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SYNOPSIS 

An elongational flow method established in polymer physics was applied to study dynamic 
structure and properties of biopolymers in solution. Type I collagen solutions in the dilute 
to semidilute region are studied in elongational flow fields, generated in a Taylor four-roll 
mill, for temperatures from 20°C through the melting temperature to 60°C. A nonlocalized 
birefringent signal, characteristic of stiff molecules, is observed a t  all temperatures. The 
conformational changes as a function of temperature can be divided into two separate 
temperature dependent stages. In stage I, at lower temperatures, the collagen molecule 
behaves as a rigid rod and the birefringent signal An rises as a function of increasing strain 
rate i .  Throughout this stage the type of molecular interaction in semidilute solution does 
not change but the rate of interaction is increased by thermal excitation. In stage 11, a 
characteristic criticality in the An vs. i plot is observed. For strain rates up to a characteristic 
value, to ,  the birefringence remains zero and for i > to whole field bright birefringence is 
observed. The plateau values of birefringence, An,, at high strain rates in the An vs. i curve 
decreased with rising temperature in stage 11. This criticality in behavior and the decreasing 
tendency in An, with temperature are explained by the collagen molecule changing to a 
hinged-rod conformation. Thus the untwining of collagen as a function of temperature 
initiates at  several places simultaneously, probably at  specific amino acid sequences, within 
the collagen rodlike molecule. 

INTRODUCTION 

Investigations on the response of polymer molecules 
to pure elongational flow provide valuable infor- 
mation on the molecular process of chain extension, 
relaxation, and orientation of molecules and is an 
important part of polymer physics. Previous studies 
in this laboratory have examined the response of 
flexible 1-3, ~emiflexible,~ and rigid-r~d-like~.~ poly- 
mer molecules in well-defined elongational flow 
fields. In the course of these investigations, methods 
have been developed in which elongational flow 
fields can be created and the resulting orientation, 
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stretching, and relaxation monitored by measure- 
ment of mangitude and character of the birefringent 
signaL7 

The elongational flow method can distinguish 
between flexible polymer chains and rigid-rod-like 
chains. For flexible molecules, flow-induced bire- 
fringence is localized along the symmetry axis for 
opposed jets, or along the exit symmetry plane in 
the cross-slots or four-roll mill.7 In a birefringence 
( A n )  vs. strain rate ( i )  plot, at small i ' s ,  A n  remains 
zero and then increases rapidly at a critical strain 
rate ic ,  as shown diagrammatically in Figure 1 ( a ) .  
The phenomenon has been predicted theoretically 
as the coil-stretch transition of a polymer chain.' 
Measurement of ic enables the conformational re- 
laxation time 7 of a random coil to be obtained' 
using the relation 

7 - l / i c  (1) 

In the case of rigid-rod-like molecules, nonlocalized 
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Schematic diagrams of elongational flow-induced birefringence An vs. strain 
rate t for (a )  flexible molecules and ( b )  rigid-rod-like molecules. 

birefringence is observed over the whole irradiated 
An increases continuously with k, as shown 

in Figure 1 (b). From the initial gradient of An vs. 
k plot, the rotational diffusion coefficient in an iso- 
tropic environment, D,, is obtained by the relation3,' 

D, = 2;/15( An/An,)  ( 2 )  

where Ano is the birefringence from a completely 
oriented polymer solution. 

It is known that biopolymers such as collagen, 
DNA, and the a-helical poly (a-amino acids) give a 
helix-coil transition under certain environmental 
changes such as temperature, pH, ionic strength, 
and so on. In the transition process, the molecular 
conformation changes from a rigid-rod-like to flex- 
ible coil. There have been several models proposed 
for the conformational changes on the basis of ther- 
modynamic consideration for this transition. Using 
elongational flow, it is interesting to observe the he- 
lix-coil transition of biopolymers as well as their 
rod or flexible coil states. The aim of this work is to 
pursue the possibility of the elongational flow field 
as a new method for investigating dynamic struc- 
tures and properties of biopolymers in solution. 

