
DIOXYGENASES IN HIGHER PLANTS-A REVIEW 

(Depur//~wrt of Biochrmisby, Z~ldiun Institute of Science, Bunp10,-c-560012) 

Received on November 4, 1976 

Severalpatlzwa~~s have b e m  delineated for the ilegrudutiort of a~wmatic compour7ds 
in tnii~oorgunisms and higher animals. Haii,e~~er rrry few reports haiv appcared 
in [he l i f~rafure  on thse elucidatio~z o f  such, path1wy.r in higher plants. Studies fionz 
o w  laboratory and elsewhere have revealed the occurrence of several ping cleaving 
systems in plants. Uioxj,genases, such us, indole oxidase, homogcnlisate doxy- 
geme,  protocatechuate 3, 4-dionygenaseand~racateclzurrte 2, 3-dioxygenase haw 
been partially purified from plants. The properties of these enzymes huse been 
conzparrd with tfae microbial enzymes. Our current knowdedglge on these diuxj~getiuses 
and other dioxjigenases in plants lna1,e been reviewed. 
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Metabolism of aromatic compounds in plants has been the subject 
for extensive rcsearch during the past two to three decades and yet rapid 
strides have been lnadc in very fcw areas of phenolics metabolism. Investi- 
gations, primarily of an analytical nature in the early part of this century 
had revealed thc diversity and enormity of plant phenolics, ranging from 
simple molecules like hydroxylated benzenes to the more complex polymeric 
structural materials like lignins and tannins. Such a comparative study 
in several plant species evoked a keen interest, particularly in taxonomists 
and attention was soon directcd towards the assessment of the contribution 
of these results to  plan^ systematics. Elucidation of a few key pathways, 
substantiated by the advances towards the understanding of biogenetic 
relationships between phenolic substances and plants, has kindled attempts 
at determination of their precise functions in these systems. 

A cursory glance at the literature outlining the functional significance 
of phenolics in plants illustrates that umpteen roles, a few exotlc, have been 
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attributed to these compounds [I-41. They act as substrates for polyphenol 
oxidases and other enzyme systems which build the stv~~ctural and colouhg 
materials such as malanins, tannins and lignins. They ale involved in 
the oxidative browning of fruit products, and in tea fermentation reactions 
[5-81. They are also implicated as disease resistance factors in a number 
of plallts against the pathogens [9-101. Some of them have been shown 
to be p w t h  regulators for several plants [ll-131. And they serve as the 
source of carbon and energy for several microorganisms [l4-161. 

Despite their recognized importance, the metabolism of polyphenols 
has not been s t~~d ied  in detail, especially in plants. Recently the subject 
has been reviewed with a view to understand the biogenetic relationship 
among these phenols [17, 181. With the operation of the most prevalent 
"shikimate pathway ", some of the key aromatic compounds are synthe- 
sized. The simple aromatic compounds thus formed are utilized to build 
the moi e complex structures like alkaloids, flavonoids, lignins, etc. During 
this process, a variety of biochemical reactions are employed and chemically 
diversified aromatic compounds are biosynthesized. Oxygenases form a 
class of important enzymes involved in s ~ ~ c h  biotransformations. 

Molecular oxygen, in addition to serving as the ultimate acceptor of elec- 
trons in the respiratory chain, is also utilized as a biosynthetic and biodegrade 
tive device for a variety of essential biochemicals in the living cell. Enzymes 
catalyzing such reactions are termed ' oxygenases '. Ever since Mason 
et ul. [19] and Hayaishi et ul. 1201 simultaneously and independently demon. 
strated the fixation of molecular oxygen into the aromatic compounds with 
the use of 180,, there have been increasing reports on the occurrence of 
such enzyme systems in microbes, higher plants and animals. Such studies 
necessitated the classification of the enzymes catalysing the oxygen fixation 
reactions into two main categories. Mono-oxygenases [211, which 
are also called as mixed function oxidases [22], ate enzymes catalyzing the 
incorporation of one atom of molecular oxygen into the substrate and reducing 
the other atom to water utilizing appropriate electron donors, wbile dioxy- 
genases [21] are enzymes catalyzing the fixation of both the atom of 
molecular oxygen into the substrate. 

