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Matrilin-1 is expressed predominantly in cartilage and co-
localizes with matrilin-3 with which it can form hetero-olig-
omers. We recently described novel structural and functional
features of the matrilin-3 A-domain (M3A) and demonstrated
that it boundwith high affinity to type II and IX collagens. Inter-
actions preferentially occurred in the presence of Zn2� suggest-
ing thatmatrilin-3 has acquired a requirement for specificmetal
ions for activation and/or molecular associations. To under-
stand the interdependence of matrilin-1/-3 hetero-oligomers
in extracellular matrix (ECM) interactions, we have extended
these studies to include the two matrilin-1 A-domains (i.e.
M1A1 and M1A2 respectively). In this study we have identified
new characteristics of the matrilin-1 A-domains by describing
their glycosylation state and the effect of N-glycan chains on
their structure, thermal stability, and protein-protein interac-
tions. Initial characterization revealed that N-glycosylation did
not affect secretion of these two proteins, nor did it alter their
folding characteristics. However, removal of the glycosylation
decreased their thermal stability. We then compared the effect
of different cations on binding between bothM1A domains and
type II and IX collagens and showed that Zn2� also supports
their interactions. Finally, we have demonstrated that both
M1A1 domains and biglycan are essential for the association of
the type II�VI collagen complex.We predict that a potential role
of the matrilin-1/-3 hetero-oligomer might be to increase mul-
tivalency, and therefore the ability to connect various ECM
components. Differing affinities could act to regulate the inte-
grated network, thus coordinating the organization of the mac-
romolecular structures in the cartilage ECM.

Matrilin-1 (cartilage matrix protein) was first identified as
one of themajor constituents of the cartilage proteoglycanmix-
ture (1, 2). Subsequently, three other members of the matrilin
protein familywere identified and extensively characterized (3).
Matrilin-1 is expressed predominantly in cartilage, in particular
the growth plate and articular cartilages, and co-localizes with

matrilin-3 with which it can form hetero-oligomers (4, 5).
Matrilin-1 is primarily expressed in the maturation zone of the
growth plate, whereas matrilin-3 is found mainly in the prolif-
eration zone (6, 7).
Matrilin-1 and -3 are non-collagenous proteins with com-

monmodular features; matrilin-1 is composed of two vonWil-
lebrand factor A-domains (or A-domain; M1A1 andM1A2),2 a
single epidermal growth factor (EGF) domain, and a coil-coiled
oligomerization domain, whereas matrilin-3 contains a single
A-domain (M3A) and four EGF domains (8). All three A-do-
mains (M1A1, M1A2, and M3A) possess metal ion-dependent
adhesion site (MIDAS)motifs.Mutation of theMIDASmotif in
either of the matrilin-1 A-domains have been shown to abolish
filamentous network formation, suggesting that cation binding
by the A-domains may be required for their function (9).
Matrilin-1 has also been shown to form disulfide-bonded

oligomers with matrilin-3 in bovine cartilage extracts (4, 5).
Furthermore, in vitro studies demonstrated that the predomi-
nant matrilin-1/-3 co-assembly was made up of two matrilin-1
monomers and two matrilin-3 monomers identical to the het-
ero-oligomers identified in vivo (6, 10). The M1A2 domain has
been shown to regulate multimerization of the matrilin-1 pro-
tein (9, 11), such that deletion of the M1A2 domain converted
the trimeric matrilin-1 protein into a mixture of monomers,
dimers, and trimers, whereas deletion of theM1A1 domain did
not affect the trimeric conformation (9, 11).
The formation of matrilin-1/matrilin-3 hetero-oligomers (4,

7, 10), in combination with proteolytic processing (11, 12),
results in widespread molecular heterogeneity and therefore
provides a rich array of potential sites of interaction. The vari-
able multivalency of matrilin-1/-3 hetero-oligomers could pos-
sibly mediate interactions in the extracellular matrix (ECM)
and effect its macromolecular structure and overall stability.
The physical properties of the cartilage ECM depends on the
molecular characteristics and the supramolecular assembly of
its constituents, primarily collagens, proteoglycans, and bridg-
ing molecules such as COMP and the matrilins. It has already
been established that a potential function for the matrilin pro-
teins is to modulate collagen network organization (13, 14).
We have now studied this role in more detail by examining

directly the interactions between type II collagen, the main struc-
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tural component of cartilage, and the three individual A-domains
of matrilin-1/-3 (namely M1A1, M1A2, and M3A). We have also
investigated the binding characteristics of the three A-domains
with type IX collagen, which acts to link type II collagen fibrils
together. To refine a model of ECM assembly, we monitored in
real timetheproteinnetwork formedby typeVIcollagen,biglycan,
matrilin-1 A1-domain, and type II collagen.
In summary, this current study focuses primarily on charac-

terizing the structure of the individual matrilin-1 A-domains
and analyzing their interactions with other proteins of the car-
tilage ECM. These data will help in understanding further the
role that multivalency plays in the functioning of matrilin-1/3
hetero-oligomers.

