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Abstract Non-enzymatic glycation of type | collagen occurs in aging and diabetes, and may affect collagen
solubility, charge, polymerization, and intermolecular interactions. Proteoglycans' (PGs) bind type | collagen and are
proposed to regulate fibril assembly, function, and cell-collagen interactions. Moreover, on the collagen fibril a keratan
sulfate (KS) PG binding region overlaps with preferred collagen glycation sites. Thus, we examined the effect of collagen
modified by simple glycation on PG-collagen interactions. By affinity coelectrophoresis (ACE), we found reduced
affinities of heparin and KSPGs for glycated but not normal collagen, whereas the dermatan sulfate (DS)PGs decorin and
biglycan bound similarly to both, and that the affinity of heparin for normal collagen decreased with increasing pH.
Circular dichroism (CD) spectroscopy revealed normal and glycated collagens to assume triple helical conformations, but
heparin addition caused precipitation and decreased triple helical content—effects that were more marked with glycated
collagen. A spectrophotometric assay revealed slower polymerization of glycated collagen. However, ultrastructural
analyses indicated that fibrils assembled from normal and glycated collagen exhibited normal periodicity, and had similar
structures and comparable diameter distributions. B-cells expressing the cell surface heparan sulfate PG syndecan-1
adhered well to normal but not glycated collagen, and endothelial cell migration was delayed on glycated collagen. We
speculate that glycation diminishes the electrostatic interactions between type | collagen and PGs, and may interfere with
core protein-collagen associations for KSPGs but not DSPGs. Therefore in vivo, collagen glycation may weaken PG—
collagen interactions, thereby disrupting matrix integrity and cell—collagen interactions, adhesion, and migration. J. Cell.
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Type I collagen is ubiquitous in all verte-
brates, and is among the largest and most
complex of all macromolecules [see for review
Linsenmayer, 1991; Prockop and Kivirikko,
1995]. It is synthesized as a soluble, procollagen
form containing two a1, and one o2 chains, each
of about 1,000 amino acids. Upon secretion from
the cell the propeptides are cleaved, and the
collagen monomer is assembled into the fibril,
proposed to consist of aggregates of microfibrils,
or 5-mer bundles of overlapping monomers.
Type I collagen fibrils contribute to the integrity
and function of many tissues via interactions
with other collagens, PGs, and growth and
differentiation factors [Di Lullo et al., 2002]. In
aging, type I collagen becomes less flexible and
more acid insoluble, which correlates with its
content of cross-linked advanced glycation end
products (AGE) [Brennan, 1989]. In diabetes,
the collagen fibril also becomes abnormally stiff,
insoluble, and cross-linked, correlating with
high levels of circulating glucose [Andreassen
et al., 1981; Schnider and Kohn, 1982]. It is
proposed that alterations in type I collagen
structure and function through glycation may
underlie various pathologies associated with
aging and diabetes [Paul and Bailey, 1996; Yan
et al., 2003].

Glycation and AGE form in vivo and in vitro
on collagen via non-enzymatic reactions that
covalently add a sugar moiety onto the protein
[see for review Paul and Bailey, 1996; Tsilibary,
2003]. The formation of a simple glycation
product involves a reaction between the alde-
hyde, open chain glucose with the g-amino
group of a free lysine residue of collagen to
generate a Schiff-base intermediate, followed
by its rearrangement to the more stable Ama-
dori product. Although the modified lysine side
group has the potential to remain ionized, it is
likely that the attached sugar moiety may
sterically interfere with electrostatic interac-
tions between it and its binding partners.
Fructosyl-lysine residues may then, via a com-
plex series of reactions, create intra- or inter-
molecular covalent cross-links with free amino
groups of the protein, which are distinct from
the enzyme-mediated cross-linking of collagen
at its globular ends. The chemistry of mature
AGE structures that occur in vivo are thought to
include pentosidine and pyralline and N-epsi-
lon-carboxymethyllysine intermolecular cross-
links, among others. AGE formation takes
several weeks and thus primarily affects pro-

teins with long half-lives such as matrix
constituents. The residues on type I collagen
that serve as substrates for simple glyca-
tion have been identified on the «l(I) CB
(cyanogen bromide) peptide 3 and «2(I) CB3-5
cleavage fragments which comprise approxi-
mately 25% of the molecule [Reiser et al., 1992];
in these regions, nearly twenty residues were
found to be glycated, and of these, lysines a1(I)
434, and o2(I) 453, 479, and 924 were the most
frequently modified.

PGs are matrix or cell surface molecules
composed of core proteins to which one or more
glycosaminoglycan (GAG) chains are covalently
attached [Hascall et al., 1991]. PGs are proposed
to play key roles in matrix assembly and
function via their associations with collagens,
fibronectin, and other matrix molecules, and on
the cell surface as receptors for matrix compo-
nents, growth factors, and cytokines [Ruoslahti,
1988; Bernfield et al., 1992; Klass et al., 2000;
Sanderson et al., 2004]. It has been speculated
that changesin type I collagen net charge due to
glycation, which neutralizes basic charge on
lysine residues, could significantly affect inter-
actions with its binding partners including the
anionic PGs [Paul and Bailey, 1996], that are
proposed to bind to collagen electrostatically, at
least in part [Ruoslahti, 1988; San Antonio
et al., 1993]. Moreover, we have reported that
several predominant glycation sites on the type
I collagen fibril co-localize with regions pro-
posed to bind KSPGs and HSPGs, but not
DSPGs [Di Lullo et al., 2002]. Here we test the
hypothesis that collagen—PG interactions are
influenced by collagen glycation, by examining
the binding of heparin, KSPGs and DSPGs to
normal collagen and to collagen modified by
simple glycation, as well as the consequences of
simple glycation on collagen conformation,
polymerization, and cell—collagen interactions.

