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Abstract Farnesyl protein transferase (FPT) activity was
measured in rat liver subcellular fractions by using an unspecific
acceptor for the farnesyl groups. The highest specific activity was
found in mitochondria and it exceeded that of the microsomes
three-fold. Considerably lower specific activities were found in
the nuclei and cytosol. Further subfractionation revealed that the
mitochondrial FPT activity is located in the matrix. The
LL-subunit of the mitochondrial enzyme has an apparent
molecular mass of 46 kDa, which is similar to its cytosolic
counterpart. The results suggest that protein farnesylation can
take place in a number of subcellular organelles.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Prenylated proteins have a broad distribution in organisms
as diverse as yeast, higher plants and mammals [1^3]. Preny-
lation involves the binding of farnesol to a C-terminal cysteine
residue or the binding of geranylgeraniol to one or two C-
terminal cysteine residues. In both cases, the bond(s) formed
is of the thioether type. Recently, pentaprenol and hexaprenol
were found to be bound to proteins via thioether linkages
[4,5]. Additional prenylating molecules such as isopentenyl
adenine [6], dolichyl phosphate [7] and dolichol [8] have also
been demonstrated to be bound to proteins but, in these cases,
the type of binding remains to be characterised.

Many proteins with important cellular functions have been
identi¢ed as having a farnesyl modi¢cation. These include
lamin B [9], rhodopsin kinase [10], Ras proteins [11], ANJ 1
[12] and tyrosine phosphatases [13]. In order for these proteins
to be correctly localised and exert their cellular functions they
are dependent on farnesylation.

To date, three di¡erent prenyl protein transferases have
been isolated and characterised from mammalian brain tissue
and yeast: farnesyl protein transferase (FPT) [14] and gera-
nylgeranyl protein transferases I [15] and II [16]. Rat brain
FPT is a heterodimeric protein consisting of K- and L-subunits
with molecular masses of 48 and 46 kDa, respectively. In
yeast, the L-subunit has a lower molecular mass [17]. The L-
subunit is responsible for binding both the polypeptide and
farnesyl pyrophosphate (FPP) substrates in a catalytic cleft

[18,19] and the catalysis is zinc dependent [20]. The enzyme
recognises the C-terminal sequence -CX1X2X3, where X3 most
often is serine or methionine.

In vivo labelling of spinach seedlings with [3H]mevalonate
demonstrated that extensive protein prenylation occurs in
plants and prenylated polypeptides were present in all subcel-
lular fractions studied [2]. A large proportion of the protein-
bound radioactivity that could be released by methyl-iodide
hydrolysis proved to be farnesol. To date, FPT has been con-
sidered to be a cytosolic enzyme, and the question of its sub-
cellular distribution has not yet been fully addressed. How-
ever, using immunohistochemical procedures, it has been
suggested that farnesylation of prelamin A takes place in
the nucleus [21].

Multiple locations for various mammalian mevalonate
pathway enzymes have been described. For instance several
of the initial enzymes, originally thought to be exclusively
cytosolic, are also present in peroxisomes [22,23] which, like
microsomes, also contain the terminal enzymes for cholesterol
and dolichol biosynthesis [24].

Recently, it has been demonstrated that mitochondrial mi-
toplasts contain several prenylated polypeptides [5], which
prompted us to investigate the localisation of FPT in greater
detail. In this study we have analysed FPT in isolated subcel-
lular fractions from rat liver homogenate. The general distri-
bution of this enzyme suggests that protein farnesylation oc-
curs at cellular locations other than the cytosol and, in
organelles such as mitochondria, presumably after import of
newly synthesised proteins. The observed distribution empha-
sises the importance of prenylated proteins at the organelle
function level.

2. Materials and methods

2.1. Materials
Male Sprague-Dawley rats weighing 150 g were used. Tritiated FPP

(speci¢c activity 0.21 Ci/mmol) was prepared as described earlier [25].
DL-Dithiothreitol (DTT) was of ultrapure grade and obtained from
Sigma. Mammalian FPT standard, Ras proteins and FPT antiserum
were the kind gift of Dr P.J. Casey, Durham, NC, USA. All chemicals
were obtained from Sigma, and solvents were of reagent grade.

