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HOBr may cross-link collagen I'V.

globulin domains.

\_

(Background: Because peroxidasin generates HOBr to form sulfilimine cross-links in collagen IV, any peroxidase producing
Results: Among animal peroxidases, only peroxidasin efficiently cross-linked collagen IV requiring its catalytic and immuno-

Conclusion: Peroxidasin uniquely reacts HOBr with collagen IV to catalyze sulfilimine bond formation.
Significance: Insight into how peroxidasin cross-links collagen IV is critical to understand basement membrane function.

J

The collagen IV sulfilimine cross-link and its catalyzing en-
zyme, peroxidasin, represent a dyad critical for tissue develop-
ment, which is conserved throughout the animal kingdom. Per-
oxidasin forms novel sulfilimine bonds between opposing
methionine and hydroxylysine residues to structurally reinforce
the collagen IV scaffold, a function critical for basement mem-
brane and tissue integrity. However, the molecular mechanism
underlying cross-link formation remains unclear. In this work,
we demonstrate that the catalytic domain of peroxidasin and its
immunoglobulin (Ig) domains are required for efficient sulfili-
mine bond formation. Thus, these molecular features underlie
the evolutionarily conserved function of peroxidasin in tissue
development and integrity and distinguish peroxidasin from
other peroxidases, such as myeloperoxidase (MPO) and eosino-
phil peroxidase (EPO).

The collagen IV sulfilimine bond and peroxidasin repre-
sent a dyad critical for tissue development found in animal
basement membranes (1). Collagen IV forms a mesh-like
structure consisting of oligomerized triple helical protomers
(2). The trimeric C-terminal non-collagenous (NC1) domains
of two protomers associate head-to-head to form the NC1 hex-
amer, which is reinforced by sulfilimine bonds between oppos-
ing methionine and hydroxylysine residues (3). For example, in
the predominant, vertebrate «l21 collagen IV network,
protomers, consisting of two al and one &2 chains, come
together with a1l NC1 domains associating with a1l domains
and reciprocally a2 NC1 domains engaging one another. Sul-
filimine bonds may bridge the NC1 hexamer to form homo-
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dimeric (a1l-al or a2-a2) subunits each with up to two cross-
links. Thus, a total of zero to six sulfilimine cross-links may
reinforce a collagen IV NC1 hexamer (3).

Peroxidasin and its formation of sulfilimine cross-links in
collagen IV are critical for tissue development as loss of peroxi-
dasin function in Drosophila and Caenorhabditis elegans leads
to disordered, fragile basement membranes and tissues with
early lethality (4, 5). Peroxidasin uses hydrogen peroxide
(H,O,) and bromide (Br™) ions, to form HOBr as a reactive
intermediate to form sulfilimine cross-links in collagen IV.
Indeed, the role of Br™ as a catalytic cofactor in this reaction
represents the first known essential function for the trace ele-
ment bromine (6).

Peroxidasin is a multidomain protein consisting of a cata-
lytic peroxidase domain and non-catalytic leucine-rich
repeat (LRR)?, Ig, and von Willebrand factor type C (vWFC)
protein-protein interaction domains (7). Previous work in
our group revealed that peroxidasin arises in Cnidaria along-
side the collagen IV sulfilimine cross-link and is evolution-
arily conserved throughout the animal kingdom (1). Further-
more, peroxidasin and collagen IV expression reflect the
broad distribution of basement membranes in nearly all tis-
sues (8). Conversely, thyroid peroxidase, lactoperoxidase,
eosinophil peroxidase (EPO), and myeloperoxidase (MPO)
are found only in vertebrates and exhibit tissue restricted
expression patterns in these animals (9, 10). Thus, the ubiq-
uity of peroxidasin within and between animal species sug-
gests that functional redundancy with vertebrate heme per-
oxidases in normal physiology is improbable.

From a mechanistic perspective, a critical question arises as
to whether vertebrate heme peroxidases capable of producing
HOBr, such as EPO and MPO, can cross-link collagen IV in
pathologic states, where they may associate with basement
membrane (11, 12). For instance, MPO has been shown to
interact with subendothelial basement membranes and both
MPO and EPO can cross-link solubilized collagen 1V in vitro

3 The abbreviations used are: LRR, leucine-rich repeat; vWFC, von Willebrand
factor C; ECM, extracellular matrix; MPO, myeloperoxidase; EPO, eosinophil
peroxidase; PXDN, peroxidasin.
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raising the possibility of biochemical redundancy (4, 6, 13). In
this work, we found that MPO and EPO poorly cross-link col-
lagen IV, even when experimentally deposited into basement
membrane. We therefore hypothesized that the LRR, Ig, and
vWFC domains found in peroxidasin, but not in related animal
heme peroxidases, uniquely allow peroxidasin to form sulfili-
mine bonds in collagen IV. Indeed, the catalytic and Ig domains
are required for cross-linking activity, which distinguishes per-
oxidasin from other animal heme peroxidases.

