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Abstract —A solublke enzyme preparation from Chinese cabbage seedlings (Brassica campesirs ssp. pekinensis) which
catalyses the conversion of indole-3-acetaldouume (IAOX) to 1AA was partally punfied by 10n exchange chromato-
graphy. Afier punfication enzyme activity was stable for more than 6 hr. Substrate kinetics showed a K value of 50 uM;
the pH optimum was 7. The conversion of IAOX to IAA was increased by NAD, NADP or FAD, but none of them
seemed to be a preferential co-substrate. Besides 1AA some labelled indole-3-acetaldehyde (IAALD)could be extracted
from the reaction muxture Addition of unlabelied IAALD at 100 nmol/ml led to a significant inhubition of 1AA
formaton while some label accumulated in the akdehyde Indoke-3-acetonitnile was never detected as a reaction product.
The results are compared with those from earlier in tivo experiments and are discussed in view of their significance for

IAA biosynthesis i1n the Brassicaceae.

INTRODULCTION

In viwo 3-indoleacetaldoxime (IAOX) 1s a precursor of
3-indolemethylglucosinolate (IMG) in the Brassicaceae
(1-5). IMG may be converted enzymatxally to 3-in-
doleacetomitnile (1AN) by thioglucosrde glucohydrolase
(EC 323.1) [6-8] IAN 1s hydrolysed to IAA by the
enzyme mitnlase (EC 3.5.5.1) [9.10]. These and other
results fed to the following postulated pathway for 1AA
biosynthesis restricted to the Brassicaceae: tryptophan
—<1AOX —= IMG — IAN —<IAA [11,12). However, the
significance of the IMG pathway for auxin biosynthesis
has been questioned [13] and 1t s indeed difficult to
conceive its operation i vivo 1n view of the well character-
1zed compartmentalizanon of both IMG and thioglu-
coside glucohydrolase [14-16]). Thus 1s diffecent under
stress conditions hike physical injury or disease which may
cause a disturbance of IMG sequestration, where 1AA
formation via IMG becomes very hkely [17]. Apart from
the specific role 1n the Brassicaceae as a precursor of IMG,
several observations point to a more general metabolic
function of IAOX 1n 1AA biosynthesis in higher plants
(1) cell free preparations of Avena coleoptiles are able to
catalyse conversion of IAOX to 3-indoleacetaldehyde
(IAALD) [18]. (1) IAOX hydrolyase converts 1AOX
directly to AN, although this enzyme was characterized
only for Gibberella fupkoru [19, 20]; () the ability to
convert IAOX to IAN, IAALD. 3-indoleethanol (IEOH)
or IAA (or several of these metabolites) in vivo does not
seem 10 be restricted to the Brassicaceae [ 5, Helmhinger
unpublished results ], (1v) the same holds for the enzyme
mitnilase (10]

We conclude that even for the Brassicaceae convinaing
enzymatx evidence 1s lacking for any of the three
postulated routes from IAOX to 1AA, namely the IMG
pathway or the direct pathways via IAALD or IAN. The
present study aimed to investigate the ia vitro conversion

of ["*CJIAOX at low concentration and high specific
activity to one or several of the metabolites mentioned
above

RESULTS

In preliminary expeniments with crude extracts from
Chinese cabbage seedlings we obtained no reproducible
enzymatic conversion of ['*]JIAOX. However, after de-
salting the buffer soluble protein of 3-day-old etiolated
seedlings on Sephadex G225 a signuficant amount of
labelled 1AA was formed from ['‘C]IAOX. Further
stabilization of the enzymatic activity resulting in excel-
lent reproduability of conversion rates was achueved only
after batch punfication on DEAE cellulose. Then, the
enzyme activity was stable for at least 6 hr, when the
protein concentration was kept below 150 ug/ml. A ugher
protein concentration resulted in some inactivation. After
the 10n exchange chromatography (which routinely was
performed with a stepwise gradient) the specific activity
was increased 4.4-fold when compared 1o the desalted
total protein.

