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Scavenger receptor class A (SR-A) proteins are type II
transmembrane glycoproteins that form homotrimers on the
cell surface. This family has five known members (SCARA1 to
5, or SR-A1 to A5) that recognize a variety of ligands and are
involved in multiple biological pathways. Previous reports have
shown that some SR-A family members can bind modified low-
density lipoproteins (LDLs); however, the mechanisms of the
interactions between the SR-A members and these lipoproteins
are not fully understood. Here, we systematically characterize
the recognition of SR-A receptors with lipoproteins and report
that SCARA1 (SR-A1, CD204), MARCO (SCARA2), and
SCARA5 recognize acetylated or oxidized LDL and very-low-
density lipoprotein in a Ca2+-dependent manner through
their C-terminal scavenger receptor cysteine-rich (SRCR) do-
mains. These interactions occur specifically between the SRCR
domains and the modified apolipoprotein B component of the
lipoproteins, suggesting that they might share a similar
mechanism for lipoprotein recognition. Meanwhile, SCARA4, a
SR-A member with a carbohydrate recognition domain instead
of the SRCR domain at the C terminus, shows low affinity for
modified LDL and very-low-density lipoprotein but binds in a
Ca2+-independent manner. SCARA3, which does not have a
globular domain at the C terminus, was found to have no
detectable binding with these lipoproteins. Taken together,
these results provide mechanistic insights into the interactions
between SR-A family members and lipoproteins that may help
us understand the roles of SR-A receptors in lipid transport
and related diseases such as atherosclerosis.

The scavenger receptor (SR) was first identified in late 1970s
because of its binding with the modified low-density lipopro-
teins (LDLs) (1). Over the past decades, a large number of SRs
have been found with wide tissue distributions and play
important roles in maintaining homeostasis and host defense
by recognizing both self- and non–self-ligands (2–4), including
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proteins, carbohydrates (5, 6), and lipids (7, 8), and they are
also associated with many diseases (9–11) such as autoimmune
diseases (12), cardiovascular diseases (11, 13, 14), and cancer
(9, 10, 12, 15).

SRs have been classified into more than ten subfamilies or
classes based on the sequence and structural similarities
(10, 16). Among them, scavenger receptor class A (SR-A) has
five known members, including SCARA1 (CD204, SR-A, SR-
A1, MSR, etc.), MARCO (SR-A2, SCARA2), SCARA3 (SR-A3,
CSR), SCARA4 (SR-A4, COLEC12, SRCL, etc.), and SCARA5
(SR-A5, TESR) (17). SCARA1 and MARCO are highly
expressed on macrophages and dendritic cells (18). SCARA4 is
expressed on endothelial cells (19), granulocytes, and neutro-
phils (20). SCARA5 has relatively wide tissue distribution and
mainly restricted to epithelial cells (21). The distribution of
SCARA3 is still unclear, but its expression might be associated
with UV irradiation and oxidative stress (22).

SR-A members are type II transmembrane proteins con-
taining an N-terminal cytoplasmic region, a transmembrane
helix, and a large C-terminal extracellular portion (Fig. 1A).
The ectodomains of SR-A members form homotrimers on
membrane surface and may have a coiled-coil (CC) region, a
collagen-like (CL) region, and a C-terminal globular domain
(17, 23, 24) (Fig. 1A). But each member has different structural
features. The ectodomains of SCARA1 and SCARA5 contain a
CC region, a CL region, and a scavenger receptor cysteine-rich
(SRCR) domain (17, 24, 25). The ectodomain of MARCO is
similar to that of SCARA1 and SCARA5 but lacks the CC
region (26). SCARA4 also contains a CC region and a CL re-
gion but has a carbohydrate-recognition domain (CRD) at the
C terminus instead of the SRCR domain (27, 28). The extra-
cellular portion of SCARA3 only has a CC region and a CL
region without the C-terminal globular domain (17, 23)
(Fig. 1A).

Despite the structural similarities, the functions of SR-A
members appear to be diverse (2, 26, 29–33), and they are
associated with a variety of diseases (9, 34, 35). Previous
studies have shown that the ligand binding of the SR-A
members usually occurs at the C-terminal globular domain.
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Figure 1. SCARA1 recognizes the modified LDL and VLDL. A, schematic models of the SR-A family members. B, FACS data of the hSCARA1-transfected
HEK293 cells incubated with AcLDL, OxLDL, or LDL. Mock represents nontransfected cells. C, confocal fluorescent images of the hSCARA1 (with GFP tag)-
transfected HEK293 cells incubated with LDL, AcLDL, or OxLDL (the scale bar represents 25 μm). D, FACS data of the hSCARA1-transfected HEK293 cells
incubated with AcVLDL, OxVLDL, or VLDL. E, confocal fluorescent images of the hSCARA1 (with GFP-tag)-transfected HEK293 cells incubated with VLDL or
OxVLDL (the scale bar represents 25 μm). F, FACS data of the hSCARA1-transfected HEK293 cells incubated with AcHDL, OxHDL, or HDL. G, confocal
fluorescent images of the hSCARA1 (with mCherry tag)-transfected cells incubated with HDL, AcHDL, or OxHDL (the scale bar represents 25 μm). AcHDL,
acetylated HDL; AcVLDL, acetylated VLDL; HDL, high-density lipoprotein; LDL, low-density lipoprotein; OxHDL, oxidized HDL; OxVLDL, oxidized VLDL; VLDL,
very-low-density lipoprotein.

Interaction of scavenger receptor class A with lipoproteins

2 J. Biol. Chem. (2021) 297(2) 100948



Interaction of scavenger receptor class A with lipoproteins
For example, the SRCR domains of SCARA1, MARCO, and
SCARA5 have been reported to recognize different ligands
such as spectrin (32), modified LDL (26), and ferritin (31);
SCARA4 is able to bind the leukocyte cell surface glycan
Lewis(x) via its C-terminal CRD (27). But the mechanisms of
the receptor–ligand interactions of SR-A members are not
fully understood.

Lipids in the human body such as cholesterol, phospholipids,
and triglycerides are mainly transported by lipoproteins
(36–38), which are roughly classified into five types: chylomi-
crons, very-low-density lipoproteins (VLDLs), intermediate-
density lipoproteins, LDLs, and high-density lipoproteins
(HDLs) according to their density and composition (37, 39, 40).
Lipoproteins have a core of triglycerides surrounded by a layer
of phospholipids, cholesterol, and apolipoproteins (41, 42). The
main phospholipid components are phosphatidylcholine and
sphingomyelin (42). Apolipoprotein B (apoB) is the primary
structural component of LDLs, which is also found in VLDLs
and intermediate-density lipoproteins, and required for the
secretion of the lipoprotein particles (43, 44). HDLs have
multiple apolipoproteins including apoA, apoC, and apoE (45).
Lipoproteins are mainly regulated by the receptors such as the
low-density lipoprotein receptor, very-low-density lipoprotein
receptor, and high-density lipoprotein receptor, respectively
(46–49), and are used clinically to assess the risk of cardio-
vascular diseases (50, 51).

