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Cartilage extracellular matrix molecules synthe-
sized and maintained by chondrocytes form a strong,
elastic tissue functioning to cushion and protect the
subchondral bone. Osteoarthritis is characterized by
degradation of cartilage extracellular matrix mole-
cules resulting in fibrillation, irreversible erosion, and
eventual failure of the tissue. With recent interest in
the degradation of cartilage extracellular matrix mol-
ecules, a need for more detailed structural informa-
tion exists. Posttranslational modifications are be-
lieved to play a role in determining the susceptibility
of these molecules to proteolytic degradation during
the development of osteoarthritis. The purpose of this
paper is to show how the application of matrix-as-
sisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry to extracellular ma-
trix protein and proteoglycan structure will help elu-
cidate problems in extracellular matrix biochemistry.
Methodological issues relating to the high molecular
weight, polydispersity, and high degree of posttrans-
lational modification of these molecules are discussed.
MALDI-TOF mass spectrometry provides an improved
level of detail for extracellular matrix protein and pro-
teoglycan structure and is useful in addressing issues
surrounding the causes of degradation during osteo-
arthritis. © 2000 Academic Press

Key Words: aggrecan; biglycan; cartilage; COMP;
decorin; glycosaminoglycan; MALDI-TOF; mass spec-
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The normal functioning of articular cartilage de-
pends on the synthesis and assembly of an integrated
extracellular matrix (ECM).1 Since the tissue is sub-

1 Abbreviations used: CHCA, a-cyano-4-hydroxycinnamic acid;
CM, extracellular matrix; COMP, cartilage oligomeric matrix pro-

ein; GlcNAc, N-acetylglucosamine; Hex, hexose; HexNAc, N-acetyl-
94
jected to large compressive and shear forces, the main-
tenance of integrity appears to depend on a variety of
specific and organized interactions between compo-
nents of the ECM and between chondrocytes and the
ECM. A network, consisting primarily of collagen type
II fibrils, whose assembly and structure are modulated
by collagen types IX and XI (1), provides tensile
strength. Aggrecan, in association with link protein
and hyaluronan, provides swelling capacity which,
when countered by the inelastic collagen network, re-
sults in a strong, elastic tissue (2, 3). Although aggre-
can, with a molecular mass of 2.5 MDa (4) is the major
proteoglycan by weight in cartilage, other proteogly-
cans are present in equimolar amounts (5). Decorin,
biglycan, and fibromodulin are members of the family
of small leucine-rich proteoglycans (6) which bind to
collagen and regulate fibril diameter (7–10) and have
been shown to bind other connective tissue macromol-
ecules (11) and growth factors (12, 13). Type VI colla-
gen is found specifically in the chondrocyte pericellular
matrix and appears to play a role in the microenviron-
ment surrounding the cells (14).

Homeostasis in articular cartilage depends on sig-
nals received by the chondrocytes in contact with the
ECM. For instance, hyaluronan is anchored to the
chondrocytes by the CD44 receptor (15) via a 100-
amino-acid N-terminal domain with homology to link
protein and to the aggrecan G1 domain (16–18). Each
hyaluronan chain binds several aggrecan-link protein
complexes and is known to associate with the collagen
network (3). Collagens are also bound by anchorin CII
(19) and chondronectin (20) associated with the chon-
drocyte membrane. While the mechanisms of signal

hexosamine; MALDI-TOF, matrix-assisted laser desorption/ioniza-
tion time-of-flight; MS, mass spectrometry; m/z mass-to-charge ratio;
NeuAc, N-acetylneuraminic acid; SEC, sedimentation equilibrium
centrifugation; SLRP, small leucine-rich proteoglycan.
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transduction remain unclear, the interactions between
ECM molecules and chondrocytes orchestrate tissue
homeostasis. Maintenance of the ECM requires a rel-
atively high rate of aggrecan turnover (21), and this
involves the metabolically active chondrocytes. Link
protein, which stabilizes the interaction between ag-
grecan and hyaluronan (22), is turned over at a lower
rate in normal cartilage (23) and there is little remod-
eling of the collagen network (24, 25).

