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Abstract
The potent oxidants hypochlorous acid (HOCl) and hypobromous acid (HOBr) are produced
extracellularly by myeloperoxidase, following release of this enzyme from activated leukocytes. The
subendothelial extracellular matrix is a key site for deposition of myeloperoxidase and damage by
myeloperoxidase-derived oxidants, with this damage implicated in the impairment of vascular cell
function during acute inflammatory responses and chronic inflammatory diseases such as
atherosclerosis. The heparan sulfate proteoglycan perlecan, a key component of the subendothelial
extracellular matrix, regulates important cellular processes and is a potential target for HOCl and
HOBr. It is shown here that perlecan binds myeloperoxidase via its heparan sulfate side chains and
that this enhances oxidative damage by myeloperoxidase-derived HOCl and HOBr. This damage
involved selective degradation of the perlecan protein core without detectable alteration of its heparan
sulfate side chains, despite the presence of reactive GlcNH2 resides within this glycosaminoglycan.
Modification of the protein core by HOCl and HOBr (measured by loss of immunological recognition
of native protein epitopes and the appearance of oxidatively-modified protein epitopes) was
associated with an impairment of its ability to support endothelial cell adhesion, with this observed
at a pathologically-achievable oxidant dose of 425 nmol oxidant/mg protein. In contrast, the heparan
sulfate chains of HOCl/HOBr-modified perlecan retained their ability to bind FGF-2 and collagen
V and were able to promote FGF-2-dependent cellular proliferation. Collectively, these data highlight
the potential role of perlecan oxidation, and consequent deregulation of cell function, in vascular
injuries by myeloperoxidase-derived HOCl and HOBr.
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1. Introduction
Oxidative damage within the vessel wall mediated by the leukocyte-derived heme peroxidase
enzyme myeloperoxidase (MPO) is implicated in the impairment of vascular cell function
during acute inflammatory responses and in the progression of chronic inflammatory diseases
such as atherosclerosis (Davies et al., 2008). Neutrophils, monocytes and some macrophages
express MPO and release the enzyme extracellularly upon activation, where it catalyzes the
production of the potent oxidants hypochlorous acid (HOCl) and hypobromous acid (HOBr)
from H2O2 and the corresponding halide ions (Cl− and Br−), with the former predominating
(Davies et al., 2008). Production of hypothiocyanous acid (HOSCN) from thiocyanate ions
(SCN−) (van Dalen et al., 1997) and the nitrating species nitrogen dioxide (NO2

•) from nitrite
(NO2

−) (Arnhold et al., 2006) are also important reactions catalyzed by MPO. Due to their
high reactivity with biomolecules, HOCl and HOBr are predicted to have very limited diffusion
radii in biological systems (Pattison and Davies, 2006; Winterbourn, 2008), and extracellular
structures with which MPO associates are likely to be important targets for oxidative damage.

The subendothelial matrix (‘basement membrane’), which is synthesized by overlying
endothelial cells, has been identified as a key site for deposition of MPO and damage by MPO-
derived oxidants in both animal models of inflammation and in human inflammatory disease
(Rees et al., 2008). Immunohistochemical studies have demonstrated that MPO co-localizes
with HOCl-modified protein, recognized by the monoclonal antibody (mAb) 2D10G9, in
subendothelial matrix present in human atherosclerotic lesions (Malle et al., 2006), placental
tissue (Hammer et al., 2001) and diseased kidneys (Grone et al., 2002; Malle et al., 1997). A
similar association of MPO and 3-nitroTyr in the subendothelial matrix, implicating MPO-
dependent protein nitration, has been demonstrated in human atherosclerotic lesions (Baldus
et al., 2002). MPO released in the vascular lumen binds avidly to the heparan sulfate chains of
proteoglycans present on the endothelial cell surface and subsequently undergoes transcytosis
to the subendothelial space (Baldus et al., 2001), with this potentially accounting for targeting
of MPO and damage by MPO-derived oxidants to the subendothelial matrix during acute and
chronic vascular inflammation. The affinity of MPO for heparan sulfate suggests that heparin
sulfate proteoglycans present within the subendothelial matrix could also sequester MPO and
thereby localize damage by MPO-derived oxidants to these materials, however their ability to
bind MPO has yet to be determined.

The heparan sulfate proteoglycan perlecan is a major proteoglycan of endothelial cell-derived
matrix (Whitelock and Iozzo, 2005) and plays key roles in basement membrane assembly and
function (Yurchenco et al., 2004). Endothelial cell-derived perlecan consists of a large (470
kDa) multi-domain protein core substituted at its N-terminal domain, domain I, by heparan
sulfate (Whitelock et al., 1999; Whitelock et al., 1996); other cell types can also express hybrid
forms with chondroitin sulfate, keratin sulfate and dermatan sulfate chains (Knox et al.,
2005). The protein core and heparan sulfate chains of perlecan regulate a number of important
vascular processes including the maintenance of basement membrane organization (Yurchenco
et al., 2004), the control of vascular permeability and the adhesion, proliferation and
differentiation of vascular cells (Iozzo, 2005; Kinsella et al., 2003; Morita et al., 2005;
Whitelock et al., 2008). For example, the heparan sulfate chains of matrix-bound perlecan act
as a reservoir for basic fibroblast growth factor (FGF-2) (Nugent and Iozzo, 2000) and the
release of FGF-2 via nzymatic degradation of perlecan is a potentially important mechanism
for promoting growth factor bioavailability and activity within the vessel wall (Whitelock et
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al., 1996). The protein core of perlecan has also been identified as an adhesive molecule for
human vascular cells (Whitelock et al., 1999).

