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Abstract—The Suzuki coupling reaction has been used to introduce a methyl group derived from commercially available methyl-
boronic acid into a vinyl triflate. This has led to a concise synthesis of all-trans-geranylgeraniol (10), with the key step being the
palladium-catalyzed, silver-mediated methylation of triflate 8 to give ethyl geranylgeranoate 9. This coupling protocol has also been
used to produce the novel geranylgeranyl diphosphate (GGPP) analogue 3-phenyl-3-desmethylgeranylgeranyl diphosphate
(3-PhGGPP, 2d). Our previously developed organocuprate coupling protocol has been used to introduce the cyclopropyl and tert-
butyl moieties into the 3-position of vinyl triflate 8. The four GGPP analogues 3-vinyl-3-desmethylgeranylgeranyl diphosphate
(3-vGGPP, 2a), 3-cyclopropyl-3-desmethylgeranylgeranyl diphosphate (3-cpGGPP, 2b), 3-tert-butyl-3-desmethyl-geranylgeranyl
diphosphate (3-tbGGPP, 2c), and 2d were then evaluated as potential inhibitors of recombinant yeast protein-geranylgeranyl
transferase I (PGGTase I). The potential mechanism-based inhibitors 3-vGGPP and 3-cpGGPP did not exhibit time-dependent
inactivation of PGGTase I. Instead, both analogues were alternative substrates, in accord with the interaction of the corresponding
farnesyl analogues 3-vFPP and 3-cpFPP with PFTase. The tert-butyl and phenyl analogues were not substrates, but were instead
competitive inhibitors of PGGTase I. Note that all four of the GGPP analogues were bound less tightly by the enzyme than
the natural substrate, in contrast to the behavior of the 3-substituted FPP analogues. # 2002 Elsevier Science Ltd. All rights
reserved.

The initial evidence that proteins are modified with a
mevalonate pathway intermediate was presented just
over a decade ago. Preliminary biochemical studies
quickly demonstrated that there are three different pro-
tein prenylation motifs—farnesylation, geranylger-
anylation, and bis-geranylgeranylation. The first
modification is carried out by an enzyme, protein-far-
nesyl transferase (PFTase), which recognizes the CAAX
box (where X=Ser or Met) at the carboxyl terminus of
the protein substrate and then attaches the farnesyl
group from farnesyl diphosphate (FPP) to the free sulf-
hydryl of the cysteine residue (Scheme 1).1�5 The sec-

ond, closely related enzyme protein-geranylgeranyl
transferase I (PGGTase I), attaches a geranylgeranyl
moiety from geranylgeranyl diphosphate (GGPP) to a
cysteine in a similar CAAX box, where leucine is the
carboxyl terminal residue. The third enzyme, PGGTase
II, attaches two geranylgeranyl residues to two cysteine
residues at the carboxyl terminus of rab proteins.6

Initial studies demonstrated that the key signal trans-
duction protein and oncogene product Ras is farnesyl-
ated.7 Thus, PFTase has been the subject of intense
research interest. PFTase inhibitors block the action of
mutant Ras proteins and halt the growth of many types
of human cancer cells in vitro and in vivo, and therefore
have great potential as novel anti-cancer agents.8�11 The
intense biological interest in protein farnesylation has
culminated recently in the introduction of PFTase inhi-
bitors into human clinical trials.12

The bulk of the progress in the area of PFTase inhibi-
tors has been made in the development of peptide-based
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and other peptide competitive compounds.13,14 How-
ever, less work has been done on FPP-based PFTase
inhibitors,15�22 and thus less is known about the speci-
ficity of PFTase for its isoprenoid substrate. We there-
fore synthesized three novel FPP analogues as probes of
the FPP-binding site of PFTase, and characterized
their interaction with recombinant yeast PFTase.23,24

The vinyl and cyclopropyl analogues 3-vFPP (1a) and
3-cpFPP (1b) were designed as potential mechanism-
based inhibitors, but were instead competent alternative
substrates for yeast PFTase. In contrast, the sterically
encumbered analogue 3-tbFPP (1c) is an exceptionally
poor substrate and a potent competitive inhibitor of this
enzyme. Herein, we report the evaluation of the three
homologous 3-substituted GGPP analogues (2a, 2b, and
2c) with recombinant yeast PGGTase I. We have also
developed a new route to isoprenoids based on a Suzuki
coupling reaction of isoprenoid triflates,25,26 and this

route has been used to prepare all-trans-geranylgeraniol
and the novel GGPP analogue 2d, which has also been
evaluated versus PGGTase I.

The yeast and mammalian forms of PGGTase I have
been cloned and overproduced,27 and they have also
been subjected to detailed kinetic and biochemical
characterization.28�31 These enzymes are heterodimers
that are highly homologous to PFTase, and in fact they
share the same a subunit with PFTase. The geranylger-
anyl transferases have received less attention than
PFTase, due to the demonstrated anticancer potential
of PFTase inhibitors, despite the fact that geranylger-
anylation of proteins is more common than
farnesylation.1�3 However, recent biological studies on
protein geranylgeranylation have resulted in increased
interest in this enzyme. Earlier studies in yeast had
demonstrated that the same peptide or protein substrate
could be prenylated by either PFTase or PGGTase I.32

More recently, two studies have demonstrated that the
K-Ras oncogene product can be geranylgeranylated in
cells by PGGTase I.33 These studies suggest that
PGGTase I also may be an important pharmacological
target, since K-Ras is the most commonly found mutant
Ras protein in human carcinomas. In fact, PGGTase I
inhibitors have recently exhibited potent anticancer
activity in model systems.34 Moreover, other biological
studies imply that inhibition of protein geranylger-
anylation may be of benefit in the treatment of cardio-
vascular diseases35 and osteoporosis.36 Despite this, few

Scheme 1.

Scheme 2.
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studies have been previously published on PGGTase I
inhibitors.37�39 The comparative study of the prenyl di-
phosphate specificities of PFTase and PGGTase I is also
of intrinsic interest due to the fact that PGGTase I
exhibits a much higher specificity for GGPP than
PFTase does for FPP.31 This indicates that it may have
a more restrictive prenyl diphosphate binding site.

Results and Discussion

Coupling of isoprenoid triflates with boronic acids

Previously, we prepared 3-vFPP (1a; Scheme 1) for
investigation as a possible mechanism-based inhibitor of
PFTase. The key step in the synthetic sequence involved
the stereoselective coupling of vinyl triflate 340 with
vinyltributyltin using Pd(AsPh3)2 and CuI as co-cata-
lysts to afford the desired 3-vinyl ester.41 It was also
demonstrated that this route is applicable to the stereo-
selective synthesis of other farnesyl analogues.41,42

However, the desirability of this method is tempered by
(a) the restricted availability of the organotin coupling
partners, (b) the inability to transfer most alkyl groups
by this route, and (c) the toxic nature of the organotin
compounds (including the byproducts, which are diffi-
cult to remove on a large scale). This last drawback is
particularly significant in the case of the parent system,
where synthesis of ethyl farnesoate from 3 requires the
use of toxic and volatile tetramethyltin. The Suzuki
reaction has been applied to the coupling of aryl boro-
nic acids and alkyl boranes with vinyl triflates,43

including activated vinyl triflates such as 3.44 We there-
fore decided to investigate the use of the Suzuki reaction
for the prepartion of ethyl farnesoate (4a; Scheme 2).
However, the only previous report of methylation via
the Suzuki reaction involved first the preparation of the
appropriate methylating reagent via a two-step proce-
dure.45 We have found that, under the correct condi-
tions, commerically available methylboronic acid can be
employed for the efficient Pd(0)-catalyzed methylation
of 3 to give ethyl farnesoate. This procedure has also
been used in an efficient, stereospecific synthesis of all-
trans-geranylgeraniol.

