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Fluorescence and optical rotation methods have been used to investigate the stability
of a number of dehydrogenases. Horse liver alcohol dehydrogenase is more stable to
heat and urea treatments than the corresponding enzyme from yeast. Beef heart muscle
lactic dehydrogenase is more stable than beef skeletal muscle lactic dehydrogenase. There
is good agreement between loss of protein structure, as measured by protein fluorescence
and optical rotation analyses, and loss of enzyme function. Chicken heart lactic dehydro-
genase is also more stable than chicken muscle lactic dehydrogenase. Urea at certain con-
centrations can bring about loss of enzymatic activity of horse liver alcohol dehydrogenase
without concomitant changes in protein structure, as indicated by the finding that there
is an increase in fluorescence yield of DPNH when it is bound to the horse liver enzyme
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in the presence of urea.
the active site.
loss of capacity to bind DPNH.

It has been possible to show differences in
pyridine nucleotide-linked dehydrogenases cata-
lyzing the same activity from different sources,
through characterization of the enzymes by cata-
lytic, immunologic, and electrophoretic techniques.
Differences can also be shown, in some instances,
by determination of molecular weight as well as
by determination of the number of moles of zinc
found in tbe crystalline enzymes (Vallee, 1960a).
The heterogeneity of the dehydrogenases is fur-
ther indicated by differences in their capacity to
associate with pyridine nucleotides.

Recent investigations employing optical rota-
tion and fluorescence analyses have focused atten-
tion on the importance of the secondary and
tertiary structures of enzymes for their catalytic
activities. In an attempt to show physical
differences between the same enzyme from dif-
ferent sources, we have compared the alterations
in protein structure with the catalytic changes
brought about by the action of various denatur-
ing agents. In this paper we will refer to dena-
turation as a change in protein structure ac-
companied by a loss of enzymatic activity.

EXPERIMENTAL

Enzyme Preparations.—Yeast alcohol dehydro-
genase was the commercial preparation obtained
from Boeringer. It was dialyzed for 24 hours
against 0.1 M phosphate buffer, pH 74, A
value of 1.89 X 10° cm?/mole was assumed as
the extinction coefficient of this enzyme. The
molecular weight was assumed to be 150,000.

Horse liver alcohol dehydrogenase was the
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It is suggested that urea may act in this case by complexing with
Denaturation of the horse liver alcohol dehydrogenase results in the

commercial preparation obtained from Boeringer.
It was dialyzed for 24 or 48 hours against 0.1 M
phosphate buffer, pH 7.4. The remaining in-
soluble precipitate was removed by centrifuga-
tion. A value of 0.332 X 10° cm?/mole was
assumed for the extinction coefficient of this
enzyme. The molecular weight was assumed to
be 84,000.

The beef heart muscle and beef skeletal muscle
lactic dehydrogenase as well as the chicken lactic
dehydrogenase were isolated in this laboratory by
Dr. R. McKay. The isolation procedures will
be published in a future communication. Before
these enzymes were used, they were dialyzed
against 0.1 M phosphate buffer at pH 7.4. The
extinction coefficient of beef heart lactic dehydro-
genase was assumed to be 2 X 105%. The molecu-
lar weight was assumed to be 135,000.

Fluorometric Measurements.—The Aminco-Bow-
man spectrophotofluorometer was used for most
of the fluorescence measurements. It is equipped
with an XBO 150-watt Osram Xenon-Arc and a
constant-temperature cell holder. All readings
with this instrument were obtained manually.
Except where otherwise indicated measurements
were taken at 22°. Fluorescence is indicated in
arbitrary units for each experiment.

Fluorescence polarization spectra were carried
out with a spectrophotofluorometer built accord-
ing to the general plan of Weber (1960). The
light source was an XBO 150-watt Osram Xenon-
Arc. The diffraction grating was a 500-mm
Bausch and Lomb grating monochromator. The
fluorescence emission was observed at right angles
to the exciting light. The detector was a 14-
stage RCA (7265) photomultiplier with an S-20
response. The fatigue characteristics of this
tube limit its use to measurements of very low
light intensity. The signal from the detector
was amplified by a General Radio DC amplifier
type 1230-A and fed into a Minneapolis-Honey-
well “Electronik” high-speed strip chart recorder
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Fic. 1.—The effect of prior incubation at 44° on
activity of yeast and horse liver alcohol dehydro-
genase. The assays were done as described in the
Methods section. The incubation was carried out in
0.05 M glycine buffer (pH 9.4).

with a full scale deflection of 1 or 10 mv. The
supply voltage for the phototube was obtained
with a Northeast Scientific Corporation Regu-
lated High Voltage Power Supply, 0.5 to 3 kv DC.
The supply voltage for the light source was ob-
tained from a Sola DC power supply. This unit
gave 19.8 v at 7.5 amps. It had to be modified
to remove a considerable 120-cycle ripple that
interfered with the amplification of the final signal
by the recorder.

