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Cartilage oligomeric matrix protein forms protein complexes with
synovial lubricin via non-covalent and covalent interactions
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Objective: Understanding the cartilage surface structure, lost in arthritic disease, is essential for devel-
oping strategies to effectively restore it. Given that adherence of the lubricating protein, lubricin, to the
cartilage surface is critical for boundary lubrication, an interaction with cartilage oligomeric matrix
protein (COMP) was investigated. COMP, an abundant cartilage protein, is known to be important for
matrix formation.
Design: Synovial fluid (SF) from arthritic patients was used to detect possible COMPelubricin complexes
by immunological methods. Recombinant (RC) COMP and lubricin fragments were expressed to char-
acterize this bonding and mass spectrometry employed to specifically identify the cysteines involved in
inter-protein disulfide bonds.
Results: COMPelubricin complexes were identified in the SF of arthritic patients by Western blot, co-
immunoprecipitation and sandwich ELISA. RC fragment solid-phase binding assays showed that the C-
terminal (amino acids (AA) 518-757) of COMP bound non-covalently to the N-terminal of lubricin (AA
105-202). Mass spectrometry determined that although cysteines throughout COMP were involved in
binding with lubricin, the cysteines in lubricin were primarily focused to an N-terminal region (AA 64-
86). The close proximity of the non-covalent and disulfide binding domains on lubricin suggest a two-
step mechanism to strongly bind lubricin to COMP.
Conclusion: These data demonstrate that lubricin forms a complex network with COMP involving both
non-covalent and covalent bonds. This complex between lubricin and the cartilage protein COMP can be
identified in the SF of patients with arthritis conditions including osteoarthritis (OA) and rheumatoid
arthritis (RA).

© 2017 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Arthritic diseases including osteoarthritis (OA)1 and rheumatoid
arthritis (RA)2 result in destruction of the joint surface leading to
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debilitating pain and restricted motion. Although RA treatment is
increasing in efficacy3, OA treatment is limited to symptom man-
agement, making understanding joint biomechanics essential for
devising treatments to re-establish the lubricating joint surface.

The cartilage extracellular matrix (ECM) in diarthrodial joints
has lubricating and shock-absorbing functions. Lubrication is
created by two modes: boundary mode, created at the cartilage
surface, and mixed mode, a combination of boundary and hydro-
dynamic mode lubrication4,5. Hydrodynamic mode is generated by
major synovial fluid (SF) components including hyaluronic acid and
lubricin, a heavily O-glycosylated, mucin-like glycoprotein4,5.
Boundary lubrication at the mechanically vulnerable cartilage
surface creates a smooth non-adherent low friction coating vital for
cartilage surface structural integrity; studies show that lubricin is
essential for these properties4,6,7.
td. All rights reserved.
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Lubricin (PRG4), also known as superficial zone protein and
proteoglycan 4, has an expectedmolecular weight of 150 kDa that is
almost doubled by its glycosylation. Although also present in the
blood, urine and on the ocular surface8e10, in the joint, lubricin is
synthesized by articular chondrocytes and synoviocytes, and
enriched in the superficial zone of articular cartilage, the synovial
membrane, tendons and the SF11,12. Although it seems that adher-
ence of lubricin to the cartilage surface is necessary for boundary
lubrication, the assembly remains unknown.

The SF of arthritic patients provides a unique opportunity to
analyse this surface structure as it is lost from the cartilage into the
SF during disease. Proteomic analysis of the acidic fraction of SF has
identified lubricin and a range of other proteins, including cartilage
oligomeric matrix protein (COMP)/thrombospondin 5 (TSP5)13,14.
COMP is a homopentameric ECM glycoprotein, with five
100e110 kDa subunits15. COMP is mainly synthesized by chon-
drocytes, secreted into cartilage ECMwhere it is essential formatrix
formation through its interactions with a range of molecules
including aggrecan, fibronectin, matrilins and collagens16e20. COMP
and its fragments are released into the SF, where they can interact
with and regulate complement factors21. COMP in serum is
considered a biomarker for early cartilage damage22.

As COMP has complex forming capabilities and may co-purify
with lubricin, we investigated a potential COMPelubricin complex
in arthritic SF. These analyses were able to identify a complex
network of non-covalent and covalently bonded COMP and lubricin.

