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Direct Binding of Cholesterol
to the Purified Membrane Region of SCAP:
Mechanism for a Sterol-Sensing Domain

whose ubiquitination and degradation is accelerated by
sterols; (2) the lipid transport protein known as Neimann
Pick C1 (NPC1) that is defective in a human cholesterol-
storage disease; (3) the developmental protein Patched
whose ligand, Hedgehog, is the only known protein to
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which cholesterol is covalently attached; (4) the mem-University of Texas Southwestern Medical Center
brane protein Dispatched that facilitates the release ofDallas, Texas 75390
Hedgehog from Hedgehog-producing cells; and (5) the
penultimate enzyme in the cholesterol biosynthetic
pathway, 7-dehydrocholesterol reductase, whose ge-Summary
netic absence causes developmental abnormalities in
patients with the Smith-Lemli-Opitz syndrome. The mostMammalian cells control their membrane composition
recent sterol-sensing protein to be described is theby regulating the vesicular transport of membrane-
transport protein, NPC1L1, that facilitates the intestinalbound sterol regulatory element binding proteins
absorption of dietary cholesterol in humans and rodents(SREBPs) from endoplasmic reticulum (ER) to Golgi.
(Altmann et al., 2004). Each of these proteins has 8 toTransport is blocked by cholesterol, which triggers
12 predicted membrane-spanning helices, 5 of whichSCAP, the SREBP escort protein, to bind to Insigs,
resemble the sterol-sensing domain in SCAP. The puta-which are ER retention proteins. The cholesterol trig-
tive sterol-sensing domains of the mammalian versionsger mechanism is unknown. Using recombinant SCAP
of these proteins show �25% sequence identity withpurified in detergent, we show that cholesterol acts
the sterol-sensing domain of mammalian SCAP.by binding with high affinity and specificity to the 767

SCAP is essential for the proteolytic processing ofamino acid octahelical membrane region of SCAP.
SREBPs, which are basic-helix-loop-helix-leucine zip-This octahelical region contains a conserved pentahel-
per (bHLH-Zip) transcription factors that are synthesizedical sterol-sensing domain found in six other polytopic
as transmembrane precursors embedded in mem-membrane proteins. We show that the membrane do-
branes of the endoplasmic reticulum (ER) (Brown andmain of SCAP is a tetramer and that cholesterol bind-
Goldstein, 1999; Goldstein et al., 2002). In the ER theing is inhibited by cationic amphiphiles, raising the
SREBPs form complexes with SCAP, which has a dualpossibility of allosteric regulation by positively charged
function as escort protein and sterol sensor. When cellsphospholipids. The current studies show that cells
are depleted of sterols, SCAP escorts SREBPs from ERcontrol their cholesterol content through receptor-
to Golgi where the SREBPs are cleaved sequentially byligand interactions and not through changes in the
two proteases. Cleavage releases the bHLH-Zip domainphysical properties of the membrane.
which travels to the nucleus where it activates more than
35 genes whose products play roles in the synthesisIntroduction
and uptake of lipids, including cholesterol (Horton et
al., 2003). As a sterol sensor, SCAP mediates feedbackSterol-sensing domains are conserved intramembra-
inhibition of cholesterol synthesis and cholesterol up-nous protein sequences that play essential roles in con-
take via the low-density lipoprotein (LDL) receptor.trolling lipid homeostasis and other membrane-related
When sterols build up in the ER membrane, SCAP under-developmental functions in animal cells. These domains
goes a conformational change that allows it to bind to

consist of �180 amino acids that form five predicted
Insig-1 or Insig-2, which are resident membrane proteins

membrane-spanning helices with short intervening
of the ER that serve as anchors (Yang et al., 2002; Yabe

loops. The sterol-sensing function was originally ob- et al., 2002a). Binding to either Insig prevents the SCAP/
served in SCAP (SREBP cleavage-activating protein) SREBP complex from moving to the Golgi complex,
(Hua et al., 1996), a protein that controls the transport thus decreasing cholesterol synthesis and uptake and
and proteolytic activation of sterol regulatory element thereby closing the feedback loop. The mechanism by
binding proteins (SREBPs), which are membrane-bound which cholesterol influences the conformation of SCAP
transcription factors that activate the synthesis of cho- is unknown.
lesterol and other lipids in animal cells (Brown and The aforementioned feedback can be executed by
Goldstein, 1999). either exogenous cholesterol delivered to the cell in LDL

Evolutionarily related sterol-sensing sequences are or by hydroxylated derivatives of cholesterol such as 25-
found in at least six other polytopic membrane proteins, hydroxycholesterol delivered in ethanol solutions. Both
all of which have some relation to sterols (Hua et al., types of sterol cause SCAP to be retained in the ER in
1996; Nohturfft et al., 1998; Mann and Beachy, 2000; an Insig-dependent manner (Yang et al., 2002), but it is
Kuwabara and Labouesse, 2002). These include (1) the not clear that cholesterol and hydroxylated sterols affect
cholesterol biosynthetic enzyme 3-hydroxy-3-methyl- SCAP through the same mechanism.
glutaryl coenzyme A reductase (HMG CoA reductase), SCAP is divided into two large regions of 600–700

amino acids each. The hydrophilic COOH-terminal re-
gion projects into the cytosol where it binds to the cyto-*Correspondence: mike.brown@utsouthwestern.edu (M.S.B.); joe.