The conditions investigated for the Suzuki coupling
reaction of vinyl triflate 3 with phenylboronic acid and
methylboronic acid are shown in Table 1. The primary
variable which influences the success of the Suzuki
reaction is the base used to convert the organoboron

compound into the more reactive ‘ate’ complex. For this
reason, the palladium catalyst selected, the triphenyl-
arsine system introduced by Farina46 and used success-
fully by numerous investigators,41,42,47,48 was
maintained in all of the reactions shown. The initial
attempt to couple 3 and methylboronic acid was made
with cesium carbonate in DMF/THF as described by
Johnson and Braun in their PGE1 synthesis.48 The
starting material was completely consumed; however,
instead of the desired product, the ynoate 5 was
obtained, presumably via an elimination reaction (entry
1). The undesired product 5 was also obtained when the
coupling of 3 and phenylboronic acid was attempted
under the same conditions (entry 2), even though phe-
nylboronic acid is known to participate in the Suzuki
reaction.49,50

There have been several reports, starting with Kishi’s
original observation,51a that the very mild base silver
oxide can greatly accelerate the coupling of boronic
acids with aryl or vinyl halides.49,52,53 We were gratified
to find that silver oxide in THF at room temperature
smoothly promoted the coupling of phenylboronic acid
with 3 to give ethyl 3-phenyl-3-desmethylfarnesoate (4b,
entry 3). However, methylboronic acid did not couple
with vinyl triflate 3 under these conditions after 5 h at
room temperature (entry 4). Addition of potassium
phosphate to this reaction mixture led to the sluggish
conversion of 3 to the desired methylated ester (42%
yield of 4a after 71 h). Use of K3PO4 alone led to rela-
tively rapid consumption of triflate 3; unfortunately, a
mixture of the desired ester 4a and the elimination pro-
duct 5 was isolated (entry 5). There have been several
reports that copper iodide has a beneficial effect on the
Stille coupling reaction of triflates with organotin com-
pounds.54 However, in this case copper has a deleterious
effect on the coupling reaction; after 3 days at room
temperature, the only product obtained was 5 (entry 6).
The successful production of 4a was finally achieved by
changing the solvent to the more polar ether dioxane,
and employing both Ag2O and K3PO4 (entry 7). This
requirement for both bases implies that silver oxide
performs an additional function in this Suzuki coupling
aside from the formation of the ‘ate’ complex from the
boronic acid. It has been proposed that transmetallation
of the R group from boron to silver may be responsible
for this effect.51b

With the appropriate methylation conditions deter-
mined, we turned to their use in the synthesis of all-
trans-geranylgeraniol, a subject of current interest55�57

due in part to the recently recognized biological impor-
tance of geranylgeranylated proteins (vide supra).58 The
dianion derived from ethyl acetoacetate (6; Scheme 3)
was coupled with farnesyl bromide to provide the
b-ketoester 7 in very good yield.41 The potassium enolate
of 7 was then transformed into the required vinyl triflate
8.40 Coupling of methylboronic acid with 8 using the
conditions described above led to the production of the
desired ethyl geranylgeranoate 9 in 82% yield in only 5 h
(the reaction was monitored by TLC). Reduction of 9
with DIBALH led to all-trans-geranylgeraniol 10 in
four steps and 28% overall yield. Note that the key

Table 1. Cross-coupling of triflate 3 with boronic acidsa

Entry R Base Solvent Time (h) Product Yield (%)

1 Me Cs2CO3 DMF/THF 3 5 47
2 Ph Cs2CO3 DMF/THF 3 5 60
3 Ph Ag2O THF 3 4b 72
4 Me Ag2O THF 5 3 —
5 Me K3PO4 THF 21 4a+5 —
6 Me K3PO4, CuI THF 71 5 62
7 Me K3PO4, Ag2O Dioxane 19 4a 79

aConditions: 1.5 equiv RB(OH)2, 0.10 equiv Pd(PhCN)2Cl2, 0.40 equiv
AsPh3. All reactions were performed at room temperature.
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Suzuki coupling reaction was completely stereoselective;
only the desired all-trans isomer of 10 was obtained.
This route has been utilized very recently by Distefano
and coworkers for the preparation of deuterium-labeled
GGPP derivatives.59

Synthesis of 3-substituted GGPP analogues

The novel phenyl-substituted GGPP analogue 2d was
prepared using the modified Suzuki route as described
above (Scheme 3). Coupling of triflate 8 with phe-
nylboronic acid afforded the desired 3-phenyl ester 11 in
excellent yield. Note that in this case silver oxide was the
only base required to effect coupling.25 Reduction of
ester 11 with diisobutylaluminum hydride (DIBALH)
led to the efficient production of the desired alcohol 12.
We have previously found that DIBALH is a mild and
very selective reducing reagent that led to the efficient
production of other 3-substituted farnesols from the
corresponding esters.23,24 The diphosphorylation of
alcohol 12 to 3-PhGGPP was accomplished using the
two-step procedure developed by Poulter and co-work-
ers.60,61 The Corey–Kim procedure62 was used to pro-
duce allylic chloride 13, which was not purified but

instead taken directly on to the next step. Treatment of
13 with tris(tetrabutylammonium)hydrogen pyropho-
sphate then gave the desired diphosphate 2d. The
straightforward reversed-phase HPLC purification pro-
cedure of Zhang and Poulter was used to purify 3-
PhGGPP to homogeneity.63

The cyclopropyl and tert-butyl analogues 2b and 2c
were prepared via our previously developed cuprate
coupling protocol,24 again starting from triflate 8
(Scheme 4). The lower order cyclopropyl cuprate
reagent was prepared by lithiation of cyclopropyl bro-
mide with tert-butyllithium, followed by addition of one
equivalent of copper(I) cyanide. Coupling of this
reagent with triflate 8 led to the desired ester 14. Com-
pound 14 was then reduced to alcohol 15, converted to
chloride 16, and diphosphorylated to 3-cpGGPP 2b in
the same manner as described above for 2d. Treatment
of triflate 8 with the higher order tert-butyl cyanocup-
rate reagent led to the desired tert-butyl ester 17 in very
good yield. Subsequent to this study, during the synth-
esis of 3-tbFPP,24 we found that the corresponding
lower order cyanocuprate (tBuCuCNLi) was more
effective in coupling reactions with vinyl triflate 3 than

Scheme 3.
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the higher order cyanocuprate. However, due to the
very good yield of 17 obtained with the higher order
cuprate, the coupling of tBuCuCNLi with triflate 8 was
not examined. Note that the reaction yields given here
are not optimized, and are the result of one to two
attempts in each case; furthermore, the low yield in the
cyclopropyl case may be due to the necessity of prepar-
ing the cyclopropyllithium reagent in situ. Ester 17 was
then reduced to alcohol 18, converted to chloride 19,
and diphosphorylated to give 3-tbGGPP 2c in an effi-
cient and straightforward manner. The vinyl analogue
2a was prepared from triflate 8 via our Stille coupling
protocol as previously described.26a

Synthesis of geranylgeranylated pentapeptides

The synthesis of dansyl-Gly-Cys3�vGG-Ile-Ile-Leu (23)
and dansyl-Gly-Cys3�tbGG-Ile-Ile-Leu (24) was accom-
plished in a two-step procedure starting with the
appropriate 3-substituted geranylgeraniol analogue
(Scheme 5). The alcohols were converted to the corre-
sponding bromides 20 and 21 using carbon tetra-
bromide and triphenylphosphine following the
procedure developed by Dolence and Poulter.64 The
bromides were taken directly on to the next step without

further purification. The sulfhydryl group of dansyl-
Gly-Cys-Ile-Ile-Leu (22) was then alkylated with the
bromide according to the procedure developed for far-
nesylation of dansylated pentapeptides.65 Purification of
the geranylgeranylated peptides was achieved by silica
TLC as described in the experimental section. The
overall yield of the two-step synthesis and purification
(45–51%) was much higher than previously reported for
the synthesis of dansyl-Gly-CysGG-Ile-Ile-Leu (10%),
which was purified by C18 reversed-phase chromato-
graphy.27a Several attempts at the synthesis of dansyl-
Gly-Cys3�cpGG-Ile-Ile-Leu both through the bromide
and chloride intermediate resulted in none of the desired
product. This was presumably due to the loss of the
cyclopropyl moiety during the attempted coupling reac-
tion, although the byproducts were not isolated and
characterized.

Biological evaluation of the GGPP analogues

The potential mechanism-based inhibitors 3-cpGGPP
(2b) and 3-vGGPP (2a) did not exhibit time-dependent
inactivation of recombinant yeast PGGTase I. Instead,
2b and 2a were alternative substrates for GGPP when
dansyl-GCIIL was the cosubstrate (Table 2). The Km

Scheme 4.
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for 2b (11.8�1.2 mM) was circa 12 times higher than
that for the natural substrate, and the kcat (0.032 s�1)
was 10 times lower. In comparison, Km for 2a
(51.9�14.6 mM) was circa 52 times higher, and kcat
(0.052 s�1) was only 6 times lower. The sterically
encumbered analogue 3-tbGGPP (2c) was investigated
as an alternative substrate using fluorescence and HPLC
to monitor the reaction. Small changes in fluorescence
were observed at very high concentrations of 2c (0.5–1.2

mM) and PGGTase I (112–448 nM), although no evi-
dence for formation of a prenylated peptide was
observed by HPLC (Fig. 1). The other sterically
encumbered analogue, 3-PhGGPP (2d), was also not a
substrate for the reaction with dansyl-GCIIL.

