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It has been reported that decorin and its protein core
can have molecular masses nearly double the size of
those previously published, suggesting a dimeric struc-
ture. In this study we tested whether biologically active
decorin and its glycoprotein core would form dimers in
solution. We used homo- and hetero-bifunctional chem-
ical cross-linking reagents, BS3 and sulfo-SMPB, respec-
tively, as well as glutaraldehyde and found no preferen-
tial dimer formation, whether chemical cross-linking
was performed in the presence or absence of live cells.
Under the same experimental conditions, we easily de-
tected dimers of epidermal growth factor receptor and
basic fibroblast growth factor, two glycoproteins known
to dimerize. Only at very high cross-linker to decorin
molar ratios (2000:1) were trimers and multimers ob-
served, but performing the chemical cross-linking in the
presence of a reducing agent abolished these. The elu-
tion of decorin protein core in Superose 6 gel chroma-
tography gave masses compatible with monomeric pro-
teins, both before and after denaturation with 2.5 M

guanidine HCl. Matrix-assisted laser desorption ioniza-
tion gave a mass of 44,077 Da for decorin protein core,
without any evidence of dimers or oligomers. Extensive
oligomerization of the decorin protein core was ob-
served only after dialysis against water and freeze-dry-
ing. These oligomers were considered artifacts because
they were independent of chemical cross-linking and
were resistant to heat denaturation and disulfide-bond
reduction. Oligomeric preparations showed markedly
reduced biological activity in both phosphorylation and
collagen fibrillogenesis assays. Thus, biologically active
decorin is a monomer in solution and, as such, is a mono-
valent ligand for various extracellular matrix proteins,
growth factors, and cell surface receptors.

Decorin, the prototypic member of an enlarging family of
small leucine-rich proteoglycans (1–5), has attracted consider-
able attention in the past decade primarily because of its ability
to affect several key biological processes. Decorin is known to
modulate growth factor activity (6), collagen fibrillogenesis (7–

11), receptor tyrosine kinase activity (12, 13), cancer growth
(14–18), angiogenesis (19–21), tissue remodeling (22–24), bac-
terial infection (25), and cardiovascular (26) and periodontal
(27) diseases. This multiplicity of functions is due to the un-
usual structure of the decorin glycoprotein core which harbors
12 leucine-rich repeats flanked by cysteine-rich regions with
four at the N terminus and two at the C terminus. Molecular
modeling has predicted a horseshoe shape for the decorin core
(28), with the inner face made up of parallel �-strands thought
to bind directly to various ligands such as collagen type I
(29–32), transforming growth factor-� (33), or EGFR1 (13).
This view implies that the biologically active form of decorin is
a monomer in solution and thus a monovalent ligand for vari-
ous extracellular matrix proteins and surface receptors. How-
ever, a recent paper (34) has challenged this body of evidence
by reporting that the predominant form of decorin in solution is
a dimer. According to this report, the inner concave face of
decorin, a structural feature that has been proposed to provide
sites for protein-protein interaction in the prototype ribonucle-
ase inhibitor (35) as well as other leucine-rich repeat proteins
(36), is indeed facilitating the dimerization.

In the present study, we provide several lines of evidence
that decorin proteoglycan and its glycoprotein core are primar-
ily, if not exclusively, monomers in solution. First, we purified
recombinant decorin under non-denaturing conditions from the
secretions of cultured human fibrosarcoma or 293 embryonic
kidney cells and verified its biological activity by specific inter-
action with the EGFR. Second, this decorin preparation was
tested in affinity chemical cross-linking reactions using several
cross-linking agents of diverse functionality and bridge length,
in the presence of live cells and in cell-free systems. In all cases,
there was no preferential dimer formation. In contrast, we
detected significant dimerization of both EGFR and FGF2, two
glycoproteins known to dimerize. Only at very high cross-linker
to decorin molar ratios (2000:1) were trimers and multimers
observed, but these could be abolished by a reducing agent.
Third, the elution of decorin protein core in Superose 6 gel
chromatography gave masses compatible with the monomeric
proteins, both before and after denaturation with the chao-
tropic agent GdnHCl. Fourth, MALDI-MS gave a mass of
44,077 Da for decorin protein core, without any evidence for
dimers or oligomers. Finally, extensive oligomerization of* This work was supported in part by National Institutes of Health
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decorin protein core was observed after dialysis against water
and freeze-drying, and these preparations lost activity in phos-
phorylation and collagen fibrillogenesis assays. We conclude
that biologically active decorin and its glycoprotein core are
monomers in solution.

