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ABSTRACT. We have created by transfection a series of HEK 293 cell lines that express varying amounts
of caveolin-1 to test the possible effect of this protein on the transport and metabolism of long chain fatty
acids (FA) in cells with this gain of function. We used an extracellular fluorescent probe (ADIFAB) to
monitor binding of exogenous FA to the plasma membrane and an intracellular pH probe to monitor FA
equilibration across the plasma membrane. Real-time fluorescence measurements showed rapid binding
of oleic acid to the extracellular side of the plasma membrane and a rapid translocation across the lipid
bilayer by the flip-flop mechanism<(5 s). Two cell lines expressing levels of caveolin-1 roughly comparable

to that of adipocytes, which have a very high level of endogenous expression of caveolin-1, showed a
relatively slow change in intracellular pHi4 < 100 s) in addition to the fast changes in fluorescence.

We interpret this additional second phase to represent translocation of additional FA from the outer to
inner leaflet of the plasma membrane. The slower kinetics could represent either slower flip-flop of FA
across highly organized, rigid regions of the plasma membrane or binding of FA to caveolin-1 in the
intracellular leaflet of the plasma membrane. The kinetics of palmitate and elaidate (a trans FA)
transmembrane movement were identical to that for oleate. These results were observed in the absence of
the putative FA transport protein, CD36, and in the absence of any changes in expression of fatty acid
transport proteins (FATP) 2 and 4, and are in direct correlation with increased cellular free cholesterol
content. FA metabolism was slow in all cell lines and was not enhanced by caveolin-1 expression. We
conclude that transport of FA across the plasma membrane is modulated by caveolin-1 and cholesterol
and is not dependent on the putative FA transport proteins CD36 and FATP.

Long chain fatty acids (FA)serve a variety of needs in  have shown that FA can enter adipocytes within seconds and
complex organisms, the vast majority of which involve can also leave rapidly.
energy storage and production. However, more recently Specific membrane proteins and/or transporters have also
appreciated roles for FA are as ligands for cell surface been implicated in the transport of FA through membranes,
receptors 1) and as regulators of gene expression via their based in part on their ability to augment cellular FA uptake
interaction with nuclear receptor)( The fast rates of FA  (including metabolism) when overexpressed. Such proteins
metabolism in many cells such as adipocytes require thatinclude caveolin-15), adipocyte cytosolic fatty acid-binding
they cross the plasma membrane quickly, entering or leavingprotein (aP2) ), fatty acid translocase FAT/CD367)(
the cell depending on the metabolic status of the organism.plasma membrane-bound fatty acid binding protein (FABP
The mechanism(s) by which FA move through cell surface (8), and members of the fatty acid transport protein (FATP)
membranes remains unresolved. New biophysical approachegamily (9, 10). The FATP family members are acylCoA
have on one hand provided evidence that passive diffusionligases {1) that may augment cellular FA uptake by virtue
(flip-flop) across the plasma membrane is very rapid and of their ability to convert FA to fatty acyl CoA derivatives
can account for cellular FA flux in the adipocyt®) @nd on and thus drive their transmembrane movement by creating
the other hand suggested that diffusion is not an adequatean inward-directed gradient for FA diffusiodZ, 13). All
mechanism 4). However, all new biophysical approaches 0f these proteins are expressed at significant levels in