2.2. Cellular fractionation of rat liver
Nuclear, mitochondrial, microsomal and peroxisomal fractions

were prepared according to previously published procedures [26^28].
For the preparation of cytosol, the supernatant remaining after prep-
aration of microsomes was recentrifuged at 105 000Ug for 2 h. The
washed mitochondria were subfractionated according to Sottocasa et
al. [29]. All steps were carried out on ice or at 4³C.

The contamination in isolated fractions was determined by analysis
of marker enzymes. The microsomal marker employed was NADPH-
cytochrome c reductase (0.032 Wmol NADPH oxidised/min/mg pro-
tein), the mitochondrial marker was cytochrome c oxidase (1.42 Wmol
of cytochrome c oxidised/min/mg protein) and for peroxisomes, urate
oxidase activity was measured (0.35 Wmol oxidised/min/mg protein).
Lactate dehydrogenase activity was measured to determine cytosolic
contamination. After washing the organelles with 0.15 M Tris bu¡er,
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pH 8.0, no measurable lactate dehydrogenase activity could be de-
tected.

The percentage contamination on a protein basis was calculated for
the isolated fractions, by using the measured speci¢c activities. The
nuclear fraction contained 2%, 3% and 3% of mitochondrial, micro-
somal and peroxisomal protein, respectively. The mitochondrial frac-
tion contained 3% microsomal and 7% peroxisomal protein. The con-
tamination of peroxisomes with mitochondria and microsomes was
1% and 3%, respectively. The microsomal fraction contained 1% mi-
tochondria and 2% peroxisomes.

2.3. Comparison of homogenisation procedures
Rat liver was homogenised in a Potter-Elvehjem homogeniser by

three strokes at 345 rpm. The resulting homogenate was split into ¢ve
aliquots of which four were subjected to further homogenisation pro-
cedures which were either 10 strokes in a Potter-Elvehjem homoge-
niser at 1450 rpm, treatment with a Turrax blender for 20 s at 12 000
rpm, treatment with a Turrax blender for 60 s at 24 000 rpm, or pulse
sonication for 60 s. Cytosol was isolated from the various homoge-
nates by centrifugation at 11 500Ug for 20 min followed by a second
centrifugation step of the resulting supernatants at 105 000Ug for 90
min. All steps were carried out on ice or at 4³C.

2.4. FPT assay
FPT activity was assayed by measuring the amount of [3H]farnesyl

transferred from [3H]FPP to DTT in polypropylene tubes [30]. Unless
otherwise indicated, each reaction mixture contained the following
components in a ¢nal volume of 50 Wl : 50 mM 3-[N-morpholino]pro-
panesulphonic acid (pH 7.5), 50 mM KF, 100 WM ZnCl2, 50 WM
[3H]FPP, 0.05% n-octyl L-D-glucopyranoside (OGP) and 2 mM
DTT. Reactions were started by the addition of 5^30 Wg of protein.
A fresh DTT solution was made up for each experiment. Appropriate
controls, omitting DTT, were performed for each measured point and
subtracted as background. Before measuring any activities in the nu-
clei, they were subjected to pulse sonication for 60 s. Protein content
was estimated according to Lowry et al. [31].

In a subset of experiments, FPT activity was measured by quanti-
tating the amount of 3H transferred from [3H]FPP into H-Ras or K-
Ras protein employing the ¢lter assay method [14]. The reaction mix-
ture contained the following components in a volume of 50 Wl : 50 mM
Tris-HCl, pH 7.7, 20 mM KCl, 5 mM MgCl2, 50 WM ZnCl2, 2 mM
dithiothreitol, 0.05% OGP, 1 WM Ras protein, 5 WM [3H]FPP (speci¢c
activity 3 Ci/mmol) and 50 Wg of protein.

