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Scavenger receptors are a superfamily of membrane-bound
receptors that recognize both self and nonself targets. Scavenger
receptor class A (SR-A) has five known members (SCARAL to -5
or SR-A1 to -A5), which are type II transmembrane proteins
that form homotrimers on the cell surface. SR-A members rec-
ognize various ligands and are involved in multiple biological
pathways. Among them, SCARAS5 can function as a ferritin re-
ceptor; however, the interaction between SCARAS5 and ferritin
has not been fully characterized. Here, we determine the crystal
structures of the C-terminal scavenger receptor cysteine-rich
(SRCR) domain of both human and mouse SCARAS5 at 1.7 and
2.5 A resolution, respectively, revealing three Ca®*-binding
sites on the surface. Using biochemical assays, we show that the
SRCR domain of SCARAS5 recognizes ferritin in a Ca>" -depend-
ent manner, and both L- and H-ferritin can be recognized by
SCARAS5 through the SRCR domain. Furthermore, the potential
binding region of SCARAS5 on the surface of ferritin is explored
by mutagenesis studies. We also examine the interactions of fer-
ritin with other SR-A members and find that SCARA1 (SR-Al,
CD204) and MARCO (SR-A2, SCARA?2), which are highly
expressed on macrophages, also interact with ferritin. By con-
trast, SCARA3 and SCARA4, the two SR-A members without
the SRCR domain, have no detectable binding with ferritin.
Overall, these results provide a mechanistic view regarding the
interactions between the SR-A members and ferritin that may
help to understand the regulation of ferritin homeostasis by
scavenger receptors.

Scavenger receptors (SRs) were originally identified by their
abilities to recognize different forms of modified low-density
lipoproteins (LDLs) with broad binding specificities (1-4).
Over the past decades, SRs have been shown to be widely
expressed in various tissues and play important roles in host
defense, such as sensing and cleaning different pathogens,
including bacteria (Escherichia coli, Staphylococcus aureus,
Neisseria meningitides, etc.) and parasites (Plasmodium falcip-
arum) (5). For example, SRs, including SCARA1, MARCO,
SCARA4, SCARA5, CD36, and CD163, have been shown to be
able to bind bacteria (5, 6). And they may also act as a helper for
viral infection (5, 7). On the other hand, SRs also recognize and
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clean self-ligands such as extracellular matrix and dead cells for
homeostasis (7-9). SRs have been classified into more than 10
subclasses largely based on sequence similarities (9, 10). Among
them, SR class A (SR-A) has five known members, including
SCARA1 (SR-Al, CD204, MSR1, SR-A] etc.), MARCO (SR-
A2, SCARA2), SCARA3 (CSR), SCARA4 (SRCL), and SCARA5
(TESR) (11, 12). They are type II transmembrane proteins with
similar domain arrangement, containing an N-terminal cyto-
plasmic region followed by a transmembrane helix and a large
C-terminal extracellular portion. The SR-A members have
been predicted to form homotrimers on the cell surface, and
their ectodomain may contain coiled-coil regions, a collagen-
like (CL) region, and a C-terminal C-type lectin-like domain or
a scavenger receptor cysteine-rich (SRCR) domain (11, 12). De-
spite the structural similarities, the functions of SR-A members
appear to be diverse, and the mechanisms of receptor-ligand
interactions are not fully understood (13-16).

In the SR-A family, SCARA5 was initially found to be
expressed in embryonic and adult mouse testis (17). Further
characterization showed that SCARAS5 existed in various tis-
sues restricted to epithelial cells, and the SCARA5-transfected
cells could bind Escherichia coli and Staphylococcus aureus but
not zymosan (18). Unlike other SR-A members, such as
SCARA1 and MARCO, SCARAS5 was unable to interact with
acetylated or oxidized LDLs (18). Sequence analysis shows that
SCARAS has relatively high similarity with SCARA]T; its ecto-
domain contains a spacer region, a CL region, and an SRCR do-
main (Fig. 1A4) (18). The SRCR domains are commonly found in
SRs, which usually contain about 110 residues. A number of
crystal structures of the SRCR domains have been determined,
for example, M2BP (19), MARCO (16), SCARAI (20), SALSA
(SRCR1, SRCR8) (21), pCD163 (SRCR5) (22), CD6 (23), CD5
(24), and hepsin (25). They adopt a relatively conserved fold
with three or four disulfide bonds (26). The SRCR domains
may contain cation-binding sites for Ca®>* or Mg®", which are
typically found in the crystal structures, and these cation sites
along with pH and surface electrostatic potential can contrib-
ute to the ligand recognition of the domain. The ligands for the
SRCR domain appear to be diverse (27). For example, the mac-
rophage receptor CD163 is involved in the clearance of hemo-
globin/haptoglobin complex via the SRCR2 and SRCR3 domain
in a Ca®*- and pH-dependent manner (28—30); the lymphocyte
cell surface receptor CD6 interacts with the activated leukocyte
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Figure 1. SCARAS interacts with L-ferritin via the SRCR domain. A, schematic representation of the full-length SCARA5 (isoform 1), SCARAS5 (isoform 4),
and SCARA5ASRCR. B, FACS data showed that the FITC-labeled L-ferritin bound to the HEK293 cells transfected with hSCARA5 (isoform 1) or hSCARAS5 (isoform
4) but did not bind to the SCARA5ASRCR-transfected cells. C, SDS-PAGE of the pulldown assays with FLAG tag showed that the ectodomain (ECTO) and the
SRCR domain of SCARA5 could interact with L-ferritin, but the ectodomain without the SRCR domain (ECTOASRCR) had no interaction with L-ferritin. Empty
beads had no interaction with L-ferritin either. D, fluorescent images showed that the hSCARA5 (isoform 1)- or the hSCARA5 (isoform 4)-transfected cells
could internalize the FITC-labeled L-ferritin, but the SCARA5ASRCR-transfected cells had no binding to L-ferritin (bar, 25 um).

cell adhesion molecule (ALCAM/CD166) through the SRCR3
domain (23, 31). Recently, the SRCR domain of SCARA1 has
been found to be able to recognize spectrin specifically on dead
cells and mediates dead cell internalization (20).