Oxidation of endothelial cell-derived matrix by the MPO-H2O2-Cl− system results in the
release of perlecan-derived material (Klebanoff et al., 1993) and similar release of
proteoglycan-derived material occurs upon exposure of smooth muscle cell-derived matrix to
HOCl, HOBr or the MPO-H2O2-Cl− system (McGowan, 1990; Rees et al., 2007; Woods and
Davies, 2003). These data indicate that modification and release of perlecan from extracellular
matrix may be an important process when MPO-derived HOCl and HOBr are generated within
the subendothelial compartment, however the mechanisms underlying this process and its
potential biological consequences are unclear. In particular, it is unknown whether damage
occurs principally to its protein core or to its heparan sulfate chains. Studies with isolated
heparan sulfate show that HOCl and HOBr react rapidly with the free amino groups present
on its GlcNH2 residues, resulting in modification and fragmentation of its polysaccharide
backbone (Rees and Davies, 2006; Rees et al., 2003; Rees et al., 2007; Rees et al., 2005). It
has yet to be established whether HOCl and HOBr can degrade heparan sulfate present on
intact proteoglycans. Moreover, the effects of these oxidants on the diverse biological activities
of the perlecan protein core and its heparan sulfate chains, such as growth factor binding and
cell adhesion, are unknown. In the light of these data, the ability of endothelial cell-derived
perlecan to bind MPO, and the structural and functional consequences of its oxidation by HOCl,
HOBr and MPO-H2O2-halide systems were determined.

2. Materials and Methods
2.1 Materials

Solutions and media were prepared using water filtered through a four-stage MilliQ system.
pH control was achieved using Chelex-treated 0.1 M phosphate buffer or PBS, pH 7.4.
HCAECs and HCAEC Growth Medium were from Cell Applications. Medium 199 containing
Earles salts were from Gibco BRL. RMPI-1640 medium was from Sigma. Tissue culture plastic
ware was from BD Falcon. Sodium hypochlorite (NaOCl) was from Sigma. H2O2 and HOCl
solutions were prepared immediately before use and their concentrations were determined
spectrophotometrically at pH 12 (H2O2, ε24̃ 43.6 M−1 cm−1; HOCl, ε292 350 M−1 cm−1). Stock
solutions of HOBr were prepared by reaction of 20 mM NaOCl with 22.5 mM NaBr in water
for 5 min at 22°C and were used immediately. MPO (isolated from human polymorphonuclear
leukocytes; purity index A430/A280 0.84) was from Planta Natural Products. Alkaline
phosphate substrate (p-nitrophenylphosphate) solution, chondroitin sulfate, fish gelatin,
collagen V, fibronectin and heparin were from Sigma. Recombinant human [125I]FGF-2,
streptavidin-conjugated horseradish peroxidase, streptavidin-conjugated alkaline phosphatase
and ECL Western blotting detection reagents were from Amersham. Heparan sulfate was from
Celsus Laboratories. Heparinase III was from IBEX Technologies. Chondroitinase ABC was
from Seikagaku. Biotinylated anti-mouse antibody, horseradish peroxidase-conjugated anti-
mouse antibody and Oxyblot® protein carbonyl detection kit were from Chemicon. Two-
component peroxidase substrate (ABTS) kit was from KPL. NuPAGE® electrophoresis and
iBlot® electroblotting consumables were from Invitrogen. CellTiter 96® AQueous One
Solution Reagent was from Promega.

2.2 Primary antibodies
Mouse mAbs against heparan sulfate (HepSS-1, JM403, 10E4), Δ-heparan sulfate stubs
generated by heparinase III (3G10) and keratan sulfate (5D4) were from Seikagaku. Mouse
mAb against chondroitin sulfate (CS56) was from Sigma. Mouse mAbs against perlecan
domains I (CSI-076) and V (CSI-074) and against MPO (2C7) were from AbCam. The mouse
mAb against perlecan domain III (7B5) (Murdoch et al., 1994) was from Zymed Laboratories.
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A mouse mAb (clone 2D10G9) recognizing HOCl-modified epitopes (Malle et al., 1995) and
HOBr-modified epitopes (Chapman et al., 2000), was generated as described previously (Malle
et al., 1995). A mouse mAb against collagen V (1E2/E4) was a gift from Dr J. Werkmeister,
CSIRO Molecular Health and Technologies, Australia. The rabbit mAb against 2,4-
dinitrophenylhydrazine (DNP) was a component of the Oxyblot® protein carbonyl detection
kit from Chemicon.

2.3 Cell culture
Human coronary arterial endothelial cells (HCAECs) were cultured in HCAEC Growth
Medium at 37°C in a humidified atmosphere containing 5% CO2. Cell-conditioned medium
was aspirated from near confluent flasks of cells and stored at −80°C. For cell adhesion studies,
cells were cultured to approximately 90% confluence, the medium removed, the cells washed
with PBS containing 1 mM MgCl2/1 mM CaCl2 then incubated with 1% trypsin (3 ml) for 3
min at 37°C. Cell-conditioned medium (8 ml) was added to neutralize trypsin, the cells
dislodged by gentle tapping and collected by centrifugation. The cell pellet was twice
resuspended in medium-199 containing 1% bovine serum albumin (BSA) and re-centrifuged
to remove serum components, then re-suspended in medium-199 containing 1% BSA.

2.4 Purification of perlecan
Perlecan was purified from medium conditioned by HCAECs by DEAE chromatography
followed by anti-perlecan (CSI-071) affinity chromatography as described previously
(Whitelock et al., 1999). Perlecan protein core concentrations were determined using a
Coomassie Plus microplate assay with BSA standards. Perlecan concentrations were calculated
using a protein core molecular mass of 470 kDa.

2.5 Surface adsorption of perlecan
Perlecan (10 nM / 4.7 µg/ml, 50 µl) was adsorbed from PBS on to wells of 96-well microtitre
plates (high-binding polystyrene, Greiner BioOne; or polyvinyl chloride, BD Biosciences) for
16 h at 22°C.

2.6 Oxidant, endoglycosidase and nitrous acid (HNO2) treatment of surface-adsorbed
perlecan

Surface-adsorbed perlecan (prepared as above) was subject to oxidation by reagent HOCl or
HOBr (0.5 – 10 µM) or MPO-H2O2-halide systems (10 nM MPO, 100 mM Cl− or 1 mM
Br−, 0.5 – 10 µM H2O2; at these halide concentrations, generation of HOCl and HOBr by MPO
has been shown to be quantitative with respect to H2O2 (Senthilmohan and Kettle, 2006)) for
4 h at 37°C. Oxidant/perlecan (molar) ratios in these systems were 50 – 1000 (105 – 2100 nmol
oxidant/mg protein; surface adsorption of perlecan was assumed to be quantitative). Wells were
subsequently incubated with methionine (10 mM, 100 µl, 0.5 h, 22°C) to quench any residual
oxidant.

