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Basement membrane, a specialized ECM that underlies polarized
epithelium of eumetazoans, provides signaling cues that regulate
cell behavior and function in tissue genesis and homeostasis. A
collagen IV scaffold, a major component, is essential for tissues
and dysfunctional in several diseases. Studies of bovine and Dro-
sophila tissues reveal that the scaffold is stabilized by sulfilimine
chemical bonds (S = N) that covalently cross-link methionine and
hydroxylysine residues at the interface of adjoining triple helical
protomers. Peroxidasin, a heme peroxidase embedded in the base-
ment membrane, produces hypohalous acid intermediates that
oxidize methionine, forming the sulfilimine cross-link. We ex-
plored whether the sulfilimine cross-link is a fundamental require-
ment in the genesis and evolution of epithelial tissues by deter-
mining its occurrence and evolutionary origin in Eumetazoa and its
essentiality in zebrafish development; 31 species, spanning 11 ma-
jor phyla, were investigated for the occurrence of the sulfilimine
cross-link by electrophoresis, MS, and multiple sequence align-
ment of de novo transcriptome and available genomic data for
collagen IV and peroxidasin. The results show that the cross-link
is conserved throughout Eumetazoa and arose at the divergence
of Porifera and Cnidaria over 500 Mya. Also, peroxidasin, the en-
zyme that forms the bond, is evolutionarily conserved throughout
Metazoa. Morpholino knockdown of peroxidasin in zebrafish
revealed that the cross-link is essential for organogenesis. Collec-
tively, our findings establish that the triad—a collagen IV scaffold
with sulfilimine cross-links, peroxidasin, and hypohalous acids—is
a primordial innovation of the ECM essential for organogenesis
and tissue evolution.

he extracellular matrix (ECM) provides signaling cues that

regulate cell behavior and function in tissue genesis and
homeostasis (1-3). A specialized form of ECM, the basement
membrane, underlies a layer of polarized cells, forming a basic
architectural feature of animal tissues. Basement membranes
serve as scaffolds for cell migration and adhesion, delineate
apical-basal polarity, and modulate cell differentiation during
development (1-7), and in the form of decellularized scaffolds,
they guide pluripotent cells to partially regenerate whole organs
(8-12). A major component is a collagen IV scaffold that is es-
sential for tissue genesis and dysfunctional in several diseases
(13-16). This scaffold is characterized by a network of oligo-
merized triple helical molecules (Fig. 14) that confer structural
integrity to tissues, serves as a ligand for cell surface receptors,
such as integrins to modify cell behavior, and serves as a locus for
bone morphogenetic protein gradients for patterning in tissue
development (17-19).

We recently discovered that the collagen IV scaffolds of bo-
vine, mouse, and Drosophila melanogaster tissues are stabilized
by sulfilimine chemical bonds (S = N) (20—22) The bond is
a covalent cross-link between methionine-93 (Met®?) and lysine-
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211 or hydroxylysine-211 (Lys*''/Hyl*'") residues that stabilizes
the noncollagenous (NC1) interface of adjoining triple helical
protomers (Fig. 14). Peroxidasin, an animal heme peroxidase
embedded in basement membrane, forms these sulfilimine
cross- lll’lkS by producing hypohalous amds as intermediates for
Met” oxidization (21, 22). Here, we explored whether the
sulfilimine cross-link of collagen IV is a fundamental requirement
in the genesis and evolution of tissues in Eumetazoa. We show
the cnidarian origin and essentiality of the sulfilimine cross-link
in tissue development and the cnidarian origin of the paradox-
ical anabolic function of hypohalous acids in tissue genesis.

Results and Discussion

Evolutionary Origin of the Sulfilimine Bond. We sought to determine
the occurrence and origin of the sulfilimine cross-link within

Significance

The evolution of multicellular animals from single-celled an-
cestors was one of the most significant transitions of life on
earth. The emergence of larger, more complex animals able to
resist predation and colonize new environments was enabled,
in part, by a collagen scaffold, which anchors cells together to
form tissues and organs. Here, we show that a unique chemical
bond, a link between sulfur and nitrogen atoms called a sulfi-
limine bond, arose over 500 Mya, binding this scaffold together
and enabling tissues to withstand mechanical forces. Perox-
idasin forms the bond by generating hypohalous acids as
strong oxidants, a form of bleach, which normally function as
antimicrobial agents. These understandings may lead to ap-
proaches for targeting tumors and treatment of other diseases.
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Fig. 1.

