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ABSTRACT
Background: Scavenger receptor CL-P1 (collectin placenta 1) has been found recently as a first

membrane-type collectin which is mainly expressed in vascular endothelial cells. CL-P1 can endocytose
OxLDL as well as microbes but in general, the endocytosis mechanism of a scavenger receptor is not well
elucidated.

Methods: We screened a placental cDNA library using a yeast two-hybrid system to detect molecules
associated with the cytoplasmic domain of CL-P1. We analyzed the binding and endocytosis of several ligands
in CL-P1 transfectants and performed the inhibition study using tyrphostin A23 which is a specific inhibitor of
tyrosine Kinase, especially in p2-dependent endocytosis and the site-directed mutagenesis in the endocytosis
YXX® motif in CL-P1 cytoplasmic region. Furthermore, the SiRNA study of clathrin, adaptor AP-2 and
dynamin-2 during the endocytosis of OxLDL in CL-P1 transfectant cells were carried out.

Results: We identified u2 subunit of the AP-2 adaptor complex as a molecule associated with the cytoplasmic
region of CL-P1. We demonstrated that AP-2 u2 was essential for CL-P1 mediated endocytosis of OXLDL in
CL-P1 transfectant cells and its endocytosis was also mediated by clathrin, dynamin and adaptin complex
molecules.

Conclusions: Tyrosine-based Y XX® sequences play an important role in CL-P1-mediated OXLDL endocytosis
associated with AP-2 p2.

General Significance: This might be the first finding of the clear endocytosis mechanism in scavenger receptor
CL-P1.



1. Introduction

The scavenger receptor family is a highly heterogenous group of cell surface molecules that commonly bind
and uptake modified low density lipoproteins (LDLSs), such as acetylated LDL (AcLDL) and oxidized LDL
(OxLDL). OxLDLs are considered to be most active in interactions among endothelial cells (EC),
macrophages, and smooth muscle cells, and have been implicated in the development of atherosclerosis
according to Ross’s response-to-injury hypothesis (1, 2). The scavenger receptor family has at least eight
different subclasses (Class A - Class H) which bear little sequence homology to each other but recognize
common ligands (3). Vascular endothelial cells express several distinct scavenger receptors, such as SR-BI
(4-6), LOX-1 (7), SREC (8), FEEL-1/stabilin-1 and FEEL-2/stabilin-2 (9).

We recently identified collectin placenta 1 (CL-P1) from placental cDNA, which is a C-type lectin
containing an inner collagen-like region (10). CL-P1 is a type Il transmembrane protein with a coiled-coil
domain, a collagen-like domain, and a carbohydrate recognition domain (CRD). It resembles Class A
scavenger receptors (SR-A) in that the scavenger receptor cysteine-rich domain is replaced by a CRD (11). The
ability of CL-P1 to bind and phagocytose Gram-negative and Gram-positive bacteria, as well as to yeast,
strongly suggests a role for CL-P1 in host defense. Recently, we demonstrated an important role of scavenger
receptor CL-P1 in zymosan phagocytosis by several vascular endothelial cells (12).

Interestingly, CL-P1 can also bind and endocytose OxLDL but not to AcLDL as other modified-LDLs in
endothelial cells (10). LOX-1 is a class E scavenger receptor that was originally considered as the major and
only receptor for OXLDL on endothelial cells (7). Arterial CL-P1 was upregulated in the endothelium after the
induction of oxidative stress in vitro as well as in a rat ischemia-reperfusion model (13). In this report, CL-P1
exhibited a different temporal profile than LOX-1 in that it appeared later in vascular endothelial cells in rat
(13). Furthermore, it showed that the endothelium having CL-P1 overexpressed due to the oxidative stress in
rat could endocytose OXLDL there (13).

Clathrin triskelions and the clathrin adaptor complex AP-2 are the major components of the clathrin coats
located at the plasma membrane, and are responsible for the endocytosis of various proteins, lipids, and viral
particles (14). Recently, LOX-1 was reported to be internalized by a clathrin-independent and
dynamin-2-dependent pathway and was thus thought likely to mediate OXLDL trafficking in vascular tissues
(15). Although CL-P1 and Lox-1 might have performed some role as scavenger receptors in vascular
endothelial cells, but definitive mechanisms or related molecules related with CL-P1 endocytosis are not
elucidated. In our current study, we demonstrated that scavenger receptor CL-P1 bound directly to AP-2 u2 in

receptor—-mediated endocytosis through a tyrosine-motif-dependent pathway.

2. Materials and methods

2.1. Reagents and Antibodies



Ham’s F12 medium was obtained from Sigma-Aldrich (Poole, UK). Fetal bovine serum was obtained from
Invitrogen Co. (Carlsbad, CA). Alexa Fluor 488-and Alexa Fluor 594-conjugated anti-rabbit, anti-mouse 1gG
antibody, and Hoechst 33342 were from Invitrogen Co. (Molecular Probes, Eugene, OR). Wortmannin,
tyrphostin A23 and genistein were from Calbiochem (San Diego, CA). Monoclonal antibody to B-actin
(AC-74) was from Sigma-Aldrich (Poole, UK). Monoclonal antibody to clathrin heavy chain, a-adaptin,
[-adaptin, u2 (AP50) and dynamin-2 were purchased from BD Biosciences (San Jose, CA). Monoclonal and
polyclonal antibodies to CL-P1 (10, 12) were obtained using the recombinant carbohydrate recognition domain
(CRD) of human CL-P1 in E. coli. Immunoaffinity purification of antibodies was used to purify
antigen-specific antibodies from a preparation of polyclonal antibodies to CL-P1. All restriction enzymes were

from New England Biolabs (Ipswich, MA).

