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The hallmark of fibrotic disorders is a highly cross-linked and
dense collagen matrix, a property driven by the oxidative action
of lysyl oxidase. Other fibrosis-associated proteins also contrib-
ute to the final collagen matrix properties, one of which is fibro-
modulin. Its interactions with collagen affect collagen cross-
linking, packing, and fibril diameter. We investigated the
possibility that a specific relationship exists between fibro-
modulin and lysyl oxidase, potentially imparting a specific col-
lagen matrix phenotype. We mapped the fibromodulin-collagen
interaction sites using the collagen II and III Toolkit peptide
libraries. Fibromodulin interacted with the peptides containing
the known collagen cross-linking sites and the MMP-1 cleavage
site in collagens I and II. Interestingly, the interaction sites are
closely aligned within the quarter-staggered collagen fibril, sug-
gesting a multivalent interaction between fibromodulin and
several collagen helices. Furthermore, we detected an interac-
tion between fibromodulin and lysyl oxidase (a major collagen
cross-linking enzyme) and mapped the interaction site to 12
N-terminal amino acids on fibromodulin. This interaction also
increases the activity of lysyl oxidase. Together, the data suggest
a fibromodulin-modulated collagen cross-linking mechanism
where fibromodulin binds to a specific part of the collagen
domain and also forms a complex with lysyl oxidase, targeting
the enzyme toward specific cross-linking sites.

Dense collagen matrix in tendons and fibrotic collagen
matrix in tumors and atherosclerotic plaques is enriched in a
collagen-associated protein, fibromodulin (FMOD)> (1-7).
This protein is a member of SLRPs whose temporospatial
expression patterns vary in different tissues and whose absence,
in the respective knockout mice, creates tissue-specific collagen
matrix phenotypes. Their differential expression and interac-
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tions with collagen are attributed to the different ways collagen
matrices can be organized (reviewed in Refs. 8, 9). FMOD itself
influences collagen fibrillogenesis and cross-linking. Frod '~
mouse tendons have a disturbed collagen fibril phenotype (1,
10), and Fmod '~ tendon collagen has alower acid extractabil-
ity, excessively oxidized a1(I)-C-telopeptides, and aberrantly
cross-linked a2(I)-chains (11). Also, the morphological pheno-
type of Fmod '~ tendon collagen fibrils resembles the pheno-
type of fibrils where lysyl oxidase (LOX), the major collagen
cross-linking enzyme, is inhibited (12). FMOD might therefore
be involved in directing dense collagen cross-linking in tendons
and fibrotic matrices, although the exact mechanisms are
unknown.

Collagen cross-linking depends on LOX and at least one of its
homologues, LOXL2, which catalyze the oxidation of specific
collagen lysines (13-18). Through oxidation, lysines acquire
reactive aldehydes that condense with other lysines, resulting in
an initial cross-link formation that becomes more complex as
the collagens assemble into fibrils (19). LOX is activated
through BMP-1 processing of its inactive pro-isoform, a pro-
cess potentiated by fibronectin (20) and further amplified by
BMP-1 itself being incorporated into the fibronectin matrix
through interaction with periostin (21). When activated, LOX
oxidizes lysine residues in collagen telopeptides (22, 23) while
binding to the collagen triple-helical domain (24). This process
is more efficient on fibrillar rather than monomeric collagen
(25, 26), suggesting that proteins that specifically modulate col-
lagen fibrillogenesis could also influence the specificity of LOX-
mediated cross-linking. Through excessive cross-linking that
imparts stiffness on the collagen matrix, LOX enhances fibro-
sis-enhanced metastasis (27-29). Despite the dependence of
collagen cross-linking on the dynamics of fibril assembly and
its restriction to specific collagen domains, research on
potential modulators of these processes, especially in rela-
tion to LOX, has been scarce. Interestingly, LOX is not a
collagen-exclusive enzyme but can oxidize other substrates,
e.g. elastin, PDGF receptor, and TGF-f (30-32), raising the
question of whether specific mechanisms exist that target
LOX to collagen. Hypothetically, such proteins could mod-
ulate LOX activity in the extracellular space during the
assembly of collagen fibrils.

In this paper, we hypothesized that FMOD could influence
LOX activity near the collagen cross-linking sites through bind-
ing to the specific collagen domains and/or through modulat-
ing LOX activity. To investigate this hypothesis, we mapped the
collagen-binding sites of FMOD and tested and mapped the
potential FMOD-LOX interaction. We also analyzed LOX
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quantity and distribution in Fmod '~ tendons and assayed
LOX activity under the influence of FMOD. Our data, together
with previously published findings, strongly suggest that
FMOD can directly modulate site-specific LOX-mediated col-
lagen cross-linking.

Experimental Procedures

Materials—Collagen Toolkit peptides and their substi-
tuted variants were synthesized on TentaGel R Ram resin as
C-terminal amides using either an Applied Biosystems Pio-
neer or CEM Liberty peptide synthesizer, as described pre-
viously (33, 34).

The collagen Toolkits II and III contain 56 or 57 peptides,
each with 27 residues of primary collagen sequence with neigh-
boring peptides overlapping by nine amino acids, thus spanning
the whole of the corresponding collagen domain. The peptides
are flanked by GPP s, repeats and GPC triplets unless stated
otherwise. These features impart a stable triple-helical confor-
mation on the entire peptide.

Collagen was extracted from mouse tail tendons using 20 mm
acetic acid. Recombinant lysyl oxidase protein used in interac-
tion assays was purchased from Origene. For transient expres-
sion of lysyl oxidase in 293T cells for use in LOX activity assays,
LOX cDNA was ligated into the p3xFLAG-CMV-8 vector
(Sigma), replacing the native signal peptide sequence with the
secretion pre-pro-trypsin leader sequence. Antibodies against
lysyl oxidase (EPR4025) and against the His tag (18184) were
from Abcam. Antibodies against fibromodulin were from
Sigma (SAB1100690).

Reagents—Biotin EZ-link reagent (ThermoFisher) was used
to biotinylate recombinant fibromodulins using the instruc-
tions of the manufacturer, quenched with ethanolamine, and
dialyzed against TBS. Streptavidin-HRP was from Millipore.
The 3,3',5,5'-tetramethylbenzidine substrate kit was from
Pierce.