We have studied the hydrodynamic process of 
helix-coil transition of type I collagen by using the 
elongational flow method. We have used the four- 
roll mill apparatus since only relatively small quan- 
tities of sample solution are needed and it is rela- 
tively straightforward to change the temperature of 
the system during the experiment. 

In a solution of polymer molecules, the overall 
hydrodynamic behavior has been known to be af- 
fected largely by the length of the molecules and the 
magnitude and distribution of their molecular 
weight. In order to have a solution of monodisperse 

collagen molecules for this study, we have used col- 
lagen from lathyritic rats, which has no intermolec- 
ular covalent crosslinks. 

EXPERIMENTAL 

Materials 

Type I collagen used in this study was prepared from 
tail tendon of lathyritic rats and kindly provided by 
Dr. V. Duance and Professor A. J. Bailey (AFRC 
Food Research Laboratory, Langford, Bristol, U.K.) . 
Collagen was extracted from tissue by neutral salt 
( 1 M NaCl in Tris-HC1 buffer, pH 7.4 at 4OC). The 
suspension was centrifuged and the supernatant was 
dialized against 0.5 M acetic acid according to the 
procedure of Chandrakasan." The acetic acid so- 
lution of collagen was purified further by centrifu- 
gation and dialysis. Finally the stock solution was 
prepared in 0.1M acetic acid, pH 3.5 at collagen 
concentration of 2 mg/mL. The extracted collagen 
was characterized by SDS polyacrylamide gel elec- 
trophoresis. A minute portion of intramolecular 
crosslinks and the complete absence of any inter- 
molecular crosslinks was found (V. Duance, unpub- 
lished result). 

A sample solution was prepared by dissolving the 
stock solution into acidic glycerol, pH 3.5, in order 
to increase the viscosity of solution. Three sample 
solutions were prepared for temperature dependence 
measurements: 0.02% collagen and 89% glycerol so- 
lution, 0.008% collagen and 95% glycerol solution, 
and 0.002% collagen and 98% glycerol solution. A 
high concentration of glycerol was needed for the 
low collagen concentration sample for the sake of 
the accuracy of measurements at the initial part of 
An vs. i curve. 
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Apparatus symmetry plane of the elongational flow field a t  the 

The four-roll mill system consists of four parallel 
and mutually counterrotating rollers positioned on 
the corners of a square and spinning on vertical axes. 
The system has been utilized by Taylor for the study 
of liquid droplets in the flow field and by Torza to 
investigate shear-induced The 
present experimental arrangements including an 
optical system for the observation has been described 
in detail e l s e ~ h e r e . ~ , ~ * ~  The apparatus was modified 
by constructing an electrically heated jacket to sur- 
round the solution and the temperature was mea- 
sured and controlled with thermocouples. All the 
intensity measurements were made with polarizer 
and analyzer positioned at 45" relative to the mill 
inlet and outlet directions, respectively. In this op- 
tical arrangement, the birefringence A n  is well ap- 
proximated by the square root of transmitted inten- 
sity provided that the retardation is small. Mea- 
surements of A n  as a function of C were made 
isothermally for the strain rate over the range from 
0 to 240 s-l and for the temperature ranging between 
20 and 60°C. The increasing rate of the temperature 
between two successive measuring points was about 
3"C/h. Because of the use of glycerol as a viscosity 
builder, we did not observe any evidence of turbulent 
flow in the system up to the maximum strain rate 
of 240 s-'. It was found convenient to use an He- 
Ne laser and photodiode for intensity measurements 
and a tungsten lamp for visual observation. 

RESULTS AND DISCUSSION 

Visual Observations 

At room temperature, when the polarizer and ana- 
lyzer are positioned at 45" relative to the mill inlet 
and outlet direction, a uniformly bright field was 
observed within the area enclosed by the rollers. 
Dark streamlines were superimposed on the bright 
field. These are caused by density inhomogeneities 
along the stream lines in the system. With the po- 
larizer and analyzer directions parallel and perpen- 
dicular to the entry and exit directions, the same 
area becomes uniformly dark. This means that the 
transmission axes of the birefringent solution co- 
incide with these two directions. The effect of the 
elongational flow field generated by the four-roll mill 
is to produce a nonlocalized orientation of collagen 
molecule in the flow field. 

