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Kinetics of enzymic oxidation of indoleacetic acid (ISA) are interpreted as indi- 
cating that the reaction has an autocatalytic, cyclical mechanism invol\-ing unst,ablc 
intermcdiatcs whose formation and disappearance are important in determining the 
over-all reaction rate. The kinetics do not supporl the idea that IAA oxidation occurs 
mainly by reaction with Mnt3, nor that the reaction is an electron transfer from IAA to 
0, catalyzed by a pcroxidase-HsOrMn+’ complex, nor t,hat Mn is essential to the re- 
action. H,O, is probably not a major reaction intermediate. One-electron oxidation of 
IAA by peroxidasc giving a free radical, followed by spontaneous reaction of the radical 
with oxygen to give a peroxy oxidant which can rcoxitlize the peroxidase to a peroxide 
complex, appears to be a likcl\- mechanism. 

ISTRODUCTIOS 

Oxidation of int-loleacctic acid (Ihh), 
catalyzed hy cnzyine I>rel>:trations contain- 
ing pcroxidase, has hcen interpreted in terms 
of cyclical inechanisnls involving the uti- 
lization and product’ion of liydrogcn I)cr- 
oxi& or ot’her intermediates (3, 4, 6, 9! 15, 
19). This paper presents a kinetic stuclv of 
the IAA-oxidizing reaction catalyzed hy :I 
l)eroxidasc front the fungus 0?12phaLin fin- 
pi&. It considers the principles t,y \vhich 
t,he rate of such a cyclical mechanism is de- 
tcrinincd and attempts to distinguish bc- 
tn-ccn different types of ulechanisms Tvliirh 
liurc heen ~~oposetl for the reaction. 

METHODS 

The indolencetic acid (IAl)-oxidizing enzyme 
of Omphnlia ,f?n~&~ was prclpared as described 
r,arlirr (13). IhA oxidation was followed spectro- 
photomrtrically at 261 rnp (12), using a Beckman 
111’ spectrophotometer or a Cary recording spec- 
t,rophotometrr equipped with a O-O.1 optical dmsit: 

‘Some of the experiments described here were 
tloncl while the author was a member of the So- 
c+ty of Frllows, Harvard University. These r,‘- 
c,rirc,tl support from Xational Scicncc Foundation 
Grant SSF G-182 to Professor Ii. V. Thimann. 

range slidewirc. The Salkowski reagent of Gordon 
ant1 Webcr (5) was used to determine IAA whrre 
indicated. 

Assay for Mn was performed as follows [cf. 
(14)]. The sample was evaporated and ashed in a 
clrlartz c~rucible at red heat for 1.5 hr. in a muffle 
furnace. The slight residue of while ash was taken 
up and evaporated to dryness three times in 0.3 
ml. of cont. HNO, , and then dissolved in 0.2 ml. 
\v:tter. Duplicate drops were placed on a spot plate 
along with duplicate drops of MnSOI solutions I)(,- 
twecn IO-” and 10-j JT. To each, 1 drop of 5% 
NaIO, ant1 1 drop of 2 LV acetic acid were added, 
the plate was shaken to mix the reagents, and 
after 5 min. 1 drop of 1% ?,.I)‘-methylenebis- 
S. S-tlimetl~~laniline (Eastman) in acetone was 
:~dded. ;Z 10.’ JI solution of MnSO, gave a de- 
tertahlc blue color immediately. The concentra- 
tion of Mn in the sample drops was estimated b) 
comparison with the standards. 

Enzyme reactions were conducted at room tcm- 
pernt1lt.e (about 23”C.), in 5 mill sodium cit,rate 
bufft,r. 1’H 3.7. unless indicatr~tl otherwise. 

ESPERIMEXT~11~ ASD RESULTS 



200 PETER WI. RAT 

initially was observed (curve 2). Had the 
first induction phase been due to progres- 

E w 04 
sive inactivation of an inhibitor, no induc- 

z 
tion phase should have been observed when 
more IAA was added. 

