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Collagen type I extracted with acid or digested with pepsin forms fibrils under physiologi-
cal conditions, but this ability is lost when the collagen is treated with alkaline solution or
digested with matrix metalloproteinase 1 (MMP1). When acid-soluble collagen was in-
cubated with alkali-treated collagen, the fibril formation of acid-soluble collagen was
inhibited. At 37'C, at which alkali-treated collagen is denatured, the lag time was prolonged
but the growth rate of fibrils was not affected. At 30"C, at which the triple helical con-
formation of alkali-treated collagen is retained, the lag time was prolonged and the growth
rate reduced. Heat-denatured alkali-treated collagen and MMPl-digested fragments have
no inhibitory effect on the fibril formation of acid-soluble collagen. This means that the
triple helical conformation and the molecular length are important factors in the interac-
tion of collagen molecules and that alkali-treated collagen acts as a competitive inhibitor
for fibril formation of collagen. We found that alkali-treated collagen and MMPl-digested
fragments form fibrils that lack the D periodic banding pattern and twisted morphology
under acidic conditions at the appropriate ionic strength. We also calculated the relative
strengths of hydrophobic and electrostatic interactions between collagen molecules. When
the hydrophobic interaction between linear collagen molecules was considered, we found a
pattern of periodic maximization of the interactive force including the D period. On the
other hand, the electrostatic interaction did not show the periodic pattern, but the overall
interaction score affected fibril formation.
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Fibrillar collagen is the major protein in connective tissue;
its fibrils provide mechanical strength to tissues and form a
favorable matrix for cell attachment in vivo (1-3). The
mechanism of collagen fibril formation has long been
studied. Most of these studies were performed using type I
collagen extracted from tissue by acid or pepsin treatment.
Fibril formation of type I collagen is initiated by neutraliz-
ing and warming the collagen solution (4, 5). A system for
studying de novo fibril formation of type I collagen has also
been developed in which fibril formation is initiated by
cutting the C-propeptide of procollagen using a specific
enzyme (6). Using this system, pointed tips in the C- to
N-terminal direction of the growing fibrils were found (5,
1 This work was supported in part by the Academic Frontier Project
by the Ministry of Education, Science, Sports and Culture of Japan.
1 Present address: School of Food and Nutritional Science, University
of Shizuoka, Yada, Shizuoka, 422-8526.
' To whom correspondence should be addressed at: Nippi Research
Institute of Biomatrix, 1-1-1 Senjumidori-cho, Adachi-ku, Tokyo
120-8601. Tel: +81-3-3888-5111, Fax: -4-81-3-3870-9631, E-mail:
shunhatt£ bekkoame.ne.jp
Abbreviations: ASC, acid-soluble collagen; CD, circular dichroism;
h-d, heat denatured; MMP, matrix metalloproteinase; PBS, phos-
phate buffered saline.

£ 1999 by The Japanese Biochemical Society.

7). The interacting force of collagen molecules for fibril
formation has also been studied. A charged amino acid
plays an important role in the formation of SLS (segment-
long-spacing crystallites) fibrils (8, 9), and the hydrophobic
interactions have been suggested to be important in stabil-
izing the assembled collagen fibril with a D period (8, 10).

In another method for investigating collagen fibril forma-
tion, inhibiting or accelerating agents have been used.
Glucose and urea are known to be inhibitors of fibril
formation and low amounts of SDS stimulate fibril forma-
tion (11, 12). Concerning the stabilizing effect of N- and
C-telopeptides on collagen fibrils, the following two inde-
pendent studies have been reported: one shows the inhibi-
tory effect of pepsin-solubilized collagen on acid-solubilized
collagen fibril formation (13), and the other the inhibitory
effect of synthetic peptide coding telopeptides on fibril
formation (14). Chemical modifications of collagen mole-
cules also alter the features of fibril formation. Methylation
of the carboxylic group with methanolic hydrochloric acid
(25), deamination of Asn and Gin residues with sodium
hydroxide (15, 16), and succinylation of the e- amino
groups with succinyl anhydride (15) deprive collagen of
fibril forming activity at neutral pH.

In this report, we examine the effect of alkali-treated
collagen and collagen fragments digested with MMP1 on
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the fibril formation of acid-soluble collagen at 30'C and
37*C (RESULTS I). The results show that alkali-treated
collagen has an inhibitory effect on fibril formation, while
MMPl-digested collagen fragments have little effect. Next
we examined the fibril forming activity of alkali-treated
collagen and MMPl-digested fragments under various con-
ditions (RESULTS n) and found that these collagen prepara-
tions form fibrils under acidic conditions. In "RESULTS m,"
we calculated the forces of interaction between the triple
helical region of collagen molecules considering the hydro-
phobic and electrostatic interactions, and glycosylations of
the hydroxylysine residues.

MATERIALS AND METHODS

Preparation of CoUagen—Acid-soluble collagen was pre-
pared from steer hide. Briefly, crude collagen was extracted
from steer hide with 0.5 M acetic acid and purified by salt
fractionation and isoelectric precipitation. The precipitate
was dissolved in 5 mM acetic acid. Salt fractionation and
isoelectric precipitation were repeated twice at 4*C. The
final concentration of the collagen solution was adjusted to
3.0 mg/ml.

Alkali-treated collagen was prepared as described before
(16). In brief, acid-soluble collagen was treated with a 3.0%
NaOH (w/v)-1.9% monomethylamine (w/v) solution for
14 days at 18"C. The solution was dialyzed sequentially
against 0.5 M and 5 mM acetic acid and lyopbilized. The
denaturation temperature of acid-soluble collagen and
alkali-treated collagen in PBS (phosphate buffered saline)
as measured by CD (circular dichroism) was 40.4 and
34.6'C respectively (16).

Preparation of Collagen Fragments Digested with
MMPl— Acid-soluble collagen was digested with human
MMPl (Yagai) at 20'C. The digestion was stopped by
dialyzing the mixture against 5 mM acetic acid. The rate of
digestion was estimated by densitometry comparing the
digested fragments (TCa and TCb) with the undigested a
chain by SDS-PAGE. We confirmed that more than 95% of
collagen is digested to specific fragments. These fragments
retain the collagen-specific triple helical conformation as
measured by CD (circular dichroism). The denaturation
temperature of the larger fragment (TCa) in PBS is 35.5"C.

