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Proteostatic Tactics in the Strategy of Sterol Regulation

Margaret A. Wangeline, Nidhi Vashistha, and Randolph Y. Hampton
Section of Cell and Developmental Biology, Division of Biological Sciences, University of 
California, San Diego, La Jolla, California 92093

Abstract

In eukaryotes, the synthesis and uptake of sterols undergo stringent multivalent regulation. Both 

individual enzymes and transcriptional networks are controlled to meet changing needs of the 

many sterol pathway products. Regulation is tailored by evolution to match regulatory constraints, 

which can be very different in distinct species. Nevertheless, a broadly conserved feature of many 

aspects of sterol regulation is employment of proteostasis mechanisms to bring about control of 

individual proteins. Proteostasis is the set of processes that maintain homeostasis of a dynamic 

proteome. Proteostasis includes protein quality control pathways for the detection, and then the 

correction or destruction, of the many misfolded proteins that arise as an unavoidable feature of 

protein-based life. Protein quality control displays not only the remarkable breadth needed to 

manage the wide variety of client molecules, but also extreme specificity toward the misfolded 

variants of a given protein. These features are amenable to evolutionary usurpation as a means to 

regulate proteins, and this approach has been used in sterol regulation. We describe both well-trod 

and less familiar versions of the interface between proteostasis and sterol regulation and suggest 

some underlying ideas with broad biological and clinical applicability.
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INTRODUCTION

The continuous requirement for sterols and related molecules, either produced by the sterol-

synthesizing mevalonate pathway or taken up from the extracellular world, raises a 

biochemical double-edged sword. The sterol synthetic pathway is metabolically costly, and 

later stages are heavily oxygen dependent. Furthermore, pathway intermediates can cause 

toxicity in a variety of biophysical and pharmacological ways. Sterols and related molecules 

also act as ligands in signaling and development. As a result, concentrations of sterol 

pathway molecules must be tightly regulated in space and time. Regulation involves 

simultaneous control of synthesis, uptake, and cellular efflux of a variety of molecules that 

are all made by this highly branched metabolic pathway.
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A surprising number of sterol regulatory mechanisms pertain to protein quality control, 

which is the set of cellular processes that detect and allow remediation of misfolded 

proteins. Proteostasis pathways have been around since the dawn of proteins, and evolution 

has apparently capitalized on the specificity and alacrity of these mechanisms in many facets 

of sterol regulation. Our review is not comprehensive, but fortunately many current 

examples exist (Brown & Goldstein 2008, Jiang & Song 2014, Jo & DeBose-Boyd 2010, 

Raychaudhuri et al. 2012, Sharpe et al. 2014, Ye & DeBose-Boyd 2011, Zhang et al. 2012). 

This review tells a particular set of stories about using protein quality control to regulate 

metabolism. We hope to provide new ways of thinking about both sterol regulation and 

proteostasis. We unabashedly own our bias, being involved in and intrigued by this interface 

between protein folding and physiological control. So in one sense the old saying “all is 

yellow to the jaundiced eye” may apply. Alternatively, we think we are providing a new pair 

of glasses, rose tinted by protein folding, to view the pervasive, highly conserved, and 

eminently translatable processes of sterol biology. We describe the best-studied routes of 

sterol pathway regulation to demonstrate the prevalence of proteostatic tactics employed to 

effect regulation. In addition, we highlight newer examples as avenues for ongoing inquiry 

into two of the oldest cellular professions: protein quality control and sterol synthesis.

BACKGROUND

The sterol pathway produces a dazzling variety of lipid molecules (Figure 1). The breadth of 

products includes not only cholesterol and other sterols, but also a massive collection of 

isoprenoids (based on the 2-methyl butyl carbon skeleton) and derivatives used in all walks 

of organismal life. This highly branched sequence of reactions—also termed the mevalonate 

pathway—includes essential molecules in nearly every cellular process. Approximations for 

the number of distinct natural isoprenoids top 30,000 (Lange et al. 2000). Accordingly, in a 

sense the sterol/mevalonate pathway can be viewed as a Darwinian combinatoric library. 

Regulation of sterol synthesis occurs at several levels, including coordinated feedback 

regulation of multiple gene groups. In addition, several key enzymes are controlled. The 

prevailing theme in all these layers is modification of protein levels rather than activity per 

se, through the use of protein synthesis, trafficking, quality control, and degradation.

Sterol synthesis in eukaryotes occurs by the conversion of acetate in the greater-than-30-step 

mevalonate pathway (Figure 1). The pathway proceeds by sequential addition of 2-carbon 

acetate groups from acetyl-CoA to produce 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA). 

The reduction of HMG-CoA to mevalonic acid by HMG-CoA reductase (HMGR) is 

considered a rate-controlling step in many circumstances (Geelen et al. 1986). Mevalonate 

then undergoes phosphorylation and loss of CO2 to produce isopentanoid building blocks, 

which are used to assemble the remarkable variety of molecules seen in the biosphere. The 

sterol pathway condenses these first molecules into the 15-carbon farnesyl pyrophosphate 

and then the 30-carbon squalene, which is then oxidized and rearranged to produce the first 

sterol shape, lanosterol. Next, a variety of reactions produce the main sterol of a given 

organism (mammals: cholesterol; yeast: ergosterol; plants: phytosterol) used to create both 

biologically amenable membranes and a variety of high-potency sterol-based mediators and 

hormones (Bloch 1965). Numerous enzymes of the mainstream sterol pathway show highly 

conserved regulation. They are introduced as the examples relevant to our story arise below, 
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along with the pertinent sterol-regulatory proteins. A motif parts list emerges that will be 

useful to frame our destructive and “misfolded” view of sterol regulation.

Mammalian sterol uptake is a whole-organism affair that starts with dietary sterols and ends 

with cellular uptake and distribution of sterols and other lipids. Sterols are given safe and 

soluble passage through the bloodstream as passengers in a variety of lipoprotein particles.

The most famous and best-studied example is the receptor-mediated uptake of plasma low-

density lipoprotein (LDL) by the LDL receptor (LDLR). More recent additions to the uptake 

story include elucidation of the Niemann-Pick cholesterol intracellular transport proteins 

(Infante et al. 2008a,b; Ohgami et al. 2004; Vanier 2015) and the intestinal transport factor 

NPC1L1 (Niemann-Pick C1-Like 1), which allows for movement of dietary sterol molecules 

from the digestive tract to the intestinal cells that package them into chylomicrons (Abumrad 

& Davidson 2012, Altmann et al. 2004, Davies et al. 2000, Hussain 2014, Wang & Song 

2012). Finally, sterol removal and excretion are parts of the entire balance. It is now clear 

that LDLRs mediate an important component of sterol removal due to catabolism and 

excretion after uptake (Favari et al. 2015, Jakulj et al. 2016). Furthermore, the reactions that 

break down sterols to foster their exit from the gut as bile acids compose another regulated 

component of sterol flux through mammals.

