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Abstract

Significance: Basement membranes (BMs) are sheet-like structures of specialized extracellular matrix that
underlie nearly all tissue cell layers including epithelial, endothelial, and muscle cells. BMs not only provide
structural support but are also critical for the development, maintenance, and repair of organs. Animal heme
peroxidases generate highly reactive hypohalous acids extracellularly and, therefore, target BMs for oxidative
modification. Given the importance of BMs in tissue structure and function, hypohalous acid-mediated
oxidative modifications of BM proteins represent a key mechanism in normal development and pathogenesis
of disease.

Recent Advances: Peroxidasin (PXDN), a BM-associated animal heme peroxidase, generates hypobromous
acid (HOBr) to form sulfilimine cross-links within the collagen IV network of BM. These cross-links stabilize
BM and are critical for animal tissue development. These findings highlight a paradoxical anabolic role for
HOBEr, which typically damages protein structure leading to dysfunction.

Critical Issues: The molecular mechanism whereby PXDN uses HOBr as a reactive intermediate to cross-link
collagen IV, yet avoid collateral damage to nearby BM proteins, remains unclear.

Future Directions: The exact identification and functional impact of specific hypohalous acid-mediated
modifications of BM proteins need to be addressed to connect these modifications to tissue development and
pathogenesis of disease. As seen with the sulfilimine cross-link of collagen IV, hypohalous acid oxidative
events may be beneficial in select situations rather than uniformly deleterious. Antioxid. Redox Signal. 27,
839-854.
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Introduction

THE EXTRACELLULAR MATRIX (ECM) is a noncellular,
organized network of proteins that provides a structural
scaffold for cells. But more than a simple scaffold, the ECM
provides chemical and mechanical cues. Cells sense these
cues via cell surface receptors, such as integrins (53). This
forms a bidirectional relationship wherein ECM modifies cell
behavior and cells modify their surrounding ECM (11, 53).
These cell-ECM interactions are critical for tissue develop-
ment, maintenance, and response to injury (19, 111). The

exact composition of the ECM is tissue specific and changes
during and after development (29, 111).

ECM can be classified into two subtypes, interstitial matrix
and the basement membrane (BM) (11, 29). The BM and
interstitial matrix form separate but adjacent structures
in vivo (65). Interstitial matrix surrounds mesenchymal cells
and provides structural support and protection against com-
pression. The BM, in contrast, is a specialized sheet-like form
of ECM that underlies epithelial, endothelial, and muscle
cells separating them from underlying stroma (Fig. 1). BMs
are intimately tied to the primary cells of nearly all tissues
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governing their polarity, migration, proliferation, and dif-
ferentiation (160). Therefore, BMs are critical for the de-
velopment and maintenance of tissues playing a critical role
in normal physiology and pathogenesis of disease. Given the
critical importance of BM to multicellular tissues, it is no
surprise that BMs are the primordial ECM with its core
protein constituents conserved to the earliest animals (52,
147). These core proteins are collagen IV, laminins, proteo-
glycans, and nidogens (160).

Recent work in BM structure and function revealed a novel
mechanism of BM assembly. Peroxidasin (PXDN), a BM-
associated animal heme peroxidase, generates hypobromous
acid (HOBr) to cross-link collagen IV, thus mechanically
reinforcing BMs and promoting tissue integrity (10, 72). This
work highlights the role of hypohalous acids, such as HOBr,
in the structure and function of BMs. Although PXDN is
directly associated with BM, other animal heme peroxidases,
namely myeloperoxidase (MPO) and eosinophil peroxidase
(EPO), are secreted by activated leukocytes into the extra-
cellular space and often directly bind to BM (6, 57, 105).
MPO produces hypochlorous acid (HOCI) and EPO gener-
ates HOBr, which may, therefore, preferentially target BM.
In the context of chronic inflammation with tissue infiltration
of activated leukocytes, HOBr and HOCI modify and damage
BM proteins (17). Since BM proteins are typically long-lived,
these modifications can promote maladaptive cell behavior
over prolonged time frames to drive chronic disease. Thus,
hypohalous acids can alter BM structure and function in a
detrimental way, but also promote BM assembly and integ-
rity. The focus of this review will be to examine these con-
trasting roles in detail beginning with an overview of BM
biology and then considering hypohalous acid-driven BM
damage and the role of PXDN and HOBr in BM assembly.
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FIG. 1. Major types of
ECM. Schematic representa-
tion of the two main types of
ECM, the interstitial matrix
and the BM. The interstitial
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Overview of BM Biology and Its Components

The BM is a specialized sheet-like layer of insoluble
material that provides a scaffold for cellular attachment,
migration, and differentiation. It is the most primitive form
of ECM that dates back to the appearance of multicellular
organisms. The core structural components of most BMs
are collagen IV, laminins, proteoglycans (perlecan, agrin,
collagen XVIII, and collagen XV), and nidogens (Fig. 2).
Laminins and collagen IV form two distinct polymeric net-
works, with proteoglycans and nidogens often acting as
bridging molecules between these networks and cell surface
receptors (52, 76, 160).

Collagen IV

Collagens are one of the most abundant proteins in animals
making up ~30% of total protein. They are characterized by
the presence of a collagenous domain, a triple helical struc-
ture with a stereotyped amino acid repeat structure in which
glycine residues occur in every third residue. Lysine and
prolines and their hydroxylated variants commonly occupy
the other two positions (107, 122). Type IV collagen is the
predominant collagen found in BMs. Most vertebrate ge-
nomes encode for six alpha chains, a1 (IV)-a6 (IV), which
form heterotrimeric triple helical molecules. Each alpha
chain consists of three distinct domains, an N-terminal ““7S”’
domain, a long central triple helical collagenous domain,
and a C-terminal noncollagenous (NC1) domain. Although
many combinations of the six alpha chains may assemble into
triple helical “‘protomers,” only three protomers have been
found in mammalian systems, namely ala2ol, «3c4aS, and
oa50506. These protomers self-oligomerize to form three
sheet-like networks: the 112 network composed purely of
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FIG. 2. The major components of basement membranes. Schematic representation of the domain structure for the main
components of BM: laminin, type IV collagen, nidogen, agrin, collagen XVIII, and perlecan. Arrows indicate known
binding interactions between BM components. HS, heparin sulfate; NtA, N-terminal agrin domain; F, folstatin-like repeats;
SEA, sea urchin sperm protein, enterokinase, and agrin domain; LN domain, laminin N-terminal domain; LCC, laminin
coiled-coil domain; LG, laminin globular domain; Tspl, trombospondin-1-like; G, globular-like domains; N-CAM, neural
cell adhesion molecule; LDL, low-density lipoprotein receptor; Ig, immunoglobulin repeats; NC1, noncollagenous domain;
7S, N-terminal 7S’ domain. A portion of this figure was adapted from Miner (67) with permission from Elsevier. To see
this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