Experimental Procedures

Cloning of Peroxidasin Deletion Constructs—Full-length per-
oxidasin open reading frame (ORF) cloned in the pCDNA-

TABLE 1
Insertion points for EcoRl sites to create PXDN deletion constructs

Numbers indicate flanking residues for EcoRI site insertion within either full-length
peroxidasin or the -vWFC construct.

EcoRI insertion points

Deletion construct Template (human PXDN residue)

V5-His-TOPO vector (kindly provided by Dr. Miklos Geiszt,
Semmelweis University, Budapest, Hungary) was used as the
starting construct. The construct lacking the C-terminal vWFC
domain (—vWFC) was created by PCR amplification of the
OREF at the N terminus and a point between the catalytic and
VWEC domains using flanking Kpnl and Notl sites. The
forward primer was 5'-GGGTGTCCGAGCGAATTCCGCT-
GCCTGTGC-3' and the reverse primer was 5'-CATTGCGG-
CCGCAGGTCCTACAGTCTTCACAGCAGT-3'. Using
PCR-based mutagenesis as previously described (14), EcoRI
sites flanking the deletion of interest were inserted in either the
full-length peroxidasin ORF or the —vWFC construct (Table
1). Deletion constructs were then created with EcoRI digestion,
removal of the intervening fragment, and re-ligation to produce
the construct. A 2-residue Gly-Ser insertion at the junction oc-
curred as an expected byproduct. The entire ORF of all of the
constructs were sequenced to ensure the absence of unwanted
mutations.

“Overlay” Assay for Collagen IV Sulfilimine Bond Forma-

—LRR Full-length 38-39 and 232-233
» Xlg_lg F “J{;é%“cgth égzg?ﬁzﬂ%ggggw tion—PFHR-9 cells were cultured in DMEM with high glu-
Pxd-Ig-7 aa —VWEC 38-39 and 239-240 cose + 5% fetal bovine serum at 5% CO, for 5 days post-con-
Pxd —VWEC 38-39 and 612-613 fluence in the presence of 50 ug/ml of ascorbic acid to promote
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FIGURE 1. Peroxidasin uniquely forms sulfilimine cross-links in collagen IV. g, experimental design of overlay experiments. PFHR-9 cells were grown in the
presence of 50 um phloroglucinol (peroxidase inhibitor) to deposit an uncross-linked collagen IV network. PFHR-9 cells were removed by detergent extraction
and the resultant matrix treated with 4 m guanidine-Cl to remove endogenous PXDN. HEK293T cells were plated on this matrix, transiently transfected with
various constructs, and the underlying matrix isolated for analysis of collagen IV sulfilimine bond content 48 h thereafter. b, transient transfections yielded
functional PXDN, MPO, and EPO as determined by tetramethylbenzidine oxidation and measurement of absorbance at 650 nm, the absorbance maximum of
the oxidation product. ¢, PFHR-9 matrix was isolated after overlay, collagenase digested, and the resulting NC1 hexamers underwent SDS-PAGE to delineate
sulfilimine cross-linked dimeric subunits (D7 and D2 represent single and double cross-linked forms, respectively) and uncross-linked monomeric subunits (M).
Each of these band regions (D1, D2, and M) may appear as single bands (arrows) or doublets (brackets) due to unidentified variability in electrophoretic
migration (4, 26, 27). d, the number of cross-links per collagen IV NC1 hexamer was determined for PXDN, MPO, and EPO using densitometric quantitation of
the dimeric and monomeric subunits from SDS-PAGE of collagenase-digested PFHR-9 matrix as shown in ¢. Data were analyzed using analysis of variance
followed by post hoc pairwise comparisons with Tukey’s correction for multiple comparisons (*, p < 0.05 compared with mock; 8, p < 0.05 compared with
PXDN, n = 5).
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collagen hydroxylation and 50 um phloroglucinol to inhibit
peroxidasin-mediated sulfilimine bond formation (4). The
PFHR-9 cells were then removed using two detergent extrac-
tions at room temperature for 5-10 min with hypotonic buffer
(10 mMm Tris-Cl, pH 7.5, + 0.1 mm CaCl, + 0.1% bovine serum
albumin) + 1% Triton X-100. Cellular debris was further
cleared with two washes with hypotonic buffer + 0.1% sodium
deoxycholate. To remove endogenous peroxidasin, the matrix
was extracted with 4 M guanidine hydrochloride + 50 mm Tris-
Cl, pH 7.5, for 15 min at room temperature and then washed
extensively with 1X PBS. These PFHR-9 matrix plates were
either stored under sterile conditions at —80 °C or used imme-
diately thereafter. HEK293T cells were plated onto PFHR-9
matrix and transfected with the cDNAs of interest using Lipo-
fectamine LTX per the manufacturer’s instructions (Life Tech-
nologies). The cells were then incubated for 48 h in the presence
of 5 um hematin and 5 mm sodium butyrate to maximize func-
tional peroxidase. After incubation, the culture media was col-
lected and extracellular matrix isolated for analysis.