EXPERIMENTAL PROCEDURES

Cloning and Sequencing of Human Matrilin-1 A-domains—
The matrilin-1 A1 and A2 domains were amplified from a full-
length human cDNA clone by PCR and subcloned into the
pSecTagA vector between SfiI and XhoI restriction sites of
the multiple cloning site. These cDNA fragments were then
re-amplified by PCR. The forward primer encompassed the
first 20 nucleotides (from the ATG start codon upstream of the
Ig �-chain secretion signal) found in pSecTag and included a
NotI restriction site (primer 5�-gcggccgcatggagacagacacact-3�).
The reverse primers also contained an engineered NotI cleav-
age site in addition to an in-frame FLAG tag (sequence, DYK-
DDDDK) (5�-gcggccgctcacttatcgtcgtcatccttgtaatcgtctgacacca-
cgcagaaggcc-3� for M1A1 and 5�-gcggccgctcacttatcgtcgtcatcc-
ttgtaatcgtcttcctccacacagatctt-3� for M1A2). PCR products
were subcloned using the TA Cloning method (Invitrogen),
digested with the restriction enzyme NotI, cloned into the
pCEP4 expression vector (Invitrogen), and sequenced. A single
correct clone for each construct (pCEP4-M1A1 and pCEP4-
M1A2) was used for all subsequent experiments.
Site-directed Mutagenesis—To abolish the N-glycosylation

sites, the asparagine residue from the recognition motifs
(NXT/S) was mutated to an alanine. PCR-based site-directed
mutagenesis was performed on both wild type pCEP4-M1A1
and pCEP4-M1A2 clones using the following primer pairs: 5�-
gacgtggggcccgctgccacccgggtg-3� and 5�-cacccgggtggcagcgggc-
cccacgtc-3� for M1A1; 5�-gcggctgtgcgggctatgtcctacatg-3� and
5�-catgtaggacatagcccgcacagccgc-3� for M1A2. The relevant
amino acid codons are indicated in bold and themutated nucle-
otides are underlined.
Matrilin-1 A-domains Protein Preparation—Recombinant

human M1A1 and M1A2 domains were expressed as secreted
proteins by 293-EBNA cells, affinity purified using the incorpo-
rated FLAG tag, and subjected to size-exclusion chromatogra-
phy as described previously (15). The purity of the recombinant
proteins was checked by silver staining of the gel. The identity
of the recombinant proteins was confirmed by peptide mass
mapping of excised band using electrospray ionization (ESI)
tandem mass spectrometry.
PNGase Digest—0.5 �g of recombinant proteins were treated

with 0.01 unit of PNGase F (QA Bio) for 48 h at 37 °C, and the
treated protein products were analyzed by SDS-PAGE.
Homology Modeling—The amino acid sequence of each

A-domain from humanmatrilin-1 was used to search the Swiss

Model data base (EXPASY). Protein sequences resulting from
this search included human von Willebrand factor A1 and A3
domains and the integrin I-domain. The sequence with the
highest homology was the vonWillebrand factor A3 (PBD code
1ao3-A) and this structure was used for homology modeling.
The secondary structural elements from the von Willebrand
factor A3 and the matrilin-1 A-domains were overlaid on a
sequence alignment (using PYMOL), which located the aspar-
agine residue involved in the glycosylation site of the proteins.
The models of the matrilin-1 A-domains were built based on
the coordinates of von Willebrand factor A3.
Structural Characterization by MALLS and CD—Samples

of purified recombinant protein were subjected to Mul-
tiangle Laser Light Scattering (MALLS) analysis and applied
to a Superdex 75 gel filtration column (GEHealthcare). Light
scattering intensity and eluant refractive index were ana-
lyzed using ASTRA version 5.21 software to give a weight-
averagedmolecularmass (Mw). The secondary structures of the
proteins variants were then recorded using a Jasco-810 spec-
tropolarimeter. Circular dichroism (CD) spectra were decon-
voluted using CDSSTR software program. Both techniques
have been described elsewhere in more detail (15).
Assessing the Thermodynamic Stability by Differential Scan-

ning Calorimetry—The denaturation temperatures of all
proteins variants were measured using differential scanning
calorimetry (VP-DSC MicroCalorimeter, MicroCal Inc.), as
described (15). The denaturation curves were fitted to a non-
two-state model yielding the Tm.
Surface Plasmon Resonance—The binding ability of recom-

binant matrilin-1 A-domains to type II (Calbiochem) and type
IX collagen (15) was tested on a Biacore 3000 instrument using
a CM5 sensor chip. In the first instance, the Biacore was used to
investigate the effect of cations on binding between both M1A
domains and bovine type II and human type IX collagens.
Freeze-dried collagens were re-dissolved in 500 mM acetic acid
at a concentration of 1 mg/ml, then diluted to a concentration
of 10 �g/ml in 10 mM Tris, pH 7.4, 150 mM NaCl containing
either 1 mM Zn2�, Mg2�, and Mn2� or 1 mM EDTA. These
samples were injected over immobilized M1A1 (�1000 re-
sponse units bound) orM1A2 (�700 response units bound) for
3 min at a flow rate of 30 �l/min.
Kinetic runs were also performed with type II and IX collagens

using TBS running buffer containing 1 mM Zn2�. The method
used was the same as described previously (15). The kinetic anal-
ysis was determined on the BIAevalution 4.1 software.
Quartz Crystal Microbalance with Dissipation (Q-sense)—

The kinetics of the binding between wild type and the unglyco-
sylated forms of matrilin-1 and -3 A-domains and type II colla-
gen were also determined using quartz crystal microbalance
with dissipation (QCM-D) as an alternative to the surface plas-
mon resonance (SPR) method (BIAcore). QCM-D simulta-
neously monitors changes in resonance frequency (�f) and dis-
sipation (�D) in real time.�f primarilymeasures changes in the
mass attached to the oscillating sensor surface (a silicon dioxide
crystal in this case), whereas �Dmeasures properties related to
the viscoelasticity of the adsorbed layer (a network of type II
collagen) (16).
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All QCM-D measurements were performed with a Q-Sense
E1 System at a temperature of 20.0 °C. A SiO2-coated crystal
(Q-sense AB) with a fundamental resonance frequency (f5) of 5
MHz was equilibrated in the running buffer (10 mM Tris, pH
7.4, 150 mM NaCl, 1 mM Zn2�). 50 �g/ml of type II collagen
(diluted in the same running buffer) was then adsorbed at a flow
rate of 100 �l/min until saturation (�3 h).