goldstein@utsouthwestern.edu (J.L.G.) solic domains of SREBPs. The hydrophobic NH2-termi-
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nal region of SCAP includes eight membrane-spanning as an ER receptor for cholesterol, and they have distinct
helices, of which helices 2–6 constitute the sterol-sens- implications for the functions of sterol-sensing domains
ing domain. This domain was implicated in sterol-sens- in general.
ing for two reasons. (1) This region of hamster SCAP
shows 55% sequence similarity and 25% identity to Results
helices 2–6 of the membrane region of HMG CoA reduc-
tase, which also has eight membrane-spanning helices Detergent Solubilization of His10-SCAP(TM1-8)
(Hua et al., 1996). The membrane domain of HMG CoA and Sterols
reductase is known to signal the rapid ubiquitination Sf-9 insect cells were infected with a recombinant bacu-
and proteasomal degradation of the enzyme in the pres- lovirus encoding the eight transmembrane regions of
ence of sterols, implying a sterol-sensing function (Gil hamster SCAP that was epitope-tagged with 10 histidine
et al., 1985; Roitelman and Simoni, 1992; Ravid et al., residues at the NH2-terminus. The resulting recombinant
2000). (2) In SCAP, point mutations at three locations protein is designated His10-SCAP(TM1-8). A panel of 15
within this domain abolish sterol-induced binding to In- detergents was tested for their ability to solubilize His10-
sigs and thereby prevent sterols from blocking the cleav- SCAP(TM1-8) from the 100,000 � g pellet of the insect
age-activation of SREBPs (Nohturfft et al., 1998; Yang cell membranes. The only detergents that solubilized
et al., 2002; Yabe et al., 2002b). More recently, the sterol- more than 80% of the protein were members of the Fos-
sensing function of this domain in HMG CoA reductase Choline series, a class of phospholipid-like detergents.
was supported by the finding that this enzyme also binds After solubilization in Fos-Choline 13 detergent, His10-
to Insigs in a sterol-regulated fashion and that mutation SCAP(TM1-8) was purified to homogeneity using Ni-
of a tetrapeptide sequence in this domain (YIYF) pre- chromatography followed by gel filtration. As a control
vented sterol-induced binding to Insigs and thereby pre- for these experiments, two other His-tagged polytopic
vented sterols from triggering the ubiquitination and membrane proteins, Drosophila opsin (seven membrane
degradation of the reductase protein (Sever et al., helices) and a homolog of bacterial SpoIVFB, a mem-
2003a, 2003b). brane-embedded Zn2� metalloprotease (four to six pre-

When added to ER membranes in vitro, cholesterol dicted membrane helices) (Green and Cutting, 2000)
induces a conformational change in SCAP that permits were also solubilized and purified in similar detergent
its binding to Insig. This conclusion was reached on micelles. Figure 1A shows the migration of the three
the basis of protease protection studies performed with purified proteins on SDS-PAGE, as manifested by Coo-
intact ER membrane vesicles (Brown et al., 2002; Adams massie blue staining. His10-SCAP(TM1-8) had an appar-
et al., 2003). These vesicles were isolated from sterol- ent molecular mass of �100 kDa on SDS-PAGE (Figure
depleted cells, digested with trypsin, subjected to 1A, lane 1). Opsin (lane 2) and the SpoIVFB homolog
SDS-PAGE, and blotted with an antibody to the large (lane 3) migrated with molecular masses of 34 and 30
intraluminal loop between helices 7 and 8 of SCAP. In kDa, respectively.
sterol-depleted membranes, a protected band of 37 kDa We carried out studies to define the physical proper-
was observed. This band represents transmembrane

ties of His10-SCAP(TM1-8) in Fos-Choline 13 micelles.
segments 7–8 and the large luminal loop between them.

Gel filtration showed that this protein elutes as a 430
When a mixture of cholesterol and 25-hydroxycholes-

kDa species (dotted line in Figure 1B), most likely corre-
terol was added to intact cells, the trypsin protection

sponding to a tetramer. The calculated molecular mass
pattern changed. The protected band shifted to a lower

of a His10-SCAP(TM1-8) monomer is 85 kDa and thatmolecular weight of 35 kDa. This was caused by the
of a Fos-Choline 13 micelle is �25 kDa, based on theexposure of arginine 503/arginine 505 to proteolytic
aggregation number of Fos-Choline 12, a detergent thatcleavage. These residues had been protected from pro-
differs from Fos-Choline 13 by a single methylene grouptease digestion in the sterol-depleted membranes. The
(Lauterwein et al., 1979).apparent change in SCAP conformation could be repro-

The oligomerization state of His10-SCAP(TM1-8) wasduced by the addition of cholesterol in vitro to sterol-
further examined by sedimentation equilibrium in a neu-depleted membranes (Brown et al., 2002; Adams et al.,
trally buoyant buffer, where the solvent density was2003). However, the in vitro addition of 25-hydroxy-
matched to the density of Fos-Choline 13 using thecholesterol had no effect (Adams et al., 2003) Although
appropriate H2O/D2O ratio (Figure 1C). Under these con-these studies showed that the addition of cholesterol
ditions, the detergent molecules make a negligible con-to membranes could alter the conformation of SCAP,
tribution to the overall sedimentation of the protein/they could not determine whether this was a direct effect
detergent mixed micelles, allowing direct determinationof cholesterol binding to SCAP itself. It was equally plau-
of the buoyant molecular mass of the protein. The con-sible that the change in SCAP conformation was indirect,
centration of detergent micelles (0.1% or 3 mM) wasresulting from a cholesterol-induced change in mem-
kept large relative to the protein concentration in orderbrane properties such as thickness or phospholipid dis-
to prevent adventitious oligomerization of the proteintribution.
(Tanford and Reynolds, 1976). A typical sedimentationIn the current studies, we resolve the dilemma by
equilibrium data set is shown in Figure 1C. Plots of thisdemonstrating that cholesterol, but not 25-hydroxy-
data set, as well as the other data sets collected atcholesterol, binds in vitro with high affinity to the mem-
different protein concentrations and rotor speeds (seebrane region of hamster SCAP that was expressed re-
Experimental Procedures), did not fit a simple model forcombinantly in insect cells and purified to homogeneity
a single species of monomer, dimer, trimer, or tetramer.in detergent. Using gel filtration and analytical ultracen-
When the data were analyzed using models of increasingtrifugation, we also show that the membrane region of

SCAP behaves as a tetramer. These results define SCAP complexity containing oligomeric species (monomer
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Figure 1. Characterization of Purified His10-
SCAP(TM1-8) and Solubilized 3H-Sterols