olo2al protomers, the 345 network made up of o3adas5
protomers, and the 1256 network composed of a variable
combination of alo2a1 and a5a5x6 protomers (62). The 112
network is found broadly in nearly all tissues in mammals and
its homologue is the only network found in invertebrates (62,
160). Conversely, the 345 and 1256 networks have restricted
tissue localization. For instance, the 345 network is restricted
to the glomerular BM (GBM) of kidney, the lens epithelial
BM, cochlear BMs, and in small quantities in lung alveolar
and testicular BMs (1, 37, 59, 60, 114).

The oligomerization process of collagen IV involves three
distinct associations. N-terminal 7S domains from four pro-
tomers associate to form the 7S tetramer (109). Lateral as-
sociations between central collagenous domains occur with
variable stoichiometry (162). Finally, two trimeric protomers
join via their NC1 domains to form an NC1 hexamer (12).
Intermolecular covalent bonds between protomers, often
termed cross-links, uniquely reinforce the collagen IV net-
work. The 7S tetramer is reinforced by disulfide bonds and
lysine to lysine cross-links (2, 109). Disulfide bonds also
intermittently cross-link the central collagenous domains of
protomers to one another (36). Finally, a unique sulfilimine
(S=N) bond between a methionine sulfur and hydroxylysine
nitrogen bridges the NC1 trimer—trimer interface within the
NC1 hexamer (136).

Collagen IV mechanically stabilizes BMs and, therefore,
tissues. Mice lacking the collagen 112 network demonstrate
normal formation of BM, but eventual embryonic lethality
because of widespread BM rupture and mechanical insta-
bility (99). Similarly, in Drosophila egg development, col-

lagen IV deficiency prevents normal egg elongation, which
involves the tightening of a ““molecular corset’ created by
collagen IV and its interactions with cell surface receptors
(38). Finally, in human Alport syndrome, loss of the collagen
IV alpha 345 network leads to breaks in the renal GBM with
compromise of renal filtration and progressive renal failure
(50). Much of the mechanical strength of the collagen IV
network may be related to its extensive covalent cross-links
reinforcing the oligomeric network. Indeed, recent work has
found that loss of the NC1 bridging sulfilimine cross-links
reduces BM stiffness (9).

Laminin

Laminin is a (~400-800kDa) heterotrimer comprising
one each of five «, four f3, and three y subunits, joined through
a long coiled-coil domain. Despite the multitude of possible
heterotrimers, 16 isoforms have been identified (160). These
isoforms are typically named based on their chain composition.
For example, the laminin isoform consisting of «1, 1, and y1
chains is termed laminin-111 (3). All chains generally share
common structural features, such as a large globular N-terminal
domain (LN domain), a rod-like stretch of laminin-type epi-
dermal growth factor-like repeats (LE) domain that contains one
or two globular domains (one in f§ or y chains; two in « chains).
The f and y chains end with a laminin coiled-coil domain, which
is involved in trimerization, and the o chains contain five C-
terminal laminin globular (LG) domains (LG1-5) (161).

Heterotrimeric laminins assemble into polymeric net-
works via their LN domains. Initial formation of dimers is
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facilitated by cell surface receptors with subsequent self-
polymerization in a calcium-dependent manner (161). La-
minins have tissue-restricted expression and, therefore, have
tissue-specific functions in development and physiology. The
function of specific laminin isoforms is beyond the scope of
this review (77, 161). In general, although collagen IV me-
chanically reinforces BM, laminins spatially define the BM
during development and are, therefore, critical for its for-
mation. For instance, knockout of the laminin 1 chain, which
eliminates nearly all laminin networks, results in early em-
bryonic lethality as BMs completely fail to form, including
Reichert’s membrane and embryonic BM (125).

Proteoglycans

Proteoglycans are glycoproteins studded with glycosami-
noglycans (GAGs), polymers of disaccharides, such as he-
paran sulfate (HS). There are ~43 proteoglycan genes
classified into four major proteoglycan classes based on
cellular and subcellular location, overall gene/protein ho-
mology, and the presence of specific protein modules within
their respective protein cores. These classes encompass
nearly all the known proteoglycans of the mammalian ge-
nome (56). The addition of GAGs typically endows proteo-
glycans a negative charge and enables them to sequester both
water and divalent cations. This allows them to take on space-
filling and lubrication functions within the ECM (81). GAGs
also bind growth factors within the ECM, providing for
regulation of cell-matrix interactions (115).

The heparan sulfate proteoglycans (HSPGs) perlecan,
agrin, and collagen XVIII and the chondroitin sulfate pro-
teoglycan collagen XV are the major proteoglycans found in
BMs (56). Perlecan is characterized by a ~500kDa protein
core subdivided into five domains with homology to SEA
(sea urchin sperm protein, enterokinase, and agrin), N-CAM
(neural cell adhesion molecule), IgG (immunoglobulin G),
LDL (low-density lipoprotein) receptor, and laminin. Perle-
can carries three HS chains at its N-terminus (26, 56). It is
expressed by both vascular and avascular tissues, with lo-
calization at the apical cell surface and BM (35). Perlecan
interacts with numerous ligands and cell surface receptors
giving it a role in the regulation of many cellular processes
such as adhesion, growth, and survival. It is particularly
known to have dual functions in regulating angiogenesis.
Cleavage of the HS chains by heparanase and its core protein
by proteases releases various proangiogenic factors, whereas
the C-terminal domain V, known as endorepellin, inhibits
angiogenesis (24, 106).

