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ABSTRACT. Scavenger receptor Bl (SR-BI) mediates the selective uptake of high-density lipoprotein (HDL)
cholesteryl ester (CE), a process by which HDL CE is taken into the cell without degradation of the HDL
particle. In addition, SR-BI stimulates the bi-directional flux of free cholesterol (FC) between cells and
lipoproteins, an activity that may be responsible for net cholesterol efflux from peripheral cells as well as
the rapid hepatic clearance of FC from plasma HDL. SR-BI also increases cellular cholesterol mass and
alters cholesterol distribution in plasma membrane domains as judged by the enhanced sensitivity of
membrane cholesterol to extracellular cholesterol oxidase. In contrast, CD36, a closely related class B
scavenger receptor, has none of these activities despite binding HDL with high affinity. In the present
study, analyses of chimeric SR-BI/CD36 receptors and domain-deleted SR-BI have been used to test the
various domains of SR-BI for functional activities related to HDL CE selective uptake, bi-directional FC
flux, and the alteration of membrane cholesterol mass and distribution. The results show that each of
these activities localizes to the extracellular domain of SR-BI. The N-terminal cytoplasmic tail and
transmembrane domains appear to play no role in these activities other than targeting the receptor to the
plasma membrane. The C-terminal tail of SR-BI is dispensable for activity as well for targeting to the
plasma membrane. Thus, multiple distinct functional activities are localized to the SR-BI extracellular
domain.

The risk for developing atherosclerotic heart disease is the uptake and lysosomal degradation of the HDL particle
inversely related to plasma concentrations of high-density (3—8). Recent studies indicate that scavenger receptor Bl
lipoprotein (HDLY (1). Although the mechanism of this (SR-BI) is the cell surface receptor responsible for HDL CE
protective effect remains uncertain, it has been known for selective uptake9—11). SR-BI is expressed in rodents
some time that HDL plays a pivotal role in the transport of abundantly in the liver and in steroidogenic cells of the
free cholesterol (FC) and cholesteryl ester (CE) through the adrenal gland and ovar@(12, 13 where SR-BI levels are
plasma. HDL participates in reverse cholesterol trans@drt ( regulated by tropic hormones coordinately with the selective
a process involving the uptake of cholesterol from vascular yptake of HDL CE and steroidogenesi 6, 12, 13. In
and other tissues and its delivery to steroidogenic cells for gqdition, antibody blocking experiments show that SR-Bl is
hormone synthesis and to the liver for bile acid synthesis. the receptor responsible for the uptake of HDL CE and its
HDL provides CE to cells via a novel selective uptake gelivery to the steroidogenic pathway in adrenocortical cells
pathway in which HDL CE is taken into the cell without  (14) |nactivation of the SR-BI gene in mice alters plasma
HDL metabolism and reduces adrenal gland CE accumula-
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domains) as well as a large extracellular domain containing luorescence); Texas Red sulfonyl chloride (TRSC)-conju-

a cysteine-rich region and nine putative sites for N-linked
glycosylation. In addition, both proteins are fatty acylated
and localized to caveola@1—23).

CD36 and SR-BI have a number of common ligands,
including HDL that binds with high affinity to both receptors
(9, 24). In previous studies, analysis of SR-BI, CD36, and

gated donkey anti-mouse or anti-rabbit secondary IgG
(Jackson ImmunoResearch Laboratories) (1:1000 for immu-
nofluorescence); peroxidase-conjugated goat anti-mouse or
anti-rabbit secondary 1gG (Jackson ImmunoResearch Labo-
ratories) (1:10 000 for immunoblot); polyclonal anti-SR-BI
extracellular antibody #356L4) (1:250 for immunofluores-

chimeric receptors derived by swapping various domains cence); polyclonal anti-SR-BI C-terminal antibod35] (2
between these receptors showed that the extracellular domaint@/mL purified IgG for immunoblot); polyclonal anti-CD36

of SR-BI, but not CD36, mediates the high-efficiency
selective uptake of CE from receptor-bound HDL particles

antibody 39815 (1:250 for immunofluorescencgp)(
Plasmids and Sequencinjlurine SR-BI and rat CD36

(25, 26. The transmembrane domains and cytoplasmic tails were analyzed in this study. PCR amplifications were
of CD36 could substitute for those in SR-BI and preserve performed using a Perkin-Elmer Cetus DNA Thermal Cycler
full HDL CE selective uptake activity. In contrast, the 9700. Oligonucleotides were purchased from Integrated DNA

transmembrane domains and cytoplasmic tails of SR-BI were Technologies. Expression plasmids f8G5(CD3§ pSG5-

unable to confer HDL CE selective uptake activity upon the
extracellular domain of CD36. Thus, the transfer of HDL
CE into the cell appears to be an inherent activity of the
extracellular domain of SR-BI. Interestingly, SR-BII showed
a reduced efficiency of HDL CE selective uptake similar to
that of CD36, suggesting that the C-terminal tail of SR-BI
may be important for function26).

In addition to mediating HDL CE selective uptake, SR-
Bl has a variety of effects on free cholesterol flux and the
organization of plasma membrane lipid domaig,(27).
For example, SR-BI stimulates the bi-directional flux of free
cholesterol between cells and lipoproteird7{31), an
activity that may be responsible for the rapid hepatic

(CD/SRT), pSG5(SR/CD/SR), pSG5(SR-&hd pSG5(SR/
CDT) were described previoush2%). For construction of
pSG5(CD/SR/CDYrimers >AGGTTGCTCTTCAAGGAA-
TGTCCGCATAGACCCG-3and B-AGCTTGCTCTTCAC-
AGAACCTGGGGCATCAGCACC-3and primers 5SAGCT-
TGCTCTTCACTGGGCCTGGTTGAGATGGTC-and5-AG-
CGTGCTCTTCACCTCTTTATTGTCTTCTCAATGAGTAGGTC-3
were employed to amplify pSG5(SR-BI) and pSG5(CD36),
respectively. The resulting PCR products were digested with
Sap and ligated.