To isolate extracellular matrix (ECM), the cells and underly-
ing ECM were scraped into deoxycholate buffer (1% sodium
deoxycholate, 10 mm Tris-Cl, pH 7.5, and 1 mm EDTA-Na)
including protease inhibitors (0.5 mm phenylmethylsulfonyl
fluoride, 10 wg/ml of leupeptin, and 1 pug/ml of pepstatin) and
sonicated to eliminate viscosity. The resulting lysate was cen-
trifuged at 20,000 X g for 15 min and the resulting supernatant
was designated as the cell lysate and the insoluble pellet was
further processed to isolate ECM. The pellet was resuspended
in high salt buffer (1 m NaCl, 50 mm Tris-Cl, pH 7.5, and 0.5 mm
PMSF) with sonication and extracted for 10—15 min at 4 °C.
The insoluble material was again collected with centrifugation
and rinsed briefly with low salt buffer (10 mm Tris-Cl, pH 7.5).
After repeat centrifugation, the resulting pellet was operation-
ally defined as ECM or basement membrane.

To delineate sulfilimine cross-link content of the collagen IV
network, the ECM was sonicated in collagenase buffer (100 mm
NaCl, 50 mm Tris-Cl, pH 7.5, 25 mM 6-aminocaproic acid, 5 mm
benzamidine, 0.5 mm PMSF, and 50 um phloroglucinol) and
digested with collagenase (50 ug/ml; CLSPA grade, Worthing-
ton Biochemical Corp., Lakewood, NJ) overnight at 37 °C. The
digested material was centrifuged at 20,000 X g for 30 min and
the supernatant with solubilized NC1 hexamer was collected.
This material underwent SDS-PAGE under non-reducing con-
ditions followed by Coomassie Blue staining to visualize and
quantify sulfilimine cross-linked dimeric and non-cross-linked
monomeric subunits. The average number of cross-links per
hexamer was determined using the density of the single (D1)
and double cross-linked (D2) and non-cross-linked (M) subunit
bands.

Cross-links per hexamer = (6 X fraction D2)

+ (3 X fraction D1) (Eq.1)

In parallel experiments, the isolated ECM underwent immuno-
blotting to determine the presence of MPO, EPO, and PXDN.
In this case, the ECM was sonicated into SDS-PAGE sample
buffer with 50 mm dithiothreitol (DTT) and heated at 80 °C for
15 min. The sample was then centrifuged (20,000 X g for 10
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min) and the supernatant underwent immunoblot analysis (see
below). In a subset of experiments (Fig. 3), the ECM first under-
went collagenase digestion and then soluble and insoluble frac-
tions were isolated by centrifugation (20,000 X g for 30 min).
These fractions were then solubilized in SDS-PAGE sample
buffer with DTT and underwent immunoblotting for MPO,
EPO, PXDN, and collagen IV.

