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 Cholesterol synthesis in mammalian cells is highly regulated by an end-product 

feedback mechanism.  The transcription of genes necessary for both fatty acid and 

cholesterol production are controlled by sterol regulatory element binding proteins 

(SREBPs).  The critical regulatory step is the proteolytic release of SREBPs from their 

inactive membrane bound form.   

 Soon after translation, SREBPs bind SREBP cleavage activating protein (SCAP), a 

polytopic membrane protein of the endoplasmic reticulum (ER).  In sterol depleted situations, 

SCAP escorts SREBPs to the Golgi, where SREBPs are cleaved and can move freely to the 

nucleus and activate the numerous enzymes of cellular lipid homeostasis.  When cellular 
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sterol levels rise, the SCAP/SREBP complex binds to an ER resident protein named Insig.  

Upon binding to Insig, the movement of the SCAP/SREBP complex to the Golgi is inhibited, 

thus halting cholesterol and fatty acid synthesis.   

  The mechanism by which the cell senses sterol levels has been long unknown.  

Radhakrishnan et al. and Adams et al. demonstrated that SCAP itself binds cholesterol and 

thus may act directly to sense cellular sterol levels and mediate the end-product feedback 

control of SREBPs.  The goal of this thesis is to elucidate the molecular details of the 

interactions between SCAP, Insig and cholesterol.   

 My thesis experimentally details the membrane topology of human Insig-1 and shows 

that it is a polytopic integral membrane protein of the ER with six transmembrane spanning 

segments.  In addition, the amino and carboxy-termini of Insig are both facing the cytosol.  

Furthermore, crucial residues of Insig that are important for SCAP interaction are identified.   

 My thesis has also defined distinct amino acids of SCAP that are essential for its role 

as a protein that binds Insig and as a protein that has the ability to bind cholesterol.  An 

aspartic acid in the middle of transmembrane six is necessary for sterol regulated binding to 

Inisg, while residues in transmembrane segments one and three of SCAP are crucial for 

cholesterol binding both in vivo and in vitro.
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CHAPTER ONE 
 
 

INTRODUCTION AND HISTORICAL PERSPECTIVE 
 

 
 
 In 1816, the chemist Michel Chevreul suggested that a substance with fat-like 

properties, discovered in gallstones some years prior, should be named cholesterine, from the 

Greek: chole meaning bile, and stereos meaning solid (Figure 1-1).  This was at the meeting 

of the French Academy of Sciences, many years before the true importance of cholesterine 

was to be determined.  Cholesterin, or cholesterol, as it later came to be called, proved not to 

be confined to gallstones but to be an integral component of all organs in vertebrates and to 

be a substance of vital importance for their survival.  Since the naming of cholesterol, at least 

17 Nobel Prizes have been awarded in association with this fundamental molecule, many 

more than any other single molecule.   

 Cholesterol is essential for mammalian cell survival.  Strict control over the 

cholesterol biosynthetic pathway must be achieved because of the central role that cholesterol 

plays in many cellular functions, including the production of vitamin D, steroid hormones, 

sex hormones, prenylated proteins, ubiquinone, bile acids, lipoproteins, while also 

modulating the stability and fluidity of membranes, and by playing a role in synapse and the 

immune system (Figure 1-2).  Without proper control of cholesterol and lipid homeostasis, 

excess cholesterol can form solid crystals that can be toxic to cells.  Excess cholesterol can 

initiate atherosclerosis when deposited in the bloodstream.  To balance these divergent roles, 

nature has derived a complex, yet elegant system of end-product regulation of cholesterol 
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metabolism through direct repression of transcription of genes that govern the synthesis of 

cholesterol and its receptor-mediated uptake from plasma lipoproteins (43).   

 Cholesterol feedback mechanisms are particularly important to human health in that 

heart attacks have been shown to be directly related to the consumption of diets rich in 

cholesterol and saturated fatty acids.  In the liver, dietary cholesterol acts to suppress 

cholesterol synthesis and the uptake of cholesterol through low density lipoprotein (LDL) 

receptors.  Interestingly, the statin drugs, potent inhibitors of the enzyme 3-hydroxy-3-

methylglutaryl coenzyme A reductase (HMG CoA reductase), block cholesterol synthesis 

within the liver while concurrently increasing the amount of surface LDL receptors, causing 

a decrease in the levels of circulating LDL cholesterol.   

 The cholesterol biosynthetic pathway was the first anabolic pathway recognized to 

undergo end-product feedback suppression.  More than 70 years ago, the balance studies of 

Schoenheimer (44) suggested that there was an equilibrium between the amount of 

cholesterol which the cell synthesized and that which it obtained from the diet.  The details of 

this equilibrium were mostly unknown, as was the idea that altered regulation of the 

regulatory mechanisms led to high blood cholesterol concentrations in familial 

hypercholesterolemia.  Eventually, the complicated mechanism for the cellular synthesis of 

cholesterol was elucidated, and investigations in this field by Bloch and by Lynen earned 

them the Nobel Prize in 1964.  Over the years, several incremental advances were made in 

the understanding of cholesterol homeostasis in vivo and eventually it was discovered that 

cholesterol accumulation lowers the activity of HMG CoA reductase and several other 

enzymes in the cholesterol biosynthetic pathway, thereby limiting the production of 
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cholesterol.  For their discoveries concerning the regulation of cholesterol metabolism, 

Brown and Goldstein were awarded the Nobel Prize in 1985.  

 

 

CONTROL OF CHOLESTEROL HOMEOSTASIS IN MAMMALIAN CELLS 
 

 

Lipid homeostasis in mammalian cells is highly regulated.  The synthesis of 

cholesterol and fatty acids is controlled by a family of membrane-bound transcription factors 

called sterol regulatory element binding proteins (SREBPs).  SREBPs are similar to the basic 

helix-loop-helix-leucine zipper (bHLH-zip) transcription factors.  However, SREBPs are 

quite unique in the way in which they are synthesized and in the way by which their 

transcriptional activity is regulated.  SREBPs are translated as inactive membrane proteins 

that are immediately inserted into the endoplasmic reticulum (ER) membrane where they 

constitutively bind SREBP cleavage activating protein (SCAP).  In the absence of sterols, 

SCAP escorts SREBP from the ER to the Golgi whereby regulated intermembrane 

proteolysis (RIP) takes place.  SREBPs are cleaved sequentially by two resident proteases of 

the Golgi.  First, a serine protease, named site-1 protease (S1P), cleaves the luminal loop of 

SREBP.  A second cut is made in within the membrane by site-2 protease (S2P), a unique 

resident Golgi protease of the metalloproteinase family (Figure 1-3, Figure 1-4).  Soon after 

the unregulated proteolytic events of the Golgi, the amino-terminal transcriptional domain of 

SREBP freely translocates to the nucleus and begins activation of the 30 plus enzymes and 

proteins involved in the synthesis of cholesterol and many other membrane lipids.   
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When cellular sterol levels begin to rise, the transport of the SCAP/SREBP complex 

from the ER to the Golgi becomes more tightly controlled.  To this end, sterols induce the 

tight association of SCAP with Insig.  Insig is a polytopic, resident ER membrane protein 

that is highly hydrophobic in amino acid composition.  The association of SCAP and Insig in 

the presence of high sterols causes the retention of SCAP and thus SREBP in the 

endoplasmic reticulum (Figure 1-5).  This retards the transport of SREBP from ER to the 

Golgi, thus halting cholesterol and lipid synthesis in the mammalian cell.  It is this elegant 

system of end-product feedback regulation that makes mammalian sterol synthesis such an 

intriguing system to study.       

 

 

STEROL REGULATORY ELEMENT BINDING PROTEINS (SREBP) 
 

 

The sterol regulatory element binding proteins (SREBPs) were purified in 1993 from 

nuclear extracts of cultured human HeLa cells (45, 46), and their unique mechanism of 

regulation was also deciphered through tissue culture studies (47).  SREBPs are a family of 

transcription factors that are homologous to the basic helix-loop-helix leucine zipper class of 

transcription factors.  SREBPs differ from the canonical basic helix-loop-helix factor in that 

they can bind the typical E-box inverted repeat (5’CANNTG-3’) as well as the direct DNA 

repeat of the SRE (for example, 5’-TCACNCCAC-3’) (48).  SREBPs are also unique in their 

structure and in the mechanism by which their transcriptional activity is regulated.  SREBPs 

are translated as approximately 120 kDa inactive membrane proteins that are immediately 
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inserted into the ER membrane after translation.  They have an unusually large carboxy-

terminus and, as intrinsic proteins of the ER, they have two membrane spanning helixes that 

function as an anchor. 

The mammalian cell expresses three isoforms of SREBP: SREBP-1a, SREBP-1c, and 

SREBP-2.  SREBP-2 is encoded by a gene located on chromosome 22q13 while SREBP-1a 

and -1c are derived from a single gene on chromosome 17p11.2.  SREBP-1a and SREBP- 1c 

are produced via an alternate transcriptional start site producing the same protein product 

except that SREBP-1a has a longer acidic domain at the amino-terminus.  This segment, 

allows SREBP-1a to serve as a more potent activator of all target genes.  SREBP-1 and -2 

both control unique transcriptomes.  SREBP-1 is principally responsible for activating genes 

involved in fatty acid synthesis, while SREBP-2 chiefly induces the expression of genes 

responsible for cholesterol synthesis, including the LDL receptor.  In fact, the high potency 

of SREBP-1a allows it to activate all genes of the transcriptional programs above; 

cholesterol, fatty acid, and triglyceride synthesis.  When expressed at levels that well exceed 

those relevant to physiology, all three isoforms of SREBP can activate the synthesis of all 

classes of cellular lipids.  Figure 1-6 shows a detailed account of the genes that are 

transcriptionally induced by each isoform of SREBP.   

The expression patterns of each isoform are also important for understanding lipid 

homeostasis in the whole organism.  SREBP-1a and SREBP-2 are highly expressed in the 

liver and other body tissues.  Interestingly, SREBP-1a expression is greatly reduced and 

SREBP-1c expression dominates in cultured cells and tumor cells (SREBP-2 expression is 

present in liver, cultured, and tumor cells) (49). 
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Regulation of the action and abundance of SREBPs is controlled by both 

transcriptional and post-transcriptional mechanisms.  Transcriptional control of SREBPs is 

extremely complex and the details are not well understood.  SREBP-1a seems to be 

constitutively transcribed at low levels in the liver, while SREBP-1c and -2 are controlled via 

distinct pathways.  When in the nucleus, SREBP-1c and -2 bind to SRE elements in their 

own promoter regions and thus facilitate a positive feed-forward loop, causing their 

transcription.  SREBP-1c transcription is also influenced by liver X-activated receptors 

(LXRs).  LXRs belong to a class of adopted nuclear hormone receptors that form 

heterodimers with retinoid X receptors.  LXRs bind to DNA binding elements in the 

promoter region of SREBP-1c in the presence of agonist LXR ligands, such as certain 

oxysterols.  It is thought that the ability of polyunsaturated fatty acids to decrease plasma 

triglyceride levels may be due to their ability to antagonize the LXR induced activation of 

SREBP-1c transcription (49). 

The post-transcriptional regulation of SREBPs involves regulated intermembrane 

proteolysis (RIP).  As previously mentioned, SREBPs are only called on to activate genes 

responsible for cellular lipid synthesis when sterol levels are low within the cell.  The 

transport protein SCAP transduces the inactive membrane-bound precursor SREBP from the 

ER to the Golgi in the absence of cellular sterols.  Once in the Golgi, SREBPs can be 

sequentially cleaved by two resident proteases, S1P and S2P, releasing the amino-terminal 

bHLH-zip domain.  The site-1 protease reaction cleaves a leucine-serine bond in the luminal 

loop.  The site-2 protease cleavage occurs at a leucine-cysteine bond that is located within the 
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first membrane-spanning helix.  Once free from its membrane anchor, this region of SREBP 

can act without haste to activate the enzymes of cholesterol and fatty acid synthesis.   

Cellular cholesterol synthesis is completely dependent upon the action of SREBP-2.  

It seems as though fatty acid synthesis is only partially dependent upon SREBP-1.  In 

cultured cells lacking S2P (and thus deficient in nuclear SREBP), the mRNAs of cholesterol 

biosynthetic enzymes is almost null, but those of fatty acid synthesis are only reduced by 

30%.  The post-transcriptional regulation of SREBP-1 and -2 also differ.  Sterols can readily 

block the processing of SREBP-2, but the repression of SREBP-1 cleavage requires an 

additional unsaturated fatty acid like arachidonate.  Further work in necessary to understand 

the complex role that SREBP transcriptional activity has in the control of cellular lipid 

synthesis.  

 

 

SREBP CLEAVAGE ACTIVATING PROTEIN (SCAP) 
 

 

SREBP cleavage-activating protein (SCAP) is a central regulator of lipid synthesis 

and cholesterol uptake in animal cells.  SCAP is inserted after translation into the ER 

membrane and functions to facilitate the proteolytic cleavage of sterol regulatory element 

binding proteins (SREBPs) by acting as an escort protein, shuttling SREBPs from ER to 

Golgi for processing.  Retention of the SCAP/SREBP complex in the ER is mediated by the 

sterol-induced binding of SCAP to Insigs, which are resident proteins of the ER membrane 

(1, 2).   When cellular sterol levels are high, the SREBP/SCAP complex remains in the ER.  
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When sterol levels are low, SCAP/SREBP complexes are packaged into COPII budding 

vesicles and transit to the Golgi apparatus occurs (13, 25).  Upon the addition of cholesterol 

or 25-hydroxycholesterol to cultured cells, SCAP is induced to bind to Insig, as shown by co-

immunoprecipitation experiments and by detection of the complex by blue native gel 

electrophoresis (1, 2, 37).  Mutant forms of SCAP harboring any one of three dominant point 

mutations (described below) fail to bind Insig, and thus they constitutively transport SREBPs 

to the Golgi even in the presence of sterols (1,16). 

To date, three distinct mutations within the SCAP sterol-sensing domain have been 

identified that disrupt interaction between SCAP and Insig and result in a dominant, sterol-

insensitive form of SCAP (1, 7, 16).  The mutations occur as missense mutations and are 

changes of a tyrosine at position 298 to a cysteine (Y298C), a leucine at position 315 to a 

phenylalanine (L315F), and an aspartic acid at position 443 to an asparagine (D443N).  The 

identification of these mutants and the functional analysis of all proteins involved in 

cholesterol homeostasis have been aided by the utilization of somatic cell genetics (see 

section below) (8).   One selection principle that has been used to identify the above SCAP 

mutations (in addition to mutations in SREBP-2) is that wild-type Chinese hamster ovary 

(CHO) cells are killed by 25-hydroxycholesterol (25HC) (Figure 1-7).  25HC can suppress 

both de novo cholesterol synthesis and exogenous uptake of cholesterol but it cannot 

functionally replace cholesterol in cell membranes.  Mutagenized wild-type CHO cells were 

selected with 25HC and colonies that survived this chronic exposure to 25HC were isolated.  

From these cells, the cDNA encoding SCAP was cloned by using an expression assay.  

Owing to a guanine-to-adenine alteration which produced a D443N mutation in the sterol-
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sensing domain, mutant SCAP conferred sterol insensitivity in a dominant fashion on wild-

type cells (11). Subsequently, two more independently isolated, sterol-insensitive cell lines 

were shown to harbor Y298C and L315F point mutations within the sterol-sensing domain of 

SCAP (16, 38).  Hence, we now know of three dominant SCAP mutations that render it 

unable to bind Insigs. 

SCAP is a 1276 amino acid polytopic membrane-bound protein with eight 

transmembrane helixes.  The NH2-terminal 730 amino acids are composed of transmembrane 

segments separated by a series of alternating hydrophilic sequences.  The luminal loops 

between transmembrane segments one and two and seven and eight are relatively long, 240 

and 170 amino acids, respectively.  The hydrophilic COOH-terminal domain of SCAP exists 

as approximately 550 amino acids organized into four WD repeats (50).  WD repeats are 

often arrayed in a fan shape like the blades of a propeller (51), and have been found in more 

than 30 proteins (like the B-subunit of heterotrimeric G proteins).  In each case they have 

been postulated to mediate protein–protein interactions.   

The mechanism by which cholesterol regulates SCAP/Insig binding was unveiled 

recently by studies demonstrating that SCAP directly binds cholesterol (35) and then 

undergoes a conformational change that allows it to bind to Insigs (7).  When added to ER 

membranes in vitro, cholesterol induces a conformational change in SCAP that permits its 

binding to Insig.  This conclusion was reached on the basis of protease protection studies 

performed with intact ER membrane vesicles (7, 36).  Sealed ER membrane vesicles were 

isolated from sterol-depleted cells, digested with trypsin, subjected to SDS-PAGE, and 

blotted with an antibody to the large intraluminal loop between helices 7 and 8 of SCAP.  In 

9 



 
membranes from sterol depleted cells, trypsin cut after arginines 496 and 747, generating a 

fragment of 37 kDa. When the membranes were treated with cholesterol solubilized in 

methyl-beta-cyclodextrin (MCD), a previously protected arginine at position 503 was 

exposed, and trypsin cleavage produced a 35 kDa fragment (7, 36).  The above two 

fragments can be differentiated using gel electrophoresis with 15% tricine gels.  This 

cholesterol-induced conformational change in SCAP was enhanced when cells were 

transfected with excess amounts of Insig.  As predicted, this increase in conformational 

change was not seen with the sterol-resistant SCAP mutants (Y298C, L315F, and D443N) 

(7).  The in vitro addition of 25HC solubilized in MCD to isolated vesicles has no effect on 

the conformation of SCAP (37).  These studies have shown that the addition of cholesterol to 

sealed ER membrane vesicles causes a conformational change in SCAP, but they have not 

determined if this is a direct effect or one resulting from a change in the gross physical 

properties of the membrane.   

Recently, it was demonstrated that cholesterol, but not 25-hydroxycholesterol, binds 

in vitro with high affinity to the membrane region of recombinantly purified-detergent 

solubilized hamster SCAP (35).  [3H] cholesterol binds SCAP with high affinity and 

specificity.  Competition studies show that the binding to SCAP requires the 3-beta-hydroxyl 

group of cholesterol, but does not require the isocytl side chain (35).  These same studies 

illustrate that the membrane region of SCAP 1-8 exists as a tetramer and has a high alpha 

helical content.  

The NH2-terminal membrane-attachment domain with eight membrane-spanning 

segments of SCAP (SCAP 1-8) contains a sequence that is highly conserved amongst several 
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proteins and across many species.  This region is referred to as the sterol sensing domain and 

in SCAP is encompassed by amino acids beginning with transemembrane segment two 

through six inclusive (amino acids 280-448).  The sterol sensing domain is also present in 

proteins like HMG CoA Reductase, Neimann Pick type C protein 1 (NPC1), NPC1-like 1 

(NPC1L1), and Patched (52).  The sterol sensing region of SCAP lies in helices 2–6.  This 

domain was implicated in sterol-sensing in part because it shows 55% sequence similarity 

and 25% identity to helices 2–6 of the membrane region of HMG CoA reductase, which also 

has eight membrane-spanning helices (11). The membrane domain of HMG CoA reductase is 

known to signal the rapid ubiquitination and proteasomal degradation of the enzyme in the 

presence of sterols, implying a sterol-sensing function (9).  Additionally, the membrane 

domain, specifically, the sterol sensing domains of NPC1, NPC1L1, and Patched have also 

been implicated in the proper transduction of the regulatory signals originating from cellular 

lipids and thus important for functional sterol sensing (52).  In fact, it was recently shown 

using a photoactivatable cholesterol analogue that NPC1 directly binds cholesterol in 

mammalian cells and that this interaction is dependent upon an intact sterol sensing domain 

(73).  It is the elucidation of the exact and specific functions of sterol sensing domain that has 

been and will continue to be a rather heated research topic.   
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HMG COA REDUCTASE 

 

 

The endoplasmic reticulum (ER) enzyme 3-hydroxy-3-methylglutaryl coenzyme A 

reductase (HMG CoA reductase) produces mevalonate at the rate limiting step in cholesterol 

and nonsterol isoprenoids synthesis (9).  Statins, inhibitors of HMG CoA reductase have had 

an unparalleled effect on the treatment of high blood cholesterol levels.   