Collagen Fibril Formation at Neutral pH—The collagen
solution was neutralized in a disposable polystyrene
cuvette (Kartell) to measure the absorbance by adding
phosphate-buffered saline ( x 3 concentrated) with gentle
shaking to make a final volume of 3 ml on ice. The neutral-
ized collagen was incubated at 37 or 30'C, and the turbidity
at 530 or 520 nm was measured every 2 min. Usually the
process of collagen fibril formation comprises two phases,
nucleation and growth, as in the case of crystallization or
polymerization of biological molecules during the forma-
tion of an organized aggregate. To describe these phases, we
used the extrapolated line of the slope at the mid-point of
the turbidity crossing the abscissa on the time scale as the
nucleation (lag) time, and the slope at the mid-point as the
maximum growth rate. We describe To for nucleation time
and Gmax for maximum growth rate. The turbidity of the
collagen fibrils is thought to parallel to the concentration
when the conditions are the same (11); therefore, the
growth rate is expressed as the increase in collagen
incorporated into the fibril per min in 1 ml of solution.

CoUagen Fibril Formation at Acidic pH—To survey the
fibril-forming ability of collagen over a wide range of pH or
salt concentration, Mcllvaine buffer (mixture of 0.1 M
Na2HPO4 and 0.05 M citrate solution) was used. The
collagen solution was mixed with Mcllvaine buffer (pH 4.5
and 7.5) in the presence of NaCl (final concentration
adjusted to 0.15 or 0.3 M). After warming in a water bath,
fibril formation was monitored by the absorbance at 520
nm.

Incorporation of Alkali-Treated CoUagen into CoUagen
Fibrils—Reconstituted fibrils (1 ml) were precipitated by
centrifugation (Microcentrifuge MRX-150, Tomy, Tokyo)
at the same temperature as the fibril-forming condition.
The supernatants were removed and subjected to SDS-
PAGE. The pellets were then rinsed in 1 ml of PBS at the
same temperature and centrifuged again. One milliliter of
a solution of sample buffer was added to the pellets. After
heating at 100°C for 3 min, the samples were analyzed by
SDS-PAGE. Because the mobility of the a chain of alkali-
treated collagen in SDS-PAGE gel is slower than that of
acid-soluble collagen (17), the amount of alkali-treated
collagen and acid-soluble collagen could be assayed sepa-
rately.

Detection of Conformational Changes by CD Spectros-
copy and Proteolysis—A collagen solution (0.1 mg/ml) was
placed in a spectropolarimeter Jasco-600 (Japan Spectros-
copic), and the CD ellipticity at 221 nm was monitored at
37*C. In another method, trypsin was used to test for
conformational changes in collagen (19). A set of collagen
solutions (0.5 mg/ml) was incubated at 37"C. After a set
period of incubation, trypsin was added to the solution and
the mixtures were incubated at 20'C for 2 min. The
enzymatic reaction was terminated by adding SDS, and
SDS-PAGE was done. Native (in triple helical conforma-
tion) collagen is resistant to trypsin digestion.

Electron Microscopy—Collagen fibrils were fixed with
2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at
30*C to avoid dissolving the alkali-treated collagen fibrils at
low temperature, and then stained with 0.5% uranyl acetate
(pH 4.4) and 2% phosphotungstic acid (pH 1.8). The sam-
ples were examined with an electron microscope as previ-
ously described (20).

Calculation of Interaction Score—The amino acid se-
quences of the bovine type I collagen a\ chain (21) and ar2
chain (22) were used for calculations. Phe, Met, Val, Leu,
He, and Tyr were examined for hydrophobic interactions,
and Lys, Hyl (hydroxylysine), Arg, Glu, and Asp were
examined for ionic interactions (10, 18, 23). To simplify
the analysis, we assumed that the linear amino acid se-
quence could be analyzed as though the molecules were
one-dimensional as described by Hulmes et al. (23) (Fig.
1A), although it is known that three collagen a chains are
super coiled with a pitch of about 30 amino acid residues per
turn(iO).

The scoring system is as follows. In the case of hydro-
phobic interactions, amino acids with large hydrophobic
side chains (Phe, Met, Val, Leu, He, and Tyr) were given a
score of one. In the case of ionic interaction at pH 7.5,
positively charged amino acids (Lys, Hyl, and Arg) were
given a score of one and negatively charged amino acids
(Glu and Asp) were given a score of minus one. Under acidic
conditions (pH4.5), positively charged amino acids (Lys,
Hyl, Arg, and His) were given a score of one and negatively
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Calculation of the interaction force between two collagen molecules.

mol. 1 D
mol. 2

B
a l .
al-

mol. 1

mol. 2

T Make one dimensional row of the score
for collagen molecules.

0 0 3 2 0 0 0 0 0 1 0 0 3 0 0 0

/ IXl \ m t e r a c t ' v e score at each position was summed.

0 0 3 2 0 0 0 0 0 1 0 0 3 0 0 0

mol. 1

mol. 2

Move mol. 2 with one residue.
Repeat this procedure 500 times.

0 0 3 2 0 0 0 0 0 1 0 0 3 0 0 0

0 0 3 2 0 0 0 0 0 1 0 0 3 0 0 0

Fig. 1. Protocol for calculating the interactive score between
collagen molecules. A, concept of the calculation; B, procedure for
calculation.

charged amino acids Asp (piQ = 3.86) and Glu (pKa = 4.25)
were given scores of —0.81 and —0.64, respectively. All
other pairs were scored as zero. At each position of the
amino acid sequence, the scores of three a chains (two al
chains and one a 2 chain) were summed and a tentative
model collagen molecule with a row of 1,014 scores was
formed (Fig. IB).

We assume a range of ± 1 amino acid residue for each
position involved in the interaction. In the case of hydro-
phobic interaction; at first, the score of the no. 1 molecule
at the n position was multiplied by the score at the n
position of the no. 2 molecule and the half-value of the
score, n— 1 and n+1 position, of the no. 2 molecule was
multiplied by the score at the n position of the no. 1
molecule (Fig. IB). The sum of three multiplications was
the score of the hydrophobic interaction at the n position.
The sum of the score at every interacting position was
defined as the interaction score at the first position of the
collagen molecule (0 stagger). Next, two sequences were
moved past one another, one residue at a time, and at each
position, the hydrophobic score was obtained by summing
the scores for each amino acid pair in two collagen mole-
cules. The interaction scores at positions 0 to 500 were
calculated using Excel ver. 6 software (Microsoft, Seattle).
Ionic interaction was also calculated by a similar method as
described above. A negative score was taken as an attrac-
tive force and a positive score as a repulsive force.