Lipoproteins may undergo modifications such as acetylation
and oxidation and generate acetylated LDL (AcLDL) and
oxidized LDL (OxLDL), respectively (52, 53). AcLDL can be
generated in vivo by cholesterol acetyltransferase (54) and also
be made in vitro (55). OxLDL can be prepared in vitro in the
presence of micromolar concentrations of copper or iron
(56, 57), which may also produce oxidized phosphatidylcholine
(OxPC) during the process (58). The mechanisms regarding
the generation of OxLDL in vivo are not entirely clear; one
possibility is that LDL could be oxidized by ferritin in lyso-
somes where iron is released at acidic pH and induces LDL
oxidation (59, 60). Excessive modified LDL could lead to the
accumulation of cholesterol on the arterial wall, which may
cause cardiovascular diseases such as atherosclerosis and other
related diseases (61–63).

Over the past decades, several SRs from different classes
have been found as receptors for the modified LDLs (64–68),
but the mechanisms are not well understood. Here, we char-
acterize the recognition of lipoproteins by the SR-A family
members using biochemical and biophysical assays and iden-
tify the mechanisms of the interactions, which may help un-
derstand the roles of SR-A members in lipid transport and the
related diseases.
Results

SCARA1 recognizes the modified LDL and VLDL through the
C-terminal SRCR domain

SCARA1 has been reported to be able to internalize AcLDL
and OxLDL (64, 69, 70), but the mechanism was unclear. Here,
we transfected HEK293 cells with the full-length human
SCARA1 (Fig. 1A), and the transfected cells were fed with the
modified (acetylated or oxidized) or the unmodified LDL. The
fluorescence-activated cell sorting (FACS) results showed that
the SCARA1-transfected cells only bound to AcLDL and
OxLDL, rather than the unmodified LDL (Fig. 1B). In parallel,
we also tested the binding with VLDL and the results showed
that the SCARA1-transfected cells only bound to acetylated
VLDL (AcVLDL) and oxidized VLDL (OxVLDL) and had no
binding to the unmodified VLDL (Fig. 1D), similar to the re-
sults of LDL. Furthermore, confocal microscopy was applied to
monitor the internalization of LDL and VLDL, and the
resulting images showed that only AcLDL and OxLDL could
be internalized by the SCARA1 (fused with GFP tag) trans-
fected cells (Fig. 1C). And it was also true for the modified
VLDL particles (Fig. 1E), confirming that SCARA1 was a re-
ceptor for the modified LDL and VLDL. In parallel, the
modified and the unmodified HDL particles were also applied
for FACS and confocal microscopy, but no binding was
detected for the SCARA1 (fused with mCherry tag)-
transfected cells (Fig. 1, F and G), suggesting that SCARA1
was not a receptor for HDL, consistent with the results pub-
lished before (17).

To identify the binding region of SCARA1 with the
modified LDL, we transfected HEK293 cells with the full-
length human SCARA1 and a deletion mutant without the
C-terminal SRCR domain (SCARA1ΔSRCR), respectively.
The transfected cells were incubated with LDL samples
similarly as described above. The FACS results showed that
unlike the cells transfected with the full-length SCARA1 that
bound to both AcLDL and OxLDL, the SCARA1ΔSRCR-
transfected cells had no binding to the modified LDL under
similar conditions (Fig. 2, A and B), suggesting that the SRCR
domain played a key role in recognizing the modified LDL. In
addition, we expressed the CL-SRCR fragment and the SRCR
domain of SCARA1 for ELISA. The data showed that both
AcLDL and OxLDL were able to bind the purified fragments
(Fig. 2C), and similar binding results were obtained for the
modified VLDL (Fig. 2D), confirming that SCARA1 recog-
nized the modified LDL and VLDL through its C-terminal
SRCR domain. Previous data have shown that the ectodomain
of SCARA1 could form homophilic trimers (18, 32, 71).
Indeed, the ELISA results showed that the CL-SRCR fragment
of SCARA1, which forms homotrimers (32), had stronger
binding affinities to the modified LDL than the monomeric
SRCR domain (Fig. 2C).
MARCO and SCARA5 also interact with the modified LDL and
VLDL via the SRCR domains

SCARA1, MARCO, and SCARA5 are the three SR-A
members with the C-terminal SRCR domains (Fig. 1A). It
has been shown that MARCO could bind AcLDL through the
SRCR domain (26), but mouse SCARA5 was reported having
no binding activity to the modified LDL (21). Here, we
transfected HEK293 cells with human MARCO and SCARA5,
respectively, and the FACS data showed that both MARCO
and SCARA5 had binding signals with the modified LDL and
J. Biol. Chem. (2021) 297(2) 100948 3



Figure 2. SCARA1 recognizes the modified LDL and VLDL through its C-terminal SRCR domain. A, FACS data of the full-length hSCARA1 or the
hSCARA1ΔSRCR-transfected HEK293 cells incubated with LDL or AcLDL. B, FACS data of the full-length hSCARA1 or the hSCARA1ΔSRCR-transfected HEK293
cells incubated with LDL or OxLDL. C, ELISA data of the interactions between the CL-SRCR fragment (homotrimer) and the SRCR domain (monomer) of
hSCARA1 with the unmodified LDL or the modified LDL in the presence of Ca2+ (2 mM). D, ELISA data of the interactions between the CL-SRCR fragment of
hSCARA1 with the unmodified VLDL and the modified VLDL in the presence of Ca2+ (2 mM). GFP was applied as a negative control. ELISA data are
representative of three repeated experiments and presented as the mean ± SD. AcLDL, acetylated LDL; CL, collagen-like; LDL, low-density lipoprotein;
OxLDL, oxidized LDL; SRCR, scavenger receptor cysteine-rich; VLDL, very-low-density lipoprotein.
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VLDL, rather than the unmodified LDL and VLDL (Fig. 3,
A–C). Moreover, both the modified and the unmodified LDL
and VLDL were fed to the transfected cells for visualizing the
internalization of the lipoproteins by confocal microscopy. The
fluorescent images showed that both MARCO- and SCARA5-
transfected cells could internalize the modified LDL and VLDL
(Fig. 3, E and F), consistent with the FACS results. In parallel,
we also tested the interactions of the modified HDL with
MARCO and SCARA5, but no binding was detected for both
of the receptors (Fig. 3D), which was similar to the results of
SCARA1 (Fig. 1F). Because the structures of the SRCR do-
mains of human and mouse SCARA5 are highly similar (31),
the interactions between mSCARA5 and lipoproteins might
need to be further explored.

