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Introduction

Sinice Kogl. Haagen-Sniit aid(I Erxlel)en (10)
first reported oni the growth stimulatory properties
of IAA., manv sttldies hlave l)een devoted to tracinig
its rotute of biosynithesis. In 1940. Skoog alnd Thi-
manni (20) recognlize(d that tryp)tophan in structtural
protein col(Il be converted to IAA in the preselice
of proteolytic enzym-es. Sinice theln azinumber of
investigationis (6. 13. 24) has given support to the
coniclusionl that tryl)tol)han is the miajor primiiary
precursor of auxin. A hiost of other inldole comii-
pounds have been implicated as initermiiediates in the
coniversioni of tryl)toplhan to IAA. Considerable evi-
(leilce that indoleacetaldehv-de miay lbe ani initer-
miiedliate has accumuiltilated (1. 5. 11). Ind(loleacetonii-
trile (IAN) (7), indolepvruvic aci(l. trvptoplhol (11)
anld ethvlivndoleacetate (18) are amiionig the inidole
derivatives that have l)eenl reported as precursors
of IAA.N.

The hd(lrolvsis of 1A'N to IAA in plant tissutes
(22) has led to a search for ind(loleacetamiiide (IAmu)
as all initermiiediate. \Wightman (23) foullnd I.-knm to
have somiie atuxini activity all(l to be hvdrolvsed in
v'ivo to IAA by tomato an(l lpea. He has colnclude(d
that JAmii (loes lnot occtlr as a free ilntermiiedtiate in
the conversion of trvptoplhan via IAN to aulxill.
O(thers (2, 3. 4. 21 ) have givenl passing nlotice to IAm
as a possible biological initermiie(liate. Oln several oc-
casions, IA.Xmi was fotull(n to be an artifact dute ap-
l)arenltly to the prol)ensity of esters of LAA to formii
an,tides in the presence of amimiomia. I'liths. Zenik
(25) reported that 57 % of 1-(indole-3-acetyl) 8-d-
glutcose was converted to JAm (Itlrinlg paper chromia-
tography.

Recently it has been fouiid(l that p)eroxidase cati-
lyzes the oxidative (lecarboxylation of methiolline
with the formiiationl of 3-miiethvlthiopropioinamiii(le as
the product (16. 17). Several other aminio acids also
un(lergo a simiiilar reactioni.

\V'e have recently reporte(d the leroxi(lase-cata-
lvzed (lecarboxylation of trvptophan to 1lAm (19).
T'his has subsequently beeni conifirmiied (9). The
work rel)orted in this paper gives further (letails of
this reactionl anid some ol)servationls oni the further
metabolism of lAm.

Materials and Methods

Peroxidasc Prcparations. Horse-ra(lishi (Aruior-
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(iCi(i (ltIathlifoli(, Gililb) l)eroxi(lase (1HRIP) with anI
RZ of 3.0 was l)urchased fromii C. F. 13oeliriinger aiid
Soni. A stock solutioni was miia(le tl) conlitaing
/A per mln. 'rhis soluition was stable to freezingcr aln(d
thawing over a l)erio(l of ilmany weeks. Cab-
bage l)eroxi(lase l)rel)aration-s wvere ma(le by holmo-
geniizilng the lplalt imiaterial xvith onie-half its
weighlt of col(d (listillelwater, filteriiig the honmo-
geniate thirouighi cheesecloth and cenltrifuginig at low
spee(ls in a cliniical cenitriifuige to remiiove the (lel)ris
ai(l heavy l)articles. D)ialysis of the sul)ernatait
soluitioni againist (listilleI water for 24 hioturs remioved
potent inihibitors of tlle oxidative (lecarl)oxylatioil
activity of cabbage l)eroxidase.