2.5. Electrophoresis and Western blotting
The samples to be analysed by SDS-PAGE were solubilised with

3% lithium dodecyl sulphate, 75 mM Tris-HCl (pH 8.0), 15% glycerol,
75 mM dithioerythritol by incubation at 90³C for 5 min. The protein
pro¢les were resolved on 13% acrylamide gels [32]. Western blotting
was performed as described by Towbin et al. [33]. The proteins were
visualised by enhanced chemiluminescence.

3. Results

3.1. Subcellular distribution of FPT
In a previous study the activity of spinach seedling FPT was

characterised, employing DTT as an unspeci¢c acceptor for
the farnesyl moiety [30]. A similar investigation has also been
performed with rat liver FPT and the results obtained were

similar to those of its spinach counterpart. Minor di¡erences
in the characteristics of the two enzymes in pH optimum and
activation by addition of Zn2� were observed. These were
taken into consideration when the activities were measured
from the di¡erent organisms.

The distribution of FPT activity was studied in various
isolated subcellular fractions from rat liver. Since many of
the enzymes involved in isoprenoid metabolism are present
in non-membrane-bound forms in the luminal compartments
of organelles, measurement of their activities requires deter-
gentia to permeabilise the membrane to their substrates. For
this reason, soluble FPT activity from pulse-sonicated rat liver
homogenate was studied in the presence of various detergentia
(Fig. 1). Both OGP and sodium deoxycholate were found to
stimulate FPT activity, while Tween 20 and particularly Tri-
ton X-100 inhibited the same. All the following experiments
were performed in the presence of OGP.

Interestingly, the speci¢c activity of FPT in rat liver mito-
chondria by far exceeded that of the other organelle fractions
(Table 1). The enzyme activity in microsomes was about 30%
of that in mitochondria, and a lower activity was found in the
nuclear fraction. Unexpectedly, only a very modest FPT ac-
tivity was observed in the cytosolic fraction. No activity could

Fig. 1. E¡ect of detergentia on rat liver FPT activity. FPT activity
was measured in the soluble fraction from rat liver, homogenised by
pulse sonication by incubation with DTT and [3H]FPP in polypro-
pylene tubes. Detergentia were employed at a concentration of
0.05% in the incubation medium according to the ¢gure. The values
shown are means þ S.D. of four experiments.

Table 1
Subcellular distribution of FPT activity in rat liver

Fraction Activity (pmol/mg protein/min)

Nuclei 6.39 þ 1.0
Mitochondria 75.6 þ 17
Peroxisomes 2.16 þ 0.62
Microsomes 26.8 þ 5.5
Cytosol 1.92 þ 0.38

The various subcellular fractions were isolated from rat liver prior
to incubation with DTT and [3H]FPP in polypropylene tubes. The
values shown are means þ S.D. of ¢ve experiments.

Table 2
E¡ect of homogenisation procedure on the amount of cytosolic rat
liver FPT

Homogenisation method Activity in cytosol (% of homogenate)

3U345 rpm 4.42
10U1450 rpm 13.3
Turrax 12 000 rpm 20 s 12.7
Turrax 24 000 rpm 60 s 26.6
Pulse sonication 60 s 54.6

Rat liver was homogenised in a Potter-Elvehjem homogeniser by
three strokes at 345 rpm. The resulting homogenate was split into
¢ve aliquots, of which four were subjected to further homogenisa-
tion as described. Cytosol was isolated from the various homoge-
nates by ultracentrifugation and FPT was assayed by the DTT
method. The values shown have been calculated to compare activ-
ities on a per gram liver basis and are the means of three independ-
ent experiments. The S.D. did not exceed 13% for any measured
point.
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be detected in the nuclear fraction unless it was sonicated
prior to enzyme measurements.

As a comparison, FPT activity was also measured employ-
ing the ¢lter assay method using a Ras protein as the sub-
strate for the reaction. The cytosol was the only fraction that
contained an activity that could farnesylate both H-Ras and
K-Ras (not shown).

