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IV. Kinetics of Enzymic Oxidation'
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Kinetics of enzymic oxidation of indoleacetic acid (IAA) are interpreted as indi-
cating that the reaction has an autocatalytic, cyclical mechanism involving unstable
intermediates whose formation and disappearance are important in determining the
over-all reaction rate. The kinetics do not support the idea that TAA oxidation occurs
mainly by reaction with Mn*®, nor that the reaction is an electron transfer from IAA to
O: catalyzed by a peroxidase-H:Q-~Mn** complex, nor that Mn is essential to the re-
action. H:0: i1s probably not a major reaction intermediate. One-electron oxidation of
IAA by peroxidase giving a free radical, followed by spontaneous reaction of the radical
with oxygen to give a peroxy oxidant which can reoxidize the peroxidase to a peroxide
complex, appears to be a likely mechanism.

INTRODUCTION

Oxidation of indoleacctic acid (TAA),
catalyzed by cnzyme preparations contain-
ing peroxidase, has been interpreted in terms
of cyclical mechanisms nvolving the uti-
lization and produetion of hydrogen per-
oxide or other intermediates (3, 4, 6, 9, 15,
19). This paper presents a kinetie study of
the IAA-oxidizing reaction catalyzed by :
peroxidase from the fungus Omphalia fla-
vida. It considers the principles by which
the rate of such a cyclical mechanism is de-
termined and attempts to distinguish be-
tween different types of mechanisms which
have been proposed for the reaction.

METHODS

The indoleacetic acid (IAA)-oxidizing enzvme
of Omphalia flavide was prepared as described
earlier (13). IAA oxidation was followed spectro-
photometrically at 261 mg (12), using a Beckman
DU spectrophotometer or a Cary recording spee-
trophotometer equipped with a 0-0.1 optical density

*Some of the experiments described here were
done while the author was a member of the So-
ciety of Fellows, Harvard University. These re-
ceived support from National Science Foundation
Grant NSF G-182 to Professor K. V. Thimann.
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range slidewire. The Salkowski reagent of Gordon
and Weber (5) was used to determine IAA where
indicated.

Assay for Mn was performed as follows [cf.
(14)]. The sample was evaporated and ashed in a
quartz crueible at red heat for 15 hr. in a muffle
furnace. The slight residue of white ash was taken
up and evaporated to dryness three times in 0.3
ml. of cone. HNOs, and then dissolved in 0.2 ml.
water. Duplicate drops were placed on a spot plate
along with duplicate drops of MnSO, solutions be-
tween 10™° and 10 M. To each, 1 drop of 5%
NalO; and 1 drop of 2 N acetic acid were added,
the plate was shaken to mix the reagents, and
after 5 min. 1 drop of 1% p,p’-methylenebis-
N, N-dimethylaniline (Eastman) in acetone was
added. A 10° M solution of MnSO, gave a de-
tectable blue color immediately. The concentra-
tion of Mn in the sample drops was estimated by
comparison with the standards.

Enzyme reactions were conducted at room tem-
perature (about 23°C.), in 5 mM sodium citrate
buffer, pH 3.7, unless indieated otherwise.

EXPERIMENTAL AND RESULTS
The Ixprerion ErFrecT

In manometric experiments with the
Omphalia enzyme, a lag of about 5 min.
after TAA was added preceded the attain-
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F1c. 1. Effect of enzyme concentration and H.O.
on induction phase. To 8 ml. citrate buffer contain-
ing 0.137 umole TAA the following amounts of en-
zyme were added: curve 1, 012 ml.; curve 2, 02
ml.; curves 3 and 4, 0.3 ml. The sample in curve
4 contained, in addition, 8 mumoles H.0: .

ment of a steady rate of O, uptake and
CO, production. Under the more dilute con-
ditions used in spectrophotometric measure-
ment, this induction phase lasted longer
and could be followed more precisely. Fig-
ure 1 shows the progress of the reaction at
three different enzyme concentrations
{curves 1-3). The amount of TAA was small
enough that a steady rate had not been
reached by the time all the TAA had been
oxidized.

