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than half that found by the first method and a
ridiculous a°. Also, it is not possible to find a
single J that will make the theoretical and experi-
mental curves coincide over any range of concen-
tration. Permutations and combinations of the
above do not give anything much better in the
way of a fit. A viscosity correction does not give
enough aid and the simple association correction
would push the A’ curve up instead of down. At
the present time, we can only hope that further
work on this type salt and particularly mixed sol-
vent work will help our interpretive problem.

To illustrate the difficulties involved in adding
these '‘corrective’’ terms to the original limiting
law, Table IV gives the relative size of the terms
in the CuBDS and LaNTS extended equations at a
few concentrations. To say that we are straining
the theory in these cases is certainly an understate-
ment. Approximations of no import for a 1-1
may become very important for a 3-3.

We hope to shed more light on these unsettled
questions by the extensive experimental program
we have in progress. At present we are exploring
both the low-field and high-field conductance of
the BDS= salts of the other stable divalent ions as
well as other lanthanide NTS= salts. We also have
prepared salts of benzenetrisulfonic acid and 4,4'-
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TABLE IV
Salt C X 104  A® Sc'/ EC1og C JC A
CuBDS 1 114.54 4.52 — 1.29 0.84 109.57
10 114.54 14.25 — 9.70 8.35 98.94
50 114.54 31.95 — 37.20 41.75 87.14
LaNTS 1 140.5 14.1 — 23.5 15.8 118.7
10 140.5 44.5 —176.3 158.0 77.7
50 140.5 99.6 —676.6 790.0 154.3

diphenyldisulfonic acid and are doing preliminary
work with them. In addition, we are collaborating
with workers at other universities in the exploration
of the activity coefficients and transference num-
bers of these salts. It is hoped that this paper will
stimulate more interest in the properties of this
intriguing new class of strong electrolytes. Finally,
one must say that the success of the extended
Fuoss-Onsager theory in treating these high charge
type salts is a striking demonstration of the essen-
tial correctness of the theory.

The authors wish to thank Professor R. W.
Parry for the loan of the conductance equipment
and the National Science Foundation for partial
support of the work, C.J.H.acknowledges theaid
of a fellowship from the Horace Rackham School of
Graduate Studies.
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Thermodynamic Study of Shrinkage and of Phase Equilibrium under Stress in Films
Made from Ribonuclease?:?

By Ak10 NaxAjiMA® AND HAROLD A. SCHERAGA
RECEIVED AUGUST 25, 1960

Ribonuclease films were used for studies of shrinkage and phase equilibrium under stress. The films were prepared by
coagulating ribonuclease with formaldehyde, compacting the clot to a thin film, partially cross-linking with p-benzoquinone,
stretching in hot urea solution and further cross-linking to obtain a partially oriented, partially erystalline material. The
film is considered to consist of two regions, .e., amorphous zones which crystallize on stretching and separate zones which
contain crystallites in equilibrium with the surrounding amorphous zone. With these films, investigations were carried out
on the dependence of the helix-random coil transition temperature on the pH of the medium, using measurements of retrac-
tive force. The change in force with temperature was reversible in the presence of 2 M KCl at low pH where no side-chain
hydrogen bonding is present. The pH-dependence of the transition temperature was adequately accounted for by means of a
reasonable model and a recent theory of reversible protein denaturation, in which side-chain hydrogen bonds play a dominant
role. The heat and entropy change per peptide residue, accompanying the helix-random coil transition, were obtained from
similar experiments on the dependence of the transition temperature on the concentration of urea. The crystalline unit in
the assumed model consisted of two helical portions of 12 amino acid residues each, connected at both ends by cross-links.
Force-temperature curves as a function of relative length, as well as data on swelling and its dependence on ionic strength,
also were obtained, the data being subjected to a thermodynamic analysis from the point of view of phase equilibrinm under
stress. It was thus possible to obtain estimates of the contributions of the heat of solution, heat of rupture of a backbone
hydrogen bond and the heat change accompanying the change of composition of the fiber induced by a change in its length.
The model and the results are compatible with known structural features of ribonuclease and the elastic behavior of other

fibrous proteins.

Introduction

The effect of side-chain hydrogen bonds on the
elastic properties of protein fibers and on the con-
figurations of proteins in solution recently has been
treated theoretically* on the basis of earlier work

(1) This investigation was supported by Research Grant B-1473
from the National Institute of Allergy and Infectious Diseases of the
National Institutes of Health, U. S. Public Health Service.

(2) Presented before the Division of Biological Chemistry at the
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September, 1960,

(3) Visiting Regearch Fellow (1958-1960) from the Department of
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(4) H. A. Scheraga, J. Phys. Chem., 64, 1917 (1960).

on elastic mechanisms in proteins® and on the
stability of side-chain hydrogen bonds.®! The pur-
pose of this paper is to provide experimental evi-
dence for the earlier theoretical considerations? and
to obtain further information about the role of
side-chain hydrogen bonds in the mechanism of
shrinkage. Ribonuclease was chosen for this study
since the amino acid sequence’ and disulfide bridge
positions® are known, and some information is

(5) P, J. Flory, J. Am. Chem, Soc., T8, 5222 (1956).

(6) M. Laskowski, Jr., and H. A, Scheraga, ibid., T6, 6305 (1954).

(7) C. H. W. Hirs, S. Moore and W, H, Stein, J. Biol. Chem., 285,
633 (1960).

(8) D. H.Spackman, W, H. Steinand 8. Moore, tbid., 285, 648 (1960).
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available about its secondary and tertiary struc-
ture.® Films were prepared from ribonuclease and
cross-linked with p-benzoquinone. The chain con-
figuration in sucli films need not be the same as in
native ribonuclease.

