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Cholesterol homeostasis is mediated by Scap, a polytopic
endoplasmic reticulum (ER) protein that transports sterol reg-
ulatory element-binding proteins from the ER to Golgi, where
they are processed to forms that activate cholesterol synthesis.
Scap has eight transmembrane helices and two large luminal
loops, designated Loop1 and Loop7. We earlier provided indi-
rect evidence that Loop1 binds to Loop7, allowing Scap to bind
COPII proteins for transport in coated vesicles. When ER cho-
lesterol rises, it binds to Loopl. We hypothesized that this
causes dissociation from Loop7, abrogating COPII binding.
Here we demonstrate direct binding of the two loops when
expressed as isolated fragments or as a fusion protein. Expressed
alone, Loopl remained intracellular and membrane-bound.
When Loop7 was co-expressed, it bound to Loop1, and the sol-
uble complex was secreted. A Loopl-Loop7 fusion protein was
also secreted, and the two loops remained bound when the
linker between them was cleaved by a protease. Point mutations
that disrupt the Loopl-Loop7 interaction prevented secretion
of the Loopl-Loop7 fusion protein. These data provide direct
documentation of intramolecular Loop1-Loop7 binding, a cen-
tral event in cholesterol homeostasis.

A vast assortment of lipids populates the membranes of
mammalian cells. For membranes to function optimally, the
amounts of these lipids must be carefully controlled, but the
control mechanisms are poorly understood. Recent progress
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has been made in understanding the machinery that controls
one such lipid, i.e. cholesterol. The central player is a cholester-
ol-binding membrane protein, Scap, that mediates feedback
inhibition of sterol regulatory element-binding proteins
(SREBPs),® transcription factors that activate cholesterol syn-
thesis (1).

SREBPs are synthesized as intrinsic proteins of endoplasmic
reticulum (ER) membranes. Immediately after synthesis,
SREPBs bind to Scap. The Scap-SREBP complex is incorpo-
rated into vesicles that move to the Golgi, where the SREBPs are
processed by two proteases that liberate the transcriptionally
active fragment (2). This fragment enters the nucleus, where it
activates transcription of all genes whose products are required
for cholesterol synthesis (3). When cholesterol levels in ER
membranes rise above 5% of total lipids, the Scap-SREBP com-
plex binds to Insig, an ER anchor protein that prevents export to
the Golgi (4). SREBPs are no longer processed, and cholesterol
synthesis declines. This end product feedback mechanism
assures that cells provide themselves with the cholesterol they
need for membrane function while avoiding toxic cholesterol
overaccumulation.

In recent years, our laboratory has performed a molecular
dissection of Scap, identifying the domains responsible for each
of its functions (5-7). Our current working model is shown in
Fig. 1. All of the sterol regulation is confined to the membrane
portion of Scap, which contains eight transmembrane helices.
The eight helices are connected by three large loops (1, 6, and 7)
and four small loops (2-5) (Ref. 8). Loop1 (L1) projects into the
ER lumen. When produced as a fragment by recombinant DNA
methods, L1 behaves as a membrane-anchored protein, requir-
ing detergents for solubilization. It binds cholesterol and other
sterols with a specificity that matches the specificity defined
previously for the entire membrane domain of Scap (6, 9). Based
on indirect evidence, we proposed that L1 binds to Loop7 (L7),
the other large intraluminal loop (7). The interaction of L1 with
L7 maintains cytosolic Loop6 in a conformation that allows the
binding of COPII proteins that cluster the Scap-SREBP com-
plex into coated vesicles for transit to the Golgi. The COPIL
proteins bind to MELADL, a hexapeptide in Loop6 (5). When
ER cholesterol rises above a threshold of 5 mol% of total lipids,
cholesterol binds to L1, producing a conformational change in

¢ The abbreviations used are: SREBP, sterol regulatory element-binding pro-
tein; ER, endoplasmic reticulum; L1, Loop1; L7, Loop7; MCD, methyl-B-cy-
clodextrin; Ni?"-NTA, nickel-nitrilotriacetic acid; aa, amino acids; TEV,
tobacco etch virus; PNGase F, peptide-N-glycosidase F; NP40, Nonidet
P-40.
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FIGURE 1. Model illustrating the functional domains of Scap. The membrane-bound portion of hamster Scap (amino acids 1-753) includes four functional
domains. Luminal L1 (amino acids 46-284) binds cholesterol. This domain contains a glycosylation site (red box) and a tyrosine residue (Tyr-234) that, when
mutated to alanine, renders Scap unable to move to the Golgi (6). Transmembrane helices 2- 6 (green) contain the Insig-binding domain. Cytoplasmic Loop6
contains the hexapeptide MELADL (orange) that binds to COPII proteins (10). Luminal L7 (amino acids 535-710) binds to luminal L1. This domain contains two
glycosylation sites (red boxes) and a tyrosine residue (Tyr-640) that, when mutated to serine, renders Scap unable to move to the Golgi (7).

Loop6 that renders MELADL inaccessible to COPII proteins
(10). We have indirect evidence that cholesterol binding causes
L1 to dissociate from L7 and that this causes the conforma-
tional change in Loop6 (7). The cholesterol-induced conforma-
tional change also causes Scap to bind to Insig, which interacts
with the Insig-binding domain, a cluster of five transmembrane
helices (helices 2—6) (1). Evidence suggests that point muta-
tions in either L1 (Y234A) or L7 (Y640S) disrupt the binding of
Loops1 and 7, locking Scap into its cholesterol-bound confor-
mation, increasing the interaction with Insig and preventing
COPII binding to Loop6 even when membrane cholesterol lev-
els are low (6, 7). So far, however, the inference that Scap L1
binds to L7 has been indirect.

