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Calorimetric measurements have been made on the
thermal transition of ribonuclease A in a buffered
solution of pH 2.8. Solutions with concentrations of
1.5 and 3%, by weight were examined between 20 and
60°. A heat of transition of 70 + 1 kcal./mole was
Jound for both of these concentrations. The same value
was reproduced on a repeat measurement of a solution
that had been subjected to a thermal transition, thereby
confirming the reversibility of the effect that causes the
transition enthalpy. The same value was obtained upon
a twofold change in the rate of temperature elevation,
Sfrom approximately 1.5°hr. to 0.8°/hr. The thermally
treated and untreated ribonuclease solutions gave similar
disk electrophoresis patterns. The heat capacity change
upon transition was found to be 0.66 kcal|mole-deg.
A measurement of the heat required to promote a certain
portion of the transition provides another route for
describing the fraction of transition as a function of
temperature. From these results one concludes unequiv-
ocally that the transition consists of more than one
step.

Introduction

A number of studies have been made on the reversible
thermal transition of ribonuclease*’ in order to
understand the mechanism of the transition. Scheraga
has also reviewed much of this work in terms of a model
for the configuration of ribonuclease.® One feature of
these studies has been to interpret the transition in
terms of thermodynamic parameters, for example, an
equilibrium constant. In order to calculate an equilib-
rium constant, it is necessary to assume a particular
reaction mechanism and further to assume that the
property studied during the course of transition can be
translated into the terms of concentrations in the
equilibrium constant expression. Under these cir-
cumstances, it has been natural to choose mechanisms
which are characterized by simplicity, in particular,
the single step all-or-none reaction or a two-step
reaction process.®” From the temperature dependence
on the equilibrium constant the heat of the assumed
reaction can be determined.

A direct calorimetric determination of the heat of the
transition would provide the necessary information to
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differentiate between some of the simpler mechanisms of
the transition.®”® Apart from a test of possible
reaction mechanisms, the enthalpy of the transition is
an important parameter describing the energetics of
the ribonuclease molecule. In the work reported in
this paper, we have restricted the experimental condi-
tions to acid solutions of pH 2.8 so that the calorimetric
values might be compared to the work of several
investigators. 47

Experimental

Materials. Ribonuclease A was
Worthington Biochemicals, Inc., as the lyophilized
phosphate-free form. Gel electrophoresis of the
material dissolved in water showed the sample con-
sisted of better than 99.99] of one component. Solu-
tions were prepared from material which had been
dried to constant weight at 105°, The solutions were
made to conform as closely as possible to the pH
and ionic strength conditions of Holcomb and Van
Holde® by use of 0.01 M potassium acid phthalate and
0.15 M KCI with the pH adjusted to 2.80 with HCI.
A preliminary viscometric study of the test solution
was made, and the results conformed to those obtained
by Holcomb and Van Holde.®

Calorimetric Measurements. The calorimeter used in
this study is a high-sensitivity differential heat capacity
instrument.'® The heart of the apparatus consists of
two copper disks, 2.5 in. in diameter, separated by a
thermopile of 140 junctions.!! Heaters of constantan
wire are located in concentric grooves over one external
face of each copper disk. Heaters are also located on
the back faces of a ring turned from the copper disk
for calibration purposes. Both disks are made as
symmetrical as possible. The solution to be measured
is placed in a pill-box shaped container, made of
tantalum with a closure disk 0.015 in. thick to act as a
diaphragm for volume changes of the solution. The
container is sealed vacuum tight by means of a Viton
o-ring. Two such cells were made to hold approxi-
mately 12 ml. In operation one cell was filled with
ribonuclease solution and the other with buffer solution.

The copper disk and solution cell unit is suspended
within a closed copper cylinder (5-in. diameter and
7-in. length) that is a thermocouple-controlled adiabatic
shield. The copper adiabatic shield is in turn con-
centrically nested within a heavy walled aluminum
cylinder with end plates and o-rings to provide vacuum-
tight surroundings. The aluminum cylinder and end
plates also act as a thermocouple-controlled adiabatic
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shield. The aluminum adiabatic shield is located
within an air thermostat which is controlled to follow
the temperature of the aluminum shield.

