
Isoprenoid Pyrophosphate Analogues Regulate Expression of Ras-Related Proteins†

Sarah A. Holstein,‡ Christine L. Wohlford-Lenane,§ David F. Wiemer,| and Raymond J. Hohl*,‡,§

Departments of Pharmacology, Internal Medicine, and Chemistry, UniVersity of Iowa, Iowa City, Iowa 52242

ReceiVed NoVember 25, 2002; ReVised Manuscript ReceiVed February 20, 2003

ABSTRACT: The isoprenoids farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) are
synthetic precursors for numerous molecules essential for cellular function as well as substrates in
isoprenylation reactions. We have previously demonstrated that depletion of mevalonate results in the
upregulation of Ras-related proteins which can be prevented by FPP or GGPP, independent of restoration
of protein isoprenylation. To better define the regulatory properties of isoprenoid pyrophosphates, we
have investigated the abilities of isoprenoid analogues to regulate the expression of the Ras-related proteins.
Farnesyl phosphonic acids potentiate the upregulation of these proteins induced by mevalonate depletion
independent of inhibitory activity against farnesyl protein transferase, geranylgeranyl protein transferase
I, FPP synthase, or GGPP synthase. The potentiation of RhoB upregulation is at both the mRNA and
protein level. The ability of these analogues to serve as functional antagonists of the isoprenoid
pyrophosphates is dependent on the nature of the functional group at the head of the molecule, the charge
of the molecule, and the length of the isoprenoid chain. Metabolites and additional analogues of isoprenoid
pyrophosphates were found to possess agonist properties relative to FPP and GGPP. Interestingly, the
structurally related retinoidsall-trans-retinoic acid and 9-cis-retinoic acid also display slight agonist
properties. These studies provide evidence for direct roles of FPP and GGPP in regulating transcriptional
and post-transcriptional events.

Ras, Rap1a, RhoA, and RhoB belong to the Ras super-
family of small GTPases. These proteins play important roles
in regulating diverse cellular functions, including cell
survival, proliferation, differentiation, and cytoskeletal or-
ganization (1, 2). Out of necessity, these roles require protein
expression, proper intracellular localization, and interaction
with downstream signal transducing elements. For example,
central to the function of these proteins is their association
with cellular membranes which is achieved, in part, by
isoprenylation (3, 4). Isoprenylation involves the addition
of either a 15-carbon farnesyl chain or a 20-carbon gera-
nylgeranyl chain to a cysteine sulfhydryl group near the
carboxy terminus. The lipid donors in these reactions, FPP1

and GGPP, are derived from mevalonate and are intermedi-
ates in the isoprenoid biosynthetic pathway.

Critically important, but less well characterized, are the
factors that regulate the expression of these small GTPases.
We have previously reported that mevalonate depletion, due

to HMG-CoA reductase inhibition, results in the upregulation
of Ras, Rap1a, RhoA, and RhoB (5). This upregulation is
mediated transcriptionally for RhoB and translationally/post-
translationally for Ras, RhoA, and Rap1a (5). Analysis of
this upregulation has revealed that it is a consequence of
depletion of specific isoprenoid species rather than a diminu-
tion of protein isoprenylation (6). Specifically, FPP prevents
the upregulation of Ras and RhoB induced by mevalonate
depletion, while GGPP prevents the upregulation of RhoA,
RhoB, and Rap1a (6). Thus far, other isoprenoids have not
been evaluated as regulators of the transcription and transla-
tion of these small GTPases.

There is precedence in the literature for the regulatory roles
of farnesyl derivatives. The degradation of HMG-CoA
reductase is regulated by farnesol (7-9). The farnesoid X
receptor (FXR), a member of the nuclear receptor super-
family, has been shown to be activated by farnesol and
juvenile hormone III (10). The mechanisms underlying the
isoprenoid pyrophosphate-mediated regulation of the small
GTPases are unknown. On the basis of our prior results (5,
6), we reasoned that since FPP itself demonstrates biochemi-
cal activities, the use of FPP analogues would allow
definition of the structural basis for these activities. We found
that the structure-function relationship depends on charge,
isoprene chain length, and differences in functional groups.
Furthermore, comparisons to members of the retinoid family
revealed interesting similarities to select isoprenoid ana-
logues.

