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Abstract

Cholesterol biosynthesis occurs in the endoplasmic reticulum (ER). Its lego-like construction from
water-soluble small metabolites via intermediates of increasing complexity to water-insoluble
cholesterol requires numerous distinct enzymes. Dysfunction of the involved enzymes can

cause several human inborn defects and diseases. Here, we review recent structures of three

key cholesterol biosynthetic enzymes: Squalene epoxidase (SQLE), NAD(P)-dependent steroid
dehydrogenase-like (NSDHL), and 3-hydroxysteroid AB-A7 isomerase termed EBP. Moreover, we
discuss structures of acyl-CoA:cholesterol acyltransferase (ACAT) enzymes, which are responsible
for forming cholesteryl esters from cholesterol to maintain cholesterol homeostasis in the ER. The
structures of these enzymes reveal their catalytic mechanism and provide a molecular basis to
develop drugs for treating diseases linked to their dysregulation.
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Introduction

Cholesterol, a lipid component essential for growth and viability of mammalian cells,
maintains membrane rigidity and permeability. It also serves as a precursor molecule for
the biosynthesis of steroid hormones, bile acids, vitamin D, and a signaling transducer
of the Hedgehog pathway (1-4). There are two major sources of cholesterol for humans:
exogenous diet and endogenous biosynthesis. In cholesterol biosynthesis, 18 units of the
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fundamental building block acetyl-CoA are converted into lanosterol, the first sterol-like
intermediate, in a series of reactions in the endoplasmic reticulum (ER) (5-7). Due to its

low solubility, lanosterol synthesis occurs through several integral membrane enzymes and is
eventually converted to cholesterol (Figure 1) (8,9).

The activity of the cholesterol biosynthetic enzymes is closely related to human health.
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the first rate-limiting enzyme of
cholesterol biosynthesis, is the target of statin that is widely used for lowering the blood
cholesterol level to prevent cardiovascular diseases (10). Mutations of the membrane
enzymes involved in the conversion of lanosterol to cholesterol lead to several human
genetic diseases, caused by the toxic accumulation of sterol intermediates. For example,
mutations in NSDHL cause congenital hemidysplasia (CHILD) syndrome and CK syndrome
with ichthyosis and limb defects (11,12). Mutations in £8P can lead to Conradi-Hunermann
syndrome, which commonly causes growth deficiency, short stature, and curvature of the
spine (13). The deficiency of DHCRY is associated with Smith-Lemli-Opitz syndrome
(SLOS), a common inborn metabolic defect in Caucasians, causing developmental
congenital disorder (14). Thus, structural and functional studies on these enzymes are
critical to understand the molecular mechanism of cholesterol biosynthesis and may shed
light on the molecular pathogenesis of the diseases caused by their dysfunction.

The structural analysis of cholesterol biosynthetic enzymes in the past 20 years has

provided valuable insights into cholesterol biogenesis that has been reviewed elsewhere
(8,15,16). This review focuses on the structural biology of three key cholesterol biosynthetic
enzymes, SQLE, NSDHL, and EBP, published between 2019 and 2021. We also summarize
recent structural observations on acyl-CoA:cholesterol acyltransferase (ACAT) enzymes that
convert cholesterol to cholesteryl esters in the ER. References to original structural work

on cholesterol biosynthetic enzymes have been denoted and provide important insights into
cholesterol metabolism.

Structure of SQLE

Squalene epoxidase (SQLE), also known as squalene monooxygenase, catalyzes the

first oxygenation step of cholesterol synthesis and is the second rate-limiting enzyme

in cholesterol biosynthesis (Figure 1) (5). As a flavin adenosine dinucleotide (FAD)-
containing epoxidase, it utilizes NADPH and molecular oxygen to oxidize squalene to 2,3-
oxidosqualene. Human SQLE shows limited sequence similarity to the fungal form. Fungal
SQLE inhibition interferes with cell membrane synthesis and fungal growth. Several fungal
SQLE inhibitors, such as terbinafine (Lamisil) and naftifine (Naftin), exhibit significant
specificity for the fungal SQLE without inhibiting the human homolog and are currently
used for the treatment of fungal infections (17).