.4ss(sa for Pcroxidasc Activit v. P'eroxidase acti-
vity was assave(l 1b a ilmo(lificatioln of the guaiacol
metho(d described 1y M\aehlv (14). Ani amiioulnit of
l)eroxi(lase test solutioil or stanl(lar(d HIR P containiniig
about 0.01 to 0.)2 ,,g of peroxi(lase and(1 0.1 mll of a
0.01 \i g-uaiacol soltution were comnbinled in a coloni-
mileter tube coi1tainlilig .5 m1l of 0.02 Mt l)otassiump11os-
lhate buffer p1HI7.0. Theln 0.04 ml of 0.04 At
H.O.. was ad(le(l. and(1 the ol)tical (lensity of the
soltutioni at 470 ilin, deternlinie(l at 1-mlintte intervals
ini a colorimiieter. In or(ler to minimiiize teml)erature
effects, the soluitioni was ren;o\ved from the inistrul-
miienit between rea(lings. Unlder tlle conl(ditiolns of the
test l)roce(lure the oxi(lationl rate is l)rol)ortioilal to
the e117-v iie conlcenitrationi. Using ai known0 quaii-
titv of HRP as a stani(lar(l. the l)eroxi(lase e(quiivalenit
of otlher preparations was (letel-i1le( 1by co)mp1ain1g
the resl)ecti\e activities in the gutaiacol test.

Iii Vivo Ex'rpcriuucits. Cabbage (BIrassica olc-
rracca var. c(apitatoi, L.) see(linlgs were grown on
moist gatuze in the (lark. The l)lailts were tise(l when
5 to 15 days old. Imime(liatelv before tuse the plants
\-ere selected and(I the stems cut tunlder water julst
above the roots. The stems were thenl tranisferre(d
to short test tubes which conitainied the labeled sub-
strate in 0.3 to 0.5 ml of water. A streamii of air
was l)assedl across the seedlinigs to ai(d uptake 1b
inicreasinig the rate of tranispiration. Ullder these
coniditions the ra(lioactive imiaterial was almiiost com

pletelv absorbed in less than 3 hoturs. At this poinit
2 mil of water was added to the test tube so that
there would be sufficient water for the remliainer of
Lhe experimiienit. In some cases the solutiol with
radioactive stubstrate wvas takenl up ahlmost to drvness.
then the samiie volunme of distillelwater as the ori-
ginal solution was added to the vessel, anid this was
repleilished as the water Nas takeni up) in the coturse
of the experimenit. No (lifferenlce in the l)rodlucts
of miietabolism was ol)served between these 2 miietlh-
ods. No degra(lation l)ro(lucts were foutnd(I in a
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conltrol vessel of radioactive solution \ illh no seed-

Whlleni tryl)tolphaiI wx as in filtratedl tle iiiculbation
tinme was froml, to 2(1 hours ulidler- conistanit illumila-
tioii. \ hei lAm aCxwas ue(l, the ilicublation tilmec

sas 12 lhouirs. In all cases water xxwa rep)lenished
aIs it wx as uitilize(l.

.\t tlle (e11(n of the infiltration period, the see(-
linigs were rinlse(I thorotughly with (listille(l water
and thienl llolilogenlize(I in a Potter-Elvehjem holiolo-
geniizer- with 5 ml of cold water. 10(0 mig of uilaheled
tryptol)han, aln(d 1() ml of acetone. Ille homiiogeniizer-
xWas kept colcl 1b frequenit immiiiiersioni in a (Iry ice-
acetone hath. The homiiogeniate wx as filtere(d throtugl
celite oni siutered gflass, and(I the filtrate reduced in
volumllle uinder vacutiim to near (drylles. Th'le resi-
dute w-as extracte(l with 10 nil of acetone which was
clarified bh centrifugiation. Th'lie clear extract vas
coiucenltrate(l to 0.2 m1l for uise in paper chromiiato-
grap)hy anid radioactive stril) counting- proce(dtires.

