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ABSTRACT

Tnis paper concerns those systems present In the eplcotyls
of eliclated pea scedlings which inactivate the plant hormone
indole=-3~-acetic acid (I.A.A.). It consists of two sections
which deal with (&) the enzvme system collectively known as
T.8.A. oxidase and (b) a group of dialyzable substances which
sensitize the photodestruction of I.A.A.

I.A.A. oxidase, which behaves as a flavoproteln coupled to
a peroxidase is shown to have a partial cofactor requirement.
Two alternative systems are postulated. The two systems are
differentisted on tne basls ol tneilr resvonse to Mn*+and to
2,p-dichlorophenol (D.C.F.) and by thelr change in relative
concentrations upon exposure of the seedlings to red lignt.
D.C.P, 15 shown to incresase the actlivity of T.4.A. oxidase at
low concentrations. The mechanism of the effect is studled in
detail., Altnough D.C.P. is a powerful inhibitor of catalase,
which Iinnlbits T,A.A. oxldase, it 18 conecluded that the en=-
nancement of I.A.A. oxidase by D.C.P. 1is not due to its inhi~
bition of catslase. Probably D.C.P. is acting similarly to the
native cofactor. D.C.P. increases the in vivo destruction of
I.A.A. by some tissues, not by others. It is suggested as s
useful tool for studying altered I.A.A. level in a tlssue.

The dlalyzate from epicotyl brei contains at least four
components which sensitize the inactivation of I.A.A. in the
light but not in the dark. Blue light is the most effective.
The kinetics of the action of the dialyzate has been studied.

The active material resides principally in the buds.



Preiiminary methods of purification have been explored,
Some possible physiologlical roles of tne I.A.A. oxidase and

the dialyzate have been discussed,
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INTRODUCTION
A. Indole-3-acetic Acid as g iative Plant Hormone

Indole-3~acetic acid (I.A.A.) was first isolated by
Salkowski (1) in 1885 from the products of the putrefaction of
eggwhite and from urine. It was later syntnesized (2, 3).
During tne fractionation of auxins a and b from urine, K8gl,
Haagen-Smit and Erxleben (L) isolated a third substance actlve
in tne Avena test and identifled it as I.A.A. Subsequently
I.A.A. was isolated in pure form from other sources, e. g.

from yeast plasmolysate (5) and from the culture medium of

Rind m

Rnizopus (6). At the time this compound was not consildered Lo

be of importance as a native auxin in nigher plants,

It was next shown by various workers (7, 8, 9) that
several plant tissues glve greatly increased ylelds of auxin
upon alkaline nydrolysis. Tae auxin obtained from tne
alkaline nydrolysis of cornmeal was isolated and identified as
I.A.A. (8, 10). Tne material whicn on hydrolysis yields this
auxin was purifiled from mature corn kernels (10) and shown to
yleld 95% of the total auxin extractable from tne alkali-
treated kernels. The authors referred to this precursocr as a
form of "bound I.A.A." Tne question nas arisen (11) as to
wnether the guxin liberated mignt be an artifact owing to tine
treatment of tryptopnan-ricin proteins with alkaeli. However,
it was pointed out (12) tnat whereas by this treatment, the
maximum yleld from casein, a tryptopnan-rich protein, was

0.001% and from tryptophan itself 0,008% (11), tune yield from
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wnole grains of sugar corn was 0.084%. It was concluded (12,
10) that the auxin liberated from the grain was not derived
from tryptopnan but from a bound form of tne suxin. Wnile tne
fraction isolated from corn (10) may be a chemical progenitor
of I.A.A., tuere is no evidence to show tnat it is a paysiologi~
cal precursor, OUn tne contrary, by following tne concentra-
tion of free I.A.A. and bound I.A.A. during tne development of
the corn endosperm, it was concluded that the bound I.A.A. was
a secondary product formed from free I.A.A. (13).

It is important to know the nature of the free suxins in
growing tissues, but owing to the extremely low concentrations
it is not generslly feasid
Indirect methods have been used, principally molecular weignt
by diffusion, differential destruction in =acid and alkali and
inactivation by lignt (1ly). Tne interpretation of results
obtained by these methods using crude extracts must be treated
with some caution because tne presence of other substances in
the extracts may interfere in tne following wavs. (a) Estima-
tion of the molecular weignt of the auxin of Avena coleop-
tiles by different workers has yielded results which are at
varisnce witn eacu otner (15, 1o, 17); naturally-occurring
innibitors of similar molecular welghts may diffuse with the
auxln 1n the agar plates and produce spurious values in the
bio~assay (17, 18, 19). (b) Treatment of extracts witn alkali
may, in addition to destroying auxin a, release I.A.A. from
water-soluble "precursors" (7, 20). (c) Tnough the destruc-

tion of I.A.A. by acid is used as a method of identification,
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thne reaction is dependent on the presence of oxygen (21), the
partial pressure of whicn is not usually controlled. (d) Al-
though auxin a-lactone and I.A.A. are stable in visible 1light,
the presence of traces ofot- or/g-carotene sensitizes the
pnotodestruction of suxin a-lactone (22), while riboflavin
(23), several otner fluorescent compounds (2l;) and a series
of unknown compounds occurring in etlolated pea eplcotyls
(this paper) sensitize the destruction of I.A.A. by visible
light. Thus careful purification of the extracts and
standardization of tne procedures are prerequisites to tne use
of these Indirect methods. Even so, there may exist in tne
tissues unknown suxins the benaviors of which in these tests
are unpredictable. |

Although earlier workers using the above methods concluded
that the vredominant auxin of various tlissues is auxin a
(15), it now appears that the auxin of certain tissues is
rredominantly I.A.A. e.g. in tne foliage and in crown gall of

tomato (25), in spinach (26), in lacrocystis (27), in radish

(19), in Avena coleoptile tips (17, 28, 29) in tomato stem
tips (30), and in pineaprle leaves (31). It was also shown
(17/) that the distribution of ether-extractable auxin in the
Avens coleoptile paralleled the distribution of an enzyme
which produces auxin (presumed I.A.A.) from tryptophan, and
that the regeneration of the physiologlcal tip of a decapl-
tated coleoptile was accompanlied by an increase in the concen-
tration of this enzyme.

The first dlrect demonstration of the presence of free
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I.A.A. In a fresh plant tissue was made by Hasagen-Smit et al
(32) in 1946. One nundred kg. of corn kernels in the milk
stage (15 days after fertilization) were extracted witn 95%
ethanol. From the extract a crystalline product was isolated
and ildentified as I.A.A. The concentration in the kernels
was calculated to be 2.7 x 10“5 gm. per 1 gm. fresn weight.
Tnis was tne only case thus far recorded of the ilsolation of
free normone from a fresu plant tilssue,

Since tnen a varlety of paysical methods of fractiona=-
tion combined with biological assay for auxin activity has
shown that a major component of the auxin of several plant
tissues behaves as I.A.A. (see table 1l.). Although only in
one case was positive identification made, each of these
fractionation procedures imposes a specificity requirement on
the molecule met by I.A.A. In most cases other auxins were
also present. It may be safely concluded that I.A.A. is an
important free asuxin in hnigher plants.

Recent experiments leading to better understanding of
the relation between structure and activity of the auxins
strengthen this notion. The study (37, 38, 39, 4O) of a
large number of analogs of I.A.A. has revealed the structural
requirements for activity in this series. Kinetic studies (}1)
on the growtn of Avena coleoptile cylinders have confirmed that
compounds in this serles act at the same intracellular site
and that under suitable conditions compounds witn weak auxin
activity (for example 2,3,5-trilodobenzoic scid) act as auxin

antagonists in the presence of I.A.A. It has been shown in



Table 1

Identification of I.A.A. as an auxin of fresh plant tissues.

Author Hef Tissue Fractionation
Method

Holley et al. 21 cabbage leaves counter current distributim

Bennett-Clark 33 etiolated sun- solvent fractionation and
et al. flower seedlings paper chromatograpny
Lueckwill 3Ly unripe asparagus raper chromatograpny
Truits
young broccoli
leaves
Linser 35 germinating chromatography on alumina
cabbage

Haagen-Smit 32 immature malze isolation of pure compound
et al, kernels

van Denffer 36 maize kernels paper electrophoresis after
et al. chromatograpiny on alumina
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several cases that under suitable conditions such compounds
antagonize the effects not oniy of added I.A.A. but also of
the native auxin (42, 43, 4l, L5), suggesting that the native
sauxin nas structural properties in common with tnis experimen-
tal serles and probably is I.A.A. itself,
Three related indole components with growtn activity or

potential growth activity have been ldentified in neutral,

ther soluble fractions of plant extracts, namely indole-3-
acetaldenyde, the etnyl ester of I.A.A. and indole-3-acetoni-
trile. Larsen (Lj©6) extracted from etiolated pea seedlings a
neutral growth substance wnich was converted serobically by
soll organisms or by raw milk containing an active Schardinger
enzyme, into an acld growth substance, which was more active in
the Avena test and which was found to nave tne molecular weight
and acid=~base stabllity characteristics of I.A.A. The neutrsal
compound was therefore tentatively identifled as Indole-3-
acetaldenyde. A simllar preparation from pineapple leaves or
Taraxacum roots was shown (31) to be irreversibly inactivated
by dimedon, which is a specific coupling agent for aldenydes,
and reversibly inactivated by sodium bisulpnite. It also was
oxldized to I.A.A. by soll or by Schardinger enzyme. Indole-3-
acetaldenyde prepared (a) in low yield by degradation of tryp-
tophan with ninhydrin (LO) or (b) by synthesls from indole (47)
showed activity in the éxgggwcurvature (L&) or straight growth
(47) tests, but it was considered (47, 48) that the activity
was principally if not entirely due to tne enzymatic conversion
of the aldenyde to I.A.A. Indole-3-acetaldenyde may be consi-

dered therefore a precursor to I.A.A. (48).



The ethyl ester of I.A.A. was extracted from immature corn
kernels with etnenol, isolated and identified (49). Although
less active in the Avena test tman I.A.A., it is about 100
times as effective in inducing fruit-set in tomatoes.

Jones et al. (50) extracted 500 kg. of cabbage with carbon
tetracnloride and after fractionatlon obtained a crystalline
product which was identified as indole~3-acetonitrile. Tne
compound was also syntnesized. Tne nitrile is more active
than the acid In the straight-growtn Avensa test, approximately
as active in the Avena curvature test and is of variable
relative activity in other tests., It 1s polarly transported
in the Avena coleoptile, =z little more rapldly then I.A.A.

The question arises whether tihne nitrile itself nas activity or
whetnher 1t must first be converted by thne tissue to I.A.A., its
greater actlvity being attributed to a greater rate of penetra-
tion by the unchnarged molecule. The authors incline to the
belief that the nitrlile has activity in its own right because
(a) colsoptile cylinders floated in the nitrile during tne
experimental period accumulated only traces of I.A.A., and (b)
indole-3~acetamide, a likely intermediate in tne nydrolysis

of the nitrile to the acid is itself active in the stralght-
growtn test. ‘Lhese observations do not constitute proof and
the question must be regarded as still open.

Thus we see that the predominant auxin of various tissues
1s elther indole acetic acid itself or a related compound
readily converted into I.A.A. (indole acetaldenyde, ethyl

indoleacetate or indole acetonitrile). Althnough other compounds



wlith nlgn auxin activity nave been isclated from bilological
sources, no auxin other than a substituted indole has so far

been isoclated from fresn plant tissue.
B. Tne Pnysiological Role of I.A.A.

The occurrence of free I.A.A. in growing plant tissues 1is
now well established. Its role in the develorment and
functioning of the plant can best be studled by observing
the effec:s of exogenously applied I.A.A., and by imposing
treatments that will influence the intermal concentration of
tnis auxin. The literature concerning the effects of apnlied
I.A.A. and other auxins is very voluminous (see for example
refs. 51, 52), Lo attempt will be made to survey it nere.
However, certain of the more fundamenbtal effects will be
mentioned.

The action of I.A.A. 1s quite nonspecific. Altnough there
are quantitative differences, by and large higher vlants react
similarly to l.A.A. Applied I.A.A. promotes cell enlargement
(53) and active water uptake (5l), innibits the development of
lateral buds (55, 50), stimulates cambial activity (57),
induces root ovrimordia (15) but ilnuibits root elongatlon (10),
induces development of partnenocarpic fruit (58, 59), delays
abscission of leaves or frult (52), and induces or innibits
the broaking of dormeancy (52). It may be involved in tropisms
(15, 60) and in the induction of flowering (61),

Treatment of soybeans (l;2) with 2,3,5-triiodo benzoic acid

under conditions where it acts as an auxin antagonist produces
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the symptoms of diminished free I.A.A. concentration in tne
tissues, namely shortening of internodes, loss of apical
dominance, premature abscission of apical leaves and buds.

It also greatly éugments the I'lowering response due to
photoperiodic inductlion and can under threshold conditions
induce flowering in plants whicnh would otherwise remain vegeta-
tive (62). Similarly, irradiation with X-rays was found (03,
OL) to destroy I.A.A. in vitro and in vivo, the plants showing
reduced internodal growtn and bolting of the lateral buds.

Zinc deficient tomato plants were found to have a very low
free auxin level (65, 66) and characteristically produce growtn
with very short internodes. Altnough zinc undoubtedly is
concerned with blocnemical processes besides auxin synthesis,
treatment with I.A.A. had a marked effect on restoring thne
lengths of the internodes.

Thus 1t may be seen that elther an increase or a decrease
in the concentratlion of I.A.A. in the plant may produce pro-

found changes 1n 1ts morphogenesis and pnysiology.
Ce Tne Metabolism of I.A.A. in Plant Tissues

Since I.A.A. exerts such a profound influence ovver tne
growth and development of higher plants it is important to
study the factors wnicn may influence its concentration in a

tissue, namely the svstems which produce it and whicn destroy

it.
From isolated Avena coleoptile tips placed onto blocks of

agar for several hours, more auxin can be obtained by diffusion
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than can be extracted from the tips in the first instance by
solvents (07). It seems that the tlvp nas the capacity to synthe-
size auxin from a blologicelly lnactive precursor. The first
suggestion that tryptovhan might be a blological prscursor of
I.A.A. was nade by Thimann (68) who studied the formation of

the auxin by cultures of Khizopus suinus and found a dependence

on the tryptophan content of the medium. Tryptophan in agar
applied unilaterally to an Avena coleoptile produces curvature
but only after 2 to 3 hours' lag, sugzesting that it is being
converted into an active compound (15, 69). Woody stem cuttings
treated at the base with tryptophan produce root primordia in
the same way as when treated witnh I.A.A. (15).

The conversion of L-tryptophan to auxin (identified by
indirect methods as I.A.A.) has now been directly studied in
several higher plant tissues, W#ildman et gl. (70) showed that
discs or breis of splinacn leaves enzymatlcally convert trypto-
phan to a substance active in the Avena curvature test. Tne
process 1s oxldative and is Innlblted by blsulphite and
cyanide. Identification of the intermediates 1is not clear.

If cyanide and bisulphite are acting as keto fixatives, a
carbonyl-containing intermedlate sucn as indole-3-pyruvic acid

or indcle-3~-acetaldehyde 1s suggested:

CH, - CH-Cook N, CH, - Co-COOH
NN, /
NH -

0 NH CH.;COOH

}\ N (X »;
CHy-CH,-NH, CA-cHno

Co, (:Zj«g o__ (:jj4< ’,//6’

NA \’Nu3 i/
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However, neibner discs nor breis of spinach leaves were
able to convert either tryptamine or indole-3~acetaldenyde to
I.A.A. Althougn indole-3-pvruvic acid is converted to I.A.A.
it is not clear from tue data that the process is enzymatically
mediated. Tne activity of tinls enzyme is comparstively very
low,

Gordon and Nieva (31) confirmed the conversion of
tryptophan to I.A.A. by pineapple leaf discs and also reported
that tne discs and an enzyme obtalned from them convert indole=-
3=-pyruvic acid, tryptemine and indole~3-acetaldenyde to I.A.A.
Furthermore, indole-3~ascetaldenyde was detected as an inter-
mediate in the oxidation of indole pyruvic acid and of
tryptanine.

Tne presence of this enzyme system has now been demonstra-
ted in many nizher plant tissues (71). 4t 1s notewortuny that
In cases of zinc deficiency the oroduction of I.A.A. by tne
tomato plant is markedly reduced (65, 66). The cause is in-
direct, zinc being essential for the synthesls of tryptophan
(66). Tnus, even though the free tryptophan content of the
tissue may be 107 times greater than that of I.A.A., T.2.A,.
syntnesis 1s limited by tryptophan concentration.