The kinetic evaluation of the interactions between type II
collagen and the matrilin A-domains was performed by expos-
ing the immobilized collagen to a series of successively increas-
ing concentrations of: 1) matrilin-3 A-domain (0, 90.78, 181.56,
272.34, 363.12, 453.91, and 680.86 nM); 2)matrilin-1A1 (0, 88.1,
176.21, 264.32, 352.42, 440.53, and 660.79 nM); and 3) matri-
lin-1 A2 (0, 86.6, 173.16, 259.74, 346.32, 432.9, and 649.35 nM).
After each of the concentration steps, the bound proteins were
eluted with TBS containing 1 mM EDTA and allowed to stabi-
lize in the running buffer before passing over the next concen-
tration. All the experiments were repeated three times.
Themaximum association rate (orVmax) for each concentra-

tion was derived using the following Hill equation (equivalent
to Langmuir equation),

y � Vmax

xn

kn � xn (Eq. 1)

where y is the measured frequency change, x the time (s), and k
is theMichaelis constant. In this case, n� 1, which corresponds
to a non-cooperative reaction (the affinity between the two pro-
teins is not dependent on whether or not other ligand mole-
cules are already bound). The matrilin A-domain binding (or
affinity) was then determined by plotting each calculated Vmax
as a function of increasing analyte concentrations (supplemen-
tal Figs. S2) and fitted to the samemodel generating theKD (the
equilibrium dissociation constant). This non-linear curve fit-
ting method was performed using OriginPro8 software.
A different approach was employed to compare the behav-

iors of all A-domains variants following binding to type IX col-
lagen. A solution of 10 �g/ml of type IX collagen was immobi-
lized onto the crystal surface until it reached saturation. Then 5
�g/ml of eachmatrilin A-domain was sequentially injected and
each experiment was repeated three times. The proteins con-
centrations were determined spectrophotometrically using
extinction coefficients at 280 nm of 0.411 for M3A, 0.265 for
M1A1, and 0.463 for M1A2.
This technique was also used to study complex formation

between type VI collagen (Chemicon), biglycan (a kind gift
from Prof. P. Bishop), matrilin-1 A-domains, and type II colla-
gen in real time. Prior to typeVI collagen adsorption, the crystal
was brought into contact with TBS containing 1 mM Zn2� to
establish a baseline. 10 �g/ml of the collagen was then immo-
bilized onto the surface until saturation. A succession of 5
�g/ml of biglycan, M1A1, M1A2, and type II collagen was then
injected to form the complex. All proteins were diluted in the
same running buffer (TBS� 1mMZn2�).Western blottingwas
performed using antibodies to type VI collagen (Chemicon),
biglycan (Abcam), matrilin-1 A-domains (anti-FLAG, Sigma),
and type II collagen (Chemicon).

RESULTS

Evolutionary Relationship of the Matrilin A-domains—Un-
derstanding the sequence relationship between the different
A-domains of the matrilin protein family can unravel the evo-
lutionary history of these proteins as well as provide informa-
tion about their potential function. For example, it has been
previously proposed by Deák et al. (8) that all of the matrilin
proteins evolved from a common ancestor. This suggestion is
based on the observation that they all comprise at least one
vWFA domain (or A-domains), a variable number of EGF-like
repeats and a single coil-coiled oligomerization domain. How-
ever, during evolution the matrilin-3 A-domain closest to the
coil-coiled domain is believed to have been lost (8) (Fig. 1A).
The significant sequence similarity between the single matri-
lin-3 A-domain and the matrilin-1 A1-domain (Fig. 1B; 62%
sequence homology) implies that they have the same evolution-
ary origin and possibly the same structure and function. In con-
trast, the matrilin-3 A-domain and the matrilin-1 A2-domain
aremore distantly related and share only 41% sequence homol-
ogy (Fig. 1B).
The amino acid sequence alignments of M3A, M1A1, and

M1A2 also reveal that all three proteins possess a signature
sequence, DXSXS…(T/S)…D, referred to as the MIDAS motif
as described previously (8, 17) (Fig. 1C). Furthermore, both
M1A1 and M1A2 proteins contain a potential glycosylation
directing sequence defined by the sequons NAT for M1A1 and
NMS for M1A2 (Fig. 1B). Multiple sequence alignment of
M1A1 sequences revealed conserved N-linked glycosylation
sites in human, mouse, and chick. M1A2 sequences showed
conserved N-linked glycosylation sites only in human and
mouse but not in chick. Moreover both matrilin-1 A-domains
lack the N-glycosylation site in zebrafish (Fig. 1C).
Structural Characteristics of Recombinant Matrilin-1 A-

domains—Matrilin-1 A-domains (M1A1 and M1A2) were
purified as secreted proteins and appeared as doublets with
an apparent molecular mass under denaturing conditions of
�25 kDa according to SDS-PAGE (Fig. 2A). Tryptic peptide
analysis by ESI tandem mass spectrometry validated the
identity of both doublets as M1A1 and M1A2, respectively
(not shown). Our finding that both A-domains ran as dou-
blets prompted us to hypothesize that the lower bands were
the unglycosylated forms, whereas the upper bands were the
glycosylated forms of the proteins. This hypothesis was sup-
ported by the observation that both protein sequences con-
tain a potential N-glycosylation site (Fig. 1C). A homology
model of the M1A1 domain located the only possible N-gly-
cosylation site at the opposite face to the MIDAS motif,
whereas the only possible N-glycosylation site of the M1A2
domain was situated on the �2 helix (Fig. 2B).