Agrin has a modular structural organization homologous to
that of perlecan with the potential to generate several splice
isoforms (73). The N-terminal region can be spliced to gen-
erate two isoforms. The N-terminal-agrin (NtA) domain
isoform has a high affinity for the coiled-coil domain of la-
minin y1. This affinity allows it to function as a link between
the cell surface and BM. The NtA domain is followed by nine
follistatin-like (FS) repeats with two laminin (LE) domains
inserted between the last two repeats. After the FS repeats,
there are two Ser/Thr (S/T)-rich domains separated by an
SEA module. The structural organization of the C-terminus is
similar to endorepellin in perlecan. The central region of the
agrin protein core contains attachment sites for HS chains.
Multiple cell surface receptors including receptor tyrosine
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kinases bind the LG-rich C-terminus of agrin (73). Most work
on agrin has focused on its role in the development of the
neuromuscular junction (8). Mutations in the agrin gene are
known to cause congenital myasthenic syndrome (51, 85).

Collagens XV and XVIII are proteoglycans, but are also
members of the multiplexin collagen family (39). Multi-
plexins are proteins with multiple collagen-like triple-helical
domains and interruptions (91). Collagen X VIII is composed
of 10 collagenous repeats alternating with 11 noncollagenous
repeats and can be expressed as 1 of 3 N-terminal isoforms
(113). The ““short form” has a trombospondin-1-like (Tsp1)
sequence at the N-terminus, and the longest isoform contains
a domain of unknown function and a frizzled domain
(FZC18). Through alternative splicing, the FZC18 domain is
not present in the intermediate sized variant (117). The C-
terminal 20kDa endostatin fragment found in all isoforms
has potent antiangiogenic properties when proteolytically
cleaved (140). Collagen XVIII often localizes to the BM—
interstitial matrix interface, which suggests a role in an-
choring the BM to the interstitial matrix (117). In humans,
mutations in collagen XVIII are linked to Knobloch syn-
drome, an autosomal recessive disorder characterized by the
occurrence of high myopia, vitreoretinal degeneration with
retinal detachment, macular abnormalities, and occipital
encephalocele (118).

Type XV collagen is a trimeric chondroitin sulfate pro-
teoglycan with a 250kDa core protein linked by interchain
disulfide bonds (66). Collagen XV is similar to collagen
XVIII in its primary structure, but with more extensive in-
terruptions of its collagenous regions. Similar to endostatin,
collagen XV may proteolytically release a 22 kDa C-terminal
fragment, restin, which also displays antiangiogenic activity
(102).

Nidogens

The nidogen family, also known as entactins, consists of
two sulfated monomeric glycoproteins, nidogens 1 and 2, one
or both of which are found in all BMs (47). At ~150kDa,
they are the smallest BM glycoproteins (40). They are com-
posed of 10% carbohydrate, and the core protein is made up
of three globular-like domains (G domains), an N-terminal
Gl, G2, and C-terminal G3. These G domains are separated
by two rod-like segments. Nidogens are known as ECM
linker molecules because of their wide range of binding
partners, including type IV collagen, perlecan, laminin, and
fibronectin. Although animal studies indicate that nidogens
are not required for the formation of BM, these bridging
interactions may play a role in BM stabilization particularly
under stress (47).

Hypohalous Acid-Mediated Oxidative Damage to BMs

Unlike the intracellular compartment, the extracellular
space is relatively devoid of antioxidant enzymes. The pri-
mary extracellular defense against oxidant injury lies in the
chelation of transition metals to prevent the generation of
highly reactive species such as the hydroxyl radical. Most of
this chelation is via binding proteins such as transferrin and
ceruloplasmin, although some may also involve binding to
negatively charged GAGs of the ECM (17, 41). The fate of
oxidatively damaged ECM proteins starkly contrasts with
intracellular or even cell surface proteins. Although disulfide
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reductase activities may be present to reduce inappropri-
ately oxidized cysteines, few other reducing mechanisms
exist extracellularly (17, 41, 159). The cellular compart-
ment possesses robust mechanisms, such as the ubiquitin-
proteosome and lysosomal pathways, to degrade oxidatively
damaged and misfolded proteins. Conversely, damaged ECM
proteins have unclear mechanisms of damage detection and
turnover. Given their inherent insolubility, ECM proteins are
presumably proteolyzed with cellular uptake of solubilized
fragments. A large cadre of metalloproteases, such as matrix
metalloproteases (MMPs), have been described, which de-
grade ECM proteins, but how they are activated and targeted
after oxidative damage to ECM proteins is unclear (11).

The turnover of ECM proteins is probably slower than
cellular proteins. Based on limited data, BM proteins turn-
over slowly at rates that vary with location. Furthermore, BM
components have different turnover rates with collagen IV
being quite long lived (Table 1). Taken together, oxidative
damage to BM may only be slowly addressed via degrada-
tion, synthesis, and assembly with a significant potential for
maladaptive cellular responses related to ‘‘outside-in’’ sig-
naling between long-lived, damaged BM proteins and cell
surface receptors, such as integrins (54).

Animal heme peroxidases are the primary source of hy-
pohalous acids. These enzymes utilize hydrogen peroxide
and a halide (I, Br™, or CI") or pseudohalide (SCN™) anion as
substrates to generate the corresponding hypohalous acids,
namely hypoiodous acid (HOI), HOBr, HOCI, and hy-
pothiocyanous acid (HOSCN). The halide substrates for these
peroxidases exhibit relatively narrow plasma and extracellular
concentrations. The normal plasma iodide level is 0.5-1 uM,
SCN™ is 25-50 uM, Br™ is 50-100 puM, and C1™ is 95-105 mM
(48,79, 133). I and Br™ levels may rise in rare intoxications,
whereas CI™ levels can vary mildly with tonicity and acid-
base disorders (14, 116, 135). SCN™ levels can increase about

TABLE 1. NORMAL BASEMENT MEMBRANE TURNOVER
Is SLow AND VARIES BY LOCATION AND BASEMENT
MEMBRANE PROTEIN

Estimated
Species and tissue  Technique half-life  Reference
Hair follicle Silver labeling
Rat >2 years (142)
Human >10 years (141)
Colon Silver labeling
Rat 2 weeks (142)
Human 1-4 months  (141)
Jejunum—mouse Laminin IF (132)
Epithelial 2-4 weeks
Smooth muscle >4 weeks
Endothelial 1-4 weeks
Glomerulus Silver labeling
Rat 1-3 months  (142)
Human 1-5 years (141)
Glomerulus—rat  Radioactive (100)
AA labeling
Overall 1-2 months
Collagen >3 months

AA, amino acid; IF, immunofluorescence.