For construction ofpSG5(SR-BI/D1)primers 5GAC-
CGAATTCCAATTGCCGTCTCCTTCAGGTCCTGAGC-
3 and 3-ACTCAAGATCTCTACTGGCTCCGCAGTTG-

clearance of FC from plasma HDL and its resultant secretion SCAGATGATGG-3 were employed to amplify pSG5(SR-

into bile 32, 33. In cultured cells, SR-BI also increases

cellular cholesterol mass and alters the cholesterol distribu-

Bl). For addition of the myc-epitope tag to the C-terminus
of SR-BI, pSG5(SR-Bl)Mprimers 5>GACCGAATTCCAA-

tion in plasma membrane domains. The altered distribution TTGCCGTCTCCTTCAGGTCCTGAGC-aind SACTCAA-
of membrane cholesterol is reflected by an SR—BI-dependentGATCTTTACAGATCCTCTTCGGAGATGAGTTTCTGC'

increase in the sensitivity of membrane cholesterol to
extracellular cholesterol oxidas2g, 34. In addition, SR-

Bl expression enlarges the fast kinetic pool for cellular
cholesterol efflux to cyclodextrin acceptor34j.

In the present study, analyses of chimeric SR-BI/CD36

receptors and domain-deleted SR-BI were performed to test

the various domains of SR-BI for a spectrum of functional
activities related to HDL CE selective uptake, bi-directional
FC flux, alteration of membrane cholesterol distribution, and

the accumulation of cellular free cholesterol mass. The results
show that each of these activities localizes to the extracellular

domain of SR-BIl. The N-terminal cytoplasmic tail and
transmembrane domains appear to play no role in thes

activities other than proper targeting of the receptor to the
plasma membrane. The C-terminal tail of SR-BI is dispens-

able for activity as well for targeting to the plasma

membrane. Thus, the extracellular domain of SR-BI provides

multiple functions necessary for the flux of FC, the selective
uptake of lipoprotein CE, and the alteration of plasma
membrane properties.

EXPERIMENTAL PROCEDURES

Materials. The following antibodies were used: mono-
clonal anti-Flag IgG (M2; Stratagene) (1:1000 for immun-
ofluorescence and 1:2000 for immunoblot); monoclonal anti-
myclgG (Invitrogen) (1:1000 for immunofluorescence and
1:5000 for immunoblot); monoclonal anti-Histone 1gG
(mAb052; Chemicon International) (1:1000 for immunof-

e

TCTAGCTTGGCTTCTTGCAGCACC-3were employed to
amplify pSG5(SR-BI). For addition of the flag-epitope tag
to the N-terminus of SR-BI,pSG5(SR-BI)FN primers
5-ACTCACAATTGGACATGGGCGATTACAAGGATGA-
CGACGATAAGGGCAGCTCCAGGGCGCGC and 5-GA-
CCGGATCCAGATCTGCGGACAGGTGTGACATCTGG-3
were employed to amplify pSG5(SR-BI). For addition of the
myc-epitope tag to the C-terminus of CD38G5(CD36)-
MC, primers 5ACTCACAATTGAGGAGAATGGGCT-
GCGATCGG-3and 3-ACTCAAGATCTCTACAGGTCC-
TCTTCGGAGATGAGTTTCTGCTCTTTTCCATTCTTGG-
ATCTGCAAGCACAG-3 were employed to amplify pSG5-
(CD36). For addition of the flag-epitope tag to the N-
terminus of CD36,pSG5(CD36)FN primers 5-ACTCA-
CAATTGAAGAGAATGGGCGATTACAAGGATGATGA-
TGATAAGTGCGATCGGAACTGTGGGC-3and B-ACT-
GAAGATCTCTATTTTCCATTCTTAGACCTGCAAGCACAG-3
were employed to amplify pSG5(CD36). The resulting PCR
products were digested wittifel andBglll and ligated into
EcadRl andBglll digested pSG5 (Stratagene, Inc.).

All plasmids were prepared using Endotoxin-free Qiagen
Maxi-prep kits and sequenced throughout the coding region
to confirm that no point mutations had been generated.
Reactions were prepared using a dye termination cycle
sequencing kit and analyzed on an Applied Biosystems
model 373 DNA Sequencer with an Excel Upgrade as
recommended by the manufacturer (PE Applied Biosystems).

Transient Transfection of COS-7 Cel30S-7 cells were
maintained in Dulbecco’s minimal essential medium, 10%
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calf serum, 2 mMc-glutamine, 50 units/mL penicillin, 50 triplicate using two different concentrations of Hp&cceptor
ug/mL streptomycin, and 1 mM sodium pyruvate, and (25 and 250Qug/mL protein) as previously describe@§).
transfected as describe2h). The following day, two 10 cm  The release of radioactive cholesterol to HMas measured
dishes of transfected cells were trypsinized and resuspendedby scintillation counting of filtered aliquots of acceptor-
in a total volume of 27 mL with fresh medium, and 0.5, 1, containing medium and expressed as the fraction of the total
or 2 mL was added to each of 11 (24 well plate), 22 (12 2-propanol-soluble label in the cells plus the label that was
well plate), or 35 (6 well plate) mm wells, respectively. The released into the medium. Fractional efflux values were
cells were assayed 48 h post-transfection unless otherwisecorrected for the small amount of radioactivity released in
indicated. the absence of HDL

Immunoblot AnalysisTransiently transfected cells ex- Cholesterol influx was measured with transfected cells
pressing wild-type or chimeric receptors (in 35 mm wells) prepared in exactly the same way as for the efflux assays
were washed twice with PBS (pH 7.4) and lysed with 300 except the cells were not labeled witBH[-cholesterol.
uL of NP-40 cell lysis buffer {3, 19 containing 1ug/mL Instead, HDI; was labeled with radioactive FC by exchang-
pepstatin, 0.2 mM phenylmethylsulfonyl fluoride x&/mL ing [*H]-cholesterol from glass fiber filters onto which
leupeptin, and 1Q«g/mL aprotinin. Protein concentrations radioactive cholesterol had been dried under(28). Cells
were determined by the method of Low&/7f. Immunoblots were incubated o2 h with 10 ug/mL [°*H]-cholesterol-
with antibodies directed to different regions of SR-Bl and labeled HDLs, and the influx of HDL FC was measured as
CD36 confirmed the presence of the respective region of previously described2@).
either SR-BI or CD36 in each of the chimeric receptors (data To normalize the data for FC efflux and influx to the
not shown). amount of cell surface receptor expressed in the transient

