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Abstract: It is well documented that 3-hydroxy-3-methyl- years ago firmly established that a mevalonate-derived
glutaryl-C0A reductase inhibitors prevent cultured mam- product is involved in the progression of mammalian
malian cells from progressing through the cell cycle, sug- cells through the cell cycle (Quesney-Huneeus et al.,
gesting a critical role for a mevalonate-derived product. 1979; Habenicht et al., 1980; Fairbanks et a!., 1984).
Recently, it has been shown that free geranylgeraniol (GG- Pardee and co-workers (Keyomarsi et al., 1991) later
OH) and farnesol (F-OH) can be utilized by C6 glioma cells established that lovastatin could be used to synchronize
for protein isoprenylation. The ability of GG-OH and F- cultured cells in the G1 phase. Related studies by Volpe
OH to restore protein geranylgeranylation or farnesylation
selectively has enabled us to examine the possibility that and co-workers also demonstrated that mevalonate bio-
mevalonate is essential for cell proliferation because it is synthesis was required for the proliferation and differ-
a precursor of farnesyl pyrophosphate or geranylgeranyl entiation of glial cells (Volpe and Obert, 1983; Bhat
pyrophosphate, the isoprenyl donors involved in the post- and Volpe, 1984; Volpe et al., 1985; Langan and
translational modification of key regulatory proteins. In this Volpe, 1986, 1987). Because of the regulatory impli-
study we report that GG-OH, as well as mevalonate, over- cations of these observations, there has been consider-
comes the arrest of cell proliferation of C6 glioma cells able interest in identifying the precise product formed
treated with lovastatin, as assessed by increased cell num- via mevalonate that is required for cell growth.
bers and a stimulation in [

3H]thymidineincorporation. The HMG-CoA reductase, the enzyme potently inhibited
increase in cell number and [3H]thymidineincorporation
were significantly lower when F-OH was added. Under by lovastatin (Alberts et a!., 1980), catalyzes the for-
these conditions [3H]mevalonateand [3H]GG-OHare ac- mation of mevalonate, which is an important rate-con-
tively incorporated into a set of isoprenylated proteins in trolling step in the biosynthesis of cholesterol
the size range of small, GTP-binding proteins (19—27 kDa) (Goldstein and Brown, 1990). Farnesyl pyrophosphate
and a polypeptide with the molecular size (46 kDa) of the (F-P-P), a mevalonate-derived intermediate, is formed
smaller isoform of 2 ‘,3 ‘-cyclic nucleotide 3 ‘-phosphodies- at a key branch point in isoprenoid biosynthesis (Fig.
terase. Analysis of the proteins metabolically labeled by 1). F-P-P is utilized for the biosynthesis of many corn-
[3H]mevalonateand [3H]GG-OHreveals the presence of pounds, including cholesterol, dolichyl phosphate, ubi-
labeled proteins containing geranylgeranylated cysteinyl quinone, heme A, and isoprenylated proteins (Grunler
residues. Consistent with geranylgeranylated proteins et al., 1994). Thus, any of these branches of the iso-
playing a critical role in the entry of C6 cells into the cell
cycle, a (phosphonoacetamido)oxy derivative of GG-OH, prenoid biosynthetic pathway potentially could have
a drug previously shown to interfere with protein geranyl- produced the critical mevalonate-derived product(s)
geranylation, prevented the increase in cell number when
mevalonate or GG-OH was added to lovastatin-treated _______________________________________________
cells. These results strongly suggest that geranylgerany- Received October 1, 1997; revised manuscript received December
lated proteins are essential for progression of C6 cells into 22, 1997; accepted January 8, 1998.
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FIG. 1. Proposed salvage pathways for re-
storing protein farnesylation or geranylgerany-
lation selectively by exogenously supplied F-
OH and GG-OH in lovastatin-treated C6 gli-
oma cells. Question marks indicate enzymatic
reactions that have not been extensively char-
acterized. SQ, squalestatin 1; I-P-P, isopen-
tenyl pyrophosphate.

involved in cell cycle control. However, supplementa- 2 ‘,3 ‘-cyclic nucleotide 3 ‘-phosphohydrolase (CNPase)
tion experiments eliminated most of the candidates are metabolically labeled (Crick et al., 1994). Charac-
listed above as the required mevalonate-derived mole- terization of the products released by digestion of the
cule(s) (Schmidt et al., 1982; Quesney-Huneeus et a!., metabolically labeled proteins with Pronase E indicated
1983; Fairbanks et al., 1984; Maltese and Sheridan, that the C6 proteins contain geranylgeranylated cysteine
1985; Langan and Volpe, 1987; Goldstein and Brown, residues. Similarly, when rat C6 glial cells were incu-
1990; Chakrabarti and Englernan, 1991). bated with [3H]F-OH, radioactivity was incorporated

An early series of studies in which cellular proteins into proteins containing farnesylated cysteine residues
were metabolically labeled by radiolabeled mevalonate and into sterol by a squalestatin-sensitive mechanism
(Schmidt et a!., 1984; Sinensky and Logel, 1985; Mal- (Crick et al., 1995a). In related studies Fliesler and
tese and Sheridan, 1987; Sepp-Lorenzino et al., 1991) Keller (1995) have shown that cholesterol was metabol-
raised the possibility that the mevalonate requirement ically labeled when [3HIF-OH was injected intravi-
for cell growth could be related to the isoprenylation treally into rats. For a recent review on the current Un-
of proteins. Since then, substantial progress has been derstanding of the salvage pathway for the utilization
made in the characterization of the isoprenylated cys- of F-OH and GG-OH, see Crick et al. (1997b).
teine residues, the thioether linkage, and the pro- The incorporation of F-OH and GG-OH into iso-
tein:isoprenyltransferases catalyzing this posttransla- prenylated proteins provides evidence for an alternate
tional modification, and it is now clear that several mechanism for the biosynthesis of F-P-P and GG-P-
regulatory proteins, including lamin B, ~21ms and P. We have taken advantage of the ability of exogenous
most members of the small GTP-binding protein super- F-OH and GG-OH to restore protein farnesylation or
family, are modified posttranslationally by isoprenyla- geranylgeranylation selectively (Fig. 1) to determine
tion (for reviews of the development of this field, see if cell growth was arrested in lovastatin-treated C6
Maltese, 1990; Clarke, 1992; Schafer and Rine, 1992; cells owing to depletion of the F-P-P and/or GG-P-P
Casey, 1994; Zhang and Casey, 1996). This informa- pools, consequently preventing the isoprenylation of
tion and the direct evidence that isoprenylation of regulatory proteins playing essential roles in cell cycle
p21 ras is blocked by lovastatin treatment of COS cells progression. All of the results are consistent with one
(Hancock et al., 1989) and Chinese hamster ovary-Kl or more geranylgeranylated proteins being involved in
cells (Leonard et al., 1990) are consistent with the idea regulating cell proliferation in C6 glioma cells and
that the arrest of cell growth by HMG-CoA reductase provide evidence that the conversion of GG-OH to
inhibitors could be due to protein isoprenylation being GG-P-P, or perhaps another novel isoprenyl donor, is
impaired by the depletion of the F-P-P and geranylger- a physiologically significant mechanism in the CNS.
anyl pyrophosphate (GG-P-P) pools. Some aspects of this work have been reported in pre-