In order to confirm that GGPP analogue 2b was an
alternative substrate for yeast PGGTase I, the product
from the enzyme catalyzed alkylation of dansyl-GCIIL
was isolated by reversed-phase HPLC and analyzed by
mass spectrometry. In preparative scale reactions, 44–66
nmol of 2b and 8–24 nmol of dansyl-GCIIL (22) were
incubated with 10–35 mg of PGGTase I. The reaction
mixtures were analyzed by HPLC, and a new peak with
a retention time characteristic for alkylated pentapep-
tides was observed. This material was isolated and gave
a negative ion FAB mass spectrum with a characteristic
molecular ion m/z 1047 (M�1) for dansyl-GC3�cpGGIIL
(25).

Analogue 2a was also an alternative substrate. The
reaction mixture from incubation of 2a and dansyl-
GCIIL with PGGTase I was analyzed by HPLC, and a
new alkylated pentapeptide peak at 32 min was
observed (Fig. 1E). A sample of synthetic dansyl-
GC3�vGGIIL (3 nmol) was added to a second enzymatic
reaction, and a more intense peak was observed (Fig.
2F), confirming the enzymatic product as dansyl-
GC3�vGGIIL (23).

All four GGPP analogues, 3-cpGGPP (2b), 3-vGGPP
(2a), 3-tbGGPP (2c), and 3-PhGGPP (2d) were tested as
inhibitors of yeast PGGTase. The cyclopropyl and vinyl
analogues, 2b and 2a, respectively, were competitive
inhibitors against GGPP, KI

2b=3.0�0.4 mM and
KI
2a=4.7�0.7 mM, suggesting that both analogues bind

reversibly to the same site on PGGTase I as GGPP.
Analogues 2c and 2d were also competitive inhibitors
against GGPP with KI

2c=3.7�0.5 mM and
KI
2d=6.1�0.8 mM (Fig. 2). These results were com-

pared with those seen for 3-cpFPP, 3-vFPP, and
3-tbFPP with yeast PFTase (Table 2).23,24 While the
overall pattern is similar—the vinyl and cyclopropyl
analogues are both substrates, and the tert-butyl analo-
gues are both very poor or non-substrates—there are
significant differences in the abilities of the analogues to
bind to the two different enzymes.

Conclusion

PGGTase I is similar to PFTase in both steady-state
kinetic behavior and the requirement of Zn2+ for cata-
lytic activity.28�31 More detailed investigations of
PFTase and its chemical mechanism provide evidence
for a late associative transition state with substantial
development of a positive charge in the farnesyl moi-
ety.4,66 Based on these studies and the similarities
between PFTase and PGGTase I, it can be proposed
that the enzymatic reaction of PGGTase proceeds
through a related associative transition state involving a
substrate-derived nucleophile. Therefore, the inability of
3-cpGGPP and 3-vGGPP to inhibit yeast PGGTase I

Scheme 5.

Table 2. Kinetic constants for FPP and GGPP analoguesa

Analogue kcat PFT kcat PGGT Km PFT Km PGGT Ki PFT Ki PGGT

3-vFPP 0.085b — 0.46b — 2.7b —
3-cpFPP 0.83c — 0.41c — 0.50c —
3-tbFPP 0.0032c — ndc — 0.31c —
3-vGGPP — 0.052 — 51.9 — 4.7
3-cpGGPP — 0.032 — 11.8 — 3.0
3-tbGGPP — ndd — ndd — 3.7
3-phGGPP — ndd — ndd — 6.1

aConditions: All Km and Ki values are in micromolar amounts, and
kcat values are in s�1. Km, kcat and Ki values were determined using
recombinant yeast PFTase (‘PFT’) or recombinant yeast PGGTase I
(‘PGGT’) in a continuous spectrofluorimetric assay (see experimental
procedures). Under the conditions of the fluorimetric PFTase assay,
the Km determined for FPP itself was 1.0 mM, and the kcat value was 5.2
s�1. Under the conditions of the fluorimetric PGGTase I assay, the Km

determined for GGPP itself was 1.0 mM, and the kcat value was 0.3 s�1.
bValues previously determined for 3-vFPP.23
cValues previously determined for 3-cpFPP and 3-tbFPP with yeast
PFTase.24 The limited turnover observed with 3-tbFPP precluded the
determination of a Km value for this analogue.
dThese analogues were not substrates for yeast PGGTase I, and thus
these kinetic values could not be determined.
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irreversibly is presumably due to the lack of a good
nucleophile in the active site that would compete with
this type of mechanism. This is comparable to the stud-
ies with yeast PFTase in which the analogous vinyl and
cyclopropyl FPP analogues (1a and 1b; Scheme 1) did
not cause time-dependent inactivation.23,24 In the same

manner, 2b and 2a were alternative substrates of
PGGTase I and competitive inhibitors against GGPP.

In contrast to the shared resistance of PFTase and
PGGTase I to irreversible inhibition by the vinyl and
cyclopropyl analogues, there are significant differences

Figure 1. An HPLC trace of the products from the PGGTase I-catalyzed condensation of dansyl-GCIIL with 2c and 2a on a C18 reverse-phase
column eluted with a 20 min (10–30 min) linear gradient from 0.10% TFA/30% CH3CN/70% H2O (v/v/v) to 0.10% TFA in CH3CN (v/v): (A) a
control sample containing dansyl-GCIIL and 3-tbGGPP (2c); (B) products from incubation of dansyl-GCIIL with 2c and 10 mg of PGGTase I.
(C) co-injection of products from reaction B and 6 nmol of chemically synthesized dansyl-GC3-tbGG-IIL; (D) a control sample containing dansyl-
GCIIL and 3-vGGPP (2c); (E) products from incubation of dansyl-GCIIL with 2a and 10 mg of PGGTase I; (F) co-injection of products from
reaction E and 3 nmol of chemically synthesized dansyl-GC3-vGG-IIL.
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in their relative binding affinities for the FPP and GGPP
analogues. The Km values for GGPP analogues 2a and
2b with PGGTase I are 12–52-fold higher than that for
the natural substrate (GGPP) while the Km values for
the same FPP analogues (3-cpFPP and 3-vFPP) with
PFTase are similar to the natural substrate (FPP).23,24

The kcat’s determined for both the GGPP and FPP
cyclopropyl analogue with PGGTase I and PFTase,
respectively, are circa 5 times lower than those with
GGPP and FPP. Interestingly, the kcat for 3-vGGPP is
only 10 times lower, while the kcat for 3-vFPP is 60 times
lower.23,24 In the case of the tert-butyl analogues,
3-tbFPP binds to PFTase �3-fold more tightly than the
natural substrate FPP (as measured by a rough Km vs Ki

comparison), while 3-tbGGPP binds to PGGTase I
roughly 4-fold less tightly than the natural substrate
GGPP. In conclusion, both sets of analogues bind
tightly to their respective enzyme active sites but the
effect of the substituent at the C3 position on enzyme
catalysis is unique for each analogue and enzyme.
However, these results tentatively indicate that
PGGTase I has a more restricted isoprenoid binding site
than PFTase. PGGTase and PFTase have identical a
subunits but distinct b subunits.67 The b subunits com-

prise the catalytic cores of these enzymes and are pre-
sumably responsible for the substrate selectivity of the
enzymes and the influence of the C3 substituent on cat-
alysis and binding.

Experimental68

Ethyl 3,7,11,15-tetramethylhexadeca-2E,6E,10E,14-tetra-
enoate 9. Vinyl triflate 8 (0.24 mmol, 110 mg),
MeB(OH)2 (0.36 mmol, 22 mg), bis(benzoni-
trile)palladium (II) chloride (0.024 mmol, 9.2 mg),
AsPh3 (0.096 mmol, 29 mg), and Ag2O (0.48 mmol, 111
mg) were placed in 2.0 mL of dioxane under argon.
Potassium phosphate (K3PO4

.nH2O, 1:1.2 w/w, 144 mg)
was then added, and the resulting mixture was stirred
for 5 h at room temperature. The reaction was diluted
with ether (20 mL), washed with water (15 mL), dried
over MgSO4, and concentrated. Purification by flash
chromatography (hexanes/ethyl acetate, 20:1) afforded
ethyl all-trans-geranylgeranoate 9 as a colorless oil (65
mg, 82%). 1H NMR: d 1.28 (t, J � 7.2 Hz, 3H), 1.60 (s,
9H), 1.63 (s, 3H), 1.99–2.16 (m, 12H), 2.16 (s, 3H), 4.14
(q, J � 7.2 Hz, 2H), 5.10 (m, 3H), 5.66 (s, 1H); 13C
NMR: d 14.3, 16.0, 17.6, 18.2, 25.7, 26.0, 26.5, 26.8,
39.7, 41.0, 59.5, 115.6, 122.9, 124.1, 124.3, 128.5, 128.6,
135.0, 136.1, 159.8.