After incubation of the punfied protein fraction with
('*C)IAOX the dchloromethane phase extracted at pH 3
(following an extraction at pH 7) contained 1AA as the
only reaction product that was dependent on a heat labile
protein factor. Its identity was confirmed by TLC and
HPLC (data not shown) There was no contamunation
with 3-indolecarbonxc acid. TLC analysis showed some
radioactivity 1n the starting zone but thus/these labelled
compound(s) were quantitatively the same 1n both test
incubauons and boiled extracts. In the neutral dichloro-
methane extracts from test incubations some IAALD was
detected but not in those from the boiled controls. IAN
was never detected as a reaction product
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As ['*CJIAA was the only enzymatx reacuon product
whuch was not extracted at pH 7 using solvent partition-
ing. a rapid and simple quantitative assay was developed
for the quantitative determination of 1AA produced from
IAOX. The reaction sequence 1AOX — [AA showed a
pronounced pH optimum at 7 (Fig 1) The K_ value
obuained for JAOX from the Lineweaver- Burk plot was
S0 uM (Fig. 2). The reduction equivalents NAD, FADand
NADP increased the conversion to some extent, but none
of them seemed 10 be used preferentially (Table 1)
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Fig | pH-Dependence of the i ritro conversion of IAOX to
IAA.FrompH 710 pH 9 100 mM Tns- HCl buffer, from pH 6 to
pH 715 100 mM MES-KOH buffer
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Fig 2 Concentrauon dependence of the in titro conversion of
IAOX to 1AA Deats arc presented in 8 Lineweaver-Burk plot.

Table | Influence of oxsduzed dinucleotides on the ur vitro
conversion of IAOX to IAA

1AA formed
(pmolimg
Compound protein) Percentage
Control 032+004 100
NAD, 100 uM 064 + 005 200
NADP, 100 uM 040+003 125
FAD. 100 uM

052+0006 163

As a duect conversion of 1AOX to [AA by a single
enzyme 1s very unlikely we assumed that two enzyme
acuivities are involved, which, however, were not separated
by the 10n exchange chromatographic step. In view of the
occurrence of some labelled IAALD in the test incub-
anons it seemed reasonable to check its possible role asan
intermediate. When unlabelled IAALD was present at
100 uM the conversion of ['*C]JIAOX 10 IAA was
inhibited significantly (Table 2). The intubition was ac-
companied by an increased incorporation of label into
IAALD. Furthermore, under the standard assay con-
dions ['*C]JIAALD was converted to IAA The pH
optimum of tlus reaction was 7.5 (Fig 3)

At pH values lower than 7 some spontaneous chemical
hydrolysis of IAOX to IAALD was observed, which
increased with decreasing pH (but was less than §°, at
pH S. However, this non-enzymati aldehyde formation
did not interfere with the pH optimum of 1AA formation
from IAOX
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Fig 3 pH-Dependence of the n vitro conversion of IAALD to
IAA The same protein preparation as that in Fig 2 was used

Table 2 Influence of uniabelled IAALD on the 1 citro converson of [ ' *CJIAOX

10 [**CJIAALD and [**C)IAA

IAALD formed

IAA formed

(pmol/mg (pmol mg
Assay condition protein) Percentage proten)
Control + unlabelled 068+007 100 004 +001
IAALD. 100 M 016+00% 24

015+006
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DISCUSSION

Our recent study on the kinetics of the tn vivo metabo-
hsm of ['*CJIAOX in Chinese cabbage seedlings had
revealed 1AN as the only ipophilic reaction product [$]
Now a soluble protein fraction has been prepared from
the same ussue which 1s able to convert [AOX 1o |AA in
vitro with no detectable formation of the nitnile. The 1AA
formed enzymatically has been identified by several TLC
and HPLC systems, which would have clearly separated
other potential reaction products (hke indole-3-carbonic
acid) 1t 1s noteworthy that a stable enzyme activity has
been obtained only after subsequent desalting and punifi-
cation by on exchange chromatography. The pH op-
tmum at 7 would suggest a cytoplasmic localization.

The apparent K (50 uM) value s rather high 1n view of
the csumated endogenous [AOX concentration
(S00 pmol g fr wt, 1.e. ca 05 uM assuming even distni-
bution in the tissuc) in the same plant materal [21].
However. nothing 1s known about an endogenous seques-
tration or the locahization of the biosynthesis of IAOX.
The K. value compares unfavourably with the apparent
K. valuc for the in viro conversion of IAOX to IAN
(S uM\), and the difference may explain why exogenous
IAOX when fed at uM concentrations 1s preferentally
converted to IAN, IMG and desulpho-IMG [5].

