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Under the assumptions made, the derived equations 
indicate several kinetically different cases corre
sponding to different possible mechanisms in terms 
of the pH dependence of the kinetic parameters, the 
maximum velocity and Michaelis constant. These 
differences may be summarized as follows: if both 
ionized forms of substrate are utilizable, Vp and the 
ratio F F ( I + (H+)/KSn)/K? would be expected 
to vary with pH in a manner more complex than 
would be expected from the ionization of one or two 
groups in the active site of the enzyme molecule. 
On the other hand, when only one ionized form of 
substrate is utilizable, the two possibilities that the 
non-utilizable form of substrate be either a "good" 
or "poor" competitive inhibitor are kinetically dis
tinguishable. For both these possibilities, F F ( I + 
(H.+)/KSH)/KF VS. pH. is a function only of the 
ionizable groups in the enzymatically active site 
which are responsible for activity and the pH de
pendence may be described easily by an equation 
similar to equation 11,3. For the case of poor com
petitive inhibition, the maximum velocity repre-

In traduction 
Elastin is an important constituent of various 

elastic tissues including ligaments, blood vessel 
walls and skin. It possesses a high extensibility 
combined with a low modulus not unlike that of 
rubber. Moreover the stress-strain curve for elas
tin, like that of rubber, swings upward sharply at 
high extensions5; the rise of the stress-strain curve 
is however more abrupt, and it occurs at somewhat 
lower elongations, as compared with vulcanized 
rubber. Thermoelastic studies4-6 on elastin have 
yielded large positive stress-temperature coeffi
cients even at low extensions. It has been inferred 
from this alleged deviation from ideal rubber elas
ticity that crystallization occurs on stretching. On 
the contrary, however, Astbury7 found only an 
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seuts only the ionization of groups of the active site 
of enzyme to which substrate is bound. However, 
for the case of good competitive inhibition, the 
maximum velocity will be influenced by the degree 
of ionization of the substrate and will therefore 
be more complex than would be expected. 

In order that the equations derived in this paper 
be applicable, a large amount of kinetic data must be 
obtained. These data must be uncomplicated by 
interference due to substrate inhibition, substrate 
activation, irreversible enzyme denaturation, buf
fer effects due to different concentrations of anions 
or cations at different pH. values and so forth. Thus, 
care must be exercised in the reinterpretation of 
data already presented in the literature. For exam
ple, the two enzymes arginase and enolase which 
have been discussed both involve metal ions for en
zymatic activity. Although constant metal ion 
concentration was used, the mechanism of interac
tion of enzyme with the metal ions is not com
pletely understood. 
SAINT LOUIS, MISSOURI 

amorphous halo in the X-ray diffraction pattern of 
stretched elastin in which the collagen component 
had been destroyed. 

The principles underlying rubber-like elasticity 
of amorphous polymers are of course well known. 
Progress recently has been made in the analysis of 
the thermoelastic behavior of partly crystalline 
polymers.8 In extension of studies in this area, and 
especially those relating to fibrous proteins, it be
came of interest to examine elastin, and in particu
lar to endeavor to resolve the apparent contradic
tion between the thermoelastic results and those of 
X-ray diffraction. 

Theoretical 
Insight into the nature of the molecular processes 

involved in elastic deformation may be gained by 
analysis of experimentally determined stress-strain-
temperature results according to the thermody
namic equation of state for elastic deformation. 
This equation may be expressed as follows for a sys
tem subject to elongation at constant pressure 

/ = (.i>E/dL)PT + T(df/dl')PL ( I ) 

(S) J. F. M. Oth, E. T. Dumitru, O. K. Spurr and P. J. Flory, T H I S 
JOURNAL, 79, 3288 (1957); J. F. M. Oth and P. J. Flory, ibid., 80, 
1297 (1958). 
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Force-temperature measurements have been carried out on elastin (ox ligamentum nuchae) held at fixed elongation and 
immersed in glycol-water (3:7) mixture. The equilibrium degree of swelling of elastin in this mixture is independent of 
temperature, and the retractive force is directly proportional to the absolute temperature. It follows that (d£/dX)xv = 0 
for elastin and hence that the internal energy of the elastin chain is independent of its conformation. Contrary to previous 
studies on elastin, in which the influence of changes of swelling with temperature were overlooked, the thermoelastic behavior 
offers no indication whatever for crystallization on stretching at any elongation. The shape of the stress-strain curve is 
explained in terms of the morphology of native elastin; the abrupt rise in stress at high elongations is attributed to straighten
ing out of the initially curled fibers of collagen which are associated with the native elastin. 
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where/is the refractive force, E the internal energy, 
L the length, T the absolute temperature and P the 
pressure on the sample. For systems at constant 
volume V 

f = (dE/dL)YT + T(df/dT)VL (2) 