The point of view adopted in this work is that of
Flory,® viz., thiat the shrinkage of fibrous proteins
involves a crystalline-to-amorphous phase trausi-
tion, the sounduess of this approach having been
anply dewonstrated. =% It is further assumed
here that the crystalline form is an e-helix and the
amorphous form is a random coi! so thiat the proc-
ess may be regarded ns a helix-to-randowmt coil
transition. Several workers have considered this
transition (denaturation), and the effect of temper-
ature, pH, and concentration of chetnical denatur-
ants thereon, from both a thermodynamical and
statistical miechanical point of view.2*=% It sheuld
be noted that the theory is essentially the saine,
independent of wlether the transitions occur in
singly dispersed niolecules in dilute solution or in
the (swollen) solid phase of a fiber.

Experimental

Preparation of Films.—Armonr bovine ribonuclease (Lot
647-213) was used for preparing filius.  Stock solutions of
ribonuclease were tade by dissolving ca. 100 mg. of the
protein in 1.5 ml. of buffer which was 0.1 A in phosphate
and .43 M in NaCl (pH 9.5} The tormaldehyde clotting
reageit was prepared by diluring o 499, solution with pH
9.5, 0.1 M phosphate huffer to a enucenration of 2.5 g./100
ml.

To clot the ribontuciease, 1.5 . of the diute formalde-
hyde sohition was added to an equal voliue of the protein
solution with rapid stirring. Just before gelation began, the
solution was poured onta ¢ glass plete in an area surrounded
bya glass eylinder of 3.5 ¢m. ¢ oter. Clotting was allowed
to proceed for 20 miin. on the glass plate, after which the clot
was transferred to a picce of rmuslin o a glass plate, covered
with another piece of musiin and a glass platz and compressed

(9) H. A. Scheraga, J. Awm. Chem. Soc., 82, 3817 (1960).

(10) P. J. Flory. Science, 124, 53 (1956).

(11) J. F. M. Othi, E. T. Dumitru, O. K. Spurr, Jr,, and P. J. Plory,
J. Am. Chem, Soc., 7%, 3288 (1957).

(12) P. J. Flory, J. Cell. and Comp. Phuvsiol., 49, Suppl. 1, 175
(1957).

(13) J. ¥. M, Oth and P. J, Ylory, J. Am. Chem. Soc., 80, 1207
(1958).

(14) C. A. J. Hoeve and P. J. Flory, ¢hid., 80, 6323 (1958).

(15) L. Mandelkern, D. E. Roberts, A. I, Diorio and A. &. Posner,
ibid., 81, 4148 (1939).

(16) L. Mandelkern, A, 8. Posner, A, R, Diorio and K. Laki, Proc.
Neatl. Aced. Sci., U. S., 48, 814 (1459).

(17) E. T. Dumitru, Pih.D. Thesis,
1957.

(18) ©O. K. Spurr, Jr., Ph.D. Tlesis, Cornell University, Sept., 1958,

(19) G. I. Lceb, Ph.D. Thesis, Cornell University, June, 1960.

(20) J. A. Schelimun, Cowpt. rand. trave. {ab. Carlsberg, Ser. Chim., 29,
230 (1955).

(21) T. L. Hill, J. Poivmer Sci., 23, 549 (1957).
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271 (1959).
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(26) S. A. Rice and A, Wada, Ahstracts of tlie 134th meeting of the
Amer. Chem. Soc., Chicago, 11l., Sept., 1958, p. 41-S.

(27) The pH was chosen as 9.5 to obtain u suitable reactiou rate
in the subsequent clotting with formaldeliyde. At higher pH (e.g. p1I
11) the clotting reactinn was too fist, being almost instantaneous;
at lower pH (e.g. p1 5.8) the reaction was too slow (about 24 hr.);
at p11 9.5 gelation occurred in about 2 min. These observations are in
accord with the notion that formaldehyde reacts with nncharged amino
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tween proteiu molecules diring gelatinn.
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with a weight of 700 g. for 1 hr. The resulting film then was
washed with water.

In order to partially cross-link the film, it was immersed in
a 1% solution of p-benzoquinone (buffered with pH 9.5
phosphate) at room temperature for 1 hr. and then washed
with water. The cross-linked film was cut into strips of 1
mm. width and stored in water at 4°. Films prepared in
this manner probably have their chains preferentially
oriented in the plane of the film.

In order to obtain an oriented filin, the strips were
stretchied 309 of their length in a 4 M urea solution® at 65°
on a metal stretching frame and then re-immersed in the
buffered p-benzoguinone soliution at room temperature for 1
Lir. under stress to fix the oriented cenfiguration with mnore
cross-links.  After cross-linking, the stress relaxed in the
stretched state, indicating that the oriented configuration
was maintained in the absence of external stress. Tlie
oriented films were washed with water and stored in distilled
water at 4°. Such films were stable for at least a month,
using their unchanged force-temperature characteristics as a
criterion of stability.

The cross-linking with forinaldehyde and p-benzoquinone
probably involves the basic amino acid residues, primarily
Iysine e-aminn groups, %2 of which there are 10 in ribonu-
clease.” The cross-linking reactions between amino groups
and formaldehvde and p-benzoquinone, respectively, have
been discussed bv Mihalyi and Lorand.32 TUnder the condi-
tious used here, the degree of cross-linking with formaldehyde
is very low.32 Furthermore, when such cross-links are in-
troduced into collagen, they tend to disappear upon storage
in water.'8 Therefore, after the initial preparation of the
filn1, p-benzoquinone was used to obtain more permanent
cross-links. Since p-benzoquinone darkens on standing at
tH 9.5 due to polymerization, fresh solutions of this reagent
always were used.

