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Factors which may regulate the rate of fibril formation in 
systems in vitro are of interest from a physiological view point 
for the clues they may give concerning mechanisms in viva, and 
from a physical chemical point of view for the light they may 
shed on intermolecular reactions. 

Collagen soluble in cold neutral salt solutions has the inter- 
esting property of precipitating, on warming to body tempera- 
ture, as a rigid gel composed of fibrils with the characteristic 
axial periodicity of native collagen (2,3). It has been postulated 
that fibrils arc formed under similar conditions in the extracellular 
tissues by spontaneous polymerization of collagen molecules 
secreted by the fibroblast into the ground substance (2, 4). 

This paper describes some of the environmental factors which 
can influence the rate of fibril formation in neutral solutions of 
col1agen.l 

EXPERIMENTAL 

Materials and ivethods-Collagen extracted from fresh calf 
skin with dilute acetic acid furnished the starting material. 
The skin was soaked in 5 per cent NH&l containing 1 per 
cent NaCl and 1: 10,000 Merthiolate for several days at room 
temperature, until the epidermis loosened. Epidermis and sub- 
cutaneous tissue were scraped away, the dermis coarsely ground 
with chips of dry ice and the tissue dialyzed free of salt in 
the cold. In other preparations, soaking in NH&l was omitted; 
the results were the same but cleaning was more difficult. The 
tissue was suspended in 10 volumes (v/w) of 0.5 M acetic 
acid and allowed to extract in the cold for 24 hours with occa- 
sional stirring by hand. The swollen mass was squeezed 
through bolting cloth and the very viscous, heavily opalescent 
extract was filtered successively through coarse, medium and 
fine sintered glass filters with suction in the cold. The acetic 
acid filtrates were clear and viscous, containing between 0.1 
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and 0.37 per cent collagen. No fibrils were observed on esam- 
ination in the electron microscope. These solutions could be 
stored cold for as long as 6 months without signs of deterio~ 
ration, They could be lyophilyzed and redissolved when needed. 

Aliquots of several filtrates were lyophylized and analyzed for 
hydroxyproline (5), glycine (B), tyrosine (7)) hexosamine (8), 
hexose (9)) and uranic acid (10). 

The final solutions used in the experiments to be described 
were prepared by dialyzing the acetic acid filtrates for 24 to 48 
hours at 3” against several changes of phosphate buffer, pH 7.6 
I’/2 = 0.4. In experiments designed to evaluate the effect of 
ionic strength and pH. the acetic acid filtrates were dialyzed 
directly against the media investigated. 

Sedimentation constants of the cold, neutral phosphate solu- 
tions were measured with the aid of a Spinco model E analytical 
ultracentrifuge running at 56,900 r.p.m. at 3-5”. Concentrations 
ranged from 0.02 per cent to 0.2 per cent. Electrophoretic 
analysis was performed on samples dialyzed against the Michaelis 
“universal” buffer (11) (veronal-acetate-NaCl-HCl), pH 8.6, 
I’/2 = 0.14 and pH 4.0, P/2 = 0.14 at 1”. Intrinsic viscosity 
was determined in the phosphate extracts using an Ostwald 
viscometer, 180 seconds flow time at 4”. 

Studies on rate of gelation or precipitation were performed on 
2 ml. aliquots of collagen solution in small Klett tubes placed in a 
37” water bath. Developing opacity was taken as a measure of 
precipitation and was estimated in a Klett-Summerson photoelec- 
tric calorimeter, using the No. 540 green filter. Numerical values 
obtained were arbitrary and were always compared with a 
control sample run simultaneously. Agents were usually added 
in the cold in small amounts at high concentrations in buffer, 
with stirring. Equal volumes of buffer alone were added to 

controls. 
Samples of gel were studied histologically after fising in forma- 

lin, embedding in celloidin and staining with Mallory’s aniline 
blue stain. Other samples were fragmented and the suspension 
of fibrils examined in the electron microscope. 