In this study, we demonstrate a direct interaction between L1
and L7 using soluble protein complexes that are secreted when
the two loops are produced together in transfected cells or
when the two loops are expressed as a fusion protein. The
results provide crucial insights into the structural basis for this
interaction.

Experimental Procedures
Reagents—We obtained [1,2,6,7->H]cholesterol (100 Ci/

mmol) from American Radiolabeled Chemicals (St. Louis,
MO); cholesterol and DTT from Sigma; desmosterol, 25-hy-
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droxycholesterol, and epicholesterol from Steraloids, Inc.
(Newport, RI); Cellgro ITS and AcTEV protease from Fisher
Scientific (Waltham, MA); hydroxypropyl cyclodextrin and
methyl-B-cyclodextrin (MCD) from Cyclodextrin Technolo-
gies (Gainesville, FL); PNGase F from New England Biolabs
(Ipswich, MA); Fos Choline 13 (FC13), octylglucoside, and
CHAPS from Anatrace (Maumee, OH); Nonidet P-40 (NP40)
detergent from Roche Applied Sciences; Ni**-NTA-agarose
beads from Qiagen (Hilden, Germany); mouse monoclonal
anti-His antibody and Superdex 200 10/300 GL columns from
GE Healthcare; gel filtration standards from Bio-Rad; and cen-
trifugal filter units from Millipore (Billerica, MA). Rabbit
B-VLDL (density < 1.006 g/ml) was prepared by ultracentrifu-
gation (11).

Monoclonal Antibodies—IgG-9D5, a mouse monoclonal
antibody against hamster Scap (amino acids 540 —707), hereaf-
ter designated anti-L7, has been described previously (12). The
monoclonal antibody IgG-7G5 against hamster SCAP was pro-
duced by immunizing BALB/c mice with a fusion protein
encoding a hexahistidine epitope tag followed by amino acids
(aa) 46 —269 of hamster Scap (6) and subsequent screening of
hybridoma clones by ELISA. One positive hybridoma (IgG-
7@G5) was subcloned by serial dilution three times and purified
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by affinity chromatography on protein G-Sepharose 4 Fast Flow
columns. We hereafter refer to IgG-7G5 as anti-L1.

Buffers and Media—Buffer A contained 50 mm Tris-chloride
(pH 7.4) and 150 mm NaCl. Buffer B contained 10 mm Tris-
chloride (pH 7.4), 100 mm NaCl, and 1% SDS. Medium A con-
tained a 1:1 mixture of Ham’s F-12 and Dulbecco’s modified
Eagle’s medium (Mediatech, Inc.) supplemented with 100
units/ml penicillin and 100 ug/ml streptomycin sulfate.

Plasmids—An expression vector encoding wild-type hamster
Scap under the control of the CMV promoter (12) was modified
by site-directed mutagenesis to generate three expression plas-
mids: pCMV-Scap-L1, pCMV-Scap-L7, and pCMV-Scap(L1-
L7). pPCMV-Scap-L1 and pCMV-Scap-L7 encode, in sequential
order from the NH, terminus, the 24-aa signal sequence from
human Niemann-Pick C1 (NPC1) (13) and either luminal L1 of
Scap (aa 47-269) followed by a FLAG epitope tag (DYKD-
DDDK) or luminal L7 of Scap (aa 538 -710), respectively (Fig.
1). pCMV-His,,-Scap(L1-L7) encodes, in sequential order
from the NH, terminus, the 24-aa signal sequence from human
NPC1, an epitope tag consisting of 12 histidines, luminal Loop1
of Scap (aa 46 —284), a 15-aa linker that includes a TEV protease
cleavage site (SENLYFQGSSGSSGS) (14), and luminal Loop7
of Scap (aa 535-710).

A pFastBacHTa expression vector (Life Technologies)
encoding amino acids 1-767 of hamster Scap (15) was modified
by site-directed mutagenesis (QuikChange II XL kit, Strat-
agene) to generate three recombinant baculoviruses designated
pBac-Hiss-Scap-L1, pBac-His;,-Scap-L7, and pBac-His, -
Scap(L1-L7). pBac-Hiss-Scap-L1 and pBac-His,,-Scap-L7
encode, in sequential order from the NH, terminus, the 21-aa
signal sequence from honeybee mellitin, a 4-aa linker (DSYY),
an epitope tag consisting of six or 10 histidines, a 17-aa linker
that includes a TEV protease cleavage site (DYDIPTTENLY-
FQGAMG), and luminal L1 of Scap (aa 46 —269) or luminal L7
of Scap (aa 538-710). pBac-His,,-Scap(L1-L7) encodes, in
sequential order from the NH, terminus, the 21-aa signal
sequence from honeybee mellitin, a 4-aa linker (DSYY), an
epitope tag consisting of 10 histidines, a 10-aa linker (DYDIPT-
TAMG), luminal L1 of Scap (aa 46-284), a 15-aa linker that
includes the TEV protease cleavage site (see above), and lumi-
nal L7 of Scap (aa 535-710). Point mutations in the above Scap
plasmids were generated by site-directed mutagenesis, and
mutations were verified by sequencing the entire coding region
of all plasmids.

