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he variability in the activity of various crystalline erythrocyte catalases

preparations 17® has recently led to the suggestion that this enzyme as
usually employed should not be considered a native protein 8. The preliminary
results of denaturation studies also suggested this and it was hoped that
further work along these lines might disclose essential differences in various
catalase preparations that would be of future value in preparing more uniform
material. Such studies as applied to catalase are particularly attractive for one
can use a fairly sensitive and rapid activity test for denaturation without
having to resort to conditions leading to marked solubility changes as must
be so often done with many proteins.

In this investigation the denaturation of several horse erythrocyte cata-
lagse preparations by heat and urea treatment showed no evidence of this
enzyme being a single chemical entity. Loss of activity as effected by dilution,
heating and treatment with urea all suggest the presence of molecules of
various labilities.

EXPERIMENTAL

Crystalline horse erythrocyte catalases were prepared by modifications of the method
of Bonnichsen 3 as previously described 5. Enzyme assays were carried out by the rapid
titration method of Bonnichsen, Chance and Theorell & at 18 —20° C except in one experi-
ment in which the method of von Euler and Josephson 7 was employed. Various experi-
mental conditions were applied to catalase solutions of such concentration that 0.1 ml
of a 1—10 dilution would give a suitable assay sample. This 1— 10 dilution prior to assay
was always carried out with pH 6.8, M/15 sodium phosphate buffer and served to dilute
out the urea, adjust the pH to the desired assay level and the experimental solution to
room temperature, etc. The actual protein concentration of the catalase solutions sub-
jected to various conditions ranged from 0.5 to 1.0 mg per ml depending on the particular
enzyme preparations used. These were three in number and showed Kat.F. values of
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61 000, 117 000 and 76 000. They will be referred to as catalase no. 1, 2, and 3 respect-
ively. Catalase no. 2 was the material described previously 5. The amount of enzyme in
any given experiment will always be noted in terms of the first order reaction constant
given by the amount of catalase used in the assay.

Absorption spectra were determined by means of a Beckman spectrophotometer. A
Zeiss pocket, spectroscope was employed for locating the absorption maxima of the CO
hemochromogens which were formed in tests for the presence of free heme resulting from
treatment of catalase with urea.

EXPERIMENTAL RESULTS

Effect of temperature

In previous work it was found that catalase showed an initial rapid loss of
activity upon dilution 5. Consequently all studies on the effect of temperature
were controlled by running a reaction at either 0° or 20° C employing as nearly
as possible the identical conditions of assay as were used with the experimental
sample. As will be noted later various catalase preparations showed variable
effects as regards the amount of activity lost on dilution.

Little or no denaturation was evidenced at temperatures below 60°C.
It was actually found that the loss of activity resulting from dilution was
retarded at temperatures between 20° and 60° C. It often appeared that slight
decreases in activity in the initial five minutes after dilution tended to be
reversed with further incubation and in some cases at 50° C the initial activity
was found after 30 minutes. The marked loss of activity on dilution was as
a rule associated with relatively fresh material. On aging for several weeks in
the cold this dilution effect was usually diminished and often small amounts
of precipitate had developed in the solutions. The dilution effect was not
abolished by use of glass distilled water or of serum albumin solutions as the
diluent. If the loss of activity after dilution is due to absorption as has been
suggested 8 the effect of temperature above 20° must be to diminish such
absorption. It is also possible that there is an equilibrium between native and
denatured catalase which is markedly influenzed by temperature. The effect
of temperature on the loss of activity of catalase no. 1 is shown in Fig. 1.
The same type of result was observed for preparation no. 2. It is apparent
from Fig. 1 that the rate of the denaturation process falls off rapidly with
time and that the greater portion of the catalase is stabile at 60° C over a 60
minute interval. There appear to be a series of catalase molecules of graded
lability as regards their resistance to temperature denaturation. Such an effect
will also be noted in the experiments involving urea. The reaction rate of the
denaturation process in the initial stage was approximated by extrapolating
the denaturation rate (calculated as a first order reaction) for the 5 and 10



1076 H. F. DEUTSCH

minute period to zero time. No correction was applied for losses in activity as
experienced at 0° and 20° C since the results at 50° C indicated that for these
catalase preparations they were largely abolished at the higher temperatures.
It would appear likely that the main destructive process at 60° and 65° C is due
primarily to temperature as opposed to the activity loss at 20° C. Various
thermodynamic data were calculated from the extrapolated denaturation
reaction rates and are shown in Table 1.