MATERIALS AND METHODS
Collagen Preparation and Glycation

Type I collagen was isolated from rat tail
tendon [San Antonio et al., 1992]. Collagen
glycation was carried out as detailed [Reiser
etal., 1992]. In brief, a collagen suspension of 8—
25 mg/ml in a 1.0 ml reaction volume was
incubated for 24 h in a 37°C water bath with
D-glucose (500 mg/ml) in 20 mM Na Phosphate-
0.9% NaCl, pH 7.4 (PBS), with 3.0 mM sodium
azide added as a preservative in a sterile 12-ml



1686 Reigle et al.

conical centrifuge tube, with occasional mixing.
The reaction mixture became noticeably more
viscous and clear as the collagen was glycated
and solubilized. At the end of the incubation,
the tube was placed on ice, and 1.0 ml of
95% ethanol slowly added with continuous
mixing. The sample was centrifuged for 10 min
at 4,000 rpm, and the ethanol layer decanted and
discarded. Concentrations of acid soluble col-
lagens were determined by amino acid analysis
(AAA Service Laboratory, Boring, OR).

Fructosamine Assay

Levels of glycation of type I collagen
were measured using the fructosamine kit
(Catachem, Bridgeport, CT). Type I collagen in
0.5 M acetic acid was heat denatured for 1 h at
65°C and then neutralized with NaOH. Col-
lagen samples and glycation standards supplied
with the kit were mixed with the color reagent at
a 1:19 ratio in wells of microtiter plates (Nalge
Nunc Intl) for 1 min at room temperature, and
then placed in a microplate spectrophotometer
(Molecular Devices) at 37°C. ODs39 measure-
ments were taken at 1 min intervals from 5 to
10 min and plotted versus time. Only samples
yielding curves with linear correlation coeffi-
cients (R) > 0.8 were evaluated. Fructosamine
concentrations were calculated from the ratio of
the sample slope to that of the glycation stand-
ards, which gave concentrations readings 20—
30% lower than those stated by the kit manu-
facturer.

Fibrillar Collagen Preparation

Type I collagen fibrils were prepared as
described [San Antonio et al., 1994b]. In brief,
lyophilized normal and glycated collagens were
dissolved in 0.5 N acetic acid at 1.2 mg/ml and
rocked gently at 4°C overnight. The collagens
were dialyzed against 0.02 M NayHPO, for 48 h
at 4°C. Following dialysis, the collagen formed a
white precipitate. The collagens were sonicated
on ice with 5—8 pulses, each pulse lasting ~5 s,
with ~15 s between pulses to avoid heating and
melting the collagen. Afterwards, a homogenous
white solution was formed. The collagens were
serially diluted with the same buffer, mixed with
an equal volume of 2x ACE running buffer, and
prepared for ACE as described below.

Radiolabeled Heparin and PG Preparation

Whole heparin from pig intestinal mucosa
(Sigma; Grade I-A) was tyramine end-labeled as

described [San Antonio et al., 1993]. Recombi-
nant native-type human decorin and biglycan
preparations were the generous gift of Dr. David
McQuillan and LifeCell, Inc. For KSPG isola-
tion, total PGs were extracted from minced
bovine corneas at 4°C twice in 20 volumes of
0.2 M NaCl, 0.1% CHAPS detergent, 0.1 M
6-aminohexanoic acid, 0.01 M Nay, EDTA, 0.05 M
sodium acetate pH 5.8 with freshly added
benzamidine (0.8 mg/ml) and phenylmethylsul-
fonyl fluoride (0.174 mg/ml). The extract was
clarified by filtration and passed over a DEAE-
Sephacel fast flow column which was subse-
quently washed with 0.5 M NacCl, 0.1% CHAPS
in 0.02 M Tris—HCI pH 7.4. PGs were eluted by
2.0 M NaCl in the same buffer. The PG fraction
was concentrated by ultrafiltration and dia-
lyzed to 0.1 M Tris—acetate pH 7.5. Chondroi-
tin-dermatan sulfate was digested at 37° for 4 h
with 0.1 unit/mg protein of affinity-purified
chondroitinase ABC (Seikagaku). The PGs were
chromatographed a second time on DEAE-
Sephacel and eluted in 20 mM Tris—HCI] pH
7.4, 0.1% CHAPS using a NaCl gradient from
0.1 to 1.0 M. Fractions were screened by
immunoblotting using anti-keratan sulfate
antibody and the identified keratan sulfate
PGs were pooled, concentrated using ultra-
filtration, and dialyzed to 20 mM Na phosphate
pH 7.0. Aliquots were stored at —80°C until use.
Heparin and PGs were radiolabeled with
1251 Na (MP Biomedicals, Costa Mesa, CA) to
specific activities of =1 x 107cpm/pg. For some
experiments the radiolabeled heparin was
Sephadex G-100 fractionated and the final
~12% to elute was retained as the low M,
material of <6 kDa [Jordan et al., 1979].

