. Western blot analysis was performed as described in Section 4. Inhibition of
Rapla geranylgeranylation is shown by the appearance of a band caused by (a) 2E,6 E-farnesyl bisphosphonate (29) or (b) digeranyl bisphosphonate

(7) and its geranyl-neryl (19) and neryl-neryl (20) isomers.
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Table 1. Bisphosphonate concentrations required to inhibit 50% of GGDPS activity in vitro and to inhibit cellular Rapla geranylgeranylation

equivalent to 10 uM lovastatin

Compound R! R?

GGDPS in vitro Inhibition of Rapla modification

1Cso (M) in intact cells (uM)
Dialkyl isoprenoid bisphosphonates

7 Geranyl Geranyl 0.2 25
28 Geranyl 2E,6E-farnesyl 0.3 25
30 Geranyl Fluorescent prenyl 0.9 25
33 Geranyl Fluorescent geranyl 0.9 25
27 Prenyl 2E,6E-farnesyl 1 50
26 Geranyl Prenyl 3 25
20 Neryl Neryl 6 25
19 Geranyl Neryl 7 25
21 Neryl Prenyl 60 >50
31 Fluorescent prenyl Fluorescent prenyl >100 >100
25 Prenyl Prenyl >100 >100

Monoalkyl isoprenoid bisphosphonates

29 2E,6E-farnesyl H 0.1 10
22 2E,6Z-farnesyl H 0.6 10
17 Geranyl H 10 25
23 2Z,6E-farnesyl H 40 >50
24 2Z,6Z-farnesyl H 70 >50
32 Fluorescent geranyl H >100 >100
18 Neryl H >100 >100

4 (zoledronate) >100 100

of Rapla but did not affect farnesylation of Ras. The
cellular potency of geranyl-neryl bisphosphonate (19)
is similar to that of digeranyl bisphosphonate (7),
but the dineryl bisphosphonate (20) is less potent. While
the new bisphosphonate isomers are generally less
potent in vitro inhibitors of GGDPS, their in vitro effi-
cacy is sufficiently potent to affect clearly cellular
geranylgeranylation.

Because it was established that compound 7 impaired
protein geranylgeranylation before it was determined
that inhibition of GGDPS was the actual cellular mech-
anism, our previous studies did not directly test com-
pounds for GGDPS inhibition. For the present study
we generated in vitro dose-response curves for all of
the new compounds (Scheme 2) as well as those previ-
ously synthesized (Fig. 3). These curves were used to cal-
culate ICsy values for GGDPS inhibition and these
values are listed in Table 1. The compounds can be
divided into two classes, the dialkyl and monoalkyl iso-
prenoid bisphosphonates, and then the members of
these two classes are ranked by their in vitro activity
as GGDPS inhibitors. The ICs, values span four orders
of magnitude. As expected, all of the bisphosphonates
(7, 26, 28, 29, 30, 33) we have shown to inhibit cellular
geranylgeranylation also are potent inhibitors of
GGDRPS in vitro. 2E,6 E-Farnesyl bisphosphonate (29)
is the most potent inhibitor of GGDPS that we have
identified in vitro; however, its usefulness as a cellular
inhibitor of this enzyme may be limited because it also
has been shown to inhibit squalene synthase’' and
farnesyltransferase.”® Consistent with our previous con-
clusion, bisphosphonates that contain at least one gera-
nyl chain all are potent inhibitors of GGDPS. Two of
the fluorescent analogs first described in Maalouf
et al., * compounds 30 and 33, also are potent inhibitors
of GGDPS. This data indicates that structural modifica-

tions at the end of one isoprenoid chain do not dramat-
ically affect inhibition of GGDPS, given that even
addition of one aromatic group leads to only a fivefold
decrease of in vitro potency.