SQLE is a 64-kDa protein containing 574 amino acid residues with two domains: an
N-terminal regulatory domain and a C-terminal catalytic domain. It belongs to group
E flavin monooxygenases, which require external NADPH-cytochrome P450 reductase
(P450R) as an electron donor for squalene epoxidation (18). Unlike other known flavin
monooxygenases, SQLE catalyzes epoxidation but not hydroxylation of substrates. The

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Long etal.

Page 3

N-terminal regulatory domain senses excess cholesterol in the ER membrane and regulates
proteasomal degradation of SQLE in a cholesterol-dependent manner (19). Membrane-
associated ring-CH type finger 6 (MARCHS6), an E3 ubiquitin ligase, catalyzes the
ubiquitination in the N-terminal regulatory domain (20). A recent study showed that
squalene directly binds to the N-terminal regulatory domain of SQLE and reduces its
ubiquitination by MARCHS6. Thus, squalene serves a dual function towards SQLE as a
substrate and as a regulator by increasing its metabolic capacity (21).

Crystal structures of the FAD-bound catalytic domain of SQLE and its complex with two
different inhibitors were recently determined (22). The catalytic domain of SQLE consists
of the FAD-binding domain, substrate-binding domain, and C-terminal a.-helical domain
(Figure 2a). The FAD-binding domain adopts a three-layer BBa sandwich architecture using
the CATH nomenclature, which is alternatively referred to as a glutathione reductase (GR-2)
Rossmann fold (18). The substrate-binding domain contains a two-layer fa sandwich with
seven B-strands. The C-terminal a-helical domain mediates interaction with membranes.

In both inhibitor-bound structures, a hydrogen bond between the tertiary amine of the
inhibitor and the hydroxyl group of the conserved Y195 in the substrate-binding domain was
observed (Figure 2b). This observation is consistent with all SQLE inhibitors containing a
tertiary amine moiety and illustrates the importance of this interaction with Y195. In the
FAD-only structure, Y195 exhibits a different conformation and forms a hydrogen bond with
the side-chain amide of Q168 of the FAD-binding domain (Figure 2b). Mutations of Y195
inactivate SQLE, highlighting that Y195 is critical for enzymatic activity.

To date, the reaction mechanism of SQLE has not been well resolved, owing in part to

the lack of a structure with the substrate or a reaction intermediate. As a group E flavin
monooxygenase, SQLE contains a loosely bound FAD and depends on an external NADPH-
cytochrome P450 reductase (P450R) for the transfer of a reduced flavin to initialize the
reaction (18). Subsequently, the reduced flavin reacts with molecular oxygen to form a
highly reactive intermediate flavin hydroperoxide at the flavin C4a position (23), which is

a critical region that controls oxygen transfer. This intermediate then transfers the terminal
oxygen atom from the hydroperoxide to the substrate (24). After the reaction, a water
molecule is released from the resulting hydroxyflavin to regenerate FAD. Recent research
suggests that the highly conserved Y335 plays a critical role in the recruitment of reduced
flavin and stabilization of the reactive intermediate to maintain catalytic efficiency, as the
hydroxyl moiety of Y335 interacts with N5 via a bridging water molecule that is further
engaged in hydrogen bonds with the carbonyl of 1162 and the side chain of E165 (Figure 2b)
(22).

Structure of NSDHL

NAD(P)-dependent steroid dehydrogenase-like (NSDHL) is a sterol-4a.-carboxylate-3-
dehydrogenase, which is an essential enzyme involved in cholesterol biosynthesis (25).
NSDHL catalyzes the sequential removal of two methyl groups attached to atom C-4
through NAD*-dependent oxidative decarboxylation following their conversion into 4a.-
carboxylate groups present in meiosis-activating sterol (MAS) (26,27). NSDHL is anchored

Curr Opin Struct Biol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Long etal.

Page 4

in the ER membrane through its C-terminal transmembrane helix. Bioinformatic analysis
shows that NSDHL belongs to the short-chain dehydrogenase/reductase (SDR) family (28).