Preparation of [°9, *H]-hHDL 3. Human (h) HDL; (1.125 transfections, modified HDL cell association assays were
g/mL < p < 1.210 g/mL) was isolated by sequential performed in parallel with the FC flux studies. COS-7 cells
ultracentrifugation §8). The hHDL; was labeled with3H]- (in 22 mm wells) were washed once with serum-free
cholesteryl oleyl ether ¥H]-CE) (Amersham Life Sciences) medium/0.5% BSA, and*$3, *HJhHDL; was added at 10
using recombinant cholesteryl ester transfer protein asug of protein/mL in serum-free medium/0.5% BSA. After
described 39) with the following modifications. HDL and  incubation fo 1 h at 37°C, medium was removed, cells
cholesteryl ester transfer protein were incubated wit- were washed 3 times with PBS/0.1% BSA (pH 7.4) and 2
CE (dried down on the glass tube as an alternative to Celite)times with PBS (pH 7.4), cells were lysed with 0.5 mL of
for 5 h at 37°C. Labeled particles were reisolated by gel 0.1 N NaOH, the wells were washed with an additional 0.5
exclusion chromatography on a 25 mL Superose 6 (Phar-mL of 0.1 NaOH, and the wash plus lysate was counted for
macia) column. The hHD{was then labeled with*}3]- y-radiation. After counting, an aliquot was removed for
dilactitol tyramine as previously described5j. Particles protein determination3{).
were dialyzed versus four changes of 150 mM NaCl, 10 mM  Cholesterol Oxidase Assay$H]-Cholesterol Esterifica-
potassium phosphate buffer, pH 7.4, 1 mM EDTA, and stored tion, and Cholesterol MasS.ransiently transfected COS-7

at 4°C under argon. The specific activity of th&q, H]- cells were replated in 22 mm wells and labeled withGi/
hHDL3; was 790 dpm/ng of protein fdf% and 67 dpm/ng mL [3H]-cholesterol as described above. Cholesterol oxidase
of protein for3H. assays were performed 24 h post-labeling as described by

HDL Cell Association, Seleee CE Uptake, and Apoli-  Smart et al. 40), as modified by Kellner-Weibel et al34).
poprotein DegradationTransiently transfected COS-7 cells Following cholesterol oxidase treatment for A&h at 37
(in 35 mm wells) were washed once with serum-free °C, the cell monolayers were extracted with 2-propanol, and
medium/0.5% BSA.Fd]-Dilactitol tyramine—[3H]-choles- the PH]-cholesterol and3H]-cholestanone were quantitated
terol oleyl ether hHDL particles were added at a concentra- after separation by thin-layer chromatograp8( The time
tion of 10 ug of protein/mL (unless otherwise indicated) in zero samples (after the 24 h labeling period) were also
serum-free medium/0.5% BSA. After incubation for 1.5 h analyzed by thin-layer chromatrography to determine the
at 37 °C, the medium was removed, and the cells were distribution of label in FC and CE34).
washed 3 times with PBS/0.1% BSA (pH 7.4) and 1 time  For quantification of cholesterol content, transiently trans-
with PBS (pH 7.4). The cells were lysed with 1.1 mL of 0.1 fected COS-7 cells were replated in 35 mm wells and
N NaOH, and the lysate was processed to determineincubated 24 h in Dulbecco’s minimal essential medium
trichloroacetic acid soluble and insolubi® radioactivity containing 10% calf serum. Lipids were extracted with
and organic solvent-extractablel radioactivity @5). The 2-propanol, containing cholesteryl methyl ether as an internal
values for cell-associated HDL apolipoprotein (expressed asstandard. Free and total cholesterol (and ester cholesterol by
HDL CE), endocytosed and degraded HDL apolipoprotein difference) were measured by gdguid chromatography
(expressed as HDL CE), total cell associated HDL CE, and (41).
the selective uptake of HDL CE were obtained as previously  Immunofluorescencdaransiently transfected COS-7 cells
described 25). were replated 24 h post-transfection into a 10 cm dish

Cholesterol Efflux and Influx Assay$ransiently trans-  containing a glass microscope slide. After 24 h, the slide
fected COS-7 cells were replated into 11 mm wells in growth was placed in a two-well immunofluorescence chamber
medium. For cholesterol efflux, cells were labeled for 24 h (Electron Microscopy Sciences) and processed as described
with 5 uCi/mL [3H]-cholesterol (New England Nuclear Life by Berrios @2). Briefly, the medium was removed, and the
Sciences) in Dulbecco’s minimal essential medium contain- cells were fixed for 4 min with 4% (w/v) paraformaldehyde
ing 10% calf serum immediately after reseeding. Cells were in 18 mM MgSQ, 5 mM CaC}, 41 mM KCI, 24 mM NacCl,
washed, and®H]-cholesterol efflux was measuret4h in 5 mM PIPES, pH 7.5. Cells were washed at room temper-
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Ficure 1: Cell association of HDL and HDL CE selective uptake mediated by wild-type and epitope-tagged CD36 and SR-Bl. COS-7
cells transfected with vector pSG5 or expressing CD36, CD36(MC), CD36(FN), SR-BI, SR-BI(MC), or SR-BI(FN) were incubated at 37
°C for 1.5 h with 10ug/mL [*23, 3H]-HDL 3, after which cells were processed to determine cell-associated HDL CE (A) and HDL CE
selective uptake (B). Values represent the mean of triplicate determinations after subtraction of values obtained with the addition of a
40-fold excess of unlabeled HRL(C) The efficiency of HDL CE selective uptake was determined by subtracting the values from vector-
transfected cells, and normalizing the amount of HDL CE selective uptake to the amount of cell-associated HDL particles.

ature twice with the same buffer without or with detergent expression levels of the respective receptor (panel A), the
(0.5% Triton X-100, 0.5% Nonidet P-40) for nonpermeabi- epitope-tagged receptors showed the same selective uptake
lized or permeabilized conditions, respectively. The primary efficiency (panel C) as their wild-type counterparts. These
antibody was added with or without detergent for 30 min at data indicate that the tagged receptors were expressed on
37°C. Cells were washed as above and incubated with Texasthe cell surface and that their function was not impaired by
Red-conjugated secondary antibody for 30 min at°@7 the addition of the epitope tags.