It has been well known for some time that auxins are
rapldly lnactivated in plant tissues whether used in the growth
process or not (72,73, ‘7). Van Overbeek (7l) noted that
there was reduced loss of the auxin diffused from Avena
coleoptiles into agar blocks if the cut cells were first

cleaned off witn wet filter paper. It was suggested that tine
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diffuslng auxin was partly destroyed by an enzyme liberated
from the cut cells. He observed that the basal reglons of tne
coleoptile destroyed I.A.A. faster than the tips and that the
besal region had a more active peroxidase. He also found
(75) that dwarf corn contains less auxin and has a higher
auxin-destroying activity than normal corn. The peroxidase
activity was also nigher in dwarf corn and 2 causal relatlon
was suggested. The enzymatic nature of the inactlivation vrocess
was first demonstrated by Larsen (/5,77). He found that the
press~julce of Phaseolus seedlings ccntalned a thermolabile
component whicii destroyed the native auxin of Phaseolus, or of
maize kernels, and syntnetic I.A.A. He showed tnat the active
material could be precipitated witn 60% alconol and tnat the
inactlivation reaction required oxygen.

sSubsequently tne enzyme system I.A.A. oxldase was prepared
from etlolated pea epicotyls (78, 79, 80) and characterized.
The properties of this system are reviewed in the sectlon

dealing with tnis enzyme.
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EXPERIMENTAL AND RESULTS

A, General Materials and Methods

Tissue Preparations. Seeds of Plsum sativum, variety Alaska,

were surface-sterilized in a 20% solution of "Purex" for ten
minutes, washed and soaked in tap=-water for two nours. They
were sown in vermiculite in stainless-steel flats and grown
in a total darknes: room at 25° to 202 C. (with occasional
green or blue light of intensity less than one foot-candle)
or in a red room at 26° to 27° C. in continucus 1llumin=ztlon
with orange-red light (Corning filter #3U48) of an intensity
of 0.1 foot-candle.

For the preparation of brels, epicotyls of seedlings
usually six to ten days old were cut with scissors into
approximately an equal weight of ice-cold M/60 phosphate
buffer, pH 0.0, and homogenized for one minute in a cold
Waring blendor. The Julce was strained through muslin and
centrifuged in the cold for fifteen minutes at 20,000 g,

The supernatant was used as "whole cytoplasm," the source of

the enzyme system I.A.A. oxidase, and of the group of dialyzable
substances to be described which photoinactivate indole-3-acetic
acld.

Several large batches of whole cytoplasm were prepared by
grinding epicotyls in water in an Eppenbacn collold mill atb
0° C. (five g. fresn tissue per ml. water) during which process
the pH remained at approximately 6.5. The use of buffers was

avoided in preparations to be lyophilized where the high salt
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concentration would result in protein losses. The debris was
separated in a basket centrifuge and the jJuice centrifuged for
fifteen minutes at 20,000 g. The supernatant was then reduced
to dryness from the frozen state in vacuo, using tne lyophil
apperatus of Campbell and Pressman (81) and stored in a brown
bottle at 0° C. over phosphorus pentoxide. As required, the
lyophilized whole cytoplasm was dissolved in i/15 phosphate
buffer, pH 0.0.

Growtn Experiments. For growth experiments pesa seedlings were

grown in total darkness at 25% to 26° C. or in continuous red
licht at 26° to 27° C, according to the requirements of the
experiment. Epicotyls were selected six to seven days after
sowing 8o that the third internodes were one to one and a half
inches long. Following the method of Galston and Hand (82),
tne apical bud was broken off at the crook, the eplcotyls
Inserted into the guillotine cutter, the distal 3 mm removed
and the subjacent 5 mm sections were cut, washed ir distilled
water, randomized and used in the growth test. A single
section was cut from each plant because in preliminary experi=-
ments when two sections were used a bimodal frequency distribu-
tion curve for responsiveness to growtn-substances resulted.
Test solutions contained 2% sucrose, /150 phosphate buffer

pH 6.6, growth substance and other addenda as stated.
Approximately 20 sections were placed in eacn flask containing
10 mls. of solution and incubated in total darkness or red
light at constant temverature, or eignt inches beneath a bank

of three white fluorescent lights while fanned witn temperature-
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condltloned laboratory alr, according to the requirements of
the experiment. Finel lengths of tne sections were measured
after a growtn period of eight to twelve hours over which time
the growth rate 1s sensibly linear (82). 4 dissecting
microscope with an ocular micrometer was used to measure the
section lengths.

Determination of Indole-~3-Acetic Acid. The reaction velocities

were determined, in most cases by measuring the rates of
~ dissppearance of indoleacetic acid (I.A.A.), using Tang and
Bonner's (78) modification of Salkowski's (1) colorimetriec
method. Routinely, four volumes of the reagent:

15 mls. 0.5 M Fe 013

500 mls. distilled water

300 mls., HQSOA, S.Go 1.84
were added to the aqueous solution containing I.A.A. and the
Intensity of the red color measured on the Klett-Summerson
photoelectric colorimeter using the 5LO mfbfilter and setting
zero with a mixture of four volumes reagent to one volume water.
The color is not stable, rapidly developing to a maximum
intensity and then slowly fading. ©Not only the rate of
development and fading but the maximum intensity reachned
depend upon the room tempersature, as shown in figure 1. These
data were obtained by temperature-equilibrating 2 mls. of 2.5
x 1074N T.A.A. and 8 mis. Salkowski reagent at each of the
temperatures shown, mixing at zero time and following the rates

of color development in the colorimeter, replacing the tubes

in the thermostat between readings. In routine determinations,
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the photoabsorption was measured when it was judged, from tne
room temperacure and the relationships shown in figure 1, that
the intensity of the color had reached 1ts maximum plateau. In
every batch a measured time interval elapsed between adding the
reagent and reading the color of each sample. Several standards
were always included 1n eacnh batch, Optlcal density corrections
were always made for the breil and any absorbing addendum. lany
oxidizing or reducing agents Interfere in the Salkowskl reac-
tion. where the interference is slight, sultable corrections
may be made by including the substance into a series of stan-
dards, but where the interference is serious 1t is not quanti-
tatlvely rellable to make the correction.

Beor's Law holds up to I.A.A. concentrations above 2.5 x
107l i, where the standard deviation of a determination 1s
approximately 1.5% of the mean.

Measurement of Reaction Veloclty. Except wnere specifically

stated, the measurement of the activity of I.A.A. oxldase or
of the dialyzate was carrled out in tne standardized reaction
system in © x 1 inch test tubes:

0.5 ml. 1i/15 phosphate buffer, pH = 0.6

0.5 ml. 1073 1 I.A.A.

& limiting concentration of enzyme, or dialyzate

addenda
distilled water to a total volume of 2.0 ml.

The I.A.A. was pdded et zero time. All solutions were satura-
ted with air and since it was tound (83) that shaking the tubes

in an inclined position did not enhance the rate, oxygen was



not limiting in this system. IKor dark experiments the mixtures
were incubated in a temperature-controlled darkroom eguipped
with a fan, manipulations being carried out in weak (less than
1 f. c.) orange-red licht (Corning #3u8), to which tne enzyme
is relatively insensitive (8Li). For 1lizht experiments 6 x 1
inch test tubes were selected for uniformity before loading.
Up to ten tubes were placed in an aluminum-painted rack vwh ich
was mounted in s fixed and reproducible position with respect
to a LU watt G.E. "4500" white fluorescent lamp. The solu-~
tions were aporoximately 2.5 c¢cm from tne surface of the lamp
and received spproximately (U0 foot candles. Tne light
intensity at the surface of the fluorescent tube was very
uniform to witnin eight inches of each end. A fan was used

to clrculate temperature-conditlioned laboratory air over thne
tubes to malntaln unlform temverature. Temperatures of tnhe
solutions during a thirtv minute run did not vary by more

tnan ¥ ©.1°C.

Fluorescent
Tube

Fan- —

Reaction
Mixture.
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Using thls system good reproduclbility was obtained. For
example, ten tubes were each loaded witn 1.0 ml. /15
phospnate buffer, »H 0.6, U.5 ml. wnole pea epicotyl brei
dialyzate, to be described later, and which photo-destroys I.A.A.
and, at zero time, 0.5 ml. 1073M I.A.A. Tubes were Iincubated
in the light at 259 C. for 25 minutes, then 8 mls. Salkowski
reagent added and residual I.A.A. determined. Tne values for
I.A.A. disappeared were 51.5, 5L.0, 5L.9, 55,8, 55.3, 5h.2,
54.0, 55.9, 55.9, 51.5 Pr,';/l, giving a mean of SA.3U}4M/1 and
standard deviation of 1.09/1M/l or 3.12%. In routine experi-
ments the two end positions in the racks were avoided, where
possible, and when tne values for tnese tubes are omitted, the
mean is 55,00 pli/1 and the standard deviation O.B&/mM/l or
1.53%.

The reaction was permitted to proceed for a length of
time during which tne reaction velocity was found by previous
trial (figure 1) to be constant (usually twenty to thirty
minutes), at the end of which 8 mls. Salkowski reagent were

pipetted in, well mixed and residual I.A,A. determined.
B. I.A.A. Oxidase

Reiteration of known rroperties of the Enzyme. In 1947 Tang

and Bonner (75) first described an enzyme system)from the
epicotyls of etiolated peas, which oxlidizes and destroys tne
biological activity of I.A.A. They studied the kinetics of
the system, found the phl optimum to be 0.0 to 0,7 and the

nalf-maximum substrate concentratlion to be 25 mg/1 I.A.A.
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This corresponds to an apvrarocont Michaclis constant of 1.l =x
10'Q i under these experimental condicions, One mole of 02

is consumed and one mole of CO2 1s produced ver mole of I.A.A.
disappeared (determined with the Salkowski reagent) and it is
stated that tne indole nucleus remains uncleaved (as deter-
mined witn the Hopkins-Cole reagent). It was concluded tnat
only the sidechain is attacked, the product being non-acidic
carbmyl-containing and ether soluble, presumably indole-3-
aldenyde (78, 80). Indole-3-aldenhyde has not been positively
identified by isolation or other means, and as far as the
writer is aware there has been no extensive study as to the
speclficity of the Hopkins-Cole reagent for the indole
nucleus. However, if it may be tentatively assumed that only
the sldechain is oxidized, resulting in the formation of indole-

3=-aldehyde, 1t may be consldered as a working nypothesis that

there are three reactions involved, probably

CH,'COOH CHOH -COOH
————p <; EE—
(:I::§ NH

indole~3~-ecetic ecid. indole~3-glycolic ecid.
C0.CO0N CHO
————3
indcle-3-glyoxylic acid. indcle~%-aldehyde.

No identification of intermedistes has been made.
The enzyme is inhibited by low concentrations of cyanide.

Subsequently it was demonstrated (80, 85) that the enzyme was
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glso strongly innibited by azide, sulfide, hydrcxylamine and a
varlety of chelating agents. Thnls suggested that the enzyme
depended for its activity on a neavy metal. To distinguish

a possible iron enzyme from a copper enzyme Tang and Bonner
(78) tested for photoreversibility of carbon monoxide inhibi-
tion and reported a positive result. However Wagenknecht

and Burris (80) were unable to obtain a carbon monoxide
inhibition and, as they point out, the first experlment was
carried out witn oxidation in air as a control for comparing
the rate of oxidation {n 95% carbon monoxide + 5% oxygen. In
tnis range a marked response is obtained to the partial pressure
of oxygen, so tnat the "innibltion" was probably due to reduced
oxygen tension. The "photoreversal" is explainable by the
subsequent discovery (86) that the uninhibited I.A.A. oxidase
is itigut-activated. Wagenknechnt and Burris (80), on thne

basis of innibitions obtained with sodium diethyldithiocarba-
mate, potassium ethyl xanthate and thlourea suggest that thne
metal assocliated with the enzyme 1s copper. However, at pH
0.5 the actions of these chelating agents are not specific
enough to make a definite conclusion (B7).

Tang and Bonner (79) described an incresase in activity
upon dialysis of the crude brel or upon precipltating of the
enzyme witin [O% acetone and redissolving in buffer. A neat-
stable non-competitive innibltor which combines reversibly with
the enzyme was found in the whole brei, ZIZIxposure of thne
etlolated pea seedlings to small doses of light produces a

rapld increase in the concentration of innibitor. It is
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particulariy abundant in green leaves. The dlstribution of
the enzyme in other tissues was studied. Even after acetone
preciplitation, little or no activity could be found in green
leaves although activity was found in roots of some green
plants (79, 80). Galston and Baker (86) subsequently were
able to demonstrate strong activity in breis from the green
leaves of peas after preclipltating the enzyme several times
with acetone. In the present work it is shown that discs of
green leaves which glve inactive brels are very active in
destroying I.A.A., whicn suggests that in the tissue the
inhibiﬁor is spatially separated from the enzyme.

1t has been demonstrated that catalase strongly inhibits
the oxldation of I.A.A. by the pea enzyme (88, 89) and that
gualacol, a peroxldase substrate, gives an inhibltion which
is competlitive by Lhwe Llneweaver-Burk treatment (101). It
has been concluded tnat a peroxide-peroxidase system is
involved in the oxidation of I.A.A. A strong activation of
the enzyme by light nhas been observed (8ly, 80). The action
spectrum for this process was determined on clear, concentrated
whole pea eplcotyl brei (8l) and found to be very similar to
tnat for the photooxidation of I.A.A. by free riboflavin (8l),
previously described (23) and to the visible absorption spectrum
for riboflavin. The brei is light-activated after dialysis
but tne neated dialyzed breil no longer has any activity in the
lignt (90), suggesting that the photoreceptor for the enhanced
oxldation of I.A.A. is a non-dialyzable, nheat labile substance

wlth a flavin absorption spectrum, i.e., a flavoprotein.
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The increased destruction of I.A.A. in light is thought
to be due to the accelerated activity of a peroxide-producing
system. This is suggested because nydrogen peroxide 1s known
to arise from molecular oxygen oy svecific flavoorotein oxidases
Also, pigment-sensitized photo-oxidations are frequently
attributed to the Intermediate iformation of aydrogen neroxide
(91). Since the oxidation of I.A.A. gnpears to be peroxida-
tive in nature, with HpO, frequently rate-limiting (88, 92),
the stimulation of an HoOp-producing system by light should
result in a greater rate of disappcarance of I.A.A. Thils
notion 1s strengthened by the observations (92, 85) that the
inhibition of catalase is reversed by light. Table 2 re-
produced from reference (92) shows this result., Thus, as a
working hypothesis, the enzyme system is envisioned (88, 90,
92) as consisting of two coupled successive oxldations, one s
light-activated flavine oxidase producing H50o and tne otner a
peroxidase utilizing the Hp0, produced bv the flavine enzyme.

It would ampear that I.A.A, itself or a primary oxida-
tion product of I.A.A. must be the substrate for the flavine
oxidation for the following reasons. (a) Exhaustively dialyzed
or acetone preciplitated enzymes actively destroy I.A.A. but
are devoid of flavine oxldase substrates such as xanthine,
amino aclids, etc., which could serve for the production of
Hpy05. (b) If the peroxlde aroso from oxidation of an exXoZenous
substrate, then two moles of oxygen would be consumed per mole
of I.A.A. oxidlzed. For example, if the prosthetic group of

the flavin oxldase were flavin-adenine dinucleotide (FAD),
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Table 2

Reversal of the Catelase Inhibition of I.A.A.-oxidase by Light

-—

mls 1:100 catalase I.A.A. destroyed, &ml
per L ml reaction

mixture dark light

0 12.7 17.3

0.1 101 16,2

0.3 o3 16.1

1.0 0 12.3

1.6 0 9.5

Reaction mixtures contalned 2.0 ml acetone=-precipltated I.A.A.
oxidase in buffer, 0.4 ml stock I.A.A. (250 ¥/ml) and water
to a total volume of 4.0 ml. "Light" was provided by

approximately 300 f.-c. of "daylight" fluorescent illuminstion.
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and the end-product of the oxldation indole-3-aldenyde

KHp + FAD --# FAD, H, + X
FAD.Hy + Cp =--+ FAD + Hp20»

2 H202 + I.A.A. =--¥ indole-3-aldenyde + COp 4 2 Hy0
whereas in fact one mole of oxygen 1s ceonsumed and one mole of
carbon dioxide produced per mole of I.A.A. oxlidized (78).

(¢) In this in vitro syster, total destruction of I.A.A. is
not attained, as would be expected 1f H,02 formed in one
reaction were quantitatively required for tne second. Two
coupled oxldations involving one mole of oxygen are
tentatively formulated (88, 90, 92).

flavin indole~-glycolic
(1) TIT.a.A.+ O ——o—y acid S~ peroxidase  lndole

enzyme + > glyoxylic
Ho0p — acld

|

indole-3-
aldenyde
+CC)2

or

peroxidase flavin
(2) I.A.8.+ HZ09 » indole glycolic indole
acid enzyme glyoxylic
+Hs0 acid
+ Hy05

02

indole=3~-
aldenyde
‘*‘COZ

The activity of the enzyme system is increased by the

addition of low concentrations of Hy05 in the dark, or by the
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addition of crystalline horseradish peroxidase in the lignt
(92). Tnis indicates thst Hp0p limlts the reaction in the
dark; in the light, H202 production is increased and per-
oxidase becomes limiting. The I.A.A. oxidase system can
be imlitated by coupling the Hy0p produced from the oxidation
of hypoxanthine by tne flavine enzyme xantnine oxidase, to
crystalline horseradish root peroxidase.

Some fracticnation of the system has been made (92), the
separate fractions having little activity but the reconstituted
system having abundant activity. The fractions are referred

to as"peroxidase,"

which hes activity towerd the conventional
peroxidase substrates, an "apoenzyme" precipitated in 0,22
saturated ammonlum sulphate at pH 2.5 and whicih has no per-
oxidase sactivity, end a "coenzyme" split from the "apoenzyme"

by acid treatment according to the metnod applied to
flavoproteins by Warburg and Christian (93). The denzyme"
showed some of the solubllity properties of flavine and appeared

to contain significant quantitles of rlbolflavin by the

Lactobacillus caseil assay.