Imally we were looking for IAN as the possible
intermediate during 1AA formation n titro, because
carher work had suggested the existence of an IAOX
hydrolyase in plants (22] However. all attempts to
demonstrate the formation of the nitnile in vitro failed
With miccosomal membranes (10- SO K fraction) of the
same tissue, an extremely low conversion of IAOX to IAN
was sometimes detected, but it has been difficult to
reproduce [21]

Several of our results point 1o the aldehyde as the
intermeduate for the in vitro conversion of IAOX to 1AA
(1) FAD. NAD and NADP all increase the conversion of
IAOX to IAA, (1) 1n a trapping experiment with un-
labelled IAALD, the formation of labelled 1AA s in-
hibited while an incorporation of label into IAALD s
observed, (1) labelled IAALD itself 1s efficaiently con-
verted to IAA by the same partally punfied protein
fracion. Thus, we conclude that IAALD 1s the most
propable intermediate in the in vitro conversion of LAOX
to IAA. The observation that even in the presence of
100 uM unlabelled [AALD some radicacuvity from
('*CJIAOX 1s accumulated in IAA points 10 the poss-
ibility of a channelled reaction sequence.

The first step of the proposed reaction sequence could
procede either via an aldoxime hydrolase or a trans-
oximase (18, 23, 24] As the enzyme preparation had been
desalied and parually purified by 1on exchange chromat-
ography we do not think that a transoximase reaction 1s
likely to occur in view of the absence of other aldehyde or
ketone substrates. Thus, at present we favour a hydrolytsc
mechanmism simular to the one described by Rajagopel and
Larsen [18). although their enzyme preparation from
Avena coleopliles showed an apparent pH optimum at 4 4.

NAD or NADP dependent enzymes catalysing the
oxidation of IAALD to IAA have been found in several
other plant species [ 25, 26]. However,all IAALD oxidases
investigated so far have not been very specific Otber
aromatx aldehydes hike indole-3-aldehyde [27-29], ben-
zaldehyde or phenylacetaldehyde may equally serve as
substrates (29].
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Kindl and Schuefer [30] presented evideoce that in
Sinapsis alba p-bydroxypbenylacetaldoxime is preferen-
tally converted to tyrosolglucoside wben the labelled
aldoxime was fed at high concentrations (low specific
activily) wbereas usuing lower substirate concentration
(hagh specific activity) the formation of the thuohydro-
xamic acxd was favoured (while the formation of tyrosol-
glucoside was considerably reduced). These in vivo data
may be interpreted now at the enzyme level. In our recent
study on the in vivo metabolism of IAOX at hugh specific
activity (1.85 MBq/umol compared to $S KBq/umol used
by Kindl and Schuefer [30]) the aldoxime was converted
exclusively to metabolites involved in the glucounolate
pathway (IAN, IMG, desulpho-IMG) There was no
indication of any significant formation of either IAALD,
1EOH or 1AA. However, the data of the present paper
show that an enzymatc formation of IAALD from IAOX
15 possible though the K_ value 1s one order of magnitude
higher than the apparent K, value for the in vivo
formation of AN or IMG. Therefore, we think that the
formation of tyrosol glucosides from p-
hydroxyphenylacetaldoxime s vivo [30] was due to the
presence of an enzyme similar 1o the one descnibed in this
paper. The fact that in vivo the aldehyde i1s converted to the
alcohol rather than 10 the acid 1s probably duc to the
presence of aldehyde reductase(s) in the tissue. In this
respect 1t may be of significance that in tobacco cells
1AOX 1sconverted to IEOH invivo [31], even when fed at
u# mol concentrations. However, in tobacco no competing
reaction like glucosinolate biosynthesis occurs.

It has been proposed that in vivo the formation of
1EOH 1s dependent on the concentration of 1AA in the
ussue [32]) IAA was found to inhubit IEOH oxidase as
well as IAALD oxidase 1n vitro although 1n rather high
concentrations [29, 33]. Work on the effect of IAA and
other possible inhubitors as well as the effect of reduction
equivalents ke NADH or NADPH on the enzyme
preparation described 18 1n progress.

We conclude that the evidence for the enzymic nature of
the conversion of IAOX to IAALD and IAA further
supports the existence of a direct biosynthetic pathway for
IAA via the aldoxime and the aldehyde. In a forthcoming
paper we will report on the in vitro formation of 1AOX
from L-tryptophan by microsomal membranes from
several plant species.