Culture media was harvested to determine whether trans-
fected peroxidases could be detected by immunoblotting and
peroxidase activity. After addition of SDS-PAGE sample buffer
with 50 mm DTT, media samples directly underwent immuno-
blotting. For measuring peroxidase activity, media was first pre-
cipitated with 40% ammonium sulfate. Precipitated protein was
solubilized in cetyltrimethylammonium bromide buffer (150
mMm NaCl, 50 mm Tris-Cl, pH 7.5, 0.2% cetyltrimethylammo-
nium bromide, and protease inhibitors) at 1/10th the original
media volume. 25 ul of the solubilized precipitate was com-
bined with 250 ul of developing buffer (0.4 M sodium ace-
tate, pH 5.4, 0.1% cetyltrimethylammonium bromide, 2 mm
tetramethylbenzidine, and 50 um H,0,) and A5, was mea-
sured as an indicator of peroxidase-mediated oxidation of
tetramethylbenzidine.

Immunoblotting— W esternblottingwasconductedusingstan-
dard techniques including 5% nonfat milk plus 0.05% Tween 20
for blocking nonspecific antibody binding. The following pri-
mary antibodies and dilutions were utilized. 1) Anti-human
PXDN rabbit polyclonal antibody developed against peptide
sequence of IREKLKRLYGSTLNTI in our laboratory at 1:1000.
2) Anti-human/mouse MPO mouse monoclonal (R&D Sys-
tems, Minneapolis, MN) at 1:1000. 3) Anti-EPO rabbit poly-
clonal (Aviva Systems Biology, San Diego, CA) at 1:1000. 4)
Anti-actin goat polyclonal (Santa Cruz Biotechnology, Dallas,
TX) at 1:200. 5) Anti-collagen IV «2 chain (H22 rat monoclo-
nal; Chondrex, Inc., Redmond, WA) at 1:1000. Bound pri-
mary antibody was detected using species-specific, horse-
radish peroxidase-conjugated secondary antibodies followed
by enhanced chemiluminescence detection per the manufactu-
rer’s instructions (SuperSignal™ West Pico Substrate, Life
Technologies).

Results

Among Animal Heme Peroxidases, Peroxidasin Uniquely
Forms Sulfilimine Bonds in the Collagen IV Network—W'e had
previously demonstrated that peroxidasin, but not MPO, cross-
links the insoluble collagen IV network using an overlay meth-
od wherein transfected cells are plated on uncross-linked col-
lagen IV (4) (Fig. 1a). After this initial work, we discovered the
central role of Br™ in peroxidasin function (6). Because MPO
forms both HOCl and HOBr and peroxidasin generates HOBr,
the inability of MPO to form sulfilimine cross-links may simply
reflect inefficient HOBr production (4, 10). To explore this pos-
sibility, we tested the ability of EPO, known to predominantly
form HOBr (4, 12), to cross-link collagen IV. Although EPO
formed sulfilimine bonds marginally better than mock control
and MPO, EPO was far inferior to peroxidasin suggesting that
HOBr production alone is not the pivotal feature that distin-
guishes PXDN from MPO and EPO (Fig. 1, b—d).
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Peroxidases Universally Associate with Extracellular Matrix,
but Not Collagen 1V, in the Overlay Assay—Because halide oxi-
dation preference (Br~ versus Cl~) did not account for peroxi-
dasin-mediated sulfilimine bond formation, we hypothesized
that peroxidasin incorporates into extracellular matrix to pro-
duce HOBr near its collagen IV substrate, whereas MPO and
EPO remain as soluble secreted proteins, whose hypohalous
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FIGURE 2. Peroxidasin, MPO, and EPO associate with extracellular matrix.
a-c¢, immunoblotting of isolated PFHR-9 matrix after overlay with transiently
transfected HEK293T cells demonstrates the presence of MPO, EPO, and
PXDN in the detergent and high salt-insoluble ECM fraction. d, actin immu-
noblotting reveals the presence of actin only in the deoxycholate soluble cell
lysate, but not in the culture media or detergent-high salt insoluble matrix
fraction. Blots are representative of 4 independent experiments.
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acid products are quenched by side reactions with other pro-
teins before reaching their collagen IV target (15). To test this
hypothesis, we used immunoblotting to determine whether
peroxidasin, MPO, and EPO were present in the detergent and
high-salt insoluble extracellular matrix fraction after overlay
with transfected cells. Peroxidasin, MPO, and EPO all associ-
ated with extracellular matrix (Fig. 2, a—c). The absence of actin
immunoreactivity ruled against the possibility of intracellular
contamination as a cause for the association of peroxidasin,
MPO, and EPO with extracellular matrix (Fig. 2d). Thus, MPO
and EPO fail to cross-link collagen IV even when these peroxi-
dases artificially associate with basement membrane in the
overlay assay. These data suggest that extracellular matrix asso-
ciation and HOBr production per se are insufficient to cross-
link collagen IV.