Table 1. The reaction rates, heat, free energy and entropy change of activation in the heat
denaturation of two catalase preparations as studied at 60° and 65° C in pH 6.8, M[150
phosphate buffer.

Catalase no. 1 Catalase no. 2

keo 4.9 x 107 6.2 x 107
Ic65 13.5 x 1074 17.7 x 1074
A H¥ 44 540 46 840
A F* 24 800 24 200
A S¥ + 60 + 68

It is to be emphasized that these data are somewhat qualitative in nature and
moreover in view of the results shown in Fig. 1 are data for the more labile
portions of the catalase preparations. Catalases no. 1 and 2 while showing
some differences in the initial denaturation rate gave quite similar values for
the heat of reaction, free energy change and the entropy change of the activa-
tion process. It is interesting that these values are of similar magnitude to
those reported for the heat denaturation of some other enzymes °.

Effect of pH

The effect of hydrogen ion concentration at various salt concentrations at
60° C was also investigated. Since the loss in activity in the first five minutes
at this temperature appeared to be most representative of the denaturation
process measurements were restricted to this interval. A control sample at
0° C was also run. The results are shown in Table 2 and indicate that catalase
is most stable at 60° C near its isoelectric point (pH 5.5) when the salt con-
centration is low. It can be seen that there is a considerable loss of activity
even at 0° C. It must be emphasized again that the destruction at 0° C may be
adsorptive in nature and may bear no counterpart to the activity loss occurring
at 60°C. Results for the control sample were almost identical when carried
out at 20° instead of 0° C.
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Table 2. Effect of pH on the denaturation of catalase no. 2 at 60°C.

Molarity of pH Temperature Percent activity
buffer loss in 5§ minutes

0.087 A 4.2 0° 30

0.067 A 4.2 i 60° 50

0.05 A 5.6 0° 28

0.05 A 5.6 60° 31

0.5 A 5.6 0° 37

0.5 A 5.6 60° 86

0.067 P 6.8 0° 29

0.067 P 6.8 60° 40

0.067 P 7.8 0° 33

0.067 P 7.8 60° 70

A = Sodium acetate
P = Sodium phosphate

There is usually little difference in the amount of destruction of catalase on
dilution in the temperature range from 0° to 30°C.

Effect of urea

Preliminary experiments indicated that at room temperature 5 M urea
would effect approximately 50 %, destruction of the catalase activity in 60
minutes at neutral pH. An initial experiment utilizing this concentration of
urea in the presence of pH 6.8, M/150 sodium phosphate buffer showed a
rapid initial decrease in activity followed by a much decreased rate of destruc-
tion. The results of this experiment corrected for the loss of a control sample
are shown in Fig. 2. It is apparent that a relatively rapid destruction is effected
within the first hour with this catalase preparation (no. 1). The destruction
showed no evidence of being a first order reaction over the prolonged period.
Further experiments with urea utilized an incubation period of an hour or less.

Data for the reaction of catalase no. 1 at various urea concentrations in
pH 6.8, M/150 phosphate buffer at 20° C were plotted to give Fig. 3. The loss
of activity is very rapid initially and then shows only relatively slight decreases.
This is reminiscent of the effect of temperature as shown in Fig. 1. The in-
fluence of increased concentrations of urea is readily seen from Fig. 3. In
another experiment at 18° C and in the same buffer the denaturation reaction
rate was determined for various urea concentrations. As in the case of the

7
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Fig. 1. Effect of temperature on loss of Fig.2. Loss in catalase activity in 6§ M
catalase activity in pH 6.8, M|150 phos- wurea, pH 6.8 M|150 phosphate buffer at 20°C.
phate buffer. The catalase assay in this experiment was
carried out by the method of von Euler

and Josephson (7).

experiments involving temperature destruction only the results for the 5 and
10 minute incubation periods were utilized. The denaturation rate, calculated
as & first order reaction, was extrapolated to zero time and data for various
urea concentrations are given in Table 3. These data as well as those to be
given shortly for the effect of temperature variation on the urea denaturation
of catalase are subjected to the same limitations as pointed out earlier.

Table 3. The reaction rate for the denaturation of catalase no. 1 at various urea concentrations
and in pH 6.8, M|150 phosphate buffer at 20° C.