Enzymatic digestion of surface-adsorbed perlecan was carried out with heparinase III (0.01 U/
ml, 50 µl) or chondroitinase ABC (0.05 U/ml, 50 µl) in 0.01% BSA or 0.01% fish gelatin (for
MPO binding studies) for 2 h at 37°C.

Treatment of surface-adsorbed perlecan with HNO2 was performed at pH 3.9 to cleave heparan
sulfate specifically at its GlcNH2 residues (Shively and Conrad, 1976) by incubation with 4.5
M sodium nitrite (50 µl) and 2 M acetic acid (10 µl) for 10 min at 22°C. 2 M sodium carbonate
(35 µl) was then added to quench the reaction; control samples were treated with 4.5 M sodium
chloride (50 µl) and 2 M acetic acid / sodium acetate, pH 3.9 (10 µl).
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2.7 Oxidant and endoglycosidase treatment of soluble perlecan
Perlecan (10 nM or 0.66 – 0.8 µM) was subject to oxidation by reagent HOCl or HOBr at
oxidant/perlecan molar ratios of 100 – 1000 for 4 h at 37°C. Samples were then incubated with
methionine (1 or 30 mM, 0.5 h, 22°C) to quench any residual oxidant. Enzymatic digestion of
perlecan was carried out using heparinase III (0.01 U/ml) or chondroitinase ABC (0.05 U/ml)
in PBS containing 0.01% BSA for 2 h at 37°C.

2.8 ELISA
Wells of polystyrene microtitre plates containing surface-adsorbed perlecan were blocked with
0.1% casein in PBS and probed with appropriate mouse mAbs (CSI-076, 3.3 µg/ml; 7B5, 2
µg/ml; CSI-074, 2 mg/ml; HepSS-1, 2 µg/ml; 10E4, 2 µg/ml; JM403, 4 µg/ml; 2D10G9, 1:25).
Detection of the immune complexes was performed using a biotinylated anti-mouse antibody
with either streptavidin-conjugated horseradish peroxidase/ABTS or streptavidin-conjugated
alkaline phosphatase/p-nitrophenylphosphate. ELISA signals were corrected for background
values obtained with non-perlecan coated wells unless otherwise stated.

2.9 MPO binding by surface-adsorbed perlecan
Wells of polystyrene microtitre plates containing surface-adsorbed perlecan were blocked with
0.2% fish gelatin in PBS (50 µl, 2 h, 22°C), washed with PBS/0.01% Tween (2 × 200 µl), then
incubated with 20 nM MPO in PBS (50 µl, 2 h, 22°C). The wells were then incubated with the
mouse anti-MPO mAb 2C7 (2 µg/ml, 50 ml, 2 h, 22°C). To assess the effect of
glycosaminoglycans on binding, MPO-treated wells were also incubated with heparin, heparan
sulfate or chondroitin sulfate (100 µg/ml, 50 l, 10 min, 22°C) prior to addition of mAb 2C7
against MPO; the effect of glycosaminoglycans on background binding to the gelatin-coated
plates was also assessed. Detection of the immune complexes was performed by ELISA using
alkaline phosphatase.

2.10 SDS-PAGE and immunoblotting
SDS-PAGE was carried out using 3–8% NuPAGE® Tris acetate gels (ca. 2 µg protein/well)
according to the manufacturer’s instructions, along with HiMark® molecular mass standards.
Gels were visualized using a combined Stains All / silver staining method (Goldberg and
Warner, 1997).

For Western blotting studies, proteins were electroblotted onto nitrocellulose membranes using
an iBlot® transfer apparatus. Dot-blotting studies were performed by loading samples (ca. 2
µg protein) directly onto nitrocellulose membranes. Membranes were blocked with 1% casein
in PBS/0.1% Tween then probed with appropriate mouse mAbs (CSI-076, 2 µg/ml; 7B5, 1 µg/
ml; CSI-074, 1 µg/ml; 10E4, 0.5 µg/ml; 3G10, 2 µg/ml; 2D10G9, 1/500). To quantify protein
carbonyls, samples were derivatized with DNP prior to electrophoresis and membranes were
probed using a rabbit anti-DNP antibody. Detection of immune complexes was performed
using horseradish peroxidase-conjugated anti-mouse/ anti-rabbit Ig antibodies, ECL reagents
and a ChemiDoc XRS image acquisition system.

2.11 Cell adhesion, FGF binding and collagen V binding by surface-adsorbed perlecan
Adhesion of endothelial cells (HCAECs, 2.5 × 105 cells/ml in medium-199 containing 1%
BSA, 50 µl) to perlecan or fibronectin, each adsorbed from solutions with identical protein
contents (4.7 mg/ml protein, 50 µl), was quantified after 2 h incubation at 37°C by staining
with Crystal Violet as described previously (Whitelock et al., 1999). Binding of [125I]FGF-2
(50 µl; ca. 70 000 cpm/well) to perlecan was quantified by gamma counting (Whitelock et al.,
1999). Binding of collagen V to perlecan was quantified by ELISA using a mouse anti-collagen
V mAb 1E2/E4 (1:25) and alkaline phosphatase (Whitelock et al., 1999).
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2.12 Promotion of FGF-2-dependent cellular proliferation by perlecan
The ability of perlecan to promote cellular proliferation in response to exogenous FGF-2 was
investigated using a heparan sulfate proteoglycan-deficient myeloid cell line (BaF3) expressing
the FGFR1c receptor isotype, essentially as described previously (Knox et al., 2002). Briefly,
BaF3 cells (105 cells/ml) were incubated in RPMI-1640 medium with perlecan (1.25 nM) or
heparin (0.3 – 30nM) in the presence of FGF-2 (0.3 nM) for 72 h at 37°C and proliferation was
then determined by the MTS assay using CellTiter 96® AQueous One Solution (10% v/v, 6 h,
37°C).