EXPERIMENTAL PROCEDURES

Cell Cultures and Reagents.The K562 cell line was
purchased from the American Type Culture Collection
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(Manassas, VA). The K562 cell line is a human erythroleu-
kemia line that was established from a patient with chronic
myelogenous leukemia (11). K562 cells were grown in
RPMI-1640 medium supplemented with 10% heat-inacti-
vated fetal calf serum, penicillin/streptomycin, amphotericin
(2.5 µg/mL), and glutamine (2 mM). Cells were grown at
37 °C in a 5% CO2 atmosphere in T-75 culture flasks. Anti-
RhoA, anti-RhoB, anti-Rap1a [specific for unmodified Rap1a
(12), catalog no. sc-1482], anti-â-tubulin, and anti-goat IgG
HRP antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). The NCC-004 anti-pan RAS
antibody (13) was kindly provided by S. Hirohashi (National
Cancer Center, Tokyo, Japan). Anti-mouse and anti-rabbit
HRP-linked antibodies were obtained from Amersham (Pis-
cataway, NJ). Lovastatin, IPP, GPP, FPP, GGPP,trans,trans-
farnesol (compound19, Figure 1B), geranylgeraniol (com-
pound21), trans,trans-farnesyl acetate (compound15), all-
trans-retinoic acid (compound23), and 9-cis-retinoic acid
(compound24) were purchased from Sigma. (E,E)-Methyl
farnesoate (compound22) and (E,E)-farnesoic acid (18) were
purchased from Echelon Biosciences Inc. (Salt Lake City,
UT). [1-14C]IPP and [1-3H]GGPP were purchased from
American Radiolabeled Chemicals, Inc. (St. Louis, MO). Rat
recombinant GGPTase I was purchased from Calbiochem
(La Jolla, CA). H-ras (CVLL) was obtained from PanVera
(Madison, WI).

Chemical Synthesis.The R-hydroxyphosphonic acids1,
2, and14 (Figure 1A) were prepared as described by Hohl
et al. (14). Phosphonic acids3-6 and10-13 were synthe-
sized as described by Holstein et al. (15). Compound7 was
synthesized using methods previously described (16). Com-
pounds8 and 9 were prepared as described by Cermak et
al. (17). Dihydrofarnesol (compound20) was synthesized
using methods previously described (18). Dihydrofarnesyl
acetate (compound16) and geranylgeranyl acetate (com-
pound17) were prepared from their corresponding alcohols
using standard esterification sequences.

Western Blot Analysis.Cells (1 × 106 cells/mL) were
incubated with lovastatin and various isoprenoid species for
24 h. Cells were lysed as previously described (5). Protein
content was determined using the Lowry method (19).
Equivalent amounts of cell lysate were resolved by SDS-
PAGE, transferred to a polyvinylidene difluoride membrane,
and probed with the appropriate antibodies. HRP-linked
secondary antibodies and ECL Western blotting reagents
(Amersham Biosciences, Inc.) were employed according to
manufacturer’s protocols.

Northern Blot Analysis.All RNA probes (with the excep-
tion of L32) used in this study were generated in our
laboratory using the reverse transcriptase polymerase chain
reaction with the addition of a RNA polymerase site
(Lig’nScribe, Ambion, Austin, TX) to the RT-PCR product.
The sequences for RhoA, RhoB, and N-Ras probes were
previously described (5, 6). The human L32 probe template
was purchased from BD Biosciences PharMingen (San
Diego, CA). Isolation of total RNA and Northern blot
analysis were performed as previously described (5).

GGPTase I Assay.GGPTase I activity was determined
using the method of Harwood (20) with some modifications.
Briefly, reactions were initiated with the addition of 9.7µL
of assay buffer containing 0.12µg of recombinant GGPTase
I (specific activity of 400 units/mg) to 15.3µL of reaction

mixture [8 µM H-Ras-CVLL, 0.5µM [1-3H]GGPP, 5 mM
MgCl2, 8 µM ZnCl2, 20 mM Tris-HCl (pH 7.5), and 2 mM
dithiothreitol] with or without farnesyl phosphonates. Fol-
lowing incubation at 37°C for 2 h, reactions were terminated
by the addition of 200µL of a 10% HCl/EtOH mixture. After
incubation for an additional 15 min at 37°C, samples were
filtered through P-81 filters by a Brandel harvester. Filters
were then washed in EtOH, dried, and counted using liquid
scintillation counting.