Optical Rotation Measurements.—Optical rota-
tion measurements were carried out with a
Rudolph Photoelectric Spectropolarimeter. This
instrument was equipped with a General Electric
water-cooled mercury arc lamp (A-H6). Good
lamp stability was obtained by assuring a high
flow rate of cooling water. Only distilled water
was used as a coolant, and this was changed fre-
quently to avoid contamination.

All measurements were taken at 22°.

Denaturing Experiments.—In general denatur-
ing experiments were carried out at a protein
concentration of 1.25 mg per ml. The enzyme
was then diluted into the assay mixture, which
contained no denaturing agent, for the appro-
priate assay.

Assays.—Horse liver alcohol dehydrogenase
was assayed as follows: The sample cuvet con-
tained 0.067 M ethanol, 4.7 X 10-* m DPN,
enzyme, and glycine buffer, 0.05 M, pH 9.4, in a
final volume of 3 ml. The enzyme, treated as
described in the text, was added to the reaction
mixture at time zero and spectrophotometric
readings were taken at 340 myu every 15 seconds.

Biochemistry

The assays were carried out at room temperature,

Yeast alcohol dehydrogenase was assayed as
follows: The sample cuvet contained 0.335 m
ethanol, 4.7 X 10—4M DPN, enzyme, and glycine
buffer, 0.05 M, pH 9.4, in a final volume of 3 ml.
The' enzyme, treated as described in the text,
was added to the reaction mixture at time zero
and spectrophotometric readings were taken every
15 seconds. The assays were carried out at room
temperature.

The lactic dehydrogenases were assayed as
follows: The sample cuvet contained 2 X 10—*
M sodium pyruvate, 1.9 X 10~* m DPNH, and
phosphate buffer, 0.10 M, pH 7.0, in a total volume
of 3.0 ml. The enzymes, treated as described in
the text, were added at time zero, and spectro-
photometric readings were taken every 15 seconds.
The assays were carried out at room temperature.

REsuLTs

Heat Inactivation of Alcohol Dehydrogenases.—
The effect of temperature of the enzyme activity
of yeast and horse liver alcohol dehydrogenase
is shown in Figure 1. The enzymes were first
incubated at 44° for various lengths of time and
then rapidly cooled to 0°. Enzyme assays were
then carried out at room temperature. After
incubation for 30 minutes the yeast alcohol de-
hydrogenase was almost completely denatured,
whereas the liver enzyme retained most of its
activity.

Figure 24 shows the effect of increasing tem-
perature on the two alcohol dehydrogenases.
The yeast enzyme loses most of its activity by
52°. The liver enzyme, however, retains its
activity but begins to precipitate at this tem-
perature.

The decrease in fluorescence intensity (Fig.
2B) and the shift in maximum of fluorescence
emission (Fig. 2C) during the heat inactivation of
yeast alcohol dehydrogenase are also shown.
The change in emission maximum has been plotted
in energy units (kcal /mole) with the relation £ =
hy. It can be seen that the shift occurs quite
sharply at about 36°. 'This is the same tempera-
ture at which the enzyme activity falls precip-
itously. The heat denaturation of liver alcohol
dehydrogenase could not be followed by fluores-
cence measurements because the light scattering
caused by precipitation interfered with the
measurements.

Heat denaturation of yeast alcohol dehydro-
genase as measured by optical rotation is shown in
Figure 3. The sharp break in the specific ro-
tation values occurs between 35° and 40°, the
same temperature range where the enzymatic
activity and fluorescence measurements are also
markedly changed.

Effect of Urea on Alcohol Dehydrogenases.—
The effect of urea on yeast and liver alcohol de-
hydrogenase is shown in Figure 4. Both activity
and protein fluorescence measurements are shown.
The enzymes were incubated at a concentration
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Fi1c. 2.—The effect of increasing temperature on alcohol dehydrogenase.

Experiments were carried out in

0.05 M glycine buffer at pH 9.4. The protein was excited at 280 my to measure the fluorescence.

of 1.25 mg per ml of 0.1 M phosphate buffer at
pH 7.0. The incubation time was 15 minutes at
30°. After the denaturation the enzymes were
diluted into the assay mixtures that contained no
urea. The enzyme assays were carried out in
glycine buffer as already described. For the
fluorescence measurements the proteins were
excited at 280 myu and the emission measured at
340 mu.
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Fic. 3.—Heat denaturation of yeast alcohol
dehydrogenase as measured by optical rotation at
404.7 mu. Conditions were the same as in Figure 2.