SIyntlhcsis of IIAA-2-C'1. I C'4 wvas pur-
chased from the N.uclear Chicago Corl)oratioll.
Eighteen ,umoles, slpecific activity 2.82 luc Mumole.
were dissolved in 2 ml of miiethaniol. A tr-ace ot
conlcenitratedI HCI wxas added, and the Kolutitlon allowed
to stand at 1roomi telillmerature tor 6 hours, theln st)ored
aIt s ° overn1light. 'I'he xvolatile compnioienits xxere
removed(bv eval)oration ill vacIO. ( )lie 11ml of conl-
ceiltrate(l N Ii4(11)twas adl(le(l to the resiOue anid( this
left iii a refrigeratol at 5 for 2 xxeeks. Tlhis lperio(l
wvas imuticii looiler thailil tuilrlne(l ouit to lie ilecessarv.
Excess ammonia xxwas renoxedl 1hv (Irvill' uill(ler
vactitim, andCi the impuire product dissolved illI 1111 of
dlitilledI water. Thle (lax hefore uise 0.2 iiil conlainimg
10 uc of C*' wxx as purified hv 1- d(limlesiolial paper
chromiatography xxith thle followxing solvelit Sys-
temis: A CCI, xater ( 50 1 ) in ail atmosphere pro-
(ilce(I bv a illixttire of CCI4: acetic acid: wxater (1: 1
1); B) isolprolpvlalcohol: coicelitrate(l NI1-140H H.,O
(8: 1 1. h'I'e zoiie corresponding to the amii(le xxas
eluited xx ith acetone. The acetolle w as removed bx
dlrviiig aii(l the res.iduie of puile laheled amilde (issolved
in the dlesire(d volume of wx ater. Ani alterminle imiethod
of eluitioni xas to l)lace the pilper stril) conitaininig the
ami(le directlx iiito the desiredl voluime of xxater ali(l
heatinig to eltite the amidicle. Unlaheled lAmii xv-as
adde(d to the solultioni to ohtain the (lesireth s)ecific
activity. Th1le criterion for lptirity of the synuthesized
laheled lAm v-as co-chromiatography x ith carr-ier
aiiii(le in several solvent systems. Iln eachi case only
1 radlioactive spot xvas founlid( coilici(liiig xvith the spot
givinig a lpositive Elhrlichi's reagelit test.

M1tr ia(ls. DL-tryptophan-2-C 4, uid DL -trvpto
l)liain-3-C4 wxere piurchased froimi Nexw Eniglanid Nu--
clear Corporation. Iludoleacetamiii(le aiid iindoleaceto-
iiitrile xxerc obtaine(d fronil Calhiochemi. Pv'ridoxal-
5,- I' xx lpurclase(l fronii Signia Clhemical Conipanv.

Results

HItorsI-RaJdishl Iero.viat(1S' (7tid 1Tr'Ytl()iphtn-C.
Prexious xNvork xxitli pure horse-radi'sh lperoxi(lase had

sho\\xii thlat thle ratio of 1 lAm production in the pre-
sence of eiizvile to that in the absenice of eiisvive
\xv:s 26 ((1) . Lowxerinig the aiiouilit of lpyri(hoxal-P
in the reaction mixtuir-e hais heen foulind( to increase
the eiisvmatic to niollellz'linatic ra io. Reactioll liliX-
tiures xere iad(le til) colisisting of 100 /ULmloles potassi-
h1uhl phosphate huffer at p1H 7.11. (1.5 /uln(olc M11\iil.
2 kmioles ill -trvl)tollhai-2-C' containing 2 Mc C14,
and eithier ().1 Muimole or (1.3 /milole of pvridoxal -

in the lpreseilce o- ahseiice of 2 -g of H Rl'. ThIe
finial volIuImle \xas 2 Iill. .\ fteir 9( miniuites of ill-
cuhation 10(0 io- of uilaheled tryp-olplhlii xxere add
aInd the imiixtuire conicenitr-ate(d to ieai- (dlrviiess on a

rotarv evaporator. The resiolue xvas extracte(l iti
sexeral portiolis of acetoiie and(I the extracts filtere(l.
After filheriiig the extracts were conicenitrate(l and(i
eqluivalenit amouiiits of each reactioi iiiixttire chrolia-
tograp)hedl on paper tingi 2 solvent systemiis for
copilalrisonl. ( )le xx-as an aci(lic sy stenii ot isn)pro-
pylalcohol: acetic acidl: wxater ( 1:1 ) aiid the other,
a hasic onie (If n- utaiiol saturate(l xxithi a 1: 4 iliix-
ttire of NH4( ) aild xxwater.

A fter chroiiiatographv the lproducn ts xere (letecte(l
hv use of a papier stril) cotiiiter. \Marker splots of
knoxwi colipounds(ls xei're runi aloiigside for l)puilroses
of i(lenitificationi.

T'lhe resuilts demionstrated that at !ox conceiitral-
tioiis of pyri(loxal-l', no (letectalble lioneiizxyiiatic cl0i-
versioil takes place. 'I'he larger pie.k attrihuited to
the amiii(le oii chromatogralis (levelope(l xili tile
aci(lic solvent xas consiidere(l the resuilt of snliie over-
lapping xxithi IA-\ xwhich xxwas lpiresenit in lox conl-
cenitratioii. 1Am xxas the oiilx iii(lole plroulict pre-
seint in stifficienit coniceiltratioll to he detecte(l ith
a p-(limleth\l -aiiniilol)en zaldehvd(Ie slpray.

