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The 7S dodecamer is recognized as an important structural
cross-linking domain of collagen IV networks that provide
mechanical stability to basement membranes, a specialized
form of extracellular matrix essential for the development and
maintenance of tissue architecture. Although the 7S dodecamer
is stabilized by covalent cross-linking, the molecular mecha-
nism by which such cross-links are formed has not been
revealed. Here, we aimed to identify the enzyme(s) that cross-
links the 7S dodecamer and characterize its expression in the
kidney glomerulus. Pharmacological inhibition of candidate
extracellular matrix enzymes revealed that lysyl oxidase activity
is required for cross-linking of 7S polypeptides. Among all lysyl
oxidase family members, lysyl oxidase-like-2 (LOXL2) was iden-
tified as the isoform cross-linking collagen IV in mouse embry-
onal PFHR-9 cells. Biochemical analyses revealed that LOXL2
readily promoted the formation of lysyl-derived cross-links in
the 7S dodecamer but not in the NC1 domain. We also estab-
lished that LOXL2 is the main lysyl oxidase family member pres-
ent in the glomerular extracellular matrix. Altogether, we dem-
onstrate that LOXL2 is a novel component of the molecular
machinery that forms cross-linked collagen IV networks, which
are essential for glomerular basement membrane stability and
molecular ultrafiltration function.

Collagen IV, the most abundant structural constituent of glo-
merular basement membrane (GBM),5 provides a scaffold for

the macromolecular assembly of other proteins, confers
mechanical strength, and influences cell behavior, features that
are indispensable for the normal functioning of the glomerular
filtration barrier (1, 2). After secretion into the extracellular
space, collagen IV triple helical molecules (protomers) self-as-
semble into networks by specific end-to-end interactions form-
ing two essential connecting sites: the C-terminal NC1 hex-
amer and the N-terminal 7S dodecamer (3– 6). The NC1
hexamer results from the interaction of two trimeric NC1
domains brought together by extracellular chloride (7, 8). The
trimer-trimer interface is enzymatically cross-linked by peroxi-
dasin-catalyzed sulfilimine bonds, an evolutionarily conserved
structural feature of collagen IV networks that is essential for
tissue development and function (9 –14). The 7S dodecamer is
also a critical connecting domain for collagen IV network
assembly and function (5, 15–17). However, knowledge of the
structural and molecular events implicated in assembly and fur-
ther stabilization of the 7S dodecamer has not been well
defined.

The 7S dodecamer is formed by self-assembly of the N-ter-
minal 7S domain of four triple helical protomers. The assembly
of all 12 �-chains is stabilized by disulfide and non-disulfide
cross-links (15, 18 –20). The amino acid sequence of 7S domain
contains cysteine and lysine residues, which have been sug-
gested as potential cross-linking sites (21–23). Lysyl residues
may be oxidized by lysyl oxidases (LOXs), a family of extracel-
lular enzymes that catalyze the oxidative deamination of the
�-amino group of lysine and hydroxylysine residues, promoting
the formation of lysyl-derived cross-links (24, 25). The LOX
family is composed of five distinct members (LOX, LOXL1,
LOXL2, LOXL3, and LOXL4) that share a conserved catalytic
domain containing a copper binding site and a quinone cofac-
tor (26, 27). Although proteins of the extracellular matrix
(ECM) such as fibril-forming collagens and elastin are cross-
linked through a LOX-mediated mechanism (28), it is not clear
whether network-forming collagen IV is a substrate for these
enzymes. However, a recent phylogenetic study of metazoan
genomes to reconstruct the evolutionary history of LOX
enzymes suggested that LOXL2, LOXL3, and LOXL4 form a
separate superfamily that may be involved in cross-linking
basement membrane collagen IV (29).

LOX enzymes regulate many biological processes including
extracellular matrix stabilization, cellular growth, and homeo-
stasis (30). The study of lysyl oxidases has gained relevance as

* This work was supported in part by the NIDDK, National Institutes of Health
Grants R01 DK099467, R01 DK18381, and R01 DK051265 and Vanderbilt
Division of Nephrology faculty development funds. The authors declare
that they have no conflicts of interest with the contents of this article. The
content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

1 Both authors contributed equally to this work.
2 Supported in part by “Becas-Chile” scholarship provided by the Chilean

Government. Present address: Universidad Católica del Maule, Talca
3480112, Chile.

3 Present address: Idaho National Laboratory, Idaho Falls, ID 83415.
4 To whom correspondence should be addressed: Dept. of Medicine, Division

of Nephrology and Hypertension, Vanderbilt University Medical Center,
1161 21st Ave. S., B-3113 Medical Center N., Nashville, TN 37232. Tel.: 615-
322-8323; Fax: 615-343-7156; E-mail: roberto.vanacore@vanderbilt.edu.

5 The abbreviations used are: GBM, glomerular basement membrane; LOX,
lysyl oxidase; LOXL, lysyl oxidase-like; BAPN, �-aminopropionitrile; BCS,
bathocuproine disulfonic acid; SCZ, semicarbazide; DNPH, 2,4-dinitrophe-
nylhydrazine; MudPIT, multidimensional protein identification technolo-
gy; HBSS, Hank’s balanced salt solution; qPCR, quantitative PCR; GECM,
glomerular ECM.

crossmark
THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 50, pp. 25999 –26012, December 9, 2016

© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 25999

mailto:roberto.vanacore@vanderbilt.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.738856&domain=pdf&date_stamp=2016-10-21


up-regulation of their expression correlates with fibrotic dis-
eases in many different tissues including liver, lung, and kidney
(31–33). In addition, members of the family, in particular LOX
and LOXL2, have been widely associated with cancer progres-
sion and metastasis (31, 34 –36). In most cases, these enzymes
are thought to cross-link elastin and interstitial collagens. How-
ever, LOXL2 appears to be unique in that it has been the only
LOX family member involved in regulating the deposition of
collagen IV networks in endothelial basement membranes of
blood vessel (37).

In this study, we aimed to identify enzymes that cross-link
the 7S domain and to characterize their expression in the kid-
ney glomerulus where the stability of collagen IV networks
plays a critical role for kidney function. Biochemical, mass spec-
trometry, and cell culture studies revealed that LOXL2 cross-
links the 7S domain of collagen IV. Our findings demonstrate
that LOXL2 is the predominant lysyl oxidase family member in
the glomerular ECM, a feature that may be important for stabi-
lization of basement membranes.

