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Abstract-An mdole 2,3-dloxygenase was purdied ca 38-fold from me leaves The enzyme had an MW of about 
98 000, an optimum pH of 5 0 and the energy of actlvatlon was 9 1 kcal/mol The K, for mdole was 14 x 10e4 M The 
enzyme was mhlblted by dlethyldtthmcarbamate, sahcylaldoxlme and sodium dlthomte The mhlbrtlon by 
dlethyld~thmcarbamate was specdically reversed by Cu 2+ The dtalysed enzyme was stimulated by Cu’+ Four atoms of 
oxygen were ut&zed m the dtsapperance of 1 mole of mdole Inhlbttlon of the enzyme by -SH compounds and -SH 
group mhlbltors, and their partial removal by Cu2+ only, suggested the involvement of-SH groups in bmdmg of Cu2+ 
at the catalytic site 

INTRODUCTION 

Metabolism of mdole IS unportant since It serves as the 
precursor of tryptophan m nucroorgamsms [l-4] and 
higher plants [5-91 The btosynthesls of mdole occurs 
from the slukmuc acid pathway and tryptophanase reac- 
tion [lo] At least two enzymattc reactIons are known for 
mdole utlhzatlon conversion mto tryptophan and oxlda- 
tlon mto anthramhc acid and anthraml The former 
reactlon catalysed by tryptophan synthetase has recetved 
intensive study [ 1 I-151 The latter reaction ~atalysed by 
mdole ox&se or mdole 2,3_dtoxygenase (EC 1 1 3 17) has 
bee.n reported m certain Pseudomonas specres adopted to 
mdole [16], Aspergdlus mger [17] and the leaves of 
Tecoma stuns, a common Indian hedge plant [18] and IS 
comparattvely less mvestigated [ 193 Chauhan et al from 
this laboratory have reported the presence of an mdole 
oxldlvng system m me leaves and suggested Its possible 
role m controlhng the tryptophan level in matze [20] So 
far, however, the mdole 2,3&oxygenase has not been 
putied and fully characterlzed The atm of the present 
study was to purify and characterrze an mdole 2,3- 
dioxygenase from maize leaves 

RESULTS AND DISCUSSION 

Table 1 shows the specific actlvlty of mdole 2,3- 
dtoxygenase m 15000 g supernatant of m geno- 
types at various growth stages No actwlty was detected m 
the seeds of any genotype Low actmty appeared with 
germmatlon which continued to mcrease untd day 20 The 
actwlty remamed high up to day 40 and then declined 
Highest activity was observed m ViJay composite on day 
20 and this was therefore chosen for purdicatlon 

*Present and mating address Dr C S Pundlr, Department of 
Bmchemlstry, Postgraduate Institute of Medical Education and 
Research, Chandlgarh-160012, Indta 

PurlJication 

Indole 2,3&oxygenase has been purified ca 38-fold 
(Table 2) from 20-day-old leaves of maze Low actlvlty of 
mdole 2,3dloxygenase m the 15000 g supernatant has 
been attnbuted to the presence of some natural mhlbttlon 
[21] A SO-SO% ammomum sulphate fractlonatlon re- 
sulted m Cfold purtiicatlon but with a great loss (ca 64 %) 
of the actlvlty When this fraction was SubJected to 
Sephadex G-100 chromatography, It resulted m a major 
peak of actlvlty with two shoulders on either side A total 
of 1300 enzyme umts were recovered m this major peak 
agamst 818 umts loaded on the Sephadex G-100 column 
It 1s possible that a natural mhlbltor (specdic or non- 
spe&ic) 1s concentrated durmg the ammomum sulphate 
fractlonatlon and 1s subsequently resolved from the 
enzyme durmg gel liltration Elutlon of the post Sephadex 
G-100 enzyme fractions from DE-52 cellulose gave a 
single peak of enzyme actmty at 0 204 A4 sodmm chloride 
The enzyme was stable at 4” for 2 weeks 

Properties 

The MW of the enzyme determmed on a cahbrated 
Sephadex G-100 column accordmg to the method of 
Andrews [22] was ca 98 000 

The enzyme showed a pH optimum at 5 0 m 
atrate-phosphate buffer, hke the Tecoma enzyme [18] 
The enzyme was stable m the pH range from 3 to 6 The 
enzyme actlvtty was maxunal at 45”, after which It showed 
a rapId dechne A contmuous Arrhemus plot obtamed 
from actwlty measurement between 30” to 45”, gave the 
actwatton energy of 9 1 kcal/mol 