There are in the literature four other examples in which
coupled oxlidase-peroxidase reactions cerry out successive
steps in the oxidation of the same substrate. (a) Dihydroxymaleic
acld oxidase (9L), which is identical with peroxidase, and
which catalyzes the coupled reactions:
dihydroxymaleic acid + Fettt peroxldase — >
diketosuccinic acid + Fe' peroxidase

+t +4+ .
Fe peroxidase + 0o ——Fe peroxidase + HpO2
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+
Ho0p + dihydroxymalelc acid + Fe++ peroxidase —>
diketosuccinic acid + Fe+++ peroxidase
(b) The coupled tryptophan peroxidase-oxldase system of rabblt

1iver (9$5) whicn 1s provisionally formulated:

tryptophan + Hp05 peroxidase> (2=nydroxytryptophan)
02
oxldase
Hy0p + formyl kyneurenine.
(c) Keilin and Hartree (90) have described a similar coupling,
through perocxide, of two steps in the oxldation of ethanol.
In their system, catalase catalyzes the oxidation of ethanol
to acetaldenyde by means of peroxide generated in the further
oxidation of acetaldehyde catalyzed by xanthine oxidase.
(d) The glycolic acid oxidase of plants (97) which has been
shown to contain riboflavin phosphate, catalyzes the oxidation
by molecular oxygen of glvcollc acid or lactic acid to glyoxylic
or pyruvic acid respectively, with the formation of hydrogen
peroxide. The peroxide then oxidizes the glvoxylic or
pyruvic acids nonenzymatically to formic or acetic aclds and
carbon dloxide,
It is clear tnat while a good deal 1s now known about
tne T.A.A. oxldase system, the complexities of its structure
and mechanism are not well understood. This section of the
present raper deals wltn some studles which attempt to analyze
furtiner the nature of the system.

The Effect of Dialysis. Previous workers (79, 86) nave
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observed that dialysis of whole brel of red-grown nea epicotyls
produces a marked increase in activity. Acetone precipita-
tion of tne enzyme similarly had a salutory effect. Tnis was
attributed to the removal of a naturally-occurring inhibitor.
The enzyme was stated to nave no cofactor requirement (78).
Wagenknecnt and Burris (80), however, observed that dialysis
of whole brei from bean roots or etiolated peca epicotyls led
to a one-third loss of activity. Tne activity was restored
by edding 1073 i manganese. The ash of whole brel was inactive
in restoring the activity and the dialysate was not tested.
In the present study, 1t was found that the exhaustive
dialysis of crude breis leads to partial though not complete
loss of the enzymatic activity, the activity being restored
when the dialysate 1s concentrated and added back. ZEpicotyls
of 8-day dark-grown peas were blended in half their welght
of cold K/O0 pnospnate buffer, pH 6.6, strained thnrough
muslin and centrifuged. 10 ml. crude brei were placed in a
cellopnane bag and dialyzed in thne cold for 16 hours against
1000 ml. /1000 phosphate buffer pH 6.06. Tne volume of the
dialyzed brei was measured and an aliquot of the undialyzed
brei adjusted to the same dilution. Tne dialysate was frozen
and evaporated under high vacuum to the same volume. The
abllity to destroy I.A.A. in the dark was now tested for the
wnole brel, the dialyzed brei, and the dialyzed brei plus an
equlvalent volume of concentrated dlalysate. Figure 2 shows
that about 70k of the actlvity 1s lost on dialysis but is

restored when the dialysate is added back,
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The fractional loss of activity on dialysis is greater
in dark-grown peas than in red-grown peas and less in old
red-grown peas than in young red-grown peas. It seems tnat in
addition to the inhibitor tnere is also present a dialyzable
cofactor. whether dialysis leads to an increase or a decrease
in activity presumably depends on the relative concentrations

of these two materials.,

The Effect of Enzyme Concentration. winen initial rates are
rmeasured, the relatlon between activity and enzyme concentra-
tion is linear at moderately low concentrations (78, 80, U3).
After prolonged incubation, however, this is no longer true.
Figure 3 shows progress curves for three concentrstions esach

of dialyzed and whole brels from red-grown seedlings. In both}
cases the nigher the enzyme concentration, the higher is the
initial rate. The rate of decrease in veloecity is much faster
nowever 1n the case of nigher enzyme concentrations so that

in time the total amounts of I.A.A. destroyed are in inverse
order to tne initial rates. lThere are two likely explanations
for this effect. (a) Since peroxide is produced during the
oxidation of I.A.A. and since traces of teroxide are frequently
observed to destroy the activity of enzymes (90), it may be
that the initial nignh activity produces veroxide in amounts more
damaging to the enzyme than in the case when bthne initial
activity is low. (b) If, as indicated in the rcaction scheme
proposed earlier, peroxides formed in one reaction are coupled

to the second oxldation step, any subversion of the neroxide to
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other reactions would reduce stoichiometrically the final

smount of I.A.A. whicn will be destroyed. If H,0p 1s produced
at a greater rate initially, it may be that fractionally more

is lost to other reactions (e.g., catalase, or interaction with
the protein present) than when the reaction rate is lower. No
similar data are avallable for other oxidase-peroxidase systems.
This result points up the need to define the nature of the
progress curve before reaction rates are measured.

The Effect of llanganese. Wagenknecht and Burris (80) report

tnat the Mn** ion at concentrations from 0.0005 M to 0.001 kK
increased the oxygen uptake of crude or salt=-fractionated bean-~
root enzyme. with the pea epicotyl enzyme, the effect was
variable nowever. Galston and Baker (86) have obtainea strong
inhibitions of an acetone-precipitated enzyme from pea epilcotyls
by low concentratlons of manganese. The reduced activity

was partlally overcome by blue light., Experiences of others
(83, 98) nave found little consistency in tine behavior of
manganese.,

An attempt was made to reconcile these divergent experi-
ences., It was consistently found, as shown in figure l, that
at concentrations between 10~© and 10-3 i, manganese inhlblted
the activity of undialyzed brei but promoted the activity of
dialyzed brei. Above 10-3 M, manganese also innibits dialyzed
enzyme. No exXplanation can be offered at present for the
enhancement. Altnough 1t was not evident in the present studies
Galston and Baker (80) report tnat the mangenese innivition is

reversible by blue light. Since light promotes the production
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of peroxide it nas been suggesbted (806) tnat tne innlbltion by
manganese may be due to the catalase-like activity of this ion
in the vresence of reroxidase and a trace of a peroxidase-
substratc, as described by Kenten and Mann (99).

Ihe Possibility of Two Parallel Systems. From its benavior

toward various specific inhibitors and to light, and from
fractionation experiments, it is now clear that the I.A.A.
oxidase consists of a complex of enzymes. There are in
addition certain aspects of the benavior of this complex which
suggest that for 2t least 2 portion of the reaction chain,

two or more enzymes act in parallel. Tne observations leading
to this interpretation are presented below,

As described in an earlier section, dialysis removes a
cofactor from the system. However, exhaustive dialysis falls
to remove more than 00 to 90% of the activity. Workers who nawe
used acetone-precipitation (79, 33, 20, 92) or ammonium sul-
phate precipitation (80) nave prepared an active enzyme yet
have presumably removed the dialyzable cofactor since neither
of tnese procedures precipitates the cofactor out of the
dialysate. Two explanations seem possible. (a) If the co-
factor, e.g. a nydrogen carrler, exlsts 1n two forms, one may
be dialyzacle and the other firmly bound to the enzyme as in
the case of the diphosphopyridine nucleotide of crystalline
muscle phosphoglyceraldehyde denydrogenase (100), Tuis
possibility seems unlikely however because in a large number
of experiments, dialyzed brel from red-grown plants were always

found to nave a greater residual activity than did diaslyzed
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brei from dark-grown plants. If only cne form of tne co=-
factor is removed by dialysis the residual activity should
depend only on the relative pronortions of t he two forms of
the cofactor at the time of dialysis. (b) Tnere may be two
enzymatic processes contribating to the destruction of I.A.A.,
one cofactor-dependent, the other without a cofactor requlire-
ment. They may be envisioned ss performing the same reaction,
or competing reactions, each acting eitner on I.A.A. or on a
degradation ~roduct of it,.

Otner observations seem to lend suprort to the second
alternative. Figure lL shows tne differential effect of
manganous ions on dlalyzed and undialyzed breis, As far as
the concentration range of manganese has been tsken, the activ-
ity of manganese-stimulated diaslyzed brel never exceeds the
residual activity of the combined manganese-inhibited plus
manganese-stimulated whole brel, but aporoaches it. Apparently,
while ¥n*? stimulates the non-dissociable enzyme at low con-
centrations, 1t inhibits the cofactor-dependent enzyme.

As described in a later section, 2,l1-dichloropnenol (D.C.P.)
produces a marked stimulation of the activity of I.A.A. oxidase
(figure ©0). ihile the mechanism of tnis effect 1s by no means
clear, certaln observations are vnertinent to tnis discussion.
Although the residual activity of dialyzed brei may be a snall
fraction of tne activity of whole brei, the final elsvated
activities in the presence of D.C.F. are aprroximately the
same whether the brel 1s dilalyzed or undialyzed (figure 15).

nis suggests that D.C.P. is substituting in some way for the
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natural cofactor but in a more effective manner. The facts
that brei from dark-grown plants undergoes greater relatlve
loss of activity upon dialysis than does brel from red-grown
plants (figure 15, etc.) and that breil from dark-grown plants
is relatively more enhanceable by D.C.P. than is brei from red-
grown plants (figure 9) lends some suprort to this notion. Thus
the D.C.P. effect seems to be another differential response
distinguishing between the cofactor-dependent and the cofactor-
independent activitilies of the breil,

The most reasonaivle interpretation of these data seems
to be that there are alternative enzymatic mechanisms con-
tributing to the destruction of I.A.A. Eoth mechanisms nowever
must be dependent upon the activity of a neroxldase since it
is possible to produce total inhibition of the system by
catalase (88) or by low concentrations of cyanide (78).

Tne Effect of 2,4-dichlorophenol. It was earlier reported

(102) and confirmed (89) that 2,L-dichlorophenoxyacetic acid
(2,1=-D) enhances the activity of I.A.A. oxldase. Subsequently
in a cooperative work with Dr. k. L. Weintraub and Dr. A. W.
Galston it was found that not all samples of 2,l;-D have tnis
effect but that 2,h-dichlorophenol (D.C.P.), the most probable
contaminant, gave a marked enhancement at concentratlions as
low as 107! to lO'Sm (see flgure O). Although active samples
of 2,l1-D had previously been recrystallized to constant
melting point from hot water and from aqueous alconol and

sub jected to potentiometric titration, U.V. spectrophnotometry

and polarograpnic examination, no D.C.P. was detected. When
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the enzyme, I.A.A. oxlidase, was used to estimate the D.C.P.~-
like activity 1in a 2,h-D sample previously reported to produce
enhanced activity (89), approximately 0.15% (mole/mole) was
found. Oubsequent analysls wltn the reagent of Folin and
Ciocalteau (103) gave a value of 0.3% (mole/mole) assuming

all the pnenol present to be 2,lj-dichlorophenol. Less than
0.02% D.C.Y. was found in the inective 2,L-D samples. Tnis
implicates D.C.P. circumstantially as tne compound responsible
for the reported increase in activity.

The effect nas been studied in detail since this com-
pound might be a useful tool 1n cbtaining information on the
structure and mechanism of the I.A.A. oxidase system.

(a) Progress Curve,

Figure 5 shows progress curves for I.A.A. oxidase incubated
in tne dark with and without D.C.P. There is no obvious qualite~
tive difference in the time courses of reaction-rate change
between the two curves. This is also borne out in figure 7

No loss of I.A.A. due to D.C.F. occurs in the absence of
enzyme or in the presence of boiled enzyme. Thus the enhance-
ment is enzymatically mediated. When D.C.P, was preincubated
with whole vea epicotyl brei before adding I.A.A. immedlately
followed by Salkowskl reagent, thnere was no loss of I.A.A.

This shows that the effect 1s not due to the nonenzymatic actim
of any product of the independent action of the brei on tne
D.C.P., elther by destruction of tne I.A.A. or by interference

in the Salkowskl reaction.
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(b} The Effect of D.C.P. Concentration

Figure © shows that the greatest increase in activity
occurs in the reglon 2 to 3 x 10‘5M D.C.P. Although the
sensitivities of various enzyme preparations differ (e.z.
according to previous exposure of the plants to licht) tne
optima always occur at this concentration. Appreciable enhance-
ment 1s measursble at lO"YM. At concentrations above 3 x
IO’SM the stimulation diminishes and above 2 x 10’hm strong
innibitlon occurs. Haximum increases 1in activity from 20%
to 1200% have been observed, devending on the enzyme preparsa-
tion and concentration conditions.

(c) Tne Effect of D.C.P. on Gas Exchange

The D.C.P.~enhanced destruction of I.A.A. by I.A.A.-
oxldase has been followed manometrically. Warburg flasks were
loaded witn 1.0 ml. dielyzed brei from 6-day dark-grown pea
epicotyls (sidearm), 0.5 ml. §/15 phosphate buffer pH 6.6,
2,0 ml. 10728 I.A.A. where stated, 0.5 ml. 2 x 107%u D.C.P.
where stated and water to a total volume of ;.0 ml. 4 dupli-
cate series contained KOH in the center wells. Brei was
tipped in at zero time. Filgure 7 shows that although this
- concentration (2.5 x 10751) of D.C.P. nad no effect on tue
endogenous oxygen uptake, that due to the oxidation of I.A.A.
1s increased rivefold by tne presence of D.C.P. Carbon
dloxide evolution was measured simultaneously making correction
for retention by tne method of Jomnnson(104). A corresponding

inorease due to D.C.P. was obscrved. The R.Q. (0.87) was not

significantly different from that for the basal oxidation of



g

M/1/30 minutes,

TAA DESTROYED, pm

VOLLE GURCENTRATICH CF BACTIVEY 2,4-D.

10 1077 10
lf}r“‘ ¥ 1 I

1000

56 -

O = LCF.
X g ”ﬁG’I’lV‘}I“ 2,4-3

CALUULLISD CUUCEIZTRATICN

C¥F LCP IN T.E M"ACTIVE®
2,4-D = C.19% (zolefmole).

0 1 ! i 1 1
C o7 1576 1077 10-4 1c->

JOLAER CUICEITRATICH CF DOP.

The efiect of ICOF concentrstion on zctivetion of Iis
oxidsse end ensymstic assay for LGP in zn "ective® cumrle
ot 2, 4=, Whole brei from 7-dey cark-grown pe. ericotyls,
Iniciel 1AL concentrotion = 250/»?%. Incubeted %0 ninutes
in derk st 25.89C.



OXYGEN UPTAKE, ml.

160

100

40

20

=t ] -

TI¥E, MINUTES,

The effect of 2,4-dichlorcrnencl on the enzymetic oxidstion of
IAA by dielyzed pes epicotyl brei. Temverature = 30,.0°C,

- & 1537};2.6 ?o /
a
/o}/ dialyzed brei, O z2lcone =
‘ Awith 2.5 » 1074
- OF,
i i 1 i i i {
0 26 40 &0 80 100 120 140 160 180 20C 220



- L2 -

I.A.A. (0.83) but owing to tne large correction for COp re=-
tention at pH 0.0l and the high endogenous gas exchange no
precise significance is attached to tunese values.

(d) Tne Effect of Enzyme Concentration

Figure 8 shows tnat the greatest relative increase in
activity occurs at tne lowest enzyme concentrations. Brel
prepared from plants grown 1ln complete darkness 1s markedly
more ennamgesole tnan that prepered from plants grown in weak
red light. Tnis 1s not merely due to the nigher basai activity
of brel from red-grown plants but sppears to be an intrinsic
difference between the two preparations, If the plot is
made of the ratio of the activities in the presence and al sence
of 3 x lO’SM D.C.P. against the basal activity, the enzvme
from dark-grown peas shows itself to be substantlially the
more enhanceable (figure 9).

(e) Possible liechanisms of Action

From figure 7 it may be calculated that in 212 minutes
the presence of 25/&M/1 D.C.r. evoked an extra destruction of
875,LM/1 I.A.A. 1t is therefore not acting in a stoichiometric
fashion (e. g. by removal of reaction product). Exogenous
substances whicn ircreese the activity of a biological system
catalytically are generally considered to act in one of the
following ways.

(1) to act as an oxidation-reduction carrier,

(2) to reverse a naturally-occurring inhibition,

(3) to revlace, with greater activity, a structurally-

related naturelly-occurring cofactor,



IAA DESTROYED, wM/1 in 30 minutes,
b
8

Red~gro§n
¥Z x 107K ICE.