Methods

Patient sample information and study design

Eight independent SF samples from RA (n ¼ 5 designated RA1,
RA2, RA3, RA4, and RA5), OA (n ¼ 2, OA1 and OA2) and Spondy-
loarthritis (SpA) (n ¼ 1, SpA1) patients were collected during
aspiration of knee joints at the Rheumatology Clinic, Sahlgrenska
University Hospital (Gothenburg, Sweden) and Lund University
Hospital (Lund, Sweden). All RA patients fulfilled the American
College of Rheumatology 1987 revised criteria for RA23. All patients
gave informed consent and the procedure approved by the Ethics
Committees of Gothenburg and Lund Universities. Acidic fractions,
containing lubricin and COMP, were purified from SF as previously
described13.

Discovery Western blot, proteomic, co-immunoprecipitation,
size exclusion chromatography and ELISA experiments used hu-
man SF samples (n described throughout results and dependent on
sample volume availability). The binding domain of each protein
involved in bond formation was then determined by solid-phase
binding assays using truncated recombinant (RC) COMP and
lubricin, and MS disulfide bond analyses of SF (n ¼ 2).

Immunoassays of synovial lubricin and COMP

Western blotting
Samples were separated using agarose-SDS-PAGE or 3e8% Tris/

acetate gels. Transferred PVDFmembranes were blocked (3% bovine
serum albumin (BSA) in PBS), and probed with mouse anti-human
lubricin (mAb 13, Pfizer Research), or rat anti-human COMP (mAb
HC484D1, AbD Serotec). HRP conjugated secondary antibodies
included rabbit anti-mouse immunoglobulins (DakoCytomation)
and rabbit anti-rat IgG and IgM (Jackson ImmunoResearch Europe
Ltd.).

Co-immunoprecipitation
SF acidic fractions (8 mg) and anti-COMP antibody or PBS were

incubated 4�C overnight. Protein G agarose beads (100 mL, Thermo
Scientific) were added for 2 h at RT, washed (3 � 10 min 0.75%
Triton X-100 then PBS 4 � 10 min) and resuspended in non-
reducing sample buffer for SDS-PAGE and Western blot analysis
using anti-lubricin mAb13. ImageJ was used to quantitatively
compare bands26.

Size exclusion chromatograpy
HPLC with a BioSuite 450 column (8 mm HR SEC, 7.8 � 300 mm,

Waters) was used to separate a portion of enriched SF glycopro-
teins, at a flow rate of 0.25 mL/minwith a mobile phase of 2 M urea
in PBS. The eluents (0.25 mL/fraction) were then analyzed by ELISA
using mouse anti-human lubricin-specific mAb (mAb13, Pfizer
Research) and rat anti-human COMP-specific mAb (mAb HC484D1,
AbD Serotec).

Sandwich ELISA
Anti-COMP mAb (HC484D1, 10 mL/mL in 50 mM sodium car-

bonate buffer, pH 9.6, 16 h, 4�C) was the capture antibody and
coated onto 96 well plate, blocked (1% BSA in PBS-T) and incubated
with diluted SF. Anti-lubricin (mAb13) was added and detected
with HRP conjugated rabbit anti-mouse Ig at 0.5 mg/mL and
3,30,5,50-tetramethylbenzidine before absorbance was measured
(450 nm). Assay performed in triplicate.

Solid-phase binding assays
Assays were conducted with conditions as for sandwich ELISAs.

RC protein (5 mg/mL) coated plates were incubated with potential
interacting proteins (1 mg/mL) and binding detected with mouse
anti-His mAb (18184, AbCam) and alkaline phosphatase-conjugated
goat anti-mouse and visualized using para-nitrophenylphosphate.
Assays were performed in triplicate and repeated twice, statistics
described below.

