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Abstract Perlecan is a major heparan sulfate (HS) proteo-
glycan in the arterial wall. Previous studies have linked it to
atherosclerosis. Perlecan contains a core protein and three
HS side chains. Its core protein has five domains (DI-DV)
with disparate structures and DII is highly homologous to
the ligand-binding portion of LDL receptor (LDLR). The
functional significance of this domain has been unknown.
Here, we show that perlecan DII interacts with LDL. Impor-
tantly, the interaction largely relies on O-linked glycans that
are only present in the secreted DII. Among the five repeat
units of DII, most of the glycosylation sites are from the
second unit, which is highly divergent and rich in serine and
threonine, but has no cysteine residues. Interestingly, most
of the glycans are capped by the negatively charged sialic
acids, which are critical for LDL binding. We further dem-
onstrate an additive effect of HS and DII on LDL binding.
Unlike LDLR, which directs LDL uptake through endocyto-
sis, this study uncovers a novel feature of the perlecan
LDLR-like DII in receptor-mediated lipoprotein retention,
which depends on its glycosylation.ll Thus, perlecan glyco-
sylation may play a role in the early LDL retention during
the development of atherosclerosis.—Xu, Y-X., D. Ashline,
L. Liu, C. Tassa, S. Y. Shaw, K. Ravid, M. D. Layne, V. Reinhold,
and P. W. Robbins. The glycosylation-dependent interaction
of perlecan core protein with LDL: implications for athero-
sclerosis. J. Lipid Res. 2015. 56: 266-276.
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CVD is, and will continue to be in the foreseeable fu-
ture, the most common cause of death worldwide. In the
United States, it kills more than 800,000 people annually
(nearly one of every three deaths); the mortality is greater
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than any other disease (1). The leading cause of CVD is
atherosclerosis, which is a pathological condition arising
from fibrous plaque build-up inside the arterial wall. The
plaque narrows the lumen of blood vessels and restricts
blood flow. Rupture of the advanced plaque induces the
formation of thrombus and blocks blood flow, which re-
sults in complications such as heart attack or stroke (2).

Elevated LDL level is a leading risk factor for atherosclero-
sis (3). The progressive accumulation of LDL in the vessel
wall drives the development of atherosclerosis (4). The initia-
tion of atherosclerosis may be mediated by the subendothe-
lial retention of LDL (5, 6). This results from unbalanced
dynamics of LDL, i.e., increased transfer to the arterial wall
and retention by the extracellular matrix, mainly the proteo-
glycans (7, 8). For instance, in rabbit atherosclerosis models,
injected LDL accumulated focally at atherosclerosis-prone
regions of the arterial wall (9, 10). Similarly, transgenic mice
expressing proteoglycan-binding defective LDLs exhibit a
significantly lower rate of atherosclerosis compared with
mice expressing WI LDL (11).

Proteoglycans are major components of the extracellular
matrix lining the arterial wall (12, 13). Typically, proteogly-
cans consist of a core protein and one or multiple covalently
linked glycosaminoglycans (GAGs) (14). The proteoglycan,
perlecan, is normally synthesized by endothelial cells, before
being deposited in the subendothelial extracellular matrix
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(15). Perlecan consists of a core protein with a molecular
mass of ~450 kDa and three long side chains of heparan sul-
fate (HS), which are critical in atherosclerosis development
(16). The core protein has five domains (DI-DV) with dispa-
rate structural features. The N-terminal DI contains attach-
ment sites for HS side chains. It is important to note that DII
contains cysteine-rich repeat units that are highly homolo-
gous to the ligand-binding module of LDL receptor (LDLR).

Perlecan is abundantly present in the lesions of LDLR- or
ApoE-deficient mice (17), and its expression correlates with
lesion progression. In very advanced lesions with necrotic
lipid cores, the level of perlecan was remarkably increased
(18). Mice with a heterozygous deletion of perlecan exhib-
ited a partially reduced expression of perlecan in the arte-
rial wall and the deletion resulted in less atherosclerosis in
young ApoE-deficient mice (18). Perlecan may contribute
to atherosclerosis progression via its interaction with ApoB-
100 (12, 16). The perlecan HS binds LDL and promotes
LDL retention. Depletion of perlecan HS in ApoE-null
mice significantly reduced atherosclerosis (16). Study of
mouse perlecan indicates that DII forms a globular domain
connected with a rod-like structure and is heavily glycosy-
lated (19). However, the function of perlecan DII in LDL
binding has never been investigated.

In this study, we demonstrate that the core protein of per-
lecan interacts with LDL via its LDLR-like DII. We found
that the secreted DII was heavily modified with (Hinked gly-
cans and its interaction with LDL was largely dependent on
the glycosylation. Interestingly, the glycans carry terminal
sialic acid residues that are critical for the interaction. We
found that both perlecan and its sialic acid modification
are overexpressed in human atherosclerotic arterial wall.
Collectively, our study provides new evidence that perlecan
sialic acid-containing glycosylation might contribute to
the development of atherosclerosis at the early stage.

