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Suiu,wary. Extracts from roots of Nicotiana t(alba(iclini L var. Bottom Special con-
taim oxidative enzymes capable of rapid degradation of indoleacetic acid (IAA) in the
presence of Mn1\2 aI1t 2, 4-dichlorophenol. Pturification of IAA oxidase was attempted
by means of ammoniuim stulfate fractionation and elution throuigh a coluimn of SE-
Sephadex. Two distinct fractions, both cauising rapid oxidation of IAA in the absence
of HO.2, were obtained. One fraction exhibited high peroxidase activity when
guiaiacol was used as the electroin donor; the other did not oxidase gLuaiacol. Both
enzyme fractions cauised similar changes in the UVT spectrum of IAA; absorption at
280 m1A was reduiced, while major absorption peaks appeared at 254 and 247 m1i. The
kinetics of IAA oxiclation by both fractions were followed by measuiring the increase
in absorptioni at 247 m/u. The peroxidase-containing fraction showed no lag or a
slight lag which couldl b)e eliminated by addition of 1420. (3 jumoles/ml). The per-
oxidase-free fractioin showed a longer lag, buit addition of similar amouints of H.,O.0
iinhibiited the rate of IAA oxidlation and did not remove the lag. NVith puirifie(d
preparations, IAA oxidation was stimuilatedI only at low conceiltratiolns of H2O., (0.03
tmole/ml). A comparisoni of Km valuies for IAA oxidation by the peroxidase-con-
taining ancl peroxidlase-free fractions suiggests that tobacco roots contain anl JAA
oxidase which may lhave higher affinity for IAA and(l may be more specific thai) the
general peroxidlase system previotusly described from other plant solurces. A similar
oxidase is presenit in commercial preparations of horseradish peroxidase. It is
suggested that oxidation of IAA by horseradish peroxidase may be dutie to a more
specific compoineint.

The existence of a iuiuclie enzyme or combination
of enzymes capable of degradation of TAA has
been questioned in the literature (5). This view
has beein suipported b)y the fact that horseradish
peroxidase, in the presciece of certain cofactors
(Mn2 , phenols), catalyzes the reaction without
addition of H2,O. (3, 6, 7). For this reason, horse-
radish peroxidase has been uise(I by ntumerotus
workers as a model sy,stem for oxi(latioin of IAA.
Thus IAA oxidase couild be considere(I merely a
peroxidase which acts in the presence of certain
cofactors which serve as physiological soturces of
peroxide for oxidation of IAA.

Generally oxidationi of IAA by IAA oxidase is
characterized by a marked lag or inidtuction period.
Some workers (23) consi(ler that the initiation of
the reaction, dturing the induiction phase, depends
tipon traces of H.,O, in the system. Since H,O ,
when added to the sy-stem, will remove the lag
period, it would appear that TIMO.2 either is or is
converted into a reaction interme(liate essential in
an autocatalytic cyclical reactiotn (15). IAA oxi-
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dase therefore behaves as a typical peroxidase, btit
apparently is liniked to an aerobic system which
produces H202 as a resuilt of the reactioni of free
radical intermediates with 02 (23). Fuirther evi-
deence for the peroxidase natuire of the enzyme
was obtainied by Sttutz (21), who failed to separate
IAA oxi(dase from peroxidase in preparationis from
L'ptri1s by means of starch block electrophoresis.

In attempts to correlate changes in IAA oxidlase
activity in diseased tobacco tissuies (19) with the
acctumtllation of phenolic inhibitors, it was nloted
that the enzyme system from tobacco roots followved
tuntustual kinetics. Highly active preparations did
not exhibit the indtuction period typical of IAA
oxidase from other souirces (17). It was felt that
these resuilts couild be due to the simuiltanieouis action
of IAA oxidase and a separate peroxi(lase in the
system. It was also noted that fresh extracts from
tobacco roots contained both IAA oxidase and per-
oxidase activities, but the ability to oxidize IAA
disappearedl after the preparations were lyophilized
or stored at -100 for several weeks, whereas the
activity on polyphenols remained unaffected. The
thermal inactivation points and the pH optima for
both oxidations were different. \Vhereas these
observations were not inconsistent with the view
that a single enzyme with 2 separate centers for
suibstrate attachment was involved, it seemed more
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likely that 2 separate enzymes were present in the
preparations. The purpose of these investigations
was to determine whether or not enzymes catalyzing
oxidation of IAA could be separated from general
peroxidases present in tobacco roots. Preliminary
results (20) suggested that these activities could
be separated by means of standard fractionation
procedures.