3,7,11,15-Tetramethylhexadeca-2E,6E,10E,14-tetraen-1-
ol (all-trans-geranylgeraniol) 10. To a solution of ester 9
(73 mg, 0.22 mmol) in 1.0 mL of toluene was added
DIBAL-H (1.0M solution in toluene, 0.55 mL, 0.55
mmol) under argon at �78 �C. The reaction was stirred
at �78 �C for 1 h, warmed to room temperature, and
then quenched with 20 mL of Rochelle salt solution
(saturated aqueous sodium potassium tartrate). The
aqueous solution was extracted with ethyl acetate (2 �
20 mL), and the combined organic layers were washed
with saturated NaCl (2 � 20 mL), and then dried over
MgSO4. The solvent was removed in vacuo and the
residue was purified by flash chromatography (hexanes/
ethyl acetate, 4:1) to give alcohol 10 (46 mg, 72%) as a
colorless oil. 1H NMR: d 1.60 (s, 9H), 1.69 (s, 6H),
1.95–2.15 (m, 12H), 4.16 (narrow m, 2H), 5.10 (narrow
m, 3H), 5.42 (t, 1H); 13C NMR: d 16.01, 16.27, 17.66,
25.72, 26.29, 26.62, 26.75, 39.56, 39.72, 59.42, 123.27,
123.75, 124.15, 124.36, 131.29, 134.98, 135.40, 139.85.
MS-EI: 290 (M+). The 1H and 13C NMR data are in
good accord with those previously reported in the
literature.69

Ethyl 3-phenyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-
tetraenoate 11. A mixture of triflate 8 (103 mg, 0.22
mmol), phenylboronic acid (42 mg, 0.32 mmol),
Pd(PhCN)2Cl2 (8.4 mg, 0.22 mmol), AsPh3 (27 mg,
0.088 mmol) and Ag2O (102 mg, 0.44 mmol) was placed
in a flask that was then flushed with argon. This mixture
was then dissolved in THF (2.0 mL, containing two
drops of water). The reaction was stirred at room tem-
perature for 2.5 h, 20 mL of ether was then added, and
the solid material was removed by filtration. The ether

Figure 2. Double reciprocal plots for inhibition of PGGTase I by
3-tbGGPP and 3-PhGGPP. Assays were conducted as described in the
Experimental for reactions mixtures that contained 4 mM dansyl-
GCIIL, 2.5–15 mM GGPP and 30 nM PGGTase I; (A) 3-tbGGPP [(&)
2.0, (&) 4.0, (*) 6.0, (*) 8.0 mM]; (B) 3-PhGGPP [(&) 3.0, (&) 6.0, (*)
9.0, (*) 12.0 mM].
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solution was washed with 15 mL of water and dried
over MgSO4. Following concentration the residue was
purified by flash chromatography (hexanes/ethyl acetate
20:1, Rf 0.28), and ester 11 was obtained as a pale yel-
low oil (76 mg, 86%). The identity, and in particular the
stereochemistry, of this ester was confirmed by the
similarity of its 1H NMR spectrum to the previously
prepared ester 4b.23 1H NMR: d 1.07 (t, J=3.9 Hz, 3H),
1.53 (s, 3H), 1.60 (s, 6H), 1.68 (s, 3H), 2.00–2.07 (m,
10H), 2.47 (t, 2H), 4.00 (q, J=3.9 Hz, 2H), 5.09 (b, 3H),
5.88 (s, 1H), 7.15 (d, J=7.2 Hz, 2H), 7.34 (m, 3H); 13C
NMR d 13.94, 16.01, 16.07, 17.70, 25.72, 25.88, 26.53,
26.75, 39.66, 39.72, 40.46, 59.74, 117.31, 122.68, 124.08,
124.33, 127.11, 127.54, 127.79, 128.44, 128.64, 128.73,
131.29, 133.71, 135.04, 159.36, 166.05. MS-EI: 394
(M+).

3-Phenyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-tet-
raen-1-ol 12. A solution of ester 11 (70 mg, 0.18 mmol)
in 1 mL of toluene was treated with DIBAL-H (1.0M
solution in toluene, 0.44 mL, 0.44 mmol) under argon at
�78 �C for 1 h. The reaction was warmed to room tem-
perature and quenched with 20 mL of Rochelle salt
solution. The aqueous solution was extracted with ethyl
acetate (2 � 20 mL), and the combined organic layers
were washed with saturated NaCl (2 � 20 mL), and
then dried over MgSO4. The solvent was removed in
vacuo and the residue was purified by flash chromato-
graphy (hexanes/ethyl acetate, 4:1) to give 44 mg (67%)
of alcohol 12. 1H NMR: d 1.51 (s, 3H), 1.59 (s, 6H),
1.68 (s, 3H), 2.04 (m, 10H), 2.41 (t, 2H), 4.05 (t, 2H),
5.01 (m, 3H), 5.69 (t, 1H), 7.13 (d, J=6.9 Hz, 2H), 7.31
(m, 3H); 13C NMR: d 16.02, 17.69, 25.70, 26.49, 26.61,
26.75, 39.00, 39.66, 39.71, 60.29, 123.50, 124.17, 124.37,
125..59, 127.05, 128.06, 128.18, 131.29, 135.56, 139.92,
144.58. MS-EI: 352 (M+).

Ethyl 3-cyclopropyl-7,11,15-trimethylhexadeca-2Z,6E,
10E,14-tetraenoate 14. To a solution of cyclopropyl
bromide (0.36 mmol, 0.03 mL) in 1.0 mL ether was
added tert-butyllithium (1.7M in pentane, 0.72 mmol,
0.42 mL) under argon at �78 �C. The resulting solution
was stirred for 30 min, transferred to a slurry of CuCN
(0.36 mmol, 32 mg) in 1.0 mL of ether at �78 �C and
then stirred for 15 min. Triflate 8 (0.24 mmol, 114 mg)
in 1.0 mL of ether was added to the mixture and the
reaction was stirred for 1.5 h at �78 �C. The mixture
was warmed to 0 �C and quenched with 2 mL of satu-
rated NH4Cl. The organic layer was separated, the
aqueous layer was extracted with ether (3 � 15 mL),
and the combined organic layers were dried over
MgSO4. Concentration followed by flash chromato-
graphy (hexanes/ethyl acetate, 20:1) gave 43 mg (51%)
of ester 14 as a colorless oil and 15 mg of triflate 16. The
identity, and in particular the stereochemistry, of 14 was
confirmed by the similarity of its 1H NMR spectrum to the
previously prepared 3-cyclopropyl-3-desmethylfarnesyl
ester.24 1H NMR: d 0.70 (m, 2H), 0.88 (m, 2H), 1.29 (t,
3H), 1.60 (s, 6H), 1.68 (s, 6H), 1.9–2.2 (m, 12H), 3.13
(m, 1H), 4.16 (q, 2H), 5.09 (m, 3H), 5.72 (s, 1H); 13C
NMR: d 6.75, 13.09, 14.37, 16.06, 17.67, 19.21, 31.02,
39.68, 59.42, 115.62, 121.58, 122.85, 124.04, 124.33,
131.29, 136.19, 164.02, 167.35.

3-Cyclopropyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-
tetraen-1-ol 15. To a solution of 14 (0.12 mmol, 43 mg)

in 1.0 mL of toluene (HPLC grade, dried over 4 Å
sieves), at �78 �C under argon, was added DIBALH
(1.0M in toluene, 0.3 mmol, 0.3 mL). After 1 h at
�78 �C, the reaction was quenched with Rochelle salt
solution (10 mL). The organic layer was separated and
the aqueous phase was extracted with ethyl acetate (3 �
15 mL). The combined organic layers were washed with
water (2 � 15 mL), dried over MgSO4 and concentrated.
The crude product was purified by flash chromatography
(hexanes/ethyl acetate, 4:1) and 23 mg (61%) of 15 was
obtained as a colorless oil. 1H NMR: d 0.50 (m, 2H), 0.67
(m, 2H), 1.60 (s, 9H), 1.68 (s, 3H), 1.76 (m, 1H), 1.9–2.1
(m, 12H), 4.33 (d, 2H), 5.12 (m, 3H), 5.48 (t, 1H); 13C
NMR: d 4.95, 11.58, 16.03, 17.69, 25.71, 26.60, 27.24,
27.76, 32.97, 39.71, 59.23, 123.32, 124.14, 124.36, 124.29,
131.29, 134.98, 135.40, 143.62. EI-MS: 316 (M+).