The operation of the calorimeter consists of elec-
trically heating the face plates of the central copper
disks to provide a given rate of temperature increase.
The electrical heating of each disk is so adjusted with
disks well below the polymer transition temperature
as to minimize the temperature difference, as indicated
by the central thermopile voltage. The thermopile
voltage is amplified by a Beckman Model 10 amplifier
and recorded by a Brown recorder. Any change in
the heat capacity of the units on either side of the
central thermopile will cause a temperature difference
between the disks to occur with a consequent deflection
of the e.m.f. trace from the original baseline. This
deflection is also proportional to the increase or
decrease in the rate of heat transfer between the two
disks. Thus the area under the deflected trace is
proportional to the additional amount of heat required
during a transition reaction. In order to find the
proportionality constant which translates this area into
units of heat, it is necessary to calibrate the system with
a known heating process.

The calibration has been performed in two ways.
The first way is to provide an additional small amount
of constant electrical heating to one disk or the other
by means of a constant measureable current into one of
the back ring heaters on the disk. When a steady-
state deflection is achieved, the proportionality constant
can be readily determined. From calibrations of this
sort it has been found that the calibration constant is
the same for both sides and that it remains constant
over the range of temperature in which the calorimeter
was used.

The second method of calibration is actually a check
on the first method. It consists of placing a given
amount of an encapsulated solid into one side of a
solution cell. In this way one simulates the transition
effect of the polymer by the phase transition of a known
solid. Diphenyl ether was particularly appropriate
for the ribonuclease studies since it has a melting
temperature of 26.8° and the purified material has been
carefully studied by Furukawa of the National Bureau
of Standards.!? An amount of recrystallized reagent,
25 mg. of diphenyl ether, was sealed within a short
section of melting point tubing and placed within the
solution calorimeter cell filled with buffer. The
calorimeter was then operated through the transition
region of the diphenyl ether, and from the area under
the deflection curve along with the electrical calibration
constant a value of 100.3 joules/g. was determined for
the heat of transition. This compares favorably with
the value given by Furukawa of 101.15 joules/g.!*

The temperature of the calorimeter was read period-
ically by means of a standard thermocouple and also
checked by means of the air bath temperature with a
standard thermometer. The temperature was there-
fore known to approximately £0.1°.

Results and Discussion
A typical trace of the e.m.f. of the central thermopile
vs. temperature or time is shown in Figure 1. As can

(12) G. T. Furukawa, D. C. Gimmings, and R. A. Nelson, J. Res.
Natl. Bur. Std., 46, 195 (1951).

be seen, displacement of the baseline appears after the
transition has been completed. This displacement is
interpreted as the difference in the heat capacity be-
tween the denatured and natural material. We have
assumed that the baseline during the course of the
transition could be described by a straight line between
the point prior to the transition to the point after the
transition. From the area under the curve the heat of
the transition was evaluated.

The first set of runs are indicated by 1, 1I, and III
in Table [. These runs were made on the same solu-
tion. The first run (I} was carried out to a temperature

Table 1. Enthalpy Measurements on Ribonuclease A
Transition, pH 2.8

Run 1
2.690

Run 2
2.690

Run 3
2.690

Run 4
1.385

Weight per cent
ribonuclease
Heating rate, deg./hr. 1.5 1.5 0.8 1.5
Enthalpy, keal./mole +70.1 +69.1 +64.1 +70.8
Temperature range, °C. 20-60 20-63  20-62  20-62
Transition midpoint, °C.  43.2 43.2 43.2 43.1

¢ The same solution was used in runs 1, 2, and 3.

of 60° at a rate of heating that gave abouta 1.5° tempera-
ture rise per hour. The calorimeter was then cooled
overnight to a temperature of 20°, and the run was
repeated at the same rate of heating but to a final
temperature of 63° (run II). This slightly higher
temperature of run II was used in order to check the
completion of the transition at the risk of permanently
denaturing a part of the sample. The transition
curves for I and II were virtually superimposable,
thus showing the thermal phenomena being measured
was completely reversible. Run [II was made at a
much slower rate of temperature change per hour in
order to test for a lack of equilibration at the previous
rates. The measured amount of heat in run 1II was
slightly lower than the amount recorded for runs I
and I, and is considered to be due to a slight amount of
permanent denaturation at the end of run II and not to
any effect of the slower rate of temperature change.