Dioxygenases are a particularly interesting class of enzymes because 
they convert the inert aromatic ring into aliphatic prodr~cts which can be 
appropriately metabolized to useful biochemicals. They can cleave the 
aromatic double bond which may be located either between the two h~droxy 

,' l a w  carbon atoms, or adjacent to a hydroxylated carbon atom, or * 



aa indole ring (Fig. 1). With the substituted catechols, multiple modes of 
&"age are possible. These are illustrated in Fig. 1 .  

~ 1 1  thc threc modes of cleavages are known in a few cases of substituted 
catechols. For example, protocatechuic acid and homoprotocatechuic 
acid undergo three different modes of cleavage yielding aliphatic products 
114, 231. These dioxygcnases have been extens~vely studied from micro- 
bial sources as evidenced by the large number of review articles that have 
appeared in the literature time and again [14-16, 24-29]. 

Although pathways for the degradation of aromatic compounds by 
m,croorgan~sms have been delineated in detail, very little attention has been 
devoted to the study of such biotransformations in higher plants. Studies 
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011 enzyme systems from plant sources havc been greatly hampered by the 
problems encountered in (a) eliminating the illterfering microbial metabolism, 
(b) low levels of metabol~tes and enzyme activities and (c) the occurrence 
of enzymes such as polyphenot oxidase which utilize rapidly the 
phenolic compounds to build up the polymeric materials. 

This review attempts to give a detailed description of the metabolism 
of aromatic compounds via the ring fission reactions in lugher plants. 

, A powerful indole oxidase system which converts indole to antbranil, 
evidently by a 2, 3-dioxygenase type of reaction, was isolated from our 
laboratory in 1964 [30]. The partially purified enzyme from fresh, mature 
leaves of Tecomn stuns, oxidized indole with the consumption of three 
atoms of molecular oxygen. By trapping experiments, the immediate nng 
cleaved product was ide~ltified as N-forn~yl-2-aminobenzaldehyde. Based 
on chemical and enzymological studies, the reaction sequence shown 
in Fig. 2 was established to be the one which is involved in the conversion 
of indole to anthranil. 

lu-formyl -2-aminobenzol- 
drhyde 

b- HCOOH 

Anthroni l  2 - aminobonzoldeh~de 
FIG. 2. Metabolism of indole in Tecoma stam. 



The enzyme system showed a pH optimum o f  5 and was found to be 
remarkably stable at  acidic pH. It was highly susceptible to pH changes 
in neutral and alkaline conditions. There was a sudden drop in activity 
in the pH range 5.8-6.2; almost 60>. of the activity being lost over therange 
of 0.4 pH unit. 

Among various metal ions tested only Hg2+, Fez+ and Fea-' were inhibi- 
tory to the reaction. Contrary to the 2, 3-dihydroxyindole-2,3-dioxy- 
pnase, an indole oxidase purified from a soilborne gram positive coccus [31] 
indole oxidase of Teconqa sfnns was not inhibited by 1, 10-phenanthroline. 
Nevertheless, other metal chelating agents such as 8-hydroxyquinoline, 
&ethyl dithiocarbamate and salicylaldoxiine inhibited the Tecamu enzyme 
to varying degrees. The inhibition caused by the latter two reagents coulit 
be reversed only by CuSi- and not by any other metal ions. These studies 
taken together with the reconstitution of enzyme activity in the dialyzed pre- 
parations by Cu'f ion, showed that indole oxidase is a cuyroprotei:. 
Unlike tryptophan and indolamine 2, 3-dioxygenases [29] both Teromn 

. ' enzyme and bacterial enzyme did not possess heme cofactor. , 
In addition to Cu2+, the indole oxidase system also required FAD 

Atehrin inhibited the reaction drastically and the inhibition could be reversed 
by the addition of FAD. The dialysed enzyme, which is inactive, could 
be reactivated by the addition of both Cus- and FAD, thereby showing the 
flavin requirement for the oxygenation reaction. Though it is possible to 
explain the FAD requirement for the second oxidation step, in view of th'e 
finding that pyridine dioxygenase requires Aavin to show fill1 activity [321, 
it can be speculated that flavins are involved in the indole dioxygenase reaction 
as well. However, further purification and fractionation of the individual 
enzymes are necessary to answer this problem. 