Production of RC lubricin and COMP fragments

RC human lubricin with a FLAG-tag and a truncated mucin-like
domain (without amino acids (AA) 403-870) was produced in 293F
cells using p3xFLAG-CMV-8 vector (SigmaeAldrich) and purified
on anti-FLAG beads. The same method was used to produce four
lubricin fragments named L25-221 (all molecular weights are
calculated, MW 21.9 kDa), L220-402 (MW 19.2 kDa), L871-1078
(MW 22.6 kDa), L1079-1404 (MW 37.2 kDa, Fig. 2(A)). GST-tagged
fragments of the N-terminal domain divided by exon boundaries
(exons 2e5), named L25-72 (MW 5.3 kDa), L67-109 (MW 5.0 kDa),
L105-160 (MW 6.0 kDa), L155-202 (MW 5.2 kDa), were produced
using pGEX-5X-3 vector (GE Healthcare) and Rosetta 2 E. coli
(Novagen), purified in native conditions using glutathione beads
(Pierce). The His-tagged fragments of COMP [Fig. 2(A)] named
mCOMP (AA 73-757, MW 79.3 kDa), TII1-TIII8 (AA 73-517, MW
51.7 kDa), TIII1-CG (AA 268-757, MW 59.0 kDa), TIII1-8 (AA 268-
517, MW31.5 kDa) and CG (AA 518-757, MW 31.9 kDa), based on the
AA sequence of the human COMP reference sequence
(NM_000095.2), were produced in human 293-EBNA cells and
purified as previously described21. The identity of the proteins was
confirmed by mass spectrometry, and purity by SDS-PAGE (Fig. S3).

Mass spectrometry methods

Protein identification from gel bands
Coomassie stained gel bands were excised, destained, dried and

digested with 300 ng sequencing-grade lysine-C (50 mM ammo-
nium bicarbonate, 4 h, 37�C, Promega) then 500 ng trypsin (over-
night, 37�C, Promega). Samples were dried and resuspended in
50 mM ammonium bicarbonate with 0.2% formic acid for LC-MS/
MS analysis. The MassMatrix conversion tool was used for file



Fig. 1. Complexes between COMP and lubricin in the SF of arthritis patients. (A) Western blots comparing enriched glycoproteins from arthritis patients' SF. One SpA (SpA1) and
two RA (RA1 and RA2) patient samples separated by AgSDS-PAGE, non-reducing conditions. After blotting to PVDF, lubricin was detected by mAb13; COMP detected by mAb
HC484D1. (B) MS identification of proteins from the four HMW bands from SpA1. The confidence of identification (ID) from X! Tandem shown for lubricin and COMP for each band
as log(e), the base-10 log of the expectation value, that is, the probability the ID is a random assignment. In brackets, the numbers of unique and total peptides used in the ID. (C) Co-
IP of synovial COMPelubricin complex from the acidic fraction of SF from patients RA3 and SpA1 (þ). mAb HC484D1) was used, with protein G beads, to pull out the COMPelubricin
complex. After SDS-PAGE, a Western blot was used with mAb13 to identify the complex. A no antibody control (�) shows the complex enriched above non-specific binding. (D and
E) Size exclusion chromatography of enriched glycoproteins from SF (D, patient SpA1; E, patient RA1) showing COMP and lubricin were co-purified. Chromatographic fractions were
analyzed by ELISA with mAb13 and mAb HC484D1. (F) Sandwich ELISA of serial dilutions of acidic SF glycoproteins from patient RA4. mAb HC484D1 was used as the capture
antibody and the level of tethered lubricin was detected by mAb13 and HRP conjugated rabbit anti-mouse antibody. N ¼ 3, error bars are SD.
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conversion of RAW files to mzXML27. Data was searched against the
SwissProt human protein database using X! Tandem with the
Orbitrap predefined method including reversed sequences24.

Disulfide bond analysis
MS identification of disulfide bonds was carried out using

methods to reduce bond scrambling28. Arthritic SF acidic fractions
were analyzed in solution in reduced (4 M urea, 40 mM Tris, 25 mM
DTT, pH 7, 70�C for 2 h, an additional 25 mM DTT added and
incubated for a further 2 h) and non-reduced conditions. To inhibit
bond scrambling, all samples were alkylated (a molar ratio of
protein:4-vinylpyrridine of at least 1:6) then buffer exchanged with
40 mM Tris pH 7. Samples were then deglycosylated with 10 mU
sialidase A (Prozyme Inc.) and 2.5 mU O-glycanase (Prozyme Inc.),
50 mM sodium phosphate pH 6, at 37�C for 16 h. Deglycosylated
samples were digested in solution (pH 7) with lysine-C and trypsin
as described above.