The advantages of experimentation at constant 
pressure weigh heavily in favor of eq. 1, by means of 
which (dE/dL)pT may be evaluated from observa
tions on the temperature coefficient of the force at 
constant pressure. Unfortunately, however, it is 
the constant volume coefficient (dE/dL)vr that is 
representative of the energy change due solely to 
changes in molecular conformation brought about 
by the deformation. The constant pressure coef
ficient includes a contribution from dilation of the 
sample. 

Direct evaluation of the force-temperature coef
ficient at constant volume (eq. 2) being generally 
impractical, it is customary to determine (J5f/dT)pL 
from measurements at constant pressure and sub
sequently to apply suitable corrections for volume 
changes with temperature.9 Through use of eq. 2 
it is then possible to deduce the desired coefficient 
(dE/dL)vT, which affords an index of the molecular 
processes accompanying deformation. 

Manifestation of high elasticity in fibrous pro
teins generally requires the presence of a swelling 
agent, usually water. If the sample is in equilib
rium with the swelling agent available in large ex
cess, as for example if the sample is immersed in the 
swelling medium, then the quantity of diluent in the 
sample will, in general, depend on L and T. Equa
tions 1 and 2 are readily shown to apply to such an 
open thermodynamic system comprising the swol
len polymer in equilibrium with the external diluent 
phase, provided however that the partial deriva
tives are understood to be restricted to states in 
which swelling equilibrium prevails. Then E may 
be considered to represent the sum of the internal 
energies of both phases; P, V and L refer to the 
polymer phase specifically. 

Direct evaluation of (bf/dT)vL in general would 
require the experimental!}' awkward feat of apply
ing pressures to the polymer phase in order to main
tain its volume constant. This difficult}' may be 
avoided by choice of a diluent in which the volume 
V of the swollen polymer is independent of tem
perature, i.e., for which (dF /dP)?^ = 0. If this 
condition holds for the unstrained network, then it 
may be assumed to hold also for extended states, to 
a close approximation at least (i.e., neglecting the 
effects of anisotropy, which should be trivial). It 
follows from well-known thermodynamic relations 
that 

(i>E/dV)TL = T(0P/dT)VL - P = -P 

u n d e r t h e foregoing c o n d i t i o n s , a n d h e n c e t h a t 

(dE/dL)rp = (dE/dL)Tv + (dE/dV)TiXdV/c>L)rr = 

( D £ / d L ) T r - P(.dV/dL)TP 

E x c e p t for h i g h p res su res , we h a v e t o a v e r y good 

(9) P. J. Flory, "Ptinciples of Polymer Chemistry," Cornell Uni
versity Press, Ithaca, N. Y , 1953, pp. 440-4 14. 

approximation that 

CoE/dL)Tp = (dE/dL)Ti' (3) 

Hence we may use the experimentally convenient 
eq. 1 to evaluate the theoretically desired deriva
tive (dE/dL)vr of eq. 2, provided, of course, that 
the condition (dV/dT)pL = 0. It is obvious also 
that (df/dT)PL is then identical with (tyfbT)VL. 

The procedure indicated has been adopted in the 
present study. A mixed diluent was used; possible 
disproportionation of the two components between 
the phases is of no consequence, provided only that 
the diluent phase is present in large excess. 

