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A bstract 

A brief account of the two major metabolic pathways which lead to the biosynthesis of a lumber 
oi complex aromatic compounds is given. The metabolism of benzene and related aiomatic hydro- 
carbons by microbes and mammals is compared. The microbial metabolism of phenol, cresols, xyle- 
aths,benzoic acid and its derivatives, phenylacetic and hydroxyphenylacetic acids, zcetcpbencne, 	ene- 
thyoines, phenylacetaldehyde, rnzndelic rnd hydioxymandelic acids, pbenylpropionic z rid hydroxy- 
phenY1ProPicnic acids, PhenYlPyruvic acids, phenyllactic acids, cot mar in, cinnamic zcid and cotmar ic 
acid is reviewed, The initial rezctions involved in the biotransformaticn of pi -  enylak nine, tyrosine 
and dopa are given. A detailed survey of the various ai omatic ring cleavage reactions of gentisal- 
davde, gentisic acid, homogentisic acid, 3-hydroxya.nthranilic acid, depa, caffeic acid, 2, 3-dihydioxy 
ISYIPropionic acid, hornoprotccatechuic acid, protccatechuic acid, PYrocatechuic acid, methyleate_ 
chols, catechol, gallic acid and other compounds is made. 

ley words : Aromatic compounds, biosynthesis, microbial degradation, unity and diversity in meta
dioxygenase reactions. 

I. Introduction 

Most of the naturally occurring organic compounds exhibit life cycles with strikingly 
similar characteristics. Encapsulated within the early part of their life cycle are a 
few brief moments of fame and glory the possession of some novel structural feature, 
the display of unique biochemical reactivities and the occupation of a regulatory role 
Over a versatile metabolic pathway—but once these have been assimilated into the 
main stream of biological chemistry, the life of the natural product almost invariably 
decays once more into gentle obscurity. 

The diverse pathways by which complex organic compounds are synthesized and de- 

ed in nature have long excited the curiosity of several biochemists and enzymologists. 
With the advent of labelling techniques, several natural products have been subjected to 
in tensive experimental investigation and the dynamic relationships between the primary 
metabolic processes common to most Of the organisms and the branching pathways lead- 

tri. g .t.0  more complex, specialized secondary metabol 'ties were established. The biochemical 
similarities na 	of major metabolic pathways utilized by 

various forms of life have reinforced 

standing concept of the 	Biochemical Unity' in all forms of life'. Against 
this 	ground, instances of unique diversities and subtle 

differences in the pathways 
57 
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prospects for getting an insight into evolutionary relaticn.shirs ard cco ffer  intriguing 
i° -. cal adapta 

aromatic 	

tions. This review attempts to give a brief account of the metabolism of 
QC1  pounds and the unities and diversities found in it in various foims of life. conl 

The shikimate pathway 2,  

ale  of the most important and exciting ac. hievements of modern biochemistry and enzymo- 
locry has been the elucidation of the shikimate pathway by which a bewildering variety of 
a;natic compounds are synthesized. The biosynthetic pathway begins with the conden- 

sation of erythro5e-4-ph05phate and  phosphoenol pyruvate, the first of the seven enzymatic 
reactions that culminate in the formation of chorismate (Fig. 1). Chorismate thus formed 
is utilized for the biosynthesis of a numberof compounds 2. Apart from the compounds 
depicted in Fig. 1, a plethora of characteristic natural products such as plastoquinones, 
plastochromartols, tocopherols, phylloquinones, menaquinones, phen.azines, bacilysin, 
anticapsin, neoantimycin, mycobactins, etc., are synthesized by many forms of life employ- 
ing this pathway ? . The pathway seems to be of ubiquitous occurrence in nature with 
the exception of the animal kingdom. 

The recently discovered pretyrosine pathway for the biogenesis of tyrosine deserves 
special mention. Although the 4-hydroxyphenylpyruvate pathway which is operated by 
prephenate dehydrogenase and 4-hydroxyphenylpyruvate transaminase seems to be the 
most widely distributed, blue green algae seem to possess exclusively the enzymes of 
pretyrosine pathway, viz., prephenate transamin.ase and pretyrosine dehydrogenase, as 
judged by the comparative survey of dehydrogenase specificity in a number of micro- 
organisms 3-5 . While the former pathway has a direct and refined control through the 
feedback inhibition of prephenate dehydrogen.ase by excess tyrosine, the latter pathway 
has a less refined and indirect control accomplished by the activating effect of excess 
tyrosine on prephenate dehydratase which favours the flow of metabolites towards phenyl- 
alanine and away from tyrosine. 

, 
3

FIGT.  I. THE SHIKIMATE PATHWAY-1 . D -ErYthi ese-4-phosphate. 2. Phosphoenol pyruvic zcid. 

J, -DeoxY-D-arabino lieptuloscnic zcid-7-pi osph te (DAFIP). 4. 3-Dehydrequinic acid. 5. 3- 
Deilydrosh&imic acid. 6. Shikimic zcid. 7. Shikimic acid-3-phosphate. 8. 5-Eno lpyi u‘yj 

&hink acid-3-phosphe te. 9. Choi -  ism ic acid. 10. Pi ephenic acid. 11. Phenylpyruvic acid. 12. L i: -  

i. enilaiall ine- 13. 4-Hydroxyphenylpyruvic acid. 14. L -

Tyrosine. 15. Pretyrosine. 16. 3-De - 

anYa arest. ikimic acid (eno I foi m). 17. Gz 'tic :- cid. 18. Pro tccatechu ic rcid. 19. Anthranilic acid 

2°. la-Tryptophan. 	/1. 	Isochorismic zcid. 	22. 2,3-Dihydro-2, 3-
dihydroxybenzo1c acid, 

2yll  3r. Pyrocatechuic zcid. 24. Salicylic zcid. 25. 3-(3-Carboxy-4-hydioxy cycIohexa-2, 
5-dienY)• 

p  
19  v4eie acid. 26. mcarboxyphenylalznine. 27. ni -Co rboxytyroe . sin 	28. 4-Aminobenzoic acid. 

. AminophenYlalanine. 30. 4-Hydi oxybenzoic c.cid. 

A• . 9, Al-LP synthetase ; B. 3-Dehyd re qu inic z cid synthetase ; C. 3-Dehydioquinic acid dehydratzsc : 

„._ i  DehYdroshikimic acid reductase : E. Shikimic r.cid kinase ; F. 5-EnolpYruvyl shikimic acid-3- 
P7. 	

r t
sphate sYntl* etz se ; G. Choi ismic r cid syntl - et; se : 1-1. Chorismic acid mutase : I. Pi ephc

r

nic 

la dehYdrr se ; J. Pkenylalr nine : Mille t I ; nsfel ; se : 	K. PI of en ic acid dehydlogenr 
pr 	

se ; 

i . Yrosine amino t ransfei asc. M. Pi ephenic : cid t i insarninase ; N. 
Pi etyiosine dehydiogenase : 

n  
a7c.nthnnilic r cid synthctr se : P. Choi ismic : cid isemerzse ; Q. 2, 3-Dihydro-2, 3-dihydioxytenn ic 
acid 

ct
synthetase ; R. 2, 3-Dihydro-2, 3-dihydroxybenzoic acid dehydrogenase. 
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3. The acetate pathway 