Osteoarthritis is a chronic degradative joint disease
with a very high prevalence in aging populations. The
disease is characterized by an initial fibrillation of the
articular cartilage followed by gradual erosion in an irre-
versible manner, leading eventually to exposure of the
subchondral bone. Cartilage tissue taken during joint
replacement shows an enhanced rate of synthesis of col-
lagen and proteoglycans in comparison to normal carti-
lage (26, 27), but with a concomitant net loss of proteo-
glycans from the matrix (28). These losses are observed
earliest in the superficial zones of the cartilage, and con-
tribute in a major way to the destruction of the tissue.
Osteoarthritic cartilage resembles fetal (29) and osteo-
phytic (30) cartilage in that type II collagen is actively
synthesized and it appears that the chondrocytes receive
similar signals from the ECM, at least with respect to
synthesis of matrix components. Unlike fetal cartilage,
however, the newly formed ECM components do not as-
semble into functional tissue in osteoarthritis.

Cleavage of the collagen triple helix and subsequent
disruption of the fibril structure results in loss of ag-
grecan complexes from the tissue (31, 32). Cleavage of
the aggrecan backbone itself leads to loss of part or all
of the chondroitin sulfate domain, with consequent loss
of swelling pressure and increase in load on the colla-
gen network (33).

The purpose of this paper is to describe the applica-
tion of matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (34) to
the analysis of ECM components. The methods de-
scribed here allow an increased level of structural de-
tail of fragments arising from matrix turnover.
MALDI-TOF complements techniques based on neo-
epitope-specific antibodies, protein sequencing, amino
acid analysis, and monosaccharide analysis and allows
a higher level of sensitivity and accuracy.

The MALDI-TOF spectrum of a protein consists usu-
ally of singly and doubly charged molecular ions and
may contain ions corresponding in mass-to-charge ra-
tio (m/z) to protein multimers. The singly charged mo-
ecular ion is often the most abundant ion in the spec-
rum (an exception is discussed under Results). The
olecular weight of a protein can be measured as a

unction of enzyme digestion or other perturbation.
he technique is useful in profiling ECM proteins (35).
he complexity of ECM proteins is a result of their

nherent polydispersity, large size, and high degree of
osttranslational modification, and as such great care
is required in their analysis. Furthermore, some ECM
molecules form stable aggregates and special sample
handling techniques are required.

For the purposes of this study we have selected a
panel of ECM molecules that are characteristic of or
specific to articular cartilage, and we have studied
these using MALDI-TOF mass spectrometry. Data are
presented from the analysis of cartilage oligomeric ma-
trix protein (COMP), a pentameric member of the
thrombospondin family present in articular cartilage.
Intact COMP is a rather large molecule with a mass of
420,000 Da. Despite its large size MALDI-TOF spectra
can be obtained using intact COMP and valuable in-
formation regarding structure can be elucidated after
reduction or after treatment with glycosidases. The
proteoglycans aggrecan, decorin, and biglycan have
been analyzed and the specific experimental approach
and the information obtained differ in each case. In the
case of aggrecan we have studied the G1 domain tryp-
tic fragment. This fragment has a tendency to associate
to form multimers. This behavior impacts analysis by
MALDI-TOF MS and we discuss treatment with formic
acid as a means of reducing the degree of aggregation.
Sequential specific deglycosylation with the generation
of intermediate spectra is a very powerful approach for
determining the nature and extent of glycosylations.
When used in combination with glycopeptide analysis,
a great deal of information may be obtained. Both
decorin and biglycan are substituted with chondroitin/
dermatan sulfate, a modification that represents a spe-
cial problem with respect to ionization and mass anal-
ysis. These are also discussed.

EXPERIMENTAL

Keratanase and keratanase II were purchased from
Seikagaku America, Inc. (Ijamsville, MD). N-Gly-
anase, neuraminidase and O-glycanase were pur-
hased from Genzyme Diagnostics (Cambridge, MA).
equencing grade trypsin was purchased from Boeh-
inger-Mannheim, Inc. (Indianapolis, IN); sinapinic
cid solution and a-cyano-4-hydroxycinnamic acid

(CHCA) solution were from Hewlett–Packard Co. (Palo
Alto, CA); and formic acid was from Sigma Chemicals,
Inc. (St. Louis, MO).