Electrophoretic Analysis of Binding of Heparin
and PGs to Type | Collagens

Binding of radioiodinated heparin and vari-
ous PGs to type I collagen was studied by ACE
[Lee and Lander, 1991; San Antonio et al., 1993;
San Antonio and Lander, 2001]. Collagens were
dissolved in 0.5 N acetic acid at 2.4 mg/ml, and
serially diluted in 0.5 N acetic acid. Samples
were neutralized with 0.5 N NaOH, mixed with
warm 2x concentrated ACE running buffer
(1x buffer was 50 mM sodium MOPSO/125 mM
sodium acetate [pH 7.0]), mixed with 2%
agarose and poured into agarose wells. Alter-
natively, native-type fibrils were formed from
collagen samples as described previously and
serially diluted in 2 x running buffer then mixed
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1:1 with 2% agarose and loaded into wells. In
experiments where ACE was conducted at pHs
other than 7.0, the following running buffers
were instead used: 240 mM sodium acetate
(pH 5.0) and 300 mM Tris—HCI (pH 8.0).
Electrophoresis of radioiodinated heparin or
PGs through the collagen-containing wells was
then conducted. Gels were dried and PG or
heparin mobility measured using a phosphor-
imager (Molecular Dynamics) by scanning each
protein lane and determining relative radio-
activity content per 88 um pixel along the length
of the lane. Calculation of retardation coeffi-
cients, curve fitting of binding isotherms, and
determination of apparent Kgs were performed
as detailed [Lee and Lander, 1991; San Antonio
et al., 1993; San Antonio and Lander, 2001].

CD Spectroscopy

CD recordings of collagens were made using a
Jasco 710 Spectropolarimeter. Spectra were
measured in 0.5% acetic acid buffer and path
lengths of the cuvettes used were 1.0, 2.0, and
5.0 mm. Collagen concentrations of 0.1 mg/ml
were analyzed and four scans were averaged
for each spectrum. To determine the effects of
heparin on normal and glycated collagens,
heparin was titrated at various concentrations
into the collagen samples. All measurements
were taken at 190—300 nm at room temperature.

Collagen Fibrillogenesis Assay

Type I collagen fibrillogenesis was studied as
detailed [Sweeney et al., 1998], with slight
modifications. To wells of 96-well Costar micro-
plate dishes were added 170 pl of 2x buffer
(0.28M NaCl, 60 mM NaPO,, pH 7.3),and 170 ul
of 0.4 mg/ml normal or glycated type I collagen.
Controls were run as buffer alone and water.
The solutions were mixed by pipetting, plates
were covered with lids coated with fog-X
(Unelko Corp.) to reduce condensation, and
absorbance at A =405 nm was monitored for
3-18 h at 1.5 min intervals at 37°C in a
microplate spectrophotometer (Molecular Devi-
ces). In some experiments the effect of heparin
on fibrillogenesis was studied as described
above but with the addition of 20 ul of heparin
solution (1.0 pg/ul water) to the wells.

Transmission Electron Microscopy and Fibril
Diameter Analyses

Negatively stained samples were prepared as
previously described [Birk et al., 1990]. Briefly,

fibrils were absorbed onto formvar-coated cop-
per grids and negatively stained with 2.0%
aqueous uranyl acetate. For each of the differ-
ent fibril preparations, that is, collagen and
glycated collagen with and without heparin,
three grids were prepared in quadruplicate sets.
The negatively stained fibrils were examined
and photographed using a Tecnai 12 trans-
mission electron microscope operating at 80 kV
equipped with a Gatan Ultrascan US1000 2K
digital camera. Collagen fibril diameters were
measured within a defined area of 1.83 pm? in
33images per group using the following criteria:
one diameter measurement per fibril, with only
fibrils displaying distinct striations and edges
being measured. Fibril diameter measurements
were analyzed in a linear mixed effects model
[Vonesh and Chinchilli, 1997] incorporating
sample-to-sample variability. The assumption
of a normal distribution was appropriate for
fibrils not treated with heparin. The diameter
measurements for fibrils treated with heparin
were log transformed to satisfy the normality
assumptions.

Cell-Collagen Attachment

Preparation of ARH-77 cells expressing syn-
decan-1 was as previously described [Liebers-
bach and Sanderson, 1994]. Briefly, ARH-77, a
cell line established from a human plasma cell
leukemia, were transfected with the cDNA for
syndecan-1 and clones stably expressing synde-
can-1 on the cell surface were isolated. Cell
binding to collagen was assayed as described
previously [Sanderson et al.,, 1992; Langford
and Sanderson, 2002]. Briefly, 8.0 x 10* cells
were incubated for 15 min at room temperature
in 96-well plates (polyvinyl U-bottomed plates;
Dynatech, Chantilly, VA) that had been coated
with either type I collagen (1 mg/ml) or BSA
(1 mg/ml). The plate was centrifuged at 120g for
20 min. Following centrifugation, cells were
fixed and stained with 4% trypan blue in
phosphate-buffered saline. In this assay,
unbound cells form a densely stained pellet
while bound cells remain as a uniform coating
on the well surface.

Endothelial Cell Migration Assay

Human umbilical vein endothelial cells were
isolated and cultured as described [Sweeney
et al., 2003]. The migration assay was modified
from a published protocol [Majack and Clowes,
1984]. Cells were plated at 1 x 105/cm? cells/well
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onto 12-well plates coated with 100 pg/ml
normal or glycated type I collagen in 10 mM
acetic acid at 25 pg/em? and supplemented
with endothelial cell growth media and placed
in the tissue culture incubator. On the
third day, a “scrape wound” was fashioned
across the center of the well by dragging a
200 pul plastic pipette tip through the
cell monolayer. The cells were rinsed
with Dulbecco’s Phosphate Buffered Saline
(DPBS+, Mediatech), and re-supplemented
with culture media and at various times micro-
graphs were taken of the wound area by phase
contrast microscopy. Wound widths at their
narrowest points were measured from the
micrographs and data from cells cultured on
normal vs. glycated collagen were compared
using the Student’s ¢-test.