The rate of mdole disappearance was hnear up to 
30mm, after which tt was constant Therefore, m all 
enzyme assays, the mcubatton tnne was 30 mm A hyper- 
bolic relation&p between mdole concentration m the 
range of 125 x lo-’ M to 3 x 10e4 M and mdole dls- 
appearance was obtained, like the Tecoma enzyme [18] 
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Table 1 Specdic actmty* of mdole 2,3dloxygenase m 15 000 g supematant of maize genotypes 
at vartous growth stages 

Growth stage 

Coleoptile stage 
(3day old) 
5-day old 
lo-day old 
20day old 
4tMay old 
Flowenng stage 
(60-day old) 
Mdkmg stage 
(80day old) 

Genotype 
Plant 
parts VYaY 

analysed composite Ganga- Ganga- D741 Opaque-2 

Eplcotyls 030 026 035 027 017 
Shoot tissue 047 045 041 023 027 
Shoot tissue 062 0% 068 026 032 
Middle leaves 120 1 16 051 040 038 
Middle leaves 068 055 047 034 030 

Middle leaves 053 037 030 050 021 

Middle leaves 027 026 030 028 012 

*Actmty values represent the mean of three separate determinations 
Standard assay condnions were used Specific actrvtty denotes the number of enzyme umt per 

mg protein One umt ofenzyme IS defined as the amount of enzyme which utlbzed 1 nmol of mdole 
per mm 

Table 2 Punficatlon of mdole 2,3dtoxygenase from maize leaves 

Fraction 

SpeclfiC 

Total Total Total actwhy 
volume protein activity (umts/mg Purllicatlon Recovery 

(ml) (mg) (units)* protein) (fold) (%) 

1 150008 supematant 225 19300 2300 1 18 10 100 
2 50-80% (NH&SO., precipitate 8 170 818 482 40 356 
3 Sephadex G-100 eluate 24 448 739 165 140 326 
4 DE-52 cellulose eluate 30 63 278 441 374 12 1 

*One enzyme unit IS defined as the amount of enzyme which utthzed 1 nmol of mdole per mm 
Standard assay condttlons were used except for the enzyme preparation as mdrcated 

Lmeweaver-Burk plot of l/o and l/[S] was linear and the 
K, obtained for mdole was 140 x 10e4 M A plot of 
enzyme concentratron versus mdole disappearance was 
linear over the range used for these assays 

The enzyme was inhibited by dlethyldithlocarbamateocarbamate 
(DIECA) and sahcylaldoxrme (Table 3) mdrcatmg the 
requirement of Cu 2+ for enzyme activity Inhibitron 
caused by DIECA was partly reversed by Cu2+ only 
(TabIe 3), thus confirmmg the prehmmary observations by 
Chauhan et al [20] The requirement of Cu2+ has also 
been suggested for the Tecoma enzyme [18] 

Dialysed enzyme was used to study the effects of metals 
and coenzymes The enzyme was dralysed against 0 02 M 
sodium phosphate buffer (pH 7) contammg EDTA 
(lOA M) m the cold for 6 hr The enzyme did not lose 
much of its activity after dialysis and was stable at 4” for 1 
week Of the several metal tons tested, only Cu*+ 
stimulated the enzyme activrty Fe’+, Fe’+ and Hg*+ 
caused slight mhrbmon at 5 x lo-* M (Table 3) Other 
metals (Mn2+, ZnZ+, Mg2+, Co2+ Nr2+, Cd’+, Sr2+ and 
Mo6+) had no effect. Smular resuhs were obtamed for the 
Tecoma enzyme [ 183 

Amongst the coenzymes tested, only FAD gave slight 
stimulatron m the activity of dralysed enzyme (Table 3) 

However, FMN, NAD+ and NADP+ had no effect at 
7 x lOa M Addition of both Cu2+ and FAD together 
exhibited a cumulatrve increase m the dlalysed enzyme 
activity, which was slmtlar to the stimulation produced by 
Cu2+ alone (Table 3) These results do not indicate that 
maize mdole 2,3_dioxygenase could be a flavoprotem, as 
suggested by Chat&an et al [20] Further, at least the 
purdied enzyme did not show a spectrum of a typical 
flavoprotem Nan and Vardyanathan [18] showed an 
absolute requirement of Cu2+ and FAD for the maxmum 
activity of Tecoma leaf mdole oxidase and classdied rt as a 
cuproflavoprotem 