The nonsterol and sterol end-products of mevalonate metabolism exercise feedback 

regulation on HMG CoA reductase via the inhibition of transcription of the HMG CoA 

reductase mRNA, blocking of translation, and acceleration of protein degradation (9). The 

transcriptional effects are mediated by SREBPs; that is HMG CoA reductase mRNA is 

induced by the presence of nuclear SREBPs.  The translational regulation is negatively 

regulated  by nonsterol mevalonate-derived products (53), and the post-translational protein 

degradation is mediated by both sterol and nonsterol products (4). 

Hamster HMG CoA reductase is a protein of 887 amino acids that can be divided into 

two domains (54). The amino-terminal domain of 339 amino acids acts to anchor the protein 

to the ER membrane and includes eight membrane-spanning regions separated by short 

hydrophilic loops (55). The carboxy-terminal portion of the protein retains all catalytic 

activity and projects 548 amino acids into the cytosol (54).  

It has been long known that the rate of HMG CoA reductase protein degradation is 

accelerated when cells are presented with sterols or mevalonate (56, 57).  In the presence of 

the proteasome inhibitors, HMG CoA reductase accumulates in a ubiquitinated form, 
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suggesting that HMG CoA reductase is degraded by a proteasome-mediated process that is 

accelerated by sterols (58).   

Recently, it was found that sterol-accelerated degradation of HMG-CoA reductase is 

dependent upon the presence of at least one member of a pair of ER-resident membrane 

proteins called Insig-1 and Insig-2 (3, 4).  In transfection experiments using CHO cells, HMG 

CoA reductase, when overexpressed, had its sterol-mediated degradation abolished, but upon 

co-overexpression of either Insig-1 or Insig-2, the sterol-mediated ubiquitingation and 

degradation of reductase was restored (4).  The degradation of reductase occurred in a 

manner that coincided with the sterol-dependent binding of Insig to reductase, emphasizing 

the fact that this interaction is crucial to the sterol-mediated ubiquitination and degradation of 

HMG CoA reductase (3).   

 

 

INSIG 
 

 

Insig-1 and Insig-2 are a pair of related polytopic membrane proteins of the 

endoplasmic reticulum (ER) that are crucial to the control of lipid homeostasis in mammalian 

cells.  Insigs act to slow down the production of cellular lipids through their sterol-dependent 

interaction with two ER membrane proteins; SCAP and HMG CoA reductase.   

In the presence of sterols, Insigs bind to SCAP, leading to ER retention of the 

SCAP/SREBP complex and thus the prevention of SREBP movement to the Golgi for 

processing by S1P and S2P.  The absence of nuclear SREBPs thereby limits the transcription 
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of SREBP target genes, which include all of the known genes required for synthesis of 

cholesterol, fatty acids, triglycerides, and phospholipids in addition to the production of the 

LDL receptor (1, 2, 59).  In terms of HMG CoA reductase, the presence of sterols cause 

Insigs to bind reductase, an interaction that leads to the sterol-dependent ubiquitination and 

subsequent degradation of HMG CoA reductase (4).  Because HMG CoA reductase catalyzes 

the rate-determining step in cholesterol synthesis, the increased degradation of reductase also 

slows the synthesis of cholesterol.   

It is the intricate control of the Insig to SCAP and Insig to reductase ratios that are 

responsible for the fine tuning of mammalian cholesterol homeostasis.  When the ratio of 

Insig to SCAP is high, Insig can block SREBP processing even in the absence of added 

exogenous sterols (Brown and Goldstein lab data).  It is possible that this reflects a sterol-

independent interaction of Insig with SCAP that is of low affinity, but is driven by the high 

Insig concentration.  It is also possible that the high levels of Insig create a situation in which 

low levels of endogenous sterols can trigger SCAP binding to Insig.  Similarly, when the 

ratio of Insig to HMG CoA reductase is high, Insig can facilitate sterol-independent 

ubiquitination and degradation of reductase (3, 4). 

In human cells, upon using RNA-interference (RNAi) to knock-down Insig-1 and 

Insig-2 mRNA levels to approximately 15% of endogenous levels, the ability of sterols to 

suppress SREBP cleavage was greatly reduced (37) (Figure 1-8).  The RNAi mediated 

knock-down of Insig-1 and Insig-2 was also able to abolish the sterol-induced ubiquitination 

and degradation of HMG CoA reductase (3).  These data are consistent with the necessity of 

Insig to both facilitate the ER retention of SCAP and the degradation of reductase.   
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As mentioned, cultured cells express two Insig isoforms, designated Insig-1 and 

Insig-2.  Human Insig-1 is composed of 277 amino acids (1), whereas human Insig-2 contains 

225 amino acids (2).  Both are deeply embedded in ER membranes through the presence of 

six predicted membrane-spanning segments.  The proteins exhibit an amino acid identity of 

59% with the differences confined mostly to the hydrophilic amino- and carboxy-terminal 

regions.  Despite these similarities, Insig-1 and Insig-2 differ in their mode of regulation.  In 

cultured cells, transcription of the INSIG-1 gene is positively controlled by nuclear SREBPs 

(2), and the transcription rate of the INSIG-2 gene is controlled by insulin and is divided into 

two promoters that give rise to alternative mRNA transcripts, designated Insig-2a and Insig-

2b (The Insig-2a transcript is exclusively expressed in the liver and is down-regulated by 

insulin) (10).   

Recently, members of the Brown and Goldstein lab have shown that Insig-1 and 

Insig-2 have different intrinsic rates of protein turnover (Gong, Feramisco, Lee observations).  

Briefly, Insig-1 has a shorter half-life compared to Insig-2.  The turnover of Insig-1 is 

blocked by its interaction with SCAP and further blocked by the addition of sterols (Gong, 

personal communication).  This novel, post-translational control of Insig action is currently 

under investigation. 

In the mammalian liver, transgenic mice that overexpress human Insig-1 render the 

liver much more responsive to sterol-mediated feedback suppression of lipid synthesis.  In 

addition, Insig-1 overexpression acts to prevent the acute increase in lipid synthesis that 

accompanies refeeding of previously fasted mice. This finding suggests that insulin-mediated 

suppression of Insig-2a is required in order for insulin to increase lipid synthesis in the liver 

15 



 
(60).  Studies of Insig-1 and Insig-2 knockout mice are currently ongoing.  Preliminary data 

suggests a role of Insig that is consistent with that of cell culture systems (Engelking, 

personal communication). 

 

 

SITE-1 AND SITE-2 PROTEASES 
 

 

 The first of two sequential cuts in SREBP that are necessary for the release of the 

amino-terminal transcription domain is catalyzed by a membrane-bound serine protease 

termed Site-1 protease (S1P).  This cleavage occurs at a leucine-serine bond in the sequence 

RXXLS within the luminal loop of SREBP that links the two transmembrane domains (61).  

S1P is a 1052 amino acid molecule and is a member of the subtilisin family of proteases.   

S1P is synthesized in the ER as an inactive precursor that is autocatalytically activated (62).   

The activated S1P is located in a post-ER compartment that has the properties of the cis or 

medial Golgi complex.  S1P is a type-1 membrane protein that is oriented with its active site 

in the lumen (63).  S1P is also necessary for the processing of another membrane-bound 

protein, ATF6 (a transcription factor that is involved in the unfolded protein response), 

several viral proteins, and most likely other endogenous targets (48).   

 Although cut by S1P, the amino-terminal fragment of SREBP remains membrane 

bound until it is cleaved by Site-2 protease (S2P) at a site that is three residues within the 

transmembrane segment (64).  Though S2P is not regulated directly by sterols, S2P cannot 

act until the two transmembrane segments have been separated by S1P, which cannot occur 
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until SREBP enters the Golgi compartment, which effectively brings this reaction under the 

control of SCAP, Insig, and cholesterol. 

 Site-2 protease was cloned by applying a complementation strategy using human 

genomic DNA to complement mutant CHO cells that were auxotrophic for cholesterol, 

owing to then unknown mutation that turned out to be in the S2P gene (65).  S2P is a highly 

hydrophobic protease that contains an HEXXH zinc-binding motif (65), which is 

characteristic of the active site of many metalloproteinases (66).  S2P is sufficiently different 

from all other metalloproteinases to be included in its own family, M50, which consists of at 

least 68 proteins found in bacteria, archaea, plants and animals (48).  In S2P, the HEXXH 

motif is located within an otherwise hydrophobic region of the protein, thus the hydrophobic 

nature of S2P is consistent with its postulated role in cleaving a peptide bond that is located 

within a membrane bilayer.  It seems likely that this cleavage will require at least a partial 

unfolding of the alpha-helix.  It should be noted that thus far it has not been possible to show 

directly that isolated S2P or any of its bacterial relatives can cleave peptide bonds in vitro 

(67).  Like S1P, S2P is required for the processing of ATF6 in response to ER stress (68).  

Cells that lack S2P, like cells that lack S1P or SCAP, are also auxotrophic for cholesterol 

(48).   
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SOMATIC CELL GENETICS 

 

 

The use of somatic cell genetics has been critical in illuminating the complex 

pathway of lipid homeostasis that is controlled by the SREBPs.  The identity and function of 

the following proteins has been in some way revealed by somatic cell genetics through 

studies using mutant Chinese hamster ovary cells (CHO); SCAP, SREBP, Insig-1, Insig-2, 

HMG CoA reductase, ACAT, S1P, S2P and others (8) (Table 1-1).   

The first use of cultured fibroblasts by Brown and Goldstein in 1973 to study patients 

with familial hypercholesterolemia led to the discovery of the LDL receptor and its role in 

cholesterol homeostasis (69, 70, 71).  In 1977, Chang et al. reported the first mutant CHO 

cell line that was auxotrophic for cholesterol, owing to a mutation in 4-alpha-methylsterol 

oxidase (72).  Over the next two and a half decades, countless mutagenesis reactions and 

selections were performed and the resultant cell lines have been instrumental in helping to 

understand the biology of lipids.   

In terms of SREBPs, four proteins are directly required for the end-product regulation 

of SREBP cleavage and thus the transcription of the cellular program of cholesterol and fatty 

acid synthesis; SCAP, Insig, S1P, and S2P.  The existence and function of each of these 

proteins was revealed through the studies of mutant CHO cells (8).   

The key to using somatic cell genetics is a well planned selection protocol and some 

old fashioned hard work. 
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Figure 1-1.   In 1823, Michel Chevreul summarized his research on fats 
publishing them in his famous memoir which can be considered as the first 
book of lipochemistry. 
 

(http://www.cyberlipid.org/chevreul/work0003.htm) 
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Figure 1-2.  The Mevalonate Pathway. 
 
Adapted from Goldstein and Brown (Nature. 1990 Feb 1;343(6257):425-30.) 
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Figure 1-3. Components of the SREBP pathway in mammals and insects.   

In the presence of sterols, sterol regulatory element binding protein (SREBP) and SREBP-cleavage-
activating protein (SCAP) are found in the membranes of the endoplasmic reticulum (ER). Site-1 
protease (S1P) and site-2 protease (S2P) reside in the Golgi membranes, where they also process other 
proteins in addition to SREBP, such as ATF6 (activating transcription factor 6). The membrane topology 
data for SREBP, SCAP, S1P and S2P are derived from protease protection and glycosylation studies. 
Membrane-spanning helices 2–6 of SCAP comprise the sterol-sensing domain (SSD). The carboxy-
terminal domain contains multiple copies of a WD protein–protein interaction motif. This portion of the 
molecule (WD) binds to the regulatory domain (Reg) of SREBP. S1P is a subtilisin-like serine protease 
and the Asp-Ser-His (DSH) residues of the catalytic triad are necessary for S1P function. S2P is an 
exceptionally hydrophobic metalloproteinase containing an HEXXH active-site motif in an otherwise 
hydrophobic portion of the protein (where H is histidine, E is glutamate and X can be any amino acid). 
Both histidine residues and the glutamate residue of the active site (indicated in bold) are necessary for 
S2P function, as is a distal aspartate residue (D; bold), found within the LDG motif.  

Rawson. Nature Reviews Molecular Cell Biology 4, 631-640 (2003) 
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Figure 1-4.  Model for the sterol-mediated proteolytic release of SREBPs from membranes.  
 
SCAP is a sensor of sterols and an escort of SREBPs. When cells are depleted of sterols, SCAP 
transports SREBPs from the ER to the Golgi apparatus, where two proteases, Site-1 protease 
(S1P) and Site-2 protease (S2P), act sequentially to release the NH2-terminal bHLH-Zip domain 
from the membrane. The bHLH-Zip domain enters the nucleus and binds to a sterol response 
element (SRE) in the enhancer/promoter region of target genes, activating their transcription. 
When cellular cholesterol rises, the SCAP/SREBP complex is no longer incorporated into ER 
transport vesicles, SREBPs no longer reach the Golgi apparatus, and the bHLH-Zip domain cannot 
be released from the membrane. As a result, transcription of all target genes declines. 
 
Horton et al. J Clin Invest, May 2002, Volume 109, Number 9, 1125-1131 
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Figure 1-5.  Sterol-regulated interaction between Insig and SCAP.   

In the presence of sterols, complexes of sterol regulatory element binding protein (SREBP) and SREBP-
cleavage-activating protein (SCAP) remain in the endoplasmic reticulum (ER). Retention in the ER 
requires interaction between the sterol-sensing domain (SSD) of SCAP and Insig-1 or -2. This 
interaction is strongly enhanced by cholesterol (in the case of Insig-1), or is absolutely dependent on 
cholesterol (in the case of Insig-2). In the absence of sterols, SCAP and the Insig proteins do not 
interact. The SREBP–SCAP complex is then free to be packaged into COPII vesicles and travel to the 
Golgi apparatus to be processed. The membrane topology of the Insig proteins is unknown. bHLH-zip, 
basic helix–loop–helix leucine-zipper; Reg, regulatory; SSD, sterol-sensing domain; WD, aspartate-
tryptophan motif. 

Rawson. Nature Reviews Molecular Cell Biology 4, 631-640 (2003) 
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Figure 1-6. Genes regulated by SREBPs.  
 
The diagram shows the major metabolic intermediates in the pathways for 
synthesis of cholesterol, fatty acids, and triglycerides. In vivo, SREBP-2 
preferentially activates genes of cholesterol metabolism, whereas SREBP-1c 
preferentially activates genes of fatty acid and triglyceride metabolism. DHCR, 
7-dehydrocholesterol reductase; FPP, farnesyl diphosphate; GPP, geranylgeranyl 
pyrophosphate synthase; CYP51, lanosterol 14 -demethylase; G6PD, glucose-6-
phosphate dehydrogenase; PGDH, 6-phosphogluconate dehydrogenase; GPAT, 
glycerol-3-phosphate acyltransferase. 

 

Horton et al. J Clin Invest, May 2002, Volume 109, Number 9, 1125-1131 
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Figure 1-7. Growth pattern of sterol-resistant and sterol-requiring mutant CHO cells 
 
 
(A) Cells were set up at 2.5 3 104 cells/37-mm dish in medium A (a 1:1 mixture of Ham’s F12 medium and 
Dulbecco’s modified Eagle medium containing 100 units/ml penicillin and 100 mg/ml streptomycin sulfate) 
supplemented with 5% (v/v) fetal calf serum, 5 mg/ml cholesterol, 20 mM sodium oleate, and 1 mM sodium 
mevalonate. On day 1, cells were washed with phosphate-buffered saline and refed medium supplemented with 
5% lipoprotein-deficient serum in the absence or presence of 1 mg/ml 25-hydroxycholesterol as indicated. Cells 
were refed every 2 days thereafter until day 14, when the cells were fixed in 95% ethanol and stained with 
crystal violet. (B) On day 0, cells were set up at 1.5 3 105 cells/100-mm dish in medium A supplemented with 
5% fetal calf serum, 5 mg/ml cholesterol, 20 mM sodium oleate, and 1 mM sodium mevalonate. On day 1, the 
cells were washed and refed with either the same medium (1cholesterol) or medium supplemented with 5% 
lipoprotein-deficient serum and 2 mM compactin (2cholesterol). Cells were refed every 2 days thereafter until 
day 14, when cells were fixed and stained. 
 
 
Goldstein et al.  Arch Biochem Biophys. 2002 Jan 15;397(2):139-48. 
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Figure 1-8.  Effect of Insig knockdown on sterol-mediated suppression of SREBP-2 
processing in human fibroblasts.  
 
Human SV-589 fibroblasts were transfected with siRNA targeted against either green fluorescent protein or Insig-1 plus 
Insig-2 and used for experiments 3 days later as described under "Experimental Procedures." A, quantification of mRNA 
levels. One dish of cells was harvested for the total cellular RNA, which was subjected to quantitative real time PCR. The 
relative amount of mRNA in each condition was normalized to an internal control (cyclophilin) and compared with that of 
the cells transfected with the control siRNA (green fluorescent protein), which is arbitrarily set to a value of 1.0. B, 
immunoblot analysis of nuclear SREBP-2. Replicate dishes of cells were switched to medium F supplemented with 5% 
newborn calf lipoprotein-deficient serum, 50 µM compactin, 50 µM sodium mevalonate, and 1% hydroxypropyl- -
cyclodextrin. After incubation for 1 h at 37 °C, the cells were washed twice with PBS and switched to fresh medium F 
supplemented with 10% lipoprotein-deficient serum, 50 µM compactin, 50 µM mevalonate, and the indicated concentration 
of either 25-HC (lanes 1–3) or cholesterol (lanes 4–6) complexed to MCD. 75 min prior to harvest, N-acetyl-leucinal-
leucinal-norleucinal was directly added to each dish at a final concentration of 25 µg/ml. After incubation for either 3 h 
(lanes 1–3) or 6 h (lanes 4–6), duplicate dishes of cells were harvested and pooled, and their nuclear extracts were 
immunoblotted with an antibody against human SREBP-2 (monoclonal IgG-1D2). The filters were exposed to film for 90 s. 
 