Relative opacity was related to the amount of collagen pre- 

cipitated by weighing the amount of insoluble collagen. This 
was accomplished by centrifuging the gel when it had reached 
the desired opacity, in the Spinco preparative ultracentrifuge at 
the appropriate temperature. The packed precipitate was 

dialyzed to remove salt and the pellet was dried in repeated 
changes of acetone. The acetone was evaporated in vacua 
over PZOj and the pellet weighed. 
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RESULTS 

Properties of Solutions and of Collagen-The starting material 
had the following characteristics: 
Sedimentation constant (S& (ex- 

trapolated to zero concen- 
tration). . . . . . . . . . . . . 2.6 

Intrinsic viscosity [&. 14.5 
Electrophoretic mobility, pH 8.6, 

P/2 = 0.14.. . -3.0 X 1O-5 cm.2/volt/sec. 
Electrophoretic mobility, pH 4.3, 

F/2 = 0.14. +2.0 X 1O-5 cm.*/volt/sec. 
Glycine. . 25.3 gm./lOO gm. 

FIG. 1. Photograph of beaker of neutral phosphate solution of 
collagen and the rigid gel formed therefrom by warming to 37” for 
30 minutes. 

Hydroxyproline. 12.9 gm./lOO gm. 
Tyrosine 0.9 gm./lOO gm. 
Hexosamine . . 0.2 gm./lOO gm. 
Hexose........................ 1.0 gm./lOO gm. 
Uranic acid. 0.1 gm./lOO gm. 

Only one hypersharp, slow-moving boundary was observed 
in both ultracentrifuge and electrophoretic patterns. 

Morphology of the Gel-A picture of an opaque gel and a beaker 
of the neutral collagen solution from which it was prepared is 
shown in Fig. 1. Such gels contained about 0.2 per cent collagen, 
were relatively rigid and did not readily synerese on freeing from 
the tubes; they did however, collapse inelastically under pressure. 
A random orientation of fibers is seen in the light micrographs 
of histological sections (Fig. 2a); electron micrographs of teased 
preparations revealed the characteristic cross-striated collagen 
fibrils resembling those of native connective tissue (Fig. 2b). 
The typical intraperiod pattern of 5 to 6 bands (12) was readily 
observed. The period averaged 650 A. In some preparations 
a variable quantity of nonstriated fibrils was seen. Fibril widths 
were relatively uniform in some gels but less uniform in others. 
The sampling problem was such that a careful analysis of fibril 
width has not yet been attempted. 

Correlation of Opacity with Amount of Precipitable Collagen- 
As described under Methods, the rate of precipitation was 
measured by change of opacity with time. The characteristic 
curve obtained was sigmoid, with a lag period, a phase of rapid 
increase in opacity after which it leveled out at a constant maxi- 
mum value. Solutions were nearly always gelled at Klett 
readings between 100 and 200. Correlation of opacity with 
amount of collagen rendered insoluble was made by incubating 
a series of samples of equal volume and concentration (containing 
0.24 M urea to retard the process for convenience) and sediment- 
ing the gels to a pellet as each tube reached a different level of 
opacity. It can be seen from Fig. 3 that a nearly linear correla- 
tion was obtained under these conditions. 

E$ect of Protein Concentration on Heat Gelation-A decrease in 
collagen concentration accomplished by diluting with buffer 

FIG. 2. A. Histological photomicrograph of gel stained with Mallory’s aniline blue connective tissue stain, showing random orienta- 
tion of fiber. B. Electron micrograph of gel fragmented and stained with phosphotungstic acid. Magnification 17,200 X. 
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FIG. 3. Correlation between 0pacit.y and amount of collagen 
insolubilized on warming at 37”. O-opacity, @-amount of pre- 
cipitated collagen. 

resulted in a slower development of opacity and a lower final 
level (Fig. 4) but the latent period was not much affected. The 
fraction of dissolved collagen precipitated on warming was 
nearly identical at different concentrations. 