Cell Culture—Hamster CHO-K1 cells were grown in mono-
layer at 37 °C and 8 -9% CO,, in medium A supplemented with
5% ECS. The protocol for transfecting cDNAs into CHO-K1
cells is described in the figure legends.

Purification of His-tagged Scap(L1-L7) from Sf9 Media—On
day 0, 1-liter cultures of Sf9 (10° cells/ml) in Sf-900 II SFM
insect medium (Invitrogen) were set up at 27 °C. On day 1, cells
were infected with the pBac-His;,-Scap(L1-L7) baculovirus.
On day 3, cells were harvested and washed once with PBS. The
cells were then flash-frozen in liquid nitrogen and stored at
—80 °C. The S£-900 II SFM insect medium containing secreted
His,,-Scap(L1-L7) was loaded onto a 5-ml Ni**-NTA-agarose
column equilibrated with 10 column volumes of buffer A and
then washed sequentially with 10 column volumes each of
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buffer A containing 20 mm imidazole and 40 mMm imidazole.
Bound proteins were eluted with 10 column volumes of buffer
A containing 200 mm imidazole. The eluates were pooled, con-
centrated with a Millipore centrifugal filter unit (30,000 molec-
ular weight cutoff) to 0.5 ml, and then applied to a Superdex 200
10/300 GL column that had been pre-equilibrated with buffer
A. Fractions containing His,;,-Scap(L1-L7) were combined,
concentrated, stored at 4 °C, and designated as purified His,,-
Scap(L1-L7). The purified protein was used for assays within 4
days.

Immunoprecipitation of Scap—In experiments with trans-
fected cells, medium containing secreted proteins was sub-
jected to 10° X g centrifugation, and the supernatants were
incubated with 1 pg/ml anti-L7 or control mouse monoclonal
antibody. After 1 h, 100 ul of protein A/G Plus-agarose beads
(Santa Cruz Biotechnology, Dallas, TX) was added, followed by
overnight incubation on a rotator and centrifugation at 1000 X
g for 10 min. In experiments with purified His,,-Scap(L1-L7),
reaction mixtures were incubated with 50 ul of protein A/G
Plus-agarose beads along with 1 ug/ml anti-L1 or control
mouse monoclonal antibody. After incubation at room temper-
ature for 40 min, the reactions were centrifuged at 2000 X g for
2 min. In both types of experiments, the resulting supernatants
were transferred to a fresh tube and designated as the superna-
tant. The pelleted beads were washed three times with 1 ml of
buffer A, resuspended in 1 ml of buffer B, and heated at 95 °C for
10 min. The mixtures were clarified by centrifugation at 1000 X
g for 5 min, and the resulting fractions were designated as the
pellet. Equivalent fractions of supernatants and pellets were
subjected to immunoblot analysis.

[PH]Cholesterol-binding Assay—Binding assays were carried
out as described previously (6). Each reaction, in a final volume
of 100 ul of buffer A with 0.004% (w/v) NP40 and 0.002% (w/v)
FC13, contained 2 pmol (140 ng) of purified His, ,-Scap(L1-L7)
and the indicated concentration of [*H]cholesterol (delivered
in 2.5 pl of ethanol) in the absence or presence of competitor
sterol (delivered in 1 ul of ethanol). After incubation for 4 h at
room temperature, each reaction was loaded onto a column
packed with 0.3 ml of Ni**-NTA-agarose beads pre-equili-
brated with 2 ml of buffer A. The columns were washed with 5
ml of buffer A and then eluted with 1 ml of the same buffer
containing 250 mMm imidazole. Aliquots of the eluate (0.7 ml)
were assayed for radioactivity in a liquid scintillation counter.

Immunoblot Analysis—Samples for immunoblotting were
subjected to 8% or 13% SDS-PAGE, after which the proteins
were transferred to nitrocellulose filters that were incubated at
room temperature for 1 h with primary antibodies as indicated
in the figure legends. Bound antibodies were visualized by
chemiluminescence (SuperSignal West Pico chemiluminescent
substrate, Thermo Scientific) using a 1:5000 dilution of mouse
IgG TrueBlot® Ultra (Rockland Immunochemicals Inc.) conju-
gated to horseradish peroxidase. Immunoblots were exposed to
Phoenix Research Products Blue x-ray film (F-BX810) at room
temperature. Films were exposed for 1-20 s.