E 
5.02 

The different behavior of samples 1 and 2 
5 in Fig. 2 may be understood by considering 

that the increase in reaction rate during in- 
duction is due to a gradual increase in con- 

eo 30 40 
TIME IN MIN 

centration of reaction intermediat’es upon 

FIG. 1. Effect of enzyme concentration and H,O, 
which the rate of a cyclical mechanism de- 

on induction phase. To 3 ml. citrate buffer contain- 
per&. These intermediates were still pres- 

ing 0.137 pmole IA% the following amounts of en- 
ent at the time more IA-4 was added to 

zyme were added: curve 1, 0.12 ml.; curve 2, 0.2 
sample 1, but had largely disappeared by 

ml.; curves 3 and 4, 0.3 ml. The sample in curve 
the time it was added to sample 2. The 

4 contained, in addition, 8 mrmoles HzO, process by which the concentration of rate- 
controlling intermediates increases will bc 

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

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

The latter experiment is shown in Fig. 2. 
IA=2 oxidation was followed at 288.5 rnp, 
where extinction decreases as IAA is oxi- 
dized, so it was possible to make measure- 
ments after a second addition of IAA. When 
more L4A was added just before that origi- 
nally present had been used up (curve l), 
a rapid reaction continued; but when IAA 
was added several minutes after the first 
reaction had ceased, an induction phase 
rather similar to that which had occurred 

referred to as initiution. 
That the reaction rate gradually ap- 

proaches a st,eady value can probably be 
ascribed t’o processes which limit the con- 
centration of active intermediates which 
can be attained in the system. There is in- 
dication in the cxperimcnt of Fig. 2 of reac- 
tions leading to the disappearance of these 
intcrmcdiates. \I’hrn the rate of disappear- 
ance becomes equal to the rate of formation 
of intermediates, a “steady state” of con- 
stant IA=l oxidation rate should ensue. Re- 
actions leading to loss of intermediates will 
bc callccl termination reactions. 

EFFECT OF H,O, 

In Fig. 1, curve 4 shows what happens if 
a small amount of H,O, is added to the 
same system as in curve 3. A rapid reaction 
occurs immediately and proceeds to comple- 
tion without increase in rate. H,ZO, either 
is, or is convertible into, one of the reaction 
intermediates. Figure 3 shows how the ini- 
tial reaction rate depended upon conccn- 
tration of added H,O, . The rate increased 
rapidly up to about 5 x 10P6 M, above 
which It reached a plateau and can be said 
to be saturated in respect to HzOa . Rate- 
saturating concentrations of H,O, caused 
negligible destruct,ion of IAA in the absence 
of the enzyme. 

The complex spectroscopic changes which 
accompany IAA oxidation (12) were closely 
similar in the presence and absence of added 
H,O, The amount of IAA destroyed when 
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HZ02 was added was many times great’er 
than the amount of H202 added (see be- 
low), and the reaction required O2 and con- 
sumed it stoichiometrically (12, 13). There- 
fore, the rapid reaction which occurs when 
H,O, is added is not due to a distinct “per- 
oxidative” reaction but is simply an in- 
crease in the reaction rate. Saturating 
amounts of H202 raise the rate to several 
times the steady-state value. However, 
amounts of HzOz much in excess of saturn- 
tion are inhibitory. 

It was shown previously (13) that the 
IA-~-oxidizing enzyme of Omphalia flawida 
is a peroxidasc. Therefore added H202 most 
likely promotes IAA oxidation by reacting 
with the enzyme. The H,O, saturat,ing rate 
is then determined by the rate of the en- 
zyme-catalyzed step when the enzyme is 
saturated with H202, the enzyme not, be- 
ing saturated in the steady state. 

Addition of catalase inhibited IAA oxi- 
dation, as measured manometrically (steady 
state), but rather large amounts were rc- 
quired. For example, 0.4 mg. of Armour 30 
catalase slowed the induct’ion phase and 
reduced the steady state Qo9 from 312 pl.,/ 
hr. to 161 J./hr. using 1 ml. of Omphalia 
enzyme and 12.8 pmoles IAA at pH 3.7 
(catalase activity was shown t,o be stable 
under these conditions). The same amount 
of boiled catalase had no effect. However, 
much larger amounts of catalase did not 
completely suppress IA,4 oxidation, as one 
might have expected were H,O, a reaction 
intermediate. 