In order to study the correlation between in vitro and
cellular potency, we generated cellular dose-response
curves for inhibition of geranylgeranylation and ana-
lyzed these as described above for inhibition of Rapla
processing. These Western blots were examined to
approximate the concentration at which the individual
isoprenoid bisphosphonate inhibits cellular geranylger-
anylation to a similar extent to 10 uM lovastatin (Table
1). As expected, the compounds that are the most potent
in vitro inhibitors of GGDPS are generally the most po-
tent cellular inhibitors of geranylgeranylation. Notably,
isoprenoid bisphosphonates with in vitro GGDPS ICs
values of up to ~7 uM were able to inhibit cellular ger-
anylgeranylation with similar efficacy. This may indicate
that generation of more potent in vitro GGDPS inhibi-
tors may be less important than efforts to improve the
ability of these compounds to enter the cell, because
the compounds in hand are already sufficiently potent
to dramatically affect cellular geranylgeranylation. Fur-
thermore, 2FE,6E-farnesyl bisphosphonate and its
2F,6Z-isomer both appear to have somewhat greater
cellular potency than more active dialkyl analogs
(Table 1). Taken together, these results indicate that fur-
ther structural modifications designed to make these
compounds more effective drugs may be beneficial.

3. Conclusions
In summary, a new series of isoprenoid bisphosphonate

olefin isomers were synthesized and the ability of these
compounds to inhibit GGDPS and diminish protein
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geranylgeranylation was established. We now have
developed two groups of GGDPS inhibitors—com-
pounds with two isoprenoid chains such as digeranyl
bisphosphonate (7) and those with a single isoprenoid
chain such as 2F,6FE-farnesyl bisphosphonate (29). At
least eight isoprenoid bisphosphonates are now shown
to exhibit sub-micromolar inhibition of GGDPS. These
compounds are also all potent inhibitors of cellular ger-
anylgeranylation which may be useful for further studies
on the biological consequences of GGPP depletion.

4. Experimental
4.1. General experimental conditions

Tetrahydrofuran (THF) was distilled from sodium/ben-
zophenone immediately prior to use, while CH,Cl, was
freshly distilled from CaH,. All reactions in non-aque-
ous solvents were conducted in oven-dried glassware un-
der a positive pressure of argon and with magnetic
stirring. NMR spectra were recorded at 300 MHz for
'H, and 75 MHz for '*C with CDCl; as solvent and
(CH5)sSi ("H) or CDCl; (*C, 77.2 ppmg as internal
standards unless otherwise noted. The *'P chemical
shifts were reported in ppm relative to 85% H;PO,
(external standard). Silica gel (60 A, 0.040-0.063 mm)
was used for flash chromatography. Yields refer to pure
compounds after chromatography. High resolution
mass spectra were obtained at the University of lowa
Mass Spectrometry Facility.

4.2. General procedure for formation of mono- and dialkyl
bisphosphonates esters

To a stirred suspension of NaH (1.1 equiv) and
15-crown-5 (0.1 equiv) in THF was added either tetra-
methyl or tetracthyl methylenebisphosphonate (1.0
equiv) slowly over 3 min via syringe at 0°C. Once
hydrogen gas evolution had ceased, the corresponding
alkyl bromide (1.1 equiv) was added slowly via syringe
as a neat liquid at 0 °C. The reaction mixture was stirred
an additional 3 h while it warmed to room temperature.
The white reaction mixture was quenched via addition
of NH4Cl (satd) and extracted with ether. The combined
organic layers were dried (MgSO,) and concentrated un-
der reduced pressure. Purification by flash chromatogra-
phy (silica gel, 2% methanol in ether) afforded two
yellow oils, the mono- and dialkyl bisphosphonates
esters.