Reproducibility—Similar results were obtained when each
experiment was independently repeated on three or more
occasions.
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FIGURE 2. Secretion of L1 by CHO-K1 cells requires interaction with L7. A-C, on day 0, CHO-K1 cells were set up for experiments in 3 ml of medium A
containing 5% FCS at a density of 6 X 10° cells/60-mm dish. On day 1, cells were switched to 3 ml of medium A containing 1% ITS and co-transfected with the
indicated cDNAs as described below. FUGENE 6 was used as the transfection agent according to the instructions of the manufacturer. The total amount of DNA
was adjusted to 4 ug/dish by addition of pcDNA empty vector. On day 3, medium was collected from each group (2 dishes/condition) and pooled (6 ml total),
and the cells from each group were harvested, pooled, and resuspended in PBS (1 ml total). A, transfection with the indicated amounts of pPCMV-Scap-L1 and
pCMV-Scap-L7. After transfection, equivalent fractions of cells and medium (0.6% of total) were subjected to immunoblot analysis with 5 ug/ml anti-L1 or 0.5
rg/mlanti-L7. B, transfection with 2 ug of pCMV-Scap-L1 plus 2 ug of pPCMV-Scap-L7. After transfection, aliquots of cells and media (5% of total) were subjected
to glycolytic digestion by PNGase F according to the instructions of the manufacturer and processed for immunoblot analysis as above. C, transfection as
above. After transfection, aliquots of the pooled media (1 ml) were centrifuged at 10° X g, and the supernatants were subjected to immunoprecipitation (/P)
with 1 ug/ml anti-L7 (lanes 1 and 3) or control monoclonal antibody (lanes 2 and 4) as described under “Experimental Procedures.” Equivalent fractions of
immunoprecipitated pellets and supernatants (2% of total) were subjected to immunoblot analysis (/B) with 1 uwg/ml anti-L1 (lanes 7 and 2) or 5 ug/ml anti-L7
(lanes 3 and 4). D, schematic of recombinant L1-L7 secreted by CHO-K1 cells. Starting at the NH, terminus, the construct contains the NPC1 signal sequence
(black and white stripes), followed by a His,, epitope tag (brown), hamster Scap-L1 (aa 46-284, pink), a TEV protease site (gray), and hamster Scap-L7 (aa
535-710, blue). E, transfection with 4 ug of pCMV-His, ,-Scap(L1-L7) as above. After transfection, aliquots of the pooled media (2 ml) were passed over a 1-ml
nickel column that was pre-equilibrated with buffer A. After washing with 10 ml of buffer A containing 50 mm imidazole, His,,-Scap(L1-L7) was eluted with 2
ml of buffer A containing 200 mm imidazole. Each reaction, in a final volume of 100 wl, contained 50 pl of purified His;,-Scap(L1-L7) without or with 10 units of
TEV protease. After incubation for 3 h at room temperature, aliquots of each reaction (50% of total) were subjected to glycolytic digestion by PNGase F and
processed for immunoblot analysis with 5 ug/ml anti-L1. Sup, supernatant; Ct/, control.

Results

To facilitate studies of the L1/L7 interaction, we prepared
expression plasmids encoding L1 or L7, both of which were
preceded by a signal sequence from human NPC1. When trans-
fected into CHO-K1 cells and analyzed by SDS-PAGE, L1 was
expressed as a single species that was retained in cells and not
secreted into the medium (Fig. 24, top lanes 2 and 8). A similar
observation was made previously in insect cells, where a bacu-
lovirus encoding L1 produced a membrane-attached protein
that was retained in the cell and required detergents for solubi-
lization (6). When we used transfection to produce increasing
amounts of L7 together with L1, the CHO-K1 cells contained an
additional species of L1 that migrated faster on SDS-PAGE (Fig.
2A, top lanes 3— 6). When the amount of L7 plasmid was raised,
most of this faster-migrating L1 was found in the medium (Fig.
2A, top lanes 10—12) together with the majority of L7 (Fig. 24,
bottom lanes 10—12). A small fraction of L7 was retained in the
cells (Fig. 24, bottom lanes 5 and 6). This retained L7 migrated
more rapidly than the secreted protein.

Because L1 and L7 contain one and two potential N-linked
glycosylation sites, respectively (Fig. 1), we tested whether the
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different species of L1 and L7 were products of differential gly-
cosylation. CHO-K1 cells were transfected with plasmids pro-
ducing L1 alone or with L1 plus L7. Cell lysates and media were
treated with peptide-N-glycosidase F (PNGase F). Again, singly
transfected L1 was retained in cells (Fig. 2B, top lanes 2 and 7).
Treatment of the retained L1 with PNGase F reduced its appar-
ent mass in a single step (Fig. 2B, top lanes 2 and 4), indicating
that its sole N-linked glycosylation site sequence (NCS) was
glycosylated. When L7 was expressed concurrently with L1, L1
was no longer glycosylated, and the unglycosylated protein was
secreted into the medium, where its size was no longer reduced
by PNGase F treatment (Fig. 2B, top lanes 3, 5,8, and 10). On the
other hand, intracellular and secreted L7 continued to be gly-
cosylated because treatment with PNGase reduced the molec-
ular weights of both forms of L7 (Fig. 2B, bottom lanes 3, 5, 8,
and 10).

We next conducted co-immunoprecipitation assays to deter-
mine whether L7 facilitates the solubilization and secretion of
L1 by a direct interaction (Fig. 2C). For these assays, CHO-K1
cells were transfected with plasmids encoding L1 plus L7. The
medium containing secreted proteins was subjected to centrif-
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ugation at 10° X g to eliminate insoluble materials. We incu-
bated the 10° X g supernatant with a monoclonal antibody to L7
and captured the antibody-bound protein on protein A/G-aga-
rose beads. The proteins that did not adhere to the beads (des-
ignated supernatant) and the proteins eluted from the pelleted
beads (designated pellet) were subjected to SDS-PAGE and
immunoblot analysis. As shown in Fig. 2C, both secreted L1 and
L7 were precipitated by anti-L7 (lanes 1 and 3) but not by a
control antibody (lanes 2 and 4). Densitometric analysis of the
data in Fig. 2C and two other co-immunoprecipitation experi-
ments showed that 40 —70% of secreted L1 was co-immunopre-
cipitated with L7.