Cells were washed as above and additionally with 140 mM  Immunofluorescence analysis, without and with detergent
NacCl, 0.1% Triton X-100, 0.02% SDS, 0.01 M potassium treatment to permeabilize the cell membrane, was used to
phosphate, pH 7.5, as modified from Fisher et 4B)(A test the predicted membrane orientation of the N- and
drop of Antifade (Molecular Probes) was added, and a C-termini of SR-Bl. COS-7 cells expressing the tagged
coverslip was sealed with clear nail polish. Specimens were versions of SR-BI were stained with antibodies directed either
examined with a Zeiss Ultraphot or a Nikon E800 micro- against the extracellular domain of SR-BI (#356) or against
scope, each equipped with a Nikon &01.4 NA phase/oil epitopes at the N-terminus (Flag) or C-terminusr(ge. In
immersion objective lens and a cooled CCD interline camera the presence of detergent, all three antibodies detected SR-

(Princeton). Bl (Figure 2, left panels;+). In the absence of detergent
(Figure 2, left panels;), only the antibody directed against
RESULTS the extracellular domain of SR-BI stained the cells. No

Membrane Orientation of the N- and C-Termini of SR-B| Staining of vector-transfected COS-7 cells was seen with the

and CD36.SR-Bl and CD36 are members of the CD36 gene above antibodies (data not shown). An anti-histone antibody,
family that show considerable amino acid sequence identity, used as a control for membrane permeabilization, stained
glycosylation patterns, and predicted membrane topolbgy ( nuclei only in the presence of detergent (data not shown).
18, 23. Both receptors show a predicted topology with a These results indicate that the N- and C-termini of SR-BI
short N-terminal cytoplasmic tail, a transmembrane domain, are cytoplasmically oriented and not accessible to antibodies
a single large extracellular domain, a second transmembranéinless the plasma membrane is permeabilized.

domain, and a short C-terminal cytoplasmic tail. Studies of ~ Similar experiments were performed with the tagged CD36
CD36 suggest that the predicted topology is corrédt 45. receptor to confirm its topology in the transiently transfected
In the case of SR-BI, immunostainin@3) and antibody =~ COS-7 cells. In the presence of detergent, all three antibodies
inhibition studies 14) support the predicted orientation of (anti-CD36, anti-Flag, and antityg detected abundant CD36
the C-terminal cytoplasmic tail and extracellular domains of expression (Figure 2, right panels,). In the absence of
SR-BI, but the membrane orientation of the N-terminus has detergent (Figure 2, right panels;), only the antibody

not been addressed. To this end, we produced plasmidgdirected against the extracellular domain detected CD36
encoding SR-Bl and CD36 each with a Flag epitope expression. No staining of vector-transfected COS-7 cells
appended to the N-terminus or argcepitope appended to  was seen with the above antibodies (data not shown). Thus,
the C-terminus. To ensure that the addition of the epitope these data confirm the topology of CD3&4 49. Based on

did not affect the function of these proteins, the epitope- these results, previous da@g), and the predicted topologies
tagged receptors were transiently expressed in COS-7 cellsof both receptors, Figure 3 shows the membrane orientations
and tested for their ability to bind HDL particles and to of wild-type SR-Bl and CD36 and the mutant and chimeric
promote the selective uptake of HDL CE. As shown in Figure receptors analyzed in this study. The amino acid delineations
1, wild-type and epitope-tagged SR-BI and CD36 each bound of these receptors are given in the figure legend.

HDL (panel A) and mediated HDL CE selective uptake  Role of the SR-BI C-Terminal Cytoplasmic Tail in HDL
(panel B). When the background values from pSG5 vector- CE Selectie Uptake.SR-BII is identical to SR-BI except
transfected cells were subtracted, and the HDL CE selectivethat it contains a different C-terminal cytoplasmic tail as a
uptake activities (panel B) were normalized to the cell surface result of alternate splicing of SR-BI pre-mRNA(Q, 46.
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Ficure 2: Immunofluorescence with epitope-tagged SR-Bl and CD36. COS-7 cells expressing SR-BI or CD36 (upper panels), SR-BI(MC)
or CD36(MC) (middle panels), or SR-BI(FN) or CD36(FN) (lower panels) were processed for immunofluorescence in the absence or
presence of detergent for permeabilization of the plasma membrane as indieaied-J. The cells were stained with primary antibodies
directed against either the extracellular domain of SR-BI (#356) or CD36 (39815) or tags at the N-terminus (anti-Flag) or C-terminus
(antiimyg as indicated. Texas Red sulfonyl chloride-conjugated donkey anti-rabbit or anti-mouse secondary 1gG was used for visualization
by fluorescence microscopy. Note that much of the plasma membrane staining of SR-Bl and CD36 is lost upon detergent permeabilization

of the cells whereas the Golgi staining is preserved.

Extracellular Extracellular
Cytosol = Cytosol T
NH2 NH2
SR-BI - CD36 COOH

Extracellular Extracellular

— I L I
Cytosol Cytosol Cytosol Cytosol Cytosol COOH
NH2 NH2 NH2 NH2 NH2
SR/CDT coon CD/SR/CD coon SR-BI/D1

CD/SRT coon SR/CD/SR coon
Ficure 3: Schematic diagram of SR-BI, CD36, and chimeric receptors. This diagram illustrates the topology of SR-BI and CD36 in
comparison to the chimeric receptors. The amino acid delineations of the chimeras are as follows: EDZERE a.a. +458 and SR-BI
a.a. 464-509; SR/CD/SR= CD36 a.a. 44435 and SR-BIl a.a.-141 and 436-509; SR/CDT= SR-Bl a.a. 467 and CD36 a.a. 459
472; CD/SR/CD= CD36 a.a. +40 and 441+472 and SR-BI a.a. 43440; and SR-BI/D1= SR-BI a.a. +-467.