(I

O
/// Derk-zrown

e
+% % 10771

563 N
ed-zrown.
5
&
L3 /,4..,»‘.
Dark-grown,

('3
®
LY
A

L]
L | ! | ! i

0 0.2 0.4 0.6 C.8 1.0

CCHCZITRATICN CF BREI, ml/2.0 wl.
The effect of brei concentration on the enhenceebility of its
104 ‘oxidese activity by 2 = 107 DCP. Eizht-dzy red-grown and
derk-gzrown pea epicotyls blended in s=ell volume J1/60 phicsphate
obuffer pli 6.6, Trichlorscetic ecid precipiteble msterial - 5,58
ag/al. for red-grown brei and 4.C€ mg/uwl. for derk-grown brei.
Asseyed in derk st 25.506. initiel IAA conceniration = 250/»2&.



wdidfm

Figure

o

”

£

CUHOENTIATION OF bL2YEZ, 21/2.0 =1,
50 .2 0.4 C.6 0.8 1.0
I T T T T
L4i- o
(2)
Praf D
gkg bl PY
41
i
< (4)
B
<
o
B2
b
&
)
<5
1
o | | i i
o 5C 100 150 200

3A8AL ACTIVITY, s M/1 in %0 minutes.

i

LCP enhsncement as & functicn of enzyme concentretions snd bsssl

ectivities for red- snd derk- - rown ncse.

of figure 2270,

Curve (1) refers
Curve (2) refsrs
Gurve (3] refers
Curve (4) refers

to
to
to
to

enzyme
enzy.

enzyme
enzyme

from
from
from
from

Jeloulrted from deats

E1 .
1E8

red-zrown epicotyls (upper chscicse).
derk-zrown e:licotyls (urper cbscisse).
red-zrown epicotyls (lower szbscisse).

dark-grown evicotyls (lower ebscissa).



- 15 -

(L) to interact directly with an enzyme, in some way
increasing its activity.
These possibilities will be treated in order.

As will be described in a later section a large series
of compounds related to D.C.P. gives accelerated I.A.A. oxldase
activity. Of these scme of the most effective, e. g. 2,L,6~
trichlorophenol, are incapable of reversible oxidation and so
could not act as hvdrogen carriers.

Since the D.C.FP. effect 1s not lost upon dialysis of the
brel, if the action is through reversing a naturally-
occurring innibition, the inhibitor must be nondialyzable.

Heversal of the Catalase Inhibition by D.C.F,. It has previous-

1y been revorted (88) and confirmed (92) that catalase strongly
inhibits T.A.4. oxidase., It is known that crude and acetone-
precipltated I.A.A.-oxldase preparations contaln catalase.
Further, 1t was shown that an impure 2,li-D sample showing
stimilatory activity reversed the catalase inhibition and was
somewhat inhlblitory both to sheep liver catalase and to pes
epicotyl catalase (1li). Thnis suggested that the lncreased
activity of the I.A.A. oxidase may be due to the inhibition

of the endogenous catalase by D.C.P.

Figure 2, ref. (88) shows that the inhibitory effect of
added catslese on l.A.A. oxldase 18 counteracted by D.C.P.,
the effect being greatest, percentagewise, at highest
catalase concentrations where peroxide would be strongly
rate~limiting. D.¢.P. 1is able to restore activity even when

this activity would otherwise be totally inhibited by catalase.
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This suggests that D.C.P. 1s acting in some way to make
vercxide more available to the T.A.A. oxidase system, e.g.,
by inhibiting the catalase or by stimulating the veroxide-
producing reaction. A series of experiments were therefore
run to determine whether D.C.P, had any effect on catalase
or on analogs of the components of the I.A.A. oxidase system.
The effect ol D.C.F. on I.A.A. oxidase in thne presence
of cyanide 1is shown in figure 10. At concentrations of
cyenlide which completely inhibit the enzyme (10'3M), D.C.P.
fails to produce an increase in activity. (Il may be recalled
that when I.A.A. cxidase 1is totally innhibited by catalase,
D.C.F. restores substantial activity). This would indicate
that although the D.C.P. ennhsncement is not limited by the
peroxldase at low cyanide concentrations, it is limited at
higher cyanide concentrations, i.e., the D.C.P. probably does
not influence the peroxidase itself but some reaction whicn is
channelled tnrough the peroxidase step. However, this inter-
pretation is complicated by the fact that at partially-
inhibiting cyanlide concentrations, D.C.P. appears to reverse
tre inhibition. Thus at 3 x lO“SM KCN, while the control activ-
ity has dropped from 1113 to 25, activity in the presence of
3 x lO’SM D.C.P. has remained almost unchanged (191 to 183).

Tne Innibition of Catalase by D.C.P. A concentrated suspen-

sion of "erystalline" beef liver catalase suprlied by
Worthington Biochemical Sales Co. was diluted 1 to 300 with
water and used as stock. From the value of the optical

densities at 280 and L0O5 mp, the concentration of this stock
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solution was found to be aprroximately 1.3 x lO'YM. 0.1 ml.
of catalase solution was added to each of a series of flasks
witnh 18.9 ml. 0.1 li phosphate buffer vH 0.9 containing known
concentrations of D.C.P. The solutions were incubated for
30 minutes in an ice bath after whicu a vial containing 1.0 ml.
0.1 M HpOp was dropped into eacn flask and well mixed. 2 ml,
aliquots were withdrawn at 30 second intervals into 5 N
stoh, according to the rapid method of Bonnichsen, Chance
and Theorell (105) and titrated witn 0.01 N KunO) . Figure 11
shows that D.C.rF. 18 a potent innibitor of catalase. Half
inhibition occurs at 2 x 10Ok and complete innibition at
10-lu,

Since the final catalase concentration was approximately
5.2 x 10'8M, it was important to ascertain whetner tne reduced
activity was due to nonsrecific denaturation of the protein or
in fact was a mass action combination between the D.C.P. and
the enzyme. If a reversible catalase-D.U.r. complex is
formed the equilibrium snould be approacnable from botn
directions. A 1 to 300 dilution of the original catalase
was made in 10~4w D.C.P. at which concentration complete
inhibition is produced. After 30 minutes equilibration at
0°C., 0.1 ml. aliquots were nlaced in a series of flasks witn
18.9 ml. buffer containing concentrations cf D.C.F. less thnan
lO“u&. After incubating in an ilce batu for 30 minutes at the
new final D.v.P. concentrations, H,0y was added and the
velocity constants determined as before. Figure 11 shows

that after diluting out the D.C.P. the activity is restored
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and that a given concentration of D.C.F. ellclts approximately
the same inhibition wnether added directly or whether added

in high concentration first tnen diluted out. It may be con-
cluded that the innibition of catalase by D.C.P. is reversible
in chearacter.

D.C.P. similarly was found to inhibit the catalase activ-
ity of pea evicotyl breis, the concentrations requlired bheing
of te same order.

Catalase and the other heme enzvmes show very character-
istic absorvtion spectra. Additlional information on the
nature cf the inhibltion misht be obtailnable then by examining
the absorption spectra in the nresence and absence of
inhibiting concentrations of D.C,F. Anproximately L x 10~ 7i
catalase in /60 vhospnate buffer, pH 6.0 gave the curve
shown by tne circlss in rfigure 12 using the DBecikman model DU
spectrophotometer. The same catalase concentratlion, containing
10~ D.C.P. gave tne curve shown by the triasngles. This
concentration of D.C.r., alone gave no measurable absorption
in this wavelengtnh range. It is clear that there is no
qualitative or quantitative change due to the presence of
D.C.F. Probablv the inhibition is due ta interaction with
the apoenzyme rather than with the heme prosthetic groups.

Tne Effect of D.C.P, on QOther Heme Enzymes., D.C.P. was tested

against several other neme systems namely peroxidase,
cytochrome oxidase and haemoglobin for two reasons: (a) to
determine whether the inhibition of catalase 1s specific or

1s also manifested against other heme enzymes, (b) since tne



1 em.

OPTICAL DENSITY, PATH THICKNESS

o

) ~
BRI o

A
g

B O
it n

-

4 x 1071y
Lox 107TM

400 5

S AN Pt Fa kst 301 e
B VELEAGTH, Y

beelf liver crystelline catzlgse, ¥ 6.0

beef 13

liver crystezlline+ 10774

T

PO N

cH B,

O

5



- 51 -

best evidence indicates that the I.A.A. oxldase system con-
teins a peroxidase component, it was important to ascertain
whether the D.U.P. had any inhibitory or perhaps stimulstory
effect on the peroxidase.

Brel from 6-day red-grown pea epicotyls diluted finally
1 in 2000 was used as the source of the peroxidase. In tnils
range enzyme concentration was rate-limiting. Activity was
determined by the method of Ponting and Joslyn (100) using
guaiacol as a substrate and measuring the change in optical
density with time at 420 mps with a Coleman Junior spectro-
photometer. Puenol, 2-culorophenol, lL-chlorophenol, 2,li=
dichlorophenol, 3-nitroohenol, 2-carboxyphenol and L-carboxy-
pnenol at 10~H4 1 and 1073 K and 2,h,6=tricnloropnenol at
10‘& M and 4 x 10°4 1 railed to produce any inhibition or
stimulation. 2,L~dimethyl phenol at 10=3 M innibited about
1,0% but was without effect at 100 1. However, 1t should be
remembered that in tnese experiments Ho0p 1is present in
excess while the concentration during the in vitro oxidation
of I.A.A. 1s very low and probably rate-limiting. Existing
methods do not rermit the measurement of peroxidase activity
under these condlitions with crude vreparations,

As a source of cytochrome ocxidase mitochondria were

prevared from 5-day red-srown mung bean (fnaseolus aureus )

nyrocotyls according to the »nrocedure of killerd et al. (107).
Using 0.5 mg/ml. cytochrome C as substrate and 0.0125 M
ascorbic acid to keer it in the reduced form tne oxygen up-

takes were determined in Warburg manometers at 30°C. D.C.P.
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at 10=2k or 1()"11L & had no effect.

A hemoglobin solution was prepared by lysing witn savonin
the vacked red cells of human blood =2nd diluting 1 to 5 witn
water. By measuring the optical densities at 542 and 576 min
the concentration was calculated to be 2.2 x 1072 L from the
own molar extinction coefficlents (108). An allquot of fully
oxygenated hemoglobin was placed in the Van Slyke blood gas
analvsis apparatus with or without dichlorophenol. Dissolved
gases were removed by evacuation and expulsion, and by re-
evacuation the oxygenated hemoglobin was rermitted partially
to dissoclate. After equilibrating agalnst a measured oxygen
tension the gas phase was expelled and the bound oxygen
measured by liberating with ferricyanide. It was found that
for a given partial nressure of oxygen In the gas phase, tne
concentration of bound oxygen was uninfluenced by D.C,P. in
concentrations up to 2.8 x 1073 M.

Thus of the four heme systems tested only catalase was
inhibited by D.C.P. under these experimental conditions.
Together with the observation that an inhibiting concentration
of D.C.P. does not alter the visible absorption spectrum of
crystalline catalase, this suggests that tne D.C.P. does not
interact with the heme prosthetic groups but rather with the
apoenzyme of catalase. Further it permits one to understand
that low concentrations of D.C.r. may in fact enhance I.A.A.
oxldase and not inhibit, since the peroxidase molety 1s not
innibited.

The Effectiveness of D.C.P. Analogs. In order to obtain some
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information on the manner in whicn D.C.P. might enter into the
two biologlcal systems which it affects so potently, the
structural requirements for activity were examined by testing
a series of analogs of D.C.r. against both I.A.A. oxldase

and crystalline catalase,

For the I.A.A. oxidase experiments, tubes were loaded
with 0.5 ml. M/15 phosphate buffer pH 6.6, 0.5 ml. undialyzed
brel of dark-grown pea epicotyls, substance to be Ltested to
glve the final concentrations shown in table 3 and water to
a volume of 1.5 ml. After 20 minutes! incubation 0.5 ml.

1073 M I.A.A. was added and the tubes incubated 30 minutes in
the dark at 25.5°C. This experiment was broken up into several
consecutive experiments owing to the physical limitation of

the number of treatments tnat can be made simultaneously.
Activitlies are expressed as a percentage of that of the control
in each case.

From table 3 it seems that the basic structure required
for actlvlity ls a nydroxyl-substituted benzene ring (i.e.,
phenol), tne activity of which may be increased or decreased
by certalin substituents. Cyclohexanol, 2-naphthol, 1-
naphthol (even 2,lj-dichloro~l-napthol), L-pyridyl carbinol
and p-benzoquinone nave no stimulatory activity. Gethylation
of the phenol leads to loss of activity (2,)j~-dichloroanisole).
Halogen substitution in tne 2,l; or 6 positions inereases both
the maximum enhanceabllity and the sensitivity. While 3~
chloropnenol and 2,5-dichlorophenol may produce maximum en-

hancement equal to that produced by 2,L~dichlorophenol, the
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Table 3

The Effect of a Series of D.C.F. Analogs on I.A.A. Oxidase

Expt.# Concen~ Activ- Percent Maximum Optimuﬂ'
No. Compound tration, ity” Activity Enhance- boncen-
M rent tratiam,
(percent) il
la. control - Sl 100 - - -
phenol 1075 85 167 143 10-l
3x10-5 113 222
R 2.:3
3x10-h 111 218
10-3 75 147
2-chloro- w072 12y 2l 190 7x1075
phenol 3x107> 140 27
10~k 13 281
3xio~4 111 218
10-3 57 112
li~chloro- 1075 115 226 190 3x107°
phenol 3xlU‘5 145 28l
10 138 270
3x10-L 106 208
10-3 61 119
2,li-dicnloro- 1072 143 280 185 2x107°
phenol 3x10‘5 140 27L.
1074 131 256
3x1ch 75 1L 7
1073 20 38
Footnotes: *Experiments le. to le. carried out consecutively

on tine same batch of enzyme from 7-day dark-grown pes epicotyls.
Experiments 2 and 3 carried out on sepsrate preparations from

9-day and 10-day respectively dark-grown epicotyls. A control
with D.U,.P. is 1ncluded in eacih batch of enzyme for comparison.

% wh/L I.A.A. destroyed in 30 minutes! incubatlon
in the dark at 25.59C,

TInterpolated by plotting activity versus con-
centration data.



Table 3 (Continued)

The Effect of a Series of D.C.F. Analogs on I.A.A. Oxidase

Expt. Concen~ Activ- Percent Maximum Optimunm
No. Compound tration, ity”  Activity Enhance- Concen-
M ment tretion,
bercent) I
1b. control - L9 100
2,li~dinitro- 10"55 Lo 100 0
rhenol 3x107 L9 100
107k L8 98
3x10°” Lo 100
1073 18 98
2,li=dichloro- 10"6é L8 o8 0
anisole 3x10° L8 98
107 52 106
2,li-dichloro- 7x107C L1 8l 0
l-naphthol 2x10“5 i 90
7x10~> L8 98
2x1074 25 51
L-carboxy- 1075 51 0L >190  H 1073
phenol 3x107% 59 120
1074 87 178
3x107h 12 25
1073 1 29
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Table 3 (Continued)

The Effect of a Series of D.C.P. Analogs on I.A.A. Oxidase

Expt. Concen- Actjiv- Percent maximum Optimunm
No. Compound tration, ity” Activity Enhance- Concen=-
i ment tration,
bercent) M
lc. control -———- L7 100
2,l,6-tri~ 100 55 117 202 5x107D
chlorophenol 3x10=C 68 139
1072, 115 I
3x107~2 142 302
10" 127 270
2,li,0-tri- 2x10-6 67 143 198 3x10°°
fodophenol 7x10-C 113 2l1
2x1072 140 208
7X10™2 120 268
2x10~4 72 153
2,3,5-tri- 1.0x10°0 47 100 0
iodobenzoic  l.8x10°C L7 100
acid 1.0x107° L7 100
li-chloro- 7.5x107% 51 100 0
benzoic 2.5x10°3 L1 87
acid 7.5x10‘5 L7 100
2.5x10°% 38 102
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Table 3 (Continued)

The Effect of a Serles of D.C.P. Analogs on I.A.A. Oxldase

Expt. Concen- Activ- Percent Heximum Optimum
No. Compound tration, ity"  Activity Enhance- Concen-
M ment tration,
bercent) M
1d. control —— 17 100
Li~bromophenol 1075 138 294 200 3x10'5
3x1075 11 300
10° 135 287
3x10-4 109 232
10-3 70 149
3-nitrophenol 1075 n 92 > Ly 21073
3x1p75 uﬁ 9
10°h_ U5 0
3x107 60 - 128
10-3 70 149
2,i-dimethyl 1075 Lly ol inhib.
phenol 3x10'5 8 17
: 107 0 0
3x107L 0 0
1073 0 0
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Table 3 (Continued)

The Effect of a 3eries of D.C.P, Analogs on I.A.A. Oxidase.

Expt. Concen- Activ- Percent Maximum Cptimum
No. Compound tration, 1ty®  Activity Enhance- Concen-
M ment tration,
(percent) M
le. control - - 45 10C
pyridyl-4- 10“55 45 100 - -
carbinol  3x10° 45 100
10"44 46 102
3%107 45 100
10-3 47 104
2-carboxy 1072 4y o8 - - -
phenol 3x107° - 48 106
10‘44 46 102
3x107 LivS S8
1077 47 104
4ophenyl 2x10~° 50 111 67 1072
phenol 7x10~0 72 160
2x1072 T3 162
7x107 42 93
2x10~ 15 33
2-methoxy 1072 11 24 innib.
phenol 3x%107° 5 11
107%, -1 -2

1 2
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Table 3
(Continued)

The Effect of a Serles of D.C.P. Analogs on I.A.A. Oxidase

Expt. Compound Concen- Activ- Percent Haximum Optimum
No. tration, ity” Activity Enhance- Concen-
1 ment tration,

fpercent) il

2. control - 1¢ 100
2,li-dichloro- 1072 128 o7l 772 3x10'5
phenol 3x1075> 116 760

104 113 595
3x107L 55 289

10=3 L 21
3-chloro- 10-5 2l 126 >900 >1073
phenol 3x107% L2 201
w"L_LLL ol L95
3x10 146 769
103 169 890
2,5-dichloro- 1075 10 210 87 Lxio7H
phenol 3:::10"5 69 363
10™ I 13l 705
3x10° 165 870

1073 125 658

3. control -——— 80 100

2,li-dichloro-

phenol 3x10'5 Ll 180 80

cyclohexanol 10“2 80 100 0
lU_u 80 100
107 79 99

p-benzo- 1070 1o 50 inhib,

guinone

l-naphthol 10:2 0 0 inhib.
10 72 Q0

2-naphthol 1072 0 0 inhib.