Then, we expressed the SRCR domains of MARCO and
SCARA5 fused with GFP in insect cells, and the purified
proteins were applied for ELISA. The results showed that both
SRCR domains exhibited binding activities to AcLDL (Fig. 4A),
and the binding affinity of the SRCR domain of SCARA5 with
AcLDL was similar to that of SCARA1, but stronger than that
of MARCO (Fig. 4A). Similar binding characteristics were also
observed for OxLDL (Fig. 4B) and OxVLDL (Fig. 4C). These
results suggested that the SRCR domains of SCARA1,
4 J. Biol. Chem. (2021) 297(2) 100948
MARCO, and SCARA5 could all recognize the modified LDL
and VLDL, and MARCO had relatively weaker affinities
among the three molecules.
Interactions of SCARA1, MARCO, and SCARA5 with the
modified LDL and VLDL are Ca2+ dependent

Previous reports have shown that the Ca2+-binding sites
were important for the ligand binding of the SRCR domains
(31, 32). To examine the roles of Ca2+ in the recognition of
lipoproteins, FACS was applied, and the results showed that
both the modified LDL and VLDL could bind SCARA1,
MARCO, and SCARA5 in the presence of Ca2+, and the
binding was eliminated by the addition of EDTA (Fig. 4, D, F
and G). ELISA results also confirmed that the SRCR domains
of SCARA1, MARCO, and SCARA5 could interact with the
modified LDL and VLDL in the presence of Ca2+ and the in-
teractions were abolished by EDTA (Fig. 4, A–C), indicating
the importance of cation for the recognition. Furthermore,
confocal microscopy showed that the cells transfected with
SCARA1, MARCO, or SCARA5 were not able to internalize
the modified LDL and VLDL by the addition of EDTA (Fig. 4E



Figure 3. MARCO and SCARA5 interact with the modified LDL and VLDL via the SRCR domains. A, FACS data for the binding of AcLDL with the
hSCARA1-, hMARCO-, or hSCARA5-transfected cells. Mock represents nontransfected cells. B, FACS data for the binding of OxLDL with the hSCARA1-,
hMARCO-, or hSCARA5-transfected cells. C, FACS data for the binding of AcVLDL or OxVLDL with the hSCARA1-, hMARCO-, or the hSCARA5-transfected cells.
D, FACS data of the hMARCO- or hSCARA5-transfected cells incubated with AcHDL or OxHDL. E, confocal fluorescent images of the hMARCO (with GFP tag)
transfected cells incubated with the modified or unmodified LDL or VLDL (the scale bar represents 25 μm). F, confocal fluorescent images of the hSCARA5
(with GFP tag)-transfected cells incubated with the modified or unmodified LDL or VLDL (the scale bar represents 25 μm). AcHDL, acetylated HDL; AcLDL,
acetylated LDL; AcVLDL, acetylated VLDL; LDL, low-density lipoprotein; OxHDL, oxidized HDL; OxLDL, oxidized LDL; OxVLDL, oxidized VLDL; SRCR, scavenger
receptor cysteine-rich; VLDL, very-low-density lipoprotein.
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Figure 4. The interactions between the SRCR domains of SCARA1, MARCO, and SCARA5 with the modified LDL and VLDL are Ca2+ dependent. A,
ELISA data for the interactions of the SRCR domains of hSCARA1, hMARCO, or hSCARA5 with AcLDL in the presence of Ca2+ (2 mM) or EDTA (1 mM). B, ELISA
data for the interactions of the SRCR domains of hSCARA1, hMARCO, or hSCARA5 with OxLDL in the presence of Ca2+ (2 mM) or EDTA (1 mM). C, ELISA data
for the interactions of the SRCR domains of hSCARA1, hMARCO, or hSCARA5 with OxVLDL in the presence of Ca2+ (2 mM) or EDTA (1 mM). D, FACS data of
the hSCARA1-transfected cells incubated with the modified LDL or VLDL in the presence of Ca2+ or EDTA. E, confocal fluorescent images of the hSCARA1
(with GFP-tag)-transfected cells incubated with the modified LDL or VLDL in the presence of EDTA (the scale bar represents 25 μm). F, FACS data of the
hMARCO-transfected cells incubated with the modified LDL or VLDL in the presence of Ca2+ or EDTA. G, FACS data of the hSCARA5-transfected cells
incubated with the modified LDL or VLDL in the presence of Ca2+ or EDTA. ELISA data are representative of three repeated experiments and presented as
the mean ± SD. AcLDL, acetylated LDL; LDL, low-density lipoprotein; OxLDL, oxidized LDL; OxVLDL, oxidized VLDL; SRCR, scavenger receptor cysteine-rich;
VLDL, very-low-density lipoprotein.
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and Fig. S2), confirming the necessity of Ca2+ in the recogni-
tion of the modified LDL and VLDL.

Since the structure of the SRCR domain of human SCARA1
was unavailable, we expressed the domain (residues 348–451)
in insect cells and purified by Ni-NTA affinity chromatography
and size-exclusion chromatography (Fig. S1A). The purified
fragment was crystalized and the structure was determined by
molecular replacement using the SRCR domain of mouse
SCARA1 (PDB entry: 6J02) (32) as a search model and refined
to 2.0 Å resolution (Table S1). The SRCR domain of human
SCARA1 had a typical SRCR fold (Fig. S1B), similar to other
SRCR domains published before (25, 26, 32, 72). The sequence
identity between the SRCR domains of human and mouse
SCARA1 was 84%. Superposition of the structures of the two
domains showed high similarities with RMSD of 0.43 Å for the
backbones and 0.26 Å for the Cα atoms (Fig. S1B). The SRCR
domain of hSCARA1 contained only one cation-binding site,
which was modeled as Ca2+ as it was included in the sample
buffer and coordinated with residues D376, D377, and E443
(Fig. S1C and Fig. 5).

The SRCR domains of SCARA1, MARCO, and SCARA5
showed similar structural features, but differed in some loop
regions (Fig. 5). Among them, the SRCR domains of SCARA1
and SCARA5 showed higher structural similarities with each
other than with the SRCR domain of MARCO, which was
consistent with the relatively higher sequence identity between
the two molecules (31). The crystal structure of the SRCR
domain of human SCARA5 showed three Ca2+-binding sites
referred as site 1 (D419, D420, and E486), site 2 (D458, D459,
N481, and D420) and site 3 (D423 and D426) (Fig. 5) (31). The
only Ca2+-binding site of SCARA1 corresponded to the site 1
of SCARA5. MARCO had similar residues for the three
binding sites with SCARA5, and two cations (Mg2+) were
found at the binding site 1 and 3 in the crystal structure of
mouse MARCO (Fig. 5) (26).

To further explore the roles of the Ca2+-binding sites on
lipoprotein recognition, several single or double mutants of the
Ca2+-coordinating residues were constructed, and the
expression of the mutants on the cell surface was verified by
FACS using antibodies against the WT receptors (Fig. S3, C
and D). For SCARA1, a residue at the Ca2+-binding site was
mutated (E443S), and the binding data showed that the mutant
had no interactions with the modified LDL and VLDL in the
presence of Ca2+ (Fig. 6, A and B). Similarly, the confocal
images showed that the mutant was not able to internalize the
modified LDL or VLDL particles (Fig. 6C), suggesting that the
Ca2+-binding site was important for the recognition of the
modified lipoproteins.