Protein Expression and Purification—His tag-modified re-
combinant fibromodulin (human, amino acids 19 -376) and its
fragments (FMOD90, amino acids 31-376; FMODNT, amino
acids 19-95) were expressed in 293T cells using the pCEP4
vector (Invitrogen). Proteins were purified on Ni-NTA-Sephar-
ose (Qiagen) and further on Superose 6 (GE Healthcare) in PBS.
Bacterial His-tagged FMOD was expressed in BL21 Escherichia
coli using the pET27(b) vector (Novagen) and purified as fol-
lows. Cells were lysed in 8 M urea in 100 mm NaH,PO, and 100
mwm Tris (pH 8.0) (lysis buffer). The lysate was cleared by soni-
cation and centrifugation, and the supernatant was incubated
with Ni-NTA-Sepharose. The Sepharose was then washed in
lysis buffer (pH 6.3), and fibromodulin was eluted in lysis buffer
(pH 8.0) containing 250 mMm imidazole. Fibromodulin was then
dialyzed against PBS with 10% glycerol and gradually decreas-
ing urea concentrations (from 8 to 0 m). In the final step, the
protein was purified on size exclusion chromatography using
PBS. All steps were performed at 4 °C. All protein identities
were confirmed by mass spectrometry.

Collagen-binding Assays—Each assay included full-length
collagen as a positive control and BSA and a GPP,, triple-
helical peptide, like the Toolkit flanking sequence, as negative
controls. Collagen peptides were coated at 10 pg/ml in 20 mm
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acetic acid overnight at 4 °C. Plates were rinsed three times with
TBS and blocked with 5% BSA in TBS for 1 h at room temper-
ature. After blocking, plates were incubated with biotinylated
fibromodulin at 10 wg/ml in TBST with 0.1% BSA for 1 h. After
washing with TBST, streptavidin-HRP was added at 1:10,000
dilution in TBST 0.1% BSA and incubated for 1 h. After washing
with TBST, the binding was detected with TMB substrate and
stopped with 2 m sulfuric acid, and absorbance was read at 450
nm.

Assays where fibromodulin binding to coated collagen I was
tested in the presence of Toolkit peptides were performed using
similar methods, but here acetic acid-extracted tail tendon
mouse collagen I was diluted to 10 pg/ml into PBS, distributed
into 96-well plate wells, incubated at 37 °C for 1 h to induce
fibril formation, and then incubated at 4 °C overnight for coat-
ing. Fibromodulin (10 ug/ml) was preincubated for 2 h with
Toolkit peptides of different concentrations before incubating
with the coated collagen.

Solid-phase Binding Assays—Either lysyl oxidase or fibro-
modulin or its variants were coated overnight on a 96-well plate
at 5 ug/ml in sodium carbonate buffer (pH 9.2). Collagen was
coated at 10 ug/ml in PBS. The remaining part of the assay
followed the protocol described above (collagen-binding
assays), but here binding of lysyl oxidase to coated fibromodulin
proteins or collagen was detected with rabbit anti-lysyl oxidase
and HRP-conjugated anti-rabbit antibody, and binding of fibro-
modulin proteins to coated lysyl oxidase or collagen was
detected with mouse anti-His tag and HRP-conjugated anti-
mouse antibodies.

Immunohistochemistry—Sections of paraffin-embedded tail
tendons from wild-type and Fmod '~ mice were used. Antigen
retrieval solution (L.A.B. solution from Polysciences) was used
before quenching peroxidase with 0.3% hydrogen peroxide for
15 min and blocking the sections with 10% goat serum in TBS
for 1 h. Slides were incubated with anti-fibromodulin (2 ug/ml
in TBS and 1% serum) for 2 h, washed with TBS, and stained
with the ultrasensitive ABC rabbit IgG staining kit (Thermo
Scientific) and diaminobenzidine peroxidase substrate kit
(Vector Labs).

Immunoblots—Guanidine-extracted proteins from wild-type
and Fmod ™'~ tendons were dissolved in urea/ CHAPS solution
and quantified using a BCA assay (Thermo Scientific). 30 ug of
total protein was run on 4—-12% BisTris SDS-PAGE reducing
gels (Thermo Scientific). Proteins were transferred to a nitro-
cellulose membrane that was immunoblotted using 5% milk in
TBS for blocking, TBS with 0.1% Tween 20 for washing, and
washing buffer with 0.5% milk for antibody incubations. Anti-
lysyl oxidase was used at 1 pg/ml, and HRP-conjugated anti-
rabbit was used at 0.2 ug/ml. The antibodies were detected with
SuperSignal West Dura (Thermo Scientific) and imaged using a
charge-coupled device camera.

Lysyl Oxidase Activity Assays—Fresh conditioned medium
(293 serum-free expression medium, Life Technologies) from
293T cells transiently expressing recombinant lysyl oxidase
(from the p3xFLAG-CMV-8 vector) or a mock control was
used. Cells were transfected with either vector using Lipo-
fectamine 3000, and medium was collected after 3 days. Ali-
quots of medium were incubated with recombinant fibro-
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modulin or its fragments for 1 h before mixing with lysyl
oxidase reaction buffer (lysyl oxidase activity assay kit,
Abcam). Samples were incubated for 15 min at 37 °C, and
LOX activity was measured by fluorescence detection 530/
590 nm excitation/emission.

Proximity Ligation Assays—Duolink proximity ligation as-
says were purchased from Sigma and performed according to
the instructions of the manufacturer. Here we used HFL-1 cells
seeded on coverslips and transfected with FMOD-pCEP His-
tagged constructs (described above) or, as a negative control,
His-tagged non-collagen binding domain of FMOD (leucine-
rich repeat domains 1-3). His-tagged proteins were detected
with a mouse anti-His tag. Endogenous LOX was detected with
rabbit anti-LOX. Secondary antibodies coupled to DNA probes
were included in the proximity ligation assay kit.

