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When fibrous collagen of rat tail tendons was glycated by incubation with ribose, it became
highly insoluble in dilute acetic acid and resistant to pepsin digestion at 5°C, since it was
cross-linked by advanced glycation end products. Extensively glycated fibrous collagen
was found to be much less stable than non-glycated control fibrous collagen against pepsin
digestion at 30°C. Under conditions where nearly all of the glycated fibrous collagen was
degraded into small peptides by pepsin, approximately 45% of the control collagen was left
as large polypeptides having nearly the whole length of its triple-helical region. A soluble
collagen, which consisted primarily of the triple-helical region of monomeric collagen, was
found to be glycated as efficiently as the fibrous collagen on incubation with ribose at 30°C,
while the rate of cross-linking of the soluble collagen was very low, suggesting that the
triple-helical strands do not undergo intramolecular cross-linking and that most of the
cross-links produced in the glycated fibrous collagen are intermolecular ones. The glycated
soluble collagen was as stable as the control collagen against pepsin digestion at 30°C. These
results indicate that the triple-helical strands of glycated fibrous collagen are much less
stable than those of the non-glycated form against proteolytic digestion by pepsin at a
temperature close to but below their melting point. Sugar-derived intermolecular cross-
links are supposed to underly the decreased stability of the triple-helical strands.

Key words: advanced glycation end products, collagen, cross-link, glycation, pepsin

digestion.

Collagen normally undergoes a series of age-related
changes characterized by decreasing solubility, increasing
stiffness and increasing resistance to enzymatic digestion
(1), and these changes are known to be accelerated in
diabetes mellitus (I-6). These age-related and diabetes-
accelerated changes of collagen are supposed to be brought
about by sugar-derived cross-links recognized also as
advanced glycation/glycosylation end products (AGE),
which appear to be produced through a series of non-en-
zymatic reactions between the side chains of collagen
polypeptides and glucose or its metabolites (3-10). Pento-
sidine, a fluorescent imidazopyridinium compound includ-
ing a lysine and an arginine cross-linked by a derivative of
“pentose,” has been proposed to be the major senescence
cross-link responsible for the age-related and diabetes-
related changes in the physical properties of collagen (7-
10), while a recent study suggested that a non-fluorescent
cross-link other than pentosidine is responsible for the
changes (11). Ribose, which gives a much larger proportion
of the aldehyde form than glucose in solution (12), has been
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shown to be far more effective in glycating collagen in vitro
(11, 13-15), as well as in forming pentosidine (7-9, 11)
and the non-fluorescent cross-link in vitro (11).

Fibrous collagen glycated in vitro by incubation with
glucose or ribose has been shown to exhibit increased
tensile stress and stiffness, increased thermal stability in a
urea solution, and increased resistance to pepsin digestion
compared to non-glycated fibrous collagen (6, 13, 15-17).
An electron microscopic study has shown that collagen
fibrils in glycated collagen fibers exhibit larger and irregu-
lar diameters, and closer packing compared to those in
control collagen fibers (18). An X-ray diffraction study has
also shown that glycation induces expansion of the inter-
molecular spaces of collagen fibrils (14). Whereas these
studies have demonstrated a few glycation-induced changes
in the organization of the fibers and fibrils of collagen, it is
not known how glycation affects the conformation and
stability of individual collagen molecules.

The type I collagen molecule is composed of elongated
triple-helical polypeptide chains, i.e. two a1 and one a2
chains, with small non-helical regions at both their N- and
C-termini (19, 20). The enzymatic cross-links, hydrox-
ylysylpyridinium and lysyl pyridinium, which are produced
through the action of lysyl oxidase during the maturation of
collagen fibrils, are localized primarily in the non-helical
regions (21, 22), while the non-enzymatic cross-links of
AGE are supposed to be localized primarily in the triple-
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helical regions (14, 15). The triple-helical regions of
collagen are resistant to pepsin digestion at a low tempera-
ture where the triple-helical strands do not unfold, while
the non-helical regions of collagen are labile against pepsin
digestion even at a low temperature (19, 23). The present
study was undertaken to determine how glycation affects
the molecular conformation of the triple-helical strands of
collagen using pepsin as a probe. In contrast to the previous
understanding, we have found that glycation decreases the
stability of the triple-helical strands of collagen against
proteolytic degradation by pepsin in a specific temperature
range rather than protects them from degradation.

MATERIALS AND METHODS

Materials—Tail tendons dissected from 6-month-old
Wistar rats were washed with phosphate-buffered saline
(10 mM sodium phosphate, pH 7.5, containing 0.15M
NaCl and 8 mM NaN,;) and distilled water, and then
lyophilized. The tendons were cut into about 2-mm pieces
and used for the present studies. D-[1-**C]Ribose (55 mCi/
mmol) was obtained from American Radiolabeled Chemi-
cals. Soluble collagen, consisting primarily of monomeric
collagen, was prepared as follows. Pieces of rat tail tendon
were digested with 1/20 weight of pepsin in 0.5 M acetic
acid for 5 days at 25°C (15). The pepsin digest was sub-
jected to salt fractionation in acidic and neutral solutions as
described by Miller and Rhodes (23). The monomeric
collagen sample was dialyzed against the phosphate-buffer-
ed saline and then centrifuged for 60 min at 20,000 x g. The
supernatant was used as “soluble collagen.” The «-chains
of collagen were isolated from the soluble collagen by Sepha-
rose CL-6B gel filtration in the presence of 2 M guanidine-
HCI as described by Miller and Rhodes (23). The a-chain
fractions were pooled, dialyzed several times against a
large excess volume of distilled water by replacement with
fresh distilled water, and then lyophilized. These «-chains
were used as reference collagen chains for determination of
the concentrations of collagen chains in various samples.