An almost complete mhrbitlon by sodmm dithromte 
( 10m3 M) (Table 3) showed the requirement of O2 for the 
reaction O2 uptake study of the enzyme reaction carried 
out m Warburg flasks revealed that for disappearance of 
1 mole of mdole, 4 atoms of oxygen were utrhzed 
(Table 4) These findmgs suggest that the enzyme could be 
a dioxygenase 

Identficataon ojproducts of the reactlon 

Two products of the reactron were detected m the form 
of UV fluorescent spot Al (R, value = 0 83) and spot A2 
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Table 3 Effect of metal chelators, metals and FAD on maue leaf mdole 2,3_dloxygenase 

Enzyme 
preparation Compound added 

Final Effect 
concentration (%) 

DE-52 cellulose eluate 

DE-52 cellulose 
eluate (dlalysed)* 

Dlethyldlthmcarbamate 5x W4M 
Sahcylaldoxlme 5x lO+M 
Dlethyldlthmcarbamate 5 x 10-4M 
cuso* 5x 10-4M 
Dlethyldlthmcarbamate 5 x 10-4M 
MnS04 5x 10-4M 
Dlethyldlthmcarbamate 5x 10-4M 
FeS04 5 x 10-4M 
Sodium dlthlomte IxlO-3M 
CUSOI 5~10-~M 
FeSO, 5xlO+M 
FeCI, 5x 10-4M 

HgCl, 5x 10-4M 
FAD 7 x 10-4M 
FAD 7~10-~M 
cuso, 5x 10-4M 

-63 
-34 

-30 

-63 

-67 

-96 
+23 
-16 
-17 
-6 

+3 

+27 

*The enzyme was dlalysed m 0 02 M sodium phosphate buffer (pH 7) m the cold for 6 hr 
-, Inhibitton, +, stimulation Standard assay condmons were used except for the addition of 

compound(s) as indicated 

Table 4 O2 uptake m the reaction of w leaf the following scheme of lndole oxidation m maize pro- 
mdole 2,3dloxygenase at different time posed by Chauhan et al [20] (Fig 1) 

Time pm01 O1 pal mdole 
(mm) ut1hzcd oxtdlzed 

15 0422 0201 
30 0668 0 334 
45 0810 0386 
60 0 870 0 396 

The assay was camed out at 40” m Warburg 
flasks contammg 90 -01 cltrate phosphate buffer 
(pH 5) 2 pmol mdole and concentrated enzyme tn a 
total vol of 3ml Both 0, uptake and mdole 
disappearance were measured at the times 
indicated 

(Rr value = 042) Spots Al and AZ were ldenttied as 
anthranll and anthraruhc acid respectively, on the basis of 
the following tests 

(1) Spots A1 and A2 gave identical R, values and UV 
fluorescence (violet) on paper chromatograms as those of 
synthetic anthranll and authentic anthraruhc acrd, 
respectively 

(u) The UV spectrum of spot A, m methanol showed 
maxmum A at 266 nm and 310 nm, similar to that of 
synthetic anthranll m methanol Bmdarly, the UV spec- 
trUm of spot Al m methanol closely corresponded with 
that of authentic anthranlhc acrd 111 methanol as both 
showed maximum absorption at 248 nm and 335 nm 

Earlier, using the crude preparation of lndole oxldase 
from leaves, only anthranll m Teconm [ 183 and anthranihc 
acid and anthranll m millze [20] could be detected as the 
major products of lndole oxldatlon 

These results of O2 uptake study and identdication of 
products of the reaction could be expkuned on the basis of 