Studies on the effzct of sulfhydryl reagents and sulfl~ydryl compouiids 
revealed that a sulfhydlyl-cuprrc-1011 complex at the active s ~ t e  is cssent~al 
for the reaction [ 301 . 
Pyrocatechuic Acid Metabolism 

Pyrocatechulc acid Ir an important phenollc acld precursor for the blo- 
synthes~s of ~ron-sequestering agent enterochehn [33] We detected t h s  
Z l d  m the o-d~hydroxy-pllenollc ac~d  fractlon of Tecomu stans [34] and 
isolated an enzyme qystem, whjch cleaves the aromat~c ring of 2, 3-dlhydroxy- 
h z o ~ c  acid, from the fresh tender leaves of Teromn stans [35] The 
enzyme was partially purified by calc~um acetate treatment, pH treament, 
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protarnine sulfate treatment, negative adsorption on DEAE cellillose, 
ammonjum sulfate precipitation and tricalcium phosphate gcl tleatment, 
The partially purified enzyme oxidized pyrocatechuic acid rapidly. 
the reaction mixture a compound Was isolated and identified to be a 
y-dilactonc carboxylic acid by spectral studies. Based on this identity, it 
was concluded that an intradiol cleavage of pyrocatecliuic acid had occurred 
and the reaction scheme shown in Fig. 3 was proposed. 

This was the first report on the occurrence of aromatic ring fission by 
an isolated enzyme system from a higher plant. It was also the first report 
on a direct intradiol cleavage of 2, 3-dihydroxybenzoic acid in any system. 
In bacteria, however, it undergoes an extradiol cleavage [36, 371 and in 
fungi, a decarboxylation to yield catechol which undergoes intradiol 
cleavage [38]. 

Detailed studies on the enzymes of pyrocatechuic acid metabolism from 
Tecoma stuns revealed the operation of 3-oxoadipic acid pathway for the 
utilization of this aromatic compound. The formation of 2-carboxy-crs, 
cis-muconic acid, muconolactone(s) and 3-oxoadipic acid and evolution of 
carbon dioxide during the oxidation of pyrocatechuic acid could be demon- 
strated with the cell-free extracts of Tecoma leaves [39]. 

Spectral studies demonstrated. the formation of 2-carboxy-cis, cis- 
muconic acid from pyrocatechuic acid. The enzymatic product showed 
an absorption maximum at 268 nm. On heating the product, a bathochromic 
shift from 268 to 274 nm occurred with an increasing absorption coefficient. 
The absorption at 268 nm completely disappeared under acidic conditions. 

COOH 
I 

&>COOH 
! u, 

COOH 

C o r  boxy 
monolectonrs 

Re. 3. R O P W ~  pathway for the formation of dilactons from pyroca+echuic acidin 
Tecomo sians. 
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such transitions have been attributed to the isomerization of cis, cis-~luconic 
acid to cis, trans-muconic acid [40-421. Hence the proposed illtradiol 
cleavage could be established for the degradation of pyrocatechuic acid. 
While the final purified enzymc oxidized pyrocatechuic acid to 2-carboxy- 
cis, cis-muconic acid with the consumption of one mole of molecular oxygen, 
apartidly purified enzyme [39] oxidized the same with the evolution of carbon 
dioxide to a compound which answered the Rothera's test (3-oxoadipic 
acid) [43]. In the reaction mixture, both ~nuconolactone and clilactone 
~ould be detected. These studies led to the proposal of a new pathway for 
the degradation of pyrocatechuic acid in Tecoma stans (Fig. 4). 

pyrocatechuic acid 2,3-dioxygenase was further purified from the 
leaves of Tecoma stans about 63 fold with a recovery of 46% [39]. The 
enzyme was extremely labile and had a half-life of 3-4 hr. Addition of 
glycerol, 10% acetone, low concentration of substraie and its analog~es or 
various metal ions failed to stabilize the enzyme. 