This review connects a number of sterol regulatory mechanisms to the seemingly separate 

field of proteostasis. Proteostasis includes the production, folding, delivery, and destruction 

of proteins and occurs constantly in all cells. A critical branch of proteostasis involves 

management of misfolded proteins. The folded integrity of the proteome is under constant 

challenge by the conditions of life. It has been eloquently noted that the typical cell operates 

in almost diametric opposition to the best practices of a biochemist (Goldberg 2003). A good 

biochemist keeps proteins isolated, at approximately 1 mg/ml concentrations, in the cold and 

away from reactive chemicals. A good cell keeps its proteins in complex mixtures; at 

approximately 200–300 mg/ml concentrations; often at 37°C; and in the presence of oxygen, 

reactive oxygen species, light of many wavelengths, and numerous reactive metabolic 

intermediates. So protein-based life is a compromise between the good kinetics of action and 

the unfortunate kinetics of misfolding. The ongoing struggle to maintain a functional, folded 

proteome requires a network of corrective processes collectively termed protein quality 

control. Protein quality control is a beautiful example of evolution’s ability to adapt cellular 

specificity—in this case the high selectivity that protein quality control pathways display for 

misfolded versions of their normally folded clients—to effect regulation.

GLOBAL REGULATION OF STEROL-RELATED PROTEIN EXPRESSION BY 

THE SREBP PATHWAY

Study of the molecular mechanisms of sterol regulation has a rich history. A key turning 

point came with a focus on mechanisms of LDL uptake more than 40 years ago by the 

Brown and Goldstein group (Brown & Goldstein 1974, Goldstein & Brown 1973, Schneider 

et al. 1982). These researchers’ discovery of, and studies on, the LDLR launched a 

multidecade endeavor that brought the physiological significance and the biochemical 

beauty of sterol regulation into wide view (Brown & Goldstein 2008; Goldstein & Brown 
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2009, 2015). In the course of unraveling familial hypercholesterolemia, they discovered that 

normal receptor-mediated LDL (and thus sterol) uptake causes marked downregulation of 

both sterol synthesis and LDL uptake. Feedback inhibition of sterol synthesis was profound, 

showing a more-than-100-fold decrease in the activity of the rate-limiting enzyme HMGR in 

some cases (Brown et al. 1973). These observations set the stage for deep mechanistic 

studies, leading to rich lines of inquiry and new biological fields that continue today. The 

basic model can be stated as global coordinated transcriptional control of synthesis and 

uptake, overlaid by posttranslational control of individual proteins. Many of the underlying 

mechanisms involve surprising adaptations of both synthetic and degradative aspects of 

proteostasis. Although the global transcriptional control is both very important and 

beautifully efficient, it has been reviewed numerous times in great detail (Horton et al. 2002, 

Osborne & Espenshade 2009, Ye & DeBose-Boyd 2011). We cover this topic here more 

briefly because the involved molecules define a useful parts list in exploration of the sterol-

proteostasis interface.

Transcriptional control of sterol uptake and synthesis involves the transcription factor 

SREBP (sterol response element–binding protein). This classic bHLH-zip transcription 

factor is the soluble N terminus of a larger two-spanning membrane protein that resides in 

the endoplasmic reticulum (ER). The membrane anchor allows the SREBP to be regulated 

by the classic ER vesicle trafficking pathway used to process and deliver approximately 30% 

of all cellular proteins to various destinations in the secretory pathway. Cleavage and hence 

activation of SREBP rely on a protein termed SCAP (SREBP cleavage-activating protein), 

which is required for liberating the soluble N-terminal transcription factor from its 

membrane anchor. SCAP normally traffics between the ER and the Golgi complex by 

binding to one of the coat proteins from an ER transport vesicle. SCAP also binds to the C 

terminus of SREBP, and SCAP thus serves as an Uber driver for SREBP, taking it to the 

Golgi complex to be sequentially cleaved by two separate Golgi-resident proteases that 

liberate the active, soluble SREBP N terminus. Cholesterol regulates SREBP activation 

through this SCAP-based transport (Figure 2). When cellular cholesterol levels are high, 

SCAP binds to an ER-localized multispanning membrane protein termed INSIG (insulin-

induced gene 1; Insig in mammals) that retains it in the ER, thus preventing activation by 

prohibiting SREBP trafficking to the Golgi complex. Put simply, high cholesterol blocks 

SREBP trafficking to its cleavage site, and low cholesterol allows SREBP trafficking to its 

cleavage site. Because active SREBP brings about expression of sterol synthetic enzymes 

and the LDLR, this scenario makes homeostatic sense. When cholesterol is low, both sterol 

synthesis and uptake are increased, and when cholesterol is abundant, both are curtailed. It is 

worth remembering that the ER-to-Golgi trafficking pathway is a major conduit of protein 

processing and transport, and so the theme of proteostasis looms large in the mechanism of 

regulation that evolution has chosen for this multigene portion of sterol regulation. 

Furthermore, the SCAP regulatory mechanism reveals a number of cis and trans components 

that are employed in a variety of other sterol regulation events. Accordingly, there is a 

revealing unity in several of the independent processes of sterol regulation and an interesting 

consistency to the idea that proteostasis has been harnessed to effect highly specific 

regulation.
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THE STEROL-SENSING DOMAIN, INSIG, AND LIPID SIGNALS: THE 

CENTRAL DOGMA OF STEROL REGULATION

SCAP is an eight-spanning membrane protein. Embedded in the SCAP sequence is an 

intriguing motif termed the sterol-sensing domain (SSD). The SSD was first noted by 

aligning the sequences of a variety of integral membrane proteins that have something to do 

with sterols (Kuwabara & Labouesse 2002, Nohturfft et al. 1998, Osborne & Rosenfeld 

1998). Although this description may sound glib, the breadth of SSD protein actions renders 

it fairly accurate. SSD is found in proteins with diverse functions in sterol regulation, 

including enzymes, trafficking components, signaling devices, and degradation factors. 

Thus, an ongoing goal of sterol regulation is to decide whether there is an underlying 

common function of the SSD. The SSD consists of highly conserved residues within or near 

transmembrane spans 2–6 of SCAP. The SSD was originally speculated to bind cholesterol 

and to thus allow an overlay of regulation or sensing (Goldstein et al. 2006, Radhakrishnan 

et al. 2004). However, further studies on SCAP indicate that SSD function is distinct from 

sterol binding (Motamed et al. 2011). Nevertheless, the extreme conservation of this motif 

over two billion years of evolution demands focus on its function. The highly conserved 

residues of the SSD are consistently demonstrable as important in a variety of regulatory 

actions, indicating the phenotypic importance of the SSD. Through the lens of proteostasis, 

an interesting hypothesis about an SSD function emerges. This view also depends on another 

key player in the sterol regulatory arena: INSIG proteins.