To further study the glycosylation status of L1 when it is
bound to L7, we prepared a plasmid that encodes L1 followed
by L7 separated by a 15-amino acid linker containing a TEV
protease cleavage site (Fig. 2D). This plasmid was preceded by a
signal sequence from human NPC1 followed by 12 histidine
residues. We refer to this fusion protein as L1-L7. We trans-
fected CHO-K1 cells with the L1-L7 plasmid, and the secreted
L1-L7 was purified by nickel chromatography. Treatment of
purified L1-L7 with PNGase F reduced its apparent molecular
weight (Fig. 2E, lanes I and 2), indicating that one or more of the
three N-linked glycosylation site sequences in L1-L7 was glyco-
sylated. To determine the glycosylation status of L1 in this
fusion protein, we first digested purified L1-L7 with TEV pro-
tease. Treatment of the liberated L1 with PNGase F reduced its
apparent molecular weight in a single step (Fig. 2E, lanes 3 and
4), indicating that the sole N-linked site in L1 was glycosylated
when it was fused to L7. For an interpretation of these results,
see “Discussion.”

We next sought to determine whether formation of the
L1-L7 complex in transfected cells is regulated by cholesterol.
CHO cells were transfected with plasmids encoding L1 and L7
and then depleted of cholesterol by incubation with hydroxy-
propyl cyclodextrin, followed by incubation with no sterol, cho-
lesterol, or epicholesterol, delivered in complex with MCD (9,
16). Cells and medium were subjected to SDS-PAGE and blot-
ted with anti-L7 or anti-L1. Fig. 34 shows that L1 was secreted
into the medium only when L7 was co-expressed. Cholesterol
and epicholesterol did not affect this secretion (Fig. 3A, lanes
12-14). In another experiment, we delivered cholesterol with
B-VLDL, a cholesterol-carrying lipoprotein that binds to LDL
receptors. Secretion was not affected by B-VLDL even when
supplemented with cholesterol complexed to MCD (Fig. 3B,
lanes 12—14).

To facilitate further studies of the L1-L7 complex, we shifted
to the baculovirus expression system in insect cells to produce
large quantities of L1-L7 protein. The baculoviruses used for
experiments in Fig. 4 encoded L1, L7, and L1-L7, each of which
was preceded by a cassette composed of the signal sequence
from honeybee mellitin followed by six histidines (L1) or 10
histidines (L7 and L1-L7). As with the mammalian L1-L7 fusion
protein, the baculovirus fusion L1-L7 protein contained a 15-a-
mino acid linker containing a TEV cleavage site that separated
L1 from L7 (Fig. 2D).

When expressed alone in the insect cells, all L1 was retained
in the cells (Fig. 44, lanes 3 and 4), whereas a significant fraction
of L7 (~35% of total) was secreted into the medium (Fig. 44,
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FIGURE 3. L7-mediated secretion of L1 by CHO-K1 cells is not affected by
treatment with sterol-cyclodextrin complexes or B-VLDL. A and B, on day
0, CHO-K1 cells were set up for experiments in 3 ml of medium A containing
5% FCS ata density of 6 X 10° cells/60-mm dish. On day 1, cells were switched
to 3 ml of medium A containing 1% ITS and co-transfected with either 2 g of
pCMV-Scap-L1 or 2 pug of pCMV-Scap-L1 plus 2 ug of pCMV-Scap-L7. FUGENE
6 was used as the transfection agent according to the instructions of the
manufacturer. The total amount of DNA was adjusted to 4 ng/dish by addi-
tion of pcDNA empty vector. A, on day 3, cells were switched to 3 ml of
medium A containing 50 um of the indicated sterol-MCD complex. After 6 h,
medium was collected from each group (2 dishes/condition) and pooled (6 ml
total), and the cells from each group were harvested, pooled, and resus-
pended in PBS (1 ml total). B, on day 2, cells were switched to 3 ml of medium
A containing 1 ng/ml B-VLDL without or with 50 um cholesterol-MCD com-
plexes.On day 3, medium was collected from each group (2 dishes/condition)
and pooled (6 ml total), and the cells from each group were harvested,
pooled, and resuspended in PBS (1 ml total). A and B, equivalent fractions of
cells and medium (0.6% of total) were then subjected to immunoblot analysis
with 5 upg/ml anti-L1 or 0.5 ug/ml anti-L7. Chol, cholesterol; Epi,
epicholesterol.

lanes 7 and 8). L1-L7 was also largely retained in cells, but a
significant fraction (~15% of total) was secreted into the
medium (Fig. 44, lanes 11 and 12). Note that 20-fold higher
aliquots of medium (Fig. 44, lanes 4, 8, and 12) relative to cell
lysates (Fig. 44, lanes 3, 7, and 11) were loaded onto these gels
(see legend for Fig. 4). When subjected to 10° X g centrifuga-
tion, cell-retained L1, L7, and L1-L7 were found in the mem-
brane pellet (Fig. 4B, lanes 1, 2, 5, 6, 9, and 10), and all could be
solubilized by treatment with FC13 detergent (Fig. 4B, lanes 3,
4,7,8,11,and 12). Secreted L7 was equally distributed between
the soluble supernatant and insoluble pellet fractions after a
10° X g centrifugation step and could be completely solubilized by
FC13 (Fig. 4C, lanes 1—4). In contrast, all of the secreted L1-L7 was
soluble even in the absence of FC-13 (Fig. 4C, lanes 5-8).