The results suggest that collagen molecules a t  
room temperature are rigid-rod-like. Rigid-rod-like 
molecules are known to orient parallel to the exit 

center of a four-roll mill.5 In the case of collagen, it 
is not unreasonable to recognize that the rod axis 
of a molecule is oriented parallel to the exit sym- 
metry plane within the center of the four-roll mill. 

The same nonlocalized birefringence pattern was 
observed throughout the temperature-dependent 
experiments, up to the denaturation temperature of 
collagen. At higher temperatures though, the inten- 
sity was reduced and there was a zero- A n  region in 
the A n  vs. C plot before the increase of A n  with i .  
At high temperatures, the collagen molecule is ex- 
pected to be partly or almost completely untwined. 
There might be a possibility that part or all of the 
birefringence observed, a t  high temperatures in par- 
ticular, originates from the untwined polypeptide 
chains extended by the flow field. In order to clarify 
the origin of the birefringence, measurement was 
made for a perfectly denatured sample at 60°C. A 
localized birefringence line is expected for flexible 
polymer chains but at no stage was this observed 
for the denatured sample. Thus any flexible coils 
formed would have a critical strain rate, C c ,  larger 
than the upper value of C generated by the apparatus 
used. 

From these visual observations, it is concluded 
that the birefringence observed throughout the ex- 
periments originates from the orientation of rodlike 
molecules or the rodlike part of partly untwined col- 
lagen molecules. 

Temperature Dependence of the Birefringence 

As mentioned in the Experimental section, all the 
intensity measurements were made with polarizer 
and analyzer positioned at the 45" to the mill inlet 
and outlet directions, respectively. 

Figure 2 shows the temperature dependence of 
A n  at C = 212 s-l, Anzl2, for 0.02% ( 0 )  ,0.008% (0 )  
and 0.002% (0) collagen solutions. Up to certain 
temperature, Anzl2 values are conserved at  their 
room temperature values followed initially by a 
gradual and then finally a rapid decrease of Anzl2 
with temperature. In 0.002% solution, these features 
are not clear but the same character is observable. 
This temperature dependence of Anzlz corresponds 
to an untwining process of collagen molecule. The 
denaturation temperature of collagen is a function 
of the solvent and in our case the addition of glycerol 
is expected to raise the value above the 37°C for 
totally aqueous  solution^.'^,^^ In Figure 2, as dis- 
cussed in the previous section, when Anzlz falls to 
zero, the system contains only random flexible coils. 
The temperature is approximately 55°C. It is not 
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Figure 2 
for concentrations of 0.02% ( 0 )  , 0.008% (0 )  , and 0.002% (0) of collagen solutions. 

Temperature dependence of birefringence at the strain rate i = 212 s-', Anzl2, 

unreasonable to regard this temperature as a final 
temperature (Tf) of collagen denaturation in our 
system. 

Figure 3 shows the A n  vs. k curves for 0.008% 
solution measured at 28.8, 43.7, and 53.8"C. In A n  
vs. i curves at both 43.7 and 53.8"C, there are zero- 
A n  regions before the increase in A n  begins, whereas 
A n  increases with ; at i = 0 s-l for the curve at  
28.8"C. The temperature at which a A n  vs. ; curve 
begins to have a zero- A n  region roughly corresponds 
to the temperature at the beginning of the gradual 

decrease of Anzlz with temperature. From these re- 
sults we can divide the temperature dependence of 
Anzlz into two stages: 

(1) Stage I: An212 values do not change with tern- 
perature and A n  increases with ; from ; 
= 0 s-l at each temperature. 

(2) Stage 11: An,,, values decrease gradually and 
then rapidly with temperature and in the A n  
vs. ; plot there is a zero- A n  region before the 
increase in A n  with C begins. The beginning 
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Figure 3 
indicated temperatures for 0.008% collagen solution. 

Elongational flow induced birefringence An plotted against strain rate i at 
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temperature of this stage is considered to 
correspond to the beginning temperature of 
the denaturation of collagen. 