The implication of acetate in the biosynthesis of a wide variety of naturally o ccur,• 
aromatic compounds, viz.," the acetate hypothesis", which states that a linearpoilling 
methylene chain formed by head to tail self-condensation of acetate units could c

y 6 
c  to give a remarkable array of complex aromatic compounds, was first deduced by c oib; 

and later established by Birch 7-8 . Several of the salicylic acid derivatives, phlorogiucin; 
resorcylic acid derivatives, benzophenones, xanthones, flavonoids, isoflavonoids,rotenolit 
stilbenes, naphthalenes, naphthoquinones, ,  anthraquinones, tropolones, py rromycinej 
tetracyclines and antibiotics such as griseofulvm, alternariol, penicillic acid and pat: 
arise from acetate and related compounds'. Though the acetate pathway is equall y  
important in contributing a nurnher of aromatic compounds to nature, its enzyinologiati 
aspects have not been as clearly understood as those of the shikirnate pathway, a n tuft, 
tion to this being the recent studies on 6-methylsalicylic acid synthetasel° -12. Thiseaszy; 
has been purified as a multienzyme complex of molecular weight I •5 x 10° fromMid. 
liulil patuhnn and shown to be similar to the fatty acid synthetase in several of its 
properties" -n. The mechanism of the formation of 6-methylsalicylic acid proposed b y  
Lynen" is shown in Fig. 2. A similar enzymatic reaction, without the intermediate 
reduction and dehydration reactions, would yield orsenillic acid. 

4. Miscellaneous reactions 

In addition to the above two major pathways, a number of minor reacticns leading to the 
formation of aromatic compounds are also known. One such reaction is the simple 
aromatization of cyc lohexane derivatives, the reduced counterpart of aromatic compounds. 
Mitoma et al." showed the conversion of cyclohexane carboxyl CoA to benzoic acid 
probably via 1-cyclohexene carboxyl CoAni by guinea pig liver mitochondria in the 
absence of any added cofactors. Recently, it has been demonstrated that cell-free ek 
tracts of Corynebacterium cyclohexaniczan, grown on cyclohexane carboxylic acid, could 
convert 4-ketocyclohexane carboxylic acid to 4-hydroxybenzoic acid, under both aerobic 
and anaerobic conditions". Under anaerobic conditions, an electron acceptor such as 
potassium ferricyanide is essential for the reaction. 

A number of aromatic derivatives of terpenes and steroids arise from desaturation 
reactions: These aromatic compounds, along with the polymeric materials such a) 

lignins which are synthesized by plants, enter the soil ecosystem when the life of the 
organism ends. A range of aromatic hydrocarbons are also found in nature as cons

therm of fossil fuels'''. Apart from these natural additions, a variety of synthetic &0!t 
compounds in the form of pesticides and industrial effluents are also added to the emu* 
ment 

If such chemicals prove to be resistant to microbial decomposition, they could accumeo
u. 

ate in the soil and cause serious ecological changes and disturbances in nature's cart . 

;

cycle '. However, microorganisms, endowed with amazing biochemical potential 
utilize a vast array of compounds as sources of carbon and energy, degrade thes e  P oi  

ducts and convert them into useful biochemicals which will be accepted by even' Mul 
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is  i„ ; , :_„ - ---intncAL MECHANISM FOR THE BIOSYNTHESIS OF 6-METHYLSALICYLIC Ac.ro. The process 
incr_t idei e a by the transfer of zcetyl group from acetyl CoA to the "per ipheral " sulfhydryl group 
13giulave  1:1:1CoA to the "central" sulfhydrY1 group (step 1) of ti - e enzyme. 'Then condenszticn occuis 
:0 a  a toa-7 ce ori 

' enzYme with the liberation of CO 2  (step 2). The acetoacetyl g? op is transtcetylated 
Ine PerlPheral SH (step 	 zn 3), another maIonyl CoA is loaded on to the central SH (step 4) 	d a 

	

he  3-oxo 
	occurs to give 3, 5 -dioxohexvnoy1 enzyme (step 5). At this point, reduction of 

rim,. group by NADPH to form 3-hydroxy-5 -
oxohexznoyl enzyme occurs (step 6). The reduced 

arioa is thendehydrated to give cis-5-oxohex-3-enoylen7yme by a dehydrese (step 7). A third conden- 

	

W, 	
; 

Ith malonYl enzyme gives an 8-carbon enzyme bound intermediate, 3, 7-dioxo oct-5-enoyl nzyrne  (step , which unde rgoes  an internal aldol type condensation between the C-2 and C-7 tion t 

:rs ter, s  kthowed by dehydration to give enzyme bound 6-metbylsa1icy1ic ccid (step 11). A thio- 
tile then releases the product (step 12). 
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life. En the following pages, the catabolism of some of the aromatic c orn,am  l* is  
described. 

5. Metabolism of aromatic hydrocarbons 

demonstralc‘ted 

Studies on the metabolism of benzene in Pseudomonas aeruginosa revealed its com er5. 
to catechol without the intermediate formation of phenol's. Gibson et al.i9  
that cis-1, 2-dihydro-1, 2-dihydroxybertzene (cis-benzeneglycol) is an intermediate durth i  
the oxidation of benzene by Pseudomonas plaida. Benzene-1, 2-epoxide can be exc'b 
as the precursor of cis-benzeneglycol, as its hydration leads to trans- and riot cii, 
benzeneglycor. Gibson el al." also established that at least two protein factors a rt  
involved in the conversion of benzene to cis-benzeneglycol. Experiments with no ,  
revealed the dioxyge.nase nature of this reaction 21,22. Further, it was also shown th at  
cis- and not trairs-benzeneglycol is dehydrogenated to give catcchol by cell-free extract 
of P. putida utilizing NAD+ 19 . The same pathway was found to operate in Motaxdi  
also. 

Benzene dioxygenase was purified recently from a Pseudomonas sp. groun en benza 
by Axcell and Geary23. The enzyme has three protein components : two unhurt 
iron proteins of molecular weight 21,000 and 186,000 and a flavoprotein of moleakr 
weight 60,000. Ferrous iron and NADII are absolutely essential for the reactict. 
These workers have also purified the cis-benzeneglycol dehydrogenaseu. The hoR- 
geneous enzyme, which utilizes only the cis-isomer, requires NAD+ and ferrous iron for 
its activity. It is made up of four subunits and has a molecular weight of 110.CCO. 

It is interesting to compare the parallel reactions in mammalian metabolism of benzag. 
In this case, benzene is first epoxidized by a microsomal oxyarenase. The epoxide's 
enzymatically hydrated to give trans-benzeneglvco1 20, which then undergoes a dehydre 
genation reaction to yield catechol (Fig. 3). 

Alternate pathways exist for the catabolism of toluene. Katagawa 25  first demonstrated 

that a strain of Pseudonzonas aeruginosa oxidized toluene through its side chain. nas 

benzylalcohol, benzaldehyde and benzoic acid are intermediates formed in the deep: 

dative pathway. Such a side chain oxidation also occurs in ?sew/moms praida 
rnt-226. Requirement of three protein fractions for the toluene hydroxylation has be 
demonstrated by Nozaka and Kusunoser. The alcohol and aldehyde dehydrogellags 
have been isolated and shown to require NAD -F. 

ni, t 
On the contrary, Claus and Walker 28  showed that 3-methy1catech0l 

and o , 

chain oxidized products, to be the intermediate in the oxidation of toluene by 

monas as well as an Achromobacter sp. Such a direct ring hydroxylation a pUtiLi 
ji  

Pseudonzonas mildenbergii 29  and Pseudomonas ptaida3° ,31 . A mutant strain of f ,  

produced (+) 	•dihydroxy 3-methylcycloh.exa-3, 5-diene from toluene
,  

was dehydrogenated by the parent strain to 3-methyl catecho1 3°, 31 . These 
or, Isni-  

cate that the initial reactions involved in toluene degradation by the above 
are essentially the same as those employed for the metabolism of benzene. 

 resuo  Jr. 
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FE ,3. Metabolism of benzene (A-mammalian: B-microbial). 

