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Clofibrate-Induced Relocation of Phosphatidylcholine Transfer
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The phosphatidylcholine transfer protein (PC-TP) isa
specific transporter of phosphatidylcholine (PC) be-
tween membranes. To get more insight into its physio-
logical function, we have studied the localization of
PC-TP by microinjection of fluorescently labeled PC-TP
in foetal bovine heart endothelial (FBHE) cells and by
expression of an enhanced yellow fluorescent protein—
PC-TP fusion protein in FBHE cells, human umbilical
vein endothelial cells, and HepG2 cells. Analysis by con-
focal laser scanning microscopy showed that PC-TP was
evenly distributed throughout the cytosol with an ap-
parently elevated level in nuclei. By measuring the flu-
orescence recovery after bleaching it was established
that PC-TP is highly mobile throughout the cell, with its
transport into the nucleus being hindered by the nu-
clear envelope. Given the proposed function of PC-TP in
lipid metabolism, we have tested a number of com-
pounds (phorbol ester, bombesin, A23187, thrombin,
dibutyryl cyclic AMP, oleate, clofibrate, platelet-derived
growth factor, epidermal growth factor, and hydrogen
peroxide) for their ability to affect intracellular PC-TP
distribution. Only clofibrate (100 pM) was found to have
an effect, with PC-TP moving to mitochondria within 5
min of stimulation. This relocation did not occur with
PC-TP(S110A), lacking the putative protein kinase C
(PKC)-dependent phosphorylation site, and was re-
stricted to the primary endothelial cells. Relocation did
not occur in HepG2 cells, possibly due to the fact that
clofibrate does not induce PKC activation in these cells.
© 2002 Elsevier Science (USA)
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INTRODUCTION

The phosphatidylcholine transfer protein (PC-TP)? is
a highly conserved protein (Mw 25 kDa) which specif-
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ically transfers phosphatidylcholine (PC) between
membranes [1-3]. Although extensive research has
been done on the biophysical properties of this protein,
little is known about the function of this protein in
vivo. Possible physiological functions, among which is a
role in bile secretion [4, 5], have recently been refuted
by van Helvoort et al. [3]. In that study, PC-TP null
mice failed to give a phenotype. On the other hand, the
elucidation of the total genome structure indicated that
the promoter region contained a number of responsive
elements known to be involved in lipid metabolism [6].
In agreement, PC-TP is particularly expressed in tis-
sues displaying a high lipid turnover, such as liver,
kidney, and intestine [3, 7-9].

Although it is generally accepted that PC-TP is pri-
marily present in the cytosol, a proper localization
study using immunocytochemistry or immunofluores-
cence microscopy is lacking. From subfractionation
studies it was estimated that about 60% of rat liver
PC-TP is present in the cytosolic fraction after subcel-
lular fractionation, the remainder being evenly distrib-
uted over the particulate fractions [7]. In the case of
the other two major phospholipid transfer proteins in
mammals (phosphatidylinositol transfer protein and
nonspecific lipid transfer protein), the subcellular lo-
calization provided indispensable information about
their physiological function (for review see: [10]). In
analogy to these proteins, PC-TP could also be involved
in specific reactions rather than being a mere trans-
porter of PC from the site of synthesis to the other
cellular membranes. If so, such a function may be
reflected in a specific subcellular localization.

Here we have investigated the subcellular localiza-
tion of PC-TP in three different cell lines by microin-
jection of Oregon Green-labeled PC-TP and by expres-
sion of an enhanced yellow fluorescent protein—PC-TP
fusion protein (EYFP-PC-TP). Compounds known to
affect PC metabolism were tested for their ability to

nonspecific lipid transfer protein; PC-TP, phosphatidylcholine trans-
fer protein; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; PUFA, polyunsaturated fatty acid; StAR, steroidogenic acute
regulatory protein; FBHE, fetal bovine heart endothelial; HUVEC,

human umbilical vein endothelial cells.
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influence the subcellular distribution of PC-TP. We
show that clofibrate redirects PC-TP to mitochondria
in endothelial cells (FBHE cells and HUVEC), but not
in HepG2 cells. This relocation is possibly related to
phosphorylation of PC-TP.