(A) Coomassie staining of purified proteins.
Recombinant His-tagged proteins were solu-
bilized and purified as described in Experi-
mental Procedures. 8 �g of His10-SCAP(TM1-
8) (lane 1), 6 �g of His-tagged Opsin (lane 2),
and 15 �g of His-tagged SpoIVFB homolog
(lane 3) were subjected to 10% SDS-PAGE,
and the protein bands were detected with a
Coomassie brilliant blue R-250 stain. Molecu-
lar weights for protein standards are indi-
cated.
(B) Gel filtration chromatography of solubi-
lized 3H-sterols and purified His10-SCAP(TM1-
8). 100 �l of buffer A containing either 10 pmol
of solubilized 3H-sterol (closed circles,
[3H]cholesterol; open circles, [3H]25-hydroxy-
cholesterol) or 1.2 nmol (100 �g) His10-
SCAP(TM1-8) were separately loaded onto a
HR10/30 Superose 6 column and chromato-
graphed at a flow rate of 0.4 ml/min. 1 ml
fractions were collected and assayed for 3H-
radioactivity (closed circles, open circles).

Absorbance at 280 nm (dashed line) was monitored continuously to identify position of elution of His10-SCAP(TM1-8). Standard molecular
weight markers (thyroglobulin, Mr 670,000; ferritin, Mr 440,000; � globulin, Mr 158,000; and myoglobin, Mr 17,000) were chromatographed on
the same column under identical buffer conditions (arrows). The apparent molecular masses for solubilized [3H]cholesterol, [3H]25-hydroxy-
cholesterol, and His10SCAP(TM1-8) are 30, 19, and 430 kDa, respectively.
(C) Sedimentation equilibrium of His10-SCAP(TM1-8) in Fos-Choline 13 micelles. 3.6 �M His10-SCAP(TM1-8) was centrifuged at 8,000 rpm for
18 hr until equilibrium was achieved (see Experimental Procedures). Absorbance at 280 was measured along the radial axis of the centrifuge
cell. Open circles denote the data points, and the solid line was calculated using a monomer-tetramer distribution.
(D) Circular dichroism spectroscopy of His10-SCAP(TM1-8). Circular dichroism measurements of 3 �M His10-SCAP(TM1-8) in buffer A were
carried out on an Aviv 62DS spectrometer using a 2 mm path length cuvette. The average of ten spectra are shown.

dimer, trimer, tetramer, and hexamer) (McRorie and do not exist (Fasman, 1993; Wallace et al., 2003). None-
theless, the shape of the CD spectra does provide aVoelker, 1993), they best fit a model described by a

monomer-tetramer distribution, as indicated by the low- qualitative indication of secondary structure. In this
case, the spectrum of His10-SCAP(TM1-8) suggests aest variance of the residuals, i.e., the deviations of the

calculated curves from experimental data (see solid line highly helical protein.
A crucial step in developing an assay for the bindingin Figure 1C). The variances of the residuals for the

various models were: monomer-tetramer, 4.85; mono- of 3H-labeled sterols to His10-SCAP(TM1-8) is the deliv-
ery of the sterol in a soluble form. When [3H]choles-mer-trimer, 14.51; monomer-hexamer, 18.87; monomer-

dimer, 32.53; and single species, 67.13. Introduction of terol was added directly to the assay either in organic
solvents (such as ethanol, chloroform, or dimethyl-an intermediate dimeric species in the monomer-tetra-

mer association model did not significantly improve the formamide) or in complexes with �-cyclodextrin, the
measured binding was inconsistent and nonsaturable.fit. Thus, His10-SCAP(TM1-8) appears to exist in a mono-

mer-tetramer equilibrium. The best fit value for the The assay succeeded only when we solubilized the
[3H]cholesterol in Fos-Choline 13, the same detergentmonomer-tetramer association constant is 3.25 � 1017 M�3

(equimolar monomer-tetramer distribution at 1.1 �M). It used for solubilizing SCAP. To this end, ethanolic solu-
tions of 3H-sterols were evaporated to dryness on theshould be noted that the elution profile of micromolar

His10-SCAP(TM1-8) in gel filtration studies consistently sides of microcentrifuge tubes and subsequently solubi-
lized in buffer containing 0.1% Fos-Choline 13. Atreveals a single peak at �430 kDa (corresponding to a

tetrameric form in detergent). The monomer population 3H-sterol concentrations of 5 nmol/tube, 1 ml of 0.1%
Fos-Choline 13 solubilized �80% of the added [3H]25-that is inferred from the sedimentation equilibrium data

is likely due to dissociation of His10-SCAP(TM1-8) tetra- hydroxycholesterol and �40% of the added [3H]choles-
terol. We carried out gel filtration chromatography onmers induced by the pressure gradient in the analytical

ultracentrifuge (Gow et al., 1985; Harrington and Keg- the solubilized 3H-sterols to show that they were indeed
associated with detergent. Figure 1B shows thateles, 1973).

Figure 1D shows a far UV circular dichroism (CD) spec- [3H]cholesterol and [3H]25-hydroxycholesterol are asso-
ciated with detergent micelles that behave as globulartrum of His10-SCAP(TM1-8). The CD spectrum exhibits

minima at �206 and 222 nm and a maximum at �193 nm, species of 30 and 19 kDa, respectively.
characteristic of �-helical proteins (Tinoco and Woody,
1963; Chen et al., 1974). CD spectra are typically decon- Binding of [3H]Cholesterol to Purified

His10-SCAP(TM1-8)voluted to yield secondary structure content using refer-
ence databases containing the spectra of proteins of The standard binding assay was carried out in a final

volume of 100 �l of buffer A (50 mM Tris-HCl at pHknown crystallographic structure. This approach does
not work well for membrane proteins solubilized in deter- 7.5, 150 mM NaCl, 1 mM dithiothreitol, 0.1% [w/v] Fos-

Choline 13, and 0.005% [w/v] sodium azide) containinggent micelles since the appropriate reference databases
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Figure 3. Saturable Binding of [3H]Cholesterol to His10-SCAP
(TM1-8)

