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Abstract Farnesyl diphosphate synthase (FPPS: EC2.5.1.10),
a key enzyme in isoprenoid metabolic pathways, catalyzes the
synthesis of farnesyl diphosphate (FPP) an intermediate in
the biosynthesis of both sterol and non-sterol isoprenoid end
products. The localization of FPPS to peroxisomes has been
reported (Krisans, S. K., J. Ericsson, P. A. Edwards, and G. A.
Keller. 1994. J. Biol. Chem. 269: 14165-14169). Using indirect
immunofluorescence and immunoelectron microscopic tech-
niques we show here that FPPS is localized predominantly in
the peroxisomes of rat hepatoma H35 cells. However, the par-
tial release of 60—-70% of cellular FPPS activity is observed by
selective permeabilization of these cells with digitonin. Under
these conditions, lactate dehydrogenase, a cytosolic enzyme,
is completely released whereas catalase, a known peroxisomal
enzyme, is fully retained. Digitonin treatment of H35 cells dif-
ferentially affects the release of other peroxisomal enzymes
involved in isoprenoid metabolism. For instance, mevalonate
kinase and phosphomevalonate kinase are almost totally re-
leased (95% and 91%, respectively), whereas 3-hydroxy-3-
methylglutaryl-CoA reductase is fully retained. Indirect immu-
noflourescence studies indicate that FPPS is localized in
peroxisomes of Chinese hamster ovary (CHO)-K1 cells but is
dispersed in the cytosol of ZR-82 cells, a mutant that lacks per-
oxisomes. Unlike in H35 cells, FPPS is completely released
upon digitonin permeabilization of CHO-K1 and ZR-82 cells.
In contrast, under the same permeabilization conditions, cata-
lase is fully retained in CHO-K1 cells but completely released
from ZR-82 cells.B These studies indicate that FPPS and
other enzymes in the isoprenoid biosynthetic pathways, in-
volved in the formation of FPP, are differentially associated
with peroxisomes and may easily diffuse to the cytosol. Based
on these observations, the significance and a possible regula-
tory model in the formation of isoprenoid end-products are
discussed.—Gupta, S. D., R. S. Mehan, T. R. Tansey, H-T.
Chen, G. Goping, I. Goldberg, and I. Shechter. Differential
binding of proteins to peroxisomes in rat hepatoma cells:
unique association of enzymes involved in isoprenoid metabo-
lism. J. Lipid Res. 1999. 40: 1572-1584.
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Biosynthetic pathways utilizing isoprene units produce
an extraordinarily diverse number of metabolites in addi-
tion to cholesterol. The enzymes that produce cholesterol
and other isoprenoids are distributed in different subcel-
lular compartments (1). The conversion of acetyl-CoA to
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) occurs in the
cytosol. The further conversion of HMG-CoA to meva-
lonate catalyzed by HMG-CoA reductase occurs not only
in the endoplasmic reticulum (ER) but also in the matrix
of the peroxisomes (2, 3). Recent studies by Engfelt et al.
(4) identified two HMG-CoA reductase proteins in Chi-
nese hamster ovary (CHO) cells, a 97 kDa species local-
ized in the ER and a 90 kDa isozyme in peroxisomes (4).
Studies by several investigators have shown that the enzymes
mevalonate kinase (5, 6), phosphomevalonate kinase (7),
diphosphomevalonate decarboxylase (7), and isopentenyl
diphosphate dimethylallyl diphosphate (IPP) isomerase
(8) which produce intermediates for the synthesis of far-
nesyl diphosphate (FPP), and FPP synthase (FPPS) (9),
are localized in peroxisomes (1). Based on these findings
it was proposed that the conversion of mevalonate to FPP
may occur exclusively in peroxisomes (5-9).

It was demonstrated that squalene synthase is localized
exclusively in the ER and thus, the conversion of FPP to
squalene occurs there (10). Studies by S. Krisans (1) on
the conversion of squalene and dihydrolanosterol to cho-
lesterol indicated that the conversion of squalene to choles-
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terol occurs only in the ER. Peroxisomes do not appear to
contain squalene epoxidase and oxidosqualene cyclase,
the enzymes required for the conversion of squalene to
lanosterol (1, 11). The presence of four enzyme activities
that are involved in later steps of cholesterol production
(dihydrolansterol oxidase, steroid-14-reductase, steroid-3-
ketoreductase, and steroid-8-isomerase) in peroxisomes
(11), supports a role for this organelle in the conversion
of lanosterol to cholesterol.

FPP is an intermediate in the branch point of the iso-
prenoid biosynthetic pathway. It can be incorporated into
either sterol or nonsterol end products: squalene, doli-
chols, coenzyme Q, the isoprenoid moiety of Heme A, and
the (poly)isoprene moieties of prenylated G proteins (12).
Thus, FPP is involved in both cellular growth and signal-
ing (12, 13). The regulation of FPP formation and its further
conversion to sterols has been extensively investigated
(14-21). The significance of the subcellular localization
of the enzymes involved in the biosynthesis and utilization
of FPP is not well understood. As the liver is the major site
of cholesterol production and has the highest number of
peroxisomes (22), most of the biochemical studies on FPP
biosynthesis have utilized rodent hepatic tissue or cul-
tured cells.