Influence of Ionic Strength at Constant pH-Equal aliquots 
of an acetic acid filtrate (0.26 per cent collagen) were dialyzed 
against phosphate buffers, pH 7.6, of ionic strengths 0.4, 0.24, 
and 0.14. Each sample was run in duplicate. The small 
changes in volume incident to dialysis were corrected with 
buffer. Another group of samples from the same filtrate was 
dialyzed against phosphate-NaCl buffers, pH 7.6, of the same 
concentrations as above but with phosphate contributing F/2 = 
0.02 and NaCl the remainder. The maximum gel opacity in- 
creased with increasing ionic strength but there was little differ- 
ence in amounts of insoluble collagen (Fig. 5). Exchange of 
most of the phosphate for NaCl resulted in essentially the 
same relationships between the three preparations but greatly 
shortened the latent period and increased the rate of opacification 
without altering the maximum attained opacity. All prepara- 
tions were rigidly gelled. 

InJluence of pH at Constant Ionic Strength-Aliquots of an 
acetic acid filtrate (0.26 per cent collagen) were dialyzed against 
I’/2 = 0.4 phosphate buffers at pH 6, 6.5, 7, 7.5, 8. The latent 
period, rate of opacity increase and maximum opacity were 
essentially the same for all. 

This same study was repeated using the Michaelis universal 
buffer (veronal-acetate-NaCl-HCl) at I’/2 = 0.143 and pH 4.45, 
5.1, 7.35, and 8.6. At this ionic strength the final opacities were 
about the same as in the comparable I’/2 = 0.14 phosphate 
buffer. There was no measurable latent period at pH 8.6 and 
4.45 and very short ones (less than 5 minutes) for the other two. 
The rate of increasing opacity was very rapid and about equal 
for all; however, the final opacities at the lower pH values were 
much higher than the other two in the following order: 4.45, 
5.1, 7.35, 8.6. The two mildly acid preparations were not 
gelled but contained heavy fibrous but evenly dispersed precipi- 
tates in contrast to the gels at pH 7.35 and 8.6. 

E$ect of Concentrated Urea-Dialysis of a solution of collagen 
in phosphate pH 7.6, I’/2 = 0.4, against 8.5 M urea in the cold 

z 600 

2 500 

i+ 

L 
400 

2 300 
Y 

200 

100 I- 

0 9 

0 IO 20 30 40 50 60 70 80 7 HRS 

TIME IN MINUTES 

FIG. 4. Family of opacity-time curves for different collagen 
concentrations. O-O.23 per cent, O-O.15 per cent, a-O.11 per 
cent, A-O.08 per cent. 
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FIG. 5. Influence of ionic strength of phosphate buffers at 
constant pH on heat precipitation. A-0.14, a-0.24, o-0.40. pH 
7.6. Amount of sedimentible collagen after 4 hours at 37” is re- 
corded at end of each curve. 

caused a fall in viscosity and rapid diffusion of the normally 
hypersharp sedimentation boundary.. After removal of the 
urea by dialysis the solution no longer gelled or became opaque 
on warming to 37” and the viscosity remained low. Dialysis 
against 3.5 M urea in the cold produced no change in relative 
viscosity nor in the hypersharp sedimentation boundary. After 
dialyzing out the urea the solution heat gelled normally. If, 
however, the temperature was allowed to rise to 27” before 
dialysis, the same irreversible change occurred as that described 
above in 8.5 M urea. Multiple peaks were not observed in the 
ultracentrifuge patterns of the urea altered samples. 