RESULTS

We first used a fructosamine assay to esti-
mate the level of glycation of normal and
glycated collagen used in these studies. In four
experiments, normal collagen exhibited unde-
tectable levels of glycation, whereas glycated
collagen contained 46 & 15 (n = 11) mol glucose/
mol triple helical collagen, confirming that our
glycation protocol produced highly modified
collagen.

To determine whether PGs exhibit altered
interactions with normal versus glycated type I
collagen, we first studied their heparin binding
characteristics. Heparin is a structural analog
of heparan sulfate (HS) GAG chains, which are
integral components of HSPGs, ubiquitously
expressed on cell surfaces and in the matrix
[Hascall et al., 1991]. We used ACE to examine
the binding of heparin to normal rat tail tendon
type I collagen, or to the same collagen that had
been glycated. ACE is a gel shift binding assay
in which trace concentrations of radiolabeled
GAGs or PGs are electrophoresed through a
protein present at various concentrations in
lanes of an agarose gel. Afterwards, based on the
retardation of the mobility of the GAG or PG
through binding at the various protein concen-
trations, as visualized by autoradiography or
phosphorimaging, the dissociation constant
(Kg) of GAG/PG—protein binding can be calcu-
lated as detailed in Materials and Methods
Section. ACE provides accurate estimates of
affinity of GAG and PG interactions with
proteins including the collagens, fibronectin,
laminin, and basic fibroblast growth factor [Lee

and Lander, 1991; San Antonio et al., 1993,
1994a; San Antonio and Lander, 2001], as well
as revealing binding heterogeneity when
present, for example, for heparin—antithrom-
bin III interactions [Lee and Lander, 1991].
Although studying the binding interactions of
acid soluble collagens with purified GAGs and
PGs may not ideally mimic PG-collagen fibril
interactions in vivo, the approach does avoid
complications of dealing with insoluble, hetero-
typic collagen fibrils, and is deemed to be an
appropriate first step towards understanding
the effects of collagen glycation on PG—collagen
interactions.

For initial experiments, native-type fibrils were
prepared from normal or glycated collagens;
both produced fibrous precipitates, although
that formed by the glycated collagen appeared
sparser. ACE revealed appreciably stronger
heparin-binding by normal (K3=100 nM)
as compared with glycated collagen (K42
250 nM) (Fig. 1); the heparin-binding affinity
of the normal sample is within the range
of affinities we and others have reported
for heparin—collagen interactions [McPherson
et al., 1988; San Antonio et al., 1993, 1994b]. To
determine whether the difference could be
attributed to a defect in fibrillogenesis of the
glycated sample, we next examined the hep-
arin-binding characteristics of normal and
glycated collagens neutralized from the acid
soluble state and cast into agarose gels before
they could undergo fibrillogenesis. Again, we
found that in comparison with normal collagen
the glycated sample bound heparin two- to
three-fold more weakly (data not shown). These
data show that glycated type I collagen displays
defective heparin-binding, and that the effect is
independent of the supramolecular state of the
collagen.

To examine whether the reduced affinity of
glycated collagen for heparin was specific for
this GAG, we analyzed collagen binding of a
mixture of native corneal KSPGs including
lumican, keratocan, and mimecan, as well as
human native recombinant forms of decorin and
biglycan DSPGs. For these experiments, to
conserve samples modified ACE gels were used
where binding was examined at 100 or 500 nM
protein concentrations, and the migration
distances, or retardation coefficients (R) of the
PGs through protein samples were measured.
PG migration through normal versus glycated
collagen was expressed as: R, glycated
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Fig. 1. Glycated collagen exhibits weaker affinity for heparin compared with normal collagen. Retardation
coefficients (R) for the migration of whole '*°I-tyramine-heparin through fibrillar normal and glycated
collagens were determined from ACE gel electrophoretograms (panel A) and are plotted against
protein concentration (panel B). Smooth curves represent nonlinear least squares fits to the equation
R = R../(1+ (Kg/lcollagen])?. In three experiments glycated collagen showed reduced heparin binding
affinity (Kg =250 £ 40 nM) compared to normal collagen (Kq=98 £ 9 nM).

collagen/R, normal collagen; ratios of approx-
imately 1.0 indicate little or no difference in
binding whereas values significantly less than
1.0 indicate weaker binding to glycated col-
lagen. Significant binding of heparin and each
of the PGs to normal collagen was seen, as
evidenced by a retardation of heparin and PG
migration at protein concentrations of 100 and
500 nM. Again, heparin exhibited weaker
affinities for glycated collagen. This effect was
also seen with KSPGs binding to glycated
collagen at a concentration of 500 nM, whereas,
in contrast, decorin and biglycan exhibited
similar affinities for both collagens at 100 and
500 nM concentrations (Table I). That weaker
affinities of KSPGs for collagen were observed
only at the high collagen concentration may be

due to the possibility that the affinity of KSPG—
collagen binding is moderate in strength, falling
in the 500 nM range. The contribution of
collagen charge density to heparin binding
affinity was also examined by performing ACE
of heparin—collagen interactions at pH 5.0, 7.0,
and 8.0. Affinity of heparin for collagen exhi-
bited a strong pH dependency, ranging from
K32210 nM at pH 5.0 to nearly 100-fold weaker
at pH 8.0 (Fig. 2).