The association of FPPS with peroxisomes may indicate
that this organelle plays a central role in the regulation of
growth and signaling. A group of human diseases related
to inborn errors of metabolism such as Zellweger syn-
drome, neonatal adrenoleucodystrophy, and infantile Ref-
sum syndrome are characterized by biochemical dysfunc-
tion and morphological abnormalities of peroxisomes
(23). Cells isolated from Zellweger syndrome patients
(24), as well as certain cultured cell models, are peroxi-
some-deficient, lacking a functional peroxisome assembly
factor (PAF)-1 (25-29). The lack of peroxisomes in these
cells correlates with lower amounts of peroxisomal matrix
enzymes which results in the absence or reduced activity
of independent peroxisomal pathways such as plasmolo-
gen biosynthesis, degradation of very long chain fatty
acids, accumulation of bile acid intermediates, and low
plasma cholesterol levels in these patients (23, 30). These
cases underscore the important role of this subcellular
compartment (23). For the study of peroxisomal deficien-
cies, several CHO-K1 cell lines with point mutations in
PAF-1 have been isolated. Two of these lines (ZR-78 and
ZR-82) lack normal peroxisomal functions and were
shown to have the peroxisomal enzyme catalase dispersed
in the cytosol (25, 29). In our present studies, we also uti-
lized the ZR-82 line to assess the association of enzymes
involved in the production of FPP with peroxisomes.
Aboushadi and Krisans (31) have proposed that FPP is
synthesized in the peroxisomes and then transported to
other cellular compartments for further processing. Based
on this and our earlier observations that squalene is pro-
duced in the ER (10), it is not clear how FPP is trans-
ported out of the peroxisomes to the ER for cholesterol
production. To better understand the relationship between
regulatory function and subcellular localization of en-
zymes involved in the cholesterol biosynthetic pathway,

studies were undertaken to characterize the association of
FPPS with peroxisomes. Both normal and peroxisome-
deficient cell lines were used for these studies. Here, we
report the results of immunological and biochemical stud-
ies that show unique characteristics of the association of
several enzymes of FPP biosynthesis with peroxisomes.

MATERIALS AND METHODS

Materials

[4-1C]isopentenyl diphosphate (IPP) (54.1 mCi/mmol) was
purchased from DuPont NEN, and unlabeled IPP and geranyl
diphosphate (GPP) were from Sigma. RS-[5H]mevalonic acid
(60 Ci/mmol) and R-[5-3H]mevalonic acid monophosphate (60
Ci/mmol) were from ARC. Protease inhibitor cocktail tablets
(Complete™) were purchased from Boehringer Mannheim. BCA
protein assay reagents were from Pierce Chemical Co. Cell culture
media were purchased from Life Technologies, Inc. Sheep anti-
human catalase antibody was purchased from Accurate Chemical
& Scientific Corporation (Westbury, NY). Fluorescein-conjugated
donkey anti-rabbit 1gG (H + L) antibody, rhodamine-conjugated
donkey anti-sheep 1gG (H + L) antibody, and normal donkey se-
rum were purchased from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA). Goat anti-rabbit 15 nm gold-conjugated 1gG
(H + L), was purchased from Ted Pella, Inc. (Redding, CA). All
other chemicals were from Sigma Chemical Co.

Cell culture and growth

The rat hepatoma H35 cells were maintained at 37°C in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum, glutamine (0.292 mg/ml), penicil-
lin (100 units/ml), streptomycin (100 wg/ml), and sodium pyru-
vate (1 mm). Wild-type CHO-K1 and the mutant ZR-82 cells were
kindly provided by Dr. R. Thieringer (Merck Research Laborato-
ries, Rahway, NJ) and were maintained at 37°C in Ham’s F-12
growth medium containing 10% (v/v) fetal bovine serum, sup-
plemented with glutamine (1.2 mm), penicillin (60 wg/ml),
streptomycin (60 wg/ml), and insulin (0.51 wg/ml) (26). For
HMG-CoA reductase assays, 24 h prior to permeabilization, H35
cells were transferred to the complete DMEM media supple-
mented with 10% lipid-depleted serum (LDS).

Enzyme assays

FPPS assay. FPPS was assayed as described previously (9) with
some modifications. Reactions were carried out in 25 mm
HEPES, pH 7.0, containing 2 mm MgCl,, 1 mm DTT, 5 mm KF, 1%
n-octyl B-glycopyranoside, 3.3 um [4-1*C]IPP (18 Ci/mmol),
and 18 pM GPP in a final volume of 150 pl. Reactions were
started by the addition of 100 wg of cell lysate protein and incu-
bated for 45 min at37°C. The reactions were stopped by the addi-
tion of 150 pl 2.5 N HCI in 80% ethanol containing 100 pwg/mi
farnesol as a carrier. The samples were hydrolyzed for 30 min at
37°C to convert the FPP to farnesol and neutralized by the addi-
tion of 150 pl of 10% NaOH. The reaction product (farnesol)
was extracted into 1 ml of n-hexane, and 200 pl of the organic
phase was used for radioactivity counting. One unit of enzyme ac-
tivity is defined as the amount of enzyme required to synthesize
one pmole of FPP per min.

Mevalonate kinase assay. Mevalonate kinase was assayed as de-
scribed (5, 6) with some modifications. The reaction buffer con-
sisted of 100 mm phosphate buffer (pH 7.4), 15 mm ATP, 4 mm
MgCl,, 1 mm EDTA, 1 mm dithiothreitol, 13 mm CHAPS, and cell
lysates in a final volume 400 wl. RS-[5-3H]mevalonic acid (565
nmol) was added at a specific activity of 7858 dpm/nmol and
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incubated at 37°C for 40 min. Reactions were terminated by boil-
ing samples for 10 min. The reaction mixtures were loaded on
AG 1-X8 formate (200-400 mesh) columns (2 ml). Columns
were washed with 25 ml water, 50 ml 2 N formic acid (to elute un-
reacted substrate), and then 50 ml 4 N formic acid to elute the
mevalonate-5-phosphate product. Three-ml fractions of effluent
were collected and counted for radioactivity. One unit of enzyme
activity is defined as the amount of enzyme required to synthesize
1 nmole of mevalonate-5-phosphate per min.