EXPERIMENTAL PROCEDURES

Materials—All the chemicals unless specified were obtained from
Sigma. Dulbecco’s modified Eagle’s medium, fetal bovine serum, 100�
antibiotic-antimycotic solution, and Dulbecco’s phosphate-buffered sa-
line (DPBS) were purchased from Mediatech (Herndon, VA). Recombi-
nant human EGF and FGF2 were purchased from Promega (Madison,
WI). Bis(sulfosuccinimidyl) suberate (BS3) and sulfosuccinimidyl-4-(p-
maleimidophenyl)butyrate (sulfo-SMPB) were purchased from Pierce.
Solutions of cross-linkers were freshly prepared before each experi-
ment. Glutaraldehyde (25% solution) EM grade (Electron Microscopy
Sciences, Washington, PA) was stored in aliquots at �80 °C. Nitrocel-
lulose membrane was purchased from Bio-Rad. Antibodies include poly-
clonal rabbit antibodies against the N-terminal region of decorin (37),
against the C-terminal region of the EGF receptor (sc-03, Santa Cruz
Biotechnology, Santa Cruz, CA), against FGF2 (sc-79, Santa Cruz Bio-
technology), against phospho-p44/42 MAPK (Cell Signaling Technology,
Beverly, MA), and a monoclonal antibody against phosphotyrosine
(PY20, BD Transduction Laboratories, San Diego, CA). Horseradish
peroxidase-conjugated donkey anti-rabbit and sheep anti-mouse anti-
bodies were purchased from Amersham Biosciences. SuperSignal West
Pico chemiluminescent substrate was purchased from Pierce.

Expression and Purification of Recombinant Decorin and Biglycan
and Gel Filtration Chromatography—Recombinant decorin was pro-
duced by using either a recombinant vaccinia virus expression system
or a stably transfected 293-EBNA cell line. Generation of the recombi-
nant vaccinia virus encoding the mature form of decorin (38) and
biglycan (39) has been described previously. This system was adapted
for large-scale expression using a Celligen Plus bioreactor (New Brun-
swick Scientific, Edison, NJ) packed with Fibra-Cel disks. In brief,
HT-1080 cells were seeded in the bioreactor and allowed to grow to
saturation. At that time, recombinant virus was added in serum-free
media, and the infection was allowed to proceed for 48 h. Serum-free
media was then collected, and the recombinant polyhistidine decorin
fusion protein was purified by nickel-chelating chromatography and
elution with a gradient of 0–250 mM imidazole in 20 mM Tris-HCl, 500
mM NaCl, 0.2% CHAPS, pH 8.0. Fractions containing decorin were
pooled, concentrated, and desalted into PBS containing 0.2% CHAPS.

The decorin-expressing 293-EBNA cell line was created by transfer-
ring the vaccinia decorin construct into the pCEP4 (Invitrogen) expres-
sion vector. After transfection, stable expressing cells were selected
with hygromycin. Cells were then grown to saturation in the Celligen
Plus bioreactor, and protein production was achieved by switching to
serum-free culture media. Conditioned media was collected every 48 h.
After concentration of the conditioned media using a Pellicon 2 Tan-
gential Flow system (Millipore, Bedford, MA), recombinant decorin was
purified as described above. Both expression systems resulted in the
production of protein core and proteoglycan forms of decorin. In some
experiments, protein core was separated from proteoglycan after anion-
exchange chromatography on Q-Sepharose and elution with a linear
gradient of 0.15–2 M NaCl in PBS, 0.2% CHAPS. Protein core samples
were analyzed by gel filtration chromatography before and after dialy-
sis against water and freeze-drying. Dried proteins were resuspended
in TBS (20 mM Tris-HCl, 150 mM NaCl, pH 7.0) and chromatographed
on Superose 6 HR 10/30 (Amersham Biosciences) in TBS with or with-
out 2.5 M GdnHCl.