843

threefold in smokers (79, 133). In contrast to halides, hy-
drogen peroxide concentrations can vary significantly in
normal physiology and disease, thereby regulating peroxi-
dase generation of hypohalous acids.

A clear source of extracellular hydrogen peroxide is the
membrane proteins known as NADPH oxidases (NOX),
which consist of NOX1-5 and DUOX (dual oxidase) 1 and 2.
These proteins reduce extracellular O, to either superoxide
(NOX1-3, NOX5) or directly to hydrogen peroxide (NOX4,
DUOXI1, and DUOX?2), while oxidizing NADPH intracel-
lularly (64). Superoxide spontaneously or via superoxide
dismutase forms hydrogen peroxide (32). Whether hydrogen
peroxide generated intracellularly diffuses extracellularly to
be available for animal heme peroxidases is unclear. Hy-
drogen peroxide diffuses easily across cell membranes.
However, depending on the intracellular milieu of thiols,
intracellularly generated hydrogen peroxide may quantita-
tively react with thiols or escape these reactions to end up in
the extracellular space (148).

The animal heme peroxidase family consists of PXDN,
thyroid peroxidase (TPO), lactoperoxidase (LPO), EPO, and
MPO. Several peroxidases have been purified from various
tissues, including salivary, gastric, intestinal, uterine, and
placental peroxidases. Although salivary peroxidase is likely
encoded by the LPO gene, the molecular identity of the other
tissue peroxidases has not been clearly defined (23, 49, 55,
58, 63). As discussed later in this review, PXDN is the an-
cestral member of this family conserved to the basal phylum
Cnidaria, which reflects its function in the BM assembly, a
critical aspect of tissue genesis in animals (25, 27, 127). TPO
arises in early chordates with thyroid hormone signaling
possibly related to endothermy (69). EPO and MPO appear in
vertebrates with the development of specialized leukocytes,
namely eosinophils and neutrophils, whereas LPO may be
ancestral within this group as it is primarily expressed by
glandular epithelia (Fig. 3) (163). The human genome loca-
tion reflects the evolutionary ontogeny of the animal heme
peroxidases with PXDN and TPO located adjacent to one
another on chromosome 2 and LPO, EPO, and MPO residing
as a cluster on chromosome 17.

We review basic aspects of peroxidase enzymology and
function herein, but more detailed information is available in
excellent reviews (22, 87). The ease of oxidation of halides
has a general rank order of " = SCN™ > Br™ > CI” so that all
animal heme peroxidases oxidize I and SCN™. PXDN and
EPO also oxidize Br~, whereas only MPO oxidizes C1™ to any
appreciable degree (10, 22, 87, 126). Based on normal halide
plasma concentrations and oxidation profile, LPO primarily
generates HOSCN, EPO and PXDN produce HOBr and
HOSCN, and MPO creates HOCl and HOSCN (Fig. 4)
(10, 22, 87, 126). In mammals, TPO is compartmentalized
within the thyroid gland with iodide concentrations in the
low millimolar range and thus solely oxidizes iodide to
modify thyroglobulin in the biosynthetic pathway for thy-
roxine (112).

LPO, EPO, and MPO are thought to function in pathogen
defense. LPO is found in many exocrine secretions most
prominently in saliva and milk and is thought to defend against
microorganisms (4). MPO is a major component of the anti-
microbial toolbox of neutrophils, which act as effector cells in
both innate and adaptive immunity (83). Upon activation of
neutrophils, MPO is delivered to the phagolysosome-containing
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FIG. 3. Evolution of animal peroxidases. The ancestral animal heme peroxidase found in Cnidaria is PXDN. The
addition of two Ig domains and the vVWFC domain occurs in lower invertebrates. PXDN likely gave rise to TPO through
gene duplication, deletion of noncatalytic domains, and fusion with a TM domain. LPO, EPO, and MPO were likely the
result of successive gene duplications after the loss of the TM domain found in TPO. This figure was adapted with
permission from work originally published by Ero-Tolliver et al. (25) ©2015 by American Society for Biochemistry and
Molecular Biology. EPO, eosinophil peroxidase; PXDN, peroxidasin; LPO, lactoperoxidase; MPO, myeloperoxidase; TPO,
thyroid peroxidase; TM, transmembrane; vVWFC, von Willebrand factor type C. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars

engulfed pathogens. Coincident to MPO delivery to the pha-
golysosome, a membrane NOX is assembled and generates
superoxide, which dismutates to H,O, to provide substrate for
MPO-driven HOCI generation (82). MPO may also be secreted
extracellularly in the normal degranulation process, packaged
within neutrophil extracellular traps, or released after neutrophil
cell death (88). Monocytes and macrophages also express MPO,
but at significantly lower concentrations (74). EPO is part of the
antimicrobial armamentarium of eosinophils, which are tasked
to destroy helminths. Given the large size of their target, eo-
sinophils do not phagocytize pathogens but rather secrete EPO-
containing granules and target a NOX to the plasma membrane
to generate superoxide (143).