Materials and Methods

Preparation of Crude IAA Oxidase. Roots of
tobacco plants (Nicotiana tabacutn L. var. Bottom
Special) grown for 1 month in sand culture under
Sylvania Gro-Ltix lights providing 700 ft-c were
collected, immediately frozen in dry ice, and ground
to a fine powder at dry ice temperature. The
powder was suspended in cold 0.02 M KH,PO4
(pH 4.7) in the proportion of 10 g of tissuie to
50 ml phosphate solution and the mixture was stirred
for 1.5 hours at 40. The mixture was centrifuged
at 18,000 g and solid (NH4)2SO4 was added to the
supernatant fluid to 35 % saturation. The precipi-
tate that collected overnight at 40 was removed by
centrifugation as above and discarded. The super-
natant was brought to 70 % (NH4)2S04 saturation
and the precipitate that collected overnight at 40
was recovered by centrifugation and resuspended
in 0.02 M KH2PO, at one-fortieth of the original
volume. The solution was dialyzed overnight
against several changes of 2000 ml phosphate solu-
tion. This dialyzed solution, which contained both
IAA oxidase and peroxidase activities, will be
referred to as crude enzyme.

Chromitatography. Separation of IAA oxidase
and peroxidase was accomplished by elution of the
crude enzyme through a column of SE-Sephadex
at room temperature (20-240). SE-Sephadex C-50
(medium grade) was first washed with 0.5 N NaOH,
then with distilled water, then with 0.5 N HCl, and
again with distilled water, before equilibrating with
the elution buffer. In most experiments the elution
buffer was 0.1 M phosphate bu1ffer at pH 5.4. The
Sephadex column had an elution volume of approxi-
mately 27 ml and was loaded with 3 to 6 ml of
crude enzyme containing approximately 0.2 mg
protein/ml. One ml of crude enzyme contained
protein extracted from 11 g (fr wt) of tobacco
roots. Buffer flow through the column was ad-
justed to 6 ml/hr, and 3 ml fractions were collected
by means of an automatic fraction collector, and
were stored at 4°. Elution of protein through the
column was monitored by measuring absorbance at
280 m, with a Beckman Model DB spectrophoto-
meter. For accurate determinations of protein in
individual fractions the method of Lowry, et al.
(12) was followed.

Peroxidase Assay. Peroxidase activity in frac-
tions of preparations eluted through the Sephadex
column was determined by a modification of the
procedure of Chance and Maehly (1). The reac-

tion mixture contained 0.1 ml of 0.02 M guaiacol,
1.0 ml of 038 M H,O2, 3.8 ml 0.02 M KH,PO4
(pH 4.7), and 0.1 ml of enzyme. The increase in
absorbance at 470 mu, due to a colored prodtuct of
the reaction, was followed with a Bausch and Lomb
Spectronic 20 colorimeter for 6 minutes after the
reaction was initiated.

IAA Oxidaise Assay. IAA oxidase activity in
fractions collected after elution of crude enzyme
through the Sephadex column was determined both
by colorimetric and spectrophotometr- methods.
The colorimetric method allowed a rapid, convenient
assay of large numbers of samples, but was not
entirely reliable due to precipitation of the colored
product of the reaction by certain types of proteins
and inhibition of color formation by nonspecific
inhibitors (13). The reaction mixture consisted of
0.25 ml 1 mm 2, 4-dichlorophenol, 1.00 ml of a
mixture of 1 mm IAA and 0.5 mmIMnC19,H,O,
3.25 ml 0.02 M KH,PO4 at pH 4.7, and 0.50 ml of
enzyme. The mixtture was shaken in a water bath
for 2 hours at 300 and then 1.0 ml of Salkowski
reagent (22) was added. The mixtture was shaken
for an additional 3 hours and absorbance at 525 m,u
was determined with a Bausch and Lomb Spectronic
20 colorimeter. To determine rates of IAA destruc-
tion, Salkowski reagent was added to samples of a
reaction mixture at 10-minute intervals during the
2-hour incubation period and residual IAA meas-
ured as above.