Results

Characterization of the 7S Dodecamer of PFHR-9 Collagen
IV—Collagen IV is the most abundant structural component of
basement membranes where it plays an important functional
role in development and in structural stability and architecture
of tissues (38). Although the occurrence of covalent cross-links
stabilizing the assembly of 7S domains of collagen IV molecules
has been suggested previously (20, 23), to date there is no

knowledge of which enzyme(s) is involved in this process.
Therefore, we aimed to identify the enzyme(s) responsible for
cross-linking of 7S domain using PFHR-9 cells, which were
shown previously to produce collagen IV networks and peroxi-
dasin, the enzyme that catalyzes the formation of sulfilimine
cross-links in the C-terminal NC1 domains (11).

PFHR-9 cells were cultured for extended periods of time after
reaching confluence to allow for collagen IV network deposi-
tion (Fig. 1A). Similar to what is observed in animal tissues,
collagenase digestion of PFHR-9 matrix yields the two predom-
inant cross-linking domains of collagen IV networks: the NC1
hexamer and 7S dodecamer (Fig. 1B). In SDS-PAGE under non-
reducing conditions, the purified 7S dodecamer is observed
with an apparent molecular weight of �250,000 (Fig. 1C),
which is in agreement with the combined size of 12 polypeptide
chains of �21,000 each. Reductive cleavage of disulfide bonds
revealed that 12 polypeptide chains within the 7S dodecamer
are organized into monomers and five oligomeric subunits (Fig.
1C, right lane) including dimers, trimers, tetramers, pentamers,
and hexamers. The presence of these oligomeric subunits after
strong denaturing conditions of SDS-PAGE clearly indicates
that the 7S dodecamer is cross-linked by non-disulfide covalent
cross-links.

Lysyl Oxidase Inhibitors Block the Formation of Non-disulfide
Cross-links in the 7S Dodecamer—To elucidate the type of
bonds that cross-link the 7S subunits, PFHR-9 cells were cul-
tured in the presence of several pharmacological inhibitors of

FIGURE 1. Purification of 7S dodecamers from PFHR-9 cells. A shows a schematic representation of the procedures to purify the 7S dodecamer and NC1
hexamer from PFHR-9 cell matrix. PFHR-9 cells are cultured for 7 days after they reach confluence, allowing the deposition of a very thick ECM. Cells are removed
with deoxycholate detergent, and the insoluble ECM is digested with bacterial collagenase. The collagenase-resistant 7S dodecamer and NC1 hexamer are
readily solubilized and further purified by ion exchange and gel filtration chromatography. B, a representative gel filtration chromatography profile from which
7S dodecamer and NC1 hexamer are purified. C, SDS-PAGE analysis of purified 7S dodecamer. Molecular mass standard proteins are shown in kDa. Under
non-reducing conditions (� DTT), the 7S dodecamer (dd-7S) appears as a single broad band with an apparent molecular weight of �250,000. This is in
agreement with the combined size of 12 monomeric polypeptide chain of �21,000 each, all of which cross-linked together by disulfide and non-disulfide
cross-links. Under reducing conditions (� DTT), the 7S dodecamer dissociates into six major subunits, monomer (M), dimer (D), trimer (T), tetramer (TT),
pentamer (P), and hexamer (H). All subunits, except for monomers, are held together by non-disulfide covalent cross-links. Abs, absorbance.
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matrix-cross-linking enzymes including inhibitors of transglu-
taminase (cadaverine and putrescine), peroxidasin (phloroglu-
cinol) and lysyl oxidases (�-aminopropionitrile (BAPN), batho-

cuproine disulfonic acid (BCS), and semicarbazide (SCZ)) (Fig.
2A). Cells were allowed to deposit collagen IV into the matrix
for 7 days after confluence, replacing culture medium contain-

FIGURE 2. 7S subunits are stabilized by LOX-mediated cross-links. A, schematic representation of the experimental strategy to evaluate the effect of enzyme
inhibitors and copper chelators on cross-linking of 7S dodecamer. B, PFHR-9 cells were grown in the presence of the indicated enzyme inhibitors for 7 days. 7S
dodecamers were purified and analyzed by SDS-PAGE under reducing conditions. The inhibitors and concentrations used were as follows: 5 mM cadaverine and
5 mM putrescine (transglutaminase inhibitors), 1 mM BAPN (lysyl oxidase inhibitor), 50 �M phloroglucinol (PHG) (peroxidasin inhibitor), and 100 �M BCS and 1
mM SCZ (copper chelators). C, SDS-PAGE analysis under reducing conditions of 7S dodecamers purified from PFHR-9 cells grown for 7 days in the presence of
increasing concentrations of BAPN (10 –5000 �M). D, SDS-PAGE analysis under non-reducing conditions of NC1 hexamers purified from PFHR-9 matrix pro-
duced in C. E, SDS-PAGE analysis under reducing conditions of 7S dodecamers purified from untreated (control) cells and cells grown in culture medium
containing 1 mM BAPN and 100 �M BCS. M, D, T, TT, P, and H indicate the electrophoretic mobility of monomer, dimer, trimer, tetramer, pentamer, and hexamer
7S subunits, respectively. D-NC1 and M-NC1 indicate the electrophoretic migration of NC1 dimers and NC1 monomers, respectively. The migration of molecular
weight (MW) standard proteins is shown on the left.
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ing inhibitors every day. Although transglutaminase and per-
oxidasin inhibitors did not have any effect on 7S cross-linking,
the irreversible inhibitor of lysyl oxidase, BAPN, completely
prevented the formation of hexameric, pentameric, and tetra-
meric 7S subunits (Fig. 2B). A concomitant increase in mono-
mer subunits was observed with the concurrent decrease of
high molecular weight subunits. Because 7S trimeric and
dimeric subunits remained after treatment with BAPN, we per-
formed a dose-response experiment in which PFHR-9 cells
were cultured with BAPN concentrations up to 5 mM to ensure
complete inhibition of lysyl oxidase activity (Fig. 2C). Maximal
inhibition was achieved between 0.5 and 1 mM concentration of
BAPN, which is the normal range used for the inhibition of lysyl
oxidase activity in cultured cells (39, 40). Higher concentrations
up to 5 mM BAPN had very little effect on the 7S subunits
profile, but survival of PFHR-9 cells was significantly decreased
especially at the highest 5 mM concentration. Notably, BAPN,
even at the higher concentrations, did not have any effect on
NC1 domain sulfilimine cross-linking as the dimeric subunits
remained unchanged (Fig. 2D).

Because all members of the lysyl oxidase family use copper as
a cofactor that is essential for enzymatic activity (24), we cul-
tured PFHR-9 cells with specific copper chelators as an alterna-
tive mechanism to inhibit lysyl oxidase activity. As shown in
Fig. 2B, membrane-impermeable copper chelator BCS and
SCZ, an inhibitor of semicarbazide-sensitive amine oxidase,
inhibited the formation of hexameric, pentameric, and tetra-
meric 7S subunits, preventing the formation of cross-links in a
manner similar to BAPN. Although the conditions used to
inhibit lysyl oxidase activity significantly reduced the intensity
of 7S subunits of high molecular weight, trimeric and dimeric
subunits persisted.