Phosphomevalonate kinase assay. The reaction conditions were
the same as for mevalonate kinase except that instead of meva-
lonic acid, R-[5-H]mevalonic acid phosphate (17.52 nmol)
was added at a specific activity of 1.267 X 10* dpm/nmol. The an-
ion exchange columns were washed with 25 ml water, 50 ml of 4
N formic acid (to elute the substrate) and 50 ml of 0.8 m ammo-
nium formate in 4 N formic acid to elute the diphosphorylated
product (5, 9). One unit of enzyme activity is defined as the
amount of enzyme required to synthesize one nmole of meva-
lonate diphosphate per min.

HMG-CoA reductase assay. HMG-CoA reductase was assayed es-
sentially according to previous procedures (2, 32, 33). The sam-
ples were preincubated for 30 min at37°C before the addition of
substrate to ensure the inactivation of HMG-CoA lyase activity
(2). The incubation mixture consisted of 15-60 g of protein, 57
mm CHAPS, and reaction buffer (50 mm potassium phosphate,
pH 7.4, 30 mm EDTA, 125 mm NaCl, and 10 mm DTT) in 130 pl
final volume. The reaction was started by adding 20 wl substrate
mixture containing 352 um [**C]JHMG-CoA and 2.7 mm NADPH
(final concentration) and 60,000 dpm of [BH]mevalonate. The
samples were incubated at 37°C for 30 min and the reaction was
stopped by the addition of 20 wl of 125 mm mevalonic acid lac-
tone in 6 N HCI. The samples were centrifuged and 100 p.l of the
protein-free samples was spotted on TLC plates and developed in
benzene-acetone 1:1 (v/v) (32). The areas corresponding to
mevalonate lactone were scraped off, the radioactive counts were
measured, and the values were corrected for mevalonic acid re-
covery as described (32). One unit of enzyme activity is defined
as the amount of enzyme required to synthesize one pmole of
mevalonate lactone per min.

Lactate dehydrogenase assay. Lactate dehydrogenase was assayed
according to a Sigma protocol, and catalase was assayed accord-
ing to Baudhuim et al. (34) except that BSA was omitted from
the assay buffer and the reaction was carried out at25°C. Enzyme
activities are expressed as standard units (wmol/min). Protein
concentration was determined by the BCA method (Pierce
Chemical Co.) using BSA as a standard.

Permeabilization of cells

Cells were permeabilized with digitonin essentially as de-
scribed (7, 35) with Complete protease inhibitor cocktail in all
the solutions. For time-course experiments, H35 cells were
seeded at a density of 3 X 106 on 150-mm plates and grown to
70-80% confluency in complete Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. Under these condi-
tions there were approximately 1.5 X 107 cells per plate. On the
day of the experiment, the media was removed and the plates
were then washed twice with 10 ml of ice-cold KH buffer (50 mm
HEPES, 110 mm potassium acetate, pH 7.2). The plates were
transferred to ice and the cells were incubated in 20 ml KHM
buffer (20 mm HEPES, 110 mm potassium acetate, 2 mm magne-
sium acetate, pH 7.2) containing 40 p.g/ml digitonin (Fluka Bio-
chemica), with a gentle shaking. At different time intervals, 1.5
ml digitonin solution was withdrawn and kept on ice. At the last
time point, the entire digitonin solution was withdrawn and the
cells were washed twice with 10 ml of ice-cold KH buffer contain-
ing protease inhibitors. These washes were combined and saved
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for enzyme assays. Under this procedure, the cells remain at-
tached to the plates. After digitonin treatment and washings, 5
ml of PBS containing protease inhibitors was added to each plate
and the cells were scraped off. This procedure was repeated and
the cells were then collected by centrifugation for 10 min at 1000
rpm, suspended in 0.5 ml of the same solution, and sonicated
three times for 15 sec. After centrifugation for 5 min at 14,000
rpm, the supernatant solutions (cell lysates) and the digitonin ex-
tracts (cell washes) were used for protein estimation and enzyme
assays. Cells on control plates were treated with KHM buffer with-
out digitonin and processed exactly the same way as the digitonin-
treated cells. The amount of protein or enzyme activities retained
in the cells from control plates was taken as 100%. In other perme-
abilization experiments, cells were treated exactly as mentioned
above, except that they were incubated with buffer containing
digitonin for the indicated time period and the washed cells were
scraped in 0.5 ml of PBS containing protease inhibitors, lysed by
sonicating twice for 10 sec, and directly assayed.

Generation of anti-FPP synthetase antibody

The peptide PQGQVDLGRYTEKRC, representing amino acids
179-192 of rat liver FPPS (36) with an additional C-terminal cys-
teine, used to conjugate the peptide to keyhole limpet hemocya-
nin (KLH), was synthesized by Biosynthesis, Lewisville, TX. Rabbit
anti FPPS antiserum was prepared by the Pocono Rabbit Farm, Ca-
nadensis, PA, using standard immunization protocol. To confirm
that the antiserum used in the present study detected FPPS, the
enzyme was expressed in bacteria using an expression vector con-
taining rat FPPS cDNA (provided by Dr. Peter Edwards, Dept. of
Biological Chemistry, UCLA). The antiserum reacted with a single
band of ~41 kDa on Western blots of lysates prepared from bacte-
ria harboring the expression vector (see Fig. 5); no reaction was
seen in lysates lacking the FPPS cDNA insert (data not shown).
Western blots of lysates from H35 cells treated for 20 h with 10 ng/
ml lovastatin to induce FPPS showed increased immumoreactivity
in a band of ~41 kDa versus control cells (data not shown).