Effect of Low Concentration of Urea-Urea was added to a 
series of tubes of cold phosphate solution of collagen (0.26 per 
cent, pH 7.6, I’/2 = 0.4) to produce graded urea concentration 
ranging from 0.04 M to 0.5 M. The rate of opacity increase at 
37” was delayed in direct proportion to the urea concentration 
(Fig. 6). There was a proportionate increase in lag period, 
decrease in slope of maximum rate phase and a slight decrease in 
final maximum opacity after 24 hours (not shown in Fig. 6). 
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FIG. 6. Effect of low concentrations of urea on heat gelation of 
0.26 per cent collagen solution in phosphate buffer, pH 7.6, ionic 
strength 0.4. Two separate experiments are reported as open and 
solid circles. The control behaved the same in both. 

In 0.5 M urea no gelation or opacity appeared even after 24 
hours at 37”; however, after removal of urea by dialysis, gelation 
followed the same curve as that of the control. The system was 
thus reversible. 

The amount of sedimentable collagen was measured at roughly 
the same opacity in a series of preparations showing a graded 
delay in gelation induced by graded concentrations of urea. The 
amount of collagen precipitated at a particular opacity was 
remarkably constant irrespective of the delay induced by urea. 

Effect of Protein Concentration at Constant Urea Concentration- 

By dialyzing a phosphate solution of collagen, pH 7.6, I’/2 = 0.14 
or 0.45 against 25 per cent polyvinyl pyrollidone in the same 
buffer it was possible to concentrate to more than 1.5 per cent 
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FIG. 7. Effect of pH at constant ionic strength (phosphate 
r/2 = 0.4) on urea inhibition 
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FIG. 8. Effect of ionic strength at constant pH 
(7.6) on urea inhibition (0.24 M) 

collagen without any precipitation. These solutions were enor- 
mously viscous but not gelled. A graded series of polyvinyl 
pyrollidone concentrated collagen solutions (concentration 0.44 
per cent to 1.3 per cent) were used in this experiment. Urea 
was added to a final concentration of 0.24 M in each tube and the 
usual opacity-time curves obtained. There was an inverse 
relationship between protein concentration and the delay induced 
by a constant amount of urea; the higher the collagen concentra- 
tion the weaker the inhibition. 

Effect of pH and Ionic Strength on Urea Inhibition-Urea was 
added to a series of phosphate solutions of collagen at constant 
ionic strength (0.4) and graded pH, (6, 6.5, 7, 7.5, 8). Opacity- 
time curves shown in Fig. 7 reveal maximum inhibition in the 
range pH 6.5 to 7.5 with significantly less inhibition at pH 8.0 
and even smaller urea effect at pH 6.0. 

At constant pH (7.6) and variable ionic strength (I’/2 = 0.14, 
0.24, 0.4) the inhibitory effect of urea was progressively greater 
at higher salt concentrations (Fig. 8). 

Exchange of NaCl for most of the phosphate greatly diminished 
the effectiveness of urea at ionic strength 0.4 or 0.14, pH 7.6. 
At I’/2 = 0.4, 1 M urea in NaCl had the equivalent effect of 0.2 M 

urea in POa=. It was noted that at P/2 = 0.14, P04-NaCl 
buffer, the higher concentrations of urea while slowing the rate 
of gelation, resulted in somewhat greater final opacity. 

Other Inhibiting Agents-The following substances were more 
effective inhibitors than urea, i.e. lower concentrations were 
required to produce equivalent delay in rate of gelation: arginine, 
aspartic, glutamic and ascorbic acids, glutamine, asparagine, and 
guanidine. Fig. 9 illustrates a family of opacity-time curves 
showing the effect of arginine at a series of low concentrations. 
As little as 0.0005 M arginine produced a measurable delay in the 
development of opacity and gelation. Again, this system was 
shown to be reversible on dialysis. 

Table I reports the list of agents studied and their effectiveness 
as inhibitors or accelerators, relative to urea. 

