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Mevalonate Pyrophosphate
Decarboxylase is Predominantly
Located in the Cytosol of both
B16 and B16F10 Cells in Mouse
Melanoma Treated with
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Recently, it has been questioned whether meval-
onate pyrophosphate decarboxylase (MPD) is pre-
dominantly located in the peroxisomes or cytosol. We
previously reported that a small amount of MPD in
the liver of rats fed a CP diet (5% cholestyramine
and 0.1% pravastatin) existed in the peroxisomes, al-
though MPD is predominantly located in the cytosol
in the liver of rats fed normal chow and a CP diet for
12 days. In the present study, we examined the sub-
cellular distribution of MPD in mouse melanoma cells
(B16 and B16F10) treated with or without lovastatin,
using digitonin permeabilization and immunoblot-
ting. In permeabilized B16 by digitonin after treat-
ment with or without lovastatin, 95% and 5%, or
98% and 2% of MPD existed in the cytosol and mem-
brane/organelle (M/O) fraction, respectively. Using
B16F10 under the same conditions, 80% and 20%,
or 91% and 9% of MPD existed in the cytosol and
M/O fraction, respectively. These results indicated
that MPD was predominantly located in the cytosol
in both mouse melanoma cells treated with or with-
out lovastatin.
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INTRODUCTION

One of the first steps in the biosynthesis of
cholesterol from acetic acid is catalysis by meval-
onate pyrophosphate decarboxylase (MPD). MPD
is found in the 100000× g supernatant fraction
of tissue and has been considered a cytosolic
protein. Recently, it has been demonstrated by
other groups that peroxisomes contain a num-
ber of enzymes involved in cholesterol biosynthe-
sis, which were previously considered to be cy-
tosolic, or located exclusively in the endoplas-
mic reticulum (ER). Peroxisomes have been shown
to contain acetoacetyl-coenzyme A (CoA) thio-
lase,1, 2) 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) synthase,3) HMG-CoA reductase,4, 5)

mevalonate kinase (MVK),6, 7) phosphomevalonate
kinase (PMVK),8) MPD,8) isopentenyl pyrophos-
phate isomerase (IPPase),9) and farnesyl pyrophos-
phate synthase (FPPase).10) Recent data have also
shown that the activity of some enzymes, includ-
ing MVK and FPPase, is significantly reduced in
liver tissue obtained from patients with peroxisome-
deficient diseases (Zellweger syndrome and neona-
tal adrenoleukodystrophy), thus indicating the per-
oxisomal localization of these enzymes.10) Hogen-
boom et al. reported that the activity and protein
levels of selected enzymes involved in cholesterol
biosynthesis were at least as high in peroxisome-
deficient Zellweger mice as in control mice, indi-
cating that the mislocalization of enzymes to the
cytosol does not lead to decreased activity or the
degradation of these enzymes.11) They also reported
that deficiencies of MVK and PMVK activity in the
liver of human Zellweger patients reflect the bad
condition of the liver, rather than mislocalization to
the cytosol. The relationship between peroxisome
proliferation and the enzyme involved in cholesterol
biosynthesis of mice remains unclear.

Biardi and Krisans reported that MPD was
mainly located in peroxisomes of CV-1 cells treated
with lipoprotein-deficient serum (LDS) for 24 hr,
since the activity of MPD was the same in extracts
prepared from intact cells and selectively permeabi-
lized cells, which lack cytosolic enzymes.8) We pre-
viously reported that MPD was predominantly lo-
cated in the cytosol of rat hepatocytes,12) normal
rat kidney cells (NRK),12) or mouse melanoma cells
(B16F10)13) treated with fetal bovine serum (FBS),
respectively, since in permeabilized rat hepatocytes,
NRK, or B16F10 treated with digitonin, which lack
cytosolic enzymes, MPD was mainly present in the
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medium (cytosolic fraction).
Recently, the enzymes involved in cholesterol