C (lbblgc P1reparations (111(a 1'rYptophan-C. Cah-
hage seedlings 5 to 15 dlavs of age xxere inifiltrated
xvith ll -trxptophian -3 C4' aii( theii extracts pirepaired
for paper chromatography as dhescribiedl iii Methods.
After dexvelopIment bli time CC14 acetic aci( xwater
solvent systei (describe(l hv Wi ghtmaii ( 23) 1, the
raclioactive comlpouni(hxwere tfouiid( to l,e IA\. 1AN,
aind I or miiore uiliidenitified pro(lucts heiezved to re-
suilt from the ftirther metaholism of I VA. No I .Am
couildibe (letected.

Caibbage see(lhinig homilogeiaites x erc fotli( to
coiitaini naturally occutrinig inhibitors of peroxi(lase
actixitv wvhich xvere renioved hx dialysis. After suichi
treatimienit the conversion of trVptophail to IlAi cotild
he shoxn x ith these pireparatiolis. A simiall aiilouit
of IAA x-as alwaxs formedl in these reactions. This
xxas thie samie as had been reported xhen purifiedl
HIRP xas tihe eiiZm-iie tiused ( 1)). .A\notioits of (ha
lvzedl cahbba-e hollmogeniates xere se(d thalt contained
equivalenit amounts of pieroxillase activity to those re-
actions xvhiich lad beeii earie(lI out xx ith the purified
H RI'.

..'pi'ioi)tlst .d iit 1A-i C'- . Cabliage see(lliiigs
infiltra'-ed xithi I.m-2-C 4 hiydrolhvzed a significant
o(rtioi of the zi:ui(de iii 12 to nrI1s. liglire I is a re-

pr)(lictioii of the triacilig (i thi stril) chart obtailleh
fromil a chromatograph (hexel(p11(l bh a hbenzeie acetiC
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kIDDLE AND AMAZELIS-TRYPTOPHAN TO INIDOLEACETAMIDE

FIG. 1. Strip chart tracing of radioactive compounds
formed from indoleacetamide-2-C'4 (IAm) by cabbage
seedlings.

acid: water (2: 1: 1) solvent. There was no non-

enzymuic conversion of amiiide to products. The peaks
near the origin an(l those at the solvent front are

believed to be due to products formed by further
degradation of the IAA.

Homogenates of cabbage seedlings were capable
of hydrolyzing IAm. Dark-grown cabbage seed-
lings from 12 to 15 days old were homogenized with
ice water. The homogenate was centrifuged at low
speed and the supernatant solution used as the source

of enzyme. An aliquot was heated in boiling water

for 15 minutes, and another aliquot was (lialyzed
against distilled water at 50 for 24 hours. An ali-
quot of the supernatant solution, the boiled homo-
genate, and the dialyzed homogenate were incubated
with 0.9 ,umole IAm-2-C'4 containing approximately
2.5 ,uc of C14 for 4 hours. At the end of the incuba-
tion time the reaction mixtures were dried ancd ace-

tone extracts were chromatographed as usual. The
results are shown in figure 2. The solvent was the
chloroform: acetic acid: water mixture. After dialy-
sis the homogenate no longer canideamidate lAm.
Boiled homogenate is almost devoid of activity. The
radioactive peaks near the solvent front are not

identified, however similar peaks are formed when
1AA-2-C14, pyridoxal-P, Mn+, and HRP are incu-
bated together. The possibility that IAm is de-
gra(lel to other products than IAA has not been

CABBAGE SEEDLING HOMOGENATE
(CSH) lAm

IAA

-I

DIALYSED CSH

_t --I

BOILED CSH

IAA

r

excluded; however, in the presence of HRP, pyridox-
al-P. and MIn' there is no reaction with TAm.

Discussion

The present report has shown that plant pre-

parations can produce IAA from tryptophan through
the intermediate JAm. The yields in the reactions
described were quite low. However, since IAA is
produced in rather low concentrations in vivo this
may indicate that the amoutnt of amidase present for
the production of IAA from IAm is very small.
Since after dialysis or heating no deamidation takes
place. the enzvmic nature of this process is indicated.
Since peroxidase was required when the pyridoxal-P
concenitrationi was low, it would suggest that at phys-
iological pyridoxal-P concentratiolns there is no non-

enzyvic conversioni of tryptophan. The fact that
JAm was not observed in the in vivo feedinig experi-
ments can be due to 2 factors. First, since we

know that natural inhibitors of the peroxidase reac-

tionl are present and must be removed to d(emonstrate
the decarboxylatioin to amide, it is consistent with the
small amount of TAA required that only a certain
few cells may have sufficienltly low inhibitor con-

centration to produce the amide by decarboxylation.
Secondly, if the deamiilation rate is rapid compared
to the decarboxylation, the amide concentration would
be very low.