MALDI-TOF mass spectra were acquired using a
Hewlett–Packard G2025A mass spectrometer. Protein
samples were prepared for MALDI-TOF mass spec-
trometry by mixing the sample solution with sinapinic
acid solution to achieve a protein concentration of 1–10
pmol/ml. An aliquot (0.8 ml) of this solution was dried
on a metal target, forming cocrystals of matrix and
protein. Salts were washed away, by dipping the target
into a solution of 0.1% TFA. Details in sample prepa-
ration are given below. Spectra of proteins were cali-
brated externally using a mixture containing bovine
serum albumin (monomer and dimer), equine myoglo-
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96 ZAIA ET AL.
bin, and equine cytochrome c (Hewlett–Packard). Pep-
ides were prepared in a similar manner substituting
HCA as the matrix and using a standard peptide mix

Hewlett–Packard) for external calibration.
COMP was purified as previously described from
ature bovine articular cartilage obtained from meta-

arpalphalangeal joints (36). The tryptic G1 domain of
ggrecan was purified from pig laryngeal cartilage as
reviously described (37).
Aggrecan tryptic G1 (100 mg) was reduced with di-

thiothreitol and alkylated with iodoacetic acid as de-
scribed previously (37). An aliquot (0.5 ml) was re-
moved after each enzyme digestion step and mixed
with sinapinic acid solution (2.5 ml). An aliquot (0.8 ml)
of this mixture was dried on the MALDI target, washed
by immersing in 0.1% TFA, and dried again. An aliquot
(0.8 ml) of a formic acid solution (100:100:35 water:
acetonitrile:formic acid) was placed on top of the crys-
tals and allowed to dry. Reduced and alkylated aggre-
can G1 (10 mg in 10 ml 0.1 M Tris–HCl, pH 7.4) was

igested with keratanase (2 mU) and keratanase II (2
U) for 15 h at 37°C. The protein was then digested
ith N-glycanase (300 mU) for 15 h at 37°C followed by

neuraminidase (12.4 mU) for 2 h at 37°C and O-gly-
canase (300 mU) for 15 h at 37°C.

Aggrecan G1 (90 mg) was dissolved in 0.1 M Tris–
HCl, pH 8.5, and digested with trypsin (0.9 mg) for 6 h
at 37°C. The solution was acidified with TFA and the
tryptic peptides were fractionated using a reversed-
phase HPLC column (Vydac, Hesperia, CA, C18, 2.1
mm 3 250 mm protein column) with a gradient of

–55% B in 50 min (A 5 H2O, 0.1% TFA, B 5 70%
acetonitrile, 0.8% TFA, 350 ml/min) using a Hewlett–
Packard 1090 liquid chromatograph. Fractions were
dried using a centrifugal vacuum concentrator and dis-
solved in 0.1% TFA. MALDI-TOF spectra were ac-
quired using 1% of the peptide volume diluted in
CHCA solution. Aliquots of fractions of each fraction
were digested with N-glycanase and MALDI-TOF

ass spectra were acquired.
Decorin and biglycan from bovine skin (51, 53) were

ifts of L. Rosenberg (Orthopaedic Research Labora-
ory, Montefiore Medical Center, Bronx, NY).

Protein sequencing was carried out using a Hewlett–
ackard G1000A protein sequencer using routine 3.0
ethods.

RESULTS

COMP

Figure 1a shows the MALDI-TOF mass spectrum of
pentameric bovine COMP with a mass of 413,200 6
1100 Da. The peak at m/z 208,500 6 400 corresponds to
he pentamer with two positive charges, at half the m/z
f the singly charged ion. The other peaks correspond
o COMP pentamer with three to five positive charges,
s noted in the figure. Reducing the disulfide bonds
ith triethylphosphine produces an abundant ion at
/z 84,250 6 30 (Fig. 1b), consistent with monomeric
OMP, and a very low abundance peak at m/z
68,000 6 400 corresponding to the protein dimer.
bservation of a protein dimer, presumed to be a non-

ovalent complex of two protein molecules with one
roton charge, is typical of MALDI-TOF spectra of
ntact proteins. Both spectra were calibrated exter-
ally using a mixture of bovine serum albumin (mono-
er and dimer), equine myoglobin, and equine cyto-

hrome c. The m/z values and standard errors reported
ere taken from three replicate spectra. The observed
/z value divided by five gives a calculated monomer
/z of 82,640 6 230, a 2% deviation of the m/z value

bserved in Fig. 1b. The difference in mass is due to the
ow signal-to-noise ratio observed for the pentameric

olecule in combination with the necessity of extrap-
lating the calibration curve in Fig. 1a. The data show
hat useful mass measurement can be obtained for
CM proteins above 400 kDa in mass.

ggrecan

Aggrecan monomer may be treated with trypsin to
roduce a fragment containing amino acids 1–367 or
–375 (37) that includes G1 and part of the interglob-
lar domain. This G1 fragment was purified from pig

aryngeal cartilage and analyzed by MALDI-TOF us-
ng SA as the matrix (37). The sample produces a series
f peaks (Fig. 2a), the masses of which correspond to
1 monomer through pentamer as indicated. This

pectrum is unusual compared to a typical protein in
his mass range due to the high abundance of peaks
orresponding to G1 multimers relative to that of the
onomer. The abundance of the multimer ions may be

aused by association between G1 molecules that are
table in the MALDI matrix solution (100 mM solution