The INSIG proteins (Insig1 and -2 in mammals) reside in the ER, where they anchor SCAP 

in a cholesterol-dependent manner (Yang et al. 2002). The INSIG proteins are highly 

conserved in both sequence and function from yeast to mammals (Burg et al. 2008, Flury et 

al. 2005). The ability of cholesterol and other sterols to regulate the trafficking of SCAP—

and thus the processing of SREBP—is due to a cholesterol-dependent change in the 

conformation of SCAP that allows binding to Insig and thus precludes trafficking (Adams et 

al. 2003, Brown et al. 2002). Direct biochemical assays on purified SCAP demonstrated that 

cholesterol binds to SCAP with a nanomolar Kd, causing a structural change in the pure 

protein. The original idea that the SSD was responsible for sterol binding was supplanted by 

studies showing that the first luminal loop of the protein (outside the SSD) was necessary 

and sufficient for high-affinity binding of sterols (Motamed et al. 2011). The model from a 

variety of studies is that the SSD is responsible for engaging INSIG; it has even been 

proposed that the SSD designation be changed to IBD (INSIG binding domain) to 

emphasize this function (Motamed et al. 2011). However, in the context of SSD action 

outside of the mammalian arena, the SSD has autonomous on-pathway functions that 

suggest that the IBD moniker is too narrow.

The story of these parts is further complicated by the observation that INSIGs also have 

affinity for a distinct class of sterols, and INSIG binding of sterols can similarly restrict 

SCAP to the ER. The structure activity of INSIG-sterol binding is distinct from that of 

SCAP, as far as has been measured, with the strongest ligands being oxidized species 

(Adams et al. 2004, Radhakrishnan et al. 2007). Thus, there may be in this regulatory axis an 

ability to monitor a number of facets of sterol anabolism, catabolism, and transport. A 
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variety of studies show that both the SSD and INSIGs have long and separate evolutionary 

histories that came together in eukaryotes (Hausmann et al. 2009, Kuwabara & Labouesse 

2002, Ren et al. 2015). What is clear is that the functional relationship between SSD and 

INSIG proteins is often but not always intertwined; with this parts list now in hand, we turn 

to examples that employ these components in revealing ways in mammals and other 

eukaryotes.

REGULATED DEGRADATION OF HMG-COA REDUCTASE: ERADICATION 

OF EXCESS ACTIVITY

HMGR undergoes feedback-regulated degradation as a part of pathway control. In cell 

culture, the activity of HMGR varies up to 200 fold, depending on sterol abundance and 

availability. Similarly, in vivo in animals, liver levels of the enzyme can oscillate more than 

two orders of magnitude during a typical diurnal cycle (Hwang et al. 2016). This impressive 

range appears to be entirely due to altering the amount of HMGR protein. Although the 

cytosolic HMGR catalytic domain undergoes control by phosphorylation (Beg et al. 1985, 

Omkumar et al. 1994), this modification is reserved for switching between catabolic and 

anabolic states. Accordingly, HMGR production and degradation are used to regulate the 

activity of this enzyme. Synthesis is controlled en bloc by the SREBP pathway described 

above, and this mechanism accounts for approximately 10–20-fold variation. The remainder 

of the variation is due to regulated degradation of the HMGR enzyme, which responds in the 

expected way to flux through the sterol pathway: When levels of sterol pathway products are 

abundant, HMGR undergoes rapid degradation (Edwards et al. 1983). When pathway flux is 

slowed, HMGR becomes stable, and the difference in half-life is on the order of 30 min in 

the rapidly degraded state to more than 6 h when stable.

Regulated degradation of HMGR is a highly selective process, targeting only this protein. 

The high specificity makes this branch of sterol regulation particularly interesting as a novel 

clinical target and has engendered much research (Sever et al. 2003a,b; Ravid et al. 2000; 

Roitelman & Simoni 1992). HMGR is an ER-resident integral membrane protein, with an N-

terminal eight-spanning membrane anchor followed by a linker and a highly conserved 

cytoplasmic catalytic domain that catalyzes the rate-limiting production of mevalonic acid. 

The large transmembrane anchor is necessary and sufficient for regulated degradation by 

ubiquitination. The ubiquitin pathway involves a cascade of enzymatic reactions that result 

in construction of a multiubiquitin chain on a substrate, which targets that protein for 

destruction by the 26S proteasome. Ubiquitination is brought about by transfer of ubiquitin 

from one of a small number (10 in yeast, ∼50 in mammals) of E2 ubiquitin-conjugating 

enzymes (UBCs) to the substrate or substrate-bound growing multiubiquitin chain (Amm et 

al. 2014, Kleiger & Mayor 2014). Transfer of ubiquitin from the UBC to the substrate is 

catalyzed by an E3 ubiquitin ligase, which is responsible for the specificity of ubiquitination. 

HMGR degradation is accomplished by regulated ubiquitination, in which the enzyme is 

tagged with multiple copies of the ubiquitin, followed by its extraction from the ER 

membrane and proteolysis by the cytosolic 26S proteasome. Our understanding of 

mammalian HMGR ubiquitination owes much to the elegant work of the DeBose-Boyd 

group (Jo et al. 2011; Song et al. 2005a,b). The initial model involved a single E3 ubiquitin 
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ligase and some of the familiar components from the SREBP story: Like SCAP, the HMGR 

transmembrane anchor has an SSD, and this domain is required for regulated degradation. 

When sterol levels are high, HMGR associates with Insig. Insig binding brings an ER-

resident E3 ubiquitin ligase known as gp78 into close proximity with HMGR, causing its 

ubiquitination and eventual degradation by the cytosolic proteasome. gp78 is one of a 

number of E3 ubiquitin ligases involved in ER-associated protein degradation (ERAD), by 

which misfolded proteins of the ER are selectively detected and destroyed (Brodsky 2012, 

Hirsch et al. 2009, Needham & Brodsky 2013). A variety of highly conserved pathways 

participate in ERAD. Because many of the maladies of aging involve pathologies associated 

with misfolded proteins, degradative quality control is an active field of endeavor. Although 

the regulated recruitment of gp78 to HMGR is highly specific, the range of substrates that 

are removed by ERAD pathways is very broad. Thus, in this aspect of sterol regulation, 

again a highly general proteostatic process is adapted to bring about a highly specific 

regulatory outcome. For SREBP, the high-throughput conveyor belt of ER-to-Golgi transport 

is involved, and in this context, one of the broad-specificity ERAD quality control pathways 

operates in conjunction with protein synthesis and folding to ensure a well-folded proteome.

Since those initial studies, it has become clear that mammalian HMGR degradation is more 

complex than this initial understanding. Another multispanning ER-resident E3 ubiquitin 

ligase termed TRC8 is also capable of supporting regulated degradation of HMGR (Jo et al. 

2011). Moreover, gp78 can apparently degrade TRC8. Furthermore, TRC8 has its own SSD 

and can interact with INSIGs, allowing for a fairly complex interplay of these factors (Jo et 

al. 2011, Lee et al. 2010). Significantly, even this more nuanced two-E3 view has been 

challenged using gp78−/− null cells (Tsai et al. 2012); evidence from those studies indicates 

that the model of E3 participation in HMGR degradation may be incomplete. Finally, the 

individual regulatory proteins that mediate HMGR and SREBP regulation clearly undergo 

ERAD by a variety of mechanisms. For example, TRC8 is a substrate of gp78, and the Insig 

proteins are also subject to degradation when they are not bound to a client (Lee et al. 2006, 

Lee et al. 2010). The final understanding of the true complexity of these intertwined systems 

may be resolvable only by newer gene editing methods, perhaps using systems biology 

approaches.