have been shown to contain a peroxisomal targeting
signal (PTS-1; [S/A/C][K/H/R][L/M]), found at the
extreme carboxy terminal of the most peroxisomal
proteins, and PTS-2 ([R/K][L/V/I]X5[H/Q][L/A]),
found within the amino terminal region of a
smaller subset of peroxisomal proteins).14) Peroxi-
somal targeting signals (PTS) of MVK and PMVK
were identified as PTS-2(KV(X5)HA) and-1(SRL),
respectively.14) Peroxisomal targeting signals of
HMG-CoA synthase, MPD, and FPPase were iden-
tified with SV(X5)QL, SV(X5)QL, and KL(X4)QE,
as new variations of PTS-2, respectively.14) Perox-
isomal targeting signals of acetoacetyl CoA thio-
lase and IPPase were identified as QKL and HRM,
new variations of PTS-1, respectively. However,
the relationship between the new variation sequence
(PTS-2) of MPD and transport to peroxisomes or
peroxins (which are essential proteins for peroxi-
some biogenesis) remains unclear.

We also reported that a small amount of MPD
in the liver of rats fed a CP diet (5% cholestyra-
mine [inhibitor of small intestine cholesterol ad-
sorption] and 0.1% pravastatin [inhibitor of liver
cholesterol biosynthesis, which is an HMG-CoA re-
ductase inhibitor]) existed in peroxisomes isolated
by cell fractionation, although MPD in the liver of
rats fed normal chow and a CP diet is predominantly
located in the cytosol.15) From these data, we sug-
gested that a small amount of MPD was transported
to peroxisomes from cytosol, when the total amount
of MPD increased or cholesterol content decreased
by a CP diet. To establish whether a small amount
of MPD was transported to peroxisomes from the
cytosol when the increase of MPD or the decrease
of cholesterol content in cells was caused by lovas-
tatin (HMG-CoA reductase inhibitor), we examined
the change of the subcellular distribution of MPD
in mouse melanoma cells (B16, which is black cell
with a lot of melanin, and B16F10, which is white
cell without melanin) treated with or without lo-
vastatin using digitonin permeabilization and im-
munoblotting.

MATERIALS AND METHODS

Materials —— Lovastatin was obtained from
Merck (Tokyo, Japan). LDS was obtained from
Sigma-aldrich (Tokyo, Japan). Percoll and the

ECL Western blotting detection kit were from
Amersham Pharmacia Biotech (Tokyo, Japan).
Digitonin and Cholesterol E-test Wako were
obtained from Wako (Osaka, Japan). Dulbecco’s
modified Eagle’s medium (D-MEM) was obtained
from Gibco (Tokyo, Japan). B16 were obtained
from RIKEN (Ibaraki, Japan). B16F10 cells were
kindly provided by Dr. J. T. Augast (Johns Hopkins
University). Goat anti-lactate dehydrogenase
(LDH)-A (N-14) IgG was obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, U.S.A.).
Sheep anti-catalase (Bovine) IgG was obtained
from The Binding Site (Birmingham, U.K.). Rabbit
anti-goat IgG conjugated to horseradish peroxidase
was obtained from American Qualex Antibodies
(San Clemente, CA, U.S.A.). Goat anti-rabbit
IgG conjugated to horseradish peroxidase was
obtained from Invitrogen Corporation (Carlsbad,
CA, U.S.A.). Donkey anti-sheep IgG conjugated to
horseradish peroxidase was obtained from Cortex
Biochem, Inc. (Sanleandro, CA, U.S.A.). All other
chemicals were of reagent grade, and purchased
from various commercial sources.
Cultured Melanoma Cell Line —— B16 and
B16F10 were diluted to 3× 106 per 60 mm tissue
culture dish with D-MEM containing 10% FBS, and
then incubated in humidified air containing 5% CO2

at 37◦C for 24 hr. In some experiments, the cells
were shifted to D-MEM in the presence of 10%
LDS (from which cholesterol had been removed),
and then various concentrations of lovastatin (final
concentration, 0–30 µM) were added for various pe-
riods ranging from 0 to 48 hr.
Enzyme Activity —— The activity of LDH, a
cytosol marker, was measured according to the
method of Abei.16) The activity of catalase, a per-
oxisomal marker, was measured according to the
method of Coudrier et al.17)