Results

Interaction of Fibromodulin with Collagen Toolkit Peptides—
Because Fmod '~ tendons have altered collagen cross-linking
(11), we hypothesized that FMOD could modulate collagen
cross-linking by interacting with specific cross-linking sites. To
identify the binding sites, we used collagen II and IIT Toolkits in
solid-phase assays. The assays showed FMOD affinity for the
helix cross-linking sites (peptides II-5, I1I-5, I1-52, and I1I-53 in
both Toolkits; Fig. 1 A and B; both Toolkits were used contem-
poraneously). Other peptides, [I-44 and I1I-44, containing the
collagenase cleavage site or the peptide II-8 earlier identified as
an MMP interaction site (35, 36) also had a high apparent affin-
ity for FMOD (Fig. 1, A and B). Finally, FMOD had no affinity
for telopeptides (data not shown).

To validate our data, we tested the efficiency of Toolkit pep-
tides in inhibiting FMOD-collagen type I interaction. We
selected the peptides with the highest apparent affinity for
FMOD, i.e. II/11I-44, III-5, and III-53, along with a negative
control peptide, II-26. In a solid-phase binding assay, the cross-
linking site, peptides III-5 and III-53, could efficiently inhibit
this interaction, whereas 1I/11I-44 were only weak inhibitors,
even at a 30-fold molar excess over FMOD (Fig. 1C). Combin-
ing I1-44 with III-5 or III-53 did not result in a higher inhibitory
effect than when using these peptides alone (Fig. 1C, right
panel). Also, III-53 showed an inconsistent inhibitory effect in
different experiments, whereas II1I-5 and II/III-44 inhibitions
gave similar results.

Sequences of the interacting Toolkit peptides are listed and
aligned in Fig. 1D. Among the peptides that contain the known
helix cross-linking sites, the KGHR motif was the most obvious
conserved sequence, making it a likely fibromodulin-binding
site. Regarding peptides III-8, 1I-44, and I1I-44, a homologous
pattern of arginine and hydroxyproline residues could be iden-
tified as a second, lower-affinity, putative fibromodulin-bind-
ing site (Fig. 1D). This charge distribution is the only one occur-
ring in Toolkits IT and III. Aligning the II/III-44 peptides with
the respective sites on collagen I a chains shows a high degree of
conservation in the a1(I) chain (only two conservative substi-
tutions) and a2(I) chain (slightly less conserved) (Fig. 1E).
Regarding the helical cross-linking sites, they are all conserved
in collagens I, II, and IIL
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To test our hypothesis that FMOD interacts with the helical
collagen cross-linking site, we tested the binding of FMOD to a
peptide containing only this site (GLKGHR) and compared the
binding with two mutated variants. As Fig. 1F shows, the inter-
action with the cross-linking site is high and depends on lysine.
FMOD does not bind when lysine is alanine-substituted or
acetylated. Also, arginine or histidine alone cannot compensate
for the absence of lysine.

Fibromodulin Interactions with Lysyl Oxidase—Because of
the collagen cross-linking phenotype in Fmod '~ mice, we also
hypothesized that FMOD may interact with LOX, an interac-
tion that could modulate the accessibility of LOX to collagen
and its cross-linking sites. To identify potential FMOD-LOX
interactions, we performed proximity ligation assays on HFL-1
fibroblasts expressing His-tagged FMOD or a His-tagged non-
collagen-binding fragment of FMOD (negative control) and
endogenous LOX. The assays detected an interaction between
FMOD and LOX (Fig. 24).

We wanted to identify the binding site of fibromodulin
to LOX. Because we earlier identified the collagen-binding
site to be in the LRR domain (37), we hypothesized that LOX
binding could be in the N-terminal domain of FMOD. We
therefore made a recombinant N-terminal fragment of FMOD
(FMODNT, amino acids 19-95), and truncated FMOD
(FMOD90, amino acids 31-376) where we deleted the 12 N-
terminal amino acids. We expressed the proteins in 293T cells,
purified them (Fig. 2B), and used them in solid-phase assays.
The assays showed that LOX binds to full-length FMOD and to
the N-terminal fragment (FMODNT) but not to the truncated
FMOD90 (Fig. 2, C and D). The binding to LOX is therefore
sequestered to the N-terminal flank of FMOD, and the appar-
ent K, of the FMOD-LOX interaction is =150 nm (Fig. 2E). We
also analyzed whether tyrosine sulfation on FMOD could affect
this interaction. Here we used bacterially expressed FMOD
(lacking tyrosine sulfation) to assess its affinity for LOX. As Fig.
2F shows, the apparent affinity of LOX for FMOD with or with-
out tyrosine sulfation is similar. Lastly, we also compared the
relative affinities of FMOD and LOX for collagen. In our assay,
LOX affinity for collagen was low, even at high molarity,
whereas FMOD affinity for collagen had an apparent K, of =
250 nMm (Fig. 2G). We also tested whether FMOD could increase
or inhibit LOX-collagen affinity, but the data were inconclusive
(data not shown).

Lysyl Oxidase in Fibromodulin-null Mice—Because we
detected an interaction between FMOD and LOX, we then
investigated whether LOX processing, distribution, or quantity
was altered in Fmod '~ mice. We used guanidine extracts from
tail tendon tissue from wild-type and Fmod '~ mice to immu-
noblot for LOX. We could not detect any major deviation in
quantity or processing of LOX in Fmod '~ mice. The latter was
evident from observing only a 32-kDa band (processed LOX)
but no 55-kDa pro-LOX band in either mice (Fig. 34). Staining
for LOX in tail tendon sections of wild-type and Frmod '~ mice
did not reveal any obvious changes in the distribution of LOX
(Fig. 3B).