2.13 Statistical analyses
Statistical analyses were carried out using 1-way ANOVA with Newman Keul’s post-hoc
testing, unless otherwise stated. All statistical analyses were performed using GraphPad Prism
4 (GraphPad Software, San Diego, CA, USA, www.graphpad.com), with P <0.05 taken as
significant.

3. Results
3.1 Isolation and characterization of endothelial cell-derived perlecan

Perlecan was immunopurified from media conditioned by HCAECs as described previously
(Whitelock et al., 1999). The purified proteoglycan migrated as a single broad band on 3–8%
gradient SDS-PAGE gels, which was recognized by antibodies against the perlecan protein
core (CSI-076, against domain I (Fig. 1A; Fig. 4); 7B5, against domain III; CSI-074, against
domain V) and against heparan sulfate (10E4) (Fig. 1A; Fig. 4). The perlecan was recognized
by the same antibodies in ELISAs and by other antibodies against heparan sulfate (HepSS-1
and JM403) (Fig. 1B and Fig. 2). After removal of heparin sulfate by digestion with heparinase
III, the perlecan was resolved as a narrow band at a molecular mass consistent with the presence
of the full-length, unsubstituted protein core (ca. 470 kDa) and was recognized by CSI-076
(Fig. 1A) and by 3G10, a mAb against heparinase III-derived heparan sulfate stubs. Digestion
with chondroitinase ABC and keratanase I did not affect the migration of perlecan on gels and
no recognition was observed with antibodies against chondroitin sulfate (CS56) and keratin
sulfate (5D4) in ELISAs. These data establish that the purified proteoglycan consisted of a full-
length perlecan protein core substituted by heparan sulfate.

GlcNH2 residues are potential sites for reaction with HOCl and HOBr (Rees et al., 2007; Rees
et al., 2005) and their presence in the heparan sulfate chains of perlecan was indicated by
immunological recognition by JM403, whose binding to heparan sulfate is critically dependent
on GlcNH2 residues (van den Born et al., 2005). In further support for the presence of these
residues, recognition of surface-bound perlecan by JM403 and 10E4 in ELISAs was decreased
upon GlcNH2-specific chemical cleavage of its heparan sulfate chains by HNO2 treatment at
pH 3.9 (Fig. 1B); this treatment destroys the free amino group recognized by JM403 and
truncates the polymer within structures that bind 10E4 (van den Born et al., 2005). Notably,
recognition by HepSS-1, which binds to heparan sulfate sequences that do not contain
GlcNH2 residues (van den Born et al., 2005), was not only maintained, but was increased in
this treatment (Fig. 1B). This is consistent with proteoglycan-bound heparan sulfate stubs
generated via GlcNH2-specific cleavage being retained at the surface and bearing structures
recognized by HepSS-1; the increase in recognition by HepSS-1 could reflect improved access
to these structures following loss of the distal (protein-free) portion of the chain from the
surface. Modification of the surface-bound protein core also occurred during the HNO2
treatment, reflected by a loss of recognition by CSI-076 (ca. 90% loss; data not shown).
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3.2 HOCl and HOBr preferentially modify the perlecan protein core
The ability of HOCl and HOBr to modify the protein core and heparan sulfate chains of surface-
adsorbed perlecan was assessed by an ELISA-based assay. Reaction of surface-adsorbed
perlecan (from a 10 nM solution) with HOCl and HOBr (0.5 – 10 µM) resulted in dose-
dependent losses in recognition of the perlecan protein core by antibodies against epitopes
present in domains I, III and V (CSI-076, 7B5 and CSI-074) (HOCl, Fig. 2A; HOBr, Fig. 2C),
with significant losses of recognition at oxidant/perlecan molar ratios of at least 200 and as
low as 50 (CSI-076 and 7B5, HOCl). The loss of recognition of native protein structures was
accompanied by the generation of oxidatively-modified epitopes recognized by 2D10G9
(HOCl, Fig. 2A; HOBr, Fig. 2C), with this significant (P <0.05, one-tailed t-tests compared to
untreated perlecan) at oxidant/perlecan molar ratios of 500 (1064 nmol oxidant/mg protein) or
greater. The effects of HOCl and HOBr on immunological recognition of the perlecan protein
core were strikingly similar, both in the loss of recognition by native protein epitopes and gain
in recognition by 2D10G9. The demonstration that 2D10G9 recognizes HOBr-modified
perlecan confirms that this antibody recognizes HOBr-modified protein as well as HOCl-
modified protein (Chapman et al., 2000). Similar doses of HOCl and HOBr were required to
induce significant recognition of BSA by 2D10G9 (1064 nmol oxidant/mg protein; not shown).

No change in recognition of heparan sulfate by HepSS-1, 10E4 and JM403 was observed under
the same conditions (HOCl, Fig. 2B; HOBr, Fig. 2D). HOCl and HOBr readily induce site-
specific cleavage of isolated heparan sulfate via reaction with GlcNH2 residues (Rees et al.,
2007;Rees et al., 2005), which were shown to be present in perlecan-derived heparan sulfate
(cf. Fig. 1B). As the ELISA assay used was sensitive to GlcNH2-specific cleavage of perlecan-
derived heparan sulfate (HNO2 treatment at pH 3.9; Fig. 1B), the lack of change in
immunological recognition of perlecan-derived heparan sulfate indicates that this material,
unlike isolated heparan sulfate, is resistant to modification and fragmentation by HOCl and
HOBr.

To further examine the effect of HOCl and HOBr on the structure of perlecan, its migration
on 3–8% SDS-PAGE gels under non-reducing and reducing conditions was assessed. At an
oxidant/perlecan molar ratio of 100, HOCl and HOBr induced aggregation of perlecan protein
core (Fig. 3), with the aggregated material barely migrating into gels under non-reducing
conditions; under reducing conditions partially reversal of the aggregation induced by HOCl,
but not by HOBr, was observed, consistent with HOBr generating a higher yield of non-
reducible protein-protein cross-links than HOCl. At a higher doses (oxidant/perlecan molar
ratio of 1000) both oxidants generated material with a broader range of molecular masses,
consistent with fragmentation as well as aggregation of the protein core (Fig. 3).