Ferritins are present in most of the tissues as cytosolic pro-
teins for iron storage (32). Human ferritins are assembled by
two subunits, ferritin heavy chain (FTH, ~21 kDa) and ferritin
light chain (FTL, ~19 kDa), with ratios ranging from 2:22 to
20:4 in different tissues (33, 34). FTH catalyzes the oxidation of
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Fe(II), whereas FTL promotes the nucleation and storage of Fe
(III). Ferritin is also circulated outside cells as serum ferritin
that is relatively iron-poor (35-37) and mainly composed of
FTL (38—41). Although many aspects of serum ferritin remain
unclear, evidence has shown that it might be involved in iron
delivery (15, 42, 43), angiogenesis (44—46), inflammation, im-
munity, and cancer (47). It could act as an inflammatory marker
and is associated with a variety of diseases, including acute re-
spiratory distress syndrome (48), ALS (49), and atherosclerosis
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(50). Serum ferritin might be considered as a leakage product
from damaged cells (51), and the iron-loaded ferritin within se-
rum and tissue needs to be cleaned properly as it might be toxic
to cells (52, 53). However, the innate mechanism of ferritin
scavenging remains unclear.

Although SCARA5 does not bind modified LDLs, it has
been shown that it could be a ferritin receptor mediating ferri-
tin uptake in embryonic cells (15) and might also help ferritin
crossing the blood retinal barrier (54), but the interaction
between SCARAS and ferritin has not been characterized. Here
we investigate the binding of SCARAS5 with ferritin and deter-
mine the crystal structure of the SRCR domain of SCARA5 and
also explore the interactions of ferritin with the SR-A members
by biochemical assays, which may help to understand the
mechanisms of ferritin recognition via the SR-A family.

Results

SCARAS5 can recognize and internalize ferritin through the C-
terminal SRCR domain

SCARAD5 has been reported to recognize and internalize fer-
ritin (15), but the mechanism of the interaction between
SCARA5 and ferritin was unclear. Here, we transfected
HEK293 cells with the mCherry-tagged full-length human
SCARADS (isoform 1) and an SRCR domain deletion mutant of
SCARAS5 (SCARA5ASRCR), respectively (Fig. 14). The trans-
fected cells were fed with the FITC-labeled L-ferritin. The
FACS results showed that the SCARA5-transfected cells could
bind to L-ferritin, but SCARA5ASRCR had no binding to L-fer-
ritin under similar conditions (Fig. 1B). The fluorescent images
also showed that L-ferritin co-localized with SCARA5 on the
transfected cells, but no L-ferritin was found on the SCAR-
A5ASRCR-transfected cells (Fig. 1D), suggesting that the SRCR
domain could mediate the uptake of L-ferritin. Moreover, we
expressed and purified a series of truncation mutants of
SCARAS5 using insect cells, including the intact ectodomain,
the ectodomain without the SRCR domain (ASRCR), and the
SRCR domain alone (Fig. 14), all fused with a C-terminal Hisg
tag and a FLAG tag (DYKDDDK). The FLAG tag pulldown
results showed that the intact ectodomain and the SRCR do-
main alone could pull down L-ferritin directly, but no L-ferritin
was detected using the ectodomain without the SRCR portion
(Fig. 1C), confirming that the SRCR domain is the binding do-
main of L-ferritin on SCARA5.

In addition, we also tested the binding of ferritin with the
SCARAS5 isoform 4, which does not have the spacer region of
isoform 1 (Fig. 1A4), and found that isoform 1 had higher ferritin
binding affinity or internalization efficiency than isoform 4
(Fig. 1, B and D), which may be caused by the different lengths
of the two isoforms as longer tethers may reduce steric hin-
drance from cell membrane (55), thus making the SRCR do-
main more accessible to the ligands.

Crystal structure of the SRCR domain of SCARA5

The expression of the SRCR domain of SCARAS5 alone in
insect cells usually gave low yields. By contrast, the fragment
including the CL region (Lys***>~Met**?) and the SRCR domain
(CL-SRCR; Lys®*~His** for hSCARAS5) could be expressed at
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high levels, and the CL portion of the CL-SRCR fragment could
be degraded quickly (Fig. 24). Interestingly, unlike the CL-
SRCR fragment of SCARAL1 that could form homotrimers dur-
ing expression (Fig. 24) (20), the potential trimeric form of the
CL-SRCR fragment of SCARA5 was not identified during
expression and purification (Fig. 24). However, the SEC profile
of the intact ectodomain of SCARA5 had an elution volume
similar to that of the ectodomain of SCARA1 (Fig. S1A), which
has been shown to form trimers (20), thereby suggesting that
the intact ectodomain of SCARAS5 also trimerized. Indeed, the
cross-linked ectodomain as well as the ectodomain without the
SRCR domain of SCARAS5 run as trimers on SDS-PAGE (Fig.
S1B), which was consistent with the previous reports showing
that SCARA5 formed homotrimers on the cell surface (18).
Therefore, the monomeric state of the CL-SRCR fragment
expressed in vitro implied that the trimerization of SCARA5
might depend on the spacer region of this receptor (Fig. 14).

To prepare the sample for crystallization, the CL-SRCR frag-
ment of SCARAS5 was expressed in insect cells as secreted pro-
teins, and then the supernatant was dialyzed for 36 h, resulting
in a stable fragment containing the SRCR domain (Fig. 2B),
which was used for crystal screening and functional character-
izations. The crystals of the SRCR domains from both human
and mouse SCARA5 (hSCARAS5 or mSCARAS5) were obtained,
and the structures were solved by molecular replacement and
refined to 1.7 and 2.5 A resolution, respectively (Tables 1 and
2). In the crystal structures, the SRCR domain and a short N-
terminal a-helix are identified (Fig. 2C). The SRCR domain
adopts a typical SRCR fold (Fig. 2C), similar to the SRCR
domains of SCARA1 (20) and MARCO (16). Nevertheless, the
structural alignments of the SRCR domains from SCARAS5,
SCARA1, and MARCO revealed some differences, especially in
the loop regions (Fig. S4). The glycans associated with Asn®"’
(for hRSCARAS5) or Asn>®® (for mSCARAS5) can be visualized in
the electron density (Fig. 2C). The crystal structures of human
and mouse SRCR domains are quite similar with the r.m.s. devi-
ation of the C* atoms of 0.5 A, consistent with the high
sequence identity (about 91%) between the two domains (Fig.
2Cand Fig. S4).