Biological Activity of Decorin and Cross-linking Experiments—To
assess the biological activity of our decorin and decorin protein core
preparations, confluent cultures of A431 squamous carcinoma cells (40)
were serum-starved for 16 h and incubated for various times at 37 °C
with decorin or its protein core (0.5–1 �M) or EGF (16 nM) in 400 �l total
volume of DPBS (2.5 mM Ca2�), 20 mM HEPES, pH 7.5. The cell lysates
were subjected to immunoblotting with anti-P-tyrosine, anti-EGFR,
and anti-P-MAPK antibodies.

Fibrillogenesis assays were done essentially as described previously
(41). Briefly, at 4 °C, stock solutions (1–2 mg ml�1) of pepsin-extracted,
bovine dermal type I collagen were neutralized with 10� PBS and
brought to the desired concentration with 1� PBS (15 mM sodium
phosphate, 0.15 M NaCl, pH 7.2). Decorin protein core was added to
aliquots of the mixture at 25–50 �g ml�1. The samples were transferred
to the water-jacketed sample holder of a Beckman DU640 spectropho-
tometer, and assays were performed at 37 °C.

Chemical cross-linking reactions were performed in the presence of
A431 cells or in cell-free experimental conditions. In the former case,
cells were incubated with decorin for 30 min, and then the cross-linker
sulfo-SMPB (1 mM) was added for 20–30 min at 37 °C before being
quenched with 90 mM (final concentration) glycine, 9 mM Tris-HCl, pH
8.5, for 5 min. After the cross-linking reaction, 250-�l aliquots were
collected and precipitated with 1.5 ml of ethanol/potassium acetate at
�20 °C for 18 h. Samples were subjected to a linear gradient SDS-
PAGE (3–15% (w/v) gel) with the addition of reducing agent (0.2%
�ME). In the cell-free experiments, chemical cross-linking was carried
out in a 40-�l volume containing either decorin or decorin protein core
(100–200 nM) in DPBS (2.5 mM Ca2�) in the presence or absence of 0.2%
� ME. 10-�l aliquots of each serially diluted cross-linker (sulfo-SMPB,
BS3, or glutaraldehyde) were added to the mixture and incubated for 30
min at room temperature with gentle shaking. The samples were
quenched as above, boiled for 5 min, and subjected to SDS-PAGE
(3–15% linear gradient and 8.5% gel for decorin and its protein core,
respectively) under reducing conditions. Western immunoblottings to
detect decorin were carried out with specific antibodies (37, 38). For
additional information, see the text and figure legends.

MALDI-MS—Sinapinic acid (�10 mg ml�1) in 30% (v/v) acetonitrile
was used as a matrix solution. About 1 pmol of myoglobin, carbonic
anhydrase, or decorin protein core was added to the matrix at 1:10 ratio.
After crystallization, the surfaces were washed with water, dried under
a stream of nitrogen, and placed into the mass spectrometer.
MALDI-MS spectra of the protein preparations were acquired in the
linear mode with a Voyager Elite Reflectron time-of-flight instrument
(PerSeptive Biosystems) fitted with a 337-nm wavelength nitrogen
laser essentially as described before (42). Decorin protein core prepa-
rations were analyzed under several different instrument conditions
with several different protein concentrations and under conditions that
have previously been shown to be amenable to measuring dimer forma-
tion for FGF2 (42).