2.2. Yeast two-hybrid screening

The Saccharomyces cerevisiae strain AH109 was maintained on YPD agar plates. Transformation was
carried out using the lithium acetate procedure described in the instructions for the MATCHMAKER
two-hybrid kit (Takara Bio). An adult human placental cDNA library (Takara Bio) was directly cloned into
pGADTY7 as an in-frame fusion with Gal4 AD. This library was co-transformed with the pGBKT7/CL-PINT
construct as a bait into the yeast strain AH109, with the integrated growth selection reporter gene HIS3 using
the polyethylene glycol/lithium acetate procedure. Positive clones were isolated by growth on histidine—free
medium. After 5 days at 30°C, their ability to grow on plates lacking histidine and the level of B-galactosidase
(X-a-gal) activity were tested. To examine direct interaction, the yeast stain AH109 was co-transformed with
the indicated constructs and analyzed by growth in selective medium lacking histidine. In the liquid
B-galactosidase assay, cultures of transformants were prepared according to the instructions supplied with the
MATCHMAKER two-hybrid kit. p-galactosidase activity was measured using a chemiluminescent
B-galactosidase assay kit (Takara Bio) and a luminometer. Briefly, yeast cells were resuspended at 10 Agoo/ml
in lysis buffer and disrupted by vortexing in the presence of glass beads. After centrifugation at 4°C for 15 min
in a microcentrifuge, 10-50 pl of the lysate were used for the measurements. Results were normalized by the

protein concentration and expressed as the mean + standard deviation of three independent determinations.

2.3. Plasmids and their construction

The GAL4 DNA-binding domain constructs (GAL4BD)-CL-PINT/Wild, GAL4BD-CL-P1NT/E7,8A,
GAL4BD-CL-P1INT/E9,10A, GAL4BD-CL-P1INT/S13A, GAL4BD-CL-PINT/Y16A and
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GAL4BD-CL-P1NT/F19A, were formed by ligation of polymerase chain reaction fragments into BamH | and
Not I sites of the vector pPGBKT7 (Takara Bio). Constructs having GAL4AD-fused pl, u3, u4, u2 (1-453), u2
(1-141), and p2 (142-453) were formed by ligation of polymerase-chain reaction-amplified cDNA into the
vector pGADT7 (Takara Bio). The GST fusion construct pGEX4T-2/CL-P1NT, was formed by ligation of the
CL-P1 cytoplasmic domain (CL-P1NT) cDNA (120-bp) into BamH | and Not | restriction sites of the vector
pGEXAT-2 (GE healthcare). Single or double amino acid substitution with alanine in CL-P1INT was carried out
using a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Briefly, 50 ng of pGBKT7
plasmids carrying CL-PINT cDNA were incubated with two complementary primers (2 uM each) containing
the desired mutation in the presence of a 2 mM dNTP mixture and 2.5 units of Pfu DNA polymerase according
to the following protocol: 18 cycles of 0.5 min at 95°C, 1 min at 60°C, and 1 min at 68°C. After replication of
both vector strands, the methylated parental DNA was digested for 1 h at 37°C with 10 units of Dpn I
endonuclease and the nicked vector having the desired mutation was transformed into E. coli. All constructs of
CL-P1 mammalian expression vectors were assembled using cDNA of wild type human CL-P1; N-terminal
amino-acid-substituted mutants inserted into the expression vector pcDNA 3.1/myc-His A have been described

previously (10, 12).

2.4. GST pull-down Assays

The expression vectors for glutathione S-transferase fusion proteins pGEX4T-2 (GST) and
PGEXA4T-2/CL-PINT (GST-CL-P1INT) were introduced into the BL21 strain of Escherichia coli. The bacterial
cultures were induced by isopropyl-1-thio-p-D-galactoside (IPTG) at a final concentration of 0.1 mM for 5 h at
37°C. E. coli were pelleted and washed with the STE buffer (10 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM
EDTA) and incubated with STE buffer containing 100 pg of lysozyme (Sigma-Aldrich) for 15 min on ice.
Protease inhibitor cocktails (Roche Diagnostics, Mannheim, Germany) were added to the resuspended E. coli,
which were then sonicated. Bacterial lysates in 4% Triton X-100, 10 ug of DNase, and 8 mM of MgCl, were
incubated for 2 h at 4°C followed by centrifugation at 10,000 x g for 20 min. GST fusion proteins were
purified by binding to glutathione (GSH)-Sepharose 4B beads (GE healthcare) at room temperature for 1 h
followed by washing three times with phosphate-buffered saline containing protease inhibitors, and were then
eluted with an elution buffer (50 mM Tris-HCI, pH 9.6, 150 mM NaCl, 10 mM glutathione). The purified GST
fusion proteins were dialyzed against PBS containing 2 mM EDTA and 1 mM dithiothreitol. **S-labeled
medium chains of adaptor complexes (ul, u2, u3, and u4) and truncated mutants of u2 were assembled by in
vitro transcription and translation from a T7 promoter using a TNT T7 Quick Coupled
Transcription/Translation System (Promega), according to the supplier’s protocol. Prior to pull-down