AnN-glycanase digestion performed on the purified proteins
showed that both doublets became a sharper single band, con-
firming that a proportion of the molecules were glycosylated
(Fig. 2C). Interestingly, theM1A1 domain appearedmostly gly-
cosylated (with a relative amount of 70% of glycosylated species
against 30% of unglycosylated quantified using densitometry),
whereas theM1A2 domain contained a comparable proportion
of glycosylated and unglycosylated protein (50% of glycosylated
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FIGURE 1. Phylogenetic relationship between the matrilin-1 and matrilin-3 A-domains. A, the modular structures of matrilin-1 and matilin-3 monomers.
The black arrows show the location of the potential glycan chain attachment site in the A-domains of matrilin-1. B, phylogenetic tree of human matrilin
A-domains. The length of the horizontal lines is proportional to the evolutionary distance between the sequences. Asterisks indicate the A-domains with a
potential N-linked glycosylation site, which is also shown in bold on the amino acid sequence. The underlined residues show the similarity in sequence around
the N-glycosylation site across the different A-domains. C, multiple sequence alignment from a set of selected species of matrilin-1 and -3 A-domains.
*, indicates the residues that are identical in all sequences in the alignment; colons and dots represent conserved and semi-conserved substitutions, respec-
tively. The potential N-linked glycosylation sites are shown in bold and the residues that comprise the MIDAS motif are highlighted in gray.

Characterization of Matrilin-1 A-domains

OCTOBER 29, 2010 • VOLUME 285 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 34051



FIGURE 2. Purification and characterization of recombinant matrilin-1 A-domains. A, silver-stained SDS-PAGE gel of purified recombinant matrilin-1 and
-3 A-domains under reducing conditions; lane 1, molecular weight marker; lane 2, purified recombinant matrilin-3 A-domain, which is resolved as a single band
of � 22 kDa; lanes 3 and 4, purified matrilin-1 A1 (M1A1) and A2 (M1A2) domains, respectively, which appeared as doublets with a molecular mass �25 kDa.
B, homology models of the matrilin-1 A-domains indicating the positions of the potential N-glycosylation sites on both molecules. Homology model of the
M1A1 domain locating the only possible N-glycosylation site (boxed) on the opposite face to the MIDAS motif (circled). Homology model of M1A2 domain
showing the only possible N-glycosylation site (boxed) situated on the �2 helix. Pictures were generated using PYMOL based on template PDB code 1ao3-A (A3
domain of Von Willebrand factor). C, silver-stained gel of N-glycanase digests of purified M1A1 and M1A2 domains. Following treatment with PNGase F (�) only
the lower band is apparent in each case. D, the effect of glycosylation on the secretion of the proteins. SDS-PAGE and Western blot analysis under reducing
conditions of cell lysates and conditioned medium from 293-EBNA cells transfected with the matrilin-1 A-domains. Wild type (glycosylated, left panel) and the
mutated (unglycosylated, right panel) constructs. The arrow indicates the position of the 25-kDa marker. E, structural analysis of matrilin-1 A-domains in
solution. Superdex 75 gel filtration chromatography and MALLS analysis of recombinant wild type and unglycosylated matrilin-1 A-domains. The graph shows
the elution position and molecular weight of the matrilin-1 A-domains obtained from MALLS experiments. The individual data points represent the molecular
weight distribution across the peak in black for the wild type proteins and gray for the unglycosylated forms.
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and 50% unglycosylated species). This suggested that both gly-
cosylation-directing sequences of thematrilin-1A-domains are
accessible on the surface of the proteins, thereby allowing the
attachment of N-glycan chains in vitro.
To determine the effect of glycosylation on the secretion

of the recombinant proteins, mutant M1A1 and M1A2
domains were generated in which the N-glycosylation sites
were abolished by replacing the appropriate asparagine res-
idue with an alanine residue. The cell lysates and the condi-
tioned medium were analyzed by SDS-PAGE and Western

blotting (Fig. 2D), which confirmed
that both of these unglycosylated
proteins were secreted.
The wild type and unglycosylated

proteins were then run on a size
exclusion column coupled to a mul-
tiangle laser light scattering detec-
tor to determine their average
molecular weights (Mr). Themolec-
ular mass of wild type M1A1 was
calculated to be 23.4 kDa and the
unglycosylated form to be 0.7 kDa
smaller at 22.7 kDa (Fig. 2E; left-
hand panel). The chromatograph
for theM1A2 protein showed that it
eluted in two peaks, which corre-
sponded to the upper and lower
bands of the doublet (Fig. 2E, right-
hand panel). The first peak was
defined as the glycosylated form of
M1A2 and gave a molecular mass of
24.9 kDa.The elution position of the
second peak of the protein overlaid
perfectly with the one from the un-
glycosylated form and was found to
be 1.8 kDa smaller at 23.1 kDa.
These data derived from the light
scattering experiments therefore
supported our initial assessment
that both domains possess one
N-linked polysaccharide chain each.
Potential Roles of the Glycosylation

inMatrilin-1 A-domains—To assess
if glycosylation had any significant
effect on the conformation of the
A-domains, the secondary structure
characteristics of the four proteins
was determined by circular dichro-
ism (CD). The M1A1 CD spectrum
showed a slight decrease in the rela-
tive amounts of �-helix content and
a subsequent increase in �-sheet
elements compared with M1A2
(Fig. 3A). Thiswas confirmedby cal-
culating the average values for sec-
ondary structure composition fol-
lowing CDSSTR analysis. The
M1A1 domain was found to be

composed of 9% �-helix, 36% �-sheet, 24% turn, and 31%
random coil and the M1A2 domain of 15% �-helix, 30%
�-sheet, 24% turn, and 31% random coil. Moreover, both
matrilin-1 A-domains exhibited a smaller �-strand propor-
tion and a greater �-helical content than the matrilin-3
A-domain (15). These data also revealed that there was no
significant difference in the secondary structure between the
wild type and unglycosylated forms of the proteins suggest-
ing that glycosylation does not affect the folding of the indi-
vidual domains.

