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Abstract
HMG-CoA reductase (HMGR), a highly conserved, membrane-bound enzyme, catalyzes a rate-
limiting step in sterol and isoprenoid biosynthesis and is the primary target of hypocholesterolemic
drug therapy. HMGR activity is tightly regulated to ensure maintenance of lipid homeostasis,
disruption of which is a major cause of human morbidity and mortality. HMGR regulation takes
place at the levels of transcription, translation, post-translational modification and degradation. In
this review, we discuss regulation of mammalian, Saccharomyces cerevisiae and
Schizosaccharomyces pombe HMGR and highlight recent advances in the field. We find that the
general features of HMGR regulation, including a requirement for the HMGR-binding protein
Insig, are remarkably conserved between mammals and ascomycetous fungi, including S.
cerevisiae and S. pombe. However the specific details by which this regulation occurs differ in
surprising ways, revealing the broad evolutionary themes underlying both HMGR regulation and
Insig function.
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Introduction
Cholesterol biosynthesis is one of the most intensively studied biochemical pathways due to
its well-known relevance to human health and disease [1]. Cholesterol is a 27-carbon,
tetracyclic molecule that is essential for the structure and function of eukaryotic lipid
bilayers [2]. It also has multiple, essential functions in pathways as diverse as bile acid
synthesis and Hedgehog signaling [3]. Excessive cholesterol supply results in significant
human morbidity and mortality, especially from atherosclerosis, leading to myocardial
infarction or stroke [4]. Because animal cells obtain cholesterol by a combination of de novo
synthesis and uptake from the bloodstream, the need for end-product feedback inhibition of
this biosynthetic pathway is paramount.

Like mammalian cells, yeast cells require sterol as a structural component of their
membranes. In yeast, ergosterol fills this role. Ergosterol is structurally similar to
cholesterol, but ergosterol contains double bonds between carbons 7–8 of the B ring and
carbons 22–23 of the side chain, and methylation of carbon 24. The similarity between these
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molecules is enough to allow cholesterol to substitute for ergosterol in the membranes of S.
cerevisiae cells [5, 6]. Correspondingly, yeast produce ergosterol in a biosynthetic pathway
that shares most enzymatic steps with its mammalian counterpart (Fig. 1)[7].

Feedback regulation of cholesterol biosynthesis was discovered by Rudolf Schoenheimer
and Fritz Breusch, who observed that mice produce cholesterol in inverse proportion to the
amount in their diet [8]. Building on this finding, Marvin Siperstein and M. Joanne Guest
determined the target of cholesterol feedback inhibition to be the four-electron reduction of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) to mevalonate by the enzyme HMG-
CoA reductase (HMGR)[9]. Subsequent advances revealed that HMGR is regulated at the
levels of transcription, translation, post-translational modification and degradation [10, 11].
In addition to sterols, HMGR is required for synthesis of isoprenoids. Assembled from the
5-carbon sterol biosynthesis intermediates isopentenyl pyrophosphate and dimethylallyl
pyrophosphate, isoprenoids are precursors in the production of dolichol, heme A, tRNA,
ubiquinone and prenylated proteins [10].

Competitive inhibitors of HMGR, colloquially known as statins, are the primary treatment
for hypercholesterolemia. Mevastatin, a natural product of Penicillium citrinum, was
discovered by Akira Endo and Masao Kuroda in 1976 [12]. This was the first in a
remarkably effective and successful line of drugs; annual sales exceed $7.5 billion US
dollars for atorvastatin alone [13]. Because of its relevance to human disease, HMGR has
been studied more than any other enzyme in the sterol biosynthetic pathway. These studies
have yielded a detailed understanding of the molecular mechanisms underlying lipid sensing
and have in turn led to significant discoveries in diverse fields such as protein quality control
and enzymology. In this review, we highlight recent advances in the regulation of
mammalian and yeast HMGRs. These divergent organisms use similar systems to regulate
HMGR activity and promote sterol homeostasis.