FIG. 1. MALDI-TOF mass spectra of (a) bovine COMP and (b)
bovine COMP reduced with triethylphosphine.
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97SPECTROMETRIC ANALYSIS OF EXTRACELLULAR MATRIX MOLECULES
of SA in acetonitrile/methanol/water, pH 3.70). Treat-
ment of the dried sample–matrix crystals with formic
acid (Fig. 2b) changes the pattern such that the mono-
mer is the most abundant peak, as is observed for most
proteins. This suggests that lowering the pH breaks
the association between G1 monomers. Since the acid-
ified sample produces one major ion, corresponding to
the singly charged protein monomer, the signal-to-
noise ratio is improved and interpretation is more
straightforward. Accordingly, this treatment was used
for determination of mass as a function of enzyme
treatment. Figure 3 shows spectra obtained on G1 after
sequential treatment with keratanase/keratanase II,
N-glycanase, neuraminidase, and O-glycanase. Masses
obtained are given in Table 1. The data show that
treatment with all four enzymes (lower trace) resulted
in a mass of 46,866 6 55, with a total change relative
to the untreated sample of 11,138 6 326 Da, corre-
ponding to the total carbohydrate. The mass removed
y keratanase treatment accounts for 76 6 6% (8425 6

368 Da) of the carbohydrate and subsequent treatment
with N-glycanase removed glycans accounting for 20 6
2% (2225 6 145 Da) of the glycan mass. This analysis
provides a useful estimation of the glycosylation of the
core protein.

To analyze individual glycans it is necessary to di-
gest G1 with a proteolytic enzyme and to fractionate
using chromatography. MALDI-TOF mass spectrome-
try can be used to identify sites of glycosylation and to
determine the mass and heterogeneity of glycans. This
approach was taken with the pig aggrecan G1 sample
toward the end of characterizing the N-linked glycan
heterogeneity, particularly in the vicinity of the
stromelysin and aggrecanase cleavage sites (Asn341-
Phe342 and Glu373-Ala374, respectively). G1 was reduced,
alkylated, digested with trypsin, and fractionated by

FIG. 2. MALDI-TOF mass spectra of (a) the G1 domain fragment of
porcine aggrecan, generated by digestion with trypsin and (b) the
same sample after treatment with formic acid.
HPLC and MALDI-TOF spectra were acquired on all
fractions. Fraction 9, eluting at 17.2 min, displayed a
cluster of peaks between m/z 3100 and 5000, in addi-
tion to an ion at m/z 2257.6 6 1.1 (Fig. 4a). Treatment

ith N-glycanase (Fig. 4b) caused the spectrum to col-
apse to a single peak at m/z 1907.5 6 0.5, consistent
ith protonated pig G1 peptide 311–327 (TVYLHAN-
TGYPDPSSR, calculated m/z 1907.05). Automated
dman degradation determined a sequence of TVYL-
AXQTG, confirming the assignment and indicating a

lycosylated Asn residue. The m/z values of the labeled
eaks in Fig. 4a can be accounted for by adding the
ass of the N-linked core structure (GlcNAc) 2(Man)3

(calculated residue mass 892.82) to the mass of the
deglycosylated peptide and then by adding masses cor-
responding to HexNAc, Hex, or NeuAc. The composi-
tions calculated for each ion are shown in Table 2. The
calculated protonated masses of the glycopeptides
listed fall within 0.1% of the corresponding observed
m/z value.

The ion at m/z 2257.6 6 1.1 is consistent with mod-
fication of the peptide with a fucose and an N-acetyl-
exosamine residue. Given that the N-linked core
tructure is often fucosylated at the innermost
-acetylglucosamine residue, this observation indi-

ates that the glycan has been truncated by an enzyme
hose activity is similar to that of endoglycosidase H.
he ion at m/z 3149.0 6 1.2 corresponds to the addition
f (HexNAc)2(Hex)3 (calculated mass 892.82 Da) to the

ion at m/z 2257.6 6 1.1, indicating that the glycopep-
tide producing this ion contains the fucosylated N-
linked core structure with the addition of an N-acetyl-
hexosamine residue to one of the mannose branches.
This structure matches one commonly found during