(A and B) Each assay tube contained the indicated concentration
of solubilized [3H]cholesterol (130 dpm/fmol) and 30 pmol of one of

Figure 2. Binding of [3H]Cholesterol to Purified His10-SCAP(TM1-8) the indicated His-tagged proteins in 100 �l of buffer A (50 mM Tris-
HCl at pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 0.1% Fos-Choline(A) Standard binding assay. Each assay tube (100 �l) contained 10
13, 0.005% sodium azide). Bound [3H]cholesterol was measured aspmol (100 nM) of solubilized [3H]cholesterol (130 dpm/fmol) and 30
described in Figure 2. Each data point is the average of triplicatepmol (2.5 �g) of His10-SCAP(TM1-8). After incubation for 4 hr at room
assays. Blank values of 1.7 fmol (A) and 4.1 fmol (B) obtained intemperature, the mixture was diluted by addition of 0.9 ml of buffer
parallel assays of tubes containing no protein were subtracted fromA. After centrifugation at 20,000 � g, the supernatant was loaded
each data point.onto a column packed with Ni-NTA agarose beads. The column was

washed as described in Experimental Procedures (fractions 1–10)
and then eluted with 4 ml of buffer A containing 250 mM imidazole

assays and subjected the pooled sample to gel filtration(fractions 11–14). Aliquots of each fraction were assayed for 3H-
radioactivity (top panel) and subjected to immunoblot analysis with chromatography to confirm that the [3H]cholesterol
anti-His antibody (bottom panel). The filter was exposed to film for emerged together with His10-SCAP(TM1-8). The pooling,
30 s. concentration, and gel filtration steps were conducted
(B) Gel filtration chromatography of fraction 11. 15 replicate binding

over a brief 60 min period. As shown in Figure 2B, theassays as described above were carried out, and the 11th fraction
radioactive eluate separated into two distinct peaks.from each assay column was combined, concentrated, and applied
The first corresponds to [3H]cholesterol bound to His10-to a Superose 6 HR10/30 gel filtration column at a flow rate of 0.4

ml/min. 1 ml fractions were collected, and aliquots were assayed SCAP(TM1-8) and is identical in its elution position to
for 3H-radioactivity and subjected to immunoblot analysis with anti- that of His10-SCAP(TM1-8) (see anti-His immunoblot in
His antibody (exposure time for filter, 30 s). To calibrate the column, lower panel of Figure 2B and dotted line in Figure 1B).
standard proteins of known molecular weight (thyroglobulin, Mr The second peak corresponds to unbound [3H]choles-670,000; ferritin, Mr 440,000; � globulin, Mr 158,000; and myoglobin,

terol and is identical in elution position to free [3H]choles-Mr 17,000) were applied to the same column under identical buffer
terol (see Figure 1B). The radioactivity in fraction 11 isconditions (arrows), and the peaks of elution are indicated by the

arrows. The radioactivity in fraction 11 is hereafter referred to as hereafter designated as “bound [3H]cholesterol.”
“bound [3H]cholesterol.” Figure 3A shows a saturation curve for binding of

[3H]cholesterol to His10-SCAP(TM1-8). The binding is sat-
urable, reaching half-maximal at 50–100 nM in multiple
experiments. Two control polytopic membrane proteins,30 pmol of solubilized His10-SCAP(TM1-8) (2.5 �g) and

10 pmol of solubilized [3H]cholesterol (100 nM). After His-tagged opsin and SpoIVFB homolog, did not bind
[3H]cholesterol with high affinity. As shown in Figure 3B,incubation for 4 hr at room temperature, the reaction

was stopped by dilution with 9 vol of buffer A and then binding of [3H]cholesterol to SCAP(TM1-8) was similar
irrespective of the location of the His10 tag, at the NH2- orcentrifuged at 20,000 � g. The resulting supernatant

was loaded onto a small column of Ni-NTA agarose COOH terminus. A sterol-resistant form of SCAP(TM1-8)
with the point mutation Y298C (Hua et al., 1996) boundbeads, washed with buffer A (�20 min), and then eluted

with buffer A containing 250 mM imidazole (�5 min). [3H]cholesterol with the same affinity as the wild-type
protein (Figure 3B). This result is consistent with previ-Fractions were collected and assayed for 3H-radioactiv-

ity. As shown in Figure 2A, the radioactive eluate is ous findings showing that this mutant protein undergoes
a conformational change in the presence of cholesterol,separated into two discrete peaks. The first peak (frac-

tions 1–3) corresponds to the unbound [3H]choles- but this conformational change is not enhanced by In-
sigs (Adams et al., 2003). Thus, the Y298C substitutionterol initially passing through the column (in a replicate

assay with no protein, the radioactive eluate showed in SCAP does not prevent cholesterol binding per se,
but rather, it disrupts SCAP binding to Insigs (Yang etonly one peak, fractions 1–3). The second peak (fraction

11) corresponds to [3H]cholesterol bound to His10- al., 2002).
Figure 4A shows a time course of the binding ofSCAP(TM1-8), as indicated by the immunoblot analysis

of the same fractions (lower panel of Figure 2A). We varying concentrations of [3H]cholesterol to His10-
SCAP(TM1-8). Equilibrium was achieved at 2–4 hr. Topooled and concentrated fraction 11 from 15 replicate
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Figure 4. Time Course of [3H]Cholesterol
Binding to Purified His10-SCAP(TM1-8) and
Rate of Dissociation of Previously Bound
[3H]Cholesterol

(A) Time course of binding at varying concen-
trations of [3H]cholesterol. Each assay tube
contained the indicated concentration of sol-
ubilized [3H]cholesterol (130 dpm/fmol) and
was incubated at room temperature for the
indicated time. Bound [3H]cholesterol was
measured by Ni-chromatography as de-
scribed in Figure 2. Each data point is the
average of duplicate assays. Blank values of
3.8–8.9 fmol were subtracted.