Structure and enzymology of HMG-CoA reductase
HMGR is a highly conserved enzyme with sequence homologs in eukaryotes, prokaryotes
and archaea. Based on sequence alignment, HMGRs can be categorized into two classes
[14]. Class I enzymes are highly similar to human HMGR and utilize NADPH as the
electron donor. Class II enzymes are found primarily in eubacteria and utilize NADH.
Archaeal HMGRs vary widely in sequence with enzymes belonging to each class. The
primary sequence element distinguishing the two classes of HMGR is the cis-loop, a strictly
conserved feature of Class I HMGRs corresponding to amino acids 682–694 of human
HMGR [14, 15].

Eukaryotic HMGRs are typically endoplasmic reticulum (ER)-resident integral membrane
proteins consisting of two distinct domains: a hydrophobic NH2-terminal membrane anchor
consisting of 2 – 8 transmembrane segments, and a COOH-terminal catalytic domain that
extends into the cytoplasm [16]. This hydrophobic NH2-terminus is poorly conserved; there
is generally less than 25% amino acid identity between the NH2-termini of fungal and
mammalian HMGRs. The NH2-terminus of HMGR usually includes a recognizable domain
consisting of 5 consecutive transmembrane spans called a sterol-sensing domain (SSD). The
SSD, which is found in other proteins such as the SREBP cleavage-activating protein (Scap)
[11] and Neimann-Pick C1-like 1 [17], may bind lipids and plays an important role in
HMGR regulation [10, 18, 19].

The COOH-terminal catalytic domain of Class I HMGRs forms a dimer that comprises the
active enzyme and each monomer contributes catalytic residues to form the active site [20,
21]. Catalysis takes place in two sequential hydride transfers from NADPH, in which HMG-
CoA is reduced to mevalonate (Fig. 2). A protonated histidine residue plays a critical role in
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catalysis by donating a proton to the thiol anion after the first reduction [15, 22]. Substrate
binding induces closure of the COOH-terminal helix, moving the catalytic histidine into
position and completing the active site [23, 24].

Statins bind directly to the HMGR active site and are competitive inhibitors of the enzyme
with respect to HMG-CoA [25]. All statins have structural similarity to the 3-hydroxy-3-
methylglutarate moiety of HMG-CoA and occupy the HMG-CoA binding pocket of HMGR
[26]. The remainder of the statin molecule is rigid, hydrophobic and highly variable among
different statins. This part of the molecule makes contact with residues in the active site, but
does not occupy the NADPH binding site [24, 26]. Accordingly, statins do not interfere with
NADPH binding to HMGR [25].

A conserved serine residue corresponding to human HMGR S872 is located near the active
site [27] and S872 phosphorylation reversibly decreases enzyme efficiency [15]. S872 is
primarily phosphorylated by the AMP-activated protein kinase (AMPK) in response to a
high AMP:ATP ratio (Fig. 3)[27, 28]. HMGR is dephosphorylated by protein phosphatase
2A (PP2A)[29]. The residue corresponding to human HMGR S872 is not present in Class II
HMGRs, nor is it conserved in Saccharomyces cerevisiae [14]. However human HMGR
S872 is conserved in many other fungi, including the fission yeast Schizosaccharomyces
pombe [30, 31].

Regulation of mammalian HMG-CoA reductase
Cholesterol biosynthesis is a complex pathway, requiring 20 enzymes to assemble 30
carbons from acetyl-CoA into a 27-carbon structure that includes four rings [4]. Of the 20
enzymes in the pathway, HMGR is uniquely suited to serve as the pathway’s primary point
of regulation because it catalyzes an irreversible reaction at the beginning of the pathway
[9]. Thus, a decrease in HMGR activity can regulate the output of the overall pathway
without accumulating unusable intermediates.

Mammalian HMGR was purified from rat liver by Michael Brown in the laboratory of
Marvin Siperstein in 1973 [32]. Advances in molecular biology have since allowed the
molecular cloning of the HMGR gene and a detailed dissection of its regulation [33, 34].
HMGR is regulated by sterol-mediated feedback inhibition at the levels of transcription and
degradation, ensuring that sterol synthesis meets but does not exceed cellular requirements
[10].

The membrane-bound transcription factor sterol regulatory element-binding protein
(SREBP) controls HMGR transcription [11]. SREBP forms a complex in the ER membrane
with another integral membrane protein, Scap. In cholesterol-replete cells, the inactive
SREBP-Scap complex resides in the ER membrane. When cholesterol is depleted, the
complex is transported to the Golgi apparatus in COPII vesicles. ER-to-Golgi transport of
SREBP requires Scap, which has a COPII recognition site in its NH2-terminal domain. In
the Golgi, SREBP is activated by two sequential proteolytic events that cleave the NH2-
terminal transcription factor domain from the membrane, allowing it to enter the nucleus and
activate HMGR transcription [35].