FIG. 3. Measurement of glycan masses of the tryptic G1 fragment
of porcine aggrecan determined by reduction in mass from treatment
with specific glycosidases. Spectra corresponding to (a) the untreated
G1 fragment and (b) after digestion with keratanase/keratanase II,
(c) keratanase/keratanase II and N-glycanase, and (d) keratanase/
keratanase II, N-glycanase, neuraminidase, and O-glycanase. The
masses for each spectrum are shown in Table 1.
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the processing of asparagine-linked oligosaccharides in
the medial Golgi cisternae after removal of mannose
residues by Golgi a-mannosidase II (38). Since the
glycan compositions in Table 2 indicate that the struc-
ture is of the complex type, no mannose residues be-
yond the core structure are likely to be present. The ion
at m/z 3311.0 6 0.9 therefore corresponds to the addi-
tion of a hexose residue (calculated mass 162.14 Da)
and it is reasonable to assume that it is added to the
outer chain N-acetylglucosamine residue to form a lac-
tosamine disaccharide (Galb1–4GlcNAcb1–3, calcu-
lated mass 365.34 Da) as is common in complex N-
linked structures. The addition of a second
N-acetylglucosamine (calculated mass 203.20 Da) and
a second hexose are indicated by ions at m/z 3515.1 6
.2 and 3676.4 6 0.6, respectively, possibly forming a
econd branch to the complex structure. The ion at m/z
042.1 6 0.8 is consistent with the addition of a third
actosamine disaccharide and that at m/z 4332.0 6 0.6
ith the addition of an N-acetylneuraminic acid resi-
ue. A fourth lactosamine disaccharide addition is in-
icated by the ion at m/z 4697.4 6 0.5 and a second
-acetylneuraminic acid is indicated by the ion at m/z
988.2.

FIG. 4. MALDI-TOF spectra of a tryptic peptide generated from
reduced and carboxymethylated G1 fragment from porcine aggrecan
before (a) and after (b) treatment with N-glycanase. The masses
labeled indicate that the peptide is variably modified with the oligo-
saccharides whose composition is shown in Table 2.

TAB

Measured Masses of Glycan Substituents on the Tryp
by Sequential Digestion with S

Glycosidase treatment

ntreated
eratanase/keratanase II
eratanase/keratanase II/N-glycanase
eratanase/keratanase II/N-glycanase/neuraminidase (spectrum no
eratanase/keratanase II/N-glycanase/neuraminidase/O-glycanase
ecorin and Biglycan

Figure 5a shows the MALDI-TOF spectrum of bo-
ine decorin collected using sinapinic acid as the
atrix. The peak centered at m/z 58,000 is broad and
poor signal-to-noise ratio is evident. The mass is

omewhat lower than the 70 kDa expected for
ecorin (51, 52). Figure 5b shows the positive ioniza-
ion mode MALDI-TOF spectrum of bovine biglycan.
he broad peak is centered at m/z 70,000, signifi-
antly higher than that observed for decorin in Fig.
a and below the sedimentation equilibrium centrif-
gation (SEC) measurement for biglycan (93–99
DA) (49). Figure 5c shows the spectrum for biglycan
fter treatment with chondroitinase ABC with a
ass of 42,556. The signal-to-noise ratio is greatly

nhanced by removal of the chondroitin/dermatan
ulfate chains.

DISCUSSION

COMP is a disulfide-linked pentameric glycoprotein
with 84-kDa subunits (cysteines not alkylated) (35).
Found in tracheal, nasal, and articular cartilage (39),
this molecule is believed to play a role in the assembly
of the ECM. Bovine fetal and adult forms are known to
differ in the extent of glycosylation (35). Mutation in
COMP gives rise to cartilage abnormalities including
pseudoachondroplasia and multiple epiphyseal dyspla-
sia (40).

MALDI-TOF MS can be used to produce useful mass
information on ECM molecules such as COMP in ex-
cess of 400 kDa as shown in Fig. 1. The data may be
produced on a small amount of material (1–10 pmol)
and may be of value in studying alternative splicing of
chondrocyte genes or the formation of covalent com-
plexes. A better signal-to-noise ratio is produced on the
reduced COMP monomer and improved accuracy and
precision result.

Aggrecan consists of a 200–250 kDa core protein
with three globular domains, G1, G2, and G3. G1, the
N-terminal domain, and link protein are homologous
and bind to hyaluronan. A 140-amino-acid interglobu-
lar domain separates G1 and G2 and a large extended
region separates G2 from the C-terminal G3 domain.