The kineti-cs of IAA destruction in fractions
containing high IAA oxidase activity were deter-
mined spectrophotometrically. A modification of
the procedure suggested by Ray (14) was used.
The reaction mixture contained 0.125 ml 1 mm 2, 4-
dichlorophenol, 0.375 ml of a mixture of 1 mm IAA
and 0.5 mm Mn,Cl1, H20, 1.750 ml of 0.02 M KH2PO4
at pH 4.7, and 0.250 ml of enzyme sample. The
cofactors, buffer, substrate, and enzyme were in-
cubated separately at 340, before mixing in a
quartz cuvette. Changes in the absorption spec-
trulm of IAA in the range 310-220 mjA were followed
with a Beckman Model DB spectrophotometer by
continuouis scanning during a 20-minute incubation
period. In some experiments, only the increase in
absorbance at either 247 or 254 m,u was determined.
The temperature of the sample compartment in the
spectrophotometer remained constant at 340 during
the entire incubation period.

In experiments designed to determine the effect
of substrate concentration on the activity of various
enzyme preparations, final concentrations of IAA
ranged from 0.10 mm to 0.45 mm. In these experi-
ments the proportion of IAA to Mn2+ remained
constant, but the concentration of DCP in the
reaction mixture was not altered.

Results

Separation of Peroxidase and IAA Oxidase.
Initial attempts to separate these enzymes by column
chromatography, employing a variety of column
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FIG. 1. (to!)) Chromatography of crude IAA oxidase
from tobacco roots eluted through a column of SE-
Sephadex. Six ml of crude enzy-me [35 to 70 %
(NH4)SO4 I)recipitate] corresponding to 66 g tissue vere
placed on top of the column and wvere eluted Nxxith 0.1 M

phosphate buffer. Column elution volume xx-as 9 ml;
flow rate was adjusted to 6 ml/hr and 3 ml fractions
were collected by means of an automatic fraction collec-
tor. The relative proteini content in each fractioni was

monitored b)v measurinig absorbance at 280 m,u. IAA

materials stuch as DEAE cellulose, carlboxy-methyl
cellulose, silica gel, 1DEAE-Sephadex, aind others,
failecl. Peroxidase and IAA oxidase activities
showed coincident or nearly coincidenit peaks after
eltution of crtude enzyme preparations throtugh col-
uimns of these materials. 'Manipulation of factors
stuch as pH, buiffer type and molarity, salt gradients,
etc., did not resuilt in separatioin of the 2 enzy-mes.
However, whein crud(le enzyme was eluted wvith
phosphate buffer of relatively high molarity (0.1 Mi)
from a coltumn of SE-Sephadex C-50, it was possible
to separate IAA oxidase from peroxidase. The
typical eltition pattern consisted of: A) a high
protein peak at 1.3 elitioni volumes, containiing high
activity of both IAA oxidase alnd peroxidase, B)
a major peroxidase peak at 3.2 eltution v-oltimes,
generally with low IAA oxidase activity, ancd C) a

major IAA oxidase peak at 5.4 elution volumes
with very low or no peroxidase activity (fig 1).
Fractionation through SE-Sephadex also revealed
a nutmber of minor peaks of both IA\A oxidase and

peroxidase. The separation of enzymes into the
3-peak pattern described above was highly repro-

(lucille when fresh enzyme preparations wvere uised.

However, resoltution cotuld be altere(d significantl7
by ageing the crulde enzyme. Storage of crul(le
enzyme at 40 for 1 week restultedI in appreciable
loss in activity an(d poor chromatographic separation.
Good resolution was obtained only with fresh prep-
arations. The storage problem cotild not be obviated
by freezing or lyophilizing the preparations, since
these treatments destroyed IAA oxidase activity but
didl not affect peroxidase activitv.

The aggregated natture of the proteinis in the
1.3 eltition voltume peak cotuld be easily (lemoni-
strate(l by rechromatography. When this fractioni
was re-eltited throtugh SE-Sephadex with 0.1 al
phosphate buiffer (pH 5.4), can IAA oxidase peak
separated from the major peroxidase-IAA oxidase
peak which was associated with the initial protein
peak that eluLted rapidly from the coltmnin (fig 2).
Althouigh the general pattern of eluition was similar
to that obtained with crtude enzyme, peaks of per-
oxi(lase and JAA oxidase appeared more rapidly
than with crud(le enzyme. The reasonis for the

oxidase aind peroxidlase activities in eaclh fractioni xvere
determined colorimetrically as indicated in the text.