RESULTS I

Self-assembling activity under physiological conditions
(37'C, neutral pH in saline) is one of most prominent
characteristics of fibrillar collagen. We reported earlier
that collagen treated under alkaline conditions loses its

ability to form fibrils in vitro, while the triple-helical
conformation is retained (16). Digestion with MMP1, 8, or
13 also deprives collagen of its self-assembling ability while
the collagen-specific triple helical conformation is retained
{24-26). Alkaline treatment causes the shift of isoionic
point of collagen (pi changes from 9.3 to 4.8) because of the
deamination of Asn and Gin residues {16). By the MMP1,
8 or 13 digestion, collagen molecules are cut into 1/4 and 3 /
4 sections without amino acid modifications. We regarded
those two collagen preparations as good probes to investi-
gate the mechanism of inter-molecular collagen interac-
tions. The participation of the ionic interaction can be
estimated using alkali-treated collagen in which the Asn
and Gin residues are changed to charged amino acids (Asp
and Glu) without changing the conformation or size of the
molecule. On the other hand, the effect of the size of the
collagen molecules can be analyzed using MMPl-digested
collagen fragments.

Effect of Alkali-Treated and MMP1-Digested Collagen
Fragments on the Fibril Formation of Acid-Soluble Col-
lagen at 37'C—First, we examined the effect of alkali-
treated collagen or MMPl-digested collagen fragments on
the fibril formation of acid-soluble collagen at neutral pH to
observe the molecular interactions. We analyzed collagen
interactions by adding alkali-treated collagen and MMPl-
digested fragments into an acid-soluble collagen solution.
When acid-soluble collagen (0.5 mg/ml) was incubated at
37'C (pH 7.4), fibril formation was completed within 20
min (Fig. 2, A and B, solid line). Acid-soluble collagen fibril
formation was typical two-phase process, so-called nuclea-
tion phase followed by the growth phase (12, 27, 28). When
an equal amount of alkali-treated collagen was added to the
acid-soluble collagen solution, fibril formation at 37"C was
drastically delayed (Fig. 2A), but the final turbidity
measured after 2 h of incubation was the same as that of
acid-soluble collagen in the absence of alkali-treated col-
lagen (A530 = 0.34). Nucleation time (expressed as To) was
prolonged from 9.5 to 19.5 min by adding an equal amount
of triple-helical alkali-treated collagen. However, the rate
of fibril formation (growth phase) was nearly the same for
acid-soluble collagen alone (67//g/min) and acid-soluble
collagen in the presence of alkali-treated collagen (60 //g/
min). On the other hand, MMPl-digested fragments, BSA,
heat-denatured (h-d) acid-soluble, and h-d alkali-treated
collagen (100'C for 2 min) had little effect on the fibril
formation of native acid-soluble collagen (Fig. 2, A and B).
When different amounts of alkali-treated collagen (final
concentrations 0.1-1.0 mg/ml) were added to acid-soluble
collagen at 37'C, To was delayed in a manner dependent on
the amount of added alkali-treated collagen (Fig. 2C).
When the amount of alkali-treated collagen added (1 mg/
ml) was twice that of the acid-soluble collagen (0.5 mg/ml),
To was delayed 17 min (from 11 min to 28 min), but Gmni

did not change (65 ± 5 /ig/min).
Denaturation of Alkali-Treated Collagen in the Presence

of Acid-Soluble Collagen at 3TC—An inhibitory effect of
alkali-treated collagen on the fibril formation of acid-solu-
ble collagen was observed when triple-helical alkali-treated
collagen was added. This result indicates that only triple-
helical alkali-treated collagen can interact with acid-soluble
collagen. However, it has been reported that the denatura-
tion temperature of alkali-treated collagen is lower than
35'C (18). Then, how can alkali -treated collagen affect the
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• ASC<0.5mg/tnl)
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• ASC{0.Srng/rnlHAlk-cot(1.0rng/rn0

10 20 30 40
Incubation Time (mln)

10 20 30 40
Incubation time (mln)

Fig. 2. Effect of alkali-treated collagen and MMPl-digested
fragments on the fibril formation of acid-soluble collagen at
37'C. A: Fibril formation of acid-soluble collagen in the presence of
native, denatured collagen and BSA was followed by measuring the
turbidity at 530 nm. Added proteins are shown in the figure. ASC,
Alk-coll, and MMPl-coll are acid-soluble collagen, alkali-treated
collagen, and MMPl-digested collagen fragments, respectively, h-d:

heat denatured. B: Fibril formation of acid-soluble collagen in the
presence of MMPl-digested fragments was followed by measuring the
turbidity at 530 nm. MMPl-coll is MMPl-digested collagen frag-
ments. C: Fibril formation of acid-soluble collagen in the presence of
different concentrations of alkali-treated collagens. Final concentra-
tions of the added alkali-treated collagen are as indicated in the figure.

fibril formation of acid-soluble collagen at 37'C at which
temperature the alkali-treated collagen is denatured?
There are two possible explanations for the inhibitory
effect of alkali-treated collagen at 37"C, one that the
conformation of alkali-treated collagen is stabilized by
co-incubation with acid-soluble collagen, and the other that
alkali-treated collagen and acid-soluble collagen had
already interacted with each other prior to warming.

To test whether or not the thermal stability of alkali-
treated collagen is affected by the existence of acid-soluble
collagen, conformational changes in alkali-treated collagen
at 37'C were examined. Conformational changes in collagen
were assayed by the trypsin treatment method (data not
shown). The a\ chain of alkali-treated collagen was de-
natured within 2 min regardless of the presence of ASC.
Acid-soluble collagen was stable at 37'C over the time
examined (60 min). BSA that had no effect on fibril forma-
tion also had no effect on the thermal stability of the
alkali-treated collagen. These results indicate that the heat
stability of alkali-treated collagen is not affected by the
presence of acid-soluble collagen. The CD analysis also
indicated that the thermal stability of alkali-treated col-
lagen was not affected by the presence of acid-soluble
collagen.