EXPERIMENTAL PROCEDURES

Materials. FBHE cells were a gift from Mr. J. M. van Aken
(Utrecht University, The Netherlands). HUVEC were isolated by Dr.
G. Heijnen-Snyder (University Medical Centre Utrecht, The Neth-
erlands). HepG2 cells were a gift from Dr. W. Stoorvogel (University
Medical Centre Utrecht, The Netherlands). NIH3T3 mouse fibro-
blasts were a gift from Dr. P. Meijer, (Hubrecht Laboratorium, The
Netherlands). Native PC-TP was isolated from bovine liver as de-
scribed by Westerman et al. [11]. The pEYFP-C1 vector was pur-
chased from Clontech (Palo Alto, CA). The pBluescript SK™ vector
and the Quickchange site-directed mutagenesis kit were obtained
from Stratagene (La Jolla, CA). Primers were synthesized by Euro-
gentec (Seraing, Belgium). The FUGENES6 Transfection Reagent Kit
was obtained from Roche Molecular Biochemicals (Basel, Switzer-
land). Ni*"-High Bond matrix was obtained from Invitrogen (San
Diego, CA). PD-10 columns were purchased from Amersham Phar-
macia Biotech AB (Uppsala, Sweden). The 30- and 100-kDa molec-
ular weight cut-off filters were from Amicon (Beverly, USA). Elec-
troporation cuvettes plus were obtained from Genetronics Inc. (San
Diego, CA). G418 (geneticin), egg yolk PC, trinitrophenylphosphati-
dylethanolamine and phosphatidic acid prepared from egg yolk PC,
5-bromo-4-chloro-3-indoyl-phosphate p-toluidine salt, p-nitro blue
tetrazolium chloride, Coomassie brilliant blue R-250, and goat-anti-
rabbit 1gG conjugated with alkaline phosphatase were purchased
from Sigma (St. Louis, MO). LysoTracker Yellow and MitoTracker
Red were obtained from Molecular Probes Europe BV (Leiden, The
Netherlands). Antibodies against cytochrome c oxidase subunit 1V
were purchased from Research Diagnostics Inc. (Flanders, USA).
Antibodies against the peroxisomal marker nsL-TP labeled with the
fluorescent moiety Cy3 were a kind gift from Dr. T. B. Dansen
(University Utrecht, The Netherlands). 1-Palmitoyl-, 2-pyrenyl-de-
canoyl-PC was synthesized according to established procedures and
was a kind gift of Dr. P. J. Somerharju (University of Helsinki,
Finland). Nonfat dry milk was purchased from Nutricia (Zoetermeer,
The Netherlands).

Cell culturing. FBHE cells and HepG2 cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% (v/v) foetal
calf serum (FCS) buffered with 44 mM NaHCO,. HUVEC were
grown in RPMI-1640 medium containing 20% (v/v) human serum
buffered with 44 mM NaHCO;. All cells were maintained at 37°C in
a 7.5% CO, atmosphere and 95% humidity.

Gel electrophoresis and Western blotting. Cells grown in culture
flasks were washed three times with phosphate-buffered saline
(PBS; 8.3 mM Na,HPO,, 1.5 mM KH,PO,, 137 mM NacCl, 2.7 mM
KCI, pH 6.9). Total cell lysates were obtained by lysis of the cells in
50 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 5 ug/ml
leupeptin, 10 mM NaF. Subsequently, proteins were separated by
SDS—polyacrylamide gel electrophoresis in 12% acrylamide and
0.37% bis-acrylamide [12] and transferred to a nitrocellulose mem-
brane (Schleicher & Schuell BA 85) by semidry Western blotting in
a Multiphor Il Nova Blot electrophoretic transfer unit (Pharmacia,
Uppsala, Sweden) at 1 mA/cm? for 1 h at room temperature. The
nonspecific binding sites of the nitrocellulose membrane were
blocked by incubating the membrane for 1 h in 2% nonfat dry milk
(w/v) in 20 mM Tris—HCI, pH 7.5, 0.5 M NaCl (TBS) at 37°C. Sub-
sequently, the blot was incubated for 1 h at 37°C with the affinity-
purified antibody Ab270 raised against native bovine PC-TP [13]
diluted 1:20 in TBS containing 0.2% nonfat dry milk (w/v). The blot
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was washed with TBS—Tween 20 (0.05% v/v) (3% 10 min) and incu-
bated for 1 h with GAR-AP diluted 1:5000 in TBS. The blot was
washed again with TBS—Tween 20 (3X 10 min). The immunoreactive
proteins were visualized by incubating the blot in 10 ml 0.1 M
NaHCO;, pH 9.8, 10 mM MgCl, - 6H,0 containing 0.3 mg/ml 5-bro-
mo-4-chloro-3-indoyl-phosphate p-toluidine salt and 0.15 mg/ml p-
nitro blue tetrazolium chloride as the color development substrate.