The crystal structure of the SRCR domain of SCARA5
showed three Ca2+-binding sites (31); therefore, we con-
structed several mutants including E486A and D419A/D420A
for site 1, D458A/D459A for site 2, D423A and D426A for site
3 (Fig. 5). The FACS results showed that the mutants for site 1,
E486A and D419A/D420A, could reduce the interactions with
the modified lipoproteins significantly (Fig. 6D), suggesting
that this site was crucial for the interactions with the modified
lipoproteins. Meanwhile, the mutant D458A/D459A for site 2
(Fig. 6E) and the mutants D423A and D426A for site 3
(Fig. 6F) had no obvious effect to the binding, suggesting that
the Ca2+-binding sites 2 and 3 might not be involved in the
recognition of the modified lipoproteins.

The SRCR domains of SCARA1, MARCO, and SCARA5 bind to
the modified LDL and VLDL through apoB

ApoB is the major apolipoprotein found in LDLs and
VLDLs, but not in HDLs (44). Previous research showed
that the recognition and transportation of LDLs by the low-
density lipoprotein receptor might be achieved through
apolipoproteins (73, 74). Here, we generated acetylated
apoB (Ac-apoB) and oxidized apoB (Ox-apoB) in vitro using
the similar procedures for preparing AcLDL (55) and
OxLDL, respectively, and the AcLDL prepared in vitro
showed similar binding activity with SCARA1 as the AcLDL
isolated from human plasma (Fig. S3A). The FACS data
showed that both Ac-apoB and Ox-apoB could inhibit the
binding of SCARA1 with the modified LDL efficiently, but
the unmodified apoB had no inhibition to the binding
(Fig. 7, A and B). Similar inhibitory effects of Ac-apoB and
Ox-apoB were also observed for the binding of the modified
LDL with MARCO (Fig. 7, C and D) and SCARA5 (Fig. 7, E
and F). ELISA results also confirmed that the SRCR do-
mains of SCARA1, MARCO, and SCARA5 had binding
activities with Ac-apoB and Ox-apoB, rather than the un-
modified apoB (Fig. 7, G and H). Notably, the interactions
of the SRCR domains of SCARA1 and SCARA5 with the
modified apoB were stronger than that of MARCO (Fig. 7,
G and H), consistent with the binding results for the
modified LDL shown above (Fig. 4, A–C). In addition, the
trimeric CL-SRCR fragment of SCARA1 also showed
stronger binding affinities with Ac-apoB (Fig. 7I) and Ox-
apoB (Fig. 7J) than the monomeric SRCR domain, similar
to the binding of the modified LDL (Fig. 2C), indicating that
the trimeric form could increase the binding affinity
efficiently.

Because OxPC might also be generated during lipopro-
tein oxidation (58), we examined the role of lipids of lipo-
proteins in the interactions with SCARA1, MARCO, and
SCARA5. The dot-blot assay showed that the anti-OxPC
antibody could bind to the OxLDL prepared in vitro
rather than the unmodified LDL (Fig. S3B), suggesting that
OxPC was produced during the oxidation of LDL. However,
the FACS data showed that the anti-OxPC antibody had no
obvious inhibition to the binding of OxLDL with SCARA1,
MARCO, and SCARA5 (Fig. 7, B, D and F), confirming that
apoB was the major binding target of SCARA1, MARCO,
and SCARA5 on the modified LDL, and lipids might not
have a direct role on the recognition of the modified
lipoproteins.

The interactions of lipoproteins with SCARA3 and SCARA4

SCARA3 and SCARA4, the two SR-A members without the
C-terminal SRCR domain (Fig. 1A), were also tested for lipo-
protein binding. SCARA3 is unique among the SR-A members
J. Biol. Chem. (2021) 297(2) 100948 7



Figure 5. Comparison of the crystal structures of the SRCR domains of SCARA1, SCARA5, and MARCO. Crystal structures of the SRCR domains of
hSCARA1 (orange), hSCARA5 (blue, PDB ID:7C00), and mMARCO (magenta, PDB ID: 2OY3) are shown as ribbon diagrams. The cation-binding sites (dashed
ovals) of hSCARA1 and hSCARA5 are zoomed in at insets (Ca2+ are shown as green spheres; Mg2+ are shown as gray spheres), respectively. SRCR, scavenger
receptor cysteine-rich.
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as it does not have a globular domain at the C-terminal end
(Fig. 1A). The HEK293 cells transfected with SCARA3 or
SCARA4 were fed with the modified LDL or VLDL following
the similar procedures described above. The FACS data
showed that SCARA3 had no binding with the modified li-
poproteins (Fig. 8, A and B), and the ELISA results also
confirmed that the CL fragment of SCARA3 had no binding
affinity to AcLDL, OxLDL, or OxVLDL (Fig. 8, C and D). By
contrast, the SCARA4-transfected cells showed weak binding
with the modified LDL and VLDL (Fig. 8, A and B), but the
binding was not affected by the addition of EDTA (Fig. 8E),
suggesting the interactions were cation independent. This
could be consistent with the previous reports showing that the
binding of SCARA4 to the modified lipoproteins might occur
8 J. Biol. Chem. (2021) 297(2) 100948
through the CL region of the ectodomain rather than the
C-terminal CRD (19, 75), thereby having a different mecha-
nism with the Ca2+-dependent binding of SCARA1, MARCO,
and SCARA5.
Discussion

The SR-A members share similar structural features, but
their ligands appear to be rather diverse (29, 30, 33). For
SCARA1, the reported ligands include the modified LDL
(1, 69), spectrin (32), ferritin (31), and factor F(x) (14). The
interactions of SCARA1 with the modified LDL/VLDL, spec-
trin, and ferritin are all through its C-terminal SRCR domain,
which is commonly found in SRs and usually contains divalent