Extracellular Extracellular

Previous studies showed that SR-BII binds HDL particles HDL CE selective uptake activity compared to SR-Bb(
with the same affinity as SR-BI, but shows %-fold reduced 46). This result suggests either that the SR-BI C-terminal
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Ficure 4: Cell-associated HDL CE and HDL CE selective uptake mediated by SR-BI, CD36, or chimeric receptors. COS-7 cells transfected
with vector pSG5 or transiently expressing CD36, CD/SRT, SR/CD/SR, SR-BI, SR/CDT, CD/SR/CD, or SR-BI/D1 (Figure 3) were incubated
at 37°C for 1.5 h with 10ug/mL [*?, 3H]-HDL 3, after which cells were processed to determine cell-associated HDL CE (A) and HDL CE
selective uptake (B). Values represent the mean of triplicate determinations after subtraction of values obtained with the addition of a
40-fold excess of unlabeled HRL(C) The efficiency of HDL CE selective uptake was determined by subtracting the values from vector-
transfected cells, and normalizing the amount of HDL CE selective uptake to the amount of cell-associated HDL particles.

tail is essential for high-efficiency HDL CE selective uptake binding HDL, SR-BI must provide a specific facilitation of
or that the SR-BII C-terminal tail is in some way inhibitory FC movement into and out of the plasma membra&2&. (
to this process. To distinguish between these possibilities, In the present study, chimeric receptors (Figure 3)
the C-terminal tail of SR-BI was deleted to produce SR-BI/ composed of different domains of SR-BI and CD36 were
D1 (Figure 3). This receptor is truncated at residue Q467, used to determine which domains of SR-BI are essential for
which is three residues C-terminal to the transmembranethe enhancement of FC flux between cells and HDL and to
domain and corresponds to the last common amino acidtest which domains of CD36 can functionally substitute for
between SR-BI and SR-BII. As shown in Figure 4, analysis the corresponding domains in SR-BI. Accordingly, COS-7
of SR-BI/D1 for HDL cell association (panel A), HDL CE  cells were transfected with the SR-BI/CD36 chimeric recep-
selective uptake (panel B), and selective uptake efficiency tors, wild-type SR-BI, CD36, or vector alone, and cellular
(normalized to the amount of receptor-bound HDL) (panel FC efflux was measured to 25 or 266/mL HDL;. Parallel
C) showed that the receptor lacking the C-terminal tail was dishes of the same cells were assayed for binding of
fully active and equivalent to wild-type SR-BI. In addition, radiolabeled HDL to estimate cell surface expression of each
the chimeric receptor, SR/CDT, in which the C-terminal tail receptor in order to normalize FC efflux to the receptor
of CD36 was swapped for that of SR-BI, was as active as expression level. As illustrated by the representative experi-
wild-type SR-BI and SR-BI/D1. Note also that the various ment in Figure 5, all receptors which contain the extracellular
chimeric receptors containing the extracellular domain of domain of SR-BI stimulated FC efflux to HRL(panels B
CD36 showed the same low level of HDL CE selective and C) irrespective of whether the cytoplasmic and trans-
uptake activity as CD36 (Figure 4) irrespective of whether membrane domains were derived from SR-BI or from CD36.
they contained the cytoplasmic N- and C-terminal tails or In addition, the SR-BI mutant lacking the C-terminal tail
the transmembrane domains of SR-Bl. In contrast, the (SR-BI/D1) showed full FC efflux activity.
chimeric receptors containing the extracellular domain of SR-  Similar experiments were carried out to examine the
Bl showed the enhanced HDL CE selective uptake activity activity of the chimeric receptors to stimulate the influx of
characteristic of SR-Bl irrespective of whether they contained FC from HDL to the cell membrane. As shown in Figure 6
the C-terminal tail or the N- and C-terminal tails plus the (panel B), FC influx from HDL behaved similarly to FC
transmembrane domains of SR-BI or CD36. Thus, these dataefflux in that receptors containing the extracellular domain
confirm and extend the result8g, 29 indicating that HDL  of SR-BI showed enhanced activity compared to receptors
CE selective uptake activity is an inherent property of the containing the extracellular domain of CD36. This difference
SR-BI extracellular domain. in influx activity between SR-Bl and CD36 was seen
Domains of SR-BI Required for the Bi-directional Flux of irrespective of whether the transmembrane and cytoplasmic
Free Cholesterolln addition to mediating HDL CE selective ~domains were derived from SR-BI or CD36. Additionally,
uptake, SR-BI accelerates the efflux of free cholesterol from deletion of the C-terminal cytoplasmic tail in SR-BI/D1 did
cells to HDL 28—30, 34. In contrast, CD36, which binds not significantly alter FC influx activity.
HDL with high affinity (24—26), does not significantly Domains of SR-BI Required for the Alteration of Mem-
increase FC efflux to HDL 48, 34. Similarly, SR-BI brane Cholesterol Content and DistributidPrevious studies
increases the influx of HDL FC into cell28, 29, 31, 3% showed that SR-BI expression alters the content and distribu-
whereas CD36 does na2§, 39, despite the fact that both  tion of cholesterol among plasma membrane domains as
receptors bind HDL to the cell surface and both receptors judged by several experimental parameters. The SR-BI-
are localized to cholesterol-rich caveolar fractions of the mediated increase in membrane cholesterol content was
plasma membrane2{—23, 47. These studies led to the detected as a net increase in cellular FC mass and as a
conclusion that simply binding HDL patrticles to cholesterol- disproportionately enhanced fractional esterification of newly
rich domains of the plasma membrane is not sufficient to influxed HDL ®H-FC (34). The latter effect can be explained
enhance the bi-directional movement of FC. In addition to by the sigmoidal cholesterol substrate dependence of acyl-



Extracellular Domain of SR-BI Confers Multiple Activities Biochemistry, Vol. 40, No. 17, 2005255