A major advance in understanding the molecular basis for HMGR sterol feedback inhibition
was the discovery of an ER-resident protein called Insig. Insig was originally identified as
an mRNA induced in H35 hepatoma cells upon insulin treatment; its name is derived from
the description, “insulin induced gene” [36, 37]. Insig contains 6 transmembrane spans and
regulates HMGR both transcriptionally and post-translationally [11]. Insig regulates HMGR
transcription by inhibiting SREBP activation [11]. Insig binds to Scap in sterol-replete
conditions, altering Scap structure and rendering its COPII-recognition sequence
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inaccessible. This prevents the SREBP-Scap complex from being loaded into COPII
vesicles, thereby preventing proteolytic activation of SREBP in the Golgi [38, 39]. Insig
dissociates from Scap when sterols are depleted, allowing transport of SREBP-Scap to the
Golgi and proteolytic SREBP activation. This results in transcriptional upregulation of
cholesterol biosynthetic enzymes, including HMGR, and restoration of cholesterol
homeostasis [35].

In addition to its role in regulating HMGR transcription through SREBP, Insig also regulates
HMGR degradation (Fig. 4)[34]. Because it regulates both HMGR production and
degradation, Insig has a striking influence on HMGR levels; liver HMGR activity in mice
lacking Insig is 85-fold higher than in control mice [40]. Insig regulates HMGR degradation
through a sterol-responsive feedback inhibition system. In sterol-replete conditions, Insig
binds to the membrane-embedded NH2-terminal region of HMGR and recruits enzymes that
conjugate ubiquitin to HMGR on K89 and K248 (Fig. 4)[41, 42]. The effect of sterols on the
half-life of HMGR is dramatic; its half-life decreases from greater than 12 hours in sterol-
depleted cells to less than 1 hour in sterol-replete cells [11].

Insig-mediated, sterol-accelerated degradation of HMGR is accomplished through binding
between Insig and gp78 (Fig. 4)[42]. gp78 is a membrane-bound ubiquitin E3 ligase; its
NH2-terminal domain has between 5 and 7 transmembrane spans and mediates interaction
with Insig [43, 44]. The cytoplasmic face of gp78 recruits Ubc7, an E2 ubiquitin conjugating
enzyme that supplies gp78 with activated ubiquitin. gp78 also recruits p97/VCP, a
hexameric ATPase [11, 42, 45]. Furthermore, gp78 associates with two ER-localized
membrane proteins that contribute to HMGR ubiquitination: SPFH2 and TMUB1 [46].
TMUB1 binds gp78; SPFH2 binds gp78 through TMUB1. After being ubiquitinated by
gp78, HMGR is extracted from the membrane and degraded [44]. p97/VCP is required for
HMGR degradation, but not for membrane extraction, suggesting that p97/VCP acts by
making HMGR accessible to the proteasome [47].

Insig-dependent HMGR degradation is stimulated by two lipid signals: sterols and the 20-
carbon isoprenoid geranylgeraniol (GGOH). Each lipid signal acts at a different step in
HMGR degradation [44]. Sterols, including certain oxysterols and the cholesterol
biosynthetic intermediate 24,25-dihydrolanosterol, stimulate Insig-HMGR binding. Insig
recruits the gp78 complex to HMGR, allowing HMGR ubiquitination (Fig. 4)[34, 44].
GGOH is not required for HMGR ubiquitination, but enhances HMGR degradation.

HMGR is also regulated by cellular metabolic state through an Insig-independent
mechanism that is thought to help the cell optimize ATP expenditure during metabolic stress
(Fig. 3)[28, 40]. AMP-activated protein kinase (AMPK), originally known as HMG-CoA
reductase kinase [28], is a heterotrimeric complex consisting of two regulatory subunits (β
and γ) and one catalytic subunit (α)[48]. The γ subunit contains four tandem cystathionine β-
synthase (CBS) domains, which bind adenosine nucleotides and are thought to participate in
energy sensing [49]. AMP allosterically activates AMPK; ATP does not [50]. Because ATP
and AMP compete for the same binding site, AMPK is able to respond to a high AMP:ATP
ratio by increasing its catalytic activity. Once activated, AMPK phosphorylates HMGR at a
conserved residue in the enzyme active site corresponding to serine 872 of human HMGR
[51]. The mechanism by which phosphorylation inhibits HMGR activity has not been
conclusively determined, but phosphorylation of S872 may either decrease HMGR affinity
for NADPH or interfere with closure of the COOH-terminal flap over the active site [21,
23].