However, with multiple substituents at the benzene rine, the initial reaction seems 
to be in favour of side chain oxidation and not ring oxygenation. Thus in-xvlene and 
nylene are oxidized to their corresponding toluic acids- 32-36 . Diversity in the meta- 
bolism of p-xylene occurs at the level of p-toluic acid. While Davis et atm obseived 
e conversion of p-toluic acid to 4-methylcatechol, Omori and Yarnada 37  demonstrated 

its conversion to p-cresol followed by side chain oxidation reactions leading to the for- 
mation of 4-hydroxyben.zoic acid (Fig. 4). p-Cyrnene, an analog of p-xylene, is, however, 
°B. tially oxidized to p-cumic acid and then to 2, 3-dihydroxy-p-ctunic acid. via 2, 3- 
dihYdr04-2, 3-dihydro-p-cumic acid 39  by the PL-strain of Pseudomonas putida. 

The microbial metabolism of phenyl-substituted alkanes has been reported, but 
detailed studies on the enzymological aspects have not been carried out so far. Webley 
etabto, 41 

have shown with a Nocardia sp. that alkyl chains with an odd number of 
carbon atoms undergo fl-oxidation leading to the formation of cinnamic and benzoic 

aci.ds,  while derivatives with an even number of carbon atoms give rise to phenylacetic 
ac. Such a side chain oxidation has also been shown to occur for the oxidation 
of 

. 31thenYldodecane by two Nocardia strains42. However, Pseudonionas strains seem to 

uxidize various alkylbenzenes by direct ring oxygenation reactions's?. 

• Oxidation of naphtha lene , the binuclear aromatic hydrocarbon, by bacteria was ini t 	 .. 

lailY re ported to involve  the intermediate formation of trans- 1, 2-dihydroe4 , 2-dihydroxy- 
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FIG. 4. Microbial metabolism of p-xyiene. 

naphthalene43, 44.  Later, jerina  et at 45  identified (+) cis-1 (R), 2 (S)-dihydroxy-14 2" 
dihydronaphthalene as a metabolite of naphthalene with the use of a mutant strain 

0, 

Pseudomonas. The cis-dihydrodiol formation has also been demonstrated by Willi

. Natilithalene dioxygenase utilized either NADH or NADPH to produce the dihYdr r, ii  

dm! but the dehydrogenase specifically required NAD+ and utilized only the l en  
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isomer of cis-dihydrodio1 47
. When the dihydrodiol was substituted at CI position 

Is‘rith deuterium, the dehydrogenation reaction showed a primary kinetic isotopic effect, 
Baced. on these results, a stepwise mechanism which involves an initial dehydrogenation 
of the secondary alcohol group at C-2 followed by a rapid aromatization reaction, was 
proposed for the formation of 1,2-dihydroxynaphthalene from cis-dihydrodihydroxy- 
naphthalene". 	The further metabolism of 1, 2-dihydroxynaphthalene appears to 
pi‘x-eed by the pathway delineated by Davies and Evans. 

The cis-dihydrodiol formation also occurs during the metabolism of biphenyl", 
ambracene, phenanthrene", benzo [a] anthracene and benzo [a] pyreness. Thus, bacteria 
Incorporate both the atoms of moelcular oxygen into the aromatic hydrocarbon employ- 
ilkg a dioxygenase and produce cis-dihydrodiol, in sharp contrast to mammalian systems 
which produce trans-dihydrodiol via arene oxide employing a monooxygenase" (Fig. 3). 

Metabolism of phenol, cresols and xylenols 

Ckidation of phenol to catechol has been observed in bacteria, fungi and yeast 51-56 . 
The enzyme catalyzing this conversion has been purified to homogeneity from Trieho- 
!won and shown to be a flavoprotein requiring NADPH for activity. Although the 
requirement for NADPH as an external electron donor is absolute, the enzyme exhibits 
am unusually broad specificity towards the phenolic substrate 57 . A requirement for 
ilfaCt sulfhydryl groups is indicated by the susceptibility of the enzyme to inhibition 

beavy metal ions and sulfhydryl reagents. The phenol monooxygenase from 
illtethacterium fuse= utilized either NADPH or NADH as the electron donor. 
beexestindy, the enzyme from Bacillus stearothermophilus requires NADH and not 
\kDPH60. While phenol monooxygenase from yeast was unaffected by iron and copper 
atlators57 , the enzyme from Brevibacterhuns9  was inhibited by copper chelators and 
&al of Bacillus by iron chelators". 

Ribbons presented evidence consistent with a reaction sequence whereby o-cresol 
Oxidized to 3-methylcatechol by Pseudotnonas aeruginosd". The same pathway is 

Xnttive in some Pseudotnonas strains62,  63 , Brevibacterium fuscumse, Pseudomonas 

Pada', Bacillus stearothermophilus" and Candida tropicalises. 

Diversities occur at the level of nz- and p-cresol oxidation. Dagley and Pate1 66  reported 

Ilua the degradation of p-cresol by a n.onfluorescent Pseudomonas strain proceeds by an 

laza' attack on the methyl group. Such a side chain oxidation has also been shown 
is occur in Pseudonionas pzuida.67  The side chain hydroxylating enzyme WaS recently 

sallied by Hopper6 8  and shown to be an entirely new type of hydroxylase. Surprisingly, 
did not utilize any electron donor and molecular oxygen for hydroxylation, but an 

acceptor like phenazine methosulfate and water. The reaction proceeds well 

za‘eil under anaerobic conditions. 
A mechanism involving dehydrogenation to a hetero- 

41ancille followed by hydration to give 4-hydroxybe112yl alcohol was proposed
68. The 

1118-ne e
nzyme fraction also converts 4-hydroxybenzyi alcohol to 4-hydroxybenzaldehyde

68 . 

In contrast, several species of fluorescent 
Pseudomonas introduced a new hydroxyl 

firt1UP adjacent to 
the hydroxyl group inp-cresol and oxidized the resultant 4-methyl 
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catecho1n2-61, 	This type of ring oxygenation also occurs in Bacillus steerothermophibm4 
Brevibacterium fuscunz 59  and Candida iropicalis65, 70 . 4-Methylcatechol  
pro 	

conversion4 
tocatechuic acid" is also known and may proceed by the same set  of reagiz 11  to s  as those employed for the conversion of p-cresol to 4-hydroxybenzoic acid. 

Similar diversities occur 
observed the oxidation of 
benzoic acids and gentisic 
at 2-position to give 3-me 
strains62-" ,  67 ' 69 • Though 
by the catechol pathway, 
pathwar. 

during the metabolism of tn-cresol also. Hopper 
eta/n,,, ,n-cresol and its derivatives to the corresponding 3-byd10xv  

acids by nonfluorescent Pseudomortes sp. But hydroxylthyicatechol was found to occur in fluorescent 
Pseudo,,,

the in-cresol grown cells of P. putida oxidized mcesoi  
3, 5-xylenol grown cells oxidized m-cresol by 

the gentisale 

An alternate mode of hydroxylation occurs in Brevibacterium fuscum 59, Bacillus stew. 
thermophikts" and Candide tropicalissn. These organisms convert nn-cresol to 4-methyb 
catechol rather than to 3-methylcatechol. Furthermore, hydroxylation of m-cresoi 
and p-cresol by purified phenol monooxygenase from Trichosporon cuteneurns7  yields, 
only 4 -methylcatechol in both cases. It is noteworthy that hydroxylation of in-cresol tv 
gram negative bacteria yields 3-methylcatechol, while the gram positive species and 
yeast produce 4-methylcatechol. 