RESULTS AND DISCUSSION

Biologically Active Decorin Does Not Form Dimers in Solu-
tion with Three Cross-linkers of Diverse Bridge Length and
Functional Properties—Our recombinant decorin preparation,
which was kept in solution at a concentration of �1–1.5 mg
ml�1 (38), contained about 85% decorin proteoglycan, �13%
protein core, and only �2% dimer/trimer, as judged by scan-
ning densitometry on reducing SDS-PAGE (Fig. 1A, lanes 1-3).
To mimic a physiologically relevant situation, we incubated
recombinant decorin in the presence of A431 cells for 30 min at
37 °C, followed by a 30-min incubation at 37 °C with sulfo-
SMPB, a water soluble, non-cleavable, heterobifunctional
cross-linker. Sulfo-SMPB has an extended chain length of 14.5
Å, which limits steric hindrance, and it is reactive toward
amino and sulfhydryl groups. The latter property provides
hetero-bifunctionality and allows for sequential conjugations
with specific groups of proteins, thereby minimizing undesir-
able polymerization or self-conjugation. Notably, at 1 mM sulfo-
SMPB, equivalent to a 1300:1 cross-linker to decorin molar
ratio, no preferential dimer formation was observed (Fig. 1A,
lane 5). Only small amounts of trimers and multimers were
formed as compared with control (Fig. 1A, lane 4). Under the
same conditions, sulfo-SMPB was capable of cross-linking the
EGF-induced EGFR dimers in A431 cells (not shown). The
biological activity of decorin was independently proved by its
ability to inhibit EGFR phosphorylation while inducing the
phosphorylation of the MAPK for prolonged times (not shown),
which is in agreement with previous results (12, 40).

In cross-linking studies, it is imperative to ensure that the
chemical covalent cross-linking is an accurate reflection of spe-
cific protein-protein interactions rather than an artifact of ad-
ventitious cross-linking (42). To this end, we performed a de-
tailed analysis of various cross-linkers with different properties
and bridge lengths. The spanning arm of a cross-linker is the
length between its two reactive groups. The length affects the
distance over which the reagent can establish a bond between
two primary amines of closely associated proteins. We per-
formed in vitro cell-free cross-linking experiments in which we
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kept the concentration of decorin constant (100 nM) while vary-
ing the cross-linker to decorin molar ratios, from 0.02 to 2000:1.
In the case of sulfo-SMPB (chain length � 14.5 Å), dimers and
multimers were formed only at very high molar ratios (Fig. 1B),
which probably represented nonspecific polymerization of
decorin and its protein core (see below). We then utilized BS3,
a non-cleavable, membrane impermeable, homo-bifunctional
cross-linker with a chain length of 11.4 Å and reactivity toward
amino groups. In this case, we found very little aggregate
formation even at 2000:1 molar ratio of cross-linker to decorin
(Fig. 1C). Finally, we tested glutaraldehyde, a widely used
agent which is also a lysine-specific cross-linker but has a chain
length (2.85 Å) about one-quarter that of BS3. Even at 2000:1
molar ratio of cross-linker to decorin there was no preferential
formation of dimers in solution (Fig. 1D). Identical results were
obtained with and without physiological concentrations (1.5
mM) of Ca2� (not shown). Collectively, these data suggest that
decorin does not preferentially exist as a dimer in solution.

Dimers of Decorin Protein Core Are Generated by Non-spe-
cific Disulfide Bonding and Are Induced by Freeze-drying—The
previous results could have been obfuscated by the fact that
dimers of decorin protein core would co-migrate with decorin
monomers. To bypass this potential problem, we utilized highly
purified preparations of decorin protein core and performed
cross-linking experiments in the presence or absence of �ME.
The latter was used to eliminate the possibility of covalent
oligomerization due to disulfide bond formation among the
surface-exposed cysteine residues of the native protein core.
Trace amounts of decorin protein core dimers were formed only
with BS3 to protein molar ratios of 2000:1 (Fig. 2A), but not
with glutaraldehyde. Notably, the BS3-induced dimers could be
abolished by performing the cross-linking reaction in the pres-
ence of 0.2% �ME (Fig. 2B).

Next, we tested whether dimers of decorin protein core could
be induced by prior freeze-drying, because removal of the water
forces proteins to nonspecifically self-associate. We performed
two sets of cross-linking experiments. In the first, protein core
preparations in PBS/0.2% CHAPS were directly freeze-dried

and then resuspended in the same volume as the controls. In
these samples, we found an increased propensity to form
dimers at lower (200:1) BS3 to protein core ratios, and a signif-
icantly higher proportion of dimers at BS3 to protein core molar
ratios of 2000:1 (Fig. 2C), when compared with control samples
that were not previously freeze-dried (Fig. 2A). However, all
the dimers were non-specifically cross-linked due to disulfide
bonding, because they were completely eliminated by perform-
ing the chemical cross-linking reaction in the presence of �ME
(Fig. 2C). In the second set of experiments, protein core prep-
arations in PBS/0.2% CHAPS were extensively dialyzed
against water, freeze-dried, and then re-suspended in the same
volume of reconstituted buffer as the controls. In these sam-
ples, we detected dimers that were not prevented by �ME (Fig.
2D). Moreover, trimers, tetramers, and higher order oligomers
of decorin protein core appeared in both reduced and unreduced
samples.