The sulfilimine bond stabilizes collagen IV scaffolds by the cross-linking of triple helical building block protomers. (A) The sulfilimine bond cross-links

Met®3 and Hyl?'" at the interface between the trimeric NC1 domains of two adjoining protomers, forming a globular hexamer structure. (B) Dimeric subunits
reflect the presence of the sulfilimine bond in human collagen IV by immunoblot (JK2 Ab) and protein stain. (C) MS analysis of tryptic peptides derived from
dimeric subunits verified the presence of the bond by a mass difference of 2.0299 between theoretical mass of uncross-linked and observed mass of cross-
linked peptides and subsequent multistep CID fragmentation (MS%/MS?) analyses.

Metazoa by investigating over 30 species spanning the major
animal phyla. Unambiguous detection of the bond required
knowledge of NC1 domain primary structure for each species
under study, identification of NC1 dimer subunits by SDS/
PAGE, and mass spectroscopic analysis of tryptic peptides de-
rived from the cross-linked dimer subunits that putatively con-
tain the sulfilimine cross-link. This approach is presented in Fig. 1
for the human collagen IV scaffold. NC1 hexamers, excised by
collagenase digestion, were dissociated into dimeric and mono-
meric subunits by SDS/PAGE (Fig. 14) and subsequently visu-
alized by protein stain and immunoblot (Fig. 1B). The presence
of dimer subunits indicates presence of a sulfilimine cross-link.
To unambiguously establish the presence of the cross-link in the
dimer subunits, tryptic peptides containing Met®> and Hyl*"!
were analyzed by high-resolution Orbitrap MS (Orbitrap) as
previously described (20). A loss of mass equivalent of two hy-
drogen atoms was observed between the theoretical mass of an
uncross-linked peptide and the observed mass of the cross-linked
peptide (Fig. 14 and Fig. S14). Furthermore, olefin and methyl-
sulfonamide fragment products generated by multistep collision-
induced dissociation (CID) fragmentation (MS*MS?) analyses of
multiple charge state ions were observed (Fig. S1 B-D). Together,
these data provided unequivocal chemical evidence for the pres-
ence of the sulfilimine cross-link, which was previously delineated
for bovine, murine, and Drosophila NC1 domains (20, 21).
Additionally, 30 more species, representing 11 major phyla
spanning all of Metazoa, were investigated for this cross-link.
Genomic data were unavailable for four of the cnidarian spe-
cies plus the earthworm, Lumbricus terrestris. For these species,
next generation RNA sequencing (RNA-Seq) was performed to
determine the primary structure of NC1 domains and the pres-
ence or absence of Met” and Lys/Hyl*'!, which was required for
Fourier-transform MS (FTMS) analyses of tryptic peptides that
encompasses the putative bond. Multiple sequence alignment of
animal collagen IV NC1 domains indicated that the requisite
Met” and Lys/Hyl*'! residues were conserved in all eumetazoan
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phyla, with the exception of the cnidarian Hydra magnipapillata,
but absent in the noneumetazoan groups Porifera, Placozoa, and
Choanozoa (Fig. 24).

Electrophoresis and MS were used to determine the occur-
rence of the sulfilimine bond/cross-link across the major eume-
tazoan phyla. Characterization of the NC1 domains by SDS/
PAGE revealed the presence of dimer subunits, indicative of
sulfilimine cross-links, in all species except for H. magnipapillata
(Fig. 3 and Fig. S2). These findings are congruent with the
conservation of Met”® and Hyl*'' residues across Eumetazoa
(Fig. 24). Definitive evidence for the cross-link among species of
the major phyla spanning Radiata, Protostoma, and Deuter-
ostoma was achieved by FTMS analysis of trypsin-digested NC1
peptides. The analyses for Macaca mulatta, Danio rerio, Ascaris
suum, Caenorhabditis elegans, and Nematostella vectensis are
shown in Figs. S3, S4, S5, S6, and S7, respectively. In each case,
loss of two hydrogen atoms between the theoretical and the
observed peptide mass and the CID fragmentation pattern of the
tryptic peptide containing Met*® and Hyl*'! showed the presence
of the sulfilimine cross-link. Collectively, the analyses reveal the
occurrence of the sulfilimine cross-link in all of the major
eumetazoan phyla, and the appearance of the cross-link co-
incided with the divergence of Porifera and Cnidaria. Impor-
tantly, these findings extend earlier studies of collagen IV in
invertebrates (23-26) and reveal that the collagen IV scaffold
itself, stabilized by sulfilimine cross-links, is conserved through-
out eumetazoan phyla.