experiments, aliquots of TNT reactions were electrophoresed and the amounts of labeled medium chains were



determined by phosphor-imaging. The GST-CL-PINT fusion protein was incubated with the *S-labeled
medium chains of adaptor complexes or luciferase translation products at 4°C for 2 h in 0.5 ml of binding
buffer (50 mM HEPES-KOH pH 7.4, containing 150 mM KCI, 10 mM MgCl,, 10 % (v/v) glycerol, 1 % (v/v)
Triton X-100, and 0.2 % bovine serum albumin) followed by the addition of 50 pl (50 % v/v)
glutathione-agarose in binding buffer for a further 2 h at 4°C. The beads were washed four times with binding
buffer without bovine serum albumin. The bound proteins were extracted by boiling for 5 min in SDS-sample
buffer containing B-mercaptoethanol and separated by SDS-PAGE (10 % to 20 % gradient polyacrylamide gel).
The gels were then exposed to a BAS-MS Imaging Plate.

2.5. Ligand Binding and Endocytosis Assays

We used the permanent transfectant and transient transfectant cells (CHO/CL-P1) which was transfected
with the full-length human CL-P1 cDNA containing a myc-tag at the C-terminus or empty vector into
CHO-IdIA7 (lacking functional LDL receptors). For immunofluorescence studies, Alexa Fluor 488-labeled
antibodies of CL-P1 (5 pg/ml in culture medium supplemented with 0.2% BSA) were applied to cells grown
on a glass-bottomed dish and incubated for 30 min on ice. For quantitative uptake assays, biotinylated
antibodies of CL-P1 were added to 35 mm wells. Unbound ligand was removed by several quick washes with
pre-warmed serum free medium, and the bound ligand was incubated at 37°C for varies lengths of time in
0.2% BSA-containing medium to allow for internalization. Internalized biotinylated CL-P1 antibodies were
quantitated by western blotting using streptavidin-conjugated to horseradish peroxidase (GE Healthcare).
Signals were detected using enhanced chemiluminescence (ECL Plus, GE Healthcare). The results were
visualized using an LAS-3000 Lumino-Image Analyzer (GE Healthcare). For quantitative analysis,
internalized fluorescence-labeled mAb were measured as fluorescence values after quenching treatment by
Twinkle LB 970 Microplate Fluorometer (BERTHOLD TECHNOLOGIES, GmbH & Co. KG).

For inhibition experiments, cells were preincubated with wortmannin (200 nM), tyrphostin A23 (3.5 ~ 350
uM) and genistein (100 uM) for 1h at 37°C prior to the addition of ligand. All experiments were independently

performed at least three times, and data are expressed as means + s.e.m.

2.6. Lipoprotein isolation, modification, and labeling

LDL (d=1.019 to 1.063 g/mL) was isolated by sequential ultracentrifugation of fasting plasma from healthy
volunteers using EDTA as the anticoagulant. LDL was oxidized by incubating 0.2 mg/mL LDL in PBS that
contained 5 umol/L CuSQy, at 37°C for 3, 6, 10, or 24 h as previously described (10). Fluorescent labeling of
LDL was performed by adding 10 uL of 30 mg/mL 1,1’-dioctadecyl-3,3,3”,3’-tetramethylindocarbocyanine
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perchlorate (Dil) in dimethyl sulfoxide to 1 mg (protein) of oxidized LDL. The mixture was incubated under
sterile conditions at 37°C for 18 hrs. Labeled lipoproteins were isolated by ultracentrifugation (2 cycles of
100,000xg for 20 min). This procedure typically resulted in incorporation of 5-15 pg of Dil per milligram of
LDL protein.

2.7. Immunoblotting and lectin blotting

For western blot analysis, CL-P1 cDNA transfected cells, empty vector transfected cells, and
siRNA-transfected cells were directly solubilized in SDS-PAGE sample buffer and boiled for 5 min at 95°C.
Samples were subjected to SDS-PAGE under reducing conditions and transferred to Immobilon-P (Millipore
Corp.). The membranes were blocked for 1 h at room temperature in BlockAce (blocking reagent, DS Pharma
Biomedical Co.), and probed with mouse anti-human CL-P1 mAb or other antibodies for 1 h at room
temperature. Blots were then washed in 0.1 % Tween 20 in TBS, incubated with secondary antibody
conjugated to HRP at a 1:5,000 dilution in washing buffer for 1 h, then washed 3 times. Blots were exposed
using an ECL Plus Western Blotting Detection System (GE Healthcare) and analyzed using an LAS-3000

Lumino-Image Analyzer (GE Healthcare).

2.8. Potassium depletion and hypertonic treatment

Potassium depletion was performed according to the method of Larkin at al. (16). For potassium depletion,
cells were washed with K*-free buffer (20 mM HEPES pH 7.4, 140 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, 1
mg/ml D-glucose), incubated with hypotonic buffer (K*-free buffer diluted 1:1 with water) for 5 minutes at
37°C, washed three times with K*-free buffer and incubated with K*-free buffer for 30 minutes at 37°C. Cells
were incubated with 10 pg/ml Dil-labeled OXLDL and FITC-conjugated Concanavalin A (Sigma) for 1 h at
4°C followed by an endocytic reaction for 1 h at 37°C in K'-free buffer. Control cells were assayed in the
same buffers containing 10 mM KCI. For the hypertonic treatment (17), cells were incubated with complete
medium containing 0.45 M sucrose for 15 minutes at 37°C and then incubated with 20 pg/ml Dil-labeled
OxLDL for 1 h at 4°C, followed by an endocytic reaction for 1 h at 37°C in complete media with 0.45 M
sucrose. Control incubations were carried out in complete medium. Cells were then fixed and processed for

immunofluorescence microscopy.