We purified the secreted soluble L1-L7 by nickel chromatog-
raphy followed by gel filtration, both performed in the absence
of detergents (Fig. 5). Gel filtration showed that L1-L7 elutes as
a single, sharp peak corresponding to an apparent molecular
mass of 72 kDa, somewhat higher than the calculated molecular
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FIGURE 4. Secretion of soluble His,,-Scap(L1-L7) by Sf9 insect cells. A,
comparison of localization of Hisg-Scap-L1, His,,-Scap-L7, and His, ,-Scap(L1-
L7). Sf9 cells were infected with the indicated Scap baculovirus as described
under “Experimental Procedures.” To measure secretion into the medium, 80
wl of baculovirus-infected Sf9 cell suspension (representing ~6 X 10° cells)
was centrifuged at 4000 X g for 5 min at room temperature, after which the
resulting pellets were solubilized in 1.6 ml of buffer B. Equal aliquots of the
original cell suspension (C + M) and solubilized cell pellets (Cells) (1.25% of
total) and 20-fold higher aliquots of the supernatants (Media) (25% of total),
were subjected to 13% SDS-PAGE and immunoblot analysis with 5 ug/ml
anti-L1 or 1 wg/ml anti-L7. B and C, solubility of Scap proteins. In a total vol-
ume of 100 pul, aliquots (5% of total) of cells and medium from A were incu-
bated with 1% (w/v) FC13 detergent for 1 h, centrifuged at 10° X gfor 1 h,and
the resulting supernatants (S) and pellets (P) were subjected to immunoblot
analysis as described above.

mass of 53 kDa (Fig. 5A, top panel). Inmunoblot analysis con-
firmed that the eluted peak fractions contained L7 (Fig. 54,
bottom panel). The purified L1-L7 migrated as a single band on
SDS/PAGE, as visualized by Coomassie Blue staining (Fig. 5B).
The band was also visualized with antibodies against either L1
or L7 (Fig. 5B). Treatment of L1-L7 with PNGase F reduced its
apparent molecular weight (Fig. 5B), indicating that at least one
of its NXS or NXT sequences had been glycosylated.

We used the soluble, detergent-free L1-L7 purified from Sf9
medium for cholesterol binding studies. To measure binding,
we incubated L1-L7 with [®H]cholesterol in buffer containing
0.004% NP40 and 0.002% FC13. Even though L1-L7 does not
require detergents for solubility, we included submicellar con-
centrations of NP40 and FC13 to prevent precipitation of the
hydrophobic sterol ligands. The reaction mixture was applied
to a nickel column, washed with detergent-free buffers, and
protein-bound [*H]cholesterol was eluted with 250 mm imid-
azole in detergent-free buffer for quantification by scintillation
counting. As shown in Fig. 5C, L1-L7 bound [*H]cholesterol
with saturation kinetics and showed a slightly lower affinity
(calculated K, ~150 nm) compared with reported K, values of
50-100 nMm for detergent-solubilized L1 (6) and the entire
membrane domain of Scap solubilized in detergent (15). To
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analyze the sterol specificity of L1-L7 binding, we performed
competition studies with various unlabeled sterols. Desmos-
terol competed as well as cholesterol for [*H]cholesterol bind-
ing, whereas epicholesterol and 25-hydroxycholesterol showed
a much lower affinity (Fig. 5D). This sterol specificity is the
same as that reported earlier for detergent-solubilized L1 and
the membrane domain of Scap (6, 9).

We also tested the secretion by insect cells of L1-L7 contain-
ing mutations (Y234A in L1 and Y640S in L7) that have been
shown previously to disrupt the binding of L1 to L7 (6, 7). As
shown in Fig. 64, when we infected insect cells with these L1-L7
baculoviruses, we observed secretion of WT L1-L7 (~15% of
total) but no detectable secretion of the Y640S or Y234A
mutants of L1-L7. When we infected insect cells with a baculo-
virus encoding L7 alone harboring the Y640S mutation, its
secretion was similar to that of WT L7 (Fig. 6B), indicating that
this mutant L7 was not misfolded. Moreover, we showed pre-
viously that L1 harboring the Y234A mutation bound [*H]cho-
lesterol with a similar affinity as WT L1 (6), indicating that this
mutant L1 was not misfolded.

Fig. 7 shows an experiment designed to determine whether
L1 and L7 would remain associated in the presence of choles-
terol. To perform cholesterol incubations, we first determined
detergent conditions that would preserve the L1-L7 interaction
after cleavage of the linker with TEV protease. After TEV treat-
ment, the proteins were incubated in the absence or presence of
various detergents and then immunoprecipitated with anti-L1
(Fig. 7A), subjected to SDS-PAGE, and blotted with anti-L1 or
anti-L7 (Fig. 7B). In the absence of detergent, both L1 and L7
were found in the pellet, indicating that the complex remained
intact (Fig. 7B, lanes 1 and 6). The presence of NP40 or CHAPS
had no effect (Fig. 7B, lanes 3, 4, 8, and 9). However, the addi-
tion of FC13 or octylglucoside disrupted the complex so that L7
remained in the supernatant after precipitation with anti-L1
(Fig. 7B, lanes 2,5, 7,and 10). We then tested whether L1 and L7
could be dissociated by cholesterol treatment in the presence of
NP40 or CHAPS, which do not themselves disrupt the complex.
After treatment with TEV protease, the complex was incubated
in the presence of NP40 or CHAPS without or with cholesterol
solubilized in ethanol. The complexes were then immunopre-
cipitated with anti-L1 or a control antibody (Fig. 7C). In the
absence of cholesterol, L1 and L7 remained in a complex after
their TEV linker was cleaved (Fig. 7C, lanes 2, 4, 7, and 9).
Incubation with 5 um cholesterol for 5 h did not dissociate L1
from L7 (Fig. 7C, lanes 1-10).