adipocytes, the major site where FA is stored in the fed state
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partitioning suggested a high avidity of FA for the lipid BCECF-AM, andcis-parinaric acid were purchased from
bilayer such that competition by protein-mediated transport Molecular Probes (Eugene, OR}*C]Oleic acid and TLC
processes would be minimal. While this study and other lipid standard were purchased from NuChek Prep (Elysian,
studies 18—20) clarified that proteins are not required for MN). Uniplate Silica Gel G TLC plates (scored 20 lanes
FA transport, they do not exclude a role of the putative 20 cm) were obtained from Analtech Inc. (Newark, DE).
transport proteins in trafficking of FA in membranes or the  Buffers MOPS-KRB buffer [20 mM MOPS, 118 mM
direct or indirect participation in FA metabolism. However, NaCl, 5 mM KCI, 1.1 mM MgSQ, 1.1 mM KH,PO,, 2.5
studies to date have not revealed any mechanisms by whichmM CaC}, and 5.1 mM glucose (pH 7.4)] was used in the
proteins influence transport of FA in the plasma membrane, preparation of cultured HEK cells and all fluorescence
other than by converting the FA to acyl-CoA, which cannot measurements.
escape the celll@, 13, 21, 22). Fatty Acid Stock SolutionsOleate was dissolved in
Caveolin-1 is the most abundant of the putative FA binding chloroform, which was evaporated under Nas for an
proteins in adipocytes. It serves as a structural constituentaccurate determination of its dry weight. After evaporation
of the caveolae that cover up to 20% of the adipocyte cell of the solvent, the dried oleate was dissolved in enough 1
surface 23—25). Indeed, caveolin/caveolae expression is mM KOH to produce a 10 mM stock of fatty acid. If needed,
markedly induced during adipocyte differentiation from 0.1 mM KOH was added dropwise to increase the pH to
fibroblasts to mature fat cell26, 27). Caveolae are non-  >10 to ensure complete dissolution of the FA as micelles.
clathrin-coated plasmalemmal invaginations, which are also FA stock solutions were also made by dissolving oleate in
abundantly located on the surface of endothelial cells and DMSO and ethanolcis-Parinaric acid was dissolved in
smooth and striated myocyte88j. Caveolae make up a DMSO to produce a 40 mM stock.
subclass of lipid rafts, characterized by their resistance to HEK 293 Cell Lines and Transfection (3%DNA for
solubilization by Triton X-100 at 4C, their light buoyant mouse caveolin<d was produced by RT-PCR from 3T3-L1
density, and their enrichment in cholesterol and sphingolipids adipocytes. The cDNA was then inserted into the pcDNA3.1
(reviewed in re28). Postulated caveolae-mediated functions hygro vector and transfected into HEK 293 cells using
include a role in vesicular transport via endocytosis/tran- Lipofectamine 2000 from Invitrogen (Carlsbad, CA) accord-
scytosis in endothelium and other tissu&9-{33) and ing to the manufacturer’s instructions. Single colonies were
cellular cholesterol flux/homeostas&4. Caveolae have also  selected using cloning rings (Falcon), and each produced line
been suggested to play a role in signal transduction by of HEK 293 cells was tested for levels of caveolin-1
serving as organizing centers for a variety of receptors andexpression. Four cell lines with different levels of expression
signal-transducing molecule85). Importantly, caveolin-1, of caveolin-1 were developed from this procedure. The five
one of four proteins produced from three caveolin genes, cell lines that were studied, starting from little to no
has been implicated in the binding and/or transport of FA expression of caveolin-1 ranging to a high level of expression
(5). of caveolin-1, are Parent, D20, D7, A4, and B8. All cell lines
Thus, we sought to develop an experimental cell system were grown in Dulbecco’s modified Eagle’s medium (DMEM)
to study the involvement of caveolin/caveolae in the transport from Mediatech Inc., (Herndon, VA), containing a mixture
of FA in the plasma membrane of cells that lack some of of penicillin (5000 units/mL) and streptomycin (500@/
the putative FA transporters and have relatively limited FA mL) from Invitrogen. The medium was supplemented with
metabolism on the time scale of FA transport from the 5% fetal bovine serum (FBS) (Hyclone) and 5% calf serum
extracellular medium to the cytosol. HEK 293 cell lines have (CS) (Invitrogen).
virtually no endogenous caveolin-1 and lack the most Caveolin Biotinylation in HEK 293 CellsThe B8 cell line
common putative FA transport protein, FAT/CD39, (which was exposed to 1 mM EZ-Link-sulfo-NHS-SS-biotin (Pierce)
is concentrated in caveolae in adipocytes and other &8s ( for 5 min as we have previously describdd)( Alternatively,
38). We created several cell lines expressing different levels enriched plasma membranes, obtained from B8 cells and
of caveolin-1, the highest level approaching that observed prepared as we described previousd@)( were incubated
in adipocytes. We found a threshold effect of caveolin-1 with 0.1% Triton X-100 for 15 min at 4C and then
expression on plasma membrane cholesterol content: abiotinylated as described above. The cross-linking reaction
moderate increase in the level of caveolin-1 expression was quenched by the addition of an ice-cold buffer consisting
resulted in no significant increase in the level of plasma of 20 mM Tris and 25 mM ethanolamine (pH 7.4). Bioti-
membrane cholesterol, but higher levels of caveolin-1 nylated proteins were adsorbed onto immobilized avidin,
expression increased the level of surface cholesterol byeluted with dithiothreitol, and subjected to SBBAGE and
~70% (ref39 and Figure 3). This increase in the level of Western blotting with anti-caveolin-1 antibod$7 as we
PM cholesterol was mirrored by alterations in the membrane described in refi0. Protein amounts were determined using
transport of FA independent of any significant changes in a BCA kit from Pierce (Rockford, IL), and equal amounts
FA metabolism or changes in the expression of putative FA were analyzed (Figure 2B).
transport proteins other than caveolin-1. Our data support a Antibodies and Western Blottingntibodies for caveolin-
role for plasma membrane cholesterol and caveolin-1 in 1, flotillin-1, and SSAO were obtained from BD Transduction
modulating the dynamics of FA in membranes in the absenceLaboratories (Lexington, KY). Antibodies to the FATPs were
of other protein facilitators. a kind gift of A. Stahl (Stanford University, Palo Alto, CA).
Primary antibodies were detected using secondary antibodies
MATERIALS AND METHODS conjugated to horseradish peroxidase from Sigma and
Materials Oleic acid (99% pure) and all buffer materials chemiluminescence substrate from PerkinElmer Life Sciences
were purchased from Sigma (St. Louis, MO). ADIFAB, (Boston, MA).
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ImmunofluorescencédEK cells were grown in six-well at a>1/500 dilution to the external buffer did not affect the
tissue culture plates containing palylysine-coated cover intracellular pH.
slips (Becton Dickinson, Franklin Lakes, NJ) for 48 .h. Cells  HEK 293 cells (Parent and B8 cell lines) containingh
were then washed one time with PBS and fixed with 3.7% BCECF were permeabilized to*Hwith nigericin (1ug of
formaldehyde in PBS for 15 min at room temperature and nigericin/l mg of PC) such that pH= pHo.: at all times.
then washed two more times with PBS. Cells were blocked The pl—l)ut was measured with a pH mini-electrode (Micro-
and permeabilized by incubation with buffer P [5% donkey electrodes, Bedford, NH) and was titrated with small volumes
serum (Sigma), 5% bovine serum albumin, and 0.5% Triton of 8 M KOH and HSO,. The ratiometric excitation of
X-100 in PBS] for 20 min at room temperature. The fixed BCECF was recorded at each pH value to generate a
cells were incubated fo2 h with rabbit anti-caveolin-1  calibration curve. The fluorescence of BCECF was linear
antibody at a dilution of 1/250 in buffer P at room petween pH 6 and 8 and indistinguishable for the cell lines
temperature. Four more washes with buffer P were then expressing a negligible (Parent) or high level of caveolin-1
performed, and the cells were covered in aluminum foil and (B8).
incubated for 30 min at room temperature with an anti-rabbit  \1aasurement of the Intracellular Fatty Acid Metabolism
Cy3 secondary antibody (Jackson ImmunoResearch Labo-cgjis were prepared and isolated as previously described for