Peroxidasin, the enzyme that forms the sulfilimine cross-link,
is also evolutionarily conserved throughout Eumetazoa. Our
study delineates peroxidasin and its domain structure from
Protostoma (27) basally to Radiata and Placozoa. The primary
structure for peroxidasin was unknown or incomplete in six
cnidarian species, which were determined by RNA-Seq. The
multidomain feature of peroxidasin [the peroxidase domain,
leucine-rich repeat domains, and Ig-like domains] is conserved
within cnidarians and bilaterians alike (Fig. 2B). Interestingly,
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Common Name

Phylum

Species

A

M?* & K?'" Conservation in Collagen IV NC1 Domain

s

Peroxidasin Enzyme

Ll

* LRR Peroxidase VWC
Human Chordata Homo sapiens : PEPMPMSMAPITGENIRP--//--PTPSTLKAGELR « : ===t -
a Monkey Chordata Macaca mulata . PEPMPMSMAPITGDNIRP--//--PTPSTLKAGELR + ! =i={ii{=——T= - -
£ Cow Chordata Bostaurus 1 PEPMPMSMAPITGENIRP--//--PTPSTLKAGELR + : efiimiii=—TN=i=
-.o-, Mouse Chordata Mus musculus | PEPMPMSMAPLSGDNIRP--//--PTPSTLKAGELR + : «i=iiii=—l=i- -
2 Zebrafish Chordata Daniorerio : PEPMPMSMAPVTGESIKP--//--PVPATLKAGSLR « | «E=ii-Ii-E-i-
als Amphioxus Chordata Branchiostoma floridae ; PEPMTMSMAPIRGRAIEP--//--PNPETLKAGNLR + ! «Ji=jili=—TNN-- - §
§ 8 Sea Squirt Chordata Ciona intestinalis ;| PEPFPMSMEAVTGSAIEP--//--PISETLKAGTLR « | <[ - -
w Acom Worm  Hemichordata Saccoglossus kowalevski © PEPMPMDMAPIQASNIQP--//--PVSDTLKAGRLR + = el e
@@ Purple Sea Urchin  Echinodermala Strongylocentrotus purpuratus + TEPMPMNMAPIRGGQLQP--//--PQSETLKAGSLR +  «li=iii | =—l— -
§ g Fruit Fly Drosop ! AEPMPMTMTPIQGRDLMK--//--PRQQTLKA-DFT + : == =——{N-i- -
S S Earthworm Annelida Lumbricus terrestris : PEPMTAMMNPVTGPQIRS--//--PIPETLKAGNLR § : eili=iii{=e—{=g - §
s g i Planaria Platyhelminthes Schmidtea mediterranea ; SFSMDMGMN-INVTNVEQ--//--TAGVNVKTSQSQ 1 : <= =——lN—
NS = Roundworm Nematoda Ascaris suum : STTAPIPMMPVSEGGIEP--//--PESETLKAGSLR 1 : «lilie s
® w a Roundworm Nematoda Casnorhabditis elegans : DEPMTPMMNPVTGTAIRP--//~--PMSQTLKAGGLK + : sl e = -
= Pink Hydroid Chidaria Ectopleura larynx + PEPMPMMMNPVEGRDIEK--//~--PQSQTLKAGNQR § * wjiieiime—— §
Clytia Jellyfish Cnidaria Clytia hemisphaerica . PEPASM-MAPAKGPEVRP--//--PQSETIKSGRLR § : ——
Freshwater Jellyfish Cnidaria  Craspedacusta sowerbyi © ~EQEPNMMRPSKGIENRD--//--PVPETIKAGQLR § : =ili==—{lN— §
Staghorn Coral Cnidaria Acropora digitfera © PEPIP--MMPVQENDIRP--//--PQAKTIKSGTQK t : siilisli=————
Snail Fur Cnidaria Hydractinia polyciina * RDERT--MMPLRDAEIER--//--PVSETLKGQEIR § : : efiie——
Starlet Sea Anemone Cridaria Nemalastella vectensis | PEPIP--MMPVQETNVQP--//--PRPETLKAGNLR - § | =Jli=iii=—T— t §
Hydra Cnidaria Hydra magnipapillata ; AEK - - Pl PSSGADLEN--//--PKSETL[ER-NLK + § | e— t§
Trichoplax Placozoa Trichoplax adhaerens | —-SLAPYYNMPISGSNIAP--//--PTQQVUSASATS » —— -
Sponge Porifera Psaudocorticium jarrei : NATRPP--[LPVSGSDIEE--//--TEPGTYPVSDIE 1 No Sequences Found
oufers Sponge Porifera  Amphimedon queenslandica No Sequences Found -
Choanoflagellate Choanozoa Monosiga brevicolis No Sequences Found No Sequences Found