Urea molarity k,denaturation

1.0 x 1074

3.2 x 1074

11.0 x 1074

17.56 x 107

5 25 x 1074

Nuo oW

Lauffer 1° has calculated that the velocity constant for urea denaturation
at constant temperature is proportional to a power of the urea concentration.
The slope of a plot of the above type of data is indicative of the number of
urea molecules bound. The data of Table 3 was plotted in such a manner to
give Fig. 4 which, while not showing a completely satisfactory straight line
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Fig. 3. Effect of various concentrations of Fig. 4. The logarithm of the extrapolated

urea on catalase in pH 6.8 M[150 phos- denaturation velocity constant for catalase

phate buffer at 20° C. plotted against the logarithm of the urea
concentration.

relationship, indicates that nearly four urea molecules are bound per molecule
of protein at 20° C. This is less than that found by Lauffer ¢ for tobacco mosaic
virus but somewhat higher than that found by Mih4lyi ! for bovine fibrinogen.

Effect of salt concentration

The denaturation of catalase in 5 M urea at 20° C was also studied in the
presence of pH 6.8 phosphate from 0.05 to 1.0 M. A very slight increase in the
denaturation rate was seen at the higher phosphate concentrations. This is in
keeping with the effect of acetate on the heat denaturation at pH 5.6.

Reversal of urea denaturation

Attempts were made to determine whether losses in catalase activity were
reversible upon dilution of the urea. Catalase preparations that had undergone
from 50—75 9, decrease in activity as a result of treatment with 5 and 7.5 M
urea were diluted 1—10 with M/150, pH 6.8 phosphate buffer. After periods
up to 18 hours after dilution there sometimes appeared to be a slight recovery
of activity as compared with the appropriate controls. This recovery never
exceeded 10 9%, of the initial activity and was usually of such a low magnitude
as to fall within the realm of experimental error. The results, however, were
always in the direction of increased activity.

Catalase samples treated with 9 M urea at 20° show precipitation upon
dilution with the phosphate buffer. Catalase solutions more concentrated than
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1 mg protein per ml when treated with 5 M urea at 30—40° C often also show
precipitation upon dilution.

Effect of temperature

The denaturation of catalase no. 1 in 5 M urea and in pH 6.8, M/150
phosphate buffer was also studied over a temperature range of 0—50° C. The
denaturation reaction rate was determined by extrapolation of the data ob-
tained in the initial stages of the reaction to zero time as previously described.
The various thermodynamic data calculated for catalase under the above con-
ditions are given in Table 4.

Table 4. The reaction rates, heat, free energy and entropy change of activation in the dena-
turation of catalase no. 1 in 5§ M wurea in pH 6.8, M|150 phosphate buffer at various

temperatures.
Temperature k,denaturation AH* AFE ASF
0 2.1 x 1074
10 2.94 x 1074 3 300 21 200 — 63
20 3.5 x 107 3 900 21 000 — b8
30 53 x 1074 6 800 22 200 — b1
40 16.7 x 1074 20 400 22 300 — 6
50 120 x 1074 91 400 21 900 + 215

The heat of activation of the denaturation process is lowered considerably
by the presence of urea between 0° and 40°C. A marked rise, however, is
noted at 40° C and this becomes quite large at 50° C. The urea-protein complex
formation is exothermic and the number of molecules of urea molecules bound
should decrease with a rise in temperature. Correspondingly the entropy and
heat of activation will rise with increasing temperature and the latter value
should approach that found in the absence of urea at the higher temperatures.
Actually the heat of activation at 50° C in 5 M urea is much higher than that
found at 60—65°C in the absence of urea. The reason for this, while not
readily apparent, may be the result of the destruction of molecules of quite
different chemical reactivities in the two cases. This is quite possible for in
the case of 5 M urea approximately 96 %, of the activity is destroyed within
5 minutes as 50° C whereas the data of Fig. 1 show that at 60° and 65° C only
20—50 9, of the catalase activity is lost in the absence of urea in the same time
interval. The data from 0° through 30° C gives a fairly good Arrhenius plot but
deviates markedly above the latter temperature. At these higher temperature



ERYTHROCYTE CATALASE 1081

conditions the more stable catalase molecules are undergoing destruction and
it would appear that the heat of activation for the denaturation of these
molecules is relatively high. In these studies it must be remembered that we
are dealing with data representing an average for molecules of various labilities.
This is especially true for the higher temperature, where an increasingly greater
percentage of the more stable catalase molecules are undergoing destruction.
The free energy change of the activation remains relatively constant since the
heat and the entropy of activation show a compensating rise.