As BAPN and BCS could each partially inhibit LOX activity
through different mechanisms, we tested whether culturing
PFHR-9 cells in the presence of these two inhibitors would have
a synergistic effect on the inhibition of cross-linked 7S subunits.
As shown on Fig. 2E, SDS-PAGE analyses under reducing con-
ditions revealed that the combined use of BAPN and BCS dras-
tically inhibits the formation of cross-linked 7S subunits.
Although a small amount of 7S dimers remained, this form of
the 7S dodecamer (7S-BAPN/BCS) is predominantly com-
posed by monomeric subunits, indicating that BAPN and BCS
achieved a more efficient inhibition of lysyl oxidase activity
than BAPN or BCS alone (Fig. 2B). In summary, these data
demonstrate that lysyl oxidase enzymatic activity catalyzes the
formation of non-disulfide covalent cross-links stabilizing 7S
dodecamers.

LOXL2 Is the Most Abundant Lysyl Oxidase Isoform in
PFHR-9 Matrix—Because LOX family is composed of five
members, we characterized the relative expression of all LOX
family members in PFHR-9 cells to identify the specific LOX
enzyme cross-linking the 7S dodecamer. We isolated mRNA
from PFHR-9 cells to perform quantitative RT-PCR. As
observed in Fig. 3A, LOXL2 is the predominant isoform
detected in PFHR-9 cells with a relative abundance of more
than a 1000 times the expression level of the other LOX family
members. Shotgun proteomics analysis was also performed to
identify which of the five members of the LOX family was pres-

ent in the PFHR-9 matrix (Fig. 3C). The deoxycholate-insoluble
ECM proteins were extracted with 2 M guanidine HCl, and the
soluble proteins were digested with trypsin and analyzed by
LC-MS/MS. The results indicated that LOXL2 was the only
lysyl oxidase family member identified in PFHR-9 matrix. Six-
teen unique peptides were detected, representing about 45% of
the LOXL2 sequence. To confirm the presence of LOXL2 in the
extracellular matrix of PFHR-9 cells, immunoblotting analyses
were performed. Fig. 3B shows that LOXL2 occurs as a 100-kDa
polypeptide and as a smaller 67-kDa polypeptide. These two
forms of LOXL2 have been observed in other cell types and
tissues with the smaller 67-kDa form resulting from proteolytic
N-terminal processing by an unknown protease (34, 41). These
data demonstrate that LOXL2 is the predominant isoenzyme
expressed by PFHR-9 cells and that the enzyme is present in the
insoluble matrix.

LOXL2 Promotes Cross-linking of the 7S Dodecamer of Colla-
gen IV—To elucidate whether LOXL2 is responsible for cata-
lyzing the formation of lysyl-derived cross-links in the 7S
domain, we performed in vitro cross-linking assays (Fig. 4).
Thus, 7S-BAPN/BCS was incubated with recombinant human
LOXL2, and the products of the reaction were analyzed by SDS-
PAGE. As shown in Fig. 4, LOXL2 led to a significant increased
formation of high molecular weight 7S subunits (dimer, trimer,
tetramer, pentamer, and hexamer) at the expense of the mono-
meric subunits. This result indicates that the LOXL2 cross-
links the 7S dodecamer of collagen IV in vitro.

To test whether LOXL2 can promote the formation of cross-
links in the 7S dodecamer within the native insoluble collagen
IV network, HEK293 cells were overlaid onto BAPN-treated
PFHR-9 matrix and transiently transfected with plasmids con-
taining either human LOXL2 or a catalytically inactive
LOXL2Y689F mutant (Fig. 5A). LOXL2Y689F is a catalytically
inactive mutant in which Tyr-689 was mutated to phenylala-
nine, preventing the formation of lysyl tyrosyl quinone cofactor
that is required for oxidase activity (27, 42). Seventy-two hours
after transfection, LOX enzymatic activity was clearly evident
in the medium of cells transfected with LOXL2 cDNA but
absent in LOXL2Y689F mutant (Fig. 5B). The expression of
recombinant proteins was verified by immunoblotting with
anti-LOXL2 (Fig. 5B, inset). HEK293 cells were removed by
detergent extraction, and the remaining insoluble matrix pro-
teins were digested with collagenase. Solubilized proteins were
analyzed by SDS-PAGE to visualize the integrity of 7S
dodecamer and NC1 monomeric and dimeric subunits (Fig.
5C). Immunoblotting analyses of 7S dodecamers isolated from
PFHR-9 matrix exposed to active recombinant LOXL2 showed
that 7S cross-linking had occurred, reestablishing the high
molecular weight subunits including hexamer, pentamer,
and tetramer 7S subunits (Fig. 5D). Overexpression of the
LOXL2Y689F mutant had no effect on the 7S subunit profile and
closely resembles the profile shown by the control cells trans-
fected with empty vector (mock). Notably, NC1 monomeric
and dimeric subunits remained unchanged in all conditions
(Fig. 5C), indicating that LOXL2-mediated cross-linking is
restricted to the 7S dodecamer. In summary, these studies dem-
onstrate that the catalytic activity of LOXL2 is required to pro-
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FIGURE 3. LOXL2 is the main lysyl oxidase expressed in PFHR-9 matrix. A, the qPCR studies show the detection of LOXL2 as the only LOX isoform expressed
in PFHR-9 cells. Error bars represent S.D. from three independent experiments. B, Western blotting detection of LOXL2 protein in a 4 M urea extract from PFHR-9
matrix. Detection of unprocessed (U) and processed (P) forms of LOXL2 from PFHR-9 matrix is similar to the profile observed for human recombinant LOXL2
(hrLOXL2) that was used as a control. C, mass spectrometry identification of mouse LOXL2 (mLOXL2) peptides extracted from PFHR-9 matrix (gray) and
glomerular ECM (black).
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mote cross-linking of 7S dodecamer, but not the NC1 domain,
in the insoluble extracellular matrix.