The following observations indicate that
the induction phase is not due to inhibitors
present in the preparation [ef. (6, 10, 11,
18)]: (@) The induction phase was acceler-
ated by increasing the enzyme concentra-
tion. (b) Enzyme preparations at all stages
of purification (13) showed the induction
effect. (¢) Addition of boiled enzyme prep-
arations did not extend the induction phase.
(d) The induction phase was repeated when
more TAA was added to a sample of enzyme
after the initially added IAA had been oxi-
dized.

The latter experiment is shown in Fig. 2.
TAA oxidation was followed at 288.5 mp,
where extinction decreases as TAA is oxi-
dized, so it was possible to make measure-
ments after a second addition of TAA. When
more JAA was added just before that origi-
nally present had been used up (curve 1),
a rapid reaction continued; but when TAA
was added several minutes after the first
reaction had ceased, an induction phase
rather similar to that which had occurred
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initially was observed (curve 2). Had the
first induction phase been due to progres-
sive inactivation of an inhibitor, no induc-
tion phase should have been observed when
more TAA was added.

The different behavior of samples 1 and 2
in Fig. 2 may be understood by considering
that the increase in reaction rate during in-
duction is due to a gradual inerease in con-
centration of reaction intermediates upon
which the rate of a cyclical mechanism de-
pends. These intermediates were still pres-
ent at the time more TAA was added to
sample 1, but had largely disappeared by
the time it was added to sample 2. The
process by which the concentration of rate-
controlling intermediates increases will be
referred to as wnitiation.

That the reaction rate gradually ap-
proaches a steady value can probably be
ascribed to processes which limit the con-
centration of active intermediates which
can be attained in the system. There is in-
dication in the experiment of Fig. 2 of reac-
tions leading to the disappearance of these
intermediates. When the rate of disappear-
ance hecomes equal to the rate of formation
of intermediates, a “‘steady state” of con-
stant TAA oxidation rate should ensue. Re-
actions leading to loss of intermediates will
be called termination reactions.

Errect or H.0,

In Fig. 1, curve 4 shows what happens if
a4 small amount of H,0, 1s added to the
same system as in curve 3. A rapid reaction
oceurs immediately and proceeds to comple-
tion without increase in rate. HsOs either
is, or is convertible into, one of the reaction
intermediates. Figure 3 shows how the ini-
tial reaction rate depended upon concen-
tration of added H.O.,. The rate increased
rapidly up to about 5 X 10—% M, above
which it reached a plateau and can be said
to be saturated in respect to H20,. Rate-
saturating concentrations of H,0, caused
negligible destruction of TAA in the ahsence
of the enzyme.

The complex spectroscopic changes which
accompany IAA oxidation (12) were closely
similar in the presence and absence of added
H.0. . The amount of TAA destroyed when
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H,0, was added was many times greater
than the amount of H,0, added (see be-
low), and the reaction required O and con-
sumed it stoichiometrically (12, 13). There-
fore, the rapid reaction which occurs when
H.O, is added is not due to a distinet “per-
oxidative” reaction but is simply an in-
crease in the reaction rate. Saturating
amounts of H,0; raise the rate to several
times the steady-state value. However,
amounts of HyO, muech in excess of satura-
tion are inhibitory.

It was shown previously (13) that the
TAA-oxidizing enzyme of Omphalia flavida
is a peroxidase. Therefore, added Ho02 most
likely promotes TAA oxidation by reacting
with the enzyme. The H.O. saturating rate
is then determined by the rate of the en-
zyme-catalyzed step when the enzyme 1s
saturated with HoO,, the enzyme not be-
ing saturated in the steady state.