FPP Synthase Assay.FPP synthase activity was deter-
mined using the method of Dunford et al. (21). Briefly, iso-
prenoid phosphonates were preincubated with bovine brain
enzyme preparation (22, 23), and the reaction was initiated

FIGURE 1: Structures of isoprenoid analogues. The abbreviations
and compound numbers are shown below the structures. Red is
for phosphonates, green for acetates, blue for carboxylic acids/esters,
magenta for alcohols, and black for retinoids.
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following addition to 40µM [1-14C]IPP and 40µM GPP in
assay buffer [50 mM Tris (pH 7.7), 10 mM NaF, 2 mM
MgCl2, 1 mg/mL bovine serum albumin, and 0.5 mM dithio-
threitol]. The reaction was allowed to proceed for 30 min at
37 °C and then terminated by the addition of saturated NaCl
followed by extraction with water-saturated 1-butanol. Radio-
activity of the organic phase was determined by liquid
scintillation counting.

GGPP Synthase Assay.GGPP synthase activity was
determined using the method of Ericsson et al. (24) with
modification. In short, the reaction was started by the addition
of bovine brain enzyme preparation (preincubated with test
compounds) to assay buffer [25 mM imidazole chloride (pH
6.0), 1.0 mM ZnCl2, 0.1 mM dithiothreitol, 100 mM KF, 40
µM [1-14C]IPP, and 40µM FPP]. After incubation for 1 h
at 37 °C, the reaction was terminated by the addition of
saturated NaCl. The reaction mixture was then extracted with
water-saturated 1-butanol, and the radioactivity of the organic
phase was determined via liquid scintillation counting.

RESULTS

Farnesyl Phosphonic Acids Influence the Upregulation of
Ras-Related Proteins Induced by MeValonate Depletion.The
isoprenoid species FPP and GGPP have been shown to
regulate the expression of Ras and Ras-related proteins (6).
To further investigate these regulatory roles, the effects of
phosphonate analogues of isoprenoid pyrophosphates (Figure
1A, compounds1-14) on mevalonate depletion-induced
upregulation of Ras and Ras-related proteins were examined.
K562 cells were incubated with theE,E andZ,E isomers of
R-hydroxyfarnesyl phosphonic acid (RHFPA) in the presence
or absence of 1 or 10µM lovastatin. Consistent with their
effects on FPTase (14, 25), treatment with 10µM E,E isomer
1, but not theZ,E isomer2, resulted in inhibition of Ras
processing as evidenced by the appearance of a more slowly
migrating protein (Figure 2A). Cotreatment with theE,E
isomer increased the level of accumulation of unmodified
Ras induced by low concentrations of lovastatin (1µM) by
100%. Interestingly, while neither isomer on its own induced
an increase in the amount of unmodified Rap1a, combination
of either compound with lovastatin potentiated the lovastatin-
induced accumulation of unmodified Rap1a by 2-4-fold.
In contrast to the ability of FPP to mitigate the mevalonate
depletion-induced upregulation of RhoA and RhoB, the
structurally similarRHFPA compounds1 and 2 increased
the levels of RhoA and RhoB compared to the levels with
lovastatin alone, with the effects most evident in combination
with 1 µM lovastatin for RhoA and 10µM lovastatin for
RhoB. To determine whether these effects could be altered
by isoprenoid pyrophosphates, cells were cotreated with FPP,
FPP and IPP, or GGPP. As shown in Figure 2B, FPP only
partially restored the processing of Ras in cells treated with
lovastatin andE,E isomer 1. While GGPP fully restored
Rap1a processing in cells incubated with lovastatin and either
isomer, the combination of FPP and IPP was less effective
in diminishing levels of unmodified Rap1a in cells treated
with the isomers as compared with lovastatin alone. Similar
effects were observed for RhoA. While either FPP or GGPP
fully prevents the lovastatin-induced upregulation of RhoB
(6), only GGPP could completely prevent the upregulation
in the presence of either isomer.

To further investigate the structure-function relationship
of the isoprenoids, cells were incubated with additional
isoprenoid phosphonates. The vinyl phosphonic acid3
yielded results similar to those for compound1 in that there
was potentiation of lovastatin’s effects on Ras, Rap1a, RhoA,
and RhoB (Figure 3A). The unconjugated phosphonic acid
4 displayed properties similar to those of theZ,E isomer2
by potentiating the lovastatin-induced upregulation of Rap1a,
RhoA, and RhoB (data not shown). Interestingly, the
bisphosphonic acids (compounds5 and 6) had additional
effects. While neither compound altered Ras processing, both
induced an accumulation of Rap1a (Figure 3A) and potenti-
ated lovastatin’s effects on Rap1a. In addition, both5 and6
doubled the amount of RhoA. Similar to the other phosphonic
acids, both5 and 6 markedly potentiated the lovastatin-
induced upregulation of RhoA and RhoB. Compounds7-9
had no effects either alone or in combination with lovastatin
(data not shown).