ratories, Inc., West Grove, PA) at a dilution of 1/250. Again, ,orescence measurementéQ]Oleate (2Q:M) was added
the cells were washed four times with PBS, and they were ;4 3 mL of a cell suspension in a test tube, rapidly mixed,

then mounted with a glycerol/PBS solution (component A 4 placed in a shaking 3T water bath for 0, 2, 5, 15, 30
of the SlowFade Antifade Kit from Molecular Probes). The |, 45 min. After incubation. the suspensioin of cells was
stained cells were observed with a Zeiss Axiovert 200M poured into 1 mL of “stop ’solution” (40/10/1 hexane/2-

microscope equipped with a Hamamatsu Photonics K.K. hropanol/sulfuric acid mixture) to lyse the cells and extract

camera for standard immunofluorescence. the lipid products. Samples were then centrifuged (20 min
Determination of the Total and Unesterified Cholesterol at 1000 rpm) after being washed with 3 mL of deionized

Content The assays were performed as outlined previously water followed by 2 mL of hexane to extract all lipids into

(41). Briefly, the total amount of cellular cholesterol was the organic layer. The hexane layer was then removed, air-

estimated by extracting lipids from HEK cells by the Folch dried, and resuspended into 100 of a chloroform/methanol

method €2), and the lipid phase was hydrolyzed with KOH mixture (1/1). Approximately 5Q:L of lipid mixture was

and ethanol. A colorimetric assay (horseradish peroxidase)then placed on silica TLC plates along with 2D of lipid

was used for detection. For estimation of the amount of standard (monoglyceride, diglyceride, triglyceride, free fatty

unesterified cholesterol, the same assay was used but withougcid, and cholesterol ester), dried undergds, and placed

the hydrolysis step. in a solvent tank containn1 L of “running buffer” (80/
Preparation of Cultured HEK Cells for Fluorescence 20/1hexane/ethyl ether/acetic acid mixture). The solvent was
MeasurementsHEK cells were incubated with 0.12gg/  @llowed to move up the plate to within 1 cm of the top. The

mL (200 nM) BCECF-AM for 30 min at 37C and washed  Plate was removed from the tank, air-dried in the hood, and
twice in 20 mM MOPS KRB buffer (pH 7.4). Cells were Placed in a second sealed tank to develop in the presence of

resuspended in buffer following a 10 s treatment with 0.1% iodine flakes. Different lipid bands were marked and then
trypsin-EDTA (Invitrogen). scraped into individual scintillation vials along with 4 mL

of Ecoscint solution to measure the radioactivity. The amount
of each lipid species extracted was calculated at each time
point as a percentage of the total lipids extracted.