LOXL2 Forms Aldehyde-derived Cross-links in the 7S
Dodecamer—Lysyl oxidases oxidize lysyl and/or hydroxylysyl
residues to their aldehyde forms (allysine or hydroxyallysine),
which can spontaneously condense into various forms of lysyl-
derived cross-links (25, 43). To evaluate whether these free car-
bonyl groups are being produced during biosynthesis of LOX-
mediated cross-linking of the 7S dodecamer in PFHR-9 cell
matrix, we used Brady’s reagent, 2,4-dinitrophenylhydrazine
(DNPH), the classical method for detecting protein carbonyls
(44). Immunoblotting performed with anti-DNPH antibody
detecting the formation of a hydrazone derivative of DNPH

revealed carbonyl groups in dimer, trimer, tetramer, pentamer,
and hexamer 7S subunits (Fig. 6). Notably, monomeric 7S sub-
units were not detected despite being more abundant as evi-
denced by Coomassie staining. In addition, minimal DNPH
reactivity (7S dimers) was observed in 7S-BAPN. However, this
protein cross-linked in vitro with recombinant human LOXL2
showed a pattern similar to the native 7S dodecamer. As an
additional control, we performed the same analysis using puri-
fied NC1 hexamers incubated with recombinant LOXL2; how-
ever, no DNPH reactivity was observed, suggesting that LOXL2
reactivity is specific for the 7S dodecamer. Taken together,
these data indicate that 7S dodecamer is stabilized by carbonyl-
containing cross-link structures and that it is a specific sub-
strate for LOXL2.

LOXL2 Is the Predominant Lysyl Oxidase in Mouse Glo-
merulus—Although members of the lysyl oxidase family are
known to be differentially expressed in tissues and cellular types
(24, 45), very little information about the expression of these
enzymes is available in the kidney glomerulus where collagen
IV is abundant. Because we have demonstrated that LOXL2
cross-links the 7S dodecamer and because collagen IV net-
works play an important role providing structural stability to
the glomerular architecture, particularly the GBM, we aimed to
determine whether LOXL2 is expressed in the normal kidney
glomerulus. For these experiments, we isolated glomeruli by
the Dynabead method and extracted mRNA to determine the
relative expression profile of the LOX family members by quan-
titative RT-PCR. Fig. 7A shows that LOXL2 is clearly the most
abundant transcript followed by a significant amount of
LOXL1. Although transcripts for LOX, LOXL3, and LOXL4
were also detected, they were present at much decreased levels.
This result suggests that LOXL2 is the predominant lysyl oxi-
dase of the mouse kidney glomerulus.

To confirm that LOXL2 is present in the glomerular ECM,
we performed multidimensional protein identification technol-
ogy (MudPIT) proteomics studies using glomerular ECM pro-
teins extracted from Dynabead-isolated mouse glomeruli.
Insoluble glomerular ECM proteins were digested with trypsin
to generate peptides that were analyzed using the MudPIT
approach described under “Experimental Procedures.” Seven
peptides derived from LOXL2, representing 14.8% sequence
coverage, were found in the mouse glomerular ECM (Fig. 3C).
Other members of LOX family were not detected in our Mud-
PIT analyses. The presence of LOXL2 in the glomerular ECM
was also confirmed by immunoblotting using an anti-LOXL2
antibody (Fig. 7B). Similar to PFHR-9 cells, unprocessed and
processed forms of LOXL2 were observed in the glomerulus.
These correspond to the full-length and proteolytically pro-
cessed forms of LOXL2 found in other tissues, respectively (41,
46). Thus, the evidence provided by mass spectrometry and
immunoblotting clearly demonstrates that LOXL2 is a compo-
nent of the mouse glomerulus ECM.

We also performed immunohistochemistry studies to deter-
mine the distribution and localization of LOXL2 in the mouse
glomerulus. Immunostaining of kidney sections with an anti-
LOXL2 antibody revealed that although some immunoreactiv-
ity is observed in tubular interstitial compartment the signal
concentrates in the glomeruli associated with the glomerular

FIGURE 4. In vitro cross-linking of 7S dodecamer with LOXL2. A, SDS-PAGE
analysis under reducing conditions of in vitro cross-linking reaction of
7S-BAPN/BCS by LOXL2-His6. The asterisk denotes the electrophoretic migra-
tion of recombinant LOXL2-His6. M, D, T, TT, P, and H indicate the electropho-
retic mobility of monomer, dimer, trimer, tetramer, pentamer, and hexamer
7S subunits, respectively. B, quantitation of signal intensities of cross-linked
7S subunits (dimer, trimer, tetramer, pentamer, and hexamer) relative to 7S
monomers (uncross-linked) for each lane from three independent experi-
ments. Error bars represent S.E. Molecular mass standards are indicated in kDa
on the left of each gel.
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capillary loops (Fig. 7). Interestingly, Fig. 7C shows that LOXL2
signal is evident in the intracellular compartment of the podo-
cyte and is predominantly perinuclear. A similar immunohis-
tochemistry staining pattern was obtained with a different
antibody to LOXL2. Altogether, we have demonstrated that
LOXL2 is the main lysyl oxidase expressed in the kidney glom-
erulus where it can cross-link the 7S dodecamer as an impor-
tant mechanism to stabilize collagen IV networks in the glo-
merular ECM.

Discussion

Cross-linking is an important feature of collagen IV networks
as they provide structural support to all animal tissues. Two
important cross-linking domains are recognized in collagen IV
networks, namely the NC1 hexamer and the 7S dodecamer.

Although studies of the NC1 hexamer have generated key new
discoveries including a novel sulfilimine chemical bond, its cat-
alyzing enzyme peroxidasin, and the recognition of bromide as
an essential trace element for animal life (9 –12, 47), the last
biochemical analyses of the 7S dodecamer trace back to more
than 25 years ago (16). Here, we demonstrate that LOXL2
cross-links the 7S domain and thus constitutes another mem-
ber of the molecular machinery involved in collagen IV
biosynthesis.

We performed 7S cross-linking studies in PFHR-9 cells, a
well defined cell culture system that recapitulates known struc-
tural aspects of collagen IV networks. These cells were used
previously to study the assembly of collagen IV triple helical
molecules (19) and more recently to identify peroxidasin as the
enzyme responsible for the formation of sulfilimine cross-links