Force Measurement.—The dynainometer for the meas-
urement of force was essentially the same as that of Oth
and Flory!?; thiesamplelength was 1to 2 cm., and the sample
was imunersed in a buffer whose pH and temperature could
be controlled during the measurement of the force. The
strain gange was a mnode] G7A-1-2500 (Statham Instrument
Co., Puerto Rica) with a capacity of 1 ounce (28 g.) and
maxiimnn excitation voltage of 36 volts. The inpnt voltage
was obtained from 3 Mallory mercury batteries of 9 volts
each, arranged in series with a variable resistor to control
the input voltage. The seusitivity of the gauge was 3354
microvolts per input velt per ounce. The output voltage
was fed into a General Electric model SCE5CP19A recording
potentionieter having a sensitivity adjustable from 0.2 to
500 1nillivolts full-scale in 11 steps and two chart speeds of 6
in./hr. and 6 in./min., respectively. The systemn was cali-
brated by hanging known weights or the strain gauge and
noting the deflection of the recorder pen. In experiments of
tong duration, the calibration was carried out before and
after the run.

The lengths of the samples were measured simultaneously
with the force by meaus of a cathetometer with a precision
of £0.001 cin.

Results and Discussion

State of Film.—If a film is heated to induce a
helix-randon: coil tramsition, tlie length will
decrease at constant force, or tlie force exerted by
the film will increase at constant length. If the
transition is a reversible one, then a thermody-
namic analysis can be carried out. Insuch an anal-
ysis it is helpful if one can demonstrate experimen-
tally that the initial and final states are indeed helical
and randomly coiled, respectively. For such pur-
pose, X-ray diffraction photographs were taken of
ribonuclease films at 509, extension in the presence
of buffer. However, the photographs were not of

(28) Urea at 65° was used to unfold the molecule since the deuatura-
tion »f ribonuclease with urea is reversible,?9

(29) W. F. Harrington and J. A, Schellman, Compt, rend. truy. lab.
Carisberg, Ser. Chim., 80, 21 (1956).

(30) K. H Gustavson, Koll. Z., 103, 43 (1943).
(31) H. Nitschmann and H. Hadron, Hely. Chim. Acta, 26, 1084

(1943).
(82) E. Milalyi and T,. Loraml, Hung. Acta Physiol., 1, 218 (1948).
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Fig. 1.—Change in contractile force with temperature in
a buffer solution at pH 2.35 containing 2 M KCl: O, ascend-
ing; ®, descending temperature in the first run; A, ascend-
ing teinperature in the second run; T = 23.5°.

sufficient clarity, because of the low degree of ex-
tension and high degree of swelling, to enable us to
decide whether oriented crystallites were present in
the film at low temperature. Higher extensions
could not be induced because the films would then
rupture. We shall, therefore, have to assume that
the sample in its initial state contains (partially
oriented) crystalline regions distributed among
amorphous regions.?® This assumption is compati-
ble with the results of studies of dilute solutions of
ribonuclease in water,?3%3 from which the presence
of a-helices is inferred.®*:%.87 Similarly, it will be
assumed that the chains are in the randomly coiled
configuration above the transition temperature.

Force-Temperature Behavior.—Since our pri-
mary concern here is to assess the influence of side-
chain hydrogen bonding on the helix-random coil
transition? (and, therefore, on the elastic proper-
ties), 2 M KCI was used to minimize electrostatic
contributions to the free energy of the transforma-
tion. As will be shown below, the degree of swell-
ing is essentially independent of pH in 2 M KCL

Tlie first set of experiments was designed to ex-
amine the reversibility of the heat-induced transi-
tion. The sample was mounted between two

(33) We have been more successful in demonstrating crystallinity
by X-ray diffraction with other fibers (fibrin34 and insulin3) in buffer
witlh or without stretching. If a fibrin fiber, made in an analogous
way as the ribonuclease film, is extended about 3009, an a-keratin
X-ray pattern is obtained, even in buffer; with the insulin fiber we
observed a transformation from a non-oriented crystalline pattern to
an amorphous one as the temperature was increased tn the presence of
buffer. However, the degree of swelling of fibrin and insulin fibers was
less than that of the ribonuclease film. If the degree of swelling is
large, it is very difficult to detect crystallinity by X-ray diffraction.

(34) A. Nakajima, G, I. Loeb and H. A. Scheraga, unpublished ob-
servations.

(35) A. Nakajima and H. A, Scheraga, J. Am. Chem, Soc., 88,
1585 (1961),

(36) R. E. Weber and C. Tanford, ibid., 81, 3255 (1950),

(37) J. Hermans, Jr., and H. A. Scheraga, 1bid., submitted.
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Fig. 2.—Change in contractile force with temperature in
a buffer solution at pH 6.53 containing 2 M KCI: O, ascend-
ing; @, descending temperature; T = 49°.

clamps in a buffer at a constant temperature until
equilibrium was attained and tlie length adjusted
to take up the slack at zero force at that tempera-
ture. The temperature then was raised at a rate of
about 1°C./10 min. After denaturation the sample
was cooled slowly to the starting temperature and
then reheated at the original rate. Fig. 1 shows the
relation between the contractile force, in a buffer
solution at pH 2.35 containing 2 M KCI, and tem-
perature at constant length. The behavior in a
buffer solution at pH 6.53 containing 2 M KCl is
shown in Fig. 2. The transformation is reversible
at pH 2.35 but hysteresis is observed at pH 6.53.
As will be discussed below, there is a maximum de-
gree of side-chain hydrogen bonding at pH 6.53 but
essentially none at pH 2.35. It seems that the
helix can re-form readily at pH 2.35. At pH 6.53,
where the recrystallization requires the formation of
the side-chain hydrogen bonds as well as the back-
bone ones, the process is slower, giving rise to the
observed hysteresis. In dilute solution, the heat-
induced denaturation is reversible®3%’ in the pH
range of 1to 7. Presumably, the constraints in the
crystalline cross-linked fiber are somewhat different
from those in the native molecule in dilute solution.
The transition temperature, Ty, is taken as the
inflection point obtained in a run of ¢ncreasing tem-
perature starting from essentially zero force.
Model for Elastic Behavior.—According to a
recently proposed model for native ribonuclease in
water,® about 60% of the molecule is helical and
divided into several short helical portions. Since
our films were obtained by cross-linking with form-
aldehyde and p-benzoquinone, it is likely that the
introduction of cross-links reduces the helical con-
tent. We shall therefore assume that the crystal-
line portions are representable by units of the type
shown in Fig. 3. The assumption of a higher degree
of crystallinity of the same type would not alter the
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Fig. 3.—A muodel for the assumed helical portion of ribo-
nuclease in the cross-linked film.