Comparatively little work has been done on xylenol metabolism. Dagley and Pater', 
while studying the metabolism of p-cresol, observed the oxidation of 2, 4-xylenol aod 
3, 4-xylenol to 4-hydroxy-3-methyl benzoic acid and 4-hydroxy-2-methyl benzoic acid 
resNctively. Oxidative metabolism of 2, 4-xylenol to 4-hydroxy-3-methylbenzoic acid 
has also been observed by Leibnitz el el.", and Chapman and Hopper". The latter 
workers identified, in addition to the above acid, 4-hydroxy isophthalic acid and prow- 
catechuic acid as metabolites of 2, 4-xylenol. They have also studied the oxidation 
of 2, 5- and 3, 5-xylenols and established their conversion to 4-methyl and 1a.).th)i 
gent isic acids via 3-hydroxy-4-methyl and 3-hydroxy-5-methyl benzoic acids, respectively n. 

Biosynthesis of patulin, 
deserves special mention he 
experimmtation led to the 
patulin which is depicted in 
the way for the recognition 
was further substantiated by 

an antibiotic produced by several species of Penicillio 

re. Several years of intensive investigation and brilliant 

elucidation of the metabolic map for the biosynthesis of 
Fig. 5. Radioactive tracer studies's . 76  correctly paved 

of the pathway starting from 6-methylsalicylic acid. lb 
enzymatic evidence for the individual reactions. 

Light. 77 , and more recently Light and Vogel", purified and characterized 6-inetiO. 
salicylate decarboxylase from Penicillizen pentium. A cvtochrome P-450 dependeni, 

NADPH requiring particulate monooxygenase was isolated from the same orpor: 
and shown to hydroxylate m-cresol to3-hydroxybenzyl alcohol and 7, 5-dihydroxytoluene... 

The same fraction also hydroxylated 3-hydroxybenzyl alcohol to gentisy 	
vat! 1 alcohol 

the consumption of NADPH 80. 3-Hydroxybenzaldehyde was not ring hydroxylat_
edf 

but oxidized to 3-hydroxyben.zoic acid. 3-Hydroxybenzyl alcohol and gentisyl afro! 
d,rhydrogenases, both requiring NADP+, have also been characterizedsh 

s .  A solubic 
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FIG. 5. Biosynthesis of pattilin. 

enzyme fraction catalyzing the conversion of gentisaldehyde to patulin, with the utili- 

zation of NADPH, was obtained by Scott and Beadling 82 . 

7- Metabolism of benzoic acid and its derivatives 

Figure 6 gives various pathways for the metabolism of benzoic acid. Though the exier.- 
tive decarboxylation of benzoic acid to catechol was known for quite some time

83. the 

problem as to how it is initially attacked has been rather obscure, until Reiner"
. 81:  
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Fic. 6. Microbial metabolism of benzoic acids. 

isolated (—) 3, 5-cyclohexadiene-1, 2-diol-1-carboxylic acid, an intermediate in the con. 
version of benzoic acid to catechol, and showed that it arises by a dioxygcnase tge 

of reaction. Subsequently, Reiner 86  purified (—) 3, 5-cylcohexadiene-1, 2410l-J-c3rboxY- 
late dehydrogenase to homogeneity. The dehydrogenase which has a molecular weigh (  

of 94,600 and four subunits of molecular weight 24,000 each, catalyzes both decarbexy- 
lation and dehydrogenation reactions utilizing NAD± as the cofactor. 

Recently, Yamaguchi et al." have purified benzoate-1,2-dioxygenase from rots  
monas arvilla. The purified enzyme was found to consist of two protein ccmconeni. 
and it utilized NADH for oxygenation. They have also adduced evidence for the P arti  
cipation. of NADH-cytochrome c-reductase in the double hydroxvlaticn read"' 

Salicylic acid has also been implicated as the initial product of benzoate oxidati°_n 
based on sequential induction experiments's -110 . However, the lines of evidence Pry' 
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salted by these workers are insufficient and the demonstration of benzoate-2-hydroxy- 
iation  in the cell-free system is essential to substantiate this pathway. 

Several species of bacteria belonging to the genus Pseudomonasa ,  88 ' 91 1  totobacier 
rinektndiis 91  Mycobacteriunz fortuitunz 92, Acinetobacter NCIB 8250" and Pulhdaria 
pull:Jain "  oxidatively decarboxylate salicylate to catechol. Salicylate monooxygenase 
(decarboxylating) was the s econd flavoprotein monooxygenase to be discovercd and the 
first example of the group of external flavoprotein monooxygenases 95. It has one mole 
of FAD per mole of enzyme protein of molecular weight 57,000 96 9 97 . The monooxy- 
genase nature of the reaction has been established with the use of "0 2  studies". The 
inechanism of the hydroxylation reaction has been extensively studied by two groups 
of investigators headed by Katagiri and Kamin". 

Hydroxylation of salicylic acid at the 3-position leads to the formation of pyrocatechuic 
acid. Though this pathway seems to be prevalent in fungi such as Aspergilhts nigerm,  
Aspergillus nidulansn' and Trichoderma lignorumm, the enzyme catalyzing this reaction 
has not yet been isolated. 

An unusual mode of hydroxylation occurs in Aspergillus nidulansn 3  and Trichosporoni". 
In these organisms, salicylate seems to be hydroxylated to 2, 4-dihydroxybenzoate and 
degraded. However, it is converted to gentisate in Pseudonzontzsu cl, Trichoderrnaus and 
Triehosporonm. Both these hydroxylase activities are yet to be demonstrated in cell- 
free systems. 

3-Hydroxylation of benzoic acid occurs in Pseudonzonas testosteroni 107, Pseudonzonas 

, Arthrobacterws and Aspergillus niger" a . 

The enzyme effecting the hydroxy- 

lation is yet to be identified in cell-free systems. 

Further metabolism of 3-hydroxybenzoic acid occurs in two ways. While Pseudo- 

tztonas fluorescensi", Pseudomonas acidovorans" 7, an. unidentified Pseudonzonasm, Pseudo

nionas aeruginosau 2  and several species of Bacilli" 3  hydroxylate 3-hydroxybenzoate at 

6-position, Pseudomonas dacunhaei°, Pseudonzonas testosteroni 16,11  and Aspergillus 

mgeruo) 116  hydroxylate it at the 4-position. 

34IY droxybenzoate-6-monooxygenase  is a flavoprotein requiring either NADH or 

MAD ... PH as electron donor for the conversion of 3-hydroxybenzoate to gentisaten
2. 