Glycation of Fibrous Collagen of Rat Tail Tendons—
Pieces of tendons were suspended at a concentration of 5
mg/ml in the phosphate-buffered saline containing 0.2 M
D-ribose and then incubated at 37°C for the indicated
periods of time, unless otherwise noted (15). The tendon
pieces were washed several times with the phosphate-
buffered saline and then subjected to the variety of analyti-
cal procedures described below. Where indicated, 2 mg of
the tendon pieces was incubated with 0.4 ml of the phos-
phate-buffered saline containing 0.2 M ['*C]ribose (12.5
£ Ci/mmol) for the indicated period (15), and followed by
washing 4 times with 5 ml of the phosphate-buffered saline.
These tendon pieces were further washed 3 times with 5 ml
of ethanol on a glass fiber filter (Whatman GF/F), dried
under a tungsten lamp, and then immersed in 0.5% 2,5-
diphenyloxazole in toluene. The radioactivity was deter-
mined with a scintillation counter. The molecular weights
of the @1 and @2 chains of collagen were assumed both to
be 100,000.

Enzymatic and Non-Enzymatic Solubilization of Fibrous
Collagen—Ten-milligram pieces of control or glycated
tendons were immersed in either (i) 2 ml of 0.1 N NaOH,
(i1) 5ml of 0.5 M acetic acid, (iii) 2 ml of 2% SDS, 5%
2-mercaptoethanol, and 0.1 M Tris-HCI, pH 6.8, or (iv) 2
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ml of 0.5 M acetic acid containing 0.5 mg of pepsin (Sigma).
The samples in 0.1 N NaOH were boiled for 30 min and
then neutralized with 6 N HCl. The samples in 0.5 M acetic
acid were incubated for 2 days at 25°C and then centrifuged
for 60 min at 20,000 X g. The samples in the SDS solution
were incubated for 10 h at 45°C, boiled for 30 min, and then
centrifuged as above. The samples in 0.5 M acetic acid
containing pepsin were incubated for the indicated periods
of time at the indicated temperatures and then centrifuged
as above. The precipitates were washed several times with
distilled water and then lyophilized. The supernatants and
precipitates were subjected to the various analytical proce-
dures described below.

Analytical Procedures—The concentration of collagen
was determined by measuring the content of hydroxypro-
line as described by Berg (24, 25), and the content of
hydroxyproline in type I collagen was assumed to be 14%
(w/w) (26).

AGE were determined by measuring the absorbance of
the NaOH hydrolysates of collagen at 400 nm.

SDS-PAGE was performed as described previously (25,
27). SDS-PAGE performed with gels comprising only a
separation gel gave nearly identical electrophoretic pat-
terns to that obtained with standard gels consisting of both
separation and stacking gels (27). To quantify the mono-
meric and oligomeric chains of collagen, the Coomassie
Blue-stained gels were dried, and then the a-chain and
B-chain regions of collagen were cut out from the gels and
immersed in 1.5 ml of 25% pyridine (25, 28). The absorb-
ance of the Coomassie Blue eluted from the gels was
determined by reading at 605 nm.

To determine the molecular mass of collagen in pepsin
digests, the digests were adjusted to pH 7.5 with 6 N NaOH,
boiled for 30 min with 2% SDS, and then subjected to gel
filtration on a Sepharose CL-6B column equilibrated with
20 mM Tris-HC], pH 7.5, 0.1 M NaCl, and 0.1% SDS.

Protease activity of pepsin was determined using bovine
serum albumin as a substrate as described below. Pepsin
was dissolved to a concentration of 0.25 mg/ml in 0.5 M
acetic acid or 0.5 M acetic acid containing 2 mg/ml of rat
tail tendon collagen, and then incubated at 30°C. At the
times indicated, 5 ul of each incubation mixture was
transferred to a 2-ml incubation mixture containing 0.5 M
acetic acid and 1 mg/ml of bovine serum albumin, and then
incubated at 25°C. At 10 min, 0.5 ml of 60% (w/v) per-
chloric acid was added to the mixtures, and then the
mixtures were centrifuged for 10 min at 10,000 X g. The
absorbance of the supernatants was measured at 280 nm.

Glycation of Soluble Collagen—Soluble collagen was
glycated with 0.2 M ribose or {'*C]ribose under the same
conditions as described above for the tendon pieces except
that the concentration of collagen was 2.0 mg/ml and the
incubation temperature was 30°C, since the soluble collagen
formed gels of collagen fibrils when incubated at a higher
concentration or at a higher temperature (29). The soluble
collagen glycated with non-radioactive ribose was dialyzed
against the phosphate-buffered saline and then subjected to
the analytical procedures described below. The collagen
glycated with radioactive ribose was made insoluble by the
addition of 20% TCA, collected on a glass fiber filter, and
washed 5 times with 5 ml of 20% TCA and then twice with
5ml of ethanol. The radioactivity was determined as
described above.
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RESULTS