Western blot analyses

Thirty—100 wg of protein from each sample was electrophore-
sed on a 10% SDS-polyacrylamide gel (37) and transferred onto
nitrocellulose membranes. Membranes were blocked in PBST
(PBS containing 0.05% Tween 20) with 5% fat-free milk, and incu-
bated with rabbit anti-rat FPPS antibody (1:3000 dilution) in PBST
containing 1% BSA. The washed membranes were treated with
goat peroxidase-labeled anti-rabbit antibody at a 1:5000 dilution.
The blots were developed with the ECL reagents from Amersham.

Double labeled indirect immunofluorescence microscopy

Cells were plated on coverslips. After 24-h growth at37°C, the
growth medium was removed and cells were washed twice with
PBS. For immunofluorescent labeling of the permeabilized cells,
the cells on coverslips were first treated with digitonin buffer as
mentioned above. The cells were then fixed with 4% (w/v) for-
maldehyde at room temperature for 20 min, treated with 0.2% Tri-
ton X-100 in PBS containing 1% BSA for 10 min, and incubated
in 1% glycine in PBS solution for 10 min. Treated cells were incu-
bated with protein-A agarose-purified anti-FPPS antibody (at a
final dilution of 1:8000 in PBS containing 5% normal donkey se-
rum) at room temperature for 60 min, washed 3 X 10 min and
1 X 15 min with PBST, and then incubated for 60 min with sheep
anti-human catalase antibody (diluted 1:500). Cells on coverslips
were washed as described above and then incubated with fluores-
cein-conjugated affinity-purified donkey anti-rabbit 1gG (H+L)
antibody (diluted 1:200) for 60 min followed by washings with
PBST. The cells were then incubated for 60 min with rhodamine-
conjugated donkey anti-sheep 1gG (H + L) antibody at a final di-
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lution of 1:200. After washing with PBST, the coverslips were
mounted on microscope slides with Mowiol 4-88. Fluorescence
microscopy was performed using a Bio-Rad Confocal Imaging
System, MRC 600, equipped with a Zeiss Axiovert 35 microscope
and a motorized Z drive. For quantitative measurements of im-
munofluorescence, images were taken at different focal planes,
0.5 microns apart. Fluorescein fluorescence (FPPS) was moni-
tored using a 488 nm bandpass filter and rhodamine (catalase)
was detected at 514 nm. Immunofluroscence is represented by
pseudocolors generated by the computer using Superdraw and
TIFFANY software.

Immunoelectron microscopy

Normal and permeabilized H35 liver cells were scraped into
PBS containing protease inhibitors and collected by centrifuga-
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tion at 1000 rpm for 5 min. The cells were fixed in 0.1 m Na-
cacodylate buffer (pH 7.4) containing 2% sucrose, 4% parafor
maldehyde, and 0.1% glutaraldehyde for 45 min at room temper-
ature. After fixation, pellets were washed three times in 0.1 m
Na-cacodylate buffer. Post-fixation with osmium tetroxide was
avoided. The samples were dehydrated with a series of increased
alcohol concentrations with 70% as the highest concentration,
embedded in LR White, and polymerized under vacuum at40°C
as described previously (38). Ultrathin sections were cut with a
Diatome knife on a Reichert ultra microtome at 90 nm thickness
and collected on copper and nickel grids.

Immunolabeling of ultrathin sections on nickel grids was per
formed as described previously (38). The first antibody was poly-
clonal rabbit anti-FPPS antibody used at a dilution of 1:500.
Secondary antibody used was gold (mean diameter = 15 nm)-
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Fig. 1. Co-localization of FPPS and catalase in peroxisomes of
H35 cells by double-labeled indirect immunofluorescence. H35
cells, grown on coverslips, were fixed and immuno-labeled as de-
scribed in Materials and Methods. The primary antibodies that
were used are rabbit anti-rat FPPS antibody (panel A) and sheep
anti-human catalase (panel B). Fluorescein-labeled donkey anti-
rabbit 1IgG and rhodamine-labeled donkey anti-sheep 1gG were
used for the differential fluorescence visualization of FPPS and
catalase, respectively. The immunofluorescence pattern for FPPS
is shown superimposed on that of catalase in all cells (panel C).
The fluorescence patterns shown are superimposed on normal
phase contrast microscopic images of the cells.
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conjugated goat anti-rabbit 1gG used at a dilution of 1:50. Cell
sections were stained in an LKB ultra stainer (Leica, Inc., Deer
field, IL) for 20 min with uranyl acetate and 2 min with lead cit-
rate. Sections were examined and photographed using a Phillips
transmission electron microscope.

RESULTS

Localization of FPPS in H35 cell peroxisomes
by indirect immunofluorescence microscopy

Indirect immunofluorescence microscopy studies by
Krisans et al. (9) have shown that FPPS is localized in the
peroxisomes of a variety of cells. However, subcellular
fractionation studies found much of the activity in the cy-
tosol. To substantiate the peroxisomal localization of FPPS
in H35 cells, we have used subcellular fractionation and
double immunofluorescence labeling. Preliminary studies
involving subcellular fractionation of these cells resulted
in the release of the majority of the FPPS activity into the
cytosolic supernatant (data not shown) similar to the re-
sults shown by Krisans et al. (9). Double immunofluores-
cent labeling of cells with both anti-FPPS antibody (Fig.
1A) and anti-catalase antibody (Fig. 1B) yields a punctate
immunofluorescence pattern for both enzymes typical of
peroxisomal proteins (39). The immunofluorescence pat-
tern of FPPS superimposes the pattern of catalase, a
known peroxisomal enzyme (Fig. 1C) supporting the
colocalization of the two enzymes in peroxisomes.