This enzyme, which has a molecular weight of 85,000, has been purified to near homo-
geneity and shown to have FAD as the prosthetic groupin. 3-Hydroxybenzoate-4-mono- o
xYgenase has been purified both from fungal as well as bacterial sources"4-116• The 

er

az 
Yni e from A ..Spergillus n igern5, 116 and Pseudontonas testosteroni"4 is a flavoprotein, 

?

tiring either NADPH or NADH 
for activity, although the former is the preferred 

er atron.  donor. The bacterial enzyme has a molecular weight of 
145,000. Premakumar i  zc 

, u.,  	have shown that the hydroxylation can be completely 
inhibited by reasonably 

1° 	s of superoxide dismutase, implicating the involvement of Oi in the catalytic 
mechanism. 
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Fungi, in general, seem to oxidize benzoic acid to protocatechuic acid, via 4.tivd,  
benzoic acidnnt 102, 109, 118-1-25• Occurrence of this pathway in a soil Pseudom0;01 

also been demonstratecl ud. Benzoate-4-monooxygenase has been purified from 
laboratory both from fun.gal'27, 128 as well as bacterial" sources and sho

wnto  ptcridiue-dependent monooxygenase utilizing NADPH as the external electron fi ni  

Further metabolism of 4-hydroxybenzoic acid proceeds by its conversion to D roll 
catechuic acid. 4-Hydroxybenzoate-3-monooxygenase has been obtained in crysiat; 
form from four different species of Pseudomonas grown on 4-hydroxybenzoatemik 
All of them show an absolute requirement for NADPH as the physiological ext et4.  
reductant and contain one mole of FAD per mole of enzyme. The molecular
ranges from 65,000 to 93,000. While the enzyme accepts 4-aminobenzoate and 1.L 
dihydroxybenzoate as substrates and converts them to 3-hydroxy-4-aminobenzcateri . 
/, 3, 4-trihydroxybenzoate respectively, it uses 5-hydroxy picolinate and 6-hydroxy ai m}  
nate as effectors onlyn 4 . The catalytic mechanism, like other fiavoprotein monoor). 
eenases involves a Bi Uni Uni Uni Ping Pong mechanism" which is depicted in Schemer 
Perhaps this is the first monooxygenase subjected to X-ray crystallograpbielas 
electron microscopic l " studies. 

Recently, an interesting reaction has been discovered in Bacillus sp.13,138. Ink 
organism 4-hydroxybenzoate is hydroxylated at the 1-position to give gentisateappartt 
involving a migration of the substituent carboxyl group to the 2-position. 

Non-oxidative decarboxylation of benzoic acids appears to be a common ream 
encountered in the metabolic transformations of these compounds. Table Isummarot 
the substrates and products, and the microorganisms which effect these decarboxylatv 
reactions. Interestingly, studies on some of the decarboxylases reveal that tbestrz. 
actions do not require PALP or TPP, the common cofactors of the decarboxylar 
reactions", 7e, 145, 150, 151. Detailed studies on these enzymes are necessary to exliltl 
the nature of the cofactor and the mechanism of the reaction. 

Pimelic acid was identified as the end product of photometabolism of benzoic ad 

under anaerobic conditions by Dutton and Evans153  in Rhodopseudomonas palustris. 
a reductive pathway also occurs in Pseudornottas PN-1 strain when it grows anaerob *  

on benzoates4 . Recently, a Moraxella sp. was found to metabolize benzoic acid tilf 

a reductive pathway involving anaerobic nitrite respiration, to adipic 	t-tic 

hexane carboxylate and 2-hydroxyeyelohexane carboxylate are intermediates for.sl , 

during this conversion' 55  (Fig. 7). Methanogenic fermentation of benzoate by °P  

cultures has also been reported (ref. 156 and the references cited therein). 

Pseasfr  
Anthranilic acid, the end product of tryptophan catabolism, is oxidized by a 016  

inonas sp. to catecholl 57  with the consumption of NADH. The purified eng ine  

consists of two protein factors', and incorporates both the atoms of inole nda t uTcrt 
into the substrate 159 . Fungal metabolism of anthranilic acid seems to be distill.. . 

in  Aspergi 11115 n  et al."4  reported the intermediate formation of pyrocatechuic acid 
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SCHEME 1. Kinetic mechanism of the reaction catalyzed by 4-hydroxybenzoic acid-3-r1onooxygenase 

Subsequent investigations proved the occurrence of such a pathway in 
Claviceps 

paasialilo and A sperg illus  nigerm. Anthranilate hydroxylase which converts anthranilie 

t _cAkipto Pyrocatechuic acid has been isolated in our laboratory and shown to require 
Nati  pate 163. Evidence for the participation of iron' 64  and 0:; 117  in the double hydroxy- 

In  on reaction has been provided. Floss et 
el° have presentea evidence for a monooxy- 

St 
naSe type of reaction for the C/aviceps enzyme with the use of H 2180. 

They 	
acid degradation was first studied by Ribbons and Evans's? in 

Pseudo:nor/as. 

they elucidated a pathway involving 4, 5-dihydr0xyphthalic acid and protocatechuic acid 



Benzene 

Phenol 

Phenol 	 Kiebsiella aerogenes.(Aerobacter 
aerogenes) 111-143 

Benzoic acid 

Salicylic acid 

4-Hydroxybenzoic acid 

Hypoxyhtm pritimatumill 

Glomerella cingulata 140  
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Table I 

Decarboxylat ion of benzoic acid and its derivatives 

Substrate 
	

Product 
	

Organism 

Pyrocatechuic acid Catechol 	Glomerella cingulatam 
Aspergillus nigerl009 144, 145 

Aspergillus nidulansl" 
Trichoderma lignorurni° 2  

2, 4-Dihydroxybenzoic acid 
	

Resorcinol 
	

Aspergillus nidulans" 31 1" 

Gentisic acid 

Protocatechuic acid 

6-Methylsalicylic acid 

Orsellinic acid 

Quinol 	 Klebsiella aerogenes (Aerobacter 
aerogenes)" 2  

Catechol 	Aspergillus 147 
Klebsiella aerogenes (Aerobacter 
aerogenes)"21 143, 148 
Rhodopseudornonast" 

in-Cresol 
	

Penicillitan patuhrm" , " 

Orcinol 	 Gliocladiurn roseumm° 
Umbilicaria pustulatalm 

4, 5-Dihydroxyphthalic acid 

Gallic aoid 

Protocatechuic 
	

Pseudomonas 152  
acid 

Pyrogallol 	Klebsiella aerogenes (Aerobacter 
aerogenes)" 2  

as intermediates. Such a pathway also occurs in Nocardia, Arthrobacter, some Pseudo- 

monas sp.166 and Aeromonas" 7 . Nocardiam also converts terephthalic acid to pro, 
catechuic acid. The initial conversions may involve a dicxygenase type of reaction. 
Experiments at enzymatic level are necessary to substantiate this. 

Piperonylic acid [3, 4-rnethylenedioxybenzoic acid] was found to be metabolize!d to 
m protocatechuic acid via vanillic acidi 169. Though the normal metabolism of van.illat 

proceeds by its conversion to protocatechuate"° 	Polyporus dichrous, a 111 

destroying fungus, converts it to methoxyhydroquinonel". Such a type o
f conversio 

also occurs in the case of some aspergilli which oxidize 4-methoxyben wate  

to 
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FIG ,  7. METABOLISM OF BENZOIC Acm AND SuBsraunD BENZOIC Acros. 1. Benzoic acid. 2. Cyclo- 
hexane. 	carboxylic acid. 3. Cyclohexene-1-carboxylic acid. 4. 2-Hydroxycyclohexane cal toxylic 
ascI d. 5 . 2-Oxacyclo hexane carboxylic acid. 6. Pimelic acid. 7. Adipic acid. 8. Antitranilic acid. A   

PYrocatechuic acid. 10. Catechol. 11. Phthalic acid. 	12. 4, 5-Dihydroxypi.th2lic acid. 
13:  Protocatechuic acid. 14. TerePhthalic acid. 15. Piperonylic acid (3, 4-niethy1enedi0xytenz01c 
acid). 16. Vanill' ic acid. 17. Methoxyhydroquinone. 18. 4-Methoxybenzoic acid. 19. 4-MethoxypEen01. 
20. 4-11ydroxybenzoic acid. 

trilethoxyphenop75, while in other organisms, 4-methoxybenzoate is oxidized to 
.4411Ydroxybenzoate by an 0-demethylase. The enzyme has two components, an 
:ono  -sulfur protein and an iron containing fiavoproteinl". Both 02  and NADH are 

oicluoraetrically consumed during the reaction. 