100 82 102
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concentrations required szre mucn greater. li-ohenvl, l-
carboxy and 3-nitrophenols have scme activity but less than
that of phenol 1tself. 2,li-dinitro- and 2-carboxy- vhenols
are Iinactive.

An interesting point, to which reference will be made
later, 1s tnat of all the phenols tested, with the exception
of 2,h-dinitrornenol and 2-carboxwyrnenol, those which are not
stimulatory are actually innibitory. Further, as far as the
study nas been carried, 2ll compounds which enhance at low
concentrations aisc innibit at higher concentrations. The
possitle significance of these observations is discussed on
rage 069.

Table |y shows tne effect on some members of the same
phenol series on the activity of crystalline beef liver
catalase. The catalase solution was incubated at 0°C. witn
the pnenol, and the vperoxide was tipped in at zero time.
Velocity constants were determined by the rapid titrimetric
method of Bonnichsen, Chance and Theorell (105). A striking
correspondence may be seen between the ability of a phenol to
inhibit catalase and its stimulating effect on I.A.A. oxidase,
Exceptions are 2,lj=dinitropnenol whiecn innibits catalase
slightly without naving any effect on I.A.A. cxidase, phenol
which stimulates I.A.4i. oxldase without being innibitory to
catalase and 2,li-dimetuyl phenol which innibits catalase and
also innibits I.A.A. oxidase. The last compound, nowever, was
also inhibitory to the pea epicotyl peroxidase.

An interesting correlation observed by Dr. Galston is
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Table L

The Inhibition of Crystalline beef
Iliver Catalase by a Series of Phenols

Feaction mixture coaztains 25 ml. 0.1 M phosphate buffer,

pH 0.9, 0.25 ml. of the nhenol solution, 0.25 ml. 1:1000 crys-
talline catalase solution and after incubation at 0°C, 1.0 ml.
0.1 ¥ HpO2 tipned in. Rarid titrimetric method of Bonnichsen,

Chance and Theorell (105).

Exrt. Concentration, Cacalase Percent

No. Compound M k, min™+ Activity
l. control - 0.10L 100
thenol 1073 0,101 o7
2-chlorophenol 1073 c.o2h 23
li~chlorophenol 1073 0.031 30
2,li-dichlorovhenol 1072 c.oL7 L5
107k C.022 21
10-3 0.007 7
21,6~ trichlorophenol 2.5;1(10"1L 0.086 8l
2,li-dinitrophenol 10-5 ¢.10l 100

_ 107k 0.8l 81

2. control - 0.118 100
3-nitrophenol 10-5 0.136 92
10~k 0.10l 70
2,li-dime thylchenol 107D 0.116 78
10~k 0.087 59
3. control -——— 0,092 100
2-carboxyvhenol 10™P 0.092 100
10-4 0.085 92
li-carboxyphenol 10=5 0.08l 01
10-h 0.0l [i8
L -phenylphenol 105 0.087 oly
i« control - 0.261 100
3-chlorophenol 107 0.235 90
10k 0.092 32
2,5-dichlorophenol 10'5 0.160 69
10-4 0.0L1 15
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that the order of activity in enhancing I.A.A. oxlidase roughly
follows the strength of smell in the phenolic series.

Separation of I.A.A. oxlidase and catalase. The following

observations have already been presented. Catalase inhibits
l.8.A., Oxidase., D.C.P., greatly enhances the activity of I.A.A.
oxidase at 1070 to 107% u (figure 6)., D,C.P. strongly and
specifically inhibits catalase (from beef liver or from pea

6 M to 10"4

epicotyls) at 10~ M (figure 11). There is a

good though not complete, correspondence between the enhance-
ment of T.A.A. oxldase and the inhibltion of catalase by a
series of phenols (tsbles 3 and 4). This evidence sugKes Ls
that the increase in I.A.A. oxidase activity elicited by D.C.P.
may be due to 1ts inhibition of the endogenocus catalase
activity. However two experiments clearly remain to be done,
namely, (a) to separate the catalase from the I.A.A. oxidase

0f the brel and determine whether the basal activity rises

and whether the D.C.P.-enhanceability is lost, and (b) to
determine the endogenous catalase velocity constant and to
compare it with that of added catalase required to produce a
glven inhibition. In this way a calculation may be made of

the percentase stimulation to be expected if all the endogenous
catalase were inhibited by D.C.P.

Unlike animal catalase, pea eplcotyl catalase 1s rather
labile. During storaze in the crude state it loses activity
much faster than does TI.A.A. oxidase. Thus aging oproduces
a differential change in the concentration of these two

enzymes. Epicotyls from 7-day dark-grown peas were blended

in a minimum volume of M/60 phosphate buffer, PH 6.6 and
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perulitted to age under toluene abt U to 2500. Treabtmenlt with
toluene nad no effect on the I.A.A. oxldase actlivity. At
time intervals 1 ml.aliquots were withdrawn for assay of the
catalase veloclty constant per ml. (by the method of Von Euler
and Josephson, 109). At the same time intervals 0.5 ml.
allguots were used to determine tne I.A.A. oxldase sctivity
at zero and at optimal D.C.P. concentration. Flgure 13
shows that the catalase activity decreased by 50% in 6 days.
However the basal I.A.A. oxidase activity and its maxinmum
ennanceabllity by D.C.P. {which consistently occurred at 2 x
lO'SM} remained constant over this period, 1.e., thnese two
values were lndependent of the endogenous catalase level.
Tnis would suggest that the D.C.P. 18 not acting by inhibiting
the endogenous catalase.

In a subsequent experiment a less eguivocal separation
of the I.A.A. oxldase and catalase activitles was effected.
It was found tnat the I.A.A. oxldase activity in etiolated
pea epicotyls residues entirely in the soluble fraction. If
precautions are taken to preserve the integrity and osmotic
well-being of the cytoplasmic particles, the catalase activity
is entirely particle-bound, principally in the fraction be-
heving ultracentrifugally as mitochondria (see table 5).
| One nundred g. 9-day dark-grown pea eplcotyls were cut,
cooled to U to 5°C. and ground for a few minutes in a cold
mortar witn sand and an equal weight of 0.5 M sucrose. After
straining Lhrbugh muslilin and centrifuglng for flve minutes at

5000 g. to remove the sand and c¢ell debris the volume of "whole
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brei" was 14l ml. and pH 6.2. This was centrifuged in the cold
at 20,000 g. for 30 minutes to bring down the "mitochondrial
fraction. The mitocnondria were washed witn 0.5 i sucrose
and resuspended in U.5 i sucrose so as to duplicate thelr
orlginal concentration in the whole brei. The supernatant
was centrifuged in the refrigerated "Spinco" supercentrifuge
at 50,000 g. for 120 minutes to bring down the '"microsome™
fraction. The pellet was similarly resuspended in a volume
of sucrose such as to restore its concentration to that
originally in tne whole brei. The three fractions were then
assayed for catalase activity, and for I.A.A. oxldase activity.
Table 5 snows that all of tne I.A.A. oxidase activity but
none of the catalase activity resides in the soluble fraction.
Tne effect of D.C.F. was then tested on this catalase-free
fraction. Table O shows that removal of the endogenous cata-
lase does not destroy the ability of D,C.P. to increase tne
I.A.A., oxidase activity

It must be concluded that tne endogenous catalase
activities of whcle brels are not great enough to produce a
significant inhibition of the I.A.A. oxidase. Figure 1l
shows residual I.A.A. oxldaso activity as a function of the
velocity constant of added crystalline catalase in the reaction
mixture. It i1s seen tnat in order to produce 50% inhibition
(i.e., a potential 100% stimulation) the velocity constant must
be arproximately 3.0 per minute, whereas that in the pea breis,
after dilutlon in the reaction mixture is of the order of 0.0l

per minute.
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Table 5

Tne distribution of catalase and I.A.A. oxidase
activities in pea epicotyl brel.

Fraction T.A.A. oxidase Catalase Frotein N
activity activity ( §/mi.)
(ubl/1/30 mins,/mi.) (miny/mi1.)
Soluble 35 0 129
¥ltochondria 0 0.0002 Th
liicrosomes 0 0.0034 83
Table 6

The effect of D.C.P. on the I.A.A. oxidase of the catalase-free
"soluble fraction" prepared by ultracentrifugation.

Concentration of D.C.P. Activity (uwh/1/30 mins.)
0 33
3x107H i 72
3x1072 M 146

3x10~C N 112
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From tne experiments described in thls section 1t may be
concluded that D.C.P. does not stimulate I.A.-oxidase by
inhibiting the endogenous catalase. However, as indicated in
& previous section, D.C.P, seems to act so as to make H202
more avallable for the oxidation of I,A.A. Tnis is perhaps
brought about by action on the peroxide-producing moiety.

Does D.C.P. Act as a Cofactor? The possiblllity remalns that

D,C.P. increases I.A.A. oxidase activity by duplicating the
action of the natural cofactor. iWhile no direct decisive
experiment has been made, a number of observations do sub-
stantiate this notion.

Dialysis of whole brel removes a cofactor and reduces
the activity. Altnough the residual activity may be a small
fraction of tne activity of whole brei, the final elevated
activities in the presence of D.C.P. are approximately the
same whether the brel is dialyzed or undiaslyzed (figure 15).
Thus the activation is not medlated tinrough the cofactor-
independent enzyme but rather it appears that D.C.P. is in
some way substituting for the natural cofactor, but in a more
effective way. Consistent with this interpretation are the
observations that breis from dark-grown epicotyls lose on
dialysis a greater fraction of their activity than do breis
from red-grown epicotyls and that dark-grown brei is
relatlively more enhanceable by D.C.r. than is red-grown brei
(figure 9).

Table 3 shows that a large number of phenolic compounds

behave similarly to D.C.P. If they are acting as cofactors of
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greater or lesser efflcacy, there probably is some structural
feature which they have in common with the natural cofactor.
Thus it is not surprising that of the substlituted phenols
listed in table 3 with the exception of 2,li-dinitrophenol and
2-carboxyphenol those compounds which do not stimulate actually
inhibit the I.A.A. oxldase activity of the whole brei. On
thie cofactor hypothesis this would be ilnterpreted to mean
that although inhiblting phenols nave the structural require-
ments for approaching the enzyme site, they are ineffective
there and block tine action of the natural cofactor. It is
interesting in this connection that as far as the concentra-
tion ranges have been extended, those compounds which stimulate
at low concentrations also inhibit at higher concentrations
(table 3).

It would clearly be a deslirable project to isolate and
identify tne natursasl cofactor.

In Vivo Effect of D.C.P. on I.A.A. Destructlon. It is of some

interest to determine whether the I.A.A. oxidase activities
of tissues can be artificielly raised by treatment with D.C.P,,

and if so to observe the physiological consequences of this

treatment.

Pea seedlings were grown for seven days in weak red
light at 26°C, The apical 5 mm. of the stems were discarded
and three successive 5 mm. sections were cut, washed in
distllled water and blotted dry. Eighty sections (approximately
1.3 g. wet weight) were placed in each of five 50 mi. conical

flasks containing 2.0 ml. M/60 phosphate buffer pH 6.6, D.C.P.
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to give tine final concentrations shown and water to a volume
of ;.0 ml. Sections were gently shaken in these solutions

for 10 minutes in the dark, tnen, at zero time 1.0 ml. 1073w
I.A.A. was added. Figure 10 shows that D.C.P., between 10'5M
and 10"'!Jr % in the external solution, doubled the rate of
disarpearance from solution of I.A.A. in'tnree hcurs.l Thus
D.C.P, is able to penetrate into the cell relatively rapldly
and stimulate the activity of I.A.A, oxidase in situ. As

in the case of the free enzyme the optimum is below lO’h M and
strong innibltion occurs at higher concentrations.

Similar experiments were conducted with tissues from
other species, namely hypocotyl sectlons of etlolated bean
seedlings, leaves of dark~-grown, red-grown or green oat
seedlings and leaf discs of mature green corn. Figures 17 and
18 show these results. I.A.A. was destroyed by all these
tlssues. In all cases higher concentrations of D.C.P.(10"3m)
inhibited the rate of I.A.A. destruction. Only in the pea and
in tne bean tissue was there an increase in the rate of
destruction at lower concentrations. Similarly, breis from
etiolated cat coleoptlles or leaves have very low sctivities
whether dialyzed or not and although 1073  D.C.P. inhibits,
there 1s no enhancement at lower concentrations of D.C.F.

No generalizations can be made from thesc results but the
observation is sufficiently interesting to warrant a future
investigation tc determine whether this increased destruction
of I.A.A. induced by D.C.P., occurs only in dicotyledonous

tissues. If this is the case, it may in part explaln the
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differential response between monocotyledons and dlcotyledons
to 2,L-dichlorophenoxyacetic acid, which is frequently con-
taminated with D.C.P. or which may be partly converted to
D.C.P. in the plant (110, 111).

Sumnary. In this section, studies into the structure and
properties of the enzyme complex referred to as "I.A.A.
oxidase" have been extended and an attempt nas been made to
resolve some of the points of variance in the literature.

It was shown that the enzyme prepared from eplecotyls of
peas grown in darkness or low lntensity red light has a
partial, though not complete cofactor dependence. It was
suggested that there are two or more alternative mechanlsms
for the breakdown of I.A.A. or = degradation product from it.

Altnough manganous ions have been variously revorted to
inhibit or to increase the activity of the enzyme, it was
found here tnat with whole breis an inhibition was obtained
and with dialyzed brels, an enhancement.

An earlier reported effect that 2,,-D enhanced the
activity of I.A.A, oxidase was found to be due to = trace
convamination with 2,lj~dlcnloropnenol (D.C.P.). The stimula-
tory effect of D.C.r. on the enzyme was studied in detail,
Although a number of observations strongly suggested that the
mecnanlism of the effect was through the inhibition, by D.C.P.,
of endogenous catalase, which was known to inhibit I.A.A,
oxldase, it was shown that this was not the reason for the
enhancement. The most probable explanation is that D.C.P. acts

in a manner similar to the natursal cofactor but that it does so
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more efTectively. The structural requirements for activity
were studied from a series of related compounds.

The strong reversible inhibition of crystalline catalase
by D.C.P. nas been studied. Half-meximum inhibition occurs
at 2 x 10'0 i D.C.P. Other heme enzymes, peroxidase, cyto-
chrome oxidase and nemoglobin are not inhibited by low con-
centrations of D.C.P. The effectiveness of a series of
substituted pnenols in inhibiting catalase roughly parallels
thelr effectiveness in increasing the activity of I.A.A.
oxidase.

D.C.P. was found to enhance the in vivo destroying

actlvlity ol pea and bean stem sections.
C. TI.A.A.-pnotolysing Agents of the Dlalysate,

Earlier workers (79, 80) have reported that dialysis of
whole brel of pea epicotyls grown in weak red light led to a
substantial increase in tne I.A.A. oxldase activity, due to
the removal of a naturally-occurring inhibitor. It was also
observed (86, 90) that the activity of whole brei was enhanced
to a greater extent by light than was that of dialyzed brei,
and the suggestion was made that light accomplished this effect
by "removing" or overcoming the effect of the natural inhibi-
tor.

Wagenknecht and Burris (30), however, found that about
one third of the activities of homogenates of bean roots or
etlolated pea eplcotyls was lost upon dialysis and that the

original actlivities were restored on adding 1073 u manganese.
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Tne ash was inactive in restoring the actlvity and the whole
dialyzate was not tested.

As already discussed iIn section B, in tne present series
of' experiments it was consistently found that dialysls
diminished the rate of destruction of I.A.A. by breis from
epicotyls of dark-grown or red-grown pea seedlings. The
loss was fractionally much greater when tested in tne light
tnan in the dark, that is, light enhanced tne activity of whole
brel more strongly tnan that of dialyzed breli. Adding back
the concentrated dislyzate restored tne original activity.
However, in addition it was found tnat the dlalyzate alone

h capacity for destroyin

had s hig
are 1llustrated in the following experiment.

Epicotyls of eight-day dark-grown pea seedlings were
blended in a minimum volume of 1M/60 phosphate buffer, pH 6.0,
strained through muslin and filtered. Ten mls. brei were
rlaced in eacn of three cellophane dialysis bags and dialyzed
at 0 to 29 C for 10 hours against 10 ml., 50 ml, and two
changes eacn of 750 ml. 1/60 phosphate buffer, pH 6.6. As
control, 10 ml. brei placed in a test tube was alsc mounted
on the snaker. After dlalysis the volumes were all adjusted
to 11.0 ml. The 50 ml. dialyzate was frozen and the water
removed by vacuum distillation, Lue Cinal volume being adjusted
to 11.0 ml. Residual activities of the dialyzed breis were
determined in the light and compared with that of the un-
dialyzed brel that of "whole" breli reconstlituted by adding

back the dlalyzate to the equivalent of its original concen-
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tration and that of the dialyzate alone. Filgure 19 shows that:
(1) dialysis leads to marked loss of I.A.A.-photolyzing activity,
(2) the lost activity is quantitatively recovered in the
dialyzate, (3) the dialyzate itself has Independent activity,
amounting to 00 to 65% of the activity of the whole brei in
the 1ight. As will be shown in a2 subsequent sectlon, this
fraction has no activity in the dark.