Addition of catalase inhibited TAA oxi-
dation, as measured manometrically (steady
state), but rather large amounts were re-
quired. For example, 0.4 mg. of Armour 30
catalase slowed the induction phase and
reduced the steady state Qo, from 312 pl./
hr. to 161 pl./hr. using 1 ml. of Omphalia
enzyme and 12.8 pmoles TAA at pH 3.7
{catalase activity was shown to be stable
under these conditions). The same amount
of boiled catalase had no effect. However,
much larger amounts of catalase did not
completely suppress IAA oxidation, as one
might have expected were H.O. a reaction
intermediate.

Although the results with catalase sug-
gest that HoOs may be involved in the reac-
tion to some extent, neither they nor the
promotive action of H.O, itself allow one
to conclude that H,O, is a major rcaction
intermediate.

EnzyME AxD SuBSTRATE CONCENTRATION

Both in the steady state and in the pres-
ence of a saturating amount of H.O., the
relation between reaction rate and enzyme
concentration was somewhat less than lin-
ear, but considerably more than in propor-
tion to square root of enzyme concentra-
tion.

In the presence of added Hs0, , the reac-
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tion rate was quite independent of IAA con-
centration down to about 4 X 10=° M. In
the absence of added HsO,, increases in
TAA above this concentration had a small
effect on the reaction rate, as seen spectro-
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I1c. 2. Induction effect after cessation of IAA
oxidation. At the start 0.2 ml. enzyme solution was
added to 027 wmole TAA in 3 ml. citrate buffer.
At the arrows, 027 umole more JAA was added
to cuvette 1 or 2. Optical density corrected for
change upon adding TAA. Under the conditions,
2885 mu was a wavelength at which extinction
ceased to change when the TAA was used up, so
that TAA oxidation could be followed without in-
terference from secondary reactions (12).
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Fic. 3. Effect of added H.O: on rate of TAA
oxidation. Initial rate of increase in optical density
at 261 mu shown on ordinate.
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Fic. 4. Effect of oxygen concentration on TAA oxidation. Curve 1 (open circles, left-hand
ordinate), Qo, measured manometrically (19 umoles IAA, 2.2 ml. of 0.05 M citrate containing
1 ml. enzyme). Triangles, increase in K. X Y2 (right-hand ordinate) in first 15 min. of
induction phase (0.3 umole TAA, 0.1 ml. enzyme, in 3 ml. of 5 mM citrate). Curve 2 (right-
hand ordinate), increase in K per min., under conditions similar to the preceding, but 15
mumoles H:0: added. Vessels gassed with appropriate mixtures of O. and N. before ad-

dition of enzyme.

photometrically. In manometric experi-
ments strong dependence of reaction rate
on IAA at much higher concentrations was
usually observed, Although the results of
some experiments corresponded well with
Michaelis-Menten kinetics, different experi-
ments were not quantitatively consistent,
and it is felt that the manometric results do
not afford a measure of the “affinity” of the
system for TAA. They may be due to sec-
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Fic. 5. Changes in reaction rate after H.0. is
added. Amounts added initially : curve 1, no H:0; ;
curve 2, 10 mumoles H:O: ; curve 3, 50 mumoles

H-0: . At arrow, 50 mumoles H:O. added to sample
2

ondary effects upon the steady state, or to
effects on initiation.

The pronounced effect of oxygen concen-
tration on the steady state, measured mano-
metrically, is shown in curve 1 of Fig. 4.
Increase in oxygen concentration acceler-
ated the rate also under the conditions used
in spectrophotometric measurement (tri-
angles in Fig. 4), but the effect was not as
strong. Curve 2 of Fig. 4 shows that the
reaction rate was independent of oxygen
concentration over a wide range when a
saturating concentration of H.O, was
added, even though oxygen was required.

DisappEaRANCE oF AppeEp H,0.