8. Metabolism of phenylacetic acids 

I ylacetic acid is excreted mainly as the glutamine conjugate by man and higher 
Primates ,

13Y th 	
as the glycine conjugate by most rodent species, as the ornithine di-conjugate 

cna_iesi 
se_h7en 

-ng 
and as the taurine conjugate by the pigeon, some carnivores and marine 

uPze  It is hydroxylated to 2- and 4-hydr0xyphenylacetic acids in the rabbit 
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onlogentisie 
liver's°. The conversion of 2- and 3-hydroxyphenylacetic acids to h 
and of 4-hydroxyphenylacetic acid to homoprotocatechuic acid also occur in th e TAT 
liver' s°. 

Fig. 8 depicts various routes for the microbial metabolism of phenylacetic acid. Th e  
carboxylation of phenylacetic acid to form phenylalanine presumably via phenyipynivi  
acid has been observed in fermentations of mixed rummal microbial populations as well  
as in pure cultures of Ruminicoccus flavefaciens, Bacterioides succinogenes, Chronic/hal 
and Rhodospirillum rubrum"il 182 . Formation of benzaldehyde, probably via inandeik  
acid in Penicillium chrysogenua 83 , reduction of phenethyl alcohol in .A1yeobacterizin 
phleilm and oxidation to 4-hydroxybenzoic acid in Porta weir/i185  are instances of 
unusual metabolism of phenylacetic acid. 

OH or, 0 H r   
tC4°  

OH 
OH Zie  OH 7 ./1 	

1 8  -11  OH OH 
7.,,r  OH 	AAA% 

0 0 

T H 5 	 OH 9 

FIG. 8 METABOLIC TRANSFORMATION OF PHENYLACETIC ACID—I . Phenylacetic 2C id. 2. 2sHYydfrvelie  

phenylacetic acid. 3. 3-Hydroxyphenylacetic acid. 4. 4-Hydroxypheny1acetic acid. 5 . 

gentisic acid. 6. lionloProtocatechuic cid. 7. 2, 3-Dih yd roxyphenylacetic acid. 8. G.  elluw., 

dehyde. 9 Gent is ic acid. 10. 4-Methylcatechol. 11. p-Cr esol. 12. 4-Hydroxym3ndeltc rhyli 

13. 4-Hydroxybenzoic acid. 14. Phenyl pyruvic acid, 15. L-Phenylalanine. 16. Phe lx  

alcohol. 

Hydroxylation of phenylacetic acid at 2-position seems to be a common a  metar ; 
countered in its metabolism. Occurrence of 2-hydroxyphenylacetic acid as 
of phenylacetic acid has been demonstrated in Penicilliwn chrysogenwe) A sli

g  

e_161 
o 	

, 
Cladosporar  nigeri ,  187 2  Aspergillus sojael 25 , Schizophyllum communeue, Alter-what", 	

reactiobil en:tt 
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Pseudomonas fluorescens18 9 and even in plants belonging to the genus 
flisribei09. Further metabolism of 2-hydroxyphenylacetate proceeds via hcmcgcrit:- 
As a  co 05,99. A unique reaction occurs in the case of Astilbe, where it is transformed t5a0t2ei.bvidroxy..3.4flethoxyphenylacetate via 2, 3-dihydroxyphenylacetatei9 0 . 

pheny1acetate-3-hydr0xyl3ti011 occurs in Rhizoctotzia solanim, Aspergillus nigerun, 1 " 
arid Penicilliumiss* R. sokuu, which is unique in producing 3-hydroxyphenylacetate in 
high yields, possesses an inducible enzyme to effect this reaction. Recently, this enzyme, 

specific for phenylacetate, has been partially purified and shown to be ivhioh is highly 
a pteridine-dependent monooxygenase requiring NADH as the external electron donorm. 
Iliouah oxidation to homogentisate appears to be the major route for the catabolism 

19 2 5  nothing is known about the enzyme catalyzing this of 3-hydroxyphen.ylacetate l" ,  

conversion. 

pseudomonas fluorescens 93, an unidentified Pseudomonas strainil" and Penicillium 
Arys9ge -zum" 5  appear to oxidize phenylacetic acid to the 4-hydroxylated product. How- 
Nr, it eazymitic evidence for this reaction is still lacking. Among the monohydroxy- 
!led products, only 4-hydroxyphenylacetate metabolism has been relatively well 
Sled. Its conversion to homoprotocatechuic acid has been demonstrated to occur 

Penicillitan chrysogenum185 , Pseudomonas iluorescensm, Pseudomonas ovalis" 6 , Psudo- 
mows putidal", Acinetobacter" 2, Micrococcusw, Bacillus 17 , Aeromonas aerogenes" 8  
and Arthrobacter"9. In fact, 4-hydroxyphenylacetate 3-monooxygenase has been par- 
tially purified from P. ova/is and shown to require NADH specifically 196. However, the 
enzyme from Aficrococcus requires NADPFP° 7 . 

Alternately, Blakely2" has presented evidence that an unidentified bacterium hydroxy- I  
ates 4-hydroxyphen.ylacetate at 1-position to give homogentisate utilizing either NADH 

NADPH. Subsequently the enzyme catalyzing this reaction was purified by affinity 
chromatography from the cell-free extracts of Pseudomonas acidovorans and shown to 

require FAD and NADH/NADPH 201 . Apart from 4-hydroxypheny1acetate, the enzyme 
ks 4-hydroxyphenoxyacetate as well as 4-hydroxy-hydratr0pate producing quill& 
aerflethylhornogentisate respectively. A mechanism involving 2-(1-hydr0xy-4-0x 0-2, 5-  2h 

exadlell-1-y1) acetic acid as the intermediate has been proposed (Fig. 9). How- 
ever, a Peracid and/or an epoxide intermediate shown in the figure are also equally possible 
intermediates. 

raibecrocoarrboxylation of 4-hydroxyphenylacetic acid to p-cresol occurs in an anaerobic 

the caseganism"2, Proteus vulgarisms and Clostridiunz difficile" 4 . Similar conversion in 

rat fer ,, of h°13:1°Protheatechuic 
acid is effected by the microbial activity present in the 

fecal of 
 205 

Side chain h 
Plient e 	ydroxylation seems to be yet another route for the metabolism of 4-hydroxy- 
chydryoaxetic acid. On the basis of 2, 5-dihydroxybenz0y1formate 

formation from bo th  

raandei lman.delat e  and 4-hydroxyphenylacetate, Crowden`206 suggested that 4-hydroxy- 

4Ie  is formed from 4-hydroxyphen.ylacetate. Perrin and Towers" detected radic- 
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active 4-hydr0xymandelate as a 
bydroxyphenylacetate has also 
enzyme effecting this reaction 

metabolite of labelled tyrosine. Its formation from 4- 
been shown in Aspergillus niger207,  208. However, the 
as not yet been isolated and characterized. 

Side chain oxidation of homogentisate to gentisate seems to proceed via 2, 5-dihydroxy- 
razdelate, 2, 5-dihydroxybenzoyif0rmate and gentisaldehye.e in Polyporus tutnulosus2". 
However, in a strain of Pseudomonas aerugmosa lacking homogentisate dioxygenase, the 
first product detected during homogentisate oxidation is gentisaldehyde 2° 9 . 

g, Metabolism of some C6—C2  compounds 

Acetophenone is oxidized by an Arthrobacter sp. to phenylacetate (ester) with the 
consumption of oxygen and NADPH 210. This is an example of the biological equivalent 
of the Baeyer-Villiger oxidation by which ketones are oxidized to esters by peracids. 