120

Time course release of FPPS from H35 cells
during digitonin permeabilization

The observed FPPS colocalization with catalase as deter-
mined by indirect immunofluorescence contradicts the
subcellular fractionation data showing the release of the
majority of FPPS activity with the cytosol. Digitonin treat-
ment of cells has been reported to reversibly permeabilize
the plasma membrane while leaving subcellular or-
ganelles intact (35, 40). Therefore, we have used digito-
nin permeabilization of H35 cells to further characterize
the subcellular localization of FPPS. The time course
release of the cellular enzymes, lactate dehydrogenase
(LDH), a cytosolic marker, catalase, a peroxisomal marker,
and FPPS as well as cellular protein is shown in Fig. 2.
Most of the release of proteins from the permeabilized
cells occurs within 6 min and is complete after 14 min of
treatment. At this time, all of the activity of LDH and
about 57% of the cellular protein are released. However,
catalase activity is fully retained in the permeabilized cells
indicating that the peroxisomes remained intact. Interest-
ingly, 67% of the FPPS activity released plateaued after
6 min incubation time, and only 33% is retained after
14 min permeabilization treatment. The digitonin-free
buffer washes of the non-permeabilized control cells con-
tained only 3% of the FPPS activity present in these cells.
Based on these kinetic studies, we chose a 9 min perme-
abilization period where cellular protein loss plateaus

(Fig. 2).

10083

Catalase

80

60

40

20

Remaining protein or enzyme (%)

Protein

FPPS

Time (min)

Fig. 2. Time course release of protein and enzymes from H35 cells during digitonin permeabilization. H35
cells, grown on 150 mm plates, were washed with ice-cold PBS, and permeabilized with buffer containing 40
wrg/ml digitonin as described in Materials and Methods. At different incubation times, incubation buffer
samples were collected and analyzed for protein and enzymatic activities of lactate dehydrogenase (LDH),
catalase, and FPPS as described in Materials and Methods. Cells on control plates were treated with buffer
without digitonin and samples were processed similarly. After 14 min, the incubation buffers were removed,
cell extracts were prepared, and enzyme activities and protein were determined. The amount of protein or
enzyme activities retained in cells from control plates is defined as 100%. The values are expressed as the
percentage of total protein or enzyme activities remaining in the cells after permeabilization.
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Fig. 3. Indirect immunofluorescent microscopy of FPPS and catalase in normal and permeabilized H35 cells. The cells grown on cover
slips were permeabilized for 9 min and immuno-labeled for FPPS (part A) and catalase (part B) as described in Material and Methods.
Immunofluorescent images were taken at different focal planes, 0.5 microns apart using a motorized stage. Selected frames are shown to
demonstrate that normal (non-permeabilized) H35 cells contain both FPPS (A2) and catalase (B2). However, permeabilized cells, which are
shown to contain enhanced fluorescence of catalase (B4), are devoid of most of the FPPS and only residual immunofluorescence can be de-
tected (A4). Adjacent to each fluorescent image is the normal phase contrast microscopic images of the cells. The permeabilized cells (bot-
tom) are flat and exhibit minimal phase contrast in comparison to normal cells (top).

Effect of permeabilization of H35 cells
on the localization of FPPS

Figure 3 demonstrates the effect of permeabilization on
the localization of both FPPS and catalase. As shown, both
FPPS (Fig. 3A2) and catalase (Fig. 3B2) are present in in-
tact cells. However, after permeabilization, most of the
FPPS immunofluorescence disappears and only a faint re-
maining signal can be observed (Fig. 3A4), whereas cata-
lase is retained and its immunofluorescence appears to be
more concentrated (Fig. 3B4). Extensions of the perme-
abilization period or repeated cycles of permeabilization
did not cause further decrease in the remaining fluores-
cence of either FPPS or catalase (data not shown). The ef-
fect of permeabilization on the localization of FPPS in
H35 cells was also studied by indirect gold immunolabel-
ing (38). Specific immunolabeling of FPPS was detected
in the matrix of the peroxisomes in intact cells (Fig. 4A).
Immuno-gold labeling was also observed in permeabilized
cells but the number of particles was considerably lower
than that observed in normal cells (Fig. 4B). Thus, these
results also clearly indicated that FPPS is localized in per-
oxisomes, and a significant amount is released on perme-

abilization. The release of FPPS under these conditions
was also demonstrated by Western blot analyses of fractions
obtained from permeabilized cells (Fig. 5). As shown,
non-permeabilized cells retained most of the FPPS pro-
tein whereas FPPS protein from permeabilized cells is ob-
served mostly in the digitonin wash buffer (Fig. 5).

Selective release of HMG-CoA reductase, mevalonate
kinase, and phosphomevalonate kinase from
permeabilized H35 cells