(B) Dissociation of previously bound [3H]cholesterol from His10-SCAP(TM1-8) in the absence (open circles) or presence (closed circles) of
excess unlabeled cholesterol. Thirty-two replicate assay tubes, each containing 10 pmol (100 nM) of solubilized [3H]cholesterol (138 dpm/
fmol) and 30 pmol (2.5 �g) of His10-SCAP(TM1-8), were incubated for 4 hr at room temperature. Each solution was then applied to a Ni column
that was washed with 10 ml of buffer A. The bound [3H]cholesterol was eluted with 1 ml of buffer A containing 250 mM imidazole. The resulting
1 ml eluate was diluted with 3 ml of buffer A containing 0.1% Fos-Choline 13 and either no unlabeled cholesterol (open circles) or 5 �M
unlabeled cholesterol (closed circles). After incubation for the indicated time at room temperature, the contents of each tube were transferred
to a tube containing 1 ml of packed Ni-NTA agarose beads, incubated for 2 min, and then centrifuged at 400 � g for 30 s, after which the
supernatant and the pellet were assayed for radioactivity. Each value (average of duplicate assays) represents the fraction of [3H]cholesterol
retained in the pellet relative to the zero-time value. The “100% of initial” values at zero time were 209 and 218 fmol/tube in the absence and
presence of unlabeled cholesterol, respectively.

measure the dissociation rate of bound [3H]cholesterol, then find its way to the specific binding pocket within
the protein tetramer (4). The overall binding reactionwe performed a standard binding reaction with 100 nM

[3H]cholesterol and isolated the bound complex by Ni- represents the integration of the rate constants for all
of these partitions, and therefore it cannot be analyzedchromatography (Figure 4B). We diluted the imidazole

eluate 4-fold by addition of buffer A in the absence or by the standard techniques that are used for solution
binding assays. For a more complete discussion of thesepresence of a 50-fold excess of unlabeled cholesterol.

At various times thereafter, the diluted eluate was mixed kinetics, see the Discussion.
with fresh Ni-NTA agarose beads, and the mixture was
spun in a centrifuge. The radioactivity in the supernatant Specificity of [3H]Cholesterol Binding

to His10-SCAP(TM1-8)was measured as an indication of the amount of dissoci-
ated [3H]cholesterol. As shown in Figure 4B, in the pres- Figure 6A compares the direct binding of various

3H-labeled steroids to His10-SCAP(TM1-8). 3H-steroidsence of unlabeled cholesterol, the dissociation of the
bound [3H]cholesterol was biphasic, with about 80% of such as lanosterol, progesterone, testosterone, and 25-

hydroxycholesterol did not exhibit high affinity, satura-the bound sterol dissociating with a half-time of �10
min and the remaining 20% staying bound for a much ble binding as observed with [3H]cholesterol. Figures 6B

and 6C compare the ability of various unlabeled sterolslonger period. In the absence of unlabeled cholesterol,
the dissociation was markedly slowed. An interpretation to competitively inhibit the binding of [3H]cholesterol

to His10-SCAP(TM1-8). In these experiments, buffer Aof these results is presented in the Discussion.
Figure 5A shows a time course of binding at two differ- containing saturating amounts of the indicated sterol

were prepared as described in Experimental Proce-ent detergent concentrations, 0.1% (standard assay)
and 1%. When the assays were carried out at a Fos- dures. Standard binding assays were carried out with

varying amounts of [3H]cholesterol (0–400 nM) in theCholine 13 concentration of 1%, the time for reaching
equilibrium was delayed to 48 hr as compared to the absence or presence of a saturating amount of unla-

beled sterol (6–10 �M for cholesterol and 25–32 �M for2–4 hr equilibrium achieved with 0.1% detergent. Figure
5B shows a saturation curve for binding of [3H]choles- oxysterols, based on maximal solubility of cholesterol

and 25-hydroxycholesterol in Fos-Choline 13 as de-terol at the two different detergent concentrations. Un-
der conditions of the standard assay (detergent concen- scribed in Experimental Procedures). Consistent with

the direct binding results in Figure 6A, binding oftration of 0.1% or 3 mM), there was no significant binding
below a threshold [3H]cholesterol concentration of [3H]cholesterol to His10-SCAP(TM1-8) was competitively

inhibited by excess unlabeled cholesterol and not af-�30 nM, after which binding became saturable. At the
higher detergent concentration (1% or 30 mM), the thresh- fected by excess unlabeled 25-hydroxycholesterol.

Other potent competitors were desmosterol, �-sito-old shifted to �150 nM. This suggests that the excess
detergent micelles act as a sink for [3H]cholesterol, es- sterol, 25-fluorocholesterol, and 5-androsten-3�-ol, a

truncated version of cholesterol lacking the side chain.sentially sequestering the [3H]cholesterol until the sterol
reaches some critical concentration in the micelle. Epicholesterol was a partial competitor, whereas all oxy-

sterols, including 19-, 25-, and 27-hydroxycholesterol,Figure 5C shows a diagram of the probable fates of
the [3H]cholesterol in this reaction. Micellar cholesterol and the hydroxylated steroid, 5-androsten-3�,17�-diol,

showed no inhibition.(1) can partition between micelles that either do (3) or
do not (2) contain His10-SCAP(TM1-8) by a mechanism In previous studies, we showed that certain cationic

amphiphiles (such as trifluoperazine, chlorpromazine,that likely involves micelle fusion. Once cholesterol en-
ters a micelle containing His10-SCAP(TM1-8) (3), it must and imipramine) mimicked the effect of cholesterol in
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Figure 5. Detergent Effects on Binding of
[3H]Cholesterol to His10-SCAP(TM1-8)