The principal sterol that brokers the gp78-INSIG association with HMGR is derived from 

lanosterol, rather than cholesterol (Lange et al. 2008; Song et al. 2005a,b). Lanosterol is 

produced only by the sterol pathway. Thus, regulated degradation of HMGR is keyed to 

sterol synthesis rather than simple sterol abundance, appropriate for HMGR’s rate-limiting 

status in this pathway. The HMGR presumably has a binding site for 24,25-

dihydrolanosterol, although this has not been demonstrated. HMGR stability is also 

controlled by the 20-carbon isoprenoid geranylgeranyl pyrophosphate (GGPP). The original 

observation was that addition of the 20-carbon isoprene geranylgeraniol (GGOH, the 

unphosphorylated form of GGPP) accelerated sterol-mediated degradation of HMGR (Sever 

et al. 2003a,b). Recent studies have implicated the multispanning integral membrane 

prenyltransferase UBIAD1 (UbiA prenyltransferase domain–containing 1) by the following 

mechanism: UBIAD1 binds to HMGR during its sterol-dependent ubiquitination and 

prohibits the extraction of ubiquitinated HMGR from the ER membrane for degradation. 

Added GGOH is converted into the pathway intermediate GGPP, which then binds to 
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UBIAD1, promoting its liberation from HMGR and thus allowing the steps downstream of 

its degradation to proceed (Schumacher et al. 2015, 2016). Thus, mammalian HMGR 

stability is keyed to two biosynthetic signals: GGPP and lanosterol (Figure 1).

The highly conserved sterol/mevalonate pathway is found in all eukaryotes. We next discuss 

two examples of sterol pathway regulation separated from mammals by one billion years of 

evolution: regulated degradation of HMGR in Saccharomyces cerevisiae (which we term 

yeast) and the SREBP pathway in Schizosaccharomyces pombe. Study of common 

regulatory components such as INSIGs and SSDs in these model citizens of the biosphere 

reveals core functions and novel insights applicable to all examples.

REGULATED DEGRADATION OF HMG-COA REDUCTASE IN 

SACCHAROMYCES CEREVISIAE: HRD BEHAVIOR

Regulated ubiquitination of HMGR was first discovered and studied in S. cerevisiae 
(Hampton & Bhakta 1997, Hampton et al. 1996), and its study continues to provide insights 

into both sterol regulation and ERAD (Neal et al. 2017, Sato et al. 2009, Vashistha et al. 

2016). HMGR is essential for life in yeast, allowing synthesis of many isoprenoids and 

ergosterol, which is the principal sterol. Yeast HMGR has a body plan very similar to that of 

mammalian HMGR: an eight-spanning N-terminal ER membrane anchor and a C-terminal 

cytosolic catalytic domain connected by a linker to the membrane anchor. The mammalian 

catalytic domain, which is ~60% identical to the yeast catalytic region, can provide the 

needed HMGR activity to yeast. In contrast, the eight-spanning N-terminal transmembrane 

region has far more limited homology but nevertheless has a clear SSD that is critical for 

regulated degradation of HMGR. There are two isozymes of HMGR in yeast: Hmg1 and 

Hmg2. Either isozyme can supply the essential enzyme activity, but only Hmg2 undergoes 

regulated degradation.

Regulated degradation of Hmg2 follows the dictates of feedback regulation: High flux 

through the mevalonate pathway promotes degradation, whereas lowered flux causes 

stabilization. In this way, Hmg2 half-life can vary between 15 min and 6 h (Gardner et al. 

1998, Shearer & Hampton 2004). Genetic analysis of Hmg2 degradation led to the discovery 

of the HRD genes (which are responsible for Hmg-CoA reductase degradation), along with 

many other substrates. The HRD1 and HRD3 genes encode a pair of ER-resident proteins 

that form the core subunits of a highly conserved E3 ubiquitin ligase, which is responsible 

for ubiquitination of Hmg2, leading to proteasome-mediated degradation (Bays et al. 2001, 

Gardner et al. 2000, Hampton & Garza 2009, Hampton et al. 1996, Vashistha et al. 2016). 

The Hrd1 protein is a multispanning E3 ubiquitin ligase with an N-terminal transmembrane 

region and a C-terminal E3 ubiquitin ligase domain. A canonical RING-H2 domain in this 

E3 domain is responsible for brokering the transfer of ubiquitin, primarily from the E2 

Ubc7, to Hmg2. Hrd3 (Sel1L in mammals) has a large luminal domain and is found in 

stoichiometric association with Hrd1. Loss of either protein causes complete removal of the 

HRD pathway and full stabilization of Hmg2 and all other HRD degradation substrates. 

Surprisingly, in addition to a role in Hmg2 degradation, the HRD pathway is central to 

eukaryotic ERAD. As mentioned above, ERAD is conserved in eukaryotes and is 
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instrumental in alleviating potentially lethal ER stress (Brodsky & Skach 2011, Koenig & 

Ploegh 2014, Travers et al. 2000, Walter & Ron 2011). Hrd1 is a clear homolog of gp78, the 

main E3 ubiquitin ligase used in mammalian HMGR degradation, with a similar layout, 

sequence identities throughout the protein, and similar E2 requirements (Fang et al. 2001; 

Song et al. 2005a,b). Thus, the theme of regulation by use of protein quality control is extant 

across the impressive evolutionary gap that separates yeast from hepatocytes. However, 

unlike the complex involvement of other E3 ubiquitin ligases in addition to gp78 in 

mammals, Hrd1 appears to be the sole E3 ubiquitin ligase required for HMGR degradation.

The HRD pathway is responsible for the degradation of many misfolded ER proteins, 

including both luminal and integral membrane substrates (Bordallo et al. 1998, Hampton et 

al. 1996, Vashist & Ng 2004). All misfolded model substrates examined are constitutively 

degraded by the HRD pathway. By contrast, pathway signals regulate the entry of wild-type 

Hmg2 into the always operating HRD pathway (Hampton & Rine 1994). Use of drugs and 

molecular biological approaches indicated that the 15-carbon isoprenoid farnesyl 

pyrophosphate (FPP) was the source of a signal for enhanced degradation (Figure 1) 

(Gardner & Hampton 1999, Shearer & Hampton 2005). Subsequent work revealed that the 

de facto signal is in fact GGPP—the same molecule that enhances degradation of 

mammalian HMGR. However, unlike the mechanism proposed in mammals, in which GGPP 

enhances sterol-regulated ERAD of HMGR, in yeast GGPP is the primary signal for HRD-

dependent Hmg2 degradation (Garza et al. 2009). Our ongoing studies suggest a simple 

model for GGPP action with the possibility of broad utility and possible clinical application.