Dephosphorylation of HMGR fully restores enzyme activity (Fig. 3). Protein phosphatase
2A (PP2A), the enzyme primarily responsible for dephosphorylating HMGR in vivo [29],
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has diverse functions including cell cycle control, viral infection, cell morphology and
development [52]. Along with AMPK, PP2A may play an important role in regulating
HMGR activity through phosphorylation. However, there is no known physiological role for
PP2A regulation in controlling HMGR activity.

HMGR is also regulated at the level of translation by a non-sterol isoprenoid [10, 53].
Translational control of HMGR may involve the complex 5′-untranslated region of the
HMGR gene. However, this aspect of HMGR regulation has received considerably less
investigation than other forms of regulation and thus its mechanism is not clear.

Regulation of Saccharomyces cerevisiae HMG-CoA reductase
The budding yeast Saccharomyces cerevisiae encodes two HMGR genes, designated HMG1
and HMG2. Presumed to be derived from a single ancestral HMGR by gene duplication
[54], Hmg1p and Hmg2p have 62% overall amino acid identity to each other. Their NH2-
terminal membrane domains are 44% identical, and their COOH-terminal catalytic domains
are 95% identical. Either gene can supply the essential HMGR activity when the other is
deleted [55]. Hmg1p is a stable protein, whereas Hmg2p is rapidly degraded [56]. Although
both enzymes are controlled by feedback inhibition, they are regulated in different ways
[54].

Hmg1p is the primary source of HMGR activity during aerobic growth of S. cerevisiae [54].
Aerobic growth promotes synthesis of heme, which activates the transcription factor Hap1p
[57]. Hap1p activates HMG1 transcription, resulting in a 10-fold increase in HMGR activity
[58]. Simultaneously, aerobic growth represses HMG2 expression by an unknown
mechanism [54]. Hmg1p is also regulated at the level of translation by a negative feedback
system. Mevalonate-starved cells accumulate Hmg1p protein and show an increase in
HMGR activity, even as HMG1 mRNA transcript levels remain unchanged [59].
Translational control of HMG1 expression requires the HMG1 5′-untranslated region
insomuch as a lacZ reporter gene was similarly regulated when controlled by the HMG1
promoter. The molecular signal regulating Hmg1p translational control may be mevalonate
itself, although the mechanism by which it acts awaits discovery.

Like mammalian HMGR, S. cerevisiae Hmg2p is regulated by protein turnover through
endoplasmic reticulum-associated degradation (ERAD), utilizing the machinery of the
HMG-CoA reductase degradation (HRD) pathway [54]. Indeed, regulated ubiquitination of
HMGR was initially described in yeast [60]. Hmg2p is recognized and ubiquitinated by the
multi-subunit, membrane-associated HRD complex (Fig. 5)[61]. The membrane-spanning
E3 ligase Hrd1p, together with the E2 ubiquitin conjugating enzyme Ubc7p, ubiquitinates
Hmg2p. Hmg2p is then extracted from the membrane and degraded by the proteasome.

Two lipid signals control the rate of Hmg2p degradation by the HRD pathway: a non-sterol
isoprenoid and a sterol [62]. The non-sterol signal is geranylgeranyl pyrophosphate (GGPP),
a 20-carbon isoprenoid that increases the susceptibility of Hmg2p to HRD-mediated
degradation. GGPP may act by altering the conformation of Hmg2p in the membrane. High
HMGR activity increases GGPP synthesis, which in turn alters Hmg2p folding and
stimulates HRD-mediated Hmg2p degradation, thereby maintaining lipid homeostasis (Fig.
5). The sterol signal that regulates Hmg2p degradation is derived from oxysterols, which can
be produced by cyclization of dioxidosqualene [63]. However, unlike GGPP, the oxysterol-
derived signal is not required for Hmg2p degradation. Rather, the oxysterol signal enhances
isoprenoid-stimulated degradation. Interestingly, dioxidosqualene-derived oxysterols also
act as negative regulators of mammalian sterol synthesis [64].
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Nsg1p, a homolog of mammalian Insig, binds Hmg2p and regulates Hmg2p protein levels
[65]. However, rather than promoting HMGR degradation as in mammals, S. cerevisiae
Nsg1p stabilizes Hmg2p by altering its folding and decreasing its susceptibility to HRD-
mediated degradation. Nsg1p also interacts with Hmg1p, although the significance of this
interaction is not known.

