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ABSTRACT. The monoterpene perillyl alcohol has anticancer activities that include both prevention and
treatment of a wide variety of cancers in animal models. In purified enzyme studies, perillyl alcohol inhibited
farnesyl-protein transferase and type | geranylgeranyl-protein transferase. However, whether and which of the
polyprenyl-protein transferases is inhibited by perillyl alcohol in vivo is not known. The previously reported
monoterpene-induced inhibition of the incorporation of ['*Clmevalonolactone into proteins in cultured cells
could be due to an inhibition of one or several enzymes in the mevalonate pathway or to changes in the levels
of protein substrates for isoprenylation. In the current study, we first analyzed the levels of individual
phosphorylated isoprenoid intermediates between mevalonate and geranylgeranyl pyrophosphate in NIH3T3
cells labeled for 4 hr with [**Clmevalonolactone and found that perillyl alcohol did not inhibit the synthesis of
these intermediates. Next, proteins including Ras, RhoA, and Rab6 were immunoprecipitated from NIH3T3
cells. Perillyl alcohol was found to inhibit the incorporation of [**Clmevalonolactone into RhoA and Rab6 but
not Ras protein. The cellular levels of these three proteins were constant over the 4-hr treatment period. Finally,
the distribution of Ras, Rapl, and Rab6 proteins between the aqueous and the detergent-enriched phases was
measured. Rap!l and Rab6 but not Ras from perillyl alcohol-treated NIH3T3 cells accumulated in the aqueous
phase. Thus, we conclude that perillyl alcohol can inhibit the in vivo prenylation of specific proteins by type I
and type Il geranylgeranyl-protein transferases but not farnesyl-protein transferase in NIH3T3 cells. BIOCHEM
PHARMACOL 54;1:113-120, 1997. © 1997 Elsevier Science Inc.
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The monoterpene POHS$ is effective in both preventing current study, we focus on the inhibition of protein isopre-
and treating a variety of rodent cancers [1-3]. Dietary POH nylation by monoterpenes in order to better define this
induced the regression of 75% of advanced, chemical activity in a cellular setting.

carcinogen-initiated rat mammary carcinomas [2], and the Protein isoprenylation is one form of post-translational
majority of these regressions were complete. Based on this modification of cellular proteins. The isoprenylation signal
and other rodent [1-3] and cell line [4] data, POH is of a protein is a short amino acid sequence located at its
currently undergoing phase 1 clinical trials in advanced carboxyl end. There are at least three enzymes that catalyze

cancer patients [5]. The cellular activities of POH include
the inhibition of protein isoprenylation [4, 6] and the
syntheses of Co(Q and cholesterol [7]. In addition, in dietary
monoterpene-treated regressing tumors the induction of
several genes, including mannose 6-phosphatefinsutin-like
growth factor 1l receptor, has been observed [1, 8]. In the

the protein isoprenylation reaction (reviewed in Ref. 9). If
a protein ends with CAAX at its carboxyl-terminus, where
C is a cysteine, A is an aliphatic amino acid, and X is a
serine, methionine, alanine, or glutamine, the protein will
be modified with a 15-carbon isoprene compound, FPP,
catalyzed by the enzyme called FPTase. Ras, nuclear lamins,
transducin-y, and rhodopsin kinase are examples of this

 Corresponding author: Dr. Michael N. Gould, University of Wisconsin- family of proteins. If the X in the carboxyl-terminal CAAX
Madison, Department of Human Oncology, K4/332, 600 Highland Ave., L . . . . .
Madison, W1 53792. Tel. (608) 263-6615; FAX (608) 263.9947; E-mail. ~ DOX of a protein is a leucine or isoleucine, the protein will
mgOulgSmacc.wisc.Edu . OMA be modified with a 20-carbon isoprene compound, GGPP,
§ Abbreviations: BCA, bicinchoninic acid; CofQ, coenzyme (Q; PP, .
dimethylallyl pyrophosphate; FPP, farnesyl pyroglosphati; FP'(%ase, farne- Cata‘lyzed by the enzyme type I GGPTase. Examples of this
syl-protein transferase; GGPP, geranylgeranyl pyrophosphate; GGPTase, family of proteins include Rac, RhoA, Rapl, and G protein
geranylgeranyl-protein transferase; GPP, geranyl pyrophosphate; IPP, iso- v-subunit. If the carboxyl-terminus of a protein is CC,