As a further control for our cross-linking studies, we inves-
tigated FGF2, which is known to oligomerize in solution (42).
Under the same experimental conditions, there was a stable
dimer formation at very low (0.02:1) cross-linker to FGF2 molar
ratio, as expected for a protein with a propensity to self-asso-
ciate (Fig. 2E). Moreover, the dimer increased proportionally to
the increase in cross-linker to FGF2 molar ratios, and at 20:1
molar ratio, a trimer appeared. At higher BS3 to FGF2 molar
ratios, the product became a large aggregate that did not pen-
etrate the gel (Fig. 2E). Quantification by scanning densitom-
etry revealed a dose-dependent increase in dimer formation
(Fig. 2F). Because we used the same experimental conditions as
those described above for decorin or its protein core, we con-
clude that the lack of detection of decorin dimers is not a failure
of our cross-linking strategy but rather a lack of decorin
dimers. Moreover, because the three cross-linkers with differ-
ent chemical mechanisms and linker geometries yielded the
same results, steric or chemical inaccessibility of cross-linking
sites is unlikely. This is particularly true because the amino
acid targets for all of the three cross-linkers are abundantly
located along the decorin protein core. It is noteworthy that in

FIG. 1. Biologically active decorin does not form dimers in solution with three cross-linkers of diverse bridge length and
functional properties. A, immunoblotting of increasing concentrations of decorin in a cell-free isotonic buffer of 200, 400, and 600 ng (lanes 1–3,
respectively) or incubated with A431 cells for 30 min at 37 °C, followed by a 30-min incubation at 37 °C with either buffer (lane 4) or 1 mM

sulfo-SMPB (lane 5). The concentration of decorin (lanes 4 and 5) was 0.75 �M, and, thus, the cross-linker to decorin molar ratio was �1300:1.
Proteins were electrophoresed on linear gradient (3–15%) SDS-PAGE under reducing conditions. A polyclonal rabbit anti-decorin antibody (37) was
used at 1:4000 dilution, followed by detection via chemiluminescence. B–D, immunoblottings of decorin preparations (100 nM each) incubated with
increasing concentrations of sulfo-SMPB (B), BS3 (C), or glutaraldehyde (Glut, D) at the indicated molar ratios. The cell-free samples were
subjected to chemical cross-linking for 30 min at room temperature, quenched with 90 mM glycine, 9 mM Tris-HCl, pH 8.5, for 5 min, heat denatured
at 100 °C for 5 min in the presence of 0.2% �ME, and subjected to a linear (3–15%) SDS-PAGE. The migration of molecular mass markers is
indicated in the left margins, whereas the migration of the protein core, decorin monomers, dimers, trimers, and oligomers is indicated in the right
margins.
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the experimental conditions used in our study, all of the sam-
ples were heat-denatured at 100 °C for 5 min under reducing
conditions before SDS-PAGE. Thus, the presence of insoluble
complexes, which are resistant to heat denaturation/reduction
and are independent of chemical cross-linking, indicate that
they are artifactual products resulting from dialysis and
freeze-drying.

A potential problem with our recombinant decorin protein
core is the presence of a His6 tag at the N terminus (38), which
could potentially interfere with dimer formation in solution. To
address this issue, we digested the His6 tag with Factor Xa,
which was later removed by binding to benzamidine-Sepha-
rose. The cleavage of the His6 tag and bridge sequence was
confirmed by SDS-PAGE and N-terminal sequencing. The lat-
ter, obtained with an Applied Biosystem Procise Sequencer,
gave the predicted first nine amino acid residues of human
decorin plus an initial Gly belonging to the bridge sequence
(GMLEDEASGI). When this preparation was used in experi-
ments identical to those described above, we found no dimers or

oligomers using BS3 to protein ratios between 0.02:1 and
2000:1 and a constant concentration (�300 nM) of cleaved
decorin protein core (not shown).