Through the use of statistical mechanical pro
cedures, the following equations have been derived10 

for an amorphous polymer under a tensile force 
while in swelling equilibrium 

Ov,/iVaFo)[<a>o2(Z;o/£) ~ vt/2] = 

- [In(I - V2) +V1 + xit's2! (4) 

If the retr ?tive force is zero, eq. 4 becomes 

( > V i / A T , J 7 o ) [ < a > o V ' ' ' — ti2/2] = 

- [In(I - V2) + V2 + Xi^2I (5) 

where 

v is the total number of chains in the network structure 
Vi is the molar volume of the diluent 
N0 is Avogadro's number 
Li0 and Vo are, respectively, the isotropic length and the 
volume of the polymeric sample in the absence of a diluent 
V2 is the volume fraction of polymer in the swollen network 
<a>o is the dilatation factor in the absence of diluent and 
is given by 

<«>o2 = ^T2Av 

where no2 is the mean square end-to-end distance of 
the polymer chains in the isotropic amorphous 
sample in the absence of diluent and r0

2 is the corre
sponding quantity for unconstrained free chains. 
Xi is the interaction parameter for solvent-polymer 
interaction. 

In general the degree of swelling i/2
_1 depends on 

the temperature coefficients of < a > 0
2 and xi- The 

temperature coefficient of xi is proportional to the 
heat of swelling which, if positive, causes the swell
ing to increase on raising the temperature, < a > 0

2 

being considered constant. On the other hand, de
pending on the nature of the energy barrier re
stricting bond rotation, ro2, and hence <a>o2 , may 
change with temperature. (We neglect for the mo
ment the relatively small effects of the bulk thermal 
expansion.) For amorphous polyethylene d< a> 0

Z/ 
AT has been found11 to be positive, hence dro2/dP is 
negative, as a result, no doubt, of rotational hin
drance about the C—C bonds of the chain. Conse
quently measurement of the temperature coefficient 
of swelling alone is not sufficient for determining 
d < a > O2ZdT. However, by combining swelling-
temperature measurements with force-temperature 

(10) P. J. Flory, THIS JOURNAL, 78, £222 (1956). 
(11) P. J. Flory, C. A. J. Hoeve and A. Cifeni, paper presented 

before the ITJPAC Conference on Maeromolecular Chemistry, Notting
ham, 21-24 July, 1958. 
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measurements at constant length separate evalua
tion of dxi/dT and of d < a > o 2 / d r is in principle 
possible through use of eq. 4 and 5. 

The relation for the force as a function of the 
length, temperature and degree of swelling is given 
by10 

/ = y*r«a>oV£ios)L(l - Ll0*/viL*) (6) 

where V2 is in general a function of T and L as de
termined by eq. 4. At large extensions, the second 
term of eq. 6 is small and therefore the force-tem
perature coefficient at constant length can be re
lated directly to changes in < a> o2/.Lio2 and hence in 
r0-. For small L the changes in D2 with temperature 
will in general contribute to the force-temperature 
coefficient. But, if a solvent is chosen in which the 
volume of the swollen polymer (proportional to 
Lsio/vi) at zero force remains constant with tempera
ture, the increase in volume from thermal expan
sion is exactly counterbalanced by de-swelling, and 
the force-temperature coefficient at constant length 
can be related without appreciable error to changes 
in r0

2 over the whole range of extensions. 
This deduction from eq. 6 is in accord with the 

foregoing thermodynamic considerations. Thus, at 
constant length and at swelling equilibrium in a 
medium in which the condition (&V/bT)z.p = 0 
holds, we have 

P ^ r T y z . = ~dln^dT = -m/Z>L)rv/Tf (7) 

as has been shown for single phase polymer sys
tems.11 

Experimental 
Fiber bundles of ca. 0.05 cm.s in cross section and 4 cm. 

in length were obtained from unpurified ox ligamentum 
nuchae. Length and diameter were measured with a cathe-
tometer. Measurements in water showed that the degree of 
swelling decreased in water on elevation of the temperature. 
However, the dimensions remained essentially constant from 
0 to 50° in a 30% by volume glycol-water mixture. Force 
measurements were performed in this medium. 

The fiber bundle was suspended between clamps at both 
ends. The lower clamp was fixed, while the upper clamp 
was suspended from a strain gauge which could be adjusted 
vertically. The strain gauge (Statham Instrument Com
pany, Transducer Model G-I) had a capacity of 750 g. and 
a linear response of 0.05 mv. per g. under a supplied e.m.f. of 
12 v. The output of the strain gauge was connected to a 
Leeds and Northrup recorder giving a full scale deflection of 
10 mv. The instrument was calibrated by addition of 
known weights before and after each experiment. 