When an amount of H.O, is added which
gives a rate greater than the steady-state
value, the initially rapid rate declines with
time. This appears to be due to loss of HoO-
from the system, for the rapid rate can be
restored by adding more H.O.. In Fig. 5
the sample in curve 1 received no HoOs ;
that in curve 3 received an amount several
times in excess of saturation; while that in
curve 2 received slightly less than the satu-
rating amount. Its rate fell gradually to
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nearly the same value as was reached, after
induction, in curve 1. Addition of more
H.0, at the arrow brought back the satu-
rating rate.

The behavior noted in Fig. 5 would be
expeeted if the steady value which the rates
in curves 1 and 2 both approach represented,
as suggested previously, a “‘steady state”
which arises when the rate of formation
of active intermediates (initiation) is cqual
to the rate at which they are disappearing
(termination). Above this reaction rate,
termination exceeds initiation, and below it
initiation exceeds termination. Because the
loss of HoO» observed when 1t 15 added may
be caused by the same termination process,
it was thought important to cxamine the
loss of HsOs quantitatively.

The rate at which H-0» disappearcd when
[AA oxidation was proceceding at HoO, sat-
uration was determined by the kind of ex-
periment shown in Fig. 6. The more the
amount of H.0O, which was added, the
longer the saturating reaction rate contin-
ued. The point at which the rate began to
decline rapidly ean be considered the time
at which the HoQ, concentration had fallen
below the saturating value. By dividing the
amount of TAA destroyed in the interval be-
tween the bends in curves 1 and 2 by the
difference in amount of H.O. added to the
two samples, we obtain the relative rates of
TAA and H.0. disappearance. This ratio
was approximately 9 in the experiment of
Fig. 6.

Table T shows the influence of wvarying
the enzyme concentration upon the ratio of
TAA oxidation to H»0. disappearance. Sev-
eralfold differences in enzymc concentra-
tion and reaction rate had very little effect
on this ratio. This faet is useful in arriving
at a kinetically suitable termination proe-
ess,

Kinerics oF tHE REACTION COURSE

During the carly part of the induction
phase, for example in Fig. 1, there was in-
dication that acceleration increased as the
reaction rate itself increased. This suggested
that the initiation process depended upon
the TAA-oxidizing reaction, so that the re-
action as a whole is autocatalytic.
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F16. 6. Method for measuring loss of H2O: dur-
ing reaction, Enzyme and 0.53 pmole TAA in 3 ml.
containing: curve 1, 20 mumoles H.O. ; curve 2,
40 mumoles H:O. ; curve 3, 60 mpmoles H.Q. . In
sample 3 reaction ended when all TAA was ox-
idized.

The steady state which follows the induc-
tion phase could be the result of termina-
tion inereasing more than in proportion to
initiation as the reaction rate increases, un-
til the rate of termination becomes equal to
the rate of initiation and the concentration
of active intermediates hecomes constant.
It is interesting to consider the kineties of
a reaction whose steady state is determined
in this manner.

There are reasons for thinking that some
of the intermediates in TAA oxidation may
he frec radicals. In this case the principal

TABLE 1
Errect or ExzymMgE CONCENTRATION 0N RATIO OF
TAA OxipaTioNn 1o HOy DisaPPEARANCE

AIAA

Expt. No.  Enzyme soln. Inili?‘lﬁﬁ_ﬂi'” SOy
. -

1 0.33 L013 9.7

0.90 029 9.0

2 0.33 .01 10.7

1.00 031 10.4
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termination process may well be recom-
bination of radieals, which would be of the
second order.

We shall represent with [Z] the concen-
tration of active intermediates upon which
the reaction rate depends, and assume that
TAA oxidation (governed by ki) and ini-
tiation (governed by k.) are proportional
to [Z]; k; is the rate coefficient for termina-
tion. The difference between initiation and
termination is d[Z]/dt = ko[Z] — ks[Z]*.
This can be integrated to give

ICg(ikzt

- k™' + k3D
The factor D is (ke — ks[Zo])/ks[Zo], in

which [Z,] is the concentration of active in-
termediates at zero time.