1

G1 Fragment Derived from Pig Aggrecan Obtained
cific Glycosidases (See Fig. 3)

Observed m/z Glycan type Glycan mass

58,004 6 271
49,579 6 97 Keratan sulfate 8425 6 368
47,354 6 48 N-linked oligosaccharide 2225 6 145

own) 47,169 6 26 O-linked sialic acid 185 6 74
46,866 6 55 O-linked oligosaccharide 303 6 81
LE

tic
pe

t sh



TABLE 2
Observed and Calculated Masses and Calculated Glycan Composition for Porcine Aggrecan Tryptic
Glycopeptide 311–327, Spectra Shown in Fig. 4

Observed m/z Calculated m/z Glycan composition Structurea

1907.5 6 0.5 1907.05 De-N-glycosylated peptide
2257.6 6 1.1 2256.39 (HexNAc)(Fuc)

3149.0 6 1.2 3149.21 (HexNAc)3(Hex)3(Fuc)

3311.0 6 0.9 3311.35 (HexNAc)3(Hex)4(Fuc)

3515.1 6 1.2 3514.55 (HexNAc)4(Hex)4(Fuc)

3676.4 6 0.6 3676.69 (HexNAc)4(Hex)5(Fuc)

3715.9 6 0.8 3717.74 (HexNAc)5(Hex)4(Fuc)

3879.9 6 1.9 3879.88 (HexNAc)5(Hex)5(Fuc)

3967.9 6 2.0 3967.94 (HexNAc)4(Hex)5(Fuc)(NeuAc)

4042.1 6 0.8 4042.03 (HexNAc)5(Hex)6(Fuc)

4332.0 6 0.6 4333.29 (HexNAc)5(Hex)6(Fuc)(NeuAc)

4407.5 6 0.8 4407.36 (HexNAc)6(Hex)7(Fuc)

4623.2 6 0.8 4624.54 (HexNAc)5(Hex)6(Fuc)(NeuAc)2

4697.4 6 0.5 4698.63 (HexNAc)6(Hex)7(Fuc)NeuAc)

4988.2 6 0.3 4989.89 (HexNAc)6(Hex)7(Fuc)(NeuAc)2

a The symbols used: ■, HexNAc; F, Hex; Œ, NeuAc; h, Fuc.
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100 ZAIA ET AL.
The extended region carries approximately 100 chon-
droitin sulfate chains and is also modified with keratan
sulfate. Each chondroitin sulfate chain has approxi-
mately 1 sulfate per disaccharide unit or 100 per chain,
conferring approximately 10,000 fixed negative
charges per aggrecan molecule. To date it does not
appear to be possible to analyze a proteoglycan as large
as intact aggrecan (2.5 MDa in size) using MALDI-TOF
MS and it not clear if such a measurement would be of
value considering the polydispersity of the molecule.
The G1 fragment of aggrecan is amenable to MALDI-
TOF MS, however, and a carbohydrate composition can
be generated with glycosidase enzymes (Fig. 3).

Endogenous proteolytic cleavage of aggrecan in the
interglobular domain generates GAG-containing frag-
ments that do not bind hyaluronan and are lost from
the cartilage matrix. Two proteolytic sites in the inter-
globular domain have been identified, the metallopro-
teinase site between Asn341 and Phe342 and the aggre-
anase site between Glu373 and Ala374. While cleavage
f both sites occurs in vivo and in vitro, fragments

generated by aggrecanase have been observed in the
synovial fluids of patients with osteoarthritis and other
joint disorders, indicating that the enzyme may have
an important role in aggrecan catabolism. ADMP-1
(aggrecanase), an enzyme cleaving the Glu373-Ala374

bond, has recently been purified (41) and cloned (42).
The extent of glycosylation of aggrecan G1-interglob-

ular domain region is known to vary with age (43) and
this may change the susceptibility of the molecule to
degradation. Supporting this hypothesis, deglycosy-
lated aggrecan has been observed to be degraded at a
rate different than the untreated monomer in vitro (44,
5). The application of mass spectrometry to aggrecan
1 structure allows detailed information to be gener-
ted to correlate the susceptibility toward proteolytic
leavage with a detailed structure with respect to gly-
osylation. That G1 monomers remain associated after
ilution in sinapinic acid solution and are detected as

