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Abstract

Purpose of Review The binding of high-density lipoprotein (HDL) to its primary receptor, scavenger receptor class B type
1 (SR-B1), is critical for lowering plasma cholesterol levels and reducing cardiovascular disease risk. This review provides
novel insights into how the structural elements of SR-B1 drive efficient function with an emphasis on bidirectional choles-
terol transport.

Recent Findings We have generated a new homology model of full-length human SR-B1 based on the recent resolution of
the partial structures of other class B scavenger receptors. Interrogating this model against previously published observa-
tions allows us to generate structurally informed hypotheses about SR-B1’s ability to mediate HDL-cholesterol (HDL-C)
transport. Furthermore, we provide a structural perspective as to why human variants of SR-B1 may result in impaired
HDL-C clearance.

Summary A comprehensive understanding of SR-B1’s structure—function relationships is critical to the development of
therapeutic agents targeting SR-B1 and modulating cardiovascular disease risk.

Keywords Scavenger receptor class B type 1 - Cholesterol - High-density lipoprotein - Structural biology -
Oligomerization - Cardiovascular disease
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Introduction

Scavenger receptor class B type 1 (SR-B1) is a membrane-
spanning receptor highly expressed in the liver, gonads,
and adrenal glands, with lower expression in macrophages,
adipocytes, endothelial cells, and lung tissue (reviewed
in [1]). As SR-B1 is predominantly expressed in tissues
with high cholesterol demand, and more specifically, in
glycolipid-rich caveolae and cholesterol-rich regions of
the plasma membrane [2], it is unsurprising that SR-B1
is crucial for cholesterol metabolism. SR-B1 serves as the
primary receptor for high-density lipoproteins (HDL) [3]
and mediates bidirectional cholesterol transport between
HDL and cells. Specifically, SR-B1 selectively delivers
cholesteryl esters (CE) into cells from HDL, without holo-
particle uptake of HDL [4, 5]. SR-B1 also effluxes free
cholesterol (FC) out of cells into HDL [6]. Furthermore,
the expression of SR-B1 re-distributes cholesterol within
the plasma membrane by increasing cholesterol availabil-
ity to the extracellular space [7, 8].

SR-B1’s most notable role is in the clearance of plasma
cholesterol through the reverse cholesterol transport (RCT)
pathway, where mature HDL particles deliver cholesterol
from peripheral tissues to the liver for bodily excretion
[9, 10]. Lipid-depleted HDL dissociates from SR-B1 and
re-enters circulation to continue to participate in RCT.
As such, efficient interaction between SR-B1 and HDL is
required to maintain cholesterol homeostasis and protect
against the plaque accumulation seen in atherosclerotic
cardiovascular disease (ASCVD).

The importance of SR-B1 in atheroprotection is well
illustrated by in vivo studies. When SR-B1 is genetically
deleted in wild-type mice, HDL-cholesterol (HDL-C) lev-
els are doubled and atherosclerotic plaques rapidly develop
[11, 12]. SR-B1 deletion in atherosclerotic apoE knock-
out mice leads to myocardial infarction and early death
[13]. Similarly, SR-B1 deletion in low-density lipoprotein
(LDL) receptor knockout mice fed a high-fat Western
diet also exhibits early atherosclerosis [14, 15]. Alterna-
tively, SR-B1 overexpression in wild-type mice results in
decreased HDL-C levels [16—19] and less atherosclerotic
plaque formation [20]. In addition, all nine identified
human variants of SR-B1 result in elevated plasma HDL-C
levels, with two variants (P376L- [21ee] and G319V-SR-
B1 [22e¢]) directly increasing the risk of ASCVD. Com-
bining these clinical observations with mouse studies, SR-
B1’s importance in maintaining appropriate HDL-C levels
and mitigating ASCVD risk becomes increasingly clear.

In addition to its role in RCT, SR-B1 has been impli-
cated in numerous biologic and pathologic processes
including prevention of endotoxemia and sepsis [23, 24],
T-cell maturation [25], LDL transcytosis in endothelial
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cells [26], platelet aggregation [27, 28], efferocytosis [29],
endothelial nitric oxide synthase (eNOS) activation and
endothelial cell migration [30-33], female infertility [34],
as well as the uptake of lipids (cholesteryl ester, free cho-
lesterol, phospholipids, and triglycerides) [35] and fatty
acids [36]. Moreover, increased expression of SR-B1 in
patient tumors and cancer cell lines may be harnessed as
a treatment target or disease biomarker (reviewed in [37]).
SR-B1 has also been implicated in modulating diabetes
risk [38-40]. As dyslipidemia, diabetes, and ASCVD
are commonly comorbid conditions, understanding how
SR-B1 modulates cholesterol homeostasis will help shed
light on these prevalent conditions.