As in the temperature studies, the yeast en-
zyme was shown to be less stable than the liver
enzyme, becoming denatured at lower concentra-
tions of urea. The liver protein loses its activity
and fluorescence mainly at concentrations of urea
greater than 4 M. The total fluorescence change
during denaturation is greater for the liver alcohol
dehydrogenase than for the yeast alcohol de-
hydrogenase. The latter enzyme contains more
tryptophans, and it is possible that these are
affected in different ways by unfolding of the
molecule. Quenching of fluorescence of some
tryptophans may be compensated for by enhance-
ment of fluorescence of other tryptophan moieties.
Cases of enhancement of quantum yield of
fluorescence by tryptophan have been observed on
denaturation of several proteins (Teale, 1960).

As in the case of the temperature studies it was
of interest to study the urea denaturation by
more than one technique. An examination of
Figure 5 shows the effect of urea on these two
enzymes as measured by optical rotation at 435.8
myu and protein fluorescence. In these experi-
ments the urea was not dialyzed or diluted out
before assay. The two measurements show a
good correlation.

Urea and Heat Studies with Lactic Dehydro-
genases.—A considerable amount of work from
many laboratories has shown differences between
lactic dehydrogenases isolated from a variety of
tissues (Gregory and Wroblewski, 1961; Kaplan
et al., 1960). It was therefore of interest to
determine whether there are any differences in
their denaturation properties.

Figure 6 shows the great differences in suscep-
tibilities to heat of two lactic dehydrogenases—
one from beef heart muscle and the other from
beef skeletal muscle. In these experiments the
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Fig. 4.—The effect of urea on alcohol dehydrogenase.

Enzyme activities were as described in the text.
excitation was at 280 mu and emission at 340 mu.

of the reaction was 9.2.

enzymes were first incubated at a concentration
of 1.25 mg per ml for 15 minutes at the tempera-
ture indicated. They were rapidly cooled to 0°
and then allowed to come to room temperature.
The enzymes were finally diluted into the assay

Fluorescence
The pH

mixture and the catalytic rates observed. The
heart enzyme is unusually stable, and loses its
activity only between 55° and 65°. Under these
conditions it does not precipitate on denaturation.
In contrast, the skeletal muscle enzyme loses its
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Fi16. 5.—Urea denaturation of alcohol dehydrogenase.

A compari-

son of optical rotation and fluorescence measurements. For the optical
rotation measurements the concentration of yeast alcohol dehydro-

genase was 2.3 mg/ml and that of
2.7 mg/ml. 'The experiments were
pH 7.4. Readings were made with

horse liver alcohol dehydrogenase
done in 0.1 M phosphate buffer at
a l-cm cell. For the fluorescence

measurements the concentration of yeast alcohol dehydrogenase was
0.01 mg/ml and that of horse liver alcohol dehydrogenase 0.05 mg/ml
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activity at much lower temperatures and precip-
itates out at 46°. The decrease in activity of
beef heart lactic dehydrogenase is paralleled by
the decrease of fluorescence emission at 340 my
when the protein is excited at 280 my.

The heat denaturation of beef heart lactic
dehydrogenase was also measured by optical
rotation at 404.7 my. The denaturations were
carried out as described above, and the optical
rotations of the undiluted enzyme were deter-
mined at room temperature in a 10-cm polarim-
eter tube. The sharp break occurring at about
60° is in very good agreement with the activity
and fluorescence measurements. Comparative
experiments of this type have given us confidence
in the use of protein fluorescence as a tool in the
study of enzyme denaturation.

A comparison of the urea denaturation of beef
and chicken lactic dehydrogenase from heart and
skeletal muscle is given in Figure 7. Both the
enzyme activity and protein fluorescence were
measured. In these experiments the enzymes
were incubated with the urea for 15 minutes a&
30°. The urea was then diluted out and the
readings made. There is good correlation between
the loss of activities of these enzymes and the
alteration of structure as measured by fluores-
cence. The enzymes from heart muscle are
more stable than those from skeletal muscle.
The beef heart enzyme retains about 709, of its
activity in 3 M urea, whereas the beef muscle
has lost most of its activity at this concentration.
The changes in fluorescence show qualitatively
the same difference among the various lactic
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dehydrogenases as do the changes in enzymatic
activities. These results are in accord with the
studies of temperature stability described above.