Effects of Glycation on the Solubility of Fibrous Collagen
in Dilute Acetic Acid and SDS Solutions—Rat tail tendons,
comprising nearly homogeneous fibers of type I collagen,
were incubated with 0.2 M [**C]ribose at 37°C for various
periods, ranging from 0 to 30 days, and the time course of
glycation of collagen was determined (Fig. 1A). Approxi-
mately 6 mol of ribose was incorporated into 1 mol of
a-chains of collagen in 2 days, and the glycation continued
to increase gradually up to about 20 days, when approxi-
mately 16 mol of ribose was incorporated into 1 mol of
a-chains. Since glycation was reported to occur initially at
the lysyl residues of proteins (7-9, 22), and type I collagen
of rat contains about 28 mol of lysine per mol «-chains
(19), approximately 60% of the lysyl residues of the tendon
collagen were supposed to be glycated under the conditions
examined. The content in the fibers of brown-colored
materials, which appeared to be derived from AGE, also
appeared to increase with increasing incubation time, in
parallel with the progress of glycation (Fig. 1A). With
increasing incubation time, the collagen fibers became
highly insoluble in dilute acetic acid; whereas the control
collagen fibers were solubilized almost completely in dilute
acetic acid, and the collagen fibers that had been incubated
with ribose for 2 days or longer were almost completely
insoluble in dilute acetic acid (Fig. 1B). Since dilute acetic
acid is known to dissolve collagen fibers by disrupting the
non-covalent interactions among both the fibrils and the
molecules, but not those among the triple-helical chains
(19, 23), the result appeared to suggest that sufficient
numbers of intermolecular and/or interfibrillar cross-links
were introduced into the fibers on incubation with ribose for
2 days to prevent their dissociation in acetic acid. When
these glycated fibers were boiled with an SDS solution to
disrupt the non-covalent interactions among the triple-
helical chains as well as the non-covalent interactions
among the fibrils and molecules, the tendons glycated for
less than 4 days were solubilized efficiently, while those
glycated for longer periods were solubilized partially, and
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those glycated for longer than 20 days were almost com-
pletely resistant to solubilization (Fig. 1B). When the SDS-
boiled extracts were subjected to SDS-PAGE, the extract
of the control tendons was found to contain high concentra-
tions of monomeric («) and dimeric (8) chains of collagen,
which were estimated to account for about 32 and 48% of
total collagen in the tendons, respectively (Fig. 2). On the
other hand, the extracts of the glycated tendons contained
much lower concentrations of these chains; the concentra-
tion of a-chains in the extract of the tendons glycated for 2
days was approximately 1/3 of that in the control extract,
and the extracts of the tendons glycated for longer than 6
days did not contain appreciable concentrations of o -chains
(Figs. 1B and 2). These results indicated that nearly all of
the collagen chains were cross-linked initially to polymeric
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Fig. 2. SDS-PAGE of SDS-boiled extracts of control and gly-
cated rat tail tendons. Rat tail tendons were incubated at 37°C with
0.2 M ribose for the indicated numbers of days and then extracted
with an SDS solution as in Fig. 1B. The extracts were subjected to
SDS-PAGE. The numbers of days of incubation with ribose were: lane
1, 0 days; lane 2, 1 day; lane 3, 2 days; lane 4, 4 days; lane 5, 6 days;
lane 6, 8 days; lane 7, 14 days; and lane 8, 0 days. Std, molecular mass
standards in kDa. @1, al chains of collagen; a2, a2 chains of
collagen; 8, 8-chains of collagen.

Fig. 1. Glycation of fibrous col-
lagen of rat tail tendons, and
glycation-induced changes in the
solubility of collagen and con-
tents of the monomeric chains.
(A) Rat tail tendons were incubated
with 0.2 M ["“C]ribose at 37°C for
the indicated numbers of days, and
the contents of radicactive ribose
covalently bound to the collagen
were determined as described under
“MATERIALS AND METHODS”
(0). Rat tail tendons that had been
incubated with 0.2 M non-radioac-
tive ribose for the indicated priods
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10 15 were solubilized by boiling with 0.1

N NaOH, and then the absorbance of
the colored materials (AGE) was

measured at 400 nm (a). (B) Rat tail tendons that had been incubated with 0.2 M ribose as above were suspended in a 0.5 M acetic acid (D)
or 2% SDS (C) solution. The samples in 0.5 M acetic acid were incubated for 2 day at 25°C and then centrifuged for 60 min at 20,000 X g.The
samples in the SDS solution were incubated for 10 h at 45°C, boiled for 30 min, and then centrifuged as above. The supernatants were assayed
for collagen by measuring their hydroxyproline contents. The SDS-boiled extracts were subjected to SDS-PAGE (see Fig. 2), and the Coomassie
Blue-stained a-chains were determined as described under “MATERIALS AND METHODS” (&).

Vol. 120, No. 6, 1996

ZT0Z ‘2 $80o100 uo eridsoH uensuyd enybuey) Te /610'seulnolpioxo-qly/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

1156

polypeptides, that were unable to enter the gel, and then to
highly polymeric polypeptides, that were ingoluble in a hot
SDS solution, on incubation with ribose for 6 days and
longer, respectively.