Agents Accelerating Heat Gelation-Potassium iodide, in low 
concentrations, is an accelerator of heat gelation in the absence 
of urea and completely reverses the inhibitory effect of urea in 0.1 
the concentration of the latter (Fig. 10). 
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FIG. 9. Effect of arginine in low concentrations on heat gelation 
of a 0.26 per cent solution of collagen in phosphate, pH 7.6, I’/2 = 
0.4. 

TABLE I 
Agents inJEuencing rate of heat precipitation of collagen* 

Accelerators 

Arginine ++++ SCN- Li+ 
Aspartic acid ++++ HCO 3- Lysine 
Ascorbic acid ++++ I- 

Ornithine +++ Br- 

Cit,rulline +++ F- 

Thiourea, 0.2 M 
Glycine, 0.2 M 

Hyaluronic acid, 0.2 
per cent 

Chondroitin SOa, 0.2 
per cent 

al-Glycoprotein, 0.2 
per cent 

Guanidine +++ Cl- 
Urea +++ 
Glutamic acid +++ 
Glutamine +++ 
Asparagine +++ 
Histamine +++ 
Creatine +++ 
Acetamide +++ 
Histidine ++ 
Formamide + 
Hgdroxyproline + 
Yroline + 

* Effectiveness of inhibitors relative to urea (+++) is indi- 
cated by the number of plus marks. 

Ineffective agents Inhibitors 

A series of inorganic cations demonstrated this anti-inhibitory 
action, some more effective, others less, than KI-. Their order 
of effectiveness resembled a Hofmeister series in reverse (Fig. 11). 
Lithium, well known as an effective solubilizing and dispersing 
agent, is a very potent accelerator of heat gelation and also 
reverses the effect of urea. Gnespectedly, lysine, a dibasic 
amino acid, proved to be a very strong accelerating agent and 
antagonist of urea and arginine. Both lysine and Lif in 0.2 N 
concentrations induced gelation in the cold. 

proline, proline, and formamide were very weak inhibitors at 
relatively high concentrations. Hyaluronic acid and chondroitin 
sulfate from umbilical cord and aI-glycoprotein from human 
serum (kindly furnished by R. Jeanloz and K. Schmid) in con- 
centrations of 0.2 per cent had no effect on rate of gelation or 
final opacity at either 0.14 and 0.4 ionic strength. 

DISCUSSION 

Agents Not Effecting Heat Gelation-Thiourea and glycine in Gelation and fibril formation of collagen in neutral and near 
0.2 M concentration did not, influence heat gelation. Hydroxy- neutral solutions on warming contrasts with the behavior of 
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FIG. 10. Effect of iodide in reversing the action of urea. With 
the exception of two controls there is 0.24 moles of urea in each 
tube. One control contained neither urea nor KI and the other 
contained HI alone. The third control contained urea alone. 
The test solutions consisted of 0.26 per cent collagen in phosphate, 
pH 8.6, r/2 = 0.4. 
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FIG. 11. Comparative antagonistic effects of a group of anions 
on a urea inhibited solution of collagen. Each preparation con- 
tained 0.25 per cent collagen in phosphate, pH 7.6, I’/2 = 0.4 plus 

0.24 M urea and 0.024 M of the test substances. 
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gelatin, which aggregates on cooling and disassociates on warming 
(13). Heat gelation of collagen occurred in neutral salt solutions 
at ionic strength as high as 1. Below P/2 = 0.1, the collagen 
employed here precipitated in the cold. Precipitation of high 
polymers at elevated temperature has been described for certain 
synthetic products as well as some proteins (14). Poly r,-proline 
also demonstrates this behavior (14). 

The development of opacity with time at 37” was closely 
paralleled by the amount of precipitated (sedimentable) collagen 
under a given set of conditions. However, this relationship did 
not hold with variation of ionic strength. The final level of 
opacity increased with ionic strength yet the amount of precipi- 
tated collagen was essentially the same. Increase of fibril size 
with optical density has been demonstrated for fibrin gels (15). 