The chick heart lactic dehydrogenase is more
stable to urea than the beef heart enzyme. At
4 M urea the chick heart enzyme retains most of
its activity, whereas the activity of the beef heart
enzyme is less than 509, that of the untreated
enzyme. The chick muscle dehydrogenase pre-
cipitates during denaturation under these condi-
tions.

We have also been able to show that loss in
enzymatic activity of the dehydrogenases is
associated with a change in the polarization of
fluorescence spectra. This study will be reported
elsewhere. Guanidine and stilbesterol produce
effects similar to those that urea produces on
protein fluorescence and enzyme activity.

Inhibition by Urea of Alcohol Dehydrogenase
Without Denaturation.—Table I compares the
enzymatic activities of the two alcohol dehydro-
genases when the assays were carried out in the
presence of urea and after removal of the urea by
dialysis. Urea of the concentration indicated
was present in the reaction mixture. The inhi-
bition is considerably greater when urea is
present .in the reaction mixture. Thus, at 4 M
urea, where the liver enzyme has just begun to
denature as measured by the change in protein
fluorescence (see Fig. 4), approximately 509, of
the activity is lost when the urea is present during
the enzymatic assay.

In order to gain more insight into this inhibition
the effect of urea on the enzyme-coenzyme com-
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Fi1c. 6.—The effect of temperature on beef lactic dehydrogenases.
measured by excitation at 280 mu and emission at 340 mu.

Fluorescence was
The enzymes were allowed

to stand at pH 9.4 (0.05 M glycine buffer) for 15 minutes at the various temperatures

indicated.
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Fic. 7.—The effect of urea on beef and chicken lactic dehydro-

genases.

TABLE I
Urea INACTIVATION OF YEAST AND HORSE LIVER
ALcoHOL DEHYDROGENASE AND THE EFFECT OF
URrea REMovAL

Yeast ADH Liver ADH
Urea % Inhibition

Concen- In After In After
tration Presence Dial- Presence Dial-
(M) of Urea ysis? of Urea  ysis®

0.5 36 0 — —

1 65 2 18 0

2 92 5 28 4

3 100 15 40 5

4 100 75 49 8

6 — —_ 74 70

2 The urea was removed by dialysis against 0.1 M
phosphate buffer (pH 7.4).

plex of liver alcohol dehydrogenase was investi-
gated in more detail. Boyer and Theorell (1956)
have observed that when DPNH binds to this

Reaction was in 0.1 M phosphate buffer (pH 7.4).
activities were as described in the text.
at 280 mu and emission at 340 mu.

Enzyme
Fluorescence excitation was

enzyme the maximum of its fluorescence emission
is shifted to a shorter wave length and the
quantum yield of coenzyme fluorescence is con-
siderably increased. This effect has been used
in this laboratory (Shifrin et al., 1959), as well
as in other laboratories (Duysens and Kronen-
berg, 1957; Velick, 1958; Winer et al., 1959),
to measure coenzyme binding.

Figure 8 shows the fluorescence of reduced co-
enzymes bound to liver alcohol dehydrogenase
plotted as a function of urea concentration.
There is over a fivefold increase in fluorescence of
DPNH bound to liver alcohol dehydrogenase at
concentrations of urea between 0 and 4 M. The
fluorescence of the 3-acetylpyridine analogue of
DPNH bound to liver alcohol dehydrogenase
showed little enhancement upon addition of urea.
Enhancement of this type was not observed with
yeast alcohol dehydrogenase and DPNH.

The quantum yield of fluorescence depends on
the relative amount of energy lost by a molecule
in the excited state, by re-emission as light, by
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Fi1c. 8.—The effect of urea on the fluorescence of
the DPNH-alcohol dehydrogenase complex. Excita-
tion was at 335 mu for the DPNH and 345 myu for
acetylpyridine (APDPNH). The fluorescence emis-
sion was measured at 440 mu for DPNH and 450 mu
for acetylpyridine DPNH. The experiments were car-
ried out at room temperature in 0.1 M phosphate
buffer, pH 7.4. For the enzyme-DPNH complex,
the concentration of horse liver alcohol dehydro-
genase was 10.8 X 10 M. The concentration of
DPNH was 5.6 X 10~¢ M. For the enzyme-acetyl-
pyridine DPNH complex, the enzyme concentration
was 5.4 X 10~% M. The concentration of acetyl-
pyridine DPNH was 2.8 X 10-¢ M. For the yeast
alcohol dehydrogenase-DPNH experiment the pro-
tein concentration was 2 X 10¢ M and the DPNH
concentration was 5.6 X 10° M. In each case the
fluorescence polarization of the coenzyme indicated
that binding to the protein had occurred before the
urea was added. Fluorescence is expressed in arbi-
trary units, and in each case the value obtained with
no urea added is called “one.”