The cleavage of lndole by maize leaf lndole 2,3- 
dloxygenase IS different from the cleavage of the lndole 
nng of tryptophan by rat liver tryptophan 2,3-dloxy- 
genase [23], as the former 1s not inhibited by catalase 
(0 5 mg/ml of reaction nuxture) It indicates that there 1s 
no hydrogen peroxlde formation in lndole oxidation m 
m Wltkop et al [24,25] reported the cleavage of the 
pyrrole ring of lndole by oxldlvng agents like perbenzolc 
acid, ozone and peracetlc acid, which resulted m the 
formation of N-formylammobenzaldehyde The electron 
density of the lndole ring at carbons 2 and 3 favours this 
type of cleavage By analogy of the chemical oxldatlon of 
mdole, the first product of holog oxldatlon of lndole 
m nuuze could be N-formyktmmobenzaldehyde which is 
formed by the cleavage of the lndole ring at carbons 2 and 
3 by consuming both atoms of oxygen o-Anunobenz- 
aldehyde, possibly denved from N-formylammobenz- 
aldehyde, could be oxldlzed to anthrarul and anthranlhc 
acid by this enzyme system Sakamoto et al [16] reported 
the bacterial cleavage of tndole via isatin, which gives nse 
to N-formylanthranlls acid It IS clear from this scheme 
that two atoms of oxygen would be required for the uutlal 
cleavage of lndole and one each for the oxldatlon of o- 
amlnobenzaldehyde to anthranll and anthranlhc acid, 
simultaneously The O2 uptake of the enzyme reaction 
also supports this type of scheme, as four atoms of O2 
were utlhzed per mole lndole disappeared (Table 4) 

Role of -SH groups 

Amongst the -SH reagents, glutathlone, mercapto- 
ethanol and cystane were found to be strong inhibitors 
Cu2+ protected to some extent agamst this inhibition 
(Table 5). The addition of the -SH reagents may remove 
Cu2+ from the catalw site and thereby inhibit the 
enzyme tivlty However, 2,3&nercaptopropanol 
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Indole N- Formylammo- 
benzaldehyde 

0 -Ammo - 
benzaldehyde 

Anthranll 

COOH 

NH2 

Anthranillc acid 

Rg 1 The sequence of reactions catalysed by m leaf mdole 2,3-&oxygenase 

Table 5 Effect of -SH compounds and -SH group 
mlnbitors with or without Cu2+ on ptied Maui leaf 

mdole 2,bcboxygenase 

Compound added 
(5 x lO+M) % Inhibition 

Glutatluone 81 
Mercaptoethanol 80 
Cysteme 78 
GlutatluonduSO, 71 
Mercaptoethanol-CuSO, 73 
N-Ethylmaleimlde 34 
N-Ethylmalenrnde-CuSO, ND 

ND, Not detected Standard assay condltlons were 
used except for addition of compound(s) as indicated 

(5 x 10e4 M) had no effect Of the -SH groups blocking 
agents, N-ethyhnalelmlde (5 x 10m4 M) caused 34% m- 
hlbltlon of the enzyme which was reversed by addition of 
Cu’+ (Table 5) Sodium arsemte (5 x 10e4 M), a powerful 
mhlbltor of two vlcmal -SH groups had no effect These 
results suggest that -SH groups are not directly involved 
m the enzyme actlvlty Even so, -SH groups may facditate 
the bmdmg of Cu’+ at the catalytic site durmg the 
reaction Snmlar conclusions based upon a prehmmary 
study of mdole ox&&on m Tecoma leaf were reached by 
Nalr and Valdyanathan [18] 

Phystologtcal role 

A comparison of the spec&ic actlvlty of mdole 2,3- 
dloxygenase m 15 000 g supernatant of 20-day old leaves 
of maize genotypes as shown m Table 1, revealed that the 
activity in normal genotype (viz VlJay composite, Ganga-5) 
known for their low tryptophan content [26, 271 was 
3-4 times greater than mutant (Opaque-2) known for Its 
hlgb tryptophan content [27] A prelmnnary study of 
tryptophan synthetase m developing kernel of two ma 
genotypes m this laboratory showed that tryptophan 
synthetase activity was highest at the IS-day growth stage 
when the actlvlty of mdole 2,3-dloxygenase was lowest 

and with the advancmg matunty of the kernel, the 
tryptophan synthetase activity declined, whereas the 
mdole 2,3dloxygenase actlvlty was more pronounced 
[28] These correlative data emphasize that mdole 2,3- 
dloxygenase, m conJunction with tryptophan synthetase, 
plays an important role in directing the flow of mdole into 
tryptophan, or its oxldatlve breakdown 

EXPERIMENTAL 

Plant materral Mane seeds (Zea mays L genotypes VlJay 
composite, Ganga-5, Ganga-2, D741 and Opaque-2) were 
soaked m H20 for 24 hr and then surface sterdlzed wrth 0 01% 
HgCl, and washed thoroughly with H20 The seeds were 
germmated at 33 f 2” at Crop Research Centre of the University 
Epicotyls at the coleoptde stage, shoot tissue at 5 and lO-day old 
stages and nuddle leaves at 2Oday, 4O-day, 60day (flowenng 
stage) and IO-day (nulkmg stage) after germmatlon were collected 
and stored at -20” until used 