Intra-disulfide bonds and inter-disulfide bonds between
COMP and lubricin were identified initially using MassMatrix
software25. Parameters were set to the Orbitrap default method
for disulfide bond identification with the addition of the S-pyr-
idylethylation of cysteine modification. An abundant sample with
a high proportion of large complexes (sample SpA1, Fig. 1(A)) was
initially analyzed using a COMPelubricin database (accession
numbers P49747 and NP_005798) to identify disulfide bound
peptides. The bonds identified via MassMatrix were then used to
create specific bond databases, which were used to search all
other samples to specifically target identifiable bonds. The
MassMatrix default parameters for pp (5.0) and pptag (1.3) were
used and all identified spectra were confirmed manually and only
included in the data set when the combination of the b- and y-
series provided almost complete coverage of all bound peptides.

Mass spectrometry methods and settings
All tryptic peptides were analyzed by nanoflow reverse-phase

LC-electrospray ionization MS/MS using an LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific) as previously described29. Briefly,
3 mL of each digest was injected into a precolumn (4 cm � 100 mm
inner diameter) and analytical column (20 cm � 50 mm inner
diameter) packed with ReproSil-Pur C18-AQ 3 mm resin (Dr. Maisch,
GmbH). A split flow rate of 100 nL/min was used. The gradient
included 5 min of 100% A (aqueous 0.2% formic acid) followed by a
40 min gradient from 5 to 50% B (acetonitrile). Full MS scans were
obtained in the Orbitrap at 400e2000m/z, 2 microscans, maximum
ion injection time 500 ms, and a target value of 500,000, using the
lock mass feature for internal calibration (m/z 445.1200). Six data
dependent MS/MS scans were acquired in the LTQ using collision
induced fragmentation and a normalized collision energy of 30,
activation energy of 0.250 and activation time of 30.

Statistical analyses

Solid-phase binding assays were performed in triplicate and
repeated twice and data analyzed by KruskaleWallis test fol-
lowed by Dunn's Multiple Comparison test of all pairs due to
unequal variance, non-Gaussian distribution and sample size,
using GraphPad Prism version 5. Proteomic and disulfide bond
analyses were performed using X! Tandem24 and MassMatrix25

respectively, as described in the mass spectrometry methods
section.



Fig. 2. RC COMP and lubricin form non-covalent complexes. (A) Representation of RC COMP and lubricin constructs. Green constructs: expressed, His-tagged, in mammalian 293-
EBNA cells. Blue constructs: expressed, FLAG-tagged in mammalian 293F cells. Red constructs: expressed, GST-tagged in E. coli strain Rosetta 2. (B) Interaction between RC COMP
fragments and truncated mucin domain, full-length lubricin by solid binding assay. RC lubricin was coated to ELISA plate. After blocking, His-tagged COMP fragments (mCOMP, TIII1-
CG, TII1-TIII8, and TIII1-8) were added. Bound COMP was detected by anti-His antibody. N ¼ 3, error bars are SD. Comparison of mCOMP to fragments showed no statistically
significant difference by non-parametric test except mCOMP vs TII1-TIII8 (p < 0.05). (C) Binding trunc. mucin lubricin to COMP fragments. His-tagged COMP fragments (mCOMP, CG,
TIII1-CG, and TII1-TIII8) were used to coat an ELISA plate. Trunc. mucin domain lubricin was added after blocking. Bound lubricin was detected by anti-FLAG antibody. N ¼ 3, error
bars are SD. Comparison of mCOMP to fragments showed no statistically significant difference by non-parametric test. (D) Binding RC COMP fragment (TIII1-CG) to lubricin
fragments. RC trunc. mucin lubricin or fragments (L25-221, L220-402, L871-1078, and L1078-1404) were used to coat an ELISA plate. After blocking, COMP fragment (TIII1-CG) was
added and detected by anti-His antibody. N ¼ 3, error bars are SD. Comparison of Lub to fragments showed no statistically significant difference by non-parametric test. (E) Binding
RC COMP fragment (TIII1-CG) to lubricin N-terminal fragments. RC lubricin fragments (L25-72, L67-109, L105-160 and L155-202) were used to coat an ELISA plate. After blocking,
COMP fragment (TIII1-CG) was added, and detected by anti-His antibody. N ¼ 3, error bars are SD. All pairs showed no statistically significant difference by non-parametric test
except L67-109 vs L105-160 (p < 0.05).
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Results