thermodynamic argument. This crystalline unit
is composed of 2 a-helices, each containing 12 resi-
dues and cross-linked at both ends as shown. The
remainder is considered to be in the amorphous re-
gion.

The free energy change, AF%usq, for converting
the helical portions of the unit to random coils may
be computed from the equation of Schellman,®
applied to the backbone helix, and the equation of
Flory® for the effect of the cross-links. For the
present, we are considering the behavior at very
low pH where no side-chain hydrogen bonds are
formed.

APpeag = 2 {(n — 4)AH%es — (n —

1)TAS%) — TASY (1)

where 7 is the number of amino acid residues in the
chain, and AH%.s and AS%.s are the enthalpy and
entropy changes, respectively, per residue, for the
unfolding of an infinitely long helix to an unstressed,
i.e., isotropic, random coil. Asina previous theory,’
the free energy of mixing of amorphous polymer
with diluent has been omitted. This omission
could reflect itself in somewhat different values for
AH. s and AS%s in eq. 1. Since our measure-
ments were made at very low force, we can assume
the random coil to be isotropic. The quantity
ASY, is the molar entropy decrease of the random
coil due to the introduction of cross-links in the
crystalline form and is given by the expression®

AS% = —(3R»/4) [Inun’ + 3] (2)

where v is the number of cross-linked helices and
n' is the number of statistical elements (assumed
here equal to #) between cross-links. In our use of
eq. 2 it is assumed that it is valid for short chains.
With » = 12 and » = 2, eq. 1 becomes

AP%bsa, = 16AH % — 22TAS%es + 16.5T  (3)

Before AF%sq can be evaluated it is necessary
to know the magnitude of AH%.sand AS%e. These
values can be obtained from measurements of the
transition temperature in the presence of urea.®
Such experiments were carried out at pH 2.63 in the
presence of 2 M KCl to eliminate side-chain hydro-
gen bonding and charge effects, respectively. Ac-
cording to Schellman,? the free energy of combina-
tion, AF%omb, of the extended chain with urea is
given by eq. 4 (valid for p > 20).

ARy = —2p RT In (1 + Ko) (4)

where p is the number of amino acid residues which
may react with urea when the helix is unfolded and
is equal to 24 in our model. The quantity K is the
equilibrium constant for the binding of a urea mole-
cule to a C=0 or N-H group of a peptide unit, and
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Fig. 4.—Typical force-temperature curves in urea solu-
tion (pH 2.63, 2 M KCI); the urea concentration is indi-
cated on the curves.

¢ is the concentration of urea in moles/liter. The
value of K for the association of urea monomers to
dimers was found?® to be 0.041 at 25°. However,
this value cannot be used in eq. 4 since the value
0.041 applies to urea dimers which are mixtures of
two forms containing one and two hydrogen bonds,
respectively. However, from Schellman’s treat-
ment of the heat of association of urea,® it can
be estimated that 609 of the dimers have only one
hydrogen bond. We shall. therefore, take K as
609, of 0.041 or 0.025. Since ¢ is in the range of
0 to 1, in the experiments to be described, K¢ < 1
and eqn. 4 may be approximated by

AF%my, = —48RTKc¢ (5)

The temperature dependence of X may be obtained
from

K/Ks = exp [— MLy - 1/T2a):| 6)

where AH, is the heat of formation of the com-
plex between urea and the peptide CO or NH
group.

If the value of AF%omy of eq. 5 is added to the
right hand side of eq. 3 and AF%usa set equal to
zero at the transition teniperature, we obtain

1 _ 11A8%, — 8.25

T SAH o, +

?L@E‘:_{% ¢+AHu/RTx ¢~AHW/RTw (7)
Thus, if K is known as a function of temperature, a
plot of 1/Ty against ce”2%+/RTw should give a
straight line, the slope and intercept of whiclt will
give AH%s and AS%. Figure 4 shows some
typical measurements of the force-temperature be-
havior in urea. The transition temperatures are
plotted, according to eqn. 7, for AH, = —3, —6
and —9 kcal./mole, respectively, in Fig. 5. From
the initial slopes of these curves we obtain AH s =
1800, 1750, and 1700 cal./mole for AH, = ~3, —6
and —9 kcal./mole, respectively. These values are
in good agreement with estimates of Schellman.?

(38) J. A. Schellman, Compt. rend. trav. lab. Carlsberg, Ser. Chim., 29,
223 (1953).
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Fig. 5.—Relation between 1/7% and urea concentration,
in a buffer solution of pH 2.63 containing 2 M KCI; the
symbols O, ®, and O correspond to AHy, = —3, —6, —9
kcal./mole, respectively.