FIGURE 5. LOXL2 cross-links the 7S dodecamer in a native insoluble basement membrane. A, schematic representation of the overlay assay showing the
isolation of PFHR-9 matrix, transient transfection of LOXL2 and LOXL2Y689F of HEK293 cells overlaid on a BAPN-treated substrate matrix, and 7S and NC1
detection after collagenase digestion. B, LOX enzymatic activity in the culture medium of HEK293 cells transfected with either LOXL2 or LOXL2Y689F mutant.
Expression of enzymes was confirmed by Western blotting analysis using anti-LOXL2 antibody. Error bars represent S.D. from three independent experiments.
C, non-reducing SDS-PAGE analysis of a collagenase digest of PFHR-9 matrices from the overlay assay. 7S-dd, 7S dodecamer; D-NC1, NC1 dimer; M-NC1, NC1
monomer. D, immunoblotting analysis using anti-7S antibody of protein samples from C fractionated under reducing conditions. M, D, T, TT, P, and H indicate
the electrophoretic mobility of monomer, dimer, trimer, tetramer, pentamer, and hexamer 7S subunits, respectively. E, quantitation of signal intensities of
cross-linked 7S subunits (dimer, trimer, tetramer, pentamer, and hexamer) relative to 7S monomers (uncross-linked) for each lane. Error bars represent S.D. from
three independent experiments. Data were analyzed by t test. Statistical significance is shown above the bars. NS, not significant; RFU, relative fluorescence
units.
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that stabilize the NC1 hexamers (11). The 7S dodecamer results
from the self-assembly of the N-terminal sequences of four tri-
ple helical collagen IV protomers. The resulting assembly is
stabilized by disulfide and non-disulfide cross-links; the forma-
tion of the latter is catalyzed by LOXL2 as shown in this study.
The soluble 7S dodecamer migrates as an �250-kDa protein
assembly in SDS-PAGE under non-reducing conditions. How-
ever, upon reduction of disulfide bonds, the 7S dodecamer dis-
sociates into six distinct subunits: 7S monomers of about 21
kDa corresponding to the N-terminal polypeptide derived from
a single �-chain and five higher molecular weight subunits
resulting from different oligomerization states of the mono-
meric subunits forming dimer, trimer, tetramer, pentamer, and
hexamer. Although the exact organization of these oligomers
within the 7S dodecamer is not clear, they are likely to result
from the covalent cross-linking of lysine and/or hydroxylysine
residues within as well as between triple helical protomers.
Such cross-linking sites have been suggested by alignment of
triple helical protomers into three-dimensional models (6, 16,
21, 22), but unambiguous experimental evidence identifying
the specific location of lysine/hydroxylysine residues involved
in cross-linking is not yet available. Identification of LOXL2
should certainly facilitate future mapping studies aimed at
identifying such residues in the 7S dodecamer.

For many years, it has been noted that collagen IV molecules
are more soluble in Engelbreth-Holm-Swarm tumors when
mice are made lathyritic, which suggested that collagen IV net-

works are stabilized by LOX-mediated cross-links (23). Further
attempts to identify NaBH4-reducible cross-links in collagen IV
by classical techniques developed for fibrillar collagens (48)
only yielded an unexpected small amount of dihydroxylysinon-
orleucine, a cross-link resulting from the condensation of
hydroxylysine and hydroxyallysine (hydroxylysine aldehyde)
residues (20). Because collagen IV preparations used in these
classical studies were isolated from placenta tissue, the pres-
ence of a small amount of dihydroxylysinonorleucine cross-
links was also attributed to possible contamination of the prep-
aration with fibrillar collagens. Furthermore, the absence of
other known LOX-derived cross-links such as pyridinolines or
pyrroles suggested that in collagen IV cross-links follow a dif-
ferent maturation pathway, forming unknown non-reducible
cross-links. Our in vitro cross-linking experiments demon-
strated that cross-linking of 7S subunits mediated by LOXL2
generates carbonyl groups, which were easily detected by
DNPH. Although this evidence does not reveal the exact chem-
ical structure of such cross-links, DNPH is likely to be reacting
with newly formed ketoimine groups of hydroxylysine-derived
divalent cross-links, a finding that is consistent with analyses of
collagen IV from human placenta by Bailey et al. (20).

Structural features of 7S dodecamer may control its recogni-
tion by LOXL2 and determine specificity for lysine oxidation.
Our overlay and DNPH derivatization experiments demon-
strated that LOXL2 has a clear preference for the 7S dodecamer
as the NC1 domain subunits (monomers and dimers) remained

FIGURE 6. Detection of carbonyl groups in cross-linked 7S subunits. A, schematic representation of the chemical reaction of DNPH with carbonyl groups
used for detection of LOX-derived cross-links in 7S subunits. B, immunoblotting detection of carbonyl groups in 7S dodecamers isolated from PFHR-9 cells
grown with (7S-BAPN) and without (7S) the lysyl oxidase inhibitor BAPN. 7S-BAPN and NC1 hexamers were incubated overnight at 37 °C with and without
purified recombinant LOXL2 to allow for generation of lysyl-derived cross-links. Protein oxidation was detected with the Oxyblot protein oxidation detection
kit. M, D, T, TT, P, and H indicate the electrophoretic mobility of monomer, dimer, trimer, tetramer, pentamer, and hexamer 7S subunits, respectively. The panel
on the right-hand side shows a replica SDS-polyacrylamide gel stained with Coomassie Blue. Molecular mass standard proteins are shown in kDa on the left of
each gel.
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unchanged. This evidence suggests that LOXL2 targets specific
lysine residues within the 7S dodecamer rather than the globu-
lar NC1 hexamers. Although obvious structural differences
between the two collagenase-resistant domains may account
for such preference, it is also possible that LOXL2 may recog-
nize a specific sequence motif such as that found in fibrillar
collagens recognized by classical LOX, which modifies the
lysine residue found within the tetrapeptide KGHR (20). Inter-
estingly, a similar KGER motif is present within the 7S domain
sequence (but absent in the NC1 domain) that may represent
potential sites of cross-linking and explain the different cross-
linking outcomes of 7S and NC1 subunits. Notably, KGER
motifs are also found within the triple helical domain, and thus
it is possible that LOXL2 may also oxidize such lysine residues,
potentially generating other cross-linking sites between colla-
gen IV molecules.

Interestingly, although addition of BAPN into the culture
medium of PFHR-9 cells significantly reduced LOXL2-medi-
ated cross-linking of 7S dodecamer, it did not inhibit the for-
mation of 7S dimeric subunits. BAPN was first shown to be a
competitive inhibitor of classical LOX (39, 40), and more recent
studies have demonstrated that it inhibits LOXL2 with an IC50
of 3.4 �M (49). Our dose-response experiments included con-
centrations up 5 mM BAPN, which would be expected to fully
inhibit LOXL2 enzymatic activity. However, maximal inhibi-
tion of 7S subunit formation was only achieved by using both
BAPN and the copper chelator BCS, suggesting that these two
different mechanisms synergize to achieve maximal inhibition

of 7S dodecamer cross-linking (36, 42, 49, 51). Remarkably,
despite the absence of lysyl-derived cross-links, 7S-BAPN/BCS
dodecamers could still be purified from the insoluble matrix
by collagenase digestion, suggesting that 7S dodecamers are
formed regardless of lysyl oxidase activity and that disulfides
cross-links confer collagenase resistance to the triple helical
assembly. These results are consistent with previous studies
noting that 7S dodecamer formation is driven by the self-as-
sembly of hydrophobic sequences within the 7S sequences, a
process that may occur prior to stabilization by LOXL2-medi-
ated cross-linking (16, 19). Collectively, these results demon-
strate that, in addition to disulfide bridges, the association of
four triple helical protomers forming the 7S dodecamer is sta-
bilized by LOXL2-mediated cross-linking of lysine and/or
hydroxylysine residues.