interaction with other molecules, or by conversion
to heat. When DPNH is bound to a number of
dehydrogenases it is protected against loss of
energy in its excited state by means other than
re-emission. It is reasonable that tighter binding
of the coenzyme or ternary complex formation
would further protect the coenzyme from non-
radiative losses of energy and thereby increase the
quantum yield of fluorescence. It appears prob-
able that the urea forms a ternary complex with
DPNH and liver alcohol dehydrogenase and that
this is the reason for the enhanced fluorescence
and also for the inhibition of enzymatic activity.
The effect may be similar to the increased fluores-
cence found with acetamide by Winer and Theo-
rell (1959).
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The explanation given for the enhanced coen-
zyme fluorescence is entirely in accord with kinetic
experiments (Rajagopalan et al., 1961), which
indicate that the inhibition of liver alcohol de-
hydrogenase by urea is uncompetitive, i.e.,
the inhibitor combines with the enzyme-co-
enzyme complex. The lack of enhancement of
fluorescence with the 3-acetylpyridine analogue of
DPNH may be due to the fact that the amide
group of DPNH is involved in the ternary bond
formation. Another explanation for the en-
hancement with liver alcohol dehydrogenase may
be that the urea causes slight uncoiling of the
molecule, which results in a firmer binding of the
DPNH and thereby decreases its dissociation from
the protein.

Binding of DPNH by Liver Alcohol Dehydro-
genase.—Figure 9 indicates the effect of pH on the
capacity of liver alcohol dehydrogenase to bind
DPNH. Polarization fluorescence of the co-
enzyme was the method used to measure binding.
Two fluorescence readings were taken, one with
the excitation and emission polarizers parallel and
one with the two polarizers perpendicular. The
high polarizations are indicative of bound co-
enzyme, the low values of free coenzyme. The
enzyme binds only one mole of DPNH between pH
10 and 11 and none at higher pHranges. Thisisin
agreement with the results Theorell and Bonnich-
sen (1951) obtained by spectrophotometric titra-
tions. The upper curve shows a similar experi-
ment carried out in the presence of 2 Mmurea. With
2 M urea, the DPNH remains bound at pH values
where it otherwise becomes free. These findings
are in favor of the ternary complex explanation of
the fluorescence enhancement in the presence of
urea.

pH

Fic. 9.—The effect of pH on the horse liver alcohol
dehydrogenase-DPNH complex. The protein con-
centration was 2 X 10¢ M and the coenzyme con-
centration was 2.6 X 10~% M. The measurements
were made in the presence of 0.1 M phosphate at
22°, The instrument used was the Aminco-Bowman
spectrophotofluorometer. The polarization of fluores-
cence was measured by excitation at 340 my and emis-
sion at 440 muy.
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The dehydrogenase group of enzymes fluoresce
at 340 mp when excited at 280 mu. The emission
of protein fluorescence therefore strongly over-
laps the excitation maximum of DPNH. From
Forster’s theory (1951) one would predict energy
transfer from the protein to the bound DPNH.
Such transfer has in fact been observed for a
number of dehydrogenases (Velick, 1958).

Figure 10 shows the fluorescence excitation
spectra for free DPNH and DPNH bound to
liver alcohol dehydrogenase under a variety of
conditions when the fluorescence emission is
measured at 450 mu. The appearance of the 280
my transfer after addition of the enzyme can
easily be seen. Upon addition of urea the protein
to reduce coenzyme fluorescence is enhanced.
As with most fluorescent molecules (Bowen,
1959), the emission of the enzyme-coenzyme com-
plex is enhanced when the temperature is lowered.
This is true of the directly excited fluorescence
and of the fluorescence excited by energy transfer
from the protein. It is of interest that cooling
to 1.5° increases the transfer fluorescence to 2.7
times that at 22°, whereas the directly excited
fluorescence is increased only 2 times. This may
indicate that at the lower temperature the en-
zyme has folded itself in such a manner as to
bring a tryptophan closer to the bound coenzyme.
When a similar comparison is made of the fluores-
cence in the presence of 4 M urea, it is found that
lowering the temperature to 1.5° increases both
the transfer and direct fluorescence to only 1.3
times that found at 22°. 'The lesser enhancement

F
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of fluorescence, even on direct excitation, may be
due to the fact that the factors contributing to the
enhancement at lower temperatures are also
involved in the enhancement produced by urea—
namely, the tighter binding of coenzyme with
protein.