Stage I ranges between room temperature and 
38°C for 0.02% solution, 39°C for 0.008% solution, 
and 45°C for 0.002% solution. The difference in the 
terminal temperature for each concentration, for 
both stages, respectively, is expected to be caused 
by the difference in glycerol concentration in each 
solution. It changes the concentration and the state 
of water molecules around a collagen molecule, 
which has been known to affect the stability of a 
triple helix of collagen (in our case stabilize i t )  .13,14 

It appears that hydrodynamic properties of col- 
lagen molecule in each stage are different, and so 
each stage is discussed separately. 

Stage I 

In this stage, according to the classification of the 
elongational flow birefringence pattern, the collagen 
molecule seems to have the characteristics of a rigid- 
rod-like molecule. It has been known that the in- 
teraction among rigid-rod-like polymer molecules 
was classified according to the concentration of the 
solution of rodlike molecules, where the rodlike 
molecules were assumed to be mon~disperse.'~ Let 
us suppose that the length of the molecule is L (nm)  
and the diameter is d (nm) . When the number of 
polymers per unit volume, c ,  ( nrnp3), is far smaller 
than L-3, the solution is defined as dilute. In a dilute 
solution of rodlike polymer molecules, each molecule 
can rotate freely without any imposed restriction by 
other polymer molecules. When c increases far be- 
yond L-3,  the dynamic properties of polymer solu- 
tion drastically change because of the topological 
constraint that polymers cannot cross each other. 
The static properties do not change substantially if 
the concentration is smaller than 1 / d  L2 .  Polymer 
solution with concentration c in the range 

( 3 )  

are defined as semidilute. In our case, solutions of 
0.008 and 0.02% are classified semidilute and 0.002% 
is dilute by the above criteria. 

We have determined the rotational diffusion coef- 
ficient D, of rigid-rod-like collagen molecules from 
the initial slope of An vs. i curve using eq. (2 ) . Figure 
4 shows the temperature dependence of D, for 
0.002% solution. The solid line represents the tem- 
perature dependence of D, for a rigid rod of the size 
of a collagen molecule in glycerol solution, using the 
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n 

1 

Temperature ("C) 
Figure 4 Temperature dependence of the rotational dif- 
fusion coefficient D, for 0.002% collagen solution. The solid 
curve represents the temperature dependence of D, of a 
rigid rod of the size of a collagen molecule using the 
Broersma equation for the rigid rod. 

Broersma equation for rigid  rod^.'^,^^ Experimental 
points agree well with the theoretical curve. This 
coincidence between experimental data and theo- 
retical values for rotational diffusion coefficient in 
dilute solution indicates that collagen molecule is 
well modelled by a rigid rod. On the other hand, D, 
in semidilute solutions is smaller than their theo- 
retical values, Dfi, as shown in Figures 5 ( a )  and 
(b) .  In both cases, D,/Dfi values do not look to 
change through the temperature range. D,/Dd < 1 
might be explained by assuming that in 0.008 and 
0.02% collagen solutions, molecules would be sem- 
iflexible." It is, however, difficult to consider (1) 
that the hydrodynamic properties would be changed 
from rigid to semiflexible only by increasing the 
concentration from dilute to semidilute and (2 )  that 
the flexibility, D,/Dfi value according to Hagerman 
and Zimm, does not change with temperature. We 
believe it more reasonable to assume that the rigid 
rod model is still suitable for collagen molecules in 
these concentrations. The Doi-Edwards theory ex- 
plains D,/Dfi < 1 by the interaction of rigid rod 
molecules: The circumstance about a molecule in 
the solution was simplified as one rod under consid- 
eration and its surrounding cage made by the sur- 
rounding rod like molecules; the rheological prop- 
erties of the system was considered to be governed 
by the escaping process of the molecules from the 
cage.15 The fact that, through the temperature range 
corresponding to stage I, the value of D,/Df i  does 
not change means that in this stage the type of mo- 
lecular interaction, i.e., the surrounding cage and 
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Figure 5 Temperature dependence of D, for (a )  0.008% 
and ( b )  0.02% collagen solutions. The solid curve in each 
figure represents the temperature dependence of D, of the 
rigid rod estimated by the Broersma equation. 

the escaping process of the molecule in problem from 
the cage, does not change. 