Lysyl Oxidase Activity Influenced by the N-terminal Flank of
Fibromodulin—Next we wanted to investigate whether the
presence of FMOD could stimulate or inhibit LOX activity.
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FIGURE 2. Identification and characterization of the FMOD-LOX interaction. A, proximity ligation assay on HFL-1 cells expressing FMOD (left panel) or
non-collagen-binding His-tagged FMOD fragment as a negative control (right panel). Anti-His tag and anti-LOX antibodies were used to detect the interaction
(red fluorescence). Nuclear staining with DAPlis shown in blue. B, gel image of FMOD variants used in the solid-phase assays in C-F. The proteins were expressed
in 293T cells and purified on Ni-NTA-Sepharose. The amino acid (aa) range of each constructis listed. C, solid-phase assays showing interactions between FMOD
variants and LOX. LOX was coated on a 96-well plate that was blocked with BSA and incubated with 170 nm FMOD variants, whose binding was detected using
anti-His tag antibody. D, as in C, but here FMOD variants were coated on the plate followed by incubation with 150 nm LOX and detection with anti-LOX
antibody. The experimentsin Cand D were repeated twice, giving similar results. £, as in D, but here serial dilutions of LOX were used to determine the apparent
Kp. Similar results were obtained in three experiments. F, solid-phase assay to assess binding of LOX to coated FMOD (expressed in 293 cells), bactFMOD
(expressed in E. coli), and FMOD90. The assay was performed as in D. G, solid-phase assay to compare binding of serially diluted FMOD and LOX to coated
collagenin a 96-well plate. Binding was detected using anti-His tag or anti-LOX antibodies. All error bars represent mean = S.D. (n = 3 technical replicates). The
experiments in F and G gave similar results on three occasions.

Unfortunately, we could not measure LOX activity directly in  fresh total cell culture medium from cells expressing LOX
protein extracts from mouse tendons because of a very low because we observed that purification of this enzyme dramati-
signal. We therefore used conditioned cell culture medium cally decreased its activity, as reported previously (38). Fig. 4
from 293T cells overexpressing LOX and mixed it with differ- shows that addition of 1 ug of full-length FMOD or the N-ter-
ent amounts of FMOD, FMOD90, or FMODNT. Here we used  minal part of FMOD to LOX-containing medium can increase

FIGURE 1. Identification of fiboromodulin binding sites on collagen. A and B, collagen Toolkit Il (A) and Ill (B) peptides were coated on a 96-well plate. The
plate was blocked with BSA and incubated with biotinylated FMOD at 10 wg/ml (170 nm) for 2 h. Binding was detected with streptavidin-HRP followed by TMB
substrate, quenching with sulfuric acid, and measuring A,s,. BSA was used as a negative control. C, inhibition of FMOD binding to coated collagen |. The assay
was performed as above, but collagen | was coated on a 96-well plate, and FMOD was preincubated with increasing amounts of the interacting Toolkit peptides
1I-5, 111-44, and I1I-53 or with a negative control peptide, II-26. D, sequences of the interacting Toolkit peptides are listed, with homologue amino acids underlined
(except the repetitive glycines). The non-binding peptides are shown in italics. E, homology alignment of FMOD-binding Toolkit peptides and the correspond-
ing sequences on collagen | a1 and a2 chains. F, solid-phase binding assay to assess interaction of FMOD with cross-linking site-containing collagen peptides
and their mutated variants. The assay was performed as in A. Peptide sequences are listed on the x axis (K(Ac), acetylated lysine), except the lll-5 sequence, which
is listed in E. These shorter peptides were synthesized with GCP terminal triplets. All error bars represent mean = S.D. (n = 3 technical replicates). All
experiments were performed three times.
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precipitated with ethanol, run on SDS-PAGE, transferred to a nitrocellulose membrane, and stained with Ponceau or detected with anti-FMOD or
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mice. The sections were deparaffinized, hydrated, and processed for antigen retrieval and peroxidase quenching before blocking with 10% goat serum
and incubating with rabbit anti-LOX (or isotype control (Ctrl) antibody) followed by HRP-conjugated anti-rabbit. The staining was developed using
diaminobenzamidine peroxidase.
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FIGURE 4. Lysyl oxidase activity in the presence of fibromodulin. Lysyl oxidase activity was measured with a commercial kit. As a sample, conditioned (cond)
medium from 293T cells expressing LOX (or from LOX-negative control cells) was used. The medium was preincubated for 1 h with FMOD or its variants and
then mixed with the substrate and incubated for 15 min at 37 °C. Enzyme activity was measured by fluorescence emission at 590 nm after excitation at 530 nm.

The plotted values are biological duplicates. Similar results were obtained in three independent experiments.

LOX activity. FMOD gives a 62% (p < 0.05) and FMODNT
gives a 47% (p < 0.05) increase, whereas the truncated
FMOD90 protein can achieve this effect only marginally (18%,
not significant).

Discussion

We reasoned that FMOD could function as a LOX modula-
tor during collagen fibrillogenesis because Frmod '~ mice ten-
dons have an altered cross-linking pattern (11) and FMOD
modulates collagen fibrillogenesis, ie. when LOX is also
recruited to collagen (1, 6, 25). Here we present data that show
an FMOD interaction with collagen cross-linking sites as well
as an interaction of FMOD with LOX that results in increased
LOX activity. This, together with the mentioned reports, sup-
ports a previously unknown role of FMOD as a LOX-modulat-
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ing protein that can influence site-specific cross-linking of
collagen.

EMOD, along with other homologous small leucine-rich
proteins, has tissue-specific modulatory functions during col-
lagen fibrillogenesis, these functions being evident in the differ-
ent SLRP-deficient mice (8, 39). Modulating fibril assembly
could in itself secondarily influence the LOX-mediated colla-
gen cross-linking, but our data show that FMOD can exert this
effect through direct binding to some of the collagen helix
cross-linking sites, of which there are two on each of the fibrillar
collagens, represented here by peptides II-5, II-52, and I1I-5/6
and III-52/53 (Fig. 1, A, B, and D). Although all carry the puta-
tive KGHR binding sequence, the Toolkit peptides are not
equivalent in the binding assays. I1I-6 and III-52 have low ther-
mal stability (33, 34), 30 °C and 39 °C, respectively, compared
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FIGURE 5. Proposed model for collagen cross-linking modulation by fibromodulin. A, alignment of the collagen Ill monomers is derived from 234-residue
D periods. The identified high-affinity FMOD-binding sites in collagen are marked in dark green (1II-5), yellow (111-8), blue (11I-44), and light green (11I-53). D periods
are delimited with black lines. Collagen monomers are arranged in quarter-stagger, which reveals vertical alignment of 11l-44 and IlI-5 sites on neighboring
collagen monomers. The two telopeptides (red) also align with FMOD-binding sites. B, proposed binding of the FMOD-LOX complex to a microfibril. FMOD
binds across three monomers, interacting with the vertically aligned collagen-binding sites. LOX binds to the N-terminal end of FMOD and is positioned against

the N-telopeptide in the microfibril.