FIG. 2. (middle) Rechromatography of the major
protein peak obtained after elution of crude IAA oxidase
througlh a column of SE-Sephadex. Fractionis at 1.2
to 1.4 elution volumes (as in fig 1) were collected, re-

duced to 4 ml and placed at the top of a columni of SE-
Seplhadex. Chromatography as described in ftigure 1.
IAA oxidase and peroxidase activities wvere determinied
colorimetrically as indicated in the text.

FIG. 3. (bottom) Chaniges in the ultraviolet absorptioul
spectrun1 of IAA following addition at zero time of
crude IAA oxidase from tobacco roots. Reaction mix-
ture as indicated in the text. The spectrum was scanned

from 310 to 220 m,u at approximately 2.25-i minutte inter-
vals for 14 minulttes.
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SEQUEIRA AND MINEO-IAA OXIDASE FROM TOBACCO ROOTS

change in elution pattern are not clear, but it is
possible that IAA oxidase may be constituted by a
series of isozymes of widely different physical
properties.

Our results suiggested that crystalline horse-
radish peroxidase, which contains at least nine
different components separable by starch gel elec-
trophoresis (9), could also contain an IAA oxidase
separable from other peroxidases. Crystalline
horseradish peroxidases, purchased from Nutritional
Biochemicals Corporation, Cleveland, Ohio, (200
units/mg) and from Calbiochem, Los Angeles,
California (RZ approx. 0.6), were fractionated by
SE-Sephadex chromatography as described under
Methods. In each instance, the pattern of elution
was similar to that described for our crude enzyme

preparations from tobacco. These results suggested
that otur preparations from tobacco roots, as well as

commercial horseradish peroxidases, contain an

enzyme capable of rapidly degrading IAA and
separable from peroxidases active on polyphenols.
The IAA oxidase from both soturces was strictly
aerobic; no destruction of IAA was obtained when
reaction mixtures were placed under an atmosphere
of N2.

Kinetics of IAA Oxidation. Comparisons of the
kinetics of IAA oxidation by preparations contain-
ing IAA oxidase, and IAA oxidase together with
peroxidase, were made. The spectrophotometric
method provided a simple, convenient method of

determining rates of IAA oxidation. When IAA
was oxidized by crude enzyme preparations from
tobacco, there were significant changes in the UV
absorption spectrum of this substance. The most
significant changes involved a decrease in absorp-
tion at 280 m,u, increases in absorption at 254
and 247 mtnM, and gradual disappearance of a

trotugh at 243 mp, which shifted to 232 mpt (fig 3).
Of the many complex changes in the UV spec-

trum of IAA that occurred during the initial
5 minutes of the reaction, only a few showed line-
arity when IAA was disappearing at a steady rate.
The changes at 280 mMu, for instance, were linear
only after the first 4 minutes of the reaction (fig
4). A comparison of rates of disappearance of
IAA from the solution (measured colorimetrically)
with spectrum changes showed that the increases
in absorbance at 247 and 254 m,u were linear when
IAA destruction was also linear (fig 4). However,
with crude preparations, the change in absorbance
at these wavelengths was not proportional to the
change in concentration of IAA. It may be inferred
that these changes in absorbance do not correspond
to appearance of the first product of the reaction.
Furthermore, absorbance at 247 and 254 mu con-

tinued to increase at a linear rate for almost 12
minutes after the crude-enzyme reaction was initi-
ated, whereas colorimetric measurements indicated
a considerable diminution in rate of disappearance
of IAA after 5 minutes. When measured colori-
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(eft)iCoparison of kinetics of IAA oxidation by crude IAA oxidase frcmn tobacco roots and changes in

absorption spectrum of IAA at 280, 254. and 247 mu. Rates of IAA oxidation were determined colorimetrically by

means of the Salkow ski reaction. Spectral changes were determined in a Beckman Model DB spectrophotometer.

Reaction mixtures as indicated in the text.