The role of hydrogen bonds in heat gelation of collagen is 
evidenced by the delaying effect of low concentrations of urea 
and guanidine. Arginine, ornithine, citrulline, aspartic, glu- 
tamic, and ascorbic acids may also prevent hydrogen bonds 
forming between collagen molecules; in addition, they may 
function as competitors for charged groups. Grabar (16) has 
explained the inhibitor effect of arginine on the setting of gelatin 
by its competition for carboxyl groups. One might expect 
lysine to behave in the same manner as arginine, ornithine, and 
citrulline. Instead, it is a very potent accelerating agent and 
counteracts the action of urea. The influence of both pH and 
ionic strength on the delaying action of urea indicates the partici- 
pation of electrostatic forces in addition to hydrogen bonding in 
fibril formation in this system. The response to inhibiting 
agents is much more sensitive in the presence of phosphate than 
chloride and increases in sensitivity with higher ionic strength. 
In saline at physiological ionic strength and pH, the effect of these 
agents in retarding fibril formation is diminished. It is worthy 
of note that the maximum effectiveness of urea was observed 
between pH 6.5 and 7.5 with diminution at both higher and 
lower pH. 

Lever and Edsall (15), in a similar study on the formation of 
fibrin clots, reported a rate delaying effect of I-, SCN-, urea and 
guanidine in low concentrations and postulated binding of the 
two cations, resulting in a shift in charge distribution on the 
protein equivalent to a shift in pH of the medium. In the 
collagen system the effect of iodide and thiocyanate opposes that 
of urea and guanidine; the mechanism is obscure. The po- 
tentiating effect of lithium ions on fibril formation was also 

unexpected since Li+ is considered to be a potent dispersing agent 
for most proteins. 

Hydrogen bonds between the hydroxyl groups of hydroxy- 
proline and the keto group of the peptide link are considered by 
Gustavson (17) to play a major role in the intermolecular bonding 
within the collagen fibril. It is interesting to note that free 
hydroxyproline did not interfere significantly with fibril forma- 
tion in collagen solutions; competitive inhibition might have 
been anticipated here. 

It has been postulated that the acid mucopolysaccharides, 
hyaluronic and chondroitin sulfuric acids are intimately involved 
in fibril formation in the tissues, functioning as precipitating and 
aligning agents for the collagen molecules (18). Neither hyalu- 
ronic acid, chondroitin sulfate nor the CQ acid glycoprotein of 
serum in concentrations of 0.2 per cent influenced the rate of 
fibril formation or degree of opacity at physiological pH and 
ionic strength in this particular system. 

These results suggest the possibility that low molecular weight 
substances, perhaps certain common metabolites, may influence 
the rate of collagen fibril formation in viva. 

SUMMARY 

The effects of low concentrations of a group of low molecular 
weight electrolytes and nonelectrolytes on rate of fibril forma- 
tion induced by warming neutral solutions of collagen are 
described. 

Arginine, ornithine, citrulline, aspartic, glutamic and ascorbic 
acids, urea, guanidine, glutamine, asparagine, acetamide, 
histamine, and creatine delayed fibril formation in proportion 
to their concentrations. As little as 0.0005 M arginine meas- 
urably delayed precipitation under prescribed conditions. 
Arginine and urea were most effective at higher ionic strength, 
between pH 6.5 and 7.5, and in phosphate as compared with 
chloride. 

Hydroxyproline and proline were very weak inhibitors of fibril 
formation. Thiourca, glycine, chondroitin sulfate, hyaluronic 
acid and crl glycoprotein of serum did not obviously influence 
the rate or extent of gelation (precipitation) in either hypertonic 
or isotonic neutral solutions. 

Accelerators of fibril formation included SCN-, HCOB-, I-, 
Br-, F-, Cl-, in that order of effectiveness as measured by their 
relative ability to reverse the inhibitory effect of urea. Lysine 
and Li+ were also strong accelerators of gelation. 
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