Hypohalous acids are powerful oxidants capable of
broadly modifying proteins, lipids, and nucleic acids, and
consuming antioxidants such as glutathione. Indeed, these
reactions underlie their use to destroy pathogens. For the
purpose of this review, we provide a broad overview of hy-
pohalous acid reactions with biomolecules, but refer the
reader to more detailed reviews for further information (22,
92, 93, 103). HOSCN is thought to be a ““milder’” oxidant
primarily targeting thiols on proteins and low molecular
weight substances (124). Although chemically circumspect,
HOSCN may more potently disrupt cellular function because
it specifically targets functionally important thiols. For ex-
ample, HOSCN induces apoptosis in a murine macrophage
cell line at lower concentrations than HOBr and HOCI (71).

HOBr and HOCI are much more chemically promiscuous.
In addition to targeting thiols, they also potently target
amines to form haloamines on protein side chains, free amino
acids, nucleic acids, and amine-containing phospholipids or
haloamides on GAG side chains. These haloamines and ha-
loamides essentially retain the oxidative capacity of the
parent hypohalous acid and, therefore, can generate down-
stream oxidative modifications. HOBr and HOCI also effi-

ciently react with aromatic rings in amino acids such as
tyrosine and tryptophan and nucleic acids. Their reaction
with tyrosine to generate the respective 3-halotyrosine and
3,5-dihalotyrosine is quantitatively minor, but notable as
specific biomarkers of oxidative damage because of HOBr
and HOCI (22, 92, 93, 149, 152).

Except in the case of phagolysosomal MPO, animal heme
peroxidases are secreted into the extracellular space where
they generate hypohalous acids. Given their high reactivity,
in particular HOBr and HOCI, one would predict that extra-
cellular targets, including ECM and BM, would be prefer-
entially modified. Indeed, in a study examining oxidative
modifications in human atherosclerotic plaques, the vast
majority of these modifications were found in the ECM
fraction (151). Hypohalous acids freely permeate cell mem-
branes, but their conjugate anions are relatively imperme-
able. The pK, of the hypohalous acid and the environmental
pH will determine the rate at which a hypohalous acid will
enter cells and modify intracellular biomolecules. The pK, of
HOSCN is lowest at 5.3, HOCl is next at 7.59, whereas HOBr
has the highest pK, at 8.7 (80, 101, 130). Thus, at physio-
logical pH, OSCN™ and HOBr will predominate along with a
mixture of HOCI and OCI".

Animal heme peroxidases and hypohalous-acid mediated
oxidant injury have garnered significant attention in inflam-
matory diseases. In these disorders, neutrophils, monocytes-
macrophages, or eosinophils infiltrate tissues often after injury
but in the absence of infective pathogens. With inappropriate
activation, these leukocytes release peroxidases, cytokines,
and growth factors to drive injury and maladaptive repair
such as fibrosis. The role of MPO and EPO and hypohalous
acid-mediated injury has, therefore, been a focus of investi-
gation in the pathogenesis of inflammatory renal, bowel, and
lung disease and atherosclerosis (22, 28, 45, 89). Although
many targets for hypohalous acid modification have been
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studied in the literature, in this review, we focus our attention
on modification of BMs and their constituents.

In vitro studies using vascular ECM, a combination of BM
and interstitial matrix, have demonstrated that HOBr and
HOCI fragment and release ECM proteins and proteoglycan
carbohydrates (104, 150). The fate of the remaining insoluble
ECM protein was less clear. Studies using other oxidants
such as hydroxyl radical and peroxynitrous acid have shown
that BM proteins are not only degraded but are also cross-
linked and aggregated (18, 108). Although hypohalous acids
aggregate and cross-link model and interstitial matrix pro-
teins, the extent to which HOBr and HOCI cross-link BM
proteins remains unclear (42, 43, 139).

Although HOBr and HOCI directly solubilize BM proteins
and carbohydrates, other more subtle actions have also been
identified. In earlier work using subendothelial ECM, which
closely resembles BM, the cell or integrin binding region of
fibronectin was most sensitive to HOCl-mediated oxidative
damage, whereas laminin and the collagen binding region of
fibronectin were less sensitive as assessed by antibody binding.

NADPH
oxidase

(NOX)
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The work found little evidence for ECM protein fragmentation
or cross-linking, which may reflect lower HOCI exposure than
other studies (137). Integrins often bind the amino acid se-
quence RGD on fibronectin and the arginine would be parti-
cularly sensitive to oxidative modification by HOCI (128).
Similarly, HOBr and HOCI selectively damage the core protein
of perlecan, leaving its GAGs relatively unscathed (105). In
studies using renal GBM exposed to activated neutrophils,
MPO-generated HOCI did not directly degrade BM proteins,
but increased their susceptibility to the proteolytic action of
neutrophil or endogenous BM MMPs (138).

HOCI also has complex effects on proteases and their en-
dogenous inhibitors themselves. HOCI modulates the activity
of MMPs often with activation at low concentrations and in-
hibition at higher concentrations (75, 96, 146). Recent work on
MMP7 suggests low concentrations of HOCI oxidize a cyste-
ine thiol within the critical cysteine switch region, leading to
protease activation (31). Conversely, higher concentrations of
HOCI oxidize a tryptophan residue leading to MMP?7 inacti-
vation (30). HOCI also inactivates protease inhibitors, such as
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alpha-1 proteinase inhibitor and tissue inhibitor of metallo-
proteases (TIMPs) (144, 145). Similarly, HOBr and HOCI
modify and inhibit trypsin inhibitor (42, 43). At a molecular
level, HOCI oxidizes the N-terminal cysteine of TIMP1 lead-
ing to its inactivation (144). Taken together, these data suggest
that HOBr and HOCI directly damage BM constituents, lead-
ing to protein solubilization and susceptibility to proteolysis
and also shift the balance of proteases and their inhibitors to-
ward proteolysis of BM constituents. The loss or alteration of
BM proteins by hypohalous acids reduces cell adhesion to BM
proteins, which may alter cell behavior and thereby promote
inflammatory disease pathogenesis (105, 137).

Localization of animal heme peroxidases to BMs may
further target hypohalous acid damage to BM proteins. As
discussed later, PXDN is a BM resident protein with the
potential to locally generate HOBr and damage nearby BM
constituents (10, 84). MPO has been found to tightly bind to
subendothelial and GBM and undergo transcytosis across
endothelial cells to reach the BM (6, 57). Furthermore, MPO
directly binds to perlecan via an electrostatic interaction
between cationic MPO and the anionic HS side chains of
perlecan (105).