Effects of Glycation on the Digestability of Fibrous
Collagen by Pepsin—Although it is well accepted that
glycated collagen fibers are resistant to pepsin digestion at
a low temperature such as 5°C and it has also been reported
that glycated collagen fibers are degraded partially at 37°C
by pepsin (17), it is not known at which temperature the
fibers become digestable by pepsin. In order to determine
the temperature at which glycated collagen fibers become
digestable by pepsin, collagen fibers glycated for 10 days
were incubated with pepsin at various temperatures, and
the time courses of degradation of the fibers were deter-
mined by measuring the concentration of soluble collagen
released from the fibers (Fig. 3). When the glycated fibers
were incubated with pepsin at 5°C, they were fairly resis-
tant to pepsin digestion, less than 10% of the collagen being
degraded into soluble (poly)peptides even after 30 days.
These fibers were found to become partially digestable by
pepsin at 25°C. It was further found that the fibers became
effectively digestable at 30°C, about 80% of the fibers being
degraded into soluble peptides in 5 days. When collagen
fibers glycated for 20 days were incubated with pepsin at
30°C, the fibers were also found to be degraded nearly
completely in about 20 days. To clarify the relationship
between the duration of glycation of the collagen fibers and
the extent of their degradation by pepsin at 5, 25, and 30°C,
rat tail tendons glycated for various periods were incubated
for 30 days with pepsin at the respective temperatures, and
then the extents of degradation of the fibers were deter-
mined (Fig. 4). The collagen fibers glycated for longer than
6 days were highly resistant to pepsin digestion at 5°C, less
than 10% of the collagen being degraded into soluble
peptides. These fibers were also fairly stable against pepsin
digestion at 25°C, less than 30 and 20% of the collagen being
released from the fibers glycated for 6 and 21 days,
respectively. On the other hand, when the glycated fibers
were incubated with pepsin at 30°C, all of the fibers,

Collagen Fibers raded
(Scﬂuble Collageerg(%)

15 20 25 30
Incubation Time (days)

0 5 10

Fig. 3. Time courses of degradation of glycated rat tail tendon
collagen by pepsin. Rat tail tendons that had been glycated with 0.2
M ribose for 10 (C, A, Z) or 20 days (@) were incubated in 0.5 M
acetic acid containing 1/20 weight of pepsin for the indicated numbers
of days at 5 (C), 25 (&), or 30°C (C, @), and then centrifuged for 60
min at 20,000 X g. The collagen recovered in the supernatants was
determined as an index of the degradation of the collagen fibers.

S.-F. Tian et al.

including those glycated for 21 days, were degraded almost
completely. These results indicate that glycated collagen
fibers are digestable by pepsin even at 30°C, a temperature
at which the triple-helical chains of collagen do not appear
to unfold to a significant extent (30).

Effect of Prolonged Incubation on the Proteolytic Activity
of Pepsin—The results shown in Figs. 3 and 4 were
obtained by incubating pepsin and collagen at and below
30°C for fairly long periods such as 30 days. To determine
whether pepsin underwent a change in proteolytic activity
during the incubation or not, pepsin was preincubated for
various periods at 30°C in the presence or absence of
collagen, and then the time course of the change in its
proteolytic activity was determined using bovine serum
albumin as a substrate. As shown in Fig. 5, pepsin that had
been incubated in the absence of collagen was fairly stable
for a long period, and pepsin preincubated for 30 days
possessed approximately 80% of the protease activity of
non-preincubated control pepsin. On the other hand, pepsin

raded
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oo (2] D

0 S 10 15 20

Days of Preincubation with Ribose

Fig. 4. Effect of glycation time on the digestability of rat tail
tendon collagen by pepsin at different temperatures. Rat tail
tendons that had been glycated for the indicated numbers of days with
0.2 M ribose were incubated with 1/20 weight of pepsin for 30 days
at 5 (&), 25 (0), or 30°C (O), and then centrifuged for 60 min at
20,000 X g. The supernatants were assayed for collagen.

Pepsin Activity (%)
5 8 B8 & B

-]

0 5 10 15 20 25 30

Preincubation Time ( days )
Fig. 5. Effects of preincubation with and without collagen on
the protease activity of pepsin. Pepsin was dissolved to 0.25 mg/
ml in 0.5 M acetic acid () or 0.5 M acetic acid containing 2 mg/ml of
collagen (A), and then incubated at 30°C. Aliquots (5 xl) of the
incubation mixtures were removed at the indicated time and assayed
for the protease activity using serum albumin as a substrate, as
described under “MATERIALS AND METHODS.”

J. Biochem.

ZT0Z ‘2 100100 uo [e1idsoH uensuyd enybueyd 1e /610'seuinolpioxo-qly:dny woly pepeojumoq


http://jb.oxfordjournals.org/

Stability of Glycated Collagen against Proteolysis

was found to lose approximately 40% of its protehse
activity on 5 days preincubation with collagen, while the
activity was fairly stable thereafter. Pepsin that had been
preincubated for 30 days with collagen had approximately
45% of the activity of control pepsin. It was apparent,
therefore, that pepsin retained a sufficient level of pro-
teolytic activity to further cleave the polypeptide chains of
collagen even after 30 days incubation, if its cleavage sites
were available. The rather slow rate of degradation of
glycated fibrous collagen by pepsin at 30°C thus appeared to
be related to its particular molecular conformation rather
than the loss of its proteolytic activity. Although the reason
why pepsin loses about 40% of its proteolytic activity
shortly after incubation with collagen is not known, it is
likely to be due to inhibition by the partial degradation
products of collagen (see following experiments).
Characterization of the Degradation Products at 30°C of
Control and Glycated Fibrous Collagens with Pepsin—To
determine the molecular sizes of the degradation products
with pepsin at 30°C of control and glycated fibrous collagen,
tendons that had been glycated for various periods were
incubated with pepsin for 30 days at 30°C, and then the
digests were subjected to SDS-PAGE. As shown in Fig. 6,
the pepsin digest of the non-glycated control fibers was
found to contain a high concentration of monomeric collagen
chains having a similar electrophoretic mobility to that of
the al or a2 chains present in the control fibers prior to
pepsin digestion (see Fig. 2). When the concentration of the
a-chains in the control digest was measured as described
under “MATERIALS AND METHODS,” they were found to
account for about 45% of the total collagen present in the
control fibers, indicating that the triple-helical regions of
non-glycated control collagen were fairly stable against
prolonged pepsin digestion at 30°C. The pepsin digests of
the tendons glycated for less than 8 days also contained
appreciable concentrations of monomeric chains of collagen