Three additional enzymes, HMG-CoA reductase, meva-
lonate kinase, and phosphomevalonate kinase, involved in
the early steps of the isoprenoid metabolic pathway were
reported to be localized in peroxisomes (7). Therefore,
we have examined the effect of digitonin permeabiliza-
tion of H35 cells on these three enzymes. For these stud-
ies, we have used a 9-min permeabilization period at which
cellular protein release plateaus (Fig. 2). The release of
these three enzymes after permeabilization was compared
to LDH and catalase which are shown in Table 1. Control
cells treated with buffer lacking digitonin showed release
of 8% and 16% of total cellular protein and LDH activity,
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Fig. 4. Electron micrographs of normal and permeabilized rat Liver H35 cells. Cells were permeabilized with digitonin for 6 min as de-
scribed in Materials and Methods, and fixed in 4% paraformaldehyde and 0.1% glutaraldehyde, without osmium tetroxide postfixation. Cell
pellets were embedded in LR White. Sections were immunolabeled for FPPS using rabbit anti-rat antibody as the primary antibody, followed
by gold-conjugated goat anti-rabbit 1IgG (15 nm gold particles). Sections were examined and photographed using a Phillips Transmission
Electron Microscope. Most of the gold-labeled particles are localized in peroxisomes in normal cells (A). On permeabilization, the amount
of gold labeling is decreased in peroxisomes (B). In control specimens, prepared as in “A” except that instead of primary antibody only BSA
was used, gold labeling could not be observed (not shown). Nu, nucleus; M, mitochondria; P, peroxisomes; bar = 500 nm.
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Fig. 5. Western blot analysis of FPPS in normal and permeabi-
lized H35 cells. H35 cells were permeabilized with digitonin or in-
cubated with buffer without digitonin for 9 min, and cell lysates
were prepared as described in Materials and Methods. Samples,
each containing 30 wg protein (except that of the permeabilized
cell lysate where 100 p.g protein was used for better visualization)
were applied onto the gel. Samples were separated by SDS PAGE,
transferred to nitrocellulose membranes, and incubated with rabbit
anti-rat FPPS 1gG. The second antibody used for visualization was
peroxidase-conjugated goat anti-rabbit. Most FPPS protein is re-
tained in normal cells, whereas, substantial release is observed in
permeabilized cells. NP, non-permeabilized cells; P, permeabilized
cells; W, wash buffer; L, cell lysate; rFPPS, recombinant rat FPPS ex-
pressed in E. coli.

respectively. Total cellular protein and LDH activity released
after digitonin treatment were 58% and 93%, respectively.
Catalase activity is not released from the permeabilized
cells and is retained in amounts equal to that of the nor-
mal cells. HMG-CoA reductase, known to be localized to
the ER and peroxisomes (2-4), is fully retained, and similar
to catalase, its activity is not released into the permeabili-
zation buffer.

We have consistently observed that the total FPPS activ-
ity recovered from digitonin-treated cells is 40-50%
higher than the activity recovered from normal cells. Di-
rect addition of digitonin to the fractions of cell wash or
cell lysate from non-permeabilized cells failed to further
activate the enzyme (data not shown), indicating that the
increase in FPPS activity is not a direct effect of the pres-
ence of digitonin on the enzyme in the extracts. Approxi-
mately 50% digitonin-induced increased recovery of total
FPPS activity can be calculated from the data presented in
Table 1. Whatever the explanation, here again, the major-
ity of the FPPS activity is released from permeabilized

cells, and only about 40% of the total activity is retained.
Both mevalonate kinase and phosphomevalonate kinase
are not retained after permeabilization with digitonin and
the amount of each activity released was 95% and 91%,
respectively. The data show that the examined peroxiso-
mal enzymes display markedly different association with
this organelle.

Localization of FPPS in the non-hepatic CHO-K1
and peroxisomal deficient mutant ZR-82 cell line

ZR-82 cells, a peroxisomal-deficient CHO mutant, were
reported to lack normal peroxisomes and show reduced
peroxisomal functions due to the deficiency of peroxiso-
mal matrix enzymes (25, 26). Therefore, it was of interest
to study the release of FPPS upon permeabilization of
both CHO-K1 (wild-type) and ZR-82 cells. We first investi-
gated the localization of FPPS in these two cell lines. Im-
munofluorescent patterns for catalase and FPPS are similar
in non-permeabilized CHO-K1 cells. These two enzymes
are co-localized as shown by the superimposed images
(Fig. 6D). Indirect immunofluorescence of these two pro-
teins in the peroxisome-deficient ZR-82 cells showed a dif-
ferent pattern than that observed in CHO-K1 cells (Fig.
7). The punctate pattern is no longer observed and immu-
nofluorescence is seen evenly distributed throughout the
cytosol. Furthermore, detailed examination showed that
immunofluorescence of FPPS in these cells is not colocal-
ized with that of catalase (Fig. 7D).

Preliminary permeabilization studies using CHO-K1
and ZR-82 cells showed that after 6 min incubation with
digitonin LDH release was complete. Therefore, in the
following experiments we used this time period. The re-
lease of enzymes and proteins after permeabilization of
CHO-K1, and ZR-82 cells, are shown in Table 2. As ex-
pected, the cytosolic LDH activity is totally released from
both cell lines by digitonin treatment. Catalase activity is
fully retained in CHO cells with or without digitonin treat-
ment. However, as expected, this activity is released from
permeabilized ZR-82 cells because, like LDH, catalase also
resides in the cytosol in this cell line. FPPS, although
shown to be localized in peroxisomes, is fully released
from CHO cells by digitonin treatment, and unlike in H35
cells no partial retention of activity is observed.

TABLE 1. Differential release of enzymes in the isoprenoid biosynthetic pathway

by digitonin permeabilization of H35 cells

Non-Permeabilized Cells

Permeabilized Cells

Cell Lysate Cell Wash % Release Cell Lysate Cell Wash % Release

Protein (mg/plate) 470+043 078*x019 16=*3 223 +064 3.02*0.36 58 + 5
Enzyme (units/plate)