with 47 °C for the Toolkits as a whole,® perhaps accounting for
their low FMOD binding. We have observed that the N-termi-
nal site (peptide III-5) appears to have a higher affinity for
FMOD, as judged from the higher inhibitory effect of peptide 5
on the FMOD-collagen interaction (Fig. 1C). This might be
explained by the influence of the neighboring amino acids and
suggests a fine-tuned mechanism of cross-link modulation. We
also observed that the lysine in the KGHR sequence is essential
for binding of FMOD to the cross-linking site (Fig. 1F), suggest-
ing also that FMOD may not bind to an already cross-linked
site, i.e. when lysine has reacted with a telopeptide allysine. This
would suggest FMOD involvement in collagen fibril assembly
before cross-linking takes place.

We also observed that FMOD binds peptides previously
identified as MMP-binding (peptides II-44 and III-44; Fig. 1, A
and B) (35, 36) a site in both collagens that is adjacent to the
cross-linking site on a neighboring tropocollagen molecule in a
quarter-stagger assembled microfibril (Fig. 54). Similarly, both
these sites align with C-telopeptides (Fig. 5) that are excessively
oxidized by LOX in Fmod '~ mice (11). The span across the
three sites (three tropocollagens) is ~5 nm, which is roughly
the size of the concave face of the LRR pocket in SLRPs (40, 41),
and it is tempting to suggest a multivalent binding of FMOD to
two interaction sites (III-5 and I1I-44) across the three collagen
helices (as proposed in Fig. 5B). Therefore, FMOD could mod-
ulate collagen cross-linking by binding or possibly cross-bridg-
ing three collagen monomers around their cross-linking sites.
Against this conclusion is the lack of potentiation of the inhib-
itory effect of both III-5 and III-44 on the FMOD-collagen
interaction. On the other hand, inhibition by III-5 alone is very
efficient, and any additive effect of III-44 may be marginal and

¢D. A. Slatter, unpublished data.
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hard to detect. Alternatively, bound FMOD could switch to an
adjacent collagen monomer at some critical point during fibril-
logenesis, thus switching from regulation of, perhaps, lateral
assembly of collagens to regulation of cross-linking. The dis-
crepancy between solid-phase binding and the ability of pep-
tides to inhibit FMOD binding to collagen is intriguing. Peptide
1II-5 supports strong FMOD binding and, in solution, blocks
FMOD binding to collagen I. In contrast, although II-44 and
I1I-44 are also strong binders of FMOD, both only slightly
inhibit its binding to collagen I. This suggests two binding
modes, perhaps separate collagen-binding sites on FMOD; a
first, high-affinity site that recognizes the KGHR sequence and
a second remote site that recognizes the MMP interaction
motifs in II-44 and III-44. Whether allosteric or co-operative
effects allow these sites to regulate one another remains to be
established.

Several other proteins besides FMOD, including fibronectin,
fibrin, MMPs, and collagen C-telopeptide, bind to II/11I-44 or
its homologous site on collagen I (42—45). A cell might use such
an overlapping interaction hot spot to differentially regulate
collagen fibrillogenesis, cell adhesion, or contraction. Within
the sequence of I1-44 (Fig. 1E), binding of MMP13 to the canon-
ical %-Y4 cleavage site required residues spanning the first leu-
cine and second arginine (35, 36), and although the only resi-
dues critical for MMP1 binding were the two leucines, contacts
were observed in the MMP1 peptide co-crystal, including the
next hydroxyproline (35, 36), whereas fibronectin binding
embraces the first and second arginine residues (44). In sum-
mary, the sites in collagens I and II that bind MMPs, fibronec-
tin, and FMOD are not identical but all overlap, and it would be
anticipated that their binding would be mutually exclusive.

To speculate on one example, C-telopeptide binding to the
site that corresponds to I1I-44/I11-44 stimulates collagen fibril-
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logenesis (42, 46). FMOD could, through binding to this site,
delay fibrillogenesis that is stimulated by the C-telopeptide. In
this manner, the C-telopeptide oxidation by LOX would also be
delayed because LOX activity increases on assembled collagen
fibrils (25). Such a mechanism could explain the increased C-te-
lopeptide oxidation in Frmod '~ mice (11), i.e. the absence of
FMOD would allow for a faster, uncontrolled, C-telopeptide-
driven fibrillogenesis, thus triggering LOX to excessively oxi-
dize C-telopeptides.

Binding of FMOD to 1I-44/111-44 also supports the previous
observation that FMOD can inhibit MMP cleavage of collagen
(47). Such an interaction could protect collagen from being
digested before it starts to assemble into fibrils. FMOD could of
course also protect the already assembled fibers by shielding the
11-44 site from MMP.

Our interaction data are largely in line with the previously
reported interactions of FMOD with collagen I CNBr frag-
ments (48). In this report, FMOD bound collagen fragment CB6
(which includes a sequence from Toolkit peptide I1I-53), CB7
(includes I1I-44), and CB8 (includes III-8) but did not bind CB5,
which contains the N-terminal helical cross-linking site. The
explanation for this discrepancy could be a conformational
unfolding of the KGHR sequence. KGHR is preceded by a
methionine where CNBr cleaves, and the cleavage would leave
the KGHR site without flanking, helix-inducing GXY residues,
likely to cause fraying of the new N-terminal end of the peptide,
disrupting the binding site.

In the same paper (48), the authors also report on FMOD
binding to collagen II CNBr fragments. The CB9,7 fragment
containing the II-52 sequence was not used in the binding assay.
One apparent discrepancy with our data is the absence of bind-
ing to CB10 (which contains the II-44 sequence) and binding to
CB11 (where did not find any binding). Here one should con-
sider that collagen II is more glycosylated, whereas Toolkit
peptides are not; this could affect the FMOD-collagen II inter-
action. Our data, as discussed above, point to conserved inter-
action sites across collagens I, II, and III (Fig. 1E).