4.3. (Z)-Tetraethyl 4,8-dimethylnona-3,7-diene-1,1-
diyldiphosphonate (8)

Yield: 1.02 g, 29%; '"H NMR 6 5.23 (t, J = 7.2 Hz, 1H),
5.17-5.06 (m, 1H), 4.17 (m, 8H), 2.72-2.51 (m, 2H), 2.30
(tt, Jup = 24 Hz, J = 6 Hz, 1H), 2.15-2.05 (m, 4H), 1.71
(s, 3H), 1.68 (s, 3H), 1.61 (s, 3H), 1.33 (td, J = 7.2 Hz,
Jur = 1.2 Hz, 12H); 3C NMR 6 136.9, 131.7, 124.2,
122.7 (t, Jep=7.3Hz), 62.7-62.3 (m, 4C), 37.8 (t,
Jep = 132.1Hz), 31.9, 26.4, 25.7, 23.9 (t, Jcp = 4.7 Hz),
23.4,17.7, 16.6-16.3 (m, 4C); *'P NMR 24.1 ppm.

4.4. Tetraethyl (6Z,112)-2,6,12,16-tetramethylhepta-
deca-2,6,11,15-tetraene-9,9-diyldiphosphonate (9)

Yield: 527 mg, 24%; '"H NMR 6 5.42 (t, /= 6.9 Hz, 2H),
5.17-5.07 (m, 2H), 4.16 (m, 8H), 2.62 (td, Jy;p = 16.5 Hz,
J =7.2 Hz, 4H), 2.18-2.00 (m, 8H), 1.78 (s, 3H), 1.72 (s,
6H), 1.68 (s, 3H), 1.61 (s, 6H), 1.32 (td, J=7.2 Hz,
Jup = 1.8 Hz, 12H); '3C NMR ¢ 137.1 (2C), 131.6
(2C), 124.4 (2C), 120.1 (t, Jcp = 6.2 Hz, 2C), 62.7-62.1
(m, 4C), 45.8 (t, Jep = 130.4 Hz), 32.1 (2C), 29.0 (q,
Jep = 4.0 Hz, 2C), 26.5 (2C), 25.8 (2C), 23.9 (2C), 17.7
(2C), 16.5 (t, Jep = 2.3 Hz, 4C); *'P NMR 27.1 ppm.

4.5. (Z)-Tetramethyl 4,8-dimethylnona-3,7-diene-1,1-
diyldiphosphonate (12)

Yield: 4.76 g, 24%; "H NMR 6 5.21 (t, J = 6.9 Hz, 1H),
5.10-4.99 (m, 1H), 3.74 (d, Jyp = 11.1 Hz, 6H), 3.73 (d,
Jup = 10.8 Hz, 6H), 2.63-2.43 (m, 2H), 2.29 (tt,
Jup = 24 Hz, J = 6 Hz, 1H), 2.04-1.96 (m, 4H), 1.65 (d,
J=12Hz 3H), 1.61 (s, 3H), 1.54 (s, 3H); °C NMR
137.6, 131.9, 124.2, 122.2 (t, Jcp = 7.1 Hz), 53.5-53.0
(m, 4C), 37.0 (t, Jep = 132.3 Hz), 32.0, 26.5, 25.8, 23.7
(t, Jop = 4.6 Hz), 23.5, 17.7; *'P NMR 26.6 ppm.

4.6. Tetramethyl (3E,7Z)-4,8,12-trimethyltrideca-3,7,11-
triene-1,1-diyldiphosphonate (14)

Yield: 1.20 g, 38%; 'H NMR 6 5.31-5.21 (m, 1H), 5.16-
5.04 (m, 2H), 3.81 (d, Jup=11.1 Hz, 6H), 3.80 (d,
Juyp=11.1 Hz, 6H), 2.74-2.52 (m, 2H), 2.37 (i,
Jup=23.7Hz, J=63Hz 1H), 2.15-1.90 (m, 8H),
1.68 (s, 3H), 1.64 (s, 3H), 1.63 (3H), 1.60 (d,
J=2.1Hz, 3H); *C NMR 4 137.6, 135.0, 1314,
124.1, 123.5, 121.4 (t, Jep = 6.0 Hz), 53.6-53.0 (m,
4C), 39.7, 36.8 (t, Jep = 132.4 Hz), 32.1, 27.1, 26.3,
25.8, 24.0 (t, Jop = 4.8 Hz), 23.5, 17.6, 16.0; *'P NMR
26.7 ppm.