The conundrum of normally folded Hmg2 undergoing regulated degradation by the 

constitutive HRD quality control pathway is resolved with a misfolding step as part of the 

regulatory circuit. It appears that GGPP causes reversible misfolding of Hmg2, allowing for 

enhanced degradation by the HRD machinery. This idea emerged from our initial studies 

with the chemical chaperone glycerol, in which Hmg2 undergoing rapid regulated 

degradation was immediately and strongly stabilized by the addition of glycerol, indicating 

that Hmg2 undergoing regulated degradation behaved like a misfolded protein (Gardner et 

al. 2001). An in vitro limited proteolysis assay was developed to explore this idea and is 

depicted in Figure 3. Hmg2 with a protected epitope tag in isolated ER microsomes 

undergoes a characteristic time-dependent proteolysis pattern when treated with trypsin. In 

vitro Hmg2 trypsinolysis is greatly slowed by the direct addition of glycerol or other 

chemical chaperones (Shearer & Hampton 2004) and is accelerated by the direct addition of 

GGPP (Garza et al. 2009). Our first studies of this in vitro structural regulation were with the 

neutral isoprenoid farnesol (FOH; FPP without phosphates), which showed a similar specific 

alteration in Hmg2 structure (Shearer & Hampton 2005). However, the effect of FOH was 

seen only at millimolar concentrations of FOH. By contrast, the effects of GGPP in vitro 

were observed with an EC50 in the low-nanomolar (∼50 nM) range (Figure 3). This finding 

is consistent with the clear role of GGPP as the bona fide physiological regulator of Hmg2 

stability in vivo (Garza et al. 2009). The effect of GGPP on Hmg2 structure is fully 

reversible, and GGPP does not result in wholesale misfolding of Hmg2, because the thermal 

denaturation curve is unaffected at any concentration (Wangeline & Hampton 2017). 

Importantly, the effects of GGPP on Hmg2 stability in vivo or on Hmg2 structure in vitro are 

reversed by the addition of chemical chaperones such as glycerol, indicating that GGPP 
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causes Hmg2 misfolding. The microsomal limited trypsinolysis assay has provided a simple, 

powerful approach to understanding GGPP-mediated regulated misfolding and the Hmg2 

SSD.

THE NECESSARY AND AUTONOMOUS STEROL-SENSING DOMAIN

The ongoing work on Hmg2 has allowed us to study a critical and autonomous function for 

the SSD. The Hmg2 N-terminal transmembrane domain has a clearly defined SSD, with 

residues found in transmembrane spans 2–6 (Kuwabara & Labouesse 2002, Theesfeld et al. 

2011). The simplicity of the in vitro Hmg2 regulatory readout provides a unique opportunity 

to move toward understanding SSD function. Deeply conserved residues are shared in SSDs 

spread over billions of years of evolution. We found in our initial studies of the Hmg2 SSD 

that many of these highly conserved residues are critical for regulated degradation of Hmg2 

(Theesfeld et al. 2011). A typical example is serine 215 (S215). The S215A mutant is 

completely stable in vivo at all levels of GGPP, whether added exogenously or by forced 

production with enzymes. The limited proteolysis assay revealed that the S215A mutant of 

Hm2 no longer undergoes the characteristic GGPP-stimulated structural transition. An 

alanine scan of all Hmg2 conserved SSD residues resulted in a simple binning of residue 

functions: Either alanine substitution had no effect on GGPP-stimulated degradation, or a 

replacement caused strong stabilization of Hmg2. In no case did replacement of a highly 

conserved SSD residue cause destabilization of Hmg2. Thus, the SSD apparently allows for 

GGPP-regulated misfolding. Taken alone, this observation leads to the conclusion that SSD 

mediates either GGPP recognition or misfolding mediated by GGPP bound to a different 

site. We are currently involved in resolving these two scenarios but favor the transmission 

role for the reasons described below.

Whatever the molecular function of the SSD, a key general feature emerges from these 

studies: The SSD has a bona fide regulatory function independent of the INSIG proteins 

known to be intimately involved in SSD protein action in mammals. Importantly, yeast has 

two INSIG proteins, Nsg1 and Nsg2; they interact with Hmg2 and participate in sterol 

regulation. However, removal of both Nsg1 and Nsg2 has no effect on GGPP-stimulated 

Hmg2 degradation. Thus, the Hmg2 SSD is autonomously required for permission to enter 

the HRD pathway, and alteration of many of the highly conserved residues—often to amino 

acids that are more suited to be within a lipid bilayer—results in a version of Hmg2 that can 

no longer undergo feedback regulation.

TWO SIGNALS: THE LOGIC OF HMG2 REGULATION

The independence of Hmg2 SSD–dependent function from INSIGs is not due to an absence 

of these proteins in yeast sterol regulation. In fact, yeast INSIGs provide an additional layer 

of regulation to regulated degradation of Hmg2. In striking contrast to the mammalian 

situation, Nsg1 inhibits Hmg2 degradation, so sufficient levels of Nsg1 will block the 

GGPP-dependent degradation of Hmg2. Nsg-mediated stabilization of Hmg2 apparently 

occurs at the level of regulated misfolding as well: The presence of stoichiometric levels of 

Nsg1 slows the in vitro limited proteolysis of Hmg2 in a manner very similar to that of other 

stabilizing influences such as chemical chaperones (Flury et al. 2005).
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This action of Nsg1 occurs at native levels of both Hmg2 and Nsg1 and was initially 

perplexing. Why would Hmg2 have elaborate stability regulation only to be blocked by 

Nsg1? The logic of this extra layer of regulation came from the realization that, as in the 

mammal, the Hmg2-Nsg1 interaction is sterol dependent. Nsg1 inhibits Hmg2 degradation 

by interacting with the Hmg2 transmembrane region, and this interaction requires lanosterol. 

When lanosterol is present, Nsg1 binds to Hmg2, prohibiting GGPP-mediated regulated 

degradation (Theesfeld & Hampton 2013). Why have this extra layer of regulation? We 

think the action of Nsg1 allows an oxygen contingency to Hmg2-regulated degradation. The 

first part of the sterol pathway up to the 30-carbon squalene is oxygen independent. Later 

steps are strongly oxygen dependent (Figure 1). Accordingly, GGPP can be made in the 

absence of oxygen, whereas production of the first bona fide sterol, lanosterol, requires 

oxygen. Because of the interplay of GGPP-stimulated Hmg2 degradation and lanosterol/

Nsg1-mediated stabilization, Hmg2 will undergo regulated degradation only when GGPP is 

abundant and lanosterol is not. These are exactly the biochemical conditions of anaerobiosis, 

and this model is detailed in Theesfeld & Hampton (2013). Whatever the purpose of this 

two-signal control, it is interesting that both yeast and mammals measure GGPP and 

lanosterol to regulate HMGR activity. Mammalian HMGR is degraded when lanosterol is 

abundant, and degradation is further enhanced when GGPP is also abundant (Sever et al. 

2003a,b). Yeast has evolved a distinct response to the same two signals, using the same core 

molecular devices. Although our model pertains to anaerobiosis, Hmg2-regulated 

degradation occurs in all growth conditions, allowing for easy study in any circumstance in 

which Hmg2 levels surpass those of Nsg1 (Flury et al. 2005).