In the crystal structure of the SRCR domain of SCARAS5,
three Ca®*-binding sites are identified, including site 1 (Asp*'?,
Asp*®, and GIu*®), site 2 (Asp**®, Asp**®, and Asn*®"), and site
3 (Asp**® and Asp*®) (Fig. 2C). The sequence alignments show
that the SRCR domain of SCARAS5 has ~90% sequence identity
among mammalians, and the residues forming the Ca®>"-bind-
ing sites are well-conserved (Fig. S5). The three Ca>" sites gen-
erate a positively charged region on the surface (Fig. 2C), which
may correlate with the binding of ferritin or other ligands.

The interaction between the SRCR domain of SCARA5 and
ferritin is Ca®* -dependent

Previous reports have shown that the Ca>* was involved in
the ligand binding of the SRCR domains from different SRs (16,
20, 28). For SCARADS, ELISA results showed that both the ecto-
domain of SCARA5 and the SRCR domain alone bound to L-
ferritin similarly, and the binding could be eliminated by the
addition of EDTA (Fig. 3B), confirming the importance of Ca>*
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Figure 2. Crystal structures of the SRCR domain of SCARA5. A, SEC profiles of the CL-SRCR fragments of mSCARAT and hSCARAS5 and the SDS-PAGE of the
CL-SRCR fragment of hSCARAS5 from the SEC elution peak (fractions 1-5), showing the CL-SRCR fragment (orange arrow) as well as the SRCR fragment resulting
from degradation (green arrow). B, SEC profile and SDS-PAGE of the CL-SRCR fragment of hSCARAS5 after 36 h of degradation, resulting in an SRCR fragment for
crystallization (green arrow). C, superposition of the crystal structures of human (orange) and mouse (blue) SRCR domain of SCARAS. Three Ca“—binding sites
(dashed red circles) are zoomed in at insets (Ca>* are shown as green spheres; water molecules are shown as small red spheres), respectively. The glycans (N-ace-
tylglucosamine, NAG) are colored in yellow. The surface electrostatic potential of the SRCR domain of hSCARA5 is shown (bottom left) with the same orientation
as the crystal structure; the positively charged region is indicated by the dashed red oval.

for the binding. To verify the roles of the three Ca*" sites,
several single or double mutants involving the Ca®>*-coordi-
nating residues were constructed for hSCARAS5, including
D419A/D420A and E486A for site 1, D458A/D459A and
N481A for site 2, and D423A and D426A for site 3 (Fig. 3A).
These mutants were applied for both cell assays and
recombinant protein expression. ELISA results showed that
all the mutants except D426A could reduce the interactions
between L-ferritin and the SRCR domain of SCARA5 (Fig.
3C). Both FACS and fluorescent imaging showed that

15730 J Biol. Chem. (2020) 295(46) 15727-15741

mutants D419A/D420A and E486A from site 1 could elimi-
nate L-ferritin binding or internalization almost completely
(Fig. 3, D and E), suggesting that this site might be important
for the recognition of L-ferritin. Meanwhile, mutants
D458A/D459A and N481A from site 2 revealed attenuated
binding with L-ferritin (Fig. 3, D and E), suggesting that this
site might also contribute to ferritin recognition. The muta-
genesis data for site 3 showed that mutant D423A could
abolish the binding with L-ferritin, but mutant D426A had
almost no effect on the interaction (Fig. 3, D and E);
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Table 1
X-ray data collection and processing
Protein SRCR (hSCARA5) SRCR (mSCARA5)
Diffraction source BL18U1, SSRF BL18U1, SSRF
Wavelength (A) 0.98 0.98
Detector Dectris PILATUS 6M Dectris PILATUS 6M
Temperature (K) 100 100
Space group P2,2,2, P3,
a,b,c(A) 38.2,48.8,70.8 39.8,39.8,132.2
@, B, v (degrees) 90, 90, 90 90, 90, 120
Resolution range (A) 28.65-1.65 (1.71-1.65)*  27.14-2.30 (2.38-2.30)
Rimerge 0.082 (0.393) 0.095 (0.326)
Rpim 0.026 (0.125) 0.043 (0.117)
No. of unique reflections 15,075 (1465) 10,380 (1040)
Completeness (%) 99.59 (98.80) 99.43 (99.11)
Multiplicity 12.7 (12.7) 10.3 (9.9)
Mean I/a(]) 29.03 (6.88) 26.22 (7.00)
Overall B factor from 13.69 38.26
Wilson plot (A?)
“Values in parentheses are for the highest-resolution shell.
Table 2
Crystallographic statistics of the SRCR domain of SCARA5
Protein SRCR (hSCARA5) SRCR (mSCARA5)
Resolution range (A) 27.67-1.70 (1.76-1.70)* 23.85-2.50 (2.59—-2.50)
Completeness (%) 99.66 (98.92) 99.43 (99.11)
No. of reflections, working set 15,075 (1465) 8067 (784)
No. of reflections, test set 1508 (147) 804 (80)
Final Repyst 0.159 (0.138) 0.199 (0.241)
Final Ryee 0.176 (0.144) 0.242 (0.272)
Rpim 0.026 (0.098) 0.043 (0.082)
CCs, 0.997 (0.980) 0.978 (0.994)
No. of non-H atoms
Protein 870 1774
Solvent 112 38
Ligands 17 34
NAG 14 28
Ca* 3 6
Total 999 1702
r.m.s. deviations
Bonds (A) 0.013 0.010
Angles (degrees) 1.32 1.10
Average B factors (A?%) 19.61 50.81
Protein 17.40 50.39
Water 34.69 50.83
Ca** 11.95 46.81
Ramachandran plot
Favored regions (%) 96.23 92.06
Additionally allowed (%) 3.77 7.94

Outliers (%) 0 0

“Values in parentheses are for the highest-resolution shell.

therefore, it was possible that residue Asp423, rather than the

Ca>" at site 3, was involved in ferritin recognition.