Western blotting studies showed that high-molecular mass aggregates and fragmented
materials were generated at an oxidant/perlecan molar ratio of 1000 that contained HOCl/
HOBr-modified epitopes recognized by 2D10G9 (Fig. 4). These materials also contained
protein carbonyls, a protein modification induced by hypohalous acids (Chapman et al.,
2000), as assessed by recognition by an anti-DNP antibody after derivatization of the carbonyls
with DNP (Fig. 4). In line with data obtained by ELISA (Fig. 2), analysis of these materials
by dot blotting demonstrated that HOCl and HOBr induced a complete loss of recognition of
the perlecan protein core (CSI-076) but did not alter recognition of the heparan sulfate chains
by 10E4 at an oxidant/perlecan molar ratio of 1000 (Supplementary Fig. 1A). The impaired
recognition of HOCl/HOBr-modified perlecan by 10E4 on Western blots (Fig. 4) is attributed
to poor transfer of the highly aggregated material (cf. Fig. 3) to the blotting membrane.
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3.3 MPO binds to the heparan sulfate chains of perlecan
Surface-adsorbed perlecan was found to bind MPO and this binding was partially inhibited by
prior removal of the heparan sulfate chains by treatment with heparinase III (Fig. 5A); removal
of heparin sulfate by heparinase III was confirmed by ELISA (Fig. 5B). These data demonstrate
that MPO binds to the heparan sulfate chains of perlecan. As loss of heparan sulfate (Fig. 5B)
exceeded the loss in MPO binding (Fig. 5A), the protein core may also support binding of
MPO. Consistent with the absence of chondroitin sulfate chains, chondroitinase ABC treatment
had no effect on binding (Fig. 5A). Binding was completely abolished by treatment of the
bound MPO with heparin, heparan sulfate and chondroitin sulfate (100 µg/ml) (Fig. 5C).

3.4 MPO-H2O2-halide systems preferentially modify the perlecan protein core
As with reagent HOCl and HOBr, reaction of the surface-adsorbed perlecan (from a 10 nM
solution) with MPO-H2O2-Cl− and Br− systems (10 nM MPO, 0.05 – 10 µM H2O2, 100 mM
Cl− or 1 mM Br−) resulted in dose-dependent losses in immunological recognition of the protein
core (CSI-076) (Fig. 6A). These losses were significant at all oxidant doses examined (oxidant/
perlecan molar ratios of 50 – 1000) and were dependent on the generation of HOCl and HOBr
(Fig. 6B). The losses induced by enzymatically-generated HOCl (MPO-H2O2-Cl− system) and
HOBr (MPO-H2O2-Br− system) were more marked than those observed with reagent HOCl
and HOBr at identical oxidant doses. In addition, the MPO-H2O2-Br− system induced
significantly greater losses in recognition of the protein core (CSI-076) than the MPO-H2O2-
Cl− system at oxidant/perlecan molar ratios of 50 and 100 (Fig. 6A); this contrasts with the
effects of reagent HOCl and HOBr, which were very similar at all oxidant doses examined
(HOCl, Fig. 2A; HOBr, Fig. 2C). As with reagent HOCl and HOBr, no modification of heparan
sulfate (10E4) was detected with either of the MPO-H2O2-halide systems (oxidant/perlecan
molar ratios of 50 – 1000; not shown).

To investigate the role of MPO binding in the efficiency of perlecan oxidation by the MPO-
H2O2-halide systems, the effect of removal of heparan sulfate with heparinase III and the
inclusion of heparin to block binding of MPO to perlecan was examined. In these studies,
surface-bound perlecan was treated with heparinase III and then pre-incubated with MPO in
the presence or absence of heparin under identical conditions to those employed in Fig. 5 (in
gelatin-blocked wells). Oxidation was then initiated by addition of H2O2 without washing of
wells, to ensure the presence of identical quantities of MPO in each treatment. Removal of
heparan sulfate with heparinase III, which decreased the affinity of MPO binding to perlecan
but did not block this interaction (Fig. 5A), did not significantly protect the perlecan protein
core against damage by MPO-H2O2-halide systems (oxidant/perlecan molar ratio of 200) (Fig.
6C). However, marked protection was observed in the presence of heparin (100 µg/ml) (Fig.
6C), which completely blocked binding of MPO to perlecan (Fig. 5C), with the extent of
damage induced by the MPO-H2O2-Cl− system and the MPO-H2O2-Br− systems being of a
similar magnitude to that observed with reagent HOCl and HOBr (the low extents of damage
by the reagent oxidants are consistent with gelatin exerting a protective effect by acting as an
alternative target for oxidation). The protective effect of heparin did not derive from oxidant
scavenging, as it did not protect against damage to perlecan by reagent HOCl and HOBr
(oxidant/perlecan molar ratios of 200, in unblocked wells; data not shown). Thus, sequestration
of MPO by perlecan, and consequent localization of oxidant production to this target,
potentiates oxidative damage to the perlecan protein core.

3.5 HOCl and HOBr impair protein core-dependent adhesion of endothelial cells
To examine the functional consequences of modification of the perlecan protein core by HOCl
and HOBr, the ability of this material to support adhesion of human coronary arterial
endothelial cells was assessed. Perlecan supported adhesion of endothelial cells to a similar
degree as fibronectin (Fig. 7), and adhesion was unaffected by prior removal of the heparan
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sulfate chains with heparinase III (data not shown), confirming that adhesion is mediated by
the protein core. Oxidation of the surface-adsorbed perlecan by HOCl and HOBr (oxidant/
perlecan molar ratio ≥ 200) inhibited endothelial cell adhesion (Fig. 7), reflecting the data
obtained by ELISA showing significant losses of native protein structures at these oxidant
doses (HOCl, Fig. 2A; HOBr, Fig. 2C).