Direct demonstrations of the functional consequences of
hypohalous acid-mediated oxidative modifications of BM
proteins are limited. In a classic study, Johnson ef al. dem-
onstrated that infusion of MPO and H,O, into the renal artery
led to histological damage and proteinuria, a functional marker
of renal glomerular damage. MPO directly bound to the GBM
and coinfusion of radiolabeled iodide demonstrated iodination
and thus oxidative modification of the GBM. This study
demonstrated that MPO-generated HOCI has the potential to
directly damage the GBM, leading to renal injury (57).

A correlative approach to define the role of hypohalous
acid modification of BM proteins in disease pathogenesis is
to determine whether these oxidative modifications are found
in greater abundance from diseased tissues. Although tissue
bromo- and chlorotyrosine content has been found to be in-
creased in many disease states (15, 44-46, 119, 120, 131, 134,
153), demonstration of these modifications specifically on
BM proteins is scant. Examination of oxidative modifications
of ECM (i.e., mixed BM and interstitial matrix) from ath-
erosclerotic plaques demonstrated increased levels of the
oxidized amino acids, dihydroxyphenylalanine, dityrosine,
and 2-hydroxyphenylalanine. Although these modifications
are not specific to HOCI, reaction of vascular ECM with
HOCI produced a similar oxidative modification pattern
suggestive of a pathogenic relationship (151). Recently,
Brown et al. demonstrated that tryptophan 28 of the 2 NC1
domain and tryptophan 192 of the a1 NC1 domain of colla-
gen IV are oxidized and chlorinated to a greater extent in
diabetic animals. These residues were similarly modified
when purified collagen IV was treated with HOCI. Further-
more, HOCI treatment of collagen IV promoted unfolding
and reduced binding to o151 integrin, suggesting a functional
impact of HOCI oxidation (13).

Anabolic Role of HOBr in BM Assembly

Although most work has focused on how hypohalous acids
damage BM, recent work has uncovered surprising mecha-
nisms, whereby HOBr is utilized as an anabolic agent to
facilitate collagen IV and BM assembly. As noted earlier, a
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sulfilimine (S=N) bond bridges the NC1 trimer—trimer in-
terface within the NC1 hexamer to reinforce assembled col-
lagen IV networks. The sulfilimine bond connects the sulfur
of methionine 93 on one NC1 trimer subunit and the nitro-
gen of hydroxylysine (or lysine) 211 on an opposing NC1
trimer subunit (136). PXDN, an ECM-localized animal heme
peroxidase, catalyzes the formation of these sulfilimine cross-
links (10). As alluded to earlier, the sulfilimine bond of col-
lagen IV and its catalytic enzyme, PXDN, are conserved back
to Cnidaria, a basal phylum of the animal kingdom, suggest-
ing that the formation of this cross-link was an early step in the
development of multicellular eumetazoans (27, 127). In the
absence of PXDN, animals form easily fractured BMs, sug-
gesting a role in the structural integrity of collagen IV, which
imparts BMs their mechanical strength.

In Drosophila, PXDN loss of function leads to larval le-
thality caused by gut perforation. Examination of the fly
midgut BM with GFP-labeled collagen IV demonstrates torn
and missing collagen IV networks (10). Using electron mi-
croscopy, loss of PXDN produces thickened and more
diffuse-appearing BMs (72). In Drosophila egg development,
loss of PXDN produces a milder phenocopy of the loss of
collagen IV, with less elongation related to the ‘“‘corset”
action of collagen IV (38, 72). In C. elegans, lack of PXDN
(pxn-2) results in ultrastructural defects in BM reminiscent of
collagen IV mutants with early lethality because of failure of
elongation, a process associated with the onset of smooth
muscle activity. Pharmacological muscle paralysis amelio-
rates the phenotype, suggesting an inability to defend against
mechanical strain associated with muscle contraction (34).

These data suggested that abrogation of PXDN function in
mammals would lead to phenotypes reminiscent of, yet
milder than collagen IV loss of function, which results in
embryonic lethality (99). Surprisingly, PXDN knockout mice
and humans lacking PXDN are completely viable and only
exhibit an ocular developmental defect known as anterior
segment dysgenesis (9, 61, 154). The reason for the dis-
crepancy between invertebrate and mammalian phenotypes is
unclear. Mice do not possess other genes similar to PXDN,
whereas the human genome encodes a gene known as PXDN-
like. The resultant PXDN-like protein, however, lacks critical
residues in its peroxidase domain for catalytic activity (98).
Collagen IV isolated from PXDN knockout mice possesses
about one-third of normal sulfilimine cross-link content,
confirming the importance of PXDN in forming these cross-
links (9). This reduction in cross-links is similar to that ob-
served in Drosophila PXDN loss of function (10, 72). In-
vertebrates may be much more dependent on sulfilimine
cross-links for development either because of more rapid re-
modeling and growth or because the remainder of the collagen
IV network may be less cross-linked. For instance, mamma-
lian collagen IV is cross-linked via disulfide and lysine-lysine
cross-links in the 7S and collagenous regions, but invertebrate
collagen IV may not be as densely cross-linked (62, 86).

PXDN generates HOBr and HOSCN (10, 68, 126), but
whether it produces HOCl is unclear. Endpoint assays based on
taurine haloamine oxidation of 3,3’,5,5’-tetramethylbenzidine
demonstrated low levels of HOCI generation (10, 68). But,
detailed spectral studies found that CI” cannot reduce com-
pound I of PXDN;, which is generated after hydrogen peroxide-
mediated oxidation of the heme moiety. These presteady state
measurements imply that PXDN is incapable of producing
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HOCI (94). Although these discrepant results may simply re-
flect assay differences, the weight of evidence suggests that
PXDN does not generate HOCL.