Fluorescence MeasuremenBuorescence measurements
were taken using a Spex Fluoromax-2 instrument from Jobin
Yvon (Edison, NJ). The ratiometric fluorescence of BCECF
was measured using excitation at 439 and 505Rnat X504 RESULTS
€Xs39) With an emission of 535 nm. The ratiometric fluores-
cence of ADIFAB was measured using excitation at 386 nm  Characterization of HEK Cells Expressing @mlin-1.We
and emission of 432 and 505 niR & emyodenysy). The confirmed by indirect immunofluorescence that expressed
emission oftis-parinaric acid was measured at 416 nm after caveolin-1 was directed to the cell surface (Figure 1).
exciting the probe at 320 nm. In experiments in which the Representative fields from the two cell lines expressing the
binding and flip-flop of fatty acids into cultured HEK cells  highest levels of caveolin (B8 and A4) as well as those
were monitored, the fluorescence signals of each probeexpressing intermediate levels (D7 and D20) and the lowest
(ratiometric or singlel emission) were measured alone or levels of caveolin-1 (Parent) are shown. There was little or
simultaneously as oleate was added through the injection portno detectable cell surface fluorescence in the latter cell line,
above the cuvette in the absence of BSA (60 nmol of FA/ as was previously shown for the case of the parental HEK
cuvette= 20 M final concentration). All samples were 293 cells 89), whereas the other cell lines showed a distinct
rapidly stirred throughout each experiment to ensure rapid pattern of fluorescence around the rim (surface) of the cells.
mixing of the fatty acids with cells. The surface of the sample Thus, as expected and as shown by others for caveolin-1
changer was also warmed to 3 by a flow of water transiently transfected into HEK cellg%), this protein was
pumped into the sample compartment from a temperature-largely expressed at the cell surface. To confirm that
controlled external water bath. The effect of caveolin caveolin-1 was inserted into the inner leaflet of the plasma
expression on FA-induced pH changes was assessed bynembrane bilayer4@), the B8 cell line cell surface was
measuring the level of binding to the plasma membrane, thebiotinylated with a membrane impermeable reagé}, @nd
magnitude of the pH drop, and the length of time over which alternatively, the isolated plasma membrane was reacted with
that drop occurred. Vehicle alone, DMSO or KOH, added the same reagent after its solubilization (Figure 1B). Bioti-
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Ficure 1: Caveolin-1 is directed to the inner surface of transfected FIGURE 2: Cells expressing higher levels of caveolin-1 have higher
HEK cells as determined by indirect immunofluorescence and levels of free cholesterol. (A) Membranes from transfected HEK293
vectorial biotinylation. (A) Representative fields from the two cell cells were subjected to SBFAGE and immunoblotted using anti
lines expressing the highest levels of caveolin-1 (HC) (B8 and A4) caveolin-1 antibody as described in the legend of Figure 1. Images
as well as the medium level of caveolin-1 (MC) (D7) and the lowest were scanned, and quantitative analysis was performed using
level of transfected caveolin-1 (D20) are shown. HEK cells were National Institutes of Health (NIH) image 1.63 software; the values
fixed and probed with polyclonal anti-caveolin-1 antibody followed that were obtaineda) were expressed in arbitrary units (AU). Cells
by Cy-3 conjugated to donkey anti-rabbit antibody as described in were Folch extracted, and total cholesterol was quantidas
Materials and Methods. The stained cells were viewed in a Zeiss outlined in Materials and Methods. (B) HEK 293 cells lines
Axiovert 200M microscope equipped with a Hamamatsu Photonics expressing different levels of caveolin-1 were Folch extracted, and
KK camera for immunofluorescence. (B) Intact cells (B8) (left three total and unesterified cholesterol was quantified as outlined in
lanes) or permeabilized membranes from these cells (right three Materials and Methods. Filled bars depict data for total cholesterol,
lanes) were biotinylated, and labeled proteins were isolated andand hatched bars depict data for unesterified cholesterol. Data in
subjected to SDSPAGE and Western blotting as described in panels A and B are means the standard deviation of three
Materials and Methods. Depicted is a representative blot, one of independent experiments.

three independent experiments.

0 I
nylated proteins from membranes for each condition were cholesterol, 86-90% of which is known to be at the plasma

isolated on an avidin column and, following elution and membrane depehdlng on the cell typte)

SDS-PAGE, were blotted for caveolin-1. As shown in Effect of Caeolin-1 and Cholesterol on the Transport of
Figure 1B,>80% of this protein is biotinylated when the FA in the Plasma Membran&Ve used two fluorescence
inner leaflet is accessible to reagent and none when intactPProaches to monitor FA transport in the plasma membrane.

cells were emp|0yed_ The small degree of smearing (r|ght Both measurements are made in real time without Sepal’ation
panel) likely represents biotinylation of multiple amino Procedures. FA is added in the absence of albumin to prevent

groups on a given caveolin-1 molecule. the cc_)nfounding fac_tprs of desorption of the FA from
Transfection of caveolin-1 in other cell types has been albumin and the partition of FA to the membrane (i.e., how
shown to lead to an increase in the level of free cholesterol fast can albumin release FA and how much is delivered to
(44). Thus, we investigated whether HEK cells expressing the cell at any given time point).
different levels of caveolin have different levels of choles-  The first measurement used a pH dye (BCECF) trapped
terol. Cells expressing low (parental) or intermediate levels in the cytosol to detect protons released by FA that cross
(D20 and D7) of caveolin-1 had statistically indistinguishable the membrane by diffusion (flip-flop). We established that
levels of total cholesterol (Figure 2). In contrast, cells the response of the dye within the cell was linear with pH
expressing high levels of caveolin (A4 and B8) had-60 in the pH range of our studies (Materials and Methods) so
70% higher levels of cholesterol than the parental and otherthat the changes in fluorescence can be attributed to changes
cell lines p < 0.005) (see also ref9). These data suggested in intracellular pH. Addition of oleic acid to the external
that there is a threshold level of caveolin-1 required for an medium of a suspension of cells resulted in an immediate
increase in the level of cellular cholesterol. The levels of and rapid €2 s) decrease in fluorescence. All cell lines
total and unesterified cholesterol were the same in these celleexhibited this initial rapid pH decrease, which is similar to
(Figure 2B), so the increased level of cholesterol that was that reported with the same protocols for adipocytes in
correlated with caveolin expression levels represents freesuspensionld). The magnitude of this fast component was
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the amount of caveolin-1 expressed in each cell type (Figure
3B). These data were analyzed with a one-way analysis of
variance (ANOVA), the results of which revealed a signifi-
cant main effectf(4,60)= 24.079,p < 0.0001]. Subsequent
post-hoc analyses (Tukey’'s HSP < 0.05) showed that the
A4 and B8 groups were significantly different from the
Parent group. Cells expressing intermediate levels of caveo-
lin-1 (D7 and D20) gave results similar to those of Parent
cells, while both groups of caveolin-1-rich cells (A4 and B8)
produced decreases in fluorescence that were nearly doubled
in magnitude.