Role of Isoprenoid Charge and Chain Length on Expres-
sion of Ras-Related Proteins.To more closely examine the
effects of the charge of the isoprenoid species on regulation
of expression, cells were incubated with different carboxy-
phosphonate species. As shown in Figure 3B, compound10,
with the potential of a-3 charge at physiological pH,
induced an accumulation of Rap1a and RhoA and potentiated
the effects of lovastatin on Rap1a, RhoA, and RhoB levels.

FIGURE 2: R-Hydroxyfarnesyl phosphonic acids alter lovastatin-
induced upregulation of Ras-related proteins. (A) K562 cells were
incubated with lovastatin and compounds1 [(E,E)-R-HFPA] or 2
[(Z,E)-R-HFPA] for 24 h. (B) Cells were incubated with lovastatin,
compound1 or 2, 10 µM FPP, 10µM FPP and 10µM IPP, or 10
µM GGPP for 24 h. These immunoblots were developed as
described in Experimental Procedures. Each lane contains an
equivalent amount of protein from cell lysate, andâ-tubulin levels
are shown as a control. The blots reflect one study that is
representative of three independent experiments.
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Compound11, with the potential of a-2 charge, increased
the levels of Rap1a, RhoA, and RhoB, but only in combina-
tion with lovastatin. The phosphonate-carboxylic acid deriv-
ative12, with the potential of a-1 charge, only minimally
increased the amount of RhoB induced by lovastatin. Further
evidence of the importance of the charge of the isoprenoid
species in relation to the effects on protein levels was pro-
vided by the failure of the methyl or ethyl esters of com-
pounds1-3 and 5 to alter lovastatin’s effects (data not
shown).

The effects of the isoprenoid chain length were also
examined (data not shown). The geranyl length bisphospho-
nic acid 13 was found to be less potent than the farnesyl
length version5. TheR-hydroxygeranyl phosphonic acid14
had no effect either alone or in combination with lovastatin.
Finally, incubation with either methylene diphosphonic acid
or phosphonoacetic acid did not mimic the effects of com-
pound5, 6, or 10.

Effects of Farnesyl Phosphonic Acids on Ras-Related
mRNA LeVels.To determine whether the enhanced upregu-
lation induced by the farnesyl analogues occurs at the level

of transcription, Northern blot analyses were performed. Cells
were incubated with compounds1-3 and5 both alone and
in combination with 1 or 10µM lovastatin. Consistent with
our previous work (5, 6), incubation with lovastatin does
not alter steady state levels of N-Ras or RhoA mRNA (Figure
4). Furthermore, while RhoB mRNA is not detectable under
control conditions or in cells treated with 1µM lovastatin,
it is detectable in cells incubated with 10µM lovastatin. None
of the farnesyl analogues by themselves altered steady state
mRNA levels of N-Ras or RhoA, or induced RhoB. In
addition, the combination of the analogues and lovastatin
did not alter N-Ras or RhoA mRNA levels compared to
control levels. However, addition of compound1, 3, or 5 to
1 µM lovastatin resulted in detectable levels of RhoB mRNA,
and the amount of RhoB induced by 10µM lovastatin was
further increased with compound2.

Relationship of Isoprenoid ActiVities to Enzyme Inhibition.
The effects of the isoprenoid phosphonates might be direct
through antagonism of the isoprenoid pyrophosphates or
indirect through inhibition of isoprenylation or synthesis of
isoprenoid pyrophosphates. As shown in Table 1, the inhibi-
tory activities of compounds1-3, 5, 6, 10, and 11 with
respect to FPTase vary significantly, with compound1 being
the most effective inhibitor. Consistent with the importance
of the 20-carbon chain length for inhibitory activity (26, 27),
the farnesyl phosphonates were found to have little or no
inhibitory activity against GGPTase I (Table 1), with none
of the compounds reaching an IC50 even at 10µM (data not
shown). The effects of the compounds on FPP synthase and
GGPP synthase activities were also examined. Compounds
3, 10, and11only minimally inhibited FPP synthase activity
at 10 µM, and none of the compounds inhibited GGPP
synthase (Table 1).