3 -  O x o c d i p i ~  c  c i d 
4. Proposed pathway for the degradation of pyrocatechuic acid in Tecoma Stam. 
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The enzyme oxidized one molecule of pyrocatechuic acid stoichio. 
metrically to one molecule of 2-carboxy cis, cis-muconic acid with the 
consumption of one molecule of oxygen. Apart from 2, 3-dihydroxybenzoic 
acid, it also oxidized 2,3-dihydroxy-p-toluic acid and 2,3-dihydroxy. 
p-curnic acid, albeit at a slower rate. However, none of the other djhydrov 
phenolic acids were utilized. The enzyme seems to require a 2, 3-dihydroxy. 
benzoic acid moiety in the substrate to exenzplify the activity. 

The substrate protected the enzyme against heat inactivation at 5 5 " ~  
for 15 min. Both sulfhydryl compounds and sulfhydryl reagents inhibited 
the enzyme activity. While preincubation with substrate reversed the 
inhibition caused by salfhydryl reagents, it failed to do so with the sulfhyd~ 
compounds. 

Interestingly the dioxygenase was found to be a cuproprotein. Cyilllide, 
sulfide and azide were potent inhibitors of enzyme activity even at very low 
concentrations. The inhibition caused by salicylaldoxime, neocuproine 
and diethyldithiocarbamate could be specifically reversed by the addition 
of cupric ions. Dialysis irreversibly denatured the enzyme. The apoenzyrne 
could be prepared, however, by ammonium sulfate treatment followedby 
chromatography on Sephadex G-25. The holoenzyme was reconstituted 
by the addition of cupric ions alone and not by any other metal ions. Inci- 
dentally other copper containing dioxygenases are indole oxidase of 
Tecoma stuns 1301, quercetinase of Aspergillus niger [44], tryptophan 2, 3- 
dioxygenase of Pseudornonas [45] and indoleamine 2, 3-dioxygenase of rabbit 
intestine [46]. 

In addition to its occurrence in the soluble fraction, the enzyme was 
also found to be present in the chloroplast fraction [47] of Tecoma leaves. 
The chloroplast enzyme was more stable than the soluble enzyme. Several 
attempts to solubilize the enzyme from chloroplast membranes under a 
variety of mild conditions yielded only inactive enzyme. In contrast to the 
soluble enzyme which exhibited a pH optimum of 5.2, the chloroplast 
enzyme had a pH optimum of 5.6. While the former showed simple 
Michaelis-Menten kinetics towards the substrate, the latter exhibited an 
initial lag at low concentration of substrate and a sudden increase at high 
substrate concentration (Fig. 5)  [48]. 

Interestingly the inhibition of the chloro&st enzyme activity caused 
by sulfhydryl reagents could be reversed by the addition of sulfhydryl corn 
pounds [47] unlike the soluble enzyme where the inhibition could not 
reversed [39]. The bound and soluble enzyme differed markedly in tha ! 
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Chloroplast enzyme 

FIG. 5. Effect of substrate concentratiorr on the velocity of pyrocatechuic acid-2, 3-dioxy- 
mase from Tecoma srans. 

response towards various metal ions. The chloroplast enzyme was also 
found to be a cuproprotein like the soluble enzyme. However, unlike the 
soluble enzyme, the chloroplast enzyme was stable to dialysis. 