GGPP-AND LIGAND-REGULATED MISFOLDING: THE DARK SIDE OF 

ALLOSTERY

The key observation from Hmg2-regulated degradation is that GGPP-mediated Hmg2 

degradation is dependent on the SSD, and this dependence represents an autonomous 

function of this motif. INSIG-mediated, sterol-dependent regulation of Hmg2 stability 

inhibits the action of GGPP, but GGPP-regulated Hmg2 degradation is completely INSIG 

independent. Accordingly, Hmg2 regulation presents an unparalleled opportunity to learn 

about the conserved function of the SSD motif and its involvement in many independent 

signaling axes.

We have more recently focused on the nature of the GGPP- and SSD-dependent misfolding 

of Hmg2. Our recent work indicates that GGPP-stimulated ERAD of Hmg2 may be a form 

of allosteric regulation, with many of the hallmarks of this classic mode of enzyme control 

but with ligand-dependent misfolding as the structural readout. Using both the in vitro 

limited proteolysis assay (Shearer & Hampton 2004, 2005) and in vivo Hmg2 degradation, a 

variety of experiments point to an allosteric model of induced Hmg2 misfolding (Wangeline 

& Hampton 2017).

The allosteric misfolding model arose from in vitro studies of the GGPP regulator, which by 

every criterion behaves like an allosteric ligand. The in vitro structural effects of GGPP are 

rapid and fully reversible. Washing Hmg2 microsomes treated with even 100 times the 
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GGPP needed for the maximal change in Hmg2 structure restores Hmg2 to its untreated 

state. As mentioned above, GGPP is potent in this assay, with an EC50 in the 50 nM range—

a concentration that is below the typical Km for yeast enzymes that process this normal 

isoprenoid. The most revealing data emerge from structure-activity studies. Because GGPP 

is a substrate of the prenyltransferases needed to activate the RAS oncogene and other 

signaling proteins, many analogs have been produced in the study of prenylation. We found 

that subtle changes in the GGPP structure render the analogs unable to cause any changes in 

the limited proteolysis assay or any change in Hmg2 stability in vivo (Wangeline & 

Hampton 2017). GGPP consists of the 20-carbon alcohol gernanylgeraniol in phosphoester 

linkage with a pyrophosphate group (Figure 1). Substitution of the alcohol O with an S, or 

replacement of a 2C methylene H with F, completely removes the ability of these analogs to 

affect Hmg2 structure in vitro. Furthermore, the GGSPP analog, but not the 2F version, is a 

GGPP antagonist of GGPP, reversing the GGPP-mediated changes in Hmg2 structure in 

vitro and GGPP-stimulated degradation of Hmg2 in vivo (Figure 3). The existence of an 

antagonist is strong, if indirect, evidence for a specific GGPP binding site required for 

reversible misfolding of Hmg2.

The action of GGPP sounds similar to that of an allosteric regulator, which is a generally 

reversible binding ligand for the regulated protein. We further explored this idea by 

examining features of the Hmg2 protein itself. We found that the Hmg2 transmembrane 

domain forms multimers, as is often the case for allosteric proteins. Neither the interaction 

with GGPP, nor the presence of conservative SSD mutants that remove the effects of GGPP, 

affects Hmg2 multimerization. Importantly, these highly ligand-specific effects of GGPP are 

reversed by a variety of chemical chaperones in vitro, indicating that folding state is the 

susceptible feature of Hmg2 being controlled by the ligand (Wangeline & Hampton 2017). 

Our current view is that reversible high-affinity binding of GGPP to a specific binding site 

on the Hmg2 quaternary structure causes a transition to a misfolded state that is more 

susceptible to ERAD-based quality control.

The idea that a small-molecule ligand can trigger the entry of a specific, normal protein to 

enter a degradative quality control pathway has interesting implications. Because quality 

control is highly specific to subtle changes in folding and is widely used in all kingdoms of 

life, the possibility exists for the inherent specificity of quality control to be similarly 

controlled by a small molecule in cases of natural protein regulation. Two examples include 

ligand-triggered degradation of the ER-bound IP3 receptor in mammals (Wojcikiewicz et al. 

1994, 2009) and regulated destruction of an early enzyme of the LPS biosynthetic pathway 

in Escherichia coli (Fuhrer et al. 2006). Whatever the extent of such regulation in nature, 

developing molecules that can bring about ligand-regulated misfolding might allow for 

selective pharmaceutical manipulation of previously undruggable targets. This novel 

approach to drug development is being actively explored in a variety of ways (Lai & Crews 

2016), and harnessing the power of allosteric misfolding could be a distinct approach that 

mimics natural modes of regulation. There are many known cases of pharmacological 

chaperones, that is, ligands that improve the folding and stability of their protein binding 

partners, allowing more of the protein to be accumulated by skirting destruction by quality 

control (Bernier et al. 2004, Leidenheimer & Ryder 2014). In contrast, we posit that GGPP 

is a so-called pharmacological chaotrope, causing selective misfolding of its binding partner. 
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Because GGPP-regulated degradation of Hmg2 has many parallels to allosteric regulation 

but results in detectable misfolding, we suggest the term mallostery to refer to this 

potentially pervasive ligand-mediated alteration of a protein’s folding state (Figure 4).

GENERALIZING STEROL-SENSING DOMAIN AUTONOMY: STEROL-

REGULATED SCAP IN SCHIZOSACCHAROMYCES POMBE

Our studies on Hmg2 reveal an example in which the SSD is absolutely required for a 

regulatory function but operates autonomously. This is in contrast to the mammalian 

examples, in which the INSIGs are intimately involved in the sterol-mediated regulation of 

SSD-containing proteins HMGR and SCAP. How often is SSD function divorced from 

INSIGs? The autonomy of the SSD is also evident in another fruitful nonmammal, S. 
pombe, as revealed by the beautiful work from the Espenshade group on sterol-regulated 

SREBP cleavage (Hughes et al. 2005, Porter et al. 2010, Raychaudhuri et al. 2012). This 

example is particularly intriguing; the main function of SREBP (Sre1 in S. pombe) 

regulation is apparently to employ the sterol pathway as a biochemical indicator of oxygen 

status (Hughes et al. 2005, Todd et al. 2006). Because sterol synthesis is strongly dependent 

on oxygen (Figure 1), biosynthesis of sterols is a hallmark of oxygen abundance. As in the 

mammal, when sterol levels drop in S. pombe, SREBP processing by cleavage to an active 

transcription factor increases, and transcripts are produced. But in S. pombe, the majority of 

these transcripts encode proteins needed for life at low oxygen, and removal of SREBP 

results in poor survival following hypoxia. The regulation of SREBP is similar to that in 

mammals: SCAP (Scp1 in S. pombe) mediates the trafficking of SREBP from the ER to the 

Golgi complex, where SREBP is cleaved into its soluble, transcriptionally active form. As in 

the mammal, in S. pombe the presence of sterol regulates SREBP processing: High sterols 

preclude SCAP exit from the ER, and thus SREBP processing ceases. Low sterols allow for 

exit and processing of SCAP and bound SREBP. However, an important difference is in the 

complete lack of a role for INSIG (Ins1 in S. pombe) proteins in this process. Indeed, they 

are present and mediate regulatory phosphorylation of HMGR (Burg et al. 2008), but the 

sterol-dependent retention of SCAP (with bound SREBP) is completely INSIG independent 

(Hughes et al. 2005). As with Hmg2, the ability of S. pombe SCAP to respond to its sterol 

pathway signal requires a number of conserved residues of the SSD (Hughes et al. 2008). 