In addition, Mg®" was also applied in the assays to replace
Ca®", and it showed that Mg** could reduce the binding activ-
ities with L-ferritin significantly (Fig. 3B). This was similar to
the previous reports showing that Mg®" could reduce the bind-
ing affinities of SCARA1 and MARCO to the ligands (16, 20).

Both human L-ferritin and H-ferritin interact with the SRCR
domain of SCARA5

Previous reports suggested that the SCARA5-expressing cells
could internalize L-ferritin, but not H-ferritin (15). In our results,
both FACS data and fluorescent images showed that the FITC-
labeled H-ferritin could bind to or be internalized by the
SCARAS5-transfected cells, but with lower affinity than L-ferritin
(Fig. 4, A and B). To validate this result, both pulldown assays
and ELISA were applied to monitor the interaction between
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SCARAS5 and H-ferritin, and the results showed that the SRCR
domain of SCARA5 could also pull down H-ferritin, but the
binding affinity was weaker than L-ferritin (Fig. 4, C and D).

In the meantime, the unlabeled L-ferritin or H-ferritin was
added to the SCARAS5-transfected cells fed with the FITC-la-
beled H-ferritin or L-ferritin at different molar ratios to see
whether L-ferritin and H-ferritin could inhibit each other for
binding with SCARAS5. Indeed, the FACS data showed that L-
ferritin and H-ferritin could block each other for binding, and
L-ferritin could inhibit H-ferritin more efficiently than H-ferri-
tin inhibiting L-ferritin (Fig. 4, E and F). This was consistent
with the pulldown and ELISA data shown above and suggested
that L-ferritin and H-ferritin might share a similar binding
region on the SRCR domain of SCARA5.

Mutagenesis studies reveal the potential binding region of
SCARAS5 on ferritin surface

To identify the SCARA5-binding region on ferritin, a series
of mutants of the surface residues of human FTL were con-
structed, including D12A, S19A, Q26A, Q80A/D81A, K83A,
K84A, E87A, DB8A/ES9A, K92A/DI5A, K98A, K106A, and
D113A (Fig. 5A). The ferritin mutants were expressed and puri-
fied similarly as the WT (Fig. S3), and all of the mutants showed
reasonable solubility except the mutant D12A, which aggre-
gated easily during concentration. The FACS data showed that
the mutants K84A, E87A, D8SA/E89A, K92A/D95A, and K98A
had almost no effect on the interaction between L-ferritin and
SCARAS5 (Fig. 5C). By contrast, mutants S19A, Q26A, Q80A/
D81A, K83A, K106A, and D113A showed weaker binding with
SCARAS5 (Fig. 5B). ELISAs were also applied to examine the
binding affinities, and the results showed that mutants S19A,
Q26A, Q80A/D81A, K83A, K106A, and D113A had lower
binding affinities with the SRCR domain of SCARAS5 than the
WT (Fig. 5D), whereas mutants K84A, E87A, D8SA/E89A,
K92A/D95A and K98A retained similar affinities with the WT
(Fig. 5E). Among them, residue Lys® appeared to have an im-
portant role, as the mutant K83A almost eliminated binding
between L-ferritin and SCARA5 (Fig. 5, B and D). These data
roughly defined the binding region of SCARA5 on the surface
of L-ferritin (Fig. 5A).

The sequence identity between human FTL and FTH is
about 56%. The structural alignment suggested that residue
Lys®® of FTL corresponded to Lys®’” of FTH. The FACS results
showed that the mutant K87A of FTH could reduce the binding
of H-ferritin to the SCARA5-transfected cells significantly
(Fig. 5F), and the ELISA data also showed weaker binding
between the SRCR domain of SCARAS5 and the mutant K87A
(Fig. 5G). This is consistent with the inhibition assay results
described above, supporting that L-ferritin and H-ferritin
might share a similar binding region on their surfaces with
SCARAS (Fig. 54).

Other SR-A members, SCARA1 and MARCO, also interact with
ferritin

Because SR-A members share similar structural features, we
explored the binding properties of the SR-A members with fer-
ritin. HEK293 cells were transfected with the mCherry-tagged
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Figure 3. Mutagenesis studies of the interaction between the SRCR domain of SCARA5 and L-ferritin. A, residues around the Ca>*-binding sites and the
loop region (yellow) involved in the mutagenesis studies on the SRCR domain of hSCARAS. B, ELISA data showed that the ectodomain of hSCARAS5 (ECTO) and
the SRCR domains of human and mouse SCARA5 bound to L-ferritin in the presence of Ca®" (5 mm), and the binding affinities (Kp) were calculated based on
the curve fitting, respectively. By contrast, Mg?* reduced the binding affinity with L-ferritin, and EDTA could eliminate the binding completely. C, ELISA data
showed that all of the mutants except D426A could reduce the binding of the SRCR domain with L-ferritin. D, FACS data showed all of the mutants of SCARA5
except D426A could reduce the binding of L-ferritin with the mutant-transfected cells. Mutants D458A/D459A and N481A from the Ca®*-binding site 2
retained some binding affinities with L-ferritin. Mock, nontransfected cells. E, fluorescent images showed that all of the mutants of SCARA5 except D426A
could reduce the internalization of L-ferritin with the mutant-transfected cells (bar, 25 wm). Error bars, S.D.
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Figure 4. SCARAS5 recognizes both L-ferritin and H-ferritin. A, FACS data showed that both FITC-labeled L-ferritin and H-ferritin bound to the hSCARA5
transfected cells, but not the hSCARAS5 (E486A)-transfected cells. B, fluorescent images showed that both L-ferritin and H-ferritin could be internalized by the
hSCARA5-transfected cells, but not the hSCARAS (E486A)-transfected cells (bar, 25 um). C, ELISA data showed that both L-ferritin and H-ferritin could bind to
the SRCR domain of hSCARAS5, but not to the SRCR (E486A) mutant. D, FLAG tag pulldown assays showed that both L-ferritin and H-ferritin could interact with
the SRCR domain of hSCARAS. E, FACS data showed that the unlabeled L-ferritin could block the binding of the FITC-labeled H-ferritin by the SCARA5-trans-
fected cells almost completely. F, FACS data showed that unlabeled H-ferritin could partially block the binding of the FITC-labeled L-ferritin by the SCARA5-

transfected cells. Error bars, S.D.