Ina previous paper® it has been shown that
aH®;| < {AH.| (8)

where AHY; is the heat of formation of a side-chain
hydrogen bond between an ¢* donor and j** acceptor.
Since we are taking® AH% = —6 kcal./mole for
the side-chain hydrogen bond, we shall take AH s
= 1700 cal./mole (corresponding to AH, = —9
kecal./mole). Since the value of AH % is not very
sensitive to the choice of AH,, we are not commit-
ting any significant error in our essentially arbitrary
choice of AH,. Therefore, no significance should
be attached to the value AH, = —9 kcal./mole
selected here. By the above criterion, it could have
been zero without affecting our calculated value of
AH%s very much. With the value of AH% =
1700 cal./mole, we obtain AS% = 4.83 e.u. from
the intercept of the appropriate curve in Fig. 5.
These values of AH%s and AS%es may be substi-
tuted in eq. 3. However, before doing so, we shall
first consider the effect of side-chain hydrogen
bonding in the next section.

pH Dependence of Ti..—Equation 3 does not
yet contain the pH-dependent contribution to
AF%sa.  However, if the pH is varied, then A Fpsa
(and consequently Ty) depends on pH.* This
pH dependence has been treated* by introducing
an additive, pH-dependent term, AF%, to the right
hand side of eq. 3; the term AF% arises from side-
chain hydrogen bonds between ionizable groups.®
For heterologous, single hydrogen bonds
AFg = —RTZ In (1 — x15) (9)
_ K
T 1+ Ky + K/[HY + [HY/K
where Kji; is the equilibrium constant® for the
formation of a side-chain hydrogen bond between
an i** donor and j* acceptor, x;, is the fraction of
the molecules having this hydrogen bond, X, and

(39) M. Laskowski, Jr., and H. A. Scheraga, J. Am. Chem. Soc., 88,
266 (1961),

Xij

(10)
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lines) results for pH dependence of transition temperature,
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curves were obtained with the numerical values listed in
Table I, assuming 1 tyrosyl-carboxylate and 1 histidyl-
carboxylate hydrogen bond.

K, are the ionization constants of the donor and ac-
ceptor groups, respectively, in the absence of the
hydrogen bond, and [H7] is the hydrogen ion
activity. In using these equations the temperature
dependence of K;, Ks and Kj; must be taken into
account. With the aid of eq. 9, eq. 3 becomes

AF%psa = 16AH % — 227TAS% + 16.57T —
RTZIn (1 — x5;) (11)

where the sum is taken over all the side-chain
hydrogen bonds between the helices illustrated in
Fig. 3. The transition temperature is obtained asa
function of pH from eqn. 11 by setting AF%psq.
equal to zero. Details of such calculations have
been described previously.* Asin the case of eq. 1,
the omission of the mixing term should be noted.
However, it will be shown below that the degree of
swelling of ribonuclease films in 24/ KCI is inde-
pendent of pH. Therefore, this mixing term will
not contribute to the pH-dependence of AF%4psq.
Experimental data for the pH-dependence of
T are shown in Fig. 6. These were obtained from
force-temperature measurements at various pH
values. It should be noted that the same experi-
mental curve (solid line in Fig. 6) is obtained both
in the presence and absence of 2 M KCl. The two
dashed curves in Fig. 6 are theoretical ones, cal-
culated from eq. 11; using the values of AH%.s and
AS%.s obtained in the previous section from ex-
periments in urea solutions and assuming two side-
chain hydrogen bonds per helical unit given in Fig.
3 to be contributing to the sum in eqn. 11. The
two side-chain bonds are assumed to be 1 tyrosyl-
carboxylate ion and 1 hystidyl-carboxylate ion
hydrogen bond with parameters given in Table I.
These parameters were chosen on the basis of pre-
viously published data.%%® The slightly higher
value of Ki; = 10 was used to take into account an
increased stability due to electrostatic interactions.

(40) G.I.Loeband H. A. Scheraga, J. Phys. Chen., 60, 1633 (1956).
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Lysyl groups were not considered as donors since
they are used up in the cross-linking reaction.
This is demonstrated by the fact that the pH of the
water around a film (isoionic) is 6.5, as compared
with that of native ribonuclease in dilute solution
(pH 9.6). The theoretical curves fit the experi-
mental data fairly well, especially in tlie region of
maximum stability and at low pH. The discrep-
ancy at high pH may be due to electrostatic inter-
actions which were neglected here or, of course, 1o
inadequacies of the model.

Effect of Swelling.—Since measurements of
shrinkage and elasticity are usually carried out in
the presence of solvent, it is necessary to consider
the effect of pH, temperature and force on the
degree of swelling. Since our experiments on the
pH-dependence of T were carried out at a force as
close to zero as possible, we shall examine here the
effects of swelling at zero force.

TaBLE

AsSUMED VALUES AT 25° FOR MoODEL CALCULATION®
Tyrosyl-carboxylate  Histidyl-carboxylate

Curve A Curve B Curve A Curve B
K (donor) 10-9%8 1096 1066 10760
K, (acceptor) 10~ 1046 1040 104
AH)°, keal./mi0le 6 7
AH,Y, keal./mole 0 0
Ki; 4 10
AH?;, keal./mole —6 —6

8 AH%g = 1700 cal./mole. AS% = 4.83 e.u.

The degree of swelling, O, was computed as the
ratio of the weight of the wet film, IV, to that of the
dry film, W,. The films were allowed to come to
equilibrium with solvent for 3 days at constant
temperature. The solvent on the surface of the
film was removed witli a piece of filter paper. The
swollen film was weighed and then washed with
water, dried in vacuo at 100° and then re-weighed.
Table II shows the data obtained. The weight

ratio, @, is related to the volume ratio, ¢, by
_m Q-1
?= in (12)

where 7 is the partial specific volume of the protein
and p; is the density of the solvent.

TaBLE 11

THE CHANGES OF THE DEGREE OF SWELLING WITH pH AND
TEMPERATURE AT DIFFERENT JONIC STRENGTI1?