FIG. 5 (right) Comparison of l--i-tics of IAA oxidation by purified IAA oxidase from tobacco roots and changes
in absorption spectrum of IAA at 280, 254, and 247 mu. Methods as indicated under figure 4 and in the text.
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FIG. 6. (top, left) Relationship between amount of IAA destroyed by purified IAA oxidase from tobacco roots,
determined by the Salkowski reaction, and changes in absorbance by IAA at 254 m, during steady state kinetics.
Reaction mixtures as indicated in the text.

FIG. 7. (bottom, left) Net change in the absorption spectrum of IAA caused by oxidation by crude IAA oxidase
from tobacco roots. Both reference and sample cuvettes of a Beckman Model DB spectrophotometer contained: 0.125
ml 1 X 10-3 M 2,4-dichlorophenol, 0.375 ml of a mixture of 1 X 10-3 M IAA and 5 X 10-4 M MnCl2.H20, and 1.750
ml of 0.02 M KH.P04 at pH 4.7. In addition, the reference cuvette received 0.250 ml of heat-inactivated crude
enzyme. At zero time, 0.250 ml of crude enzyme was added to the sample cuvette.
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SEQUEIRA AND MINEO-IAA OXIDASE FRONI TOBACCO ROOTS

metrically, the apparent decrease in IAA destruction
may have been due in part to an increase in 1 of
the products of the reaction which reacted strongly
with Salkowski reagent. Extrapolation of the ini-
tial rate determined by colorimetry suggests that
the reaction would have been completed in approxi-
mately 10 minutes, whereas absorbance at 247 and
254 m,u continued to change even after no further
change in IAA content could have occurred.
Changes in the UV spectrum of IAA are very
complex and probably represent a number of un-
stable products of the reaction (6,14). There is no
clear choice as to changes at specific wavelengths
that would be representative of the kinetics of the
reaction catalyzed by crude preparations.

Specific spectral shifts of IAA caused by crude
and purified preparations of IAA oxidase were
similar, but the kinetics of the reactions with these
2 preparations differed in 2 important respects.
First, the purified preparations invariably showed
a relatively long, 10- to 15-mintute lag or indtuction
period (fig 5). Crude preparations or fractions
containing high peroxidase activity showed no lag
or a very short, 1- to 2-minuite lag period. Second,
after steady state kinetics were obtained with puri-
fied preparations, the increases in absorption at 254
and 247 mu were proportional to the changes in
concentration of IAA in the soltution (fig 5). Thus,
the presence of less substrate-specific peroxidases
alters the kinetics of IAA oxidation very signifi-
cantly and introduces serious qtuestions as to the
tusefulness of model systems for oxidation of IAA
based on commercial peroxidase preparations. At
both 254 and 247 mu, excellent correlations were
obtained between increase in absorbance and
amounts of IAA destroyed within the range of 3
to 13.5 ug IAA/ml of reaction mixture; that for
254 m,u is illustrated in figture 6.

Although increases in absorbance at either 254
or 247 mjL could be tused to advantage in the deter-
mination of rates of IAA destruiction with purified
preparations, the absorbance peak at 247 m,u pro-
vided the wavelength of choice. When IAA was
placed in both sample and reference cuvettes of a
double-beam spectrophotometer and enzyme was
added only to the sample ctuvette, the net change
in the spectrum of IAA catused by oxidation could
be determined. A single broad peak at 247 m*4
appeared (fig 7), indicating that the difference
between extinction coefficients of IAA and of
products of the reaction was greater at this wave-
length than at 254 m,u. For this reason the kinetics

of the reaction were determined by recording the
increases in absorbance at 247 m,u.