The utilization of free farnesol (F-OH) for isoprenoid liminary form (Crick et al., 1996).
biosynthesis was first demonstrated in the colonial mi-
croalga Botryococcus braunii (Huang and Poulter, MATERIALS AND METHODS
1989). Work in this laboratory has shown that when
C6 glial cells are incubated with exogenous trans, Materials
trans,trans-~3H]geranylgeraniol(GG-OH), a group of w,trans,trans-[l-3H]F-OH (20 Ci/mmol), w,trans,trans,
proteins in the size range of small-molecular-weight trans-[1-3H]GG-OH (57 Ci/mmol), RS-[5-3H(N)]-
GTP-binding proteins and a polypeptide with an appar- mevalonolactone (60 Ci/mmol),and ~methyl-3H]thymidine
ent molecular weight similar to the smaller isoform of (69 Ci/mmol) were purchased from American Radiolabeled
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Chemicals (St. Louis, MO, U.S.A.). GG-OH and F-OH were mevalonolactone was added. The cells were incubated with
generous gifts from Dr. M. Mizuno of Kuraray (Okayama, the isotopic precursors at 37°Cunder 5% CO2 for the mdi-
Japan). Protease XIV from Streptomyces griseus (Pronase cated interval, and the rate of formation of the labeled prod-
E) was obtained from Sigma Chemical Co. (St. Louis). ucts was assayed as described below.
Dulbecco’s phosphate-buffered saline (PBS), Ham’s F-lU For metabolic labeling with [

3H]thymidine, C6 cells were
medium, trypsin (0.25%)—l mM EDTA, and sodium bicar- grown to near confluence in Falcon 3001 tissue culture
bonate were purchased from GibcoBRL (Grand Island, NY, dishes as described above. Complete medium was removed
U.S.A.). Serum Supreme (SS) was obtained from BioWhit- and replaced with fresh medium containing lovastatin (5 ~igI
taker (Walkersville, MD, U.S.A.). Baker SI*C18 reverse ml). The cells were preincubated until cell division ceased
phase-octadecyl TLC plates were purchased from J. T. Baker (—24 h). The medium was then removed by gentle aspira-
(Phillipsburg, NJ, U.S.A.). The dipotassium salt of (trans, tion and replaced with fresh medium containing lovastatin
trans,trans) -[2- oxo -2- [3,7,11,15 - tetramethyl - (2,6,10,14 - (5 ~tg/ml) or complete medium containing lovastatin (5 ~iig/
hexadecatetraenyl)oxy]aminojethyl]phosphonic acid, ml) and mevalonolactone (200

1.tM), GG-OH (10 ~sM), or
which is a (phosphonoacetamido)oxy derivative of GG-OH F-OH (10 ~.tM).The cells were then incubated for an addi-
(PAG), was prepared and purified as described by Macchia tional 24 h, and [

3H]thymidine (final concentration, 4 ~.tCi/
et al. (1996). All other solvents and chemicals were reagent ml) was added. After 4 h the cells were washed with and
grade and were purchased from standard commercial suspended in PBS. The cells were sedimented by centrifuga-
sources. tion, and the PBS was removed by aspiration. The cell pellet

was resuspended in ice-cold 10% trichloroacetic acid, and
Cell culture the denatured cell residue was sedimented by centrifugation.

The C6 glioma cells were purchased from ATCC (Rock- The cell pellet was resuspended a second time in cold trichlo-
ville, MD, U.S.A.). Cells were maintained in Ham’s F-b roacetic acid and resedimented by centrifugation. After the
medium containing 5% SS (complete medium). All cultures trichloroacetic acid was aspirated, the cell pellet was washed
were incubated at 37°Cin an atmosphere of 5% CO

2 in air, with diethyl ether to remove residual trichioroacetic acid.
The ether was removed by aspiration after centrifugation,

Proliferation assays and the residual organic solvent was evaporated under a
C6 cells were grown to confluence in 75-cm

2 tissue culture stream of air. The protein pellet was dissolved in 0.2 M
flasks in complete medium. The cells were detached from NaOH, and aliquots were taken for protein content determi-
the flask with trypsin-EDTA (30 s, 23°C)and resuspended nation and for liquid scintillation counting. The aliquot for
in complete medium. Cells (5,000—20,000 per well) were liquid scintillation counting was neutralized with 5% acetic
added to the wells in Linbro 24-well tissue culture dishes in acid before addition of the liquid scintillation cocktail.
1 ml of complete medium and allowed to. attach overnight.
The medium was aspirated and replaced with Ham’s F-lU Isolation and analysis of metabolically labeled
containing 5% SS, lovastatin (5 ~sg/ml), and the indicated proteins
concentration of mevalonolactone or isoprenol. To add F- After the C6 cells were metabolically labeled with the
OH and GG-OH to the growth medium, the isoprenols were various isotopic precursors for 18 h, the cells were washed
dissolved in chloroform/methanol (2:1 vol/vol) and added with ice-cold PBS, incubated for 5 mm in PBS containing
to a small conical tube. The solvent was evaporated under 2 mM EDTA, scraped from the dishes, and transferred to a
a stream of air, and the isoprenols were suspended in SS by conical tube. The cell suspension was centrifuged (200 g, 5
sonication in a Branson bath sonicator for 10 mm. This mm), and the PBS was removed by aspiration. Methanol (2
procedure quantitatively dispersed the amounts of isoprenols ml) was added, and the suspension was sonicated to disrupt
used in these studies. After the indicated interval the medium the cell pellet. The mixture was centrifuged to sediment the
was removed by aspiration, and the cells were washed with delipidated protein, and the pellet was reextracted twice with
PBS. PBS containing 2 mM EDTA was then added to the 2 ml of chloroform/methanol (2:1 vol/vol). After the resid-
wells and left at room temperature for 5 mm or until the ual organic solvent was removed from the pellet by evapora-
cells detached from the dishes. The viable cells were then tion under a stream of nitrogen, the partially delipidated
counted in a hemocytometer. Based on trypan blue exclu- protein residues were dissolved in 2% sodium dodecyl sul-
sion, at least 95% of the cells were viable in the mevalonate- fate and 5 mM 2-mercaptoethanol. An aliquot was used to
and GG-OH-supplemented cultures. determine the amount of labeled precursor incorporated into

protein, and the radiolabeled polypeptides (10—30 ~tg of
Metabolic labeling of C6 cells protein) were analyzed by sodium dodecyl sulfate—poly-