Fig. 2. Multiple sequence alignment of collagen IV NC1 domains encompassing Met®® and Hyl>'" amino acid residues and Pxdn among 11 metazoan and 1
protozoan phyla. (A) Met®® and Lys/Hyl?'" (yellow) are conserved in all eumetazoans, except for the cnidarian H. magnipapillata, and they are absent in the
phyla of Placozoa and Porifera and the protozoan phylum Choanozoa. All sequences belong to the collagen IV a1-like subfamily of chains, except for
Drosophila (viking) and Ascaris (a2 chain). (B) Schematic representations of Pxdn. Pxdn sequence was incomplete on both ends for Mytilus, Clytia, Trichoplax,
and Monosiga and short on one end for Saccoglossus, which is indicated here by a shortened schematic representation. Sequence data were gathered from
*National Center for Biotechnology Information Reference Sequence, gathered from whole-genome shotgun/transcriptome shotgun assembly, Sgenerated
by RNA-Seq analysis of animal tissues, or Yassembled from cDNA libraries. All National Center for Biotechnology Information GenBank accession numbers are
listed in Table S1.

the von Willebrand factor type C domain is only conserved
within Bilateria, suggesting a role in bilaterian innovations such
as tubular epithelia, circulatory systems, or striated muscle.
Peroxidasin first appears along with collagen IV at the di-
vergence of Placozoa (Tnchoplwc adhaerens) and Choanozoa;
however, the requisite Met”> and Hyl*!" residues are absent in
Trichoplax (Fig. 2). Importantly, the occurrence of the sulfilimine
cross-link (vide supra) together with peroxidasin throughout
Eumetazoa establishes peroxidasin as a primordial oxidant gen-
erator embedded within basement membranes that produces

peroxidase that is known to be involved in innate immunity (28).
These findings indicate that the cnidarian stem ancestor pos-
sessed the bond and suggests that Hydra underwent a secondary
gene loss, a phenomenon previously described for Hydra (29).
The mesoglea of Hydra is complex, composed of both basement
membrane and an interstitial matrix of various collagens (30),
and it seems designed for flexibility rather than mechanical
strength (31). Nondenaturing, nonreducing buffers do not solu-
bilize collagen IV scaffolds in other metazoans but easily extract

hypohalous acids as strong oxidant intermediates for the for-
mation of sulfilimine cross-links (21, 22).

Among eight cnidarians species investigated, H. magnipapillata
is the one exception that does not contain the sulflhmme bond.
This species does not contain Met”® and Lys/Hyl*'! residues or
peroxidasin, features that are required for bond formation
(Fig. 2), but it does contain peroxinectin, an invertebrate heme

Hydra collagen 1V, suggesting a general absence of cross-links
(32). Although the relative fragility of the mesoglea is tolerated
in Hydra, the advent of mesoderm and the emergence of mus-
cular tissue in Bilateria likely required additional mechanical
strength, which was provided by the sulfilimine bond, enabling
the evolution of complex tissues for locomotion and increased
body size.

Eumetazoa

Bilateria

Fig. 3. NC1 hexamers were excised from animal basement membranes and analyzed by SDS/PAGE as shown in Fig. 1 A and B. The dimeric subunits, which
indicate the presence of the bond, were found in nine major eumetazoan phyla. Among eight cnidarians investigated, only Hydra NC1 lacked dimeric
subunits. All NC1s were immunoblotted against the rat monoclonal antibody, JK2, except for C. elegans (rabbit polyclonal; NW-154) and Drosophila (mouse
monoclonal; 6G7). Black outlines indicate the locations of cropping for blot images.
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Essentiality of the Sulfilimine Cross-Link in Tissue Genesis. Sulfili-
mine cross-link is essential for invertebrate tissue genesis as re-
cently described for the protostomes D. melanogaster and C. elegans
(21, 33). We extended the investigation of essentiality to verte-
brate and deuterostome development using the zebrafish model.
The expression levels of collagen IV «l and o2 chains and per-
oxidasin were measured during early zebrafish development.
Real-time quantitative PCR (qPCR) studies showed up-regula-
tion of all three components during gastrulation (Fig. 44). To
probe the importance of the bond in early development, mor-
pholino oligomers were designed to inhibit the translation of
peroxidasin and microinjected into fertilized one-cell stage em-
bryos. At 24 h postfertilization (hpf), embryos were assessed and
found to display a phenotypic ratio of normal development (20/
45 embryos), partial curved trunk (21/45 embryos), and severely
defective (4/45 embryos), which consisted of cardiac edema,
decreased eye size, and gross trunk patterning effects (Fig. 4 D-
F). To determine the effect of the inhibitory morpholinos on
bond formation as measured by the presence of cross-linked
NCI1 dimers, whole embryos were digested with collagenase, and
the excised NC1 hexamers were analyzed by SDS/PAGE. The
phenotype with partial curved trunk presented with a total ab-
sence of dimer bands, indicative of decreased sulfilimine cross-
links, as well as a decreased content of collagen IV (Fig. 4G).
These results indicate that the developmental expression of the
cross-linked collagen IV scaffold occurs during gastrulation and
that the scaffold is of functional importance for organogenesis.
The developmental timeline in zebrafish for the functional
importance of the collagen IV scaffold is congruent with the
developmental timelines for several other eumetazoans. Colla-
gen IV KO embryos in C. elegans show lethality at the threefold
stage and in mouse at embryonic age (days post coitum) 10.5—
11.5 (34, 35). For peroxidasin KOs, C. elegans embryos arrest at
the threefold stage, and Drosophila embryos are lethal at the
third instar larvae stage (21, 33). In N. vectensis, collagen IV and
peroxidasin expression are up-regulated during gastrulation
(Fig. S9). Collectively, these findings indicate the essentiality of
the cross-linked collagen IV scaffold for organogenesis, a stage
when mechanical forces manifest in metazoan development.