An alternative possibility is that peroxidasin uniquely binds
to collagen IV, whereas MPO and EPO associate with other
basement membrane components. But, solid phase and solu-
tion binding assays did not demonstrate an interaction between
peroxidasin, MPO, or EPO with collagen IV using peroxidase
concentrations up to 1 um (data not shown). To verify this
unexpected finding, we hypothesized that if peroxidasin is
tightly bound to collagen IV in the insoluble extracellular
matrix, then destruction of the collagen IV network with colla-
genase should solubilize peroxidasin. However, after collagen-
ase treatment, peroxidasin remained insoluble (Fig. 3a), as did
MPO and EPO (Fig. 3, c and d). As expected, collagenase treat-
ment successfully solubilized the NC1 domain of the collagen
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FIGURE 3. Peroxidasin, MPO, and EPO do not directly interact with collagen IV. g, PFHR-9 matrix was isolated after overlay with HEK293T cells transiently
transfected with PXDN. The matrix (input) was collagenase or mock digested and the soluble and insoluble (pellet) fractions underwent SDS-PAGE under
reducing conditions (with 50 mm DTT) and immunoblotted with anti-PXDN antibody. PXDN remained in the insoluble pellet despite collagenase digestion. b,
in the same experiment as in g, the fractions were immunoblotted with anti-collagen IV a-2 NC1 domain antibody, which demonstrates that collagenase
digestion solubilized the NC1 domain of collagen IV. After collagenase treatment, a-2 NC1 immunoreactivity is only present in the soluble fraction, whereas the
mock digestion-insoluble pellet mimics input matrix with detection of partially solubilized full-length and degraded collagen IV. ¢, MPO and d, EPO also remain

in the collagenase digest pellet as seen with PXDN in a.
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FIGURE 4. The immunoglobulin and peroxidase domains of peroxidasin are required for sulfilimine bond formation. g, schematic depiction of the
domain structure of peroxidasin and its deletion constructs. b, immunoblotting of media and matrix fractions under reducing conditions after transient
transfection of overlaid HEK293T with peroxidasin constructs demonstrates adequate secretion and matrix incorporation of all constructs except the
—Ig construct. Blots are representative of 5 independent experiments. ¢, all of the constructs, except —Ig, exhibit tetramethylbenzidine colorimetric
peroxidase activity greater than mock transfection (*, p < 0.05; n = 7) with some constructs demonstrating peroxidase activity greater than wild type
peroxidasin (8, p < 0.05; n = 7). d, all of the constructs formed sulfilimine cross-links in collagen 1V, quantified as cross-links per hexamer, better than
mock control except for the —Ig construct (¥, p < 0.05, n = 5). The catalytic domain only construct (Pxd) formed more cross-links than mock, but was
significantly less than wild type Pxdn (8, p < 0.05,n = 5). Data were analyzed using analysis of variance followed by post hoc pairwise comparisons with

Tukey's correction for multiple comparisons.

IV network, the relevant site for peroxidasin action (Fig. 3b).
Thus, we conclude that peroxidasin does not form a stable com-
plex with the collagen IV network near the NC1 domain.
Peroxidase and Ig Domains of Peroxidasin Reconstitute Sul-
filimine Bond Formation—A distinctive feature of peroxidasin
is the combination of protein-protein interaction domains, spe-
cifically LRR, Ig, and vWFC, along with a catalytic peroxidase
domain (7). Thus, we hypothesized that one or more non-cat-
alytic domains of peroxidasin would be required to efficiently
form sulfilimine bonds. To test the requirement of the non-
catalytic, protein-protein interaction domains of peroxidasin
for sulfilimine bond formation, we created several domain dele-
tion constructs (Fig. 4a) and examined their ability to cross-link
basement membrane collagen IV in the overlay assay. Except
for the construct lacking Ig domains (—Ig), all of the mutant
peroxidasin deletion variants exhibited expression and colori-
metric peroxidase activity in the culture media (Fig. 4, b and c).
As suggested by the general association of peroxidases with
extracellular matrix, all of the constructs, including —Ig, dem-
onstrated basement membrane incorporation, because they
were designed to include the peroxidase domain (Fig. 4c). The
peroxidase domain of peroxidasin alone appeared to support
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collagen IV cross-linking although significantly less than full-
length peroxidasin. When the Ig domains were added to the
peroxidase domain, sulfilimine bond forming activity was com-
pletely restored to the level observed with full-length peroxida-
sin. Any construct that contained both peroxidase and Ig
domains exhibited normal collagen IV cross-linking activity.
Similarly, the construct lacking the Ig domain (—Ig) failed to
form sulfilimine cross-links, although proper folding and
function were uncertain, because the protein was not found
in culture media to measure colorimetric peroxidase activity
(Fig. 4d). Taken together, these data suggest that the Ig
domain is required to recapitulate physiologic sulfilimine
bond formation.