2.9. Immunofluorescence microscopy

Usually, cells were incubated with 10 or 20ug/ml Dil-labeled OxLDL, un-labeled OXLDL for 1 h at 4°C



followed by an endocytic reaction for 1 h at 37°C in several buffers. After these treatments, cells were fixed in
4 % (w/v) paraformaldehyde in PBS and quenched with 50 mM ammonium chloride in PBS. Where stated,
cells were permeabilized with 0.1 % Triton X-100 in PBS for 5 min. All subsequent incubations were carried
out in 25% (v/v) BlockAce (DS Pharma Biomedical Co.) in PBS. Samples were incubated with FITC-ConA
(green) as a cell-surface marker, Hoechst 33342 (blue) (Sigma) as a nuclear marker, sheep-anti-human ApoB
antibody (THE BINDINGSITE) followed by Alexa 594 (red) conjugated Donkey anti-sheep IgG in PBS
containing 1 mM CacCl, for 10 min at 4°C immediately before fixation. Cells were then fixed and processed for
immunofluorescence microscopy. Coverslips were mounted in SlowFade Gold antifade reagent (Invitrogen).
The fluorescent images were observed under an Olympus FLUOVIEW 1000 confocal laser microscope and

analyzed using ASW software (version 3.1) or BZ-H1C program (KEYENCE).

2.10. Statistical Analysis

Data are presented as means + s.e.m. of the specified number of experiments performed in triplicate. The
significance of difference was determined by a paired or unpaired Student’s t test. Unless otherwise stated,

data are not significantly different from control values.

3. Results

3.1. CL-P1 interacts with 42 in a yeast two-hybrid analysis

Multiple sequence alignment of the CL-P1 cytoplasmic domain from mammalian and fish species revealed
the conserved sequences of YKRF at residues 16-19 that bear homology to previously characterized endocytic
motifs in transferrin (Fig. 1A, 2B). The N-terminal cytoplasmic tail of CL-P1 (CL-P1NT) was used here as bait
to screen a human placental cDNA library in a yeast two hybrid assay. The screening of ~ 2 x10° clones
yielded a 1.9-kbp cDNA fragment containing a 1,308-bp open reading frame. Sequence similarity searches
revealed it to be identical to human p2, the medium chain of clathrin-associated coated pit adaptor protein
complex AP-2. In Figure 1B, yeast two hybrid analysis revealed that AP-2 p2 interacts with the cytoplasmic
domain of CL-P1 (CL-P1NT). We examined the interactions with the four kinds of adaptor medium chain and
the cytoplasmic domain of CL-P1 using a GST pull-down assay, and found that only the AP-2 u2 subunit
could bind to GST-CL-PAINT (Fig. 2A). These observations suggest that the fragment of CL-P1 containing the
endocytic motif interacts with the u2 chain of adaptor complexes.

The truncated CL-P1 mutants were used to quantify the interaction between u2 and CL-PINT using a yeast

two-hybrid B-galactosidase liquid culture assay. We observed the N-terminal amino acids 1-16 of CL-PINT



were very important for the interaction between CL-PINT and p2 in yeast (Fig. 2B). CL-P1INT also has
another putative endocytic motif, an acidic amino acid cluster at position 7-10. Mutagenesis studies of this
glutamic acid cluster and tyrosine motif of CL-PINT were carried out to identify the amino acid residues
necessary for the CL-P1 and u2 interaction in yeast. As seen in Figure 2C, the mutation of CL-PINT residue
Y16 to alanine completely inhibited the interaction of CL-PINT with p2 in yeast. The acidic amino acid
cluster and a change of F19 to alanine slightly inhibited the interactions. These results indicate that YKRF is

the important motif in supporting the interaction with p2.

3.2. The C-terminal domain of 2 is important for the interaction between #2 and CL-P1

The p2 chain has a bipartite structure: one third (residues 1-145) is the amino terminal which is seemed to
be involved in the assembly of the B2 chain of the adaptor complex and two thirds (residues 164-453) at the
carboxyl terminal which is involved in the binding of tyrosine-based sorting signals. The interactions between
CL-P1INT and the two kinds of truncated u2 were evaluated using a GST pull-down assay (Fig. 3A) and yeast
two-hybrid B-galactosidase liquid culture assays (Fig. 3B). Fig. 3A and B demonstrated that the CL-PINT
fragment could bind to the residues 164-453 of the u2 chain.