Crystallographic studies show that NSDHL with an N-terminal deletion (NSDHL-AN)
forms a homodimer, and each monomer is composed of five a-helices and nine B-strands
(Figure 2c) (29). The NAD™-binding site is created by two BaBa Rossmann folds.
Several hydrophilic and hydrophobic interactions were found between the surface residues
of NSDHL and NAD™. The characteristic glycine-rich motif GGxGxxG (G44-G50) of

the SDR family engages in forming hydrogen bonds as well as hydrophobic interactions
with the adenine-ribose and pyrophosphate moieties (Figure 2d). In addition, the catalytic
residues Y172 and K176, which belong to the conserved YxxxK motif in the SDR family,
accommodate the nicotinamide-ribose moiety by hydrophilic interactions (Figure 2d). The
nicotinamide ring of NAD™ is not clearly defined in the complex structure of NSDHL and
NAD™, presumably due to the absence of a sterol substrate. In the apo form of the NSDHL
structure, the loop H201-L211 occupies the position of the nicotinamide ring located in the
active site and blocked the substrate binding site (Figure 2d). The structural significance of
this loop was further confirmed by two NSDHL mutants (G205S and K232A), which are
the most common causes of CHILD and CK syndromes, respectively (30). K232 is located
near the loop of the other monomer in the dimeric interface (Figure 2d). These NSDHL
mutants destabilize the protein fold, indicating the importance of the H201-L211 loop for
the conformational change and the sequential binding of NAD* and substrates. Thus, a
specifically ordered and sequential mechanism is involved in the enzymatic reaction through
NSDHL.

Structure of EBP

Emopamil-binding protein (EBP), which is the mammalian 3p-hydroxysteroid A8-A’
isomerase, shifts the double bond from the C8-C9 to the C7—C8 position at the B

ring of https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/
sterols in the postsqualene part of cholesterol biosynthesis (Figure 1). Certain cancer cells
die through inhibition of EBP (31,32), implying that EBP is a potential target for cancer
therapy.

The pharmacological properties of EBP are similar to the so-called a1 receptor, which
serves as a modulator of diverse signaling-pathway effectors (33). Thus, EBP is of

high pharmacological interest because it binds a wide range of structurally diverse
pharmacologically active compounds, including antidepressants, antipsychotics, opioid
analgesics, sterol biosynthesis inhibitors and anti-tumor reagent (34,35). Although these
compounds contain few shared features, all the EBP ligands contain a positively charged
amine group, which mimics the carbocationic intermediate, representing a minimal EBP-
binding pharmacophore. Together with 7-dehydrocholesterol reductase (DHCR7), EBP
forms the microsomal anti-estrogen (e.g. tamoxifen) binding site (AEBS) (36), which is
different from the canonical nucleolar tamoxifen binding site in the estrogen receptor a.

Despite shared properties with the o1 receptor, sequence analysis shows that the mammalian
EBP shares no structural similarity with the o1 receptor. By contrast, the TM6SF2 protein,
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which is correlated to nonalcoholic fatty liver disease (37), shares significant sequence
homology with EBP; and o2 receptor, which is highly expressed in a number of diverse
tumor cells (38), shares a similar membrane topology with EBP (39). The crystal structure
of an EBP complex with its inhibitor U18666A shows that EBP forms a homodimer, with
each monomer containing five transmembrane helices (TMs) (Figure 2¢) (40). These TMs
exhibit a novel fold to generate a large cavity. This cavity contains numerous aromatic
residues that provide a hydrophobic environment to host a lipophilic ligand. Two polar
residues N193 and E122 in the cavity recognize the amine group of the ligand, which

can additionally be stabilized by W196 through a rt-cation interaction (Figure 2f). For the
EBP-mediated isomerization, an acid-base catalytic mechanism was proposed, analogous
to that of ketosteroid isomerase (41). The proton donor H76 initiates the reaction by
protonating A8-sterol at C9, thus creating a carbenium ion at C8, which is then neutralized
by elimination of the C7 proton. The removal of this proton from the carbocationic sterol
intermediate would be achieved by E80 that would in turn be stabilized by E122. Similar
to the amine group of EBP ligands, the short-lived carbocationic sterol intermediate would
be stabilized through a r-cation interaction with W196. With the release of the A”-isomer
product, the proton would be shuttled back to H76 through the hydrogen-bonding network
(40). Due to the reversibility of sterol A8-A7 isomerization, H76 and E80 could both act
as proton donors and acceptors, respectively, depending on the direction of the enzymatic
reaction.