EXPERIMENTAL

Plant material Seeds from B campestris s3p pekinensis var.
Granat were surface stenlzed by 02°, Hg(Cl, soin (w/v) and
germunated 1n Petri dishes on filter paper sosked with 102,
Knop's nutnent sola The secedlings were cultivated in the dark
for 3 days a1 25° Stenile H;O was added daily (0 ensure constant
bumadity. For enzyme extn complete ctiolated socedlings were
used

Chemucals ['*C]IAOX and ['*CJIAALD were prepd from
('*C)-oLteyprophan (Amersham) by a procedure descnbed
elsewhere [34]). Unlabelled IAALD and IAA were from Sigma
Unlabelled 1AOX was syntbesized from [AALD-NaHSO, as
dexcnbed elsewbere [35] The subsirates were stored 1n benzox
soin at 4°. All other chemcals were of analytcal grade

Extraction and purfication of enz yme. Washed seedlings (ft wt
12 g) were homogenized 1n a procooied mortar with | ml/g (1 wt
extracuon buffer (01 M Tns-HCL 2 mM EDTA, 2 mM gluta-
thione. pH 7) by gnnding with asad washed sand The homo-
genate was centnfuged at 50000 ¢ for | hr. The supernatant
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( = crude extract) was desalted on Sephadex G23 (elution with
005 M Tns-HCL | mM EDTA. | mM glutathione pH 7}

Protain (50 mg) from the desalted extract was bound 1o
DEAE-cellulose (column vol 10 ml equiibrated with 00S M
Tne-HCL | ™M EDTA. | mM glutathuone. pH 7} The column
was subsoquently washed with 30 ml equilibration buffer and
20m! 01 M Tns-HC] buffer (1 mM EDTA. | mM glutathione,
pH 7) Fractsons with enzyme activity were then eluted by 02 M
Tns-HCl buffer (1 ®M EDTA. | oM glutathuone, pH 7} The
st concn of the fractions was determuned by conductivity
measurements. Protein was assayed according to ref [36] after
TCA pption

Assay for enzyme actitity Active fractions (rom the DEAE
cluate were pooled and used as enzryme prepn. The incubation
muxture contained in a total vol of | ml: $0 ul enryme prepn.
0.1 MTns HCILpH 7. 1 mM EDTA, | mM glutathuone, 100 u™M
NAD and 500 nM ['*CJIAOX (1 85 M Bq/umol} Incubation
tume was 6 hr at 35° The reaction was stopped by the addition of
$Sml CH,Cl, and rapid extn of the neutral organc phase by
vigorous stirnng. Controls were run with a boded enxyme prepn
(S aun at 100°) A sample was taken from the aq phase and 1ts
radicactivity determined ( = assay for IAA formation)

For substrate kinetics the substrate concn ranged from | mM
t0 0.5 xM Up to 10 uM concn only labelled subsirate was used
Fot hugher concns | uM ['*CJIAOX (185 M Bq/umol) was
diuted with unlabelled substrate. For deterounation of the pH
optimum mixtures of 01 M Tns and 01 M MES (both | mM
EDTA. | oM glutathuone) were used

ldentification of reaction products The neutral organx fraction
was drved with Na, SO, and 1ts vol reduced by rotary film evapn
It was then applied to TLC (oe HPLC) TLC was performed on
silca ged 254 plates (Merck) with CHCl, -MeOH (24 1), whch
sepd the 1ndoix compounds (R, {AA 001. IAOX 025, IAALD
034, IAN 0351 Labelled products were wdentified by co-
chromatography with authentx standards (fluorescence quench-
ing at 254 nm) The chromatogram was divided horuontally into
0Scm zones and the nlca gd was craped off with a mxro
spatula The radioactivity of the individual zones was determined
after vigorously stirming 1n | ml EtOH and addion of 3 mi of
sanullant (Quicksunt, Zinsser Analytical) The samples were
counted 1n a hquid scintillation counter using the channels ratio
method for quench correction

HPLC sepn was achieved on a reversed phase S« C18 column
(Hyperchrome NC. Bichoff) equipped with a pre<olumn
(Guard Pak (18 Waters) and McOH-20mM ammonium
acetate buffer (pH 3 5)(7 13)as solvent Flow rate was | ml min
Again, Wdentification was by co-chromatography with authentx
compounds and their L'V-detection at 280 nm The cluate was
collected 1n 0 S ml fractions which were mixed with 3 ml of
scintillant  Their radicactisities were determined as already
dexcribed