Although the results with catalase sug- 
gest that H202 may be involved in the reac- 

tion to some extent, neither they nor the 
promotive action of H& itself allow one 
to conclude that H,O, is a major reaction 
int,ermediate. 

ENZYME ASD SUBSTRATE CONCENTRATIOY 

Both in the steady state and in t’he pres- 
ence of a saturating amount of HyOZ , the 
relation betxveen reaction rate and enzyme 
concentration was somewhat less than lin- 
car, but considerably more than in propor- 
tion to square root of enzyme concentra- 
tion. 

In the presence of added H202, the reac- 

tion rate was quit,e independent of IAA con- 
centration down t,o about 4 x lo-” M. In 
the absence of added H,O, , increases in 
IAA above this concentration had a small 
effect on the reaction rate, as seen spectro- 

time min. 

FIG. 2. Induction effect after cessation of IAA 
oxidation. At the start 0.2 ml. enzyme solution was 
added to 0.27 pmole IA-4 in 3 ml. citrate buffer. 
At the arrows, 0.27 pmole more IAA was added 
to cuvette I or 2. Optical density corrected for 
change upon adding IA.4. Under the conditions, 
288.5 me was a wavelength at which extinction 
ceased to change when the IA.4 was used up, so 
that IAS oxidation could be followed without in- 
terference from secondary reactions (12). 

FIG. 3. Effect of added HSO, on rate of IAA 
oxidation. Initial rate of increase in optical density 
at 261 rnp shown on ordinate. 
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FIG. 4. Effect of oxygen concentration on IAA oxidation. Curve 1 (open circles, left-hand 
ordinate), Qo, measured manometrically (19 rmoles IAA, 2.2 ml. of 0.05 M citrate containing 
1 ml. enzyme). Triangles, increase in E281 X % (right-hand ordinate) in first 15 min. of 
induction phase (0.3 pmole IAA, 0.1 ml. enzyme, in 3 ml. of 5 m&f citrate). Curve 2 (right- 
hand ordinate), increase in EZol per min., under conditions similar to the preceding, but 15 
mrmoles H?O, added. Vessels gassed wit,h appropriate mixtures of O2 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. hlthough 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 LLaffinity” of the 
system for IAA. They may be due to sec- 

TIME IN MIN 

Flo. 5. Changes in reaction rate after Hz02 is 
added. Bmounts added initially: curve 1, no HZ02 ; 
curve 2, 10 mpmoles H20, ; curve 3, 50 mrmoles 
H,O, At arrow, 50 mrmoles HZO, 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 t’he 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 Hz02 wns 
added, even though oxygen was required. 

DISAPPEARANCE OF ADDED H,O, 

When an amount of HzOa 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 H202 
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 H& ; 
that in curve 3 reccivcd 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& at the arrow brought back the satu- 
rating rate. 

The behavior noteti in Fig. 5 would be 
clxpccted if the st’eady value which thcl ratcxs 
in curves 1 and 2 bot’h approach rel”cscntc~ti. 
as suggested previously, a “stc’atiy statcl” 
which arises when the rate of forlnation 
of active intermediat’es (initiation) is equal 
to the rate at which they arc ciis:~ppe:tring 
(terminat’ion 1. Above this reaction rate, 
termination exceeds initiation, ancl bclon- it 
initiation exceeds termination. Bcc~nuse the 
loss of H,O, observed when it is atitlctl may 
be caused by the same termination proc’clss, 
it) was thought important to c~xamine the 
loss of H,O, quantitatively. 