JDF Data          J. Biol. Chem., Vol. 279, Issue 50, 52772-52780, December 10, 2004 

26 

http://www.jbc.org/content/vol279/issue50/images/large/zbc0510456050005.jpeg


 
  

 

 

 

 

 

 

 

Table 1-1.  Somatic Cell Mutants Used to Clone cDNAs That Encode Key 
       Proteins in Cholesterol Homeostasis 
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CHAPTER TWO 
 

MEMBRANE TOPOLOGY OF HUMAN INSIG-1, A PROTEIN REGULATOR 
OF LIPID SYNTHESIS  

 
 
 

SUMMARY 
 
 

Insig-1 is an intrinsic protein of the endoplasmic reticulum (ER) that regulates 

the proteolytic processing of membrane-bound sterol regulatory element-binding 

proteins (SREBPs), transcription factors that activate the synthesis of cholesterol and 

fatty acids in mammalian cells.  When cellular levels of sterols rise, Insig-1 binds to the 

membranous sterol-sensing domain of SREBP cleavage-activating protein (SCAP), 

retaining the SCAP/SREBP complex in the ER and preventing it from moving to the 

Golgi for proteolytic processing.  Under conditions of sterol excess, Insig-1 also binds to 

the ER enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase, 

facilitating its ubiquitination and proteasomal degradation.  Here, we use protease 

protection, glycosylation site mapping, and cysteine derivitization to define the topology 

of the 277-amino acid human Insig-1.  The data indicate that short segments at the 

NH2- and COOH-termini of Insig-1 face the cytosol.  Most of the protein is buried 

within the membrane, forming six transmembrane segments separated by five short 

luminal and cytosolic loops that range from ~ 5 to 16 amino acids.  The membranous 

nature of Insig-1 is consistent with its sterol-dependent binding to hydrophobic sterol-

sensing domains in SCAP and HMG CoA reductase. 
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INTRODUCTION 

 
 
 

 
Insig-1 and Insig-2 were recently identified as membrane proteins that reside in the 

endoplasmic reticulum (ER) and play a central role in the regulation of cholesterol and fatty 

acid synthesis (1-4).  When cellular cholesterol levels are elevated, Insigs bind to SCAP and 

3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG CoA reductase) through 

interactions with the sequence-related sterol-sensing domains in the membrane-spanning 

regions of each protein.  In the case of SCAP, Insig binding prevents movement of the 

SREBP/SCAP complex from the ER to the Golgi, thus blocking proteolytic cleavage and 

transcriptional activation of SREBP (1, 2).  In the case of HMG CoA reductase, Insig binding 

promotes ubiquitination and degradation, thus slowing the rate-limiting enzymatic reaction in 

cholesterol synthesis (3, 4).   

SREBPs are a family of membrane-bound transcription factors that control the 

synthesis of cholesterol and fatty acids in animal cells (5).  The COOH-terminus of SREBP 

binds to the COOH-terminus of SCAP, the protein that transports SREBPs from the ER to 

the Golgi when cells are depleted of sterols.  Within the Golgi, two resident proteases cleave 

SREBP through regulated intramembrane proteolysis (Rip), releasing the NH2-terminus of 

SREBP from the membrane and allowing it to translocate to the nucleus and activate 

transcription of target genes (6). 

 In the presence of sterols, SCAP undergoes a conformational change, causing the 

SCAP/SREBP complex to be retained in the ER and thus abrogating SREBP-dependent 

transcription.  Insig proteins have been found to facilitate both the ER retention of the 
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SCAP/SREBP complex (1, 2) and the sterol-sensitive SCAP conformational change (7).  

These activities of Insig occur via an interaction with the sterol-sensing domain of SCAP, 

which comprises transmembrane segments 2-6.  The sterol-dependent interaction between 

SCAP and Insig is abolished by point mutations in the membranous portion of SCAP (1, 2, 

7).  These same mutations render cholesterol synthesis resistant to feedback suppression by 

sterols (8). 

Insig proteins also regulate the ER enzyme HMG CoA reductase, which produces 

mevalonate, the precursor of cholesterol and nonsterol isoprenoids (9).  Overexpression of 

the sterol-sensing domain of SCAP prevents the sterol-accelerated, Insig-mediated 

degradation of HMG CoA reductase (4), suggesting that the two proteins bind to the same 

site on Insigs.  The sterol-stimulated binding of HMG CoA reductase to Insig is required for 

sterol-dependent degradation of the enzyme, as evidenced by the failure of this regulatory 

process in cells that have been treated with RNAi’s that target Insig-1 plus Insig-2 (3). 

Human Insig-1 is comprised of 277 amino acids (1), while human Insig-2 contains 

225 amino acids (2).  They demonstrate an amino acid identity of 59%, the differences 

confined mostly to the hydrophilic NH2- and COOH-terminal regions.  Insig-2 lacks the 

NH2-terminal 50 amino acids of Insig-1.  These structural differences are highly conserved 

across species.  Insig-1 and Insig-2 are functionally similar in that both can cause the ER 

retention of the SCAP/SREBP complex (1, 2), and both activate sterol-dependent HMG CoA 

reductase degradation (3, 4).  Insig-1 expression is positively controlled by nuclear SREBPs, 

while Insig-2 expression is negatively regulated by insulin (10). 
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In order to fully understand the diverse and complex role that Insig proteins play in 

the regulation of lipid and cholesterol homeostasis, more complete information on the 

structure and functions of Insigs must be obtained.  Sequence inspection suggests that Insig 

proteins are polytopic membrane-spanning proteins with a high proportion of hydrophobic 

residues.  They are believed to interact with SCAP and HMG CoA reductase through binding 

to the polytopic membrane-spanning segments of these proteins.  Transmembrane segments 

2-6 of HMG CoA reductase show clear sequence identities to the sterol-sensing domain of 

SCAP (3, 11)  Determining the membrane topology of Insig will provide a map to better 

explore the mechanism of sterol-induced binding of SCAP and HMG CoA reductase to 

Insigs. 

In the current studies we propose and test a model for the topology of Insig-1 through 

experiments involving protease protection, examination of N-linked glycosylation patterns, 

and cysteine derivitization.  The data are consistent with a model in which Insig-1 contains 

six membrane-spanning helices separated by very short hydrophilic loops and flanked by 

short hydrophilic NH2- and COOH-terminal extensions that protrude into the cytosol. 
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RESULTS 

 
 
 

Fig, 2-1A shows a hydropathy plot of the amino acid sequence of human Insig-1.  

Based on this plot, Insig-1 is predicted to contain approximately six transmembrane 

segments, depicted by peak regions of hydrophobicity.  Based on data from experiments 

described below, we suggest a membrane topology for human Insig-1 that is shown in Fig. 2-

1B.  The membrane-spanning segments correspond to hydrophobic sequences 1-6 in the 

hydropathy plot.  The hydrophilic NH2-terminal and COOH-terminal ends are proposed to 

extend into the cytosol with the remaining portion, containing six membrane-spanning 

helices, embedded in the membrane. 

As a first step in these studies, we documented the membrane association of Insig-1 

by transfecting human embryonic kidney-293 (HEK-293) cells with pCMV-Insig-1-MycX6, 

which encodes human Insig-1 with six copies of a c-Myc epitope tag at its COOH-terminus 

(Fig. 2-2).  Previous studies demonstrated that this epitope-tagged version of Insig-1 has 

wild-type activity in its ability to bind SCAP in a sterol-dependent fashion and to confer 

sterol-regulated cleavage of SREBP-2 (1).  Control-transfected cells (Fig. 2-2A, lanes 1-3) or 

cells transfected with pCMV-Insig-1-MycX6 (lanes 4-6) were harvested, lysed, and 

separated into three fractions: a 105g membrane pellet (lanes 1 and 4), 105g supernatant 

(lanes 2 and 5), and nuclear extract (lanes 3 and 6).  Samples were then subjected to SDS-

PAGE and immunoblot analysis with a monoclonal anti-Myc antibody.  Insig-1 gives two 

bands on SDS-PAGE.  The lower band, migrating at 37-kDa, is produced by alternative 

translation initiation at methionine 37 (1).  The Insig-1 signal was localized exclusively to the 
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105g pellet (lane 4), which represents the membrane fraction of the cell.  Both the nuclear 

extract fraction and the 105g supernatant were devoid of Insig-1 signal. 

We next sought to determine the manner in which Insig-1 is associated with 

membranes (Fig. 2-2B).  Membrane fractions of HEK-293 cells expressing epitope-tagged 

Insig-1 were isolated, exposed to various solubilizing agents, and subjected to centrifugation 

to separate the soluble (supernatant) and insoluble (pellet) fractions, which were then 

subjected to SDS-PAGE and immunoblotted for Insig-1.  When exposed to aqueous buffer 

alone, Insig-1 was found in the pellet fraction (lane 3).  Incubation with 1% SDS or 1% 

Triton X-100 released the majority of Insig-1 into the soluble fraction (lanes 2 and 12).  The 

addition of 0.1M sodium carbonate, 1M hydroxylamine, or 1M sodium chloride, reagents 

known to dissociate peripheral proteins from the membrane, failed to release Insig-1 into the 

supernatant (lanes 5-10).  These results demonstrate that Insig-1 is an integral membrane 

protein.   

 To determine the membrane orientation of the hydrophilic NH2-terminal and COOH-

terminal ends of Insig-1, we prepared an expression plasmid, pCMV-MycX3-Insig-1, that 

encodes human Insig-1 preceded by three copies of the c-Myc epitope (Fig. 2-3A).  To 

compare the activities of Insig-1 tagged at the NH2- or COOH-terminus, we used SRD-13A 

cells, a line of SCAP-deficient CHO cells in which the amount of SCAP can be controlled by 

transfection (15).  SRD-13A cells were transiently transfected with cDNAs encoding pCMV-

SCAP, epitope-tagged SREBP-2, and Insig-1 tagged at either its NH2-terminal or COOH-

terminal end (Fig. 2-3B).  The cells were incubated for 5 h in the absence or presence of 

sterols, after which nuclear extract and membrane fractions were subjected to SDS/PAGE 
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and immunoblot analysis.  When SCAP and SREBP-2 were overexpressed, the nuclear form 

of SREBP-2 was not reduced in the presence of sterols (lanes 2 and 3).  Earlier, we showed 

that this lack of reduction occurs because the overexpressed SCAP saturates the endogenous 

Insigs (1).  When Insig-1 levels were elevated by transfection with pCMV-MycX3-Insig-1, 

sterols regained the ability to block SREBP-2 cleavage (lanes 4 and 5).  Identical results were 

observed with pCMV-Insig-1-MycX6 (lanes 6 and 7).  These data indicate that Insig-1 

remains functional in trapping SCAP/SREBP when tagged at either its NH2-terminus or 

COOH-terminus. 

To localize the NH2- and COOH-termini of Insig-1 with respect to the ER membrane, 

we transfected HEK-293 cells with pCMV-MycX3-Insig-1 or pCMV-Insig-1-MycX6, 

isolated intact ER membrane vesicles, and treated them with trypsin in the absence or 

presence of Triton X-100.  The samples were then subjected to SDS/PAGE followed by 

immunoblotting with an antibody against the Myc tag.  Membranes from control-transfected 

cells showed no reactivity with the anti-Myc antibody (Fig. 2-3C, lanes 1-4 and Fig. 2-3D, 

lanes 1-4).  In the absence of trypsin (Fig. 2-3C), the NH2-terminal epitope-tagged Insig-1 

appeared as a single band at 34 kDa (lane 5), and small amounts of trypsin destroyed the 

epitope (lanes 6-8).  The results were similar in the presence of Triton X-100, except slightly 

higher levels of trypsin were required to eliminate the Insig-1 signal (lanes 9-12).  The 

COOH-terminal epitope-tagged Insig-1 appeared as two bands of 40- and 37-kDa in the 

absence of trypsin (Fig. 2-3D, lanes 5 and 9).  As discussed above, the lower band is 

produced by alternative translational initiation at methionine-37 (1).  The COOH-terminal 

Myc epitope was destroyed by trypsin either in the absence or presence of Triton X-100 
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(lanes 5-12).  To control for the integrity of membrane vesicles, we visualized two ER 

proteins, grp78 (BiP) and grp94, by blotting with an antibody against their common COOH-

terminal KDEL sequences (Fig. 2-3C and 2-3D, lower panels), which are known to be 

located in the ER lumen (20, 21).  The KDEL epitope of grp94 was resistant to trypsin 

digestion in the absence of Triton X-100 (Figs. 2-3C and 2-3D, lower panel, lanes 2, 6-8), 

but was destroyed in the presence of detergent (Figs. 2-3C and 2-3D, lower panel, lanes 4, 

10-12).  These results confirm that the membrane vesicles were indeed sealed and 

impermeant to trypsin in the absence of detergent.  grp78 was not digested by trypsin, either 

in the absence or presence of detergent (Figs. 2-3C and 2-3D, lower panel, lanes 1-12), 

indicating that this protein is intrinsically trypsin-resistant, even when solubilized with Triton 

X-100.  This observation is consistent with previous studies (19, 22).  Considered together, 

the results of Fig. 2-3 indicate that both the NH2- and COOH-terminal ends of Insig-1 are 

oriented toward the cytosol. 

We next tested the orientation of the first predicted hydrophilic loop of Insig-1.  For 

this purpose, we modified pCMV-Insig-1-MycX3 by inserting into the predicted hydrophilic 

loop two copies of the 8-amino acid FLAG epitope, separated by an N-linked glycosylation 

sequence (NGT).  This plasmid is designated “FLAG A” (Fig. 2-4A).  The Insig-1 protein 

produced by FLAG A was functional as determined by its ability to eliminate SREBP-2 from 

nuclear extracts in a sterol-dependent fashion when co-transfected into SRD-13A cells with 

excess SCAP and SREBP-2 (Fig. 2-4B, lanes 4-7).   

To determine whether the first hydrophilic loop of Insig-1 is located in the ER lumen, 

we tested the ability of the NGT sequence in FLAG A to become N-glycosylated.  HEK-293 
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cells were transfected with either wild-type or FLAG A versions of Insig-1, and membrane 

fractions were isolated and subjected to treatment with PNGase F, which cleaves between the 

core GlcNAc and the asparagine residue of N-linked glycoproteins (23).  Although wild-type 

Insig-1 has two potential N-linked glycosylation sites at residues 39 (NVS) and 110 (NVT), 

these sites are apparently not utilized, as indicated by the lack of change in the mobility of 

wild-type Insig-1 after PNGase F treatment (Fig. 2-4C top panel, lanes 5 and 6).  In contrast, 

when the FLAG A version was expressed, both bands shifted after PNGase F treatment (Fig. 

2-4C, bottom panel, lanes 5 and 6).  In order to determine if the FLAG A Insig-1 reached the 

Golgi, we subjected the membranes to endo H digestion.  N-linked carbohydrate chains 

become resistant to endo H digestion upon modification by mannosidase II in the Golgi (23).  

FLAG A Insig-1 increased in mobility upon endo H treatment (Fig. 2-4C, bottom panel, 

lanes 7 and 8), suggesting that FLAG A Insig-1 is endo H-sensitive and therefore localized to 

the ER.  As a control for the glycosidase treatments, we immunoblotted the identical samples 

for endogenous human transferrin receptor, which showed sensitivity to PNGase F and 

partial resistance to endo H, consistent with the previous demonstration of one endo H-

sensitive and one endo H-resistant chain on the mature protein (24). 

To confirm the location of the first hydrophilic loop in the ER lumen, we used a 

protease protection assay (Fig 2-4D).  Cells were transfected with the FLAG A plasmid, and 

sealed ER vesicles were isolated and digested with proteinase K.  After performing SDS-

PAGE, we blotted with antibodies against the FLAG and Myc epitope tags.  With increasing 

amounts of proteinase K, the digestion products condensed to a 26-kDa protease-resistant 

fragment (Fig. 2-4D, top panel, lanes 5-8).  In the presence of Triton X-100, proteinase K 
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destroyed the FLAG epitope (Fig. 2-4D, top panel, lanes 9-12).  Again, to control for the 

integrity of the membrane vesicles, duplicate filters were blotted with the anti-KDEL 

antibody.  Proteinase K treatment destroyed both grp78 and grp94 immunoreactivity only in 

the presence of detergent (Fig. 2-4D, bottom panel, lanes 5-8 and 9-12).  Duplicate filters 

were blotted for the COOH-terminal Myc epitope.  The immunoreactivity of the Myc tag was 

abolished upon proteinase K treatment both in the absence and presence of Triton X-100, 

consistent with its cytosolic orientation (Fig. 2-4D, middle panel, lanes 5-8 and 9-12).  

Together the data presented in Figs. 2-4C and 2-4D indicate that the first predicted loop of 

human Insig-1 faces the lumen of the ER, consistent with the model shown in Fig. 2-1B.   

 Figure 2-5 shows the results of proteinase K treatment of membranes isolated from 

HEK-293 cells transiently transfected with cDNAs expressing versions of pCMV-Insig-1-

MycX3 containing an NGT sequence flanked by two copies of the FLAG epitope inserted 

into the NH2-terminal extension and two of the hydrophilic segments of the protein.  In 

FLAG B the epitope is located between residues 61 and 62 (NH2-terminus). In FLAG C it is 

between residues 151 and 152 (loop 2), and in FLAG D it is between residues 237 and 238 

(loop 5) (Fig. 2-5A).  Insertion of these FLAG epitopes did not disrupt the function of any of 

these proteins, as all conferred sterol-regulated SREBP-2 processing (Fig. 2-5B, lanes 6-11).  

In the absence of detergent, the FLAG epitopes in FLAG B and FLAG C were sensitive to 

proteinase K digestion, suggesting that these regions are oriented toward the cytosol (Fig. 2-

5C, top and middle, lanes 5-8 and 9-12).  In contrast, the FLAG D epitope was destroyed by 

proteinase K only in the presence of Triton X-100, suggesting its orientation in the ER lumen 

(Fig. 2-5C, bottom, lanes 5-8 and 9-12).  As controls for these experiments, we blotted with 
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antibodies against the Myc tag (Fig. 2-5C, middle panels) and the KDEL sequence (Fig. 2-

5C, bottom panels), and these data revealed the expected patterns of protease sensitivity. 

The FLAG epitope insertion method was useful for the localization of hydrophilic 

loops 1, 2, and 5, but it was not useful for the predicted short loops at positions 3 and 4 

because insertions into these sites abrogated protein expression, presumably because of 

interference with protein folding.  Accordingly, we turned to another technique, cysteine 

derivitization.  Native Insig-1 contains seven cysteine residues.  To facilitate the cysteine 

derivitization experiments, we first prepared an expression plasmid encoding a mutant 

version of Insig-1 in which all seven cysteines were mutated to serines.  To this cysteine-less 

cDNA, we systematically introduced single cysteine residues at precise locations, as shown 

in Fig. 2-6A.  We tested  the functionality of each mutant Insig-1 for its ability to confer 

sterol-regulated SREBP-2 cleavage in SRD-13A cells.  All of the cDNAs produced similar 

levels of Insig-1 protein, and all were functional in blocking SREBP-2 cleavage in a sterol-

dependent fashion (Fig. 2-6B, lanes 5-30).  For the cysteine derivitization experiments, we 

transfected these plasmids into HEK-293 cells.  Sealed membrane vesicles were isolated and 

pretreated with a membrane impermeable cysteine derivitization agent MTSET (see 

“Experimental Procedures”).  The vesicles were then treated with a membrane-permeable 

cysteine derivitization reagent, biotinylated maleimide.  The membranes were then 

solubilized with NP-40 detergent, and biotinylated proteins were precipitated with 

neutravidin beads.  The precipitated material was subjected to SDS-PAGE and 

immunoblotted with anti-Myc. 
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We anticipated that the cysteine derivitization experiments would reveal three 

possible results, depending on the location of each cysteine: 1) cytosolic cysteines would be 

biotinylated in the absence of MTSET, and derivitization would be blocked by prior exposure 

to MTSET; 2) luminal cysteines would be biotinylated in the absence or presence of MTSET; 

and 3) intramembrane cysteines would not be biotinylated in either the absence or presence 

of MTSET because the biotinylation reaction can only occur in the water phase.  As a test for 

the specificity of these reactions, we carried out labeling experiments in cells expressing 

Insig-1 with a single cysteine at position 74 in the NH2-terminal extension, which is known 

to be cytosolic.  When cells expressed the cysteine-null mutant of Insig-1, there was no 

biotinylation and all of the Insig-1 was found in the supernatant fraction (Fig. 2-6C, lanes 1 

and 2).  The cysteine 74 mutant was biotinylated and precipitated in the absence of MTSET, 

and this reaction was blocked by MTSET (lanes 3 and 4), consistent with the cytosolic 

location of this cysteine.  The same result was obtained with cysteines at positions 207 and 

267, suggesting that hydrophilic loop 4 and the COOH-terminus are oriented towards the 

cytosolic face of the ER membrane (Fig. 2-6C, lanes 9-10 and 13-14).  In contrast, cysteines 

introduced at residues 111, 184, and 233 were biotinylated in the absence of MTSET 

preincubation, and the reaction was not significantly blocked by MTSET (Fig. 2-6C, lanes 5-

6, 7-8, 11-12) suggesting a luminal orientation for hydrophilic loops 1, 3, and 5.  When 

cysteines were added at positions that were predicted to be located within transmembrane 

regions (residues 88, 93, 124, 203, 212, and 254), none of the proteins were biotinylated (Fig. 