Oregon Green labeling of PC-TP. Native bovine PC-TP (100 ng)
was labeled with a 10-fold molar excess of freshly prepared Oregon
Green lodoacetamide 488 in PBS, pH 8.5, in the presence of a 10-fold
molar excess of the reducing agent tris-(2-carboxyethyl)phosphine.
This mixture was incubated for 48 h under nitrogen at room tem-
perature in the dark. The reaction was stopped by incubation with
cysteine (1 wmol) for 30 min at room temperature. Excess label was
removed using a PD-10 column equilibrated in PBS, pH 7.4. Labeled
protein was concentrated to 400 ug/ml using a 30-kDa molecular
weight cut-off filter. By comparing the molar absorbance of the bound
fluorophore and of PC-TP, it was estimated that one fluorophore was
attached to one molecule of PC-TP. The PC transfer activity was
measured according to van Paridon et al. [14].

Microinjection of Oregon Green-labeled PC-TP. FBHE cells were
grown on glass cover slips to a density of 1 X 10* cells/cm?. Two days
prior to microinjection, the medium was replaced with DMEM con-
taining 10% (v/v) FCS buffered with 20 mM Hepes, pH 7.4. Fluores-
cently labeled PC-TP (400 wg/ml) was microinjected into the cytosol
of FBHE cells by using a combination of an Eppendorf Microinjector
(Model 5244) at 90 hPa pressure (approximately 0.2 s) and an Ep-
pendorf Micromanipulator (Model 5170) under an inverted micro-
scope with a 40X air objective. Cells were allowed to recover at 37°C
for 1 h. Subsequently, the cells were analyzed by confocal laser
scanning microscopy (CLSM).

PEYFP-PC-TP constructs. Bovine PC-TP cDNA [13] was ampli-
fied by PCR using the following primers: 5’-cgc aag ctt cga att cca tgg
atc ctg ggg ccg geg cct tc-3’ (sense) and 5’-ctc gaa tce ggt acc tag gtt
ttc ttg tag ttc tac ga-3’ (antisense). The start and stop codons are
printed in boldface. These primers introduce additional Hindlll
(sense) and Kpnl (antisense) restriction sites (underlined). Using
these two enzymes PC-TP was cloned in frame into the pEYFP-C1
vector. Human PC-TP c¢DNA [3] was cloned into the pEYFP-C1
vector by the same cloning strategy. The primers used were 5’-gcc tcg
agc gaa ttc cat gga get gge cge cgg aag-3’ (sense) and 5'-gag gec ttc ggt
acc tta ggt ttt ctt gag gta gt-3’ (antisense). The start and stop codons
are printed in boldface. These primers introduce additional Xhol
(sense) and Kpnl (antisense) restriction sites (underlined), with
which PC-TP was cloned in frame into the pEYFP-CL1 vector. Proper
insertion of both inserts was checked by restriction analysis and
DNA sequencing. In addition, the complete EYFP-PC-TP (bovine
and human) open reading frame was cloned into the pET15b vector
and expressed in Escherichia coli. EYFP-PC-TP was isolated by
immobilized metal ion affinity chromatography using Ni** -High
Bond matrix and the transfer activity measured as described above.