Protein Assay —— Protein levels were measured
by the method of Lowry et al., using bovine serum
albumin (BSA) as the standard.18)

Antibody MPD —— MPD was purified from rat
liver, as described by Michihara et al., and rabbit
polyclonal antiserum raised against rat MPD was
used.19)

Permeabilization —— B16 or B16F10 cells incu-
bated on 35 mm dishes were washed several times
in cold Hanks’ buffer. On the day of the exper-
iment, the medium was aspirated from the cul-
ture dishes, and cells were then washed twice with
ice-cold KH buffer [50 mM phosphate buffer (pH
7.2), 110 mM KOAc]. The cells were transferred
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to ice and then incubated for various times in
1 ml of KHM buffer containing 40 µg/ml of digi-
tonin, 20 mM phosphate buffer (pH 7.2), 110 mM
KOAc, and 2 mM MgOAc. The digitonin solu-
tion was retained as a marker enzyme or for pro-
tein assay and immunoblotting. After digitonin
treatment and washing, 1 ml of phosphate-buffered
suline (PBS) containing 0.5 mM Phenylmethylsul-
fonylfluoride (PMSF), 1% Triton X-100, 10 mM
mercaptoethanol, 1 mM EDTA, and protease in-
hibitors (1 µM leupeptin, 1µM pepstatin A, 1 µM
chymostatin, and 1 µM antipain), was added to the
cells, which were then scraped off using a rubber
policeman. The solution of B16 or B16F10 cells
was homogenized with 5 strokes in a Teflon homog-
enizer.

After centrifugation for 5 min at 1000× g the
supernatant solutions were used as marker enzymes
or for protein assay and immunoblotting. Non-
permeabilized cells were treated with KHM buffer
without digitonin, and processed in the same way as
digitonin-treated cells. The amount of protein or en-
zyme activity retained in the nonpermeabilized cells
was taken to be 100%.
Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) —— SDS-PAGE
was performed on 10% slab gels according to the
method of Laemmli.20)

Immunoblotting —— Proteins on the SDS-slab gel
were transferred to a nylon membrane (NEN) by
electrophoresis, using a modified version of the pro-
cedure of Towbin et al.21) Positive bands were vi-
sualized using ECL Western blotting detection kits
(Amersham Pharmacia, Amersham, U.K.) that con-
tained a sensitive chemiluminescent substrate for
horseradish peroxidase.
Cholesterol Content of Cells —— Two hundred
microliters of postnuclear supernatant (PNS) was
mixed with 5 ml of Folch extract (chloroform [2]:
methanol [1]), and the mixture was incubated for
10 min at 37◦C with shaking. After the mixture was
centrifuged at 3000 rpm for 10 min, 3 ml of the su-
pernatant was evaporated dry by boiling at 100◦C
and then dissolved in 200 µl of isopropylalchol con-
taining 1% Triton X-100. The cholesterol content of
the solution was determined using the Cholesterol
E-test Wako.
Statistics —— Statistical analysis was carried out
using Student’s t-test. Data are presented as the
means ±S.D.

RESULTS

Selective Permeabilization of the Plasma Mem-
brane, and Release of Cytosolic Components in
B16

We previously reported that MPD is predom-
inantly located in the cytosol of B16F10 without
melanin;13) however, no subcellular distribution of
MPD in B16 containing a lot of melanin was found.
In order to identify whether the subcellular distri-
bution of MPD changed by differences in melanin
biosynthesis, the subcellular distribution of MPD
in B16 was examined using permeabilized cells,
which retain their organelle integrity yet lack cy-
tosolic components. Digitonin treatment of cells
has been reported to permeabilize the plasma mem-
brane reversibly, leaving subcellular organelles in-
tact. The time course of the release of cellular en-
zymes, LDH, catalase, and total cellular protein, is
shown in Fig. 1A, B. Most protein release from per-
meabilized cells occurred within 10 min and did not
change between 10 and 20 min of treatment. At 10
min, 80% of the activity of LDH and about 39%
of total cellular protein were released (Fig. 1A);
however, 90% of catalase activity was retained in
the permeabilized cells (Fig. 1B), indicating that the
peroxisomes remained intact. In order to further
confirm that peroxisomes remained intact, under the
same condition (at 10 min), when band signals were
quantified using an Intelligent Quantifier after im-
munoblot analysis of LDH and catalase, 80% of the
protein level of LDH, and 90% of the protein level
of catalase were retained in the permeabilized cells
(Fig. 1C). Based on kinetic studies and immunoblot
analysis, we chose 10 min permeabilization during
which cellular protein loss plateaued.