(A) In 0.07 M buffer solution

Q =W/W
pH 2.35 3.09 4.93 5.87 6.91 7.48 8.35 9.33
30° 10.77 5.03 4.43 4.65 6.39 7.21 7.79 8.34
45° 9,96 4.80 4.23 4.36 6.21 6.90 8.00 8.59
60° 9.73 4.34 3.92 4.13 6.00 7.17 8.22 8.84

(B) In 0.07 M buffer solution + 2 M KCl

Q =W/W,
pH 2.35 2.84 4.44 6.53 7.36 8.73
30° 4.44 4.35 4.68 4.56 4.71 4.98
45° 4.15 4.10 4.25 4.34 4.28 4.80
60° 3.71 3.85 3.64 4.10 3.80 4.57

& Some of these data apply to miixed crystalline and amor-
phous phases, some to comnpletely amorphous material, de-
pending on the transition temperature at the given pH and
ionic strength.

Ax10 NakAJIMA AND HAROLD A, SCUHERAGA

Vol. 83

Above the transition temperature, the swollen
phase can be treated as an amorphous network, At
swelling equilibrium equation (13) holds for the
amorphous, isotropic state, neglecting any non-ran-
dom cross-linking which may occur in that part of the
amorphous network which arose from melted crys-

tallites.*!
(72) (= -3) @

—n(l — ) 4w + xi?] =
where the volume fraction of proteit in tlie swollen
phase, 7, is related to ¢ (or Q) by the equation

Uy = ~ (14)

q
171 is the 1nolar volume of the solvent, x; is a free
energy parameter for the polymer-solvent iuter-
action and M. is the molecular weight per cross-
linked unit. _
The differential heat of dilution, AH,, is given by
the expression*?

AHl = RT xjue? (15)

where x, is the heat parameter for tlie polynter-
solvent pair and isrelated to x; by the equation!s.4?

(16)

Therefore, the integral heat of solution per mole of

peptide units, AHsq, is obtained by integrating

eq. 15 from n; = 0 to »; at constant polymer

volumne, ¢ and Munit; this leads to eq. 17.
AHwl = == Munte RT (1 — ) (17)

Vi

where Mynie 1S the molecular weiglit per peptide

unit (i.e. ~ 100).

We are justified in applying the above theory to
our swelling data at pH 2.5 since T is lower than
30° at tlis pH, i.e., the protein is in the randomly
coiled condition. Since v is known froni ¢ (eq. 14)
(g being obtainable from the Q-data of Table II
using eq. 12) and TV, is known, it is possible to
compute x; from eq. 13 if M. is known. Assuming
that the randomly coiled units have 20-30 residues
between cross-links, the value of M. would be 2000-
3000. The xi-values, calculated from the pH
2.84 data of Table IIB are plotted against teni-
perature in Fig. 7 (see also Table III). The re-
sulting values of 0.4-0.5 seem reasonable.** Tlhe
values of «;, coniputed from the slopes in Fig. 7,
and AH.q from eq. 17, are shown in Table III.
The values of AH will be used int the discussion in
the next sectiomn.

The pH-dependence of tlie degree of swelling, Q,
at two different ionic strengths and temperatures is
plotted in Fig. 8. The degrec of swelling is inde-
pendent of pH in the presence of 2 A7 KCI but
narkedly dependent on pH at low and high pH in
the absence of the KCl. Even in the absence of
K.Cl, the degree of swelling is independent of pH in
the intermediate pH range where the crystalline
form is most stable (see Fig. 6). The presence of 2

(41) P. J. Flory, " Principles of Polymer Chemistry,” Cornell Uni-
versity Press, 1tliaca, N. Y., 1953, p. 579.

(42) Ref. 41, p. 523.

(43) Ref. 41, p. 510,
(44) Spurr! obtained 0.59 for collageu in 3 M KCNSsolution a1 ¢60°,
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temperature; pH 2.84, 0.07 M buffer solution containing
2 M KCL

M KCI seems to suppress electrostatic effects and
render Q independent of pH. Therefore, we may
conclude that our discussion of the pH-dependence
of Ty is not influenced by pH-dependent swelling.
This adds validity to our assumption that side-chain
hydrogen bonding plays an important role in the
stabilization of the crystalline form.

TaBLE III

¥1 AND AHso1 OBTAINED FROM SWELLING DATA, AT pH 2.84
N 0.07 M Burrer CoxTAINING 2 M KCI

30° 45° 60°
8 (assumed) 0.7 0.7 0.7
pt {measured) 1,08619 1.07929 1.07237
Vi 18.0787 18.1774 18.3068
Mo = 2000 0.392 0.411 0.435
X0 M, = 3000 .450 .466 .484
M, = 2000 — .42 - 44 - .47
K
" 1M, = 3000 - .36 - .37 ~ .40
ABuo1 (cal) iMc = 2000 —843 -910 —995
sl (684 9 M, = 3000 —723 ~765 —847

Thermodynamics of Phase Equilibrium under
Stress.—When a protein film, composed of amor-
phous and crystalline phases, is immersed in a
diluent, phase equilibrium can be established.! We
shall assume that solvent can mix with the amor-
phous regions; we shall further assume that the
constraints of the system prevent the crystalline
phase from swelling but that the solvent can make
contact with the side-chains so that the latter can
equilibrate with hydrogen ions of the solvent, 7.e.,
the pure crystalline phase is defined by the pH and
melts to an amorphous phase which is in equilib-
rium with diluent. We shall thus describe the
phase equilibria as

crystalline phase 7”2 amorphous phase <_’ diluent phase
(18)
When a uniform force, f, is applied along the

axis of the film strip, these equilibria will be affected.®
As pointed out by Flory? Katchalsky,% Prins and

(45) A, Katchalsky, Conference on Contractibility, Mellon Institute,
Pittsburgh, Pa., Jan. 27-30, 1960, p. 22.
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Fig. 8.—pH dependence of degree of swelling at two dif-
ferent ionic strengths: 0.07 M buffer solution, 30°, O;
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Hermans* and Kuhn,# the film should be comnsid-
ered as an open systemt since the number of moles
of diluent in the amorphous protein phase may
change with a change in length due to the presence
of the surrounding diluent phase.®® According to
Katchalsky,* equation (19) applies to such an open
system, where the diluent contains only one com-
ponent