Repeated sequential additions of FA produced pH changes
that were dose-dependent up to the maximum added60
oleate (2QuM/addition)] (Figure 4A). Additionally, the total
pH drop resulting from three additions of FA was linear with
FA concentration up to 6@M in all cell lines (Figure 4B).

The total pH drop at 6@xM FA was greater for caveolin-
rich cells (B8), which produced larger reductions in cytosolic
pH with each cumulative addition of FA. The total pH drops
measured in Parent and intermediate-expressing caveolin-1
cells were not significantly different.
Parent D7 D20 A4 BB To determine whether the results of Figure 3 were specific

F 3: Elevated levels of Cge';::f‘:l increase the extent of fatty to oleate, we performed uptake experiments by measuring

IGURE 3. Vi Vi V n-11 X in i H Y
acid uptake into HEK 293 cells. The change in BCECF fluorescence changes in intracellular pH in responsc_a t.o saturr.slted (palmltlc)
was measured in response to a single dose of oleae\28arrow) and mono-unsaturated trans FA (ela1.|d.|c, C18:1). Palmitate
as described in Materials and Methods. An initial rapid pH drop Was chosen over stearate because it is much more soluble
(<2 s) was observed for all cell lines. Cells expressing high levels than stearate. As shown in Figure 5, the fluorescence data
of caveolin-1 also produced an additional slow component of for these two FA are qualitatively identical to those obtained
fluorescence change. (A) The data are representative fluorescence . jicate. Both show a single, rapid phase of pH change in

traces from different cell lines. The total change in BCECF | cell d d sl h in th i
fluorescence observed in A4 and B8 cell lines was significantly Parental cells and a second slow phase in the B8 cell line

greater than that observed in Parent, D7, or D20 cell lipes ( (Figure 5). Although the time required for completion of the
0.0001). (B) The percent fluorescence change is shown for eachpH change observed in B8 cells was slightly different in each

cell line compared to that of the Parent cells on the same day atexperimental trial, the magnitude and rate of the pH change
400 s. The means standard errors of 13 independent experiments o the same for oleate as they were for the two additional
are shown for all cell lines. -

FA that were tested. Thus, three structurally distinct FA show
the same despite the varying amounts of caveolin-1 expres-essentially identical behavior with regard to transmembrane
sion and membrane cholesterol content. None of the cell inesmovement in our cell system.
showed a rapid recovery of the intracellular pH, which is  Our second fluorescence approach used ADIFAB, a
seen for adipocytes with similar additions of oleic acid)( fluorescently labeled FA binding protein, to monitor binding
In fact, an additional relatively slow decrease in pH was seen of FA to the plasma membrane. It was important to measure
in cells expressing high levels of caveolin-1 (Figure 3A). this step exclusively because intracellular pH changes caused
The total decrease in fluorescence following addition of a by FA influx across the plasma membrane are the result of
single dose of oleic acid (20M) significantly increased with binding of FA to the external leaflet and translocation of
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Ficure 4: Fatty acid diffusion into HEK 293 cells is dose-dependent in cells expressing low and high levels of caveolin-1. The change in
BCECEF fluorescence was measured in response to three sequential doses of oledfe §2@ws). Each dose produced pH drops of
similar magnitude in B8 cells and Parent cells (inset). (A) The total pH drop resulting from each sequential dose of oleate was linear up
to a total of 60uM oleate. (B) The total change in BCECF fluorescence was greatest in cells expressing highaeBds ¢f caveolin-1.

Cells expressing lowd, Parent) and intermediate ( D7) levels of caveolin-1 showed similar changes in BCECF fluorescence. Data in
Panel B are means standard deviations of three independent experiments.
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Ficure 5: Movement of FA into HEK cells is independent of FA structure. The intracellular pH changes (thin line) generated by addition
(arrow) of 20uM palmitate (A and B) and 2@M elaidate (C and D) to Parent (A and C) and B8 cells (B and D) were measured as in
Figure 3 and compared to that for oleate (thick line) measured at the same time. The traces shown are representative of four such independent
experiments. Note the different time scales for completion of the pH change in Parent and B8 cells.