As the main lysyl oxidase in the kidney glomerulus, LOXL2
through its collagen IV cross-linking function may provide
additional mechanical strength to the glomerular extracellular
scaffolds including the GBM. LOXL2 and collagen IV have been
shown to colocalize in the basement membrane of endothelial
cells (37), suggesting a possible involvement of LOXL2 in the
stabilization of collagen IV networks during blood vessel for-
mation. Although we anticipated a linear staining around the
capillary loops, as is the case for GBM proteins such as collagen
IV, LOXL2 perinuclear staining in podocytes suggests that
these cells predominantly synthesize the enzyme in mouse
glomerulus. However, proteomics and immunoblotting studies
of glomerular ECM extracts confirmed that the cross-linking

FIGURE 7. LOXL2 is the predominant lysyl oxidase in the mouse glomerulus. A, RT-PCR analyses of mouse glomerulus showing the relative expression of
LOX family members. Error bars represent S.D. from three independent experiments. B, detection of LOXL2 in the ECM of mouse glomerulus (mLOXL2). Human
recombinant LOXL2 (hrLOXL2) expressed in HEK293 cells is shown for comparison. Unprocessed (U) and processed (P) forms of LOXL2 are indicated. C,
immunohistochemical localization of LOXL2 in kidney cortex of adult mouse. The left picture shows a control section of the mouse kidney cortex in which the
primary anti-LOXL2 antibody was not included. The section was counterstained with Harris’s hematoxylin to demonstrate nuclei (blue). The center picture
corresponds to a similar section stained with anti-LOXL2 antibody (dark brown precipitate). The picture shown in the far right is a magnification of a single
glomerulus indicated with the red arrow in the middle picture.
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enzyme, albeit at low levels, is also secreted, suggesting that
under normal conditions a minimal extracellular presence of
LOXL2 may be sufficient for stabilizing the glomerular ECM.
Interestingly, recent gene ablation studies for LOXL2 resulted
in perinatal lethality in half of new born mice mainly associated
to congenital heart defects (52). The report did not reveal any
apparent phenotype indicative of basement membrane mal-
function; however, because maintenance and stability of GBM
may need the structural reinforcement by additional LOXL2
cross-linking, it will be interesting to investigate whether sur-
viving LOXL2-null animals are more susceptible to renal
failure.

In contrast, high throughput studies have reported that
LOXL2 up-regulation is observed in renal fibrosis accompany-
ing different types of nephropathies (53–55). LOXL2 has also
been associated with ECM remodeling, the development of
fibrotic conditions in renal tubulointerstitial fibrosis associat-
ed with diabetic and IgA nephropathies, and hypertensive
nephrosclerosis (51). It is possible to hypothesize that increased
levels of extracellular LOXL2 could lead to excessive cross-link-
ing and contribute to the accumulation of collagen IV in glo-
merulosclerosis. Collectively, our findings provide an under-
standing of the mechanisms by which collagen IV molecules are
stabilized by LOXL2-mediated covalent cross-linking at the
N-terminal 7S domain and provide a framework for future
studies aimed at identifying pathogenic mechanisms that inter-
fere with collagen IV homeostasis.

Experimental Procedures

Animal Experiments—The Principles of Laboratory Animal
Care were followed according to Institutional Animal Care and
Use Committee guidelines. The control group included age-
matched wild type C57BLKS mice. Animals were sacrificed at
22 weeks of age.

Cell Culture—HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) and F-12 Ham’s medium
(1:1) with 1% penicillamine-streptomycin and incubated at
37 °C in 5% CO2. PFHR-9 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and 1% penicillamine-
streptomycin and incubated at 37 °C in 10% CO2. For 7S
dodecamer purification, PFHR-9 cells were grown between 5
and 7 days past confluence to allow for matrix accumulation.
Culture medium was supplemented with 50 �g/ml ascorbic
acid and replaced every 24 – 48 h.

7S Dodecamer Purification—PFHR-9 cells were homoge-
nized in 1% (w/v) deoxycholate with sonication, and the insol-
uble material was isolated after centrifugation at 20,000 � g for
15 min. The pellet was then extracted with 1 M NaCl plus 50 mM

Tris-Cl, pH 7.5, and 10 mM Tris-Cl, pH 7.5, and then digested in
50 mM Tris-Cl, pH 7.5, 5 mM CaCl2, 5 mM benzamidine, 25 mM

6-aminocaproic acid, 0.4 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.1 mg/ml bacterial collagenase (Worthington).
Collagenase-solubilized material was dialyzed against 50 mM

Tris-Cl, pH 7.5. The 7S dodecamer was purified by anion
exchange chromatography (DEAE-cellulose) followed by gel
filtration chromatography. In some experiments, the 7S
dodecamer was purified from matrix produced by cells grown
in culture medium supplemented with inhibitors of transglu-

taminase (putrescine and cadaverine), peroxidasin (phloroglu-
cinol), and lysyl oxidase (BAPN) and/or copper chelators (BCS
and SCZ).

SDS-PAGE and Immunoblotting—The protein concentra-
tion was determined by a PierceTM BCA protein assay kit using
BSA as a standard protein. For immunoblotting assays, protein
samples were loaded for 4 –20 or 12% (w/v) SDS-PAGE and
electrotransferred onto nitrocellulose membranes. Blots were
incubated with polyclonal anti-7S collagen IV (Assay Biotech)
or LOXL2 (Abcam) antibodies and visualized with horseradish
peroxidase (HRP)-conjugated donkey anti-rabbit as secondary
antibody (Jackson ImmunoResearch Laboratories). Detection
of HRP activity from secondary antibodies was revealed using
Pierce enhanced chemiluminescence (ECL) reagents (Thermo
Scientific) following the instructions of the manufacturer.
ImageJ software was used for quantification of experiments.

LOX Activity Assay—LOX enzymatic activity was measured
in concentrated serum-free conditioned cell culture medium
using 1,5-diaminopentane as substrate, monitoring hydrogen
peroxide production by an Amplex Red fluorescence assay
(Invitrogen) (56). Briefly, the enzymatic reaction was per-
formed in 0.05 M sodium borate, pH 8.2, buffer containing 1
unit/ml horseradish peroxidase, 10 mM Amplex Red, and 10
mM 1,5-diaminopentane in the presence or absence of 1 mM

BAPN. After a 30-min incubation at 37 °C, fluorescence was
measured on a SpectraMax M5 plate reader using excitation
and emission wavelengths of 540 and 590 nm, respectively.
LOX enzymatic activity is reported as the difference in relative
fluorescence units between preparations with and without
BAPN.