To fully comprehend the breadth of functions exerted
by SR-B1, we must interrogate the structure of SR-B1 that
underlies efficient receptor function. This review will sum-
marize the currently known structural information about
SR-B1 and identify gaps in our knowledge. The discussion
will focus on how the structure of SR-B1 informs its func-
tions, with an emphasis on cholesterol transport.

Homology Modeling of SR-B1

SR-B1 is a 509-amino acid transmembrane protein that
belongs to the class B scavenger receptor family along with
cluster of differentiation 36 (CD36) and lysosomal integral
membrane protein 2 (LIMP-2). All three class B scaven-
ger receptors share a common structural blueprint: a large
extracellular domain, two transmembrane domains, and
short N- and C-terminal cytoplasmic tails. The lack of a
high-resolution structure has forced investigators to rely on
mutagenesis studies to identify structural elements of SR-B1
that drive its functions. Mutant SR-B1 receptors discussed
in this review are summarized in Table 1.

A major step forward in our understanding of class
B scavenger receptor function was the resolution of the
partial X-ray crystal structures of LIMP-2 [41e, 42-44]
and CD36 [45¢]. Additionally, Chadwick et al. utilized
nuclear magnetic resonance (NMR) spectroscopy to solve
the structure of residues 405-475 of SR-B1, which encom-
passes the C-terminal transmembrane domain and a flank-
ing extracellular region [46e¢]. Due to the high levels of
sequence similarity between class B scavenger receptors
(~66% when comparing human SR-B1 to human CD36 or
LIMP-2), we can use homology modeling to give structural
context to SR-B1 mutagenesis studies. We have generated
a model of full-length human SR-B1 (Fig. 1) using trans-
form-restrained Rosetta (trRosetta) [47ee], which incorpo-
rates deep learning and the solved structure of homologs
CD36 [45¢] and LIMP-2 [41e, 42-44] as templates for
model generation. The newly launched Alphafold Protein
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Table 1 Sclectefi SR'B_I Compared to wild-type SR-B1
mutants and their functional
effects Mutation Species Reference Cell surface Binding Uptake Efflux
expression
AGDM Mouse [71] NC NC l NC
ALZ Mouse [4600] NC l l l
L441A/LA448A/LA45A Human [70] l NC l -
Cys-less Mouse [72] | l l l
V3i2M Human [94e] - - - -
V67N Mouse [60] NC l l l
V111M Human [94e] - - - -
S112F Human [76] NC l l l
V1351 Human [94e] - - - -
L140Q/L142Q Mouse [60] NC l l -
MI159E Human [41e] NC l - -
V164N Mouse [60] NC l l l
T165E Human [41e] - l - -
R174C Human [77] NC l l l
T175A Human [76] 1 l l l
V22IN Mouse [60] NC l l l
P297S Human [93e] NC NC l l
G319V Human [94e] - - - -
Human [2200] - l l -
P376L Human [2100] l l l -
C384S Mouse [72] NC NC NC NC
Mouse [66] NC NC l -
Human [41e] NC NC NC -
P412A Mouse [61] NC l l l
W415F Mouse [62] NC l l NC
G420A Mouse [63] NC l NC NC
P438A Mouse [61] 1 l l l
Q445A Mouse [79] NC NC NC NC
C462S Mouse [5] NC NC NC NC
C470S Mouse [5] NC NC NC NC

SR-B1 mutants discussed in this review, along with their in vitro changes in expression and function, are
summarized. No change in function (“NC”) or decreased function (““}”) are indicated. Functions not meas-

« 2

ured are indicated by

Structure Database has also predicted the structure of
full-length human SR-B1 [48e, 49¢]. While similar to our
trRosetta model, the Alphafold model predicts with very
low confidence, a highly disordered C-terminal tail that
dips back into the membrane. Our trRosetta model more
reasonably predicts two short helices in the C-terminal
region that are more compact and fully cytoplasmic. Oth-
ers have generated SR-B1 homology models using alter-
native approaches [41e], but with the recent resolution of
CD36’s structure and advances in homology modeling in
the last 5 years, we are confident in using our in silico
full-length model of SR-B1 to investigate how SR-B1’s
structure influences function.