Table 1: Effects of Isoprenoid Phosphonates on FPTase, GGPTase I, FPP Synthase, and GGPP Synthase Activity

FPTase (fraction
of control at 1µM)a

GGPTase I (fraction
of control at 1µM)

FPP synthase (fraction
of control at 10µM)

GGPP synthase (fraction
of control at 10µM)

compound1 0.10 (IC50 ) 65 nM) 1.03 1.18 1.06
compound2 0.65 0.96 0.96 1.00
compound3 0.56 0.81 0.85 1.13
compound5 0.46 0.83 1.03 1.11
compound6 0.53 0.92 0.92 1.05
compound10 0.65 0.82 0.76 1.10
compound11 0.75 0.84 0.85 1.17

a FPTase data for compounds1 and2 were previously published by Hohl et al. (14), and data for compounds3, 5, 6, 10, and11 were previously
published by Holstein et al. (15). GGPTase I, FFP synthase, and GGPP synthase assays were performed as described in Experimental Procedures.

FIGURE 3: Effects of farnesyl phosphonic acids on regulation of
Ras-related proteins. K562 cells were incubated for 24 h with
lovastatin and compounds3, 5, and 6 (A) or 10-12 (B). These
immunoblots were developed as described in Experimental Proce-
dures. Each lane contains an equivalent amount of protein from
cell lysate. The blots are representative of two independent
experiments.

FIGURE 4: Effects of farnesyl phosphonates and lovastatin on
N-Ras, RhoA, and RhoB mRNA levels. K562 cells were incubated
for 24 h with lovastatin and/or compounds1-3 and5. Total RNA
was isolated, and Northern blot analysis was performed with
N-Ras-, RhoA-, or RhoB-specific riboprobes as described in
Experimental Procedures. L32 mRNA levels are shown as a control.
The blots are representative of two independent experiments.

Isoprenoids and Expression of Ras-Related Proteins Biochemistry, Vol. 42, No. 15, 20034387



Effects of Isoprenoid Pyrophosphate DeriVatiVes on Ras-
Related Protein Expression.Because the isoprenoid phos-
phonates were found to antagonize the effects of isoprenoid
pyrophosphates, we next determined whether derivatives of
the isoprenoid pyrophosphates could mimic the effects of
the pyrophosphates. The alcohol derivatives of FPP and
GGPP (compounds19and21, respectively) and their acetates
(compounds15 and17, respectively), as well as farnesoic
acid18 and its methyl ester22 (Figure 1B), were tested for
their ability to affect mevalonate depletion-induced upregu-
lation of Ras-related proteins. The 10,11-dihydro derivatives
of farnesyl acetate (compound16) and farnesol (20) were
also used. As shown in Figure 5A, none of the compounds
restored the farnesylation of Ras or the geranylgeranylation
of Rap1a. However, both geranylgeranyl acetate17 and
geranylgeraniol21 reduced the lovastatin-induced upregu-
lation of RhoA by 40%. All of the compounds lessened the
mevalonate depletion-induced upregulation of RhoB by at
least 35%, with compounds15, 17, 18, and 21 most
effectively preventing the upregulation. Geraniol and geranyl
acetate, the 10-carbon versions of compounds19 and 15,
respectively, had no effect on the induced upregulation of
these proteins (data not shown). In control experiments
without lovastatin, none of the isoprenoids altered Ras or
Ras-related protein levels (data not shown).

The effects of compounds15-22, both alone and in
combination with lovastatin, on mRNA levels of the small
GTPases were also examined. As shown in Figure 5B, none
of the compounds by themselves altered N-Ras or RhoA
mRNA levels or induced expression of RhoB mRNA.
However, consistent with the protein data, the compounds

which most effectively prevented the upregulation of RhoB
protein induced by mevalonate depletion also most ef-
fectively prevented the upregulation of RhoB mRNA (com-
pounds17, 18, and21).