4.7. Tetramethyl (3Z,7E)-4,8,12-trimethyltrideca-3,7,11-
triene-1,1-diyldiphosphonate (15)

Yield: 949 mg, 35%; "H NMR 6 5.27 (t, J = 7.2 Hz, 1H),
5.17-5.05 (m, 2H), 3.81 (d, Jyp = 11.1 Hz, 6H), 3.80 (d,
Jup=11.1Hz, 6H), 2.79-2.54 (m, 2H), 2.36 (tt,
Jup=23.7Hz, J=6.0Hz, 1H), 2.15-1.95 (m, 8H),
1.72 (s, 3H), 1.68 (s, 3H), 1.61 (s, 6H); '*C NMR ¢
137.7, 135.6, 131.5, 124.4, 124.0, 122.1 (t, Jcp = 6.9 Hz),
53.5-53.1 (m, 4C), 39.8, 37.0 (t, Jcp = 132.8 Hz), 32.0,
26.8, 26.4, 25.8, 23.8 (t, Jcp = 4.8 Hz), 23.6, 17.8, 16.1;
3P NMR 26.6 ppm.

4.8. Tetramethyl (3Z,72)-4,8,12-trimethyltrideca-3,7,11-
triene-1,1-diyldiphosphonate (16)

Yield: 614 mg, 32%; "H NMR 6 5.28 (t, J = 6.6 Hz, 1H),
5.20-5.05 (m, 2H), 3.81 (d, Jyp = 10.8 Hz, 6H), 3.80 (d,
Jup=11.1Hz, 6H), 2.80-2.52 (m, 2H), 2.36 (tt,
Jup =24 Hz, J= 6.3 Hz, 1H), 2.14-1.94 (m, 8H), 1.71
(s, 3H), 1.69 (s, 6H), 1.61 (s, 3H); '*C NMR & 137.6,
135.7, 131.7, 124.9, 124.4, 122.2 (t, Jcp = 7.4 Hz), 53.3
(t, Jep = 6.2Hz, 4C), 37.0 (t, Jep = 132.2 Hz), 32.2,
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32.0 26.7, 26.2, 25.8, 23.8 (t, Jcp = 4.7 Hz), 23.5 (2C),
17.8; *'P NMR 26.6 ppm.

4.9. General procedure for formation of unsymmetrical
dialkyl bisphosphonates esters

To a stirred solution of the neryl bisphosphonate 10 or
12 (1.0 equiv) and 15-crown-5 (0.1 equiv) in THF at
0°C was added NaH (1.1 equiv). After 30 min, the
appropriate alkyl bromide (geranyl or prenyl, 1.1 equiv)
was added as a neat liquid at 0 °C and the reaction was
stirred for an additional 3 h, while it was allowed to
warm to room temperature. The white reaction mixture
was quenched via addition of NH4CI (satd) and ex-
tracted with ether. The combined organic layers were
dried (MgSO,) and concentrated in vacuo. Purification
by flash chromatography (silica gel, 3% methanol in
ether) afforded the desired unsymmetrical dialkyl bis-
phosphonate as a yellow oil.