Figure 6. Mutagenesis studies of the interactions between the SRCR domains of the SR-A members and the modified LDL and VLDL. A, FACS data of
the WT or the mutant E443S of hSCARA1-transfected cells incubated with the unmodified or modified LDL in the presence of Ca2+. B, FACS data of the WT or
the mutant E443S of hSCARA1-transfected cells incubated with the unmodified or modified VLDL in the presence of Ca2+. C, confocal fluorescent images of
the mutant E443S of hSCARA1 (with GFP tag)-transfected cells incubated with the modified LDL or VLDL in the presence of Ca2+ (the scale bar represents
25 μm). D, FACS data of the mutant E486A or D419A/D420A of hSCARA5-transfected cells incubated with AcLDL, OxLDL, or OxVLDL in the presence of Ca2+.
Mock represents nontransfected cells. E, FACS data of the mutant D458A/D459A of hSCARA5-transfected cells incubated with AcLDL, OxLDL, or OxVLDL in
the presence of Ca2+. F, FACS data of the mutant D423A or D426A of hSCARA5-transfected cells incubated with AcLDL, OxLDL, or OxVLDL in the presence of
Ca2+. AcLDL, acetylated LDL; LDL, low-density lipoprotein; OxLDL, oxidized LDL; OxVLDL, oxidized VLDL; SRCR, scavenger receptor cysteine-rich; VLDL, very-
low-density lipoprotein.
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Figure 7. SCARA1, MARCO, and SCARA5 interact with the modified lipoproteins via apoB. A, FACS data for the inhibition of Ac-apoB on the interaction
of hSCARA1 with AcLDL. ApoB was applied as a control. B, FACS data for the inhibition of the Ox-apoB or anti-OxPC antibody on the interaction of hSCARA1
with OxLDL. C, FACS data for the inhibition of Ac-apoB on the interaction of hMARCO with AcLDL. D, FACS data for the inhibition of the Ox-apoB or anti-
OxPC antibody on the interaction of hMARCO with OxLDL. E, FACS data for the inhibition of Ac-apoB on the interaction of hSCARA5 with AcLDL. F, FACS
data for the inhibition of the Ox-apoB or anti-OxPC antibody on the interaction of hSCARA5 with OxLDL. G, ELISA data for the interactions of the SRCR
domains of hSCARA1, hMARCO, or hSCARA5 with Ac-apoB or apoB. H, ELISA data for the interactions of the SRCR domains of hSCARA1, hMARCO, or
hSCARA5 with Ox-apoB or apoB. I, ELISA data for the interactions of the trimeric CL-SRCR fragment or the monomeric SRCR domain of hSCARA1 with Ac-
apoB. J, ELISA data for the interactions of the trimeric CL-SRCR fragment or the monomeric SRCR domain of hSCARA1 with Ox-apoB. ELISA data are
representative of three repeated experiments and presented as the mean ± SD. AcLDL, acetylated LDL; CL, collagen-like; OxLDL, oxidized LDL; OxPC,
oxidized phosphatidylcholine; SRCR, scavenger receptor cysteine-rich.
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Figure 8. Interactions of SCARA3 and SCARA4 with lipoproteins and a model for lipoprotein recognition by the SR-A members. A, FACS data of
the hSCARA3- or hSCARA4-transfected cells incubated with AcLDL or AcVLDL. Mock represents nontransfected cells. B, FACS data of the hSCARA3- or
hSCARA4-transfected cells incubated with OxLDL or OxVLDL. C, ELISA data for the interactions of the CL region of hSCARA3 with AcLDL or OxLDL in
the presence of Ca2+ (2 mM). The SRCR domain of SCARA1 was applied as a control. D, ELISA data for the interactions of the CL region of hSCARA3 with
OxVLDL in the presence of Ca2+ (2 mM). E, FACS data of the hSCARA4-transfected cells incubated with the modified LDL or VLDL in the presence of
Ca2+ or EDTA. F, a cartoon representation of the recognition of the modified LDL/VLDL by the SR-A members SCARA1, MARCO, and SCARA5. ELISA data
are representative of three repeated experiments and presented as the mean ± SD. AcLDL, acetylated LDL; AcVLDL, acetylated VLDL; apoB, apoli-
poprotein B; CL, collagen-like; LDL, low-density lipoprotein; OxLDL, oxidized LDL; OxVLDL, oxidized VLDL; SRCR, scavenger receptor cysteine-rich;
VLDL, very-low-density lipoproteins.
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cation-binding sites for Ca2+ or Mg2+ that are associated with
ligand recognition (76). Indeed, the Ca2+-binding site on the
SRCR domain of SCARA1 is crucial for the binding with the
modified LDL/VLDL and this site is also important for
recognizing spectrin (32) and ferritin (31), suggesting that it
might be a conserved mechanism for scavenging multiple
targets. For SCARA5, it has the highest sequence identity with
SCARA1 in the SR-A family and also retains the Ca2+-binding
site, it is not surprising that human SCARA5 also interacts
with the modified LDL/VLDL as SCARA1, and a similar
binding mechanism is adopted for ferritin recognition (31).
Therefore, SCARA1 and SCARA5 could be the two receptors
sharing similar scavenging functions but having different tissue
distributions. For MARCO, it also recognizes the modified
LDL/VLDL in a Ca2+-dependent manner with relatively lower
affinities compared with SCARA1 and SCARA5, which is
similar to the situation when it interacts with ferritin (31), and
the lower affinities for the ligands might be due to the different
surface profile of MARCO (31). Because Ca2+ is crucial for the
ligand recognition of these receptors, it is likely that there are
clusters of residues such as Asp/Glu on the surface of ligands,
which can coordinate with Ca2+ and mediate the interactions,
but the details of the interactions need to be elucidated in the
future. A distinct feature of SR-A family members is that they
form homotrimers on the cell surface (16, 71), and trimeri-
zation can increase binding affinities with the ligands (32), this
appears to be true for the recognition of the modified LDL/
VLDL.

LDL particles have a core of triglyceride and cholesteryl
ester molecules and a surface layer containing phospholipids
and apolipoproteins (42, 43). It has been shown that oxidation
of LDLs may lead to the modification of both apoB, the major
apolipoprotein on the surface of the LDL/VLDL, and phos-
pholipids (58). The data in this study suggest that the modified
apoB is the binding target for SCARA1, MARCO, and
SCARA5, and OxPC does not affect the interactions with the
three SR-A members (Fig. 8F).

Atherosclerosis is known to be associated with the accu-
mulation of plaques, which mainly composed of lipids and
inflammatory debris from various cells including macrophages,
endothelial cells, monocytes, smooth muscle cells, and lym-
phocytes on the arterial wall (77–81). Previous data have
shown that SR-A members might be involved in the clearance
of dead cells (9, 23, 32). Among them, SCARA1 can recognize
dead cells by the interaction with spectrin, which is exposed
during cell death (32). It is noteworthy that SCARA1 utilizes
the same Ca2+-binding site on the SRCR domain for recog-
nizing both spectrin and the modified LDL/VLDL; therefore,
SCARA1 may have dual roles in the internalization of dead
cells or cell debris and the modified lipoproteins. Interestingly,
recent studies show that SCARA1, SCARA5, and MARCO can
also recognize ferritin through the Ca2+-binding sites on the
SRCR domains, and SCARA1 and SCARA5 have relatively
high affinities with ferritins (31). Previous evidence has sug-
gested that LDL could be oxidized by ferritin in lysosomes at
acidic pH (59, 60). Therefore, it may not be a coincidence that
the SR-A members can recognize these targets with the similar
12 J. Biol. Chem. (2021) 297(2) 100948
binding sites, especially for SCARA1, which is highly expressed
on macrophages and known to be associated with athero-
sclerosis (8, 82, 83). In fact, previous reports have shown that
lipoproteins, iron, and dead cells are linked in a number of
diseases (84–86), implying that these receptors may be
involved in the physiological or pathological processes. How-
ever, the exact roles of SCARA1 and other SRs in the diseases
appear to be complex (87, 88) and have not been fully un-
derstood. The mechanistic information regarding the in-
teractions between the SR-A members and lipoproteins
identified in this study may help elucidate their roles in lipid
transport and the related diseases in the future.