The N-terminal Ig Domain of Peroxidasin Is Required for Sul-
filimine Bond Formation—W e hypothesized that peroxidasin
may behave similarly to other proteins with multiple Ig do-
mains where the N-terminal domain is most involved in inter-
actions with other proteins (16-19). Thus, we focused our
attention on the N-terminal Ig domain of peroxidasin and
decided to create progressive deletions from the N-terminal
end of the peroxidase-Ig construct (Pxd-Ig; Fig. 4a). The first
construct lacking 7 N-terminal amino acids (VATITPE) of

JOURNAL OF BIOLOGICAL CHEMISTRY 21745
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FIGURE 5. The N-terminal 7 residues of the peroxidasin immunoglobulin domains are necessary to cross-link collagen IV. g, immunoblotting, under
reducing conditions, reveals the deletion construct lacking 7 N-terminal amino acids from the first immunoglobulin domain (Pxd-Ig-7 aa) is adequately
expressed in cell culture media and incorporated into matrix. Blots are representative of 3 independent experiments. b, Pxd-lg-7 aa demonstrates tetrameth-
ylbenzidine oxidation greater than full-length peroxidasin, but slightly less than the peroxidase-immunoglobulin construct (Pxd-lg; ANOVA followed by
post-hoc Tukey's pairwise comparison; *, p < 0.05 compared with PXDN; §, p < 0.05 Pxd-lg-7 aa versus Pxd-lg, n = 3). ¢, SDS-PAGE of NC1 hexamers
(non-reducing conditions) isolated after overlay with mock, PXDN, Pxd-Ig-7 aa, and Pxd-Ig reveal the formation of cross-linked dimeric subunits (D7 and D2
representing single and double cross-linked forms, respectively) primarily with PXDN and Pxd-lg, whereas mock and Pxd-lg-7 aa exhibit primarily monomeric,
uncross-linked subunits (M). Each of these band regions (D7, D2, and M) appear as single bands (arrows) or doublets (brackets) due to unidentified variability in
electrophoretic migration (4, 26, 27). d, the number of cross-links per collagen IV NC1 hexamer was determined for mock, PXDN, Pxd-lg-7 aa, and Pxd-lg-
transfected cells using densitometric quantitation of the dimeric and monomeric subunits from SDS-PAGE of collagenase-digested PFHR-9 matrix as shown in
c. Data were analyzed using analysis of variance followed by post hoc pairwise comparisons with Tukey’s correction for multiple comparisons (*, p < 0.05

compared with mock; 8, p < 0.05 compared with PXDN, n = 3).

Pxd-Ig (Pxd-Ig-7 aa) was completely unable to form sulfilimine
cross-links in collagen IV despite adequate peroxidase activity
and basement membrane incorporation (Fig. 5). Thus, a rela-
tively small N-terminal portion of the Ig domains is critical for
sulfilimine bond formation.

Discussion

Prior to this work, we assumed that the unique ability of
PXDN to cross-link collagen IV may reflect selective HOBr
production along with universal expression, paralleling colla-
gen IV, within and among animals. Our assumption predicted
that any cell secreting a HOBr producing peroxidase, such as
EPO, would cross-link an underlying collagen IV network.
However, EPO failed to efficiently cross-link collagen IV even
when our experimental paradigm successfully created a non-
physiologic association between EPO and basement mem-
brane. These data led us to hypothesize that the non-catalytic
domains of peroxidasin are required for cross-link formation.
Using deletion constructs, we demonstrated that both the cat-
alytic and N-terminal Ig domain of peroxidasin are essential to
form sulfilimine cross-links, evolutionarily conserved post-
translational modifications in collagen IV.