Site-directed mutagenesis. Bovine PC-TP cDNA in the pEYFP-C1
vector was subcloned into the pBluescript SK™ vector using BamHI.
Using the Quickchange site-directed mutagenesis method Ser' was
replaced with Ala. The following primers were used: 5'-cct ttt ccc atg gct
aac aga gat tat gtt-3’ (sense) and 5’-aac ata atc tct gtt agc cat ggg aaa
agg-3’ (antisense). The boldface nucleotides encode the mutated amino
acid (Ser™ to Ala) and simultaneously introduce a Ncol restriction site
(underlined). Incorporation of the changed nucleotides into the con-
struct was checked by restriction enzyme analysis and DNA sequenc-
ing. Subsequently, the mutated PC-TP(S110A) was cloned back into the
pEYFP—C1 vector using BamHI and the orientation checked by restric-
tion analysis. Bovine PC-TP(S110A) was also expressed in E. coli using
the pET15b expression vector. The PC transfer activity in the bacterial
cytosol was measured as described above.
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Transfection. FBHE cells and HepG2 cells were transfected by
lipofection. Cells were seeded at 1 X 10* cells/cm? on glass cover slips.
After 24 h of growth, cells were transfected with 1 pg of the pEYFP—
PC-TP vector using the FUGENES6 Transfection Reagent Kit accord-
ing to the instruction of the manufacturer and after 24 h were
analyzed by CLSM. HUVEC were transfected by electroporation.
Cells were seeded at 2 X 10* cells/cm? in a 75-cm” flask. After 24 h of
growth, the medium was removed and the cells were washed two
times with PBS. Then 0.25% Trypsin—0.03% EDTA (w/w) (1 ml) in
PBS was added and the flask incubated at 37°C until the cells
detached. Next, 5 ml RPMI medium containing 20% human serum
was added and the cells were centrifuged at 100g for 5 min. The cells
were resuspended in 2 ml PBS and centrifuged again at 100g for 5
min. Subsequently, cells were resuspended in 0.8 ml PBS. DNA (4
ng) was added and the suspension was transferred into a 4-mm-gap
electroporation cuvette plus. Cells were subjected to two pulses of 0.3
ms with a capacity of 25 uF and a voltage of 850 V using a Bio-Rad
Gene pulser 11 (Bio-Rad Laboratories, Hercules, CA). Subsequently,
10 ml RPMI containing 20% human serum was added and the cells
were left to recuperate for 24 h under normal conditions on glass
cover slips.

Stimulation of cells. Cells containing EYFP-PC-TP or Oregon
Green-labeled PC-TP were grown to a density of 2 X 10* cells/cm? on
glass coverslips and stimulated by fresh serum-free medium contain-
ing clofibrate and other agonists for different periods of time (0-120
min). The cells were fixed with 4% paraformaldehyde in PBS and the
distribution of fluorescence was analyzed by CLSM. In some in-
stances, fluorescence was determined by in vivo imaging up to 30
min.

Identification of subcellular organelles. Cells were washed two
times with PBS and fixed by incubation in 4% paraformaldehyde in
PBS for 1 h at 37°C. Fixed cells were permeabilized by 0.5% Triton
X-100 in PBS (5 min) and subsequently washed two times for 5 min
in 50 mM NH,CI in PBS. Prior to labeling with antibodies, nonspe-
cific binding sites were blocked with 2 mg/ml gelatine in PBS for 1 h.
Peroxisomes were identified by Cy3-labeled antibodies directed
against the nsL-TP [15] and mitochondria by TRITC-labeled anti-
bodies against cytochrome ¢ oxidase subunit V. The coverslips were
mounted in 20 mM Tris—HCI, pH 8.5, 24% Gelvatol 4-88, 6% glycerol.
Mitochondria and lysosomes were identified in living cells by addi-
tion of serum-free medium containing 50 uM MitoTracker Red or
LysoTracker Yellow.

Confocal laser scanning microscopy. Fluorescence was visualized
by confocal laser scanning microscopy using a Leica TCSNT confocal
laser scanning microscope on an inverted microscope DMIRBE
(Leica Microsystems, GmbH, Heidelberg, Germany) with an argon—
krypton laser as excitation source. In the case of the Oregon Green
488 and EYFP, Aqcitation @Nd Aemission Were 488 and 530 nm = 15 nm,
respectively. In the case of Cy3, TRITC, MitoTracker Red, and Lyso-
Tracker Yellow, Aqgitation @Nd Aemission Were 568 and 600 nm = 15 nm,
respectively. Overlap from the green into the red channel and vice
versa was checked before recording the images and, if necessary,
corrected.