For metabolic labeling experiments using [3H]F-OH, acrylamide gel electrophoresis using a 10.5% polyacryl-
[3H]GG-OH, or [3H]mevalonolactone as the isotopic pre- amide resolving gel (Crick et al., 1994).
cursor, the labeled isoprenol was dissolved in ethanol and
added to a small conical tube. The solvent was evaporated Pronase E digestion of metabolically labeled
under a stream of air, and the labeled isoprenols were sus- proteins and chromatographic identification of
pended in SS by sonication in a Branson bath sonicator for 3H-isoprenylated cysteine residues
10 mm. After sonication an aliquot was taken to verify that To identify the metabolically labeled isoprenylated cys-
all of the H-labeled precursor had been quantitatively dis- teine residues, the protein pellets were delipidated as de-
persed at a concentration of 1—7 ftCi/I.rl of SS. C6 cells scribed above and digested extensively with Pronase E (10
were grown to near confluence in Falcon 3001 tissue culture mg/ml, 18 h, 37°C).The conditions for the proteolytic treat-
dishes in complete medium, and after removal of the growth ment of the metabolically labeled protein fraction and the
medium by gentle aspiration, 500 pi of labeling medium analysis of the butanol-soluble products by reverse-phase
consisting of Ham’s FlU and SS (final concentration, TLC have been described in detail previously (Crick et al.,
3—5%) containing [3H]GG-OH, [3H]F-OH, or [3H]- 1994, 1995a). The chemical synthesis of farnesyl-cysteine
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prevented protein isoprenylation. The experimental
strategy is illustrated in Fig. 1. As outlined in this
metabolic scheme, the biosynthesis of F-P-P and GG-
P-P can be restored specifically by the utilization of
the appropriate free allylic isoprenols. This strategy
could also answer the basic question addressed in this
study even if F-OH and GG-OH were not converted to
F-P-P and GG-P-P, but rather to other novel functional
isoprenyl intermediates, which are evidently capable
of serving as farnesyl and geranylgeranyl donors
(Crick et al., 1994, 1995a).

The results presented in Fig. 2 show that when either
200 ,uM mevalonate or 10

1uM GG-OH was supple-
mented in the culture medium, the G1 arrest imposed
by lovastatin (5 ~g/ml) was overcome, and the cells

FIG. 2. Time course for growth of lovastatin-treated C6 glioma continued to divide for at least 3 days. The increase
cells in the presence of mevalonate, GG-OH, and F-OH. C6 cells in cell number was higher for mevalonate- compared
(5 x i0~cells per well) were plated in a 24-well tissue culture with GG-OH-supplemented cultures, but in both cases
dish and allowed to attach overnight. The medium was removed
by aspiration and replaced with 1 ml of complete medium con- the cells grew exponentially for 72 h. Even though F-
taming 5 ©g/ml lovastatin and 200 ©M mevalonolactone, 10 ~M OH can be utilized for protein farnesylation in C6 cells
GG-OH, or 10 1zM F-OH. After the indicated interval in culture (Crick et al., 1995a), only an extremely small growth
the cells were released from the dish with trypsin-EDTA and stimulus was seen when F-OH was added to the culture
counted using a hemocytometer. All results are average ±SEM
(bars) values calculated from triplicate analyses and are repre- medium. The combination of 10 1uM F-OH pIus 10
sentative of several experiments. ,uM GG-OH was no more effective than GG-OH alone.

Cell growth was optimal at mevalonate concentrations
of 100—200 ,uM and at 5—10 1iiM GG-OH. At concen-

(F-Cys) and geranylgeranyl-cysteine (GG-Cys) was as de- trations >10 jiM, F-OH and GG-OH inhibited cell
scribed by Kamiya et al. (1979) except that isopropanol growth, possibly owing to the formation of toxic oxida-
was substituted for methanol when synthesizing GG-Cys. tion products. Ohizumi et al. (1995) have reported that
Unlabeled F-Cys and GG-Cys were detected by spraying 50 jiM GG-OH is a potent inducer of apoptosis in
with an anisaldehyde reagent (Dunphy et al., 1967), and human leukemia HL-60 cells.
radioactive compounds were located using a Bioscan System The relatively larger increase in cell number seen
200 Imaging Scanner. when 200 jiM mevalonate was added to the culture

medium compared with 10 ,uM GG-OH could be due
Additional methods

Protein concentrations were assayed using aPierce (Rock- to mevalonate producing a larger increase in the GG-
ford, IL, U.S.A.) BCA Protein Assay Kit. Radioactivity was P-P pool because of the limited solubility of the free
determined by liquid scintillation spectrometry in a Packard isoprenol or because mevalonate is also a precursor
Tri-Carb 2100TR using Econo-Safe liquid scintillation cock- for other compounds not formed from GG-OH.
tail (Research Products International Corp., Mt. Prospect, A GG-P-P-based drug, PAG, has been shown to
IL, U.S.A.). All data are average values of replicate determi- interfere with protein geranylgeranylation (p21 ~~Pi)

nations from at least three representative experiments, but not farnesylation (p21 ras~ in PC-3 prostate cancer
cells (Macchia et a!., 1996). To obtain further evi-

RESULTS dence that GG-OH stimulated cell growth because it
restored protein geranylgeranylation, the effect of PAG

Cell growth is restored in lovastatin-treated cells on the cell growth in the mevalonate- and GG-OH-
by mevalonate and GG-OH but not F-OH supplemented cultures was tested. The data shown in

Incubation of C6 glioma cells with complete me- Table 1 indicate that PAG (38 jiM), the protein gera-
dium in the presence of increasing concentrations of nylgeranylation inhibitor (Macchia et al., 1996), sig-
the HMG-CoA reductase inhibitor lovastatin resulted nificantly inhibited the stimulation of cell growth when
in a marked, concentration-dependent reduction in cell mevalonate or GG-OH was added to the culture me-
growth. Cell growth was inhibited 95—100% at lovas- dium.
tatin concentrations of 1.5—2 j.rg/ml. From these data The simplest conclusion from these results is that
an IC50 value of 0.2 jig/ml was calculated for C6 glial the block in cell proliferation is overcome because GG-
cells (Crick et al., 1996). P-P synthesis and consequently protein geranylgerany-

The ability of GG-OH and F-OH to restore protein lation are restored by addition of mevalonate or GG-
geranylgeranylation or farnesylation selectively was OH to the culture medium. Although farnesylated pro-
then used as an experimental approach to examine the teins may also be involved in the regulation of cell
possibility that lovastatin blocked cell division because growth, the results in Fig. 2 show that restoring protein
it depleted the F-P-P/GG-P-P pools and consequently farnesylation alone did not provide the substantial
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TABLE 1. Restoration of growth in lovastatin-treated C6 of DNA repair because there was no increase in cell
glioma cells by mevalonate and GG-OH is blocked by the number under those conditions.