The potential structural basis for the reduced
binding affinity of glycated collagen for heparin
and KSPGs was next examined. By CD spectro-
scopy, acid soluble samples of normal and
glycated collagen showed positive elipticity at
223 nm and a large negative minimum at
198 nm, which are spectral characteristics of a

TABLE I. Reduced Binding Affinities of Glycated Collagen for KSPGs
and Heparin

PG or GAG Rgiycated/Rnormal = SD n P value
Biglycan

100 nM 1.01+0.15 6 >0.25

500 nM 0.94+0.09 6 >0.05
Decorin

100 nM 1.09+0.16 6 >0.10

500 nM 0.94+0.15 6 >0.15
Heparin

100 nM 0.66 +0.22 5 <0.02
KSPGs

100 nM 1.24+0.56 5 >0.15

500 nM 0.68+£0.19 5 <0.01

The relative binding affinities of PGs/GAGs for normal and glycated collagens were analyzed by ACE at
collagen concentrations of 100 and 500 nM. R values were calculated as described in Materials and Methods
Section, and values of Rgiycated/Rnormal Were used to compare the relative PG/GAG binding affinities for
collagen samples; values were compared with1.0 (no difference in binding) by ¢-test to establish significance.
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Fig. 2. Affinity of heparin for type | collagen increases with
decreasing pH. ACE analysis of the binding of low M, '#’I-T-
heparin to acid soluble rat type I collagen was conducted in
240 mM sodium acetate (pH 5.0), MOPSO/Sodium acetate (pH
7.0), and 300 mM Tris—HCI (pH 8.0), and K4 values of heparin—
collagen binding determined as described in the legend to
Figure 1. Values represent data from three experiments.

collagen triple helix (Fig. 3A). The addition of
heparin caused an apparent decrease in helical
content of the collagen, which was more pro-
nounced for the glycated sample (Fig. 3B). This
is areflection of the formation of aggregates and
ultimately precipitation, which was observed at
ratios higher than 3:1 heparin:glycated collagen
(data not shown). Further CD experiments
corroborated that in the presence of low heparin
concentrations, both collagen samples eventu-
ally precipitated completely, although this
happened sooner for the glycated sample. In
each case, at the 6 h end-point, removing the
precipitate by centrifugation left no CD signal
in the soluble fraction (data not shown). Thus,
by CD, the conformations of the soluble forms of
the normal and glycated collagens appear
similar, and heparin is more efficient at precip-
itating glycated collagen.

The kinetics of fibrillogenesis of the collagen
preparations was examined by neutralizing the
proteins from an acid soluble state and following
sample turbidity spectrophotometrically. For
normal collagen, polymerization initiated
within min, proceeded exponentially within
the first hr and reached a plateau within 1-3 h
(Fig. 4). In contrast, the glycated collagen
showed a significant delay in the onset of fibril
formation and a slower rate of polymerization,
yet achieved a plateau within 12—-24 h (not

20
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A
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-80
_100-..|...|...|..|..|...
200 220 240 260 280 300
Wavelength (nm)

12

Elipticity (mdeg at 222nm)

0 1 2 3 4 5 6 7 8

Concentration of Heparin (mM)

Fig. 3. Normal and glycated collagen assume a triple helical
conformation but in the presence of heparin glycated collagen
loses more triple helical content and precipitates more readily
than normal collagen. A: CD Spectra of normal (open circles) and
glycated (filled squares) collagen. Data were collected in a
1.0 mm cuvette for 0.2 mg/ml collagen in 0.5% HAC. B: Titration
of normal (open circles) and glycated (filled squares) collagen
with heparin. Spectra were collected in a 2.0 mm cuvette, for
0.1 mg/ml collagen in 0.5% HAC. Experiments were repeated
three times.

shown). In some wells 20 pg of whole heparin
was supplemented to sample wells at the time of
collagen neutralization and the polymerization
of normal collagen was delayed, but that of the
glycated samples appeared unchanged (Fig. 4).
Transmission electron microscopy was next
used to examine the fine structure of the normal
and glycated collagen fibrils formed in the
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Fig. 4. Glycated collagen exhibits delayed fibrillogenesis compared with normal collagen. Fibrillogenesis
was examined by neutralizing normal and glycated type | collagens from the acid soluble state + heparin and
following OD40s in a microplate spectrophotometer. Fibrillogenesis of glycated collagens was delayed but
sample turbidity reached a plateau within 6-12 h (data not shown); heparin delayed fibrillogenesis only for
normal collagen. Experiments were repeated three times.

presence or absence of heparin after 17 h in the
polymerization assays. All fibril preparations
displayed the typical 67 nm banding pattern
characteristic of collagen fibrils (Fig. 5A). Fibril
diameters were measured and their sizes
compared between samples (Fig. 5B). For fibrils
not treated with heparin, the mean difference
between glycated and non-glycated fibril diam-
eters was not significant (P=0.328). On aver-
age, glycated fibrils were smaller by 1.2 nm. For
fibrils treated with heparin, the mean difference
between glycated and non-glycated fibril diam-
eters was also not significant (P=0.719). On
average, glycated fibrils had a 2.4% decrease in
diameter. The distribution of diameters of
fibrils not treated with heparin was adequately
represented by the normal distribution.
Meanwhile, for fibrils treated with heparin,
a log-normal right-skewed distribution was
appropriate. Thus, for the normal distribution,
the center location is the mean and the median,
which are the same. For a right-skewed distri-
bution, the center location is represented by the
median, which is smaller than the mean. For the