Ethyl 3-tert-butyl-7,11,15-trimethylhexadeca-2Z,6E,10E,
14-tetraenoate 17. In a flame dried, argon flushed flask
were placed CuCN (0.40 mmol, 36 mg) and 1.0 mL of
ether (distilled from Na/benzophenone). The resulting
slurry was cooled to �78 �C where tert-butyllithium
(1.7M in pentane, 0.80 mmol, 0.47 mL) was added
dropwise. The mixture was warmed to 0 �C and then
recooled to �78 �C. A solution of triflate 8 (0.27 mmol,
124 mg) in 1.0 mL of ether was added dropwise and the
reaction was stirred for 1 h at �78 �C. The mixture was
warmed to 0 �C and quenched with 2 mL of saturated
NH4Cl. The organic layer was separated, the aqueous
layer was extracted with ether (3 � 15 mL), and the
combined organic layers were dried over MgSO4. Con-
centration followed by flash chromatography (hexanes/
ethyl acetate, 20:1) gave 17 as a colorless oil (81 mg,
82%). The identity, and in particular the stereo-
chemistry, of this ester was confirmed by the similarity
of its 1H NMR spectrum to the previously prepared
3-tert-butyl-3-desmethylfarnesyl ester.24 1H NMR: d 1.22
(s, 9H), 1.32 (t, 3H), 1.60 (s, 9H), 1.68 (s, 3H), 1.9–2.3
(m, 12H), 4.16 (q, 2H), 5.11 (m, 3H), 5.59 (s, 1H); 13C
NMR: d 14.14, 16.00, 17.69, 25.68, 26.58, 26.75, 27.94,
28.76, 29.37, 35.45, 39.24, 39.68, 60.16, 115.80, 123.31,
124.11, 124.25, 124.33, 135.00, 135.85, 161.41. MS-EI:
374 (M+).

3- tert -Butyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-
tetraene - 1 - ol 18. To a solution of 17 (0.21 mmol, 79
mg) in 1.0 mL of toluene (HPLC grade, dried over 4 Å
sieves) at �78 �C under argon, was added DIBALH
(1.0M in toluene, 0.53 mmol, 0.53 mL). After 1 h at-
78 �C, the reaction was quenched with Rochelle salt
solution (20 mL). The organic layer was separated and
the aqueous phase was extracted with ethyl acetate (3 �
15 mL). The combined organic layers were washed with
water (2 � 15 mL), dried over MgSO4 and con-
centrated. The crude product was purified by flash
chromatography (hexanes/ethyl acetate, 4:1) and 59 mg
(85%) of alcohol 18 was obtained as a colorless oil. 1H
NMR: d 1.14 (s, 9H), 1.60 (s, 9H), 1.68 (s, 3H),
2.0–2.2 (m, 12H), 4.37 (d, 2H), 5.12 (m, 3H), 5.25 (t,
1H). 13C NMR: d 16.00, 16.08, 17.68, 25.69, 26.59,
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26.75, 29.04, 29.22, 30.66, 35.81, 35.87, 39.69, 60.58,
124.08, 124.17, 124.36, 125.21, 131.26, 134.98, 135.16,
148.88. EI–MS: 332 (M+).

General procedure for preparation of chlorides

In a flame-dried, round-bottomed flask were placed
with N-chlorosuccinimide (1.2 equiv) and dichloro-
methane (distilled from CaH2). The solution was cooled
to �30 �C in an acetonitrile/dry ice bath. Dimethyl sul-
fide (1.5 equiv) was added dropwise to the cold solution,
and the resulting milky white mixture was warmed to
0 �C for 5 min and recooled to �30 �C. A solution of 1
equiv of the alcohol in 1 mL of dichloromethane was
added dropwise to the mixture at �30 �C. The reaction
was slowly warmed up to 0 �C and stirred for an addi-
tional hour at that temperature. The resulting clear,
colorless solution was stirred at room temperature for
20 min and poured into 10 mL of cold brine solution.
The aqueous layer was extracted with 2 � 15 mL hex-
anes, and the combined organic layers were washed with
10 mL of cold brine solution and dried over MgSO4.
Concentration (rotary evaporation followed by high
vacuum at room temperature) afforded the chlorides as
colorless or pale yellow oils which were used directly for
the next reaction.

General procedure for preparation of diphosphates

In a flame-dried, round-bottom flask were placed two
equivalents of tris(tetra-n-butylammonium)hydrogen
pyrophosphate60,61 and 1.0 mL of acetonitrile (distilled
from P2O5). The mixture was cooled to 0 �C and 1 equiv
of chloride in 0.5 mL of acetonitrile was added drop-
wise. The reaction was allowed to stir at room tem-
perature for 2 h, and the solvent was removed by
rotary evaporation at room temperature. The residue
was dissolved in 1–2 mL of ion exchange buffer (1:49
v/v isopropyl alcohol and 25 mM NH4HCO3) and was
passed through a column containing 3–10 mL cation-
exchange resin (DOWEX AG 50W-X8, NH4

+ form).
The column was eluted with two column volumes of ion
exchange buffer at a flow rate of �1 mL/min. The elu-
ent was dried by lyophilization and a pale-yellow solid
was obtained. The crude product was dissolved in 1–3
mL of 25 mM NH4HCO3 and purified by reverse-
phase HPLC using a program of 5 min of 100% A fol-
lowed by a linear gradient of 100% A to 100% B over
30 min (A: 25 mM aq NH4HCO3, pH 8.0; B: CH3CN;
Vydac pH-stable C8 4.6 � 250 mm columm; flow rate:
1.0 mL; UV monitoring at 214 and 254 nm). The frac-
tions were collected, pooled and dried by lyophiliza-
tion, and the diphosphates were obtained as white
fluffy solids. Occasionally, the diphosphates were
obtained as mixed ammonium/tetrabutylammonium
salts; the presence of the tetrabutylammonium cation
was indicated by characteristic peaks at 0.93, 1.34, and
3.17 ppm in the proton NMR spectrum. However, the
diphosphates were always purified by reversed phase
HPLC, their identity was confirmed by analytical
reverse-phase HPLC, 1H NMR, 31P NMR, and in
certain cases the purity was confirmed quantitative
phosphate analysis.27a

3-Phenyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-tetra-
ene diphosphate 2d. Alcohol 12 (40 mg, 0.11 mmol) was
treated with N-chlorosuccinimide (20 mg, 0.15 mmol)
and dimethyl sulfide (0.013 mL, 0.17 mmol) in 2.0 mL
of methylene chloride. Following the general procedure,
26 mg (62%) of allylic chloride 13 was obtained as a
colorless oil. 1H NMR: 1.51 (s, 3H), 1.59 (s, 6H), 1.68
(s, 3H), 1.9–2.1 (m, 10H), 2.42 (t, 2H), 3.97 (d, 2H), 5.09
(m, 3H), 5.69 (t, 1H), 7.20 (d, 2H), 7.36 (m, 3H); 13C
NMR: 16.05, 17.68, 25.70, 26.20, 26.59, 26.75, 27.97,
38.97, 39.67, 39.71, 42.38, 122.39, 123.17, 124.16,
124.33, 124.95, 126.59, 127.37, 128.02, 128.29, 131.29,
134.98, 135.78, 139.12, 146.64.

Chloride 13 (47 mg, 0.084 mmol) was treated with tris
(tetra-n-butylammonium) hydrogen pyrophosphate (151
mg, 0.17 mmol) in 1.0 mL of CH3CN for 2 h at room
temperature. The resulting material was converted to
ammonium form by ion exchange with 3 mL of resin
and 8 mL of ion exchange buffer. After lyophilization,
the residue was purified by reverse-phase HPLC as
described in the general procedure. 3-Phenyl GGPP 2d
(32 mg, 68%) was obtained as a white fluffy solid. 1H
NMR: 1.33 (br, 9H), 1.42 (br, 3H), 1.7–2.1 (br, 10H),
2.39 (br, 2H), 4.43 (br, 2H), �5.0 (m, 3H, overlaps with
HDO peak), 5.83 (br t, 1H), 7.22 (br d, 2H), 7.38 (m,
3H); 31P NMR: �5.8 (d, J=18 Hz), �9.8 (d, J=18 Hz).

3-Cyclopropyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-
tetraene diphosphate 2b. Cyclopropyl alcohol 15 (18 mg,
0.06 mmol) was treated with N-chlorosuccinimide (16
mg, 0.11 mmol) and dimethyl sulfide (0.009 mL, 0.12
mmol) in 1 mL of methylene chloride. Following
workup as described in the general procedure, 12 mg
(63%) of allylic chloride 16 was obtained as a colorless
oil.