The rate at which H,O, dlsapl~nrc~i wl~n 
ILL1 oxidation was proreetling at H,O, sat- 
uration was determined by the kind of es- 
l)crimcnt8 shown in Fig. 6. TIw 1norc the 
amount of H,O, which was atltictl, tlic 
longer the saturating reaction rate contin- 
ucti. The point :it which the rate I)cgan to 
ticcline rapidly can bc consiticrcd the tilne 
:tt which the HsOz concentration had fallen 
Mow the saturating value. By dividing the 
amount of IAA dcstroycd in the interval be- 
twccn the bends in curves 1 and 2 by the 
difference in amount of H,O, :tdded to the 
two samples, we obtain the relative rat,es of 
MA and H&, disappearance. This ratio 
was al~l~roxiinntelg 9 in tlic cxpcrinicnt of 
Fig. 6. 

Table I shows the influcncc of varying 
the cnxymc conrcntration upon the ratio of 
MA oxidation to H,ZO, disappearance. SW- 
cralfold differences in enzyme conccntra- 
tion and reaction rate had very little effect 
on this ratio. This fact is useful in arriving 
at a kinetically suitable termination proc- 
w-s. 

l>uring the early part’ of the intiuction 
phaac, for example in Fig. 1, thclrcx n-as in- 
dication that accclcration incrcascbti as the 
reaction rate itself increased. This t;ugg&cti 
that, the initiation l)roccs:s depenticti upon 
the IAA-oxidizing rcaaction, so that tlio rc- 
action as a n-1101~~ is aut.ocatalytic. 

The steady st,ate which follows the induc- 
tion phase could bc the result of termina- 
tion increasing 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 t,lie concentration 
of active intermediates becomes constant. 
It is interesting to consider the kinetics of 
a reaction whose steady state is dctcrminetl 
in this lnanner. 

There are reasons for thinking that some 
of the intermediates in IAA oxidation may 
be frcbcx radicals. In this case the principal 

‘ri\BLP: I 

WI 

1 0 .:?I ,013 !I 7 
0.90 .029 !I.0 

2 0 33 .Oll 10.7 
1 00 ,031 10.4 
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termination process may well be recom- 
bination of radicals, 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 
IA,4 oxidation (governed by ICI) and ini- 
tiation (governed by kS) are proportional 
to [Z] ; Jil is the rate coefficient for termina- 
tion. The difference between initiation and 
termination is d[Z]/dt = k2[Z] - kJZ]‘. 
This can be integrated to give 

(1) 

The factor D is (k, - k;,[Z,])/lc,[Z,], 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 
bc written d[S]/dt = -Icl[Z]. Substitution 
for [Z] and integration leads to 

[So] - [S] = F In (P~?~ + D) + con&. (2) 
3 

This expression has the form a In (b + 

TIME IN MIN 

Fro. 7. Induction phase and steady state. Cary 
spectrophotometer records made with 0.46 +mole 
IAA in 2.7 ml. of 0.05 M citrate, pH 3.7. Curve 1, 
0.45 ml. enzyme; curve 2, 0.9 ml.; curve 3, 1.8 ml. 
Circles are points calculated as described in text. 

TABLE II 

VALUES OF COEFFICIEXTY IN EQ. (9) 

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

eCt) + con&. One can determine whether 
Eq. (2) is consistent with the reaction ki- 
netics by seeing whether values for a, b, and 
c 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 t’hat the reaction rate is determined 
in the manner suggested, it does seem strik- 
ing that such a close correspondence with 
expectation could bc obtained. 

KINETIC HOLF: OF THE EA-ZYME 

Bcceleration 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 dirert 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 t’he steady 
&ate, and then increasing the enzyme con- 
centration by adding more enzyme. It can 
be shown from Eq. (2) that if changing 
the enzyme concentration affects k, , the 
rate coefficient for initiation, and not k, , 
t,he rate coefficient for the main reaction, 
then the t,ime 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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time min 

FIG. 8. Effect of changing the enzyme concen- 
tration. Induction was followed using 0.1 ml. en- 
zyme in 3 ml. buffered 10m4 M IAA. At arrow, 0.1 
ml. more enzyme added to sample 2. 