Cell Associated HDL Efflux Efficiency Efflux Efficiency
A B HDL 25pg/ml c HDL 250pg/mi
— 30 g % g 125
: 38 ..] 3%
£ mﬁ_ 0.3 ma
B £ 204 -5 ﬁl =g
%g EE Eg 0.75
86 Eg ' E% o504
a 10 OE og
I - 3 0.14 e g
4 ° =
"8 8 E %3 E 85 "g 5 3 g r & @ K 8 &
2 § 23 ¢g& 23S & & 8 a z 8 2 3 § S & 5
i3 CE
(8] % w § & é 8 o é w 8 @

Ficure 5: Cell-associated HDL and FC efflux mediated by SR-BI, CD36, or chimeric receptors. (A) COS-7 cells transfected with vector
pSGS5 or transiently expressing CD36, CD/SRT, SR/CD/SR, SR-BI, SR/CDT, CD/SR/CD, or SR-BI/D1 (Figure 3) were incubat€d at 37

for 1 h with [*23, 3H]-hHDL 3 to determine cell surface receptor expression as described under Experimental Procedures. Parallel wells of
cells that had been prelabeled wifiM]-cholesterol were incubated with 28 of protein/mL or 25Qug of protein/mL of HDL; for 4 h to

measure the efflux oPH]-cholesterol. After incubation, cells were harvested to determine the amout]edijolesterol released from the

cells. Values are the mean of triplicate determinations. The efficiency of FC efflux t@/®8L HDL; (B) or 250ug/mL HDL; (C) was
determined by subtracting the values from vector-transfected cells, and normalizing the percent FC efflux to the amount of cell-associated
HDL particles determined in (A).
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Ficure 6: Cell-associated HDL and HDL FC influx mediated by SR-BI, CD36, or chimeric receptors. (A) COS-7 cells transfected with
vector pSG5 or transiently expressing CD36, CD/SRT, SR/CD/SR, SR-BI, SR/CDT, CD/SR/CD, or SR-BI/D1 (Figure 3) were incubated
at 37°C for 1 h with [}23, 3H]-hHDL; to determine cell surface receptor expression as described under Experimental Procedures. (B)
Parallel wells of cells were incubated at 32 for 2 h with 10ug/mL [3H]-cholesterol-labeled HDi.to measure FC influxdg of FC ht

(mg of cell proteiny1]. The efficiency of FC influx was determined by subtracting the values from vector-transfected cells and normalizing
the amount of HDL FC influx to the amount of cell-associated HDL particles determined in (A). Values are the mean of triplicate
determinations.

CoA cholesterol acyltransferaség] which gives rise to an  Table 1: Cholesterol Mass in COS-7 Cells Expressing SR-BI,
apparent threshold in plasma membrane cholesterol contenfP36, or Chimeric Receptors

that is necessary to drive esterificatiof9). The altered total free cholesterol ester
distribution of cholesterol among membrane domains was __receptor  cholesterol (ug/mg of cell protein) cholesterol
detected by an SR-BI-dependent increase in the sensitivity PSG5 vector  26.4- 0.2 22.8+0.8 3.6+ 0.7
of membrane cholesterol to treatment of cells with extra- gg/?’gm gg-&i 8-2 ggzi %é i-gi 8-3
ceIIuI_ar cholesterol _ox@as@& 34 and by an increase in gg/cp/SR 2720 17 5331 1.3 304104
the size of the fast kinetic pool for cellular cholesterol efflux  sr-gi 405+ 0.8 30.5+ 0.2 10.0+ 0.9
to cyclodextrin acceptors3f). To determine the SR-BI SR//CD;F 429+ 0.4 31.5+0.2 115+ 0.2
; ; CD/SR/ICD  40.3:2.4 30.1+1.8 10.2+ 1.5
domains responsible for these parameters of cholesterol SR.BIDL 4225 10 30,65 1.0 116+ 0.2

metabolism, chimeric receptors were first tested for their _ _ )
a -
effect on cellular cholesterol mass when cells were grown _ °C0S-7 cells transfected with vector pSGS or transiently expressing

. . di The d in Table 1 sh h CD36, CD/SRT, SR/CD/SR, SR-BI, SR/CDT, CD/SR/CD, or SR-BI/
In serum-containing medium. The data in Table 1 show that (Figure 3) were incubated 24 h in Dulbecco’s minimal essential

cells expressing SR-BI and chimeric receptors containing the medium containing 10% calf serum. Lipids were extracted, and
extracellular domain of SR-BI had increased cellular total cholesterol mass was measured by gas chromatography. Values are the
cholesterol mass that was due to increases in both freeMean standard deviation) of triplicate determinations.

cholesterol and cholesteryl ester. In contrast, no increase in

cellular cholesterol mass was seen in cells expressing CD36were derived from SR-Bl or CD36. Thus, the enhanced
or chimeric receptors containing the extracellular domain of cellular free cholesterol content is specific for SR-BI and is
CD36 irrespective of whether the other receptor domains due to its extracellular domain.
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20+ The distribution of membrane cholesterol in cells express-
ing wild-type and chimeric receptors was tested by determin-
ing the sensitivity of membrane cholesterol in unfixed cells
to extracellular cholesterol oxidasd4j. This protocol has
been reported to primarily oxidize cholesterol localized to
plasma membrane caveola®). The data in Figure 8 show
the percent of cholesterol oxidized at two time intervals of
oxidase treatment in cells transfected with vector or with
wild-type or chimeric receptors. As is evident, the enhanced
sensitivity to extracellular cholesterol oxidase was seen with
wild-type SR-BI and with all chimeric receptors containing
the extracellular domain of SR-BI irrespective of whether
the other receptor domains were derived from SR-BI or
FiIGURE 7: Esterification of newly influxed3H]-cholesterol in cells CD36. In addition, deletion of the C-terminal tail of SR-BI
expressi'ng SR-BI, CD36, or cr):imeric receptors. (A) COS-7 cells had no effect on. this_activity. 'The transmembrane and
transfected with vector pSGS5 or transiently expressing CD36, CD/ CytOP_'_a?’m'C domains of SR'B_I did not confer the enhanced
SRT, SR/CD/SR, SR-BI, SR/ICDT, CDISR/CD, or SR-BI/D1 Sensitivity to cholesterol oxidase upon the extracellular
(Figure 3) were incubated for 24 h with&i/mL [3H]-cholesterol domain of CD36.