Fig. 6. SDS-PAGE of pepsin digests of rat tail tendons glycat-
ed for various periods. Rat tail tendons that had been preincubated
with 0.2 M ribose for the indicated numbers of days at 37°C were
incubated with pepsin at 30°C for 30 days, as in Fig. 4. The digests
were subjected to SDS-PAGE. The periods of incubation with ribose
were: lane 1, 0 days; lane 2, 1 day; lane 3, 2 days; lane 4, 4 days; lane
5, 6 days; lane 6, 7 days; lane 7, 8 days; lane 8, 14 days; lane 9, 21
days; and lane 10, 0 days. Std, molecular mass standards in kDa. a1,
al chains of collagen; a2, a2 chains of collagen; g, B-chains of
collagen.
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that migrated to slightly above the non-glycated a1 or a2
chains, while the digests of the tendons glycated for longer
periods did not contain appreciable concentrations of these
chains. The concentration of the small peptides at the front
of the gel appeared to increase with increasing time of
glycation. The pepsin digests of tendons glycated for 4 to 8
days contained considerable amounts of polymeric collagen,
that migrated to the top of the gel, while such digests of
tendons glycated for longer periods contained only low
concentrations of collagen at the same position: This
appeared to reflect one of the following two facts: (i) the
long-glycated collagen was degraded by pepsin into small
peptides more effectively than the short-glycated collagen.
(ii) A large fraction of the degradation products of long-
glycated collagen did not enter the gel because they still had
too large molecular masses to enter the gel, although they
had already been made soluble in dilute acetic acid and in an
SDS solution. To determine which of the interpretations is
the case, the contents of TCA-insoluble collagen or large
polypeptides in the pepsin digests were determined for
tendons glycated for various periods by adding 20% of TCA
to the respective digests (Fig. 7). Whereas the pepsin digest
of the control tendons contained more than 70% of TCA-
insoluble, large polypeptides of collagen, those of the
glycated fibers contained much smaller proportions of
TCA-insoluble collagen, and the digest of the fibers glycat-
ed for 30 days contained less than 20% of TCA-insoluble
collagen. It was apparent, therefore, that the pepsin digests
of long-glycated collagen contained smaller proportions of
large polypeptides than the non-glycated or short-glycated
collagen. When the pepsin digests of the control and
20-day-glycated tendons were boiled in an SDS solution
and then subjected to gel filtration on a Sepharose CL-6B
column equilibrated with a buffer containing SDS, the
digest of control tendons gave two peaks of UV-absorbing
materials at fractions corresponding to about 100 kDa and
smaller than 20 kDa, respectively, while the digest of the
glycated fibers gave only one peak at the low-molecular
mass fractions (Fig. 8). SDS-PAGE of the column fractions
revealed that the first peak fractions of the control fibers

100

TCA-Insoluble Collagen (%)

0 s 0 15 20 25 a0
Time of Glycation with Ribose (days)
Fig. 7. Effect of the glycation time on the degradation of rat
tail tendon collagen by pepsin. Rat tail tendons were preincubated
with 0.2 M ribose for the indicated numbers of days at 37°C and then
incubated with pepsin for 30 days at 30°C, as in Fig. 4. The pepsin
digests were made to 20% with respect to TCA and then centrifuged
for 10 min at 20,000 X g to sediment the insoluble polypeptides. The
contents of collagen in the TCA-insoluble pellets were determined.
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contained a1 and @2 chains of collagen, while the second
peak fractions from both control and glycated fibers
contained only small peptides at the front of the gel (Fig. 9).
These results indicated that nearly all of the long-glycated
collagen, including its triple-helical regions, was degraded
into small peptides on incubation with pepsin at 30°C for 30
days, while the triple-helical regions of control collagen
were degraded only partially under the same conditions.

Pepsin Digestion of Control and Glycated Fibrous
Collagens at 35°C—Although the results described above
revealed that the triple-helical regions of control collagen
were fairly stable against pepsin digestion at and below
30°C, these regions were found to become very labile when
the temperature was raised to 35°C, the melting point of the
triple-helical strands in dilute acetic acid (30). When the
control collagen, that had been preincubated with pepsin for
30 days at 30°C, was reincubated at 35°C, the triple-helical
chains were degraded into small peptides within 2 to 3h
(Fig. 10). When control fibrous collagen was directly
subjected to pepsin digestion at 35°C, most of it was
degraded into TCA-soluble small peptides within about 20
h. On the other hand, when the 20-day-glycated fibrous
collagen was subjected to pepsin digestion at 35°C, it took
about 60 h to degrade most of the glycated fibrous collagen
into small peptides. These results indicate that the triple-
helical strands of both control and glycated collagens
become very labile against pepsin digestion at the melting
point of the triple-helical strands, and that the rate of
degradation of the control collagen is higher than that of the
glycated collagen at this temperature, as reported previ-
ously (17). Highly cross-linked collagen thus appeared to
be much less accessible to pepsin than non-cross-linked
collagen at and above its melting point.