-1 (), - () (22) . am
f T(aT)P,L - oL P,T:n;sn2 + oL P,T,MAI{1 (19)

where 7" is the absolute temperature, P the pres-
sure, L the length of the sample, H the enthalpy,
AH; the partial molar heat of dilution and #; and
7, are the number of moles of diluent and protein,
respectively. Now, representing the changes in
enthalpy and length in bringing the sample from
the crystalline to the amorphous state in a closed
system by AH and A7, respectively, we obtain the
equation at the transition temperature, T,

_ of _ (éﬁ)
f=Tu (ar)m‘ AL ) et

b_"I)
(aL P;Ttrsne AHI (20)

If we apply this relation at pH 2.73, where the
contributions of the side-chain hydrogen bonds
vanish, we may write AH of eq. 20 as

J‘—"’W—* AH = AHu + AH0w (1)

0
where AH, is given by eq. 17, and the other terms
have been defined. The second term on the right
hand side of eq. 20 may be expressed in terms of the
temperature dependence of ¢ and L, since

_ W

n = 7 (g —1) (22)

(46) W. Prins and J. J. Hermans, ibid., p. 26.

(47) W. Ruhn, #bid., p. 14.

(48) We are indebted to Drs. P. J. Flory, L. Mandelkern, C. A.
Ifoeve and A. Katchalsky for helpful discussions of this problem.
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and, at constant temperature

_ Wb
d?’ll = Vl

Using the values of § and Vi at 7%, we obtain eq.
23 from eq. 20, 21 and 22.

fwunit _ E_ﬁ) i _ (AHSOI)
W gf T (aT P,L N AL /P T2 +

(AHUres) _ Munis (_gg) (%)’1 Aﬁ
AL Py Tersnteng Vi 07T/ L,Pime oT Pyniing !

(23)

The left hand side of eq. 23 is obtainable from experi-
ment and we can deduce therefrom information
about the enthalpy terms on the right hand side of
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Fig. 10.—Relation between force, f, and relative length,
a’, in 0.07 M buffer solutions containing 2 M KCl. Results
shown by (M) were obtained directly from force-relative
length measurements at 11°. Other results were obtained
from Fig. 9: pH = 2.73; L, = 1.603 cm. at 11°; cross
sectional area of dried sample = 0.0023 cm.?

eq. 23. It should be noted that the correction
term (last term on the right hand side of eq. 23) is
only an approximation since our diluent contains
more than one component, and we have introduced

an inconsistency by keeping L and 7,® independent
of temperature in our treatment of swelling.

Fig. 9 shows some experimental results of force-
temperature measurements in pH 2.73 buffer con-
taining 2 M KCI at different relative length, o,
where o' {s the ratio of the length, Ls, at tempera-
ture 7" under the force f, to the length, Lo, at a given
temperature (here 11°) under zero force, i.e., o' =
Li/L;. These data were obtained directly by heat-
ing the sample at fixed length. The data of Fig. 9
are re-plotted in Fig. 10 as f ws. o’ at several tem-
peratures. Also shown in Fig. 10 (solid squares)
are the results of a direct set of measurements of
the stress-strain curve (i.e. f vs. «’) at 11°. The
direci measurements agree with those obtained
from Fig. 9, demonstrating again the reversibility*
of the equilibria involved.

Some data characterizing the curves of Fig. 9
are shown in Table IV. It can be seen that 7% is
independent of o’ up to 159, extension; however,
at higher extensions T, is inclined to increase, prob-
ably due to a change in the state of the amorphous
material above the transition temiperature (z.e., the

(49) Fig. 11 is another demonstration of the reversibility at con-
stant temperature at pH 2.79, 2 M KCl. The length of the sample at
zero force at 11° was Ly = 1.1246 cm. The sample was extended to
L = 1.1377 cm. and brought to equilibrium at this temperature for
about 3 hr. This was taken as '’ zero time' in Fig. 11. The relative
length at this stage was 1.0116. The force remained constant at about
0.42 g. for 1.25 hr.; after obtaining point no. 1, the sample was ex-
tended 0.005 cm. and the force determined (points no. 2 and 3).
The force decayed toward no. 3.  After obtaining point no. 3 the
length was reduced to its original value and the force determined
(points no. 4, 5 and subsequent ones at 0.42 g.).  After 2 hr. at equi-
librium, point no. & was obtained and then the sample shortened 0.010
cm. It can be seen that the force then rises (points no. 7 and 8) to its
equilibrium value. After obtaining point no. 8, the length was in-
creased to its original value and points no. 9, 10, etc., were obtained.
The decrease in force after points no, 2 and 9 in Fig. 11 is considered
to be due to a tendency to crystallize and the increase in force after
points no. 4 and 7 to a lendency to melt.
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TABLE IV
TRANSITION TEMPERATURE AT DIFFERENT RELATIVE LENGTHS a’, IN BUFFER SOLUTIONS OF pH 2.73 CONTAINING 2 M KCl1
a’ 1.004 1.019 1.040 1.060 1.130 1.176
T, °C. 25 25 25 25 25 28
fog.,at Ty 0.35 0.91 1.57 2.05 3.18 5.80
AL, cmn.* —-0.023 —0.026 —0.031 —0.035 —0.043 —0.061
(dL/DT); X 10% at Ty’ -1.0 -1.3 -1.5 -1.7 -2.1 -3.2

a This is the total change in L in the transition at constant force (see Fig. 12).

transition temperature for the crystalline-amor-
phous transformation increases as the tension on
the amorphous form increases due to a decrease in
the entropy of the amorphous form on stretching).