(A) Time course. Each assay tube (100 �l)
contained 100 nM of solubilized [3H]choles-
terol (138 dpm/fmol), 30 pmol of His10-
SCAP(TM1-8), and the indicated concentra-
tion of Fos-Choline 13, and was incubated
for the indicated time at room temperature.
(B) Saturation binding. Each assay tube (100
�l) contained the indicated concentration of
solubilized [3H]cholesterol (138 dpm/fmol), 30
pmol of His10-SCAP(TM1-8), and the indicated
concentration of Fos-Choline 13.
(C) Schematic representation of the SCAP
binding assay: multiple paths of [3H]choles-
terol in detergent micelles. Molecules of
[3H]cholesterol (yellow) can partition between
Fos-Choline 13 micelles (1) that either do (3)
or do not (2) contain SCAP(TM1-8) tetramers
(blue). Once in a SCAP-containing micelle,
the [3H]cholesterol can associate either non-
specifically with detergent (3) or specifically
with a hydrophobic binding pocket in the
SCAP tetramer (4).

terms of producing a conformational change in SCAP, the previously reported specificity of sterols in changing
the conformation of SCAP when added to crude ERas detected in a trypsin cleavage assay (Adams et al.,

2003). To determine whether these compounds affect membranes (Brown et al., 2002; Adams et al., 2003).
Moreover, all of the sterols that bound to SCAP in thecholesterol binding to SCAP, we carried out assays in

which the binding of increasing concentrations of current studies also regulate SREBP processing when
added to intact cultured cells (our unpublished data).[3H]cholesterol to SCAP was measured in the presence

of several concentrations of trifluoperazine (Figure 7A). The one exception is �-sitosterol, which cannot be effi-
ciently solubilized in �-methylcyclodextrin, the vehicleThese studies demonstrate that trifluoperazine inhibits

[3H]cholesterol binding to SCAP. Two other cationic am- used for sterol delivery to cultured cells. When choles-
terol binds to SCAP, it induces SCAP to bind to Insigs,phiphiles that produce a conformational change in

SCAP, chlorpromazine and imipramine (Adams et al., thus terminating SREBP processing. These results raise
the possibility that direct cholesterol binding may also2003), showed similar inhibitory profiles (data not

shown). Other related compounds of this class (such play a role in the functions of the six other membrane
proteins that share sterol sensing-domains.as diphenhydramine, tetracaine, and U18666A) did not

produce any conformational change in SCAP as as- The establishment of the current in vitro binding assay
was difficult because the ligand, cholesterol, and thesessed by the trypsin cleavage assay (Adams et al.,

2003). Consistent with these results, diphenhydramine binding protein, SCAP(TM1-8), are both completely wa-
ter insoluble, and therefore both must be added in deter-did not inhibit the binding of [3H]cholesterol to SCAP

(Figure 7B). A similar lack of inhibition was seen with gent micelles. None of the commonly used detergents
could be employed, either because they failed to solubi-tetracaine and U18666A (data not shown).
lize SCAP(TM1-8), or because they failed to retain its
binding properties. The assay succeeded only when weDiscussion
began to use Fos-Choline detergents, which are mimics
of phospholipids in that they contain an acyl chain linkedIn mammalian cells, the central event in cholesterol ho-
to choline through a phosphodiester bond.meostasis is the sterol-induced binding of SCAP to In-

The kinetics of the cholesterol binding reaction aresigs, which leads to retention of the SCAP/SREBP com-
complex (see Figure 5C). We have been unable to findplex in the ER and abrogates SREBP release from
precedents in which both the ligand and the bindingmembranes, thereby slowing cholesterol synthesis
protein must be mixed together in detergent micelles.(Yang et al., 2002). The current studies provide a mecha-
Given the extremely low solubility of cholesterol in waternism for this central event. The results demonstrate that
(Gilbert et al., 1975), we believe that cholesterol mustthe membrane region of purified recombinant SCAP
transfer from its own micelles to the SCAP-containingbinds cholesterol at a saturable, specific receptor-like
micelles before it can bind to SCAP (Figure 5C). Thesite. This suggests that cells control their membrane
transfer may require direct collision of micelles, and itcomposition by sensing cholesterol directly rather than
is likely to be rate limiting for the whole reaction. Inby monitoring a physical property of the membrane,
support of this notion, we found that the addition ofsuch as thickness or fluidity.

The sterol specificity of SCAP binding correlates with excess detergent micelles markedly slows the rate of
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Figure 7. Inhibition of Binding of [3H]Cholesterol to Purified His10-
SCAP(TM1-8) by Certain Cationic Amphiphiles

Each assay tube (100 �l) contained 30 pmol of His10-SCAP(TM1-8)
and the indicated concentration of solubilized [3H]cholesterol (130
dpm/fmol) in the presence of varying concentrations of trifluopera-Figure 6. Sterol Specificity of Binding to Purified His10-SCAP(TM1-8)
zine (A) or diphenhydramine (B). Bound [3H]cholesterol was mea-

(A) Direct binding of 3H-steroids. Each assay tube (100 �l) contained sured as described in Figure 2. Each data point is the average
30 pmol of His10-SCAP(TM1-8) and varying amounts of the indicated of duplicate assays. Blank values of 2.7 fmol (A) and 6.9 fmol (B)
solubilized 3H-steroid: closed circle, [3H]cholesterol (130 dpm/fmol); were subtracted.
(open square), [3H]lanosterol (20 dpm/fmol); (open circle), [3H]25-
hydroxycholesterol (159 dpm/fmol); (open triangle), [3H]progester-
one (215 dpm/fmol); or (closed triangle), [3H]testosterone (191 dpm/

edented micellar constraints, we cannot determine thefmol). Bound 3H-steroids were measured as described for
precise kinetic constants of the cholesterol binding re-[3H]cholesterol in Figure 2. Each data point is the average of triplicate

assays. Blank values of 1.3–3.8 fmol were subtracted. action with methods such as Scatchard, Lineweaver-
(B and C) Binding of [3H]cholesterol in the presence of unlabeled Burke, or Hill plots that were established for equilibrium
sterols. Each assay tube (100 �l) contained 30 pmol of His10- binding reactions in solution. Micellar compartmenta-
SCAP(TM1-8), the indicated concentration of solubilized [3H]cho-

tion may also contribute to the substoichiometric bind-lesterol (130 dpm/fmol), and a saturating concentration of the indi-
ing of [3H]cholesterol that we observed in these studies.cated unlabeled sterol ranging from 6 to 32 �M (depending on
At saturation, His10-SCAP(TM1-8) bound [3H]cholesterolsolubility; see Experimental Procedures). Bound [3H]cholesterol was