The Tecoma pyl-ocatcchuic acid 2, 3-dioxygenase exhibited dramatic 
seasonal variation and photoperiodicity. Further studies are necessaiy lo 
elucidate the mecllanisms opcrativc in triggering this ring cleaving enzyme, 

Pmtocatechuic Acid Metabolr.s~n 

The experinleuts ol' Tateoka [49, 501, with slices of l~ypocotyls of muug. 
bean seedlings suggested that protocatecb~tic acid might be degraded in this 
plant through the 3-oxoadipic acid pathway. Using cell suspension cultures, 
Berlin et a1 [51] demonstrated the catabolism of ring labelled protocate;hl,ic 
acid to labelled carbon dioxide in m m g  bean (Phmeolus uureus ROX~.) 
as well as soybean (Glycine mux). However. no attempts were lnade to 
elucidate the pathway for the degradation of protocatechuic acid by these 
workers. 

Recently, we undertook studies on the metabolism of this phenolic 
compound in Tecoma stuns and found that it is converted to 3-oxoadipic 
acid (unpublished results). The immcdiatc product of protocatechuic acid 
oxidatiou was identified to be 3-carboxy cis, cis-muconic acid in this plant. 
Further studies revealed the presence of an  enzyme system which decarboxy. 
lated 3-carboxy cis, cis-muconic acid to cis, cis-nluconic acid in the acetone 
fraction. We have also obtained evidence for thc presence of a lactonizing 
enzyme which utilizes both 3-carboxy cis, cis-muconic acid and cis, cis- 
muconic acid. However, whether the same enzyme or two different enzymes 
catalyze these two reactions remains to be elucidated. Based on these 
results we have proposed the pathway shown in Fig. 6 for the catabolism 
of protocatechuic acid in Tecome stans. 

We have isolated protocatechuate 3, 4-dioxygenase from the fresh telider 
leaves of Tecoma stans. The enzyme was specifically involved in proto- 
catechuic acid metabolism and was different from polyphenoloxidase d 
Tecoma stans. By employing heat treatment, manganese sulfate treatment, 
ammonium sulfate precipitation and DEAE celhilose column chromatogra~hl' 
the dioxygenase was purified to near homogeneity with a recovery of 33%. 

Protocatechuate 3> Cdioxygenase from Teconm stam exhibited a set, 
substrate specificity and d.id not oxidize any of the substrate analogues bke 
the bacterial enzymes [52, 531. Contrary to the bacterial cnzymes [52, 531, 
the Tecoma enzyme was not inhibited by various substituted catechols other 
than protocatechualdehyde which showed only 10% inhibition. Even fie 
Km value for protocatechuic acid was significantly different for the bacteria1 
WId the plant enzymes (Table I), 



COOH 

0 ti 

~rotocatechuic acid 

fiWH - 
COOH 

C O O  - 0, 
COOH 

3-corboxy-+, +- 
muconic acid 

&, c h -  niuconic 
ac id  

Fm. 6. Pto:mscd me:abolism or protocalechuic acid in Tecoma stans. 

Whde the molecula~~ weight of plant enzyme as determined by gel 
filtraaon technique Was 155,000, that of bacterial enzymes were 677,000 and 
700,000. Interestmgly the plant enzyme showed an acidic p H  optimum, 
while bacterial enzymes had an alkaline pH optimum (Table I). The other 
properties, like temperature optimum, stability and absorption spectrum, 
were sgn&antly different for the plant and microbial enzymes (Table J). 

A comparison of the effect of various metal ions on protocatechuate 
3, Cdioxygenase froin these two sources revealed interesting differences 
Fable 11). While Pea+, and MO2' completely inlubifed the Tecoma enzyme, 
they did not have any effect on the Acinetobacter enzyme [53]. While ferrous 
ion was essential for the plant cnzyme to exhibit its activity, it was inhibi- 
tory to the bacterial enzyme. Sulfhydryl reagents especially Cchloromercuri- 
benzoate inhibited both Acinetobacter and Tecoma enzymes, but Pseudomonas 
dioxygenase was not 3ffected at  all [52, 531. Interestingly DTNB and 
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Property Tetoincr Acinclohnrter Pseudomonos 
cnzylnc enzyme [Xi] enzyme [52,53]  