3.3. CL-P1-mediated ligand endocytosis occurs via a clathrin-dependent pathway

To elucidate the endocytic mechanism underlying ligand uptake by CL-P1, we first studied the uptake of
mAb to the CRD of CL-P1 in CHO/CL-P1 cells. As shown in Fig. 4A, two internalization rates of
fluorescent-labeled or biotin-labeled anti-CL-P1 mAb were measured. The CL-P1 protein of
fluorescent-labeled carbohydrates (3-GalNAc), mAb and Dil-labeled OxLDL, bound to CL-P1-expressing
cells and were endocytosed by CL-P1-expressing cells (Fig. 4B, Supplemental Movie 1 and Supplemental Fig.
1). The Supplemental Movie 1 and Fig. 4A demonstrated that Dil-labeled OXLDL was endocytosed with
similar speed in the endocytosis of CL-P1 mAb. The clathrin heavy chain (CHC), which was bound to adaptin
2 molecule in clathrin-dependent endocytosis, were colocalized with anti-CL-P1 mAb in same conditioned
cells (Supplemental Fig. 2). We demonstrated that OxLDLs with several oxidation incubation times (3, 6, 10,
and 24h) bound to and were endocytosed in CHO/CL-P1 cells (Supplement Fig.3). Supplement Figure 3
showed that the OxLDLs with 3h-oxidation could bind CHO/CL-P1 cells at the lowest level, those with 6 and
10h-oxidation did cells at medium level, compared with the binding that with 24h-oxidation. However, we
found that the uptakes of OxLDLs with 3h and 24h oxidation were almost similar. To demonstrate whether the
internalization of OXLDL (red) in CHO/CL-P1 is clathrin-dependent, CL-P1-transfected cells were subjected

to potassium depletion or hypertonic treatment which was known to block the assembly of coated pits and



clathrin-mediated endocytosis, respectively (16, 17). Con A staining before fixation was used as a cell surface
marker during endocytosis in these experiments (Fig. 5A, Fig. 6A, Fig. 8C). OXLDL in cytoplasmic area was
detected in control condition but it was not found there in K* depleted condition or hypertonic condition (Fig.
5). These conditions inhibited ligand endocytosis in CL-P1 transfectants and both treatments each caused an 80%
reduction in the endocytosis of OXLDL (Fig. 5C). The inhibition of OXLDL endocytosis by either treatment

was reversible. These data suggest that endocytosis of CL-P1 is mediated by clathrin-coated vesicles.

3.4. The tyrosine motif is required for internalization of OxLDL in CHO/CL-P1

Tyrphostin A23, a structural analog of tyrosine is an inhibitor of tyrosine kinase, and functions by binding to
the active site of the enzyme. Incubation of cells in the presence of 350 uM tyrphostin A23 for 30 min led to a
marked decrease in OxLDL internalization compared with that observed in control cells (Fig. 6A, B).
Wortmannin, a phagocytosis inhibitor (12) or Genistein, an inhibitor of caveolae-dependent uptake (18, 19),
had no effect on the endocytosis of ligands for CL-P1 (Fig. 6A, B). Supplemental Fig. 4 indicated its inhibition

was dependent on the concentration of tyrphostin A23.

3.5. Functional role of Y16 in the trafficking of CL-P1

We showed in Fig. 4A that the incubation of CL-P1 transfected CHO cells with two labeled anti-CL-P1
mAD resulted in the rapid and time-dependent uptake of these Abs. Next, we demonstrated that the HeLa cells
expressed with complete CL-P1, all mutated CL-P1, and the /IN20 deleted CL-P1 were able to bind the
Dil-OxLDL (Fig. 7A). We observed the reduced uptake of Dil-OxLDL (Fig. 7B) and its surface remaining
(arrows in Fig. 7B) in Y16A or ~/IN20 mutant-expressing cells, even though the same amount of Dil-OxLDL
was used for testing. The confocal microscopic analysis confirmed the reduced uptake in Y16A or /IN20
mutant-expressing cells (Fig. 7C, D). The % cells with internalized OxLDL were significantly impaired in the

N-terminal deleted CL-P1- or the Y16A and F19A mutant CL-P1-transfected cells (Fig.7E).

3.6. CL-P1-mediated endocytosis by a clathrin-, AP-2-, and dynamin-2-dependent pathway

To further characterize CL-P1-OXLDL endocytosis, we employed siRNA treatment to deplete clathrin heavy
chain (CHC), each of the AP-2 subunits (o, 2 and u2) or dynamin-2 followed by endocytosis of Dil-labeled
OxLDL in CL-P1-transfected HeLa cells. Real-time RT-PCR and western blotting revealed an 80~90%
depletion of CHC or the AP-2 subunits using siRNA treatment (Fig. 8A and 8B). We observed CL-P1-OxLDL

uptake was significantly inhibited by all siRNA treatment and OXLDL accumulated in the plasma membrane
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area in CL-P1-transfected cells (Fig. 8C). Quantification of internalized Dil-OXLDL in control cells or in
CHC- or AP-2 subunits- or dynamin-2-depleted cells demonstrated that OXLDL uptake was reduced by > 60%
(Fig. 8D). This suggests that CHC, AP-2 subunits and dynamin-2 are required for CL-P1-mediated OXLDL
uptake.

4, Discussion

In this study, we tried to demonstrate that the clathrin-AP complex-dependent pathway regulates endocytosis
of OxLDL and other ligands in CL-P1-transfected cells. There are at least three classes of sorting motifs
recognized by AP complexes. First, the NPXY motif appears to be recognized by AP-2 at the plasma
membrane; however, this motif also interacts with non-AP-2 clathrin adaptors to mediate internalization (20,
21). A second motif is di-leucine-based and resides in the cytoplasmic tail of proteins targeted to endosomal
and lysosomal compartments (22). The third tyrosine-based motif, YXX®, (in which ® is a bulky hydrophobic
amino acid), found in the CL-P1 cytoplasmic domain is usually recognized by the medium subunit of AP
complexes, and this motif can thus intervene in receptor cargo sorting at the plasma membrane, TGN, and in
endosomes (23). We demonstrated here that the YKRF endocytosis motif in CL-P1 affects the endocytosis of
OxLDL.