As an additional control, we tested biglycan protein core
because it was shown previously to oligomerize in solution, a
process further enhanced by the presence of Zn2� (43). It has
been reported that bovine articular cartilage biglycan, at con-
centrations �50 �g ml�1 and in the presence of 5 mM Zn2�,
existed predominantly as a hexamer with a z-average molecu-
lar weight of �6 � 105 (43). The biglycan protein core formed
even larger multimers, with a z-average molecular weight of
�6 � 106, suggesting that the glycosaminoglycan chains could
limit self-association (43). However, by using the same cross-
linking conditions as those described above, we failed to detect
any dimerization or oligomerization of biglycan protein core in
the presence or absence of Zn2� (not shown). Notably, in the
original purification of biglycan (43), the proteins were used at
a relatively high concentration (�5 mg ml�1) and subjected to
a final step of ethanol precipitation and drying under a vacuum

FIG. 2. Dimers of decorin protein core are generated by nonspecific disulfide bonding and are induced by freeze-drying. A,
immunoblotting of decorin protein core (200 nM each) incubated with increasing molar concentrations of BS3 or glutaraldehyde (Glut) at the
indicated molar ratios. B, same as in A but in the presence of 0.2% �ME. C, same as in B, with the exception that the decorin protein core samples
were directly freeze-dried in PBS/0.2% CHAPS. D, same as in C with the exception that the decorin protein core preparations were first dialyzed
against water and then freeze-dried. In all cases, the samples were resuspended in the same volume of reconstituted buffer as the controls.
Chemical cross-linking and Western immunoblotting were performed as described in Fig. 1 but using an 8.5% SDS-PAGE. The migration of
molecular mass markers is indicated in the left margins, whereas the migration of the decorin protein core and oligomers is indicated in the right
margin. E, Western immunoblotting of recombinant FGF2 (500 nM) incubated with increasing molar concentrations of BS3 and 0.2% �ME and
analyzed on a liner 4–20% gradient SDS-PAGE. F, quantification of FGF2 dimer using Scion image analysis software. The values represent the
relative intensity (OD) of the blot shown in E as a function of increasing BS3 concentration.

Decorin Is a Monomer in Solution 6609
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(43). Thus, biglycan aggregates could have likely been produced
by a high concentration of the sample and subsequent removal
of salts and water.

Decorin Protein Core Behaves as a Monomer when Chromato-
graphed on Superose 6 or Analyzed by MALDI-MS—In the next
set of experiments, we wanted to test whether our preparations
of decorin protein core behaved as a monomer when chromato-
graphed on a Superose 6 column and whether their elution
behavior in the presence or absence of the chaotropic agent
GdnHCl would change vis à vis that of standard globular pro-
teins. Notably, both the freeze-dried and native protein cores
eluted as a single peak in TBS with Kav � 0.63 (Fig. 3A), which
is just after the elution position of BSA (Kav � 0.62, Fig. 3C).
This gives an estimated Mr of �55 kDa for the decorin core, a
value that supports a monomeric protein. When the samples
were denatured with 2.5 M GdnHCl, either directly or after
freeze-drying, the elution of both samples of decorin protein
core was slightly retarded (Kav � 0.51, Fig. 3B). Notably, how-
ever, BSA (66 kDa) and the IgG heavy chain (55 kDa) had a Kav

of 0.529 and 0.535, respectively, when chromatographed on the
same column and buffer (TBS, 2.5 M GdnHCl). Thus, the results
are not consistent with a dimeric nature of the decorin protein
core because the protein nearly co-elutes with BSA in the
presence or absence of GdnHCl.

In the samples that were dialyzed against water and then

freeze-dried, a large peak (�5 � 106 kDa) was detected in the
void volume (not shown). This material could be eliminated by
centrifugation prior to Superose 6 chromatography, further
indicating that removal of salts and freeze-drying lead to the
formation of higher order oligomers of decorin protein core, in
agreement with the data shown above (Fig. 2D).