A diffusion coefficient in semidilute solution, D,, 
has been theoretically estimated as 19220 

where p is an adjusting parameter originally ex- 
pected to be of the order of unity. Many experimen- 
tal results, however, show that the value of /3 falls 
in the range between 10' and lo6. 21-25 In Figure 6, 
logarithmic value of Dr/Dm are plotted against log 
( c L 3 ) .  The three dashed lines ( a ) ,  ( b )  , and (c )  rep- 
resent the c - ~  relation [eq.(4)] for /3 = lo4 (cowhide, 

shortened collagen) , 3 X lo6 (rat tail tendon), and 
6 X lo6 (cowhide), r e s p e c t i ~ e l y . ~ ~ . ~ ~  It is not clear 
if these /3 values not for monodisperse collagen 
solution 24,25 are immediately applicable to our 
monodisperse system. According to these three 
dashed lines, however, we can imagine the shape of 
the concentration dependence of D,/D,,, curve in 
our case: Our semidilute resultant values of Dr/Dm 
do not obey eq. (4)  provided that - 1, but if we 
can assume /3 %- 1, as the three dashed lines in Figure 
6, our values can be considered to be placed at the 
intermediate region between plateau and c - ~  regions 
in the D,/D,,, vs. c curve. 

In the Doi-Edwards theory, the steady state so- 
lutions for the orientational distribution function 
includes only one dimensionless parameter, i /  D, 
and consequently any average over the distribution 
function depends on i in the combination of 

This suggests that if the strain rate is nor- 
malized by the rotational diffusion coefficient, the 
elongational flow data for each concentration and 
temperature will fall on a universal master curve: 

An = c A f ( i / D , ) .  (5) 

Here f is the function of the valuable ; / O r  and de- 
pends on parameters such as a specific molecular 
weight distribution and a molecular interacting 
mode. c is the concentration (in % ) and A is a pro- 
portionality constant associated with the intrinsic 
optical anisotropy of the system. Figures 7 ( a )  and 
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Figure 6 Logarithmic values of Dr/DrO plotted against 
the normalized concentration ( cL3) .  The solid horizontal 
line represents the relation D,/D,, = 1. The dashed lines 
( a ) ,  (b)  , and (c )  represent the c-' relation for B = lo4 
(cowhide, shortened collagen), 3 X lo6 (rat tail tendon) 
and 6 X lo6 (cowhide) re~pectively.'~*~~ 
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Figure 7 An plotted against the normalized strain rate i / D, for 0.008% solution. ( a )  for 
temperatures 25.5"C (O), 26.5"C (O), 27.6"C (Q), 28.8"C (01, 30.O"C (01, 31.0"C (a), 
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(b)  for temperatures 31.0"c (O), 32.1"C (O), 33.3"C (Q), 34.5"C (Q), 36.2"C (a), 372°C 
(a), and 37.9"C (0). 

( b )  show the An plotted against the normalized 
strain rate ; /Or for 0.008 and 0.02% solutions, re- 
spectively, at temperatures in the stage I. In Figure 
8, An scaled by c is plotted against the normalized 
strain rate for 0.02 and 0.008%, where ; /Or for the 
data of 0.02% solution is modified by the factor 
I),.,, ( 0.02 ) / Dro (0.008 ) at each temperature. These 
scaling procedures indicate that throughout stage I, 
as the function f itself is unchanged, in semidilute 
solution the type of molecular interaction does not 
change but the rate of the interaction processes is 
increased by thermal excitation. 