3.6 HOCl and HOBr do not impair heparan sulfate-dependent binding of FGF-2 or collagen V
or promotion of FGF-dependent cellular proliferation

To examine the effect of HOCl and HOBr on the function of the heparan sulfate chains of
perlecan, the ability of this material bind FGF-2 and collagen V and to promote FGF-dependent
cellular proliferation was assessed. The heparan sulfate chains of perlecan act as low-affinity
co-receptors for FGF-2, with these interactions stimulating cellular proliferation by promoting
interaction of FGF-2 with cell surface FGF receptors (Knox et al., 2002; Nugent, 2000).
Perlecan also binds collagen V and other matrix components (Whitelock et al., 1999), with
these interactions likely to have a role in matrix organization.

Perlecan binding of FGF-2 and collagen V via its heparan sulfate chains was confirmed and,
in line with previous findings (Whitelock et al., 1999; Whitelock et al., 1996), this was reversed
by prior treatment of the perlecan with heparinase III (data not shown). Oxidation of surface-
adsorbed perlecan by HOCl and HOBr (oxidant/perlecan molar ratio of 1000) did not affect
either FGF-2 (Supplementary Fig. 2A) or collagen V binding (Supplementary Fig. 2B),
demonstrating that the heparan sulfate sequences that bind these ligands (Guimond et al.,
1993; Ricard-Blum et al., 2006) are resistant to modification by these oxidants. As well as
maintaining their ability to bind FGF-2, the heparan sulfate chains of HOCl/HOBr-modified
perlecan (oxidant/perlecan molar ratios of 100 and 1000) maintained their ability to stimulate
proliferation of FGFR1c expressing cells in response to FGF-2 (Supplementary Fig. 3), an
activity that requires a dodecasaccharide heparan sulfate sequence encompassing the FGF-2
binding motif (Pye and Kumar, 1998).

4. Discussion
The subendothelial matrix is an important site for deposition of MPO and damage by MPO-
derived oxidants in acute inflammatory responses and in chronic inflammatory diseases such
as atherosclerosis (Davies et al., 2008; Rees et al., 2008). The heparan sulfate proteoglycan
perlecan is a key component of the subendothelial matrix and it is shown here that endothelial
cell-derived perlecan can bind MPO via its heparan sulfate chains. Other heparan sulfate
proteoglycans present on the endothelial cell surface are important ligands for MPO and
facilitate transfer of free MPO from the vascular lumen to the subendothelial space via a
transcytotic mechanism (Baldus et al., 2001). Our data indicates that perlecan may be an
important ligand for MPO and target for its oxidants, such as HOCl and HOBr, within the
subendothelial matrix. The potential biological consequences of damage to perlecan by MPO-
derived HOCl and HOBr were examined by determining the effects of these oxidants on the
structure and function of its protein core and heparan sulfate chains. The heparan sulfate chains
of perlecan displayed resistance to degradation by HOCl and HOBr, despite containing highly
reactive GlcNH2 residues, whilst the protein core was extensively modified by these oxidants.
Notably, the efficiency of damage to the protein core was greater with oxidants generated by
perlecan-bound MPO than with unbound (heparin-associated) MPO or with reagent HOCl and
HOBr, highlighting the potential importance of MPO-binding in directing damage to this
matrix constituent. Oxidative modification of the protein core by HOCl and HOBr resulted in
impairment of its cell-adhesive function, but the ability of perlecan-derived heparan sulfate to
bind FGF-2 and collagen V and to promote FGF-dependent cellular proliferation was
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unimpaired. These data have significant implications for understanding the mechanisms and
biological consequences of vascular injuries induced by MPO-derived HOCl and HOBr.

Although HOBr reacts faster with protein components than HOCl, computational kinetic
models predict that the distribution of attack of the free oxidants on proteins will be similar
(Pattison and Davies, 2001; Pattison and Davies, 2004). Our data obtained with reagent HOCl
and HOBr accord with this prediction, with these oxidants modifying structures throughout
the perlecan protein core, and inducing covalent protein-protein cross-linking and protein
fragmentation, in a similar manner; the higher yield of non-reducible protein-protein cross-
links obtained with HOBr may reflect preferential modification of Tyr and Trp residues by this
oxidant (Pattison and Davies, 2001; Pattison and Davies, 2004). Notably, oxidants generated
by MPO when bound to the proteoglycan surface exerted different effects, with MPO-derived
HOBr being more efficient than MPO-derived HOCl in inducing damage to the protein core.
We propose that this may reflect faster and therefore more efficient consumption of HOBr by
the protein core, with this effect limiting competitive reactions with the MPO protein itself or
with other available protein targets (e.g. gelatin).

Antibody 2D10G9 was originally raised against HOCl-modified low-density lipoproteins
(Malle et al., 1995) and has been shown here and previously (Chapman et al., 2000) to cross-
react with epitopes generated on other proteins (perlecan and BSA) modified by HOCl and
HOBr in vitro. The doses of HOCl and HOBr required to generate material recognized by
2D10G9 from perlecan and BSA were >425 nmol oxidant/mg protein, which augments
previous data that proteins generally require exposure HOCl or HOBr at these doses (expressed
relative to protein by mass) to generate material recognized by this antibody (Chapman et al.,
2000; Malle et al., 2006). The detection of 2D10G9-reactive material in the subendothelial
matrix of human atherosclerotic lesions and other diseased human tissue (Grone et al., 2002;
Hammer et al., 2001; Malle et al., 2006; Malle et al., 1997) indicates that perlecan and other
extracellular proteins are exposed to HOCl and/or HOBr in vivo at doses of a similar magnitude
to those employed in these in vitro studies. In further support of the potential pathological
relevance of the oxidant doses employed, the content of 3-chloroTyr (a specific marker of
HOCl-mediated protein oxidation) in low-density lipoprotein isolated from human
atherosclerotic lesions indicates an in vivo exposure to HOCl of >200 nmol oxidant/mg protein
(oxidant/ low-density lipoprotein molar ratio of 100) (Hazen and Heinecke, 1997).