For identification of 1AA the aq phase (after neutral organx
extraction) was adjusted to pH 3 S with I N HC) and extracted
with CH,Cl; This acid organx fraction was dried (Na, SO,
concd by rotary film ¢vapn and analysed by TLC and HPLC . the
latter sllowing the sepn of [AA and indole-3carbonx acid (R,
IAA 22 min, indole-3<arbonx acid 21 mini

Statisticol treatment of data All expts were repeated three imes
{ = three independent enzyme cxtractions) and results are pre-
sented ¢+ s¢ mean The K_ valuc was calculated by lLinear
regression  analysis of the data after Lineweaver- Burk
transformation

Acknowiedgements We 3hould like to thank the Biotronik
Gerate GmbH, D-6457-Maintal-1. for providing additional

J HELMLINGER et al

HPLC ecquipment, and Mrs S Ranosta) for prepaning the
manuscript

REFERENCES

- Underhull. E W (1967) Eur J Biochem 2 61

Mahadevan, S and Stowe, B. B (1972) in Plant Growih
Substances 1970, p 117 Springer. Berhin.
Mahadevan. S and Stowe, B B. (1972) Plant Physiol 88, 43

4 Mahadevan. S (1973) Ann Rer. Plans Physiol 24, 69

13
14
15
16

18
19

23
24
23

27
28

N

32

3

39

Helmhnger, J. Rausch. T and Hilgenberg W
Phytochemusiry 24, 2497

(1983)

. Byorkman, J H. (1976) in The Biology and Chemusiry of ihe

Cruciferae. p 190 Academx Press. London

Gmelin, R and Virtanen, A 1 (1961) Ann. Acad Sct Fenmicae
All 1073

Searie, L M . Chamberlain, K . Rausch. T and Butcher. D N
(1982) J Exp Botany 33,935

Mahadevan. S and Thimann, K V (1964) Arch Biochem.
Biophys 107 62

Thumann, K V and Mahadevan, S (1964) Arch Biochem
Buophys 105 113

Schnader. b A and Wightman. S | (1974) Asn Rev Plant
Physiol 18, 487

Sembdner. D S.Grosa. D, Liebisch, H W and Schneder. G
(1980) in Hormonal Regulation of Developmens | Molecular
Aspecis of Plant Hormones, p 281 Springer. Betlin
Schraudolf. H and Weber. H (1969) Planta 88 136
Grob, K and Matile, Ph {1979) Plant Sc1 Letters 14, 327
Matile, Ph (1980) Biochem Physiol Pflanzen 178, 1722
Helmhnger. ). Rauch. T and Hilgenberg W (1983) PAysiol
Plant 88 302

Butcher. D N _E)-Tigani.§ and Ingram. D S (1974) Physiol
Plant Pathol 4, 127

Rajagopel. R and Larsen. P (1972) Plania 103, 45
Shukla, P S and Mahadevan, S (1968) Arch Biochem
Biophys 128, 873

Shukla, P S and Mahadevan. S (1970) Arch Biochem
Biophys 137, 166

Helmlinger. J (1986) Doctoral
Universitat, Frankfurt, F RG
Kumar, SA and Mahadevan, S (1963) Arch Biochem.
Biophys 103, 516

Yamafup, K (1953) Natwre 171, 745

Omura, H and Tsutsumi, M. (1968) Enzymol 34 187
Wightman, } and Cohen, D (1968) 1n Biochemusiry and
Physwlogy of Plant Growth Substances, p. 273 Runge Press,
Ottawa

Liu.S T . Kate. C D and Knight, C A (1978} Plass Physsol
61 743

Rajgopsl. K (1971) Physiol Plans 24, 272

Miyata, S, Suzuki, Y. Kamisaka S and Masuda, Y (1981}
Physiol Plant 81, 402

Bower, P J . Brown. H M. and Purves. W K (1978) Plant
Physiol 61, 107

Kindl, H and Schiefer. S (1971) PRytochemisiry 10, 1799
Rausch, T. Kahl. G and Hilgenberg W. (1986) Physiol
Plant 68 45%

Percival, W, Purves. W K and Vickery. L £ (1973) Plaat
Physiol 81,739

Brown, H M and Purves W K (1980) Plan: Physiol 65,107
Holmann F . Rausch. T and Hilgenberg W (1981)J Labe!
Comp Radwpharm. 18, 1491

Rauch. T. Helmhinger. ) and Hilgenberg W (1985) J
Chromatogr 318 95

Lowry, O H . Rosebrough N J_Farr. A L and Randall R J
(1981 J Biol Chem 193 269

thesis. J W Goethe