Discovery of COMPelubricin complexes in arthritic SF

The SF acidic fraction from RA, OA and SpA patients (n¼ 7) were
separated under non-reducing conditions and immunoblots pro-
bedwith antibodies to COMP and lubricin (Fig.1(A) and Fig. S1). The
mono, di, tri, tetra and pentameric forms of COMP were prominent
in the RA1 sample with the other samples containing less of the
ladder. All samples contained lubricin. A range of very high mo-
lecular weight (HMW) bands contained both lubricin and COMP,
suggesting the proteins were associating. Samples with a high
amount of COMP oligomers contained low amounts of the potential
COMPelubricin complexes, and vice versa. This may relate to

mailto:Image of Fig. 2|eps
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disease state as the SpA sample contained more COMPelubricin
complex than the two RA samples. These HMW complexes were
reducible with DTT as shown in Fig. S1.

The COMP and lubricin MS identifications from bands i-iv from
patient SpA1 are shown in Fig. 1(B). Confidence of proteomic
identifications is shown as an log-10 of the expectation value
(log(e)), that is, the probability that the identification is a random
assignment. Hence, the smaller the expectation value, the greater
the confidence30. All identifications are of high certainty. The
number of unique and total peptides used for each identification is
also shown. Unique peptides and X! Tandem search results are
listed in Fig. S2. Both COMP and lubricin were identified in all
bands. Lubricin was most abundant in band i with a decrease in
identified lubricin peptides with the lower MW bands. The oppo-
site was observed with COMP, with the most peptides identified in
band iv, suggesting that COMP and lubricin form a range of com-
plexes with varied proportions of the two proteins.

Size exclusion chromatography was used to separate possible
complexes in SF (n ¼ 2). Fractions were then assessed by ELISA
using anti-COMP mAb HC484D1 and anti-lubricin mAb13 anti-
bodies. The chromatograms of samples with the lowest (RA1) and
highest (SpA1) amounts of COMPelubricin complexes are shown in
Fig. 1(D) and (E) respectively. The RA1 sample has a dominant
COMP-positive peak at a much lower MW (possibly the COMP
pentamer) compared to the SpA sample. This may be due to the
increased COMPelubricin complexes in SpA1 as the major COMP
peak corresponds to the higher MW lubricin peak.

To determine if the proteins were associated rather than co-
migrating, two methods were used: co-immunoprecipitation (Co-
IP) and sandwich ELISA. The Co-IP (n¼ 2) used anti-COMPmAb and
protein G beads to capture COMPelubricin complexes from the
acidic fraction of SF. After a stringent wash (0.75% Triton X-100) and
SDS-PAGE separation, Western blots were probed with anti-
lubricin mAb13 to identify only COMPelubricin complexes. The
complex was enriched in SF from RA and SpA patients [Fig. 1(C)].
The sandwich ELISA (n¼ 1 shown) employed rat anti-COMPmAb to
capture the complexes and anti-lubricin monoclonal antibodies for
detection. This detected COMPelubricin complexes in SF from an
RA patient in a dose-dependent manner [Fig. 1(F)]. These data
indicate that lubricin and COMP are associated in RA, OA (Sup. S1)
and SpA SF.

Non-covalent interactions between RC versions of COMP and
lubricin

To identify regions of non-covalent interactions between COMP
and lubricin, RC fragments of the proteins were expressed
[Fig. 2(A)]. To increase expression yields, the mucin-like domain of
lubricin was shortened by the removal of AA 403-870. Apparent
MW and purity (>95%) were verified for each RC protein (see
Fig. S3).