Bleaching. To bleach the fluorescently labeled PC-TP in cells, a
distinct section of the cytosol or the nucleus was scanned 16 times
with the pinhole set at maximum depth. Immediately after bleach-
ing, settings were returned to normal and the remainder of the
fluorescence was visualized. To quantify the recovery after bleach-
ing, the fluorescence intensity of each pixel in a part of the nucleus
(2000 pixels) and the cytosol (14,000 pixels) was determined at
various time points and the fraction of fluorescence present in the
nucleus calculated.

Correlation plots. Correlation plots were generated using the
plotting macro provided with Scion Image release Beta 3b.
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FIG. 1. Immunoblot analysis of PC-TP in total cell lysates. Lane

1, HepG2 cells (20 ug protein); lane 2, HUVEC (150 ug protein); lane
3, FBHE cells (25 ug protein); lane 4, native bovine PC-TP (10 ng);
lane 5, native bovine PC-TP (30 ng).

RESULTS

PC-TP Levels and Subcellular Localization

The subcellular localization of PC-TP was investi-
gated in three different cell lines, i.e. FBHE cells,
HUVEC, and HepG2 cells. As established by densito-
metric scanning of immunoblots, it was estimated that
FBHE cells, HUVEC, and HepG2 cells contain 1.0,
0.1, and 3.4 ug PC-TP/mg total protein, respectively
(Fig. 1). Affinity-purified polyclonal antibodies raised
against bovine liver PC-TP were used to determine the
intracellular distribution of PC-TP in these cells. How-
ever, when prior to use the specific antibodies were
removed by incubation with pure native bovine PC-TP,
nonspecific staining was still clearly visible (results not
shown). These nonspecific interactions prevented the
use of the polyclonal antibody in the immunolocaliza-
tion. Hence, the subcellular localization was deter-
mined by the microinjection of bovine PC-TP labeled
with Oregon Green 488 and by the expression of an
enhanced yellow fluorescent protein—PC-TP fusion pro-
tein. Fluorescent tagging of PC-TP had no effect on the
PC transfer activity (data not shown). The CLSM im-
ages in Fig. 2 show the localization of PC-TP in the
equatorial plane. In the case of FBHE cells the Oregon
Green-labeled PC-TP and the EYFP-bovine PC-TP
were found throughout the cytosol with elevated levels
present in the nucleus (Figs. 2A and 2B). When EYFP-
human PC-TP was expressed in HUVEC or HepG2
cells, the same localization was observed (Figs. 2C and
2D). Since pure human PC-TP was not available, the
localization studies of these cells were restricted to the
fusion protein. Expression of EYFP in all three cell
lines gave a similar distribution, indicating that the
enrichment of PC-TP in the nucleus was not an inher-
ent property of this protein (Figs. 2E-2G).

Intracellular Mobility

To investigate the mobility of Oregon Green-labeled
PC-TP in the cell, the fluorophore was bleached in a
distinct section of either the nucleus or the cytosol, and
the recovery of fluorescence was measured. Bleaching a
section of the nucleus diminished the fluorescence in-
tensity of the complete nucleus (Fig. 3). After bleach-
ing, the fluorescence intensity was restored to virtually
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FIG. 3. Fluorescence recovery after bleaching of Oregon Green-labeled PC-TP in the nucleus of FBHE cells. Top: distribution of PC-TP
at different time points. The white square indicates the bleached area in the nucleus. Inset shows the intensity from high (white) to low
(black); the bar represents a length of 20 um. Images were obtained by confocal laser scanning microscopy. Bottom: quantification of

fluorescence recovery.

the initial level within 10 min. The time course of
recovery after bleaching in the nucleus is shown in Fig.
3 (bottom). In the case of bleaching a section of the
cytosol, the fluorescence recovery was instantaneous
(less than 30 s). This indicates that PC-TP can move
freely throughout the cell; yet the movement across the
nuclear membrane is restricted. Similar results were
obtained by bleaching EYFP-PC-TP in FHBE cells,
HUVEC, and HepG2 cells. In the case of the EYFP
fusion proteins, the fluorescence recovery in the nu-
cleus was approximately 15 min (data not shown).