Localization of MPD in Permeabilized B16
To determine whether MPD was mainly present

in the cytosol or peroxisomes (or other organelles),
the amount of MPD protein was examined in the
cytosol and membrane/organelle (M/O) fraction of
permeabilized B16. As shown in Fig. 2, MPD pro-
tein from permeabilized B16 was found mainly in
the cytosol fraction. Ninety-five percent of MPD
protein existed in the cytosol fraction after 10 min
incubation of digitonin, and was not retained after
30 min permeabilization. These results suggest that
MPD was predominantly located in the cytosol of
B16. Also, it is highly possible that MPD does not
exist in peroxisomes, since the ratio of MPD (5%)
retained in the M/O fractions was lower than that
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Fig. 1. Time Course of the Release of Protein and Enzymes
from B16 during Digitonin Permeabilization

A, B: At different incubation times for digitonin, samples (cell;
membrane/organelle fraction [M/O], buffer containing digitonin and
the cytosol fraction [Cy]) were collected and analyzed for protein (•)
and enzymatic activities of LDH (�) and catalase (�), as described in
Materials and Methods. Protein or enzyme activity combined in Cy
and M/O are expressed as 100%, respectively. C: B16 were incubated
in KHM buffer in the presence of digitonin at 4◦C for 10 min, and
the cells [M/O (�); 10 µl] and medium [Cy (•); 10 µl] were analyzed
by immunoblotting using anti-LDH or anti-catalase antibody, respec-
tively. Data are the means of three identical experiments and each var-
ied within 5%.

of LDH (20%) in M/O fractions containing peroxi-
somes after 10 min permeabilization (Figs. 1, 2).

Induction of MPD and Reduction of Cholesterol
Content

When the amount of cholesterol in cells is re-
duced by lovastatin, an HMG-CoA reductase in-
hibitor, the levels of enzymes involved in the syn-
thesis of cholesterol, including MPD, in cells are
increased by a feedback mechanism. Also, we
previously reported that the cholesterol content in
B16F10 significantly decreased, when the amount
of MPD was maximally increased by lovastatin.22)

Therefore, the increase in the level of MPD in cells

A

B

Fig. 2. Immunoblot Analysis of MPD in Permeabilized B16
A: B16 were incubated in KHM buffer in the presence of digitonin

at 4◦C for the indicated periods, and the cells [membrane/organelles
fraction; M/O (�); 10 µl] and medium [cytosol fraction; Cy (•); 10 µl]
were analyzed by immunoblotting. B: Signals of A were quantified
using an Intelligent Quantifier. Data are the means of three identical
experiments.

A

B

Fig. 3. Dose-Dependency of the Effect of Lovastatin on the
Level of MPD of B16

Crude extracts were prepared from B16 incubated for 24 hr with
various concentrations of lovastatin in medium containing 10% LDS
or with 10% FBS. Crude extract (10 µg) was subjected to immunoblot-
ting using anti-rat-MPD antiserum (A), and then these signals were
measured using an Intelligent Quantifier (B). Lane 1, cells incubated
in medium containing FBS; lane 2, cells incubated in medium con-
taining LDS; lane 3, cells incubated in medium containing LDS and
10 µM lovastatin; lane 4, cells incubated in medium containing LDS
and 30 µM lovastatin; lane 5, cells incubated in medium containing
LDS and 50 µM lovastatin; lane 6, cells incubated in medium contain-
ing LDS and 100 µM lovastatin. Data are the means of three identical
experiments.

was measured to examine the marked decrease of
the cholesterol level in cells or the maximum effect
by lovastatin. Figure 3 shows the typical increase
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Fig. 4. Induction of Rab5 and Reduction of Cholesterol Con-
tents in B16 by Lovastatin