The binding of FMOD to collagen cross-linking sites sug-
gested that FMOD might interact with the cross-linking
enzyme LOX. Indeed, we were able to identify their interaction
in a fibroblast cell culture using proximity ligation assays (Fig.
2A). We mapped this interaction to the N-terminal 12 amino
acids of FMOD (Fig. 2, B-E) and observed no apparent effect of
FMOD tyrosine sulfation on the interaction (Fig. 2F). We also
observed that the binding of LOX to FMODNT was less pro-
nounced than binding to FMOD (Fig. 2E). We think this could
be due to a minor misfolding of FMODNT.

Our data suggest that FMOD forms a complex with LOX and
collagens, where LOX binds at one end of FMOD (as shown
here) and collagen(s) bind in the LRR domain (37). We did,
however, observe that FMOD increased LOX activity even in
the absence of collagen and that this activity depended on the
N-terminal tail of FMOD (Fig. 4). This activity increase may be
considered marginal, and possibly we could have had obtained
a more potentiating effect had we used purified lysyl oxidase
rather than cell medium. In our hands though, purification or
storage of LOX was detrimental to its activity (although its
interaction with FMOD remained unaffected), and therefore
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we used fresh cell medium for the activity assay. There may, of
course, be other components in the cell medium that affect the
extent of FMOD-stimulated LOX activity.

We suggest a model of FMOD-regulated collagen cross-link-
ing where FMOD restricts premature fibril assembly and dys-
regulated cross-linking of collagens. This is achieved by binding
to the surface of a collagen microfibril at its cross-linking site
while simultaneously binding LOX and directing its activity
toward a specific lysine residue on an adjacent microfibril (Fig.
5B). Such an interaction may explain the tissue-specific cross-
linking found in collagen matrices populated by FMOD, includ-
ing tendons, ligaments, or fibrotic tissues. One should keep in
mind that LOX-FMOD interaction does not ensure LOX-me-
diated cross-linking but appears to direct it toward specific col-
lagen lysine residues.

Previously we reported excessive oxidation of collagen C-te-
lopeptides in Fmod '~ mice (11). We did not detect any
changes in LOX processing or quantity in Fimod '~ tendons,
but we show here that FMOD interacts with LOX, changes its
activity, and binds to collagen cross-linking sites. We reason
that FMOD, by binding across the C-telopeptides, could shield
LOX from excessively oxidizing telopeptides within one micro-
fibril, a reaction that would prompt uncontrolled cross-linking
between C-telopeptide allysines, forming aldols interlinking
other microfibrils. In FMOD-controlled packing and cross-
linking of microfibrils, LOX could be directed toward the telo-
peptides of another microfibril by binding to one end of FMOD,
triggering the formation of a specific interfibril cross-link. It is
also possible that LOX becomes positioned toward N-telopep-
tides in the same microfibril (Fig. 5B). This would ensure con-
certed, tissue-specific packing of microfibrils into fibrils and
regulated intrafibrillar cross-linking.

In summary, our current and previous data show that FMOD
can modulate LOX activity on specific sites on collagen and
support a novel theory regarding control of specific collagen
cross-linking through collagen-associated proteins, likely cru-
cial in the proper assembly of tendons but also of fibrotic colla-
gen matrices. The exact cross-links being formed in healthy and
fibrotic tissues remain to be shown, as does the identity of the
collagen-associated proteins that modulate their formation.
This effort could open new perspectives and reveal new targets
for treating fibrotic conditions.

Author Contributions—S. K. conceived the study, designed, per-
formed, and analyzed the experiments, and wrote the paper. R. W. F.
designed the Toolkit peptides, synthesized by D. B. and A. B., and
revised the manuscript with S. K.. K. R. analyzed the experiments
and revised the manuscript with S. K. All authors reviewed the
results and approved the final version of the manuscript.

References

1. Svensson, L., Asz6di, A., Reinholt, F. P., Fassler, R., Heinegard, D., and
Oldberg, A. (1999) Fibromodulin-null mice have abnormal collagen fi-
brils, tissue organization, and altered lumican deposition in tendon. /. Biol.
Chem. 274, 9636 —9647

2. Oldberg, A., Kalamajski, S., Salnikov, A. V., Stuhr, L., Mérgelin, M., Reed,
R. K, Heldin, N. E., and Rubin, K. (2007) Collagen-binding proteoglycan
fibromodulin can determine stroma matrix structure and fluid balance in
experimental carcinoma. Proc. Natl. Acad. Sci. U.S.A. 104, 13966 —-13971

SASBMB

VOLUME 291+-NUMBER 15-APRIL 8, 2016



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

APRIL 8,2016+VOLUME 291 +NUMBER 15

Mechanism of Fibromodulin-modulated Collagen Cross-linking

. Shami, A., Gustafsson, R., Kalamajski, S., Krams, R., Segers, D., Rauch, U,,

Roos, G., Nilsson, J., Oldberg, A, and Hultgardh-Nilsson, A. (2013) Fibro-
modulin deficiency reduces low-density lipoprotein accumulation in ath-
erosclerotic plaques in apolipoprotein E-null mice. Arterioscler. Thromb.
Vasc. Biol. 33, 354-361

. Mormone, E.,, Lu, Y., Ge, X,, Fiel, M. I, and Nieto, N. (2012) Fibromodulin,

an oxidative stress-sensitive proteoglycan, regulates the fibrogenic re-
sponse to liver injury in mice. Gastroenterology 142, 612—621.e5

. Oldberg, A., Antonsson, P., Lindblom, K., and Heinegard, D. (1989) A

collagen-binding 59-kd protein (fibromodulin) is structurally related to
the small interstitial proteoglycans PG-S1 and PG-S2 (decorin). EMBO J.
8, 26012604

. Hedbom, E., and Heinegérd, D. (1993) Binding of fibromodulin and

decorin to separate sites on fibrillar collagens. J. Biol. Chem. 268,
27307-27312