Effect of Preincubation of Alkali-Treated Collagen and
Acid-Soluble Collagen on Fibril Formation at 3TC—
Because the presence of acid-soluble collagen did not
change the thermal stability of alkali-treated collagen, next
possibility was tested. We examined the effect of prein-
cubation of alkali-treated collagen and acid-soluble collagen
on fibril formation of acid-soluble collagen. Before the
incubation at 37'C, a mixture of alkali-treated collagen (0.5
mg/ml) and acid-soluble collagen (0.5 mg/ml) was kept on
ice for 5 min to 70 h, and fibril formation at 37'C was

— « — A S C

— a - ASC+Alk-coll (PBS; on Ice for 5 min)

— «- -ASC+Alk-coll (PBS; on Ice for 70 hours)

- - « - - ASC+Alk-cdl (5 mM Acetic acid; on ice for 70 hours)

1 0 20 30 40 50
Incubation Time (min)

6 0

Fig. 3. Effect of preincubation in the cold on fibril formation of
acid soluble collagen. Mixtures of acid-soluble collagen and alkali-
treated collagen were kept on ice for the indicated period and the
mixtures were then warmed to 37"C and the turbidity was measured.

monitored (Fig. 3). To was prolonged depending on the
period of preincubation on ice, while the rate of fibril
formation did not change. Even when preincubation was
performed in 5 mM acetic acid solution, a delay in To was
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observed as in PBS (Fig. 3). This suggests that the triple-
helical form of alkali-treated collagen and acid-soluble
collagen interact before warming up and that this interac-
tion affects the features of fibril formation.

Effect of Alkali-Treated and MMPl-Digested Fragments
on the Fibril Formation of Acid-Soluble Collagen at
30'C—We also examined fibril formation at 30"C. At 30"C,
alkali-treated collagen and the larger MMP1-digested
fragment (TCa) retain the triple-helical form (16, 29).
When alkali-treated collagen (final concentration 0-1.0
mg/ml) was added to acid-soluble collagen (0.5 mg/ml), To

was delayed depending on the concentration of the added
alkali-treated collagen (Fig. 4A). Unlike the case at 37'C,
the growth rate was also inhibited by the addition of
alkali-treated collagen. In the absence of alkali-treated
collagen, the rate of fibril formation was 10.4/ig/min.
When 0.1, 0.2, 0.3, 0.5, and 0.75 mg/ml of alkali-treated
collagen was added, the Gmox values were decreased to 7.9,
6.0, 4.9, 4.0, and 1.4 //g/min, respectively. When 1.0 mg/
ml of alkali-treated collagen was added, Gmax fell to less
than 0.3 //g/min. However, the final turbidities (measured
6 days later) were almost the same under every condition
(data not shown).

When MMPl-digested fragments (final concentration0.5
mg/ml) were added to acid-soluble collagen (0.5 mg/ml),
To and the growth rate were slightly accelerated and the
final turbidity was higher than when fibril formation was
carried out in the absence of MMPl-digested collagen.
When the incubation temperature was increased to 37'C
after the completion of fibril formation at 30'C, the turbid-
ity decreased to the same level as that of acid-soluble
collagen in the absence of MMPl-digested fragments (Fig.

4B). This suggests that some parts of MMPl-digested
fragments were incorporated into the fibril at 30°C.

Alkali-Treated Collagen Has Independent Effects on the
Nucleation Phase and Growth Phase of Fibril Formation at
30'C—Unlike the inhibition effect at 37'C, at 30'C alkali-
treated collagen affects not only the lag time (To) but also
the growth rate. Therefore, we analyzed the change in To

and the growth rate separately. We examined the effect of
adding alkali-treated collagen to acid-soluble collagen at a
time when nucleation was almost completed. Alkali-treated
collagen (0.8 mg/ml) was added to acid-soluble collagen
after 20 min of incubation at 30'C (Fig. 5A), and the sub-
sequent fibril formation was monitored (Fig. 5B). When
acid-soluble collagen and alkali-treated collagen were co-
incubated before warming (on ice), the growth rate of fibrils
was 1.09 n g/min and To was 400 min. When alkali-treated
collagen was added after 20 min of incubation at 30°C, To

was shortened to 120 min but the Gmax showed little change
(1.16 //g/min). These results indicate that alkali-treated
collagen in the triple-helical conformation interacts with
acid-soluble collagen independently during the nucleation
phase and the growth phase of fibril formation.

Incorporation of Alkali-Treated Collagen and MMP1-
Digested Fragments into Collagen Fibrils at 30'C—Be-
cause the incubation experiments at 30'C suggested the
interaction of alkali-treated collagen, MMPl-digested frag-
ments and acid-soluble collagen, we examined the possi-
bility that alkali-treated collagen and MMPl-digested
fragments are incorporated into the fibrils of acid-soluble
collagen. Alkali-treated collagen or MMPl-digested frag-
ments were mixed with an equal amount of acid-soluble
collagen on ice. Fibrils were allowed to form at 30 or 37*C

- - • - - A S C < 0 5mg/mO
a ASC(0.5mg/mf)+Alk-coe(0.1 mg/ml)

— • - - ASC(0 5mg/ml>+Alk-cot<0 2mg/ml)
--w--ASC<0.5<ng/mO+AJk<£>I(0.3mg/ml)
—a- - ASC<0.5mg/mI)+A]k-col!<0.5mg/ml)
—».-ASC(0.5mg/mI)+AJk-co<](0.75mg/ml)
— • — ASC(0.5mo/ml)+AJk-coe(1 .Omg/ml)

B

50 100 150
Incubation time (min)

200

- - • - - ASC(0.5mg/ml)
• ASC<0.5moftnl)+MMP1-coa(0 5mg/ml)

0.6

O.S

0.4

III-

I 0.3
A

0.2 —

cf
Bf ""

I
£•
f i

T§

I
I

at371C

!

" 1 .