Experimental procedures

Protein expression and purification

The cDNAs of human SCARA1 to SCARA5 (GenBank:
NM_138715.2, NM_006770, NM_016240.2, NM_130386 and
NM_286133) were purchased from Sino Biological Inc or
synthesized by Sangon Biotech. The CL-SRCR region of
SCARA1 contains a CL region (residue 263–347 for human
SCARA1) and an SRCR domain (residue 348–451 for human
SCARA1). Constructs encoding the GFP-tagged SRCR domain
and CL-SRCR region of SCARA1, SRCR domain of MARCO,
CL region of SCARA3, and SRCR domain of SCARA5 were all
subcloned into the pFastBac vectors (Invitrogen) with a
melittin signal sequence and an N-terminal 8x His-tag for
expression in insect cells. Sf9 cells were used for generating
recombinant baculoviruses and High Five cells were used for
protein production (Invitrogen). The baculovirus-infected cells
were cultured for 3 days in a 27 �C humidified incubator. The
supernatants of the infected High Five cells were buffer-
exchanged with 50 mM Tris and 150 mM NaCl at pH 8.0
and then applied to Ni-NTA chromatography following the
manufacturer’s instructions (Ni-NTA Superflow, GE Health-
care). The imidazole eluates were further purified by gel-
filtration chromatography with a Superdex 200 Increase
10/300 GL column (GE Healthcare).

The full-length SCARA1 to SCARA5 were subcloned into
the pTT5 expression vectors fused with an mCherry tag or
GFP tag at the N termini, respectively. The constructs were
transiently transfected into HEK293F cells cultured with
FreeStyle 293 Expression Medium (Gibco) in a humidified
CO2 incubator at 37 �C for 24 h before flow cytometry and
confocal microscopic analysis.

Crystallization and structural determination

The SRCR domain of hSCARA1 purified from the insect cell
supernatant was buffer exchanged to a sample buffer (10 mM
Tris, 150 mM NaCl, 2 mM CaCl2, pH 7.4) and concentrated to
10 mg/ml. Crystal screening was performed by the hanging-
drop vapor diffusion method, and crystals were obtained at
16 �C in a solution containing 0.1 M Hepes (pH 7.5) and 20%
PEG 8000. Diffraction data were collected at BL18U beamline
at Shanghai Synchrotron Radiation Facility and processed us-
ing the HKL-3000 package (89). The structure was solved by
molecular replacement using the structure of the SRCR
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domain of mouse SCARA1 (PDB entry: 6J02) as a search
model with program PHASER (90). Coot (91) and PHENIX
(92) were used for structural refinement. Structural super-
position and the RMSD calculation between the SRCR do-
mains of human and mouse SCARA1 were done using PyMOL
2.4.1 (93). The crystallographic statistics are listed in Table S1.
Figures were made using UCSF Chimera (94).

Preparation of the modified lipoproteins

Lipoproteins (purity, 97%–98%), including Dil-LDL
(20614ES76), Dil-AcLDL (20606ES76), Dil-OxLDL
(20609ES76), LDL (20613ES05), AcLDL (20604ES05), VLDL
(20617ES05), and HDL (20610ES05) were purchased from Yea-
sen. Purified human apoB (purity >95%) (MD-26-0010P) was
purchased from RayBiotech. The lipoproteins mentioned above
(LDL, AcLDL, VLDL, HDL) were isolated from human plasma.

AcLDL, AcVLDL, acetylated HDL (AcHDL), and Ac-apoB
were also prepared in vitro following the protocol published
before (55). Briefly, 0.3 ml of 0.15 M NaCl containing 5 mg of
LDL/VLDL/HDL/apoB was added to 0.3 ml of a saturated
solution of sodium acetate with continuous stirring in an ice-
water bath. Then, acetic anhydride was added in multiple small
aliquots over a period of 1 h with continuous stirring. After the
addition of acetic anhydride equal to 1.5 times of protein used,
the mixture was stirred for an additional 30 min. The reaction
solution was then dialyzed against the buffer containing
0.15 M NaCl and 0.3 mM EDTA, pH 7.4, at 4 �C for 24 h.

OxLDL, OxVLDL, oxidized HDL (OxHDL), and Ox-apoB
were prepared in vitro. Briefly, LDL/VLDL/HDL/apoB was
diluted in a buffer containing 150mMNaCl and 25mMTris, pH
7.4. Then, 1 μl of 1 M CuSO4 was diluted and divided into
multiple small portions and added to the LDL/VLDL/HDL/
apoB solutions gradually. The reaction solutions were then
dialyzed against the buffer containing 150mMNaCl and 25mM
Tris, pH 7.4, at 4 �C for 12 h.

Dot-blot assay

For OxPC detection assay, LDL, OxLDL, and phosphati-
dylcholine (840053C, Avanti Polar Lipids) were spotted onto
nitrocellulose membranes (Whatman) according to manu-
facturer’s instructions. The membranes were air-dried at
room temperature (RT) for 2 h and blocked with the
blocking buffer (25 mM Hepes, 150 mM NaCl, 5% (w/v)
bovine serum albumin (BSA), 0.1% Tween 20, pH 7.4) for at
least 1 h. Then, the membranes were incubated with the
mouse OxPC antibody (mouse E06 monoclonal antibody)
(330001S, Avanti Polar Lipids, 330001S) for 1 h and then
incubated with the goat anti-mouse IgG secondary antibody
HRP conjugates (SAB, L3032-2) for 1 h and detected with
the DAB reagent. Between every two steps, the membranes
were washed six times (5 min each) with the washing buffer
(25 mM Hepes, 150 mM NaCl, and 0.1% Tween 20, pH 7.4).

Flow cytometry

For the binding assays of hSCARA1 or hSCARA1ΔSRCR
with lipoproteins, HEK293 cells were transiently transfected
with the full-length hSCARA1 or hSCARA1ΔSRCR fused with
a GFP tag. After 24 h, 5-μg Dil-tagged (wavelength: 565 nm)
lipoprotein (Dil-LDL, Dil-AcLDL, Dil-OxLDL, Dil-VLDL, Dil-
AcVLDL, Dil-OxVLDL) was added to the culture media con-
taining 2 mM Ca2+. After 2 to 4 h, cells were washed three
times with the washing buffer (25 mM Hepes, 150 mM NaCl,
0.1% Tween 20, 2 mM CaCl2, pH 7.4) and then washed twice
with the cleaning buffer (25 mM Hepes, 150 mM NaCl, and
2 mM CaCl2, pH 7.4) for flow cytometry.