Effect of pH

These studies were carried out on catalase no. 3. This material showed a
very high activity loss on dilution but the use of adequate controls allows for
the demonstration of the effect of pH on the denaturation process by urea.
The experiments utilized 5 M urea at a temperature of 20° C. Acetate and
phosphate buffers of low concentration (0.035—0.05 M) were employed to
regulate the pH. The results are shown in Table 5 and indicate that as in the
case of the temperature denaturation (Table 2) there is a greater stability of
catalase at pH 5.6. At this hydrogen ion concentration the loss of activity on
dilution of the control is also less and the presence of the 5 M urea actually
appears to retard this loss in the initial stages. This may suggest that the
dilution loss and the urea denaturation do not concern identical molecules.
It is difficult to accept the very large dilution loss of catalase no. 3 as one due
to absorption on the walls of the container. No change in extinction coef-
ficient at 405 my is seen on dilution under the same conditions that give huge
activity decreases. Apparently a variable portion of the catalase preparations
contain molecules of extreme lability. After standing for two weeks at 2—5° C
catalase no. 3 showed a marked decrease in the dilution effect and a decrease in
activity. This was synchronous with the appearance of a small amount of
precipitate in the sample.

Spectrophotometric studies

Since the denaturation kinetics suggested that the catalase preparations
employed were made up of a series of molecules of varying reactivities it
appeared desirable to attempt to determine whether the enzyme showed any
changes in spectral properties after treatment with urea. It was found that
urea caused a decrease in the absorption at the 405 and 620 mu maxima but
had little or no effect on the protein absorption (280 mu). Catalase solutions of
the same concentration or lower than those used in the previously discussed
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Fig.5. Absorption spectrum of catalase in 5 M wurea in pH 6.8, M|150 phosphate
buffer at 20° C.

—~O=0—0=0 = at zero time
=X X=X = after 60 minutes incubation.

denaturation studies were employed because definite turbidities developed in
5 M urea with a consequent marked increase in light absorption in the lower
spectral region (below 350 mu) at higher protein concentrations. The absorp-
tion spectrum of catalase no. 1 after 60 minutes in 5 M urea is shown in Fig. 5.
It is to be noted that the relative decreases in extinctions at 405 and 625 mu
are identical. The rate of the extinction change with time was also recorded
and is plotted to give Fig. 6. No change in absorption at 280 my was apparent.
The rate of decrease in the extinction at 405 mu is qualitatively similar to the
activity decrease for this preparation under the same conditions as shown by
inspection of Fig. 3. After incubation for 60 minutes with 5§ M urea the
decrease in extinction coefficient was 43 9. This is to be compared to the
activity decrease of 60 9,. Usually the decrease in activity was somewhat
greater than the change in extinction coefficient. Different catalase prepara-
tions, however, show varying reactivities as regards the rate of spectral change
in 5 M urea. Whereas catalase no. 1 showed a 43 9, decrease in the absorption
at 405 mu after 60 minutes, catalase no. 2 showed only a 25 %, decrease. Pre-
‘paration no. 3 was similar to no. 2 in this respect.

A single experiment on the effect of 5 M urea on the absorption spectrum
of human hemoglobin and of horse myoglobin was also carried out. Both of
these proteins showed a decrease (approximately 15—20 %) in the Soret
absorption maxima. Contrary to the results for horse erythrocyte catalase they
showed an increase in the absorption from 600—650 mu on treatment with
urea. The decrease in the absorption maxima in the Soret region for the above
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two hemoproteins appeared to be almost instantaneous in contrast to the
catalase reaction. No further studies of the effect of urea on hemoglobin or
myoglobin were carried out.

The decrease in the absorption maxima of the catalase at 405 and 625 mu
suggested that heme was being liberated as a result of the urea treatment.
Proof of this was obtained in the following way. A catalase solution was
treated with 5 M urea at 30° C for approximately one hour. The sample was
then adjusted to pH 9 and dithionite added. The latter will reduce ferri heme
to the ferro compound but is unable to effect this reduction of the iron in
catalase. Following this CO was passed into the solution to form the CO ferro-
heme complex which at pH 9 should be rapidly converted into the hémo-
chromogen. The controls for this experiment were a sample of pure heme and
a solution of catalase to which urea was added immediately before treatment
with CO. Inspection of these solutions with a hand spectroscope showed the
presence of free heme in the catalase sample treated with urea. Attempts to
put this test on a quantitative basis so that the decrease in absorption coef-
ficient at 405 and 625 mu could be compared directly with the rate of appear-
ance of free heme in the solution were unsuccessful.