GG-P-P-based inhibitor PAG Thus, the increases in cell number and stimulation
of DNA synthesis seen when lovastatin-treated C6C6 cells/dish (xl0 3) cells are incubated in a medium supplemented with

Supplement to growth
medium No addition PAG (38 ©M) GG-OH indicate that lovastatin blocks cell prolifera-

tion because of the depletion of GG-P-P pools required
None 20.5 22.0 for the geranylgeranylation of one or more proteins
Mevalonate (200 pM) 78.3 19.3 essential for promoting entry of C6 cells into the S
GG-OH (10 pM) 82.3 33.0 phase of the cell cycle.

The details of the procedures for cell culture and counting cell Characterization of C6 proteins metabolically
numbers are described in Materials and Methods.

labeled by [3H I mevalonate and Ii 3H] GG-OH in
lovastatin-treated C6 glioma cells

To verify that exogenous mevalonate and GG-OH
growth stimulus seen when protein geranylgeranyla- could restore protein geranylgeranylation in lovastatin-
tion was restored by GG-OH or mevalonate supple- treated cells, C6 cells were incubated with [3H1-
mentation. This result is in agreement with the previous mevalonate or [3H] GG-OH in the presence of lova-
observation that if F-P-P is formed from F-OH, only statin, and the metabolically labeled proteins and the
an extremely small fraction of this pool of F-P-P is isoprenylated amino acid residues were analyzed. The
converted to GG-P-P (Crick et al., 1995a). gel patterns in Fig. 3 show that a set of polypeptides in

GG-OH and mevalonate stimulate [3H I thymidine the size range of small-molecular-weight GTP-binding
incorporation in lovastatin-treated cells proteins (19—27 kDa) were metabolically labeled by

To obtain a second line of evidence that GG-OH both isotopic precursors. Although the metabolically
promoted entry of lovastatin-treated C6 cells into the labeled proteins are in the same size range of well-
cell cycle, the rate of [3H I thymidine incorporation, as characterized G proteins, specific geranylgeranylated
an estimation of DNA synthesis, was compared after proteins were not identified in this study.
addition of mevalonate or GG-OH to the culture me- As observed in earlier studies (Crick et al., 1994,
dium. As seen in Table 2, the rate of [3H]thymidine 1995a), another protein with an apparent molecular
incorporation was substantially higher in lovastatin- mass very similar to the size of the smaller isoform of
treated cells when 200 ,iiM mevalonate was supple- CNPase (46 kDa) was also metabolically labeled by
mented to the culture medium compared with control
cells. Consistent with GG-OH promoting entry into the
S phase of the cell cycle, the rate of DNA synthesis
was similar in cells supplemented with mevalonate or
10 ,uM GG-OH. Addition of F-OH to the culture me-
dium produced a stimulation in [3Hlthymidine label-
ing slightly higher than no additions but significantly
lower than mevalonate or GG-OH. Restoring protein
farnesylation may provide part of the stimulatory re-
sponse for DNA replication, but based on the results
in Fig. 2 this effect is not sufficient for cell prolifera-
tion. The relatively low [3Hlthymidine incorporation
observed in control cells is probably due to the process

TABLE 2. Stimulation of (3H]thymidine incorporation by
mevalonate and GG-OH in lovastatin-treated C6 cells

Addition to growth [3HlThymidine FIG. 3. Sodium dodecyl sulfate—polyacrylamidegel electropho-
medium incorporation (% of control) resis analysis of proteins metabolically labeled by [3H]-

mevalonate, [3H]F-OH,and [3H]GG-OH in lovastatin-treated C6
None 48 glioma cells. C6 cells were metabolically labeled with the mdi-
Mevalonate (200 pM) 100 cated isotopic precursor for 18 h as described in Materials and
GG-OH (10 pM) 87 Methods. The delipidated protein fractions were analyzed by
F-OH (10 pM) 67 sodium dodecyl sulfate—polyacrylamide gel electrophoresis us-

ing a 10% polyacrylamide resolving gel. The calibration markers
The procedures for cell culture, metabolic labeling, and assay of are indicated on the left, and the designation SMG refers to the

[3Hlthymidinelabeling are described in Materials and Methods. The range of the small-molecular-mass (19—27-kDa) GTP-binding
value for 100% of the control was 547,586 ± 10,038 dpm/mg of proteins. The results are representative ofat least three separate
protein (mean ±SEM). experiments.
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origin of the reverse-phase TLC plates developed as
described in Materials and Methods was seen (data
not shown).

The inclusion of PAG (38 jiM) in the culture me-
dium inhibited the incorporation of [3HJGG-OH and
[3Hlmevalonate into GG-Cys in C6 cells as assessed
by reverse-phase TLC analysis of products released
from cellular proteins by exhaustive Pronase E diges-
tion (Fig. 4).

It is possible that one or more of the proteins labeled
by [3H]GG-OH and [3Hlmevalonate are responsible
for the growth-stimulus-promoting entry into the S
phase of the cell cycle in lovastatin-treated C6 cells.
The polypeptides in the small-molecular-weight GTP-
binding protein range, the major proteins labeled via
[3HIGG-OH, may be the key regulatory proteins in-
volved in the control of cell cycle progression in C6
cells.