2-6C, lanes 15-26).  This result supports the localization of these residues to the membrane-

spanning regions of Insig-1. 
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DISCUSSION 
 

 
 
 The current experiments define the membrane topography of Insig-1, a resident ER 

protein that is central to the control of lipid synthesis in animal cells.  As summarized in Fig. 

2-7, complete topographic mapping required the combined use of three methodologies; 1) 

protease protection, 2) N-glycosylation site mapping, and 3) cysteine derivitization.  Figure 7 

shows the amino acid sequence of human Insig-1 in relation to the topographical map of the 

protein.  Of the 277 total amino acids in the protein, approximately one-half are buried within 

the membrane.  The vast majority of the water-exposed residues are located in the NH2- and 

COOH-terminal extensions.  The hydrophilic loops that link the membrane-spanning helices 

are very short, ranging from 5 to 16 amino acids.  The overall degree of amino acid 

conservation of Insig-2 with Insig-1 (59% identity) and the conserved hydrophobicity plots 

of the two Insigs (2) suggest a similar orientation.  Indeed, trypsin digestion studies of a 

COOH-terminal epitope-tagged Insig-2 showed a cytosolic orientation (data not shown). 

Although the current studies define the orientation of the hydrophilic loops, they do 

not indicate precisely the locations of the junctions between membrane-spanning helices and 

the various loops.  We note that the second transmembrane helix is quite long (~27 residues) 

(Fig. 2-7), and some of the indicated residues may actually project into the water phase. 

Insigs have been shown to bind to two intrinsic ER proteins, SCAP and HMG CoA 

reductase, in a sterol-dependent manner (1, 2, 4).  Both Insig-interacting proteins have a 

similar organization: 1) an NH2-terminal polytopic membrane domain containing eight 

membrane-spanning segments, and 2) a long hydrophilic COOH-terminal extension that 
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projects into the cytosol.  In SCAP, this extension is composed of multiple WD-repeat 

domains that form propeller-like structures that bind SREBPs (12) and also coat proteins that 

cluster SCAP/SREBP complexes into CopII vesicles that bud from the ER (25).  In HMG 

CoA reductase, the globular cytosolic domain contains all of the catalytic activity of the 

enzyme (26, 27).  In both cases the polytopic membrane domain is the site of sterol 

regulation (8, 28), and in both cases the COOH-terminal extensions can be deleted without 

abolishing sterol-dependent binding to Insigs (3, 29).  Inasmuch as most of Insig-1 is buried 

in the membrane, the current data support a model in which its sterol-dependent interactions 

with SCAP and HMG CoA reductase occur through binding to the transmembrane segments 

of these proteins.  This conclusion is consistent with previous data showing that three point 

mutations in SCAP abolish sterol-dependent binding to Insig (1, 2).  All three mutations 

(D443N, Y298C, and F315L) involve residues that are located either within or immediately 

adjacent to the predicted membrane-spanning helices. 

Many questions about Insig function remain to be answered.  These include the 

following: 1) How is Insig retained in the ER? 2) How does Insig binding lead to two very 

different responses (ER retention of SCAP/SREBP vs. ubiquitin-mediated degradation of 

HMG CoA reductase)? 3) Why do cells produce two isoforms of Insig that are independently 

regulated, but seem to have the same functions? and 4) Does Insig play a direct role in sterol 

binding, or does it simply attach to SCAP and HMG CoA reductase after these protein have 

bound sterols?  These and many other questions should be solved more readily now that the 

membrane topography of Insig is established. 
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EXPERIMENTAL PROCEDURES 
 

 
 

Materials – We obtained (2-(trimethylammonium)ethyl) methanethiosulfonate bromide 

(MTSET) from Toronto Research Chemicals, Inc.;  Nα-(3-maleimidylpropionyl)biocytin 

(biotin maleimide) from Molecular Probes, Inc.; Immobilized Neutravidin Biotin Binding 

Protein from Pierce; and anti-FLAG M2 antibody from Sigma.  Monoclonal antibodies IgG-

9D5 against hamster SCAP (12) and IgG-9E10 against c-Myc epitope (1) have been 

previously described.  All other reagents were obtained from previously reported sources 

(13-16).  

Plasmids -  The following recombinant expression plasmids have been described: pTK-

HSV-BP-2, encoding wild-type HSV-tagged human SREBP-2 under control of the thymidine 

kinase (TK) promoter (17); pCMV-SCAP, encoding wild-type hamster SCAP under control 

of the cytomegalovirus (CMV) promoter (12); pCMV-Insig-1-MycX6, encoding wild-type 

human Insig-1 followed by six tandem copies of a c-Myc epitope tag (EQKLISEEDL) under 

control of the CMV promoter (2). 

pCMV-MycX3-Insig-1 encodes a fusion protein consisting of an initiator methionine, 

three tandem copies of the c-Myc epitope tag, and amino acids 2-277 of human Insig-1 under 

control of the CMV promoter.  To generate this plasmid, a fragment encoding a BspDI 

restriction site, amino acids 2-277 of human Insig-1, a stop codon (TGA), and a NotI 

restriction site was amplified by PCR using pCMV-Insig-1-MycX6 (2) as a template, and 

digested with BspDI and NotI.  Forward and reverse primers used for PCR were as follows: 

5'-ATGGTATCGATCCCAGATTGCACGACCACTTCTGG-3' and 
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5'-TTGCTCAGAGCGGCCGCCTCAATCACTATGGGGCTTTTCAGGAAC-3' (underlines 

denote BspDI and NotI sites, respectively).  The resulting BspDI-NotI fragment was 

introduced into pcDNA3 vector between HindIII and NotI sites with a fragment encoding a 

HindIII restriction site, three tandem copies of the c-Myc epitope tag, and a BspDI restriction 

site. 

pCMV-Insig-1-MycX3 encodes a fusion protein consisting of amino acids 1-277 of 

human Insig-1, followed by three copies of the c-Myc epitope tag under control of the CMV 

promoter.  To generate this plasmid, a BamHI-NotI fragment containing the coding region of 

human Insig-1 (amino acids 1-277) was released from pCMV-Insig-1-MycX6 (2).  The 

resulting BamHI-NotI fragment was introduced into pcDNA3 vector between the BamHI and 

NotI sites.  Then, a fragment encoding a NotI site, three tandem copies of the c-Myc epitope 

tag, a stop codon (TGA), and a XbaI site were introduced between the NotI and XbaI sites of 

the newly created plasmid. 

FLAG versions A-D of pCMV-Insig-1-MycX3 encode proteins similar to wild type, 

except that two tandem copies of a FLAG epitope tag (DYKDDDDK), flanking a potential 

glycosylation site (NGT) were introduced between the following two amino acids of human 

Insig-1: FLAG A, 112 and 113; FLAG B, 61 and 62; FLAG C, 151 and 152; FLAG D, 237 

and 238.  To generate these plasmids, AgeI sites were first introduced into the corresponding 

positions of the human Insig-1 coding region by in vitro site-directed mutagenesis using 

QuickChange XL Site-Directed Mutagenesis Kit (Stratagene) with pCMV-Insig-1-MycX3 as 

a template and the following primers: FLAG A,  

5'-CAGAGGAATGTCACCGGTCTCTTCCCCGAG-3' and 
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5'-CTCGGGGAAGAGACCGGTGACATTCCTCTG-3'; FLAG B, 

5'-GACCCCGCGCCCAGGACCGGTCGCAGTGCTGCG -3' and 

5'-CGCAGCACTGCGACCGGTCCTGGGCGCGGGGTC-3'; FLAG C, 

5'-GACAGTCACCTCACCGGTGAACCCCACAAA-3' and 

5'-TTTGTGGGGTTCACCGGTGAGGTGACTGTC-3'; FLAG D, 

5'-GTCTATCAGTATACCGGTTCCCCAGATTTC-3' and 

5'-GAAATCTGGGGAACCGGTATACTGATAGAC-3' (underlines denote AgeI sites). 

Mutagenesis was confirmed by sequencing.  The BamHI-NotI fragment was released from 

the mutated plasmids and used to replace the corresponding fragment in pCMV-Insig-1-

MycX3.  The resulting plasmids were digested with AgeI, and a fragment encoding two 

copies of FLAG epitope tag flanking a potential glycosylation site was introduced into AgeI 

sites of these plasmids.  

pCMV-Insig-1-Myc, encoding wild-type human Insig-1 followed by six tandem copies 

of a c-Myc epitope tag under control of the CMV promoter was used as the template for the 

generation of all constructs used in cysteine derivitization studies.  Briefly, site-directed 

mutagenesis (Stratagene QuikChange XL), performed according to the manufacturer’s 

suggestions, was used to change all endogenous cysteine residues in Insig-1 to serine (amino 

acid positions 11, 13, 132, 133, 146, 167, 250).  Next, the resultant cysteine-null pCMV-

Insig-1-Myc plasmid was subjected to site-directed mutagenesis to introduce individual 

cysteines at single amino acid positions (S74C, S88C, S93C, V111C, S124C, A184C, 

T203C, S207C, G212C, V233C, S254C, A267C).   

All plasmids were sequenced in their entirety prior to use in transfection experiments. 
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Cell Culture - Cells were grown in monolayer at 37°C in an atmosphere of 8-9% CO2.  

Human embryonic kidney (HEK)-293 cells were maintained in medium A (Dulbecco’s 

modified Eagle’s medium (DMEM)) (low glucose) containing 10 % (v/v) fetal calf serum, 

100 units/ml penicillin, and 100 μg/ml streptomycin sulfate].  SRD-13A cells are previously 

described cholesterol and unsaturated fatty acid auxotrophs derived from γ-irradiated Chinese 

hamster ovary (CHO) cells (15) and maintained in medium B (a 1:1 mixture of Ham’s F-12 

medium and DMEM containing 5% fetal calf serum, 5 μg/ml cholesterol, 1 mM sodium 

mevalonate, 20 μM sodium oleate, 100 units/ml penicillin, and 100 μg/ml streptomycin 

sulfate).  

Transient Transfection of HEK-293 and SRD-13A Cells - HEK-293 cells were set up on 

day 0 in medium A at 7 x 105 cells per 100-mm dish.  On day 2, the cells were transfected 

with 4 μg of DNA per dish using a ratio of 12 μl of FuGENE 6 reagent (Roche Molecular 

Biochemicals) to 4 μg DNA in DMEM (without antibiotics) in a final volume of 0.4 ml as 

follows: FuGENE 6 was diluted in DMEM (without antibiotics), incubated for 5 min at room 

temperature, and mixed with DNA.  This mixture was then further incubated for 15 min at 

room temperature.  Cells were refed with 8 ml of fresh medium A, treated with 0.4 ml of the 

FuGENE 6/DNA mixture, and incubated at 37°C for 16-24 h.  On day 3, the cells were 

harvested for cell fractionation. 

SRD-13A cells were set up on day 0 in medium B at 7 x 105 cells per 60-mm dish.  On 

day 1, the cells were transfected with 4 μg of DNA per dish by using FuGENE 6 reagent as 

described (15).  After transfection, cells were incubated at 37°C for 12 h.  On day 3, the cells 

were washed once with phosphate-buffered saline (PBS), switched to medium C (a 1:1 
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mixture of Ham’s F-12 medium and DMEM containing 5% newborn calf lipoprotein-

deficient serum, 50 μM sodium compactin, and 50 μM sodium mevalonate) containing 1% 

(w/v) hydroxypropyl-β-cyclodextrin.  After incubation at 37°C for 1 h, cells were washed 

twice with PBS and switched to medium C in the absence or presence of sterols (10 µg/ml 

cholesterol plus 1 µg/ml 25-hydroxycholesterol added in ethanol (final concentration, 0.5% 

(v/v)).  After incubation for 5 h, cells were harvested for cell fractionation. 

The total amount of DNA in each transfection was adjusted to 4 μg per dish by addition 

of pTK mock vector and/or pcDNA3 mock vector. 

Cell Fractionation – SRD-13A cells were fractionated as described (18) with minor 

modifications: The cell pellets from duplicate dishes were resuspended in 0.4 ml of buffer A 

(10 mM Hepes-KOH (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 5 mM sodium EDTA, 5 mM 

sodium EGTA, and 250 mM sucrose), passed through a 22.5-gauge needle 20 times, and 

centrifuged at 1000g for 5 min at 4°C.  The 1000g pellets were resuspended in 0.1 ml of 

buffer B (20 mM Hepes-KOH (pH 7.6), 25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl2, 5 

mM sodium EDTA, 5 mM sodium EGTA), rotated at 4°C for 1 h, and centrifuged at 105g for 

30 min at 4°C in a Beckman TLA 100.2 rotor.  The supernatant from this centrifugation was 

designated the nuclear extract.  The supernatant from the original 1000g spin was used to 

prepare the membrane fraction by centrifugation at 105g for 30 min at 4°C.  The resulting 

membrane pellets were resuspended in buffer D (10 mM Tris-HC1 (pH 7.4), 100 mM NaC1, 

1% (w/v) SDS). 

HEK-293 cells were fractionated by the same procedure as SRD-13A cells.  To 

determine the subcellular distribution of Insig-1, the supernatant from the original 1000g spin 
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was subjected to centrifugation at 105g for 30 min at 4°C.  The supernatant and pellet of this 

centrifugation was designated the 105g supernatant and 105g pellet, respectively.  To prepare 

membranes for differential solubilization, protease treatment, glycosidase treatment, and 

cysteine derivitization, the supernatant from the original 1000g spin was subjected to 

centrifugation at 2 x 104g for 15 min at 4°C.  The resulting pellets were resuspended in buffer 

C (buffer A containing 100 mM NaCl) and designated as the membrane fraction.  All the 

buffers used in the cell fractionation contained protease inhibitors (10 μg/ml leupeptin, 5 

μg/ml pepstatin A, 2 μg/ml aprotinin, 25 μg/ml N-acetyl-leucinal-leucinal-norleucinal) 

except when the membrane fraction was prepared for protease treatment.  Protein 

concentration of the nuclear extracts and membrane fractions was determined using the BCA 

Kit (Pierce) according to the manufacturer's instructions.   

Protease Treatment - Trypsin treatment of the membrane fraction was carried out as 

described (19).  Briefly, aliquots of membranes (75-100 μg proteins) were treated with the 

indicated amount of trypsin in the absence or presence of 1% (v/v) Triton X-100 in a total 

volume of 58 μl of buffer C for 30 min at 30°C.  The reactions were then stopped by addition 

of 2 μl of soybean trypsin inhibitor (400 units), mixed with 5x SDS loading buffer (150 mM 

Tris-HCl (pH 6.8), 15% SDS, 25% glycerol, 0.02% (w/v) bromophenol blue, 12.5 % (v/v) 2-

mercaptoethanol), and boiled for 5 min.  Proteinase K treatment of the membrane fraction 

was performed as follows: Aliquots of membranes (100 μg proteins) were treated with the 

indicated final concentration of proteinase K in the absence or presence of 1% Triton X-100 

in a total volume of 58 μl of buffer C for 40 min at 30°C.  The reactions were stopped by 

addition of 2 μl of phenylmethylsulfonyl fluoride at a final concentration of 5 mM.  The 
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samples were then mixed with 5x SDS loading buffer and boiled for 5 min.  All the samples 

were subjected to SDS/PAGE and immunoblot analysis. 

Glycosidase Treatment - Glycosidase treatment of the membrane fraction was carried 

out as described (14).  For treatment with endoglycosidase (endo H) and peptide 

N-glycosidase F (PNGase F), aliquots of the membranes (60 μg proteins) in 60 μl of buffer C 

received 10 μl of solution containing 3.5% SDS and 7% 2-mercaptoethanol.  After boiling 

for 10 min, each sample received sequential additions as follows: endo H treatment - 9 μl of 

0.5 M sodium citrate (pH 5.5), 5 μl of water, followed by 1 μl of endo H (0.05 units); and 

PNGase F treatment - 7 μl of 0.5 M sodium phosphate (pH 7.5), 7 μl of 10% (v/v) Nonidet P-

40 in water, followed by 1 μl of PNGase F (7.7 x 10-3 units).  All reactions were carried out 

overnight at 37°C and stopped by addition of 20 μl of 5x SDS loading buffer.  The mixtures 

were then boiled for 5 min and subjected to SDS/PAGE and immunoblot analysis. 

Cysteine Derivitization – Aliquots of HEK-293 cell membrane fraction (100 µg 

protein) were resuspended in 95 µl of buffer C with or without 5 mM (2-

(trimethylammonium)ethyl) methanethiosulfonate bromide (MTSET).  (A 100 mM stock 

solution of MTSET was prepared fresh in water.)  After incubation for 30 min at room 

temperature, the membranes were spun twice at 2 x 104g for 15 min at 4ºC, washed in 200 μl 

buffer C, resuspended in 90 μl of buffer C containing 100 μM biotin maleimide, and 

incubated for 20 min at room temperature.  (A 24 mM stock solution of biotin maleimide was 

prepared in dimethyl formamide and stored at -20ºC.)  At the end of the incubation, the 

reaction was quenched with 10 mM β-mercaptoethanol (final concentration), the cell 

membranes were collected by centrifugation, and the pellet was resuspended in 500 μl buffer 
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E (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1.5% (w/v) NP-40, 0.1% (w/v) SDS) 

containing protease inhibitors as described above.  Each sample then received a 35-μl aliquot 

of Immobilized Neutravidin Biotin Binding Protein (washed once in buffer E), after which 

the samples were incubated overnight under rotation at 4ºC and then centrifuged for 3 min at 

200g to obtain a supernatant fraction for immunoblot analysis (see below).  After removal of 

the supernatant, the pelleted beads were washed 4 times in buffer E, resuspended in 100 μl of 

SDS-containing buffer D, boiled for 5 min, and centrifuged for 30 s at 200g to separate the 

eluted pellet fraction from the beads.  Both the supernatant and the eluted pellet fractions 

were then subjected to SDS/PAGE and immunoblot analysis. 

Immunoblot Analysis - Samples were subjected to SDS/PAGE, transferred to 

nitrocellulose filters, and subjected to immunoblot analysis with various antibodies.  Gels 

were calibrated with prestained broad range protein markers (New England BioLabs), and 

antibodies were used at the following concentrations: anti-Myc IgG-9E10, 1 μg/ml; anti-

HSV tag antibody, 0.67 μg/ml; anti-SCAP IgG-9D5, 5 μg/ml; anti-KDEL antibody 

(StressGen Biotechnologies), 3 μg/ml; anti-transferrin receptor (Zymed), 0.5 μg/ml; anti-

FLAG M2 antibody, 1 μg/ml; and anti-mouse IgG (Jackson ImmunoResearch), 0.2 μl/ml. 