FIGURE 3. Structural analysis of recombinant matrilin-1 A-domains, wild type (glycosylated) and ungly-
cosylated. A, the CD spectra of purified matrilin-1 and -3 A-domains were monitored between 190 and 240 nm
in 20 mM Tris buffer, 150 mM NaCl, pH 7.4, at 25 °C. The purity of the recombinant proteins was verified by silver
staining of SDS-PAGE gel under reducing conditions (inset). These data reveal that glycosylation in both matri-
lin-1 A-domains do not affect their secondary structures content with characteristic �-sheet and �-helical
elements. B, thermal stability of recombinant matrilin-1 A-domains. The denaturation heat capacity curves
were measured by differential scanning calorimetry. The differential scanning calorimetry profiles for wild type
matrilin-1 A1 and A2 domains indicate a more stable conformation (solid line) compared with the unglycosy-
lated forms (dotted line).
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Glycosylation can also influence the behavior of a protein
whereby the addition of the N-glycans can decrease the amino
acid core flexibility resulting in an increased thermal stability
(18), perhaps in an attempt to increase protein longevity. To
determine thermal stability of thematrilin-1A-domains, differ-
ential scanning calorimetry was used. The denaturation tem-
perature of the wild typeM1A1 domain was within the temper-
ature ranges of 56–57 and �49 °C for the unglycosylated form
(Fig. 3B). The thermal stability of the wild type and unglycosy-
lated M1A2 domains was also assessed and the denaturation
temperatures obtainedwere�54 and 52 °C, respectively. These
data revealed that the wild type forms of the proteins were
indeed more resistant to thermal unfolding than the unglyco-
sylated forms, which provides evidence that glycosylation has
evolved to give some protection and durability to the proteins.
Zn2� Is Required for the Binding of M1A1 and M1A2 to Col-

lagen Types II and IX—We have recently shown that thematri-
lin-3 A-domain bound with high affinity to type II and type IX
collagens in the presence of Zn2� (15).We therefore compared
the role of different cations (1 mM each of Zn2�, Mn2�, and
Mg2�) on the binding properties of the matrilin-1 A-domains
using SPR (Fig. 4A). These studies demonstrated that whereas 1
mM Zn2� supported strong binding of type II and IX collagens
to the wild typeM1A1 andM1A2 domains, in contrast, binding
in the presence of 1 mMMn2� andMg2�, or 1 mM EDTA (used
as control) was negligible or completely abolished. This sug-
gests that all three individual A-domains (M3A, M1A1, and
M1A2) have acquired specificity for Zn2� binding.
Supramolecular Assembly of Matrilin-1 and -3 A-domains

in the Cartilage Collagen Network; Binding of Matrilin-1
A-domains to Type II Collagen—The binding kinetics of the
wild type and unglycosylated matrilin-1 A-domains to type II
collagen was studied further by QCM-D to determine whether
glycosylation influenced molecular associations. During the
adsorption phase type II collagen caused an initial rapid fre-
quency decrease (mass increase) followed by a slower frequency
decrease as the crystal saturated (supplemental Fig. S1, phase
1). By using this technique we were able to form a stable layer-
by-layer architecture of type II collagen molecules without
loosing any activity (which was the case when using SPR). Type
II collagen showed evidence of oligomerization on the surface
of the chip in a similar way to collagen type I shown by Johan-
sson et al. (21), with collagen II forming fibrils before laying flat
on the surface with a layer depth of 85 nm (similar to that for a
single fibril). The fibrillar collagen surface could be repeatedly
regenerated by removal of bound proteins using 1 mM EDTA
(supplemental Fig. S1, phase 5), thus enablingmultiple matrilin
A-domain binding experiments (supplemental Fig. S1, phase 4).
Successive incubationswith increasing amounts of the different
matrilin A-domains (M3A, M1A1/M1A2 both wild type and
unglycosylated) allowed us to determine their relative affinities
for type II collagen.

TheM1A2 domain showed the strongest affinity with aKD of
�50 nM compared with M3A (�91 nM) and M1A1 (�104 nM)
(Fig. 5A). This trendwas in agreementwith the calculatedKD as
determined by SPR analyses, which were 2.13 nM forM1A2, 6.2
nM for M3A, and 8.8 nM for M1A1 (Fig. 4B, top panel, and
table). The difference in binding between M1A2 and M3A was
also statistically significant (p� 0.001). However, no difference
was detected between wild type M1A2 and the unglycosylated
form (probably due to the fact that wild type M1A2 contains a
high proportion of unglycosylated protein resulting in a mask-
ing effect). An interesting finding was that the unglycosylated
form ofM1A1 boundmore strongly to type II collagen than the
wild type molecule. This suggests that the flexible N-glycan
chains might partially hide the binding site for type II collagen,
thus narrowing the location of the binding site for thismolecule
to the opposite face of the MIDAS motif (Fig. 2D).
Subsequent data analysis by plotting frequency and dissipa-

tion shifts enabled us to better understand the nature of the
interaction between the matrilin-1 and -3 A-domains and type
II collagen. A comparison of the change in resonance frequency
(bound mass) versus time revealed a fast binding of all three
matrilin A-domains to type II collagen (Fig. 5B, top left panel).
Measurements of the damping effect (dissipation factor) during
binding experiments between thematrilin A-domains and type
II collagen suggested that the matrilin-1 A-domains formed a
more rigid structure with type II collagen than M3A did (Fig.
5B, bottom left panel). By combining f and D data we were able
to obtain information about structural changes of the collagen
surface following the binding of the matrilin A-domains. It is
evident from the plot (Fig. 5B, right panel) that the M1 A-do-
mains and M3A affected the immobilized collagen layer in a
very different way. When M3A was added it bound to type II
collagen in such a way that the resulting complex was more
flexible, which was reflected by a higher �D/�f ratio than the
M1A-domains. In contrast, the lower�D/�f ratiomeasured for
the four M1 A-domains indicated a more rigid complex.
Interactions between the Matrilin-1 A-domains and Type IX