MATERIALS AND METHODS

Cell culture and total cell extracts

Hela, COS7, HEK293, and PAC-1 (rat vascular smooth muscle
cells) cells were cultured in DMEM medium (Invitrogen) supple-
mented with 10% FBS (Sigma) and penicillin/streptomycin (In-
vitrogen). WT, 1dlA, pgsa-745, Lecl, Lec2, and Lec8 Chinese
hamster ovary (CHO) cells were cultured in Ham’s F-12 (Cell-
gro) with 10% FBS and penicillin/streptomycin. For secreted
recombinant protein expression in media, transfected cells were
grown in OPTI-MEM medium (Invitrogen) with 2% IgG-free FBS
(Hyclone). Total cell extracts were prepared by solubilizing cells
in a cell lysis buffer [0.5% Triton X-100, 0.5% sodium deoxycho-
late, 50 mM Tris-HCI (pH 7.5), 250 mM NaCl, 5 mM EDTA, and
50 mM sodium fluoride] in the presence of complete protease
inhibitor cocktail (Roche).

Oligonucleotide sequences, site-directed mutagenesis,
and expression constructs

c¢DNAs for perlecan DII, DI, and DI+II were obtained by RT-
PCR using the SuperScript first-strand synthesis system (Invitro-
gen). The DII, DI, and DI+II cDNAs were amplified by PCR (see
supplemental information for primer sequences). Site-directed

mutageneses were carried out by two-step PCR with various mutant
primers carrying single or multiple base substitutions to change Ser/
Thr to Gly/Ala and the forward and backward primers of DII. The
c¢DNAs were subcloned into pcDNA3 plasmid at FcoRI/Notl sites.
For the Fe-tagged (the Fc domain of human immunoglobulin pro-
tein) expression constructs, the Fc cDNA was amplified by PCR with
an Fc-tagged plasmid as a template, a gift from Varki’s laboratory
(20). The PCR product was subcloned into pcDNA3 at Notl/Apal
sites. A cDNA containing the secretion signal from BM40 was syn-
thesized and subcloned into pcDNA3 at HindIIl/ EcoRlI sites (19).

Transfection and Western blotting

The expression constructs, as described above, were transfected
into cells using Lipofectamine 2000 reagent or Lipofectamine
LTX reagent (for PAC-1 cells) (Invitrogen) according to the man-
ufacturer’s protocol. Western blotting was carried out with 10%
SDS-PAGE, 4-15% gradient Mini-PROTEAN TGX precast gels
(Bio-Rad), or 4-12% Bis-Tris precast gels (Invitrogen). Blots were
probed with various antibodies, as indicated in the figures (see
supplementary Materials and Methods for antibody information)
with or without relevant HRP-labeled goat anti-mouse or goat anti-
rabbit IgG (Sigma). For the lectin Western blotting, blots were
blocked in blocking solution containing 50 mM Tris-HCI (pH 7.4),
0.15 M NaCl, 0.25% BSA, and 0.05% NP-40 at room temperature
for 1 h, then incubated with various biotinylated lectins in the
same buffer but with 1 mM MnCl,, 1 mM CaCl,, and 1 mM MgCl,
for 1 h. The lectins used in this study include Griffonia simplicifolia
lectin (GSL) II, Ulex europaeus agglutinin (UEA) I, peanut aggluti-
nin (PNA), wheat germ agglutinin (WGA), Dolichos biflorus aggluti-
nin (DBA), concanavalin A, Maackia amurensis lectin (MAL) 11,
and Sambucus nigra agglutinin (SNA) (all were from Vector). After
washing three times, blots were incubated with HRP-labeled strep-
tavidin (Kirkegaard and Perry Lab) for 1 h. Following washing,
blots were developed after treatment with ECL chemilumines-
cence reagent (GE Healthcare Life Sciences).

Protein purification and in vitro pull-down assays

Recombinant proteins containing Fc-tagged perlecan DII, DI,
DI+II, and Fc tag alone were purified from HEK293 cells, WT, or
pgsa-745 mutant CHO cells. The Flag-tagged perlecan DII was pu-
rified from COS7 cells. For secreted recombinant proteins, culture
medium from transfected cells was clarified by centrifugation. Cell
extracts were prepared by solubilizing transfected cells in the
above lysis buffer. The medium supernatant and cell extract were
then incubated with protein-A agarose (RepliGen Corp.) or anti-
Flag M2 affinity gel (Sigma) in TBS containing 50 mM Tris (pH
7.4), 150 mM NaCl, 0.05% Tween-20, and 1x protease inhibitor
cocktail at 4°C overnight. The beads were then pelleted by cen-
trifugation and washed three times with TBS and three times with
the buffer containing 0.5 M NaCl. The bound proteins were eluted
with 0.2 M glycine-HCI buffer (pH 3.0). All the purified proteins
were dialyzed against a buffer containing 20 mM HEPES (pH 6.0)
and 10 mM NaCl. Protein concentrations were measured by using
Bio-Rad protein assay (Bio-Rad). Briefly, recombinant proteins
were first incubated with protein-A agarose for Fc or Fe-tagged pro-
teins in 1x PBS at 4°C overnight. The beads were precipitated by
spin and washed with 1x PBS and the binding buffer, once each.
The protein-bound beads were then incubated with human LDL
(Biomedical Technologies, Inc.) or ApoB-100 (Sigma/Calbio-
chem) in a binding buffer containing 20 mM HEPES (pH 6.0),
10 mM NaCl, and 1% BSA or in TBS with 1% BSA (for supple-
mentary Fig. 2) at room temperature for 1 h. The beads were pre-
cipitated by spin and washed three times with the binding buffer.
The bound LDL/ApoB-100 was eluted with the glycine-HCI buffer
and analyzed with 4-15% gradient precast gels.
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Surface plasmon resonance measurements