4.10. Tetraethyl (6Z,11E)-2,6,12,16-tetramethylhepta-
deca-2,6,11,15-tetraene-9,9-diyldiphosphonate (10)

Yield: 1.11 g, 90%; '"H NMR  5.42 (t, J = 6.6 Hz, 2H),
5.15-5.06 (m, 2H), 4.17 (m, 8H), 2.62 (td, Jyp = 16.2,
J=6.9 Hz, 4H), 2.14-1.94 (m, 8H), 1.71 (d, J= 1.2 Hz,
3H), 1.68 (s, 6H), 1.64-1.58 (m, 9H), 1.32 (t, J = 6.9 Hz,
12H); '3C NMR 6 137.2, 137.1, 131.7, 131.4, 124.4 (2C),
120.1 (t, Jop = 6.5 Hz), 119.4 (t, Jop = 7.4 Hz), 62.7-
62.3 (m, 4C), 45.9 (t, Jep = 130.2 Hz), 40.3, 32.2, 29.4 (t,
Jep =4.4Hz), 29.0 (t, Jep = 3.9 Hz), 26.8, 26.5, 25.8
(2C), 24.0, 17.8 (2C), 16.8-16.5 (m, 4C), 16.4; *'P NMR
27.3 ppm.

4.11. (Z)-Tetramethyl 2,8,12-trimethyltrideca-2,7,11-
triene-5,5-diyldiphosphonate (13)

Yield: 242 mg, 27%; '"H NMR § 5.42-5.28 (m, 2H),
5.16-5.07 (m, 1H), 3.79 (d, Jyp = 10.8, 12H), 2.61 (td,
Jup=159Hz, J=69Hz, 4H), 2.08-2.01 (m, 4H),
1.73 (s, 3H), 1.72 (s, 3H), 1.68 (s, 3H), 1.65-1.59 (m,
6H); '*C NMR 6 137.8, 134.3, 131.7, 124.4, 119.6 (t,
Jep =7.3Hz), 119.0 (t, Jep = 7.3 Hz), 53.5-53.0 (m,
4C), 464 (t, Jep=130.8Hz), 32.1, 294 (t,
Jep =4.1Hz), 29.0 (t, Jop = 4.4 Hz), 26.4, 26.2, 25.8,
23.9, 18.0, 17.7; *'P NMR 29.6 ppm.

4.12. General procedure for bisphosphonate ester cleavage

The starting material (1.0 equiv) was dissolved in
CH,Cl, at 0°C, while 2.4,6-collidine (10 equiv) and
TMSBr (10 equiv) were added as neat liquids.’? After
2 h, the reaction mixture was allowed to gradually warm
to room temperature and stirred overnight. Toluene was
added, and then the crude mixture was concentrated in
vacuo, NaOH was added (11 equiv, 1 M), and the mix-
ture was stirred for an additional 3 h. This white reac-
tion mixture was poured into acetone and held at 4 °C
for 24 h. The resulting solid, located between the two
layers, was removed by filtration, re-dissolved in water
and extracted with CH,Cl, and ether successively. The
aqueous layer was lyophilized to afford the desired bis-
phosphonate salts as white flocculent powders.

4.13. Sodium (Z)-4,8-dimethylnona-3,7-diene-1,1-
diyldiphosphonate (18)

Yield: 122mg, 45%; 'H NMR (D,0) & 547 (t,
J=5.4Hz 1H), 5.20-5.12 (m, 1H), 2.50-2.32 (m, 2H),
2.14-1.96 (m, 5H), 1.61 (s, 6H), 1.55 (s, 3H); *C
NMR (D,0) & 1354, 134.2, 128.1, 125.6, 42.0 (t,
Jep = 115.8 Hz), 31.8, 26.6, 26.2 (t, Jcp = 2.9 Hz), 25.5,
23.2, 17.7; *'P NMR (D,0) 21.6 ppm; HR-MS (neg.
ion ESI) m/z calcd for (M—H)7 C11H2206P2: 311.0813.
Found: 311.0828.