This section of this thesis deals with the vroperties of
the components of the dialyzate active in destroying I.A.A.

Destruction of the Biological Activity of I.A.A. It is of

interest to determine whether the vproduct of the destruction
or 1.A.A. 1s devold of biological activity. Biologlcsl
activity was assayed-for by measuring the growth rate of

pea eplcotyl sections. Dialyzate was prepared by dissolving
1g. lyopnilized pea epicotyl brei in 5 ml. /15 phosphate
buffer, pH 61 and dialyzing overnight at O to 2°C. against

15 ml. phosphate buffer. Four series of petri dishes were
loaded with 2% sucrose, /100 phosphate buffer, pH 0,1, a
range of I.A.A. concentrations, a 1 in 20dlution of the sbove
dialyzate in two of the series and water to a total volume of
20 mls. About sixteen pea eplcotyl sections from dark-grown
plants were floated in each dish. Two series, one with
dialyzate and one without were incubated on a shaker for ten
hours in the dark at 2u°C. and a similar two series were placed
on a shaker six inches below a bank of three O watt white
fluorescent lamps, with a fan blowing laboratory air (2&00)

over them. Figure 20 shows that, as previously reported (82),
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the sections made less l.A.A.-induced growth In the llght
tnan in the dark. Moreover, in the presence of the dialyzate
growth in the light is markedly inhibited while there 1s no
significant effect on the growth of those scectlons grown in the
dark. As a control against a non-specific toxic effect of the
dialyzate on growth in the light (e.g., the formation of an
inhibitory substance in the light) the experiment was repested
using 2,L-D as the auxin. Growth&ms agaln reduced in the
light but in this case there was no significant effect due to
the presence of the dialyzate in the light or in the dark
(figure 20). It may be concluded that since the grow:th inhibi-
tion produced by the dialyzate 1s specific for I.A.A.-~induced
growth and specific for growth in the 1light, the dialyzate 1is
destroying the biological activity of the I.A.A. in the light.
Pigure 21 shows the loss of biological activity of I.A.A.
as a function of the concentration of dialyzate. The higher
the concentration of dialyzate, the greater is the destruc-
tion of biological activity.

Non-identity with Free Riboflavin. The dialyzate was yellow

in color and fluoresced yellow=-green as well as blue under
ultra-violet light.

In a serles of papers (23, 84, 112) Galston and Baker
have described a detailed work on the photosensitized destruc-
tion of I.A.A. by free riboflavin. Since riboflavin occurs in
appreciable concentration in these seedlings, it was necessary
to ascertain whether the photelytic activity of the dialyzate

were accountable by its riboflavin content. Two kinds of
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experiments were carried out.

One g. lyophilized pea epicotyl brel was dissolved in 10
ml. M/15 phosphate buffer pH 6.0 and dialyzed against 10 ml.
buffer overnight at 0 to 2° C. Appropriate dilutions of the
dialyzate were used, A stock solution of riboflavin was
diluted to L Xle. 8o as to have approximately the same activity
as the dialyzate. Aliquots of the two solutions both buffered
at pH 0.0 were placed in thin-walled glass tubes selected for
uniformity and exposed for 60 minutes four inches from a
Keese 1.30 watt ultra-violet lamp (model 909 T.P.). The
initial and final activities were determined as a function of
concentration. Table 7 shows that whereas the activity of
the riboflavin solution was diminished to 28%, that of the
dialyzate was diminished to 60% after exposure to an equal
dose of ultra-violet 1light. This suggests that the riboflavin
of the dialyzate i1s not responsible for a major fraction of its
activity unless in the crude state it is partially protected
from destruction by ultra-violet light.

The second kind of experiment consisted of paper chromato-
grapny of the dlalyzate alongside spots of the riboflavin
solution of comparable activity. Whatman #1 paper was used
with water as solvent. The developed chromatograms were
examined under short-wavelength ultra-violet light. The
riboflavin produced a strong vellow-green fluorescence at
Rf = 0.33 but the corresponding spot in the dlalyzate was
barely discernible. Later experiments, using a Lechnlque for

detecting I.A.A.~destroying activity directly on the developed



Table 7

The effect of exposure to ultra-violet light on the I.A.A.-
photodestroying activities of riboflavin and dialysate.

Ratio

Active Concentration,* Activity, mii/1/2l, mins. U.V. Lean

Solution ml./2.0 ml, before U.V. after U.V. control

Riboflavin 0.1 Lo 11 0.27
0.2 66 19 0.29

0.28
0.3 84 2l 0.28
0.5 115 L3 0.29
Dialyzate 0.1 32 21 0.66
0.2 L6 27 0.59

' 0.60
0.5 73 6 0.63

~ % Reaction mixture contained U.5 ml. M/15 phosphate buffer
pH 6.0, dialyzate or ribofisvin as shown, 0,5 ml, 10 3 I I.A.A.
at zero time and distilled water to a total volume of 2.0 ml.
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chromatogram also showed that the bulk of the activity did not
correspond with the riboflavin spot. It thus became of
interest to study the nature and proverties of this naturally-
oceurring substance or substances which are not riboflavin

and which destroy I.A.A. in the light.

The Question of Catalyst versus Reactant. Biological catalysts

are generally thought of as being proteinaceous in nature. In
the above connection, however, riboflavin, a small molecule of
biological origin, acts catalytically in the photodestruction
of I.A.A. (B) The actlve component of the dialyzate may react
directly with I.A.A. to change its chemical identity or it may
sensitize 1ts decomposition in light. Since a catalyst may be
expected to perform a more dynamic function physiologically
than a substance which reacts stoichiometrically with I.A.A.,
it became a pregnant question to decide whether the dialyzate
destroyed I.A.A. in a catalytic fashion. The evidence and
arguments pertinent to this question are presented in a later
sectlon after the kinetics of the system has been deflned, but
1t may be sald here that it is concluded that the dialyzate
reacts catalytically.

Kinetics.

(a) Progress Curve.

As a preliminary to the measurement of reaction rates it
is necessary to know the time course of the reaction under
standard conditions. Two series of tubes were loaded with
0.5 ml. M/15 phosphate buffer, pH 0.6, 0.5 ml. dialyzate, 0.5

ml. water, and at zero time, 0.5 ml 10"3 ¥ I.A.A. One series
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was incubated in the light at 259C. and one in the dark at
25°C. At time intervals 8 mls. Salkowski reagent were added
to the tubes and residual I.A.A. determined. Figure 22 shows
that there 1s no loss of I.A.A. in the dark but rapid destruc-
tion in the light. With light activities of this magnitude
the reaction rate is sensibly constant for the first twenty

to thirty minutes. In subsequent oxporiments, the I.A.A.
concentration change effected in’this reriod was routinely
taken as the reaction velocity, incubations all being made in
the light.

(b) The Effect of I.A.A. Concentration.

The effect of substrate concentration on the reaction
velocity 1is shown in figure 23, The velocity is proportional
to the concentration only below about SOf»M and the incre-
ment decreases in a broad hyperbola which does not, however, |
closely approach an asymptote even at SOquM. Limitations of
the analytical method make it impractical to exceed this
value. Compared with the enzyme, I.A.A. oxldase, the affinity
for the I.A.A. 1s approximately the same and the saturating
concentration is much higher (78, 83). Let us assume for the
moment that the dialyzate acts as if it contains a single or
a single dominant active component. According to the Michaelis-
Menten theory of enzyme action (101) an enzyme and its substrate
form an unstable intermediate which dissociates into free
enzyme and reaction products. This premise leads to a formula-
tion which relates reaction velocity to substrate concentra=-

tion by the equation:
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)

< J

KS . -:l:
S

-8 + L
\' ( v

(v = measured reaction velocity

V = limiting veloclty

where ‘<KS = k1+ak3 enzyme-substreate dlssocliation constant
ko
\(S) = substrate concentration
By plotting % against %)a straight line should result,

with slope equal to é& and intercept l. This has been done in
v

figure 24 using the dabta of flgure 23, and the straight line
fitted does not depart from the experimental dala by amounts
greater than can be accounted for by the expected error in the
measurement of v. Tnus a linear relation exists and it may be
taken that the kinetlcs of the dominant reaction are in accord
wlth the concept of a catalyst-substrate intermediate complex,
the dissoclation constant of which, from figure 2 is approxi-
mately 3 x 10““ M, which is of the same order of magnitude of
that of I.A.A. oxidase (calculated from 78, 79, 83, 101).
If a reacting system 1s represented by
DA+ mB +pC == .+ v 4 o 0 o
where n, m and p are the numbers of molecules of the specles
A, B, and C reacting, then the velocity v 1s given by
v = k. AR, B®, CP,
If the concentrations of B and C are kept constant, log
v = n log A + G, where Q 18 s constant and n is the order of
the reaction with respect to A and may be evaluated from the

slope of the plot of log v against log A. Figure 25 shows
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such a plot for the data of flgure 23. Since in this catalyzed

reaction, I.A.A. is limiting only at low concentrations, the

line 1s not straight and n ___ 4 1i§%IYA.A.)aS (I.a.0.) —
0. From the tangent at log (I.A.A.) = 1, n clearly equals 1.

(¢c) The Effect of Dialyzate Concentrations.

The reactiocn velocity as a function of dialyzate concen-
tration, is shown in figure 26. The dialyzate was prepared by
dissolving 1 g. lyophilized pea épicotyl brei in 5 ml. M/60
phosphate buffer; pE 0.0, and dialyzing against 20 ml. buffer.
Total reaction volume was 2.0 ml. and initial I.A.A. concentra-
tion 250mM. Activity is proportional to dialyzate concentra-
tion only at low concentrations and rapidly falls off. At
high concentrations, presumably substrate becomes rate-limiting.

(d) The Effect of pH.

I.A.A. is & woak acld with pK, equal to L.75. The actlve
material of the dialyzate participates in an oxidation-
reduction reaction (page 111) and has the solubility properties
of a strongly polar molecule (page 12li). It is to be expected
that the pH would profoundly effect the configuration and
hence the reactivity of both of these participants.

A series of lcIlwain's phosphate-citrate buffers was
prepared to cover a pH range from 3 to 7 and beyond the range
the pH was adjusted with 0.2 N HC1l or 0.1 N NaHCOB. 1.0 ml.
buffer, 0.5 ml, dialyzate or 0.5 ml. water and 0.5 ml. 1073 I
I.A.A. were incubated in the 1lght at 27°C. for 2l minutes.

Aliquots of 1 ml. were pipetted into L ml. Salkowski reagent

and the residual I.A.A. determined. The pH was determined

L
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on the residual resaction mlixbture using the glass electrode.
Figure 27 shows that at acid pH's the I.A.A, alone is
destroyed by light. Dolk and Thimann (113) have shown that
a plant growth substance 1solated from Rhizopus culture medium
and subsequently identified as I,A.A. is 50% decomposed on
standing for three nours at room temperature in N HC1l in
vresumably low-intensity laboratory light. Algéus (11l) also
demonstrated that lowering the pH or exposure to light during

"pure'" solutions of I.A.A. results in losses.

storage of
However I.A.A. itself does not absorb visible light and its
photodestruction 1s presumably sensitized by some pigmented
impurity. All samples of I.A.A. tested showed repid photo-
destruction below pH 5, even after repeated purification by
dissolving in NaOH and precipitating by the slow addition of
dilute HC1l and by dissolving in ethanol and preclpltating with
water. It was therefore necessary to carry out this control
with I.A.A. alone.

In the presence of the dlalyzate I.A.A. was rapidly
destroyed at conslderably higher pH's., The net optimum
occurred between pH l, and 5. There is 1little activity above
pH 8,

Subtracting the smoothed curve for I.A.A. alone from that
for I.A.A+dialyzate, curve 3, figure 27 1s obtained. The
optimum occurs at pH 5.5 and activity falls off sharply on
both sides. DBelow pH 3.8 the activity for I.A.A. alone is
reproducibly higher than that for I.A.A. plus dlalyzate. A

probable explanation for this phenomenon is that in this range
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although the dialyzate’combines with I.A.A. more effectively
than does the pigmented impurity in the I.A.A. sample, the
catalyst-substrate complex decomposes more slowly. Thus
below pH 3.8 the dialyzate partially protects the I.A.A. from
destruction by the contaminating plgment.

Curve 2, figure 27, shows a reproduclble optimum pH
for I.A.A. alone at 2 to 3. However, other experiments using
the growth of pea epicotyl sections as a measure of residual
I.A.A. show continuously increasing destruction with decreasing
pH. Thus the optimum in curve 2 seems to be a spurious effect
due to the incomplete speclficity of the Salkowski reagent.
Below pH 2 1t appears that although the bloleoglcal activity of
I.A.A. is destroyed, it is converted into a product which gives
a positive Salkowskl reaction.

Routine determinations were carried out at pH 6.0 because
the destruction of I.A.A. in the absence of dialyzate was very
low here, In addition this is the pH optimum for I.A.A.
oxidase and many previous experiments using whole brei have
been carried out at this pH.

(e) The Effect of Temperature.

From a theoretical standpoint, the reaction velocity of
e purely photochemical reaction is independent of temperature
irf 1t can be assumed that the absorptlion coefficient is cons-
tant over the temperature range. Experimentally it has been
well shown that for most reactions known to be of this kind
tho temperature coefficient lies between 1.00 and 1,05 (115).

However, where the initial photoactivation 1s followed by a
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dark reaction which derives its activation energy thermally,
the temperature coefficlent for the overall reaction may be
higher and may approsch that for the dark reaction under
conditions where the reaction velocity of tne dark reaction
limits that of tne overall rate.

Wwithout resorting to elaborate equipment it is difficult
to control simultaneously the temperature and the intensity
of irradlation of a series of solutions. The effect of
temperature on the rate of photolysis of I.A.A. by the dlalyzate
was determined, somewnat crudely, for unlgh and low 1llgnt
intensities in tne followlng way. A serles of 50 ml. beakers
containing tne reaction mixtures was stood in inverted petri
dish 1ids and backed by white glazed tile. Thne whole was
placed in a mstal trough equipped with an overflow pipe. Water
from a serles of temperature-controlled tanks was lead by a
series of rubber tubes into the petri dishes and permitted to

overflow continuously, thus water jacketting the reaction-

Three fluorescent lamps.

From
water \ N N Resction
bath. \ . . . mixture.
) white
t i M; ),l - v ‘Vrile'

|



- Q7 =

beakers. For high light intensity a bank of three LU watt
"white 500" fluorescent lamps was suspended eight inches above
the surface of the reaction mixtures, where the light intensity
was 500 f.c. For low light intensity the light of the labora-
tory (10 f.c.) was used. At zero time QSOfLM/l I.A.A. were
added. Aliquots were removed at time intervals for determina-
tion of residual I.A.A. Temperatures were measured within the
reaction vessels at time intervals and found to be constant
within + 1°C,

Figure 28 shows that at low light intensity there 1s very
little dependence of the rate on temperature. At high light
intensity, betwesn 8 and 25°C, there is an increase in rate with
increasing temperature, which becomes more marked with the time
of progression of the reaction. This suggests that the initial
light reaction is followed by one or more dark reactions. At
low light intensities the light-reaction is limiting so the
QlO approaches 1. At high light intensities the products of
the photoactivation accumulate and the secondary temperature-
dependent dark reaction becomes limiting. Above 2500. there
i1s a rapid decline in rate, especially at longer times,
suggesting that the catalyst is undergoing more rapid destruc-
tion at higher temperatures.

(f) The Effect of Light.

As shown in figures 22 and 33 the diﬁlyZate sensltizes
the destruction of I.A.A. only in the light. Experiments to
determine the relationsnlp between acbiv}.ty and 1llght 1lntensity

did not yield precise reproducible results, probably because
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of the crudeness of the optical systems available for use. It
may be said, however, that within the ranges used (up to 730
foot candles from a "white" fluorescent lamp or up to 1600
foot candles from a tungsten "photoflood" lamp filtered through
6 inches of water), the activity increased with increasing
incldent intensitye.

A crude actlon spectrum was determined in the following
way. A series of 5 cm. diameter petri dishes were loaded with
2.0 ml. /15 phosphate buffer, pH 6.0, 1.0 ml. dialyzate and
(at zero time) 1.0 ml. 10™3 M I.A.A. The dishes were pleced
inside = blackened filter-paper box 1lids and covered with
6 x 6 inch corning glass filters of the aporopriate trans-
mittance. These reaction vessels were set 8 inches beneath a
bank of 3 fluorescent lamps and after 25 mlnutes' lncubation,
the residual I.A.A. determined. Using a blackened thermopile
with a sensitive galvanometer, the relative transmitted energles
from this light source through the various filters were
determined. Table 8 shows these data. If it can be assumed
that for each wavelength the amount of chemical change 1is
proportional to the incident light intensity in quanta, the
relative destruction of I.A.A. per quantum calculated Tor esach
wave band gives the photochemical effectiveness. It may be
seen from the last column of table 8 that the relative order
of effectiveness is violet >blue D green> red > yellow,

(g) Stability of the Dialyzate.

(i) To Heat. 0.5 ml. dialyzate prepared from lyophilized whole

brei was added to a series of tubes containing 0.5 ml. /15



- 1oU -

Table 8

Tne erfect of light cuality on the photodecomposition
of T.A.A. by the dialyzate.