In this study, we found that collagen molecules 
in the stage I region can be well modelled as rigid 

rods. The conclusion was deduced from the following 
facts: ( 1 ) Elongational flow birefringence pattern 
was that of rigid-rod-like molecules, ( 2 )  the coin- 
cidence of experimental D, values for dilute solution 
with those of theoretical ones for rigid rod, and (3 )  
molecular interaction in semidilute solution was well 
explained by the theoretical expression for rigid rod. 
The discussion on the basis of these facts were solid 
enough to decide that molecules in solution were 
rigid-rod-like. This conclusion is in agreement with 
early collagen studies in which the type I collagen 
molecule in solution has generally been assumed to 
be a rigid Later results from hydrodynamic 
and morphological investigation of collagen mole- 
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Figure 8 A n / c  plotted against ; /Or  for 0.02% ( 0 )  and 0.008% (0) collagen solution. 
The i / D r  value for 0.02% solution data was modified by the factor Dr0( O.O2)/D,,( 0.008). 

cules, however, have suggested that the collagen 
molecule behaves as a semiflexible rod, although 
there have been some inconsistencies in detai1.28-31 

This discrepancy is considered to be related to 
the difficulty of determining the degree of flexibility 
or rigidity of the molecule by our method as it is not 
in a complete form now. Young’s moduli of collagen 
and DNA are reported to be 4 and 0.1 GPa, respec- 
t i ~ e l y . ~ ~  Preliminary elongational flow experiments 
on lambda-phage DNA show that the DNA molecule 
is semiflexible. Thus the critical stiffness beyond 
which the elongational flow method indicates that 
the molecule is rigid-rod-like would exist between 
the values of 4 and 0.1 GPa. 

It is of necessity to obtain the knowledge about 
the critical stiffness of a molecule and to establish 
a quantitative way of determining molecular pa- 
rameters in solution. Such an investigation is now 
in progress in this laboratory. 

Stage I I  

The characteristic manifested by collagen solution 
in this stage is that in the A n  vs. E plot, there is a 
zero- A n  region before the increase in A n  with i be- 
gins, which is contrasted with the An-; pattern in 
stage I. Also the observed birefringence at 2 of 100 
s-l was not localized, which is contrasted with the 
case of flexible polymer chains. Figure 9 shows the 
temperature dependence of the characteristic strain 
rate io,  at which A n  begins to increase from zero, 
for temperatures corresponding to Stage I1 for 
0.008% solution. At low temperatures within this 
stage, the absolute value of plateau birefringence in 

A n  vs. ; curve, An, ( -An2,, in Fig. 2 ) ,  decreases 
gradually with temperature while the i0 value is al- 
most constant. Near the terminal temperature of 
the helix-coil transition of collagen, the An, value 
rapidly decreases and the iovalue rapidly increases. 
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Figure 9 
temperature for 0.008% collagen solutions. 

The characteristic strain rate i, plotted against 
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From the results of the experiment on the de- 
naturated sample (as in the Visual Observation sec- 
tion), it is noted that the io observed are not related 
to the coil-stretch transition. Although not shown, 
the io was also found for the 0.002% dilute solution. 
The whole field nonlocalized birefringence pattern 
begins a t  i = 0 s -', when the temperature of 0.008% 
solution at  40°C (in stage 11) was reduced to 33 and 
28°C (stage I ) .  These two results suggest that the 
existence of to with nonlocalized birefringence is at- 
tributable, not to a molecular entanglement which 
has been expected for some flexible polymers in 
semidilute solution,32 but to a change in each mol- 
ecule, in particular a change in molecular confor- 
mation. Thus we believe the changes we observe are 
related directly to the untwining process of the col- 
lagen molecules. 

There have been several models of helix-coil 
transition for multistranded biopolymers including 
collagen. Each of them has assumed the confor- 
mation of the molecule during the transition. Tra- 
ditionally suggested conformational changes in the 
helix-coil transition are as follows (Fig. 10) : 

( 1 )  All-and-None Model: The system is a 
mixture of perfectly untwined coils and 
complete rigid rods. With the increase in 
temperature the population of untwined 
molecules will increase. Such a system is 

the basis of an all-or-none type transition 

Dumbbell Model: Molecular untwining 
occurs a t  both ends of a molecule. So a 
partly untwined molecule would behave as 
a dumbbell. Such a conformation is as- 
sumed as the basis of unzippering models 
of helix-coil transitions for multistranded 
biopolymers including ~ o l l a g e n . ~ * ~ ~ ~  
Hinged Rod Model: Molecular untwining 
occurs at certain sites on molecular rod, 
not only at both ends. Each untwined part 
would have a role of hinge between broken 
shorter rods. In the case of collagen, the 
model was assumed on the basis of the 
fact that the presence of pyrrolidine ring- 
containing residues in collagen interrupts 
the formation of hydrogen bonds and thus 
affects the melting b e h a v i ~ r . ~ ~ ? ~ ~  