Surface plasmon resonance (SPR) measurements were per-
formed on a Biacore T200 instrument (GE Healthcare) using Se-
ries S Sensor Chip C1 (matrix-free surface). Binding was measured
at 25°C using the binding buffer, as described above, containing
0.2 mg/ml BSA. Binding data were analyzed using the evaluation
software provided with the instrument. Briefly, the monoclonal
anti-ApoB antibody was directly coupled to the sensor surface car-
boxyl groups using amine-coupling chemistry, as described before
(21). Human ApoB-100 (50 pg/ml in PBS) was injected over the
antibody surface for 420 s (10 wl/min), which resulted in ApoB-
100 capture levels between 30 and 35 RU. A reference surface was
prepared in the same manner without ApoB-100 capture. Flag-
tagged perlecan DII was injected over both surfaces (60 s asso-
ciation phase, followed by 90 s dissociation phase at 30 pl/min)
at increasing concentrations (1:2 dilution series from 0.063 to
1.0 pg/ml). The resulting binding response curves were double
reference subtracted and globally fitted to a 1:1 binding model.

Sugar mass spectrometry

The Olinked glycans of WT perlecan DII were released from
proteins via slightly modified $-elimination using alkaline borohy-
dride (22). The sample was desalted by passage through DOWEX
50W cation exchange resin (Sigma). Glycans were additionally pu-
rified by porous graphitized carbon (Agilent) solid phase extrac-
tion prior to permethylation. Permethylation was carried out in
spin columns (Harvard Apparatus) as described (23). Purification
of permethylated oligosaccharides was performed by liquid-liquid
extraction with dichloromethane and 0.5 M aqueous sodium chlo-
ride. Qualitative analysis was performed via direct infusion via na-
noelectrospray (Advion Nanomate, Ithaca, NY) into a Thermo
LTQ (San Jose, CA) ion trap mass spectrometer.

Immunohistochemistry and confocal microscopy

For cell confocal analysis, IdIA CHO cells were transfected with Fc
or Fctagged perlecan DII in pcDNA3 plasmids. After 24 h, the
cells were incubated with 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-
indocarbocyanine perchlorate (Dil)-LDL (Biomedical Technolo-
gies, Inc.) as previously described (24). After wash, the cells were
fixed with formaldehyde and stained with FITC-labeled anti-Fc anti-
body (Sigma) as described (25). For immunohistochemistry (IHC)
analysis, human atherosclerosis and matched nonatherosclerosis
frozen aorta sections (Biochain) were hybridized with the perlecan-
specific rat monoclonal antibody (1:100, Millipore) or anti-ApoB
mouse monoclonal antibody and the biotinylated MAL II lectin
(1:200, Vector) in TBS buffer containing 5% normal donkey serum.
After washing, the tissue sections were then incubated with Alexa
488-conjugated donkey anti-rat secondary antibody and Dylight
647-conjugated streptavidin (1:200, Jackson Immuno Research) in
the same antibody dilution buffer. After rinsing in TBS, the tissue
sections were mounted with Prolong Gold anti-fade mounting me-
dium containing 4’,6-diamidino-2-phenylindole (DAPI) (Invitro-
gen). Confocal images were taken using a Zeiss LSM510 Meta
confocal system with Zeiss LSM510 image acquisition software. The
IHC and confocal microscopy assay were carried out in the Confocal
Imaging Core facility at the Beth Israel Deaconess Medical Center.

RESULTS

Secreted perlecan DII strongly interacts with LDL

Perlecan DII has five sequence units designated R1-R5
(Fig. 1A) with four of them exhibiting homology to the
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ligand-binding modules of LDLR (15) (Fig. 1B). In spite
of this homology, the binding activity of perlecan with LDL
has never been examined. To test this concept, we gener-
ated a recombinant fragment of the perlecan DII with an Fc
tag for purification and detection. Recombinant protein
was expressed in HEK293, HeLa, CHO, and PAC-1 cells,
and the protein present in the media [secreted DII (sDII)]
exhibited a significantly slower mobility as compared with
the cellular form [cellular DII (cDII)] (Fig. 1C), suggesting
a posttranslational modification(s). The profile of purified
cDII (lane 2), sDII (lane 3), and Fc (lane 1) is shown in Fig.
1D. To investigate the binding activity of DII with human
LDL, we used in vitro pull-down assay and LDL-specific an-
tibodies. The binding of sDII (Fig. 1E, lanes 4-6) with LDL
was significantly greater than cDII (lanes 2 and 3). The
binding with the Fc tag alone (lane 1) and buffer (lane 7)
was used as a background control. A similar experiment was
carried out, but detected with an ApoB-specific monoclonal
antibody (Fig. 1F). ApoB-100 binding signal was only ob-
served for sDII (lanes 5-7), but not for ¢cDII (lanes 3 and 4).
The results indicate that the perlecan DII strongly interacts
with LDL and the interaction is largely dependent on the
modification.