Fragment interactions were tested by solid phase assays; trun-
cated mucin-domain full-length lubricin (trun. mucin lubricin) was
conjugated to microtitre plates and incubated with various COMP
fragments that together cover the full sequence of COMP, except the
N-terminal coiled-coil domain [Fig. 2(B)]. The terminal COMP
fragment TIII1-CG, encompassing the TSP type III repeats and the C-
terminal globule (AA 268-757), interacted with lubricin, as did the
CG domain alone. A similar result was obtained by a reversed assay
where the plate was coated with COMP fragments and probed with
trunc. mucin lubricin. This narrowed the COMP interaction area to
within the C-terminal globule (CG, AA 518-757), given that the TII1-
III8 (AA 73-517) fragment did not associate with the trunc. mucin
lubricin and that all fragments containing the C-terminal globule
did [Fig. 2(C)].
The area of interaction within lubricin was also addressed.
Lubricin fragments were coated onto microtitre plates and incu-
bated with the TIII1-CG (AA 268-757) fragment containing the
COMP binding region AA 518-757 [Fig. 2(D)]. Using mammalian
expressed fragments, the N-terminal domain (L25-221), proximal
to the mucin-like domain [Fig. 2(D)] had the highest COMP affinity,
apart from the truncated mucin-full length lubricin construct,
which was slightly higher. To define the interacting area, smaller N-
terminal lubricin fragments (L25-72, L67-109, L105-160 and L155-
202) were expressed in E. coli given that this region of lubricin is
not highly glycosylated. L105-160 had the strongest affinity, with
L25-72 and L67-109 showing almost no binding to COMP [Fig. 2(E)].

Altogether, these in vitro results demonstrate that the C-termi-
nal domain of COMP (AA 518-757) spontaneously interacts non-
covalently with the N-terminal of lubricin (AA 105-202). As the
lubricin fragment was expressed in E. coli, this interaction is protein
mediated. The COMP fragments, on the other hand, were expressed
in mammalian cells, so post-translational modification involve-
ment in COMP bonding cannot be excluded.

COMP and lubricin form a network of protein complexes stabilized
by disulfide bonds

As the COMPelubricin complex was identified in highly disso-
ciating conditions, arthritic SF acidic fractions were analyzed for
disulfide bonds by liquid chromatography (LC)-MS/MS. Non-
reduced and reduced (negative control) samples were all treated
with sialidase and O-glycanase to allow for more effective trypsin
digestion. All samples were alkylated and preparation done at or
below pH 7 to prevent bond scrambling. Sample SpA1 was chosen
for initial analysis given its high abundance of COMPelubricin
complexes and large sample size. Bonds identified in this sample
were compared to other samples with lower complex abundance.
Bonds were identified using MassMatrix software27 and the MS/MS
spectra used for identification were confirmed manually. An
example of MS/MS spectra identifying disulfide bonds is shown in
supplementary Fig. S4 and all bonds identified are shown in
supplementary Fig. S5.

The location of disulfide bonds within the protein domain
structures identified in sample SpA1 are shown in Fig. 3(A). Bond
forming cysteines of lubricin are focused to the N-terminal, with 13
of the 17 inter-protein bonds identified between AA 64 and 86
[Fig. 3(A)]. All other bond forming cysteines were located in the C-
terminal hemopexin domain [Fig. 4(D)], except for the single
cysteine within the mucin domain (MUC) of lubricin [Fig. 4(C)]. The
bonds identified in sample RA1 are also shown in Fig. 3(B). Bonds
consistent between these two samples are focused in the N-ter-
minal lubricin domain (Lub AA 64-86), indicating their importance
for complex formation. The inter-disulfide bond-forming cysteines
of COMP are not as highly concentrated, extending throughout
COMP except for the TSP C-terminal domain. The region COMP AA
102-191 (corresponding to the EGF/TSP type II repeats) as well as
the region COMP AA 287-504 (corresponding to the TSP type III
repeats) contain all of the inter-protein disulfide bond-forming
cysteines [Fig. 3(B)].

Analysis of the reduced SpA1 sample identified that two disul-
fide bonds (lubricin C70 and COMP C371, and lubricin C64 and
COMP C328) were still present. A single bond (lubricin C70 and
COMP C371) was identified in both reduced samples (RA1 and
SpA1). As the large protein complexes formed may not be fully-
reducible, this suggests these bonds at the N-terminal of lubricin
and C-terminal of COMP are important to complex formation and
difficult to reduce. The consistent identification of complex tri-
peptides, rather than di-peptide complexes (Fig. 4) shows that
COMP and lubricin form a complex network.