in serum-containing medium as described under Experimental

Procedures. Cells were then harvested, and the percent distributioDISCUSSION

of [3H]-cholesterol between free and esterified cholesterol was .
determined by thin-layer chromatography of the lipid extract. Values  10pology of SR-Bl and CD3&econdary structure predic-

are means of triplicate determinations. tions suggest two membrane-spanning regions in each of the
structurally related receptors, SR-Bl and CD36. These

3H-free cholesterol
esterified
o
1

{percent of total)
=

[4;]
1

o
—

pSG5
CD36
CD/SRT
SR/CD/SR
SR-BI
SR/CDT
CD/SR/CD
SR-BI/D1

50

% putative transmembrane domains reside near the amino- and
E:A —mpSGS carboxyl-terminal ends of these proteins. In the case of SR-
:o‘:_g —e-CD36 Bl, a previous immunofluorescence study with antibody
gg —&—CD/SRT directed to the C-terminal tail supported the cytoplasmic
8t e location of this domainZ3) although the membrane disposi-
2 —0- SRICDT tion of the N-terminus had not been tested. In addition,
§§ —A— CD/SR/CD Cys462 and Cys470 in the predicted C-terminal cytoplasmic
& —v-SR-BID1 domain were shown to be fatty acylat&b). In the present
& study, we appended epitope tags to either end of SR-BI and
0 2 4 P ) showed by immunofluorescence that detection of the N- or
Time (hour) C-terminus required detergent permeabilization of the mem-

FIGURE8: Cholesterol oxidase sensitivity of membrane cholesterol br_ane. Th_us, both N- and C-termini of SR-BI are cytopl_as-
in cells expressing SR-BI, CD36, or chimeric receptors. COs-7 Mically oriented. In the case of CD36, our results confirm
cells transfected with vector pSG5 or transiently expressing CD36, the similar membrane orientation of the N- and C-termini
CD/SRT, SR/CD/SR, SR-BI, SR/CDT, CD/SR/CD, or SR-BI/D1 of this receptor44, 45. Thus, these results further support

(Figure 3) were incubated for 24 h with&i/mL [*H]-cholesterol e models that SR-BI and CD36 have similar topologies
in serum-containing medium as described under Experimental

Procedures. After washing, cells were incubated with exogenousWIth two transmembrane domains, a single large extracellular

cholesterol oxidase for 4 or 8 h, and the percent of cellididf-] ~ domain, and the N- and C-termini located on the cytoplasmic
cholesterol oxidized was determined. Values are the mean of side of the membrane (Figure 3). The presence of a single
triplicate determinations. large extracellular domain in SR-BI is also supported by