The major product of the in vitro HRP catalysed
decarboxylation of tryptophan is lAm. However,
a small amount of IAA is always found( in the re-

action mlixture (19). This has also been observed
in the present work with dialyzed cabbage prepara-
tions. Incubationl of JAml with the stan(lar(d HRP

reactioni mixture does not yield any JAA. Previous
work on the decarboxylation of methionine to 3-

nmethyl-thiopropionamide by peroxidase (16. 17) had

also shown that some 3-methyl-thiopropioniic acid was

formedI durinlg this reactioni.
A reaction mechaniism to explain the amide for-

mation has been proposed (17). One of the inter-

meldiates that has been suggested is a Schiff base

consisting of pyridoxal-P and( the amilde. In figure

- R-CH2-COOH (IAA)

R-CH2-C -NH3

N

HC 0'O

R R-CH2-C-NH2 (lAm)

R= indole

gin R= pyridoxal- P moiety
FIG. 3. Proposed reaction mechanism to explain for-

mation of small amounts of IAA during the decar-

boxylation of tryptophan by peroxidase.

Front

FIG. 2. Strip chart tracings of metabolism of indole-
acetamide-2-C'4 by cabbage seedling homogenates
(CSH).
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.) an exteisio ofth4e previoutLs m1eclanllsiml is tio
.a(lvance(l to explJain the conlcomiitanit appearance
of some free aci(d as well ais amide. Sinice the car-
l)onvl carl)oil has somiie positive character, a nlutcleo-
philic attack 1 ( ) H woild vield fr-ee aci(l an( the
p)yri(loximline (lerivative which woti(l spontaneotusly
lvdrol vze to p)yridoxal- P. 'I'lls is niot to infer that
iund(ter in viv() con(litions the IA.\.\ woui(l arise in the
sanie fashion.

1'romii the viewpoint of comparative l)iochenlistry
s0onie recenlt work 1b Alagie, \ilson an(l Kosige (15)
lends sup)l)ort to the in vivo iml)ortance of the path-
wax (lescril)e(l in this pl)aer. 'I'lhese workers sttuldie(d
the metaholism of tryptophian by Psciu Iolloi)(ls Sa'aS-
tllomi, a plant pathogen resl)onsil)le for ttimorotis
growx th on1 certain frutit tr-ees. \ho'e cell and cell-
fr-ee l)rel)arations were shown to convert trpl)tophan
first to Am and thieni to IA\A. 'I'le cell-free pre-
plarations l)ossesse(l a lilgh peroxidasc activ'ity.

Summary
HIorse-radish p)eroxidlase and cabhage p)rel)arations

wvith pleroxidase activity catalvse the oxidative (lecar-
boxylati on of trvptophan to iln(loleacetamni(le. P1vri-
loxal-5 -)lhosphate a(1-(1 MIln are requiire(l cofactors
in this conversion. 'T'lhe fuirthelrbconversion of in-
loleacetamide to ind(loleacetic aci(l can be (len1ionl-
strate(l in cahhage see(dlillgs and cahhage see(lling
homiiogeniates. If the homiogenates are (lialvzedl. there
is a coml)lete loss of amii(ldase activity.

No indoleacetamilde could be (letecte(l after feed-
inig 1),-tr\l)tophan-3-C tO cabbage see(llings Cab-
hage see(lling homogenates conltamied I)otenit inhihi-
tors of the dlecarl)oxvlation reaction which were re--
moved by (lialysis. An explanlation is advance(l as
to how these observations would exlplain the lack
of in(lcoleacetaimii(le formation in viVo.

Smiiall amouliits of free indoleacetic aci(d are forme(d
fr-omll trpl)tol)hanl (luring the (lecarl)oxylation even
whenl)nlifiedl horse-radish l)eroxi(lase is the enzymie
tise(l. Th'llere is n1o reaction hetween free inldole-
acetami(le and(l horse-radish peroxidase in the pre-
senice of l)\ ri(lox~tl-5 -lI)losl)llaite and Mn
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