Crude extracts were prepared from B16 incubated for 24 hr with
10% FBS or 10% LDS containing 10 µM lovastatin. Crude extract
(10 µg) was subjected to immunoblotting using an anti-Rab5 antibody
(A), and then these signals were measured using an Intelligent Quan-
tifier (B). C: Cholesterol content was measured under the above con-
ditions. FBS: cells incubated in medium containing 10% FBS, LDS +
Lov: cells incubated in medium containing 10% LDS and 10 µM lovas-
tatin. Data are the means of three identical experiments. Significantly
different: ∗p < 0.000005, ∗∗ p < 0.05 (n = 3).

of MPD in lovastatin-treated B16. When B16 was
treated with 10% LDS containing 10 µM of lovas-
tatin for 24 hr, a maximum of up to 2.2-fold of MPD
in B16 treated with 10% FBS was observed.

Other groups reported that Rab5 and Rab7
proteins, which are involved in the regulation of
the endocytic pathway, were significantly increased
in FRTL-5 thyroid cells treated with lovastatin;23)

therefore, the increase in the level of Rab5 and the
decrease of cholesterol in cells were measured to
further establish whether the action by lovastatin
and marked decrease of the cholesterol level in cells
by lovastatin occurred under the above conditions.
When B16 was treated with 10% LDS containing
10 µM of lovastatin for 24 hr, up to 10-fold of Rab5
in B16 treated with 10% FBS (Fig. 4A, B) and a sig-
nificantly decrease of cholesterol (Fig. 4C) were ob-
served. These data indicate that the conditions caus-
ing the maximal increase of MPD and significant

A

B

Fig. 5. Immunoblot Analysis of MPD in Permeabilized B16
after Treatment with Lovastatin

A: B16 were incubated in KHM buffer in the presence of digi-
tonin at 4◦C for 10 min, and the cells (membrane/organelles fraction;
M/O; 10 µl) and medium (cytosol fraction; Cy; 10 µl) were analyzed by
immunoblotting. B: Signals of A were quantified using an Intelligent
Quantifier. Data are the means of three identical experiments.

decrease of cholesterol content were treatment with
10% LDS containing 10 µM lovastatin for 24 hr.

Localization of MPD in B16 Treated with Lovas-
tatin

To determine whether MPD was mainly present
in the cytosol or peroxisomes (or other organelles)
of B16 treated with lovastatin, the amount of MPD
protein was examined in the cytosol and M/O frac-
tion of B16 treated with 10% FBS or 10% LDS
containing 10 µM lovastatin for 24 hr. As shown
in Fig. 5, MPD protein from permeabilized B16 af-
ter treatment with or without lovastatin was found
mainly in the cytosol fraction. Also, 15%, 90%,
and 15%, or 10%, 95%, and 2% of LDH, cata-
lase, and MPD were retained in the M/O fraction
of B16 treated with or without lovastatin, respec-
tively (data not shown). Since the ratio of MPD
(15%) retained in the M/O fraction was similar to
that of LDH (15%) retained in the M/O fraction of
nontreated B16, we consider that MPD detected in
the M/O fraction was cytosol protein retained in the
M/O fraction as well as LDH. The amount of MPD
(2%) in the M/O fraction of B16 treated with lovas-
tatin was lower than that (15%) of nontreated B16,
and the ratio of MPD (5%) was lower than that of
LDH (10%) retained in the M/O fraction of B16
treated with lovastatin. Therefore, it is highly pos-
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sible that MPD does not exist in the peroxisomes
of B16 treated with lovastatin. We concluded that
MPD was predominantly located in the cytosol of
B16 treated with lovastatin and non-treated B16.