3.2. E¡ect of homogenisation
In our fractionation procedures mild shearing forces were

employed during homogenisation, which raised the question
of the extent to which the preparation methods may e¡ect the
measured distribution of FPT. When the two homogenisation
procedures, three strokes in a Potter-Elvehjem homogeniser at
345 rpm and 10 strokes at 1450 rpm were compared, the
amount of FPT appearing in the cytosol increased three-fold
when the more extreme forces were used (Table 2). In a sim-
ilar approach, several Turrax blender homogenisation meth-
ods using di¡erent speeds and time periods were also com-
pared. The measurable cytosolic FPT activity rose with
increasing speed. Sonication is very e¤cient at rupturing
membranes and this homogenisation method resulted in
more than half of the total homogenate FPT activity appear-
ing in the cytosol.

3.3. Mitochondrial FPT
Since the highest speci¢c activity of FPT in rat liver was

recovered in isolated mitochondria, subfractionation of this
organelle was performed (Table 3). Removal of the outer
membrane and the inter-membrane space resulted in 65% of
the total mitochondrial activity being present in the mito-
plasts. Further subfractionation of the latter fraction revealed
that the majority of the FPT activity was present in the ma-
trix. The relatively high level of the enzyme activity in the
inner membrane and inter-membrane space is probably due
to leakage of the enzyme from the matrix followed by adsorp-
tion during the subfractionation procedure.

The presence of FPT in the matrix was further established
by Western blotting. The antisera employed, P121, was raised
against puri¢ed mammalian FPT holoprotein and preferen-
tially recognises its L-subunit, which has a molecular mass
of 46 kDa (Fig. 2, lane 3). A single rat liver mitochondrial
polypeptide of the same molecular mass reacted with the anti-
sera (Fig. 2, lane 1). This polypeptide was enriched in the
matrix when it was compared with whole mitochondria on a
protein basis (Fig. 2, lane 2).

4. Discussion

According to the original concepts, the initial part of the
mammalian mevalonate pathway that leads to FPP is present
exclusively in the cytosol, while the terminal reactions which
produce the various end products are associated with organ-
elles. Recent investigations, however, have demonstrated a
wide distribution of the enzymes involved in the biosynthetic
processes of mevalonate pathway lipids. In liver, several of the
initial reaction sequence enzyme activities have been found in
peroxisomes [22], endoplasmic reticulum [34] and mitochon-
dria [35]. Prenyl protein transferases have been studied almost
exclusively in cytosolic fractions and their cellular distribution
has not been thoroughly investigated. Upon analysis of the
organelles of rat kidney and liver, a large number of preny-
lated polypeptides were discovered, particularly in mitochon-
dria and microsomes, which raised the question as to whether
prenylation occurs locally or before the targeting of the pro-
teins to organelles [5].

Investigation of FPT revealed that the enzyme is present
not only in the cytosol. In fact, its speci¢c activity in the
cytosolic fraction was considerably lower than in the various
organelles. Subfractionation of liver mitochondria, which was
the organelle fraction that had the highest speci¢c FPT activ-
ity, demonstrated that the bulk of the enzyme is present in the
matrix. Previous studies have established that FPP synthesis
also takes place in the mitochondrial matrix [35], and the
main function for this isoprenoid in mitochondria might be
as a substrate for FPT.

The DTT assay should not be speci¢c for enzymes recog-
nising particular C-terminal sequences and might, therefore,
be able to pick up farnesylating enzymes other than the clas-
sical FPT, provided that the bond formed is of a thioether

Table 3
Distribution of FPT activity in subfractions of rat liver mitochon-
dria

Subfraction Activity
(% of total
mitochondrial)

Activity
(% of
mitoplastic)

Outer membrane 3.85 þ 1.4
Inter-membrane space 31.3 þ 4.0
Mitoplasts 64.9 þ 7.3
Inner membrane 38.9 þ 4.8
Matrix 61.0 þ 4.1

The various subfractions were isolated from rat liver mitochondria
prior to incubation with DTT and [3H]FPP in polypropylene tubes.
The values shown are means þ S.D. of four experiments.