tenyl hosphate; MVA-P, fonate phosphate; and MVA-PP, . . . .
;eg,;{(‘)szzrxm;fo;ﬁat .. fevatonate phosphate; an CXC, or CCXX, where C is a cysteine and X is any amino

Received 9 September 1996; accepted 28 January 1997. acid, the protein will be modified with GGPP catalyzed by



114

the enzyme type Il GGPTase. Rab protein family members
are modified by this enzyme.

The isoprenylation of several oncoproteins including Ras
suggests new targets for cancer therapeutics [10]. For exam-
ple, isoprenylation of Ras is required for its transforming
activity [11, 12}; thus, FPTase inhibitors that block this
modification of Ras protein have the potential to be
effective in cancer therapy [13-15]). Recently, other isopre-
nylated small G proteins, such as Racl, RhoA, and RhoB,
have also been shown to have transforming properties
[16-18]. Racl and RhoA are geranylgeranylated by type I
GGPTase [9], suggesting the possibility that type |
GGPTase may also be a target for anticancer drug devel-
opment.

In purified enzyme systems, POH inhibited FPTase and
type ] GGPTase [6). The effect of POH on type Il GGPTase
has yet to be investigated. The ability of monoterpenes to
specifically inhibit polyprenyl-protein transferases in vivo
remains to be demonstrated. Crowell et al. [19] showed that
monoterpenes reduce the amount of isoprenylated small G
proteins in cultured cells labeled with ['*C]mevalonolac-
tone. However, it is not clear whether monoterpenes act on
the initial common branch of the mevalonate pathway or
specifically on one or more of the polyprenyl-protein
transferases. Monoterpenes have also been shown to down-
regulate Ras [20]. Yet, whether monoterpenes can down-
regulate other small G proteins and whether this possible
down-regulation correlates with the ability of monoter-
penes to reduce the amount of isoprenylated small G
proteins are unknown.

MATERIALS AND METHODS
Materials

POH was obtained from the Aldrich Chemical Co. (Mil-
waukee, W1). Dulbecco’s modified Eagle's medium and calf
serum were from GIBCO (Grand Island, NY) and HyClone
Laboratories (Logan, UT), respectively. Lovastatin, pro-
vided by Alfred Alberts of Merk, Sharpe & Dohme, was
converted to the acid before use [21]. (R, S)-[2-'*C]Meva-
lonolactone was purchased from DuPont-New England
Nuclear (Boston, MA). Trans, trans-[1-’H]FPP and all-
trans-[1->’H]JGGPP were from American Radiolabeled
Chemicals (St. Louis, MO). The BCA protein assay kit was
from Pierce (Rockford, IL). Tris and other electrophoresis
reagents were from Bio-Rad (Hercules, CA). Wild type
H-Ras, CVLL-H-Ras, and Rab3a ptoteins were gifts from
Panvera (Madison, WI). Rat anti-H-Ras (clone Y13-259)
IgG,, rabbit anti-RhoA IgG, rabbit anti-Rabé IgG, protein
A-Agarose, and protein A/G PLUS-Agarose were from
Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-
pan-Ras IgG,, was from Oncogene Science (Cambridge,
MA) and Immobilon™ PVDF membrane was from Milli-
pore (Bedford, MA). Anti-mouse and anti-rabbit 1gG/
horseradish peroxidase were from Amersham (Arlington
Heights, IL.). Creatine phosphate, creatine phosphokinase,
and RNase were from Boehringer Mannheim (Indianapolis,
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IN) and the ATP used in the cell lysate assay was from
Pharmacia Biotech (Piscataway, NJ). Acetonitrile and
petroleum ether (30-60°) were from ]. T. Baker (Glen
Ellyn, IL) and Fisher Scientific (Itasca, IL), respectively.
All other biochemicals were obtained from the Sigma
Chemical Co. (St. Louis, MO).