Oxidative metabolism of phenethylamines has been studied in a number of micro- 
nanisms. As early as 1942, Gale21" observed the oxidation of tyramine to 4-hydroxy- 
phenylacetaldehyde in Pseudomonas pyocyanea and Bacterium coil. An amine oxidase, 
ailtiating the degradation of amines in Aspergillus, Penicillhan, Monascus and Fusariutn, 
has been purified, crystallized and shown to be a cuproprotein having pyridoxal phos- 
phate as the prosthetic group212-215 . Tyrarnine oxidation to 4-hydroxyphenylacetaldehyde, 
i-hydroxyphenylacetic acid and hom.oprotocatechuic acid occurs in Aerobacter 
aerogenesm. A monoamine oxidase specific to tyramine has been obtained from Sarcina 
haea in crystalline form216-218. 

The metabolism of synephrine [4-hydroxy-(methylaminomethyl) ben.zylalcoholl in 
an Arthrobacter sp. has been recently examined' n and its enzymatic conversion to 
4-hYdroxyphenylacetaldehyde has been reported 2-' 9 . Conversion of phenethylamine to 

*ethyl alcohol seems to occur in Saccharotnyces rouxii22°. 

Phenylacetaldehydes, which arise from amine oxidation as well as phenylpyruvate 
,dtCarboxyj0n reactions, are oxidized to the corresponding acids by aldehyde de- 
nythogenases utilizing NAD+197' 199, 221. An alternate reaction occurs in systems where 

phenethyl 
aldehyde 

alcohol is produced. Saccharomyces cerevisiae reduces 4-hydroxyphenyl- 

to tyroso1222  and candida guilliermondii reduces phenylacetaldehyde to 
Pilenethylalcohol223. 

Metabolism of mandelic acids 

Apart from its formation from 
stYrene24  and phenylglyoxa1225. 

phenylacetic acid, mandelic 
Back in 1924, Supniewski 

acid can also arise from 
reported the oxidation of 

PIG. 9. m  

'Nits ECRANISM  OF ACTION OF 4-HYDROXYPHENYLICETIC ACID-1 -HYDRO3CY1 
	ON ITS SUB 

P 	

- 

4-11Yd ' eracid 	
roxYPhenylacetic acid. 2. QuinoI intermediate. 3. Dienone intermediate. 

acetic acid."nerniediate. 5 	
ntisic acid. 7. 4Hydroxyp hno x 

. Epoxide intermediate. 6. Hemoge
- 	de y 

8. 
Plitmilacetic 	Quinol intermediate. 9. Benzoquinone. 10. Quinol, 11, 

a-Methy1-4-hy roxy- 

acid. 12•  a-Methyl homosentisic acid. 
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mandelic acid to benzoic acid by Bacillus pyocyaneous 228 . While Bacillus PY0ey wit  
Pseudomonas putida83 1 227 , 

Pseudomonas fluorescens227, Pseudomonas Convex j22 -AmT 
i, 

bacter beijernckii227  and Aspergillus niger122  utilize both D- and L-rnandelic acids7,1 
monas aeruginosa2271 229, Pseudornonas multivorans229, Bacillus sphaerieus227, A cin'etor 
calcoaceticus23°  and an yeast 227  utilize only the L-enantiorner. Due to th e presenc urf  
racernase which catalyzes the conversion of either enantionaer to a racernic 
a carbanion mechanism 231 , most bacteria utilize D - and L-mandelates, while A. nigerit; 
and P. putida227  possess a D-rnandelate oxidase for the utilization of D-Inaridel ate. oat  
organisms, which lack the racemase, utilize only the L-enanticnier. 
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qandelate race mast has been purified to homogeneity 227 1 233  and shown to be a divalent 
me'tai ion-requiring enzyme with four identical subunits and a molecular weight of 
74178 

 '

01/490 .  L- 

;as been 

Mandelate dehydrogenase, 
 which is situated in the particulate fracticri"4. 

part ia lly purified and found to require 2, 6-dichlorophenol indephcrel as the 
eptor235. In A. Inger, D-mandelate oxidase is a particulate enzyme requiring lectron acc  

's 
e ygen' and L-man.delate dehydrogenase is a soluble enzyme requiring either niolecular ox  
molecular oxygen or 2, 6-clichlorophenol indopheno1"2 litenzoylfoimate dera1bcxyla5e 
converts the product thus formed into benzaldehyde. This enzyme which requires TIP 
as a cofactor has been purified from P. putida236 1 237 . 

With the use of two benzaldehyde dehydrogenases, one requiring NAD+ and the 
other NADP 1- , benzaldehyde is oxidized to benzoic acid by P. putida239  and A. niger' 22 . 
However, Acinetobacter seems to possess two NAD+ specific dehydrogenases—one heat 
labile and the other heat stable 238 239 . But it lacks the NADP+ specific enzyme. 
Pseudomonas aeruginosa lacks the NAD+ specific enzyme and possesses the NADP+ 
specific enzymezio. The point of divergence of mandelic acid metabolism in fungi and 
bacteria is at the level of benzoic acid. While bacteria oxidize benzoate to catechol, 
fungi convert it to 4-hydroxyben.zoate (Fig. 10). 

In an analogous way, 4-hydroxymandelic acid is oxidized to 4-hydroxybenzoic acid, 
via 4-hydroxybenzoylformic acid and 4-hydroxybenzaldehyde in Pseudomonas putida241 , 
kinetobacter NCIB 8250", Polyporus tutmdosus 236  and Aspergillus nigeru-' 2 ) 207 ' 208 . It 
ts presumed, largely on the basis of kinetic evidence, that the same set of enzymes 
degrade mandelate as well as 4-hydroxymandelate to benzoate and 4-hydroxybenzoate, 
respeetivelf42 4 Acinetobacter 93  also oxidizes 2- and 3-hydroxymandelate, 3, 4-dihydroxy. 
mandelate and van.illy1 mandelate to the corresponding benzoate derivatives by parallel 
Pathways. Similarly, Polyporus tumulosus oxidizes 2, 5- and 3, 4-dihydroxymandelic 
acids, which arise in this organism from 2, 5- and 3, 4-dihydroxypheny1acetic acids, to 
gen. tisic and protocatechuic acids respectively 206. An interesting reaction employed by 
this organism is the conversion of 4-hydroxymandelic acid to 2, 5-dihydroxymandelic 
acisd Which. is similar to the conversion of 4-hydroxyphenylacetic acid to homogentisic secKpoo, 261 (Fig.  11). 

A 	 variant novel _ 
This bacterium 

v ant of the m 	 m andelate pathway occurs in Pseudoonas convexa (Fig. JO). 

cterium failed to oxidize both D- and L-mandelic acids directly, through the 
Side chain,but hydroxylated the L-mandelic acid to 4-hydroxymandelic acid 228. Mande- 

Ylase from this organism has been partially purified and shown to
obenua 

Eve, , ille-clePendent monooxygen.ase requiring NADPH as the electron donor 
3' . 