measured as described in Figure 2. Each data point is the average with a molar ratio of 1 cholesterol molecule to �10–20
of duplicate assays. Blank values of 1.6–3.9 fmol were subtracted. tetramers (assuming that 100% of the recombinant pro-

tein modules were in an active state).
The finding that the membrane region of SCAP is a

tetramer raises the possibility that the cholesterol bind-the binding reaction (Figure 5A) and raises the threshold
for [3H]cholesterol binding (Figure 5B). As shown in Fig- ing reaction in membranes may show positive coopera-

tivity, analogous to the binding of oxygen to hemoglobin.ure 5C, we believe that empty micelles act as sinks,
sequestering the [3H]cholesterol and thus prolonging the Such cooperativity can provide a very sensitive switch

mechanism, converting SCAP from the free form to thetime for the cholesterol to “find” a micelle that contains
SCAP. Micellar compartmentation also explains the Insig-bound form over a narrow range of cholesterol

concentrations. Because of the kinetic constraints offinding that the dissociation of [3H]cholesterol is mark-
edly accelerated in the presence of micelles containing the micellar system we cannot yet determine whether

cooperativity exists. In future experiments, we will at-unlabeled cholesterol as compared with empty micelles.
This finding can be explained if the [3H]cholesterol disso- tempt to reconstitute cholesterol and SCAP(TM1-8) in

phospholipid bilayers, which may more readily mimicciation from SCAP is rapid, but its exit from the SCAP
micelle is slow. In the absence of unlabeled cholesterol, the natural state and permit kinetic measurements to

be made.the [3H]cholesterol rebinds to SCAP before it can exit
the micelle. If the micelle contains excess unlabeled Among the six proteins with sterol-sensing domains,

the one that most resembles SCAP is HMG CoA reduc-cholesterol, the unlabeled sterol binds to the site va-
cated by the [3H]cholesterol and blocks the rebinding tase (Hua et al., 1996). Both of these proteins have an

NH2-terminal membrane region consisting of eight trans-of [3H]cholesterol. Thus, unlabeled cholesterol appears
to accelerate the dissociation. Because of these unprec- membrane helices followed by a COOH-terminal domain



Molecular Cell
266

Inc.; and 1.7 ml microcentrifuge tubes from VWR Scientific (Cat. No.that projects into the cytosol. In HMG CoA reductase,
29442-580).this cytosolic domain contains all of the catalytic activity.

In the case of SCAP, the cysotolic domain contains WD
Solubilization of Cholesterol and Other Steroidsrepeats that bind SREBPs (Sakai et al., 1997). Remark-
A 250 �l aliquot of an ethanol solution containing 4.25 nmol ofably, the isolated cytosolic domain of HMG CoA reduc-
[3H]cholesterol (130–138 dpm/fmol) was added to a microcentrifuge

tase exists as a tetramer, as determined by X-ray crystal- tube and evaporated to dryness in a Speed Vac Concentrator at
lography and analytical ultracentrifugation (Istvan et al., room temperature. 1 ml of buffer A (50 mM Tris-HCl at pH 7.5, 150

mM NaCl, 1 mM dithiothreitol, 0.1% Fos-Choline 13, 0.005% sodium2000). Considered together with the current data on
azide) was then added to the tube, after which it was agitated onSCAP, these findings raise the possibility that both
a vortex mixer for 1 hr at room temperature and centrifuged atSCAP and HMG CoA reductase exist as homotetramers
20,000 � g for 30 min. In general, 30%–40% of the [3H]cholesterolthat are formed by interactions between their membrane
was recovered in the supernatant, which was stored at 4�C for a

region as well as their cytosolic domains. maximum of 1 week prior to use. As determined by scintillation
As regulators of cholesterol binding, we studied cat- counting, the concentration of the solubilized [3H]cholesterol ranged

from 1.5 to 2 �M. Stock solutions of solubilized [3H]lanosterol, [3H]25-ionic amphiphiles because our previous data showed
hydroxycholesterol, [3H]testosterone, and [3H]progesterone (all atthat a subset of these compounds mimics the effects
a final concentration of 1.5–2 �M and specific activity of 20–220of cholesterol on SCAP conformation when added to
dpm/fmol) were prepared in a similar manner.ER membranes in vitro (Adams et al., 2003). The current

Saturated solutions of unlabeled steroids in buffer A were pre-
data show that these amphiphiles inhibit cholesterol pared by evaporating 100 �l of 1 mg/ml steroid solution in ethanol
binding. Analysis of the data to determine the mode of (241–365 nmol) in a microcentrifuge tube. The dried sterol was solu-

bilized by the same procedure as outlined above. The concentrationinhibition was not possible for the reasons discussed
of solubilized cholesterol and 25-hydroxycholesterol in these solu-above. That SCAP may exist as a tetramer raises the
tions was 6–10 �M for cholesterol and 25–32 �M for 25-hydroxy-intriguing possibility that it contains a second site that
cholesterol, as determined by adding tracer amounts of the respec-binds cationic amphiphiles and produces a conforma-
tive 3H-labeled sterols.

tional change similar to the one produced by cholesterol.
In previous studies, Insig enhanced the ability of cationic

Protein Purification
amphiphiles to cause the SCAP conformational change, We constructed recombinant baculoviruses encoding the eight
suggesting that these amphiphiles also induce SCAP to transmembrane region of the wild-type or Y298C mutant version

of hamster SCAP with an NH2-terminal His-tag (designated His10-bind to Insig (Adams et al., 2003). We do not yet know
SCAP(TM1-8) or His10-SCAP(TM1-8)(Y298C)). To construct these vi-whether cells contain an endogenous amphiphile that
ruses, the sequence encoding SCAP(TM1-8) (amino acids 1–767)is the physiologic ligand for the postulated second site
was amplified by PCR of pCMV-SCAP or pCMV-SCAP(Y298C) (Huaon SCAP, but phosphatidyl ethanolamine, sphingosine,
et al., 1996) using Pfu polymerase (Stratagene) with the 5	-oligonu-

and sphinganine are potential candidates. cleotide, 5	-CCATGGATCCTATGACCCTGACTGAAAGGCTGCG-3	,
The current studies provide further support for the and the 3	-oligonucleotide, 5	-CCATGGATCCTCCGTCTCAGGCG