The ability of farnesoic acid18 and the other isoprenoid
metabolites to modify the lovastatin-induced upregulation
of the Ras-related proteins raised the question of whether
other related isoprenoids had similar regulatory properties.
all-trans-Retinoic acid (ATRA,23) and 9-cis-retinoic acid
(9cRA, 24) are members of the retinoid family (ultimately
derived from GGPP) and modulate gene expression by
interacting with their receptors which are ligand-dependent
transcription factors (28). The ability of ATRA and 9cRA
to alter the expression of the Ras-related proteins both alone
and in combination with lovastatin was examined. As shown
in Figure 6A, neither 50µM ATRA nor 50 µM 9cRA alone
(or 10µM, data not shown) altered the levels of Ras, Rap1a,
RhoA, or RhoB protein. However, higher concentrations of
either retinoid partially reduced the upregulation of Ras
(30%), Rap1a (20-40%), RhoA (20-30%), and RhoB (20-
60%) induced by lovastatin. The retinoic acids, either alone
or in combination with lovastatin, did not alter the levels of
N-Ras or RhoA mRNA (Figure 6B). The upregulation of
RhoB mRNA induced by lovastatin was not significantly
altered by either retinoid (Figure 6B). The effects of
compounds1-24 on Ras-related expression as described
above are summarized in Table 2.

FIGURE 5: Isoprenoid pyrophosphate derivatives mitigate the
upregulation of Ras-related proteins induced by mevalonate deple-
tion. K562 cells were incubated for 24 h in the presence of 10µM
lovastatin (Lov), 100µM farnesyl acetate (FAc,15), 100 µM
dihydrofarnesyl acetate (dhFAc,16), 100µM geranylgeranyl acetate
(GGAc, 17), 10 µM farnesol (FOH,19), 10 µM dihydrofarnesol
(dhFOH, 20), 10 µM geranylgeraniol (GGOH,21), 100 µM
farnesoic acid (FO2H, 18), or 100µM methyl farnesoate (FO2Me,
22). Immunoblots (A) and Northern blots (B) were developed as
described in Experimental Procedures.â-Tubulin protein and L32
mRNA levels are shown as controls. The blots represent two
(Northern) or three (immunoblot) independent experiments.

FIGURE 6: Effects of retinoic acids on lovastatin-induced upregu-
lation of Ras-related proteins. K562 cells were incubated for 24 h
with 10 µM lovastatin (Lov),all-trans-retinoic acid (ATRA,23),
or 9-cis-retinoic acid (9CRA,24). Immunoblots (A) and Northern
blots (B) were developed as described in Experimental Procedures.
â-Tubulin protein and L32 mRNA levels are shown as controls.
The blots are representative of duplicated experiments.
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DISCUSSION

FPP is a central metabolite in the isoprenoid pathway and
is positioned at the branch point that precedes sterol and non-
sterol products. As such, FPP serves as a substrate for
FPTase, squalene synthase, and GGPP synthase. FPP ana-
logues display differential inhibitor properties for these
enzymes. For example, (E,E)-R-HFPA (compound1) com-
petitively inhibits FPTase (14, 25), but not squalene synthase
(14) or GGPP synthase (Table 1). The bisphosphonic acid
compound5 inhibits squalene synthase (29) and to a lesser
extent FPTase (15) but not GGPP synthase (Table 1). That
these two compounds (1 and5) differentially inhibit the same
enzymes allows for the use of FPP analogues as probes for
the distinct FPP binding pockets of these known enzymes
(30-32) as well as the binding sites of as yet uncharacterized
targets. Our recent findings suggest that FPP’s biochemical
activities are greater than simply serving as substrates for
these enzymes, and instead include regulation of transcrip-
tional and post-transcriptional events (5, 6). We therefore
hypothesized that FPP analogues (Figure 1) are useful tools
for analyzing the roles of isoprenoids in regulating these
events.

(E,E)-R-HFPA (compound1) potentiated the upregulation
of Ras, Rap1a, RhoA, and RhoB induced by mevalonate
depletion, while its diastereomer (Z,E)-R-HFPA (compound
2) potentiated the upregulation of Rap1a, RhoA, and RhoB
(Figure 2A). The potentiated upregulation of Ras by (E,E)-
R-HFPA (compound1) might be a consequence of the ability
of compound1 to serve as an FPTase inhibitor (Table 1).
However, compound2 is not an effective FPTase inhibitor
in the enzyme assay (Table 1) and does not inhibit Ras
processing in intact cells (Figure 2A). Therefore, the potenti-
ated upregulation of Rap1a, RhoA, and RhoB by both com-
pounds1 and2 appears to be independent of any effects on
FPTase. Further evidence to support the direct regulatory