: Relative
Using fluorescent I.A.A.
Transmittance lamp as source, I.A.A, decom=
Filter maximun, relative Incident decomposed position
vy _ in 25 mins. per
energles quanta™ ;pm/l quantum
colorless
glass - 100 10C 38 100
blue-violet
#511 380-L1:0 9 7 17 6L0
blue-green
#1,28 1100-5L0 39 3L 35 271
green #1401 ,80-600 20 20 15 197
yellow
#352 560 73 75 18 63
red #2,3 600-700 37 Il 16 95

# An average value obtalned by making calculations
using the wavelength at center of transmitted band. Relatlve
numbers of manta = relative energies x wavelenghths,
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phosphate buffer pH ©.0 and 0.5 mli. water. Tne tubes were
fitted witn glass bulb condensers to avoid loss of water,
placed in a not water batn maintained eitner at 80°C., or

9700. and at time iIntervals withdrawn into an ice-bath for
rapid cooling. After equilibration to room temperature,

0.5 ml. 10~3 i I.A.A, was added and the residual activity of
the dlalyzate was determined. Figure 29 shows tnat tnere is
considerable heat inactivatlion of the dialyzate. In twelve
minutes apvoroximately 50 percent of the activity is lost at
979C, and 20 percent at 80°C.

(11) To pHe 1.0 ml. dialyzate was placed in sach of six beakers.
The piH's wsre adjusted over a range of values with 2 N HZSOA
or N KOH at tne pglass electrode and the beakers set in the dark
at 27°C. for 8% nours. Tne pH's were determined again, re-

ad justed to 6,6 and the volumes were made up to 2.0 ml. in
volumetric flasks. Hesldual activity was then determined.
Figure 30 shows that under tnese incubation conditions the
dlalyzate 1s quite stable between pH 1 and 7. Above pH 8 the
activity begins to drop off appreciably,

(11i1) To Lighte 0.5 ml. dialyzate was added to a series of
tubes contalning 0.5 ml. /15 phosphate buffer, pH 6.6 and

0.5 ml. water. The stoppered tubes were placed on the
aluminum-painted rack beneath the [0 watt white fluorescent
lamp used standardly in light experiments and at time intervals
tubes were withdrawn to a dark cupboard. Then 0.5 ml. 10~3 M
I.A.A. was added and the residual activity of the dialyzate

determined. Figure 31 shows that preédxposure to the white
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light produces & rapld decay 1n activity. Tihe rate ol decay,
however, decreases rapidly with time and apvears to approach
an asymptote which in this experiment occurs at approximately
50% loss of activity (or, referring to a calibration curve
for activity versus dialyzate concentration, approximately
70% loss of I.A.A.-destroying units). This may be due to

the dialyzate containing a mixture of active components, not
all of which are destroyed by light.

I.A.A, affords tne dialyzate some »rotection agalnst
photolysis. Dialyzate in two concentrations was incubated in
the light for 5% hours at pH 6.6 and 25°C, with and without
500 fbm/l I.A.A. Tne four solutions were then adjusted to
pH 3.0 and extracted four times with 5 ml. peroxide-free
water-saturated etner to remove the residual I.A.A. The pH's
were readjusted to 0.0 and tne solutlons made up to volume.
kesidual activities of the dialyzate were then determined each
at two concentrations and compared with the coriginal activity,.
Figure 32 shows tnat while tnere 1s great loss of activity in
all cases especially in dilute solution, the presence of I.A.A.
during the pre8xposure period reduced the loss appreciably.

(iv) To Ultra-violet Light. As already stated on page 82

the activity of the dialyzate is rapidly destroyed by exposure
to ultra-violet 1licht (see table 7). No further quantitative
data have been obtained. It is clear that unless the destruc-
tion of tne active compound is phnotosensitized by some other
plgment, the former must absorb in tne ultra-violet band

emitted by the Keese lamp.
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(h) The Guestion of Catalyst or Reactant.

In a previous section (page 8l ) attention was drawn to
the importance of distingulshing whether the material of the
dialyzate which photoinactivates l.A.A. acts as a catalyst or
a reactant. It has tentatively been accepted that the action
is catalytic and now the evidence will be considered., Useful
criteria for deciding this guestion are the following:

(1) At the completion of a’reaotion a catalyst should be
recoverable without loss or with little loss of activity.

(11i) A reactant consumes a stoichiometric quantity of
substrate so that the amount consumed should be directly
proportional to the cohcentration of reasctant. A cabtalyst
may be expected to destroy many more than an equivalent number
of moles of substrate.

(i1i) 1If a réactant, the initlal reaction velocity
should be proportional to the concentration of the reactant
raised to the power of the order of the reaction with respect
to thnat reactant,.according to the collision theory of reaction
rates. If a catalyst, which forms an intermediate catalyst-
substrate complex in accordance with the lMichaelis-lienten
concept, then a plot of initial rate against substrate con-
centration should be a rectangular hyperbola and a plot of
the reciprocals of these values should give a straight line
(101).

A number of experiments has been carried out with these
criteria in view,

(1) Light is essential to effecting any decomposition
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of I.A.A. 1In the presence of the dialyzate. As indicated in
figure 31 the dlalyzate 1is rapidly inactivated 1n light so
that, even 1In the absence of I.A.A. 1t 1s never possible to
recover the activity quantitatively at the completion of an
experiment. However, referring to figure 32, 1t is clear
that when irradiasted in the presence of I.A.A. bthere is no
greater loss in residual activity of the dialyzate than when
irradiated in the absence of I.A.A. On the contrary, I.A.A.
exerts some protective action,

(11) It has never been possible to effect 100% destruc-
tion of I.A.A. by prolonged incubation in the light with the
dialyzale preparatlons used, presumably because of the rapid
photodestruction of the dialyzate itself. In fact in prelim-
inary experiments a rough vroportionality existed between the
total amount of I.A.A. destroyable and the initial dialyzate
concentration. Figure 33 shows two long-time progress curves.
In curve 1 the dialyzate concentration in the reaction mixture
1s 10% (v/v) and in curve 2, 5%, the dialyzate being prepared
in the usual way from lyophilized brei. Both curves spproach
maximum destruction limits which are proportional to the
initial dialyzate concentrations. Superficlally, this would
seem to suggest that there is a stoichiometry between I.A.A.
used and dialyzate provided. However, 1t may be shown that
if the dialyzate 1s preilluminated in the absence of I.A.A.
then added to I.A.A., the rate (i.e., the slope of the
progress curve) is equal to or less then that at the corres-

ponding time interval in figure 33, which attests that the
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limit 1s gpproached due to the destruction of dlalyzate not by
reaction with I.8.A. but by exposure to light.

(11i) If tne dialyzate contained a reactant, then the
reaction velocity should be directly proportlonal to the
concentrations of I.A.A. and of the dlalyzate raised to the
powers of tnelr respective orders of reaction, for all
concentrations.

v T k. (I.4.40)7, (D)™
However, as shown 1In both cases & linear plot results in a
curve concave to the concentration axis, which could only be
obtained if the order of reaction were less than one. If light
intensity were limiting at higher activities one would expect
for a plot of activity versus dialyzape concentration a straight
line which broke sharply, but for activity versus I.A.A. a
Straight line witih no break,

On the other hand, if the dialyzate contalned a catalyst
which formed an intermedlate catalyst-substrate complex with
I.A.A. then one would expect a hyperbolic curve the plot of
activity versus I.A.A. concentration, which is obtained (figure
23). Further, as shown in figure 2, a Lineweaver=-Burk plot
of the activity versus I.A.A. data closely approximates to a
straight line, whicn is in agreement with the concept of the
action of a catalyst.

The most reasonable interpretation of these experiments
presented 18 that the dialyzate contains a photoreceptor which

sensitizes the destruction of I.A.A. in a catalytic manner.
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(j) The Hequirement for Oxygen.

The most common pnotosensitization reactlions are oxida=-
tions (91). It is already known that I.A.A. undergoes oxida-
tion at the hands of the enzyme I.A.A. oxidase and photo-
oxidation in the presence of riboflavin and it is of interest
to determine whether the dialyzate-catalyzed reaction is
oxldatlve 1in nature.

Thunberg tubes were loaded with 1,0 ml. dialyzate, 1.0
ml. /15 phosphate buffer, pH 6.6 and 1.0 ml. water in the
main arm end 1.0 ml. 1073 M I.A.A. in the sidearm. The tubes
were filled with argon, air or oxygen. At zero time the
I.A.A, was tipped in and the tubes placed iIn the light in

the usual way. After a period of incubation an aliquo

cili o Al

was

<

withdrawn and residusal I.A.A. determined. This was repeated

at two successive stages of purificatlion to be described later.
From table 9 it 1s clear that the activity of crude dialyzate
shows no dependence on oxygen tension. However, after partial
purification a relative, though not absolute dependence
appears. It appears that a requirement for oxygen exists but
that in the whole dialyzate there 1s present an alternative
nydrogen acceptorvin concentration high enough to account for
the observed loss of I.A.A. The first purification step
removed enough of this acceptor to make it become rate-
limiting during the reaction, but not all. The second purifice-
tion step apprarently was not effectivéjn selectively removing
more of the hydrogen acceptor.

Many photosensitized oxidations have been shown to involve
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Table 9

The Effect of Oxygen Tension.

Incubation I.A.A. destroyed (ﬂﬁ/l)
Ireparation time in:
(minutes)

Argon Alr Oxygen

1. Whole dialyzate 26 51 Sly 51

2. Purification I¥ 50 35 55 62
3. Purification 2f Lo Lo on 70

* Whole brei was saturated with ammonium sulphate, set

at 0 to 29C. overnight and the precipitated protelns filtered
off on diatomaceous earth. The filtrate was extracted three
times into 1/20 weight of phenol. Three volumes of ether were
added to the phenol solution which was then extracted three
times with 1/10 volume of M/15 phosphate buffer, pH 6.6, This
aqueous fraction now contalned much of the original activity
and was diluted 1 in 5 before use in this experiment.

t2 ml. of the above fraction were placed on a columm of
powdered cellulose (Solka-floc) 2.2 cm. diameter x 50 cm,
long and chromatographed 1n water, the eluate belng collected
in a fraction cutter. A fraction at approximately Rf = 0.8 to
0.9, whieh fluoresced blue, was colored yellow and which had
I.A.A.~destroying activity, was shaken into phenol and after
adding excess ether, back into 5 x 0.5 ml. water. This was
used as tne active preparation.

Activity values are comparable along horizontal but not
along vertical lines.
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the primary formation of nydrogen peroxide from oxygen and
water through the action of the light-activated pigment (91}).
It has already been shown (88) that nydrogen peroxide is an
intermediary oxidant in the destruction of I.A.A. by I.A.A.
oxidase, The following experiment was carried out to deter-
mine whether H202 is inveolved in tne photooxidation catalyzed
by the dialyzate. Two series of concentrations of dialyzste
were incubated in the light at pH 6.0 with 250/11%/1 I.A.A.
One series contalned crystalline beef liver catalase in con-
centration in excess of that required to completely inhibit
T.A.A. oxldase., Figure 3L shows that catalase esvokes no
inhibition. It may be concluded that H202 i1s not an essential
intermediate.

(k) The Action of Inhibitors.

The dialyzate is strongly inhibilted by reagents that
sequester heavy metals, e.g., XCN, HpS, NaN3, NH2OH, 8~-hydroxy
quinoline, sym-diphenyl carbazide, etc. lany of the chelating
agents interfered badly in the Salkowski reaction and it was
necessary to use them at extremely low concentrations. Sulfide
also interfered strongly, so after filtering precipitated
sulfide from tne dialyzate through sintered glass the HyS was
blown off with nitrogen before testing for activity.

From table 10 and flgure 35 it is clear that a major
fraction of the dlalyzate depends upon the presence of a heavy
metal for 1ts activity. The ashed dialyzate has no activity,
and this observatlon, together with the fact that the activity

is heat- and light-labile suggests that the metal may be in
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MOLAR CONCENTRATION OF 8-HYDROXY QUINOLINE.
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Regidual setivity ss & function of concentration of 8=hydroxy
quinoline. Dizlyzate incubated 15 minutes with 8-hydroxy auincline
before adding IAA. Initisl IAA concentration = 25?/u,%.
Temperature = 24°C.

e = log plot.

x = linear plot,
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coordination complex with an organic molety. Thne fact that
activity is not second order with respect to dlalyzate (figure
26 ) speaks against an interaction of an organic molecule with
a free ion,

Albert and Gledhill (19) have made a study of the
specificities and sensitivities of a large series of chelating
agents under physiologlcal conditions (pll = 7, temperature =
3700.). Of those suitable for uée in the above experiment,
the specificities are not such as to permit positive identifica-
tion of the metal. However, it may be said that the metal is
not calcium nor magnesium since 8~hydroxy quinoline inhibits
but fluoride does not, nor copper since benzoin oxime does
not inhibit.

The addition of Cuf+, Cdﬂ-, Fék+, Fe+++, Mgbk, .Zn"'+ or
intt at lf;‘.)"LL concentrations to the whole brei produced no
increase in activity. Presumably the free concentration of

the native metal is already saturating. cu**

s Co** and mm**
actually produced some innibition. It has not yet been
successfully attempted to remove the native metal before
testing the effect of adding back these ions.

Distribution.

(a) In Tissues of Etiolated Pea Seedlings.

Pea seedlings grown for nine days in total darkness were
dissected into apical buds, stems, cotyledons and roots.
Welghed amounts of each fresn tissue were cooled and ground
with sand in a cold mortar in a measured volume of cold M/15

phosphate buffer. Aliquots from the supernatants were placed
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in cellopnane bags and dialyzed overnignt at 09C., against
equal volumes of buffer. The dialyzates were then assayed
for activity in tne usual way. Figure 36 shows that per
fresh weignht of tlssue, the apical buds have manyfold greater
activity than stems and roots which have 2 to 3 times the
activity of the cotyledons,

(b) In Tissues of Creen rea Seedlings.

Pea seedlings were grown in vermiculite ‘in the Dolk
greennouse for 15 days when the first tnree trifoliate leaves
were fully developed. The epicotyls were separated into stenms,
leaves (including petioles and stipules) and growing tips
(Includlng leaf and stem in regions where tne internodes had
not yet elongated). velghed amounts of each fresh tissue were
ground with sand in a cold mortar in a measured volume of
cold M/15 phosphate buffer, pH 6.6, After centrifuging, allquots
from tne supernatants were placed in cellophane bags and
dialyzed overnight at 0°C. against equal volumes of buffer.

The dialyzates were assayed for activity in the usual WaY o
Figure 37 shows tne result of this experiment. However, further
study nas shown that with green tissues in general, only a
'small fraction of this "apparent activity" is in faect iight-
activated catalytic actlivity. For example, using the dlalyzate
from the green leaves prepared above, tnree experiments were
done. Three concentrations of dialyzate were incubated in the
light with I.A.A. for two nours. Another tnree concentrations
of dialyzate were added to I.A.A. in the dark immediately

prior to adding the Salkowski reagent. Figure 38 shows that
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most of the "activity" of the green leaf preparation is
attributable to either an laterlference wlth the Salkowski
reaction or to an instantaneous dark reaction with I.A.A. by
some component of the dialyzate. A relatively minor activity
18 ascribed to catalytic photolysis. Similar results were
experienced with green leaves of spinach, cocklebur and oat,
catalytic activity being relatively greater in younger tissue.
It 18 clear that the activity of etiolated tissue is much
greater than that of green tissue.

Preliminary Purification Procedures. A number of g udies has

been made to determine the manner in which the activity of the
dialyzate partitions when subjected to various fraction-

atlion procedures. These provide useful information concerning
the physical and chemical properties of the active component.

Owing to the limitation of time, isolation and identification

have not been consummated in this work.

(a) Solubilities.

2.0 ml. dialyzate, neutral, made acid with dilute HC1l or
alkaline with dilute NaOH were shaken with an equal volume of
diethyl ether, n-butanol, petroleum ether or chloroform. The
organlic solvenlt layer was separated off, evaporated under
reduced pressure and the residues each taken up in 1.5 ml.
M/15 phosphate buffer, pd 6.6. 0.5 ml. 1072M T.A.A. were
added and activities determined in the light. In no case was
any measurable activity obtained. The yellow color and most
of the fluorescence also remained in the agueous phase. It

was found to be possible, however, to extract the active
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material of the dialyzate into phenol, or into acetone after
gsaturating the agueous phase with ammonium sulfate.

20 ml. dilalyzate were placed in a separating funnel with
40 ml. aqueous saturated ammonium sulfate and extracted twice
with 5 g. of phenol. Five volumes of freshly distilled ether
were added to the phenol extracts and shaken with 15 ml. water
then 5 ml., water. The agqueous extract was now assayed for
activity at a series of concentrations. Curve 2, figure 39,
shows that a larze fraction of the actlivity was recovered.

10 ml. of dialyzate were saturated with solid ammonium
sulfate and extracted twice with 20 ml. of acetone (if more
than two volumes of acetone are added, water ls withdrawn into
the acetone phase precipltating the ammonium sulfate and
leaving only one ligquid phase). The acetone layer was separated
off, evaporated to dryness at reduced pressure and at room
temperature. The residue was dissolved in 10 ml. M/15 phosphate
buffer, pH 6.6 and assayed for activity. Curve 3, figure 39,
shows that a major fraction of the activity of the dialyzaﬁe
was extractable into the acetone.