Collagen—In this series of experiments we used QCM-D to
investigate changes in frequency and energy dissipation during
adsorption of the different matrilin A-domains to a SiO2 sur-
face covered with a stable film of type IX collagen with a thick-
ness of 6.5 nm. From the �f versus time plot it can be seen that
the M3A domain had a faster association rate than the M1A1
andM1A2 domains (Fig. 5C, top left panel) (i.e. following addi-
tion of the M3A solution a rapid frequency decrease (mass
increase) occurred). The adsorption kinetics of the wild type
M1A1 and its unglycosylated form exhibited a difference in
mass uptake as opposed to both variants of M1A2, which
showed no difference. The �D versus time plot showed that
dissipation increased with time meaning more energy was dis-
sipated as more proteins were adsorbed (Fig. 5C, bottom left
panel). This was especially the case for theM3Adomain, but no

FIGURE 4. Functional analysis of recombinant matrilin-1 A-domains. A, SPR analysis showing the effect of different cations on the binding of type II and IX
collagens to M1A1 and M1A2. Interactions of immobilized M1A1 and M1A2 to type II collagen (10 �g/ml) in the presence of 1 mM Zn2�, Mn2�, and Mg2�, and
1 mM EDTA are shown in the top panel and binding to type IX collagen (10 �g/ml) in the presence of 1 mM Zn2�, Mn2�, and Mg2�, and 1 mM EDTA are shown
in the bottom panel. B, interactions between the immobilized wild type (glycosylated) forms of M1A1 and M1A2 domains with type II (top panels) and IX
collagens (bottom panels), respectively, in the presence of 1 mM Zn2� as detected by surface plasmon resonance. The table at the bottom summarizes the KD
values obtained after kinetic analysis using BIAevalution software. N/D, not determined due to no dissociation between M1A2 and type IX collagen.
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significant differences in viscoelasticity of the different matri-
lin-1 A-domains could be observed. To correlate the observed
changes in f andD,weplotted�Dversus�f, which does not take
into account the time parameter (Fig. 5C, right panel). These
data revealed differences between the adsorption behavior of
thematrilin-3A-domain and both of thematrilin-1A-domains,
which was not directly observed on the other plots. The differ-
ent�D/�f ratio can be divided into two groups; one for all of the
matrilin-1 A-domains and the second one for the matrilin-3
A-domain alone, indicating at least two different kinetic pro-
cesses occur during adsorption. The low �D/�f value for M3A
suggests a strong binding to type IX collagen and also indicates
that the addition of this molecule triggers amore rigid compact
conformation of the type IX collagen layer. All four matrilin-1
A-domains share a similar, but higher ratio, suggesting that
they form amore flexible structure and have a lower affinity for
the layer below (i.e. type IX collagen). Further analysis of the
curves for both M1A1 domains indicated that the wild type
protein binds with slightly higher affinity (lower ratio), but
again no difference could be detected between the two M1A2
proteins.
Protein Complex Formation between Type VI Collagen, Big-

lycan, the Matrilin-1 A-domains, and Type II Collagen Moni-
tored in Real Time Using QCM-D—Type VI collagen has pre-
viously been shown to bind a wide range of proteins in vitro,
such as the fibrillar type II collagen, and the proteoglycans big-
lycan and decorin (19). More recently Wiberg et al. (20)
described the interaction between biglycan and matrilin-1 act-
ing as a bridging complex with type II and VI collagens. In our
study we monitored in real time the complex formation
between type VI collagen, biglycan, the two matrilin-1 A-do-
mains and type II collagen using QCM-D. In the first instance a
layer of type VI collagen was deposited on the sensor surface in
a random fashion corresponding to the sudden decrease in fre-
quency (or increase in mass). Once a critical density had been
reached, the collagen molecules most likely organized them-
selves into a stable and compact network, which was reflected
by the small increase in frequency and decrease in dissipation
(Fig. 6A, phase 1) as described elsewhere (21). The type VI col-
lagen showed evidence of some oligomerization before forming
a flat layer of 15 nm, which is consistent with an arrangement of
triple helical molecules into filaments. Biglycan was then
passed over the typeVI collagen layer followed by the individual
matrilin-1 A-domains (M1A1 first followed by M1A2; see Fig.
6A, phase 2 and 3, respectively). All 3 proteins showed the char-
acteristics of binding (i.e. an increase in mass with a corre-
sponding increase in dissipation). Finally, type II collagen was
injected and bound to this complex (Fig. 6A, phase 4), which
was characterized by a large shift in frequency and dissipation
(due to the size of the collagen molecules).
At this stage in the experiment the protein complex was

eluted from the crystal surface using SDS-PAGE loading buffer.