Cell Culture

NIH3T3 cells from the American Type Culture Collection
were grown in Dulbeco’s modified Eagle’s medium supple-
mented with 10% calf serum and maintained in 100-mm
dishes at 37° in a humidified 5% CO, atmosphere.

Labeling Cells with [**C]Mevalonolactone

NIH3T3 cells (80-90% confluency) were treated with 30
M lovastatin (an inhibitor of 3-hydroxy-3-methylglutaryl
coenzyme A reductase) for 18-24 hr to deplete the endog-
enous pool of mevalonate and then incubated in fresh
medium containing 30 pM lovastatin and 215 pM (R, S)-
[2-'*Clmevalonolactone (58 mCi/mmol) for 3 or 4 hr in the
absence or presence of POH. The medium was then
decanted, the cells were scraped into ice-cold PBS and
washed twice, and the cell pellets were stored at —20° for
further analysis.

Measurement of Polyprenyl Pyrophosphate Levels
by HPLC

The phosphorylated isoprenoid intermediates from
[**Clmevalonolactone-labeled NIH3T3 cells were ex-
tracted and analyzed as described by Watson et al. [22] with
slight modifications. NIH3T3 cells collected from five
confluent plates were lysed with 0.45 mL of hot (75°) 0.5 M
NH,OH, 75% ethanol solution. The denatured cell suspen-
sion was then extracted (three times) with 0.45 mlL of
petroleum ether (30-60°). Insoluble protein in the ethan-
olic phase was then pelleted by centrifugation at 10,000 g
for 15 min. The supernatant was saved, and the pellet was
re-extracted with 0.1 mL of hot 0.5 M NH,OH, 75%
ethanol solution. The supernatants were pooled, and the
volume was reduced to 0.15 mL by a stream of nitrogen gas.
All 0.15 mL of supernatant was applied to HPLC analysis
using a Hamilton PRP-1 (0.4 X 15 cm) column. A 30-min
linear gradient of 15 to 60% acetonitrile in 0.01 M
tetrabutylammonium phosphate, pH 7.5, was run at a flow
rate of 2 mL/min. The effluent was collected as 1-mL
fractions, and the radioactivity of each fraction was deter-
mined by scintillation counting.

Immunoprecipitation of Ras, RhoA, and Rab6 Proteins

["“C]Mevalonolactone-labeled NIH3T3 cells (1 X 107)
were lysed with 500 pL of ice-cold RIPA buffer (PBS, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 100
pg/mL phenylmethylsulfonyl fluoride, 1 mM sodium or-
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thovanadate and 0.15 to 0.3 trypsin inhibitor unit/mL
aprotinin), and the cellular debris was pelleted by centrif-
ugation at 10,000 g for 15 min. The supernatant was
collected, and the protein concentration was determined by
BCA assay. The supernatant was diluted to 1-3 mg pro-
tein/mL with RIPA buffer, and then 1 mL was taken for
immunoprecipitation. Antibody (1.5 pg of rat anti-H-Ras
IgG; or rabbit anti-RhoA IgG or rabbit anti-Rab6 IgG) was
added to and incubated with the 1 mL extract at 4° for 3 hr,
after which 35 pL agarose conjugate (Protein A-Agarose or
Protein A/G PLUS-Agarose) was added, and incubation
was continued overnight. The resulting immunoprecipi-
tates were centrifuged and washed four times with RIPA
buffer. Samples were then boiled for 4 min in a buffer
containing 62 mM Tris, pH 6.8, 2% SDS, 10% glycerol,
and 5% B-mercaptoethanol and analyzed by SDS-PAGE.
The radioactive bands on the SDS-PAGE gels were quan-
titated using a Phosphorlmager and ImageQuant software
(Molecular Dynamics, Sunnyvale, CA).