Fig. 10 shows the relation hetween f and o'
Within a relatively small range of low «' values,
the retractive force f was proportional to o', After
tlie initial linear region the slopes of the curves
decrease and then increase again at high «’. In
an ideal homogeneous fibril,° melting should take
place at a sharply defined temperature. Starting
from a completely amorphous state at f = 0, the
force f should first increase linearly with o’ until
the critical force for crystallization is reached; then
it should be constant and independent of «’, since
there is coexistence of amorphous and crystalline
regions, until it is totally crystalline; then f should
increase sharply. However, if the sample contains
partially crystalline regions in the initial stages at
f = 0 in an ideal fibril, f should be zero until the
fibril is totally crystalline and increase sharply with
o'. The curves shown in Fig. 10 are not ideal but
correspond to a schematic curve which Flory' gave
for aninhomogeneousfibril. Presumably the whole
curve at a temperature below the transition point
(~ 25°) in Fig. 10 corresponds to the coexistence
situation of amorphous and crystalline phases.
That is, with increasing «’ crystallization is taking
place while there is coexistence of both phases.
Flory!® pointed out that such diffuse melting may
be due to variations in chemical structure along the
fiber axis or to non-uniformities in the cross-
sectional area. The last rather steep slope portion
of the curve in Fig. 10 is presumed to be due to the
stress-strain behavior of a material rich in crys-
talline regions.

The data of Fig. 10 may also be considered in the
following way. A vertical line (i.e., increase in
temperature at constant «’) corresponds to an in-
crease in f due to melting at any particular value of
a'.  An isothermal increase in «’ leads to an in-
crease in f due to an increasing amount of crystal-
lization. Because of the diffuseness cited above,
the coexistence region is not as sharply defined as it
would be in the case of an ideal fibril. Above some
critical tentperature (greater than 40°), the system
would be totally amorphous at all «’.

The data of Fig. 10 are re-plotted in Fig. 12 as L
vs. T at constant f. From these curves it can also
be seen that the low-temperature, partially crystal-
line material undergoes a helix-random coil transi-
tion around 25°. Further, we can obtain AL at
constant force from these curves as the difference in
L at high and low temperatures. The slope at Tt
gives (OL/0T);. AH; can be calculated from eq.
15 and is about —10 cal./mole for ¥, = —0.44 at
45°; the measured value of 0 ¢/0T is about —0.02,

b From Fig. 12.

both quantities at zero force. Since g was not ob-
tained as a function of L, we cannot evaluate the
third term on the right hand side of eq. 23. How-
ever, we can make a rough estimate using the
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Fig. 11.—Establishment of equilibrium force at 11° in
a buffer solution of pH 2.79 containing 2 M KCl, L =
1.1377 cm.

values obtained from the f vs. L function in place of
the ¢ vs. L function. From the values at zero force
in the f¢s. L curve we obtain®

_ Munid (_a_g) (QZ_) -1 _
14 0T/ L,Pin2 \OT P,f,mAﬁl aL =
—16 to —18 cal./peptide unit (24)

Comparing this value to that of AHs = —765 to
—910 cal./peptide unit (Table III), we see that the
contribution of the term in eq. 24 is about 29, of the
first term on the right hand side of eqn. 23. While
we have thus justified its neglect here, it is still im-
portant that future experiments be carried out to
determine (J7:/OL)prn, as Katchalsky has em-
phasized. .4

If we neglect the third term on the right hand
side of eqn. 23, we can evaluate the second term since
we know the first term and also the left hand side of
the equation. InFig. 13 [f—T(df/0T)»,.]is plotted
against temperature using numerical values ob-
tained from Fig. 9. First of all, it should be

(50) As can be seen from Table II, the degree of swelling is large and
makes a significant contribution to f in this svstem. We have assumed
that the change in force with length is due to a change in swelling at the
transition temperature. Since AL is small (see Table IV) we have
used the value of (3q/3T)p,ny at f = O for (3¢/27)L,P,n,. The term

3L
(ﬁ)Pm‘mz of eq. 23 can be replaced by (3L/3T)p,q,ne at Ttr, 7.e.,
constancy of » and n2 implies constancy of q. Again, attributing the
change in force with length to a change in swelling at Ty, (3L/3T)P,q,n2
was replaced by (OL/3T)1.¢,ps.
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force; data from Fig. 10.

noticed that these curves are independent of «'.
The minimum occurs at the transition temperature.
Neglecting the second term on the right hand side
of eq. 20, we can obtain AH at the transition tem-
perature from the minimum value of the ordinate in
Fig. 13. Using AHsoq from Table 111, we can then
calculate AH'%. from eq. 21. These values are
listed in Table V. It can be seen that AH (Munit/
Wo) is essentially zero. Therefore, AHst ~ —A
H%. if we neglect the third term of eq. 23; i.e., the
contribution of the heat of solution is just compen-
sating the contribution of the heat of dissociation
of the hydrogen bond. Thus the calculated values
of AH%.sare 4765 to 4910 cal./peptide unit (about
40-509, of the value of 1700 obtained from the
urea experiments). This means that the degree of
crystallinity of the film is about 40-50%.
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In conclusion, the helical units shown in Fig. 3
are distributed in a partially oriented fashion in
the film, occupying about 40-309, of the film.
The remaining parts (60-509,) are iu the anior-
phous regions. The assumed presence of one tyro-
syl-carboxylate and one histidyl-carboxylate side-
chain hydrogen boud per helical unit gives fairly
good agreement with the experimental results.

TapLE V
EstiMaTIONS OF EnTHALPIES IN CaL./PEPTIDE UNIT
Wy = 0.0024 g.; Muaiv = 100

AH (Munie/ o) 0.25

AFsol —765 to —910 (from Table 111}
AH%es (caled.) 4765 to +910

Eq. 24 — 16 ta —18
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