Extracellular Domain and Cholesterol
Transport

The majority of SR-B1 structure—function studies focus
on its extracellular domain, which binds various ligands,
including HDL [3] (SR-B1’s primary ligand), apolipopro-
tein A-I (apoA-I) [50], apolipoprotein A-II [51], acetylated
LDL, oxidized LDL [52], anionic lipids [53], serum amy-
loid A [54], and silica [55]. SR-B1 has also been shown to
mediate viral entry of hepatitis C [56, 57] and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [58e]
into cells. While SR-B1 binds to a variety of ligands, some
ligands may share some common binding sites.

@ Springer
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Fig. 1 Homology model of
human SR-B1. A homology
model of full-length human
SR-B1 was created using
trRosetta and shows the three
regions of SR-B1: a large
extracellular domain, anchoring
transmembrane domains, and
N- and C- terminal cytoplas-
mic tails. A tri-helical bundle
(purple) may bind SR-B1’s
ligands. Non-polar residues
(orange) and several other resi-
dues (cyan) within a predicted
central f-sheet (navy blue) are
important in cholesterol trans-
port (see inset). Residue C384
(brown) has previously been
predicted to lie at the entrance
to a hydrophobic tunnel, but
this hypothesis is not consist-
ent with our model. The EAKL
region (red) at the terminus of
the C-terminal tail facilitates
downstream signaling events.
The leucine zipper motif (pink)
within the C-terminal trans-
membrane domain and flanking
extracellular region has been
shown to facilitate oligomeriza-
tion, while the GxxxG motif in
the N-terminal transmembrane
domain (green) has conflicting
reports of its importance in oli-
gomerization. Inset: an enlarged
view of the central p-sheet,
rotated 90° clockwise, to better
view selected residues and their
side chains. The homology
model was generated from the
partially solved structures of N
the luminal domain of human
LIMP-2 (PDB: 4F7B, 5UPH,
4Q4B, 4Q4F), the extracellular
domain of human CD36 (PDB:
5LGD), and murine SR-B1 resi-
dues 405-475 (PDB: 5KTF)

V221

Tri-helical
Bundle

Extracellular

i Leucine
i Zipper Motif

Intracellular

TMHMM, a transmembrane helix prediction program,
predicts that the extracellular domain of human SR-B1
ranges from residues 36—439 (residues 32-439 for murine
SR-B1) [59]. As shown in our homology model of full-
length human SR-B1 (Fig. 1), two a-helical transmembrane
domains anchor the extracellular domain, which consists
of a central anti-parallel p-barrel and peripheral short
a-helices. These interweaving secondary structures are con-
nected by loops that likely confer conformational flexibility.
The solved structure of residues 405475 of SR-B1 [46ee]
aligns closely with this model, with the exception of residues
408-419 which lie within a $-strand in the homology model,
but represent an a-helix in the NMR structure that may be
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a peptide artifact. Of note, our SR-B1 model suggests there
is a tri-helical bundle at the apex, composed of residues
A144-N150, M153-L166, and P186-Y 194 (Fig. 1). Neculai
et al. showed that mutations M159E and T165E within this
helical bundle of human SR-B1 significantly reduced HDL
binding compared to wild-type SR-B1 [41e]. An analogous
three-helix bundle was identified as the main site of ligand
binding in CD36 and LIMP-2 [41e, 4244, 45e].

Previous hydropathy analyses revealed hydrophobic
regions within the extracellular domain hypothesized to be
important to SR-B1 function [60]. Non-polar residues within
these regions (V67, L140, L142, V164, V221) of murine
SR-B1 were mutated to disrupt hydrophobicity, and mutants
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displayed decreased HDL binding and bidirectional choles-
terol transport. All residues are highly conserved with the
exception of V164, which within human SR-B1 is a polar
threonine that falls within the helical bundle of our model.
Both V67 and V221 reside within p-strands and face the
barrel center, while L140 sits below the tri-helical bundle,
but still points toward the core (Fig. 1).