4.14. Sodium (6Z,11E)-2,6,12,16-tetramethylheptadeca-
2,6,11,15-tetraene-9,9-diyldiphosphonate (19)

Yield: 1.03 g, 96%; '"H NMR (D,0) 6 5.64 (t, J = 6.0 Hz,
2H), 5.24-5.14 (m, 2H), 2.46 (td, J = 14.1, 6.3 Hz, 4H),
2.13-1.95 (m, 8H), 1.72-1.64 (m, 9H), 1.60 (s, 6H),
1.56 (s, 3H); 3C NMR (D,0) & 135.9, 135.5, 133.7,
133.6, 125.6, 125.5, 125.3 (t, Jop = 7.2 Hz), 124.6 (t,
Jop=7.8Hz), 450 (t, Jep=113.3Hz), 40.5, 32.3,
31.4-30.6 (m, 2C), 27.1, 26.7, 25.7 (2C), 23.7, 17.8
(2C), 16.2; *'P NMR (D,0) 25.2 ppm; HR-MS (neg.
ion ESI) m/z caled for (M—H)™ C,H3304P,: 447.2065.
Found: 447.2080.

4.15. Sodium (6Z,117)-2,6,12,16-tetramethylheptadeca-
2,6,11,15-tetraene-9,9-diyldiphosphonate (20)

Yield: 488 mg, 93%; 'H NMR (D,0) & 5.81-5.72 (m,
2H), 5.01-4.92 (m, 2H), 2.45-2.27 (m, 4H), 2.00-1.80
(m, 8H), 1.56 (s, 6H), 1.51 (s, 6H), 1.45 (s, 6H); 1*C
NMR (D,0) & 137.7 (2C), 1359 (2C), 127.8 (2C),
127.7 (t, Jep =8.6 Hz, 2C), 47.3 (t, Jop = 114.8 Hz),
342 (2C), 30.5 (2C), 28.7 (2C), 27.7 (2C), 25.7 (4,
Jep=3.4Hz, 2C), 199 (2C); *'P NMR (D,O)
26.5 ppm; HR-MS (neg. ion ESI) m/z calcd for M—H) ™
C21H3806P2: 447.2065. Found: 447.2080.

4.16. Sodium (Z)-2,8,12-trimethyltrideca-2,7,11-triene-
5,5-diyldiphosphonate (21)

Yield: 70 mg, 92%; '"H NMR (D,0) 6 5.62-5.43 (m, 2H),
5.20-5.10 (m, 1H), 2.50-2.10 (m, 4H), 2.05-1.95 (m,
4H), 1.61 (s, 9H), 1.56 (s, 3H), 1.52 (s, 3H); '*C NMR
(D,O) & 1383, 1362, 1348, 1277, 1266 (t,
Jep =7.0Hz), 1258 (t, Jcp = 6.8 Hz), 46.4 (t, Jop =
110.5Hz), 34.0, 33.7 (t, Jep=29Hz), 333 (t,
Jep = 3.0 Hz), 28.6, 28.0, 27.6, 25.6, 20.0, 19.7; *'P
NMR (D,0) 24.4 ppm; HR-MS (neg. ion ESI) m/z calcd
for (M—H)~ C;6H3006P»: 379.1439. Found: 379.1448.

4.17. Sodium (3E,7Z)-4,8,12-trimethyl-1-phosphonitotri-
deca-3,7,11-trienylphosphonate (22)

Yield: 408 mg, 94%; 'H NMR (D,0) & 5.60-5.48 (m,
1H), 5.27-5.11 (m, 2H), 2.63 (t, J = 7.5 Hz, 1H), 2.46
(tt, J=15.3, 6.6 Hz, 2H), 2.20-1.90 (m, 8H), 1.67 (s,
3H), 1.63 (s, 6H), 1.61 (s, 3H); '*C NMR (D,0) ¢
139.1, 137.2, 136.1, 130.3 (t, Jep=6.3 Hz), 127.6,
127.1, 444 (t, Jep=117.7 Hz), 41.7, 34.0, 29.4-29.0
(m, 2C), 28.2, 27.6, 25.3, 19.7, 18.2; *'P NMR (D,0)
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22.3 ppm; HR-MS (neg. ion ESI) m/z caled for (M—H)™
C16H3006P>: 379.1439. Found: 379.1434.