Clofibrate-Induced Relocation to Mitochondria

With PC-TP being able to move freely through the
cell, it can deliver PC to specific sites of metabolism or
to distinct membrane domains in need of PC. To obtain
evidence for this, FBHE cells microinjected with Ore-
gon Green-labeled PC-TP were stimulated with com-
pounds that affect PC hydrolysis or synthesis. The
compounds tested were phorbol ester (50 and 100 ng/

ml), bombesin (10 nM), A23187 (1 and 4 pg/ml), throm-
bin (0.1 and 1 U/ml), dibutyryl cyclic AMP (1 mM),
oleate (0.5 and 2 mM), clofibrate (100, 200, and 500
M), lysophosphatidic acid (10 wg/ml), tumor necrosis
factor (1 and 50 ng/ml), platelet-derived growth factor
(20 ng/ml), epidermal growth factor (50 ng/ml), and
hydrogen peroxide (200 uwM). None of these compounds
influenced the distribution of fluorescently labeled
PC-TP (data not shown). An exception, however, was
clofibrate, an inhibitor of the PE methylation pathway,
which caused an extensive redistribution of PC-TP
within 5 min (Fig. 4). PC-TP remained associated with
distinct cellular structures up to 25 min. As a control,
Oregon Green-labeled bovine serum albumin was in-
jected into FBHE cells. The distribution of this protein
was not affected by clofibrate treatment (data not
shown).

Since clofibrate primarily influences the function of
peroxisomes [16, 17] and mitochondria [18-20], atten-
tion was focused on these two organelles as possible
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t=15 min

FIG. 4. Distribution of Oregon Green-labeled PC-TP in FBHE cells as a function of time after stimulation with clofibrate (100 uwM). Inset
shows the intensity from high (white) to low (black); the bar represents a length of 20 um. Images were obtained by confocal laser scanning

microscopy.

sites of interaction for PC-TP. To be sure that labeling
of these structures did not indicate sites of enhanced
degradation of PC-TP, lysosomes were also taken into
consideration. After a 5-min stimulation by clofibrate
and fixation of the FBHE cells, PC-TP did not colocal-
ize with antibodies directed against nsL-TP, a peroxi-
somal protein (Fig. 5A). Using a lysosomal marker
(LysoTracker Yellow) during in vivo imaging, it was
demonstrated that the PC-TP-associated structures
were not lysosomes (Fig. 5B). However, a distinct colo-
calization was observed with MitoTracker Red (also
measured in vivo), indicating that PC-TP is associated
with mitochondria after clofibrate stimulation (Fig.
5C). This colocalization was confirmed by computing
the correlation between the red and the green chan-
nels. By superimposing the two images the intensity of
each separate pixel was compared (Fig. 6). The corre-
lation coefficient between MitoTracker Red and PC-TP
after relocation was 0.92, whereas the correlation co-
efficients for peroxisomes and lysosomes were 0.56 and
0.54, respectively.

The relocation was also investigated for EYFP-PC-
TP expressed in FBHE cells, HUVEC, and HepG2 after
administration of 100 uM clofibrate. After stimulation
and fixation of the cells, the mitochondria were stained
by antibodies directed against cytochrome c¢ oxidase
subunit IV. In both FBHE cells and HUVEC, EYFP-
PC-TP was associated with mitochondria (Figs. 7A and

7B). However, it can be seen that not all mitochondria
show PC-TP labeling, strongly suggesting that PC-TP
has relocated to a subset of mitochondria (see insets).
The occurrence of two populations of mitochondria is
reflected in the relatively low correlation coefficients of
0.82 for FBHE cells and 0.65 for HUVEC (Fig. 8). No
relocation to mitochondria was observed for the HepG2
cells (data not shown). EYFP expressed in these cells
did not relocate to mitochondria in response to clofi-
brate treatment. In addition to clofibrate, arachidonic
acid (500 uM) was observed to induce mitochondrial
relocation of EYFP-PC-TP in FBHE cells and HUVEC
(results not shown).