FIG. 5. MALDI-TOF spectra of (a) bovine decorin, (b) bovine bigly-
an and (c) biglycan after treatment with chondroitinase ABC.
ultimers (Fig. 2a) is interesting in that most proteins
o not display this degree of multimer formation.
reatment of the crystals with formic acid breaks the
ssociation and produces a spectrum dominated by
onomers that has a higher signal-to-noise ratio and is

hus preferred for the purpose of measuring changes in
ass caused by glycosidase treatment.
Keratan sulfate, like other sulfated glycosaminogly-

ans, is not amenable to MALDI-TOF analysis. Mea-
urement of the mass of KS modifying aggrecan in the
nterglobular domain is important because these
hains may play a role in aggrecanase binding to ag-
recan. Measurement of G1 mass as a function of gly-
osidase treatment provides a means of measuring
eratan sulfate masses and provides a rapid means of
omparing aggrecan G1 isolated from different tissue
ources, i.e., normal vs osteoarthritic cartilage.
Mass spectrometric data of the type described in Fig.
and Table 2 complement data generated by monosac-

haride analysis, nuclear magnetic resonance, and en-
yme-based structural analysis. The spectra were pro-
uced on a few picomoles of material and considerable
nformation was gained from the masses of indi-
idual glycoforms when analyzed in conjunction with

database of known carbohydrate structures (46).
he glycan structure has an overall composition of

HexNAc)3–6(Hex)3–7 (Fuc) (NeuAc)0–2 and is attached at
Asn314, the only consensus site for N-glycosylation in
the tryptic peptide. Because this peptide is proximal to
the stromelysin and aggrecanase cleavage sites, it is of
interest to compare the extent of glycosylation in G1
purified from normal and diseased tissue. The goal of
continuing work is to determine if certain glycoforms
can be correlated with aggrecanase cleavage of the
aggrecan core protein. Knowing the HPLC retention
time, this strategy allows the focus of analysis to be
specific HPLC fractions, or specific regions of the chro-
matogram.

The small leucine-rich repeat proteoglycans (SLRPs)
are a family of molecules believed to function in the
regulation of collagen fibril formation and in the inter-
actions between collagens and other molecules in the
ECM. These molecules are found in connective tissues
including articular and nasal cartilage, tendon, skin,
smooth muscle, sclera, gingiva, and intervertebral
disk. The core proteins are characterized by leucine-
rich repeats consisting of 20–29 residues with leucines
at conserved positions (47, 48). In addition, the SLRPs
have a cluster of four cysteines in the N-terminal re-
gion of the core protein organized in a metallothionein-
like pattern (49). The number and composition of GAG
chains on these molecules vary from one (decorin) or
two (biglycan) to four (fibromodulin). The SLRPs have
a horseshoe shape, the concave inner surface of which
binds to the collagen triple helix (7, 10). Degradation of
these molecules has potential effects on the size of
collagen fibrils and thus the tensile strength and elas-
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ticity of cartilage. In addition, degradation may alter
the way SLRPs interact with growth factors such as
TGF-bs and adhesion proteins such as fibronectin.

Decorin isolated from a variety of connective tissues
migrates on a SDS–PAGE gel at the same position as
an unbranched 100-kDa standard protein (50–54). Be-
cause the molecule is branched and carries many sul-
fate groups, decorin would not be expected to bind SDS
molecules in the same ratio as observed for standard
proteins and would travel at a different rate through
the polyacrylamide matrix toward the anode. The rel-
ative mobility of biglycan, with two dermatan sulfate
chains, falls in the 90- to 220-kDa range, reflecting the
tendency of biglycan to form multimers under certain
SDS–PAGE conditions (52, 53, 55). The molecular
weight of monomeric bovine articular cartilage bigly-
can has been measured to be 93–99 kDa by SEC (49)
and is generally regarded as the best measurement of
biglycan molecular weight. With one fewer dermatan
sulfate chain, decorin is therefore expected to have a
molecular weight of 70 kDa and analytical ultracentrif-
ugation measurements give a range of 70–100 kDa
(56).

The MALDI-TOF masses observed for decorin
(58,000, Fig. 5a) and biglycan (Fig. 5b) are significantly
lower than the values measured by SEC for these mol-
ecules. It may be that the high mass of the attached
chondroitin sulfate chains and large number of sulfate
groups cause fragmentation and a decrease in the de-
tected mass, even at low laser energy. On the other
hand, the nature of the chondroitin chains may prevent
an accurate measurement of the partial specific volume
of decorin and biglycan and therefore skew the mass
measured by sedimentation equilibrium centrifuga-
tion. Efforts are underway to characterize the mass
spectrometric behavior of SLRPs using other MALDI
matrices, such as dihydroxybenzoic acid, known to pro-
duce less fragmentation than sinapinic acid. In addi-
tion, a mass spectrometer equipped with an ion reflec-
tor and infrared laser may shed light on the mass
accuracy problem. Quantitation of chondroitin sulfate
disaccharides produced by chondroitinase ABC treat-
ment of decorin and biglycan relative to the core pro-
tein will provide a benchmark for mass measurement.