human SR-A members, respectively, and the FITC-labeled
human ferritin was applied for binding assays. The FACS data
showed that besides SCARAS5, SCARAL1 also had binding sig-
nals with both L-ferritin and H-ferritin, but weaker than that of
SCARAS5 (Fig. 6A and Fig. S2). Meanwhile, MARCO showed
much weaker but detectable binding with both L- and H-ferri-
tin (Fig. 6A and Fig. S2). By contrast, SCARA3 and SCARA4

SASBMB

had no detectable binding with either L-ferritin or H-ferritin
(Fig. 6A and Fig. S2). The fluorescent images of the correspond-
ing samples also showed that L-ferritin could be co-localized
with SCARA5, SCARA1, and MARCO reasonably well (Fig.
6A4), although the signal for MARCO was much weaker than
that of SCARA5 or SCARAL In addition, the SRCR domain de-
letion mutant (ASRCR) of SCARA1 was also constructed and

J. Biol. Chem. (2020) 295(46) 15727-15741 15733


https://www.jbc.org/cgi/content/full/RA120.014690/DC1
https://www.jbc.org/cgi/content/full/RA120.014690/DC1
https://www.jbc.org/cgi/content/full/RA120.014690/DC1

Interaction of scavenger receptor class A with ferritin

B SCARAS transfected cells C SCARAS transfected cells
WT
\ S19A
@ 5 |
e o
§ asA 5
-4 Zz
© ©
© ©
o Q80A/D81A o
§ §
% g D88A/EB9A
K83A
K92A/D95A
K106A
D113A K98A
WT WT
SCARAS5 (E486A) cells SCARAS (E486A) cells
102 108 10*  10° 100 102 10°  10*  10°
L-ferritin-FITC L-ferritin-FITC
—=— | -ferritin (WT) + SRCR (WT) L-ferritin (WT) + SRCR
- Lferin (S198) ' SROR (WD) o Cferitin (KBAA) 3 SROR (WT
D —— L-ferritin (Q26A) + SRCR E —a—L-ferritin E87A; + SRCRgWTé(
—o— L-ferritin (QB0A/D81A) + SRCR (WT) —v—L-ferritin D88AIE89A; +SRC EWT;
1.8 > L-feritin (K83A) + SRCR (WT 1.8 —<«—L-ferritin (K92A/D95A) + SRCR (WT
e ) SRR ) 1] i ) SR T
16473 torritin (WT) + SROR (E486A -6 ——L-ferritin (WT) + SRCR (E486A)
1.4 147
4 1.2
g2 810
5] 5
081 0.8
064 0.6
0.4
0.4
0.2
0.2+
l 220 0.01
0.0 T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
SRCR concentration (uM) SRCR concentration (UM)
F G —=—H-ferritin (WT) + SRCR (WT)
SCARAGS t fected cell 4 8
ranstected cells 149 e H-ferritin (K87A) + SRCR (WT)
124 —4—H-ferritin (WT) + SRCR (E486A)
o}
_g 1.0
2
v 0.8
_ © H-ferritin (WT
= 0 0.6
[=
©
2 0.4
0.2
H-ferritin (K87A) 0.0
! J T T T T T T T T
107 10° 104 105 0 2 4 6 8 10 12 14
H-ferritin-FITC SRCR concentration (UM)

15734 J Biol. Chem. (2020) 295(46) 1572715741 SASBMB



Interaction of scavenger receptor class A with ferritin

applied for the binding assays, showing that SCARA1 could not
bind to L-ferritin in the absence of the SRCR domain (Fig. 6A4).
The binding of the SRCR domains of SCARA5, SCARA1, and
MARCO with L-ferritin was also tested using ELISA, and the
data showed that the SRCR domain of SCARAS5 had the strong-
est binding affinity among the three SRCR domains (Fig. 65). In
parallel, mouse SCARA5, SCARA1, and MARCO were also
applied for the assays, and similar results were obtained (Fig.
S2). Furthermore, we also tested the interaction of L-ferritin
with human CD163, which contains nine SRCR domains, but
no binding was detected (Fig. 6A), suggesting that the SRCR
domains from the SR-A family might have binding specificities
for ferritin.

The structural and sequence alignments between the SRCR
domains of SCARA5 and SCARA1 showed an r.m.s. deviation
of the C* atoms of 0.7 A and a sequence identity of 59%. The
crystal structure of the SRCR domain of SCARA1 has only one
Ca*"-binding site (20), which corresponds to the Ca®" site 1
for SCARAS5 and MARCO (Fig. S4). The mutations of this site
(D376A/D377A) on SCARAL1 eliminated the binding with L-
ferritin (Fig. 6A), similar to the results for SCARA5 shown
above, suggesting that this site was also important for ferritin
recognition.