Molec'ular weight 155,000 677,000 700,000 

Temperature opti~uzrni 40' C 35" C 35" C 

Stability at  4" G 7 days 6 ~nontlis 6 months 

Absorption maxim~lni at No absorption 410 and 4,50 n m  410 and 4iOrm 
visible region 

Iron content N.D. 7.27 g 7.0 g 

K,,, valuc for protocatcchuic 
acid 3.3 >< 10-'M 0.714 x lo-" 0.3 x 104M 

K ,  value for oxygen N.D. 5.88 x I O - ~ M  4.3 x ~ O - W  

K, value for iron 4.0 :< I O + M  . , 
Energy of activation N.D. 0.93 Kcals 1.33 Kcals 

N.D. = Not determined 

iodoacetamide inhibited the plant dioxygenase and not the Acinetobacler 
enzjme [53]. 

Although these enzymes catalyze the same reaction, they differ signi. 
ficantly in their properties. These results may reflect the fundamental 
differences in their primary and quaternary structures. 

Tyrosine Metubolisnz and Honiogerztisrrte Dioxygenose 

As early as 1961, Ibrahim et al [54] presented evidence for the cleavage 
of the aromatic rjng of tyrosine. These workers administered ~nifol& 
labelled tyrosine to the leaf djscs of angiosperms and observed the incoW 
ration of more than 33 % of radioactivity in n0n-a omatic compounds TM 
attributed such high conversions to the aromatic ring cleavage systent, 



Salt 

Percentage illhibition at 2 x 10-8 M 
concentatimi 

Tecomu Aeiizetobucter 
enzyme enzyme [53] 

Ferric amrnoniurn sulfalc 100 0 

Nickel chloride 9 1 43 

Nickelous chloridc . . 100 36 

Molybdenum dichloride . . 91 0 

Ouprous chloride 89 68 

Oupric sulfate . . 100 40 

Cobdll sulfate . . 45 50 

Cobaltous chloride .. 100 68 

Hills aud lsoi [55] also observed high rate of conversion of tyvosine to 
aliphatic products in the Eucalyptus plant. 

During his studics on the biotransformations of hydroxyphcnylacotic 
acids in plant, Kindl 1561 observed the utilization of homogenlisic acid in 
the detached leaves of Sinapis dbrr and Astilbe chinensis. To demonstrate 
unequivocally the potentiality of plant tissue c~~ltilres to split the 
aromatic ring, Ellis [57] undertook a careful study and observed the 
degradation of ring labelled tyrosinc and homogentisic acid in ten 
different plants using cell suspension culture technique. 

Though from these studies i t  was clear that exogenously s~tpplied tyro- 
sine and hon~ogentisic acid werc cxtcmjvely metabolized by tissues of higher 
plants, operation of the homogentisate ring cleavage pathway was not estab- 
lished with certainty until Durand atld Zenk [58, 591 reported its occur- 



Employing the same steps used for the isolation of the bacterial e q m e  
[fj], Durand and Zenk [59] purified Dro.soplzyll~mz homogentisate dioxy- 
genase to about 190 fold with a yidd of 39 %. Like thc microbial enzyme, the 
plant enzyme was also inhibited by iron-chelating agents notably a, a'- 

bipyridyl. To establish the widespread occurrence of homogentisate dioxy- 
genase thcse authors purified and demonstrated the presence of this enzyme 
from ten species of plants belonging to seven different families. Thus the 

COOH COOH 

HOOC 

HOOC ~ C W H  

0 0 f-- 0 0 

Furnarylocetoocetic acid (ulaleylacetoacetic ocid 

HOOC 

h c m k  + y-H 
0 

Fumoric ~cetoacctic  
oc id  acid 

FIG. 7. Metabolism or tyrosine in DrosopI~y//u,n irisilwiufm. 
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mechanism of con~erbion of L-ty~osine to acetate and fumarate via homogenti- 
sate seems to be same in all living organisms and shows a remarkable phyla- 
petit constancy (Fig. 7). 

jiosynthesis oj Betalain Pigments 

In 1957, ciystalline sanlpies of the pigment betanin were obtained [61, 
621 and subsequently the chemical nature of betanin and related pigments 
were determined 163, 641. It was postulated that betanidin arises from the 

of two molecules of L-dopa [62, 65, 661. 