log-normal distribution, this median is com-
puted as the back transformed mean of the log-
transformed original measurements. Thus,
there is a statistically significant increase
in the proportion of smaller diameter fibrils in
normal and glycated collagens polymerized in
the presence of heparin, as compared with the
same collagens not exposed to heparin.
Further experiments examined whether cell
surface PGs exhibit altered interactions with
glycated collagen, and how this may impact on
cell—collagen interactions. For this purpose, the
ARH-77 B-cell line was used as it lacks cell
surface PGs but can be transfected to express
the HSPG syndecan-1, a known ligand for type I
collagen. Thus, the attachment of syndecan-1
expressing and control transfected cells to
normal or glycated type I collagen or BSA-
treated plastic substrata were examined in a
microplate assay. It was found that syndecan-1
expressing cells attached strongly to normal
collagen and weakly to glycated collagen, and
not at all to BSA-treated plastic (Fig. 6). Finally,
the effect of glycation of collagen to its ability to
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Fig. 5. Fibrils from normal and glycated collagens display normal periodicities and are of similar diameters.
A: Collagen fibrils formed in fibrillogenesis assays (e.g., Fig. 4) were examined by TEM for morphology.
Micrographs are representative samples from two experiments. B: Fibril diameter measurements were
carried out as described in Materials and Methods Section using fibril preparations from at least two

fibrillogenesis experiments.

support endothelial cell migration was exam-
ined in an in vitro endothelial cell “scrape
wound” assay (Fig. 7). Thus, endothelial cells
were plated onto normal or glycated collagen
films and allowed to reach confluence. A scrape
wound was then created in the cell monolayer,
and its recovery was examined over time. It was
observed that endothelial cell migration on
glycated collagen was significantly delayed in
comparison with the normal collagen, although
all cultures repopulated the scrape wound area
within 24 h.

DISCUSSION

Defective interactions between endothelial
cells [Kuzuya et al., 1998; Chen et al., 2001],
keratinocytes [Morita et al., 2005], osteosar-
coma cells [Paul and Bailey, 1999], and fibro-
blasts [Kawano et al., 1990] with glycated type I
collagen may be attributed to altered interac-
tions between cell surface integrins and PGs
with collagen fibrils. Moreover, glycation affects
basement membrane protein interactions [Tsi-
libary et al., 1988], and may also influence the
matrix binding properties of PGs. Finally, on

the collagen fibril, one of the two major binding
regions for KSPGs overlaps with several pre-
ferred glycation sites [Reiser et al., 1992;
Hadley et al., 1998; Di Lullo et al., 2002]. The
aim of this study was thus to determine whether
type I collagen modified by simple glycation
impacts collagen—PG interactions.

Heparin—collagen interactions are thought to
rely upon both non-specific -electrostatic
binding and the fine structural features of
both molecules. Thus, these interactions are
disrupted by high salt concentrations [Koda
et al.,, 1985; Keller et al.,, 1986]; however,
affinity of heparin for collagen does not correlate
solely with heparin charge density [San
Antonio et al., 1993]; rather, the types and
distributions of sulfated disaccharides, the
presence of highly sulfated iduronic acid-rich
domains, or even discrete collagen-binding
sequences may also play roles. Although colla-
gen binding sequences in heparin have not
been identified, for B-cells, affinity for type I
collagen correlates with high N-sulfation and
2-0-sulfation, and low 6-O-sulfation of the HS
chains of cell surface syndecan-1 [Sanderson
et al., 1994].
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Fig. 6. Heparan sulfate-mediated binding of cells to glycated
type | collagen is diminished as compared to normal type |
collagen. Syndecan-1-transfected or control transfected ARH-77
cell binding to type | collagen coated microtiter wells was
assessed. In this assay, following centrifugation, cells binding to
collagen form a uniform coat over the well surface, cells not
binding form a pellet. Cells expressing syndecan-1 bind tightly to
normal type | collagen (lane 2), but not to control wells coated
with BSA (lane 1), and weakly to wells coated with glycated type |
collagen (lane 3). Control-transfected cells that lack syndecan-1
expression fail to bind BSA and collagens. Triplicate wells for
each condition are shown. Wells shown are from a single plate
from a representative experiment.

Several features of type I collagen are pro-
posed to confer affinity for heparin. First, the
basic charge (pl =2 8.0) of the polymer may favor
electrostatic interactions with the anionic hep-
arin chains. Second, the triple helical conforma-
tion is necessary for heparin binding, as melting
of collagen greatly reduces its affinity for
heparin [Keller et al., 1986; San Antonio et al.,
1992]. Third, a discrete heparin-binding site at
amino acids 87-93 of type I collagen may play a
role [San Antonio et al., 1994b; Sweeney et al.,
1998]. Therefore, the reduced affinity of heparin
for glycated collagen seen here could result from
the effects of glycation on any of collagen’s
electrostatic binding potential, triple helical
conformation, or heparin-binding site function.
Of these, our data are consistent with a role for
glycation in altering the electrostatic binding
potential of collagen. Thus, it was found that

Fig. 7. EC migration is delayed on glycated collagen. EC plated
on normal or glycated collagen films and allowed to reach
confluence were ““scrape wounded,” rinsed with PBS+, then re-
supplemented with culture media. Scrape wound widths were
greater in cultures on glycated collagen at 4 and 6 h (not shown)
(P<0.01; n="7 cultures/time point) as compared with controls,
and complete wound recovery took longer for cells cultured on
glycated collagen. Experiments were repeated twice.

affinity of heparin for type I collagen is highly
sensitive to its ionization state as the K4 of
heparin—collagen binding varied from =210 nM
at pH 5.0 to 1 uM at pH 8.0. These data imply
that the affinity of heparin for collagen
strengthens with an increase in the ionization
state of the basic residues of collagen. By
extension, for glycated collagen, reducing the
availability of lysine residues to interact electro-
statically, perhaps via steric hindrance of
collagen—PG interactions by the glucose
adducts, may reduce heparin-binding affinity.
CD revealed that although the normal and
glycated collagens each assume triple helical
conformations, in the presence of heparin, the
glycated collagen precipitated more readily,
perhaps owing to a reduction in its number of
available lysines. This study cannot evaluate
whether the function of the heparin-binding
sequence of type I collagen is affected by
glycation, since the N-terminal region of the
protein including the binding site has not been
examined in this regard; however, potential
glycation acceptor sites are present within and
near the heparin-binding sequence. Moreover,
the binding of heparin to the heparin-binding
sequence could also be influenced by the
glycation of residues elsewhere in the collagen
fibril, since heparin can span the distance
between the heparin-binding site on one mono-
mer and some of the sites of preferential
glycation on other monomers, for example,
lysines 453 and 479 [Reiser et al., 1992].