Fig. 4. Effect of alkali-treated collagen and MMPl-digested
fragments on the fibril formation of acid-soluble collagen at
30'C. A: Fibril formation of acid-soluble collagen in the presence of
different concentrations of alkali-treated collagen was followed by
measuring the turbidity at 530 nm. Final concentrations of added

0.1

0 50 100 150 200 250 300 350 400

Incubation time (min)

alkali-treated collagen are shown in the figure. B: Fibril formation of
acid-soluble collagen in the presence of MMP1 -digested fragments was
followed by measuring the turbidity at 530 nm. After incubation at
30'C for 200 min, the cuvette was warmed to 37"C.
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- - • - - ASC was preincubated with Alk-cdl before the Incubation
— • - -Alk-coD was added to ASC 20 mln after the Incubation at 3 0 ' C

" ASConly

A B
0.2

0.15

0.1

0.05

0 10 2 0 3 0 4 0 5 0 6 0 °
Incubation time (mln)

Fig. 5. Effect of alkali-treated collagen added at the end of the
nucleation phase. Alkali-treated collagen (final concentration 0.8
mg/ral) was preincubated with acid-soluble collagen (0.5 mg/ml) on
ice, or was added after 20 min of incubation at 30'C. In the case of
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acid-soluble collagen alone, the same volume of distilled water was
added after 20 min of incubation. A, early stage of fibril formation is
shown; B, the entire fibril formation process is shown.

for 24 h, after which the samples were centrifuged. The
supernatant and precipitate (fibrils) were examined by
SDS-PAGE, and the amounts of the a\ chains of each
collagen were compared (Fig. 6). At 37'C, alkali-treated
collagen and MMP1-digested fragments were not incorpo-
rated into the fibril fraction (data not shown). At 30'C,
about 5% of the alkali-treated collagen and MMPl-digested
fragments were incorporated into the fibril fraction (Fig. 6,
lanes 2 and 4), while denatured alkali-treated collagen and
BSA were not incorporated (Fig. 6, lanes 6 and 8). A 67-nm
period banding pattern in the fibrils from acid-soluble
collagen in the presence of alkali-treated collagen or
MMPl-digested collagen formed at both 30 and 3TC could
be observed by electron microscopy (data not shown).

RESULTS II

Fibril Formation of Alkali-Treated Collagen and
MMPl-Digested Collagen Fragments—We have reported
that the alkali-treated collagen loses its ability to form
fibrils under neutral conditions, but that fibril formation is
observed under acidic conditions in which ionic repulsive
forces may be reduced (16). We examined the fibril-form-
ing activity of alkali-treated collagen and MMPl-digested
fragments under various conditions (Fig. 7). Because the
alkali-treated collagen and MMPl-digested fragments are
denatured at 37'C (16, 29), the incubation temperature was
set at 30"C. At pH 4.5, fibril formation occurred at 30'C in
the presence of 0.15 or 0.3 M NaCl and was complete within
2 min. Fibrils made of alkali-treated collagen were more
fragile than fibrils of acid-soluble collagen formed at
neutral pH. Fibril formation by MMPl-treated fragments
was also observed at pH 4.5, but only in the presence of 0.3
M NaCl. Fibril formation by acid-soluble collagen was
observed at pH 4.5 in the presence of 0.15 and 0.3 M NaCl;
however, the rate of fibril formation was different from that
of alkali-treated collagen (Fig. 7, A and B). In the presence

of 0.3 M NaCl, fibril formation was complete within 2 min
for all three collagen preparations. Fibril formation under
these conditions began as soon as the cuvette was warmed
without a lag time. On the other hand, in the presence of
0.15 M NaCl, the rate of fibril formation of acid-soluble
collagen slowed, and more than 2 h needed for completion
as in the case of the fibril formation of acid-soluble collagen
at pH 7.5 in the presence of 0.15 M NaCl at 30'C. Under
neutral conditions, alkali-treated collagen and MMPl-
treated collagen did not form fibrils at any concentration of
NaCl below 0.3 M. When the fibrils were cooled on ice, all
the fibrils formed under acidic conditions melted (Fig. 7, A
and B), while the acid-soluble collagen fibrils formed under
neutral conditions were stable in cold condition (Fig. 7B).
The stability of the fibrils in the cold depended on the pH of
the collagen solution.

Fibril morphology was also examined under the electron
microscope (Fig. 8). Fibrils formed from alkali-treated
collagen at pH 4.5 in the presence of 0.15 or 0.3 M NaCl had
a twisted fibrous structure 40-60 run in diameter (Fig. 8, A,
B, C, and D). Two or three fibrils were coiled together to
form a super coiled fibril, so that the diameter of the fibril
appeared larger than 60 nm. No collagen-specific D periodic
banding patterns were found. Fibrils formed from acid-
soluble collagen at pH 4.5 in the presence of 0.3 M NaCl
(Fig. 8, G and H) were similar to the fibrils formed from
alkali-treated collagen (Fig. 8, A, B, C, and D). Fibrils of
MMPl-digested collagen also show a twisted structure
under a scanning electron microscope (data not shown).
Fibrils of acid-soluble collagen formed at pH 4.5 with 0.15
M NaCl show a linear morphology with a banding pattern of
67 nm (Fig. 8, E and F) like that of fibrils formed under
neutral conditions (Fig. 8,1 and J). The appearance of the
banding pattern correlates with the existence of the lag
phase during fibril formation (Fig. 7).
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Fig. 6. Incorporation of alkali-treated collagen and MMP1-
digested fragment into fibrils. Fibril formation was carried out at
30"C in an Eppendorf-type micro tube. After 20 h of incubation, the
tube was centrifuged at 25-30'C at 14,000 rpm for 5 min. The
supernatant and the precipitate dissolved in die same volume of
supernatant were analyzed by SDS-PAGE (10% gel). Lanes 1 and 2,
co-incubation of acid-soluble collagen and alkali-treated collagen;
lanes 3 and 4, co-incubation of acid-soluble collagen and MMP1-
digested fragments; lanes 5 and 6, co-incubation of acid-soluble
collagen and BSA; lanes 7 and 8, co-incubation of acid-soluble
collagen and heat-denatured alkali-treated collagen; lane 9, acid-
soluble collagen without incubation; lane 10, alkali-treated collagen
without incubation. Lanes 1,3,5, and 7 are the supernatant, and lanes
2, 4, 6, and 8 are the precipitate (fibrils). The positions of the a 1 chain
of collagen and BSA are shown. S indicates supernatant and F
indicates fibril.