of the induction phase. If k, is increased, 
on the other hand, the increase 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, 
RIn+2 did not promote the reaction unless 
a monophenol such as resorcinol or 2,4- 
dichlorophenol was also added. Figure 9-4 
shows that when H202 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 effeck of &In and 
phenols were tested in the presence of a 
rate-saturating concentration of H202, 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- 

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 induction phase and steady state, and 
not at H202 saturation, suggests two possi- 
ble explanations : 

(n) Mn+” promotes the reaction with 
0,) or some further step in the regeneration 
of the primary oxidant, which is not rate- 
limiting at’ H,20_1 saturation. Such explana- 
tions have been proposed previously (7, 15, 
19). 

Lx++& -m -4 
M”S0, cont. 

iM! 

FIG. 9. Effects of Mn+’ and 2,4-dichlorophenol 
without (A) and with (R) added H,O,. Samples 
contained 90 mpmoles IAA and 5 ~1. enzyme in 1 
ml. of 0.05 LW citrate pH 3.7; in Fig. SB, also 6 
mpmoles Hz02 Concentrations of 2,4-dichloro- 
phenol : curve 1, none; curve 2, 10e5 iVf ; curve 3, 
10.’ ;C1; curve 4, 8 X 10e4 ,$I. IAA determined with 
Salkowski reagent. 

100 c 

o- 

FIG. 10. Effect of 2,4-dichlorophenol in presence 
of H,O,. Curve 1, in 0.05 M sodium phosphate, 
pH 6.5. Curve 2, in 0.05 M sodium citrate, pH 
3.i. 
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(6) Mn+2 promotes initiation; the reac- 
tion rat’e should not depend upon initiation 
when the enzyme is H20Z-saturated. Opti- 
11~1 Aln-phenol combinations raised the 
steady&ate rate nearly to that which could 
bc obtained by adding H20Z ; tl1is suggests 
that’ they increase the concentration of ac- 
t’ive intermediates nearly to the H,O, satu- 
ration level, by promoting initiation. 

nlaclachlan and Waygood (9) int’erpreted 
the promotire effects of Mn and phenols on 
cnzytnic IAA oxidation, and other evidence, 
as indicating that IAh is oxidized not by 
tl1c enzyme but by AIn+Z, wl1icl1 is formed 
as :t result of oxidation of a plicnol by per- 
oxitlase. Kinetic analysis of tlie reaction se- 
qwnce they proposed indicwtcs that if it 
n-erv operating, addition of 1\IiiT Z could 
promote in tl1e st’eady state but not at HYOZ 
saturat,ion if and only if the concentration 
of phenol w-cre large comparctl wit11 the 
concentration of peroxy intermediate rc- 
quircd to give saturation of the cnzymc. 

Since phenol concentrations cffcctiw in 
bringing on promotion by RIn at l)H 3.7 
( Fig. 9 1 were large compared wit11 the rate- 
saturating concentration of H,O, ) it was 
felt, that the llln oxidation proposal could 
bc tested more critically by examining tl1c 
effect of Mn in the presence of 10WG M 2,4- 
dichlorophcnol at pH 6.5. This low phenol 
concentration, less than the 2 X IO-” M 

PIG. 11. Determination of threshold for Mn” 
promotion. Samplep contained 0.3 ml. enzyme, 
0.45 pmole IAA and 0.5 pmole 2,4-dichlorophenol 
in 5 ml. of 5 rn.11 ammonium citrate buffer pH 
3.7. IAh determined by Salkowski assay after 12 
niin. of reaction. 

HZ& required for rate saturation, made 
possible large promotions by IO-” and IO-” 
JI I\InSO.& in the abscncc of added II@, at 
pH 6.5. However, not the slightest protno- 
tion was obtained, when HZOl! was lnwcnt, 
by any AIn+” concentration twtwccn lOPi 
and lo-:1 M. 