In this study the effects of collagen glycation
to PG binding were also examined. In many
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Fig. 8. Glycation and KSPG-binding regions co-localize on
type | collagen. A: Schematic of the type | collagen D-period, or
repeating structural subunit, showing cross-fibril zones for KSPG,
KSPG/HSPG/heparin, and DSPG binding, predominant residues
modified by glycation, the major glycation region of the fibril
(shaded rectangle), proposed sequences (PS) for DSPG and KSPG
binding, physically mapped (PM) sites for DSPG and HSPG
binding, and the GFPGER integrin binding site (IBS). Collagen
triple helical monomers are shown as black lines with N- and
C-termini indicated; fibril structure is according to Chapman
[1974]. For the sake of clarity monomers are separated from each
other by considerable distances; however, in the native fibril they
are tightly associated. Note that preferred glycation sites overlap
with KSPG binding regions and two sites localize to the same
triple helical regions as one of the proposed sequences for KSPG
binding (dashed-lined rectangle). The electron dense banding
pattern seen in EM preparations of positively stained fibrils is not
shown; however, the KSPG binding region on the left includes
the C1-C3 bands; the HSPG/heparin/KSPG region includes the
A1-A4 bands; and the DSPG binding region the D and E1-E2
bands. B: Sequence of the triple helical region enclosed by the
dashed-lined rectangle in panel A of this figure. Note that the
GERGEQGPAGS sequence of the ol chain proposed as a
consensus site for KSPG binding [Scott and Glanville, 1993]
co-localizes with a preferred glycation site on the a2 chain, and is
only 18 residues away from a second glycation site and the major
glycation region of the fibril (shaded rectangle), also in panel A of
this figure.

tissues PGs are full-time binding partners of
type I collagen; for example, fibrils may asso-
ciate with decorin in tendon and KSPGs in the
cornea [Ayad et al., 1998]. Thus, DSPGs includ-
ing decorin were found to localize to the D and
E1-E2 band region, and KSPGs including

lumican, keratocan, and others mapped to the
C1-C3 and A1-A4 band regions [Scott, 1991]
(Fig. 8A). These PGs are thought to interact via
their core proteins with discrete triple helical
domains limited to one monomer within the D-
period of the fibril; PG GAG chains are also
proposed to bind to the collagen fibril and
to project outwards and regulate inter-fibril
interactions [Weber et al., 1996; Vesentiniet al.,
2005]. Binding sites for the DSPG/decorin core
protein(s) were also mapped at high resolution
to two sequences (Fig. 8A,B) [Scott et al., 1997].

The PGs tested here are members of the small
leucine-rich PG family, comprised of core pro-
teins each containing approximately 10 leucine-
rich repeats, to which one or more GAG chains
are attached [Ayad et al., 1998]. The DSPGs
include recombinant forms of decorin and
biglycan isolated under non-denaturing condi-
tions and shown to exhibit native-type confor-
mations and matrix interactive behaviors
[Hocking et al.,, 1996; Ramamurthy et al.,
1996]. The KSPG mixture was isolated from
bovine cornea under similar conditions and
contains lumican, keratocan and mimecan. In
spite of the homology between the DSPGs and
KSPGs, only the latter exhibited weaker affin-
ity for glycated collagen. One interpretation is
that KSPG binding to collagen, like that of
heparin, may have a significant electrostatic
component that is impacted by glycation,
whereas the other PGs do not. This seems
unlikely since the net charge densities of the
various PGs used here are similar (data not
shown). Another possibility is that the binding
sites on the collagen fibril for KSPGs, but not
DSPGs are directly impacted by glycation. This
notion is consistent with the report that several
preferred sites of glycation on the collagen fibril
fall within one of the cross-fibril regions pro-
posed to bind KSPGs including the C1-C3
bands [Di Lullo et al., 2002] (Fig. 8A). In that
KSPG binding region, a candidate consensus
sequence for core protein binding was identified
[Scott and Glanville, 1993] (Fig. 8B) that
contains one of the preferred glycation sites
(Iysine 453), and the other three sites are its
near neighbors on the collagen fibril [Reiser
et al., 1992], falling within less than 5% of the
area of the entire D-period (Fig. 8A). On the
fibril the C1 band is the most heavily impacted
by glycation [Hadley et al., 1998]; interestingly,
this region falls within the cross-fibril KSPG-
binding zone including the C1-C3 bands. It is
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also only 18 residues, or approximately 5.5 nM
away from the candidate consensus KSPG
binding sequence (Fig. 8A,B), but is distant
from the DSPG binding region [Hadley et al.,
1998; Di Lullo et al., 2002].