The chloride 16 (12 mg, 0.04 mmol) was treated with
tris(tetra-n-butylammonium) hydrogen pyrophosphate
(65 mg, 0.07 mmol) in 0.5 mL of CH3CN for 2 h at
room temperature. The resulting material was converted
to ammonium form by ion exchange with 3 mL of resin
and 8 mL of ion exchange buffer. After lyophilization,
the residue was purified by reverse-phase HPLC as
described in the general procedure, and 3-cyclopropyl
GGPP 2b (14 mg, 74%) was obtained as a white fluffy
solid. 1H NMR: 0.49 (m, 2H), 0.72 (m, 2H), 1.60 (s,
9H), 1.67 (s, 3H), 1.86 (m, 1H), 2.0–2.2 (m, 12H), 4.66
(br, 2H), 5.17 (m, 3H), 5.53 (m, 1H); 31P NMR �6.25
(d, J=16 Hz), �9.92 (d, J=16 Hz).

3- tert -Butyl-7,11,15-trimethylhexadeca-2Z,6E,10E,14-
tetraene diphosphate 2c. Alcohol 18 (22 mg, 0.07 mmol)
was treated with N-chlorosuccinimide (18 mg, 0.13
mmol) and dimethyl sulfide (0.010 mL, 0.13 mmol) in
1.0 mL of methylene chloride. Following workup as
described in the general procedure, 20 mg (86%) of
chloride 19 was obtained as a colorless oil.

Chloride 19 (20 mg, 0.06 mmol) was treated with tris
(tetra-n-butylammonium) hydrogen pyrophosphate salt
(103 mg, 0.11 mmol) in 0.5 mL of CH3CN for 2 h at
room temperature. The resulting material was converted
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to ammonium form by ion exchange with 3 mL of resin
and 8 mL of ion exchange buffer. After lyophilization,
the residue was purified by reverse-phase HPLC as
described in the general procedure. 3-tert-Butyl GGPP
2c (20 mg, 65%) was obtained as a white fluffy solid. 1H
NMR: 1.15 (s, 9H), 1.63 (m, 12H), 2.07 (m, 12H), 4.70
(partially buried under HDO peak), 5.15 (b, 1H), 5.33
(m, 3H); 31P NMR �7.63 (d, J=20 Hz), �10.27 (d,
J=20 Hz).

General procedure for preparation of bromides

In a flame-dried, argon flushed round-bottom flask was
first placed one equivalent of the alcohol and then 0.50
mL of dichloromethane (distilled from CaH2).

64 Carbon
tetrabromide (1.2 equiv) was then added first followed
by triphenylphosphine (1.1 equiv) while stirring. The
reaction was allowed to stir at room temperature for 2 h
under argon and quenched by the addition of 25 mL of
pentane. The milky white solution was filtered through
a plug of Celite and the excess pentane was removed
with a gentle stream of nitrogen. Three additional 25
mL portions of pentane were added followed by filtra-
tion and removal of excess solvent. Concentration
(rotary evaporation) afforded the bromides as pale-yel-
low oils that were used directly for the next reaction.

General procedure for preparation of geranylgeranylated
pentapeptides

In a flame-dried, argon flushed round-bottom flask were
placed 1 equiv of dansyl-GCIIL (22, 5.8–6.3 mg) and
0.35 mL of anhydrous dimethylformamide.65 The bro-
mide (0.82 equiv) followed by diisopropylethylamine (3.0
equiv) were added and the reaction mixture was stirred at
room temperature for 2 h under nitrogen. Water (5.0
mL) was added, and the solution was frozen and lyophil-
ized. The crude product was dissolved in methanol/
chloroform 1:5 and purified by preparative silica TLC
(methanol/chloroform, 1:5; Rf 0.57). The solvent was
removed by rotary evaporation to afford the geranyl-
geranylated pentapeptides as a pale-yellow powder.

Dansyl-Gly-Cys3-vGG-Ile-Ile-Leu (23). 3-Vinyl-3-des-
methylgeranylgeraniol (4.9 mg, 0.016 mmol) was treated
with carbon tetrabromide (6.5 mg, 0.020 mmol) and
triphenylphosphine (4.7 mg, 0.018 mmol) in 0.50 mL of
dichloromethane. Following the general procedure, 6.0
mg (65% by 1H NMR) of the allylic bromide 20 was
obtained as a pale-yellow oil that was used directly in
the next step.

Bromide 20 (2.5 mg, 0.007 mmol) was then treated with
dansyl-GCIIL (22; 6.3 mg, 0.008 mmol) and diisopro-
pylethylamine (0.005 mL, 0.255 mmol) in 0.35 mL
dimethylformamide. Following the general procedure
and TLC purification described above, 7 mg (78%) of
dansyl-Gly-Cys3-vGG-Ile-Ile-Leu 23 was obtained as a
pale-yellow solid. 1H NMR: (500MHz, DMSO) d 0.75–
0.88 (m, 18H), 0.98–1.73 (m, 9H), 1.53 (s, 3H), 1.54 (s,
6H), 1.62 (s, 3H), 1.89–2.18 (m, 12H), 2.42 (dd, J=7.8
7.8 Hz, 1H), 2.64 (dd, J=5.9, 5.4 Hz, 1H), 2.82 (s, 6H),
3.25 (d, J=7.8 Hz, 2H), 3.51 (s, 2H), 4.20 (m, 3H), 4.47

(q, J=7.8 Hz, 1H), 5.08 (m, 4H), 5.26 (d, J=17.1 Hz,
1H), 5.38 (t, J=8.2 Hz, 1H), 6.62 (dd, J=11.2, 11.2 Hz,
1H), 7.25 (d, J=7.3, 1H), 7.57 (dd, J=5.3, 5.3 Hz, 1H),
7.59 (dd, J=4.8, 4.8 Hz, 1H), 7.79 (d, J=9.3 Hz, 1H),
7.98 (d, J=8.8 Hz, 1H), 8.03 (d, J=8.3 Hz, 1H), 8.06
(bd, J=7.3 Hz, 1H), 8.12 (d, J=7.3 Hz, 1H), 8.29 (d,
J=8.8 Hz, 2H), 8.45 (d, J=8.8 Hz, 1H). MS (FAB):
1033 (M�).

Dansyl-Gly-Cys3-tbGG-Ile-Ile-Leu (24). Alcohol 18 (5.3
mg, 0.016 mmol) was treated with carbon tetrabromide
(6.4 mg, 0.020 mmol) and triphenylphosphine (4.6 mg,
0.018 mmol) in 0.50 mL of dichloromethane. Following
the general procedure, 6.3 mg (62% by 1H NMR) of the
allylic bromide 21 was obtained as a pale-yellow oil that
was used directly in the next step.

Bromide 21 (2.5 mg, 0.006 mmol) was then treated with
dansyl-GCIIL (22; 5.8 mg, 0.008 mmol) and diisopro-
pylethylamine (0.005 mL, 0.232 mmol) in 0.35 mL
dimethylformamide. Following the general procedure
and TLC purification described above, 5 mg (75%) of
dansyl-Gly-Cys3-tbGG-Ile-Ile-Leu 24 was obtained as a
pale-yellow solid. 1H NMR: (500MHz, DMSO) d 0.75–
0.88 (m, 18H), 1.09 (s, 9H), 0.98–1.73 (m, 9H), 1.54 (s,
6H) 1.55 (s, 3H), 1.62 (s, 3H), 1.87–2.06 (m, 12H), 2.45
(dd, J=7.8, 7.8 Hz, 1H), 2.72 (dd, J=5.9, 5.4 Hz, 1H),
2.82 (s, 6H), 3.51 (s, 2H), 4.20 (m, 3H), 4.46 (q, J=8.3
Hz, 1H), 5.07 (m, 4H), 7.25 (d, J=6.8 Hz, 1H), 7.57
(dd, J=6.4, 6.4 Hz, 1H), 7.59 (dd, J=5.9, 5.9 Hz, 1H),
7.78 (d, J=8.8 Hz, 1H), 7.98 (d, J=8.8 Hz, 1H), 8.05
(d, J=8.3 Hz, 2H), 8.12 (d, J=7.3 Hz, 1H), 8.27 (bs,
1H), 8.30 (d, J=8.8 Hz, 1H), 8.45 (d, J=8.3, 1H). MS
(FAB): 1063 (M�).