To validate whether the interaction actually occurs at
the cell surface, we made use of 1dIA CHO cells, which are
LDLR deficient (24). We transfected Fc or Fc-tagged DII
constructs into the 1dlA cells. The transfected cells were
then incubated with Dil-LDL and stained with FITC-
labeled anti-Fc antibody. Overexpression of perlecan DII
(bottom), but not the Fc tag alone (top), enhanced the
retention of Dil-LDL at the cell surface (Fig. 1G), suggest-
ing that the interaction indeed occurred at the cell surface
under the physiological condition.

To quantify the binding affinity, we generated Flag-
tagged DII and expressed it in COS7 cells. Consistent with
the above results (Fig. 1C), the migration of sDII was
slower than that of cDII (Fig. 2A, compare lane 2 with lane
1). The recombinant Flag-tagged sDII was purified (Fig.
2B) and then used in SPR assay for measuring its affinity
and binding kinetics with ApoB-100 (Fig. 2C). We ob-
served a high association rate (k, = 5.9 x 10°M s and a
relatively slow disassociation rate (k4 = 2.7 x 107 %s™"). The
high k, value might reflect the fast binding between DII
and ApoB-100. Interestingly, the high binding affinity at
the optimal binding condition (K, = 4.1 nM) (Fig. 2D) is
comparable to that of LDLR with LDL (5-25 nM), as re-
ported previously (26). To investigate the binding capacity
of perlecan DII with LDL, we carried out an in vitro satura-
tion binding analysis. The quantitative results (supple-
mentary Fig. 1) indicate that the LDL binding to sDII
(10.0 pM) became saturated when 16.3 pM LDL was used.
Collectively, the above results indicate that the perlecan
DII exhibits high affinity in LDL binding, which is largely
dependent on its modification.

The interaction of perlecan DII with LDL is dependent
on O-glycans

We next sought to determine the nature and functional
importance of perlecan DII modifications. Deglycosylation
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Fig. 1. Perlecan DII strongly interacts with LDL in vitro. A: Schematic representation of perlecan DII struc-
ture and expression construct. DII has five repeat units (R1-R5). The construct for DII contains a C-terminal
Fc tag and N-terminal secretion peptide (SP). B: Perlecan DII is highly homologous to the ligand-binding
modules of LDLR. Sequence alignment of five repeat units of DII (Perlecan_R1-R5) with LDLR repeat 5
(LDLR_R5) was carried out with ClustalW2. The highly conserved residues are highlighted with colors. The
consensus and negatively charged residues are shown on top. C: Expression analyses of perlecan DII. The
DII expression construct, as in (A), was expressed in cells as indicated. Extracts from cells (Cell) and
medium (Med) were analyzed with Western blotting (WB) and probed with an anti-Fc antibody. The ¢DII
and sDII forms are indicated. D: Purification of perlecan recombinant DII. Silver staining of purified ¢DII
and sDII, as well as Fc control, from a gradient SDS-PAGE. E: In vitro binding assay for the interaction of
purified DII with human LDL. Equal amounts of the purified Fc, cDII, and sDII (500 ng) as in (D) or buffer
only were used in the binding assay with human LDL (10 ug). The precipitated products were analyzed with
Western blotting and detected with an antibody against LDL. The multiple lanes for cDII and sDII represent
different preparations. F: A similar experiment, as in (E), was performed, but the blot was detected by an
antibody against ApoB. G. Overexpression of perlecan DII enhances the LDL retention on the cell surface.
The Fc tag (top) or Fc-tagged DII (bottom) plasmids were transfected into 1dIA CHO cells. The transfected
cells were incubated with Dil-LDL and then fixed and immunostained with FITC-labeled anti-Fc antibody.
The cells with DII-Fc and Dil-LDL retention are indicated with arrows. Bar, 10 M.

of the purified Fc-tagged sDII with specific enzymes to re-
move both O- and Mlinked glycans resulted in a signifi-
cant mobility change (Fig. 3A, lane 3). These changes
were not observed with peptide-N-glycosidase (PNGase)
F (New England BioLabs) (lane 4), which specifically re-
moves Nlinked glycans. Inspection of the protein se-
quence did not reveal any typical Mlinked glycosylation
site (i.e., Asn-X-Ser/Thr, where X can be any other amino
acids except proline), but it contained multiple Ser/Thr sites
(Fig. 3D, top), suggesting that the modifications might be
predominately (Hinked glycosylation. The Fc-tagged DII
was expressed in WT and several glycosylation-defective mu-
tant CHO cell lines (Fig. 3B). The expression of sDII from
Lecl cells (lane 3), which are defective in Minked glycosyl-
ation (27), was similar to that from WT CHO cells (lane 1),
suggesting that DII indeed lacks Mlinked glycans. The ex-
pression of DII'in Lec2 cells (lanes 4 and 5), which are defec-
tive in sialic acid modification (28), and Lec8 cells (lanes 6
and 7), which are defective in both sialic acid and galactose

modifications (29), indicate that it contains both sialic acid
and galactose.