Cloning, Plasmid Constructions, and Transient Transfec-
tion—The TrueORF Gold cDNA for human LOXL2 (C-termi-
nal Myc-DDK-tagged) cloned in to the pCMV6 vector was pur-
chased from Origene (Rockville, MD). A catalytically inactive
mutant (LOXL2Y689F) was generated by site-directed muta-
genesis PCR (42). The following primers were designed to
introduce the point mutation Y689F into the construct
pCMV6-LOXL2-DDK-Myc: rhLOXL2-Y689F forward (5�-GCT-
GCTGGGACATGTTCCGCCATGACATCGACTG-3�) and
rhLOXL2-Y689F reverse (5�-CAGTCGATGTCATGGCGGT-
ACATGTCCCAGCAGC-3�). Clones containing LOXL2Y689F

mutant were verified by DNA sequencing.
LOXL2 and its catalytically inactive LOXL2Y689F mutant

were transiently transfected in HEK293 cells using Lipo-
fectamine 2000 reagent (Invitrogen). Cells were grown for 2
days in complete medium. On the 3rd day, the culture medium
was replaced with fresh serum-free DMEM/F-12 medium
(without phenol red) and cultured for an extra day before eval-
uation of LOXL2 enzymes expression by both Western blotting
and LOX activity assay.

A C-terminal His6-tagged version of human LOXL2 was
generated from LOXL2-Myc-DDK by standard cloning tech-
niques. The resulting LOXL2-His6-pCMV6 construct was sta-
bly transfected into HEK293 cells, and expression of LOXL2-
His6 by Geneticin-resistant clones was determined by
immunoblotting using anti-LOXL2 antibody (Abcam). Stably
transfected cells were expanded, and secreted LOXL2-His6 was
purified with a nickel-nitrilotriacetic acid column to �95% as
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judged by SDS-PAGE. The enzymatic activity (and its inhibi-
tion by BAPN) of the purified recombinant enzyme was char-
acterized by a LOX activity assay with diaminopentane as
substrate.

Immunohistochemistry—Kidney samples from wild type
C57BLKS/J (BKS) mice were prepared for immunohistochem-
ical staining as described previously (57, 58). Briefly, under deep
anesthesia with Nembutal (70 mg/kg i.p.; Abbot Laboratories),
mice were exsanguinated with �10 ml of heparinized saline
(0.9% NaCl and 2 units/ml heparin) through a transcardial aor-
tic cannula. Kidneys were perfused with fixative containing
3.7% formaldehyde, 0.01 M sodium m-periodate, 0.04 M sodium
phosphate, 1% acetic acid, and 0.1 M NaCl. The fixed kidneys
were dehydrated through a graded series of ethanols, embed-
ded in paraffin, sectioned at 4-�m thickness, and mounted on
glass slides. Kidney sections were deparaffinized and rehy-
drated with a battery of xylene and ethanol. Antigen retrieval
was done using antigen retrieval buffer (Dako). Unspecific sites
were blocked with hydrogen peroxide, biotin, avidin, and 5%
normal serum blocking buffer (Abcam). Immunohistochemical
staining was carried out with anti-LOXL2 antibody at 1:200.
Immunoperoxidase staining was performed with an HRP/3,3�-
diaminobenzidine detection kit (Abcam) following the manufa-
cturer’s instructions. Counterstaining was performed with
Harris’s hematoxylin (Ricca Chemical Co.). Labeled sections
were imaged on a Leica microscope equipped with a Nikon
DXM 1200 digital camera.

Isolation of Mouse Glomeruli—Mouse glomeruli were iso-
lated following the procedure described by Takemoto et al.
(59). C57BLKS/J (BKS) adult mice were perfused through the
heart with magnetic 4.5-�m-diameter Dynabeads (Invitrogen)
diluted in PBS. Kidneys were minced into small pieces and
digested with 1 mg/ml collagenase A and 100 units/ml deoxy-
ribonuclease in HBSS at 37 °C for 30 min. Collagenase-digested
tissue was filtered two times through a 100-�m cell strainer and
washed with 5 ml of HBSS each time. The cell suspension was
then centrifuged at 200 � g for 5 min. The supernatant was
discarded, and the cell pellet was resuspended in 2 ml of HBSS.
Finally, glomeruli containing Dynabeads were captured with a
magnetic particle concentrator and washed three times with
HBSS. The purity of the glomerular preparations was �97% as
assessed by inspection under a microscope. Glomeruli were
used for both RNA and protein extractions.

RNA Isolation and Quantitative Real Time PCR—Total RNA
was prepared using the RNeasy Mini kit (Qiagen) following the
manufacturer’s instructions. RNA was analyzed on 1% agarose
gels to verify the RNA integrity by visualizing the 18S and 28S
rRNA. RNA was quantified in a NanoDrop 2000 spectropho-
tometer (Thermo Scientific). One microgram of RNA was
reversed transcribed into cDNA using the Script cDNA synthe-
sis kit (Bio-Rad). Real time PCR was performed using a Bio-Rad
CFX96 system in the presence of SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad).

Primers used for qPCR were as follows: LOX-forward, 5�-
ATGTTATGACACCTATGC-3�; LOX-reverse, 5�-TACACT-
GACCTTTAGAATG-3�; LOXL1-forward, 5�-TCTGACTT-
CACCAACAAC-3�; LOXL1-reverse, 5�-ATCAGGAC-
TGGACGATTT-3�; LOXL2-forward, 5�-TGGTTGGACAAT-

ATCTAC-3�; LOXL2-reverse, 5�-TTTAGGCTCTCTA-
TTTGG-3�; LOXL3-forward, 5�-ACAGTATGGACATCTT-
CAC-3�; LOXL3-reverse, 5�-GAGACATCCTCTTGACAC-3�;
LOXL4-forward, 5�-TATCTTCCAGGTGGTTGT-3�; LOXL4-
reverse, 5�-CGCTGTCCATCATACTTG-3�; GAPDH-for-
ward, 5�-GAGAAACCTGCCAAGTATG-3�; GAPDH-reverse,
5�-GGAGTTGCTGTTGAAGTC-3�. Optimization of the
qPCR was performed according to the manufacturer’s instruc-
tions. -Fold change in the target gene was normalized to
GAPDH and calculated by the 2���Ct method (60).