Bound antibodies were visualized by chemiluminescence using the Supersignal Substrate 

System (Pierce) according to manufacturer's instructions.  Filters were exposed to Kodak X-

Omat Blue XB-1 films at room temperature for various times as indicated in legends. 
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Figure 2-1. Hydropathy plot and predicted membrane topology of human Insig-1.  
 
A, hydropathy plot of Insig-1. The residue-specific hydropathy index was calculated over a window 
of 18 residues by the method of Kyte and Doolittle (30) using software from DNASTAR. The 
putative transmembrane helices are numbered 1-6. B, topology model for Insig-1 based on the data in 
this manuscript. Solid lines denote regions of Insig-1 for which the topology has been assigned; 
dashed lines denote regions of Insig-1 that are believed to lie within the membrane. 
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Figure 2-2.  Membrane association of Insig-1.  
 
On day 0, HEK-293 cells were set up in medium A at 7 x 105 cells per 100-mm dish. On day 2, cells 
were transfected with 0.25 µg per dish of either control vector (lanes 1-3) or pCMV-Insig-1-MycX6 
(lanes 4-6). On day 3, cells were harvested and fractionated as described under "Experimental 
Procedures." A, aliquots of each fraction (representing 0.2 dish of cells) were mixed with 5x SDS 
loading buffer, boiled for 5 min, and subjected to SDS/PAGE and immunoblot analysis with IgG-
9E10 (against Insig-1). The filter was exposed to film for 1 s. B, aliquots of membranes (100 µg of 
protein) were resuspended in 200 µl of either 1% SDS (lanes 1 and 2), buffer C (lanes 3 and 4), 0.1 M 
sodium carbonate (pH 11.5), (lanes 5 and 6), 1 M hydroxylamine (pH 10) (lanes 7 and 8), 1 M NaCl 
(lanes 9 and 10), and 1% Triton X-100 (lanes 11 and 12). After shaking for 20 min at room 
temperature, the mixtures were centrifuged at 105 x g for 20 min. The resulting pellets were 
solubilized in 200 µl of buffer C. Aliquots (20 µl) of the supernatant (S) and solubilized pellet (P) 
were mixed with 5x SDS loading buffer. The samples were boiled for 5 min and subjected to 
SDS/PAGE and immunoblot analysis with IgG-9E10 (anti-Insig-1). The filter was exposed to film for 
10 s. 
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Figure 2-3. Membrane orientation of the N and C termini of Insig-1 as determined by 
trypsin proteolysis.  
 
A, a schematic illustration of the fusion proteins expressed from cDNAs used in this figure. B, on day 0, SRD-13A cells 
were set up in medium B at 7 x 105 cells per 60-mm dish. On day 1, the cells were transfected with following plasmids per 
dish: 2 µg of pTK-HSV-BP-2; 0.5 µg of pCMV-SCAP; and 0.15 µg of vector, pCMV-MycX3-Insig-1, or pCMV-Insig-1-
MycX6 as indicated. On day 2, cells were washed once with PBS, switched to medium C containing 1% hydroxypropyl- -
cyclodextrin, and incubated for 1 h at 37 °C. Cells were then washed twice with PBS and switched to medium C in the 
absence or presence of 1 µg/ml 25-hydroxycholesterol plus 10 µg/ml cholesterol (sterols). After incubation for 5 h, cells 
were harvested and cell fractionation was carried out as described under "Experimental Procedures." Aliquots of nuclear 
extracts (20 µg of protein) and membranes (25 µg of protein) were subjected to SDS/PAGE and immunoblot analysis with 
anti-HSV tag antibody (against SREBP-2), IgG-9D5 (against SCAP), and IgG-9E10 (against Insig-1). N and P denote the 
cleaved nuclear and uncleaved precursor forms of SREBP-2, respectively. Filters were exposed to film for 3-15 s. C, on day 
0, HEK-293 cells were set up as in Fig. 2. On day 2, cells were transfected with 1 µg per dish of either the control vector 
(lanes 1-4) or pCMV-MycX3-Insig-1 (lanes 5-12). On day 3, cells were harvested for preparation of membranes. Aliquots 
of the membranes (75 µg of protein) were treated with the indicated amount of trypsin in a final volume of 58 µl of buffer B 
in the absence or presence of 1% Triton X-100 as indicated. After incubation for 30 min at 30 °C, the reactions were stopped 
by addition of 2 µl of soybean trypsin inhibitor (400 units). The samples were then mixed with 5x SDS loading buffer, 
boiled for 5 min, and subjected to SDS/PAGE and immunoblot analysis with IgG-9E10 (against Insig-1) and anti-KDEL 
antibody (against Grp94 and Grp78). Filters were exposed to film for 3-5 s. D, HEK-293 cells were set up, transfected, and 
harvested for preparation of membranes as in C except that 0.2 µg of pCMV-Insig-1-MycX6 was transfected instead of 
pCMV-MycX3-Insig-1. Aliquots of the membranes (100 µg of protein) were treated with trypsin and analyzed as in C. 
Filters were exposed to film for 1-5 s. 
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Figure 2-4. Membrane orientation of the hydrophilic loop between the first and second 
transmembrane segments of Insig-1 as determined by glycosidase sensitivity and 
proteinase K treatment.  
 
A, schematic illustration of the fusion proteins expressed from cDNAs used in this figure. The wild-type (wt) plasmid is the same plasmid 
referred to in Fig. 3A as pCMV-Insig-1-MycX6. The FLAG A version of pCMV-Insig-1-MycX3 expresses a protein similar to that encoded 
by pCMV-Insig-1-MycX3 except that two copies of a FLAG epitope tag, flanking a potential glycosylation site, were introduced between 
amino acids 112 and 113 of human Insig-1. B, on day 0, SRD-13A cells were set up as in Fig. 3B. On day 1, the cells were transfected with 
the following plasmids per dish: 2 µg of pTK-HSV-BP-2; 0.5 µg of pCMV-SCAP; and 0.15 µg of either the wild-type plasmid pCMV-
Insig-1-MycX6 or the FLAG A version of pCMV-Insig-1-MycX3 as indicated. On day 2, cells were treated as in Fig. 3B. Aliquots of 
nuclear extracts (20 µg of protein) and membranes (25 µg of protein) were subjected to SDS/PAGE and immunoblot analysis with anti-
HSV tag antibody (against SREBP-2), IgG-9D5 (against SCAP), and IgG-9E10 (against Insig-1). Filters were exposed to film for 1-30 s. N 
and P denote the cleaved nuclear and uncleaved precursor forms of SREBP-2, respectively. C, on day 0, HEK-293 cells were set up as in 
Fig. 2C. On day 2, the cells were transfected with 0.4 µg per dish of either the control vector (upper and lower panels, lanes 1-4), pCMV-
Insig-1-MycX3 (upper panel, lanes 5-8), or FLAG A plasmid (lower panels, lanes 5-8). On day 3, the cells were harvested for preparation of 
membranes. Aliquots of the membranes (60 µg of protein) were solubilized and subjected to treatment with the indicated glycosidase (F, 
PNGase F; H, endo H) as described under "Experimental Procedures." The samples were then mixed with 5x SDS loading buffer, boiled for 
5 min, and subjected to SDS/PAGE and immunoblot analysis with IgG-9E10 (against Insig-1) and anti-transferrin receptor antibody. D, on 
day 0, HEK-293 cells were set up as in Fig. 2C. On day 2, the cells were transfected with 0.3 µg per dish of either the control vector (lanes 
1-4) or FLAG A plasmid (lanes 5-12). On day 3, the cells were harvested for preparation of membranes as described. Aliquots of the 
membranes (100 µg of protein) were treated with the indicated concentration of proteinase K in a final volume of 58 µl of buffer B in the 
absence or presence of 1% Triton X-100 as indicated. After incubation for 40 min at 30 °C, the reactions were stopped by addition of 
phenylmethylsulfonyl fluoride at the final concentration of 5 mM. The samples were then mixed with 5x SDS loading buffer, boiled for 5 
min, and subjected to SDS/PAGE and immunoblot analysis with the indicated antibody. Filters were exposed to film for 1-5 s. 
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Figure 2-5. Membrane orientation of the hydrophilic loops between the transmembrane 
segments of Insig-1 as determined by proteinase K treatment.  
 
A, schematic illustration of the fusion proteins expressed from cDNAs used in this figure. The luminal and cytosolic loops 
of Insig-1 are numbered 1-5 in the wild-type (wt) plasmid, pCMV-Insig-1-MycX6. pCMV-Insig-1-MycX6 is described in 
Fig. 3A. FLAG B-D express proteins similar to that encoded by pCMV-Insig-1-MycX3 except that two copies of a FLAG 
epitope tag, flanking a potential glycosylation site, were introduced between two amino acids as described under 
"Experimental Procedures" and shown here schematically. B, on day 0, SRD-13A cells were set up as in Fig. 3B. On day 1, 
the cells were transfected with following plasmids per dish: 2 µg of pTK-HSV-BP-2; 0.5 µg of pCMV-SCAP; and either 
0.15 µg of the wild-type plasmid pCMV-Insig-1-MycX6 (lanes 4 and 5) or 0.1-0.15 µg of the FLAG version of pCMV-
Insig-1-MycX3 (lanes 6-11) as indicated. On day 2, cells were treated as in Fig. 3B. Aliquots of nuclear extracts (20 µg of 
protein) and membranes (25 µg of protein) were subjected to SDS/PAGE and immunoblot analysis with anti-HSV-tag 
antibody (against SREBP-2), IgG-9D5 (against SCAP), and IgG-9E10 (against Insig-1). N and P denote the cleaved nuclear 
and uncleaved precursor forms of SREBP-2, respectively. Filters were exposed to film for 1-30 s. C, HEK-293 cells were set 
up, transfected, and harvested for preparation of membranes as in Fig. 4D, except that 0.3 µg of FLAG B, C, or D was 
transfected instead of FLAG A. Aliquots of membranes (100 µg of protein) were treated with proteinase K in the absence or 
presence of 1% Triton X-100 as indicated. The samples were subjected to SDS/PAGE and immunoblot analysis with the 
indicated antibody. Filters were exposed to film for 5-30 s. 
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Figure 2-6. Membrane localization of cysteine residues in Insig-1 as determined by 
MTSET derivitization.  
 
A, schematic diagram showing the location of each of the 12 cysteine residues that were individually introduced into the 
cDNA encoding the cysteine-null (C-Null) version of Insig-1. B, on day 0, SRD-13A cells were set up as in Fig. 3B. On day 
1, the cells were transfected with the following plasmids per dish: 2 µg of pTK-HSV-BP-2; 0.5 µg of pCMV-SCAP; and 
either 0.15 µg of the wild-type pCMV-Insig-1-Myc6X (lanes 3 and 4) or 0.5-0.75 µg of the various C-Null versions of 
pCMV-Insig-1-6XMyc (lanes 5-30) as indicated. On day 2, cells were treated as in Fig. 3B. Aliquots of nuclear extracts (20 
µg of protein) and membranes (25 µg of protein) were subjected to SDS/PAGE and immunoblot analysis with anti-HSV-tag 
antibody (anti-SREBP-2), IgG-9D5 (anti-SCAP), and IgG-9E10 (anti-Myc). N and P denote the cleaved nuclear and 
uncleaved precursor forms of SREBP-2, respectively. Filters were exposed to film for 1-30 s. Asterisk (*) denotes a 
nonspecific cross-reacting protein. C, on day 0, HEK-293 cells were set up as in Fig. 2. On day 2, the cells were transfected 
with 0.4 µg of each cDNA construct shown in Fig. 6A (C-Null, C74, C111, C184, C207, C233, C267, C88, C93, C124, 
C203, C212, C254). Aliquots of membranes (100 µg protein) were treated with or without 5 mM MTSET as indicated after 
which they were incubated with biotin maleimide and -mercaptoethanol as described under "Experimental Procedures." 
After centrifugation, the cell pellets were resuspended in buffer E and incubated with immobilized neutravidin biotin-
binding protein. The resulting supernatant and pellet fractions (brought up to equal volumes) were subjected to SDS/PAGE 
and immunoblot analysis. The volume of the pellet fraction loaded into SDS/PAGE was 5 times that of the supernatant 
fraction. Filters for the pellet and supernatant (Sup.) fractions from lanes 1-12 were both exposed to film for 15 s, from lanes 
13 and 14 for 5 s, and from lanes 15-26 for 30 s. 
 
Feramisco et al. J. Biol. Chem., Vol. 279, Issue 9, 8487-8496, February 27, 2004 

55 



 
 

 
 

 
 

Figure 2-7. Summary of the topology of human Insig-1 as predicted from experimental 
findings.  
 
Left panel, topology of human Insig-1 as based on data from this manuscript. Amino acid residues are 
shown in the single-letter code. Amino acids with positively or negatively charged side chains are 
shown in black. Right panel, hydrophilic regions of the molecule that were examined experimentally 
include the N and C termini and loops 1-5. A positive (+) sign in the Protease Digestion column 
denotes protease digestion in the absence of 1% Triton X-100, suggesting a cytosolic orientation; a 
negative (-) sign denotes protease protection, suggesting an ER luminal orientation. A positive (+) 
sign in the N-linked Glycosylation column denotes glycosylation of a NGT motif when placed within 
the indicated region, suggesting an ER luminal orientation; a negative sign (-) denotes the absence of 
glycosylation. A positive (+) sign in the Cysteine Derivitization Blocked by MTSET denotes the 
ability of MTSET to interfere with the biotin maleimide-labeling and subsequent pull-down of Insig-1 
containing a cysteine in the indicated region, suggesting a cytosolic orientation; a negative sign (-) 
denotes an absence of MTSET interference and pull down, suggesting an ER luminal orientation. ND, 
not determined. 
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CHAPTER THREE 
 

INTRAMEMBRANE ASPARTIC ACID IN SCAP GOVERNS 
CHOLESTEROL-INDUCED CONFORMATIONAL CHANGE 

 
 

SUMMARY 

 
 The polytopic membrane protein, Scap, transports sterol regulatory element-

binding proteins (SREBPs) from endoplasmic reticulum (ER) to Golgi, thereby 

activating cholesterol synthesis.  Cholesterol accumulation in ER membranes changes 

Scap to an alternate conformation in which it binds ER retention proteins called Insigs, 

thereby terminating cholesterol synthesis.  Here, we show that the conserved aspartic 

acid-428 in the sixth transmembrane helix of Scap is essential for Scap’s dissociation 

from Insigs.  In transfected hamster cells, mutant Scap in which aspartic acid-428 is 

replaced by alanine (D428A) remained in an Insig-binding conformation when cells 

were depleted of sterols.  As a result, mutant Scap failed to dissociate from Insigs, and it 

failed to carry SREBPs to the Golgi.  These data identify an important functional 

residue in Scap, and they provide genetic evidence that the conformation of Scap 

dictates the rate of cholesterol synthesis in animal cells. 
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INTRODUCTION 

 

 The interaction of two polytopic membrane proteins, Scap and Insig, is a central 

event in the control of cholesterol homeostasis in animal cells (1, 2).  Scap is an escort 

protein for SREBPs, which are membrane-bound transcription factors that activate genes 

encoding enzymes required for synthesis of cholesterol and other lipids. After their synthesis 

on ER membranes, SREBPs form tight complexes with Scap.  If cells are replete with sterols, 

the Scap/SREBP complex binds to one of the two ER retention proteins, Insig-1 or Insig-2, 

which hold the Scap/SREBP complex in the ER.  When sterols are depleted, the 

Scap/SREBP complex dissociates from Insig and becomes incorporated into CopII-coated 

vesicles, which transport the complex to the Golgi apparatus (13, 25).  Here, the SREBP is 

processed sequentially by two proteases that release its active transcription domain so that it 

can enter the nucleus (5, 31, 32).  

 Three different point mutations in Scap each prevent binding to Insigs (1, 16).  Cells 

that express any one of these mutant Scaps overproduce cholesterol because of the inability 

to retain Scap in the ER in a sterol-dependent fashion.  All three point mutations (Y298C, 

D443N, and L315F) occur within the membrane attachment domain of Scap.  This domain 

consists of eight transmembrane helices separated by hydrophilic loops of varying size (19).  

The three mutations occur within the sterol-sensing domain of Scap, which consists of 

transmembrane helices 2-6. This domain is shared with several other proteins, most of which 

either  transport sterols or are regulated by sterols (5, 33, 34).  A fragment of Scap containing 

helices 1-6 is sufficient to undergo sterol-regulated binding to Insigs (1).   
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 Recent studies indicate that cholesterol binds directly to Scap, thereby triggering a 

conformational change that causes Scap to bind to Insig.  These studies showed that: 1) 

cholesterol binds with specificity and saturation kinetics to the purified detergent-solubilized 

membrane domain of Scap (35); and 2) addition of cholesterol to cultured cells or to isolated 

cell membranes causes a conformational change in Scap, as detected by the exposure of a 

previously buried arginine to cleavage by trypsin (7, 36, 37).  This conformational change is 

enhanced when the membranes contain excess Insigs.  Importantly, 25-hydroxycholesterol 

(25-HC) also triggers Scap/Insig binding, but it does not bind directly to purified Scap (35), 

and it does not cause the same conformational change (37).  These findings suggest that 25-

HC acts by an indirect mechanism that is still obscure. 

 The current studies were designed to further define residues in the membrane domain 

of Scap that are necessary either for the cholesterol-induced binding of Scap to Insigs or for 

the dissociation of this binding upon cholesterol depletion.  We identify an important role for 

aspartic acid-428, a negatively-charged amino acid in the middle of the hydrophobic sixth 

transmembrane helix of Scap.  Mutations that abolish this negative charge produce an altered 

Scap that binds tightly to Insigs, even when cells are depleted of cholesterol. In sterol-

depleted cells, much of this mutant Scap remains in the trypsin-sensitive conformation that is 

associated with Insig binding.  As expected from these results, this mutant Scap is largely 

inactive in transporting SREBPs to the Golgi apparatus, even under conditions of sterol 

depletion.  
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RESULTS 

 
 
 
 
 Fig. 3-1A shows the amino acid sequence and proposed topology of the membrane 

domain of hamster Scap.  Residues that are identical in Scap sequences from seven animal 

species are indicated in red.  Residues that are also identical in bread mold are indicated in 

green.  In an initial attempt to identify functionally important residues, we prepared plasmids 

encoding mutant Scaps in which the conserved residues were changed individually to 

alanine.  The plasmids were introduced into SRD-13A cells, a line of CHO cells that lacks 

Scap, owing to mutations in both copies of the gene (15).  The transfected cells were assayed 

for the ability of the mutant Scap to support processing of SREBP-2 and to undergo 

regulation by 25-HC or cholesterol.  These preliminary studies revealed an important 

function for aspartic acid-428, which is in the middle of the sixth membrane-spanning helix.  

This residue is conserved in all animal species (for which data are available) plus bread mold 

(Fig. 3-1B).   

 Fig. 3-2 shows an experiment in which plasmids encoding wild type Scap or two 

mutant Scaps were transfected into SRD-13A cells together with a plasmid encoding 

SREBP-2.  When SREBP-2 was overexpressed by transfection, the full length protein was 

visualized in membranes, but it was not processed to the nuclear form (lane 2).  Co-

expression of wild type Scap at low levels (0.2-0.5 µg plasmid) restored SREBP-2 processing 

(lanes 3 and 5), and this was decreased by 25-HC (lanes 4 and 6).  At a higher level of Scap 

expression, there was no longer suppression by 25-HC (lanes 7 and 8), owing to the excess of 

Scap over endogenous Insig as previously reported (1).  Transfection with 0.5 µg of the 
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D428A plasmid failed to produce SREBP-2 processing (lanes 9 and 10), despite the fact that 

the amount of Scap expression was comparable to that observed with 0.5 µg of wild type 

Scap (see immunoblot of Scap in membranes, lanes 5-12).  At higher levels of expression the 

D428A mutant was able to support some SREBP-2 processing (lanes 11 and 13), but the 

amount was much less than observed at similar levels of wild type Scap (lanes 7 and 8). 