some of the FA (in its un-ionized form) across the bilayer. oleic acid could be attributed to FA metabolism. Accordingly,
The slow component of intracellular acidification monitored we performed metabolic tracer studies employitigJoleate
by the BCECF dye could be caused by either slow binding to quantify its incorporation into intracellular lipids by TLC
or slow translocation. When added to the external buffer, analysis as a function of time. The disappearance of
ADIFAB reports both the kinetic and thermodynamic unesterified oleic acid and the appearance of esterification
components of adsorption of FA to the extracellular face of products were much slower than for adipocytes, which with
the plasma membrand®). As shown in Figure 6, addition a similar experimental protocol esterified most of the
of a single dose of oleic acid (20M) to cells expressing  exogenously added oleic acid within 5 mih4f. Parental
low and high levels of caveolin was accompanied by a rapid HEK cells metabolized oleate somewhat faster than caveolin-
increase in ADIFAB fluorescence to a maximal value2( 1-rich cells at later time points, but there were no significant
s), indicating equally rapid binding of FA to the lipid bilayer differences in oleate metabolism among the different cells
in both cell lines (Figure 6A,B). The magnitude of this at the 5 min time point (Figure 7) where cells show
increase is directly proportional to the concentration of FA differences in intracellular pH changes (Figures®. The
that binds to the plasma membrarigl)( slightly enhanced metabolism of oleic acid in Parent cells
A slow decrease in ADIFAB fluorescence was observed suggests that FA metabolism does not account for the greater
after the maximal increase. In cells with a low level of pH decrease in high-caveolin/cholesterol level cell lines.
caveolin-1, this return of ADIFAB fluorescence was first- However, it is possible that the ectopic expression of
order (6B), but in cells with a high level of caveolin-1, we caveolin-1 leads to alterations in the level of putative fatty
observed a slower second phase of decreased ADIFABacid transporters, such as CD36 and members of the FATP
fluorescence (Figure 6A). The decrease in ADIFAB from family. As noted earlier, there is no CD36 expression in HEK
its maximal value could represent several events (see293 cells (ref47 and RT-PCR data not shown). The FATP
Discussion and Figures 9 and 10), including intracellular proteins that are known to be expressed in kidn&g),(
metabolism of oleic acid1ld). To investigate the potential namely, FATP2 and FATP4, were expressed in HEK cells
contribution of metabolism of the added FA, we replaced but at a level that was independent of caveolin-1 expression
oleate withcis-parinaric acid (PA), a natural FA that is not (Figure 8A,B).
metabolized by cells. Addition of 86M cis-parinaric acid
was accompanied by a very rapid increase in ADIFAB DISCUSSION
fluorescence (similar to that for oleic acid) but with a smaller ~ Fatty acids are used as metabolic fuel by all tissues,
decrease from its maximal value (Figure 6C). especially heart and resting skeletal muscle. FA are stored
This result with PA suggested that some, but not all, of primarily in adipocytes in the form of triglycerides, which
the decrease in ADIFAB fluorescence after the addition of can be rapidly hydrolyzed to release FA in response to the
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of accumulation of MG and CE was not above background (data
not shown). The data for FFA, DG, and TG are meanstandard
deviations from four independent experiments.

Ficure 6: Fatty acids bind rapidly to HEK 293 cells expressing
low and high levels of caveolin-1. The binding of fatty acids was
assessed using the fluorescent probe ADIFAB, which was placed
in the external buffer to monitor unbound concentrations of FA.
The rapid increase in ADIFAB fluorescence indicates rapid binding
of oleate (2QuM) to B8 (A) and Parent (B) cell lines<2 s). The
binding of cis-parinaric acid to B8 cells (82M) was also rapid Thus, while adipocytes and hepatocytes are highly physi-

(<2 s) as measured by ADIFAB fluorescence (C). A larger dose . . e
of cis-parinaric acid was required to achieve equivalent membrane ologically relevant for studying FA transport, they exhibit

partitioning because this fatty acid is more water soluble than oleate.fapid FA metabolism ¥4, 49). This, together with the
The recovery of ADIFAB fluorescence measures the disappearancepresence in adipocytes of multiple membrane proteins
of FA from the external buffer that is in equilibrium with the plasma capable of altering FA flux, makes the interpretation of FA
membrane as the FA is sequestered by the cell. uptake data difficult in these cell types. Therefore, we sought
metabolic demand of other tissues and organs. Thus, theto create a simpler cellular system for studying FA trans-
bidirectional flux of FA across the plasma membrane occurs membrane movement and chose HEK cells because they lack
to a particularly large extent in adipocytes, and this begs caveolin-1, CD36, and FATP1. In addition, HEK cells
the question of what mechanism(s) mediates this FA move-metabolize FA very slowly (Figure 7) compared to the time
ment. The adipocyte plasma membrane has multiple proteinsframe of transmembrane FA movement (Figure$3 Since
with postulated roles in modulating the transmembrane flux caveolin-1 can bind FA directly5) and is particularly

of FA. These include caveolin-1, FATP, FAT/CD36, and abundantin adipocyte26, 27), we created a series of HEK
FABPm, as discussed in the introductory section. Moreover, cells that express caveolin-1 at various levels (Figures 1 and
entry of FA into fat cells and fat cell membrane vesicles is 2) and focused on the possible role of this protein in FA
very rapid (4), on a time scale of seconds or less, the same uptake. An additional rationale for this notion is that animals
as that for FA diffusion into and out of protein-free vesicles lacking caveolin have abnormally small adipocytes and
(48). Thus, we embarked on efforts to reconcile the roles of aberrant FA metabolisn(). Finally, FA can reach poten-
the above membrane proteins with the fast diffusion of FA tially cytotoxic levels upon lipolysis in adipocytes, possibly
across the plasma membrane of adipocytds HepG2 cells by acting as detergents, and caveolin expression leads to the
(49), and HEK293 cells (this study). Interestingly, we report, formation of detergent-resistant lipid rapid domains of the
for the first time, an additional slow phase of transmembrane plasma membrane.