The presence of the individual proteins in the complexwas then
confirmed by Western blotting using specific antibodies
against type VI collagen, biglycan, matrilin-1 A-domains, and
type II collagen (Fig. 6B). All of the individual proteins of the
complex could be detected (i.e. types II and VI collagen and
matrilin-1 A1-domain) with the exception of biglycan and
matrilin-1 A2-domain. We subsequently detected biglycan fol-
lowing silver staining; however, M1A2 was not detectable,
which led us to conclude that it was not part of the stable com-
plex.We therefore performed the subsequent experimentswith
M1A1 alone.
To determine specificity of this protein assembly and com-

plex formation, each protein of the complex was individually
tested for binding against each of the other components (sup-
plemental Fig. S3A). Biglycan and the matrilin-1 A1-domain
individually bound to types II and VI collagen. Moreover, a
pre-assembled type II collagen andmatrilin-1A1-domain com-
plex interacted with biglycan, but not with type VI collagen. In
a similar way, type II collagen and the biglycan complex associ-
ated with the matrilin-1 A1-domain, but not with type VI col-
lagen. Interestingly, when type II collagen was absorbed onto
the crystal no detectable direct binding with type VI collagen
could be seen. However, in the reverse orientation we could
observe a slight binding (3.5-fold less than in the complex)
between type II collagen and type VI collagen. We therefore
concluded from these data that both biglycan and the matri-
lin-1 A1 domain are required for the association of type VI
collagen with type II collagen (supplemental Fig. 3B).

DISCUSSION

In this study we have determined novel characteristics of
human recombinant matrilin-1 A-domains (M1A1 andM1A2,
respectively) by describing their potential glycosylation state
and the effect of the N-glycan chains on their structure, secre-
tion, and protein-protein interactions in vitro.

Paulsson and Heinegård (2) first demonstrated that full-
length matrilin-1 extracted from bovine tracheal cartilage con-
tained 3.9% (w/w) carbohydrates. An amino acid sequence
alignment of both human and bovine matrilin-1 revealed only
two potential glycosylation-directing sequons, one being in
the first A-domain (M1A1) and the other in the second
A-domain (M1A2), suggesting that the human matrilin-1
A-domains are likely to be glycosylated in vivo. We have
confirmed that both of these sites are glycosylated in vitro
and that this post-translational modification by N-glycosyla-
tion was found to affect the biochemical properties of the
M1A1 domain. The attachment of the N-glycan chains on
the M1A1 and M1A2 domains appears to have decreased the
amino acid backbonemobility resulting in an increased thermal
stability as seen previously in other studies (22, 23). Although
the removal of the glycosylation did not disrupt the secondary
structure (as determined by CD), it is possible that the role of

FIGURE 5. The effect of glycosylation of matrilin-1 A-domains on the binding to type II and IX collagen measured using QCM-D. A, kinetics analysis of the
binding between immobilized type II collagen and matrilin-3 and -1 A-domains in the presence of 1 mM Zn2�. B, normalized frequency shift (mass change) and
dissipation shift versus time, detected during the association of matrilin-1 and -3 A-domains onto immobilized type II collagen (left panel). The right panel
represents normalized changes in �D as a function of �f for data shown in the left panel. C, normalized frequency change and dissipation change versus time,
detected during the association of matrilin-3 and -1 A-domains onto immobilized type IX collagen (left panel). The right panel shows the D-f plot using QCM-D
raw data at the third overtone (n � 3).
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glycosylation in the matrilin-1 A-domains has evolved after the
structure was established. Indeed the highly conserved N-gly-
cosylation sitesweremaintained in the chordate familywith the
exception of the distant zebrafish species. Glycosylation is
known to act in an indirect manner by affecting the proteins
intracellular trafficking. However, this was not the case for
either theM1A1 orM1A2 domains because the unglycosylated
proteins were both secreted into the cell culture medium. We
therefore speculate that N-glycosylation could play a role in
localization of the matrilin-1 protein in the cartilage extracel-
lularmatrix, thus explainingwhymatrilin-1 and unglycosylated
matrilin-3 have different distributions in this tissue (6).
We also investigated amore direct role forN-glycosylation of

both matrilin-1 A-domains as a potential physical barrier to, or
an enhancer of, protein-protein interactions. Interestingly, by
homology modeling the glycosylation sites are located at the
opposite face of theMIDASmotif for theM1A1domain, and on
the side face of the molecule (�-2 helix) for M1A2. These spe-

cific locations have been described
by Romijn et al. (24) to be the colla-
gen-binding sites in two von Will-
ebrand factors: namely VWF-A1
andVWF-A3, which share the high-
est structural homology to the
matrilin-1 A-domains (SwissModel
data base). These collagen-binding
sites are distinctly different from
those of the integrin I-domain,
another “A-domain” homologous to
those of matrilin-1, where collagen
binding occurs at the MIDAS motif
(25).
We took advantage of the pre-

dicted location of the glycosylation
on the M1A1 domain to determine
whether it had any effect on the
binding to collagen molecules. The
unglycosylated variant of M1A1
bound with a significantly higher
affinity to type II collagen compared
with the wild type form (p � 0.05),
which gave the domain a similar
level of binding to that of M3A to
which it shares a high sequence
homology (62%) thereby suggesting
they could have similar functions.
This might help explain why the
M3A domain lost its glycosylation
potential during evolution (i.e. to
facilitate the binding to collagen or
to help modulate matrix assembly
by ensuring there is a natural hierar-
chy in the binding process). From

these experiments it cannot be concluded where the exact rec-
ognition site for type II collagen is located on the matrilin-1
A-domains because the interaction was not fully abolished by
the presence or absence of theN-glycans chain. Further studies
would need to be performed with the specific aim of mapping
the binding sites on the collagen molecules and individual
A-domains.
It has previously been determined that mutating a residue of

the MIDAS motif in both of the matrilin-1 A-domains abol-
ished filamentous network formation, suggesting that cations
may be required for the function of matrilin-1 (9). Our binding
studies performed in the presence of different cations estab-
lished that Zn2� participated actively in type II and IX collagen
interactions by promoting binding and possibly exposing a
binding surface that was formerly inaccessible. A previously
published binding study performed between matrilin-1 and
type II collagen in the presence of Ca2� identified a much

FIGURE 6. Complex formation between collagen type VI, biglycan, matrilin-1 A-domains, and collagen type II monitored in real-time using QCM-D.
A, monitoring of protein adsorption and supramolecular assembly by following the frequency change (�f) and dissipation (�D) during deposition of a type VI
collagen network (1), specific binding of biglycan (2), matrilin-1 A1 then A2 domains (3, first arrow is for M1A1 then the second for M1A2) and finally type II
collagen (4). B, biochemical analysis of each component in the complex using Western blotting (specific antibodies against the FLAG tag of the matrilin-1 A1
domain, type VI and II collagens) and silver staining of biglycan.