roles ofR-HFPAs is their lack of inhibitory activities against
either GGPTase or enzymes in the isoprenoid biosynthetic
pathway (Table 1). The addition of FPP was not sufficient
to completely prevent the upregulation of RhoB induced by
the combination of the analogues and lovastatin, but does
completely prevent the upregulation by lovastatin alone. This
suggests that compounds1 and 2 are capable of directly
antagonizing the effects of FPP. We have previously shown
in lovastatin-treated cells that the combination of FPP and
IPP closely mimics the effects observed with GGPP, pre-
sumably due to restoration of GGPP synthesis (6). That FPP
and IPP are less effective in cells treated with both lovastatin
and either compound1 or 2, despite the lack of GGPP
synthase inhibitory activity (Table 1), indicates additional
as yet unknown activities for compounds1 and 2. GGPP
completely prevents the upregulation of Rap1a, RhoA, and
RhoB induced by lovastatin, both alone and in combination
with compounds1 and2. These findings indicate differences
between RhoB and either Rap1a or RhoA regulation and
emphasize for RhoB greater influence from GGPP than FPP.

To better delineate these phenomena, other isoprenoids
with known biochemical activities were studied. We have
previously reported that the vinyl phosphonic acid3 is an
FPTase inhibitor (15). As shown in Figure 3A, compound3
yielded results similar to those for compound1, while
compound4 displayed properties similar to those of com-
pound2. Compound4, a comparatively weak inhibitor of
FPTase (Table 1) (15), potentiates the upregulation of Rap1a,
RhoA, and RhoB induced by lovastatin. Thus, the potentia-
tion by both compounds3 and4, as for compounds1 and2,
is independent of FPTase inhibition.

Notably, compound5, the bisphosphonic analogue of
compound4, not only potentiates the upregulation of Rap1a,
RhoA, and RhoB induced by mevalonate depletion but also
upregulates Rap1a and RhoA in the absence of lovastatin

Table 2: Summary of the Effects of Isoprenoid Analogues on Ras-Related Protein Levels in the Absence (-lov) or Presence (+lov) of
Mevalonate Depletionf

a Lovastatin (lov).b Increased level of protein expression compared to that of the untreated control (v). c Increased level of protein expression
compared to that of the lovastatin-treated control (v). d No effect observed (- -).e Decreased level of protein expression compared to that of a
lovastatin-treated control (V). f Red is for phosphonates, green for acetates, blue for carboxylic acids/esters, magenta for alcohols, and black for
retinoids.
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(Figure 3A). It is possible that the regulatory effects of the
isoprenoid analogues might result from interference with
other key enzymes in the isoprenoid pathway. However, none
of the tested analogues were found to inhibit GGPTase I,
FPP synthase, or GGPP synthase (Table 1). While compound
5 has also been reported to be a squalene synthase inhibitor
(33), the observed potentiated upregulation is unlikely to be
a consequence of such inhibition as the combination of
another squalene synthase inhibitor (zaragozic acid A) and
lovastatin does not produce the same effects (6). The ability
of another bisphosphonic acid (compound6) (Figure 3A) to
influence levels of Rap1a, RhoA, and RhoB suggests a
relationship between the charge of the analogue headgroup
and its regulatory effects. Use of the carboxyphosphonate
compounds (10-12) allowed for careful dissection of this
effect (Figure 3B). While compound10, with a potential
charge of-3, mimicked the effects of the bisphosphonic
acids5 and6 (potential charge of-4), compound11, with
a potential charge of-2, mimicked the effects of the
monophosphonic acids (1-4) with respect to Rap1a, RhoA,
and RhoB. That compound12, with a potential charge of
-1, as well as the esters of compounds1-3 and 5 (zero
charge), failed to demonstrate an effect suggests a threshold
phenomenon. That is, compounds must possess a minimum
charge of-2 to produce the potentiated upregulation and a
charge of-3 or greater to yield upregulation of these proteins
in the absence of mevalonate depletion. This finding is
reassuring because it implies cellular internalization of these
compounds regardless of charge. This is consistent with the
hypothesis that these compounds regulate protein expression
competitively with respect to FPP and that the site of mutual
binding is positively charged and/or accommodates positive
counterions. Of relevance is the fact that known FPP binding
pockets contain magnesium ions (32) as well as positively
charged side chains (31).