Tl1crefow, the kinetics of JIn+” actiott 
on the present systctn do not support the 
mccl1anism proposccl by Maclachlan ant1 
n’aygood (9). However, it seems possible 
that some of tt1c reactions they suggested 
may bc inrolretl in the promotivc cffcct of 
Mn+:! on initiation. 

One can test kinetically whether hln is 
essential to the reaction, by whatever mech- 
anistn. If Mn mcrc essential, then tl1e w- 
action lTt1ich is obscrrable in tl1c abscnw 
of added ?IIn must bc due t’o endogenow 
AIn in the system, and a concentration of 
added -1In+’ n-hicli proniotcs only slightly 
must tw prcsunic’d to hc less than the en- 
dogcnous. 

No AIrt was ttrtrc~tctl cithcr in the cnzymc 
~nwp:wation, ttic TAA, or the citrate buffer, 
1)) spcrtrograpliic annlyscs performctl 
througli tlic courtwy of Dr. C. A% Price :m(l 
Dr. 13. I,. Vallec. 

In tlie following experiment’ the effect of 
added AIn+” was compared directly with 
the AIn cont,ent of a particular reaction 
system, assayed by a very scnsitivc but, less 
specific mett1od. As shown in Fig. 11, an 
insignificant promotion was obtained at 
lOPi M MnSO* , and the apparent cndogc- 
nous Rln concentration, assuming &In is cs- 
sential, appears from back extrapolation of 
the data to 11avc been about 4 x lOPi JI. X 
225ml. sample of the same reaction co111- 
poncnts was evaporated, asl1cc1, and tested 
for hln by the procedure described uride1 
Methods. The color reaction obtained cor- 
rcspondetl to 1-2 x 10Fc ~11 ,IIn in t.he final 
0.2-1111. saniplc or to l-2 X IO-” Al in tl1c 
original reaction 111ixture. 

Tliercfore, tt1c cndogenous Mn concen- 
tration n-as much too low to nccwunt~ for the 
tl1rc~sholtl for I)rot11otioti by ;1tltled ?\In ; 0110 
111uht conclutlr~ that tlic rcwtion it1 the at)- 
senw of addctl 3111 cloes not, ctepentl upon 
cntlogcnous l\in ant1 that Mn in not csscn- 
tinl. 
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DISCUSSION 

The bearing of the kinetics on the prin- 
cipal types of mechanisms which have been 
suggested for IAA 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 Hz02 (or 
some other peroxide) from 02 , and the for- 
mer using this peroxide as substrate (3, 15). 

(b) One-electron oxidation of IAA by 
pcroxidase giving a radical, which reacts 
with oxygen non-enzymically to regenerate 
H,O, (19). 

(c) Oxygen-consuming reaction cata- 
lyzed by the H,O, complex of peroxidase, 
activated by Nn+2 (1, 2). 

(d) Oxidation by addition of Oa , cata- 
lyzed by ferrous peroxidasc, and not in- 
volving H,O, (format,ion of ferrous from 
ferric peroxidasc “activates” t’he enzyme 
and depends upon H,O,) [cf. tryptophan 
pyrrolase (16)]. 

The effects observed with &In+:! are con- 
sidered inconsistent with the type of mecha- 
nism proposed in (c) . hccording to it, &In+” 
should interact with the H.302 complex of 
peroxidase to bring about the oxygen-con- 
suming reaction, whereas Mn+2 did not 
promote when H,O, was added, even though 
the oxygen-consuming reaction occurred. 
The effect of H,O, on the oxygen kinetics 
is also contrary to (c). 

The idea (n) that t,he reaction depends 
upon more than one enzyme (oxidase and 
pcroxidase), 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 react,ion scquenccs 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 concent,ration, which it defi- 
nitely is not. Further, no evidence of a re- 
quirement for enzyme activity different 
from peroxidase was detect,ed in purification 
and thermal inactivation experiments (13). 