LDH 264*+062 023+x008 78x1 0.28 =0.10 3.55 *0.96 93+ 2

Catalase 343+ 19 0 0 35+9.2 0 0

FPPS 228 £ 129 50=*87 45+ 8 136 = 32 214 + 57 60 = 11

Mevalonate kinase 317 +0.74 012=*0.04 37x03 012*0.03 233*x0.51 9% +0

Phosphomevalonate kinase  0.20 = 0.02 0 0 0.13 +0.06 1.17 =0.12 91 +4

HMG-CoA reductase 121 = 38 0 0 103 £5 0 0

Cells were incubated in buffer in the presence or absence of digitonin for 9 min as described in Materials and
Methods. Released enzyme activities (cell wash) and activities remaining in the cells (cell lysate) were measured. The
values for protein and enzyme activities are the mean = SD of three separate experiments each done in duplicate.
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Fig. 6. Double-labeled indirect immunofluorescence microscopy of CHO K-1 cells. Cells grown on cover slips were fixed and treated as de-
scribed in Materials and Methods. The cells were immunolabeled for catalase and FPPS simultaneously as described in the legend for Fig. 1.
The punctated immunofluorescence pattern of FPPS (B) and catalase (C) are superimposable (D) indicating co-localization of the two en-
zymes. Panel A is the phase contrast micrograph of the same cells.
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Fig. 7. Double-labeled indirect immunofluorescence microscopy of ZR-82 cells. Cells were grown and immunolabeled as described in the
legend for Fig. 6. The immunofluorescence patterns of FPPS (B) and catalase (C) are typical of a cytosolic dispersion of these enzymes and
are not superimposable (D). Panel A is the phase contrast micrograph of the same cells.

The release of FPPS by digitonin treatment in these
cells was also confirmed by Western blot analyses. Figure 8
depicts the release of FPPS from both permeabilized and
normal CHO-K1 and ZR-82 cells. A major immunoreactive
band corresponding to a protein of 41 kDa is observed. In
both cell lines the major amount of FPPS is released upon
permeabilization, in agreement with the results shown in

Table 2. There is also a small release of FPPS from non-
permeabilized cells which might have resulted on expo-
sure of the cells to the buffer. Unlike the data in Table 2,
both CHO-K1 and ZR-82 cells retain imunoreactive mate-
rial after permeabilization. This material may be due to
the residual FPPS activity or, alternatively, represent inac-
tive enzyme.
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TABLE 2. Protein and enzyme activities of LDH, catalase, and FPPS released from
CHO-K1 and ZR-82 cells after digitonin permeabilization

CHO-K1 ZR-82
Cell Lysate Cell Wash % Release Cell Lysate Cell Wash % Release
Protein (mg/plate) 0.28 = 0.03 211 £0.27 88.2 £ 0.3 0.42 = 0.42 1.61 = 0.69 90.5 £ 2.5
Enzyme (units/plate)
LDH 0.07 = 0.00 5.21 = 0.00 98.7 £ 0.0 0.05 = 0.07 4.26 = 0.06 99.1 £13
Catalase 2.70 = 0.00 0.00 = 0.00 0.0+ 0.0 0.00 = 0.00 5.25 = 0.00 100 = 0.0
FPPS 3.55 = 5.02 567 = 397 99.5 £ 0.7 290 £ 291 507 = 39 99.8 £ 0.3

Cells were incubated in buffer in the presence or absence digitonin for 6 min as described in Materials and
Methods. Released enzyme activities (cell wash) and activities remaining in the cells (cell lysate) were measured. The
values for protein and enzyme activities are the mean = SD of three separate experiments each done in duplicate.

DISCUSSION

FPPS catalyzes two sequential 1'—4 condensation reactions
of isopentyl diphosphate with the allylic diphosphates,
dimethylallyl diphosphate, and geranyl diphosphate (41).
The final product, FPP, is utilized in the synthesis of a
large variety of isoprenoids such as squalene, cholesterol,
farnesylated and geranylgeranylated proteins, dolichol,
coenzyme Q, and the isoprenoid moiety of Heme A (12).
Thus, the regulation of the formation and further conver-
sion of FPP are important as variations in FPP levels and
its availability to other metabolic pathways could alter its
flux into sterol or nonsterol isoprenoid end products. Be-
cause the main flux of cellular isoprenoids is in sterol for-
mation, the reported localization of FPPS in peroxisomes
(9) leaves unclear the transport mechanism of FPP to
squalene synthase, the next enzyme in this pathway,
shown to be exclusively localized in the ER (10). Although
it has been inferred that the site of FPP synthesis is in the
peroxisomes due to the localization of its biosynthetic en-
zymes there (9), the actual site of formation of FPP is still
unproven. Based on the available data, we cannot exclude
a model in which the peroxisomes serve as a storage site

CHO-K1 ZR-82
NP P NP P
kDa W LW L WL WL
47.7 —
T e—eww — — <+ FPPS
34.6 —

Fig. 8. Western blot analysis of FPPS in normal and permeabi-
lized CHO-K1 and ZR-82 cells. Cells were permeabilized with digito-
nin or incubated with buffer without digitonin for 6 min and cell
lysates were prepared as described in Materials and Methods. Sam-
ples, each containing 50 wg, were applied onto the gel. Samples
were separated by SDS PAGE, transferred to nitrocellulose mem-
branes, and incubated with rabbit anti-rat FPPS 1gG. The second
antibody used for visualization was peroxidase-conjugated goat anti-
rabbit. Most FPPS protein is retained in normal cells whereas sub-
stantial release is observed in permeabilized cells. NP, non-perme-
abilized cells; P, permeabilized cells; W, wash buffer; L, cell lysate.
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for these enzymes where a small fraction of them are
transported to and from the cytosol to generate FPP in
proximity to the subcellular site where it is further metab-
olized. Therefore, we undertook the present study to as-
sess the accessibility of these enzymes to the cytosol from
intact peroxisomes. Subcellular fractionation of organelles
causes relatively high damage to peroxisomes and allows
leakage of matrix proteins such as catalase. We, therefore,
have used cellular permeabilization techniques for our
studies to fully preserve peroxisomal integrity.