Since the reaction rate is practically inde-
pendent of IAA concentration ([S]}, it may
be written d[S]/dt = —k,[Z]. Substitution
for [Z] and integration leads to

(Z] (1)

1S — (8] = % In (&' 4+ D) + const. (2)
3

This expression has the form a In (b +
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Fia. 7. Induction phase and steady state. Cary
spectrophotometer records made with 046 wmole
TAA in 2.7 ml. of 005 M citrate, pH 3.7. Curve 1,
045 ml. enzyme; curve 2, 0.9 ml.; curve 3, 1.8 ml.
Circles are points calculated as described in text.
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TABLE 11
Varves oF Coerricients 1N Eq. (9)

Figures are in optical density units (261 my),
and minutes, and apply to data of Fig. 11.

| |
Steady | :

|
Expt. | '

Ii‘(g, Enzyme state rate a ' b ¢
e T
1| 045 | 011 | 0% | 28 | 46
2 0.90 .019 031 6.3 .62
3 1.80 .034 .035 } 10.3 .95

|

e”) + const. One can determine whether
Eq. (2) is consistent with the reaction ki-
neties by sceing whether values for a, b, and
¢ can be found which reproduce the experi-
mentally observed reaction course. Figure 7
shows records of the induction phase and
steady state obtained at three enzyme con-
centrations. The circles shown in this figure
represent values of Eq. (2) computed for
each curve using the coefficients listed in
Table II, which were obtained by a trial
and error method. A rather close fit with the
experimental curves was obtained, suggest-
ing that Eq. (3) may come near to describ-
ing the actual kinetics. While this does not
prove that the reaction rate is determined
in the manner suggested, it does seem strik-
ing that such a close correspondence with
expectation could be obtained.

Kixeric RoLE oF THE ENZYME

Acceleration of the induction phase and
steady state by the enzyme nearly in pro-
portion to its concentration could be due to
catalysis either of initiation or of the main
oxidation. A direct test of whether the en-
zyme catalyzes initiation or the main reac-
tion can be made by allowing the reaction
to proceed through induction into the steady
state, and then increasing the cnzyme con-
centration by adding more enzyme. It can
be shown from Kq. (2) that if changing
the enzyme concentration affects k,, the
rate coefficient for initiation, and not &, ,
the rate coeflicient for the main reaction,
then the time required for the reaction rate
to increase to a new steady-state value (for
example, to double) should be similar to the
time taken for the rate to increase com-
parably (to double) during the later part
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Fic. 8. Effect of changing the enzyme concen-
tration. Induction was followed using 0.1 ml. en-
zyme in 3 ml. buffered 10* M TAA. At arrow, 0.1
ml. more enzyme added to sample 2.

of the induetion phase. If k; is increased,
on the other hand, the inecrease in reaction
rate should be immediate.

This experiment, shown in Fig. 8, gave
the latter result. It thus appears that the
enzyme catalyzes the main reaction, and not
initiation.

MANGANESE AND PHENOLS

With the purified Omphalia enzyme,
Mn+2 did not promote the reaction unless
a monophenol such as resorcinol or 2,4-
dichlorophenol was also added. Figure 94
shows that when H,0s was not added, nei-
ther Mn nor phenol promoted by itself, but
strong promotions could be obtained by
combinations of the two. Promotive com-
binations accelerated both in the induction
phase and in the steady state.

By contrast, when the effects of Mn and
phenols were tested in the presence of a
rate-saturating concentration of H,0s, it
was found (Fig. 9B) that the phenol pro-
moted substantially by itself, while Mn did
not promote at any phenol concentration
but had only an inhibitory action.

The concentration range in which 2,4-di-
chlorophenol gave promotion depended upon
pH. As shown in Fig. 10, the optimal con-
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centration was about two orders of magni-
tude lower at pH 6.5 than at pH 3.7.