A test of the influence of concentration upon the
measured heat of transition as well as an independent
check of the previous results were made in run IV which
consisted of a freshly prepared solution of approxi-
mately half the concentration of that used in the pre-
ceding runs. The measured heat effect was propor-
tionately smaller for this case indicating a negligible
concentration effect. The values obtained in runs 1,
II, and IV serve to indicate the general consistency of
the measurements. It is felt that the accuracy of the
calorimetric result is of the order of =19, The
measured heat of transition per mole of ribonuclease
(mol. wt. 13,683) is therefore found to be 70 = 1
kcal./mole~!. The baseline shift prior to and after
the transition reflected a change in heat capacity of
0.66 kcal./mole-deg. with an estimated error of about
1097. This change in heat capacity is an order of
magnitude smaller than values reported for the acid
denaturation of ferrihemoglobin (9.9 kcal./mole-deg.'?)
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TableII. Selection of Reported Enthalpies for the Ribonuclease Transition®
Method pH AH,, keal. AH,, keal. Source
Calorimetric 2.8 +52.2 This work
Sedimentation 2.8 +68 Holcomb#
Viscosity 2.8 +67 Holcombs¢
Optical density 0.9-6.8 +51 (calculated below Tr) Hermans*
Optical rotation 0.9-6.8 + 51 (calculated below Tr) Hermans*
Enzymatic activity 5 +35 . Kalnitsky®
Differential 2.9 +79.2 +26.5 Scott and Scheraga?

optical density

¢ AH, calculated from the slope of the equilibrium constant based on one-step reaction process.

step mechanism.

and serum albumin (8.0 kcal./mole-deg.!4). However,
the method and conditions for determining these
latter heat capacity changes are quite different (i.e.,

Microvolts

20 30 40 50 60
Temperature (°C)

Figure 1. Recorder trace for the transition of run 1 (see Table I)
with low and high temperature baselines drawn as dotted lines.

an acid shock) from our measurements on the thermal
transition phenomena.

The solution used in runs I, II, and I1I was examined
by gel electrophoresis * in order to determine if changes
in the material might have been introduced upon the
thermal treatment.

The disk pattern obtained for ribonuclease dissolved
in buffer differed from patterns obtained for water
solutions by the appearance of a wider spread band.!
The solution which had been subjected to the two
thermal runs (I, IIT) differed from an unheated buffered
solution by the appearance of a fast moving minor
component. An estimate of the portion of the initial
protein represented in this minor fraction was made by
densitometry of the stained electrogram and was less
than 19 of the total protein. This evidence suggests
that the state of the starting material is unaffected by
being subjected to thermal transition when dissolved in
the buffer used.

A calculation of the fraction of thermal denaturation
at various temperatures is also possible from the heat
of transition curves provided one assumes that the heat
effect at a given temperature is proportional to a frac-
tion of denaturation §. A plot of the results of such a
determination is shown in Figure 2 where the thermal
curves obtained by Holcomb and Van Holde® are also
presented for comparison. It should be noted that a
smaller slope is found from the heat-calculated fraction
curve than from either the viscometric or sedimentation
determinations. One way of comparing these dif-
ferences is to calculate the change in enthalpy (AH))
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AH, obtained for second step in a two-

for an assumed one-step equilibrium process in the
region of § = 0.5. A tabulation of such values for the
ribonuclease transition is given in Table II. It is

0.8
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Figure 2. Fraction of transition, §, as a function of temperature.
Lower curve calculated from run 1, upper curve from the data of
Holcomb and Van Holde.¢