In order to obtain information on the relation-
ship of protein structure to the capacity of the
enzyme to bind DPNH, coenzyme binding to
horse liver alcohol dehydrogenase was studied over
a wide range of urea concentrations. Reference
to the left half of Figure 11 shows the change in
liver alcohol dehydrogenase as measured by pro-
tein fluorescence. The enzyme is stable for
short periods even in 8 M urea. After incubation
for 15 minutes at 38°, the typical denaturation
curve for this protein with urea, showing the
decrease in fluorescence at concentrations greater
than 4 M, is obtained. The curves on the right
half of Figure 11 give the binding of DPNH to
the enzyme as measured by fluorescence polariza-
tion. Without p!‘lOl‘ incubation the coenzyme
remains bound even in 8 Murea. After 15 minutes
at 38°, the DPNH remains bound only at urea
concentrations of less than 4 M. Experiments
such as those summarized in Figure 11 indicate
the importance of the folded structure of this
dehydrogenase to its coenzyme-binding capacity.

The effect of pH on the protein fluorescence of
the two alcohol dehydrogenases is shown in
Figure 12. There is a decrease in fluorescence at
all pH values after 5 minutes. This is indicative
of unfolding of the proteins at the relatively low
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Fi16. 10.—The effect of cooling and 4 M urea on the fluorescence excitation spectrum of

the liver alcohol dehydrogenase~-DPNH complex.

The concentration of the enzyme

was 4 X 107° M and the concentration of the coenzyme 6 X 10 M. The solid points
were obtained at 1.5° in the presence of 4 M urea and the open circles at 22° in the presence

of 4 M urea.
angles at 22° with no urea.

The solid triangles were obtained at 1.5° with no urea and the open tri-
The solid line represents the coenzyme alone.

The measure-

ments were obtained in the presence of 0.1 M phosphate buffer at pH 7.4.
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Fic. 11.—The denaturation of horse liver alcohol dehydrogenase by urea and the effect
of urea on coenzyme binding capacity. The protein fluorescence measurements were
made in 0.05 M glycine at pH 9.4 with an enzyme concentration of 0.36 X 10¢ M. The
binding studies were carried out in 0.1 M phosphate, pH 7.7, with an enzyme concentration
of 3.7 X 10-¢ M. The polarization of coenzyme fluorescence was measured by excitation

at 340 mu and emission at 440 mu.

concentration used for the fluorescence measure-
ments. Both enzymes show a decrease in
fluorescence at pH values greater than 9. Yeast
alcohol dehydrogenase shows a sharp decrease in
fluorescence at acid pH values. This is not so
pronounced with the liver enzyme.

A pH profile of liver alcohol dehydrogenase in
8 M urea is presented in Figure 12 (curves C and
D). 1t bas already been shown in Figure 11 that
in 8 M urea this protein is denatured in a time-
dependent reaction. The fluorescence decreases
at all pH values after 5 minutes. At acid pH
in the presence of urea, there is an instantaneous
decrease in fluorescence not observed with urea
alone. Urea therefore appears to labilize the
protein to acid treatment. It is important to note
that the fluorescence does not drop to zero.
The residual fluorescence remaining after urea
treatment is not extensively quenched at any pH
between 5 and 11 (curve D). The fluorescence of
tryptophan itself is not quenched in this pH
range, and the observed quenching of the protein
without urea must be related to the environment
around the tryptophans. We have tenatatively
concluded from these experiments that there are
at least two types of tryptophan (as far as en-
vironment is concerned) in this enzyme. One is
quenched by urea treatment and also at acid or
alkaline pH wvalues, and the other retains its
fluorescence upon urea denaturation or after
acid or base treatment. In this connection it
should be pointed out that the quantum yield of

The DPNH concentration was 2.8 X 10 m.

fluorescence of tryptophan in horse liver alcohol
dehydrogenase is roughly the same as that found
with free tryptophan.

DiscussioN AND CONCLUSIONS

The enzymes studied in this work have been
discussed from a number of viewpoints. One of
these is the organic model approach (Westheimer,
1959). Other approaches have focused attention
on specific functional groups of the enzymes such
as Zn (Vallee, 1960b) or sulfhydryl groups
(Wallenfels et al., 1959; van Eys et al., 1957).
In the present study the emphasis has been on
the relationship of over-all protein structure to
enzyme function. The specificity and high turn-
over numbers of enzymes must certainly depend
on their folded structure.