experimental data showing that epitope tags inserted after

The effect of SR-BI on the fractional esterification of amino acids 48, 80, 124, 178, 192, 283, 289, 341, 345, 388,
newly influxed cholesterol was tested by incubating trans- or 417 were all detectable by flow cytometry without
fected cells in serum-containing medium witH-FC fol- membrane permeablization when expressed in COS-7 cells
lowed by lipid extraction and determination of the distribu- (Connelly, M. A., and Williams, D. L., data not shown).
tion of *H-FC between free and esterified cholesterol by thin- These data, although supportive of the proposed topology,
layer chromatography. The data in Figure 7 show that the must be qualified in that none of the receptors tagged in the
fractional esterification ofH-FC was enhanced nearly 6-fold  extracellular domain, despite expression on the cell surface,
by SR-BI compared to CD36. Cells expressing chimeric had full HDL binding activity and some were completely
receptors containing the extracellular domain of SR-BI inactive (data not shown). In contrast, the receptors tagged
showed a similar enhancement #i-FC esterification at the N- and C-termini were fully active.
irrespective of whether the other receptor domains were Domains of SR-Bl Required for Free Cholesterol and
derived from SR-BI or CD36. Similarly, cells expressing Cholesteryl Ester Flux and Perturbation of Membrane
chimeric receptors containing the extracellular domain of Cholesterol Content and DistributionPrevious studies
CD36 showed reduced fractional esterification activity even showed that the extracellular domain of SR-BI, in addition
when the other domains of the receptor were derived from to its role in binding HDL particles, is required for the
SR-BI. As in the case of the parameters measured abovegfficient selective uptake of HDL CE26, 2. The reduced
deletion of the C-terminal cytoplasmic tail of SR-BI had no efficiency of HDL CE selective uptake with SR-BRS, 46,
effect on the fractional esterification activity. however, suggested that the SR-BI C-terminal tail is essential
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for high-efficiency HDL CE selective uptake, an activity that case, SR-BI has been shown to maintain the cholesterol
could be shared by the corresponding domain of CD36. content of caveolae by mediating cholesterol uptake from
Alternatively, the SR-BII C-terminal tail could be inhibitory HDL. This activity appears to be necessary for the localiza-
to the selective uptake process. The present analysis of thdion and activation of endothelial nitric oxide synthase in
SR-BI/D1 receptor lacking the C-terminal tail showed that caveloae 47). The SR-Bl-mediated increase in membrane
this receptor has full HDL CE selective uptake activity. Thus, free cholesterol and the enhanced sensitivity to extracellular
the C-terminal tail of SR-BI does not impart an enhanced cholesterol oxidase in transfected COS-7 cells may reflect a
HDL CE selective uptake activity. Rather, the C-terminal similar role for SR-BI in maintaining caveolar cholesterol
tail of SR-BIl inhibits HDL CE uptake activity. The content and function.
mechanism of this inhibition is unclear, but it presumably  Localization of SR-Bl Function to the Extracellular
does not reflect a difference in targeting to plasma membraneDomain.The present studies as well as those reported earlier
domains since both SR-BI and SR-BII have been localized on HDL CE selective uptakeb, 26 indicate that a spectrum
to caveolar fractions in biochemical fractionation experiments of rather distinct SR-Bl-mediated activities is localized to
(46). the extracellular domain of this receptor. The transmembrane
Although the transmembrane domains and the N-terminal domains and the N-terminal tail of SR-BI appear to provide
tail of SR-BI appear to provide no specific function in HDL no specific function for this panel of activities other than
CE selective uptake, these domains likely serve for the properproper targeting of the receptor to the plasma membrane.
targeting of the receptor to the plasma membrane. As notedThe C-terminal tail of SR-BI is dispensable for membrane
above, the C-terminal tail of SR-BI is not required for either targeting as well as the function of the receptor, at least for
CE transfer or correct membrane targeting. Also, as shownthose facets of cholesterol metabolism that have been tested
in the experiments reported here, SR-BI lacking the C- thus far. Given the distinct nature of some of these SR-BI-
terminal tail showed no impairment in mediating the bi- mediated effects, it would be reasonable to suspect that some
directional flux of free cholesterol, in the accumulation of effects would require the extracellular domain of the receptor
cellular free cholesterol and cholesteryl ester mass, or in thewhile others might not. HDL CE selective uptake, for
enhancement of cholesterol oxidase sensitivity. Although the example, appears to involve the docking of HDL particles
C-terminal tail of SR-BI appears to have no discernible to SR-BI via direct interaction with apoA-5Q) followed
function in these various aspects of cellular cholesterol by the selective transfer of HDL core lipids into the plasma
metabolism, a recent report identified a PDZ-domain- membrane of the cell1l, 52. In this process, HDL
containing protein, CLAMP, that interacts specifically with  cholesteryl esters move down their concentration gradient
the SR-BI C-terminal tail when expressed in CHO celig)( to the plasma membrane through a postulated hydrophobic
This protein appears to yield higher expression levels of SR- “channel” that is formed by or requires the extracellular
Bl in transfected cells, suggesting that the C-terminal tail domain of the receptoi5@). This process appears to be an
may be important for SR-BI processing or turnover. These inherent property of the SR-BI extracellular domain as it
authors also suggested that CLAMP may interact with occurs in the absence of the C-terminal tail and occurs with
the C-terminal tail of SR-BI to inhibit the hydrolysis of the CD36 transmembrane domains substituted for these
HDL CE. domains in SR-BI. In contrast to this process of CE transfer
The present analysis of wild-type and chimeric receptors from the HDL particle, the SR-Bl-mediated enhancement
for free cholesterol efflux and influx showed that these in cholesterol oxidase sensitivity occurs in the absence of
activities required the extracellular domain of SR-BI, and HDL binding, is correlated with the accumulation of free
that the transmembrane and cytoplasmic domains of eithercholesterol in the plasma membrane, and appears to reflect
SR-BI or CD36 could provide full activity. Similarly, the a redistribution of cholesterol among membrane domains
transmembrane and cytoplasmic domains of SR-BI did not (34). Surprisingly, this membrane organizational effect also
confer these functions on the extracellular domain of CD36 is localized to the extracellular domain of SR-BI, does not
despite its ability to bind HDL particles with high affinity.  require the C-terminal cytoplasmic domain, and occurs with
A similar localization of function to the extracellular domain the CD36 transmembrane domains substituted for these
of SR-Bl was seen also in parameters that reflect the domains in SR-Bl. Two hypotheses may be suggested to
cholesterol content of the membrane. Thus, both the SR-account for these results.
Bl-mediated increase in cellular free cholesterol mass (Table First, the extracellular domain of SR-BI may mediate
1) and the SR-BI-mediated enhancement in the esterificationmultiple and distinct activities by virtue of discrete functional
of newly influxed free cholesterol (Figure 7) tracked closely subdomains or via interaction with other membrane proteins.
with the extracellular domain. Evidence such as the nonreciprocal cross-competition be-
This localization of function to the extracellular domain tween HDL and LDL 9), identification of mutations that
of SR-BI was also observed in the sensitivity of SR-BI- disrupt HDL but not LDL binding %3, 54, and the
expressing cells to extracellular cholesterol oxidase (Figure observation that SR-BI exhibits both high- and low-affinity
8). Under these assay conditions, cholesterol oxidase sensibinding of HDL particles 14, 51, 52 points to the presence
tivity appears to reflect the cholesterol content of membrane of multiple binding sites on SR-BI. In addition, a recent study
caveolae as judged by biochemical fractionation studi€s (  showed that antibody to the extracellular domain of SR-BI
Previous studies showed that a major fraction of SR-BI is blocked HDL binding without altering the SR-Bl-mediated
present in caveolar domains of transfected CHO cells andincrease in cholesterol oxidase sensitivig3( 54. This
the Y1-BS1 adrenocortical celP). More recent work has  result, as well, is suggestive of multiple functional domains
shown a similar localization of both SR-BI and CD36 to in the extracellular loop of SR-BI. Further dissection of the
caveolar domains of vascular endothelial ceflg)( In this extracellular domain by mutagenesis will serve to test
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whether the extracellular loop of SR-BI contains subdomains
that mediate distinct activities.

The second hypothesis is that the apparently distinct
functional activities of SR-BI are, in fact, secondary to, and
driven by, changes in membrane cholesterol content. In this
case, loading cholesterol into the membrane via the selective
uptake of cholesteryl ester or the influx of free cholesterol
may provoke reorganization of membrane lipid domains that
secondarily give rise to increased cholesterol flux and
enhanced sensitivity to cholesterol oxidase. The reorganiza-
tion of membrane lipids, as reflected by enhanced cholesterol
oxidase sensitivity and an enlarged fast kinetic pool for FC
efflux to cyclodextrins 28, 34, may be due to cholesterel
phospholipid interactions that result in membrane raft or
caveola formationg5) or modulate the chemical activity of
cholesterol in the plasma membrang6) Mutagenesis
studies may prove useful in testing this hypothesis, but it
will be equally important in future studies to more carefully
define how SR-BI alters the composition and organization
of plasma membrane lipids.
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