In an examination of the medium chain of adaptin, u2 exhibited a specific amino acid preference (24). First,
u2 preferred arginine at the Y+2 position (YXX®), a feature that is found in the internalization signals of the
transferrin receptor and TGN38. Mutation of the arginine residue to aspartic acid within the TGN38 signal
reduced both interactions with u2 and internalization activity. Secondly, u2 preferred phenylalanine at the Y-2
position. Finally, it favored leucine or phenylalanine at the hydrophobic @ position. Replacement of valine
with leucine at the @ position of the TGN38 signal, ASDYQRL, also decreased interactivity with u2. In the
case of CL-P1, we observed arginine residue at the Y+2 position and phenylalanine at hydrophobic ® position.
Figure 7 demonstrated that the replacement of phenylalanine with alanine lowered CL-P1 internalization
activity. The full-length p2 interacted with most Y XX® signals, including those selected by p1, u3A, and u3B,
but the cytoplasmic tail of CL-P1 did not interact with any other medium chains in vitro (Fig. 2A).

Although the role of OXLDL in atherosclerosis development has been well characterized (25), scavenger
receptor-mediated lipid particle uptake and cellular processing remain somewhat poorly understood. A recent
study showed that the conventional way of oxidizing LDL (24h treatment with CuSO4) generates a ligand that
is taken up by both macrophages and sinusoidal ECs of the liver, whereas mild oxidation (3h treatment with
CuS04) gave OxLDL that is similar to OxLDL found circulating in vivo, and is taken up exclusively by the
liver ECs. This report suggests that the mildly modified OXLDL has a different binding and uptake pattern than
the over-oxidized LDL (26, 27). We have confirmed that CL-P1 expressing CHO cells can bind and
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endocytose four-pattern OxLDLs, which are modified with 3h, 6h, 10h, and 24h treatment with CuSO4
(supplemental Figure 3). Supplement Figure 3 indicates that OxLDL with 3h-oxidation (3h-OxLDL) could
bind CHO/CL-P1 cells at a very low level, compared with the binding to OxLDL with 24h-oxidation
(24h-OxLDL). However, we found that the uptake of OxLDL showed almost similar level between two
OxLDLs with different oxidation periods. It was surprising that 3n-OXLDL were endocytosed in the similar
level of 24h-OxLDL although 3h-OxLDL showed the lowest binding to CL-P1. We speculated that the LDL
might become the different negatively charged and chemically modified OXLDL due to the oxidation with
different time periods. On the other hand, CL-P1 as a receptor having the four functional regions of a
coiled-coil domain, a collagen-like domain, a neck domain, and a carbohydrate recognition domain, in the
extracellular domain, could utilize four regions as the binding domain. The utilization of the one or several
binding domains might affect the endocytosis speed of the different modified OxLDLs. Furthermore, these
results indicate that OxLDL with mild oxidation (3h-OxLDL) like that found circulating in vivo, is highly
endocytosed through CL-P1 like 24h-OxLDL (26, 27). We previously demonstrated that the expression of
CL-P1 mRNA was found in human liver tissues (10). These results indicate that CL-P1 might be able to be a
receptor for various OxLDLs with different oxidations in human liver tissues. Further investigations are
needed in order to elucidate what is dependent on a difference between the binding and uptake activity for
OxLDL.

Now, it is considered that there are two pathways of endocytosis through clathrin-coated vesicle and lipid
rafts/caveolae. SR-BI, was the first cell surface high density lipoprotein (HDL) receptor to be well defined at a
molecular level. It mediates both the selective uptake by cells of HDL lipids (mainly cholesterol esters) as well
as the cellular efflux of cholesterol into the lipoprotein pool. The immunofluorescence microscopic study
revealed that SR-BI co-localized with caveolin-1 in punctate microdomains located across the cell surface and
at the periphery (28). With SR-BIl, however, mediation of HDL endocytosis occurs through a
clathrin-dependent, caveolae-independent pathway (29). CD36 in SR-B family has been reported to be present
in lipid rafts/caveolae, but its expression in caveolin-1-negative KB cell lines is sufficient for OxLDL-induced
internalization of CD36, indicating that caveolin-1 is not required for this endocytic process (30). In the case of
LOX-1, the endocytosis of OxLDL was mediated via a dynamin-2-dependent and clathrin-independent
pathway (15). These investigations on endocytosis through the action of various scavenger receptors indicate
that endocytosis was controlled by different pathways in each individual scavenger receptor and was not fixed
on just one pathway.

The internalization in macrophages of AcLDL via SR-A was due to a clathrin-dependent pathway using a
di-leucine motif of the SR-A intracellular domain (31). In addition, the internalization of fucoidan via SR-A
required caveolae-dependent endocytosis and caused apoptosis in macrophages (32). Two reports revealed that

the clathrin-dependent endocytosis of AcLDL activates ERK signaling and the caveolae-dependent pathway,
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while that of fucoidan causes p38 kinase and JNK signaling as well as caspase activation. These results suggest
that different endocytosis pathways via the same scavenger receptor were used and that they were dependent
on the two individual ligands of AcLDL and fucoidan. To date, there has been no report to explain why
macrophages used two different pathways through SR-A.