Regulation of Schizosaccharomyces pombe HMG-CoA reductase
The fission yeast Schizosaccharomyces pombe encodes one HMGR enzyme, called Hmg1.
The Hmg1 catalytic domain is highly similar to other eukaryotic HMGRs with 58% identity
to human HMGR. The NH2-terminal membrane domain has approximately equal similarity
to human and S. cerevisiae HMGRs, with amino acid identity less than 25%. Like
mammalian HMGR, the NH2-terminus of Hmg1 is predicted to contain 8 transmembrane
segments [30]. Notably, the serine corresponding to the residue phosphorylated by AMPK in
mammals is conserved in S. pombe Hmg1 at position 1024 [30, 31].

The S. pombe Insig homolog, called ins1+, was identified by sequence homology searches.
Unlike mammalian Insig, Ins1 does not regulate the S. pombe SREBP-Scap pathway [31,
66]. Ins1 has low sequence identity with both S. cerevisiae Nsg1p and human Insig, but
shares predicted membrane topology with its mammalian homolog [31]. As in mammals and
S. cerevisiae, Hmg1 and Ins1 form a stable complex. But in contrast to both mammals and S.
cerevisiae, Ins1 does not positively or negatively regulate turnover of Hmg1, which is a
stable protein [30, 31].

Instead of controlling HMGR activity by regulating Hmg1 turnover, Ins1 controls HMGR
activity through a non-degradative mechanism [31]. Ins1-Hmg1 binding promotes
phosphorylation of Hmg1 S1024 and T1028; S1024 corresponds to human HMGR S872,
and T1028 is not conserved in mammals. Phosphorylation of these residues inhibits the
enzymatic activity of Hmg1. Ins1- mediated inhibition of Hmg1 activity increases the Km
for NADPH, consistent with the idea that HMGR phosphorylation interferes with NADPH
binding [21].

Ins1-dependent Hmg1 phosphorylation is induced by multiple stimuli including growth in
minimal medium, osmotic stress and low glucose (Fig. 6)[31, 67]. Hmg1 phosphorylation in
minimal medium and osmotic stress requires the stress-responsive mitogen-activated protein
kinase (MAPK) Sty1 and its upstream activators Wis4 and Wis1 [31, 68, 69]. In contrast,
low glucose phosphorylation of Hmg1 is Sty1-independent (Fig. 6). Low glucose strongly
induces phosphorylation of Hmg1 S1024 and T1028, decreasing Hmg1 activity 3-fold [67].
Low glucose-stimulated Hmg1 phosphorylation requires the PP2A-related phosphatase Ppe1
and its negative regulator Sds23 [67, 70]. In cells lacking the Ppe1 phosphatase, Hmg1 is
constitutively phosphorylated at S1024 and shows no further increase in S1024
phosphorylation in low glucose [67]. The opposite is true of cells lacking sds23+; sds23Δ
cells show no Hmg1 phosphorylation, even in low glucose. Thus, the phosphatase Ppe1 is
required for dephosphorylation of Hmg1, and Sds23 is required to prevent Ppe1 from acting
when glucose levels are high (Fig. 6). Although phosphorylation of mammalian HMGR is
activated by glucose depletion through AMPK [71], the S. pombe AMPK homolog is not
essential for low glucose-dependent phosphorylation of Hmg1 [67]. However, like the
AMPK γ subunit, Sds23 contains CBS domains, raising the intriguing possibility that S.
pombe Hmg1 is regulated by adenosine nucleotide energy sensing like its mammalian
counterpart [67, 70].