RESULTS m

Calculation of Interacting Forces between Collagen
Molecules—The inhibitory effect of alkali-treated collagen
on the fibril formation of acid-soluble collagen indicates
that chemically modified collagen, which retains the triple
helical conformation (log-like structure), and full length
collagen can interact with acid-soluble collagen. This means
that the linear alignment of the amino acid residues on the
collagen molecule is important for the interaction between
collagen molecules. Another characteristic feature of fibril
formation is that the collagen forms fibrils only when the
temperature of the solution is raised. This indicates that
hydrophobic interactions that increase with increasing
temperature are important for fibril formation, as pointed
out before (10). Indeed, alkali-treated collagen that retains
non-polar amino acids has more effect on the fibril forma-
tion of acid-soluble collagen than MMPl-digested frag-
ments (Figs. 2 and 4). However, modification of polar
amino acids by alkaline treatment disturbs fibril formation
under neutral conditions (16). Both types of interaction are
thought to be important for fibril formation; therefore, we
calculated the interacting forces between collagen mole-
cules using a method similar to that of Hulmes et al. (23).
We used the recently determined amino acid sequence data
of Shirai et al. (22) for a2 bovine type I collagen. The
distribution of hydrophobic amino acid residues and
charged amino acid residues in the model type I collagen
molecules (linear molecule consisting of two a 1 chains and
one «2 chain) are shown in Fig. 9. In alkali-treated collagen,
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Fig. 7. Fibril formation of collagen at different pH. A: Acid-
soluble collagen, alkali-treated collagen, and MMPl-digested frag-
ments were incubated under the indicated conditions and the turbidity
was measured. After 30 min, the cuvette was transferred onto ice and
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fibril melting was monitored. In this panel, the conditions under which
fibrils were formed within 2 min are shown. B: Acid-soluble collagen
was incubated under the indicated conditions. After 20 h of incuba-
tion, the cuvette was transferred onto ice.
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Interaction of Type I Collagen Molecules 61

all the Asn and Gin residues are converted to Asp and Glu
by treatment with alkali (26). Under neutral conditions
(pH 7.5), we assumed that His residues were not ionized.
Under acidic conditions (pH 4.5), we assumed that 81% of
the Asp and 64% of Glu residues were ionized.

Hydrophobic Interactions—Because the hydrophobic
residues are not changed by alkali treatment, the interac-
tion score of acid-soluble collagen and alkali-treated col-
lagen was the same in our calculation. Though the positions
of 3 to 500 residues are staggered in Fig. 10, several peaks
in the interaction score appear. The D-staggered (position
235) peak is indicated in the figures by arrowheads. In
addition to the D-staggered peak, peaks at 46, 85, and 148
(Fig. 10A, arrowheads) positions are prominent and those
at 63, 103, 124, 171, and 190 positions are secondarily
prominent. This profile is very similar to the calculation of
Huknes et al. (23) using only the a 1 chain data and that of
Hofmann et al. (10) which considered the triple-helical
conformation of collagen. The peaks at positions 46, 85,

124, and 171 correspond to the 2/1 ID period that has been
suggested before (10, 23).

When we examined the hydrophobic interaction score of
TCa fragments (3/4 fragment of collagen containing the
N-terminal side), a similar periodic pattern was observed
including the D-staggered pattern (Fig. 10B). Experimen-
tally, the TCa fragment interacted very weakly with acid-
soluble collagen in fibril formation (Figs. 2B and 4B), and
the activity of fibril formation was lost under neutral
conditions. Lower value of the interaction score though 3 to
230 staggered positions (Fig. 10B) compared with alkali-
treated collagen (Fig. 10A) may account for the weak
interaction of the TCa fragments.

Ionic Interactions—Ionic interactions were calculated by
multiplying the charged score of the amino acids both under
neutral (Fig. 11 A) and acidic conditions (Fig. 11B). In Fig.
11, the repulsive force was expressed as a positive value
and the attractive force was expressed as a negative value.
In every case, we could not find periodic patterns of

Fig. 8. Electron microscopy of fibrils formed under various
conditions. Alkali-treated collagen or acid-soluble collagen in
Mdlvaine buffer was incubated at 30 C for 20 h. The fibrils were
precipitated by centrifugation, fixed in warmed glutaraldehyde
(30'C), and observed under an electron microscope. A and B, fibrils of
alkali-treated collagen formed at pH4.5 in the presence of 0.15 M
NaCl; C and D, fibrils of alkali-treated collagen formed at pH 4.5 in

the presence of 0.3 M NaCl; E and F, fibrils of acid-soluble collagen
formed at pH 4.5 in the presence of 0.15 M NaCl; G and H, fibrils of
acid-soluble collagen formed at pH 4.5 in the presence of 0.3 M NaCl;
I and J, fibrils of acid-soluble collagen formed at pH 7.4 in the
presence of 0.15 M NaCl. A, C, E, G, and I are same magnification; B,
D, F, H, and J are same magnification. The bar in A indicates 500 nm
and bar in B indicates 100 nm. (Continued on next page.)
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62 Y. Suzuki et al.

Fig. 8, E-J

interaction score through 4 to 500 staggered positions. Veis
and George also did not find specific patterns for the
distribution of charged residues in the amino acid se-
quences of collagen (8). Under neutral conditions, we
compared the sum of the interaction scores for positions 4

to 500 staggered; the scores between acid-soluble col-
lagens, between alkali-treated collagens, and between
acid-soluble and alkali-treated collagen were +37, +5394,
and —2220, respectively. The scores of 1 to 3 staggered
positions were omitted because the scores were extremely
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Interaction of Type I Collagen Molecules 63

positive with same charged residues standing side by side.
In the case of the interaction between acid-soluble col-
lagens, the electrostatic force did not work attractively or
repulsively. On the other hand, the electrostatic force
between alkali-treated collagens was repulsive. This may
explain the loss of fibril formation activity of alkali-treated
collagen under neutral conditions. The attractive interac-
tion between acid-soluble collagen and alkali-treated col-
lagen was greatest in these comparisons. This may be
related to the strong inhibitory effect of fibril formation of
alkali-treated collagen under neutral conditions.