NIH3T3 Cell Lysate Assay

Assays of FPTase and type I and type Il GGPTases were
performed as described by Lutz et al. [23] except that
NIH3T3 cell lysate was used instead of rabbit reticulocyte
lysate. Confluent NIH3T3 cells were scraped into and
washed three times with ice-cold PBS. The cells were then
pelleted and lysed with ice-cold double-distilled water.
After centrifugation at 10,000 g for 15 min, the supernatant
was collected and the protein concentration was deter-
mined by BCA assay. In the presence or absence of protein
prenylation inhibitors, the supernatant containing 10-20
pg protein was incubated at 37° for 1 hr with 0.4 pM
PHIFPP (25 Ci/mmol) or 0.4 uM [PPHIGGPP (25 Ci/
mmol), 2 g of H-Ras or CVLL-H-Ras or Rab3a protein, 1
mM MgCl;,, 1 mM dithiothreitol, 3 mM ATP, 10 mM
creatine phosphate, 50 pg/mL creatine phosphokinase, and
0.4 mg/mL RNase in a final volume of 50 wL. Then 30 pL
from each reaction was taken and analyzed by SDS-PAGE
and fluorography.

Detection of Ras, RhoA, and Rab6 Proteins
by Western Blot

Confluent NIH3T3 cells treated with POH for 4 hr were
harvested and washed three times with ice-cold PBS. The
pelleted cells were then lysed with ice-cold RIPA buffer,
and protein concentrations were determined by BCA assay.
One hundred micrograms of protein from each sample was
separated on a 15% SDS-PAGE gel, and then the proteins
were transferred to Immobilon™ PVDF membrane. The
membrane was blocked with 5% non-fat dry milk in TBST
(0.1 M Tris, pH 7.5, 0.9% NaCl, 0.1% Tween-20, by vol.)
for 30 min. After washing with TBST, the membrane was
incubated for 1 hr with the first antibody (mouse anti-pan-
Ras 1gG,, or rabbit anti-RhoA IgG or rabbit anti-Rab6 IgG,
1/3000 dilution in 0.5% milk TBST). The membrane was

115

3000

2500

2000 -

1500 -

DMAPP+IPP

1000 |/ [ ¢ N\ Mva-pp

500 -

14C-Radioactivity (dpm/fraction)

0 r—— 7T T — 77—
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Retention Time (min)

FIG. 1. Effect of POH on common intermediates of the meval-
onate metabolism pathway. Phosphorylated isoprenoid interme-
diates from ['*C]mevalonolactone-labeled control (O) or 1 mM
POH-treated (@) NIH3T3 cells were extracted and analyzed by
HPLC as described in Materials and Methods.

washed again with TBST and then incubated for 50 min
with the secondary antibody (anti-mouse or anti-rabbit
IgG/horseradish peroxidase, 1/2000 dilution in 0.5% milk
TBST). After the final wash with TBST, the proteins on
the membrane were detected with the Amersham ECL™
system.

Separating Proteins into Aqueous and
Detergent-Enriched Phases

The isoprenylated and unprocessed forms of Ras, Rap1, and
Rab6 proteins were separated into the detergent-enriched
phase and the aqueous phase of 1% Triton X-114 TBS (20
mM Tris and 150 mM NaCl, pH 7.5) buffer as described by
Gutierrez et al. [24]. The 1 mM POH (43 hr)- or 30 pM
lovastatin (24 hr)-treated and control NIH3T3 cells were
harvested and washed as described above. The cell pellet
was lysed with ice-cold 1% Triton X-114 TBS buffer. The
cell debris was pelleted by centrifugation and the superna-
tant was incubated at 37° for 5 min. The turbid solution
was centrifuged at 16,000 g for 2 min, and the upper
(aqueous) and the lower (detergent-enriched) phases were
separated. Ras, Rapl, and Rab6 levels in the aqueous phase
and the detergent-enriched phase were analyzed by SDS—
PAGE and western blot as described above.