Conclusions

The triad—a collagen IV scaffold with sulfilimine cross-links,
peroxidasin, and hypohalous acids—is a primordial innovation of
the basement membrane that is essential for organogenesis and
evolution of tissues. The cross-links confer (i) stability and ten-
sile strength, enabling the collagen IV scaffold to serve as an
anchor for cell attachment and tissue compartmentalization,
a ligand for cell surface receptors that modify cell behavior, and
a locus for bone morphogenetic protein gradients for patterning
in tissue development, and (ii) structural integrity to tissues for
locomotion and large body size. The cross-linked scaffold, in
part, enables the evolution of complex tissues that overcome
mechanical forces and the constraint of chemical diffusion in the
delivery of nutrients to distant organs in large body size.

Peroxidasin is a primordial oxidant generator embedded
within basement membranes that produces hypohalous acids as
strong oxidant intermediates for formation of the sulfilimine
cross-links. This anabolic function of hypohalous acids is para-
doxical, because the canonical role of these acids occurs in ver-
tebrates, where they are produced by myeloperoxidase and
eosinophil peroxidase and function as antimicrobial agents in
innate immunity (21, 22, 27, 28). Furthermore, peroxidasin is the
only animal heme peroxidase spanning both invertebrates and
vertebrates (28), and it shares a peroxidasin-like ancestor with
the vertebrate peroxidases: myeloperoxidase, eosinophil peroxidase,
and lactoperoxidase (27). Thus, in invertebrates, the hypohalous
acids formed by peroxidasin may have a dual function of forming
sulfilimine cross-links and serving as a primitive form of innate
immunity. Indeed, mosquito gut peroxidasin is up-regulated after
bacterial infection, and its knockdown reduces bacterial clear-
ance and host survival (36).
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Fig. 4. Expression of collagen IV and Pxdn during development in zebrafish
and morpholino (MO) knockdown of peroxidasin in zebrafish embryos. (A)
Pxdn and collagen IV expression during zebrafish embryonic development.
Real-time gPCR studies were conducted to examine expression levels of
Pxdn, collagen4al, and collagen4a2. *Student t test P value < 0.03 compared
with expression at 1,000 cells. Error bars = SEM. Blue, pxdn; red, col4a; black,
colda2. (B) Control and (C) Pxdn MO groups. MO-injected embryos displayed
(D) general severe defects that include cardiac edema, smaller eyes, and
gross trunk patterning defects (4/45), (E) partial curved trunk (21/45), or (F)
normal development (20/45). (G) SDS/PAGE analysis of Pxdn MO embryonic
phenotypes at 24 hpf by Western blot. Collagenase digests were normalized
for total protein load by protein stain with SYPRO-Ruby (Fig. S8).