Glycation has been reported to affect various
physical properties of type I collagen, resulting
in the appearance of fluorescent cross-links,
decreased acid solubility, pepsin resistance at
low temperatures [Bai et al., 1992], altered
packing density of fibrils and intermolecular
cross-linking [Bai et al., 1992]. Collagens from
rat tail tendon and diabetic human skin contain
up to one glycated residue or cross-link per two
moles of type I collagen [Brennan, 1989; Bailey
et al., 1995]. We propose that such values be
corrected to establish an estimate of the extent
of glycation of the monomers on the fibril
periphery, since most glycation is assumed to
occur after the fibril is formed [Paul and Bailey,
1996]. Considering the ratio of inaccessible/
exposed monomers in collagen fibrils may pro-
vide the “glycation correction factor” to convert
moles glucose/monomer to moles glucose/
exposed monomer. Thus, the fibril and compo-
nent monomers may be modeled in cross-section
as a circle containing tightly packed circles of
equal area. Monomers on the periphery
are assumed to be glycation substrates; all
others are the non-glycated or inaccessible
monomers. Using a database including the best
known packings of equal circles in unit circles
(http://hydra.nat.unimagdeburg.de/packing/cci/
cci. html), and assuming the collagen monomer
to be 1.5 nm in diameter, examples can be found
representative of small fibrils of diameters 16
nm [Piez and Reddi, 1984], with 25 exposed
monomers and 61 inaccessible monomers, and
36 nm, with 65 exposed monomers and 425
inaccessible monomers. The “glycation correc-
tion factor” for the 16 and 36 nm fibrils would be
2.4 and 6.5, respectively. Although models for
larger fibrils are unavailable, our extrapola-
tions for fibrils of 250 or 500 nm diameters
typical in tendon [Bai et al.,, 1992] reveal
glycation correction factors of at least 42 and
86, respectively (data not shown). Thus, for a
homogenate generated from tendon comprised
of 500 nM fibrils, if glucose/type I collagen
monomer is measured to be 0.5:1.0 (mol/mol),
the glycation density on the exposed monomers
in that preparation may be as high as 42 mol
glucose/mol collagen, which is in the range of
the sample we used for our studies.

Here, that normal and glycated collagen
exhibit similar triple helical conformations
and fibrillar structures again suggests that
glycation influences PG—collagen interactions
by altering fine structural features of collagen
such as the availability of its basic residues for
intermolecular interactions. Glycated collagen
was reported to delay fibrillogenesis, which was
attributed to the disruption of charge—charge
interactions between monomers needed for
polymerization [Guitton et al., 1981]. In the
present study, that fibrillogenesis of normal but
not glycated collagen was delayed by heparin
may also be a consequence of collagens reduced
potential for electrostatic interactions. Indeed,
it has been shown that KSPGs, DSPGs, and
heparin reduce the rate of type I collagen
polymerization [Vogel et al., 1984; Gavriel and
Kagan, 1988; Rada et al., 1993], and therefore
may regulate collagen fibril diameters in vivo.
Our finding that normal and glycated collagen
fibrils are similar in diameter and exhibit
normal periodicity in the presence or absence
of heparin implies that the reduced heparin-
binding affinity of glycated collagen is likely not
due to a difference in the availability or number
of heparin-binding sites on the fibril.

KSPGs are present in many tissues as full-
time binding partners of type I collagen and are
most abundant in the cornea where they may
regulate fibril organization and tissue trans-
parency [Funderburgh et al., 1991; Ayad et al.,
1998]. Lumican null mice exhibit corneal opac-
ity, fragile skin and defects in collagen fibril size
and organization [Chakravarti et al., 1998,
2000], and this PG may play roles in cell
migration, adhesion, and growth in other
tissues [Saika et al., 2000; Vij et al., 2004].
Based on our results, it is proposed that
glycation may weaken KSPG-collagen inter-
actions in vivo, by disrupting core protein- and
GAG-fibril binding, and contributing to altered
fibril organization, which are observed in
corneal pathologies in aging and diabetes [Paul
and Bailey, 1996]. Cell surface HSPGs includ-
ing the syndecans are considered to be part-time
binding partners of type I collagen, and to
function with integrins to promote cell adhesion
to type I collagen and other matrix components
[Koda et al., 1985; Woods and Couchman, 1998].
In B-cells, the lack of cell surface syndecan-1
correlates with the propensity to invade a type I
collagen gel, consistent with the malignant
phenotype [Liebersbach and Sanderson, 1994].
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Syndecans are also proposed to play roles in
matrix assembly, turnover, and wound healing
[Bernfield et al., 1992; Klass et al., 2000;
Echtermeyer et al., 2001]. Consistent with these
findings, we observed a disruption of syndecan-
mediated B-cell adhesion to glycated collagen.
Moreover, we also found that the migration of
human primary endothelial cells was delayed
on glycated versus normal collagen. Potentially,
glycation of collagen may disrupt endothelial
cell—collagen interactions in at least two ways.
First, endothelial cell surfaces are rich in PGs
[Vargas et al., 1990], which may bind to
collagenous substrates electrostatically and
such interactions may be weakened due to the
reduced charge density of the glycated collagen.
Second, the predominant type I collagen recep-
tors on endothelial cells are the alfl/a2p1
integrins, which bind the GFPGERs5p2_507
sequence of the collagen, localized only about
10 nM from the glycation substrate K479 and
the major glycation zone of the fibril (Fig. 8A)
[Knight et al., 2000; Di Lullo et al., 2002].
Therefore, integrin-collagen ligation could also
be sterically disrupted by collagen glycation.

In summary, our results imply that in vivo,
collagen glycation may inhibit PG-mediated cell
adhesion or migration in the collagenous
stroma, and PG—collagen interactions required
for maintaining ECM structure and function.
Collagen glycation may thus be predicted to
contribute to pathologies associated with dia-
betes and aging including delayed wound heal-
ing and tumor metastasis.
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