Prenyltransferase assays

Recombinant yeast PGGTase I was produced in
Escherichia coli (JM101/pWGS-1-273B) and was purified
by ion-exchange and immunoaffinity chromatography
as previously described.27a Catalytic rate constants (kcat)
were measured using a fluorescence assay that con-
tinuously monitored geranylgeranylation of the dansyl-
ated pentapeptide dansyl-GCIIL27a using a Spex
FluoroMax spectrofluorimeter. Excitation and emission
wavelengths used were 340 and 486 nm, respectively,
with a bandpass of 5.1 nm for both excitation and
emission monochromators. Assays were carried out at
30 �C in prewarmed cuvettes (3 mm2) using a thermo-
stated cuvette holder. Assays (220 mL) were conducted
in a final buffer concentration of 50 mM Tris–HCl, 1.0
mM MgCl2, 10 mM ZnCl2, 5.0 mM dithiothreitol,
0.020% n-dodecyl b-d-maltoside, pH 7.5. Reaction
mixture were preincubated at 30 �C for 5 min before the
reaction was initiated with PGGTase I previously dilu-
ted with assay buffer to the appropriate concentration.
Initial rates were measured from the linear region of
each run, and all measurements were made in duplicates
or triplicates. The rate of change in fluorescence inten-
sity (cps s�1) was converted to units of velocity (mM s�1)
with the previously determined conversion factor
(m=3.6 � 106 cps mM�1) and fluorescence enhancement
factor (E=10).27a
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Inhibition studies were conducted at varying concentra-
tions of GGPP (2.5–15 mM), fixed concentrations of
dansyl-GCIIL (4 mM, approximately Km), and varying
concentrations of the GGPP analogue (3-cpGGPP (2.0–
8.0 mM), 3-vGGPP (3.0–12.0 mM), 3-tbGGPP (2.0–8.0
mM), and 3-PhGGPP (3.0–12.0 mM). The reactions were
initiated with 30 nM enzyme. Data were analyzed as
double-reciprocal plots. Ki values were determined with
the Michaelis–Menten equation including an inhibition
term in the denominator for competitive inhibition.

Michaelis constants for 3-cpGGPP and 3-vGGPP were
determined at a fixed concentration of the second sub-
strate (dansyl-GCIIL). Reactions were initiated with
70–190 nM enzyme. Km values were determined by fit-
ting hyperbolic plots of initial velocities versus substrate
concentration. The kcat values were determined at
saturating concentrations of the substrate 3-cpGGPP
(75–80 mM) and 3-vGGPP (50–80 mM).

Analysis of prenylated peptides from enzymatic reactions
by HPLC

Reaction mixtures were chromatographed on a 250 �
4.6 mm C18 column (VydacTM or Phenomenex#) at a
flow rate of 1.0 mL/min with detection by UV absor-
bance at 214 nm. Four individual reactions containing
GGPP analogue 2b (44–66 nmol), dansyl-GCIIL (8–24
nmol) and PGGTase I (10–35 mg) in assay buffer (50
mM Tris–HCl, 1.0 mM MgCl2, 10 mM ZnCl2, 5.0 mM
dithiothreitol, 0.020% n-dodecyl b-d-maltoside, pH
7.5), were incubated at 30 �C for 5 h. PGGTase I was
added in 10 mg batches over the 5 h period. Compounds
were eluted with a gradient of 30% solvent B (CH3CN/
0.025% TFA) and 70% solvent A (H2O/0.025% TFA)
to 100% B over 20 min. The prenylated peptide eluted
at 100% B. The peaks from the individual reactions
were collected and pooled, and the solvent was removed
under reduced pressure. The residue was analyzed by
negative ion FABMS.

In a second set of reactions, GGPP analogue 2a (18
nmol) or 2c (49–148 nmol), dansyl-GCIIL (11-33 nmol)
and PGGTase I (10 mg) in assay buffer, were incubated
at 30 �C for 12 h. These samples were coinjected with
dansyl-Gly-Cys3-vGG-Ile-Ile-Leu (3 nmol) and dansyl-
Gly-Cys3-tbGG-Ile-Ile-Leu (6 nmol) which were chemi-
cally synthesized and characterized as previously
described. A similar HPLC gradient was used, except
the solvents contained 0.10% TFA. The prenylated
peptides eluted at 100% B.

Acknowledgements

This research was supported by NIH grants CA67292
and CA78819 (to R.A.G.), and GM21328 (to C.D.P.).
Y.Q.M. was the recipient of a Rumble Fellowship from
WSU, R.A.G. was the recipient of an American Cancer
Society Junior Faculty Research Award (JFRA-609),
and L.M.E. is an NIH Predoctoral Trainee (GM08537).
We thank Dr. Todd Zahn (WSU) for the preparation of
additional samples of 2a and the corresponding alcohol.

References and Notes

1. Zhang, F. L.; Casey, P. J.Annu. Rev. Biochem. 1996, 65, 241.
2. Fu, H. W.; Casey, P. J. Rec. Prog. Horm. Res. 1999, 54,
315.
3. Sinensky, M. Biochim. Biophys. Acta 2000, 1484, 93.
4. Harris, C. M.; Poulter, C. D. Nat. Prod. Rep. 2000, 17, 137.
5. (a) Recent structural studies on mammalian PFTase have
significantly enhanced our understanding of this enzyme:
Strickland, C. L.; Windsor, W. T.; Syto, R.; Wang, L.; Bond,
R.; Wu, Z.; Schwartz, J.; Le, H. V.; Beese, L. S.; Weber, P. C.
Biochemistry 1998, 37, 16601. (b) Long, S. B.; Casey, P. J.;
Beese, L. S. Struct. Folding Des. 2000, 8, 209.
6. Casey, P. J.; Seabra, M. C. J. Biol. Chem. 1996, 271, 5289.
7. (a) Casey, P. J.; Solski, P. A.; Der, C. J.; Buss, J. E. Proc.
Natl. Acad. Sci. U.S.A. 1989, 86, 8323. (b) Surprisingly, recent
biological studies have indicated that the anti-cancer effects of
farnesyltransferase inhibitors are not entirely due to the
blockage of Ras prenylation: Prendergast, G. C. Curr. Opin.
Cell. Biol. 2000, 12, 166.
8. Leonard, D. M. J. Med. Chem. 1997, 40, 2971.
9. Gibbs, J. B.; Oliff, A. Annu. Rev. Pharmacol. Toxicol. 1997,
37, 143.
10. Cox, A. D.; Der, C. J. Biochem. Biophys. Acta 1997, 1333,
F51.
11. Oliff, A. Biochem. Biophys. Acta 1999, 1423, C19.
12. Rowinsky, E. K.; Windle, J. J.; VonHoff, D. D. J. Clin.
Oncol. 1999, 17, 3631.
13. Omer, C. A.; Kohl, N. E. Trends Pharm. Sci. 1997, 18,
437.
14. Sebti, S. M.; Hamilton, A. D. Pharmacol. Ther. 1997, 74,
103.
15. Gibbs, J. B.; Pompliano, D. L.; Mosser, S. D.; Rands, E.;
Lingham, R. B.; Singh, S. B.; Scolnick, E. M.; Kohl, N. E.;
Oliff, A. J. Biol. Chem. 1993, 268, 7617.
16. Cohen, L. H.; Valentijn, A. R. P. M.; Roodenburg, L.;
Leeuwen, R. E. W. V.; Huismen, R. H.; Lutz, R. J.; Marel,
G. A. V. D.; van Boom, J. H. Biochem. Pharmacol. 1995, 49,
839.
17. Patel, D. V.; Gordon, E. M.; Schmidt, R. J.; Weller, H. N.;
Young, M. G.; Zahler, R.; Barbacid, M.; Carboni, J. M.;
Gullo-Brown, J. L.; Hunihan, L.; Ricca, C.; Robinson, S.;
Seizinger, B. R.; Tuomari, A. V.; Manne, V. J. Med. Chem.
1995, 38, 435.
18. Kang, M. S.; Stemerick, D. M.; Zwolshen, J. H.; Harry,
B. S.; Sunkara, P. S.; Harrison, B. L. Biochem. Biophys. Res.
Commun. 1995, 217, 245.
19. Lamothe, M.; Perrin, D.; Blotieres, D.; Leborgne, M.;
Gras, S.; Bonnet, D.; Hill, B. T.; Halazy, S. Bioorg. Med.
Chem. Lett. 1996, 6, 1291.
20. (a) Hohl, R. J.; Lewis, K. A.; Cermak, D. M.; Wiemer,
D. F. Lipids 1998, 33, 39. (b) Holstein, S. A.; Cermak, D. M.;
Wiemer, D. F.; Lewis, K.; Hohl, R. J. Bioorg. Med. Chem.
1998, 6, 687.
21. Barber, A. M.; Hardcastle, I. R.; Rowlands, M. G.; Nut-
ley, B. P.; Marriott, J. H.; Jarman, M. Bioorg. Med. Chem.
Lett. 1999, 9, 623.
22. (a) Schlitzer, M.; Sattler, I. Bioorg. Med. Chem. 1999, 7,
2391. (b) Schlitzer, M.; Sattler, I.; Dahse, H. M. Anticancer
Res. 2000, 19, 2117.
23. Gibbs, R. A.; Krishnan, U.; Dolence, J. M.; Poulter, C. D.
J. Org. Chem. 1995, 60, 7821.
24. Mu, Y. Q.; Gibbs, R. A.; Eubanks, L. M.; Poulter, C. D.
J. Org. Chem. 1996, 61, 8010.
25. Preliminary communication on the synthetic portion of
this manuscript: Mu, Y. Q.; Gibbs, R. A. Tetrahedron Lett.
1995, 36, 5669. Note also that the synthesis of 3-vGGPP and
its preliminary evaluation versus mammalian PGGTase I have
been previously reported.26a