Reversible measurements were made in the following way. 
The fiber bundle was extended at the highest temperature 
(50.5°) and allowed to remain in this condition for half an 
hour for dissipation of stress relaxation. The temperature 
then was lowered to 0.5°, and again relaxation was allowed 
to occur for 30 minutes, whereupon the force was recorded. 
After returning the sample to 50.5°, the previous value for 
the force was restored; hence attainment of equilibrium 
forces was assured. Thereafter the elongation of the sample 
was changed and the cycle repeated. 

Fiber bundles were decomposed enzymatically with an 
impure preparation of elastase extracted from pancreas ac
cording to the procedure of Bal6 and Banga.1* 

Results and Discussion 
As observed in the microscope13 the elastin sam

ples consisted of many separate fibers with irregu-
(12) J. Balfi and I. Banga, Biochem. J., 46, 384 (1950). 
(13) A. A. Maximow and W. Bloom, "A Textbook of Histology," 

W. B. Saunders Co., Philadelphia, 1952, p. 70. 

larly curled thinner fibers between them. Staining 
techniques13 showed the thicker fibers to consist of 
elastin and the thinner ones of collagen. Decom
position of the elastin component with elastase left 
fibers which, though coherent, accounted for only 
about 20% of the initial (dry) specimen. The 
lengths of these residual fibers, when straightened 
out under tension, were about twice those of the 
relaxed native sample. Identification of the resid
ual fibers with the irregularly curled component 
seen under the microscope is thus indicated. These 
fibers displayed low elongation and high modulus; 
they underwent shrinkage (in water) at 65° to 
about one-fourth of their length. These observa
tions leave little doubt that the residual fibers are 
collagen. The fact that macroscopic collagen fibers 
survive the enzymatic treatment is clear proof of 
the co-existence in ox ligamentum nuchae of sepa
rate fabrics comprising elastin and collagen fibers. 

The results of the force-temperature measure
ments are given in Fig. 1. The points were taken in 
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1.—Stress-strain curves of an elastin bundle at different 
temperatures in 30% glycol-water mixture. 

random order. Deviations from the lines are small, 
in further support of the conclusion that equilib
rium was closely approached. The coefficients 
(bf/dT)Lv were obtained from the slopes, and (£>£/ 
dL)vr values were calculated according to eq. 2. 
For extensions up to 50% and temperatures ranging 
from 0 to 50.5°, (dE/dL)vT does not deviate from 
zero by more than 1% of the total force, which is 
well within the experimental error, estimated to be 
about 2%. Compelling evidence is thus afforded 
for the conclusion that elastin does not crystallize on 
stretching. The failure of elastin to crystallize is 
rather unexpected, since most proteins are at least 
partly crystalline in their natural environment even 
without the assistance of elongation. 

On application of eq. 6 to these results it is seen 
that < a>02/£iO

2, and therefore r0
2, is independent of 

temperature. Thus the different conformations of 
the protein chain must possess equal energy. This 
result is by no means at variance with current 
views14'16 on impedance of rotation about the C—N 

-(H) R. B. Corey and L. Pauling, Proc. Roy. Soe. (London), B i l l , 10 
(1953). 

(15) S. Mizusbima, "The Structure of Molecule and Internal Rota
tion," Academic Press, Inc., New York, N. Y., 1954. 

(16) S. M. Partridge and H. F. Davis, Biochem. J., 61, 21 (1955). 
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bond of the amide group, C—N, owing to its partial 

O 
double bond character. Iu fact, this planarity of 
the amide group should be expected to suppress 
steric hindrance to rotation about the other bonds in 
the protein chain, thereby reducing the change of 
energy with chain conformation. Furthermore, 
elastin is known16 to contain few polar amino 
acids and the electrical forces should not therefore 
be expected to contribute appreciably to the con
formational character of the chain. 