These two observations provide a useful procedure for the
preliminary purification and concentration of the active mater-
ial of the dialyzate. Phenol is preferable for this purpose
because of the greater ease of returning the active material

to the agqueous phase.
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(b) Adsorbabilities.

A series of common adsorbents was tested to determine
whether tney might be useful in selectively taking up the
active component. One ml. dialyzate in M/60 phosphate bﬁffer,
pH 0.0 was placed in each of a serles of centrifuge tubes and
a knife edge of the adsorbent to be tested added. After
shaklng a few mlnutes tne tubes were centrifuged and U.3 ml,.
supernatant taken for assay of actlvity in the usual way.
Teble 11 shows that the best adsorbents tested were charcoal,
Lloyd's reagent and Mgl-celite (3:1). The Amberlite cation
exchange resin IR-100 and alumina adsorbed a negligible amount.
There is no quantitative parallel between residual activity
and residual color or fluorescence of the supernatant.

The common eluants for Lloyd's reagent (0.1 M NaHCO3 at
pH 7.5, 5%(v/v) pyridine at pH 8.7, 2%(v/v) 0.880 NH) OH in
water at pH 10.2 or acetone failed to yield more than 10% of
the activity adsorbed to Lloyd's reagent at a single extraction.

(c) Chromatography.

Chromatographic fractionation of the dialyzate was used as
a method for attempting to separate and examine some of the
properties of thne active components. Of the many adsorbents
tested, silicic acid 4 Hyflo supercel (3 : 1) and powdered
cellulose ("Solka-floc") proved most useful, particularly the
latter, because simultaneous runs on an analytical scale were
able to be made on filter paper, giving approximately the same
rates of movement. The locations of the active spots on the

filter paper were determined in the following menner. After
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Table 11

The effectiveness of adsorbents for removing the active
component of the dialyzate from solution at pH 6.0.

Residual Residual . Ratlo
Adsorbent color™ of Fluorescence™ final : initial
Supernatant of Superna- activity
tant

None “+ + —+ -+ - — 1.00
Fuller's earth + + + 0.55
Lloyd's reagent 0 -+ 0.11
Silicic acid -+ ~+ - 4+ 0.87
MgO~-celite (3:1) —+ + —+ -+ -+ 0.27
Amberlite IR-100 0 -4~ 0.97
dry A1203 -+ -+ —+ 1.03
Powdered charcosal 0 0 0.09

% Estimated visually.
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development of the chromatogram it was air-dried and momen-
tarily dipped in a solution of 10™7M I.A.A. in water-saturated
etiier. After evaporation of the ether the papers were sus-
pended horizontally in an atmosphere saturated with water vapor
beneath a bank of fluorescent lamps. After incubating for an
hour the paper was sprayed with modified Salkowskl rcagent
and placed in a 100°C. oven for 30 to 60 seconds. The active
spots appear white on a pink background. The modifiled
reagent consists of M/10C ferric chloride in 6% perchloric
acid. Sulfuric acid of the original Salkowskl reagent prevents
drying of the papers leading to loss of sharpness of the spots.
Higher concentrations of perchloric acid or over-heating result
in charring of the paper. The same technique was used as a
rough cuantitative assay for the I.A.A.-destroying activity of
drops taken from eluate fractlons from the adsorption columns.

In order to obtain a concentrated preparation for placing
on the chromatogramsa, deproteinized homogenate was extracted
into phenol then back into water after adding excess ether, as
described in a previous section.

A 12 x 1.5 em. column of silicic acid 4 Hyflo (3 : 1)
was dry-packed under suction and well washed with water. 2.0
ml. concentrated dlalyzate were plpetted on and the chromato-
gram developed with water. A yellow colored band which
fluoresced yellowish-blue under ultra-violet light travelled
close to the front. It contained mogt of the 1.A.4.zdegstroying
activity and when chromatographed on paper with water as

solvent (ascending) it separated into three fluorescent spots
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at Rf = 0.32 (yellow fluorescent), 0.65 (blue fluorescent)
and 0.85 (blue fluorescent), most of the I.A.A.,-destroying
activity coinciding with the fluorescence at Kf 0.85. A
second band, reddish-brown in color and fluorescing blus
remained at the top of the column but was readily eluted with
M/1000 HC1 or acetone. It had appreciable I.A.A.-destroving
activity and when chromatographed on paper in water both the
activity and the fluorescence moved at hf = 0.85.

Although botnh fractions containing tne pigmented bands
sensitize the decomposition of I.A.A. in visible light (see
table 8) no absorption maxims could be detected in the visible
region presumably because tne concentrations were too low. The
leading band shows a sharp absorption maximum at 207 m}b and a
minimum at 237 m/&while the band requiring elution with dilute
HC1l shows a maximum at 203 mfb and e minimum at 249 mfu How~
ever, in the present crude state these spectra cannot be
attributed to the active comvounds.

A column of powdered cellulose 2.2 X 50 cm. was filled
dry under suction and well washed with water. 2 mls. con-
centrated dialvzate were placed on the column which was devel-
oped with water. The first 80 mls. were discarded then 2.8
mls. fractions were collected. The fractions were numbered,
randomized and subjectively evaluated for color and for
intensityof fluorescence under ultra-violet light assigning
each a rating from O to 5. The fractions were also assayed
for I.A.A.-photolyzing activity by placing a drop on filter

raper, drying, dipring the paper into an ether solution of
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I.A.A., incubating in the light for one hour then spragng with
the modified Salkowskl reagent., Figure L0 shows that the I.A.Ar
rhotolyzing activity was confined to two reaks, both of which
were colored and fluorescent. Tne slower peak (fraction #90)
which was of lesser activity fluoresced yellow-green and when

rechromatographed on paper it travelled identically with
riboflavin in several solvents. ion # we
in the Beckman spectrophotometer but no absorption peak in

the visible was obtained. The absorption curve rose sharply

at 1120 qw% reaching a maximum at 265 m M and & minimum at

2l 2 %M.

Inree similer fluorescent bands were obtained by chromato-
graphing the original concentrated dialyzate on paper, using
water as a solvent. lwost of the activity resided in the
fastest-moving spot (Rf 0.85), none 1n tne center spot (Kf
0.05) and a small amount in the slowest spot (Ef 0.32), which
1s probably riboflavin. It was possible to further resolve
the first spot by chromatographing at right angles in a solvent
mixture of n-butanol-water=-pyridine in the proportions 10 :

5 : 6 by volume. Three active spots separated only one of which
was accompanied by fluorescence (see table 12). A second
fluorescent spot was devold of measurable activity. Taus the
dielyzate 18 shown to contain at least four compounds active

in photolyzing I.A.A. Only two of these are accompanled by
fluorescence in the vprocedures used.

Attempts were made to dlstinguisn which of these spots

was the metal-containing component. Developed chromatograms
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Table 12

Separation of the active components
of the dialyzate by chromatography on paper.

Rf in Fluorescence
under I.A.A.~-destroying
Spot butanol- ultra-viclet activity
water pyridine-water
(10 : 5 ¢ )
1 0.32 0.5 vellow-green +
2 0.65 0.35 blue —
Iy 0.85 0.45 -- -+
5 0085 0070 - +‘ +
6 0.85 0.55 blue —
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were sprayed with 5 x 1o‘u M 8-hydroxyquinoline before dipping
tne papers into the I.A.A. solution but in no case was the
activity of any spot destroyed. It was not possible to put
enough of tne dlalyzate onto the paper to test the spots for
activity after eluting. It seems that elther the reaction is
so rapid on paper that even an almost totally innibited com-

1 e Y P

an still sensitize the destruction of I.A.A. or that

~A
rounda can

43

during the process of chromatography tne dissociable metal has
been separated from its organic moiety and does not aprear
among tne active snots,.

Owing to tue limitation of time, no further work .as
been done on the isolation of these active components.
Summary. In this section a study nas been made of the T A.A.-
destroying activity of the brei of etiolated pea epicotyls
other than that due to the enzyme I.A.A. oxidase. The
protein-free dialyzate sensitizes the destruction of I.A.A.
in the 1light but not in the dark. Blue-violet lignt 1s the
most effective, followed by blue-green, green, red and yellow,

The dialyzate contains at Least four actlve components.
A major component depends for its activity on a heavy metal.

The kinetic behavior of the whole dialyzate nas been
studied in detall. The apparent Kg is 3 x 1074 ana the re-
action 1s rirst order with respect to I.A.A. The net pH
optimum is 5.5. The temperature optimum is 25°C. at high
light intensities, At low light intensities there is no
temperature dependence. It 1s concluded that one or more

dark reactions follow. The activity is unstable to heating or
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to exposure to visible or ultra-violet lignt. ‘he inactiva-
tion of I.A.A. probably involves an oxidation without the
intermediste formation of hydrogen peroxide.

In the etiolated pea seedling the actlive material 1s
much more abundant In the buds than in the stems, roots or
cotyledons, It is present in nigher concentration in
etioclated than in green pea seedlings.

Preliminary purification procedures have been devised,
involving extraction into phenol or acetone and chromato-
grapny on powdered cellulose. A technigue is described for
detecting the vresence of tne active compounds on developed

paper chromatograms.
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DISCUSSION

In the experimental section a description was given of
certain aspects of the behavior of systems which inactivate
indole-3-acetic acid (I.A.A.) in vitro. These comprise a
complecx of enzymes containing two alternative members, one
with a cofactor requirement and one without, and a group of
dialyzable substances, resolved into four or more members which
sensitize the photoinactivation of T.A.A. An important
question arises, namely, what the physiological activity of
these systems are. This question 1s not simple to answer, nor
is it even clear, at this present state of knowledge, how to
devise experiments to obtaln this information. Certain
observations provide us with some clues, which, together with
a little speculative thinking may rrovide a basis for further
experimentation.

The first question which arises 1s whether this enzyme
system or the active components of the dialyzate, which have a
relatively low affinity for the I.A.A. (apparent Kq valuesk
gbove 1074 M) can successfully influence the growth response
of & tissue by regulating the very low concentrations (10~
to 1071V i) of I.A.A. present in the tissues. The responses
of plant tissues to auxins are among the most sensitive of
biologlcal phenomena. In experiments in which the growth of
Avena coleoptlle sectlons Cloated in a series of I.A.A.
solutions was measured, it was recently calculated that the

Ky for the complex between the auxin and the receptor site with
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which it reacts before evoking the growth reaction. 1is
approximately 3 x 1077 1 (81). For etiolated pea stems it is
slightly lower. Since this isvthree orders of magnitude lower
then that for the enzyme, the enzyme would compete unfavorably
against the receptors for the combination with the free I.A.A.
for intracellular concentrations of I.A.A. at which the
receptors are unsaturated, Tous in a tissue continuously
supplied with I.A.A. the enzyme concentration in the cell
would have to approach one thousand times that of the receptors
in order tnat a chenge in the activity ol the enzyme would be
reflected in a changed growth response. At present there is
no way of assessing this concentration ratio.

On the other nand, in tissues where the growth appears to
be limited by supraoptimal concentrations of I.A.A., €e8.,
roots, lateral buds (56, 117), the I.A.A. oxidase may be
expected to destroy free I.A.A. and reduce tine inhibitory
effects,

The hypothesis for the interaction of auxlin with an intra-
cellular site depends for its substantiation in the experimen-
tal data upon the assumption that the auxin concentration at
the site is a linear function of the externally applied auxin
concentration. An evaluation of the molar X, further assumes
that the concentration at the site is the same as that in the
external medium. Thus in comparing the Ks values calculated
in this way for the same auxin between two tissues a measured

difference may be due to (a) a difference in the penetration
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and transport of the auxin to the site or (b) to a real
difference in the dissociation constants between auxin and
receptor~site. For dark-grown pea stem sections floated on
solutions of I.A.A., the apparent Kj is approximately ZLO"7 W
For stem sections of green peas 1t is approximately 105 W (116).
If these dlfferences really represent dlfferences 1n the
dissociation constants for the receptor site-auxin complex,

then the role of I.A.A. oxidase a@nd the effect of changing

its activity, c.g., by illumination (8l1), in these two tissues
may be qulte different.

It would sesm that a useful tocl for studyving whether
T.A.A. oxidase regulates the intracellulsr concentration of
I.A.A. would be 2,li-dichlorophenol (D.CvFP.), which has been
shown to increase the in vivo destruction of hnigh concentra-
tions of externally saspplied I.A.A. (figure 10). It would be
expected that D.C.P. would produce symptoms of reduced auxin
concentration, provided I.A.A. is a2 major auxin of the tissue
tested. Systematic quantitative experiments have not yet
been carried out on this question but a few observations may
be pertinent. |

Bean seedlings treated with D.C.P. either in aqueous
solution applied to the nypocotyl through a wick or in lanolin
apprlied to the leaves showed some reducitlon 1n the rate ol
elongation of the internodes.,

Pea seedlings grown in the dark in waber culture con-

Iy

ing -
taining 1077 or 10 M D.C.F. showed no slgnificant differences

from the controls in internode length, total epicotyl length,
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root length or tendency for the lateral buds to develop.

In another exveriment pea epicotvyl sections were floated
in a series of solutions containing various concentrations of
I.A.A,, with and without 3 X 10'5 i D.CePe Tinose grown in
the D.C.FP. made less growth than the controls. Vhen the
experiment was repeated using as the auxin ol -naphthalene
acetic, which 18 not attacked by T.A.A. oxidase (2), a depres-
sion in growtn was similarly produced by D.C.P. Thus an
experiment of this kind is ambiguous because D.C.P. is
inhibiting growth in another way, possibly by "uncoupling"
oxidative phosphorylation.

A more specific way in which to study this guestion
would be to look for a rnositive effect expected as a result of
lowering the free suxin concentration, e.g., increased root
elongation, bolting of lateral buds or induction of flowering
in short-day plants. In a preliminary experiment it was
grossly observed that roots induced to form on stem cuttings
of Xanthium in Hoagland's solution produced a greater growth
in length in the presence of 10"5 i D,C.P, No precise measure-
ments have been made, however, and this line of work has not
been pursued owing to lack of time.

Within the limits of the previous considerations con-
cerning the ability of the enzyme to influence the growth re-
action we may go on to discuss the possible functlons of I.A.A.
oxldase in addition to the hormal maintenance of I.A.A,
balance. One Ilnterestlng property of the enzyme ls 1ts active

tion by light (8L). It is therefore important to examine the
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possibility that the activity elther of this enzyme or of the
dialyzate may enter into responses of plants to light known to
involve changes in auxin concentration. Since the enzyme is
activated only by blue light (84) 1t could act as photo-
receptor only 1in those physiological reactions responding
primarily to blue light. Similarly, in the case of the dialy-
zale, tne shorter wavelengtns are the most effective although
there may be a second smaller veak in the red (table 8).
Since this 1s a composite action spectrum due to four or more
components 1t would be important to resolve Luem and study the
reactions separately. At present, nowever, it is not known
whether the active components of the dialyzate reside in the
eytoplasm or in the vacuole, so it cannot yet be decided
whether they are potentially able to exert a physiological
effecte

It has already been proposed (84, 60) that the light=-

activation of I.A.A. oxidase may be of significance in tne
phototroplec response of plants. Briefly, the main evidence for
this suggestion are the following. (a) Exposure of Avena
coleoptiles to phototropically active light doses results in a
"redistribution" of the native auxin, a reduced concentration
being found on the i1lluminated side (15). (b) The action
spectrum for phototropic curvature (118, 119, 8L) corresponds
closely to the absorption spectrum of riboflavin and of
flavoproteins as well as to that of carotenes (8l); it is also
very similar to the action spectrum for the light-activation

of I.A.A. oxidase (84). (c) Flavins occur abundantly in
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phototropically active organs (8l.). In a mutant strain of
albino corn which 1is vhototropically active, carotenes were
fouﬁd to be virtually absent while the flavin content was
normal (120). Thus 2l thouch carotenes have been shown to
sensitize the photolnactivation of auxin a (22), the above
observation eliminates these compounds as the receptors for
tne phototroplc stimulus in the corn coleoptile,

Although light may in addition influence the auxin-
producing and auxin transport processes, it does at present
sesm that the activation of I.A.A. uvxldase by blue llght may
be of importance in initlating phototroplc curvature,

If T.A.A. oxidase contributes to the regulation of the
T.A.4A. content of an organ it may be expected that the reduced
sensitivity of tissues to I.A.A. after exposure to red light
(121) could be due to a light-induced increase in the total
activity of the enzyme. The enzyme would thus be of some
significance in certain of the processes associated with
de8tiolation (122). It has in fact been observed (85, 121)
that exposure of pea seedlings to low intensity red light,
which induces the reduced elongation of stems, enlargement of
leaves, etc., also induces a change in the I.A.A. oxldase
content such tnat not only the activity but also the specific
activity is much increased. Despite this change, it would
seem that the enzyme must play a relatively unimportant role
in red-light induced de8tiolation because although the

sensitivity of the growth response to I.A.A. is reduced, so
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aiso 18 the response to other auxins (e.g., Q,h-D,ﬁionapthalens
acetic acid) (82), which are not attacked by the enzyme.

Biochemically, tne princlpal studies remaining to be
made on tne I.A.A. oxidase system are to fractionate the
enzyme complex into its components and to study independently
the chemical steps in the degradation of I.A.A. This would
include the isolation and identification of the cofactor.

With regard to tne dlalyzate, tine resolution and chemical
identification of the various components would permit thelr
ready assay 1in tuoe Lissues and thelr study in clean systens,
leading to experiments tnat may determine theilr nhysiological

role in vlant tissues.
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