DISCUSSION

In this article we have used a novel experimental
approach in an attempt to identify the mevalonate-
derived product required for the proliferation of glial

FIG. 4. Analysis of isoprenylated cysteine residues in C6 glioma cells (Volpe and Obert, 1983; Bhat and Volpe, 1984;
proteins metabolically labeled by [3H]mevalonateand [3H]GG- Volpe et al. 1985~Langan and Volpe 1986, 1987).
OH in the presence and absence of FAG. Near-confluent cultures . .

of C6 cells were incubated in Falcon 3001 tissue culture dishes Identification of this product should provide new in-
with the indicated isotopic precursor in the presence or absence sight into the regulation of cell cycle progression in
of 38 pM FAG for 18 h. The labeled protein fractions were iso- glial cells.
lated and digested with Pronase E as described in Materials and These studies have taken advantage of an experi-
Methods. The labeled products were extracted with 1-butanol
(saturated with water) and analyzed on C18 reverse-phase TLC mental strategy, based on the observation that C6 gh-
plates developed in acetonitrile/water/acetic acid (75:25:1 by oma cells utilize GG-OH and F-OH for protein iso-
volume). Radioactive zones were detected with a Bioscan Im- prenylation (Crick et al., 1994, 1995a), to determine
aging Scanner System 200-IBM. The arrows indicate the position if cell growth is arrested by lovastatin because of a
of authentic F-Cys and GG-Cys. The results are representative depletion of the F-P-P and GG-P-P pools. As illustrated
of at least three separate experiments. . . .

in Fig. 1, when mevalonate biosynthesis is blocked by
lovastatin, free GG-OHand F-OH can restore the pools
of GG-P-P and F-P-P required for the posttranslational

[3HIGG-OH and [3H]mevalonate.Although it is not modification of farnesylated and geranylgeranylated
certain that the 46-kDa protein labeled via [3HIGG- proteins. Thus, this “salvage” pathway provides a
OH in this study is CNPase, the myelin protein has means of restoring protein farnesylation or geranylger-
been shown to be metabolically labeled by incubating anylation selectively by adding exogenous F-OH or
C6 cells (Braun et al., 1991) and rat brainstem slices GG-OH to the culture medium.
(Sepp-Lorenzino et al., 1994) with [3H] mevalonate. The results of these cellular studies strongly suggest

The presence of cysteinyl-linked isoprenyl groups that one or more geranylgeranylated proteins are essen-
in the proteins metabolically labeled when C6 cells tial for entry of C6 cells into the cell cycle. Although
were incubated with [3H]GG-OH and [3H] mevalonate a 46-kDa protein, similar in size to CNPase, is gera-
was confirmed by showing that [3H]GG-Cys was re- nylgeranylated under these conditions, it is more likely
leased from the delipidated protein fractions by diges- that the critical isoprenylated regulatory proteins are
tion with Pronase E (Fig. 4). The metabolically labeled in the set of polypeptides in the size range of the small-
product(s) remaining at the origin in this chromato- molecular-weight GTP-binding proteins (19—27 Wa),
graphic system could be partially degraded mono- or metabolically labeled during incubations with
digeranylgeranylated Cys-Cys or Cys-X-Cys se- [3H]GG-OH. The geranylgeranylated G proteins Rho,
quences as found in Rab proteins (Seabra et al., 1992; Rac, and CDC42 have been implicated in the regula-
Farnsworth et al., 1994). Consistent with this possibil- tion of cell cycle progression in other experimental
ity, when Rabla, a protein that has a Cys-Cys carboxy cell systems (Olson et al., 1995; Symons, 1996), possi-
terminus, was [3Hjgeranylgeranylatedin vitroby incu- bly by affecting the degradation of p27K~~~(Hirai et
bation with [3H]GG-P-P and then digested with Pro- al., 1997).
nase E, a radiolabeled product that remained at the With this study on lovastatin-treated C6 cells, there
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is now a growing body of evidence documenting the to the pyrophosphate intermediates (Crick et al.,
physiological significance of the salvage pathway for 1995a). The inhibitory effect of NB-598, a squalene
GG-OH and F-OH in mammalian cells. Exogenously epoxidase inhibitor, on the incorporation of [3HIF-OH
supplied GO-OH restored growth in simvastatin- into cholesterol in rat retinas also indicates that the
treated arterial (Corsini et al., 1993) and bronchial isotopic precursor was incorporated via the conven-
(Vigano et al., 1995) myocytes. More recently, addi- tional pathway (Fliesler and Keller, 1995).
tion of GG-OH to the culture medium has been shown A preliminary report has indicated that rat liver mi-
to restore platelet-derived growth factor receptor tyro- crosomes catalyze the conversion of F-OH to F-P-P in
sine phosphorylation (McGuire et al., 1996) and cell the presence of CTP at a very modest rate (Westfall
cycle progression (Vogt et al., 1996) when mevalonate et al., 1997). However, the nucleotide and isoprenol
synthesis was blocked with lovastatin in NIH-3T3 specificities of this enzyme system have not been thor-
cells. The same laboratory has shown that GG-OH oughly characterized. CTP-dependent F-OH kinase ac-
potentiates the inhibition of H-Ras processing caused tivity had previously been detected in a cell extract
by lovastatin in NIH-3T3 cells transfected with onco- from B. braunii (Inoue et al., 1994). It will be im-
genic H-Ras-CVSL (McGuire and Sebti, 1997). The portant to determine if these phosphorylation reactions
ability of GG-OH to promote entry of UT-2 cells are a nonspecific activity of CTP-mediated dolichol
(Crick et al., l997a), which are unable to synthesize kinase (Allen et al., 1978; Burton et al., 1979; Sumbilla
mevalonate owing to a genetic defect in HMG-CoA and Waechter, 1985).
reductase (Mosley et al., 1983), into the S phase of As yet there has been no documentation of the
the cell cycle provides evidence that this pathway is an mono- or pyrophosphorylation of GG-OH in mamma-
alternate mechanism for synthesizing physiologically han cells, although the archebacterium Sulfolobus aci-
significant levels of GG-P-P, or another “activated” docaldarius has been reported to contain GO-OH ki-
geranylgeranyl donor that is recognized by protein iso- nase activity (Ohnuma et a!., 1996). Recently, it has
prenyltransferases. In addition to the cellular effects of been proposed that GO-OH is converted to a novel
GO-OH, an important physiological role for F-OH is geranylgeranyl donor, referred to as GG-X, because
also supported by the evidence that the free isoprenol these investigators were unable to detect metabolically
stimulates the regulated proteolysis of HMG-CoA re- labeled GO-P-P when H-Ras-CVLS-transformed NIH-
ductase (Bradfute and Simoni, 1994; Correll et al., 3T3 cells were incubated with [3HIGG-OH (McGuire
1994; Miegs et al., 1996; Miegs and Simoni, 1997). and Sebti, 1997).