We then tested similar preparations of biologically active
decorin protein core with MALDI-MS, a powerful technique
that can measure directly whether a given polypeptide can
self-associate. Indeed, after bringing the samples to dryness,
the decorin protein core was still diluted vis à vis the large
excess of matrix (1:10, protein to matrix ratio), thereby allow-
ing the material to be analyzed at a concentration comparable
with those found in vivo. Consistent with the fact that decorin
is heavily glycosylated, the signal for decorin resulted in a
broader m/z range (Fig. 4C) than either myoglobin (Fig. 4A) or
carbonic anhydrase (Fig. 4B), with an [M]� signal centered at
44,077. If one subtracts 1.6 kDa, given by the His6 tag and
bridge sequence at its N terminus, the resulting value of 42.4
kDa is nearly identical to the molecular mass of �42.3 kDa that
can be calculated for the decorin protein core (�36.3 kDa for
the polypeptide and �6 kDa for the three N-linked oligosac-
charides). Importantly, under no situation, i.e. using several
protein concentrations between 0.2 and 1.2 �M, was any oli-
gomer (including dimer) observed, even under conditions that

FIG. 3. Effects of GdnHCl on the elution behavior of decorin protein core from Superose 6 chromatography. A, elution profiles of
decorin protein core samples run in TBS before (●) or after (E) freeze-drying. B, elution profiles of decorin protein core run in TBS, 2.5 M GdnHCl
before (●) or after (E) freeze-drying. C, semilogarithmic plot of Kav versus log Mr for various standard proteins including thyroglobulin (667 kDa),
IgG (158 kDa), BSA (66 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.3 kDa) run in the same Superose 6 column equilibrated
with TBS.
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have previously been shown to be amenable to measuring
dimer formation for FGF2 (42).

Dimeric and Oligomeric Decorin Show Reduced Biological
Activity—Based on the results presented above, we reasoned
that if the dimeric and oligomeric protein cores were nonspe-
cific aggregates, then these products should have a reduced
biological activity. To test this hypothesis, we utilized decorin
protein core (the same batch of protein core shown in Fig. 2)
that was either untreated or dialyzed against water and freeze-
dried. In the latter case, the predominant species was a dimer,
which represented up to 70% of the entire preparation (Fig.
5A); this proportion was slightly reduced in the presence of
�ME. We then tested this preparation concurrently with native
decorin protein core utilizing a highly sensitive assay, that is,
EGFR phosphorylation in quiescent A431 squamous carcinoma
cells. In three independent experiments, the dialyzed/freeze-
dried decorin protein core showed a significantly reduced ac-
tivity vis á vis the native decorin protein core (Fig. 5B, compare

bar 3 with bar 2). Because we used a significant amount of
decorin protein core (�1.2 �M) in these experiments, it is likely
that the inhibitory activity upon EGFR phosphorylation was
due to the residual monomeric form of decorin protein core,
which still constituted �30% of the total protein supplied to the
cells.

The effect of multimerization of decorin protein core on its
biological activity was further analyzed using a collagen fibril-
logenesis assay. Monomeric decorin protein core retarded the
rate of fibrillogenesis and markedly reduced the final turbidity
(Fig. 5C, curve 4) compared with type I collagen without protein
core (Fig. 5C, curve 2). In contrast, when two protein core
preparations that were dialyzed and freeze-dried were utilized
in these turbidity-time assays, there was little, if any, effect on
either the kinetics of fibril formation or final turbidity (Fig. 5C,
curves 1 and 3). Fig. 5C is a representative assay, and the
results were comparable with assays with collagen concentra-
tions between 1 and 2 mg ml�1 and protein core concentrations
between 25 and 50 �g ml�1. These data indicate that multim-

FIG. 4. MALDI-MS analysis of decorin protein core. A and B,
representative mass spectra of myoglobin (theoretical m/z [�1 ion] of
16,957) and carbonic anhydrase (theoretical m/z [�1 ion] of 28,870),
respectively. The measured values, after calibration, of the [M]1� ion
were 16,953 and 28,856 for myoglobin and carbonic anhydrase, respec-
tively. C, representative mass spectra of decorin protein core. The [M]1�

signal is centered at 44,077.