That promotion by Mn is obtained only
in the induetion phase and steady state, and
not at Hs0O, saturation, suggests two possi-
ble explanations:

(a¢) Mn*2 promotes the reaction with
0. , or some further step in the regeneration
of the primary oxidant, which is not rate-
limiting at H.O» saturation. Such explana-
tions have been proposed previously (7, 15,
19).
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Fic. 9. Effects of Mn** and 2,4-dichlorophenol
without (4) and with (B) added H:0:. Samples
contained 90 mumoles TAA and 5 ul. enzyme in 1
ml. of 005 M citrate pH 3.7; In Fig. 9B, also 6
mpmoles H:0.. Concentrations of 2,4-dichloro-
phenol: curve 1, none; curve 2, 10° M; curve 3,
10™ M ; curve 4,8 X 10* M. IAA determined with
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{b) Mn™*2 promotes initiation; the reac-
tion rate should not depend upon initiation
when the cnzyme is HoOs-saturated. Opti-
mal Mn-phenol combinations raised the
steady-state rate nearly to that which could
be obtained by adding HsOs ; this suggests
that they incrcase the concentration of ac-
tive intermediates nearly to the H,0. satu-
ration level, by promoting initiation.

Maclachlan and Waygood (9) interpreted
the promotive effects of Mn and phenols on
enzymic TAA oxidation, and other evidence,
as indicating that TAA 1s oxidized not by
the enzyme but by Mn*3, which is formed
as a result of oxidation of a phenol by per-
oxidase. Kinetie analysis of the reaction se-
quence they proposed indieates that if 1t
were operating, addition of Mn72 could
promote in the steady state but not at HaO,
saturation if and only if the concentration
of phenol were large compared with the
concentration of peroxy intermediate re-
quired to give saturation of the enzyme.

Since phenol concentrations effective in
bringing on promotion by Mn at pH 3.7
(Fig. 9) were large compared with the rate-
saturating concentration of H.Q., it was
felt that the Mn oxidation propoesal could
be tested more critically by examining the
effect of Mn in the presence of 10~ M 2,4-
dichlorophenol at pH 6.5. This low phenol
concentration, less than the 2 x 10—¢ M

o
T
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S
T
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-3
AE,s /min. x 10

=
L

t 1 I L 1 1 1 i ] i
04 08 12 16
H,0, conc. x 1075 M

1

Fre. 11. Determination of threshold for Mn*
promotion. Samples contained 03 ml. enzyme,
045 pumole TAA and 05 umole 2,4-dichlorophenol
in 5 ml. of 5§ mM ammonium citrate buffer pH
3.7. TAA determined by Salkowski assay after 12
min. of reaction.
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H.0O, required for rate saturation, made
possible large promotions by 10~¢ and 10~°
M MnSOy in the absenee of added Ha0. at
pH 6.5. However, not the slightest promo-
tion was obtained, when H,Q, was present,
by any Mnt? concentration between 107
and 10—3 M.

Therefore, the kinetics of Mn*2 action
on the present system do not support the
mechanism proposed by Maclachlan and
Waygood (9). However, it scems possible
that some of the reactions they suggested
may be involved in the promotive effeet of
Mn*? on initiation.

One can test kinetically whether Mn is
essential to the reaction, by whatever mech-
anism. I[f Mn were essential, then the re-
action which is observable in the absence
of added Mn must be due to endogenous
Mn in the system, and a concentration of
added Mn*2? which promotes only slightly
must be presumcd to be less than the en-
dogenous.

No Mn was deteeted either in the enzyme
preparation, the TAA, or the citrate buffer,
by speetrographic  analyses  performed
through the courtesy of Dr. C. A. Price and
Dr. B. L. Vallee.