That, oxygen-consuming oxidation of IA.4 
need not involve reaction of 02 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 t1v-o suggested mechanisms (b) 
and id\ contrast sharply, for (13) presumes 
a peroxldative action of the enzyme and the 
existence of pcroxy intermediates, whereas 
in (d) the features of t,he reaction which 
have been ascribed above to the occurrence 
of catalytic int’ermediates must be inter- 
preted at least in part in terms of the ap- 
pearance of an “activated” (ferrous) form 
of t,he enzyme, and H202 is supposed not to 
be a reaction intermediate. The principal 
kinds of evidence (16) supporting mecha- 
nism (tl) for tryptophan pyrrolase were: (i) 
catalasc inhibited much more strongly at 
the start than when the reaction was under 
way; ( ii) HCN inhibited strongly at first, 
but if addrd later caused only gradual in- 
hibition, suggesting that the ferric form of 
the enzyme was no longer present; !G) the 
ferrous enzyme was formed in the presence 
of tryptophan and H,O, . 

\T hllc there was evidcncc in previously 
rcport,ctl experiments (13) that a different 
ipossibly ferrous) form of the IAA-oxidiz- 
ing enzyme might be appearing in the pres- 
ence of I-4-4, it is difficult to exclude the 
possibility that the rcsult,s were due to ex- 
periment,al trcatuicnt (polyphenols or CO) 
rather than a r&&ion of the IAA oxida- 
tion mechanism. Cyanide ( IO-” M) caused 
cornplet,e inhibition within 1 min. when 
added after tile start of the react’ion [(la), 
Table II]. 

In manometric cxpcriments it was found 
that’ cat,alase inhibited IAL4 oxidat,ion 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 116) ; for example, 
0.5 mg. catalase inhibited 455 Ivhen added 
initially and 137; when added after 20 min. 

We do not’ consider the results Ivith cata- 
last to bc evidence against the existcncc of 
a pcroxy intermediate other than H,O, . 
They do suggest that HyO, itself is not a 
maior intermediate. It was not found possi- 
blc to tlcriye kinetics consistent with those 
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observed, on the assumption that H.202 is 
a principal intermediate. 

Since Yamazaki [ (19) and unpublished 
experiments] has demonstrated single elec- 
tron oxidation of IAA by peroxidase and 
the resulting formation of free radicals, and 
since the existence of free radical intermedi- 
ates makes explicable a variety of propcr- 
ties of t,he system, as well as its kinetics, 
we favor the type of mechanism indicated 
under (b) If special forms of the enzyme 
arc 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 it’s peroxide 
colllplcx II. 

POZ. + P. L-6 --f P&P (8) 

Reactions (3-8) can be shown to give 
the steady-state kinetics 

in which [E] represents the concentration 
of peroxidase, and f (IAA) the dependence 
of reaction (3) on IA-4 concentration. 

When the second term in the denomina- 
tor of Eq. (9) is large compared to the first 
term, the rate is limited by react,ion (3). 
This corresponds to the sit,uat,ion under 
H.zOZ 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 kinetics, it is doubtful 

IAA+PerIIAP. +Per 
(3) (but difficult t’o test) xvhether increasing the 

0, concentration would raise the rate to the 

P. + 03 JS POO. 

POz. + Per ” - POaH + Per II 

(1) 

(5) 

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

mination reactions, for example between 
two PO,. radicals. 

HiO, saturating value. However, this could 
easily be due t’o the occurrence of other ter- 

Promotion by phenol under H,O, satu- 
ration suggests that’ the following reaction 
sequence, in which ROH represents the phc- 
no1 and RO. its oxidation product, 

ROH + Per II + RO. + Per (10) 

POzH A reaction products (6) 

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

P&H li5+ P. + .OOH (7) 

The peroxy radical may disappear by side 
reactions, may react with the enzyme to 
give a peroxide complex, or may react with 
IAL4 t’o give P. and HZ02 ; any H,Oz formed 
will react’ with the enzyme to give a perox- 
ide complex. These reactions result, in ini- 
tiation, and the possibility t,hat H,O, par- 
ticipates to some extent is thus apparent. 
However, to simplify analysis WC 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 

RO. + IAX + P. + ROH (11) 

goes more rapidly than reaction (3). 
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