Impairment of cell adhesion to the protein core occurred at oxidant/perlecan molar ratios of
200 (425 nmol oxidant/mg protein) and greater, correlating with ELISA data showing
significant loss of recognition of the protein core at these oxidant doses. Importantly, this
functional impairment occurred at oxidant doses that may be pathologically-relevant, i.e. below
those required to generate HOCl/HOBr-modified epitopes recognized by 2D10G9 (>425 nmol
oxidant/mg protein). The MPO-H2O2-Cl− system has previously been shown to disrupt the
adhesive properties of endothelial cell matrix towards endothelial cells (Vissers and Thomas,
1997) and degradation of perlecan by HOCl could contribute to this effect. HOCl-mediated
impairment of the reverse cholesterol and lipid binding activities of apoAI, another proposed
target for MPO-derived HOCl within the subendothelial space, occurs at similar total oxidant
doses (100 – 250 nmol oxidant/mg protein; oxidant/apoAI molar ratios of 2.8 – 7) (Peng et al.,
2005; Zheng et al., 2004).

The heparan sulfate chains of proteoglycans were previously identified as potential targets for
modification and fragmentation by HOCl and HOBr on the basis of their high rate constants
for their reaction with the GlcNH2 residues present in this polysaccharide (Rees et al., 2007;
Rees et al., 2005). With isolated heparan sulfate, decomposition of the N-halogenated species
formed in these reactions (R-NX-H and R-NX2, X = Cl, Br) has been shown to precede cleavage
of the polysaccharide backbone (Rees et al., 2007; Rees et al., 2005). A key finding of this
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study is that perlecan-derived heparan sulfate, although containing GlcNH2 residues, is
resistant to degradation by HOCl and HOBr. As the heparin sulfate chains of perlecan are
predicted to be initial targets for HOCl and HOBr, it is likely the protein core acts to prevent
subsequent degradation of the chains by quenching the intermediate N-halogenated species
(heparan sulfate-NX-H + protein → heparan sulfate-NH2 + protein-X, X = Cl or Br). The
presence of transition metal ions and superoxide radicals (O2

•−), which stimulate heparan
sulfate degradation by decomposing N-halogenated heparan sulfate species to nitrogen-
centered radicals (Rees and Davies, 2006; Rees et al., 2007), could give rise to a different
selectivity of damage, however these reactions were not examined here.

Glomerular injury in rats induced by renal infusion of MPO and H2O2 induces rapid proteinuria
and oxidation of the glomerular basement membrane (Johnson et al., 1987). Furthermore, the
permeability of isolated glomeruli to albumin is rapidly increased, in a HOCl-dependent
manner, by exposure to the MPO-H2O2-Cl− system or stimulated neutrophils (Li et al.,
1994). The heparan sulfate chains of perlecan play an important role in the glomerular filtration
barrier (Morita et al., 2005), along with other basement membrane proteoglycans and
extracellular proteins (Iozzo, 2005; Morita et al., 2008). The release of perlecan and other
proteoglycans from extracellular matrix by HOCl (Klebanoff et al., 1993) is likely to contribute
to impairment of the glomerular filtration barrier in this experimental model and our data
indicates that this process involves protein modification and/or fragmentation and not direct
degradation of heparan sulfate.

In a related carotid artery injury model in rats, infusion of MPO and H2O2 induces neointimal
hyperplasia via proliferation of smooth muscle cells (Yang et al., 2006), which is a
characteristic feature of atherosclerotic lesions. The proliferative response in this vascular
injury could derive, at least in part, from HOCl/HOBr-mediated release of perlecan from
subendothelial matrix, where the proteoglycan normally sequesters growth factors and restrains
their mitogenic activity (Nugent and Iozzo, 2000). The potential pro-proliferative activity of
HOCl/HOBr-oxidized perlecan is established by our demonstration that is can promote FGF-2-
dependent cellular proliferation, at least in heparan sulfate-deficient cells. Thus, disruption of
the integration of perlecan into extracellular matrix by HOCl and HOBr, via modification of
its protein core, may facilitate smooth muscle cell proliferation by impairing growth factor
sequestration within the subendothelial matrix and by generating material that promotes growth
factor signaling.

In conclusion, our data indicates that oxidation of the perlecan protein core may be an important
process in vascular injuries induced by MPO-derived HOCl and HOBr, with damage to this
proteoglycan potentially increasing the permeability of the subendothelial matrix, disrupting
cell-matrix interactions and altering the proliferation of vascular cells. These processes may
contribute to a loss of vascular function and altered vascular cell behaviour in acute
inflammatory responses and inflammatory diseases, such as atherosclerosis, in which MPO-
mediated damage has been implicated. The finding that perlecan-bound heparan sulfate is
resistant to degradation by HOCl and HOBr is of major significance in advancing
understanding of the biological consequences of MPO-mediated extracellular matrix oxidation.
The data presented here indicates that release of perlecan from extracellular matrix by HOCl
and HOBr may liberate functionally-active heparan sulfate in addition to impairing
extracellular matrix function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DNP 2,4-dinitrophenylhydrazine