Finally, we demonstrated here an interaction between u2 chain of AP complex and the YKRF sorting motif
in the CL-P1 cytoplasmic domain and elucidated that this signal can act as an internalization signal at the
plasma membrane as well as an intracellular sorting signal. In addition, its endocytosis of antibodies and sugar

moieties as well as OXxLDL was mediated by the clathrin-AP2 pathway and dynamin-2-dependent pathway.
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FIGURE LEGENDS

Fig 1. Yeast two-hybrid screening of the cytoplasmic domain of CL-P1. A, Multiple sequence alignment of
known amino acids of CL-P1 and transferrin receptor (TfR) cytoplasmic domains (h, human; m, mouse; z,
zebrafish). The YKRF endocytosis motif in red frame is completely conserved in endocytosis motif among
different animal CL-P1s. B, Yeast two hybrid analysis revealed that AP-2 u2 interacts with the cytoplasmic
domain of CL-P1 (CL-PINT). The blue colonies containing the [-galactosidase reporter activities
(X-alpha-gal), demonstrated the positive interaction in its assay. p53 (murine) and T-antigen (SV40 large

T-antigen) used as a positive control but lamin C (human) as a negative one.

Fig. 2. Interaction of CL-P1NT with the medium chain of adaptor protein 2 (AP-2 u2). A, The pull down assay
revealed the binding of medium chains of adaptin complexes to CL-P1NT. Medium chains of several adaptins
were translated in the presence of **S-methionine using the TNT system. In vitro translated medium chains of
adaptins were incubated with glutathione-agarose beads containing GST-CL-PLINT or GST alone. The agarose
precipitates or aliquots of lysates were analyzed by SDS-PAGE. B, Interaction of several truncated CL-P1INTSs
with p2 in a yeast two-hybrid system. Interaction activity was assessed by above B-galactosidase assay and a
liquid B-galactosidase assay. DDXXEEEE, acidic amino acid cluster; S, Ser/Thr protein kinase motif; YKRF,
tyrosine-based motif. C, Interaction of various mutants of human CL-PINT with human p2. Wild type p2
fused to the Gal4 activation domain was co-expressed in the yeast AH109 strain with various mutants of the
cytoplasmic tail of human CL-P1 fused to the complementary Gal4 DNA binding domain. The interaction was

assessed similar two -galactosidase assay.

Fig. 3. Interaction of CL-PINT with truncated types of u2. A, The pull down assay revealed the binding of
CL-P1NT to truncated types of u2 chain. Above In vitro translated several kinds of truncated p2 proteins were
incubated with GST-CL-PINT or GST alone. The precipitates and lysate aliquots were analyzed by
SDS-PAGE. Luciferase was used as a negative control in the protein interaction. B, Interaction of CL-PINT
with truncated u2 proteins in a yeast two-hybrid system. The cytoplasmic tail of human CL-P1 (CL-P1NT)
fused to the Gal4 DNA binding domain was co-expressed with various mutants of AP-2 u2 fused to the
complementary Gal4 activation domain in the yeast. The interaction was assessed two B-galactosidase assay.

Lamin C was used as a negative control.

Fig. 4. CL-P1-mediated ligand endocytosis. A, Kinetics of CL-P1 internalization using an anti-CL-P1 mAb
(biotin-labeled or Alexa Fluor 488-conjugated) with CHO/CL-P1 cells. The symbol of closed triangle indicates
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internalized biotin-mAb and that of closed square indicates internalized fluorescence values. B, OxLDL
colocalization with CL-P1. CL-P1-expressing CHO cells were incubated with fluorescent-labeled ligands
(Green, Alexa Fluor 488-conjugated anti-CL-P1 mAb; Red, Dil-labeled OxLDL) on ice for 1 h and then
warmed to 37°C for the indicated times (0, 10, 30, 60, 90 min) before fixation. Asterisks indicate cell nuclei.

Scale bar: 20 um.

Fig. 5. CL-Pl-mediated Dil-OxLDL endocytosis occurs via a clathrin-dependent pathway. A,
CL-P1-expressing CHO cells were incubated with Dil-OxLDL (red) in control or potassium-free buffer. The
plasma membrane was labeled with FITC-Con A as cell surface marker (green) and nuclei were stained with
Hoechst 33342 (blue) immediately before fixation. Scale bar: 20 um. B, Potassium-depletion or hypertonic
treatment was reversible. Addition of exogeneous 10 mM KCI or normal media (recovery) for 1 h restored the
inhibitory effect on Dil-OxLDL uptake. Asterisks indicate cell nuclei. C, The percentage of cells internalized
Dil-OxLDL after above treatments was determined. Data represent means=*s.e.m. (n=3 experiments). The P

values were calculated relative to control values (untreated), **P<0.001.

Fig. 6. Uptake of Dil-OXxLDL by CL-P1-expressing cells with several inhibitors. Inhibitors were first treated
with 200 nM wortmannin, 100 uM genistein, 350 uM tyrphostin A23. A, CL-P1-expressing CHO cells were
incubated with Dil-OxLDL (red). There is FITC-Con A (green) as surface marker and Hoechst 33342 (blue) as
nuclear marker. The endocytosis was inhibited by only tyrphostin A23. Scale bar: 20 um. B, The percentage of
transfected cells with internalized Dil-OxLDL was determined. Data represent meansts.e.m. (n=3

experiments). The P values were calculated relative to the control values (untreated), **P<0.001.