Under acidic conditions, the sums of the interaction
scores for positions 4 through 500 staggered are as follows;
between acid-soluble collagens, +7940, between alkali-
treated collagens —586; and between acid-soluble and
alkali-treated collagen, +1058. Attractive forces between
alkali-treated collagen may account for its rapid fibril
formation under acidic conditions (Fig. 7). In the case of
acid-soluble collagen, we also observed fibril formation
under acidic conditions, despite the repulsive force becom-
ing dominant (Figs. 7, 8, and 11). The Asp and Glu residues
lost their charges under acidic conditions and the hydro-
phobic interactions might be enhanced. The hydrophobic
features of Asp and Glu, measured by their retention
coefficients on reverse-phase HPLC, indicated them to be
the most sensitive amino acids to the change in pH (30). We
assumed that the hydrophobic interaction overcomes the
electrostatic repulsive force under acidic conditions.
Among the collagen preparations, only alkali-treated col-
lagen showed an attractive interaction. Thus only alkali-
treated collagen could form fibrils at lower NaCl concentra-
tions under acidic conditions in which hydrophobic interac-
tions are weak (Fig. 7A).

Carbohydrate—In collagen molecules, the presence of
glucosylgalactosylhydroxylysine and galactosylhydroxyly-
sine are known. These covalently linked carbohydrates are
thought to affect the association of collagen molecules. In
the a 1 chain of type I calf skin collagen, carbohydrates are
present at positions 103 and 697. In the a2 chain, carbo-
hydrates are located at positions 103, 190, and 235 (31).
There are microheterogeneities of the posttranslational
modifications. For example, the extent of glycosylation at
position 103 is though to be 0.4 mole (31). When we moved
the model collagen molecules past one another, positions 45
(between position 235 and 190), 87 (190 and 103), 132 (235
and 103), 462 (697 and 235), 507 (697 and 190), and 594
(697 and 103) staggered have carbohydrates standing side
by side. Positions other than 507 and 594 staggered are
indicated in Fig. 10A by small arrows.

DISCUSSION

We evaluated the interactive force of collagen molecules
from the aspect of fibril formation using different kinds of
collagen preparations. First, we examined the effect of
alkali-treated collagen and MMPl-digested fragments on
the fibril formation of acid-soluble collagen at neutral pH.
Second, we tested the various conditions under which those
collagen preparations would form fibrils and analyzed the
morphology of the fibrils. Third, we calculated the interac-
tion score using a model collagen molecule and compared
the model with the experimental results.

Alkali-treated collagen alone does not form fibrils at

A, Distribution of hydrophobic amino add residues

Position of amino add on colagen molecule

B, Distribution of charged amino add residue*
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Fig. 9. Axial distribution of amino acid residues along model
collagen molecules consisting of two al chains and one al
chain. A, the distribution of hydrophobic residues; B, the distribu-
tion of charged residues of acid-soluble collagen and alkali-treated
collagen at different pH.

neutral pH (15, 16), but has a drastic effect on the fibril
formation of acid-soluble collagen. At 37 C, by adding
alkali-treated collagen, the nucleation time (lag phase) was
prolonged without an effect on the growth rate of fibril
formation (Fig. 2). Based on calculations of the interaction
score, the interaction between alkali-treated collagen and
acid-soluble collagen can be enhanced electrostatically (Fig.
11). This interpretation is supported by the results of pre-
incubation experiments, which indicated that the interac-
tion of acid-soluble collagen and alkali-treated collagen had
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Interaction between aod-solubte collagens or alkali-treated collagens
200

S
The stagger (residue number)

B
Interaction between actd-sotubte collagen and TCa fragment of collagen

Fig. 10. Variation in the hydro-
phobic interaction scores with the
axial stagger of collagen molecules. A:
Interaction scores between acid-soluble
collagens, alkali-treated collagens, or
between acid-soluble collagen and alkali-
treated collagen. Arrowheads and num-
bers show the position of prominent
peaks of hydrophobic interaction. Small
arrows show positions where the glyco-
sylated hydroxylysine residues stand side
by side. B: Interaction score between
MMP1 -digested collagen fragments
(TCa) and acid-soluble collagen.

The stagger (residue number)

already Occurred at the time of pre-incubation on ice (Fig.
3) at which electrostatic interactions are dominant over
hydrophobic interactions. The complex of acid-soluble
collagen and alkali-treated collagen does not act as a nucleus
for fibril formation but rather disturbs the organized
arrangement of acid-soluble collagens. By warming to 37"C,
alkali-treated collagen is denatured and may lose its affinity
for native collagen molecules. The prolonged To caused by
the addition of alkali-treated collagen at 37'C may reflect
the time for the dissociation of the denatured alkali-treated
collagen from acid-soluble collagen. The fact that denatur-
ed collagen has no effect on fibril formation (Fig. 2A)
indicates that the collagen-specific triple helical conforma-
tion is essential for the interaction of collagen molecules.
The triple helical conformation pushes the bulky amino acid
outward and prepares the specific interacting surfaces for
collagen molecules. A similar inhibitory effect of pepsin-
treated collagen was reported by Hayashi and Nagai (23).
They assumed that pepsin-treated collagen is a competitor
of acid-soluble collagen.

Unlike the case of alkali-treated collagen, MMPl-digest-
ed fragments that also retain the collagen-specific triple
helical conformation show no inhibitory effect on the fibril
formation of acid-soluble collagen at 37C (Fig. 2B).
Because the distribution of charged amino acid residues is
the same between acid-soluble collagen and MMP1-digest-
ed fragments, the only difference is the hydrophobic inter-
action, which is lowered by the shortening of molecular size.
But the peak of hydrophobic interaction at the D-staggered
position appears even in the MMPl-digested fragments in
the calculation (Fig. 10B). This may be because partial

parts of MMPl-digested fragment can associate in the fibril
of acid-soluble collagen at 30'C without disturbing the
assembly of the acid-soluble collagens, in spite of decreas-
ing the hydrophobic interaction (Figs. 5B and 6). The
accelerating effect of MMPl-digested fragments on fibril
formation (Fig. 5B) may be understood as increasing the
collagen concentration available for fibril formation.