To further locate perlecan DII glycosylation sites, con-
structs containing each repeat unit were generated as
the DII construct (Fig. 1A, B). The results in Fig. 3C show
a dramatic mobility change for the secreted repeat 2
(compare lane 4 with lane 3), and a minor mobility
change for the secreted repeat 5 (compare lane 10 with
lane 9) as compared with their corresponding cellular
forms, indicating that these repeats are glycosylated and
the glycans from repeat 2 greatly contribute to the mobil-
ity of the secreted DII. In contrast, repeats 1, 3, and 4
have similar migration between the cellular and secreted
forms (compare lane 1 with lane 2, lane 5 with lane 6,
and lane 7 with lane 8, respectively), suggesting that
these repeats are not modified. Notably, the second unit of
DII is significantly deviated from a typical LDL-binding
module and contains no cysteines, but is rich in Ser/
Thr (Fig. 1B and Fig. 3D, top). In agreement with this
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Fig. 2. SPR analysis of the interaction between perlecan DII and
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observation, mouse perlecan has a similar sequence unit,
which is also heavily glycosylated (19).

To map the glycosylation sites in repeats 2 and 5, we
generated a series of 17 mutant constructs. After screening
different combinations, we found that the mutant with
combinations of threonine 63, 64, and 72 mutations from
repeat 2 generated significant mobility change (Fig. 3D,
bottom, lane 2), indicating that these sites are glycosy-
lated. Therefore, based on this triple mutant, we added
more single mutations for any additional mobility change.
After screening various combinations, we found that addi-
tion of threonine 47 and 54 from repeat 2, and threonine
164 or serine 201 mutations from repeat 5 generated ad-
ditional mobility changes (Fig. 3D, bottom, compare lanes
3-6 with lane 2). Sequential addition of these mutations
resulted in mutant proteins with increasingly faster mobil-
ity (compare lanes 7 and 8 with lane 10), and the combina-
tion of all these mutations generated a mutant, whose
secreted form is very similar to the WT cellular form (com-
pare lane 9 with lane 10), suggesting that the mutant is
defective in glycosylation. The confirmed glycosylation
sites are circled in Fig. 3D (top), which are similar to the
glycosylation positions in DII of mouse perlecan (19).
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To further confirm the glycosylation-dependent bind-
ing, we made use of the glycosylation-defective mutant DII
(Fig. 3D, lane 9). We expressed and purified the secreted
mutant (Mu)-DII from media along with the WT DII and
Fc control (Fig. 4A, lanes 1-4). These proteins were used
for the in vitro binding assays with human ApoB-100 pro-
tein. The results indicate that the mutations drastically re-
duced the binding of Mu-DII with ApoB-100, which is
similar to the Fc control (Fig. 4B, top, compare lanes 3 and
2 with lanes 4 and 5), suggesting that the mutant is indeed
inactive in ApoB binding.

Coordinated activity of perlecan DII and DI in
ApoB-100/LDL binding

The HS side chains on perlecan DI interact with LDL
(16), and in this study we demonstrate that DII also inter-
acts with LDL. To investigate whether there was any coordi-
nated activity between DII and DI in LDL binding, we
generated constructs that contained DI only and DI+II. The
DI and DI+II, as well as WT DII constructs, were expressed
in WT and mutant pgsa-745 (defective in glucuronosyltrans-
ferase I) CHO cells (30). The profile of the purified recom-
binant proteins (Fig. 4A) indicate that the DI (lane 6) and
DI+II (lane 8) proteins from WT CHO cells were properly
modified with HS, but not those from the mutant CHO
cells (lanes 5 and 7, respectively), and the multiple bands of
each protein likely reflect the heterologous sizes of HS side
chains (see supplementary Fig. 2A). The DII proteins from
both WT and mutant CHO cells have no obvious differ-
ences (lanes 3 and 2, respectively).