We have previously demonstrated that peroxidasin is con-
served throughout the animal kingdom (1). Domain analysis of
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peroxidasin cDNA sequences from ancient animals, such as
Chnidaria, revealed that the minimal structure of peroxidasin
includes only 2 of 4 Ig domains consistent with this work, which
found a requirement limited to a short, N-terminal portion of
these domains in human peroxidasin (Fig. 6a). Taken together,
evolutionary conservation, widespread expression in tissues,
and the Ig domains of peroxidasin allow for it to form sulfili-
mine cross-links in collagen IV with no apparent redundancy
with other animal heme peroxidases.

The Ig domain superfamily is widely found in prokaryotes
and eukaryotes. Bacterial Ig domains are often in enzymati-
cally active proteins, whereas animal Ig domains are typically
found as cell surface adhesion receptors primarily involved in
immune and nervous system development and function (20,
21). Ig domains are categorized into 4 sets based on structural
similarity to the analogous antibody domains: constant (C1 and
C2 sets), variable (V set), and intermediate (I-set) (21). The Ig
domains of peroxidasin are classified within the I-set, consis-
tent with the hypothesis that the I-set is the primordial Ig
domain of the animal kingdom (21, 22). Akin to bacterial Ig
domain proteins, peroxidasin is the only known animal protein
to combine an Ig domain with a catalytic domain, suggesting a
functionally intermediate position for peroxidasin between
bacterial and animal Ig domain superfamily proteins.
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FIGURE 6. Evolution of animal peroxidases and model for peroxidasin-mediated sulfilimine bond formation in collagen IV. g, PXDN is the ancestral
animal heme peroxidase found in Cnidaria that extends into invertebrates and vertebrates with additional Ig and vVWFC domains. In vertebrates, peroxidasin
most likely gave rise to thyroid peroxidase (TPO) via gene duplication, deletion of non-catalytic domains, and fusion with a transmembrane (TM) domain.
Lactoperoxidase (LPO), EPO, and MPO arose from successive gene duplications after loss of the TPO TM domain. b, the N-terminal Ig domain of peroxidasin is
proposed to interact with an unknown intermediary matrix protein (in black denoted as X) to form a ternary complex with collagen IV such that HOBr generated
by its catalytic domain is placed in a spatially productive position to form sulfilimine cross-links in the NC1 hexamer. Peroxidasin-derived HOBr oxidizes Met-93
to create a bromosulfonium intermediate leading to sulfilimine bond formation (inset). MPO and EPO associate with basement membrane but do not produce

HOBr (MPO) or do so in a spatially inefficient manner (EPO).

We initially considered a simple model wherein peroxidasin
interacts with collagen IV via its N-terminal Ig domain to pro-
duce HOBr in close spatial proximity to its substrate, the sul-
filimine cross-linked residues of the collagen IV NC1 hexamer.
However, we found evidence against a stable association di-
rectly between peroxidasin and collagen IV although we can-
not rule out a transient interaction. Thus, we hypothesize
that peroxidasin associates with another basement mem-
brane component to possibly form a ternary complex with
collagen IV to facilitate HOBr delivery to the NC1 substrate.
Presumably the N-terminal Ig domain modifies the spatial
orientation of this complex to facilitate sulfilimine bond for-
mation (Fig. 6b). The model implies that HOBr may diffuse a
short distance before encountering its collagen IV substrate
rather than being delivered directly without free diffusion.
Indeed, recent work based on homology between peroxida-
sin and MPO suggests that the heme cavity of peroxidasin
may not be large enough to accommodate collagen IV for
direct HOBr delivery. The authors of this work hypothesize
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that a relatively short diffusion distance and inefficient bro-
mide oxidation allows for sulfilimine bond formation with
minimal collateral oxidative damage (23).

Notably, MPO has been previously shown to associate with
endothelial basement membranes and interact with perlecan,
collagen IV, and fibronectin (13, 24, 25). We failed to demon-
strate a direct interaction between collagen IV and MPO, which
may reflect technical differences (24). No prior work has exam-
ined an association between EPO and basement membrane,
which we demonstrate herein.

The collagen IV sulfilimine cross-link and peroxidasin are
critical for the integrity and tissue development of basement
membranes. Based on this work, we envision a mechanism
involving a ternary complex between peroxidasin, another
basement membrane component, and collagen IV with peroxi-
dasin generating diffusible HOBr to catalyze sulfilimine bond
formation. In this model, the N-terminal Ig domain of peroxi-
dasin is critical for the efficient delivery of HOBr to its collagen
IV substrate.
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