For the binding assays of hMARCO/hSCARA3 to 5 with
lipoproteins, HEK293 cells were transiently transfected with
the full-length hMARCO/hSCARA3 to 5 fused with an
mCherry tag. After 24 h, 5 μg of lipoprotein (LDL, AcLDL,
OxLDL, VLDL, AcVLDL, and OxVLDL) was added to the
culture media containing 2 mM Ca2+. After 2 to 4 h, cells were
washed and blocked similarly as described above. Then, cells
were stained with the anti-apoB antibody (ab7616, Abcam) at
RT for 1 h. After washing three times with the washing buffer
(25 mM Hepes, 150 mM NaCl, 1% (w/v) BSA, 0.1% Tween 20,
and 2 mM CaCl2, pH 7.4), the Donkey Anti-Goat IgG H&L
(FITC) (ab6881, Abcam) was added and incubated for 1 h.
After washing twice with the washing buffer (25 mM Hepes,
150 mM NaCl, 0.1% Tween 20, and 2 mM CaCl2, pH 7.4) and
once with the cleaning buffer (25 mM Hepes, 150 mM NaCl,
2 mM CaCl2, pH 7.4), the cells were used for flow cytometry.

For the binding assays with HDL, HEK293 cells were tran-
siently transfected with the full-length hSCARA1/hMARCO/
hSCARA5 fused with an mCherry tag. After 24 h, 5-μg HDL/
AcHDL/OxHDL was added to the culture media containing
2 mM Ca2+. After 2 to 4 h, cells were washed and blocked simi-
larly as described above and then stained with the anti-apoA (for
HDL) antibody (ab92487, Abcam) at RT for 1 h. After washing
three times with the washing buffer (25 mM Hepes, 150 mM
NaCl, 1% (w/v) BSA, 0.1% Tween 20, and 2 mM CaCl2, pH 7.4),
the Donkey Anti-Goat IgG H&L (FITC) (ab6881, Abcam) was
added and incubated for 1 h. After washing with the similar
buffers described above, the cells were used for flow cytometry.

For the Ca2+-dependent binding assays, HEK293 cells were
transiently transfected with the full-length hSCARA1/
hMARCO/hSCARA5 fused with a GFP tag. After 24 h, 5-μg
untagged lipoprotein (LDL, AcLDL, OxLDL, VLDL, and
OxVLDL) was added to the culture media containing 2 mM
Ca2+ or 1 mM EDTA. After 2 to 4 h, the cells were washed
twice with the corresponding cleaning buffer (25 mM Hepes,
150 mM NaCl, 2 mM CaCl2, or 1 mM EDTA). Then, cells
were blocked in the blocking buffer (25 mM Hepes, 150 mM
NaCl, 5% (w/v) BSA, 0.1% Tween 20, 2 mM CaCl2, or 1 mM
EDTA, pH 7.4) for 1 h and stained with the anti-apoB antibody
(ab7616, Abcam) at RT for 1 h. After washing three times with
the corresponding washing buffer (25 mM Hepes, 150 mM
NaCl, 1% (w/v) BSA, 0.1% Tween 20, 2 mM CaCl2, or 1 mM
EDTA, pH 7.4), the Donkey Anti-Goat IgG H&L (Alexa Fluor
594) (Abcam, ab150132) was added and incubated for 1 h.
After washing twice with the corresponding washing buffer
mentioned above and once with the cleaning buffer (25 mM
Hepes, 150 mM NaCl, 2 mM CaCl2, or 1 mM EDTA, pH 7.4),
the cells were used for flow cytometry.
J. Biol. Chem. (2021) 297(2) 100948 13
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For monitoring the expression of the receptors and their
mutants, HEK293 cells were transiently transfected with the
constructs including the WT hSCARA1/5, the mutants of
hSCARA1(E443S and hSCARA1ΔSRCR), and the mutants of
hSCARA5 (D419A/D420A, E486A, D458A/D459A, D423A,
and D426A). After 24 h, the cells were stained with anti-
SCARA1 antibody (ab217843, Abcam) and goat anti-rabbit
IgG H&L Alexa Fluor 594 (ab150080, Abcam) for SCARA1
and its mutants or anti-SCARA5 antibody (ab106439, Abcam)
and goat anti-rabbit IgG H&L Alexa Fluor 488 (ab150077,
Abcam) for SCARA5 and its mutants following the similar
procedures described above for flow cytometry.

For the binding assays of the mutants of hSCARA1/5 with
lipoproteins, HEK293 cells were transiently transfected with
the full-length hSCARA1/5 or the mutants of hSCARA1
(E443S and hSCARA1ΔSRCR) or the mutants of hSCARA5
(D419A/D420A, E486A, D458A/D459A, D423A, and D426A)
fused with an mCherry tag. After 24 h, 5-μg untagged lipo-
protein (LDL, AcLDL, OxLDL, VLDL, and OxVLDL) was
added to the culture media containing 2 mM Ca2+. After 2 to
4 h, the cells were stained with the anti-apoB antibody
(ab7616, Abcam) and Donkey Anti-Goat IgG H&L (Alexa
Fluor 594) (ab150132, Abcam) following the similar proced-
ures described above for flow cytometry.

For the apoB competitive binding assays, transfected
HEK293 cells were incubated with the apoB or modified apoB
(10 μg/ml) overnight and then 5 μg Dil-tagged lipoprotein
(Dil-LDL, Dil-AcLDL, Dil-OxLDL) was added to the cells.
After 3 h of incubation, the cells were washed three times with
the washing buffer (25 mM Hepes, 150 mM NaCl, 0.5%
Tween, and 2 mM CaCl2, pH 7.4) and then washed twice with
the buffer (25 mMHepes, 150 mM NaCl, and 2 mM CaCl2, pH
7.4) for flow cytometry.

For OxPC antibody inhibition assays, HEK293 cells were
transfected with the GFP-tagged SCARA1, MARCO, and
SCARA5, respectively. Then, 5 μg OxLDL prepared in vitro
was incubated with 5 μg OxPC antibody (mouse E06 mono-
clonal antibody) (330001S, Avanti Polar Lipids) (95, 96) and
added to the cells. After 3 h of incubation, the cells were
blocked in the blocking buffer (25 mM Hepes, 150 mM NaCl,
5% (w/v) BSA, 0.1% Tween 20, and 2 mM CaCl2, pH 7.4) for
1 h and then stained with the anti-apoB (for LDL) antibody
(ab7616, Abcam) at RT for 1 h. After washing three times with
the washing buffer (25 mM Hepes, 150 mM NaCl, 1% (w/v)
BSA, 0.1% Tween 20, 2 mM CaCl2, pH 7.4), the Donkey Anti-
Goat IgG H&L Alexa Fluor 594 (ab150132, Abcam) was added
and incubated for 1 h. After washing similarly as described
above, the cells were used for flow cytometry.