In the following experiment the effect of
added Mn*? was compared directly with
the Mn content of a particular reaction
system, assayed by a very sensitive but less
specific method. As shown in Tig. 11, an
insignificant promotion was obtained at
10—7 M MnSOy, and the apparent endoge-
nous Mn concentration, assuming Mn is es-
sential, appears from back extrapolation of
the data to have been about 4 X 10-7 M. A
225-ml. sample of the same reaction com-
ponents was evaporated, ashed, and tested
for Mn by the procedure deseribed under
Methods. The color reaction obtained cor-
responded to 1-2 x 10— M Mn in the final
0.2-ml. sample or to 1-2 X 10=* M in the
original reaction mixture,

Therefore, the endogenous Mn concen-
tration was much too low to account for the
threshold for promotion by added Mn; onc
must conelude that the reaction n the ab-
sence of added Mn does not depend upon
endogenous Mn and that Mn is not cssen-
tial.



DESTRUCTION OF TAA. IV

DISCUSSION

The bearing of the kinetics on the prin-
cipal types of mechanisms which have been
suggested for TAA oxidation and related
oxygen-consuming reactions catalyzed by
peroxidases, other than the Mn oxidation
hypothesis considered in the last section,
will now be discussed. These are:

(a) Coupled action of a peroxidase and
an oxidase, the latter forming H,O» (or
some other peroxide) from Oz, and the for-
mer using this peroxide as substrate (3, 15).

{b) One-eclectron oxidation of TAA by
peroxidase giving a radical, which reacts
with oxygen non-enzymically to regenerate
H.0. (19).

(¢) Oxygen-consuming reaction cata-
lyzed by the H-0, complex of peroxidase,
activated by Mn+2 (1, 2).

(d) Oxidation by addition of Os, cata-
lyzed by ferrous peroxidase, and not in-
volving H.O: (formation of ferrous from
ferric peroxidase “activates” the enzyme
and depends upon H.0.) [c¢f. tryptophan
pyrrolase (16)].

The effects observed with Mn*2 are con-
sidered inconsistent with the type of mecha-
nism proposed in (¢). According to it, Mn+?
should interact with the HsO, complex of
peroxidase to bring about the oxygen-con-
suming reaction, whereas Mn+2 did not
promote when H»0. was added, even though
the oxygen-consuming reaction occurred.
The effect of H,O, on the oxygen kineties
is also contrary to (c).

The idea (a) that the reaction depends
upon more than one enzyme (oxidase and
peroxidase), or on different catalytic cen-
ters of one enzyme which act at different
steps in the reaction sequence, is not very
attractive for several reasons. In the ki-
netics of such reaction sequences the rate
coefficients for successive steps are gener-
ally to be multiplied, so that if the enzyme
acted at two steps the reaction would be
expected to be proportional to the square
of the enzyme concentration, which it defi-
nitely is not. Further, no evidence of a re-
quirement for enzyme activity different
from peroxidase was detected in purification
and thermal inactivation experiments (13).
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That oxygen-consuming oxidation of TAA
need not involve reaction of O. with any
enzyme is shown by the initiation of such
oxidation by Mn*3 (8) and by nitrite (17)
in the absence of enzymes.

The other two suggested mechanisms (b)
and (d) contrast sharply, for (b) presumes
a peroxidative action of the enzyme and the
existence of peroxy intermediates, whereas
in (d) the features of the reaction which
have been ascribed above to the occurrence
of catalytic intermediates must be inter-
preted at least in part in terms of the ap-
pearance of an “activated” (ferrous) form
of the enzyme, and H,0- 1s supposed not to
be a reaction intermediate. The principal
kinds of evidence (16) supporting mecha-
nism (d) for tryptophan pyrrolase were: (1)
catalase inhibited much more strongly at
the start than when the reaction was under
way; (1) HCN inhibited strongly at first,
but if added later caused only gradual in-
hibition, suggesting that the ferric form of
the enzyme was no longer present; (i) the
ferrous enzyme was formed in the presence
of tryptophan and H.0. .