Glycation of Soluble and Insoluble Collagens with
Ribose—Although the results in Figs. 1B and 2 suggested
that the fibrous collagen underwent “intermolecular” cross-

Vo 200 100 Vi
LA

LA
3

90 5 10 12 14 16 18 20 22 24 26 28 30
Fraction Number

Fig. 8. Sepharose CL-6B gel filtration of pepsin digests of
control and glycated rat tail tendon collagen. Control and
glycat-ed rat tail tendons were incubated with pepsin for 30 days at
30°C. The pepsin digests were neutralized, boiled in 2% SDS, and then
subjected to Sepharose CL-6B gel filtration as described under
“MATERIALS AND METHODS.” The absorbance of the column
fractions was measured at 240 nm. Pepsin digest of control tendons
(»); pepsin digest of tendons glycated for 20 days (0). Vo, void
volume; V|, included volume. The peak fractions in which SDS-boiled
reference proteins (myosin heavy chain, 200 kDa; «-actinin, 100
kDa) were eluted are indicated by their molecular masses in kDa.
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linking on incubation with ribose, it was not known whether
its triple-helical regions underwent “intramolecular” cross-
linking or not. In order to determine whether the triple-
helical regions undergo intramolecular cross-linking or not,
a soluble collagen, which consisted almost only of the
triple-helical regions of monomeric collagen and lacked
most, if not all, of the intermolecular interactions at and

DF

Fig. 9. SDS-PAGE of Sepharose CL-6B column fractions of
pepsin digests of control and glycated tendon collagens. The
column fractions of the pepsin digests of control (a) and glycated
tendon collagens (b) obtained as in Fig. 8 were subjected to SDS-
PAGE. Lanes 1, fractions 15; lane 2, fraction 16; lanes 3, fractions 19;
and lanes 4, fractions 20. Std, molecular mass standards in kDa. a1,
al chains of collagen; a2, a2 chains of collagen; £, S-chains of
collagen; DF, dye front.

Fig. 10. Pepsin digestion of control rat tail tendon collagen at
35°C. Control rat tail tendon collagen, which had been preincubated
with pepsin for 30 days at 30°C, was reincubated at 35°C. At the
indicated times, aliquots of the incubation mixture were removed,
neutralized with a NaOH solution, and then subjected to SDS-PAGE.
The incubation times at 35°C were: lane 1, 0 h; lane 2, 0.5 h; lane 3,
1h; lane 4, 2 h; lane 5, 3 h; and lane 6, 4 h. Std, molecular mass
standards inkDa. a1, al chains of collagen; a2, a2 chains of
collagen; 8, B-chains of collagen.
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below 30°C, was prepared as described under “MATERIALS
AND METHODS,” and then incubated with [**C]ribose at
30°C. As shown in Fig. 11, the soluble collagen was found to
be glycated as efficiently as, or more efficiently than, the
fibrous collagen. Approximately 24 mol of ribose was
incorporated into 1 mol of « -chains of soluble collagen in 30
days, while the level of glycation of fibrous collagen during
the same incubation period at 37°C was approximately 16
mol ribose per mol a-chains (see Fig. 1A). The level of
glycation of soluble collagen appeared to further increase on
prolonged incubation with ribose (Fig. 11). When the
glycated collagen was subjected to SDS-PAGE, it was found
that the concentration of monomeric chains of the glycated

Glycatlon (ribose mol/mol a-chain)

I T PR e,
Incubation Time (days)

Fig. 11. Time course of glycation of soluble collagen. Soluble
collagen, which consisted primarily of monomeric collagen, was
prepared as described under “MATERIALS AND METHODS,” and
then incubated with 0.2 M ['*C]ribose at 30°C. On the indicated days,
TCA was added to 20% to the mixtures, and then the radioactive
ribose incorporated into the TCA-insoluble collagen was determined.

Std 1 2 3 4 5 6 7 8 9
e e e e e

kDa
200

_
R

—

Fig. 12. SDS-PAGE of glycated soluble collagen. Soluble col-
lagen was incubated with 0.2 M ribose for the indicated numbers of
days and then subjected to SDS-PAGE. The numbers of days of
incubation with ribose were: lane 1, 0 days; lane 2, 1 day; lane 3, 2
days; lane 4, 4 days; lane 5, 6 days; lane 6, 8 days; lane 7, 12 days;
lane 8, 20 days; and lane 9, 0 days. Std, molecular mass standards in
kDa. a1, a1 chains of collagen; @2, a2 chains of collagen; 8, §-chains
of collagen.
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soluble collagen did not change to a significant extent during
incubation with ribose (Figs. 12 and 13), although fibrous
collagen exhibited a rapid decrease in the concentrations of
its monomeric chains during the incubation (see Figs. 1B
and 2). It was found, however, that the monomeric chains of
soluble collagen showed a gradual decrease in electropho-
retic mobility with increasing incubation time (Fig. 12).
These results indicated that the triple-helical regions of
monomeric collagen do not undergo a significant extent of
intramolecular or intermolecular cross-linking during incu-
bation with ribose at 30°C. When the soluble collagen was
incubated at 37°C, it immediately became insoluble in both
the presence and absence of ribose due to the formation of
gels of collagen fibrils (29). When the collagens thus
incubated for 14 days at 37°C were boiled in an SDS
solution, the collagen incubated without ribose was solubi-
lized completely, while that incubated with ribose was
solubilized partially (approximately 30%). On SDS-PAGE
of these SDS extracts, the extract of the control incubation
mixture was found to contain nearly identical concentra-
tions of a1 and a2 chains as did the soluble collagen prior

o
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*
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o 5 10 18 20

Days of Incubation with Ribose

Fig. 13. Time course of the change in the content of a-chains
during glycation of soluble collagen. Soluble collagen which had
been glycated for the indicated numbers of days was subjected to
SDS-PAGE, as in Fig. 12. The Coomassie Blue-stained «-chain
regions were cut out from the gel, and the dye was quantitated as
described under “MATERIALS AND METHODS.”