Discussion

This paper provides important insights into the mechanism
by which a membrane protein, i.e. Scap, can sense the level of a
membrane lipid, i.e. cholesterol, and orchestrate a homeostatic
response. Previous studies have led us to focus on the two large
luminal loops of Scap, L1 and L7 (6, 7). In the earlier studies, we
first found that L1 binds cholesterol with a specificity that
matches the binding activity of the whole protein (6). Then we
used transfection to express a portion of Scap extending from
the NH, terminus to the middle of cytosolic Loop6. In the same
cells, we expressed the remaining portion of Scap extending
from Loop6 to the COOH terminus (7). We found that these
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FIGURE 5. Biochemical characterization of His, ,-Scap(L1-L7) purified from Sf9 cells. A, gel filtration chromatography. Recombinant His, ,-Scap(L1-L7) was
isolated by nickel chromatography from the culture medium of Sf9 cells as described under “Experimental Procedures.” Buffer A (500 wl) containing 1.4 mg of
His,o-Scap(L1-L7) was loaded onto a Superdex 200 10/300 column and chromatographed at a flow rate of 0.5 ml/min. Fractions of 1 ml each were collected.
Absorbance at 280 nm was monitored continuously to identify His,-Scap(L1-L7) (top panel). Standard molecular weight markers (thyroglobulin, M, 670,000;
y-globulin, M, 158,000; ovalbumin, M, 44,000; and myoglobin, M, 17,000) were chromatographed on the same column under identical buffer conditions
(arrows). The apparent molecular mass for His;,-Scap(L1-L7) is 72 kDa. Aliquots of each fraction (20 ul) were subjected to 13% SDS-PAGE and immunoblot
analysis with 0.15 ug/ml anti-L7 (bottom panel). Fractions eluting between 13 and 17 ml that contained the peak A4, activity were pooled and concentrated.
B,analiquot of the pooled fractions (200 n.g) was incubated with 6 ul of PNGase F (3000 units) at room temperature for 2 h. The untreated and PNGase F-treated
samples were then subjected to 8% SDS-PAGE, and His,-Scap(L1-L7) was detected by staining with Coomassie Brilliant Blue R-250 (2 wg/lane) or by immu-
noblot analysis (80 ng/lane) with 0.13 ug/ml anti-L1 or 1 ug/ml anti-L7. C, saturation binding of [*Hlcholesterol to purified His,,-Scap(L1-L7). Each reaction, in
a final volume of 100 ul of buffer A with 0.004% (w/v) NP40 and 0.002% (w/v) FC13, contained 2 pmol of purified His,,-Scap(L1-L7) and the indicated
concentration of [*H]cholesterol (111,000 dpm/pmol) in the absence or presence of 10 um unlabeled cholesterol, as indicated. After 4 h at room temperature,
the bound [*H]cholesterol was measured by nickel chromatography as described under “Experimental Procedures.” Each data point denotes the average of
duplicate assays. Specific [*H]cholesterol binding is total binding after subtraction of blank values determined in the presence of the unlabeled cholesterol at
10 um (<0.36 pmol/tube). D, competition for binding of [*H]cholesterol to His,,-Scap(L1-L7). Each reaction, in a final volume of 100 ul of buffer A with 0.004%
(w/v) NP40 and 0.002% (w/v) FC13, contained 4 pmol of His,,-Scap(L1-L7), 150 nm [*Hlcholesterol (111,000 dpm/pmol) and varying concentrations of the
indicated unlabeled sterol. After 4 h at room temperature, bound [*Hlcholesterol was measured as above. Each value represents total binding without
subtraction of blank values and is the average of duplicate assays. The “100% of control” values, determined in the absence of unlabeled sterols, was 1.1
pmol/tube. 25-HC, 25-hydroxycholesterol.

Unlabeled Sterol (M)

two halves of Scap formed a complex in ER membranes, as
revealed by co-immunoprecipitation. Complex formation was
abrogated by point mutations in L1(Y234A) or L7(Y640S). We
interpreted this result to indicate that the two halves of the
protein were held together by direct binding of L1 to L7 and
that the point mutations prevented this binding. When intro-
duced into full-length Scap, these point mutations prevented
the Scap-SREBP complex from moving to the Golgi, thus mim-
icking Scap in the cholesterol-bound conformation (6, 7).
These results allowed us to advance the hypothesis that choles-
terol binding to L1 causes it to dissociate from L7 and that this
dissociation prevents the binding of COPII proteins to the
MELADL sequence in Loop6. The conformational change is
assisted by the binding of Insig to the region between trans-
membrane helices 2 and 6 (Fig. 1).
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The current data support part of this hypothesis by demon-
strating directly that L1 binds to L7. Binding occurred when the
two loops were expressed jointly and independently of the rest
of Scap. When expressed alone, L1 remained firmly attached to
cell membranes and required detergents for solubilization (Fig.
4 and Ref. 6). When L1 and L7 were co-expressed as individual
molecules, L1 formed a soluble complex with L7 that was
secreted into the medium. This complex could be immunopre-
cipitated with an antibody to L7 (Fig. 2C). When expressed as
an L1-L7 fusion protein, L1-L7 was secreted into the
medium as a soluble species that behaved as a discrete pro-
tein on gel filtration (Fig. 54). The L1-L7 fusion protein
retained the ability to bind cholesterol (Fig. 5, C and D), an
observation that confirms that L1 was in its native configu-
ration. Moreover, the complex failed to be secreted when L1
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FIGURE 6. Secretion of soluble His,,-Scap(L1-L7) by Sf9 insect cells is
blocked by mutations that disrupt the interaction between L1 and L7. A
and B, 59 cells were infected with a baculovirus encoding the indicated ver-
sions of His,,-Scap(L1-L7) (A) or His,,-Scap-L7 (B) as described under “Exper-
imental Procedures.” To measure secretion into the medium, 80 ul of bacu-
lovirus-infected Sf9 cell suspension (representing ~6 X 10° cells) were
centrifuged at 4000 X g for 5 min at room temperature, after which the result-
ing pellets were solubilized in 1.6 ml of buffer B. A, equal aliquots of the
original cell suspension (C + M) and solubilized cell pellets (Cells) (1.25% of
total), and 20-fold higher aliquots of the supernatants (Media) (25% of total)
were subjected to 13% SDS-PAGE and immunoblot analysis with 5 ug/ml
anti-L7. B, aliquots of solubilized cell pellets (Cells) (1.25% of total) and 20-fold
higher aliquots of the supernatants (Media) (25% of total) were subjected to
13% SDS-PAGE and immunoblot analysis with a 1:5000 dilution of anti-His
antibody.