While the apical helices may mediate SR-B1 function,
mutagenesis studies identified additional extracellular
regions that mediate sophisticated coordination between
many areas of SR-B1 and orient the receptor for efficient
ligand binding and HDL-C transport. For example, several
single amino acid substitutions (P412A [61], W415F [62],
and G420A [63]) within the same -strand (residues V409
to A421, Fig. 1) disrupt normal SR-B1 function. The side
chains of both P412 and W415 protrude outwards from the
B-barrel core (Fig. 1), making numerous contacts with other
residues that when altered, could compromise protein sta-
bility and integrity. To better define extracellular regions
important for function, short segments of SR-B1’s extracel-
lular region were swapped with corresponding extracellular
sequences of CD36 to form SR-B1/CD36 chimeras. Numer-
ous chimeric receptors displayed defective HDL binding,
selective uptake of HDL-CE and FC efflux [64], suggesting
that multiple extracellular sub-regions of SR-B1 drive effi-
cient cholesterol transport, instead of a single sub-region.
Further investigation is required to untangle the mechanisms
by which the extracellular region coordinates proper SR-B1
function.

While mutagenesis studies have shed light on structural
regions key to SR-B1-mediated cholesterol transport, the
exact pathway for the bidirectional movement of CE or FC
between HDL and cells remains more elusive. There is a
long-standing hypothesis that a hydrophobic channel shut-
tles cholesterol and other lipids between HDL and cells [35,
65]. This notion is supported by Neculai et al., who show
a channel lining the extracellular domain of their SR-B1
homology model [41e]. The authors suggest that residue
C384 sits within the lumen of their predicted channel, which
is particularly interesting as C384 binds a small-molecule
irreversible inhibitor of SR-B1, blocker of lipid transport-1
(BLT-1) [66]. BLT-1 disrupts SR-B1’s ability to mediate CE
uptake, while simultaneously increasing SR-B1’s affinity for
HDL. When C384 was mutated to a serine, BLT-1 inhibition
was lost and cholesterol transport functions were restored
[41e]. The predicted location of C384 within our model is
not within a channel, but instead lies within a small extracel-
lular pocket closer to the transmembrane region (Fig. 1) that
may be responsible for lipid binding. Mechanisms and effi-
ciency of lipid transport likely depend on the hydrophobicity
of the lipid being transported and possibly, the properties
of the HDL particle itself [35]. Our model shows a large
hydrophobic pocket within the extracellular domain, but

it is constricted at several regions and would be a difficult
route for bulkier lipids. More realistically, upon ligand bind-
ing, SR-B1 may undergo conformational changes to form a
hydrophobic tunnel to allow the efficient movement of lipids
between HDL and cells, but further structural studies are
required to resolve the precise mechanisms of lipid flux, and
specifically, the bidirectional movement of cholesterol.

Transmembrane Domains
and Oligomerization

TMHMM predicts that the N-terminal transmembrane
domain (N-TMD) of human SR-B1 ranges from residues
13-35 (residues 9-31 in mouse), while the C-terminal trans-
membrane domain (C-TMD) of both human and mouse
SR-B1 ranges from residues 440-462. As seen by our model
in Fig. 1, the N- and C-terminal transmembrane helices
extend into the extracellular space, to residues 43 and 422,
respectively. As supported by the NMR structure of resi-
dues 405-475 of murine SR-B1 [46e¢] and consistent with
TMHMM predictions, we display the C-TMD beginning
at residue 440. The NMR structure of the C-TMD shows
residue P438 near the transition into the extracellular region
[46e¢] and it is possible this residue serves as a hinge to
allow increased flexibility to this extracellular loop. Muta-
tion of P438 results in ineffective bidirectional cholesterol
transport [61], supporting its importance for normal SR-B1
function and conformation.

One major function of SR-B1’s transmembrane domains
is in facilitating oligomer formation between SR-B1 mon-
omers. The formation of SR-B1 dimers and higher order
oligomers is well documented [67-71] and necessary for
efficient function [46ee, 70]; however, the actual dynam-
ics of homo-oligomerization remain controversial. SR-B1
oligomeric complexes could form a large non-aqueous pore
in the plasma membrane, providing an alternate or addi-
tional mechanism of lipid transport [35, 65]. Intermolecular
disulfide bond formation may also play a role, as mutation of
all extracellular cysteines in murine SR-B1 to serine allowed
dimerization, but prevented the formation of higher order
oligomers [72]. Both the N- and C-TMDs harbor glycine
dimerization motifs (also known as GxxxG motifs) which
promote the association of transmembrane helices [73].
The N-TMD glycine dimerization motif (G12-G15-G18-
G25, Fig. 1) was shown to mediate dimerization [71]. Yet
mutation of the C-TMD GxxxG motif did not impact SR-B1
self-association [63].