Piattelli and his group investigated the pigments of Centrospermae 
systematically and isolated forty-four kinds of the new pigments from seven 
families of the order Centuospermae 167-721. The most widespread plant 
pigments, viz., anthocyanins appear to be replaced by these new pigments 
in flowering plants belonging to the above order. These pigments include 
a distinctive group of red-violet (betacyanins) and yellow (betaxanthins) 
pigments which possess a dihydropyridine moiety (Fig. 8). It was sug- 
gested that the dihydropyridine ring system might originate from L-dopa by 
an oxidative ring fission followed by ring closure [62, 65, 66, 73, 741. 

Subsequently various groups of workers showed that 14C labelled dopa 
and tyrosine were readily incorporated into these pigments [71, 75-79], 
Utilizing 15N labelled tyrosine, it was also demonstrated that even the 
amino nitrogen was incorporated into the pigments 1741. Though these 
studies showed that dopa is the precursor of these pigments, they did not 
give much information on the mode of conversion of dopa to these pigments. 

It is generally accepted that betalamic acid (Fig. 8) is the precursor of 
these pigments. Purely on the basis of structural chemistry, one can rule 
out the extradiol proximal cleavage of dopa for the biogenesis of betalamic 
acid. This leaves the option between extradiol distal cleavage and intradiol 
cleavage, though the former seems to be more likely to occur. 

To decide between these two possibilities, Dreiding's group carried 
out an experiment in cactus fruits (Opuntia decumbens) using 3', 5'-dit~itiated 
tyrosine [go]. As tyrosine to dopa conversion does not involve any MIH 
shift, 3', 5'-ditritiated tyrosine would be converted to 5'-tritiated dopa in 
viva. If an intradiol cleavage of this 5'dritiated dopa occurs followed by 
ring closure, then the newly formed betalamic acid would have lost the 
remaining tritium atom during the process. On the contrary, an extradiol 
distal cleavage would give rise to tritiated betalamic acid. Since in the 



B e t a n i d i n  H 
Beton in  

h d i c o x a n t h i r ?  B e t a l o m i c  ac i d  

Ro. 8. SLructulcs of somc bct%xJain pigments and bclalamic acid. 

in vivo experiments tritiated betalamic acid derivative was formed, it was 
concluded that an extradiol distal cleavage of dopa had occurred (Fig. 9). 

Piattelli's group also established the occurrence of extradiol distal 
cleavage of dopa, simultaneo~~sly and jndcpendently by demonstrating the 
presence of one atom tritium in indicaxanthin synthesized in I J ~ W  from y, 
5'-ditritiated C-COOH) tyrosine [81]. 

Whether or not betalamic acid lies on the pathway to betalains biosynthe. 
sis is still an open question. Bccause it is still uncertain whether cyclization 
of the ring cleaved product t o  give the dihydropyrjdine ring system 
place before or after the condensation with the other part ofthepimenf, 
and whether it is enzymatic or spontaneous. However, these studies would 
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COOH ,- COOH COOH , 

- _jt_t 

T T 
OH 

COOH 
OH 

OOH 
r, 

R e t a l o m i c  acid 

FIG. 9. Mechanism of betalamic acid formation from 3', 5'-ditritiatcd tyrosine 

not alter the established mode of ring fission of dopa. The enzymology of 
the bios~nthesis of these pigments is a promising field for future studies. 