TCA-nsoluble Collagen (%)

"

% s 0 15 20 25 30
Days of incubation with Pepsin

Fig. 14. Time courses of degradation of control and glycated
soluble collagen by pepsin. Control soluble collagen (O) or soluble
collagen glycated for 10 (O) or 20 days (A) was incubated with pepsin
for the indicated numbers of days at 30°C and made to 20% with
respect to TCA. The contents of collagen in the precipitates were
determined.
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Fig. 15. SDS-PAGE of pepsin digests of glycated soluble
collagen. Control soluble collagen (a) or soluble collagen glycated for
10 (b) or 20 days (c) was incubated with pepsin for the indicated
numbers of days and then subjected to SDS-PAGE. The periods of
incubation with pepsin were: lanes 1, 0 days; lanes 2, 5 days; lanes 3,
10 days; lanes 4, 15 days; lanes 5, 20 days; and lanes 6, 30 days. Std,
molecular mass standards in kDa. @1, a1 chains of collagen; a2, a2
chains of collagen; 8, #-chains of collagen.

to incubation, while the extract of ribose-incubated col-
lagen did not contain a significant concentration of mono-
meric or oligomeric chains of collagen (not shown), indicat-
ing that collagen fibrils reconstructed from the soluble
collagen also undergo cross-linkings. Furthermore, when
the collagen fibrils obtained on incubation at 37°C for 1 day
in the absence of ribose were reincubated for 14 days with
ribose at 30°C, they were found to undergo a similar extent
of cross-linking to as observed for the fibrils incubated at
37°C, as judged from their resistance to boiling in an SDS
solution, and from the complete loss of monomeric and
oligomeric collagen chains. Similarly, when rat tail tendons
were incubated with ribose at 30°C instead of 37°C, the
collagen fibers were also found to undergo cross-linking at a
rate similar to, but slightly lower than, that at 37°C (not
shown). These results thus appeared to indicate that a
fibrous state, but not an elevated temperature such as 37°C,
is indispensable for the cross-linking of collagen.

. Pepsin Digestion of Control and Glycated Soluble
Collagens—When the soluble collagen that had been prein-
cubated for 0, 10, or 20 days with ribose was incubated with
pepsin at 30°C, all of the collagen was found to be gradually
degraded with increasing incubation time, while the rates of
degradation of the glycated collagens were slightly lower
than that of the control collagen (Fig. 14). When the
incubation mixtures were analyzed by SDS-PAGE, the
triple-helical regions of control and glycated collagens were
found to be degraded at nearly identical rates (Figs. 15 and
16). It was apparent that non-glycated control collagen and
glycated, but not cross-linked, collagen exhibited nearly
identical levels of stability against pepsin digestion at 30°C.
The glycation-induced increase in proteolytic degradation
of fibrous collagen by pepsin is thus likely to be due to the
mtermolecular cross-linking at the triple-helical regions

S.-F. Tian et al.

a ~Chains (%)
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Fig. 16. Time courses of the change in the content of a-chains
of collagen during pepsin digestion of control and glycated
soluble collagen. Control soluble collagen (O) or soluble collagen
glycated for 10 (0O0) or 20 days (&) was incubated with pepsin for the
indicated numbers of days at 30°C and then subjected to SDS-PAGE
as in Fig. 15, and then the Coomassie Blue bound to the «-chains was
determined.

rather than to non-cross-linking glycation.

DISCUSSION

It is generally accepted that glycation makes fibrous col-
lagen resistant to pepsin digestion (4, 15). In the present
study, we have shown that, under defined experimental
conditions, glycation increases the proteolytic degradation
of the triple-helical regions of collagen by pepsin rather
than making them resistant to degradation. This difference
appears to be due to the following reasons. Whereas the
proteolytic degradation of control fibrous collagen proceeds
in a well recognizable manner even at a low temperature,
the degradation of glycated fibrous collagen proceeds in an
unrecognizable manner or at an inappreciable rate at the
temperatures examined previously. Namely, whereas lim-
ited proteolysis of the non-helical regions at a low tempera-
ture is effective in liberating the triple-helical regions from
non-glycated fibrous collagen, it is ineffective in liberating
the same regions from glycated fibrous collagen, since the
intermolecular cross-links at the triple-helical regions
interfere with the liberation of the same regions from the
glycated collagen. It was found, however, that not only the
triple-helical regions of glycated fibrous collagen but also
the same regions of control collagen were both very stable
against pepsin digestion at a low temperature, in spite that
the triple-helical regions of control fibrous collagen were
liberated efficiently, while those of glycated fibrous collagen
were not. It is not known, however, whether glycation
decreases or increases the proteolytic susceptibility of the
non-helical regions to pepsin. Thus, previous studies do not
appear to provide an answer to the question of whether
glycation decreases or increases the proteolytic susceptibil-
ity of the triple-helical regions of collagen. It should be
emphasized, however, that the triple-helical regions of
glycated fibrous collagen become much less stable than
those of control fibrous collagen against pepsin digestion
only in a specific temperature range, i.e. a range close to,
but below, the melting point of the strands, as discussed
below.