PXDN primarily uses HOBr to form sulfilimine cross-links
in collagen IV. When directly applied to solubilized collagen
IV in vitro, HOBr vastly outperforms HOCI in the generation
of sulfilimine cross-links (10, 72). Thus, as discussed earlier,
not only does PXDN probably fail to generate HOCI, but also
HOCI poorly cross-links collagen IV. Cells grown in media
devoid of Br fail to cross-link collagen IV, whereas addition
of Br™ reinstates these cross-links (72). Therefore, PXDN
generates HOBr, which acts as a reactive intermediate to
catalyze sulfilimine bond formation in collagen IV. The most
likely reaction pathway involves the formation of a bromo-
sulfonium ion at methionine 93, which then undergoes nucle-
ophilic attack by the hydroxylysine 211 nitrogen to create the
sulfilimine bond and release Br~ (Fig. 5). The analogous
chlorosulfonium intermediate formed by HOCI undergoes
nucleophilic attack by solvent water more readily than the
juxtaposed hydroxylysine nitrogen, which results in the for-
mation of methionine sulfoxide, a “‘dead-end” product (Fig. 6)
(72, 110). Notably, addition of SCN™ to cultured cells inhibits
sulfilimine bond formation in collagen IV (72). Based on ki-
netic data, SCN™~ outcompetes Br~ for compound I of PXDN,
which leads to preferential formation of HOSCN (94). HOSCN
poorly reacts with methionine and, therefore, cannot generate
sulfilimine cross-links or the dead-end sulfoxide (7, 124).

Peroxidasin

FIG. 5. Model for PXDN
and HOBr-mediated sulfili-
mine bond formation in
collagen IV. Schematic rep-
resentation of oxidation of
bromide to form HOBr that
acts as a reactive intermedi-
ate to form sulfilimine cross-
links in collagen IV via a
bromosulfonium intermedi-
ate at methionine 93 of the
collagen IV NC1 hexamer.
This figure was adapted from
work originally published by
McCall et al. (72) with per-
mission from Elsevier. To

847

Since HOBr is the critical intermediate for sulfilimine
bond formation in collagen IV, the trace element bromine
may be essential for the maintenance of BM and tissue in-
tegrity in animals. Indeed, Drosophila grown without dietary
bromine died prematurely because of gut pathology with BM
defects very similar to those found in PXDN mutants (72).
The phenotypic similarity between bromine and PXDN de-
ficiency suggested that bromine is an essential trace element
primarily because it is a required substrate for PXDN to
cross-link collagen I'V. The significance of bromine to human
health is less clear. First, bromine is ubiquitously found in
the diet so that only select populations have been found to
be bromine deficient, namely dialysis patients and patients
on chronic total parenteral nutrition (21, 78, 90). Second,
as noted earlier, mice and humans deficient in PXDN only
exhibit an eye phenotype with normal BM ultrastructure
in kidney, suggesting that bromine deficiency would pro-
duce these same limited phenotypes. In contrast, residual
sulfilimine cross-links, about one-third normal, are present
within collagen IV isolated from PXDN null mice (9). Bro-
mine deficiency may completely abrogate sulfilimine cross-
links and thereby lead to greater BM abnormalities than loss
of PXDN.

The source of hydrogen peroxide substrate for PXDN
to generate HOBr and form cross-links in collagen IV is
unclear. TPO, MPO, and EPO clearly have NOX/DUOX
isoforms coregulated and spatially localized to provide
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FIG. 6. Preference of HOBr over HOCI for sulfilimine
bond formation in collagen IV. A model of the oxidative
formation of a sulfilimine bond versus the ‘dead-end”
product methionine sulfoxide. The chlorosulfonium inter-
mediate at methionine 93 preferentially undergoes nucleo-
philic attack by solvent water, whereas the bromosulfonium
intermediate tends to react with the juxtaposed lysine ni-
trogen. ks - o and ks - n denote rate constants in the for-
mation of sulfoxides and sulfilimines, respectively. This
figure was adapted from work originally published by
MccCall et al. (72) with permission from Elsevier. To see this
illustration in color, the reader is referred to the web version
of this article at www.liebertpub.com/ars

hydrogen peroxide substrate (82, 112, 143). Since PXDN
function is required in nearly all tissues, a single NOX/
DUOX isoform is unlikely to couple with PXDN (123). Ra-
ther, PXDN may associate with different NOX/DUOX fam-
ily members in different tissues. Consistent with this notion,
PXDN consumed hydrogen peroxide to oxidize an exoge-
nous substrate with coexpression of nearly all NOX proteins
(16). As alluded to earlier, diffusion of intracellularly gen-
erated hydrogen peroxide may also be a source of hydrogen
peroxide substrate for PXDN.
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The use of HOBr as a reactive intermediate to form sulfili-
mine cross-links and assemble BM raised a critical question of
how a destructive, highly reactive oxidant could execute this
anabolic function without collateral damage to nearby biomol-
ecules. Although the vertebrate animal heme peroxidases are
simple enzymes with a single catalytic domain, PXDN is a
multidomain protein with N-terminal leucine-rich repeat (LRR)
domains, followed by immunoglobulin (Ig) domains, a heme
peroxidase catalytic region, and a C-terminal von Willebrand
factor type C (vWFC) domain (10, 84). The LRR, Ig, and cat-
alytic domains of PXDN are conserved down to Cnidaria, sug-
gesting that this multidomain structure is critical for function (25,
27, 127). Thus, TPO, LPO, EPO, and MPO evolutionarily arose
with the loss of PXDN’s noncatalytic domains (Fig. 3). Based on
these data, a model is envisioned where the noncatalytic domains
of PXDN somehow “‘target” HOBr to collagen IV and thereby
avoid collateral damage to nearby molecules.