GlcNH2 N-unsubstituted glucosamine

HOBr the physiological mixture of hypobromous acid and its anion

HOCl the physiological mixture of hypochlorous acid and its anion

HOSCN the physiological mixture of hypothiocyanous acid and its anion

MPO myeloperoxidase

NO2
− nitrite

SCN− thiocyanate
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Fig. 1.
Characterization of endothelial cell-derived perlecan. (A) Native perlecan (lane 1) and
heparinase III-treated perlecan (lane 2) were electrophoresed in a 3–8% SDS-PAGE gel under
non-reducing conditions, electroblotted to nitrocellulose and probed with antibody CSI-076
against perlecan domain I. (B) Surface-adsorbed perlecan was treated with HNO2 at pH 3.9
(3.75 M sodium nitrite, 0.33 M acetic acid) or with a control solution (3.75 M sodium chloride,
0.33 M acetic acid / sodium acetate, pH 3.9), then probed by ELISA using antibodies JM403,
10E4 and HepSS-1 against heparan sulfate. Data are means ± SEM (triplicate determinations
from a representative experiment) and are expressed as % normal ELISA signal. * = P <0.05,
** = P <0.01 and *** = P <0.001 compared to untreated perlecan.
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Fig. 2.
ELISA of perlecan modified by HOCl and HOBr. Surface-adsorbed perlecan was treated with
HOCl or HOBr (oxidant/perlecan molar ratios of 50 – 1000) at 37°C for 4 h, then probed by
ELISA using antibodies CSI-076, 7B5 and CSI074 against perlecan protein core domains I,
III and V, antibody 2D10G9 against HOCl/HOBr-modified protein and antibodies HepSS1,
10E4 and JM403 against heparan sulfate. Effect of HOCl (A) and effect of HOBr (C) on
recognition of protein epitopes: perlecan domain I (CSI-076, black bars); perlecan domain III
(7B5, gray bars); perlecan domain V (CSI-074, white bars); and HOCl/HOBr-modified protein
(2D10G9, hatched bars). Effect of HOCl (B) and effect of HOBr (D) on recognition of heparan
sulfate (HepSS-1, black bars; 10E4, gray bars; JM403, white bars). Data are means ± SEM
(triplicate determinations from a representative experiment) and are expressed as % normal
ELISA signal (CSI-076, 7B5, CSI-074, HepSS-1, 10E4 and JM403) or % maximal ELISA
signal (2D10G9, oxidant/perlecan molar ratio of 1000).
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Fig. 3.
Gradient SDS-PAGE of perlecan modified by HOCl and HOBr. Perlecan was treated with
HOCl or HOBr (oxidant/perlecan molar ratios of 100 and 1000) at 37°C for 4 h. Samples were
electrophoresed in 3–8% gels under non-reducing or reducing conditions and stained by a
combined Stains-All / silver staining method.
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Fig. 4.
Western blotting of perlecan modified by HOCl and HOBr. Perlecan (0.66 µM) was incubated
with HOCl or HOBr (660 µM; oxidant/perlecan molar ratio of 1000) at 37°C for 4 h. Samples
(ca. 2 µg protein/well) were electrophoresed in a 3–8% SDS-PAGE gel under non-reducing
conditions, electroblotted to nitrocellulose and probed with antibody CSI-076 against perlecan
domain I, antibody 10E4 against heparan sulfate and antibody 2D10G9 against HOCl/HOBr-
modified protein. To examine the formation of protein carbonyls, identical samples were
derivatized with 2,4-dinitrophenyl hydrazine (DNP) prior to electrophoresis and probed with
an antibody against the corresponding DNP hydrazone adduct.
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Fig. 5.
Binding of MPO by perlecan. Surface-bound perlecan, in gelatin-blocked microplate wells,
was incubated with MPO and probed by ELISA using antibody 2C7 against MPO. (A) Binding
of MPO to perlecan and effect of prior treatment of perlecan with heparinase III and
chondrotinase ABC. (B) Confirmation of heparan sulfate removal by heparinase III by loss of
recognition by 10E4 and gain in recognition by 3G10 against heparinase III-derived heparan
sulfate stubs. (C) Effect of heparin, heparin sulfate and chondroitin sulfate (100 µg/ml, 10 min,
22°C) on binding of MPO by perlecan. Data are means ± SEM (triplicate determinations from
a representative experiment) and are expressed as % normal MPO binding, % normal ELISA
signal (10E4 and CSI-076) or % maximal ELISA signal (3G10). In (A) and (B), ELISA signals
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were corrected for values obtained with non-perlecan coated wells; in (B), ELISA signals were
corrected for values obtained with non-perlecan coated wells (blocked with fish gelatin) subject
to identical treatments. Treatment with glycosaminoglycans did not significantly reverse
background binding of MPO to non-perlecan coated wells (data not shown). * = P <0.05, **
= P <0.01 and *** = P <0.001 and compared to binding to untreated perlecan.
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Fig. 6.
ELISA of perlecan modified by MPO-H2O2-Cl− and MPO-H2O2-Br− systems. Surface-
adsorbed perlecan, in unblocked (A,B) and gelatin-blocked (C) microplate wells, was treated
with MPO (10 nM) and H2O2 (0.05 – 10 17 µM; oxidant/perlecan molar ratios of 50 – 1000)
in the presence of Cl− (100 mM) or Br− (1 mM) at 37°C for 4 h then probed by ELISA using
antibody CSI-076 against perlecan protein core domain I. All data are means ± SEM (triplicate
determinations from a representative experiment). (A) Effect of MPO-H2O2-Cl− and MPO-
H2O2-Br− systems (oxidant/perlecan molar ratios of 50 – 1000) on recognition of perlecan
protein core domain I; no effects were observed on recognition by antibody 10E4 against
heparan sulfate (data not shown). Data are expressed as % ELISA signal of control (perlecan
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+ MPO). Statistical differences between the effects of these oxidant systems were determined
by two-way ANOVA with Bonferroni post-hoc testing; *** = P <0.001. (B) as for (A) except
an oxidant/perlecan molar ratio of 200 was employed and treatments omitting MPO and/or
H2O2 were also performed. Data are expressed as % normal ELISA signal (untreated perlecan);
*** = P <0.001. (C) Effect of prior treatment of perlecan with heparinase III or inclusion of
heparin (100 µg/ml) (cf. Fig. 5) on oxidation of perlecan by MPO-H2O2-halide systems
(oxidant/perlecan molar ratio of 200); control reactions with HOCl and HOBr (oxidant/
perlecan molar ratio of 200) were also performed. Statistical differences between treatments
were determined by two-way ANOVA with Bonferroni post-hoc testing; ** = P <0.01, *** =
P <0.001.

Rees et al. Page 22

Matrix Biol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Adhesion of endothelial cells to native and HOCl/HOBr-modified perlecan. Surface-adsorbed
perlecan was treated with HOCl or HOBr (oxidant/perlecan molar ratios of 200 – 1000) at 37°
C for 4 h and the adhesion of endothelial cells (HCAECs) was measured by staining of bound
cells with Crystal Violet and expressed as a percentage of adhesion to native (unoxidized)
surface-adsorbed fibronectin. Data are means ± SEM (quadruplicate determinations from a
representative experiment). *** = P <0.001 compared to untreated perlecan.
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