DISCUSSION

With few exceptions protein denaturation and biological inactivation have
been reported to be first-order reaction rate processes. In our experience
catalase does not obey such a reaction although it is possible that various
species of catalase molecules may show this property individually. The nature
of the heat and urea denaturation processes for horse erythrocyte catalase
indicate the presence of molecules of widely varying reactivities in crystalline
and supposedly pure enzyme preparations.

Catalase shows a strong positive temperature coefficient for the urea
denaturation process as has been reported for such proteins as fibrinogen 1,13,
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a carboxyhemoglobin ¥ and chorionic gonadetrophin 4. Although af-lacto-
globulin 16 and egg albumin 18,17 show a negative temperature coefficient in
this respect at high urea concentrations, Clark 8 has found a positive coeffi-
cient at lower urea concentrations for the latter protein. He has suggested
that apparent negative temperature coefficients may be the result of secondary
solubilizing reactions at the higher urea concentrations ®. In this respect the
use of an enzyme such as catalase avoids such considerations of solubility for
one can utilize activity as a reaction guide. It is quite likely in the case of
catalase that activity losses indicate earlier protein modifications than those
represented by loss of solubility for when the latter occurred in this study
almost all enzyme activity had disappeared. Furthermore, marked loss of
activity in most cases was not synonomous with loss of solubility under the
conditions utilized in this work.

Catalase was found to be most stable to both heat and urea denaturation
near its isoelectric point. Apparently low concentrations of salt are to be
preferred under any conditions which tend to give denaturation. The applica-
tion of these two conditions to the more or less rigorous fractionation steps used
in the preparation of catalase may possibly result in recovery of more uniform
material.

A point particularly of future interest in the urea denaturation of catalase
should be to determine whether this reagent causes a molecular dissociation.
Horse hemoglobin dissociates to half molecules in the presence of 6.6 M
urea 20722, Various other proteins 237 also show this type of reaction but
substances such as egg albumin 2°, serum albumin 28, gliadin 29, zein 24, pepsin 22
and several hemoglobins other than the equine form show no such change.

If horse erythrocyte catalase like its hemoglobin counterpart and the latter
proteins undergoes a molecular dissociation in strong urea solutions it will be
interesting to determine the effect of this on enzyme activity. Horse hemo-
globin which has been split in this manner shows differences in oxygen equi-
librium as compared to the intact molecule 30. It was noted that catalase
activity losses in urea were higher than the decreases in absorption at 405 and
625 mu. It is possible that along with the removal of heme from the protein
by the action of urea there is likewise a dissociation into two or more molecules
and that in this form the catalase shows a diminished or loss of activity.

It would appear that such investigations would best await the development
of fractionation methods giving more uniform catalase preparations of Kat.F.
at least 120 000. Consistent evidence exists for the presence of material of this
activity in erythrocytes. However, it is possible (but not likely) that erythro-
cyte catalases exist in nature as a series of molecules of varying activity and that
such high activity material represents the more active portions of the enzyme.
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Table 5. The effect of pH on the loss of activity of catalase no. 3 tn 5§ M urea at 20° C.

pH Minutes ky x 10 Frurea X 10%
incubation Control Urea k1control
0 2.93 2.93 .
5 1.12 0.98 88
4.0 10 1.01 0.79 78
15 1.02 0.68 67
0 2.93 2.93
5 1.41 1.46 104
5.6 10 1.31 1.02 78
15 1.31 0.96 73
0 2.93 2.93
5 1.13 1.01 89
6.8 10 1.10 0.91 83
15 1.12 0.85 76
0 2.93 2.93
b 1.46 1.63 106
7.8 10 1.46 0.65 45
16 1.42 0.55 39
SUMMARY

Various crystalline horse erythrocyte catalase preparations appear to con-
sist of a series of molecules of various reactivities. The enzymatic inactivation
of this enzyme by heat and urea does not follow a first order reaction. The
enzyme is most stable near its isoelectric point and in the presence of urea is
more readily inactivated by the presence of high salt concentrations. Urea
causes a decrease in the absorption maxima at 405 and 625 my that appears to
be synonomous with the release of heme from the molecule.

The author wishes to acknowledge his indebtedness to Professor Hugo Theorell for
his interest and helpful suggestions during the course of this investigation.
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