Deletion studies of PXDN suggested that the catalytic and
Ig domains are required to efficiently cross-link collagen I'V.
The catalytic domain alone of PXDN and EPO produces
HOBr and inefficiently cross-links insoluble collagen IV
within BM (25). Although unmeasured, one wonders whether
these catalytic enzymes lacking noncatalytic domains also
oxidatively damaged nearby BM protein targets with spa-
tially indiscriminate HOBr generation. How does the Ig do-
main of PXDN promote cross-link formation in collagen IV?
The simplest hypothesis is that the Ig domains interact di-
rectly with collagen IV to bring the PXDN catalytic domain
within spatial proximity of methionine 93 of the collagen IV
NC1 domain. Unfortunately, no direct, stable interaction
between PXDN and collagen IV has been demonstrated (25).
Several possibilities may explain this inability to demonstrate
a collagen IV-PXDN interaction. The interaction may be low
affinity with transient association of PXDN and collagen IV
driven by the high local concentration of collagen IV in the
insoluble BM, which has not been recapitulated in vitro.
Alternatively, PXDN may associate with a bridging molecule
such as perlecan or nidogen to allow PXDN to reside in close
quarters with its collagen IV substrate. The last possible
hypothesis is that PXDN generates HOBr within the general
vicinity of the collagen IV NC1 domain with some low level
of “‘acceptable’ collateral oxidative damage.

PXDN exhibits a relatively low catalytic efficiency (k..
Ky) of bromide oxidation to HOBr compared with EPO and
MPO (94). The catalytic efficiency is increased with a trun-
cated PXDN construct containing only the Ig and heme
peroxidase domains (94, 126), suggesting that the LRR and/
or the vVWFC domains may ‘‘auto-inhibit’’ catalytic activity.
Indeed, proprotein convertase processing of PXDN with re-
sulting loss of the vVWFC domain enhances PXDN-mediated
HOBr generation (20). Whether proteolytic processing or
conformational changes involving the LRR domain also ac-
tivate PXDN is unknown. Taken together, these data suggest
that PXDN is a modest generator of HOBr with tight internal
controls of activity and spatial localization dictated by its
noncatalytic domains to minimize collateral oxidative dam-
age. Conversely, the vertebrate animal heme peroxidases,
particularly EPO and MPO, have unencumbered catalytic
domains that generate robust bursts of hypohalous acids to
destroy pathogens as part of the innate immune system.

The discovery of PXDN arose from a search for the cata-
Iytic activity responsible for the formation of sulfilimine
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cross-links in collagen IV. However, PXDN may generate
HOBE- to subserve other roles in normal physiology or dis-
ease. Invertebrates lack leukocytes and their heme peroxi-
dases (e.g., EPO and MPO) and, therefore, could use PXDN
in a dual role to generate HOBr to cross-link collagen I'V and
defend against foreign pathogens. Host responses to patho-
gens may increase H,O, generation and upregulate PXDN so
that it generates lethal quantities of HOBr to destroy patho-
gens rather than cross-link collagen IV. Indeed, mosquito
PXDN is upregulated in the gut after bacterial infection and
knockdown slows pathogen clearance and decreases survival
(33). Similarly, in human plasma, the presence of circulating
PXDN capable of producing microbicidal levels of hypoha-
lous acids has been reported (67).

Dissociation of PXDN-generated HOBr from collagen IV
sulfilimine bond formation may occur in mammalian disease.
A series of studies on PXDN, referred to as vascular perox-
idase 1 given its high expression in cardiac and vascular
tissue (16), has examined its role in vascular disease. These
studies demonstrate that PXDN generates hypohalous acids,
which oxidize lipoproteins and endothelial targets to promote
endothelial dysfunction and atherosclerosis (5, 70, 95, 121,
129, 155-158). Similarly, Péterfi et al. have demonstrated that
transforming growth factor beta upregulates PXDN expression
in fibroblasts in vitro and in vivo within interstitial regions in the
unilateral ureteral obstruction model of renal fibrosis (97). As
discussed earlier, collagen IV is scarcely found in interstitial
matrix. Thus, the pathological expression of PXDN within in-
terstitial matrix could allow it to generate HOBr to drive oxi-
dant injury rather than cross-link collagen IV. Taken together,
derangements in PXDN expression, post-translational proces-
sing, and/or localization have the potential to decouple PXDN-
mediated HOBr generation from collagen IV, leading to
oxidative tissue injury rather than assembly and repair.

Conclusions

BMs are specialized forms of ECM that underlie and,
therefore, intimately associate with epithelial, endothelial,
and muscle cells to determine their function. Thus, BM ho-
meostasis is critical for tissue genesis and integrity. Hypo-
halous acids generated by PXDN located within the BM itself
or MPO and EPO from infiltrating leukocytes can target BM
proteins for oxidative modification. Although the vast ma-
jority of these modifications are functionally detrimental or
neutral, the formation of sulfilimine cross-links in collagen
IV by HOBr suggests that some modifications may support
BM integrity and function. Future work will need to define
specific sites of modification on BM proteins and determine
their functional significance to address their role in normal
BM function and dysfunction in disease.
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Abbreviations Used

BMs = basement membranes
DUOX = dual oxidase
ECM = extracellular matrix
EGF = epidermal growth factor
EPO = eosinophil peroxidase
FS = follistatin-like
FZC18 =frizzled domain
G domains = globular-like domains
GAGs = glycosaminoglycans
GBM = glomerular basement membrane
H,0;, =hydrogen peroxide
HOBr = hypobromous acid
HOCI = hypochlorous acid
HOSCN = hypothiocyanous acid
HOX = hypohalous acid
HS =heparan sulfate
HSI = halosulfonium intermediate
HSPGs = heparan sulfate proteoglycans
Ig = immunoglobulin
kDa = kilodalton
LDL =low-density lipoprotein
LE =laminin-type epidermal growth factor-like
repeats
LG =laminin globular
LN domain = laminin N-terminal domain
LPO = lactoperoxidase
LRR = leucine-rich repeat
MMPs = matrix metalloproteases
MPO = myeloperoxidase
N-CAM =neural cell adhesion molecule
NC1 = noncollagenous domain
NOX =NADPH oxidase
NtA = N-terminal-agrin
PXDN = peroxidasin
S = N-sulfilimine bond
S/T = Ser/Thr
SEA = sea urchin sperm protein, enterokinase,
and agrin
TIMPs = tissue inhibitor of metalloproteases
TPO = thyroid peroxidase
Tspl = trombospondin-1-like
vWFC = von Willebrand factor type C