RESULTS
Effect of POH on the Levels of Polyprenyl
Pyrophosphates

To investigate the potential effects of POH on enzymes
between mevalonate and GGPP in the mevalonate metab-
olism pathway, NIH3T3 cells were labeled with ['*Clme-
valonolactone, and the polyprenyl pyrophosphate interme-
diates were extracted and analyzed by HPLC. As shown in
Fig. 1, the HPLC system separated all polyprenyl pyrophos-
phate intermediates from mevalonate to GGPP with the
exception of the isomers DMAPP and IPP, which had the
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FIG. 2. Effects of POH on FPTase and type I and type 1l GGPTases in cultured cells. Ras, RhoA, and Rab6 proteins were
immunoprecipitated from [**Clmevalonolactone-labeled control or 0.2 to 1.0 mM POH-treated NIH3T3 cells. The proteins were
analyzed by SDS-PAGE. The dried gels containing Ras, RhoA, and Rab6 proteins were exposed to phosphor screens for 48, 72, and
24 hr, respectively. Panel A shows the Phosphorlmager scans of the exposed phosphor screens. Panel B presents the quantitations of
radioactive Ras ((1), RhoA (O), and Rab6 (@) protein bands from the same experiment as shown in Panel A done with the ImageQuant
computer program. The 1 mM concentration data are similar to those obtained in three other independent experiments.

same retention time. When the levels of individual poly-
prenyl pyrophosphate intermediates in 1 mM POH-treated
cells were compared with those in control cells, no differ-
ence was found with the exception of a 50% elevation of
the FPP peak and the unidentified peak immediately
preceding it.

Effect of POH on Polyprenyl-Protein Transferases in
NIH3T3 Cells

To investigate which of the three polyprenyl-protein trans-
ferases are inhibited by POH, we assayed the prenylation of
Ras, RhoA, and Rab6 proteins from ['*C]mevalonolactone-
labeled NIH3T3 cells. Ras, RhoA, and Rab6 proteins are
prenylated by FPTase, type I GGPTase, and type Il
GGPTase, respectively. As shown in Fig. 2 (A and B),
isoprenylation of RhoA and Rab6 was inhibited by POH
with 1C5q values of 1.0 and 0.5 mM, respectively. However,
isoprenylation of Ras was not inhibited by POH as high as
I mM. The lack of activity of POH against Ras isopreny-
lation was not related to the experimental protocol in that
B581, an FPTase inhibitor [25], was shown to inhibit Ras
isoprenylation while not inhibiting RhoA isoprenylation in
the same assay system (data not shown).

To explore the possibility that the 50% increase of FPP,
one of the co-substrates for Ras isoprenylation, in POH-
treated cells negated the POH inhibition of FPTase (Ras
isoprenylation), we ran the following reconstitution expet-
iments. First, additional [**C]mevalonolactone was used to
label the control cells to mimic the FPP level increase in
POH-treated cells. As more ['*Clmevalonolactone was
used to label the cells, more FPP was produced. As