FIGURE 7. Model of cartilage extracellular matrix assembly. A, schematic of the protein complex formed
between type II/IX collagen fibrils, matrilin-1 and matrilin-3 homo-oligomers, and matrilin-1/-3 hetero-olig-
omers. Protein pairing occurs preferentially between particular partners; i.e. the matrilin-3 A-domain binds to
the COL3 domain of type IX collagen and along type II collagen fibrils compacting the architecture of the
collagen network; whereas the M1A1 domain interacts at the end of the type II collagen fibrils and M1A2
domain binds to type IX collagen forming a “bridge” between type II and IX collagens. Matrilin-1/-3 hetero-
oligomers further stabilizes the integrity of the cartilage ECM by combining these interactions pairing. B, sche-
matic of the protein complex formed between type VI collagen microfibrils, biglycan, matrilin-1, and type II
collagen.
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weaker interaction (26). This suggests that both matrilin-1 A-
domains have acquired specificity for Zn2� binding, which is
not unexpected because 85%ofZn2� reserves are found in bone
(27). Moreover, collation of Zn2� was sufficient to abolish any
binding, indicating that Zn2� might be involved in activating
thematrilin-1A-domains and promoting their associationwith
collagens in the ECM either through the MIDAS motif or else-
where on the molecule (15). However, further experiments
need to be performed to confirm any potential conformational
changes of the matrilin-1 A-domains.
On the other hand, binding of matrilin A-domainsmight not

occur at one unique recognition motif, but rather at several
sites on the collagenmolecule (28). Domains can be versatile in
their binding properties and their association to specific ligands
can be “loose and temporary” or “tight and permanent” (29).
Protein-protein interactions are often casual association more
than definite attachment and their specificity can be narrow,
which is probably the case for thematrilin-1 and -3 A-domains.
The first evidence for this variability in their binding properties
was shown byAszódi et al. (13) when they described a function-
ally redundant role for matrilin-1 and -3. Indeed, matrilin-1 or
-3 null mice showed no overt skeletal phenotype suggesting
that individually they are not critical for cartilage structure (14).
However, matrilin-1 and -3-deficient mice have an abnormal
type II collagen fibrillogenesis and fibril organization (30).
Our current data further confirm this compensatory mech-

anism betweenmatrilin-1 and -3 biological functions. Both sets
of kinetic data for type II collagen binding, performed on the
SPR and the QCM-D, were in agreement by giving the same
trend in binding affinity and confirmed that all three A-do-
mains can potentially bind to type II collagen. The differences
in the absolute KD values might be due to the biological com-
plexity of the interaction and the different orientation (matrilin
A-domains were immobilized on the chip when using SPR,
whereas the collagen type II was adsorbed on the crystal for the
QCM-D experiments).
Similarly, all three matrilin A-domains were found to inter-

act with type IX collagen. However, a tightening of the type
IX collagen layer was only observed when the M3A domain
came into contact with it. This observation suggests a novel
functional role for the M3A domain as a bridging molecule
compressing the cartilage collagen network. Interestingly,
the matrilin-1 A-domains showed a similar structural change
to that ofM3A and type IX collagen when they came in contact
with the type II collagen layer (by compacting its organization).
In contrast, the M3A domain formed a more open and flexible
complex when bound to the immobilized type II collagen
surface.
Another example of the adaptability in binding of the matri-

lin-1 A-domains is their ability to bind to type VI collagen,
unique among the collagen family in its molecular and fibrillar
arrangement (19). We have shown for the first time the organi-
zational hierarchy in real time of the type VI collagen-biglycan-
matrilin-type II collagen complex, which is a key determinant
of the chondrocyte territorial matrix.
In conclusion, all threematrilin-1/-3A-domains are versatile

in their binding to the structural collagen network of the carti-
lage ECM, with some slight nuances. 1) The M3A domain

appears to preferentially bind to type IX collagen as previously
suggested by Budde et al. (31) who demonstrated that the lack
of type IX collagen resulted in a loss of matrilin-3 anchorage in
the cartilage ECM. 2) The M1A domains show better affinity
for type II collagen. This supports previous electron micros-
copy experiments in which matrilin-1 was seen to bind to both
ends of type II collagen molecules (32). Indeed, findings from a
matrilin-1 null mouse suggested that the lack of matrilin-1 in
the matrix altered the structure of type II collagen fibrils (30).
Our current working model illustrates that matrilin-1 A-do-
mains aremultivalent molecules that serve to connect different
matrix components such as typeVI collagen and biglycan in the
chondrocyte territorial ECM, and that matrilin-1 and -3 A-do-
mains stabilize and provide the “compacting” catalyst for the
type II and IX collagen network in the inter-territorial ECM.
This complex is regulated by slightly differing affinities of the
different matrilin-1/-3 A-domains for the various components
thus leading to a hierarchical preference. The increase in stabil-
ity created by the glycosylation could help protect hetero-
oligomers from degradation, whereas also providing some
degree of tissue specificity. Finally, one of the possible roles for
the matrilin-1 and -3 hetero-oligomers could be to further
bring this collagen type II and IX integratedmeshwork together
by increasing their affinities to interact with the matrix (Fig. 7).
The multivalency of matrilin-1/-3 A-domains brings essential
molecules into close proximity, which in turn aids the three-
dimensional structure of the ECM assembly and its overall
stability.
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