Equal amounts of the proteins were used for the in vitro
binding assays with human ApoB-100 protein (Fig. 4B) un-
der the optimal binding condition. The DII proteins from
WT (lane 5) and mutant (lane 4) CHO cells show very
similar binding activity, which is slightly higher than WT
DI, but not statistically significant (24% increase, P> 0.05)
(compare lanes 4 and 5 with lane 7). However, the bind-
ing of the DI+II from WT CHO cells is stronger than either
WT DII or DI alone (53 and 90% increase, respectively,
P<0.01) (Fig. 4B, top; compare lane 9 with lanes 4-5, and
lane 7; bottom for quantification). The binding of WT DI
with ApoB was largely dependent on HS, because the lack
of the modification of the DI from the pgsa-745 CHO cells
greatly reduced the binding (compare lane 7 with lane 6).
Similarly, the HS deficiency of the DI+II from the mutant
CHO cells reduced its binding to the level of WT DII
(compare lane 9 with lane 8). The results support the no-
tion that there might be an additive effect between per-
lecan DII and DI on ApoB-100 binding. Similar results
were obtained from the binding assay in TBS (supplemen-
tary Fig. 2). We also used a cell-based binding assay to fur-
ther confirm the additive effect. We obtained stable cell
lines expressing Fc, Fc-tagged DI, WT DII, DI+II, and Mu-
DII from WT CHO cells. The stable cell lines were then
used for binding with [IIQB]Iabeled LDL. The results show
that expression of DI and WT DIl increased the binding by
~26 and ~31%, respectively, whereas expression of DI+II
increased about 43% (supplementary Fig. 3). The results
are consistent with the finding from the in vitro ApoB-100
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binding assay, suggesting that there might be a coordi-
nated activity between perlecan HS on DII and DI in bind-
ing with LDL/ApoB-100.

Sialylation in («2-3) linkage of perlecan DIl is critical for
its LDL binding

The above results highlight the role of the (inked glycans
in mediating the interaction of perlecan DII with LDL. We
next investigated the carbohydrate composition of the gly-
cans using lectin Western blotting analysis. Equal amounts
of the Fc-tagged WT and glycosylation-deficient mutant DII
proteins were probed with the anti-Fc antibody or a series
of biotinylated lectin probes. WT protein was recognized by
the various lectins including GSL II for Macetyl-glucosamine
(GIcNAc), UEA T for fucose, PNA for galactose, WGA for
GlcNAc, and sialic acid or DBA for Macetylgalactosamine
(GalNAc) (Fig. 5A). The results demonstrate that the glycans
of DII likely contain GIcNAc, fucose, galactose, and GalNAc.

Importantly, WT DII was also strongly recognized by MAL II,
which is specific for sialic acid in an («2-3) linkage, but not by
SNA lectin, a lectin specific for sialic acid in an («2-6) linkage
(Fig. bA, bottom right). None of the lectins tested recog-
nized the mutant protein, confirming that it lacks the sugar
modifications.

Next, we performed mass spectrometric analysis to de-
fine the sugar structure of the glycans. The most abundant
five O-glycans with multiple possible isomers are presented
in Fig. 5B. An interesting feature from these structures is
that most of the glycans contain the terminal (a2-3)-linked
sialic acids. This finding is consistent with the above ex-
pression analysis of DII in Lec2 and Lec8 cells (Fig. 3B)
and the Western analysis with the sialic acid-specific lectins
(Fig. bA), indicating that («2-3)-linked sialic acids sig-
nificantly contribute to the O-linked glycans. Sialic acid
linkages were determined empirically through sequential
disassembly (supplementary Fig. 4) (31, 32).
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Fig. 4. Functional analysis of perlecan DII and DI in ApoB-100
binding. A: Top, purification of perlecan DII, DI, and DI+II recom-
binant proteins. WT and Mu-DII, -DI, and -DI+II were purified
from WT and pgsa-745 mutant CHO cells as indicated (Fc control
from HEK293 cells). The glycosylation-defective Mu-DII was from
the construct in Fig. 2D (lane 9). B: In vitro binding of the purified
proteins with ApoB-100. Top, equal amounts of the purified pro-
teins, as in (A), were used for in vitro binding assay as in Fig. 1E,
except using human ApoB-100 (5 pg). The blot was probed with
the anti-ApoB antibody. Bottom, quantitation of the in vitro bind-
ing assay. The average and standard error were based on three in-
dependent experiments. ¥¥P < 0.01 (#test); n.s., P> 0.05.

To gain direct evidence that the sialylation plays a role
in mediating the interaction of DII with LDL, we made use
of sialidase C to remove the moieties from the purified
proteins. Treatment with sialidase C significantly changed
the mobility of the WT protein (Fig. 5C, top; compare lane
4 with lane 3). Consistently, the (a2-3)-linked sialic acid
signal could not be detected by the MAL II lectin from the
sialidase C-treated WT protein, confirming that the major-
ity of the sialic acids were removed (Fig. 5C, bottom; com-
pare lane 4 with lane 3). The sialidase C- or mock-treated
WT and mutant proteins were purified and the protein-
bound beads were then used for in vitro pull-down assay
with human LDL. The precipitated LDL was analyzed with
Western blotting detected with the anti-ApoB monoclonal
antibody. Removal of sialic acid reduced the binding with
LDL by ~50% (Fig. 5D, top; compare lane 4 with lane 5
and bottom for quantification). Taken together, our re-
sults indicate that the perlecan DII contains significant
(a2-3)-linked sialic acid modification, which augments the
interaction of DII with LDL.
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Perlecan and its (a2-3)-linked sialic acid-containing
glycans are overexpressed in human atherosclerotic
lesions

The finding from the sugar structure and function anal-
yses prompted us to pursue an indirect clue for the sialic
acid modification in the development of atherosclerosis.
Human healthy and atherosclerotic arterial tissue sections
were examined by IHC with a perlecan-specific monoclo-
nal antibody and the biotinylated MAL II lectin. Perlecan
and the («2-3)-linked sialic acid were expressed at low lev-
els across the healthy arterial wall with the most expression
in the basement membrane (Fig. 6A, top). In comparison,
in the atherosclerotic arterial section, perlecan was highly
expressed in areas of lipid accumulation loci (empty area)
in the arterial intima. The signal from (a2-3)-linked sialic
acid modification was also elevated and colocalized with
perlecan (Fig. 6A, bottom). The (a2-6)-linked sialic acid
signal was barely detectable in both healthy and athero-
sclerotic arteries (data not shown).