While there was evidence in previously
reported experiments (13) that a different
(possibly ferrous) form of the TAA-oxidiz-
ing enzyme might be appearing in the pres-
ence of TAA, it is difficult to exclude the
possibility that the results were due to ex-
perimental treatment (polyphenols or CO)
rather than a reflection of the TAA oxida-
tion mechanism. Cyanide (10—% M) caused
complete inhibition within 1 min. when
added after the start of the reaction [(12),
Table IT].

In manometric cxperiments it was found
that eatalase inhibited TAA oxidation more
strongly when added initially than after
the steady state had been reached. The dif-
ference was not as great, however, as found
for tryptophan pyrrolase (16) ; for example,
0.5 mg. catalase inhibited 45% when added
initially and 13% when added after 20 min,

We do not consider the results with cata-
lase to be evidence against the existenece of
a peroxy intermediate other than H.O, .
They do suggest that H.Q, itsel{ is not a
major intermediate. It was not found possi-
ble to derive kineties consistent with those
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observed, on the assumption that H.0, is
a prineipal intermediate.

Since Yamazaki [(19) and unpublished
experiments] has demonstrated single elec-
tron oxidation of TAA by peroxidase and
the resulting formation of free radicals, and
since the existence of {ree radical intermedi-
ates makes explicable a variety of proper-
ties of the system, as well as its kinetics,
we favor the type of mechanism indicated
under (b). If special forms of the enzyme
are involved, we presume that their forma-
tion and disappearance is included in the
kinetic description of the system discussed
above.

The following reaction sequence of type
{b) would exhibit kinetics comparable with
those observed in IAA oxidation, and is
presented as a possible mechanism. Per rep-
resents peroxidase and Per II its peroxide
complex II.

TAA + Per I —M P. 4 Per (3)
P- 4+ 0, 2, PO, (4)

PO, + Per " POH + Per II  (5)

PO.H is assumed to be an unstable hydro-
peroxide:

(6)

but it also dissociates to some extent to
yield radieals which can participate in the
reaction, thus leading to initiation:

PO.H SN reaction products

PO,H %2

»P. 4+ -O0H (7)

The peroxy radical may disappear by side
reactions, may react with the enzyme to
give a peroxide complex, or may react with
TAA to give P+ and H,0, ; any HyO, formed
will react with the enzyme to give a perox-
ide complex. These reactions result in ini-
tiation, and the possibility that H.O, par-
ticipates to some extent is thus apparent.
However, to simplify analysis we assume
that these reactions are relatively unimpor-
tant in initiation compared with reaction
(7) followed by reaction (4).

The principal termination process is as-
sumed to be

PETER M. RAY

PO,- + P- —*, po,p (8)

Reactions (3-8) can be shown to give
the steady-state kinetics
. = kikokshs-f(TAA) [Oy] [E]
Dhrkaksf(IAA) + kokahs[Os]

(9)

im which [E] represents the concentration
of peroxidase, and f(IAA) the dependence
of reaction (3) on IAA concentration.

When the second term in the denomina-
tor of Eq. (9) is large compared to the first
term, the rate is limited by reaction (3).
This corresponds to the situation under
H.0. saturation, when almost all the per-
oxidase has been converted to Per II. In
the ordinary steady state, in which the rate
is considerably less, the second term cannot
be large compared with the first term.

Although Eq. (9) corresponds pretty well
with the observed kineties, it is doubtful
(but difficult to test) whether increasing the
O concentration would raise the rate to the
H,0, saturating value. However, this could
easily be due to the occurrence of other ter-
mination reactions, for example between
two PO,- radicals.

Promotion by phenol under H,O, satu-
ration suggests that the following reaction
sequence, in which ROH represents the phe-
nol and RO- its oxidation product,

ROH + Per IT — RO- + Per
RO- 4+ IAA — P- 4+ ROH

(10)
(11)

goes more rapidly than reaction (3).
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