4.18. Sodium (3Z,7E)-4,8,12-trimethyl-1-phosphonitotri-
deca-3,7,11-trienylphosphonate (23)

Yield: 340mg, 97%:; 'H NMR (D,0) 6 5.50 (t,
J=5.7Hz, 1H), 5.28-5.19 (m, 1H), 5.19- 5.10 (m,
1H), 2.56-2.39 (m, 3H), 2.15-1.95 (m, 8H), 1.68 (s,
3H), 1.65 (s, 3H), 1.60 (s, 3H), 1.59 (s, 3H); *C NMR
(D,0) & 139.1, 137.7, 135.9, 129.9 (t, Jep = 7.7 Hz),
127.7, 127.2, 43.9 (t, Jep = 114.2 Hz), 41.7, 34.1, 28.8,
28.7, 28.0 (t, Jop = 3.4 Hz), 27.7, 25.6, 19.8, 18.1; 3'P
NMR (D»0) 21.9 ppm; HR-MS (neg. ion ESI) m/z calced
for (M—H)~ C,6H300¢P>: 379.1439. Found: 379.1443.

4.19. Sodium (3Z,77)-4,8,12-trimethyl-1-phosphonitotri-
deca-3,7,11-trienylphosphonate (24)

Yield: 310 mg, 90%; 'H NMR (D,0) 6 5.54 (4,
J=6.0 Hz, 1H) 5.30-5.15 (m, 2H), 2.58-2.40 (m, 3H),
2.17-2.04 (m, 8H), 1.68 (s, 9H), 1.63 (s, 3H); °C
NMR (D,0) & 139.5, 137.1, 1362, 1309 (4,
Jop = 7.6 Hz), 128.5, 127.2, 444 (t, Jep = 117.0 Hz),
34.2, 34.1, 29.0-28.5 (m, 2C), 28.4, 27.6, 25.4 (2C),
19.7; *'P NMR (D,0) 22.1 ppm; HR-MS (neg. ion
ESI) m/z caled for (M—H)~ C;sH3,06P»: 379.1439.
Found: 379.1442.

4.20. GGDPS assays

Plasmids containing GST-tagged recombinant human
GGDPS were expressed in BL21 gold bacteria by induc-
tion with IPTG. Proteins were purified by column chro-
matography or batch centrifugation with glutathione
agarose. All GGDPS assays were performed as follows.
The GGDPS reaction mixtures contained 20 pM FPP
and 40 uM '*C-IPP in 35 pL buffer (50 mM imidazole
pH 7.5, 0.5 mM MgCl,, 0.5 mM ZnCl,). Following a
10-min pre-incubation with the indicated bisphospho-
nates, reactions were initiated by simultancous addition
of "C-IPP and FPP. Reactions proceeded for 1h at
37 °C, and then the longer isoprenoids were extracted
with 1 mL saturated butanol and the extract was washed
three times with 300 pL saturated water. The amount of
C incorporation into GGPP was detected by liquid
scintillation counting.

4.21. Cell culture and drug incubations

K562 leukemia cells were obtained from ATCC (Mana-
sas, VA) and cultured according to ATCC protocol.
Asynchronous suspension cultures (1 x 10° cells/mL) in
fresh media were incubated for 24 h in the presence or
absence of the indicated concentrations of bisphospho-
nates. Western blot analyses required 5 million cells
per treatment.

4.22. Western blot analysis

Protein concentrations were determined using BCA
method (Pierce). Proteins were resolved by electrophore-

sis on a 12% gel and transferred to a PDVF membrane.
Primary and secondary antibodies were added sequen-
tially for 60 min, and then the proteins were visualized
using an ECL chemiluminescence detection kit (Amer-
sham). Anti pan-Ras was obtained from InterBiotech-
nology (Tokyo, Japan). The Rapla (sc-1482) was
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). HRP-conjugated anti-mouse secondary was ob-
tained from Amersham and HRP-conjugated anti-goat
was obtained from Santa Cruz Biotechnology.
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