The C-TMD also contains a highly conserved leucine zip-
per motif, consisting of L413-1.427-1.434-1.448-1.455, that
also extends into the extracellular region [46ee] (Fig. 1).
Murine SR-B1 also contains L441 within the leucine zip-
per motif. Mutagenesis was leveraged to create a leucine
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zipper-free receptor (ALZ-SR-B1, where zipper leucines
were mutated to alanine). ALZ-SR-B1’s inability to form
higher order oligomers correlated with the inability to bind
HDL, mediate HDL-CE uptake, and efflux FC [46e¢]. These
observations were supported by earlier fluorescence resonance
energy transfer analysis showing that SR-B1 homo-dimeriza-
tion occurs via C-TMD interactions alone [74]. Conversely,
mutation of the N-TMD glycine dimerization motif (AGDM-
SR-B1 consisting of G15L-G18L-G25L) (Table 1) resulted
in decreased oligomerization and HDL-CE selective uptake
[71]. Most recently, Marques and Nyegaard et al. generated
several mutant receptors to identify the source of SR-B1 oli-
gomerization, including AGDM and L441A-L448A-L455A
(the C-TMD residues of the leucine zipper) [70]. Microscopy
studies showed AGDM-SR-B1 was able to oligomerize [70],
contrary to previously published observations [71]. However,
L441A-L448A-L455A SR-B1 displayed decreased HDL
binding and CE uptake and formed fewer and smaller oligom-
ers [70]. These studies support the idea that SR-B1 homo-
oligomerization is driven by interactions between C-TMDs.
This study also demonstrated that SR-B1 oligomerization is
necessary for retention of a functional SR-B1 complex at the
cell surface and that loss of oligomerization forces SR-B1
internalization and endocytosis.

Another unique role of SR-B1’s transmembrane domains
is, in part, to modulate plasma membrane lipids. SR-B1
has the ability to redistribute membrane cholesterol pools
and alter cellular cholesterol content [8]. Mutating numer-
ous residues throughout SR-B1, including residues within
the C-TMD, results in changes in cholesterol distribution
[46ee, 60-62, 64, 72, 75-77]. Furthermore, SR-B1 expres-
sion enriches the membrane in phospholipids that have
longer and more unsaturated acyl tails [8, 75], supporting
previous studies showing that SR-B1 knockout mice have
thinner adrenal microvillar membranes [78]. While the
precise mechanisms by which SR-B1 drives these lipid
changes remain unclear, residue Q445 within the C-TMD
was identified as a sensor of membrane cholesterol [79] that
allows for downstream effects such as nitric oxide produc-
tion and migration of endothelial cells [79, 80]. When Q445
was mutated to a non-reactive alanine, HDL binding and
CE uptake were maintained, but mutant receptors displayed
decreased membrane cholesterol interaction and eNOS
activation [79]. While Q445 is important, there is more to
uncover about how SR-B1 finely tunes cholesterol in cells
and membranes and how cellular functions are impacted.

Cytoplasmic Tails and Intracellular Signaling
The N- and C-termini of SR-B1 reside within the cytoplasm.

The human and mouse N-terminal tails (residues 1-12 and
1-8, respectively) are dispensable for cholesterol transport,
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as truncated SR-B1 lacking both native cytoplasmic domains
retains HDL-C transport in cultured cells [81]. However,
the longer C-terminal tail (residues 463—-509 in humans and
mice) which in our model is mostly unstructured except
for two short alpha-helices has been implicated in signal-
ing events that ultimately modulate nitric oxide production,
apoptosis, and endothelial cell migration (reviewed in [82,
83]). Activation of eNOS relies on SR-B1’s EAKL sequence
(residues 506-509, Fig. 1), a PDZK1-interacting domain
within the C terminus [31, 80, 84, 85]. PDZK1 knockout
mice display decreased hepatocyte SR-B1 surface expres-
sion and elevated plasma cholesterol levels [86]. Putative
C-terminal tail interactions with PDZK1 and c-Src trig-
ger PI3K and c-Src pathways to stimulate endothelial cell
migration [33, 87]. The importance of the C-terminal tail is
further demonstrated by studies of SR-B1.1, a splice vari-
ant of SR-B1, also referred to as SR-BII, that differs only
in the C-terminal tail, which is shorter than SR-B1 by three
residues and has a completely unique sequence [88]. Despite
similar levels of HDL binding and CE transport between the
splice variants [88], SR-B1.1 cannot activate eNOS [80],
suggesting that only the SR-B1 C-terminal tail is critical
for signaling. Additionally, the C-terminal residues 487—494
interact with dedicator of cytokinesis 4 (DOCK4) to medi-
ate LDL transcytosis in endothelial cells [26]. Importantly,
when the entire C-terminal tail is truncated in mice, hyper-
cholesteremia and early death ensue [89].