Ins1-dependent Hmg1 phosphoregulation is essential for S. pombe cells to maintain sterol
homeostasis, inasmuch as cells lacking ins1+ accumulate sterol pathway intermediates
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including lanosterol, 24-methylenelanosterol and squalene [31]. Ins1-mediated control of
Hmg1 activity is especially important as cells enter stationary phase [67]. Despite low
glucose concentrations, ins1Δ cells entering stationary phase continue to produce large
quantities of sterol biosynthetic intermediates even as cell growth stops. Thus, Ins1 links
nutrient sensing and sterol biosynthesis, allowing the cell to coordinate its anabolism with
carbon availability.

Outstanding questions
The past few decades have yielded remarkable progress in our understanding of the
molecular details underlying HMGR regulation, but several major questions remain
unanswered. In particular, knowledge of how HMGR is dislocated from ER membranes is
only beginning to emerge. Because HMGR is degraded by a quality control pathway, it may
acquire properties of misfolded proteins. More details regarding HMGR membrane
extraction and degradation will be forthcoming as HMGR is a model substrate for
understanding ERAD in both yeast and mammalian cells [46, 61].

Many molecular signals that regulate HMGR have been characterized, but our
understanding of their action is incomplete (Table 1). 24,25-dihydrolanosterol promotes
Insig-HMGR interaction, but whether the lipid binds directly to HMGR as cholesterol does
to Scap is unknown [18]. GGOH, which enhances mammalian HMGR membrane
dislocation, does not have a defined role and may be required to modify an as-yet
unidentified protein [44]. Similarly, GGPP promotes Hmg2p degradation in S. cerevisiae,
but its mode of action is unclear [62]. In S. pombe, any mevalonate-derived signals that
regulate Hmg1 await discovery.

AMPK is thought to be the primary component of mammalian HMGR phosphoregulation
[28]. However, the recent finding that phosphoregulation of S. pombe Hmg1 involves
multiple signals and regulation of both kinases and phosphatases will stimulate a re-
examination of this assumption [31, 67]. While AMPK is clearly a major regulator of
mammalian HMGR phosphorylation [28], other kinases may play an equally important role.
HMGR phosphorylation is also likely regulated by signals conveyed though PP2A-mediated
dephosphorylation.

Conclusions
Here, we summarize the known mechanisms by which HMGR is regulated in mammals,
Saccharomyces cerevisiae and Schizosaccharomyces pombe (Tables 1 and 2). Interestingly,
S. cerevisiae and S. pombe each employ mechanisms found in the regulation of human
HMGR: phosphoregulation and regulated degradation. But, neither yeast employs both.
Notably, the signals for each mode of regulation are remarkably consistent across species.
Regulated degradation of HMGR is associated with a lipid signal: 24,25-dihydrolanosterol
and GGOH in mammals, and GGPP and oxysterols in S. cerevisiae (Figs. 4–5)[34, 62].
Phosphoregulation of HMGR activity is linked to cellular energy state and can be
manipulated by altering glucose concentrations in mammals and S. pombe (Figs. 3 and 6)
[67, 71].

Glucose depletion induces HMGR phosphorylation in both S. pombe and mammals, but the
mechanisms by which HMGR phosphorylation is regulated are different. S. pombe HMGR
phosphorylation requires Insig and occurs in the absence of AMPK (Fig. 6)[67, 71], whereas
mammalian HMGR phosphorylation requires AMPK but does not require Insig (Fig. 3)[28,
40]. The fact that the phosphorylation site is conserved suggests that energy-responsive
HMGR phosphorylation may be an ancient regulatory system and that the mechanism by
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which it occurs has diverged over time. Alternatively, HMGR phosphorylation may have
developed separately in mammals and S. pombe by convergent evolution.