Relocation Is Associated with the PKC
Phosphorylation Site at Serine-110

PC-TP has one putative PKC phosphorylation site at
Ser'® [21-23]. Ser* is the structural homologue of
Ser'® in steroid acute regulatory protein (StAR) [24].
Upon phosphorylation StAR moves to mitochondria to
deliver cholesterol to the mitochondrial membrane.
Since the same mechanism might apply for PC-TP,
Ser™ was replaced for an alanine residue by site-
directed mutagenesis. After expression in E. coli the
mutated bovine protein denoted PC-TP(S110A) was
fully active compared to nonmutated bovine PC-TP
(data not shown). Upon expression of the EYFP-PC-
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FIG.5. Mitochondrial localization of Oregon Green-labeled PC-TP in FBHE cells after stimulation with clofibrate. PC-TP is shown on the
left and markers for peroxisomes (A), lysosomes (B), and mitochondria (C) on the right. The middle image of each panel shows the
colocalization as indicated by the yellow color. Peroxisomes were identified by Cy3-labeled antibodies directed against nsL-TP, lysosomes by
LysoTracker Yellow, and mitochondria by MitoTracker Red. Arrows point to the segment of the cell corresponding with the inset. The bar
represents a length of 20 um. All images were obtained by confocal laser scanning microscopy.

TP(S110A) fusion protein in FBHE cells, 100 uM clo- DISCUSSION

fibrate did not induce relocation to the mitochondria

(Fig. 9A), whereas EYFP-PC-TP used as control did Despite numerous efforts, the physiological function
relocate (Fig. 9B). This strongly suggests that clofi- of the highly conserved PC-TP still remains to be es-
brate-induced relocation to the mliltoochondria is associ- tablished [3]. Here we show by confocal laser scanning

ated with phosphorylation of Ser™. microscopy that fluorescently labeled PC-TP was
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FIG. 6. Correlation plots of the subcellular distribution of PC-TP and markers of peroxisomes (A), lysosomes (B), and mitochondria (C)
in FBHE cells after stimulation with clofibrate. The intensity of each pixel in the green and red channel is determined and plotted against
each other. The derived correlation coefficients are 0.56 for peroxisomes, 0.54 for lysosomes, and 0.92 for mitochondria. A correlation
coefficient of 1.0 indicates complete colocalization and a value of 0.5 no colocalization of PC-TP and marker.

FIG. 7. Mitochondrial localization of EYFP—PC-TP after stimulation with clofibrate in FBHE cells (A) and HUVEC (B). On the left side
of each panel the green channel (PC-TP) is shown and on the right side the red channel (mitochondria). The middle image of each panel shows
the colocalization as indicated by the yellow color. Mitochondria were identified using antibodies directed against TRITC-labeled cytochrome

c oxidase subunit IV. Arrows point to the segment of the cell corresponding with the inset. The bar represents a length of 20 um. All images
were obtained by confocal laser scanning microscopy.
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FIG. 8. Correlation plots comparing the colocalization of EYFP—-PC-TP with a mitochondrial marker in FBHE cells (A) and HUVEC (B)
after stimulation with clofibrate. The derived correlation coefficients are 0.82 for FBHE cells and 0.65 for HUVEC. The relatively low
correlation coefficients reflect the association of PC-TP with a subset of mitochondria (see legend to Fig. 6).

evenly distributed throughout the cytoplasm of FBHE
cells, HUVEC, and HepG2 cells with elevated levels in
the nuclei. This latter enrichment was also observed
for EYFP expression in these cells, which argues
against a specific function for PC-TP in the nuclei. By
fluorescence recovery after bleaching PC-TP was found
to be highly mobile throughout the cell. Bleaching of
PC-TP in the nuclei indicated that the mobility of
PC-TP between the cytosol and the nucleus was re-
stricted, requiring a recovery period of 10 min for Or-
egon Green-labeled PC-TP and 15 min for EYFP—-PC-
TP. Similar times of recovery have been observed after
the nuclear bleaching of fluorescently labeled dextrans
having the same size [25-27].