1218 Y. Mu et al. / Bioorg. Med. Chem. 10 (2002) 1207–1219



26. (a) Gibbs, B. S.; Zahn, T. J.; Mu, Y. Q.; Sebolt-Leopold,
J.; Gibbs, R. A. J.Med. Chem. 1999, 42, 3800. (b) Zahn, T. J.;
Weinbaum, C.; Gibbs, R. A. Bioorg. Med. Chem. Lett. 2000,
10, 1763.
27. (a) Yeast PGGTase I: Stirtan, W. G.; Poulter, C. D. Arch.
Biochem. Biophys. 1995, 321, 182. (b) Mammalian PGGTase I:
Zhang, F. L.; Diehl, R. E.; Kohl, N. E.; Gibbs, J. B.; Giros,
B.; Casey, P. J.; Omer, C. A. J. Biol. Chem. 1994, 269, 3175.
28. Yokoyama, K.; McGeady, P.; Gelb, M. H. Biochemistry
1995, 34, 1344.
29. Zhang, F. L.; Casey, P. J. Biochem, J. 1996, 320, 925.
30. Stirtan, W. G.; Poulter, C. D. Biochemistry 1997, 36, 4552.
31. Yokoyama, K.; Zimmerman, K.; Scholten, J.; Gelb,
M. H. J. Biol. Chem. 1997, 272, 3944.
32. (a) Trueblood, C. E.; Ohya, Y.; Rine, J. Mol. Cell. Biol.
1993, 13, 4260. (b) Caldwell, G. A.; Wang, S.-H.; Naider, F.;
Becker, J. M. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 1275.
33. (a) Rowell, C. A.; Kowalczyk, J. J.; Lewis, M. D.; Garcia,
A. M. J. Biol. Chem. 1997, 272, 14093. (b) Whyte, D. B.;
Kirschmeier, P.; Hockenberry, T. N.; Nunez-Oliva, I.; James,
L.; Catino, J. J.; Bishop, W. R.; Pai, J.-K. J. Biol. Chem. 1997,
272, 14459.
34. Sun, J.; Blaskovich, M. A.; Knowles, D.; Qian, Y.; Ohka-
nada, J.; Bailey, R. D.; Hamilton, A. D.; Sebti, S. M. Cancer
Res. 1999, 59, 4919.
35. Stark, W. W.; Blaskovich, M. A.; Johnson, B. A.; Qian,
Y.; Vasudevan, A.; Pitt, B.; Hamilton, A. D.; Sebti, S. M.;
Davies, P. Am. J. Physiol. 1998, 275, L55.
36. Coxon, F. P.; Helfrich, M. H.; Van’tHof, R.; Sebti, S.;
Ralston, S. H.; Hamilton, A.; Rogers, M. J. J. Bone Miner.
Res. 2000, 15, 1467.
37. Macchia, M.; Jannitti, N.; Gervasi, G.; Danesi, R. J. Med.
Chem. 1996, 39, 1352.
38. Vasudevan, A.; Qian, Y.; Vogt, A.; Blaskovich, M. A.;
Ohkanada, J.; Sebti, S. M.; Hamilton, A. D. J. Med. Chem.
1999, 42, 1333.
39. Potent inhibitors of yeast (Candida albicans) PGGTase I
have been recently disclosed by the Merck group: Smalera, I.;
Williamson, J. M.; Baginsky, W.; Leting, B.; Mazur, P. Bio-
chim. Biophys. Acta 2000, 1480, 132.
40. (a) Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1992,
33, 6299. (b) Crisp, G. T.; Meyer, A. G. J. Org. Chem. 1992,
57, 6972.
41. (a) Gibbs, R. A.; Krishnan, U. Tetrahedron Lett. 1994, 35,
2509. (b) Note that we were unsuccessful in our attempts to
introduce certain substituents, including a hydrogen, into the
3-position of the isoprenoid skeleton using our modified Stille
coupling methodology.
42. Shao, Y.; Eummer, J. T.; Gibbs, R.A.Org. Lett. 1999, 1, 627.
43. Oh-e, T.; Miyaura, N.; Suzuki, A. J. Org. Chem. 1993, 58,
2201.
44. Yasuda, N.; Xavier, L.; Rieger, D. L.; Li, Y.; DeCamp,
A. E.; Dolling, U.-H. Tetrahedron Lett. 1993, 34, 3211.

45. (a) Soderquist, J. A.; Santiago, B. Tetrahedron Lett. 1990, 31,
5541. (b) For a recently disclosed alternative Suzuki methyl-
ation reagent, see: Gray, M.; Andrews, I. P.; Hook, D. F.;
Kitteringham, J.; Voyle, M. Tetrahedron Lett. 2000, 41, 6237.
46. Farina, V.; Krishnan, B. J. Am. Chem. Soc. 1991, 113,
9585.
47. Farina, V.; Krishnan, B.; Marshall, D. R.; Roth, G. P. J.
Org. Chem. 1993, 58, 5434.
48. Johnson, C. R.; Braun, M. P. J. Am. Chem. Soc. 1993,
115, 11014.
49. Gillmann, T.; Weeber, T. Synlett 1994, 649.
50. Newhouse, B. J.; Meyers, A. I.; Sirisoma, N. S.; Braun,
M. P.; Johnson, C. R. Synlett 1993, 573.
51. (a) Uenishi, J.; Beau, J. M.; Armstrong, R. W.; Kishi, Y. J.
Am. Chem. Soc. 1987, 109, 4756. (b) Braun, M. P., PhD Dis-
sertation, Wayne State University, Detroit, MI, USA, 1995.
52. Roush, W. R.; Moriarty, K. J.; Brown, B. B. Tetrahedron
Lett. 1990, 31, 6509.
53. deLera, A. R.; Torrado, A.; Iglesias, B.; Lopez, S. Tetra-
hedron Lett. 1992, 33, 6205.
54. Farina, V.; Kapadia, S.; Krishnan, B.; Wang, C.; Lie-
beskind, L. S. J. Org. Chem. 1994, 59, 5905.
55. Bouzbouz, S.; Kirschleger, B. Synlett 1994, 763.
56. Corey, E. J.; Shieh, W.-C. Tetrahedron Lett. 1992, 33,
6435.
57. Klinge, S.; Demuth, M. Synlett 1993, 783.
58. Eis, K.; Schmalz, H.-G. Synthesis 1997, 202.
59. Clausen, E. A.; Edelstein, R. L.; Distefano, M. D. Bio-
chemistry 2001, 40, 3920.
60. Davisson, V. J.; Woodside, A. B.; Neal, T. R.; Stremler,
K. E.; Muehlbacher, M.; Poulter, C. D. J. Org. Chem. 1986,
51, 4768.
61. Woodside, A. B.; Huang, Z.; Poulter, C. D. Org. Synth.
1987, 66, 211.
62. Corey, E. J.; Kim, C. U.; Takeda, M. Tetrahedron Lett.
1972, 4339.
63. Zhang, D.; Poulter, C. D. Anal. Biochem. 1993, 213, 356.
64. Dolence, J. M.; Poulter, C. D. Tetrahedron 1996, 119.
65. Pompliano, D. L.; Gomez, R. P.; Anthony, N. J. J. Am.
Chem. Soc. 1992, 7945.
66. Huang, C.-C.; Hightower, K. E.; Fierke, C. A. Biochem-
istry 2000, 2593.
67. A second recent analogue study in our laboratory has
indicated that the isoprenoid binding site of mammalian
PGGTase I is also more restricted than its PFTase counter-
part; see: Zahn, T. J.; Whitney, J.; Weinbaum, C.; Gibbs, R. A.
Bioorg. Med. Chem. Lett. 2001, 11, 1605.
68. All synthetic reagents were from Aldrich Chemical Com-
pany. Solvents were from Aldrich, VWR or Fisher Scientific,
and were used as received unless otherwise indicated. HPLC
work was carried out with HPLC grade solvents.
69. Coates, R. M.; Ley, D. A.; Cavender, P. L. J. Org. Chem.
1978, 43, 4915.

Y. Mu et al. / Bioorg. Med. Chem. 10 (2002) 1207–1219 1219