To further investigate whether the sialic acid modifica-
tion might be associated with the ApoB accumulation in
the lesion, we stained the above tissue sections with the
ApoB-specific monoclonal antibody and the MAL II lectin
(Fig. 6B). We observed that, even in the healthy section,
there was still significant ApoB signal at the area close to
the luminal side of arteries (top panel), which may repre-
sent the entry site of LDL from blood. The ApoB accumu-
lation was colocalized with the (a2-3)-linked sialic acid
signal at the region rich in proteoglycans. In the athero-
sclerotic section, the ApoB signal was much more ex-
panded into the arterial intima, and its distribution pattern
was consistent with the MAL II staining (bottom panel),
indicating that the («2-3)-linked sialic acid modification
was colocalized with ApoB accumulation. Taken to-
gether, these data suggest that perlecan and its sialic
acid modification might be involved in the development
of atherosclerosis.

DISCUSSION

Previous studies have linked perlecan with atherosclero-
sis. Perlecan is overexpressed in the atherosclerotic lesions
and its expression correlates with lesion progression. It
was proved that the role of perlecan in atherosclerosis is
based on the ionic interaction between the negatively
charged HS on DI and the positively charged domains of
ApoB-100 (16). Perlecan contains LDLR-like DII. Costell
etal. (19) reported that the domain contains multiple O-
linked glycosylation sites. However, the function of per-
lecan DII and its glycosylation in LDL binding has never
been investigated. In this study, we demonstrate that the
core protein interacts with LDL via its LDLR-like DII and
the interaction is largely dependent on the Olinked gly-
cans only present in the secreted DII. We found that most
of the glycans are capped with the negatively charged sialic
acids in («2-3) linkage, which are important for the glycans’
function in LDL binding. We further determined that
the expression of perlecan and sialic acid modification is
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elevated in the human atherosclerotic lesions, indicating
that the Olinked glycans might be associated with the de-
velopment of atherosclerosis.

The finding that the perlecan DII interacts with LDL
suggests that the core protein may play a role in the LDL
retention in the arterial wall that was not previously appre-
ciated. The elevated expression makes it possible for the
arterial perlecan (Fig. 6A) to interact with the LDLs that
penetrate through the endothelial cells from the blood-
stream and the interaction may facilitate the subendothe-
lial LDL retention. It has been well-documented that the
subendothelial retention of LDL is a critical step in the
development of atherosclerosis (6). For example, using
step and serial sections of coronary arteries, it was clearly
shown that the earliest stage of atherosclerosis appears in
a form of fatty streak that arises from the deposition of
ApoB-containing lipoproteins (5). The event occurs much
earlier than the filtration of macrophages in the early le-
sion. Various studies have validated that the proteoglycans,
including perlecan and biglycan as well as versican, inter-
act with LDL (16, 33, 34). Common to all the proteogly-
cans is that they contain sulfated GAGs. The interaction

between the negatively charged sulfated GAGs and the
positively charged domains of ApoB was proposed to be
the molecular basis for the lipoprotein retention. The
functionality of the perlecan LDLR-like DII characterized
from this study indicates a glycosylation-dependent LDL
binding as compared with the ionic interaction between
the GAG and LDL. The perlecan domain may represent a
distinct type of LDLR-like family. However, perlecan con-
tains only the LDLR-like ligand-binding domain. It lacks
the elements that are essential for the LDL internalization
and endocytosis as a typical LDLR (35). Thus, the binding
of the domain with LDL and its cooperative effect with HS
on LDL binding might facilitate the LDL subendothelial
retention in the arterial wall.

Perlecan DII possesses some unique structural features
that likely mediate LDL binding. Among its five sequence
units, four are perfectly homologous to the LDL binding
modules of LDLR, and these conserved repeat units pos-
sess all the elements essential for ligand binding (Fig. 1B).
For example, each of the repeats has six cysteines to form
three disulfide bonds, and a cluster of negatively charged
amino acids (DCXDXSDE, X represents any amino acids)
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Fig. 6. Perlecan and (a2-3)-linked sialic acid modification are over-
expressed in human atherosclerotic arteries. Human normal and ath-
erosclerotic arterial sections were stained with the perlecan-specific
antibody (green) and MAL II lectin (red) (A) or the ApoB-specific
monoclonal antibody (green) and MAL II lectin (red) (B), as indi-
cated, and appropriate secondary antibodies. The images were ob-
tained from a confocal microscope. The basement membrane in the
normal tissue section (A and B, top), lipid accumulation area in the
atherosclerotic section (A, bottom), and the edge of ApoB accumula-
tion area (B, bottom) are indicated with arrows. Scale bar, 50 pm.