Fig. 2. Reaction of rat liver proteins with FPT antiserum. Western
blot showing the reaction of rat liver proteins with P121 antiserum.
The individual fractions were isolated as described. Lane 1: 90 Wg
of mitochondrial protein. Lane 2: 90 Wg of matrix protein. Lane 3:
200 ng of mammalian FPT. The position of molecular mass stand-
ards is indicated on the left of the ¢gure.
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type. The discovery of new FPT isoenzymes could be ham-
pered if peptides with identical sequences as those used to
purify the classical FPT are utilised as substrates when search-
ing. Other potential FPTs might then not be detected if their
substrate speci¢cities di¡er from that of the classical FPT.
DTT, being an unspeci¢c acceptor for the farnesyl group,
provides a solution to this problem. The existence of multiple
enzymes capable of transferring farnesyl groups to proteins is
supported by ¢ndings in several organisms. Mammalian cells
have been reported to contain two FPTs of di¡erent molec-
ular masses that also di¡er in their divalent cation require-
ments [36]. Furthermore, yeast cells have been shown to pos-
sess two FPT activities that display di¡erent polypeptide
speci¢cities [37]. The results presented here suggest that sev-
eral FPTs with di¡erent polypeptide speci¢cities exist in rat
liver, since only the cytosolic activity characterised here could
utilise H-Ras as a substrate.

FPT appears to be a soluble protein within organelles. Dur-
ing various homogenisation procedures, mechanical forces are
applied and it is well established that these forces cause or-
ganelle damage. Release of soluble enzymes to the cytosol can
be observed to di¡erent extents, and this is generally used to
estimate the intactness of the organelles. Applying di¡erent
homogenisation procedures to rat liver, we could vary the
level of FPT in the isolated cytosol. Consequently, the type
of homogenisation applied to break the tissue will be one of
the determining factors de¢ning the FPT level present in a
particular cytosolic fraction.

The multiple localisation of FPT activity naturally raises
the question whether the enzyme distribution pattern is in£u-
enced to some extent by contamination of the individual sub-
cellular fractions. The isolation procedures employed resulted
in limited contamination as demonstrated by marker enzyme
measurements.

Recently, it has been demonstrated that various farnesyl
transferase inhibitors induce the release of cytochrome c
from mitochondria and caspase 3 activation in transformed,
but not in untransformed, cells [38]. They thereby stimulate
apoptosis of cancer cells. The mechanism behind this is not
clear, but it was suggested that (an) as yet unidenti¢ed farne-
sylated protein(s) is (are) involved in antagonising the release
of cytochrome c in transformed cells. Our results showing that
mitochondria contain both prenylated polypeptides [5] and
FPT activity are in line with this hypothesis. However, the
potential connection requires further investigation since the
FPT activity in mitochondria does not have the same poly-
peptide speci¢city as the cytosolic FPT. It therefore seems
unclear why it should be inhibited by peptidomimetics de-
signed from cytosolic FPT substrates. Cytochrome c resides
on the side of the inner membrane facing the inter-membrane
space, so any farnesylated proteins present in its vicinity might
become prenylated outside, as well as inside, the mitochon-
dria. Both the inter-membrane space and the matrix were
shown to contain FPT activity and it is possible that these
activities represent di¡erent enzymes. We are presently trying
to identify substrate proteins for the mitochondrial FPT(s).

Most proteins require co- and/or post-translational modi¢-
cations for functional reasons such as activation, targeting
and appropriate binding. Prenylation represents an important
and irreversible modi¢cation mediating membrane anchoring
and protein-protein interactions. Consequently, FPT, being

present in various organelles, may have a basic role in main-
taining a number of important cellular functions.
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