 For comparative purposes in this experiment, we transfected the SRD-13A cells with 

a plasmid encoding the Y298C mutant of Scap, which does not bind to Insig, and therefore 

does not undergo inhibition by 25-HC (1).  Scap(Y298C) stimulated SREBP-2 processing, 

and there was no inhibition by 25-HC (lanes 15-20).  To quantify these data, the gels were 

scanned on a densitometer, and the intensity of the nuclear SREBP-2 band was plotted as a 

function of the density of the Scap band (Fig. 3-2B).  The data show that wild type Scap and 

Scap(Y298C) were roughly equivalent in their ability to support SREBP-2 processing, but 

Scap(D428A) was markedly deficient. 

 In order for Scap to carry SREBPs to the Golgi, Scap must dissociate from Insig 

proteins in a reaction that requires sterol depletion.  The experiments of Fig. 3-3 were 

designed to determine whether Scap(D428A) binds to Insig, and whether it dissociates in the 

absence of sterols.  We previously showed that the Scap/Insig complex can be visualized as a 

slow-moving  series of broad bands when cell extracts are processed by  blue native 

polyacrylamide gel electrophoresis and blotted with an antibody to epitope-tagged Insig-1 (1, 

37).  When Myc-tagged Insig-1 was expressed alone in SRD-13A cells, no complex with 

Scap was observed (Fig. 3-3A, lanes 1 and 2).  Co-expression with wild type Scap produced a 

Scap/Insig complex that was observed in the presence of sterols (lane 4), but disappeared 
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upon sterol depletion (lane 3).  Scap(Y298C) did not form a complex with Insig under either 

condition (lanes 5 and 6).  In marked contrast, Scap(D428A) formed a complex with Insig in 

the absence or presence of sterols (lanes 7 and 8).  A similar result was observed when the 

Scap/Insig complex was isolated by co-immunoprecipitation (Fig. 3-3B).  

Immunoprecipitation of Insig-1 or Insig-2 pulled down wild type Scap only in the presence 

of sterols (lane 3). It did not pull down Scap(Y298C) in either condition (lanes 4 and 5), and 

it pulled down Scap(D428A) under both conditions (lanes 6 and 7).  These data indicate that 

the D428A substitution alters Scap in such a way that it binds to Insig constitutively in the 

absence and presence of sterols. 

 When Scap binds to cholesterols and Insigs, it undergoes a conformational change 

that exposes a membrane-proximal arginine residue to protease cleavage (7, 36, 37).  This 

produces a lower band that is visualized when sealed vesicles are treated with trypsin, 

subjected to SDS-PAGE and blotted with an antibody against a protected intraluminal loop 

of Scap.  As shown in Fig. 3-4A, when sterol-depleted cells expressed wild type Scap trypsin 

digestion produced a predominant upper band (lane 1).  Preincubation of the membrane 

vesicles with increasing amounts of cholesterol/cyclodextrin complexes led to a gradual 

increase in the amount of the lower band (lanes 2-5).  25-HC/cyclodextrin treatment did not 

produce the lower band (lanes 6 and 7).  When cells expressed Scap(D428A), the lower band 

was visualized even in the absence of sterols (lane 1), and it reached a near-maximum at the 

lowest cholesterol concentration (10 µM).  To quantify these results, the gels were scanned, 

and the density of the lower band was expressed as a percentage of the total density of both 

bands (Fig. 3-4C).  In the absence of added cholesterol, more than 50% of Scap(D428A) was 
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present in the lower band, and nearly 100% was in this form at 10 µM of cholesterol.  This 

was markedly different from the result with wild type Scap. 

 The conformational change in Scap can also be elicited by treatment of the cells with 

certain amphipathic amines like chlorpromazine (7).  Scap(D428A) was also hypersensitive 

to the conformational change with chlorpromazine (Figs. 3-4B and 3-4D). 

 To determine whether the purified membrane domain of Scap(D428A) shares the 

properties of wild type Scap, we produced a histidine-tagged protein (amino acids 1 to 767 

by expression in Sf9 insect cells and purified it by nickel affinity chromatography as 

described for wild type Scap (35)). Like the membrane domain of wild type Scap, 

Scap(D428A) migrated on SDS-PAGE as a protein of ~100 kDa (Fig. 3-5A) and behaved on 

gel filtration as an apparent tetramer with a molecular mass of ~430 kDa (Fig. 3-5B).  The 

circular dichroism spectra of wild type and D428A Scaps were identical, both showing a high 

helical content (Fig. 3-5C).  Both membrane domains bound [3H]cholesterol with similar 

affinities, but neither bound [3H]25-HC (Figs. 3-5D and 3-5E).  The dissociation rate of 

[3H]cholesterol was similar for the two proteins (Fig. 3-5F).  Thus, the membrane domain of 

Scap(D428A) was indistinguishable in biochemical properties from its wild type counterpart. 

 To determine whether the defect in Scap(428A) is due to the loss of the negative 

charge, we prepared a series of plasmids encoding Scap with various substitutions at this 

position and transfected them into SRD-13A cells (Fig. 3-6A).  Substitution of glutamic acid 

for aspartic acid preserved most of the ability of Scap to facilitate SREBP-2 cleavage in the 

absence of sterols (lane 6).  Substitution with alanine, asparagine, or lysine destroyed this 

function (lanes 4, 8, 10).  In a co-immunoprecipitation experiment, all of the mutant Scaps 
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were co-immunoprecipitated with Insig-2 equally in the absence and presence of sterols 

except for the D428E mutant which consistently showed an increased dissociation from 

Insig-2 in the absence of sterols (Fig. 3-6B, lane 6).  In the trypsin cleavage assay, the D428E 

mutant showed only a small amount of lower band in the absence of cholesterol, and this 

increased in a normal fashion as the cholesterol concentration increased (Fig. 3-6C).  

Considered together, these data suggest that Scap requires a negatively-charged amino acid at 

position 428 in order to dissociate from Insigs in the absence of cholesterol.  Aspartic acid 

functions somewhat better than glutamic acid in this regard. 
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DISCUSSION 

 
 
 
 
The current studies disclose a functional role for the universally conserved negatively-

charged aspartic acid near the middle of the sixth transmembrane helix of Scap.  When 

aspartic acid-428 was changed to alanine, Scap bound more tightly to Insigs in sterol-

depleted cells, and the mutant protein was no longer able to escort SREBP-2 efficiently to the 

Golgi.  The change in Scap’s behavior was not caused by denaturation or unfolding, as 

revealed by the normal physical properties of the purified membrane domain of the mutant 

protein (Fig. 3-5).   

 The increased binding of Scap(D428A) to Insigs in sterol-depleted cells was 

correlated with an increase in the proportion of Scap that was in the Insig-binding 

conformation, as indicated by the abundant lower band on trypsin digestion of isolated 

membranes (Fig. 3-4).  The proportion of Scap in this conformation increased in a 

hypersensitive fashion when Scap-containing membranes were incubated with low 

concentrations of cholesterol or amphipathic amines (Fig. 3-4).  These data raise the 

possibility that Scap(D428A) may bind to Insigs in sterol-depleted cells because it is 

hypersensitive to cholesterol, and therefore it remains in its Insig-binding conformation, 

owing to small amounts of cholesterol that may remain in ER membranes even when cells 

have been treated with HCD. 

Although Scap(D428A) was hypersensitive to cholesterol when embedded in 

membranes containing Insigs, the mutant protein did not show an increased affinity for 

cholesterol binding when studied in solution in the absence of Insigs (Fig. 3-5D).  Previous 
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studies with trypsin digestion have shown that the presence of Insigs increases the ability of 

cholesterol to convert Scap to the Insig-binding conformation (7, 37), suggesting a complex 

three-way interaction between Scap, cholesterol, and Insigs.  It is likely that the 

hypersensitivity of Scap(D428A) to cholesterol in Insig-containing membranes results from 

an enhancement of this three-way interaction, owing to the loss of aspartic acid-428.  These 

data imply that this negatively-charged amino acid normally acts either to limit the binding of 

Scap to Insigs or to facilitate dissociation of the complex.  

 It is likely that aspartic acid-428 may play other roles in Scap function in addition to 

accelerating Insig binding.  This follows from the observation that aspartic acid-428 is 

conserved in Scap from Drosophila, which do not have a recognizable Insig gene.  In 

Drosophila cells, Scap movement is not inhibited by sterols; rather, it is inhibited by 

phosphatidyl ethanolamine (39).  Studies in insect cells should reveal whether aspartic acid-

428 plays a role in this process. 

An important aspect of the current studies is that they provide genetic evidence that 

our in vitro assays in mammalian cells reflect functionally relevant changes in Scap.  Thus, 

the D428A mutation increases the proportion of Scap in the Insig-binding conformation as 

determined by the in vitro trypsin cleavage assay, increases the binding of Scap to Insigs as 

determined by in vitro blue native PAGE or immunoprecipitation, and decreases the 

proteolytic processing of SREBP-2 in intact cells.  This correlation between in vitro assays 

and biological effects in intact cells supports the notion that Scap’s conformation is the 

central determinant that dictates the rate of SREBP processing and therefore the rate of lipid 

synthesis in mammalian cells.   
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EXPERIMENTAL PROCEDURES 

 
 
 
 
 Materials used in this study and certain methods (SREBP-2 Cleavage Assay, 

Immunoprecipitation, Immunoblot Analysis, Blue Native-PAGE, and Solubilization of 

Sterols) may be found in Supporting Methods, which are published as supporting information 

on the PNAS web site, www.pnas.org. We obtained [1,2,6,7-3H]cholesterol (60 Ci/mmol) 

and [26,27-3H]25-hydroxycholesterol (75 Ci/mmol) from American Radiolabeled Chemicals; 

cholesterol and other sterols from Steraloids; Fos-Choline 13 detergent from Anatrace; 

methyl-β-cyclodextrin (MCD) and hydroxypropyl-β-cyclodextrin from Cyclodextrin 

Technologies Development; trypsin (type 1 from bovine pancreas), soybean trypsin inhibitor, 

CHAPSO, chlorpromazine, and phosphocholine chloride from Sigma; peptide N-glycosidase 

F (PNGase F) from New England Biolabs; Nonidet P-40 Alternative from Calbiochem; and 

FuGENE 6 reagent from Roche Molecular Biochemicals.  Complexes of sterols with MCD 

were prepared as described (36).  Lipoprotein-deficient serum (d >1.215 g/ml) was prepared 

by ultracentrifugation (40).  Solutions of sodium mevalonate (41), sodium compactin (41), 

and sodium oleate (40) were prepared as described in the indicated reference. 

 

Plasmids.  The following recombinant expression plasmids have been described: pTK-HSV-

BP-2, encoding wild type HSV-tagged human SREBP-2 under control of thymidine kinase 

(TK) promoter (17); pCMV-Scap, encoding wild type hamster Scap under control of 

cytomegalovirus (CMV) promoter (17); pTK-Scap and pTK-Scap(Y298C), encoding wild 

type and mutant hamster Scap, respectively, under control of TK promoter (38); pTK-Insig-
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1-Myc and pTK-Insig-2-Myc, encoding wild type human Insig-1 and Insig-2, respectively, 

followed by six tandem copies of a c-Myc epitope tag (EQKLISEEDL) under control of TK 

promoter (Gong, Y. et al., manuscript in preparation).  Site-directed mutagenesis was carried 

out using the QuickChange II XL Kit (Stratagene).  The coding regions of all plasmids were 

sequenced prior to use. 

 

Cell Culture.  Cells were grown in monolayer at 37°C in an atmosphere of 8-9% CO2.  

SRD-13A cells are previously described cholesterol and unsaturated fatty acid auxotrophs 

derived from γ-irradiated Chinese hamster ovary (CHO) cells (15) and maintained in medium 

A (a 1:1 mixture of Ham's F-12 medium and Dulbecco’s modified Eagle medium containing 

5% fetal calf serum, 5 µg/ml cholesterol, 1 mM sodium mevalonate, 20 µM sodium oleate, 

100 units/ml penicillin, and 100 µg/ml streptomycin sulfate).  Lipid auxotrophy results from 

a loss of the mRNA encoding Scap. 

 

Transient Transfection of SRD-13A Cells.  On day 0, SRD-13A cells were set up in 

medium A at 6.5 x 105 cells per 60-mm dish.  On day 1, cells were transfected with plasmids 

with FuGENE 6 reagent (15).  The total amount of DNA in each transfection was adjusted to 

3-5 µg/dish with pcDNA3 (Invitrogen).  After transfection, the cells were incubated at 37°C 

for 16 h.  On day 2, cells were washed once with phosphate-buffered saline (PBS), switched 

to medium B (a 1:1 mixture of Ham's F-12 medium and Dulbecco’s modified Eagle medium 

containing 5% newborn calf lipoprotein-deficient serum, 50 µM sodium compactin, 50 µM 

sodium mevalonate, 100 units/ml penicillin, and 100 µg/ml streptomycin sulfate) containing 
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1% (w/v) hydroxypropyl-β-cyclodextrin (HCD).  After incubation at 37°C for 1 h, cells were 

washed twice with PBS and switched to medium B in absence or presence of sterols as 

indicated.  After incubation for 3-6 h, cells were harvested for SREBP-2 cleavage or 

immunoprecipitation.  Transfection of SRD-13A cells in 100-mm dishes was performed as 

above except that cells were set up at 7 x 105 cells per 100-mm dish and transfected on day 

2.  On day 3, cells were treated as indicated in the figure legends and harvested for Blue 

Native-PAGE and Trypsin Cleavage Assay. 

 

Trypsin Cleavage of Scap.  Aliquots (100 µg) of the 20,000g membrane fraction from 

transfected SRD-13A cells were subjected to trypsin digestion followed by electrophoresis 

on 12% Tris-tricine gels as described (37). 

 

SREBP-2 Cleavage Assay.  Cell pellets from duplicate 60-mm dishes were washed with 

PBS and resuspended in 0.4 ml of buffer A (10 mM Hepes-KOH at pH 7.55, 10 mM KCl, 

1.5 mM MgCl2, 5 mM sodium EDTA, 5 mM sodium EGTA, 250 mM sucrose) containing 

protease inhibitors (10 µg/ml leupeptin, 5 µg/ml pepstatin A, 1.7 µg/ml aprotinin, 25 µg/ml 

N-acetyl-leucinal-leucinal-norleucinal), passed through a 22-gauge needle 22 times, and 

centrifuged at 1000g for 5 min at 4°C.  The 1000g  pellets were resuspended in 0.1 ml of 

buffer B (20 mM Hepes-KOH at pH 7.6, 2.5% (v/v) glycerol, 0.42 M  NaCl, 1.5 mM MgCl2, 

1 mM sodium EDTA, 1 mM sodium EGTA) containing protease inhibitors (see above), 

rotated at 4°C for 1 h, and centrifuged at 105g for 20 min at 4°C in a Beckman TLA 100.2 or 

120.1 rotor.  The supernatant from this centrifugation was designated the nuclear extract.  
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The supernatant from the original 1000g spin was used to prepare the membrane fraction by 

centrifugation at 105g for 20 min at 4°C. The resulting membrane pellets were resuspended 

in buffer C (10 mM Tris-HC1 at pH 7.3, 100 mM NaC1, 1% (w/v) SDS, 1 mM sodium 

EDTA, 1 mM sodium EGTA).  Nuclear extracts and membrane pellets were subjected to 

immunoblot analysis for assay of SREBP-2 cleavage. 

 

Immunoprecipitation.  Immunoprecipitation was performed as described (12) with the 

following modifications.  The pellets from duplicate 60-mm dishes of transfected SRD-13A 

cells were washed twice with PBS and suspended in 0.5 ml of buffer E (50 mM Hepes-KOH 

at pH 7.4, 100 mM NaCl, 1.5 mM MgCl2 , 0.5% (v/v) CHAPSO) containing protease 

inhibitors (see above).  Cell lysates were passed through a 22-gauge needle 8 times, extracted 

by rotating for 1 h at 4°C, and clarified by centrifugation at 105g for 15 min in a Beckman 

TLA 100.2 or 120.1 rotor.  The lysates were brought to a volume of 1 ml in buffer E and 

precleared by incubation for 1 h at 4°C with 20 µg of an irrelevant mouse monoclonal 

antibody IgG-2001 (42) together with 45 µl of protein A/G agarose beads (Santa Cruz 

Biotechnology).  Precleared lysates were rotated for 12-16 h at 4°C with 20 µg of 

monoclonal anti-Myc IgG-9E10 (1) together with 45 µl of protein A/G agarose beads.  The 

resulting supernatants after centrifugation were mixed with 5X SDS loading buffer 

(designated supernatant). The pelleted beads were washed three times (10 min at 4°C 

percent) with 1 ml of buffer E containing protease inhibitors, resuspended in 100 µl of buffer 

C, and mixed with 5X SDS loading buffer (designated pellet).  Supernatants and pellets were 

boiled for 5 min and subjected to 10% SDS/PAGE and immunoblot analysis.  
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Immunoblot Analysis.  Samples were subjected to 8-12% SDS/PAGE, transferred to 

nitrocellulose filters, and subjected to immunoblot analysis with various antibodies.  Gels 

were calibrated with prestained broad range protein markers (New England BioLabs), and 

antibodies were used at the following concentrations: 2 µg/ml of anti-Myc IgG-9E10 (1); 0.2 

µg/ml of polyclonal anti-Myc IgG (Bethyl Laboratories); 0.67 µg/ml of anti-HSV tag 

antibody (Novagen); 5 µg/ml of anti-SCAP IgG-9D5 (12); 6 µg/ml of anti-SCAP IgG-R139 

(4); 0.2 µg/ml of anti-rabbit IgG (Jackson ImmunoResearch); and 0.2 µg/ml of anti-mouse 

IgG (Jackson ImmunoResearch). Bound antibodies were visualized by chemiluminescence 

using the Supersignal Substrate System (Pierce) according to  manufacturer's instructions.  

Filters were exposed to Phoenix X-Ray Film BX films at room temperature for various times 

as indicated in legends. 

 

Blue Native-PAGE.  Blue Native-PAGE was performed as described (37) with the 

following modifications.  Transfected SRD-13A cells were fractionated as described above 

under “SREBP Cleavage Assay” except that the original 1000g supernatant was subjected to 

a 20,000g spin for 15 min at 4°C.  Aliquots of the 20,000g membrane fraction were 

resuspended in buffer F (40 mM Hepes-KOH at pH 7.0, 2 mM magnesium acetate, and 

protease inhibitors) containing 0.4% (w/v) Nonidet P-40 Alternative and then mixed with an 

equal volume of buffer F containing no detergent.  After incubation on ice for 30 min, 

detergent insoluble material was removed by centrifugation at 105g for 30 min at 4°C.  

Samples were then analyzed by 4-10% Blue Native-PAGE and 10% SDS-PAGE. 
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Solubilization of Sterols.  Stock solutions of sterols in detergent were prepared as described 

(35). An ethanol solution containing 4-5 nmol of [3H]cholesterol or [3H]25-

hydroxycholesterol was evaporated to dryness on the sides of a microcentrifuge tube in a 

SpeedVac concentrator.  1 ml of buffer D (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM 

dithiothreitol,  0.1% Fos-Choline 13) was then added to the tube, after which it was agitated 

for 1 h on a vortex mixer and centrifuged at 20,000g for 30 min.  As determined by 

scintillation counting, the concentration of solubilized [3H]cholesterol in the supernatant 

fraction ranged from 1.5 to 2 μM.  Stock solutions of solubilized unlabeled cholesterol (5.6 

µM) were prepared in a similar fashion; its concentration was determined by adding tracer 

amounts of [3H]cholesterol to the mixture.   