The role of F-OH in the regulation of HMG-CoA In summary, several lines of evidence are presented
reductase activity and the evidence that F-OH and GO- supporting the conclusion that GO-P-P is a critical
OH can serve as precursors for “activated” isoprenyl mevalonate-derived intermediate that is essential for
donors in protein isoprenylation emphasize the impor- glial cell proliferation. Based on this study and others
tance of elucidating the enzymatic mechanism by cited above, GO-P-P is required for the posttransla-
which the allylic isoprenols are converted to F-P-P and tional modification of geranylgeranylated proteins in-
GG-P-P or previously unidentified isoprenyl interme- volved in the regulation of the cell cycle. Important
diates. This pathway may be a salvage mechanism for future goals will be to establish the mechanistic details
the reutilization of F-OH and GO-OH produced by of how GO-OH is converted to GO-p-P or a novel
turnover of 00-P-P and F-P-P by membrane-bound isoprenyl donor and the precise function of the gera-
pyrophosphatases (Bansal and Vaidya, 1994) and pos- nylgeranylated protein(s) in controlling glial cell cycle
sibly the degradation of isoprenylated proteins. An en- progression. It should also be possible to apply the
zyme activity capable of cleaving thioether bonds in same experimental strategy described here to investi-
F-Cys, reported for pig liver microsomes (Park et al., gate if HMG-CoA reductase inhibitors block glial cell
1994), could be involved in this catabolic process. If differentiation (Volpe and Obert, 1983) as a result of
a similar mechanism exists for trans,trans,cis-GG-OH depleting F-P-P and/or GO-P-P pools, consequently
produced by the turnover of trans,trans,cis-GG-P-P, preventing isoprenylation of a different group of regu-
this stereoisomer would be a unique precursor for the latory proteins required for the induction of the differ-
biosynthesis of dolichyl phosphate (Waechter, 1989; entiation process.
Grunler et al., 1994).

Squalestatin I (Fig. 1) is a selective inhibitor of Acknowledgment: This work was supported by grant
squalene synthase (Baxter et al., 1992; Bergstrom et GM36065 from the National Institutes of Health awarded to
al., 1993; Hasumi et al., 1993; Thelin et al., 1994; Crick C. J. W.
et al., 1995b), the enzyme catalyzing the NADPH-
dependent biosynthesis of squalene from two mole- REFERENCES
cules of F-P-P (Agnew, 1985; Grunler et al., 1994).
The observation that squalestatin 1 blocks the incorpo- Agnew W. S. (1985) Squalene synthetase. Methods Enzvmo/. 110,
ration of labeled F-OH into squalene and sterol in C6 Alberts A. W., Chen J., Kuron G., Hunt V., Huff J., Hoffman C.,
glioma and African green monkey kidney (CV-l ) cells Rothrock J., Lopez M., Joshua H., Harris E., Patcheti A., Mo-
strongly suggests that F-OH and GG-OH are converted naghan R., Currie S., Stapley E., Albers-Schonberg G., Hensens

i. Neuroche,n., Vol. 70, No. 6, /998



2404 D. C. CRICK ET AL.

0., I-lirshfield J., Hoogsteen K., Liesch J., and Springer J. isoprenylation. Biochem. Biophys. Res. Commun. 237, 483—
(1980) Mevinolin: a highly potent competitive inhibitor of hy- 487.
droxymethyl-glutaryl-coenzyme A reductase and a cholesterol- Dunphy P. 1., Kerr J. D., Pennock J. F., Whittle K. 1., and Feeney
lowering agent. Proc. Nail. Acad. Sci. USA 77, 3957—3961. J. (1967) The plurality of long chain isoprenoid (polyprenols)

Allen C. M., Kahn J. R., Sack J., and Verizzo D. (1978) CTP- alcohols from natural sources. Biochim. Biophys. Acta 13, 136—
dependent dolichol phosphorylation by mammalian cell homog- 147.
enates. Biochemistry 17, 5020—5026. Fairbanks K. P., Witte L. D., and Goodman D. 5. (1984) Relation-

Bansal V. and Vaidya S. (1994) Characterization of two distinct ship between mevalonate and mitogenesis in human fibroblasts
allyl pyrophosphatase activities from rat liver microsomes. stimulated with platelet-derived growth factor. J. Biol. Chem.
Arch. Biochem. Biophys. 315, 393—399. 259, 1546—1551.

Baxter A., Fitzgerald B. J., Hutson J. L., McCarthy A. D., Motteram Farnsworth C. C., Seabra M. C., Ericsson L. H., Gelb M. H., and
J. M., Ross B. C., Sapra M., Snowden M. A., Watson N. S., Glomset J. A. (1994) Rab geranylgeranyl transferase catalyzes
Williams R. J., and Wright C. (1992) Squalestatin I, a potent the geranylgeranylation of adjacent cysteines in the small
inhibitor of squalene synthase, which lowers serum cholesterol GTPases RabI A, Rab3A and Rab5A. Proc. Nati. Aead. Sci.
in vivo. J. Biol. Chem. 267, 11705—11708. USA 91, ‘11963—11967.

Bergstrom J. D., Kurtz M. M., Rew D. J., Amend A. M., Karkas Fliesler S. J. and Keller R. K. (t995) Metabolism of [
3H]farnesol

J. D., Bostedor R. G., Bansal V. S., Dufresne C., VanMiddles- to cholesterol and cholesterogenic intermediates in the living
worth F. L., Hensens 0. D., Liesch J. M., Zink D. L., Wilson rat eye. Biochem. Biophys. Res. Commun. 210, 695—702.
K. E., Onishi J., Milligan J. A., Bills G., Kaplan L., Omstead Goldstein J. L. and Brown M. S. (1990) Regulation of the mevalo-
0. M., Jenkins R. G., Huang L., Meinz M. S., Quinn L., Burg nate pathway. Nature 343, 425—430.
R. W., Kong Y. L., Mochales S., Mojena M., Martin I., Pelaez Grunler J., Ericsson J., and Dallner G. (1994) Branch-point reactions
F., Diez M. T., and Alberts A. W. (1993) Zaragozic acids: a in the biosynthesis of cholesterol, dolichol, ubiquinone and pre-
family of fungal metabolites that are picomolar competitive nylated proteins. Biochim. Biophys. Ada 1212, 259—277.
inhibitors of squalene synthase. Proc. Nail. Acad. Sci. USA 90, Habenicht A. J. R., Glomset J. A., and Ross R. (1980) Relation of
80—84. cholesterol and mevalonic acid to the cell cycle in smooth mus-

Bhat N. R. and Volpe J. J. (1984) Relation of cholesterol to cle and Swiss 3T3 cells stimulated to divide by platelet-derived
astrocytic differentiation in C-6 glial cells. J. Neurochem. 42, growth factor. J. Biol. Chem. 255, 5134—5140.
1457—1463. Hancock J. F., Magee A. I., Childs J. E., and Marshall C. (1989)

Bradfute D. L. and Simoni R. D. (1994) Non-sterol compounds that All ras proteins are polyisoprenylated but only some are palmi-
regulate cholesterogenesis. .1. Biol. Chem. 269, 6645—6650. toylated. Cell 57, 1167—1177.