contained the Y234A mutation or L7 contained the Y640S
mutation (Fig. 6). These two mutations were shown previ-
ously to prevent the association of the two halves of Scap in
intact cells (6, 7). All of these findings support the idea that
the binding of isolated L1 to L7 mimics the interaction
between these loops that occurs in the whole protein.

The second part of the hypothesis, namely, that cholesterol
binding dissociates L1 from L7, remains unproven. Despite
many efforts, we have been unable to show that cholesterol
prevents the association of isolated L1 with L7 in cells (Fig. 3) or
in the context of the L1-L7 fusion protein (Fig. 7C). It is likely
that this dissociation requires a conformational change in the
five transmembrane helices that separate L1 from L7 (Fig. 1).
Studies to document such a conformational change are
underway.

An interesting finding in this study relates to glycosyla-
tion. When full-length Scap is expressed, the N-linked gly-
cosylation site in L1 (NCS) is glycosylated (8). As shown in
Fig. 2B, when L1 was expressed alone, the protein was mem-
brane-bound, and it was glycosylated as revealed by PNGase
F digestion. When L7 was co-expressed, L1 was not glycosy-
lated, even when it was secreted into the medium. N-linked
glycosylation is thought to occur co-translationally. It is
noteworthy that the NCS sequence is near the COOH termi-
nus of L1 and that it is not translated until the bulk of L1 has
been translated and the protein has folded, at least partially.
The data suggest that excess free L7 binds to the partially
folded L1 and blocks access of the glycosyltransferases. A
different result was observed when L7 followed L1 in the
L1-L7 fusion construct. In this case, L7 is not synthesized
until L1 has been completely translated and glycosylated. As
aresult, in the context of the fusion protein, L1 was glycosy-
lated (Fig. 2E). Similarly, in full-length Scap, L7 is not trans-
lated until after L1 has been translated and glycosylated.

Considered together with previous data, this paper brings
us closer to a molecular understanding of the mechanism by
which a membrane protein, Scap, can detect and respond to
the concentration of a membrane lipid, cholesterol. Further
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FIGURE 7. Co-immunoprecipitation of L1 and L7 after proteolytic release
from purified His,,-Scap(L1-L7) fusion protein. A, schematic of the assay
for the interaction between L1 and L7. IP, immunoprecipitation. B and C, co-
immunoprecipitation of L1 and L7. Initial reactions, either in a final volume of
350 ul of buffer A containing 500 pmol of purified His,,-Scap(L1-L7) and 50
units of TEV protease (B) or in a final volume of 520 ul of buffer A containing
1000 pmol of purified His,,-Scap(L1-L7) and 200 units of TEV protease (C)
were incubated overnight at 4 °C. B, after the overnight cleavage reaction,
further reactions were set up, each in a final volume of 200 ul of buffer A
containing 50 pmol of cleaved His,,-Scap(L1-L7) and 0.1% (w/v) FC13, 0.1%
(w/v) NP40, 1% (w/v) CHAPS, or 1% (w/v) octylglucoside (OG), as indicated.
After incubation for 2 h at room temperature, 400 ul of buffer A was added to
each reaction. C, after the overnight cleavage reaction (see above), further
reactions were set up, each in a final volume of 200 ul of buffer A containing
10 pmol of cleaved His,y-Scap(L1-L7) and either 0.1% NP40 or 1% CHAPS
without or with 5 um cholesterol (added in 5 ul ethanol), as indicated. After
incubation for 5 h at room temperature, 400 wl of buffer A was added to each
reaction. B and C, reaction mixtures were then subjected to immunoprecipi-
tation with 1 png/ml anti-L1, as described under “Experimental Procedures.”
Equivalent fractions of pellets and supernatants (Sup) (each 2% of total) were
subjected to immunoblot analysis with either 5 uwg/ml anti-L1 or 5 ug/ml
anti-L7. Ctl, control.
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understanding will come from a combination of biochemical
analysis and structural information. It is possible that these
studies will expose a general mechanism by which mem-
brane proteins can detect and regulate membrane lipids.
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