In our view a knowledge of the stability of an
enzyme under a variety of conditions and the
development of a number of methods to study its
denaturation should be a prerequisite to the
application of specific amino acid reagents. Only
in such a manner can the direct effect of these
reagents on the active site be differentiated from
an indirect effect caused by prior denaturation of
the protein. With such precautions the impor-
tance of a certain amino acid to the biological
function may then be assessed.

The fluorescence of organic molecules is partic-
ularly sensitive to the environment. For this
reason, and because the measurement of this
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Fia. 12.—The effect of pH on fluorescence of alcohol dehydrogenase.
expressed in arbitrary units for each enzyme.

at 340 mu.

Left, yeast alcohol dehydrogenase.

Fluorescence is
Emission was
Curve A (®) indicates readings taken

Excitation was at 280 myu.

immediately after dilution of the enzyme at the pH indicated. Curve B (O) indicates

readings taken 5 minutes after dilution.

Emission was at 340 mu.

property requires only low concentrations of ma-
terial, the technique has been used extensively in
our studies. The fluorescence intensity depends
on the mechanism of energy release as an excited
molecule returns to the ground state. This may
occur through radiative emission or a variety of
nonradiative pathways of energy dissipation
(Kauzmann, 1957). Although the literature on
fluorescence quenching is extensive (Forster,
1951; Pringsheim, 1949), it is difficult to give more
than an empirical interpretation to the quenching
that is found in the study of proteins (Weber,
1961). Fluorescence of tryptophan moieties may
decrease, increase, or remain unaltered after
denaturation, depending on their position in a
given protein. In this paper, however, fluores-
cence quenching has been ascribed to denatura-
tion or uncoiling of the protein that is associated
with the loss of enzymatic activity.

Changes in the maximum of fluorescence emis-
sion are easier to interpret. The theoretical
and experimental work of Lippert (1957) has
shown that for most molecules there is a shift to
the red in solvents of low dielectric constant.
This shift is due to interactions between the
solvent and the dipoles of the excited state. The
change of protein emission to longer wave lengths
as an enzyme unfolds is probably related to the

Right, the effect of pH on the fluorescence of
horse liver alcohol dehydrogenase in the presence of 8 M urea.
readings taken immediately after dilution of the enzyme.
taken 5 minutes after dilution of the enzyme in the 8 M urea.

Curve C (A) indicates
Curve D (A) indicates readings
Excitation was at 280 mu.

In all cases the protein concentration was 0.03 mg/ml.

inclusion of water molecules in a previously
hydrophobic region of the protein. In contrast,
the shift of coenzyme fluorescence to shorter
wave lengths when the coenzyme is bound to a
dehydrogenase must be indicative of the transfer
of this molecule to a hydrophobic region.

We have compared the results obtained by
fluorescence methods with similar studies carried
out with optical rotation, a more established
method of studying protein denaturation. In
spite of considerable theoretical work (Moffit
and Young, 1961) on optical rotation, this method
of measuring protein uncoiling must also be con-
sidered empirical. However, in contrast to
fluorescence studies, there is a considerable
amount of information in the literature comparing
the results obtained with proteins to those ob-
tained with a number of polyamino acid models
(Blout, 1960). The optical rotation is due to a
number of Cotton effects of the peptide bond it-
self—some in the far ultraviolet region. For this
reason the results obtained with the optical rota-
tion method are not dependent only upon the
environment around the aromatic amino acids.

The experiments described here show good cor-
relation between the various ways of measuring
denaturation. This is apparent from the tem-
perature studies with beef heart lactic dehydro-
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genase and yeast alcohol dehydrogenase The
beef heart enzyme is stable at temperatures up
to 60°. At higher temperatures activity is lost,
protein fluorescence decreases, and optical ro-
tations become more negative. The similarity
between the results obtained by the various assays
is striking. Yeast alcohol dehydrogenase is
denatured between 35° and 45°, with the activity
falling precipitously in the same temperature
range. Similar comparisons with urea denatura-
tion confirm that fluorescence changes may indeed
be used to measure denaturation of the dehydro-
genases. Since the measurements are rapid and
require little material, this may be a preferred
method. With none of the enzymes tested did
we find evidence for activity after unfolding had
occurred.

With all the denaturants and assays for denatu-
ration used, horse liver alcohol dehydrogenase
was more stable than yeast alcohol dehydrogenase.
The denaturing agents included heat, urea, guani-
dine, and various detergents. The greater la-
bility of yeast alcohol dehydrogenase is reason-
able in view of its higher molecular weight
(Hayes and Velick, 1954; Ehrenberg, 1957) and
greater substrate and coenzyme specificity (Bliss,
1951; Holzer and Schneider, 1955; Anderson and
Kaplan, 1959). This enzyme has a higher turn-
over number than liver alcohol dehydrogenase
under optimal conditions when ethanol is the
substrate.