FACS data were acquired using a Becton Dickinson
FACSCalibur flow cytometer with CELLQuest software. Data
analysis was performed using FlowJo software (Tree Star, Inc).
ELISA experiments

Lipoprotein (LDL, AcLDL, OxLDL) was coated onto 96-well
plates with 1-μg protein per well at 4 �C overnight. The plates
were then blocked with the blocking buffer (25 mM Hepes,
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150 mMNaCl, 0.1% Triton X-100, and 5% (w/v) BSA, pH 7.4) at
37 �C for 3 h. The purified GFP-tagged mutant (the CL-SRCR
fragment of SCARA1, the SRCR domain of SCARA1/MARCO/
SCARA5, and the CL region of SCARA3) was serially diluted and
added to each well in the binding buffer (25 mMHepes, 150 mM
NaCl, 2 mM CaCl2 or 1 mM EDTA, 0.1% Triton X-100, and
2mg/ml BSA, pH 7.4). After 2 h of incubation at 37 �C, the plates
were washed five times with the washing buffer (25 mM Hepes,
150mMNaCl, 10mMCaCl2 or 1mMEDTA, 0.1%TritonX-100,
pH 7.4) and then incubated with the mouse anti-GFP antibody
(ab184601,Abcam) for 1 h.Afterwashingwith thewashingbuffer
(25 mM Hepes, 150 mM NaCl, 10 mM CaCl2 or 1 mM EDTA,
and 0.1% Triton X-100, pH 7.4), the plates were incubated with
the goat anti-mouse IgG secondary antibody HRP conjugates
(L3032-2, SAB) for 1 h. After washing three times with the
washing buffer again, 100 μl of chromogenic substrate (1 μg/ml
tetramethylbenzidine, 0.006% H2O2 in 0.05 M phosphate citrate
buffer, pH5.0)was added to eachwell and incubated for 30min at
37 �C. Then, 50-μl H2SO4 (2.0M) was added to each well to stop
the reactions. The plates were read at 450 nm on a Synergy Neo
machine (BioTek Instruments).

For the interactions of the SR-A mutants (the CL-SRCR
fragment and the SRCR domain of SCARA1, the SRCR do-
mains ofMARCOandSCARA5)with apolipoproteins (apoB,Ac-
apoB, Ox-apoB), about 0.5 μg of the purified apolipoprotein was
coated onto each well of 96-well plates, and the proteins were
serially diluted and added to eachwell. Mouse anti-GFP antibody
(ab184601,Abcam) and goat anti-mouse IgG secondary antibody
HRP conjugates (L3032-2, SAB) were used for binding detection
following the similar procedures described above.
Confocal microscopy

HEK293 cells were transfected with the full-length SCARA1/
MARCO/SCARA5 or the mutant of SCARA1(E443S) fused with
GFP using 6-well plates. After 24 h of transfection, 5 μg of un-
tagged lipoprotein (LDL, AcLDL, OxLDL, VLDL, and OxVLDL)
was added to theplateswith2mMCa2+or1mMEDTA.After2 to
4 h of incubation, the cells were fixed by 4% paraformaldehyde in
TBS (50mMTris and 150mMNaCl, pH 7.4). After washing with
the buffer (25mMHepes, 150mMNaCl, 10mMCaCl2, or 1mM
EDTA at pH 7.4), the cells were permeabilized with 0.25% Triton
X-100 in the buffer (25mMHepes, 150mMNaCl, 10mMCaCl2,
or 1 mM EDTA at pH 7.4). Then, cells were blocked in the
blocking buffer (25mMHepes, 150 mMNaCl, 3% (w/v) BSA, 5%
fetal bovine serum(FBS), 0.1%TritonX-100, and2mMCaCl2, pH
7.4) or (25mMHepes, 150mMNaCl, 3% (w/v) BSA, 5%FBS, 0.1%
Triton X-100, and 1 mM EDTA, pH 7.4) for 1 h and stained with
the anti-apoB antibody (ab7616, Abcam) at RT for 1 h. After
washing three times with the washing buffer (25 mM Hepes,
150mMNaCl, 1%(w/v)BSA, 0.1%TritonX-100,2mMCaCl2, pH
7.4) or (25mMHepes, 150mMNaCl, 1% (w/v) BSA, 0.1% Triton
X-100, and 1 mM EDTA, pH 7.4), Donkey Anti-Goat IgG H&L
(Alexa Fluor 594) (ab150132, Abcam) was added and incubated
for 1 h. After washing three times with 0.1% Triton X-100 in the
buffer (25 mM Hepes, 150 mM NaCl, 10 mM CaCl2, or 1 mM
EDTA at pH 7.4), the cells were washed with the cleaning buffer
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(25 mMHepes, 150 mM NaCl, 2 mM CaCl2, or 1 mM EDTA at
pH 7.4) and incubated with 5 μM DAPI for 30 min. Then, the
plates were washed again for confocal microscopy with a Leica
SP8 microscope.

For the HDL-binding assay, HEK293 cells were transfected
with the full-length hSCARA1 fused with an mCherry tag
using 6-well plates. After 24 h of transfection, 5 μg of untagged
lipoprotein (HDL, AcHDL, and OxHDL) was added to the
plates with 2 mM Ca2+. After 2 to 4 h of incubation, the cells
were fixed by 4% paraformaldehyde in TBS (50 mM Tris and
150 mM NaCl, pH 7.4). After washing with the buffer (25 mM
Hepes, 150 mM NaCl, and 10 mM CaCl2 at pH 7.4), the cells
were permeabilized with 0.25% Triton X-100 in the corre-
sponding buffers mentioned above. Then, cells were blocked in
the blocking buffer (25 mM Hepes, 150 mM NaCl, 3% (w/v)
BSA, 5% FBS, 0.1% Triton X-100, and 2 mM CaCl2, pH 7.4) for
1 h and stained with the anti-apoA antibody (ab92487, Abcam)
at RT for 1 h. After washing three times with the washing
buffer (25 mM Hepes, 150 mM NaCl, 1% (w/v) BSA, 0.1%
Triton X-100, and 2 mM CaCl2, pH 7.4), the Donkey Anti-
Goat IgG H&L (FITC) (ab6881, Abcam) was added and
incubated for 1 h. After washing three times with 0.1% Triton
X-100 in the buffers (25 mM Hepes, 150 mM NaCl, and
10 mM CaCl2 at pH 7.4), the cells were washed with the
cleaning buffer (25 mM Hepes, 150 mM NaCl, and 2 mM
CaCl2 at pH 7.4) and incubated with 5 μM DAPI for 30 min.
Then, the plates were washed again for confocal microscopy
with a Leica SP8 microscope.
Data availability

The structure of the SRCR domain of human SCARA1 has
been deposited in the PDB (www.rcsb.org) with PDB entry:
7DPX.
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