Cholesterol esterification by ACATs

The acyl-CoA:cholesterol acyltransferase (ACAT) enzymes, also hamed sterol O-
acyltransferase (SOAT), including ACAT1 and ACAT2, convert cholesterol to cholesteryl
esters that become incorporated into lipoproteins or stored in cytosolic lipid droplets to
maintain the homeostasis of cellular cholesterol (2,42). ACAT1 is ubiquitously expressed,
while expression of ACAT2 is limited to hepatocytes and intestinal cells (43). ACAT1

is associated with Alzheimer’s disease and several cancers (44,45). Specific knockout of
ACAT2 in the intestine or liver can prevent the accumulation of dietary hepatic cholesteryl
esters and hypercholesterolemia /n vivo (46). Recently, the structures of ACAT1 and ACAT2
have been determined by cryo-electron microscopy (47-50). These two enzymes share a
similar membrane protein topology, containing nine TMs, and both form a tetramer (Figure
3a). The structures reveal endogenous acyl-CoA in the active-site cavity created by TMs
4-9, which is accessible for the cholesterol substrate through the lipid bilayer to contact the
acyl-CoA in the center of the enzyme (Figure 3b). Nevanimibe, an ACAT inhibitor, directly
interacts with the catalytic histidine to prevent the esterification (47,50).

Conclusions

The structural studies of the cholesterol biosynthetic enzymes combined with biochemical
investigations have revealed major insights into their catalytic mechanism. Recent atomic
structures of SQLE, NSDHL, EBP, and ACAT1/2 demonstrate how these enzymes recruit
their substrates and facilitate the chemical reactions. The structures of SQLE, EBP, and
ACAT1/2 have been determined with inhibitors, accelerating the development of specific
inhibitors. While these structures provide important insights into cholesterol biosynthesis
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and metabolism, the mechanism of how cholesterol synthesis is regulated by the sterol
concentration via HMGCR in the ER demands further investigation (10). Moreover, the
mechanisms of how these membrane enzymes aptly avoid the accumulation of sterol
intermediates and their diffusion into the ER during the conversion of lanosterol to
cholesterol, which would be highly toxic to cells, remain unclear.
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Figure 1. Biosynthetic pathway of cholesterol and cholesteryl ester.
Enzymes that have been discussed in this review are colored in red. The left lane represents

the Bloch pathway; the right lane represents the Kandutsch-Russell pathway.
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Figure 2. Structural mechanisms of three key enzymes in the cholesterol biosynthetic pathway.
(a) Overall structure of the catalytic domain of SQLE bound to the inhibitor compound-4”

(Cmpd-4”) (pdb: 6C6N). The FAD-binding domain, substrate-binding domain and C-
terminal helical domain are colored in cyan, lime, and light pink, respectively. FAD (stick
representation with carbon atoms in yellow) and Cmpd-4” (magenta) are shown. (b) The
active site of SQLE. Y195 in the inhibitor-bound structure (lime) forms a hydrogen bond
with the tertiary amine of Cmpd-4’’, while in the FAD-only structure (light blue, pdb:
6C6R), Y195 (light blue) interacts with Q168 (light blue) through a hydrogen bond. The
black arrow indicates the conformational change of Y195. The side chains of Y335 and
E165 and the main chain of 1162 interact with N5 of FAD via a bridging water molecule
(brown sphere). Y335, E165, and 1162 are shown as sticks. (c) Overall structure of NSDHL
complexed with NAD* (pdb: 6JKH). NAD™* (pale cyan) is shown in stick representation. (d)
The active site of NSDHL. The catalytic residues Y172 and K176 and motif G44-G50 are
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colored in green. The black arrow indicates the conformational change of loop H201-L211
from the NAD-bound structure (green and orange cartoon) to the apo structure (light pink
and yellow cartoon, pdb: 6JKG). K232’ (orange) from the neighboring monomer interacts
with loop H201-L.211 at the dimer interface. (e) Overall structure of U18666A-bound

EBP (60HT). U18666A (magenta) is shown in stick representation. (f) The active site

of EBP. The amine group of U18666A, which forms hydrophilic interactions with E122
and N193, is stabilized by W196 via a m-cation interaction. H76, E80, and E122 form

a hydrogen-bonding network during enzymatic reaction. Residues are shown in pale cyan
stick representation.
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Figure 3. Mechanism of ACAT-mediated cholesterol esterification.
(a) Overall structure of the ACAT1 tetramer (pdb: 6VVUM). Cholesterol (yellow), acyl-CoA

(grey), and nevanimibe (light pink) are shown as sticks. (b) Working model of ACAT
enzymes, showing the catalytic histidine, cholesterol, and acyl-CoA.
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