The rate and extent of degradation of glycated fibrous

J. Biochemn.
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collagen by pepsin were found to increase greatly in a
specific temperature range. Whereas most glycated col-
lagen was resistant to pepsin digestion at 25°C, it was
completely degraded into small peptides by pepsin at 30°C.
The rate, but not the final extent, of its degradation
appeared to increase further at 35°C or continue to increase
up to and even above 35°C. Similarly, the rate and extent of
degradation of the triple-helical strands of control collagen
by pepsin increased greatly at 35°C, while the strands were
fairly stable against pepsin digestion at 30°C. These tem-
perature-dependent abrupt increases in the digestability of
the collagens appear to arise from changes in the conforma-
tion or organization of the triple-helical strands of the
collagen molecules rather than a change in the proteolytic
activity of pepsin, since the magnitudes of the changes in
the digestability appear to be much larger than those of the
changes in the proteolytic activity at the respective temper-
atures. Although the changes in the digestability of both
control and glycated fibrous collagens at 35°C appear to be
induced by the unfolding of their triple-helical strands, it is
not known through what type of conformational or organi-
zational change the digestability of glycated fibrous col-
lagen is increased at 30°C. Since the glycated, but not cross-
linked, soluble collagen exhibited a similar level of stability
against pepsin digestion at 30°C to that of control collagen,
the increased degradation of glycated fibrous collagen at
30°C appears to be due to the presence of sugar-derived
cross-links in the collagen. Furthermore, since the triple-
helical strands did not appear to undergo intramolecular
cross-linking, most of the cross-links produced in fibrous
collagen are supposed to be intermolecular ones rather than
intramolecular ones. These results appear to raise the
possibility that the intermolecular cross-links in glycated
fibrous collagen increase its proteolytic degradation by
inducing local unfolding of the triple-helical strands at
30°C, thereby making them accessible to pepsin. Although
the mechanism by which the intermolecular cross-links
induce local unfolding of the triple-helical strands is not
known, these cross-links are supposed to unfold the strands
by interfering with the free thermal motions of the collagen
molecules and their triple-helical strands. When one of the
three strands in a collagen molecule is cross-linked with
another strand in an adjacent collagen molecule, one or two
of the non-cross-linked strands will temporarily unfold or
separate from the cross-linked strands at the cross-linked
sites, since the thermal motion of only the cross-linked
strands is limited by the cross-links, i.e. that of the non-
cross-linked ones is not. At such a relatively high tempera-
ture as close to the melting point or unfolding temperature
of the native strands, the thermal motions of the collagen
molecules and their individual strands may be large enough
to induce unfolding of the modified strands.

It has been proposed that cross-linking of fibrous collagen
by AGE is a primary mechanism that underlies the age-
related and diabetes-accelerated decreases in its solubility
and proteolytic digestability (4, 5, 13, 15-17). In the
present study, we found that fibrous collagen that had been
extensively cross-linked by a derivative of ribose under-
went complete degradation on pepsin digestion at 30°C.
Recently, we found that vascular tissues from middle-aged
and old-aged humans, but not ones from young humans,
contained a large fraction of fibrous collagen that was
resistant to pepsin digestion at 30°C but was labile against
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pepsin digestion at 35°C (31, 32). These results suggest
that fibrous collagen in living tissues undergoes a modifica-
tion that is distinct from its modification by AGE produced
by derivatives of ribose. These findings as well as the
analytical results described in this report thus appear to
reveal the differences between the changes occurring in
vivo and in vitro of fibrous collagen, and to facilitate
elucidation of the mechanism underlying the age-related
and diabetes-accelerated changes in fibrous collagen.

A previous X-ray diffraction study demonstrated that
glycation induces expansion of the unit cell area of collagen
fibrils of rat tail tendons in a direction perpendicular to the
axis of the rod-shaped molecules (14). The authors inter-
preted the present results as showing the expansion was
brought about by the formation of intermolecular cross-
links that acted to push the molecules apart. In the present
study, we have shown that glycation induces unfolding of
the triple-helical strands of collagen in an acidic medium.
This change may also be able to expand the area of
distribution of collagen chains within fibrils, although it is
not known to what extent this change affects the X-ray
diffraction pattern at neutral pH.

The stress-strain curve for a control tendon consists of
three well-defined regions: a “toe” region, where initial
extension occurs with little stress; a linear region, where
stress is linearly proportional to strain; and a “yield and
failure” region, where increasing extension results in
breaking of the tendon (33). Bai et al. (18) have demon-
strated that glycation induces changes in all three regions of
the stress-strain curve, i.e. expansion of the toe and linear
regions, and an increase in the ultimate stress of breaking.
The expansion of the toe and linear regions is thus likely to
be induced by the glycation-induced unfolding of the triple-
helical strands, while the increased ultimate stress appears
to be due to an increased number of intermolecular cross-
links. Similarly, Yue et al. (6), and Kohn et al. (13)
demonstrated previously that glycated collagen fibers
exhibited an increased breaking time in a 7 M urea solution
kept at 40 and 45°C, respectively, compared to control
fibers. These previous studies now also appear to indicate
that glycation increases the total mechanical stability of
collagen fibers by increasing the stability of the inter-
fibrillar and intermolecular interactions in the fibers rather
than increasing the stability of intramolecular interactions
among the triple-helical stands, since the triple-helical
strands of both control and glycated fibrous collagens are
supposed to dissociate under the conditions examined.
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