near to the C terminus (Fig. 1B), which are complemen-
tary to the positively charged sequence of ApoB-100. The
prototype LDLR contains seven such repeats, and the de-
tailed structural and functional analyses demonstrate that
repeats 3—7 are required for the LDL binding, and dele-
tion of any of the five repeats dramatically reduces the
binding activity (36). The second unit of perlecan DII is
highly divergent. There are no conserved cysteine and
negatively charged amino acids. Moreover, this repeat dis-
rupts the consecutive stretch of the perfectly conserved
repeats. The presence of such a repeat unit would make
DII unlikely to be functional in LDL binding. Indeed, the
cellular DII and the glycosylation-deficient mutant have a
very weak activity in LDL binding. We found that the secreted
domain strongly interacts with LDL in a glycosylation-
dependent manner. Interestingly, most of the glycosyl-
ation sites of DII come from the second unit that is rich
in Ser/Thr. A possible explanation for the glycosylation is
that most of the (Hinked glycans are capped with terminal
sialic acids, which are known to be negatively charged
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(87). The finding was further confirmed by the removal of
the sialic acids, which decreased the binding. This observa-
tion is consistent with the critical role of the cluster of
negatively charged amino acids of LDLR in LDL binding.
Mutations of the amino acids greatly reduced the LDL
binding activity. The central role of the conserved acidic
residues is also reflected in the crystal structure of the
LDLR repeat units (38). The residues are clustered on
the surface of the repeat that enables electrostatic con-
tacts with the basic residues on the surface of ApoB-100.
Thus the results from this study suggest that the sialic
acid-containing glycans might be able to surrogate the
requirement of acidic amino acids. However, the detailed
structure for this remains to be investigated.

Our data suggest that the (a2-3)-linked sialic acid, but
not (a2-6)-linked sialic acid, is involved in the perlecan-
LDL interaction. The preference may be linked to the tis-
sue- or protein-specific sialic acid linkage distribution.
Study of avian and human influenza virus receptors, (a2-
3)-and (a2-6)-linked sialic acids, respectively, showed that
they are extensively presented in all organs in the pig, but
with a distinct spatial distribution pattern (39, 40). In this
case, perlecan DII is specifically modified with the sialic
acid in (a2-3) linkage (Fig. 5). However, it remains to be
determined whether there is any sialic acid linkage speci-
ficity for the perlecan-LDL interaction. The perlecan-LDL
interaction possesses some unusual biochemical proper-
ties. The most significant one is that the interaction pre-
fers acidic pH, which is different from the LDL-LDLR
interaction. As described above, perlecan is an extracel-
lular matrix protein. Characteristic to the extracellular
macromolecules is their acidic nature because of the
abundance of acidic amino acids, often with a high por-
tion of aspartic acid (41). In addition, as for perlecan DII,
the property may also be related to sialylation. Consistent
with this finding, it was previously reported that the inter-
action of human aortic proteoglycans with LDL is strongly
enhanced by acidic pH (42).

Our finding of the lesional overexpression of perlecan
and its sialic acid-glycans is consistent with the notion that
focal overexpression of proteoglycans may accelerate the
progression of atherosclerosis (6). Perlecan was shown to
be overexpressed in the early lesion both in ApoE(—/—)
and LDLR(—/—) mouse models and its expression levels
correlate with the atherogenic progression (17, 18). Our
study shows that it is also overexpressed in human athero-
sclerotic arteries. The overexpressed perlecan is likely syn-
thesized from the filtrated monocyte or monocyte-derived
macrophages and/or smooth muscle cells at the lesional
site (43). It is well-documented that oxidized LDL is able
to stimulate endothelial cells to express inflammatory
stimuli that recruit monocytes and smooth muscle cells to
the arterial wall (44). The oxidized LDL itself, especially
the extensively oxidized LDL, is chemotactic to these cells
(45, 46). However, it was found that the monocyte-derived
macrophages secreted the proteoglycans primarily con-
taining chondroitin sulfate/dermatan sulfate GAGs, but
only a minor amount of HS GAGs (47). Therefore, we pre-
sume that the overexpressed perlecan is most likely from



the smooth muscle cells. It was shown that the proteogly-
cans synthesized from the established lesions retain more
atherogenic lipoproteins. This study demonstrates that
perlecan overexpression is accompanied with the heavy
modification of sialic acid-containing (Hinked glycans,
which in turn enhance the interaction with LDL.

In summary, our data provide evidence that the per-
lecan core protein interacts with LDL. We show that the
perlecan-LDL interaction is mediated by its LDLR-like DII
in a manner dependent on sialic acid-containing O-glycans.
Thus, the perlecan sialic acid modification is associated
with the development of atherosclerosis and further study
is needed to validate this conclusion. Bl
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