Materials and Methods

Animals. H. magnipapillata cultures of strain 105 were cultured in the lab-
oratory by R.E.S. Acropora digitifera was purchased from Happy Coral, Inc.
Hydractinia polyclina was collected from Clark Cove in Mount Desert, ME.
Ectopleura larynx and Metridium sp. were collected from the piers at the
Town Dock in Northeast Harbor, ME. C. elegans was cultured in our labo-
ratory. L. terrestris was purchased from NASCO. Lumbriculus variegatus was
purchased from Aquatic Foods. D. melanogaster was obtained from John
and Lisa Fessler (University of California, Los Angeles, CA). Dugesia tigrina
was purchased from Ward’s Natural Science. Mytilus edulis was purchased
from a local seafood market in Nashville, TN. Strongylocentrotus purpuratus
was purchased from M-REP. Saccoglossus kowalevskii was purchased from
Marine Biological Laboratory. Ciona intestinalis and Branchiostoma floridae
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were purchased from Gulf Specimen Marine Laboratory. D. rerio was pur-
chased from Aquatic Critter and cultured in the laboratory by V.P.Y. Mus
musculus kidneys were purchased from Pel-Freez Biologicals. M. mulatta
kidney tissue was donated by Heather Hudson (Kansas University Medical
Center, Kansas City, KS). Human kidney tissues were obtained from normal
donors from the National Disease Research Interchange. Bacterial collage-
nase was purchased from Worthington Biochemical. JK2 rat monoclonal
antibody was purchased from Yoshikazu Sado (Shigei Medical Research In-
stitute, Okayama, Japan). C. elegans anticollagen IV rabbit polyclonal anti-
body, NW-154, was donated by James Kramer (Northwestern University,
Evanston, IL). Drosophila anticollagen IV mouse monoclonal antibody, 6G7,
was donated by John and Lisa Fessler.

Isolation and Purification of Collagen IV NC1 Hexamers. Two primary methods
were used for isolation and purification of collagen IV NC1 hexamer because
of variance in Bilaterian and Cnidarian tissue. Bilaterian (Deuterostome and
Protostome) tissues were frozen in liquid nitrogen, pulverized in a mortar and
pestle with liquid nitrogen, and then, sonicated in 1% (wt/vol) deoxycholate
plus 10 mM EDTA (pH 8.0) and 10 mM Tris-Cl (pH 8.0); the insoluble material
was isolated after centrifugation at 10,000 x g for 15 min. The pellet was
then extracted with 1 M NaCl plus 50 mM Tris-Cl (pH 7.5), and the insoluble
material was isolated after centrifugation at 10,000 x g for 15 min. The
pellet was then extracted a final time with cold ddH20, and the insoluble
material was isolated after centrifugation at 10,000 x g for 15 min. The
pellet was dispersed into 2.0 mL g~" buffer [50 mM Hepes (pH 7.5), 10 mM
CaCl,, 1 mM PMSF, 5 mM benzamadine-HCl, 25 mM 6-amino-n-hexanoic
acid] containing 0.1 mg mL™" bacterial collagenase (Worthington Biochemical).
The mixture was incubated at 37 °C with stirring for 24 h. Collagenase-
solubilized material was dialyzed against 50 mM Tris-Cl (pH 7.5). Cnidarian
tissues were frozen in liquid nitrogen, pulverized in a mortar and pestle, and
then, homogenized in 2.0 mL g~' digestion buffer and 0.1 mg mL™" bacterial
collagenase; they were allowed to digest at 37 °C with spinning for 24 h.
Liquid chromatography purification of solubilized NC1 varied by species
based on protein yield. All excised deuterostome and protostome NC1s were
purified by anion exchange chromatography (DE-52 cellulose or GE HiTrap Q
HP) and gel exclusion chromatography (GE Superdex 200 10/300 GL).

SDS/PAGE and Immunoblot Analysis of NC1 Hexamers. Collagenase-solubilized
NC1 hexamers were analyzed by SDS/PAGE in 12% (wt/vol) bis-acrylamide
minicells with Tris-Glycine-SDS running buffer. Sample buffer was 62.5 mM
Tris-HCI (pH 6.8), 2% (wt/vol) SDS, 25% (wt/vol) glycerol, and 0.01% bro-
mophenol blue. Western blotting of SDS-dissociated NC1 hexamer was done
with the rat mAb JK-2, except for Drosophila and C. elegans NC1 hexamers,
which were assayed by 6G7 (mouse monoclonal; Drosophila anticollagen IV
antibody) and NW-154 (rabbit polyclonal; C. elegans anticollagen IV anti-
body), respectively. All Western blotting in Fig. 3 was done with Alkaline
Phosphatase substrate, and zebrafish mutant Western blotting in Fig. 4 was
done with Thermo-Scientific SuperSignal West Femto chemiluminescent
substrate and developed on film. Protein staining was done with Coomassie
Brilliant Blue (G-250) or Invitrogen SYPRO-Ruby.