FA movement that is caveolin- and cholesterol-dependent We found that ectopic expression of caveolin-1 increased
(Figure 3) and that we cannot ascribe to differences in cellular the membrane content of cholesterol but in a threshold
FA binding (Figures 6 and 9). fashion in our cell lines (Figure 2). Apparently, the endog-
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FIGURE 8: Expression of FATP2 and FATP4 is unaffected by ©ordered membrane regions, (i) slow lateral diffusion out of these
caveolin-1 levels in HEK 293 cells. (A) Aliquots corresponding to  ordered regions followed by rapid flip-flop, or (iii) binding of
equal amounts of protein were obtained from HEK cell membranes 1onized FA to caveolin-1 and the inwardly directed redistribution
and subjected to SDPAGE and immunoblotted with the indicated ~ (flip-flop) of FA to the inner leaflet.

antibodies. Detection was by a horseradish peroxidase-conjugated ) )

secondary antibody (Sigma) and an ECL substrate kit (New England The presence of caveolae in cells such as adipocytes can

Nuclear, Boston, MA). Shown is a representative blot of three increase the available cell surface area without altering the
experiments. (B) The gels were scanned, and band intensity Wa%ize of the cell. This cannot account for the altered FA uptake

determined using an NIH image program; the results are expressed . . . . . .
as arbitrary units (AU). The results are meanstandard deviations inetics we see in the high-caveolin-level-expressing HEK

of three experiments. Kidney and lung from rat serve as controls. Cells, sincg eleFtron microscopy has revealed minimal, if any,
caveolae in either parental or transfected cells (data not

enous level of cholesterol found in the parental cell lines is shown). The expression of caveolin-1 appears to be sufficient
sufficient to stabilize caveolin in the cell membrane up to a for formation of caveolae in some cellS1) but not others
certain level of caveolin. However, when the level of caveolin (52). Structural studies suggested that the expression of
expression in the transfected HEK 293 cells approaches thatcaveolin-1 oligomers can form arrays or rafts but that the
seen in adipocytes, which have one of the highest naturalexpression of an additional protein(s) is likely to be required
caveolin levels, additional cholesterol needs to be synthesizedor the formation and maintenance of their cavelike morphol-
and directed to the cell surface. The threshold phenomenonogy (63), consistent with our data.

for cholesterol levels correlated with the nature of the kinetics ~ What role then, if any, do proteins such as CD36 and
of transmembrane FA flux in different cell lines (Figure 3). FATP play in uptake of FA or specifically the transmembrane
All cell lines showed a very fast phase of transmembrane movement of FA? Mouse knockouts of CD36 and FATP1
FA movement, but the high-caveolin/cholesterol level cells have shown slower FA uptake in fat and muscle tissues
have a second slow phase of FA movement that can be equalvhere they are highly expresses( 55). Conversely, when

in magnitude to the first phase (see below). The same kineticsthese proteins are ectopically expressed in cells, they enhance
are observed for FA with different structures: oleate, FA uptake b6). FATP1 is an acyl-CoA ligases{) whose
palmitate, and elaidate (Figure 5). During theI® min time expression is likely to enhance FA uptake because it converts
course of our FA flux measurements, only-120% of the FA to fatty acyl-CoA, a molecule that cannot diffuse out of
added oleate is metabolized (Figure 7). CD36 is not presentthe cell 1), thus creating an inward-directed gradient that
in these cells, and the levels of FATP2 and -4, the acylCoA will drive FA transmembrane movement as suggesie] (
ligase isoforms present in kidney but unlinked to hyperlipi- 55, 58). However, the activity of FATP-1 and other acyl CoA
demia, are unchanged in our HEK cell lines (Figure 8). Thus, ligases is not likely to affect the fast flip-flop, which is
we conclude that the observed modulation of transmembraneprobably not a rate-limiting step in the overall uptake process.
FA movement is a result of the increased cell surface The mechanism(s) by which CD36 modulates membrane
caveolin/cholesterol content and not other potentially im- transport of FA is less clear than for FATP. CD36 is
portant factors such as the levels of CD36, FATP2, and comprised of a large extracellular-like domain with the
FATP4 and altered FA metabolism. amino and carboxyl termini as the only transmembrane
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Ficure 10: Proposed model (hypothesis) of fatty acid transport in membranes containing high levels of caveolin-1 and cholesterol. (A) FA
rapidly bind and partition into liquid crystalline and gel phases of the membrane. (B) FA rapidly flip-flop through the liquid crystalline
lipid phase but may flip-flop through the gel phase at a slower rate. (C) FA may diffuse rapidly into ordered membrane regions and become
sequestered within these regions, which are more abundant in high-caveolin-level-expressing HEK cell lines. The lateral diffusion of FA
may be slow within these domains such that the slow lateral diffusion of FA from the ordered phase into the liquid crystalline phase may
limit the rate of FA flip-flip through the liquid crystalline phase. (D) Caveolin-1 may act as a sink for FA at the inner leaflet. The binding

of fatty acid anions to caveolin-1 would deplete the amount of ionized FA in the lipid phase of the inner leaflet and generate an inwardly
directed gradient favoring movement of additional FA to the inner leaflet.