Biosyntihesis of Stizolobic Acid and Stizolohinic Acid 

Hatton and Komrunine [82] for the first time isolated strizolobic acid 
and stizolobimic acid-new types of heterocyclic non-protein amino acids- 

the sap of the etiolated cpicotyl tips of the plant Stizolobiurn Izass~oo. 
1. I. Sc. - 2 



Subsequently, these amino acids were shown to be y-pyrone-6-carboxy$C 
acid derivatives with an alanyl side chain, at  the 3 position for stizolobinic 
acid and at  the 4 position for stizolobk acid 183, 841. They postulated dopa 
to be the precursor of these amino-acids and proposed an oxidative ring 
cleavage followed by cyclization and dehydrogenation reactions for the 
biogenisis of these compounds [84-861. 

In addition to Stizolobium, these amino-acids were also detected in 
Mucunti and Amanitn species [87, 881. Recently, the Japanese group 
examined the incorporation of labelled phenylalanine, tyrosine anddopa 
into these amino-acids and found that dopa and to a lesser extent tyrosine 
were readily incorporated into these heterocyclic compounds by the etio- 
:&ted seedlings of StizoIobium hassjoo [89]. Ellis confirmed these results 
using the plant, Mucuna deeringiana [88]. 

The site of cleavage of the aromatic ring of dopa was deterbed by 
using doubly labelled tyrosine 1901. After feeding equal amounts of (TJ) 
"c-tyrosine and L43, 5-3H3 tyrosine to the etiolated epicotyls of 
S.hassjoo, labelled stizolobinic acid and stizolobic acid were isolated and the 
3H/34C ratio determined. If these compounds are biosynthesised by extra 
&iol cleavages, then stizolobinlc acid would be free from tritium. This was 
found to be true thereby proving the proposed biogenetic pathway 
shown m Fig 10. 

Miscella~ous Compounds 

It would be interesting and intriguing to examine the available evi- 
dences on the ring cleavage of other compounds. Despite the difEculties 
encountered in the study of plant phenolic metabolism, a number of reports 
have appeared describing the abllity of plants to split the aromatic ring. 

Zaprometov [911 who studied the oxidation of 14C labelled catechrns 
by tea plants accounted for 73-82?, of the absorbed activity as T O ,  after 
30 hr. This result definitely suggests that catechins in tea plants serve as 
important respiratory substrates. The ability of higher plants to split the 
aromatic ring of labelled chalcone [92], toluene [93], benzene [93, 941 and 
phenol [95] has been well authenticated. 

Kindl [561 observed the conversion of labelled 2, 3- and 3, 4-dhydroxy 
~henylacetic acids to D-glucose in the leal' cuttings of S. ulba and A. chinensis 
and attributed such conversions to the ring cleavage reactions. Ellis and 
Towers [96] undertook a careful study of the degradation of phenylalanine~ 
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FIG. 10. Biosynlhesis or stizolobinic acid and stizolobic acid from 3', 5'-Ditritialed 
LTyrosine. 

cinnamic acid and tryptophan employing aseptic tissue cultures Ruta and 
Melilotus and surmised that these plants degraded both phenyl propanoid 
and indole compounds. Towers group [97] also demonstrated the oxida- 
tion of labelled DL-phenylalanine to labelled carbon dioxide in nine species 
of marine algae. 

Ellis [57] reported the oxidation of labelled dopa and catechol to carbon 
dioxide by ten different plant species employing cell suspension cultures. 
Labelled caffeic acid and catechol were degraded to carbon dioxide in cell 
suspension cultures of mung bean and soybean [51]. Unpublished obser- 
vations from our laboratory show that both 3-hydroxyantkranilic acid 
and catechol undergo ring fission in the leaves of Tecoma stuns, although such 
a catabolic route has not yet been unequivocally established. 
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Note :  After this paper has bee11 sent to the prcss, we calne 
across an article [K. Saito and A. Komamine, Eur. J. Riochem., 68, 
237-243 (1976)l in which thc authors have reported the partial 
purification of stizolobic and stizolobiuic acid synthesising enzyme system 
from the cell free extracts of the etiolated seedlings of Stizohbiutn hussjoo. 
This enzyme system which showed maximum activity at  pH 7.5 and 
requil-ed the presence of NADP + or NAD +, converted Gdopa into 
Stizolobic and Stizolobinic acid under aerobic conditions. 