The structural and sequence alignments showed that the
SRCR domain of MARCO had slightly less similarity to
SCARA5 than SCARA1 with an r.m.s. deviation of the C*
atoms of 1.1 A and a sequence identity of 48% (Fig. S4B). In
fact, all three Ca®*— or divalent cation—binding sites on the
SRCR domain of SCARAS5 were retained similarly for MARCO
(Fig. S4B). The superposition of the SRCR domains showed
that a loop region of SCARA5 (Arg***—~Phe**®) that located
near the Ca®>" site 1 was shorter in MARCO (Ser471—Tyr473)
(16), and they adopted different conformations in the two
molecules (Fig. S4B), which might affect the interaction with
ferritin. Indeed, when the loop region of SCARA5 was
replaced by the loop from MARCO, the mutant lost the bind-
ing affinity with L-ferritin (Fig. 3, C-E). Meanwhile, the
MARCO mutant containing the loop from SCARAS5 revealed
enhanced interaction with L-ferritin (Fig. S2C). These results
suggest that although the Ca®" sites are important for ferri-
tin binding, the surface profile or other residues may also
affect the accessibility or interaction of ferritin with the
receptors. In addition, we also replaced the N-terminal
SRCR domain of CDI163 with the SRCR domain of
hSCARAS5, but the chimeric molecule did not show any de-
tectable binding with ferritin (Fig. S2D). This is not surpris-
ing; as CD163 is a type I transmembrane protein, the SRCR
domain might have different orientations that may also be
important for ligand recognition.

Discussion

The SRCR domains are commonly found in SRs and are able
to recognize various ligands (27). The ligand recognition by the
SRCR domain usually needs divalent cations, such as Ca%* (56).
In the SR-A family, it has been shown that Ca®* or Mg*" is
required for ligand binding for SCARA1 and MARCO (16, 20);
therefore, it is not surprising that the SRCR domain of SCARA5
binds ferritin in a Ca®>"-dependent manner. Moreover, the
binding of ferritin is not limited to SCARAS; it is shared by
other SR-A members, including SCARA1 and MARCO,
although their binding affinities with ferritin are weaker than
SCARAS5. Among the three Ca®* sites found in the SRCR do-
main of SCARAS5, the Ca®™ site 1 is conserved in SCARA1 and
also important for ferritin recognition. It has been reported
that this Ca®" site on SCARALI is critical for recognizing spec-
trin from dead cells (20), suggesting that this site might be
involved in multiple-ligand recognition. By contrast, MARCO
also has three divalent cation-binding sites, similar to
SCARAGS, but its affinity to ferritin is very low, probably due to
the hindrance from other residues and the surface profile of the
molecule. In addition, CD163, a scavenger receptor with several
SRCR domains, does not show binding activities with ferritin,
suggesting that the binding of ferritin may be limited to a spe-
cific set of SRCR domains, such as those in the SR-A family.

A distinct feature of SR-A family members is that they form
homotrimers on the cell surface (11, 12, 57-59). It has been
shown that the trimeric form of SCARALI increases its binding
affinity with spectrin significantly (20). Unlike SCARAL, the in
vitro expressed CL-SRCR fragment of SCARAS5 is monomeric,
and the CL region can be degraded rapidly, suggesting that the
CL-SRCR portion of SCARAS5 might adopt an open conforma-
tion rather than a compact trimerized state. Because ferritin
particles are relatively large, ~12 nm in diameter, the open con-
formation of SCARA5 may facilitate the binding and internal-
ization of ferritin particles (Fig. 6C).

It has been shown that L- and H-ferritin have different tissue
distributions (33, 47). In fact, most of the ferritin particles iso-
lated from tissues are heteropolymers assembled by both H and
L subunits with different ratios (34). The recognition of ferritin
by SCARA5 and other SR-A members suggests that they may
act as general receptors for ferritin particles.

Serum ferritin has been widely used in clinical tests for a
number of diseases as it is often associated with inflammation,
immunity, and cancer (47). It has been proposed that serum
ferritin might be a leakage product from damaged cells (51) and
could be toxic to cells (52, 53). The recognition of ferritin by the
SR-A member suggests that these molecules could act as scav-
enging receptors for ferritin. Moreover, SCARA1 and MARCO
are highly expressed on macrophages, and they might be able

Figure 5. Mutagenesis studies of the SCARA5 binding region on ferritin. A, residues on the surface of L-ferritin (left; Protein Data Bank entry 2FFX)
involved in the mutagenesis studies are labeled in the green rectangles. The potential binding region of SCARA5 on ferritin is indicated by the red rectangles. B,
FACS data showed that mutants ST9A, Q26A, Q80A/D81A, K83A, K106A, and D113A of L-ferritin reduced binding affinities with SCARA5. C, FACS data showed
that mutants K84A, E87A, D88A/E89A, K92A/D95A, and K98A of L-ferritin retained similar binding affinities with SCARAS5 as the WT. D, ELISA data showed that
mutants ST9A, Q26A, Q80A/D81A, K83A, K106A, and D113A of L-ferritin reduced the binding affinities with the SRCR domain SCARAS5. E, ELISA data showed
that mutants K84A, E87A, D8BA/EB9A, K92A/D95A, and K98A of L-ferritin retained similar binding affinities with the SRCR domain SCARAS. F, FACS data
showed that the mutant K87A of H-ferritin reduced the binding with SCARAS5 significantly. G, ELISA data showed that the mutant K87A of H-ferritin reduced
the binding with the SRCR domain of SCARAS significantly. Error bars, S.D.
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to monitor ferritin levels and induce inflammatory responses,
thereby providing a clue for the correlation between ferritin
and inflammation. Meanwhile, SCARA5 has relatively wide tis-
sue distribution and could internalize ferritin either for ferritin
removal or iron delivery.

Recently, it has been shown that degradation of ferritin by
autophagy could promote ferroptosis (60—63). Therefore, the
SR-A members with ferritin recognizing and uptake functions
might be involved in regulating ferritin homeostasis and cell
death, but the exact roles of the receptors in these pathways
need to be elucidated in the future. In addition, the recombi-
nant ferritins have long been used as nanocages for drug deliv-
ery (64—66); therefore, the SR-A members could be the poten-
tial targets for the therapeutic strategies against cancer and
other diseases.