Fig. 3. Location of COMP and lubricin inter-protein disulfide bonds. (A) Location of cysteines involved in disulfide bonds within COMP and lubricin. Domain structures shown for
COMP and lubricin. Lubricin's signal peptide (S), 2� somatomedin-B domains (SMB), heparin binding domain (H), mucin domain (MUC), hemopexin repeats (HPX). COMP's signal
peptide (S), coiled coil domain (CC), 4� EGF Ca-binding domains (EGF), TSP type 3 repeats (TSP 3), TSP C-terminal domain (TSP C-Term). Red lines: cysteines involved in disulfide
bonds. The lubricin sequence between AA 64 and 90 shown, red: cysteines involved in inter-protein disulfide bonds, blue: free cysteines in native lubricin (detected as alkylated or
free by MS in non-reduced (NR) samples). (B) Inter-protein disulfide bonds from two samples SpA1 (reduced (R) and non-reduced (NR)) and RA1 (R and NR). Cysteines of lubricin
are shown on y-axis and COMP on x-axis, bonds between them by a colored square. Blue: bonds only identified in SpA1-NR, Purple in SpA1-NR and RA1-NR, Red in SpA-NR and R as
well as RA1-NR and black in SpA-NR and R and RA1-NR and R.

Fig. 4. Types of disulfide bonds identified. Examples of the peptides bound by di-
sulfide bonds including di- and tri-peptide complexes. The peptides' AA range is
shown above the bound peptides along with the m/z. Bonds are shown by black lines.
Red (detected as alkylated) and green (detected without alkylation) underlined were
present as free cysteines in native SF lubricin and COMP.
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Alkylated and free cysteines were identified in non-reduced
samples (Fig. 4(B), (D) and (E) and S5), showing that both pro-
teins retain free cysteines. In the N-terminal of lubricin, cysteine
C90 was identified as a free cysteine, suggesting this domain
adjacent to the lubricin disulfide binding region (AA 64-86) re-
mains free, enabling it to form complexes in the ECM. The MS
analysis confirms that the COMPelubricin complex is stabilized by
a large, complex network of disulfide bonds. It also shows that the
N-terminal disulfide binding region of lubricin (Lub AA 60-86) is
highly important for complex formation, while COMP cysteines in a
larger region of the protein (COMP AA 102-191 and COMP AA 287-
504) are involved.
Intra-protein disulfide bonds

Intra-protein bonds were also identified in lubricin and COMP
(Fig. 5). COMP intra-protein bonds (n¼ 11) (intra-peptide and inter-
peptide) were evenly distributed throughout the protein. Two di-
sulfide inter-peptide bonds were located between C91eC96 and
C184eC197. The intra-peptide COMP bond between C176 and C201
[Fig. 4(D)] has previously been suggested. The confirmation of this
bond validates our approach, but also highlights that some of the
additional previously reported disulfide bonds31 were not identi-
fied. This is likely due to the difficulty in digesting such large pro-
tein complexes in a non-reduced state. In lubricin, six intra-protein
bonds were identified. Of these, three involved the C64 and/or C70
residues and four are involved in disulfide bound tripeptides that
also include inter-protein bonds to COMP. Lubricin intra-protein
bonds, C746eC1146 and C1204eC1281 were the only intra-
peptides identified solely containing lubricin peptides. The anal-
ysis is unable to define if these bonds are within a single protein
molecule and therefore involved in secondary structure formation
or if these bonds are between two separate molecules and are the
bonds involved in the proposed lubricin dimer formation32.

Overall these data show that COMP and lubricin form a complex
disulfide-bonded network. The identification of bound COMP and

mailto:Image of Fig. 3|eps
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Fig. 5. Intra-protein disulfide bonds identified in lubricin and COMP. Intra-protein
disulfide bonds (inter- and intra-peptides) identified in two samples, SpA1 (reduced
(R) and non-reduced (NR)) and RA1 (R and NR). Cysteines from the same protein are on
both axes, bonds between them shown by a colored square. Blue: bonds only identified
in SpA1-NR, Purple in SpA1-NR and RA1-NR, and Red in SpA-NR and R as well as RA1-
NR. Intra-peptide bonds in yellow. In lubricin, 6 intra-protein bonds were identified; 3
involved the C64 or C70 residues. COMP intra-protein bonds (n ¼ 11) were evenly
distributed throughout the protein.
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lubricin molecules in the SF of arthritis patients suggests that this
complex may be localized to the outer cartilage layer and lost into
the SF in disease.
Discussion

We determined here that COMP and lubricin form non-
covalently and disulfide bound complexes identifiable in the SF of
RA, OA and SpA patients. Using truncated RC proteins and mass
spectrometric techniques we confirmed this specific interaction.