The indirect immunofluorescence (Figs. 1, 3, and 6)
and immunoelectron microscopy (Fig. 4) show that most
of the FPPS protein is co-localized with catalase in the lumen
of the peroxisomes in the hepatic H35 cells and the non-
hepatic CHO-K1 cells, similar to the observations reported
for the non-hepatic human breast cancer (SKB-R-3) and
CV-1 cells (9). As expected, in ZR-82 mutant cells that lack
functional peroxisomes due to the deficiency in peroxi-
some assembly factor (25), both FPPS and catalase are dis-
tributed in the cytosol (Fig. 7B, C, and D).

Digitonin permeabilization of H35 cells results in a loss
of about 70% of the FPPS activity to the permeabilization
buffer. Under these conditions there is a complete efflux
of cytosolic LDH, indicating high permeabilization effi-
ciency. However, catalase activity is fully retained in the
cells which indicates retention of peroxisomal integrity
(Fig. 2 and Fig. 3 B4). It is interesting to note that a signif-
icant fraction of FPPS is reproducibly retained in H35
cells after permeabilization (Fig. 2). This is also substanti-
ated by the Western blot analyses (Fig. 5), by a faint, yet
detectable residual immunofluorescence signal (Fig. 3
A4), and by a retention of a residual immuno-gold label-
ing in electron microscopy in permeabilized cells (Fig. 4
B). These four independent determinations suggest that
there are two distinct pools of FPPS protein in H35 cells:
one which is readily diffused out of the peroxisomes, and
the second which is retained within the cells following
permeabilization. The analysis used cannot determine
whether the two pools consist of different proteins as they
exhibit the same size and migrate with the same pl in iso-
electric focusing gel (data not shown). In contrast, practi-
cally all the FPPS activity (99%) escapes from CHO-K1
cells under the same conditions (Table 2). This loss was
also substantiated by indirect immunofluorescence in
which no residual immunofluorescence could be detected
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(data not shown). However, a significant band of FPPS is
detected in Western blots of permeabilized CHO-K1 and
ZR-82 cell lysates (Fig. 8). As cytosolic LDH activity is com-
pletely washed out from these permeabilized cells (Table
2), indicating a total loss of the cytosol, it may suggest the
existence of a non-cytosolic, non-peroxisomal, inactive
protein identical to or with the same size and immuno-
characteristics as FPPS.

As expected, permeabilization of ZR-82 mutant cells
also caused a complete loss of catalase activity that was
found in the permeabilization medium. It also appears
that ZR-82 mutant cells contain reduced levels of FPPS
protein as compared to the wild-type CHO-K1 cells (Fig.
8). This could be related to the lack of peroxisomes in ZR-
82 cells. Similar observations have been reported for other
peroxisomal enzymes (5, 9). Mevalonate kinase from pa-
tients with peroxisomal deficiency disease (5) and HMG-
CoA reductase in peroxisomal-deficient CHO cell lines
(31) are found in reduced amounts.

In addition to FPPS, two other peroxisomal enzymes,
mevalonate kinase and mevalonate-phosphate kinase, are
also released from permeabilized H35 cells. However, in
contrast, HMG-CoA reductase is retained in these cells
(Table 1). These findings are somewhat different from the
observations reported by Biardi and Krisans (7) in perme-
abilized non-hepatic CV-1 cells. There it was reported that
the activities of mevalonate kinase, phosphomevalonate
kinase, and mevalonate-diphosphate decarboxylase are re-
tained in permeabilized cells (7).

Our data do not explain the consistent high total activity
of FPPS in the fractions obtained after digitonin perme-
abilization. This observation is interesting as addition of
digitonin itself failed to affect FPPS activity in the soluble
extract obtained from non-permeabilized cells. Therefore,
the activation cannot be a direct effect of digitonin on the
enzyme or by removal of an inhibitor. Future studies will
examine the interesting possibility that digitonin treat-
ment of the cells may extract an activator molecule which,
together with the enzyme, is responsible for the high FPPS
activity observed.

Similar to our observations, it has been shown that
HMG-CoA reductase was not released from permeabilized
MET-18b-2 cells (42) or wild-type CHO-K1 cells (31). As
about 50% of HMG-CoA reductase was released from ZR-
78 and ZR-82 mutant cell lines, it was suggested that the
peroxisomal HMG-CoA reductase was released (31).
Based on these observations Krisans et al. (9) suggested
that FPP synthesis occurs predominantly in peroxisomes.
Subsequently, FPP is transported out of the peroxisomes
for further metabolism in other organelles, is utilized fur-
ther within the peroxisomes, or is converted to farnesol
which is transported from the peroxisome (1). Our find-
ings that the peroxisomal enzymes, mevalonate kinase,
phosphomevalonate kinase, and FPPS, are readily released
from permeabilized cells, may provide an alternate mech-
anism for the controlled synthesis of FPP and its distribu-
tion into different biosynthetic pathways localized in the
different subcellular compartments. In this proposed
mechanism the cells may control FPP synthesis by a revers-

ible transport of enzymes from a centralized peroxisomal
pool to the cytosolic compartment and thus, enabling the
synthesis of FPP in the cytosol, in close proximity to the
different cellular compartments in which it is utilized.
Our findings do not eliminate (or support) an additional
possibility that enzymes transported from the peroxi-
somes, under physiological conditions, may physically asso-
ciate with target organelles to enable the further conver-
sion of nascent FPP to various isoprenoid end products.
The mechanism of FPPS transport in and out of peroxi-
somes is an additional interesting topic that the data pre-
sented here cannot elucidate. It is clear that the efflux of
the enzyme from peroxisomes under permeabilization
conditions is not an energy-requiring process as it takes
place at low temperature. Therefore, we can assume that
the retention of FPPS in peroxisomes is either an energy-
requiring process or it occurs by binding to a carrier in the
peroxisomes, most likely a protein, which is also removed
by the digitonin. Future studies, including possible en-
zyme modification, should elucidate this question.il
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