Post-translational Modifications

The presence of intramolecular disulfide bonds likely
maintains SR-B1 in a conformation that supports HDL-C
transport. Our lab has reported that all six extracellular
cysteine residues are involved in intramolecular disulfide
bond formation [72], but others have shown that only two
disulfide bonds form between C280/C334 and C321/C323,
while C251 and C384 remain reduced [41e, 66, 90]. The
latter is more consistent with our homology model, as C384
and C251 are on opposite faces of the extracellular domain
and not within a distance compatible with disulfide bond
formation. The existence of intermolecular disulfide bonds
between SR-B1 monomers has not been reported.

Human and murine SR-B1 contain nine predicted
N-linked glycosylation sites, with murine SR-B1 contain-
ing two additional sites [91]. Glycosylation, specifically at
positions N108 and N173, is required for surface expression
of SR-B1 [91]. Interestingly, two human variants of SR-B1,
R174C and T175A, occur within the N173-X-T glycosyla-
tion sequence [76, 77, 92e¢]. In cultured cells, T175A dis-
played decreased surface expression due to loss of glycosyla-
tion [76], but R174C surface expression and glycosylation
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were not impacted [77]. Human mutations will be discussed
in further detail below.

While extracellular post-translational modifications are
important for ligand binding and expression, the role of fatty
acylation at residues C462 and C470 in the intracellular
C-terminus remains less clear. When these cysteines were
mutated to serine to prevent acylation by fatty acids, HDL
binding and bidirectional cholesterol transport were not
altered [5, 88]. Further investigation is needed to determine
if acylation increases membrane anchoring, lipophilicity,
and stability of SR-B1 in the membrane. To our knowledge,
the functions of other possible modifications, such as phos-
phorylation, ubiquitination, sulfation, oxidation, or citrul-
lination remain limited.

Human Relevance of SR-B1

Several polymorphisms of human SR-B1 have been iden-
tified in the human SCARBI gene, including nine coding
mutants: V32M, V111M, S112F, V1351, R174C, T175A,
P297S, G319V, and P376L [21ee, 22ee 76, 77, 92, 936,
94e]. The locations of these mutants are mapped to our
homology model (Fig. 2) and share a common tale of dis-
covery: patients were identified due to abnormally elevated
plasma HDL-C and SCARBI variants were identified by
genomic sequencing. As described below, these human
variants highlight the physiological importance of SR-B1
in reducing ASCVD risk by clearing HDL-C and lowering
plasma cholesterol levels.

All variants identified to date lie within the extracellular
region of SR-B1 except for V32M, which sits at the junction
between the N-TMD and extracellular region. V32M-SR-B1
was identified alongside V111M-, V135I-, and G319V-SR-
B1 in a group of whole-genome sequenced Icelandic indi-
viduals with elevated plasma HDL-C levels. While none of
these variants correlated with elevated ASCVD risk, they
were associated with a significant decrease in gallstone for-
mation [94e]. While not tested, it is possible that decreased
bile production may be a result of impaired HDL-C delivery
to the liver by these mutant receptors. Our homology model
(Fig. 2) provides insight into the effects of these mutants.
V135 falls below the apical tri-helical bundle and could
affect ligand binding if the structure of the apex is disrupted.
V111 is predicted to be solvent exposed within an extracel-
lular B-strand near the N-TMD and may impact SR-B1 mem-
brane dynamics. G319V is within a solvent-exposed loop in
our model and in vitro studies showed that G319V-SR-B1
exhibited a decreased capacity to mediate HDL-CE uptake
compared to wild-type SR-B1, despite comparable levels of
cell surface expression [22ee]. Information from G319V-
SR-B1 cellular assays, combined with a recent clinical
observation of recurrent myocardial infarctions in a young