concentrations increased from 110 to 320 pM ["*Clmeva-
lonolactone (58 mCi/mmol), the FPP levels increased
linearly (Fig. 3). This study was then extended to determine
whether the higher FPP level resulted in changes in
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FIG. 3. FPP levels and Ras farnesylation. NTH3T3 cells were
labeled with various amounts of [**C]mevalonolactone (110,
215, and 320 uM). FPP was extracted and analyzed by HPLC,
and Ras protein was immunoprecipitated and analyzed by SDS-
PAGE as described in Materials and Methods. The figure shows
the regression lines of the ['*C]FPP level (O) and the relative
['*C]Ras level (@) from ['*Clmevalonolactone-labeled cells
versus the amount of [1*C]mevalonolactone used in the culture
medium. The relative [**C]Ras level in cells labeled in medium
containing 110 pM [**C]mevalonolactone is defined as 1. The
correlation coefficients for the [**C]JFPP line and the [**C]Ras
line are 0.991 and 0.959, respectively. Similar results of relative
amounts of radiolabeled FPP levels were obtained using [*H}me-
valonolactone to label the cells.
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isoprenylated Ras levels. NIH3T3 cells were labeled with
110, 215, and 320 uM [**C]mevalonolactone, and Ras was
immunoprecipitated and analyzed on an SDS-PAGE gel.
The amount of isoprenylated Ras was not altered signifi-
cantly under these conditions (Fig. 3). Given that 215 pM
[**Clmevalonolactone was used in the experiment de-
scribed in Figs. 1 and 2, we had estimated from Fig. 3 that
labeling control cells with 258 uM [**Clmevalonolactone
would provide the same level of FPP found in 1 mM
POH-treated cells labeled with 215 pM [**C]mevalonolac-
tone. However, the amount of isoprenylated Ras in 215 uM
['*Clmevalonolactone-labeled cells was almost the same as
that in 258 pM [**C]mevalonolactone-labeled cells (Fig.
3). This indicates that the 50% increase in FPP levels in
POH-treated cells would not result in a higher level of
isoprenylated Ras, and the lack of effect of POH on FPTase
was not likely due to the observed increase in FPP.

Effects of POH on FPTase and on Type I and Type 11
GGPTases in NIH3T3 Cell Lysate

The result from Fig. 2 shows that POH inhibits type I and
type I GGPTases but not FPTase in cultured NIH3T3
cells. To verify our in vivo results, we used NIH3T3 cell
lysate as the source of polyprenyl-protein transferases to test
the effects of POH on these enzymes. Protein substrates
were added to the lysate and labeled with [PH]JFPP or
PHIGGPP directly. Wild type H-Ras, CVLL-Ras (wild type
H-Ras protein with a modification at the C-terminus so
that the last residue becomes L), and Rab3a are the
substrates that were used for FPTase, type I GGPTase, and
type II GGPTase, respectively. As shown in Fig. 4 (A and
B), FPTase, type I GGPTase, and type 1l GGPTase were
inhibited 14, 62 and 72%, respectively, by 1 mM POH. As
a control, the FPTase inhibitor B581 [25] inhibited FPTase
by 91% and type I and type Il GGPTase by only 30 and
17%, respectively (Fig. 4, C and D).

Effects of POH Treatment on Ras, RhoA, or Rab6
Protein Levels in NIH3T3 Cells

To investigate the possibility that POH decreases the
isoprenylated RhoA and Rab6 levels by down-regulating
these proteins rather than inhibiting type | and type II
GGPTases, we measured RhoA, Rab6, and Ras levels in
POH-treated NIH3T3 cells by western blot. As shown in
Fig. 5, POH treatment for 4 hr, which was the labeling time
used in previous ['*C]mevalonolactone labeling studies, did
not change Ras, RhoA, or Rab6 protein levels.

Effects of POH Treatment on the Ratios of the
Isoprenylated Form to the Unprocessed Form of Proteins
in NIH3T3 Cells

Since POH inhibits type I and type Il GGPTase, we
hypothesized that it could change the ratio of geranylgera-
nylated and unprocessed forms of these proteins. We used
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FIG. 4. Effects of POH on FPTase and type 1 and type 1I
GGPTases in NIH3T3 cell lysate. Wild type (WT) Ras was
labeled with [P’HJFPP, and CVLL-Ras and Rab3a were labeled
with [PH]JGGPP in NIH3T3 cell lysate as described in Materials
and Methods. Panels A and C show the SDS-PAGE and
fluorography analysis of the labeled proteins. The quantitations
of bands in the same experiment from panels A and C are shown
in panels B and D, respectively. Panels A and B present results
from POH treatment, while panels C and D present data from
B581 (a known FPTase inhibitor) treatment. Open bars, control
enzyme reactions; closed bars, enzyme reactions in the presence
of 1 mM POH (panel B) or 1 pM B581 (panel D). Similar
results were obtained in a second independent experiment.