Models ( 1 )  and ( 2 )  will be expected to show a 
An vs. i pattern similar to that for a rigid rod {whole 
field brightness begins a t  i = 0 s-l [Fig. 1 ( b ) ]  } in 
the stage I1 temperature range, because, for ( 1 ) , rigid 
rods always remain and they will produce a An signal 
a t  every value of i and, for (2 ) ,  the dumbbell-like 
molecules will behave essentially as a rigid rod. 
These expectations are contrary to our observations 
and experimental results. 

I ,  \ 

/ \ 

7 
/ 

/ 

Figure 10 Traditionally suggested conformational changes during the helix-coil tran- 
sition of collagen: (1) all-and-none model; ( 2 )  dumbbell model; ( 3 )  hinged rod model. In 
practice, the short rigid segments would orient more randomly than that depicted in the 
diagram. 
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- s t a g e  I stage II 

Temperature 

Figure 1 1 
the short rigid segments would orient more randomly than that depicted in the diagram. 

Schematic representation of collagen denaturation by temperature. In practice, 

The appearance of nonlocalized birefringence at 
lo will be realized if a molecule has a conformation 
modeled as a freely jointed or hinged rod as in model 
( 3 ) .  According to this model, a collagen molecule 
starts to flex at several places simultaneously within 
the rod. The collagen is regarded as a hinged rod 
with several hinges. An outlined shape of a molecule 
should be a stumpy spheroid as a result of entropic 
forces between segmantal shortened rods. In a 
spheroid, short rods are oriented randomly. At small 
i ,  the spheroids will respond to the elongational flow 
field so as to have their longer axis parallel to the 
exit symmetry plane of four-roll mill; but the short 
rods will remain oriented at random, so that there 
should be no birefringent signal. The appearance of 
nonlocalized birefringence will occur a t  the strain 
rate io at which the enlongational force overcomes 
the entropic forces in a molecule in the flow field. 
As a result, for i < i0 ,  we have a zero-An region, 
and for i > Co we have a whole field brightness which 
begins at ; = ;o. 

Figure 11 shows schematically the model ( 3 )  ap- 
plied to the collagen. We can consider a suitable 
explanation of the phenomenon occurring in stage 
I1 on the basis of the process shown in this Figure 
11. The intrinsic tendency of collagen to have hinges 
inside a rigid-rod-like molecule has been pointed 
out.% In stage 11, initially the An, value is almost 
unchanged with temperature as compared with the 
value in stage I. So at  lower temperatures in stage 
I1 the molecule is generally a rod but a small amount 
of untwined part which behaves as hinges. Such a 
hinged rod is considered to recover its initial rigid 
rod conformation straightforwardly on reducing the 
temperature to that of stage I. Preliminary experi- 

ments were made for 0.008% collagen and 98% glyc- 
erol solution to confirm this behavior. In the An-; 
pattern at  40°C (stage 11) , there was a zero- An re- 
gion. At 33 and 28°C (stage I )  reduced from 4OoC 
there was no evidence of i0 at all. It was also noticed 
that within experimental error the value of An, re- 
covers to its initial value at room temperature when 
the temperature was reduced to 33 and 28°C. 

By the i0 values and the temperature dependence 
of An,, the untwining process must be expected as 
follows. With the increase in temperature, the num- 
ber of the hinges of the same size gradually increases. 
Near the helix-coil transition temperature of col- 
lagen, the number and the size of the hinges would 
rapidly increase by untwining parts interreconnect- 
ing one another. Above the transition temperature, 
there are only flexible random coils left. 

The elongational flow studies have, thus, revealed 
the dynamic structure of collagen molecule during 
helix-coil transition to be hinged-rod-like on the 
basis of traditional models for conformation of col- 
lagen during helix-coil transition. We believe that 
the elongational flow method is thus proven to be 
useful to study dynamic structures and properties 
of biopolymers in solution. 
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