Braun P. E., De Angelis D., Shytbel W. W., and Bernier L. (1991) Hasumi K., Tachikawa K., Sakai K., Murakawa S., Yoshikawa N.,
Isoprenoid modification permits 2 ‘,3 ‘-cyclic nucleotide 3’- Kumizawa S., and Endo A. (1993) Competitive inhibition of
phosphodiesterase to bind to membranes. J. Neurosci. Res. 30, squalene synthetase by squalestatin I. J. Antibiot. (Tokyo) 46,
540—544. 689—691.

Burton W. A., Scher M. G., and Waechter C. J. (1979) Enzymatic Hirai A., Nakamura S., Noguchi Y.. Yasuda T., Kitagawa M., Tat-
phosphorylation of dolichol in central nervous tissue. J. Biol. suno I., Oeda T., Tahara K., Terano T., Narumiya S.. Kohn
Chem. 254, 7129—7136. L. D., and Saito Y. (1997) Geranylgeranylated Rho small

Casey P. J. (1994) Lipid modifications of G proteins. Curr. Opin. GTPase(s) are essential for the degradation of p27 k~pIand facili-
Cell Biol. 6, 2 19—225. tate the progression from G

1 to S phase in growth-stimulated
Chakrabarti R. and Engleman E.G. (1991) Interrelationships be- rat FRTL-5 cells. J. Biol. Chem. 272, 13—16.

tween mevalonate metabolism and the mitogenic signaling path- Huang Z. and Poulter C. D. (1989) Stereochemical studies of boiryo-
way in T lymphocyte proliferation. J. Biol. Chem. 266, 12216— coccene biosynthesis: analogies between I ‘-I and 1 ‘-3 conden-
12222. sations in the isoprenoid pathway. J. Am. Chem. Soc. 111,

Clarke S. (1992) Protein isoprenylation and methylation at carboxyl- 2713—2715.
terminal cystemne residues. Annu. Rev. Biochem. 61, 355—386. Inoue H., Korenaga T., Sagami H., Koyama T., and Ogura K. (1994)

Correll C. C., Ng L., and Edwards P. A. (1994) Identification of Phosphorylation of farnesol by a cell-free system from Botryo-
farnesol as the non-sterol derivative of mevalonic acid required coccus braunii. Biochem. Biophys. Res. Conimun. 200, 1036—
for the accelerated degradation of 3-hydroxy-3-methyl-glutaryl 1041.
coenzyme A reductase. J. Biol. Chem. 269, 17390—17393. Kamiya Y., Sakurai A., Tamura S., Takahashi N., Tsuchiya E., Abe

Corsini A., Mazzotti M., Raiteri M., Soma M. R., Gabbiani G., K., and Fukui 5. (1979) Structure of rhodotorucine A, a peptidyl
Fumagalli R., and Paolettii R. (1993) Relationship between factor, inducing mating tube formation in Rhodosporidium toru-
mevalonate pathway and arterial myocyte proliferation: in vitro bides. Agric. Biol. Chem. 43, 363—369.
studies with inhibitors of HMG-CoAreductase. Atherosclerosis Keyomarsi K., Sandoval L., Band V., and Pardee A. B. (1991)
101, 117—125. Synchronization of tumor and normal cells from GI to multiple

Crick D. C., Waechter C. J., and Andres D. A. (1994) Utilization cell cycles by lovastatin. Cancer Re,s. 51, 3602—3609.
of geranylgeraniol for protein isoprenylation in C6 glial cells. Langan T. J. and Volpe J. J. (1986) Obligatory relationship between
Biochem. Biophys. Res. Commun. 205, 955—961. the sterol biosynthetic pathway and DNA synthesis and cellular

Crick D. C., Andres D. A., and Waechter C. J. (1995a) Farnesol proliferation in glial primary cultures. J. Neurochem. 46, 1283—
is utilized for protein isoprenylation and the biosynthesis of 1291.
cholesterol in mammalian cells. Biochem. Biophys. Res. Com- Langan T. J. and Volpe J. J. (1987) Cell cycle-specific requirement
mun. 211, 590—599. for mevalonate, but not for cholesterol, for DNA synthesis in

Crick D. A., Suders J., Kluthe C. M., Andres D. A., and Waechter glial primary cultures. I. Neurochem. 49, 5 13—521.
C. J. (1995b) Selective inhibition of cholesterol biosynthesis in Leonard S., Beck L., and Sinensky M. (1990) Inhibition of isopren-
brain cells by squalestatin 1. J. Neurochem. 65, 1365—1373. oid biosynthesis and the post-translaiional modification of pro-

Crick D.C., Waechter C. J., and Andres D. A. (1996) Geranylgera- p21 ,a,, J~Biol. Chein. 265, 5157—5160.
niol restores cell proliferation to lovastatin treated C6 glial cells. Macchia M., Janitti N., Gervasi G., and Danesi R. (1996) Geranyl-
SAAS Bull. Biochem. Biotech. 9, 37—42. geranyl diphosphate-based inhibitors of post-translational gera-

Crick D. C., Andres D. A., and Waechter C. J. (1997a) Geranylgera- nylgeranylation of cellular proteins. J. Med. Chem. 39, 1352—
niol promotes entry of UT-2 cells into the cell cycle in the 1356.
absence of mevalonate. Exp. Cell Res. 231, 302—307. Maltese W. A. (1990) Posttranslational modification of proteins by

Crick D. C., Andres D. A., and Waechter C. J. (1997b) Novel sal- isoprenoids in mammalian cells. FASEB J. 4, 3319—3328.
vage pathway utilizing farnesol and geranylgeraniol for protein Maltese W. A. and Sheridan K. M. (1985) Differentiation of neuro-

J. Neurochem., Vol. 70, No. 6, 1998



PROTEIN GERANYLGERANYLATION AND CELL PROLIFERATION 2405

blastoma cells induced by an inhibitor of mevalonate synthesis: its metabolites on the morphology of Swiss 3T3 cells. J. Cell
relation of neurite outgrowth and acetylcholinesterase activity Blob. 95, 144—153.
to changes in cell proliferation and blocked isoprenoid synthe- Schmidt R. A., Schneider C. J., and Glomset J. A. (1984) Evidence
sis. J. Cell. Physiol. 125, 540—558. for post-translational incorporation of a product of mevalonic