. Rydell-Térmanen, K., Andréasson, K., Hesselstrand, R., and Westergren-

Thorsson, G. (2014) Absence of fibromodulin affects matrix composition,
collagen deposition and cell turnover in healthy and fibrotic lung paren-
chyma. Sci. Rep. 4, 6383

. Eloranta, M. L., Franck-Larsson, K., Lovgren, T., Kalamajski, S., Ronn-

blom, A., Rubin, K., Alm, G. V., and Rénnblom, L. (2010) Type I interferon
system activation and association with disease manifestations in systemic
sclerosis. Ann. Rheum. Dis. 69, 1396 —1402

. Chen, S., and Birk, D. E. (2013) The regulatory roles of small leucine-rich

proteoglycans in extracellular matrix assembly. FEBS J. 280, 2120 -2137

Jepsen, K.J., Wu, F., Peragallo, J. H., Paul, ], Roberts, L., Ezura, Y., Oldberg,
A., Birk, D. E., and Chakravarti, S. (2002) A syndrome of joint laxity and
impaired tendon integrity in lumican- and fibromodulin-deficient mice.
J. Biol. Chem. 277, 35532—35540

Kalamajski, S., Liu, C., Tillgren, V., Rubin, K., Oldberg, A., Rai, J., Weis, M.,
and Eyre, D. R. (2014) Increased C-telopeptide cross-linking of tendon
type I collagen in fibromodulin-deficient mice. /. Biol. Chem. 289,
18873-18879

Herchenhan, A., Uhlenbrock, F., Eliasson, P., Weis, M., Eyre, D., Kadler,
K. E., Magnusson, S. P., and Kjaer, M. (2015) Lysyl oxidase activity is
required for ordered collagen fibrillogenesis by tendon cells. J. Biol. Chem.
290, 16440-16450

Siegel, R. C., and Martin, G. R. (1970) Collagen cross-linking: enzymatic
synthesis of lysine-derived aldehydes and the production of cross-linked
components. /. Biol. Chem. 245, 1653-1658

Pinnell, S. R., and Martin, G. R. (1968) The cross-linking of collagen and
elastin: enzymatic conversion of lysine in peptide linkage to a-aminoadi-
pic-8-semialdehyde (allysine) by an extract from bone. Proc. Natl. Acad.
Sci. U.S.A. 61,708-716

Siegel, R. C. (1976) Collagen cross-linking: synthesis of collagen cross-
links in vitro with highly purified lysyl oxidase. J. Biol. Chem. 251,
5786-5792

Miki, J. M., Rasdnen, J., Tikkanen, H., Sormunen, R., Mikikallio, K., Ki-
virikko, K. I, and Soininen, R. (2002) Inactivation of the lysyl oxidase gene
Lox leads to aortic aneurysms, cardiovascular dysfunction, and perinatal
death in mice. Circulation 106, 2503—2509

Kim, Y. M., Kim, E. C., and Kim, Y. (2011) The human lysyl oxidase-like 2
protein functions as an amine oxidase toward collagen and elastin. Mol.
Biol. Rep. 38, 145—149

Barry-Hamilton, V., Spangler, R., Marshall, D., McCauley, S., Rodriguez,
H. M., Oyasu, M., Mikels, A., Vaysberg, M., Ghermazien, H., Wai, C.,
Garcia, C. A, Velayo, A. C,, Jorgensen, B., Biermann, D., Tsai, D., Green, J.,
Zaffryar-Eilot, S., Holzer, A., Ogg, S., Thai, D., Neufeld, G., Van Vlasselaer,
P., and Smith, V. (2010) Allosteric inhibition of lysyl oxidase-like-2 im-
pedes the development of a pathologic microenvironment. Nat. Med. 16,
1009-1017

Eyre, D. R, Paz, M. A, and Gallop, P. M. (1984) Cross-linking in collagen
and elastin. Annu. Rev. Biochem. 53, 717748

Fogelgren, B., Polgar, N., Szauter, K. M., Ujfaludi, Z., Laczké, R., Fong,
K. S., and Csiszar, K. (2005) Cellular fibronectin binds to lysyl oxidase with
high affinity and is critical for its proteolytic activation. /. Biol. Chem. 280,
24690 -24697

Maruhashi, T., Kii, I, Saito, M., and Kudo, A. (2010) Interaction between

SASBMB

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

periostin and BMP-1 promotes proteolytic activation of lysyl oxidase.
J. Biol. Chem. 285, 13294 —13303

Nagan, N., and Kagan, H. M. (1994) Modulation of lysyl oxidase activity
toward peptidyl lysine by vicinal dicarboxylic amino acid residues: impli-
cations for collagen cross-linking. J. Biol. Chem. 269, 22366 —-22371
Fukae, M., and Mechanic, G. L. (1980) Maturation of collagenous tissue:
temporal sequence of formation of peptidyl lysine-derived cross-linking
aldehydes and cross-links in collagen. J. Biol. Chem. 255, 6511-6518
Cronlund, A. L., Smith, B. D., and Kagan, H. M. (1985) Binding of lysyl
oxidase to fibrils of type I collagen. Connect. Tissue Res. 14, 109—-119
Siegel, R. C. (1974) Biosynthesis of collagen crosslinks: increased activity of
purified lysyl oxidase with reconstituted collagen fibrils. Proc. Natl. Acad.
Sci. U.S.A. 71, 4826 —4830

Siegel, R. C., and Fu, J. C. (1976) Collagen cross-linking: purification and
substrate specificity of lysyl oxidase. /. Biol. Chem. 251, 5779 -5785
Levental, K. R., Yu, H., Kass, L., Lakins, ]. N., Egeblad, M., Erler, J. T., Fong,
S. F,, Csiszar, K., Giaccia, A., Weninger, W., Yamauchi, M., Gasser, D. L.,
and Weaver, V. M. (2009) Matrix crosslinking forces tumor progression
by enhancing integrin signaling. Cell 139, 891-906