A comparison of enzyme activity and coenzyme
binding during urea denaturation of liver alcohol
dehydrogenase shows that inhibition of activity
is caused by loss of capacity to bind DPNH.
The finding that the native configuration of the
protein is required for coenzyme binding suggests
that it will be difficult to isolate a peptide frag-
ment with bound DPNH., This experiment sup-
ports the widely held view (Koshland, 1960)
that the active sites of these engymes are com-
posed of amino acids that may be separated
by a great distance in the primary peptide se-
quence.

The importance of these types of measurements
to the intelligent application of specific amino
acid reagents is illustrated by the studies of urea
on liver alecohol dehydrogenase. The inhibition of
activity at low urea concentration is caused by
binding of the urea to the enzyme-coenzyme
complex. This can readily be distinguished from
the inhibition at higher concentrations, which is
due to unfolding of the protein with consequent
inhibition of coenzyme binding. In the first
case, urea causes an enhancement of the fluores-
cence of the reduced DPN by protecting the
coenzyme against nonradiative energy loss. In
the second case, the protein fluorescence decreases
and the optical rotations become more negative
owing to unfolding of the molecule, and the co-
enzyme becomes unbound. Thus urea can act
either as a specific active site reagent or as a gen-
eral denaturing agent.

At the present time changes in tryptophan
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fluorescence can be used only as an empirical
assay of protein strucural alterations. With
proteins where no previous denaturation studies
have been done, results must be checked by an
independent method such as optical rotation.
The danger of equating quenching with denatura-
tion without the appropriate controls is illus-
trated by the pH stability studies with liver
alcohol dehydrogenase. These experiments show
that this enzyme has at least two ‘‘types” of
tryptophan. One type has its fluorescence
quenched by urea denaturation of the protein or
by acid or base treatment; the other is not af-
fected. The fluorescence remaining after unfold-
ing induced by urea is not significantly quenched
between pH 5 and 10 (see Fig. 12).

The effect of pH on the fiuorescence of trypto-
phan, tyrosine, and their derivatives has been
studied by White (1959). Tryptophan has an
acid pH; of 2.4. This quenching was interpreted
as a migration of H* ions to the neighborhood of
the excited molecule. Removal of the carboxyl
group of tryptophan displaced the pH of acid
quenching to lower values. Since quenching of
yeast alcohol dehydrogenase occurs at pH values
higher than 2.4, the effect observed in the acid
region probably is not due to an association of
H+ ions with the excited molecules. The native
enzyme must be altered and a quenching group
brought close to some of the tryptophans.

The alkaline quenching of tryptophan itself
has a pH, of 10.9, and tryptophan methyl ester
has a pH; of 12.8. Both yeast and liver alcohol
dehydrogenases are quenched at lower pH values.
As is the case with acid quenching, the decrease in
fluorescence at alkaline pH is probably brought
about by unfolding of the protein molecule. It is
also possible that ionizable groups of the protein
in proximity to the aromatic residues in question
may be responsible for the quenching. A defini-
tive answer to the cause of the quenching ob-
served here will require a study of the effect of
pH on the fluorescence of a variety of tryptophan-
containing peptides and polyamino acids.

Enzymes catalyzing the same over-all reaction
may be found in a variety of organisms and tis-
sues. When isolated and studied many of these
enzymes are found to be different from each other.
This has been shown with kinetic (Keleti, 1958;
Kaplan et al., 1960), physical (Markert and Mgl-
ler, 1959; Plagemann et al., 1960; Elsdi, 1958),
and immunologic (Gregory and Wroblewski,
1958; Antoni and Keleti, 1958; Nisselbaum and
Bodansky, 1959) techniques. An understanding
of the importance of these differences to the
chemistry and biology of cells has been of interest
to us for some time (Kaplan and Ciotti, 1961).
In this paper it has been shown that enzymes that
differ by some of the above criteria also have quite
different stabilities. These properties may, in
fact, be used as another method of distinguishing
such proteins. Heart muscle lactic dehydrogen-
ase is more stable to heat and to urea than skeletal
muscle lactic dehydrogenase. This holds true
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for both the chicken and beef enzymes. It has
been our general experience that enzymes cata-
lyzing the same reaction and showing different
catalytic characteristics also show differences in
their heat stabilities.
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