While the identity and charge of the functional group were
found to be important, the structure and length of the isoprene
chain were also shown to contribute to the regulatory effects.
Modification of the tail of compound1, to yield compound
7, resulted in the loss of potentiating activity (data not
shown). The 10-carbon versions of compounds1 and5 (14
and13, respectively) were found to be largely inactive (data
not shown). Taken to the extreme, the use of methylene
diphosphonic acid and phosphonoacetic acid (the headgroups
of compounds5, 6, and10) demonstrated the necessity of
an isoprene tail as neither compound had an effect on
regulation (data not shown). These studies demonstrated a
minimum chain length requirement of the equivalent of three
isoprenoid units.

The abilities of the isoprenoid molecules to alter small
GTPase protein levels might be a result of parallel effects
on transcriptional events. We have shown that isoprenoid
pyrophosphates prevent upregulation of RhoB mRNA in-
duced by mevalonate depletion independent of protein
isoprenylation restoration (6). We now demonstrate a more
direct role in which FPP analogues can influence FPP-
mediated transcriptional regulation. The FPP analogues1-3
and5 potentiate the upregulation of RhoB mRNA induced
by mevalonate depletion (Figure 4). This is in contrast to
the effects of FPP (6). These findings support the hypothesis
that there is an isoprenoid-binding transcription factor, at least
for RhoB. While such a binding protein may have been

described as in the case of farnesol’s interaction with FXR
(10, 34), its binding element is not readily identified in the
known RhoB promoter (35, 36). For RhoA and Ras, the
regulatory influence of these isoprenoids is even more
complex and must involve translational/post-translational
events like those we have previously attributed to the
endogenous isoprenoid pyrophosphates (5, 6). It seems likely
that this regulation is mediated by an isoprenoid-binding
factor. In contrast to the isoprenoid pyrophosphates, which
prevent the upregulation of these small GTPase proteins
induced by mevalonate depletion, the isoprenoid analogues
(compounds1-6, 10, and11) potentiate this upregulation.
In this context, these analogues are functional antagonists
for FPP and GGPP, and conformational analysis of the
chemical requirements for these effects will aid definition
of the isoprenoid binding factor’s structure.

Some isoprenoid analogues display agonist activities in
comparison to FPP and GGPP. Like FPP and GGPP,
compounds15-22 all suppress the mevalonate depletion-
induced upregulation of RhoB protein (Figure 5A) and
mRNA (Figure 5B), although to varying degrees. These
effects might be explained by the metabolic conversion of
these compounds to the corresponding pyrophosphates.
However, this is unlikely because none of these compounds
restore protein isoprenylation (Figure 5A). Our data are also
useful in providing more evidence for a direct role of
isoprenoid pyrophosphates in regulating expression. It is
possible that FPP and GGPP might be hydrolyzed to their
corresponding alcohols (compounds19and21, respectively)
and that these alcohols, or their oxidation products, are
responsible for regulating expression. This is unlikely
because farnesol (19) and farnesoic acid (18), even at high
concentrations, are unable to completely suppress the up-
regulation of RhoB. Thus, while isoprenoid phosphonic acids
have properties that are antagonistic to those of the endog-
enous pyrophosphates, isoprenoid alcohols, acetates, and
carboxylic acids serve as functional agonists (Table 2). The
complexity of the isoprenoid pyrophosphate-mediated regu-
lation of Ras/RhoA (translational/post-translational) and
RhoB (transcriptional) (6) makes it difficult to correlate the
regulatory activities of the isoprenoid analogues with their
chemical structures.

Although in aggregate these results strongly implicate FPP
and GGPP as being the dominant regulatory species, there
is nonetheless detectable activity for the related compounds
15-22. This can be explained by the latter compounds
having less affinity for the putative FPP and GGPP binding
sites. In this context, it is interesting to note that the
structurally related retinoids (compounds23 and 24) dis-
played activities (Figure 6) at concentrations comparable to
those of the isoprenoids, albeit at higher concentrations than
are known to alter the expression of genes with known
retinoid responsive elements. This observation may be
explained by the direct interaction of these retinoids with
the putative isoprenoid pyrophosphate binding sites. The
extent to which there is overlap between isoprenoid pyro-
phosphates and retinoids with regard to their regulatory
activities remains to be determined. Our current studies, in
addition to demonstrating the utility of FPP analogues as
useful biochemical tools, further delineate roles for iso-
prenoids in regulating the expression of Ras-related proteins.
We have identified agonists and antagonists with regard to
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FPP and GGPP for the putative isoprenoid binding factors.
The mechanisms underlying these effects are both transcrip-
tional and post-transcriptional. These results will aid in the
eventual identification of the responsible isoprenoid-binding
regulatory elements that regulate small GTPase expression.
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