Because of the differences in lag period between
preparations that contained both IAA oxidase and
peroxidase, and those that contained only IAA oxi-
dase, data on kinetics of IAA oxidation were ob-
tained dturing the first 2 to 4 minutes at steady
state. Using this method the effect of substrate
concentration was determined for both crude and
partially pturified IAA oxidase preparations. Both
preparations showed approximately linear responses
between 0.05 and 0.35 ,umole IAA/ml of reaction
mixtuire and both showed rapid, marked inhibition
at substrate levels above 0.40 ,umole/ml (fig 8).
This marked substrate inhibition made it difficult
to prepare reciprocal plots for calculation of the
Michaelis constant (Kmn) by the method of Line-
weaver and Bturk (10), because the left-hand por-
tion of the plot curved uipwards as it approached
the y axis. Also, at substrate concentrations below
0.2 ,umole/ml, the right-hand portion of reciprocal
plots invariably curved upwards. However, such
plots indicated an approximate straight line between
substrate concentrations of 0.2 and 0.4 ,umole/ml
(fig 9). By extrapolation to the y axis, it was
possible to obtain approximate Km values. These
values varied considerably depending on age of the
preparations. Fresh crude preparations gave values
between 0.42 and 0.45 mM; preparations that had
been allowed to stand at 4° for 1 week gave values
of approximately 1.6 mm. Purified preparations
containing no peroxidase activity gave values rang-
ing from 0.06 to 0.10 mM; similar preparations gave
valtues of 0.13 mml when allowed to stand for several
days.

Specific Activity of IAA Oxidase. Since the
change in absorbance at 247 or 254 m,u was cor-
related with disappearance of IAA from solutions
containing purified IAA oxidase, it was possible to
convert the slope (A OD/At) at steady state to
,ug of IAA destroyed/(min X ml) as shown in
figulre 10. One uinit of IAA oxidase was defined
as that which will destroy 1 ,Ag IAA/(mg protein
X min). Calcuilations of specific activities of a
crude preparation and of various fractions obtained
after elution through a coltumn of SE-Sephadex are
shown in table I. The elution pattern in this par-
ticular experiment was similar to that shown in
figure 1. Puirification of IAA oxidase resulted in
a 450-fold increase in specific activity. This value
is only approximate, since the method of determin-
ing specific activities was not directly applicable

FIG. 8. (top, riglht) Effect of substrate concentration on rate of IAA oxidation by crude IAA oxidase from tobacco
roots. Velocity of the reaction is expressed in terms of the slope (A OD X 10/Atmi ) a, 247 mat during stezcly
state kinetics. Reaction mixtures as indicated in the text.

FIG. 9. (bottcm, right) Li ieweaver-Buirk reciprocal plot illustrating inhibition by excess substrate on activity of crude
IAA oxidase from tobacco roots and method of determining the value of 1/V for calculation of Km constants
The plot also depicts alteration in Km values due to ageing of the preparation for one week at 40. Reaction mixtures
as indicated in the text. Velocity of the reaction expressed as the slope (A OD X 10/Atm i at 247 m,u during
steady state kinetics.
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Reaction mixtures as indicated in the text.

to crude preparations, because of problems in the
kinetics of the system described prev-iouisly.

Effect of Hydroaget JPero.t ide. Addition of cata-
lytic amounts of H1O1. affectedI preparations con-
taining both peroxidase and IA A oxidase, and those
containing only IAA oxidase, very differently.
WVith fractions colntaining both enz-me activities,
addition of 3 /,moles H202) /ml caulse(d a rapid in-
crease in rate during the first minuite of the reactionh,
thereby eliminating the short intluIlctioni period char-
acteristic of preparations containing peroxidase.
After this short period of very rapi( dlegra(lationi
of IAA, the reactioln proceedle(I at approximately
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FIG. 11. (top) Effect of hydrogen peroxide (3 unmoles/
ml) on kiinetics of IAA oxidation bv a fraction (No. 7,
fig 2) containing both peroxidase and IAA oxidase ac-
tivities. Reaction mixtures as indicated in the text,
except for addition of 0.02 ml 0.4 MN H.,O., at zero time
to the reaction illustrated by the curve (O Q) in
the utpper portion of the graplh.

FI(.. 12. (l)ottonl) Effect of livdroge-n peroxi(le ( 3
,umoles/il) oni kiinetics of IAA oxidatioln by purified
IAA oxi(lase conitaining no peroxidase activity (fractioni
No. 21, fi- 2). Reaction mixtuires as ind(licatedl in the
text, excelt for ad(litioni of 0.02 ml 0.4 \i H.0., at zero
time to the reaction illuistrated bv the cuirs-e (O
in the loswer portion of the graplb.