Although the elastin bundle conforms to the con
dition (dE/bL)vT = 0 for ideal rubber elasticity, 
the linear stress-strain relation presents a striking-
contrast to the isotherm reported for rubber. This 
feature finds qualitative explanation in the fact 
tha t elastin consists of separate fibers, curled to 
different degrees. Consequently some of the fibers 
do not contribute a t all to the force at low exten
sions. As the extension increases the proportion of 
the fibers subjected to extension increases; hence 
more of them contribute to the force. The stress-
strain relation which would obtain for a homogene
ous polymer is therefore modified to the extent tha t 
the initial negative curvature which would other
wise be observed is eliminated. The linearity noted 

I t was reported in Paper I of this series tha t the 
saturat ion curve of heme by carbon monoxide cor
responds to a simple chemical equilibrium which 
may be represented by 

1I2O-IItInC-OII2 + CO I 1 Z^ H2O helm: CO -|- H2O 

The half-saturation pressure of this reaction was 
found to be 0.21 cm. which is about 40 times larger 
than the corresponding value for hemoglobin at 
room temperature and pli 7.4. Since the hemes in 
hemoglobin are believed to be at tached to the 
imidazole groups of the globin, it seems to be of 
interest to study the above equilibrium in solutions 
containing a tert iary amine. Pyridine was chosen 
in this work instead of imidazole because of the 
greater solubility of the pyridine-heme complexes. 

(1) Paper I, J. H. Wang, A. Nakahara and E. B. Fleischer, T H I S 
JOURNAL, 80, 1109 (1958); Paper II, J. H. Wang, ibid., 3168 (1958). 

(2) Dept. of Chcmist-y, Osaka University, Nakanoshima, Osaka, 
Japan. 

within experimental error over the range of exten
sions given in Fig. 1 is regarded as fortuitous. 

At extensions higher than ca. 7 0 % the collagen 
libers evidently become t au t and hence cause the 
stress to rise abruptly with further extension. Colla
gen, being a crystalline polymer where elastic modu
lus and tensile strength are much higher than those 
of elastin, prevents rupture of the fiber bundle at 
higher stresses. Iu contrast with rubber, the 
steep rise in stress at elongations near the maxi
mum attainable length is not precipitated by crys
tallization, but by a permanently crystalline com
ponent (collagen) interwoven with the deformable 
(elastin) component. 

The conclusions we have reached depart from the 
interpretations of Meyer and Ferri4 and of Wohlisch 
and co-workers.66 These investigators concluded 
from stress-temperature measurements tha t elastin 
crystallizes on stretching. Wohlisch went even so 
far as to calculate the heat of crystallization of elas
tin from the stress-temperature relation. The value 
found was surprisingly low. Failure to take ac
count of de-swelling of elastin in water with eleva
tion of temperature led these investigators to the 
erroneous inferences. The internal energy changes 
with length as deduced by them are to be at t r ibuted 
rather to the energy change associated with the 
aforementioned de-swelling with rise in temperature. 
PnTSlHJK(JlI, l'EN'N'SVI VAMA 

In general when carbon monoxide is equilibrated 
with an aqueous solution of heme and pyridine, 
the equilibrium mixture may contain many molecu
lar species such as H2O-TIeUIe-OH2, H 2 0-heme CO, 
py-heme -OH2, py-heme-py , py -heme-CO, etc., 
where the abbreviation " p y " represents pyridine. 
Thus a quant i ta t ive t reatment of the equilibrium 
mixture would include the evaluation of the equilib
rium constants for the intercouversion of the vari 
ous pairs of different heme complexes. Fortu 
nately in case of the dilute solutions studied in this 
work, the t rea tment of experimental data can be 
effectively simplified so tha t the major physical 
significance of these results can be seen readily 
without delving in the tedious procedure for evalu
ating the individual equilibrium constants. 

The following solutions a t pH 11 were prepared 
and studied: solution A, 0.5 X 10~4 M heme. 1.; 
solution B1 0.5 X 10 4 I f heme + 0.f> X 10 ' .1/ 
pyridino/1.; solution C, 0.5 X 10 1 M heme X 1.0 
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Hemoglobin Studies. III. The Effect of Pyridine on the Combination of Heme with 
Carbon Monoxide1 
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The chemical equilibrium between heme and carbon monoxide was studied in the presence of pyridine. It was shown 
that small amounts of added pyridine markedly increase the affinity of the heme solution for carbon monoxide in accordance 
with the ligand-field theory of metal complexes. 