 

Purification of Recombinant Scap.  Recombinant baculoviruses encoding the eight 

transmembrane regions of wild type or D428A mutant version of hamster Scap with an NH2-

terminal His-tag, designated His10-Scap(TM1-8) or His10-Scap(TM1-8)(D428A), were 

constructed in pFastBacHTa expression vector (Invitrogen) as described (35).  Recombinant 

proteins were overexpressed in Sf9 insect cells and purified in buffer D (50 mM Tris-HCl at 

pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 0.1% (v/v) Fos-Choline 13) using nickel 

chromatography and gel filtration as described (35).   

 

[3H]Sterol Binding Assay.  In the standard assay, binding reactions were set up in 

microcentrifuge tubes at room temperature as described (35).  Each reaction, in a final 

volume of 100 µl of buffer D contained 10 pmol (0.8 µg) of purified His10-Scap(TM1-8) or 
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His10-Scap(TM1-8)(D428A), 1 to 40 pmol of [3H]cholesterol or [3H]25-HC solubilized in 

buffer D (10-400 nM, final concentration), and 25 mM phosphorylcholine chloride.  After 

incubation for 4 h, the mixture was passed through a column packed with 0.3 ml of Ni-NTA 

agarose beads.  Each column was then washed for ~20 min with 10 ml of buffer D, after 

which protein-bound [3H]cholesterol was eluted with 250 mM imidazole as described (35).  

Dissociation rates were measured by isolating the [3H]cholesterol-Scap complex as described 

above and diluting it 10-fold with buffer D saturated with unlabeled cholesterol.  After 

incubation at room temperature for the indicated time, the mixture was transferred to a tube 

containing 1 ml of Ni-NTA agarose beads pre-equilibrated with buffer D, incubated for 2 

min, and then centrifuged at 400g for 30 s, after which the pellet and supernatant were 

assayed for radioactivity by scintillation counting (35).   
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Figure 3-1. Amino acid sequence and topology of the membrane domain of hamster 
SCAP(TM1–8).  
 
(A) SCAP topology. Within the sterol-sensing domain (shaded) are shown the D428A mutation (blue box) and 
three previously reported mutations that confer sterol resistance: Y298C (9), D443N (21), and L315F (8) 
(yellow boxes). Residues that are identical in seven animal species (hamster, human, chicken, puffer fish, fruit 
fly, sea squirt, and nematode) are red. Residues that are identical in all of these species plus bread mold are 
green. Sequences of SCAP were aligned by using the CLUSTALW program (DNASTAR, Madison, WI). (B) 
Sixth transmembrane domain (TM6) of SCAP. Residues identical to hamster are shaded. GenBank accession 
nos. are as follows: P97260, Cricetulus griseus (hamster); Q12770, Homo sapiens (human); XP_418485, Gallus 
gallus (chicken); FuguGenscan 2662, Takifugu rubripes (puffer fish); AAF57291 Drosophila melanogaster 
(fruit fly); AABS01001141, Ciona intestinalis (sea squirt); CAA87777 Caenorhabditis elegans (nematode); and 
EAA32215 Neurospora crassa (bread mold). 
 
Feramisco et al. Proc Natl Acad Sci U S A. 2005 Mar 1;102(9):3242-7. 
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Figure 3-2.  Mutant SCAP(D428A) is defective in mediating SREBP-2 processing.  
 
(A) Immunoblot analysis. On day 0, SRD-13A cells were set up in medium A at 6.5 x 105 cells per 60-mm dish. 
On day 1, cells were transfected with the following plasmids per dish: 2 µg of pTK-HSV-BP2; the indicated 
amount of wild-type pTK-SCAP (WT) (lanes 3–8) or the D428A (lanes 9–14), or Y298C (lanes 15–20) 
mutants; and various amounts of pcDNA3 to adjust total DNA to 5 µg. On day 2, cells were washed once with 
PBS, switched to medium B containing 1% HCD, and incubated for 1 h at 37°C. Cells were then washed twice 
with PBS and switched to medium B in the absence or presence of 1µg/ml 25-HC. After incubation for 3.5 h at 
37°C, cells were harvested and fractionated as described in Materials and Methods. Aliquots of nuclear extracts 
(20 µg of protein) and membranes (25 µg of protein) were subjected to SDS/PAGE and immunoblot analysis 
with anti-HSV tag antibody (against SREBP-2) and IgG-R139 (against SCAP). N and P denote the cleaved 
nuclear and uncleaved precursor forms of SREBP-2, respectively. Filters were exposed to film for 5–15 s. (B) 
Amount of nuclear SREBP-2 in the absence of sterols. Relative intensity of the bands in A [lanes 3, 5, and 7 (
), lanes 9, 11, and 13 ( ), and lanes 15, 17, and 19 ( )] were quantified by densitometry. 
 
Feramisco et al. Proc Natl Acad Sci U S A. 2005 Mar 1;102(9):3242-7. 
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Figure 3-3.  Binding of mutant SCAP(D428A) to Insig is resistant to sterol depletion.  
 
(A) Blue native PAGE of the SCAP/Insig-1 complex. On day 0, SRD-13A cells were set up in medium A at 7 x 
105 cells per 100-mm dish. On day 2, cells were transfected with the following plasmids per dish: 1.2 µg of 
pTK-Insig-1-Myc and 3.5 µg of wild-type pTK-SCAP (WT) (lanes 3–4), the Y298C mutants (lanes 5–6), or the 
D428A mutants (lanes 7–8) as indicated. On day 3, cells were washed once with PBS, switched to medium B 
containing 1% HCD, and incubated for 2 h at 37°C. Cells were then washed twice with PBS and switched to 
medium B in the absence or presence of 1 µg/ml 25-HC. After incubation for 5 h at 37°C, cells were harvested, 
and aliquots (30 and 10 µg, respectively) of the 1 x 105 g of membrane suspension were subjected to blue native 
PAGE (Upper) or SDS/PAGE (Lower). Filters were blotted with IgG-9E10 (against Insig-1) and IgG-R139 
(against SCAP) and exposed to film for a period of 15 s to 1 min. (B) Coimmunoprecipitation of Insig-1 and 
Insig-2 with SCAP. On day 0, SRD-13A cells were set up in medium A at 6.5 x 105 cells per 60-mm dish. On 
day 1, cells were transfected with the following plasmids per dish: 0.3 µg of pTK-Insig-1-Myc (the top four 
rows); 1.5 µg of pTK-Insig-2-Myc (the bottom four rows); 1.5 µg of wild-type pTK-SCAP (WT) (lanes 1–3), 
the Y298C mutants (lanes 4–5), or the D428A mutants (lanes 6–7) as indicated; and pcDNA3 to normalize total 
DNA to 3 µg. On day 2, the cells were washed once with PBS and switched to medium B containing 1% HCD, 
and incubated for 1 h at 37°C. Cells were then washed twice with PBS and switched to medium B in the 
absence or presence of 0.2 µg/ml 25-HC. After incubation for 4 h, cells were harvested for immunoprecipitation 
with monoclonal anti-Myc IgG (9E10) as described in Materials and Methods. Immunoprecipitated pellets 
(representing 0.3 of a dish of cells) and supernatants (0.035 of a dish of cells) were subjected to SDS/PAGE, 
and the filters were blotted with polyclonal anti-Myc IgG (against Insig-1 and -2) and IgG-R139 (against 
SCAP), and exposed to film for a period of 1 s to 1 min. 
 
Feramisco et al. Proc Natl Acad Sci U S A. 2005 Mar 1;102(9):3242-7. 
 
(Figure 3-3 A partially contributed by Julian Reitz) 
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Figure 3-4.  SCAP(D428A) assumes Insig-binding conformation at low levels of ligand.  
 
(A) Trypsin cleavage of SCAP after treatment of membranes with sterols. On day 0, SRD-13A cells 
were set up in medium A at 7 x 105 cells per 100-mm dish. On day 2, cells were transfected with 2.5 
µg of either wild-type pCMV-SCAP (WT) or the D428A mutant as indicated. On day 3, cells were 
washed once with PBS and switched to medium B containing 1% HCD and incubated for 2 h at 37°C. 
Replicate dishes were harvested and aliquots (100µg) of the 20,000 x g membrane suspension were 
incubated for 20 min at room temperature with the indicated concentration of cholesterol/methyl- -
cyclodextrin (MCD) complex (lanes 1–5) or 25-HC/MCD complex (lanes 6–7). At the end of the 
incubation, the membranes were treated sequentially with 2 µg of trypsin (30°C for 30 min) and 625 
units of PNGaseF (37°C for 12 h), and then subjected to SDS/PAGE on 12% Tris-tricine SDS gels. 
Filters were blotted with IgG-R139 (against SCAP) and exposed to film for a period of 30 s to 2 min. 
(B) Trypsin cleavage of SCAP after treatment of membranes with chlorpromazine. SRD-13A cells 
were set up, transfected, treated, and harvested as in A. Aliquots (100 µg) of the 20,000 x g membrane 
suspension were incubated for 20 min at room temperature with the indicated concentration of 
chlorpromazine. At the end of the incubation, the samples were treated with trypsin and PNGaseF as 
above. Filters were exposed to film for a period of 30 s to 2 min. (C and D) Relative intensity of the 
upper and lower bands in A and B was quantified by densitometry. 
 
 
Feramisco et al. Proc Natl Acad Sci U S A. 2005 Mar 1;102(9):3242-7. 
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Figure 3-5.  Physical properties and cholesterol binding of purified wild-type and 
D428A mutant version of His10-SCAP(TM1–8).  
 
(A) Coomassie brilliant blue staining of purified proteins. Recombinant His-tagged proteins were solubilized and purified as described in 
Materials and Methods. Aliquots (8 µg) of His10-SCAP(TM1–8) and His10-SCAP(TM1–8)(D428A) were subjected to SDS/10% PAGE, and 
the protein bands were detected with a Coomassie brilliant blue R-250 stain. Molecular masses of protein standards are indicated. (B) Gel 
filtration chromatography of purified proteins. Buffer D (100 µl) containing 100 µg of either wild-type His10-SCAP(TM1–8) or mutant 
His10-SCAP(TM1–8)(D428A) was loaded onto a Tricorn 10/300 Superose 6 column ( 24 ml) and chromatographed at a flow rate of 0.4 
ml/min. The void volume was 7 ml. Fractions of 1.2 ml were collected, beginning with the void. Aliquots of each fraction were subjected to 
immunoblot analysis with anti-SCAP IgG-9D5 (exposure time for filter was 5 s). To calibrate the column, standard proteins of known 
molecular weight (thyroglobulin, Mr = 670,000; ferritin, Mr = 440,000; -globulin, Mr = 158,000; and myoglobin, Mr = 17,000) were 
applied to the same column under identical buffer conditions, and the peaks of elution are indicated by the arrows. (C) CD spectroscopy of 
purified proteins. CD measurements of 3 µM His10-SCAP(TM1–8) and His10-SCAP(TM1–8)(D428A) in buffer D were carried out on an 
Aviv 62DS spectrometer by using a 2-mm path length cuvette. The average of 10 spectra are shown. (D) Direct binding of 3H-sterols to 
purified SCAPs. Each assay tube contained 10 pmol of wild-type His10-SCAP(TM1–8) (  and ) or mutant His10-SCAP(TM1–8)(D428A) 
(  and ) and various amounts of solubilized [3H]cholesterol (121 dpm/fmol) (  and )or[3H]25-HC (163 dpm/fmol) (  and )in100 
µl of buffer D supplemented with 25 mM phosphocholine chloride. Bound 3H-sterols were measured as described in Materials and 
Methods. Each data point is the average of duplicate assays. Blank values of 3.8–5.7 fmol were subtracted from each data point. (E) Protein 
concentration curves. Each assay tube contained 100 nM solubilized [3H]cholesterol (121 dpm/fmol) and various amounts of His10-
SCAP(TM1–8) or His10-SCAP(TM1–8)(D428A) in 100 µl of buffer D supplemented with 25 mM phosphocholine chloride. Bound 
[3H]cholesterol was measured as described in Materials and Methods. Each data point is the average of duplicate assays. Blank values of 
3.1–8.5 fmol were subtracted from each data point. (F) Dissociation rates of previously bound [3H]cholesterol. Each assay tube contained 
10 pmol (100 nM) of solubilized [3H]cholesterol (121 dpm/fmol) and 10 pmol of His10-SCAP(TM1–8) or His10-SCAP(TM1–8)(D428A) in 
100 µl of buffer D supplemented with 25 mM phosphocholine chloride. The [3H]cholesterol/SCAP complex was isolated, and bound and 
dissociated [3H]cholesterol was measured at various time intervals as described in Materials and Methods. Each value (average of duplicate 
assays) represents the fraction of [3H]cholesterol that remained bound relative to the zero-time value. The "100% of initial" values at time 0 
were 263 and 211 fmol per tube for His10-SCAP(TM1–8) and His10-SCAP(TM1–8)(D428A), respectively. 

 
Feramisco et al. Proc Natl Acad Sci U S A. 2005 Mar 1;102(9):3242-7. 
(Figure 3-5 contributed by Arun Radhakrishnan) 
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Figure 3-6.  Effect of amino acid substitutions at residue 428 on SCAP's facilitation of 
SREBP-2 cleavage  
 
(A), its binding to Insig (B), and its conformational change in response to cholesterol (C). On day 0, SRD-13A cells were set 
up in medium A at 6.5 x 105 cells per 60-mm dish (A and B)or7 x 105 cells per 100-mm dish (C). (A) SREBP-2 cleavage. On 
day 1, cells were transfected with the following plasmids per dish: 2 µg of pTK-HSV-BP2; either 0.5 µg of wild type pTK-
SCAP (WT) (lanes 2–3), or 1.1–1.5 µg of the indicated pTK-SCAP mutant (lanes 4–11); and various amounts of pcDNA3 
to adjust the total DNA to 3.5 µg. On day 2, the cells were treated, harvested, and fractionated as in Fig. 2 A. Aliquots of 
nuclear extracts (20 µg of protein) and membranes (25 µg of protein) were subjected to SDS/PAGE and immunoblot 
analysis with anti-HSV tag antibody (against SREBP-2) and IgG-R139 (against SCAP). N and P denote the cleaved nuclear 
and uncleaved precursor forms of SREBP-2, respectively. Filters were exposed to film for 5–15 s. The asterisk denotes a 
nonspecific cross-reacting protein. (B) Coimmunoprecipitation of Insig-2 with SCAP. On day 1, cells were transfected with 
the following plasmids per dish: 1.5 µg of pTK-Insig-2-Myc (lanes 2–11), either 1.25 µg of wild-type pTK-SCAP (WT) 
(lanes 1–3) or 1.25 µg of the indicated pTK-SCAP mutant (lanes 4–11), and pcDNA3 to normalize the total DNA to 3 µg. 
On day 2, cells were treated and harvested for immunoprecipitation with monoclonal anti-Myc IgG (9E10) as in Fig. 3B. 
Immunoprecipitated pellets (representing 0.3 of a dish of cells) and supernatants (0.035 of a dish of cells) were subjected to 
SDS/PAGE and immunoblot analysis with polyclonal anti-Myc IgG (against Insig-2) and IgG-R139 (against SCAP). Filters 
were exposed to film for a 1–10 s. (C) SCAP's conformational change detected by trypsin cleavage assay. On day 2, cells 
were transfected with 2.5 µg of wild type pCMV-SCAP (WT) or the D428E mutant as indicated. On day 3, cells were 
treated with 1% HCD, and membranes were prepared for incubation with sterol/MCD complex as in Fig. 4. Aliquots (100 
µg) of the 20,000 x g membrane suspension were incubated for 20 min at room temperature with the indicated concentration 
of cholesterol/MCD complex (lanes 1–5). At the end of the incubation, the membranes were treated sequentially with 
trypsin and PN-GaseF and then subjected to SDS/PAGE on 12% Tris-tricine SDS gels and immunoblot analysis by using 
IgG-R139 (against SCAP). Filters were exposed to film for a period of 30 s to 2 min. 
 
 
Feramisco et al. Proc Natl Acad Sci U S A. 2005 Mar 1;102(9):3242-7. 
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CHAPTER FOUR 
 
 

CONCLUSIONS AND RECCOMENDATIONS  
 
 
 

Membrane Topology of Human Insig-1 

 

 Insig proteins are central to mammalian lipid homeostasis.  They have the remarkable 

ability to mediate two unique, sterol-regulated reactions; the ER retention of SCAP and the 

ubiquitination and degradation of HMG CoA reductase.  Both of these functions require an 

intact sterol sensing domain in SCAP and HMG CoA reductase, respectively.  From the 

perspective of SCAP and reductase, some of the critical regions and residues that govern 

Insig interaction are known.  However, from the perspective of Insig, we currently know 

little about what regions or structural motifs are necessary to facilitate the above interactions.  

In order to begin to define the required amino acids or domains involved in Insig function, 

we must first learn how Insig is organized in the membrane of the endoplasmic reticulum.  

Therefore, the work defining the membrane topology of human Insig-1 is a critical 

component of the foundation to understand Insig function.  Because Insigs are membrane 

proteins, and a crystal structure can therefore be many, many years away from completion, it 

becomes necessary to define the topology of Insig using biochemistry.  Without knowing the 

topology of a protein, it is extremely difficult to perform meaningful experiments that aim to 

define structure-function relationships.  Upon understanding how a protein is arranged within 
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the context of the membrane, one can refine searches for post-translational modifications like 

phosphorylation, disulfide bonds, prenylation, sumoylation, ubiquitination, and others.   

 Using the topographical map of human Insig-1 as a guide, members of the Brown and 

Goldstein lab have defined distinct sites in Insig that mediate its stability.  A region of the 

carboxy-terminal tail and two residues in transmembrane regions have currently been 

hypothesized to mediate the differential stability of Insig-1 vs. Insig-2.  In addition, the idea 

that Insigs may be ubiquitinated has been explored and lysines that were predicted to face the 

cytosol were subjected to site-directed mutagenesis.  In this case, not many lysines were 

eliminated based on topological exclusion, but when two lysines were found to be involved 

in Insig turnover and possible ubiquitination, it was the topology that gave confidence that 

these cytosol-facing lysines can possibly be modified.    

 Remarkably, over half of Insig-1’s 277 amino acids are buried within the membrane, 

with much of the water-exposed residues located in the amino- and carboxy-termini.  