FIG. 5. Dimeric decorin protein core shows reduced biological
activity. A, immunoblotting of decorin protein core (200 nM), which was
either untreated or dialyzed against water and freeze-dried. Before
SDS-PAGE, the samples were incubated for 30 min in the absence or
presence of 0.2% �ME, as indicated. B, quantification by scanning
densitometry of the degree of tyrosyl phosphorylation of the EGFR in
serum-starved A431 cells incubated for 30 min with buffer alone (bar 1),
native (bar 2), or dialyzed/freeze-dried (�3) decorin protein core (�1.2
�M). The values represent the mean � S.D. of three independent ex-
periments obtained by immunoblotting of total cell lysates (�50 �g/
lane) reacted with monoclonal antibody PY20 against phosphotyrosine,
stripped, and re-probed with a rabbit polyclonal antibody against the C
terminus of human EGFR. C, effects of decorin protein core on type I
collagen fibrillogenesis. Untreated monomeric decorin protein core
(curve 4) dramatically inhibits the kinetics of fibrillogenesis and re-
duces final turbidity, measured as A313, compared with assays with type
I collagen without protein core (curve 2). In contrast, assays with two
different preparations of dialyzed/freeze-dried protein core (curves 1
and 3) were comparable with assays with no protein. This representa-
tive turbidity-time curve was consistent with those run at collagen
concentrations of 1–2 mg ml�1 and protein core concentrations of 25–50
�g ml�1 at 37 °C.
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erization of the decorin protein core significantly reduces its
biological activity in collagen fibrillogenesis assays.

The results of this study clearly point out that decorin and its
glycoprotein core behave as monomeric proteins using several
independent approaches. Also, biglycan protein core was found
not to oligomerize. In contrast, dimers of EGFR and FGF2
could be easily detected under our experimental conditions,
thereby validating the cross-linking experiments. The major
difference in experimental design between the present work
and that of Scott et al. (34) is that these authors have exten-
sively dialyzed their samples against water and subsequently
freeze-dried them. Moreover, the samples were resuspended at
a relatively high concentration (�10 �M) and subsequently
diluted to nM range (�60 nM). Because no decrease in average
mass was found, it was concluded that the dimer was stable at
very high dilutions and did not have a measurable dissociation
constant under the conditions used in their experimental pro-
tocols. In our system, we obviously worked with monomers
because our original preparations were similarly concentrated
(11.9 �M for the decorin, 7.4 �M for the decorin protein core, and
10.6 �M for the cleaved protein core) and subsequently diluted
to 100–300 nM. Thus, these preparations were sufficiently con-
centrated to allow proper protein-protein interaction. It is note-
worthy that even higher numbers of Mr multimers were found
with biglycan preparations, which were also subjected to re-
moval of salt and water (43).

Our study provides strong evidence that decorin monomers
are the biologically active forms and that decorin dimers are an
in vitro artifact generated by removing water and salts, which
causes nonspecific self-association during the freeze-drying
step. In our experimental conditions, decorin proteoglycan and
glycoprotein core preparations were always kept in solution
under non-denaturing conditions, and they showed biological
activity as monomers. Moreover, the reduced biological activity
of the dimeric protein core preparations suggests that this
conformation was not suited to interact with cell surface recep-
tors and trigger a biological signal. Decorin and other leucine-
rich repeat proteoglycans have been demonstrated to retard
the kinetics of collagen fibrillogenesis and reduce final turbid-
ity in collagen fibrillogenesis assays (10, 44, 45). The decorin
protein core produced without exposure to denaturants was
shown to inhibit the rate of fibrillogenesis and the final turbid-
ity (46). Likewise, our data using the untreated decorin protein
core showed identical effects. In contrast, when decorin protein
core was multimerized by dialysis and freeze-drying, there was
little effect on collagen fibrillogenesis. The fact that our mono-
meric preparations were fully active does not support the pro-
posal that decorin is preferentially a dimer in solution and does
not warrant re-evaluation of a large body of published litera-
ture on the biology of decorin.
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