The SSD point mutants that alter SCAP function do so by allowing SCAP to cycle 

constitutively at all levels of sterol. Thus, as in Hmg2, the SSD is needed for a sterol 

pathway molecule to alter the regulated protein. Significantly, the cleavage mechanism of S. 
pombe SREBP is quite different from that in mammals, revealing an intriguing new 

mechanism of protein processing in the Golgi compartment (Lloyd et al. 2013; Stewart et al. 

2011, 2012). Nevertheless, the use of SCAP to ferry SREBP out of the ER in a sterol-

regulated manner is very similar to what is seen in mammals and S. pombe and is thus 

revealing in comparison.
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VIEWING STEROL-SENSING DOMAIN FUNCTION WITH PROTEOSTASIS-

TINTED GLASSES

Is there an underlying consistency to the varied actions of this widely conserved motif? The 

two principal perplexing features are (a) the varied number of sterol pathway ligands or 

signals that seem to promote regulation through SSD-bearing clients and (b) the varied role 

of INSIG proteins in SSD-dependent regulation. We posit that the unifying function of the 

SSD in these cases is to allow ligand-mediated misfolding as a path to regulation. In the 

simplest case, S. pombe SCAP normally cycles between the Golgi complex and the ER with 

the bound SREBP cargo. When ergosterol (the S. pombe main sterol) binds to SCAP, SCAP 

is retained in the ER and no longer assists in trafficking of SREBP to its activation site. One 

of the primary responses to misfolded ER proteins is retention in the ER, as happens when 

ergosterol is elevated and presumably binds to S. pombe SCAP. Consistent with this idea, 

mutations of many of the highly conserved SSD residues in S. pombe SCAP produce a 

version that still exits the ER and transports SREBP but no longer shows sterol-dependent 

ER retention. This scenario sounds very similar to that of Hmg2, which undergoes ligand-

dependent misfolding in the presence of GGPP, a totally distinct signal.

The role of INSIGs in Hmg2 regulation may fit a model of regulated quality control as well. 

The function of yeast INSIGs is to thwart Hrd1-dependent degradation of Hmg2. We have 

posited that the INSIGs represent a family of sterol-dependent chaperones for the misfolded 

SSD state (Flury et al. 2005, Theesfeld & Hampton 2013). Thus, GGPP-engaged Hmg2 is 

susceptible to INSIG binding, which stabilizes it or protects it from Hrd1-mediated 

ubiquitination. Stabilization of misfolded proteins is certainly one function of traditional 

chaperones and may be how INSIGs stabilize Hmg2 in the presence of abundant GGPP. 

Similarly, mammalian SCAP undergoes a structural transition in the presence of a third 

signal, cholesterol, and is retained in the ER by virtue of a now-permitted interaction with 

INSIG. If the response to sterol by mammalian SCAP were similar to that in S. pombe, then 

this response would be consistent with INSIG stabilizing the misfolded state and causing 

retention, also a function of traditional chaperones (Araki & Nagata 2011, Gidalevitz et al. 

2013, Kim et al. 2013). Finally, mammalian HMGR responds to a fourth signal, lanosterol or 

a related metabolite (Lange et al. 2008; Song et al. 2005a,b), to undergo degradation by an 

ERAD quality control E3 ubiquitin ligase, gp78, that is a Hrd1 homolog. This interaction 

requires INSIG engagement of HMGR when sterols are abundant. Because there are 

numerous cases of more traditional chaperones or protein trafficking factors recruiting 

ubiquitin E3 ligases to degrade misfolded clients (Chen et al. 2011, Guerriero & Brodsky 

2012), this embellishment would again be consistent with INSIGs serving as SSD-specific 

chaperones. Although this view is probably too simplistic, it creates an interesting 

framework for useful hypothesis generation, which would include a plethora of powerful 

tools and models not normally accessed in sterol biology.

If the SSD is required for programmed misfolding, it could have at least two roles: binding 

of the mallosteric ligand and a more structural role that allows ligand-mediated misfolding 

to occur. The number of distinct ligands in the four examples above implies that the SSD 

may be a motif that permits alteration of the protein’s folding state rather than binding per 

Wangeline et al. Page 14

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2018 July 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



se. Consistent with this idea, the recent work on mammalian SCAP has clearly implicated a 

luminal loop, and not the SSD, of SCAP as a nanomolar-affinity sterol binding site 

(Motamed et al. 2011). This modularity would result in the SSD permitting regulated 

misfolding for a variety of distinct ligands. Whatever the model, it will be important and 

interesting to parse these two models with molecular biological and structural approaches. 

Recent structures of the NPC1 SSD region indicate that a new mechanistic era in 

understanding the SSD is now beginning (Li et al. 2016, Zhao et al. 2016).

An example of the utility of a quality control view of sterol regulation may be found in the 

complexities of regulated degradation of mammalian HMGR. As described above, there is 

some disagreement about the E3 ubiquitin ligases that are required for mammalian HMGR 

degradation. The explanation may lie in the nature of protein quality control. It is clear that 

quality control E3 ubiquitin ligases have broad and overlapping substrate ranges, as is also 

the case for the folding branches of proteostatic quality control (Gidalevitz et al. 2013, 

Vembar & Brodsky 2008). Accordingly, removal of one quality control factor will often 

unveil or induce another (Hirsch et al. 2009, Stolz et al. 2013). A telling example of ERAD 

flexibility for HMGR arose when hamster HMGR and its cognate INSIG were coexpressed 

in Drosophila cells. Indeed, sterol-regulated degradation of the mammalian HMGR occurred 

in this heterologous system. However, the E3 ubiquitin ligase required for regulated 

ubiquitination was none other than the endogenous Drosophila Hrd1 (dHrd1), the prototype 

ERAD quality control E3 ubiquitin ligase (Faulkner et al. 2013, Nguyen et al. 2009). This 

finding indicates that the transplanted mammalian HMGR can undergo sterol-regulated 

entry into a canonical ER quality control pathway in the correct circumstances. Another 

implication is that INSIG SSD–dependent sterol regulation of mammalian HMGR 

degradation may also involve regulated misfolding and may thus be susceptible to the known 

flexibility of ERAD E3 ubiquitin ligases. This feature could provide an explanation for, or at 

least a mechanistic framework with which to resolve, the varied roles of E3 ubiquitin ligases 

involved in mammalian HMGR ERAD.

Whether or not there is an underlying unitary explanation for SSD-mediated sterol 

regulation based on quality control degradation, this approach to modulation is widely 

employed in sterol regulation and in many other niches of biology. Below are some briefly 

described examples to illustrate this point and to hopefully inspire ideas and experiments.