Fig. 7. Uptake of OxLDL by CL-P1 N-terminal mutant-expressing HelLa cells. The OxLDL binding and
uptake were monitored by fluorescence microscopy. A, Binding of Dil-OXLDL (red) in CL-P1-transfected
HeLa cells with amino acid substitutions (E7,8A, E9,10A, S13A, Y16A, F19A) and its deletion (/IN20), B,
Endocytosis of Dil-OxLDL (red) in CL-P1-transfected HelLa cells with same amino acid substitutions and its
deletion. Arrows indicate internalized Dil-OxLDL and the arrowhead indicates plasma membrane Dil-OxLDL
accumulation in cells. Scale bar: 50 um. C, The binding of OxLDL and anti-CL-P1 mAb (Red, Dil-OxLDL;
Green, Alexa Fluor 488-conjugated anti-CL-P1 mAb) was monitored by confocal laser microscopy. Z-axis
image view of ligand-binding in CL-P1-transfected HeLa cells without amino acid substitutions. D, The uptake
of labeled ligands (Red, Dil-OXLDL; Green, Alexa Fluor 488-conjugated anti-CL-P1 mAb) was similarly
monitored. Z-axis image view of ligand-internalization in same cells without or with amino acid substitutions
(Y16A) and its deletion (/IN20). Nuclei were stained with Hoechst 33342 (blue). Scale bar: 20 um. E, The

percentage of transfected cells with internalized Dil-OxLDL was determined. Data represent meansts.e.m.
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(n=3 separate experiments, 50 cells from each experiment). P values were calculated relative to the control,

*P<0.05; **P<0.01.

Fig. 8. Clathrin-, AP-2- and dynamin-2-dependent uptake of OxLDL by CL-P1. A and B, HeLa cell subjected
to RNAI through a scrambled siRNA negative control (mock), a sSiRNA duplex specific for the clathrin heavy
chain (CHC), siRNAs for AP-2 adaptor complex, or dynamin-2 on cells expressing CL-P1. Real time-PCR and
western blotting to demonstrate the depletion of endogenous mRNA and protein levels after RNAI treatment
using the mock control (MOCK or CL-P1), CHC siRNA (CHC), o siRNA (AP2A1), 32 siRNA (AP2B1), u2
SiRNA (AP2M1), dynamin-2 SiRNA (DYN2), and positive control (Actin). C, Following RNAI, the uptake of
labeled ligands was monitored by fluorescence microscopy. There is FITC-Con A (green) as surface marker
and Hoechst 33342 (blue) as nuclear marker. Arrows indicate internalized Dil-OxLDL (red) in MOCK and the
arrowhead indicates plasma membrane Dil-OxLDL accumulation in cells after above all RNAI treatments.
Scale bar: 20 um. D, Quantification of uptake of Dil-OXLDL in them (n=3 separate experiments, 50 cells from
each experiment, error bar indicates s.e.m.) was carried out as described in Materials and Methods. The P

values were calculated relative to control values (untreated), **P<0.01.
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Supplemental Figure 1

S1. Internalization of several CL-P1 ligands in CHO/CL-P1 cells. (A) Dil-labeled OxLDL with
anti-CL-P1 mAb, (B) FITC-B-GalNAc-PAA with Alexa Fluor 594-conjugated anti-CL-P1 mAb,
(C) Dil-labeled OxLDL with FITC-B-GalNac-PAA. CHO/CL-P1 cells were pre-incubated with
anti-CL-P1 mAb on ice, then warmed to 37°C 1 h before fixation. Asterisks indicate cell nuclei.

Scale bar: 20 pum.


http://ees.elsevier.com/bbagen/download.aspx?id=248263&guid=8d4d9860-3d0f-4080-99ee-0cdd74414956&scheme=1

Supplemental Figure 2

S2. CL-P1 colocalized with clathrin. CHO/CL-P1 cells were pre-incubated with anti-CL-P1
mAb on ice, then warmed to 37°C followed by fixation, permeabilization and labeling with
rabbit anti-clathrin antibodies followed by treatment with Alexa Fluor 488-conjugated
anti-mouse IgG antibodies (green) and Alexa Fluor 594-conjugated anti-rabbit 19G antibodies
(red). Arrowheads indicate endocytic coated pits in cells. Asterisks indicate cell nuclei. Scale

bar: 20 um.



Supplement Fig. 3
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S3. Binding and uptake of OXLDL by CL-P1. CL-P1-expressing CHO cells
were incubated with several OxLDL made with various oxidation
incubation times (3, 6, 10 and 24 hr) on ice for 1h, followed by an endocytic
reaction for 1 h at 37 °C. After incubation fixed and detected with anti-
sheep anti human apolipoprotein B and Alexa Fluor 594-conjugated anti
sheep 1gG. Binding and uptake of OXLDL were expressed in fluorescence
intensity per cell by using fluorescence microscope. Data represent
means=s.e.m. (n=4 experiments). The P values were calculated relative to
3hr oxidation incubation time, *P<0.05; **P<0.01.
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S4. Uptake of Dil-OxLDL by CL-P1-expressing cells with Tyrphostin
A23. The percentage of transfected cells with internalized Dil-OxLDL
was determined. Data represent means=s.e.m. (n=3 experiments). The
P values were calculated relative to control values (nutreated),
**P<0.001.
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