COMP is an integral structural component of cartilage, assem-
bling and stabilizing the ECM through interactions with other ECM
proteins, aided by its flexible homopentameric structure19,33. The
C-terminal of COMP (AA 579-595 of 757) binds to fibronectin17,
aggrecan16 and cartilage collagens I, II and IX34e36. RC studies
completed here showed lubricin also non-covalently binds to the C-
terminal of COMP (AA 518-757). The C-terminal forms the pistil of
the COMP protein flower-like structure while the TSP type III re-
peats (AA 268-528) forms the petals37, shown here to form covalent
bonds with lubricin. The pistil head and petal are separated by
35e50 Å (PDB 3FBY), similar to the distance between the two
binding regions of lubricin. Other proposed covalent linking sites
may indicate crosslinking of lubricin between COMP pentamers.
This suggests a broader range of binding potential than previously
shown for COMP.

The binding capabilities of lubricin are less well known, how-
ever bovine synovial lubricin multimers have been identified38.
Interactions between lubricin and denatured, amorphous and
fibrilliar chicken type II collagen have been identified, although the
mechanism is unknown18. Here, the non-covalent binding region of
lubricin was localized to the N-terminal (AA 105-202 of 1404), a
protein mediated interaction as the lubricin fragment was
expressed in E. coli. The disulfide binding region (AA 64-86) was
also identified in the N-terminal somatomedin B domain of lubri-
cin. The two binding regions are directly adjacent, suggesting a two
stage mechanism where lubricin first binds COMP via a non-
covalent bond to allow the formation of the stronger disulfide
bonds to strengthen the complex. This mechanism may be neces-
sary due to the excessive mechanical strain in the moving joint.

Disulfide bond creation is not limited to the endoplasmic re-
ticulum; quiescin sulfhydryl oxidase 1 (QSOX1) secreted by quies-
cent fibroblasts is active in disulfide bond formation in the
ECM39,40. QSOX1 is necessary for the incorporation of laminin into
the ECM41, and EST frequencies suggest high expression in con-
nective tissue, with even greater levels in chondrosarcoma where
cartilage component production is high40. Free cysteines on
extracellular COMP and lubricin are also necessary for disulfide
bond formation, and were identified by MS analysis in both pro-
teins. The previous identification of a free cysteine residue in the
globular fold (AA 726) by the crystal structure of the COMP C-ter-
minal (AA 225-757)37, supports our detection of COMP free cyste-
ines. The identification of theN-terminal disulfide binding region of
lubricin as a concentration of disulfide-forming cysteines suggests
this may be a protected region. Interestingly, detailed site-specific
glycosylation analysis of lubricin showed no glycosylation on the
initial 130 AA despite O-glycosylation being possible in this re-
gion42. The binding region (AA 64-86) is glycosylation free, allow-
ing disulfide bond formation. Also, the initiation of glycosylation
directly after this region may protect free cysteine residues from
further reactions, allowing secretion of cysteine eSH side chains
into the ECM.

The COMPelubricin complex was identified in arthritic SF,
however, the concentration of COMP is far greater in cartilage than
other joint tissues, including the SF43 suggesting the complexes
originate from the cartilage. To be lost into the SF in degenerative
arthritis, as observed by increased matrix metalloproteinase-3
degradation of ECM components in OA44 would require the pres-
ence of the complex at the cartilage surface. Therefore, these data
could suggest that the COMPelubricin complex is produced in the
cartilage, localized on the cartilage surface and is lost into the SF
during disease. Further analysis on the localization of these com-
plexes in the joint is essential to thoroughly understand their
significance.

Lubricin has begun to represent a possible biologic for the
treatment of arthritic diseases where the lubricative surface has
been lost, or even to prevent damage5,45. Lubricin injected into a
damaged joint localizes to damaged surfaces46, maybe due to the
exposure of COMP during cartilage degradation. Lubricin retention
in the rat joint has shown RC lubricin detectable after 4 weeks46.
The increased understanding of lubricin attachment from this
study may allow the design of a longer lasting lubricative surface,
perhaps by constructing RC lubricin with additional COMP binding
zones or the addition of COMPelubricin complexes to improve
incorporation into the cartilage.
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