Addition of clofibrate (100 wM) to the medium of
endothelial cells caused PC-TP to move to mitochon-
dria within 5 min. Another peroxisome proliferator,
arachidonic acid (500 wM), could also induce this relo-

cation (data not shown). Peroxisome proliferators in-
duce phosphorylation of serine and threonine residues
by protein kinase C (PKC) [28-35]. These modifica-
tions appear to be either an early event or a mecha-
nism independent of peroxisome proliferation. When
we substitute Ser'°, which is part of a putative PKC
phosphorylation site for an alanine residue, the reloca-
tion of PC-TP is abolished. This strongly suggests that
the clofibrate-induced relocation of PC-TP to the mito-
chondria is preceded by PKC phosphorylation. The
PKC isoform involved is probably specific, since rat
brain PKC consisting mainly of PKCvy was not able to
phosphorylate PC-TP for more than 0.2% in vitro (data
not shown). Clofibrate was unable to induce the relo-
cation of EYFP-PC-TP in HepG2 cells. This agrees
with fibrates not being able to induce phosphorylation
in these cells [32]. The specific relocation of PC-TP to
mitochondria upon phosphorylation strongly suggests

FIG.9. Effect of the replacement of Ser'™° with Ala on the distribution of PC-TP in FBHE cells after stimulation with clofibrate (200 uwM).

(A) EYFP-PC-TP(S110A); (B) EYFP—PC-TP.



LOCALIZATION OF PHOSPHATIDYLCHOLINE TRANSFER PROTEIN

that mitochondria contain docking proteins, which in-
teract with the phosphorylated PC-TP. After docking,
PC-TP most likely stays on the outside of the mitochon-
dria, since PC-TP does not contain a mitochondrial
localization signal [36].

Clofibrate is an inhibitor of PE methyltransferase
(PEMT) mediating the methylation of PE to PC, a
process that takes place in the mitochondria-associ-
ated membranes [37, 38]. Inhibition of PEMT impairs
the lipidation of apolipoprotein B48-containing lipopro-
teins, leading to decreased triglyceride (TG) and phos-
pholipid levels in blood [39]. Interestingly, clofibrate
treatment did not affect blood plasma TG and phospho-
lipid levels in PC-TP null mice (A. P. M. de Brouwer et
al., unpublished). In view of its association with mito-
chondria after clofibrate stimulation, we consider the
possibility that the clofibrate-mediated inhibition of
PEMT is linked to PC-TP translocation. In line with
this, PC-TP is not relocated in HepG2 cells, which
display very low PEMT activity [40]. On the other
hand, the PE methylation pathway appears to be re-
stricted to liver [41], whereas PC-TP is more ubiqui-
tously expressed.

In transferring PC between membranes, PC-TP pre-
fers PC molecular species that have a palmitic acid on
the sn-1 position and polyunsaturated fatty acid
(PUFA) on the sn-2 position [42]. It is conceivable that
relocation of PC-TP to mitochondria increases the
amount of 16:0/PUFA-PC species in the mitochondrial
membranes. The ensuing increase of membrane fluid-
ity is reported to generate a number of responses, such
as the enhancement of membrane-associated phospho-
lipase A, activity [43], proton leakage [44, 45], and
Ca*" efflux [46]. Furthermore, changes in phospholipid
fatty acid composition can alter the activity of carnitine
palmitoyltransferase | [47, 48] and of the pyruvate
carrier [49, 50]. If correct, the interaction of PC-TP
with mitochondria may have a profound effect on mi-
tochondrial function, including an increased B-oxida-
tion. In this regard it is to be noted that fibrates exert
their hypotriglyceridemic effect primarily via in-
creased B-oxidation in the mitochondria [51].

Although many implications resulting from the relo-
cation of PC-TP to mitochondria can be envisaged, we
have as yet no direct proof that PC-TP regulates mito-
chondrial function. However, given that clofibrate
treatment both induces relocation of PC-TP to the mi-
tochondria and stimulates a PC-TP-mediated decrease
in blood plasma TG and phospholipid levels, it is evi-
dent that attention should be focused on PC-TP in
connection to mitochondrial lipid metabolism.

We thank Dr. G. J. P. L. Kops (Physiological Biochemistry, UMC
Utrecht, The Netherlands), Dr. W. J. Hage (Hubrecht Laboratorium,
The Netherlands), and Dr. C. A. M. de Haan (Infectious diseases and
Immunology, Utrecht University, The Netherlands) for their assis-
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