Table I. Kinetics and Specific Ac-ti.zitis of Various Fractionis Obtained by, Eluttion of Crudc IA.4 Oxidase from
Tobacco Roots througlg a Coluitin of SE-Sephadex

Coluin
elutioni
voluniies

2.0
2.5

4.2
5.6

,u,ig protein/ml

200.0
11.3
2.9
0.5
0.2

Slope at steady
state**

0.50
0 58
0.51
0 51
0.22

* One unit IAA oxidase activity - 1 jig IAA destroyed/(rng protein X mimi).
- Cakltlated f -oill increase in absorhance at 247 inu during steadyl st,te kinietics ( OD X 10/Atl jl,).
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Fraction
no.

Crutde
18
22
38
50

yg IAA destr.
ml X ruin

2.47
2.88
2.50
2.53
1.08

Un its*

12
256
870

506')
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the same rate as in preparations without added
H.,0., (fig 11). \Vhen partially pLurified IAA
oxidase was used, addition of similar amotints of
H902 resulted in marked inhibition of IAA destruc-
tion and the induction period was unaltered (fig 12).
These restults indicated that IAA oxidase is ex-
tremely sensitive to H.,20 and suggested that inhi-
bition could result from complex III formation (1)
or from nonspecific attack by H902 on S-H bonds
in the protein molecule. That complex III may be
involved is suggested by the fact that if the H.,20
concentration was reduced to 0.03 jumole/ml, slight
stimulation of the reaction, rather than inhibition,
was obtained. The slopes at 247 m,u during steady
state were 0.65 before addition and 0.75 after addi-
tion of 0.03 ,umole H02.,. Even at this stimtulatory
level, however, Ho02 did not reduce the indtuction
period.

The extreme sensitivity of the puirified IAA
oxidase to H2O., suggested that the lack of guiaiacol
oxidation by this enzvme, in the presence of H202,
could be due to complex III formation rather than
to its inability to oxidize polyphenols. Because
peroxidase assays were carried ouit at concentra-
tions of H902 that inhibit IAA oxidation, a similar
effect could exist in the case of guaiacol. How-
ever, a redtuction in concentration of H,02 from
3 jumoles/ml to 0.003 jumole/ml did not induce
guaiacol oxidation bv purified IAA oxidase. No
oxidation of guaiacol occturred in the absence of
H2.,0. Similar results were obtained when pyro-
gallol (0.02 M) was used as the electron donor. It
was concltuded, therefore, that complex III forma-
tion was not the factor responsible for the low level
of polyphenol oxidation exhibited by purified IAA
oxidase.

Discussion

The experiments described in this paper have
shown that tobacco roots contain an oxidative en-
zyme with higher affinity for IAA than that ex-
hibited by peroxidases capable of oxidizing gtiaiacol
and pyrogallol. This enzyme is more specific in
its action and may represent a true IAA oxidase.
The fact that a similar enzyme can be recovered
from commercial, crystalline horseradish peroxidase
suggests that IAA oxidase may be primarily respon-
sible for oxidation of IAA in systems in which
horseradish peroxidase has been used as the catalyst
(3, 6, 7,23). Although pturified IAA oxidase was
rapidly inhibited by tusual catalytic amounts of
H202, the promotive effects of peroxide at ex-
tremely low concentrations wotuld indicate that this
enzyme can act peroxidatically on IAA. The dif-
ficulties we encotuntered, and those reported by
others (21), in attempts to separate IAA oxidase
from peroxidase suggest that the 2 enzymes are
intimately associated and may exist as aggregates.
Elution of crtude tobacco peroxidase throtugh a
column of SE-Sephadex suiggested that our prep-

arations, as well as those available commercially,
consist of a series of enzymes with fairly well
defined substrate specificities. Although Klapper
and Hackett (9) reported no difference in catalytic
properties among multiple components of horse-
radish peroxidase, other workers (8) have reported
differences in the substrate specificities of various
components of horseradish peroxidase. Also, Lock-
hart (11) obtained an effective peroxidase from
Xanthiuimz leaves which was incapable of destroving
IAA even in the presence of DCP. Thuis present
evidence suggests that true IAA oxidase may con-
sist of a component, or components, of a highly
heterogenous mixture of plant peroxidases. Dif-
ferences in the relative amotunts of these components
may have considerable effect on the enzymatic ac-
tivities of unfractionated peroxidase preparations.