In Vitro 7S Cross-linking Experiments—For this experiment,
the 7S dodecamer was purified from PFHR-9 cells grown in
culture medium containing LOX inhibitor BAPN and copper
chelator BCS at a concentrations of 1 mM and 100 �M, respec-
tively (40, 51). After 7 days, 7S dodecamer (7S-BAPN/BCS)
lacking LOX-mediated cross-links was purified by anion
exchange and gel filtration chromatography as described above.
In vitro cross-linking was performed by mixing recombinant
LOXL2-His6 with 7S-BAPN/BCS (molar ratio of 1:25) in 20 mM

sodium phosphate buffer, pH 8. The cross-linking reaction was
allowed to proceed over 92 h at 37 °C before the products were
fractionated by SDS-PAGE. The signal intensity of 7S oligo-
mers (dimers, trimmers, tetramers, pentamers, and hexamers)
relative to 7S monomeric subunits was quantified with NIH
ImageJ software (61).

Overlay Assays—HEK293 cells were seeded on PFHR-9
matrix prepared from cells grown in the presence of 1 mM

BAPN. Once attached, HEK293 cells were transiently trans-
fected with human LOXL2 or LOXL2Y689F constructs. After
48 h, culture medium was harvested for later detection of lysyl
oxidase expression by immunoblotting and enzymatic activity
as described above. HEK293 cells were then removed with
deoxycholate, and the remaining insoluble material was
digested with bacterial collagenase. 7S and NC1 domain sub-
units were fractionated by SDS-PAGE and analyzed by immu-
noblotting with collagen IV 7S and NC1 domain-specific
antibodies.

Detection of Lysyl-Aldehyde Cross-links by Oxyblot Assays—
Purified proteins including 7S dodecamer, 7S dodecamer iso-
lated from cells grown with BAPN (7S-BAPN) and NC1 hex-
amer were deglycosylated with peptide-N-glycosidase F (New
England BioLabs) to avoid any nonspecific derivatization of
oxidized carbohydrates. Additional samples were prepared by
incubating 7S-BAPN and NC1 hexamer with recombinant
human LOXL2 to allow for the formation of new lysyl-aldehyde
cross-links. All protein samples were denatured and reduced in
a solution containing 6% SDS and 50 mM DTT. Denatured pro-
teins were mixed with either DNPH solution or the derivatiza-
tion control solution included in the Oxyblot kit (Millipore).
After 10 min at room temperature, the reactions were stopped
with neutralization solution. 2,4-Dinitrophenyl-derivatized
proteins were fractionated in two identical SDS-polyacryl-
amide gels; one was stained for proteins with Coomassie Blue,
and the other was electroblotted to nitrocellulose membrane
for detection of carbonyl groups with anti-2,4-dinitrophenyl
antibody and visualized by ECL.
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Mass Spectrometry Analysis of PFHR-9 and Glomerular
ECM—PFHR-9 matrix was extracted for 15 min in 50 mM Tris-
Cl, pH 7.5, buffer containing 4 M guanidine HCl and 25 mM

DTT. Complete dissolution of matrix proteins was achieved by
placing the extract in boiling water for 5 min. Alkylation of free
sulfhydryl groups was performed by adding 50 mM iodoacet-
amide (final concentration) to the protein solution and allow-
ing the reaction to proceed for 30 min at room temperature in
the dark. Proteins were precipitated by adding nine parts of cold
ethanol and incubated for at least 1 h at �20 °C. The protein
pellet was washed in cold ethanol once before resuspending
proteins in 0.1 M ammonium bicarbonate, pH 7.8. The protein
solution was digested with trypsin (1:20) overnight at room
temperature. Tryptic peptides were dried by evaporation and
submitted to the Vanderbilt Proteomics core for LC-MS/MS
analyses.

Glomerular ECM (GECM) proteins were obtained from
Dynabead-isolated adult mouse glomeruli using a modified ver-
sion of the method of Carlson et al. (62). Briefly, glomeruli were
suspended in 3.4 M NaCl containing 1 mM PMSF for 30 min on
ice. The insoluble pellet was extracted with a 1% deoxycholate
solution containing 1 mM PMSF for 1 h at room temperature.
To reduce viscosity, the remaining pellet was resuspended in 1
M NaCl containing 2000 units of DNase. The pellet was exten-
sively rinsed with water and completely dissolved after incubat-
ing in 0.01 N NaOH. The GECM protein solution was diluted
with an equal volume of 0.4 M Tris-HCl buffer, pH 8.0, contain-
ing 8 M guanidine HCl and 50 mM DTT. Reduced GECM pro-
teins were alkylated with 50 mM iodoacetamide and subjected
to ethanol precipitation. GECM proteins were resuspended in
0.1 M ammonium bicarbonate and digested to peptides with
trypsin (1:25) overnight at room temperature. Tryptic peptides
were submitted to the Vanderbilt Proteomics laboratory for
MudPIT (50). Briefly, GECM peptides were separated by a
combined strong cation exchange and reversed phase chro-
matographic strategy. Subsets of peptides were eluted from the
strong cation exchange onto the reversed phase using a series of
ammonium acetate pulses of increasing concentration. This
was performed for eight steps, each followed by a 105-min
aqueous to organic separation on the reversed phase column.
Eluted peptides were directly nanoelectrospray-ionized and
introduced into an LTQ-XL mass spectrometer (Thermo
Fisher Scientific) where peptide tandem mass (MS/MS) spectra
were collected in a data-dependent manner.

The SEQUEST database search algorithm was used to inter-
pret the MS/MS spectra obtained from the LC-MS/MS and
MudPIT experiments. All spectra were matched to the UniProt
mouse protein database plus a set of well known contaminants.
Precursor and fragment ion tolerances were set at 0.5 Da. Cys-
teine carbamidomethylation (�57.012) was set as a static mod-
ification, and oxidation of methionine (15.9949) was consid-
ered as a variable modification. Only tryptic peptides were
considered with a maximum of one missed cleavage. The
searched output files for each .RAW file from MudPIT analyses
were further implemented in Scaffold (version 3.3.1) for statis-
tical analyses and protein grouping. Protein identifications
were considered with a global protein false discovery rate at 1%
with a minimum of two unique peptides for each protein group.

Scaffold was used to compare and validate SEQUEST data. Pro-
teins with two or more peptide identifications based on the
combination of results from both database search algorithms
were taken as true identifications. For the Scaffold analysis, the
following probability values were selected: 95% for peptide
identification calculated using Peptide Prophet software and
99% for protein identification with the additional requirement
that a protein should contain at least two peptides per protein.
Protein probability was calculated using the Protein Prophet
algorithm within Scaffold.
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