Isolation of andole 2,3-dtoxygenase Indole 2.3~choxygenase 
from various plant mated was prepared by the method of ref 
[20] The mate& was homogemzed with 2 vols ofcold H,O m a 
chdled pestle and mortar The homogenate was squeezed through 
a double layer of cheese cloth and centnfuged at 15 WO g for 
30 mm m the cold The supematant was collected and used as the 
source of the enzyme It was stored at 4” until used 

Assay of andole 2,3_dloxygenase Indole 2,3_dioxygenase ac- 
tlvlty was detenluned by estimating unused mdole by the method 
of ref [29] Unless specdied othenvlse, the assay system consisted 
of 60 -01 citratcPl buffer (pH 5), 0 2 -01 mdole and enzyme 
m a total vol of 2ml After mcubatmg at 40” for 30mm, the 
reaction was termmated by addmg 3 ml toluene The tubes were 
shaken unmedlately and the mdole m the toluene layer was 
es-ted [29] One umt of enzyme actlvlty was defined as the 
amount of enzyme which utibzed 1 nmol mdole per nun, under 
the standard conditions of assay 

Punficatron of mdole 2,3-d#oxygenase All punficatlon steps 
were camed out at 4” A 50% satd (NH,),SO, soln of 15 000 g 
supematant prepared from 20day old leaves of VlJay composite 
genotype, wascentnfuged at 10000 g for 30 mm The (NHJ2S04 
concn of the supematant was Increased to 80% satn and 
centnfugaaon was performed as before The ppt was taken up m 
0 02 M NaPl buffer (pH 7) Gel filtration of tlus (NHJ2S04 
fraction was affected on Sephadex G-100 column (2 5cm 
x 25 cm) eqmhbrated and eluted wth 0 02 M NaPl buffer (pH 7) 
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at a flow rate of 05 ml per mm Each fraction (3 ml) was 
monitored for mdole 2,3dtoxygenase actlvlty and protein The 
fractions contammg maximum sp act were pooled and applied 
to DE-52 cellulose column (1 25 cm x 6 cm) eqtibrated with 
0 02 M Napl buffer (pH 7) The enzyme was eluted with 200 ml of 
the same buffer with a linear gradient of NaCl between 0 1 M and 
0 4 M concentration Each fraction (3 ml) was analysed for 
activity and protein The pooled fractions containing maximum 
actlvlty constituted the punfied enzyme, which was stored at 4” 
until use The protein content of enzyme fractions was de- 
termined by the method of ref [30] 

MW of the enzyme was estnnated by gel filtration on a 
Sephadex G-100 column (25cm x 25cm) equdlbrated and 
eluted with 002 M Napl buffer (pH 7) at a flow rate of 
0 5 ml/mm The followmg markers were used cytochrome c 
(12500x hemoglobin (68000), aldolase (150000) and catalase 

(250000) 
O2 uptake of the reaction was measured by a Warburg 

manometnc technique Each flask contamed 90 ~01 atrateR 
buffer (pH 5), 2 ~01 mdole, coned enzyme and Hz0 in a total 
vol of 3 ml Both O2 uptake and mdole disappearance were 
measured at vanous tune intervals, 

The products of the enzyme reuctlon were ldentdied by the 
method of ref [18] The reaction mature (100 ml) consisted of 
buffer, mdole, Hz0 and enzyme m the same proportion as used m 
the routme assay After mcubatlon at 40” for 30 mm, the reaction 
mixture was extracted x 3 in 50 ml toluene to remove unutihzed 
mdole from the reaction nuxture The aq phase was pooled and 
extracted with twice the vol of Et,0 The Et,0 layers were 
separated and coned m uacuo The residue was dissolved m 3 ml 
EtOAc, dned over Na2S04 and coned agam m vacua up to 1 ml 
A hght yellow coloured hquld was obtamed An ahquot of this 
hquld (20 A) was run on Whatman No 1 paper using MeGH, 
NH3 and Hz0 (18 1 1) as solvent system and authentic anthra- 
n&c acid and synthetic anthrand as standards Anthraml was 
prepared by the method of ref 1311 Spots on the chromatogram 
were v~suahzed under UV light 
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