MARCHING TO A DIFFERENT LIGASE: STEROL-REGULATED 

ENDOPLASMIC RETICULUM–ASSOCIATED DEGRADATION OF SQUALENE 

MONOOXYGENASE

Squalene monooxygenase (SM, or Erg1 in yeast) is the first oxygen-dependent step in the 

sterol pathway, creating an epoxide from the 30-carbon isoprenoid squalene, which is next 

rearranged to lanosterol, the first sterol of the pathway (Figure 1). SM is an integral ER 

membrane protein. It was first reported that SM undergoes cholesterol-regulated 

proteasome-mediated degradation in mammalian cells (Gill et al. 2011). High cholesterol 

levels cause increased degradation of SM, whereas low cholesterol levels decrease 

degradation rate. Subsequent proteomic studies in yeast indicated that SM regulation is 
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highly conserved, and they implicated the yeast Doa10 RING-H2 E3 ubiquitin ligase 

(Foresti et al. 2013). This distinct ERAD pathway works alongside the HRD pathway in 

eukaryotes. The conserved involvement of this E3 ubiquitin ligase in SM regulation was 

confirmed by the finding that MARCH6 (a DOA10 homolog) is responsible for regulated 

SM degradation in mammals (Foresti et al. 2013, Zelcer et al. 2014). Curiously, yeast SM 

(Erg1) degradation is keyed to lanosterol rather than cholesterol (Foresti et al. 2013). 

Furthermore, the first 100 amino acids of mammalian SM is sufficient for cholesterol-

regulated degradation, and although yeast lacks this region of the protein, it shows sterol-

regulated degradation by the same ERAD pathway (Howe et al. 2015).

Cholesterol-regulated degradation of SM is thus another example of signal-regulated entry 

into an ERAD pathway. There is no SSD in SM, nor is its degradation dependent on INSIGs. 

However, the features of mammalian SM regulation bear many similarities to those of yeast 

Hmg2. SM is stabilized in vivo by application of the chemical chaperone glycerol, implying 

that cholesterol is causing misfolding. Cysteine-based scanning and a PEGylation cysteine 

modification assay confirm that SM undergoes a cholesterol-dependent conformational 

change (Howe et al. 2015). Because there is a lack of known motifs, further analysis of the 

first 100 amino acids of mammalian SM, and its interaction with cholesterol, will be 

important for understanding this version of regulated misfolding.

SMITH-LEMLI-OPITZ SYNDROME

Smith-Lemli-Opitz syndrome is a single-gene metabolic disease with challenging and 

complex clinical symptoms (Kelley & Hennekam 2000, Nowaczyk & Irons 2012). The 

disease is caused by hypomorphic mutations in the single late sterol pathway enzyme 7-

dehydrocholesterol reductase (DHCR7) (Fitzky et al. 1998, Wassif et al. 1998). Thus, 

clinical approaches for this currently incurable disease include ways to elevate DHCR7 

levels in patients. Recent work (e.g., by Prabhu et al. 2016) indicated that DHCR7 is subject 

to cholesterol-regulated degradation. Elevating the level of cholesterol in cultured 

mammalian cells causes selective degradation by the proteasome. DHCR7 is a 

multispanning ER membrane protein with a highly diverged SSD. Thus, it is presumably a 

substrate for one (or more) of the several mammalian ERAD ubiquitin ligases. So far, 

MARCH6 has been shown to be not involved, leaving open a variety of other pathways that 

will be interesting to test. Importantly, the mammalian Insigs appear to be uninvolved in 

degradation. Because we now know that SSDs are sufficient to promote ERAD and other 

ER-based quality control processes, it will be important to test the conserved residues for 

any role in DHCR7 stability or retention. Finally, DHCR7 loss of function causes buildup of 

intermediate sterols that are normally converted to cholesterol by the enzyme. Perhaps some 

of these serve as atypical degradation signals, and thus their buildup furthers disease severity 

by promoting degradation of the already compromised enzyme. Understanding the 

degradation of this critical enzyme will certainly reveal new aspects of regulated degradation 

and may pave the way to a novel proteostasis-based approach to this syndrome.
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FINAL THOUGHTS

The high selectivity of proteostatic processes has been adapted in many ways to effect 

regulation. Elucidating these mechanisms of control will hopefully lead to new and creative 

ways to modify the sterol pathway in a variety of clinical circumstances. Imitating nature’s 

tendency to employ ligand-mediated misfolding could usher in new approaches to protein 

targeting and new classes of drugs that work through proteostatic mechanisms.
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Figure 1. 
The sterol or mevalonate pathway. Only the salient features of this widely conserved and 

essential biosynthetic pathway are shown. The carbon number for some intermediates is 

shown in black circles (because carbon is black). Orange arrows indicate the early, oxygen-

independent section of the pathway. Green arrows indicate the later, sterol-synthesizing, 

oxygen-dependent section of the pathway.
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Figure 2. 
Eukaryotic tactics of sterol pathway regulation. A highly stylized cartoon showing the 

identities and basic features of the proteins involved in control of the sterol pathway. (a) 

Mammalian regulated ER retention of SCAP (and bound SREBP). (b) Mammalian regulated 

ER-associated degradation (ERAD) of HMG-CoA reductase (HMGR). (c) Saccharomyces 
cerevisiae regulated ERAD of the Hmg2 HMGR isozyme. (d) Schizosaccharomyces pombe 
regulated ER retention of SCAP (and bound SREBP). Sterol-sensing domain proteins are 

shown in green, INSIGs in orange, SREBP cargo in purple, and the ER membrane in yellow 

(the lumen is below, and the cytosol is above). Ligands are ball shaped. GGPP denotes 

geranylgeranyl pyrophosphate.
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Figure 3. 
Geranylgeranyl pyrophosphate (GGPP)-mediated reversible misfolding of Hmg2. (a) An 

example of the trypsinolysis assay used to explore Hmg2-GFP structure. The time course of 

the trypsinolysis using a high concentration of trypsin, measured by SDS-PAGE and epitope 

tag blotting. The dark fragment in the 1-min lane is the initial product generated by rapid 

removal of GFP at the start of the assay. Hmg2-GFP with a luminal epitope is also depicted. 

(b) Effect of added GGPP on the rate of Hmg2 cleavage in the limiting trypsinolysis assay. 

(c) Concentration dependence of GGPP in altering Hmg2-GFP structure in the trypsinolysis 

assay, along with several other isoprenoids. GGPP EC50 ∼ 50 nM. Extent of proteolysis is 

defined as the fraction of the major fragment degraded. Abbreviations: FOH, farnesol; FPP, 

farnesyl pyrophosphate; GGOH, geranylgeraniol. Adapted from Wangeline & Hampton 

(2017). (d) The GGPP effect is highly specific; 2F-GGPP has no effect on Hmg2 

trypsinolysis, whereas GGSPP is an antagonist of GGPP in vitro and in vivo.
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Figure 4. 
Mallostery, or a reversible, ligand-mediated misfolding model for sterol-sensing domain 

(SSD) proteins, in which the SSD motif imparts the ability to undergo reversible misfolding. 

We posit that the SSD protein functions as a multimer and effects a variant of allosteric 

regulation, allowing for ligand-mediated misfolding as a regulatory tactic.
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