At 30'C, not only To but also the growth rate of fibrils is
affected by the addition of alkali-treated collagen. The dual
effect of alkali-treated collagen is independent (Fig. 5).
When alkali-treated collagen is added at the end of the
nucleation phase (20 min of incubation), To is shortened to
the same level as that without inhibitor (alkali-treated
collagen), but the growth rate remained at the level with
the inhibitor. Alkali-treated collagen retaining the triple-
helical conformation serves as a competitor both in the
phase of nucleus formation and the growth stage.

Under neutral conditions, the fibril formation of alkali-
treated collagen does not proceed (15, 16). We considered
that this failure to form fibrils might be due to the ionic
repulsion of alkali-treated collagens whose isoelectric point
is 4.8. To minimize the ionic repulsion, the fibril formation
of alkali-treated collagen was examined at acidic pH (Fig.
7). Under acidic conditions at appropriate ionic strength,
alkali-treated collagen forms a fibril-like precipitate at
30'C. Electron microscopic observation shows this precipi-
tate to consist of fibers with a uniform diameter but without
the collagen-specific D periodic banding pattern (Fig. 8, B
and D). Surprisingly, the MMPl-digested collagen frag-
ments and acid-soluble collagen, whose isoelectric point is
basic (pi = 9.3), also formed fibrils at acidic pH (Fig. 7).
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A, Ionic interactions under neutral conditions (pH 7.5)
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cules at different pH. A: Interaction scores between
acid-soluble collagens, alkali-treated collagens, or
between acid-soluble collagen and alkali-treated
collagen under neutral conditions. B: Interaction
scores between acid-soluble collagens, alkali-treated
collagens, or between acid-soluble collagen and
alkali-treated collagen under acidic conditions.
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Schmitt et al. (32) have also reported the fibril formation
of acid-soluble collagen at acidic pH. Under acidic condi-
tions, the ionic interaction scores of acid-soluble collagens
are strongly repulsive compared to those under neutral
conditions (Fig. 1 IB). This may indicate that the increase in
hydrophobic interactions overcomes the ionic repulsion
under acidic conditions. In the presence of 0.3 M NaCl, all
three collagen preparations form fibrils and the fibril
formation is completed very fast (within 2 min) (Fig. 7).
This can be explained as the decreased repulsive ionic
strength by adding salt which masks the charged group of
the amino acid by forming a diffuse double layer of counter
ions (20). At lower ionic strength (0.15 M NaCl), at which
electrostatic interactions increase, alkali-treated collagen
forms fibrils as fast as in the case of 0.3 M NaCl. On the
other hand, acid-soluble collagen requires an hour to form
fibrils, and MMPl-digested fragments do not form visible
fibrils (Fig. 7). This result is in agreement with the calcu-
lated ionic interaction in which only alkali-treated collagen
shows an attractive interaction under acidic conditions.
Fibrils of acid-soluble collagen formed in neutral solution
are stable when cold (Fig. 7B), while all fibrils formed
under acidic conditions melt when cooled (Fig. 7A). This
may be due to an inhibition in the formation of crosslinks
between collagen molecules under acidic conditions.

There were two prominent morphological differences
between fibrils of alkali-treated collagen and a typical fibril
of acid-soluble collagen formed at neutral pH. The fibrils of
alkali-treated collagen lack the D periodic banding pattern
and are twisted together into a coiled morphology (Fig. 8, A
and C). The shape of the acid-soluble collagen fibrils formed
under acidic conditions changes depending on the ionic
strength of the solution. At lower ionic strength (0.15 M
NaCl), the fibrils show the banding pattern and a non-coiled
morphology (Fig. 8, E and F). At higher ionic strength (0.3
M NaCl), the fibrils show no banding and are coiled (Fig. 8,
G and H). The fibrils of the non-banded type were formed
within 2 min after warming, while the time course of fibril
formation of the D-periodic banding type showed a lag
phase (Fig. 7). The calculated electrostatic interaction
score under conditions that produce the banding type of
fibril is lower than that that produces the non-banding type
(Fig. 11) in the same collagen preparation. These facts
suggest that an interaction between molecules that is too
strong can result in a failure to form the D periodic banding
collagen fibrils. The calculated interactive score supports
the forming of D-staggered fibrils driven by hydrophobic
interactions, but in addition to the 1-D stagger position,
there are some attractive peaks of hydrophobic interaction
(Fig. 10). Under highly interactive conditions, collagen
molecules may assemble randomly between the nearest
interactive positions. On the other hand, under relatively
weak attractive conditions, the molecule may have a chance
to grope for a suitable position. We do not yet fully
understand why collagen molecules choose the lD-stag-
gered peak out of several peaks of hydrophobic interaction,
but there are two possible explanations. One is the exis-
tence of carbohydrate. We assume that carbohydrates will
disturb the assembly of collagen molecules where the
glycosylated residues stand side by side. In "RESULTS EH",
we found this situation to exist at positions of 45, 87, 132,
462, 507, and 594 staggered, and that the 45 and 87
staggered positioning is very close to the attractive peak of

hydrophobic interaction. This may be help the D-period to
be selected as the first choice during the association of
collagen molecules. The other possibility is that the triple
helical pitch, which we did not consider in our calculations,
is responsible for the D-staggered assembly. Hoffman et aL
suggested that the ionic interaction shows a prominent
signal when set at 36° for the triple helical angle (30 amino
acid residues per turn) (10). The alkali-treated collagen
under acidic conditions (also MMPl-digested collagen and
acid-soluble collagen under acidic conditions in the pres-
ence of 0.3 M NaCl) may have a different triple helical
angle from 36* and its fibril may not be stable in a linear
structure, but may form a twisted (super coiled) structure.

Our results indicate that very delicate control is needed
to form collagen fibrils with a D period, and we observed
that there is lag phase when the D periodic -linear and
non-coiled fibrils are formed. This may be an important
feature in vivo where collagen fibrils sometimes must be
formed in places remote from the collagen-producing cells.
The lag phase must be essential to allow the collagen
molecules to be conveyed in a soluble form to a suitable site
in the tissue. It has been suggested that procollagen C-
proteinase controls collagen fibril formation by cutting the
C-propeptide of collagen (5-7). The lag phase mechanism
would be also utilized in vivo to control fibril formation.
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