Maltese W. A. and Sheridan K. M. (1987) Isoprenylated proteins in acid into Swiss 3T3 cell proteins. J. Biol. Chem. 259, 10175—
cultured cells: subcellular distribution and changes related to 10180.
altered morphology and growth arrest induced by mevalonate Seabra M. C., Goldstein J. L., SudhofT. C., and Brown M. S. (1992)
deprivation. .1. Cell. Physiol. 133, 471 —481. Rab geranylgeranyl transferase: a multisubunit enzyme that pre-

McGuire T. F. and Sebti S. M. (1997) Geranylgeraniol potentiates nylates GTP-binding proteins terminating in Cys-X-Cys or Cys-
lovastatin inhibition of oncogenic H-ras processing and signal- Cys. J. Blob. Chem. 267, 14497—14503.Sepp-Lorenzino L., Rao S., and Coleman P. 5. (1991) Cell-cycle-
ing while preventing cytotoxicity. Oncogene 14, 305—312. dependent, differential prenylation of proteins. Eur. J. Biochem.

McGuire T. F., Qian Y., Vogt A., Hamilton A. D., and Sebti S. 200, 579—590.
(1996) Platelet-derived growth factor receptor tyrosine phos- Sepp-Lorenzino L., Coleman P. S., and Larocca J. N. (1994) tso-
phorylation requires protein geranylgeranylation but not fame- prenylated proteins in myelin. .1. Neurochem. 62, 1539—1545.
sylation. J. Biob. Chem. 271, 2740227407. Sinensky M. and Logel J. (1985) Defective macromolecule biosyn-

Miegs T. E. and Simoni R. D. (1997) Farnesol as a regulator of thesis and cell-cycle progression in a mammalian cell starved
HMG-CoA reductase degradation: characterization and role of for mevalonate. Proc. Nail. Acad. Sci. USA 82, 3257—3261.
farnesyl pyrophosphatase. Arch. Biochem. Biophys. 345, 1—9. Sumbilla C. and Waechter C. J. (1985) Dolichol kinase, phospha-

Miegs T. E., Roseman D. S., and Simoni R. D. (1996) Regulation of tase, and esterase activity in calf brain. Methods Enzymol. 111,
3-hydroxy-3-methylglutaryl-coenzyme A reductase degradation 471—482.
by the nonsterol mevalonate metabolite famesol in vivo. J. Blob. Symons M. (1996) Rho family GTPases: the cytoskeleton and be-
Chem. 271, 7916—7922. yond. Trends Blob. Sd. 21, 178—181.

Mosley S. T., Brown M. S., Anderson R. G. W., and Goldstein .i. L. Thelin A., Peterson E., Hutson J. L., McCarthy A. D., Ericcson J.,
(1983) Mutant clone of Chinese hamster ovary cells lacking 3 and Dallner G. (1994) Effect of squalestatin I on the biosynthe-
hydroxy-3-methylglutaryl coenzyme A reductase. J. Blob. sis of the mevalonate pathway lipids. Biochim. Biophys. Acta
Chem. 258, 13875—13881. 1215, 245—249.

ViganoT., Hernandez A., Corsini A., Granata A., Belloni P., Fuma-
Ohizumi H., Masuda Y., Nakajo S., Sakai I., Ohsawa S., and Nakaya galli R., Paoletti R., and Folco G. (1995) Mevalonate pathway

K. (1995) Geranylgeraniol is a potent inducer of apoptosis in
tumor cells. J. Biochem. (Tokyo) 117, ll.l3. and isoprenoids regulate human bronchial myocyte prolifera-

tion. Eur. J. Pharmacol. 291, 201—203.
Ohnuma S-I., Watanabe M., and Nishino T. (1996) Identification Vogt A., Qian Y., McGuire T. F., Hamilton A. D., and Sebti S. M.

and characterization of geranylgeraniol kinase and geranylgera- (1996) Protein geranylgeranylation, not farnesylation, is me-
nyl phosphate kinase from the archebacterium Sulfolobus acido- quired for the GI to S phase transition in mouse fibroblasts.
caldarius. J. Biochem. (Tokyo) 119, 541547. Oncogene 13, 1991—1999.

Olson M. F., Ashworth A., and Hall A. (1995) An essential role for Volpe J. J. and Obert K. A. (1983) Relation of cholesterol to oligo-
Rho, Rac, Cdc42 GTPases in cell cycle progression through dendroglial differentiation in C-6 glial cells. J. Neurochem. 40,
G

1. Science 269, 1270—1272. 530—537.
Park S. B., Howald W. N., and Cashman J. R. (1994) S-oxidative Volpe J. J., Goldberg R. I., and Bhat N. R. (1985) Cholesterol bio-

cleavage of farnesylcysteine and farnesyl cysteine methyl ester synthesis and its regulation in dissociated cell cultures of fetal
by the flavin-containing monooxygenase. Chem. Res. Toxicol. rat brain: developmental changes and the role of 3-hydroxy-3-
7, 191—198. methylglutaryl coenzyme reductase. J. Neurochem. 45, 536—

Quesney-Huneeus V., Wiley M. H., and Siperstein M. D. (1979)
Waechter C. J. (1989) Biosynthesis of glycoproteins, in Neurobiol-Essential role for mevalonate synthesis in DNA replication.

Proc. Nat!. Acad. Sci. USA 76, 5056—5060. ogy of Glycoconjugates (Margolis R. U. and Margolis R. K.,
eds), pp. 127—149. Plenum Press, New York.Quesney-Huneeus V., Galick H. A., Siperstein M. D., Erickson Westfall D., Aboushadi N., Shackelford J. E., and Krisans S. K.

S. K., Spencer T. A., and Nelson J. A. (1983) The dual role of (1997) Metabolism of famnesol: phosphorylation of farnesol
mevalonate in the cell cycle. J. Blob. Chem. 258, 378385. by rat liver microsomal and peroxisomal fractions. Biochem.

Schafer W. R. and Rine J. (1992) Protein prenylation: genes, en- Biophys. Res. Commun. 230, 562—568.
zymes, targets, and functions. Annu. Rev. Genet. 30, 209—237. Zhang F. L. and Casey P. J. (1996) Protein prenylation: molecular

Schmidt R. A., Glomset J. A., Wight T. N., Habenicht A. J. R., and mechanisms and functional consequences. Annu. Rev. Biochem.
Ross R. (1982) A study of the influence of mevalonic acid and 65, 241—269.

J. Neurochem., Vol. 70, No. 6, 1998