Ras as a model protein that is farnesylated by FPTase, and
Rapl and Rab6 as models of the proteins that are gera-
nylgeranylated by type | GGPTase and type II GGPTase,
respectively. In our assay system, isoprenylated Ras, Rapl,
and Rab6 are found in the detergent-enriched phase, while
unprocessed Ras, Rapl, and Rab6 are located in the
aqueous phase. POH treatment for 43 hr resulted in an
accumulation of Rapl and Rab6 proteins in the aqueous
phase (Fig. 6). The same accumulations were observed
when cells were treated with lovastatin. POH treatment did
not result in an accumulation of Ras protein in the aqueous

phase, while lovastatin did result in such an accumulation
of Ras (Fig. 6).

DISCUSSION

We have shown that the monoterpene POH can inhibit
type I and type Il GGPTases in an NIH3T3 cell model.

Ras RhoA Rab6

C POH C POH C POH
4h 4h 4h

FIG. 5. Effect of POH on the levels of Ras, RhoA, and Rab6
proteins. Proteins from control and POH-treated cells were
separated by SDS-PAGE and transferred to PVDF " membrane.
Western blots for Ras, RhoA, and Rabé proteins were carried
out as described under Materials and Methods. Four hours of
POH (1 mM) treatment did not change the levels of these
proteins in comparison to those in control cells.



118

Ras
(FPTase)

D A D A D
C POH POH LOV LOV

D A D A D

A

C

Rapt |
(GGPTase ) _
A

C C POH POH LOV LOV

Rab6
(GGPTase Il)

A D A D A D
C C POH POH LOV LOV

FIG. 6. Effect of POH on protein distribution between aqueous
and detergent-enriched phases. Proteins from NIH3T3 cells
were separated into aqueous and detergent-enriched phases, and
Ras, Rapl, and Rab6 proteins from these two phases were
analyzed by western blot as described under Materials and
Methods. Key: A, aqueous phase; D, detergent-enriched phase;
C, control cells; POH, 1 mM POH for 43 hr; and LOV, 30 pM
lovastatin for 24 hr.

This inhibition resulted in an accumulation of the unproc-
essed forms of proteins that are geranylgeranylated by type
[ and type Il GGPTases. While the 1csy values for the
inhibition of type [ and type Il GGPTases are high, they are
within the range of serum levels of monoterpenes observed
when an anticancer dose of POH is administered for cancer
treatment in rodents [2] and humans (Bailey HH and
Gould MN, unpublished data).

The biochemical basis of POH-inhibited protein isopre-
nylation potentially could involve one or more enzymes in
the mevalonate pathway. When protein prenylation inhi-
bition is evaluated in cultured cells by assaying the incor-
poration of ["*CJmevalonolactone metabolic products into
proteins, any observed inhibition could be due, at least in
part, to the activity modulation of one or more enzymes in
the pathway between mevalonate and the polyprenyl-
protein transferases. For example, phenylacetate, an inhib-
itor of MVA-PP decarboxylase [26], has been shown to
reduce the prenylated form of Ras [27]. Therefore, it is
important to analyze the cellular concentrations of the
isoprene intermediates between mevalonate and prenylated
proteins in order to assess the relative contribution of the
inhibition of polyprenyl-protein transferases and the poten-
tial modulation of the isoprene cosubstrates to changes in
cellular protein prenylation. Of special concern are those
prenylation inhibitors, including POH, that structurally
mimic FPP or GGPP. Given the fact that most enzymes
between mevalonate and GGPP interact with molecules
that are structurally similar to FPP or GGPP, it is possible
that such protein prenylation inhibitors could modulate
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one or more other enzymes in this pathway. We demon-
strated that except for increasing FPP levels by approxi-
mately 50%, POH did not change the levels of other
intermediates between mevalonate and isoprenylated pro-
teins in NIH3T3 cells.