Fig.2 Predicted locations of human SR-B1 variants. A cropped view
of the homology model shows the location of the nine coding variants
of SR-B1 identified in human subjects to date (shown in pink). Muta-
tions at V135, R174, and T175 cluster below the tri-helical region
in the apex. Mutations at V111, S112, and G319 are exposed to the
aqueous environment, while P297 and P376 lie closer to the plasma
membrane and their mutation may disrupt interactions with neigh-
boring residues or membrane lipids. V32M is uniquely located at the
junction of the N-terminal transmembrane domain and the extracel-
lular region. The side chains shown are for the native, non-mutated
residue. The homology model was generated from the partially solved
structures of the luminal domain of human LIMP-2 (PDB: 4F7B,
SUPH, 4Q4B, 4Q4F), the extracellular domain of human CD36
(PDB: 5LGD), and murine SR-B1 residues 405-475 (PDB: 5KTF)

adult with the G319V-SR-B1 mutation [22ee], highlights the
delicate balance of cholesterol homeostasis maintained by
SR-B1. The mechanisms by which the G319V variant is so
damaging remain unclear. Koenig et al. utilized homology
modeling to propose that G319 resides in an unspecified
extracellular dimerization interface near the tri-helix apical
bundle [22ee]. They further suggest that the G319V muta-
tion stabilizes dimers via hydrophobic interactions; however,
assays to validate these claims were not presented.

Zanoni et al. identified a human subject homozygous for
the P376L variant, as well as several P376L heterozygotes
[21ee]. While P376L-SR-B1 was associated with elevated
HDL-C, no deviations from normal plasma LDL-cholesterol
or triglyceride levels were observed. HDL particles from the
P376L homozygote were increased in size, with elevated
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apoA-I and cholesterol content, but there was no difference
in cholesterol efflux capacity compared to healthy controls.
In vitro assays showed that compared to wild-type SR-B1,
P376L-SR-B1 had decreased expression at the cell surface,
as well as decreased HDL binding and HDL-CE selective
uptake. Meta-analysis revealed P376L-SR-B1 carriers (both
hetero- and homozygotes) were at an elevated risk of car-
diovascular disease compared to non-carrier controls, mak-
ing this the first human case to demonstrate that impaired
HDL-C clearance via SR-B1 correlates with increased car-
diovascular risk.

Mechanistically, Zanoni et al. suggested that mutation
of P376 in SR-B1 disrupts post-translational N-linked gly-
cosylation, even though this residue does not lie within an
N-X-T glycosylation sequence. It is possible that the P376L
mutation causes conformational changes that limit enzyme
access to one of SR-B1’s glycosylation sites, preventing
proper glycosylation and trafficking to the cell surface. This
notion is partially supported by our homology model, which
predicts P376 lies in a loop adjacent to the p-strand contain-
ing the glycosylated N383 (Fig. 2). Due to its proximity to
the plasma membrane, P376L-SR-B1 may impact interac-
tions with neighboring residues or the plasma membrane
and disrupt SR-B1’s ability to effectively mediate cholesterol
clearance. Proline residues are known to form “kinks” in
secondary structures, as the backbone nitrogen is unable to
form hydrogen bonds. Mutating a proline to a more electro-
statically interactive leucine may alter flexibility or disrupt
the secondary structure.

A similar proline disruption likely occurs with P297S-
SR-B1, the first human variant of SR-B1 to be identified, in
a family with several family members heterozygous for this
mutation [93e]. Plasma HDL-CE was elevated in P297S-
SR-B1 carriers, consistent with a decreased ability to clear
HDL-C, which was demonstrated in mouse adenoviral stud-
ies. While P297S-SR-B1 carriers did not show an elevated
risk of ASCVD, other functions of SR-B1 were disturbed.
P297S carrier platelets displayed more aggregation and
increased unesterified cholesterol content, while adrenal
glands showed signs of insufficiency, namely, decreased uri-
nary secretion of steroids. These phenotypes have not been
studied with other SR-B1 variants. Correlating these obser-
vations to our homology model, P297 sits within a f-strand
proximal to the transmembrane helices, with the proline side
chain being exposed to the aqueous environment. As alluded
to earlier, it is possible that mutating a kinked proline to a
serine impacts structural integrity through the formation of
additional hydrogen bonds.

S112F- and T175A-SR-B1 were identified in patients
who had HDL-C levels above the 90th percentile; however,
these patients did not display any signs of accelerated plaque
formation or early ASCVD [92e]. While S112F-SR-B1
expresses at the cell surface at similar levels to wild-type
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SR-B1 in vitro, T175A-SR-B1 cell surface expression was
diminished [76]. This is unsurprising, as T175A occurs
within an N-X-T glycosylation sequence and glycosylation
of SR-B1 at position 173 is critical for receptor trafficking
to the cell surface [91]. Both S112F- and T175A-SR-B1
also display reduced binding to hepatitis C, decreasing viral
entry into hepatocytes [95], suggesting that these mutations
directly affect ligand binding sites. S112 is located in the
same P-strand as V111, near the membrane (Fig. 2), while
T175A is located near the apex. Both S112F and T175A-
SR-B1 involve the mutation of polar residues into hydropho-
bic residues. This change likely disrupts interactions with
surrounding residues, which would corroborate the in vitro
disruptions to SR-B1 function.