Localization of MPD in B16F10 Cells Treated
with Lovastatin

We previously reported that MPD is predomi-
nantly located in the cytosol of B16F10 and is not
located in peroxisomes, and the level of MPD (3-
fold) in B16F10 was markedly increased and the
level of cholesterol content in B16F10 was signif-
icantly decreased by treatment with 10% LDS con-
taining 10 µM lovastatin for 24 hr; 22) however, it
was not confirmed whether MPD is predominantly
located in the cytosol of B16F10 treated with lovas-
tatin, so we examined the subcellular distribution of
MPD using B16F10 treated with or without lovas-
tatin. As shown in Fig. 6, MPD protein from per-
meabilized B16F10 after treatment with or without
lovastatin was found mainly in the cytosol fraction.
Also, 20%, 90%, and 20%, or 10%, 90%, and 9% of
LDH, catalase, and MPD were retained in the M/O
fraction of B16F10 treated with or without lovas-
tatin, respectively (data not shown). Since the ra-
tio of MPD (20%) retained in the M/O fraction was
similar to that of LDH (20%) retained in the M/O
fraction of nontreated B16, we consider that MPD

A

B

Fig. 6. Immunoblot Analysis of MPD in Permeabilized
B16F10 after Treatment with Lovastatin

A: B16F10 were incubated in KHM buffer in the presence of digi-
tonin at 4◦C for 10 min, and the cells (membrane/organelles fraction;
M/O; 10 µl) and medium (cytosol fraction; Cy; 10 µl) were analyzed by
immunoblotting. B: Signals of A were quantified using an Intelligent
Quantifier. Data are the means of three identical experiments.

detected in the M/O fraction was cytosol protein re-
tained in the M/O fraction in addition to LDH. The
amount of MPD (9%) in the M/O fraction of B16
treated with lovastatin was lower than that (20%)
of nontreated B16, and the ratio of MPD (9%) was
similar to that of LDH (10%) retained in the M/O
fraction of B16 treated with lovastatin. Therefore,
it is highly possible that MPD does not exist in the
peroxisomes of B16F10 treated with lovastatin. We
concluded that MPD was predominantly located in
the cytosol, and MPD was not transported to peroxi-
somes from cytosol in both B16 and B16F10 treated
with lovastatin.

DISCUSSION

We indicated in the present study (Fig. 4C) and
a previous report22) that the cholesterol content in
B16 and B16F10 treated with 10% LDS contain-
ing 10 µM lovastatin at 24 hr was significantly de-
creased. Therefore, it was suggested that the trans-
port of MPD to peroxisomes from cytosol in mouse
melanoma was not responsible for the significant
decrease of cholesterol contents in cells. We also
previously reported a marked increase (10-fold or
more) of MPD in the cytosol of the liver of rats
fed a CP diet for 12 days as compared with non-
treated rats, and a small amount of MPD in the
peroxisomes of the liver of rats fed a CP diet for
12 days isolated by cell fractionation.15) The in-
crease of MPD was 1.8- or 2.3-fold in B16 (Fig. 5)
or B16F10 (Fig. 6) treated with lovastatin, respec-
tively. In vivo, as melanocytes or melanoma are
not major sites of cholesterol biosynthesis like the
liver or hepatocytes, melanocytes mostly maintain
the cholesterol contents of cells by the uptake of
cholesterol from outside. As the liver is the major
organ of cholesterol biosynthesis supplying choles-
terol to other tissues, there is much more choles-
terol or cholesterol biosynthetic enzymes in the liver
than in other tissues or cells. Therefore, there is dif-
ference in cholesterol biosynthesis potency between
melanocytes or melanoma and the liver. When
the ratio of MPD induction was compared between
melanoma and the liver, the increase of MPD in
mouse melanoma treated with lovastatin was lower
than the increase of MPD (10-fold) in the liver of
rats fed a CP diet for 12 days. Therefore, the dif-
ference in the transport or distribution of MPD be-
tween melanoma (in vitro) and liver (in vivo) treated
with HMG-CoA reductase inhibitor might be due to
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the cell type, but not the difference in the experi-
mental conditions of in vitro and in vivo. Namely,
the difference in the transport of MPD between the
liver and melanoma treated with HMG-CoA reduc-
tase inhibitor might be due to the different induc-
tion potency of cholesterol biosynthetic enzyme be-
tween melanoma and the liver.

In conclusion, we suggested that the transport of
MPD to peroxisome from cytosol might markedly
increase MPD in cells not involved in the decrease
of cholesterol in mouse melanoma. Further study is
necessary to understand the transport mechanism of
MPD to peroxisomes.
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