Next Generation RNA Sequencing. Transcriptomes used in this study were
sequenced at the Vanderbilt Technologies for Advanced Genomics Core
Facility using a custom pipeline (full method is in S/ Materials and Methods).
De novo assembly of transcriptomes was performed using Velvet/Oases,
Trinity and CLC Genomic Workbench software packages with default set-
tings. The accuracy of de novo assembly was checked in a parallel next
generation RNA-Seq experiment using RNA from mouse PFHR9 cells. De
novo assembled transcripts were used to generate BLAST databases to
search for collagen IV similar sequences using tblastn with e-value cutoff set
to 107'°. Multiple sequence alignments were performed with the Geneious
v5-6 software (Biomatters) built-in algorithm. To identify peroxidasin (pxdn)
sequences for corresponding species, we followed the same procedure using
mouse pxdn as a query. Candidates for collagen IV and pxdn were then
checked with the NCBI's Conserved Domain Database to ensure that correct
sequence information was used in the study.

Isolation of Sulfilimine Cross-Linked Peptides. NC1 hexamers from various
animals were denatured by boiling in 0.2 M Tris-HCI buffer (pH 7.5) con-
taining 4 M Guanidine-HCl and 25 mM DTT. The proteins were alkylated
with iodoacetamide, precipitated with ethanol, resuspended in freshly
made ammonium bicarbonate, and digested with sequencing-grade mod-
ified trypsin (Promega). The tryptic digest was fractionated on a Superdex
peptide column (Amersham Biosciences), and the fractions containing
polypeptides of 3,000-6,000 molecular weight (~9 mL column volume)
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were pooled together, freeze-dried, and stored until MS analyses
were performed.

High-Resolution FTMS of Sulfilimine Cross-Linked Peptides. Dry samples were
reconstituted in 0.1% formic acid and loaded onto a capillary reverse phase
analytical column (360 pm o.d. x 100 pm i.d.) using an Eksigent NanoLC Ultra
HPLC and autosampler. The analytical column was packed with 20 cm C18
reverse phase material (Jupiter; 3-um beads, 300 A; Phenomenex) directly
into a laser-pulled emitter tip. Peptides were gradient-eluted at a flow rate
of 500 nL/min, and the mobile phase solvents consisted of 0.1% formic acid
and 99.9% water (solvent A) and 0.1% formic acid and 99.9% acetonitrile
(solvent B). A 90-min gradient was performed and consisted of 0-10 min
(sample loading), 2% B; 10-50 min, 2-35% B; 50-60 min, 35-90% B; 60-65
min, 90% B; 65-70 min, 2-90% B; 70-90 min (column equilibration), 2% B.
On gradient elution, peptides were mass analyzed on either an LTQ Orbitrap
XL or LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific); each
mass spectrometer is equipped with a nanoelectrospray ionization source.
The instruments were operated either using a data-dependent method or
with a targeted method to enable analysis of low-abundant cross-linked NC1
peptides. For data-dependent analyses, full scan (m/z = 400-2,000) spectra
were acquired with the Orbitrap as the mass analyzer (resolution = 60,000),
and the three most abundant ions in each MS scan were selected for frag-
mentation in the LTQ, which was followed by data-dependent MS* analysis
of the three most abundant ions in each MS? scan. An isolation width of 2
m/z, an activation time of 30 ms, and 35% normalized collision energy were
used to generate MS? and MS® spectra. The MS” AGC target value was set to
1e* or 2e* and the maximum injection time was either 150 or 250 ms, re-
spectively. For MS? scans, a minimum threshold of 500 was used to trigger
data-dependent spectra, whereas a threshold of 500 or 100 was used to
trigger MS? spectra. Dynamic exclusion was enabled, with an exclusion du-
ration of either 20 (LTQ Orbitrap Velos) or 60 s (LTQ Orbitrap XL). For
analyses where cross-linked peptides were too low in intensity to be selected
data-dependently, targeted methods were performed. Full scan spectra
were similarly acquired in the Orbitrap, but specific m/z values were pro-
vided in the data acquisition method to facilitate MS? and MS® fragmenta-
tion irrespective of the intensity of precursors.