Materials and methods
Protein expression and purification

The ¢DNA of hSCARAI to -5 (GenBank™ numbers
NM_138715.2, NM_006770, NM_016240.2, NM_130386, and
NM_028903.2), mSCARA1, -2, and -5 (L04274.1, NM_
010766.2, and NM_173833.5), and human ferritin (FTL,
NM_000146.3; FTH, NM_002032.2) were purchased from Sino
Biological Inc. or synthesized by Sangon Biotech.

For the crystallization of the SRCR domain of hSCARAS5, the
cDNAs of hCL-hSRCR (Lys***~His**®) and a chimeric frag-
ment containing the mCL region and hSRCR (mCL-hSRCR:
Lys*®~Met*®*® (mSCARA5) + 1le**~His**® (hRSCARA5)) were
generated and fused with an N-terminal melittin signal peptide
and a C-terminal His, tag. The SRCR domain of mSCARA5
(mCL-mSRCR, Lys**~Thr*®) was constructed similarly. For
pulldown assays and ELISA, the ectodomain (Ser®*—His**?),
ECTOASRCR (Ser®**~Met**?), and CL-SRCR (Lys**°~His**?) of
hSCARAS5 were constructed and fused with an N-terminal
melittin signal peptide and a C-terminal Hisg tag coupled with
a FLAG tag. The SRCR domain of hSCARA1 was expressed
and purified as described previously (20). The SRCR domain of
hMARCO was constructed with an N-terminal GFP coupled
with a Hisg tag. All of the constructs were subcloned into the
pFastBac vector (Invitrogen) using NovoRec recombinant
enzyme (Novoprotein).

For protein expression, recombinant baculoviruses were
generated following the Bac-to-Bac baculovirus expression
protocol (Invitrogen); High-5 cells (Invitrogen) were used for
protein expression using ESF921 medium (Expression Sys-
tems). The supernatants were collected after 72 h of infection
and then buffer-exchanged with 25 mm Tris, 150 mm NaCl, pH
8.0, by dialysis, and then applied to nickel-nitrilotriacetic acid
chromatography (Ni-NTA Superflow, Qiagen) or directly
applied to Ni Smart beads (Smart-Lifesciences, Changzhou,
China) for purification following the manufacturer’s protocol.
The eluates were loaded onto HiL.oad Superdex 200 prepara-

tion grade column (GE Healthcare) with Tris-NaCl buffer (25
mu Tris, 150 mm NaCl, 1.5 mm Ca?¥, pH 7.5) for further purifi-
cation. The purified proteins were loaded onto SDS-PAGE for
detection. Human ferritins, including both L-ferritin and H-fer-
ritin, were expressed in E. coli BL21 DE3 cells (Novagen) using
the pET28a expression vector and purified according to the
procedures reported previously (67).

Crystallization and structural determination

The CL-SRCR fragments of SCARA5 were expressed as
described above. After 36 h of dialysis, the CL-SRCR fragment
was fully degraded into a stable fragment and used for crystalli-
zation. Proteins were concentrated to ~8.5 mg/ml (measured
by UV absorption at 280 nm) using Amicon Ultra-15 (3000 mo-
lecular weight cutoff; Merck) in buffer containing 150 mm
NaCl, 10 mm Tris, pH 7.4, 1.5 mm Ca”*. Crystal screening was
done at 18°C by the sitting-drop vapor-diffusion method using
96-well plates (Swissci) with commercial screening kits (Hamp-
ton Research). A Mosquito nanoliter robot (TTP Labtech) was
used to set up 400-nl sitting drops. The crystals for the SRCR
domain of hSCARA5 were obtained using the mCL-hSRCR
fragment as this construct gave better crystals (40% (w/v) PEG
400, 0.2 M sodium chloride, 0.1 m Tacsimate, pH 8.0). The crys-
tals of the SRCR domain of mSCARAS5 were grown in a solution
containing 20% (w/v) PEG 3350, 0.2 M ammonium sulfate (pH
6.0). Diffraction data were collected using a PILATUS 6M de-
tector at the BL18U beamline of the National Facility for Pro-
tein Science Shanghai (NEFPS) at the Shanghai Synchrotron
Radiation Facility (SSRF) and processed using the HKL-3000
package (68). The diffraction data statistics are summarized in
Table 1.

The crystal structure of the SRCR domain of mSCARAS5 was
solved by molecular replacement using the structure of the
SRCR domain of mSCARA]1 (Protein Data Bank entry 6J02) as
a search model. The crystal structure of the SRCR domain of
hSCARA5 was solved by molecular replacement using the
solved SRCR domain of mSCARAD5 as a search model. Molecu-
lar replacement, model building, and refinement were per-
formed using the PHENIX suite (69) and Coot (70). The refine-
ment statistics are summarized in Table 2.

Mutagenesis of the SR-A members and ferritins

Mutants for hSCARA5 include D419A/D420A, E486A,
D458A/D459A, N481A, D423A, D426A, the loop substitution
mutant (Arg***~Phe**® of hSCARA5 was replaced by Ser*’'—
Tyr*”? of mMARCO), and the truncation mutant hSCAR-
A5ASRCR (deletion of Ile***~His**®). The loop substitution
mutant of mMMARCO was constructed by replacing Ser*”'—
Tyr*”? of mMARCO with Arg***-Phe™® of hSCARAS.
Mutants of hSCARA1 include D376A/D377A and the trunca-
tion mutant hRSCARAIASRCR (deletion of Val**°~Leu**"). The
domain substitution mutant of hCD163 was constructed by

Figure 6. Interactions of L-ferritin with the SR-A members. A, FACS data (left) and fluorescent images (right) showed that human SCARA1, MARCO, and
SCARAS5 could bind to L-ferritin, whereas SCARA3, SCARA4, SCARATASRCR, SCARA1 (D376A/D377A), and CD163 had no binding to L-ferritin (bar, 25 um). B,
ELISA data showed that the SRCR domain of human SCARAS5 had higher binding affinity with L-ferritin than the SRCR domains of human SCARAT and MARCO.
C, schematic model for the recognition of ferritin by SCARA5 on the cell surface. Error bars, S.D.
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replacing the SRCR1 domain (Leu®'-Ser'®") of hCD163 with
the SRCR domain (Ile3**~Asn**®) of hSCARA5. Mutants of
human L-ferritin include D12A, S19A, Q26A, Q80A/DS81A,
K83A, K84A, E87A, DS88A/ES9A, K92A/D95A, K98A, K106A,
and D113A. The mutant of human H-ferritin is K87A.