apparent that the value of AH, depends upon the method
used to determine the fraction of denaturation. This
means that the reaction is not a simple one-step process
but must consist of at least two or more steps. Indeed,
from a careful study of the transition by means of dif-
ference spectra Scott and Scheraga’ concluded that the
transition mechanism could be explained by a two-step
reaction process with enthalpy changes for the two
steps as indicated in Table II. Holcomb and Van
Holde had also suggested this possibility as well as the
possibility of a heat capacity change to explain the
temperature dependence, but did not make a definite
choice. The calorimetric value found for the transition
is quite close to the AH, found by Holcomb and Van
Holde, but we feel that this must be regarded as due
primarjly to the physical method for evaluating the
fraction of denaturation. From the two-step analysis
of Scott and Scheraga’ the total heat of reaction is the
sum of the two-step enthalpies given in Table II, and
is ca. 107 kcal./mole. This value is far outside the
range of error for the calorimetric value of 70 kcal./
mole. The effect of concentration was negligible in
both determinations, although the general range of
concentrations differed by an order of magnitude.
The two-step process determined by Scott ard Scheraga
was indicated by the resolution of the differer ce spectra
into two first derivative overlapping peaks, with transi-
tion temperatures of 42.5 and 26.5° for the pH 2.9
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solution. From this result one would predict a
calorimetric observation of two peaks, or at least a
shoulder, in the e.m.f. trace of Figure 1. The lack of
such a feature in Figure 1 suggests that the resolution
accomplished by Scott and Scheraga might not be
completely correct. In making the resolution it was
assumed that the heat of each step was independent of
temperature. We have noted a small but definite heat
capacity change for the transition, which would be
contrary to this assumption. We have found that the
calorimetric fraction temperature dependence in Figure
2 can be explained by either a two-step simultaneous
process or a two-step successive process for various
combinations of heat of reaction per step and transition
temperature. It is also possible to obtain correspond-
ence with the curve in Figure 2 by helix—coil transi-
tion theory. For example, if the transition reaction
consisted of successive steps which involve equal
amounts of heat, then the fraction as determined by
the heat measurements provides a significant parameter
for determining the extent of the reaction. There is
no special reason to believe that this situation holds in
ribonuclease in contrast to simple synthetic polypep-
tides; indeed, some of the evidence points to the con-
trary. However, if one does go ahead and make this
questionable assumption, then it is possible to apply the

results of helix-coil transition theory'® to the experi-
mental dependence of # with temperature. When this
is done then one finds various combinations of param-
eters, ¢ and n, which can give theoretical curves that
fit the experimental curve reasonably well. It is of
interest in this connection to note that when one takes a
o-value of 2 X 10—4, which has been found to apply to
polypeptide transitions, that a value of » of 70, which
corresponds to the estimated number of carbonyl-
amide hydrogen bonds in ribonuclease, ' does not give
a theoretical curve that fits the experimental data.
For this value of & a much larger value of #» would be
needed for a reasonably fitting transition curve.

In conclusion the calorimetric results serve to con-
firm the notion that the ribonuclease transition is not
a simple helix-coil polypeptide transition, nor is it a
transition which consists of a single step or several inde-
pendent steps with significantly different transition
temperatures. The enthalpy measurements indicate
the transition reaction consists of more than one
closely affiliated or similar step.
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Kinetics of the Flavin Mononucleotide System
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The kinetics of the equilibria present in a partially
reduced aqueous solution of flavin mononucleotide are
examined by the temperature-jump-relaxation method.
The equilibria considered are the formation of a dimer
Srom the oxidized and reduced forms of flavin mononu-
cleotide (eq. i) and the formation of free radicals from the
dimer (eq. ii). (i) is established rapidly compared to (ii).
In the pH range 3.9-5.2 at 11° and ionic strength 0.1 the
rate constants for (if) are kyn = 4 X 10" M~ sec~! and
kes = 0.8 sec.”'. For (i) kn and ki are greater than
2 X 105 sec.— and 4 X 108 M—! sec.” ', respectively.

Introduction

The species and equilibria present in partially re-
duced aqueous flavin solutions have long been a subject
of interest. Kuhn and Wagner-Jauregg? reduced
flavin dyes in the presence of HCl and noted a transition
from the original intense yellow color to red and then to
pale yellow, the color of reduced flavins. The red
species was assumed to be a semiquinoid radical.
Michaelis and his co-workers®¢ made a detailed
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quantitative study of a number of flavin systems by
analysis of potentiometric titration curves. At low
concentrations of the flavin and over a wide pH range
it was concluded that the intermediate form in the
reduction is represented by a free radical. At higher
concentrations of the flavin there is a partial dimeriza-
tion of the free radical. Lowe and Clark® made
potentiometric titration studies of several flavins over a
wide pH range. They concluded that for flavin
mononucleotide the amount of flavin as free radical
and dimer was essentially constant over the entire pH
range at a total concentration of 10~* M in flavin.
Changes in the color of flavin solutions upon reduc-
tion were noted by early workers.?~* However,
Beinert was the first to assign species to the absorption
bands which appeared during the reduction of flavins.5’
Bands at about 570 and 900 mu were assigned to the
free radical and dimeric forms, respectively. A
strong temperature and dilution dependence was noted
for the longer wave length band. It was observed that
a plot of the optical density of the 570 mu band vs.
the optical density of the 900 mu band did not follow
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