An individual heterozygous for R174C-SR-B1 is the most
recent human variant of SR-B1 characterized to date [77].
R174 is adjacent to T175, in the center of the N-X-T glyco-
sylation sequence and is partially solvent-exposed near the
apex (Fig. 2). Unlike T175A-SR-B1, R174C-SR-B1 exhibits
normal levels of expression, but in vitro assays illustrate
that R174C-SR-B1 displays decreased HDL binding, HDL-
CE uptake, and FC efflux [77]. Despite these disruptions,
R174C-SR-B1 still forms dimers and higher order oligom-
ers and is not directly associated with an elevated risk of
ASCVD. May et al. suggest that impaired function is due to
reducing the cationic surface charge of the apex [77]. Differ-
ing reports of how various SR-B1 mutations impact ASCVD
risk leaves the following questions: Why do some human
mutations have no direct effect on atherosclerosis while oth-
ers exhibit severe clinical phenotypes? How can we correlate
these differences to alterations in SR-B1’s structure?

Therapeutic Potential of SR-B1 and Future
Considerations

SR-B1 has been considered a promising therapeutic tar-
get for the treatment of ASCVD given its importance in
mediating HDL-C clearance. However, broadly activat-
ing whole-body SR-B1 activity may be an oversimplistic
approach that does not account for the nuances in SR-B1
function. For example, SR-B1 mediates LDL transcytosis
across endothelial cells, a process that could contribute to
atherogenesis [26]. Furthermore, SR-B1 expression in vari-
ous cancers increases proliferation and tumor growth [96].
As such, applying a structure-guided approach to the design
of small-molecule inhibitors or activators is necessary as we
continue to learn more about the tissue- and ligand-specific
effects of SR-B1 in various diseases. A promising approach
is to clinically target tissue-specific expression through lipo-
protein-like nanoparticles to deliver insoluble compounds
via SR-B1 or other receptors (reviewed in [97]).
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As an integral membrane protein, the impact of the
plasma membrane on SR-B1 function must be considered.
SR-B1’s localization and clustering in sphingolipid-rich
microdomains [2] and ability to interact with itself or other
proteins likely impacts receptor function. For example, the
extracellular matrix protein procollagen C-endopeptidase
enhancer protein 2 (PCPE2) has recently been shown to
enhance SR-B1’s cholesterol transport functions in hepato-
cytes [98] and adipocytes [99]. SR-B1 has been reported
to serve as a co-factor to facilitate SARS-CoV-2 entry
into cells [58¢]. PDZ1 domain-containing proteins Na*/
H* exchanger regulatory factor (NHERF1) and GAIP-
interacting protein, C terminus 1 (GIPC) modulate SR-B1
activity through interaction with the C-TMD [100, 101].
Future investigations must focus on the intricacies of
SR-B1 interaction with membrane lipids and proteins and
determine how these relationships impact SR-B1’s ability
to enhance cholesterol transport.

Conclusion

In lieu of a full-length structure, our homology model
is a helpful tool to contextualize in vitro data. How-
ever, viewing SR-B1 as a static molecule goes against
the fluidity of structural biology and scavenger receptor
biology. SR-B1’s unique folding patterns and sequence
allow it to bind a variety of ligands, mediate differential
effects in response to each ligand, and sense membrane
cholesterol. To exert such a breadth of functions, SR-
B1’s structure must be flexible and dynamic, facilitat-
ing appropriate conformational changes and downstream
effects in response to the binding of various ligands.
In vitro studies demonstrate that residues in many dif-
ferent regions collaborate to support SR-B1’s functions,
while human variants of SR-B1 are a reminder that
subtle changes to structure can have adverse effects on
cholesterol levels and cardiovascular health. Decoding
the subtle mechanisms of this multifaceted scavenger
receptor, in the presence and absence of a variety of
ligands and membrane lipids, is achievable with modern
advances in structural determination and imaging. Fur-
ther explorations of the SR-B1 structure—function axis
will yield promising discoveries that change the way we
lower plasma cholesterol and treat ASCVD.
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