GCGCGTAGCC-3	. The PCR product was digested with BamH1,notion that oxygenated sterols, such as 25-hydroxy-
gel purified, and ligated into the pFastBacHTa expression vectorcholesterol, enhance SCAP binding to Insig by an indi-
(Invitrogen) where the 6�His sequence was replaced with a 10�Hisrect mechanism that differs from the direct binding
sequence. Cultures (1 liter) of Sf9 cells at 5 � 105 cells/ml in Sf-mechanism that is used by cholesterol. When added
900 II SFM insect medium (Invitrogen) were infected with His10-to intact cells 25-hydroxycholesterol, like cholesterol, SCAP(TM1-8) baculovirus for 60 hr at 27�C. Membranes (100,000 �

enhances SCAP binding to Insig and thereby blocks g pellet) were prepared as described previously (Brown et al., 2002),
resuspended in 10 vol of buffer A containing 1% (w/v) Fos-Cholinemovement of the SCAP/SREBP complex to the Golgi
13, stirred for 4 hr at 4�C, and centrifuged at 100,000 � g for 45 min(Yang et al., 2002). However, 25-hydroxycholesterol
at 4�C.does not cause a detectable conformational change in

The supernatant containing solubilized His10-SCAP(TM1-8) wasSCAP when added to ER membranes in vitro (Brown et
applied to a 4 ml column (flow rate of 0.5 ml/min) packed with Ni-

al., 2002; Adams et al., 2003). The current data provide NTA agarose beads (Qiagen) previously equilibrated with 20 ml of
an explanation: 25-hydroxycholesterol does not bind buffer A. The column was washed sequentially (flow rate of 0.25

ml/min) with 100 ml of buffer A containing 10 mM imidazole anddirectly to SCAP, at least under the conditions of the
40 ml of buffer A containing 20 mM imidazole. His10-SCAP(TM1-8)current assays. It seems likely that 25-hydroxycho-
was eluted (flow rate of 0.5 ml/min) into 1 ml fractions with bufferlesterol interacts with some unidentified regulatory pro-
A containing 250 mM imidazole. Protein-rich fractions were pooledtein that enhances SCAP binding to Insig by a mecha-
and concentrated using a CentriPrep system (Millipore). The con-

nism that does not require a conformational change in centrated solution was applied to an XK 16/70 gel filtration column
SCAP that can be detected by our protease protection containing Superose 6 beads (Amersham). Fractions containing

His10-SCAP(TM1-8) were pooled, concentrated to 2–5 mg/ml, andassay. The nature of this putative regulatory protein is
stored at 4�C for no more than 2 weeks prior to use. Analysis of theunder current investigation.
protein by SDS-PAGE followed by Coomassie blue staining revealed
no significant degradation or aggregation during this 2 week interval.
Protein concentrations were measured with a BCA kit (Pierce). AExperimental Procedures
similar procedure was used to purify His10-SCAP(TM1-8)(Y298C) and
a COOH-terminal His-tagged version of SCAP(TM1-8), designatedMaterials

We obtained [1,2,6,7-3H]cholesterol (60 Ci/mmol), [3-3H]lanosterol SCAP(TM1-8)-His10 (Brown et al., 2002).
Transgenic Drosophila melanogaster expressing Rhodopsin1-His(10 Ci/mmol), [26,27-3H]25-hydroxycholesterol (75 Ci/mmol),

[1,2,6,7-3H]testosterone (90 Ci/mmol), and [1,2,6,7-3H]progesterone (six His residues at the COOH-terminus) (Baker et al., 1994) was
obtained from Rama Ranganathan (UT Southwestern). Fly heads(100 Ci/mmol) from American Radiolabeled Chemicals, Inc.; all other

sterols and steroids were from Steraloids, Inc.; trifluoperazine and were collected as described (Baker et al., 1994), and after homogeni-
zation the Rhodopsin1-His was purified using the same procedurediphenhydramine from Sigma; Fos-Choline 13 (tridecylphosphocho-

line; critical micellar concentration of 0.026% [w/v]) from Anatrace, as described above. Inasmuch as the purification of Rhodopsin1-
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His was not carried out in the dark, the purified protein is most likely 2% [w/v] SDS, 1% [v/v] �-mercaptoethanol, 0.004% [w/v] bromo-
phenol blue) was added to each sample, which was then incubatedin the opsin form without the 11-cis retinal ligand.

Recombinant His-tagged SpoIVFB homolog from Methanococcus at room temperature for 5 min. After electrophoresis on 10% gels,
proteins were transferred to Hybond-C Extra nitrocellulose filtersjanaschii (ten His residues at the NH2 terminus; GenBank Accession

No. AAB98382), a member of the S2P family of intramembrane prote- (Amersham). A primary anti-His antibody (IgG2 fraction; Amersham)
at a concentration of 1 �g/ml was used for immunoblot detectionases (Brown et al., 2000), was solubilized in lauryldimethylamine

N-oxide and purified (H.J.K. and H. Deisenhofer, unpublished data). of the His-tagged proteins. Bound antibodies were visualized by
chemiluminescence with the SuperSignal Substrate Signal reagentThe purified protein was loaded onto a 1 ml column of Ni-NTA

agarose beads, then exchanged into Fos-Choline 13 detergent by (Pierce) and exposed to Kodak X-Omat Blue XB-1 film (NEN) for
15–60 s at room temperature.washing with 40 ml of buffer A, and eluted with 5 ml of buffer A

containing 250 mM imidazole. To remove the imidazole, the protein
was subjected to gel filtration chromatography on a HR10/30 Su- Acknowledgments
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