FTMS Peptide Identification and Bioinformatics. Two strategies were followed
for the identification of sulfilimine cross-linked peptides. First, raw data files
were manually searched for sulfilimine cross-linked peptides using the Xca-
libur 2.2 QualBrowser software (Thermo Scientific). To calculate the mono-
isotopic mass of the sulfilimine cross-linked peptides, the mass of two
hydrogen atoms was subtracted from the sum of the masses for Met®3- and
Lys?""-containing peptides, each generated using GPMAW version 8.00sr1
(Lighthouse Data) as previously shown in the work by Vanacore et al. (20).
Second, sulfilimine cross-linked peptides not found manually were identified
by searching the bovine, mouse, D. rerio, D. melanogaster, C. elegans, or
N. vectensis subsets of the UniprotKB database (www.uniprot.org) using
either SEQUEST (Thermo Scientific) on a high-speed, multiprocessor Linux
cluster in the Advanced Computing Center for Research and Education at
Vanderbilt University or the Myrimatch algorithm (37) on a two six-core Intel
Xeon processor HP Proliant DL160 G6 server running Windows server 2008 R2
enterprise using the Bumbershoot suite (38). The search files were adapted
for the identification of peptides that included the amino acid modifications
of interest [i.e., —48.0034 on Met and +45.9877 or +61.9826 on Lys as well
as carbamidomethylation of cysteine (+57.0214) and oxidation of methionine
(+15.9949)]. The result files obtained from SEQUEST and/or Myrimatch were
assembled using IDPicker (39) and/or Scaffold 3.6.4 (Proteome Software). MS>
spectra matching peptides containing modified Lys*'' or Met®® were con-
firmed by either manual evaluation or processing the raw data files through
ScanRanker (40), and the spectra were annotated with lonMatcher.

gPCR Analysis of Embryonic Expression of Zebrafish Pxdn and Collagen IV. WT
Ekkwill embryos were collected, raised in E2 medium at 28 °C, and staged
to the appropriate developmental phase. At 1,000 cells, shield, tailbud,
15 somites, and 24 hpf, at least 50 embryos were harvested for total RNA
isolation using Tri-Reagent (Sigma-Aldrich). Duplicate cDNA synthesis was
performed with 250 ng total RNA using the Supermix ¢cDNA synthesis kit
(Quanta Biosciences) in accordance with the manufacturer’s protocol. For
real-time gPCR analyses, triplicate reactions were used for each cDNA syn-
thesis, and crossing thresholds were determined with SYBR green methods
(Roche) (41). Expression levels of Pxdn and collagen Va1 and -a2 were
normalized to p-actin levels at each developmental stage. Fold change in
gene expression during development was determined relative to the 1,000-
cell state. qPCR oligo pairs used are listed in S/ Materials and Methods.

PNAS | January 7,2014 | vol. 111 | no.1 | 335

EVOLUTION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318499111/-/DCSupplemental/pnas.201318499SI.pdf?targetid=nameddest=STXT
http://www.uniprot.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1318499111/-/DCSupplemental/pnas.201318499SI.pdf?targetid=nameddest=STXT

g
&
<
—
o
5
3
=z
=
o
&
=
—
&
(9]
N
=
3
-
)
(=2
5
8
=
g
2
=
=
S
3
k|
g
[=
8
(a)

Morpholino Knockdown of Pxdn in Zebrafish Development. Antisense mor-
pholino directed against Pxdn (5-AGT TTC GCA CAG TCC GCA ACG CCA T-3')
and standard control (5-CCT CTT ACC TCA GTT ACA ATT TAT A-3’) mor-
pholino were resuspended in nuclease-free water, and ~1 nL 1 mM solution
was microinjected in the cytoplasm of WT Ekkwill one-cell embryos. Micro-
injected embryos were raised in E2 medium for ~24 h at 28 °C before manual
dechorionation with forceps for phenotypic characterizations. Embryos were
imaged in 2% methylcellulose using an Olympus MXV110 stereomicroscope.
For Western blots, control and Pxdn morpholino-microinjected embryos
were scored at 24 hpf and snap-frozen in liquid nitrogen.

Aspirnauts (Middle School, High School, and Undergraduate Students). The
students were sponsored by the Aspirnaut K-20 Science, Technology, En-
gineering, and Math (STEM) pipeline (www.aspirnaut.org) for diversity, which
focuses on elevating STEM achievement of students from geographically and
economically disadvantaged backgrounds, students from underrepresented
racial and ethnic minority groups, and Native Americans. In this study over
five summer periods, students participated as teams in a search for the
sulfilimine bond. Students were educated on the topic, including basic bi-
ology and chemistry, and trained in basic biochemical technologies sufficient
for the investigation. They isolated, purified, and analyzed collagen IV NC1
hexamers from 27 animal species. In addition, they participated individually in
separate research projects. These activities, conducted as a member of an
ongoing research team, provided an in-depth research experience, involving
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crafting of questions, designing and conducting experiments, and presenting
and arguing results while contributing to the advancement of a research topic.
At the end of the summer internship, students prepared written reports and
gave oral and poster presentations to their peers and mentors. The names and
demographics of the students are presented in Table S2.
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