Cox, T. R, Rumney, R. M., Schoof, E. M., Perryman, L., Hoye, A. M.,
Agrawal, A, Bird, D., Latif, N. A, Forrest, H., Evans, H. R., Huggins, . D.,
Lang, G., Linding, R., Gartland, A., and Erler, J. T. (2015) The hypoxic
cancer secretome induces pre-metastatic bone lesions through lysyl oxi-
dase. Nature 522, 106 -110

Cox, T. R, and Erler, J. T. (2013) Lysyl oxidase in colorectal cancer. Am. J.
Physiol. Gastrointest. Liver Physiol. 305, G659 — 666

Lucero, H. A, Ravid, K., Grimsby, J. L., Rich, C. B., DiCamillo, S. J., Maki,
J. M., Myllyharju, J., and Kagan, H. M. (2008) Lysyl oxidase oxidizes cell
membrane proteins and enhances the chemotactic response of vascular
smooth muscle cells. J. Biol. Chem. 283, 24103-24117

Grau-Bové, X., Ruiz-Trillo, I, and Rodriguez-Pascual, F. (2015) Origin and
evolution of lysyl oxidases. Sci. Rep. 5, 10568

Atsawasuwan, P., Mochida, Y., Katafuchi, M., Kaku, M., Fong, K. S., Csis-
zar, K, and Yamauchi, M. (2008) Lysyl oxidase binds transforming growth
factor-B and regulates its signaling via amine oxidase activity. J. Biol.
Chem. 283, 34229 —34240

Raynal, N., Hamaia, S. W., Siljander, P. R., Maddox, B., Peachey, A. R,
Fernandez, R, Foley, L. ], Slatter, D. A,, Jarvis, G. E., and Farndale, R. W.
(2006) Use of synthetic peptides to locate novel integrin a2B1-binding
motifs in human collagen IIL. /. Biol. Chem. 281, 3821-3831

Konitsiotis, A. D., Raynal, N, Bihan, D., Hohenester, E., Farndale, R. W,
and Leitinger, B. (2008) Characterization of high affinity binding motifs
for the discoidin domain receptor DDR2 in collagen. J. Biol. Chem. 283,
6861-6868

Howes, J. M., Bihan, D., Slatter, D. A., Hamaia, S. W., Packman, L. C,,
Knauper, V., Visse, R, and Farndale, R. W. (2014) The recognition of
collagen and triple-helical Toolkit peptides by MMP-13: sequence speci-
ficity for binding and cleavage. /. Biol. Chem. 289, 24091-24101

Manka, S. W, Carafoli, F., Visse, R., Bihan, D., Raynal, N., Farndale, R. W,
Murphy, G., Enghild, J. ], Hohenester, E., and Nagase, H. (2012) Structural
insights into triple-helical collagen cleavage by matrix metalloproteinase
1. Proc. Natl. Acad. Sci. U.S.A. 109, 1246112466

Kalamajski, S., and Oldberg, A. (2007) Fibromodulin binds collagen type I
via Glu-353 and Lys-355 in leucine-rich repeat 11. J. Biol. Chem. 282,
26740-26745

Siegel, R. C,, Pinnell, S. R., and Martin, G. R. (1970) Cross-linking of col-
lagen and elastin: properties of lysyl oxidase. Biochemistry 9, 4486 —4492
Chen, S., Young, M. F., Chakravarti, S., and Birk, D. E. (2014) Interclass
small leucine-rich repeat proteoglycan interactions regulate collagen fi-
brillogenesis and corneal stromal assembly. Matrix Biol. 35, 103—111
Scott, P. G., McEwan, P. A,, Dodd, C. M., Bergmann, E. M., Bishop, P. N,
and Bella, J. (2004) Crystal structure of the dimeric protein core of decorin,
the archetypal small leucine-rich repeat proteoglycan. Proc. Natl. Acad.
Sci. U.S.A. 101, 15633-15638

Scott, P. G., Dodd, C. M., Bergmann, E. M., Sheehan, J. K., and Bishop,
P. N. (2006) Crystal structure of the biglycan dimer and evidence that
dimerization is essential for folding and stability of class I small leucine-
rich repeat proteoglycans. J. Biol. Chem. 281, 13324 -13332

JOURNAL OF BIOLOGICAL CHEMISTRY 7959



Mechanism of Fibromodulin-modulated Collagen Cross-linking

42.

43.

Prockop, D. J., and Fertala, A. (1998) Inhibition of the self-assembly of
collagen I into fibrils with synthetic peptides: demonstration that assem-
bly is driven by specific binding sites on the monomers. J. Biol. Chem. 273,
15598 —15604

Kleinman, H. K., McGoodwin, E. B., Martin, G. R,, Klebe, R. J., Fietzek,
P. P., and Woolley, D. E. (1978) Localization of the binding site for cell
attachment in the «1(I) chain of collagen. J. Biol. Chem. 253, 5642—5646

. Erat, M. C,, Slatter, D. A., Lowe, E. D., Millard, C. J., Farndale, R. W,

Campbell, I. D., and Vakonakis, I. (2009) Identification and structural
analysis of type I collagen sites in complex with fibronectin fragments.
Proc. Natl. Acad. Sci. U.S.A. 106, 4195— 4200

7960 JOURNAL OF BIOLOGICAL CHEMISTRY

45.

46.

47.

48.

Reyhani, V., Seddigh, P., Guss, B., Gustafsson, R., Rask, L., and Rubin, K.
(2014) Fibrin binds to collagen and provides a bridge for aV33 integrin-
dependent contraction of collagen gels. Biochem. J. 462, 113-123
Steplewski, A., Hintze, V., and Fertala, A. (2007) Molecular basis of orga-
nization of collagen fibrils. . Struct. Biol. 157, 297-307

Geng, Y., McQuillan, D., and Roughley, P. J. (2006) SLRP interaction can
protect collagen fibrils from cleavage by collagenases. Matrix Biol. 25,
484 —-491

Viola, M., Bartolini, B., Sonaggere, M., Giudici, C., Tenni, R., and Tira,
M. E. (2007) Fibromodulin interactions with type I and II collagens. Con-
nect. Tissue Res. 48, 141-148

SASBMB

VOLUME 291+-NUMBER 15-APRIL 8, 2016