Because crude or peroxidase-contaminated prep-
arations of IAA oxidase showed significantly differ-
ent kinetics from those of pturified fractions, it
seems likely that interactions of peroxidase with
phenolic cofactors of IAA oxidase may result in
complexes which affect the rate of IAA oxidation.
A 3-phase kinetic pattern, typical of IAA oxidase
from other soturces (17) was obtained only with
purified IAA oxidase preparations which contained
low or no peroxidase activity. In crude prepara-
tions, the presence of high peroxidase activity re-
duced the induction phase sharply. The 2 types of
reaction appear to differ kinetically. WVith pturified
IAA oxidase the reaction was atitocatalytic. The
induction period probably represents the gradtual
increase in concentrations of reaction intermediates
upon which the rate of IAA oxidation depends (18).
The induction period became shorter as the activity
of peroxidase increased, and with crude prepara-
tions the reaction did not appear to be atutocatalytic.
The interaction of IAA and poroxidase, therefore,
resulted in secondary complications on the induiction
period and steady state rate. The relative contri-
btutions of each enzyme to the observed kinetics
could not be assessed.

Puirified IAA oxidase obtained from tobacco
roots or from fractionated horseradish p2roxidase
exhibited kinetics which were similar to those de-
scribed by Ray (14, 18) for the IAA oxidase from
Outfphali'U flavida. However, the fuingal enzyme
exhibited peroxidase activity on pyrogallol, and Ray
(16) considered that both peroxidase and IAA
oxidase activities were dule to 1 enzyme, since both
activities were parallel during thermal inactivation
and puirification of the enzyme. Unlike otur prep-
arations, the Omtphalia enzyme was not inactivated
by relatively high concentrations of H202. Thuis
it seems that tobacco IAA oxidase has catalvtic
properties that differ significantly from those of
the Omphalia enzyme.

The changes in the UV spectrtm of IAA duiring
enzymatic oxidation by the tobacco oxidase were
surprisingly similar to those reported by Hinman
and Frost (6) for horseradish peroxidase and by
Ray (14) for the Omphali(a enzvme. W;ith all these
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enzymes, increases in absorption at approximately
254 and 247 m, concurrent with IAA oxidation
have been reported. From our resuilts it appears
that the main increase in absorption occurs at 247
m,u, although it is likely that the changes at both
247 and 254 m,u correspond to the same prodtuct.
Hinman and Lang (7) consider that the product
of the peroxidase catalyzed oxidation of IAA is
3-methyleneoxindole, which has absorption peaks
at 247 and 253 m,u. Althouigh this reaction may
not be entirely applicable to our enzyme prepara-
tions, it is clear that increases in absorbance at 254
or 247 m,u may correspond to the oxindole product
and not to a first produtct of the reaction, since
absorbance at these wavelengths continuied to
change even after no fturther change in IAA content
could be detected by the Salkowski reaction (7, 14).
In otur enzyme preparations, analysis of the spectral
changes is complicated by iinterference in the colori-
metric (letermination of IAA by Salkowski positive
prodtucts of the reaction. It is evident, however,
that the destruction of IAA resuilts in the formation
of a ntimber of unstable intermediates leading to
a produict that absorbs strongly at 254 and 247 mn.
Althotugh these spectral changes were correlated
with rates of IAA disappearance at steadv state
(with purified IAA oxi(lase), and these changes
cotldI be used to determine rates of the reaction,
simple extrapolation in figuire 5 indicates that the
spectral changes did not level off at the time that
substrate wotuld have become limiting if the reaction
had been carried to completion.

It is interesting to note that reciprocal plots
calcuilatedl from rates obtained at steadly state gave
straight lines only within a relatively narrow range
of substrate concentrations. The fact that a curved
reciprocal plot rather than a straight line was
obtained at concentrations below 0.2 /Amole/ml may
be of considerable significance. Cuirves of this type
may arise from the fact that the active ES complex
contains two substrate molecuiles (2). At relatively
high substrate concentrationis (0.2 to 0.4 /jmole/ml)
the culrve may approximate a straight line, giving
an apparent Michaelis conistant, becauise the (lis-
sociation constant for the second molecuLle mav be
small in relation to other K's. The kinetics are
fturther complicated by the fact that rate inhibition
was obtained at high sbl)strate concentrations, suig-
gesting that 2 suibstrate molecuiles bind to the same
active site (4). S ufficient data are not available
at present to allow an evaluation of the variouis
alternative explanations for nonlinear plots.
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