segmentsq9); it does not resemble known transporters and domains, or a combination of these two mechanisms; and
apparently lacks enzymatic activity. CD36 functions as a (iii) increased activity of acyl-CoA ligases.

lipoprotein receptorg0) and is targeted to adipocyte caveolae  The first possibility is considered most plausible because
where it is highly enriched3y). Although this localization of the capacity of caveolin-1 to bind FA. FA binding sites
is generally cqnsistent with hypo'theses Iinking.caveolae andithin proteins such as albumin and the cytosolic FABPs
FA uptake, this does not establish a mechanism for CD36 5 characterized by hydrophobic binding pockets near a
function. patch of basic residues that form electrostatic interactions

On the other hand, our studies of controlled caveolin-1 with the negatively charged FA carboxyl grouip4).
expression in cells that do not normally express this protein Therefore, we would expect that the ionized form of FA
allow us to postulate mechanisms by which caveolin-1 can would bind to caveolin-1 and the membrane would serve as
affect FA transmembrane movement and trafficking. As the hydrophobic pocket. There are 14 basic residues on
shown in Figure 10, caveolin resides on the cytosolic leaflet caveolin-1, many of which would be situated adjacent to the
of the plasma membrane. Upon addition of FA to the surface of the inner lipid leaflet based on predicted topo-
extracellular leaflet, FA can flip-flop rapidly across the lipid graphic models of caveolir2g) (see Figure 10). Binding of
bilayer to reach the inner leaflet containing caveolin-1. The FA to the protein at these sites would generate additional
plasma membrane contains lipids both in disordered regionsH™ in the cytosol by two mechanisms: (i) re-ionization of
and ordered regions (e.g., rafts) containing large amountsthe FA on the inner leaflet to compensate for the loss of FA
of SM and cholesterol§l) and additional lipids such as anions in the lipid phase and (ii) equilibration of un-ionized
plasmenylethanolamines®), the levels of which are not FA from the outer leaflet (and release of protons) in response
expected to change with cholester®2). The higher degree  to the altered concentration gradient across the lipid bilayer.
of saturation in the acyl chains and the long saturated chainThe rate of proton release might be limited by the relatively
in the 1-position of SM allows the lipids in these regions to slow diffusion of FA to binding sites within the “raft” region
pack more tightly §3), which could decrease the rate of flip- in which caveolin-1 is located (Figure 10).

flop of FA through these domains. Although, the rapid phase  1¢ evaluate our model (Figure 10), we must consider the
of acidification could reflect flip-flop across regions of higher - amounts of FA and caveolin-1 in our experiments. We add
mobility and the slower phase, flip-flop across regions of 109 nmol of FA to the cuvette in a typical experiment, and
restricted mobility (Figures 9 and 10), preliminary data from oy flip-flop model predicts that half of the FA will move
our lab show that FA flip-flop is fast even in model to the inner leaflet and half of those FA (2.5 nmol) will
membranes in highly ordered phases (K. Fontanini and J.yglease a proton. The slow phase of pH change is nearly
A. Hamilton, unpublished data). Furthermore, the altered gqual in magnitude to the initial rapid pH change (Figure
kinetics do not explain the larger pH decrease, which 3p) and therefore, this second phase also represents 2.0
indicates that a larger amount of FA diffuses into the 2 5 ymol of FA. With one available FA binding site, 2:0
cytosolic leaflet of the plasma membrane of these cells and/ 5 nmol of caveolin-1 would be required for the observed
or that the ionization of FA in the inner leaflet is altered. pH effect, and with binding to 10 binding sites, a 10-fold
We postulate three possible explanations for the additional, smaller amount of caveolin-1 would be needed. We utilize
slow component of acidification: (i) binding of the FA to 2—3 mg of HEK cell protein per experiment, and we estimate
caveolin, which would sequester additional FA in the inner the abundantly expressed caveolin-1 to comprise-0.2%
leaflet; (ii) an increased FA concentration in the inner leaflet of the total protein or 0.20.4 nM. Thus, a minimum of five
by virtue of its partitioning into cholesterol-rich lipid raft FA binding sites per caveolin-1 molecule would support the
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quantitative feasibility of our model (Figure 10), and there further manipulations of HEK cell protein content by
are five positively charged residues in the membrane- transfection will allow us to make further determinations of
associated C-terminus and two in the N-terminus adjacentthe factors that affect transmembrane FA movement.
to the intramembranous sequené)(
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