Mutations were introduced into the corresponding plasmids
during PCR using KOD DNA polymerase (Sparkjade Science
Co., Ltd.). The template plasmids were digested by Dpnl
(Thermo Fisher Scientific). The digested PCR products were
ligated by ligation high (TOYOBO). The mutants were
expressed similarly as the WT as described above.

Pulldown assay

Anti-FLAG G1 affinity resin beads (GeneScript) were mixed
with the purified FLAG-tagged proteins, respectively, including
the ectodomain (ECTO), the ectodomain without the SRCR
domain (ECTOASRCR), the SRCR domain of hSCARAS5 (~200
pg for each sample), and human L-ferritin or H-ferritin (~400
pg) in 800 pl of binding buffer (25 mm Tris, 150 mm NaCl, pH
7.4) supplemented with either 5 mm Ca®>* or 5 mm EDTA. After
incubation for 1 h at room temperature, the beads were washed
three times with the binding buffer. The proteins bound to the
anti-FLAG G1 affinity resin were eluted using 100 pl of
3xFLAG peptide (400 pg/ml) and loaded onto 10% SDS-poly-
acrylamide gels (GeneScript) running with MES running buffer
(50 mm MES, 50 mm Tris, 0.1% SDS, 1 mm EDTA, pH 7.3) for
detection.

ELISA experiments

Ferritins, including WT L-ferritin, H-ferritin, and the
mutants, were coated onto 96-well MaxiSorp plates (Nunc)
with 2—4 pg of protein/well at 4°C overnight in the coating
buffer (3.5 mm NaHCO3, 1.5 mMm Na,COs3, pH 9.6). The plates
were blocked with the TBS buffer (25 mm Tris, 150 mm NaCl,
pH 7.4) containing 5% (w/v) BSA for 3 h. The purified SRCR
domain or ectodomain was serially diluted and added to each
well with corresponding binding buffer (25 mm Tris, 150 mm
NaCl, pH 7.4, 1% BSA), supplemented either with 5 mm Ca%?",5
mMm EDTA, or 5 mm MgSO,. Then the plates were incubated at
room temperature for 1 h. After incubation, plates were washed
with the corresponding binding buffer (without 1% BSA) five
times. Mouse anti-FLAG M2 antibody (Sigma) was premixed
with horseradish peroxidase—conjugated goat anti-mouse 1gG
antibody (Signalway Antibody) in a concentration ratio of 1:3.
For Hisg detection, horseradish peroxidase—conjugated anti-
Hise antibody (Proteintech) was used. The antibodies were
added to each well at 1:1000 dilution, and the plates were incu-
bated at room temperature for 1 h. After washing five times
with the corresponding binding buffer (without 1% BSA)
buffer, 100 pul of chromogenic substrate (1 pg/ml tetramethyl-
benzidine, 0.006% H,O, in 0.05 M phosphate citrate buffer, pH
5.0) was added to each well and incubated for 10—20 min at
37°C. Then 50 pul of H,SO, (2.0 M) was added to each well to
stop the reactions. The plates were read at 450 nm on a Synergy
Neo machine (BioTek Instruments). The binding affinities with
L-ferritin (Kp values) for the ectodomain (trimer) and the
SRCR domain of SCARA5 were calculated based on the fitting
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of the sigmoidal curves of ELISA using software GraphPad
Prism version 6 (71, 72).

Cross-linking experiment

The purified N-terminal GFP-tagged ectodomain of
SCARA5 (ECTO) and the ectodomain without the SRCR do-
main (ECTOASRCR) (25 mm Hepes, 150 mm NaCl, pH 7.4)
were treated with 1% (w/v) glutaraldehyde for 10 min at room
temperature, and then 2 mwm glycine was added to terminate
the cross-linking reaction. The samples were suspended in 25
ul of SDS-loading buffer and loaded onto SDS-PAGE for sepa-
ration, and a fluorescent image was taken with a gel-imaging
system (Bio-Rad).

Flow cytometry and confocal microscopy

For flow cytometry and confocal microscopy, ferritins were
labeled with FITC (Sigma) according to the manufacturer’s
protocol. Briefly, the purified protein (5 mg/ml) was added with
a 10-fold molar excess of FITC in protein storage buffer, incu-
bated for 2 h at room temperature. The nonreacted dye was
desalted by Amicon Ultra-15 (100,000 molecular weight cutoff;
Merck), and the fluorescent dye/protein ratio was determined
by UV spectroscopy.

HEK293T cells were transfected with the pTT5 vectors con-
taining the mCherry-tagged WT proteins or the mutants. After
24 h of transfection, the FITC-labeled ferritins were added to
media with a normalized amount according to different fluo-
rescent dye/protein ratios and incubated for 12 h at 37 °C. For
competition assays, unlabeled ferritins were added at the same
time in a different ratio with the FITC-labeled ferritins.

For flow cytometry, trypsin-digested cells were resuspended
in 1 ml of cell culture medium (90% Dulbecco’s modified
Eagle’s medium, 10% fetal bovine serum) and analyzed by an
LSR Fortessa flow cytometer (BD Biosciences). Data analysis
was performed using Flow]Jo software (Tree Star).

For confocal microscopy, cells grown on a coverslip were
fixed by 4% paraformaldehyde. After washing twice with PBS,
cells were mounted onto slides and observed using a Leica SP8
microscope.

Data availability

The structures of the SRCR domains of human and mouse
SCARAS have been deposited in the Protein Data Bank with
accession numbers 7C00 (for hSCARA5) and 7BZZ (for
mSCARAD), respectively.
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