The reason for an accumulation of FPP despite the lack
of inhibition of GGPP synthase or FPTase in POH-treated
cells is unknown. Besides the inhibition of protein isopre-
nylation, POH can also inhibit cholesterol synthesis and
CoQ synthesis [7]. The inhibition in the cholesterol syn-
thesis pathway results in an accumulation of lathosterol, a
precursor of cholesterol [7]. These specific modifications of
lipid metabolism could potentially result in an accumula-
tion of FPP. Importantly as discussed below, an increase in
FPP of this magnitude did not modulate protein prenyla-
tion.

The data presented here demonstrate that POH inhibits
type | and type I GGPTases in NIH3T3 cells. The
isoprenylation of RhoA (substrate of type I GGPTase) and
Rab6 (substrate of type 1l GGPTase) was inhibited by POH
in in vivo ["*Clmevalonolactone-labeling studies. These
observations were extended by demonstrating that the
inhibition of isoprenylation of RhoA and Rab6 in NIH3T3
cells was due to the direct inhibition of the activities of type
[ and type Il GGPTases and not to changes in cellular
levels of GGPP, RhoA, and Rab6 protein during the
terpene exposure time period. Cell lysate studies further
confirmed the ability of POH to inhibit the activity of type
I and type II GGPTases. These inhibitions are likely
functional in that it was shown that the inhibition of the
activity of these two enzymes by POH resulted in an
accumulation of the unprocessed forms of Rapl and Rab6
proteins in NIH3T3 cells.

Ras isoprenylation was not inhibited in vivo by POH in
this study. This is in contrast to both the previously
reported results that demonstrated a modest level of inhi-
bition of Ras farnesylation in POH-treated cells [4] and the
competitive inhibition of purified bovine brain and yeast
FPTase by POH in vitro [6]. The possibility that the 50%
increase in the FPP level in POH-treated cells in this study
(Fig. 1) masks an inhibition of FPTase from being observed
was ruled out. Ras isoprenylation levels were not changed
even when the FPP level was increased by 75% (Fig. 3).
The lack of accumulation of the unprocessed form of Ras in
POH-treated cells is also consistent with the suggestion
that FPTase is not inhibited by POH. Recently, Hohl and
Lewis [20] also showed that FPTase was not inhibited by
monoterpenes in vivo. They compared the relative amount
of the farnesylated and unprocessed form of [**Slmethi-
onine-labeled newly synthesized Ras protein and found that
there was no difference in POH-treated cells and control
cells [20]. The discrepancies between the in vivo and the in
vitro inhibition of FPTase by FPTase inhibitors observed by
us and other investigators [28~-30] could be due to the
inability of the drug to reach the target in vivo. Alterna-
tively, the microenvironment for the enzymes might be
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different, which could also cause the inconsistent inhibi-
tion of FPTase by POH from one cell line to another.

In summary, we have shown that the inhibition of
protein prenylation in a 3T3 cell model is due directly to
the inhibition of protein prenyltransferases. In this partic-
ular cell strain, this inhibition resulted specifically from the
inhibition of GGPTase | and Il and not FPTase. It is
important to point out that the specifics of protein preny-
lation inhibition are modulated by cellular and/or environ-
mental factors. This limits the ability to extrapolate from
cell type to cell type or from an in witro to in vivo
environment. Recent studies in our laboratory have dem-
onstrated the ability of chronic POH administration to
inhibit protein isoprenylation in in sitw rat mammary
epithelial cells with the greatest inhibition involving type I
GGPTase (Ren Z and Gould MN, unpublished data). Thus,
monoterpenes have been shown to inhibit protein preny-
lation in many cell types in culture and at least in mammary
epithelial cells in situ as well. The specifics of this inhibition
vary among cell types and cellular environments. The key
question that remains to be addressed is whether this
monoterpene-induced biochemical activity is causal in the
anticancer effects of this class of agents.
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