Preliminary experiments were done to examine the membrane orientation of human Insig-2 

and it seems as though the amino- and carboxy-terminal ends of the protein both face the 

cytosol.  The hydropathy plots of human Insig-1 and human Insig-2 are highly similar, even 

though they are only 59% identical in amino acid sequence.  The conservation of Insig 

residues located within the transmembrane segments is much higher than the whole protein 

due to divergent amino- and carboxy-terminal regions.  Currently, this blunt structural view 

of the Insig proteins, the topology, is the only way to examine and begin to imagine how both 

Insig-1 and Insig-2 are able to function with redundancy.   
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 The topology of human Insig-1 has been a cornerstone in two or three new projects in 

the Brown and Goldstein lab.  The site-directed mutagenesis of human Insig-1 has just begun 

in an aim to define the residues of Insig that are important for its binding to SCAP and HMG 

CoA reductase.  As mentioned above, Insig is of vital importance in decreasing the 

production of cellular sterols in mammalian cells.  This is done through interactions with 

both SCAP and reductase.  Although interactions with both SCAP and reductase occur in the 

ER, the end result of each is quite unique.  The understanding of how Insig mediates these 

two very different events between two highly homologous protein regions (the sterol sensing 

domains of SCAP and HMG CoA reductase) is quite intriguing.  With a post-doc in the lab, 

Yukio Ikeda, we have begun to systematically mutate Insig in the hope of defining residues 

responsible for each distinct functional interaction that Insig is capable of, with SCAP and 

HMG CoA reductase.  Preliminary data has identified amino acids in Insig, that when 

mutated, cause Insig to no longer bind to both SCAP and reductase.  Thus, these mutant 

Insigs can no longer facilitate the ER retention of the SCAP/SREBP complex and therefore 

allow constitutive transport of SREBP to the Golgi for processing.  In addition, these mutant 

Insigs can no longer act to promote the ubiquitination and the subsequent degradation of 

HMG CoA reductase.  With the loss of Insig action, the end result is an increase in cellular 

sterol production which as we know can become toxic.  This project will continue at full 

speed. 

 We also believe that the ability of 25-hydroxycholesterol to suppress SREBP 

cleavage may be mediated through Insig.  Thus, an additional goal of the Insig mutagenesis 

study is to define any regions or amino acid residues of Insig necessary for the 25-
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hydroxycholesterol mediated suppression of SREBP transport.  These studies are currently in 

their infancy. 

 In conclusion, many questions about Insig function remain to be answered. These 

include the following: 1) How is Insig retained in the ER? 2) How does Insig binding lead to 

two very different responses (ER retention of SCAP/SREBP versus ubiquitin-mediated 

degradation of HMG CoA reductase)? 3) Why do cells produce two isoforms of Insig that are 

independently regulated, but seem to have the same functions? 4) Does Insig play a direct 

role in sterol binding, or does it simply bind to SCAP and HMG CoA reductase after these 

proteins have bound sterols? 5) How does Insig promote HMG CoA reductase ubiquitination 

and degradation?  and 6) Does Insig interact with any other proteins that have sterol sensing 

domains?  These and many other questions can be analyzed and potentially solved more 

readily now that the membrane topography of Insig has been established. 

 

SCAP Mutagenesis 

 

 SCAP is expressed in many organisms including humans, rodents, chickens, puffer 

fish, fruit flies and yeast.  The function of SCAP as an SREBP transport protein seems to be 

conserved across species.  The general size and domain structure of SCAP is also similar 

amongst species; however, the amino acid sequence of the cytosolic carboxy-terminus 

differs.  It is within the sterol sensing domain and the first transmembrane segment that there 

exists the highest degree of conservation from species to species.   
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 Prior to 2004, the only analysis of mutations in SCAP came from somatic cell genetic 

experiments from which Y298C, L315F, and D4443N mutations were discovered.  These 

mutants all fell into a single class of dominant, sterol-insensitive forms of SCAP that were 

subsequently found to not interact with Insig and thus their movement to the Golgi was not 

blocked by sterols.  One goal of my thesis work was to find other residues in SCAP that are 

responsible for the sterol-dependent interaction of SCAP and Insig.  We decided to take a 

semi-biased site-directed mutagenesis strategy to accomplish our goal.  We began by 

compiling an alignment of the amino acid sequence of SCAP from every species that we 

could find.  Because of the degree of conservation of residues, transmembrane segment one 

and the sterol sensing domain (TM 2-6) were the focus of our search for candidate residues to 

mutate.  Approximately 50 residues were chosen to mutate in groups of two to three per 

cDNA construct.  The candidates were chosen because of high conservation across all or 

most species; owing to the idea that if Insig is central to the control of cellular lipid 

homeostasis, then a highly conserved residue in different species of SCAP must be important 

for facilitating SCAP/Insig interaction.   

 After much work, we identified four conserved residues that when mutated, altered or 

abolished SCAP’s ability to transport SREBP to the Golgi.  One of these mutations seemed 

to cause SCAP to be structurally unstable, while the others proved to be extremely interesting 

to study.  A conserved aspartic acid in transmembrane segment six of SCAP, SCAP 

(D428A), is essential for SCAP's dissociation from Insigs.  Mutations that abolish this 

negative charge produce a SCAP that binds tightly to Insigs, even when cells are depleted of 

cholesterol as evidenced by this SCAP remaining in a trypsin-sensitive conformation in 
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sterol-depleted cells.  As such, SCAP (D428A) failed to transport SREBP to the Golgi, even 

when cellular sterol levels were low.  This mutant SCAP provides genetic evidence that Insig 

binding is correlated with the conformation of SCAP.  The rate of cholesterol synthesis in 

mammalian cells therefore depends in part on the conformation of SCAP.   

 The mechanism by which the loss of a negative charge in transmembrane six can 

change the conformation of SCAP and thus the ability to release Insig is currently unknown.  

The simplest explanation is that the loss of negative charge disrupts a salt bridge or ionic 

interaction between transmembrane segments that causes a previously hidden region of 

SCAP to become constitutively exposed to Inisg, mimicking the presence of cholesterol.  

This is evidenced by SCAP (D428A)’s conformation in the trypsin cleavage assay to always 

be in the “bottom band” sterol-bound form, even in the absence of sterols.  In tangible 

physical terms, this represents chronic exposure of arginine 503 of SCAP to cleavage by 

trypsin.  In wild-type SCAP, arginine 503 becomes exposed to trypsin only after incubation 

with cholesterol.  SCAP (D428A) protein must have a different conformation relative to 

wild-type SCAP.   

An alternative explanation for SCAP (D428A) always binding Insig may be that the 

negative charge is necessary for SCAP to interact with a protein (SCAP binding protein X) 

that interferes or competes with Insig for binding to SCAP.  The evidence for this model is 

like the above, purely speculative.  In fibroblasts that are transfected with large amounts of 

cDNA expressing Insig, SREBP cleavage is inhibited even in the absence of sterols.  A 

situation could be imagined whereby this SCAP binding protein X could be competed by 
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exogenous introduction of Insig, mimicking a SCAP that cannot bind protein X, SCAP 

(D428A).   

A third possibility is that the aspartic acid at position 428 acts to aid in the 

dissociation of SCAP and Insig and that a loss of it alters the dissociation rate.  Further 

studies in intact cells and in vitro systems are needed to resolve the importance of a negative 

charge at residue 428 of SCAP.  The primary finding of these studies and others is that there 

exists a very sensitive and complex interplay between SCAP, Insig and cholesterol that 

dictate the rate of sterol synthesis in animal cells.   

 

SCAP and Cholesterol Interactions 

 

 Purified, detergent-solubilized SCAP has been shown to specifically and saturably 

bind cholesterol with high affinity in vitro.  In intact cells, photoactivatable cholesterol has 

also been shown to crosslink to SCAP.  In both systems, 25-hydroxycholesterol did not bind 

SCAP directly.  As such, my thesis work sought out to identify the residues of SCAP that are 

both necessary and sufficient for its interaction with cholesterol and to provide direct 

evidence that cholesterol and 25-hydroxycholesterol trigger SCAP/Insig interaction and thus 

modulate SCAP/SREBP transport and cellular lipid synthesis via distinct mechanisms.   

 The mutants generated in the above SCAP mutagenesis studies were tested for their 

ability to transport SREBP to the Golgi and their ability to be regulated by sterols.  SRD-13A 

cells, a CHO cell derivative that is deficient in SCAP, were transfected with mutant SCAP 

and incubated with either cholesterol or 25-hydroxycholesterol.  After sterol incubation, the 
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presence of nuclear SREBP was assayed.  Given recent data suggesting that cholesterol and 

25-hydroxycholesterol act on SCAP through different mechanisms, we expected to identify a 

mutant SCAP whose transport to the Golgi was able to be inhibited by either cholesterol or 

25-hydroxycholesterol, but not both.   For example, we hoped to identify a mutant version of 

SCAP that was resistant to suppression of SREBP processing by cholesterol, but wild-type 

with respect to 25-hydroxycholesterol.  We also hoped to find the converse mutant resistant 

to only 25-hydroxycholesterol but not cholesterol.  After detailed analysis of approximately 

50 conserved residues in the sterol sensing domain of SCAP, zero mutants were found to be 

resistant to regulation by either sterol.  We decided to design an alternative strategy to 

differentiate SCAP’s ability to sense cholesterol directly from SCAP’s ability to be 

modulated by 25-hydroxycholesterol.   

 The sterol sensing domains of Drosophila SCAP and hamster SCAP are of high 

homology.  Interestingly, Drosophila cells express genes that encode a single SREBP 

(dSREBP) and orthologs of mammalian SCAP and the two SREBP proteases, but do not 

encode for Insig in their genome.  Experiments with RNA interference (RNAi) indicate that 

SCAP is required for dSREBP processing in Drosophila cells, as it is in animal cells (SRE-

13A cells do not process SREBP).  As discussed, mammalian SREBPs activate genes 

relating to the biosynthesis of both cholesterol and unsaturated fatty acids.  In contrast, 

dSREBP in Drosophila S2 cells, activates genes required for saturated fatty acid biosynthesis, 

owing to the fact that insects do not produce sterols.  Another difference between the 

mammalian and insect SREBP pathway is that in Drosophila, the transport of SREBP from 

the ER to the Golgi is regulated by phosphatidylethanolamine and not sterols.  In vitro, 
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purified, detergent-solubilized Drosophila SCAP does not bind cholesterol with high affinity.  

Using these ideas, we decided to devise a scheme to substitute the individual transmembrane 

domains of Drosophila SCAP into the backbone of hamster SCAP.   

 We focused on transmembranes one to six of SCAP, the sterol sensing domain (TM 

2-6) and TM 1, which has been implicated in the binding of photocholesterol to SCAP.  

Between transmembrane domains one to six of Drosophila and hamster SCAP, 

approximately half of the residues are conserved.  We thought that the global structure of the 

SCAP protein would not be altered by substituting transmembrane domains of one SCAP 

species to another SCAP species because both proteins perform similar functions and are 

localized to similar regions of the cell and have a relatively high homology.  When hamster 

SCAP with each individual transmembrane domain (TM 1-6) exchanged for that of 

Drosophila was transfected into SRD-13A cells, all six hybrid proteins were expressed at 

equal levels to wild-type and all six proteins were able to transport human SREBP-2 to the 

Golgi for processing, just as wild-type hamster SCAP does.  We next engaged in the all 

important experiment to determine if the residues of an individual transmembrane segment of 

hamster SCAP are necessary to confer responsiveness to either cholesterol or 25-

hydroxycholesterol.  Interestingly, Drosophila TM 1 and TM 3 substituted for hamster TM 1 

and TM 3 were partially resistant to suppression by cholesterol, but were able to be fully 

suppressed by 25-hydroxycholesterol.  The substitution of Drosophila TM 2 for that of 

hamster SCAP produced a protein that was resistant to both cholesterol and 25-

hydroxycholesterol. 
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 We further divided each transmembrane segment into cytosolic and luminal halves.  

In the case of TM 2, there are six residues in the luminal half that differ between the 

Drosophila and hamster sequence.  When Drosophila TM 2 luminal sequence is inserted into 

the hamster background, the mutant SCAP is now resistant to suppression by both cholesterol 

and 25-hydroxycholesterol, but when the cytosolic seven different residues of TM 2 are 

exchanged, the mutant SCAP is sensitive to both cholesterol and 25-hydroxycholesterol, just 

as wild-type.  We are currently investigating which single amino acid is responsible for this 

phenotype.  There exists two possibilities as to the mechanism by which this SCAP (hamster 

SCAP with Drosophila TM 2 luminal substitution) mutant is deficient in responding to both 

cholesterol and 25-hydroxycholesterol; either the protein has lost both the cholesterol and 25-

hydroxycholesterol specific responsive sites, or the protein no longer binds Insig and thus is 

functionally similar to the already known dominant mutations Y298C, L315F, and D443N.  

We have preliminary data suggesting that the latter is true and that a substitution of tyrosine 

292 to phenylalanine prohibits SCAP from binding Insig.  Upon examination of the current 

topological model of SCAP, tyrosine 292 lies in the middle of transmembrane segment 2.  

Our three known dominant SCAP mutants that do not interact with Insig are all positioned 

within the cytosolic half of SCAP.  Our current working hypothesis is that SCAP and Insig 

form an interaction at the cytosolic leaflet of the endoplasmic reticulum membrane.  Given 

this new finding regarding Y292F SCAP and Insig binding, we must rethink our model.  One 

likely explanation as to why we haven’t yet seen a residue in SCAP outside of the cytosolic 

leaflet that is important for Insig interaction is that we simply are just now getting enough 

data points; that is to say that if we mutated every transmembrane residue of SCAP TM 1-6 
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to all 20 possible amino acids (only about 2500 constructs—maybe a good graduate student 

project!) we would be likely to find additional mutations in regions other than the cytosolic 

leaflet of SCAP.  In fact, Y292 was identified in the original mutagenesis screen as a highly 

conserved residue, and it was mutated to an alanine.  Y292A SCAP behaved like wild-type in 

its ability to be suppressed by cholesterol and 25-hydroxycholesterol.  This finding 

complicates a mutagenesis screen by suggesting that classical alanine scanning mutagenesis 

may be leaky when analyzing the functional significance of given residues of a protein.   

 As in transmembrane two, we separated transmembranes one and three into cytosolic 

and luminal halves.  The results of the mutagenesis of TM 1 have proven to be quite 

complex.  When either half or the entire segment of hamster TM 1 was mutated to that of 

Drosophila, the SCAP protein produced was resistant to suppression by cholesterol, but not 

25-hydroxycholesterol.  Hamster and Drosophila TM 1 differ at 14 amino acid positions.  A 

detailed analysis of the transmembrane segment was performed by “walking mutagenesis” 

across TM 1, changing the residues two at a time from the cytosol to the lumen.  Many of the 

resultant SCAP mutants were partially resistant to cholesterol, with some degree of 

ambiguity.  If residues near the middle of hamster TM 1 were mutated to that of Drosophila, 

the absolute expression levels increased 3-5 fold over wild-type hamster SCAP, but the 

amount of nuclear SREBP produced was about 3 fold less.  We purified detergent-solubilized 

membrane domain of hamster SCAP with the Drosophila TM 1 cytosolic region substitution 

and assayed its cholesterol binding status.  This mutant protein failed to bind cholesterol in 

vitro, consistent with the in vivo cell culture data.  Unfortunately, circular dichroism spectra 
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of this mutant showed a decreased alpha helical content when compared to wild-type hamster 

SCAP.   

 We next decided to focus on transmembrane domain three of SCAP.  When the 

luminal region of hamster TM 3 was substituted with that of Drosophila SCAP, wild-type 

function was retained.  However, when the cytosolic half of TM 3 of hamster SCAP is 

replaced with that of Drosophila SCAP, a clear and consistent phenotype of partial 

cholesterol resistance to cholesterol with a wild-type response to 25-hydroxycholesterol is 

produced.  A total of five residues were changed in this construct.  The cytosolic region of 

transmembrane three was further narrowed down using individual amino acid mutations (all 

five residues were mutated independently and tested in an SREBP cleavage assay) and it was 

found that a tryptophan changed to phenylalanine at position 313 and a glycine changed to a 

leucine at position 314 were the sole residues responsible for the partial resistance to 

cholesterol suppression in vivo.  We next tested the purified, detergent-solubilized membrane 

domain of the double mutant W313F/G314L SCAP in its ability to bind cholesterol directly 

in vitro.  As expected, the binding of cholesterol to mutant SCAP was greatly reduced to 

levels close to 20% of wild-type.  In this case, circular dichroism studies revealed a protein 

that retained wild-type alpha helical proportions.  Since our original goal was to find a 

mutant version of hamster SCAP that no longer was able to be suppressed by and therefore 

deficient in cholesterol binding, while still retaining the ability to be suppressed by 25-

hydroxycholesterol, we decided to combine our two classes of partial resistant mutants and 

hope for synergism.   
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 Hamster SCAP with both the cytosolic half of TM 1 exchanged for that of Drosophila 

SCAP and W313F/G314L (TM 1(C)/W313F/G314L) mutations is fully resistant to 

suppression by cholesterol.  This mutant SCAP is also refractory to suppression by LDL 

cholesterol and androstenol (cholesterol without the side chain).  Unfortunately, this double 

mutant of SCAP is also resistant to 25-hydroxycholesterol suppression in cell culture.  The 

purified, detergent-solubilized membrane domain of  

TM 1(C)/W313F/G314L SCAP does not bind cholesterol in vitro.  The circular dichroism 

spectra of this mutant is like that of the TM 1 (cytosolic) mutation alone, in that is lacks a 

strong alpha helical content, suggesting that the purified protein is structurally unstable 

relative to the wild-type membrane domain of SCAP.  TM 1(C)/W313F/G314L SCAP may 

not be fatally misfolded as circular dichroism suggests, as evidenced by its ability to exit the 

ER.  In fact, this mutant’s defect is that it exits the ER constitutively, and thus is clearly not 

considered to be a misfolded protein by the stringent ER quality control components.  As 

mentioned before, all previously defined dominant mutations in SCAP (Y298C, L315F, 

D443N, and Y292F) that result in constitutive transport to the Golgi are mechanistically due 

to a deficiency in Insig binding.  Interestingly, in very preliminary experiments, SCAP TM 

1(C)/W313F/G314L seems to bind Insig in a sterol-dependent fashion, albeit with a slightly 

weaker affinity than wild-type SCAP.   

 After much mutagenesis, we have defined transmembrane segment one, W313, and 

G314 in transmembrane segment three of SCAP as being important residues for SCAP’s 

function as a cellular cholesterol sensor.  We will continue to investigate the subtleties of 

transmembrane segment one and try to increase the degree of resistance to cholesterol of 
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W313F/G314L SCAP by adding additional mutations to this backbone.  The most 

compelling evidence of the fact that we can dissociate the action of cholesterol and 25-

hydroxycholesterol on SCAP has been reveled by these SCAP mutagenesis studies.  Upon 

showing that we have found a mutant version of SCAP that is resistant to suppression by 

cholesterol, but is still able to be suppressed by 25-hydroxycholesterol, we can make the 

steadfast conclusion that cholesterol and 25-hydroxycholesterol act through different 

mechanisms to regulate cellular lipid synthesis.   

 

Studies of Human SCAP 

 

 Helen Hobbs in the Department of Molecular Genetics is involved in a large human 

patient study that is searching for genetic links to lipid levels in the blood.  The Dallas Heart 

Study as it is commonly called, currently has many patients enrolled who have had their 

basic health status evaluated, recorded, and from whom genomic DNA has been isolated.  

The Hobbs group has identified an arbitrary group of individuals that have the highest blood 

and tissue lipid levels and a group who have the lowest blood and tissue lipid levels.  The 

DNA from these two groups of people has been sequenced and analyzed for mutations in 

genes involved in the SREBP pathway, such as SREBP, LDL receptor, PCSK9, S1P, S2P, 

Insig-1, Insig-2, SCAP and others.  In the case of SCAP, some variant residues have been 

found at certain positions in the molecule that correlate with either high or low body levels of 

lipids.  Part of my work in the lab has been to clone human SCAP and make cDNA’s 

containing the candidate mutations in SCAP that may confer an outlier lipid phenotype in 
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these patients and to test them in cell culture for their ability to perform the known functions 

of SCAP.  To date, the mutations have been made and their functionality is currently being 

tested in cell culture models using transient transfection systems.  
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