Insig regulates HMGR in mammals, S. cerevisiae and S. pombe. However, Insig acts in
strikingly different ways in each system: it promotes HMGR degradation in mammals,
stabilizes Hmg2p in S. cerevisiae and facilitates Hmg1 phosphoregulation in S. pombe
(Table 2)[31, 34, 65]. The one common feature of Insig in all three systems is its ability to
bind HMGR. Thus, Insig may be thought of as an adaptor protein, evolved primarily to bind
SSD-containing proteins and able to facilitate a wide variety of processes.
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Figure 1. The sterol biosynthetic pathway in mammals, Saccharomyces cerevisiae and
Schizosaccharomyces pombe
Mammalian enzymes (blue) are listed by their full names; S. pombe enzymes (green) are
named based on homology to S. cerevisiae enzymes (orange). † indicates enzymes not
conserved between mammals and yeast.
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Figure 2. Reaction catalyzed by HMG-CoA reductase
HMGR catalyzes the reduction of 3-hydroxy-3-methylglutaryl-CoA to mevalonate, thereby
oxidizing two molecules of NADPH.
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Figure 3. Mammalian HMGR catalytic activity is regulated by AMP kinase
A high AMP:ATP ratio stimulates AMP-activated protein kinase (AMPK), which
phosphorylates HMGR at a conserved serine in the active site, thus inhibiting HMGR
activity. Protein phosphatase 2A (PP2A) dephosphorylates HMGR, restoring enzyme
activity.
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Figure 4. Mammalian HMGR enzyme levels are regulated post-translationally by Insig-
dependent and sterol-accelerated degradation
In sterol-replete cells, Insig binds HMGR and recruits gp78, a ubiquitin E3 ligase. gp78, in
concert with the E2 conjugating enzyme Ubc7, ubiquitinates HMGR on K89 and K248, a
process which also requires SPFH2 and TMUB1. After membrane extraction, which is
enhanced by geranylgeraniol (GGOH), the hexameric ATPase p97/VCP allows proteasomal
degradation of HMGR. Insig dissociates from HMGR when sterols are depleted, thus
stabilizing HMGR by preventing enzyme ubiquitination.
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Figure 5. Hmg2p levels are controlled post-translationally by geranylgeranyl pyrophosphate and
the HRD complex in S. cerevisiae
Geranylgeranyl pyrophosphate alters the conformation of the Hmg2p N-terminal membrane
domain, promoting recognition and ubiquitination by the membane-bound, multi-subunit
HMG-CoA reductase degradation (HRD) complex. Hrd1p, a membrane-spanning ubiquitin
E3 ligase with homology to the mammalian E3 ligase gp78, utilizes two E2 ubiquitin
conjugating enzymes, Ubc7p and Ubc1p. Ubc7p, a soluble protein that interacts with the
membrane through the integral membrane protein Cue1p, is the primary E2 for Hrd1. Hrd3
is involved in substrate recognition and delivery to the HRD complex. Usa1p plays a role in
Hrd1p function and Hrd1p self-regulation. Ubx2p is an integral membrane protein that
recruits the Cdc48p/Npl4p/Ufd1p complex. Cdc48p, a hexameric ATPase and homolog of
mammalian p97/VCP, acts in retrotranslocation of both luminal and membrane-bound HRD
substrates. The HRD complex contains other components, including Der1p, Kar2p and
Yos9p, that are not required for Hmg2p degradation and are not shown.
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Figure 6. Hmg1 activity is regulated post-translationally by phosphorylation under the control of
the Insig homolog, Ins1, in S. pombe
Phosphorylation of Hmg1 decreases enzyme activity. Extracellular glucose suppresses
activity of the phosphatase Ppe1 through Sds23 thereby preventing Hmg1
dephosphorylation. Osmotic stress stimulates Hmg1 phosphorylation through the MAP
kinase Sty1. Ins1 is strictly required for Hmg1 phosphorylation. The enzymes that directly
phosphorylate and dephosphorylate Hmg1 have not been identified.
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Table 1

Signals for HMGR regulation in mammals, S. cerevisiae and S. pombe

Type of regulation

Transcription Translation Phosphorylation Degradation

Mammalian HMGR cholesterol oxysterols isoprenoid ↑AMP/ATP ratio 24,25-dihydrolanosterol GGOH oxysterols

Sc Hmg1p heme mevalonate

Sc Hmg2p oxygen GGPP oxysterols

Sp Hmg1 glucose osmotic stress
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Table 2

Insig function in mammals, S. cerevisiae and S. pombe

Insig homolog Binds HMGR Regulated binding Insig function

Mammalian HMGR Insig-1 Yes Yes HMGR degradation

Sc Hmg1p Nsg1p Yes ? ?

Sc Hmg2p Nsg1p Yes ? Hmg2p stabilization

Sp Hmg1 Ins1 Yes ? Hmg1 phosphorylation
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