The high negative charge on the dermatan sulfate
chains on decorin and biglycan combined with the high
degree of polydispersity of these molecules make it
difficult to determine the causes for the discrepancy
between the molecular weights measured by MALDI-
TOF and SEC. It may be that the populations of bigly-
can and decorin that contain the largest dermatan
sulfate chains do not ionize by MALDI. Sulfated gly-
cosaminoglycans do not ionize under the conditions
used to acquire these spectra, and it may be that core
proteins modified above a certain percentage of total
mass by sulfated glycosaminoglycan do not ionize by
MALDI. If this were true, then decorin and biglycan,
with core proteins of similar mass and composition,
would be observed at the same MALDI-TOF m/z. The
bservation of an ion at m/z 70,000 for biglycan (Fig.
b) and m/z 58,000 for decorin spectrum (Fig. 5a) indi-
ates that no phenomenon of selective ionization is
bserved. To resolve the discrepancy between MALDI-
OF and SEC for sulfated proteoglycan mass measure-
ent, it will be necessary to quantitate the dermatan

ulfate/protein core ratio by combination of monosac-
haride and amino acid analyses.
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45. Hörber, C., Büttner, F. H., Hughes, C. E., Caterson, B., and
Bartnik, E. (1999) Glycosylation of the recombinant aggrecan
RAGG1MUT affects susceptibility to aggrecanase. Trans. 45th
Ann. Meet. Orthop. Res. Soc., 676.

46. Doubet, S., and Albersheim, P. (1992) CarbBank. Glycobiology 2, 505.
47. Day, A. A., Ramis, C. I., Fisher, L. W., Gehron-Robey P., Ter-

mine, J. D., and Young, M. F. (1986) Characterization of bone PG
II cDNA and its relationship to PG II mRNA from other connec-
tive tissues. Nucleic Acids Res. 14, 9861–9876.



4

5

5

103SPECTROMETRIC ANALYSIS OF EXTRACELLULAR MATRIX MOLECULES
48. Krusius, T., and Ruoslahti, E. (1986) Primary structure of an
extracellular matrix proteoglycan core protein deduced from
cloned cDNA. Proc. Natl. Acad. Sci. USA 83, 7683–7687.

9. Liu, J., Laue, T. M., Choi, H. U., Tang, L-H., and Rosenberg, L.
(1994) The self-association of biglycan from bovine articular
cartilage. J. Biol. Chem. 269, 28366–28373.

0. Ramamurthy, P., Hocking, A. M., and McQuillan, D. J. (1996)
Recombinant decorin glycoforms. Purification and structure.
J. Biol. Chem. 271, 19578–19584.

1. Rosenberg, L., Choi, H. U., Tang, L-H., Johnson, T. L., Pal, S.,
Webber, C., Reiner, A., and Poole, A. R. (1985) Isolation of
dermatan sulfate proteoglycans from mature bovine articular
cartilages. J. Biol. Chem. 260, 6304–6313.

52. Roughley, P. J., and White, R. J. (1989) Dermatan sulphate proteo-
glycans of human articular cartilage. The properties of dermatan
sulphate proteoglycans I and II. Biochem. J. 262, 823–827.
53. Choi, H. U., Johnson, T. L., Pal, S., Tang, L-H., Rosenberg, L.,
and Neame, P. J. (1989) Characterization of the dermatan sul-
fate proteoglycans, DS-PGI and DS-PGII, from bovine articular
cartilage and skin isolated by octyl-Sepharose chromatography.
J. Biol. Chem. 264, 2876–2884.

54. Little, C. B., Ghosh, P., and Bellenger, C. R. (1996) Topographic
variation in biglycan and decorin synthesis by articular cartilage
in the early stages of osteoarthritis: An experimental study in
sheep. J. Orthop. Res. 14, 433–444.

55. Hocking, A. M., Strugnell, R. A., Ramamurthy, P., and McQuillan,
D. J. (1996) Eukaryotic expression of recombinant biglycan. Post-
translational processing and the importance of secondary structure
for biological activity. J. Biol. Chem. 271, 19571–19577.
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