,,, a1 1  the further metabolism of 4-hydroxymandela te is different in this organism. :3  

‘ttill 1.031ing FAD and WIn 2+ as cofactors, a single enzyme seems to oxidatively decarboxylate 

4.j
/.  

yadr"Yrnandelate to 4-hydroxybenzaldehyde without the intermediate formation of 

11102. ",Y,benzoylformate246
. This enzyme utilizes molecular oxygen and prod uces 

The or 	e fate of 4-hydroxybenzaldehyde is the same as that observed in other 
gaiiisms. 
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44;ydroxyphenylpyruvic 	acid. 2. Homoprotocatechuic acid. 3. 
4-Hydroxyphenylacetic acid. 1 . gornogent isic acid, 5.  4-Hydroxy-3-methoxyrnandelic acid. 6. 3, 4-Dihydroxyrnandelic acid. 

4; oydroxYnlandelic acid. 8. 2, 5-Dthydroxyrnandelic acid. 9. 2-1-1ydroxymandelic acid. 10 
11. 4-Hydroxy-3-methoxybenzoylfortnic acid. 12. 3, 4-Dihydroxybenzoyl: 11droxm andelic acid. ;.. y   

4-HydroxYbenzoylformic acid. 14. 2, 5-Dihydroxybenzoylfoimic acid. 15. ; ;lc acid. 11 
')/ricitroxybenzoylformic acid. 16. 3.Hydroxybenzoylformic acid. 17. Vanillin. 18. Protocatechual- 
;thyde. 	1 9 .  twlydroxybenzaldehyde. 20. Gentisaldehyde .  21. Salicylaldehyde. 22. 3-Hydroxybenc 

Idetycle, 23. Vanillic acid. 24. Protocatechuic acid. 25. 4-Hydroxybenzoic acid. 26. Gentisi. 
aod.  -27. salicylic acid, 28. 3-Hydroxybenzoic acid. 

Metabolism of phenyl propionic acids 

Coulson and Evans246  demonstrated the direct hydroxylation of phen.ylprcpicnic acid 
to melilotic and 2, 3-dihydroxyphenylpropionic acids. Subsequently, this pathway 
was shown to be operative in a Pseudornonas strain"' and an Achromobacter strain?", 249. 

The enzyme which converts melilotic acid to 2, 3-dihydroxyphenylpropicnic acid has 
been isolated from Arthrobacter and shown to be a flavoprotein requiring NADI-1 2",  251 . 
MIS enzyme has also been isolated from a soil pseudomonad 252 . While the Arthrobacter 
enzyme is of monomeric nature with a molecular weight of 65,000, that of Pseudomonas 
has four subunits and a molecular weight of 250,000. Steady state kinetic ana1ysis 252  
revealed the operation of I3i Uni Uni Uni Ping Pong mechanism, which is similar to 
that shown in Scheme 1 for 4-hydroxybenzoate-3-monooxygenase reaction. With the 
use of [ 3 , 5-211) melilotate, Strickland et a1.253  showed the occurrence of a primary kinetic 
Botope effect in the last reaction, viz., the reaction of substrate bound, reduced melilo- 
tate monooxygenase with oxygen. There is no evidence for the existence of NUT shift 
during this reaction2s3. 

Dellydrogenation of phenylpropionic acid to cinnamic acid seems to occur in Nocardia 

rcliacato  Decarboxylation of phenylpropionic acid occurs in some systems. Thus, the 
I  ion of 4-ethylphenol and 4-ethylcatechol from 44iydroxyp1e1ylpr0pi01}ic254 and 
3, kihydroxyphenyipropionic 255  acids are instances of decarboxylation of phenyl- 
Ppiotiate moiety. 

:
corzwilacenet.aldehyde  

microorganisms non-oxidatively decarboxylate phenylpyruvate to 
give

.  Thus a Proteus sp.2" 	ob , Achromacter eurydice22i, Schizophyllum 
,.. 11 ` 01  the 

seem to c 	Clostridia204, Candida guilliermondii223 and Aspergillus niger2074 2" 
5 s 

pyruvate arrY

one  

 out this reaction. A similar conversion in the case of 4-hydroxyppeny 1-  

Bcciilusib7 cc?nurs  in Proteus vulgaris"3, Clostridia2", Candida257, Micrococcus" and 

been 	e a' PhenYlPyruvate decarboxylase, which requires 
TPP and Mg 4- , has 

purthau 
 sd from the cell-free extracts of Achromobacter eurydice221. 

izoph Yl 	
Phenyl

luni  en 	
PYnivate to phenyllactate seems to occur in 

Exobasidium,258  Redtlet. ion 	f, 
Sch 	°I 

ae119, Ciostridi4204  and Candida guilliermondie23. The reaction 

12. Metabolism of phenylpyravic acids 
a 
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and oaLPPYrlis 

requires reduced pyridine nucleotide 224. A similar conversion of 4-hydroxyphen  
vate to 4-hydroxyphenyllactate occurs in Proteus vulgaris203, Clostridia2" 
species267 . The aromatic a-keto acid reductase has been purified from dog heartzs•c 

 
fate of phenyllactate thus formed is not clearly understood. Though Tanaka;c2 
postulated the formation of tyros& from 4-hydroxyphen.yllactate in Proteus pukth,7 
Gopalakiish.na  et al.223  have failed to observe such a decarboxylation reaction. 
lady, p-coumarate formation from 4-hydroxyphenyllactate reported by Tanakaloa 
confirmation by enzymatic evidence. Based on labelled studies, Weatherston and '  perry  
proposed the conversion of cinnamic acid to phenethyl alcohol, via phenyllactic kri; 
in the male bertha armyworm, Mamestra configurata260 . 

However, mammalian system prefers carrying out an interesting reaction whi ch 
involves hydroxylation at 1-position followed by an oxidative migration of th e side  
chain to 2-position using the enzyme 4-hydroxyphenylpyruvate dioxygenasemm. Th t  
peracid intermediate 4 depicted in Fig. 9 seems to be a probable intermediate durin g  
the conversion of 4-hydroxyphenylpyruvate to h.omogentisate. At least in this cast 
there is evidence against the involvement of quin.ol as a free intermediatemv.2€4. Pseud
tnotuz 2° 267  and certain fungi268  also seem to effect this reaction. Recently, 4-hydroxy. 
phenylpyruvate dioxygenase has been purified to homogeneity from a Pseudomonas sp. 
and shown to be a ferrous iron requiring enzyme with a molecular weight of 150,003 
and four subunits. 267  

13. Metabolism of cinnamic acids 

Hydroxylation of cinnanaate at 2- as well as 4-positions occurs in Aspergillus nigers 
and Rhizoctonia solani270, while Polystictus verisicolorn and Lentinus lepideusn  oxidir 
it to p-coumaric acid only. Though cinnamate-4-hydroxylase has not yet been isolaS 
from any microorganism, it has been isolated from plant sources and identified asi 
cytochrome P-450 linked NADPH requiring monooxygenasen. Conversion of 
pecournaric acid to caffeic acid occurs in Lentinus lepideus 272, Streptomycesnigniarie 
and Pseudomorms fluorescens 275 . p-Coumarate-3-monooxygenase from Streptomycl.  

has been purified to homogeneity and shown to be a phenolase type of enzYrat 
a molecular weight of 18,000 276 . 

Side chain oxidations of cinnamic acid and its derivatives are well known- Cigna: 
acid itself undergoes oxidation to form benzoic acid in Nocardia °pato° , Ustilago horde : 
Schizophyllum commtmeng, Sporobolomyces roseu.s 12°, and Alternation'. Sintil . " 

pacoutnarate is oxidized to 4 -hydroxybenzoate in Sporobolomyces rowa n°, Al/email 

Rhizoctonia solctni 27° and Polyporus hispidus277, while rn-

coumarate is transtbru llt 
3-hydroxybenzoate in Sporobolomyces roseusiw and Alternation'. AlternariaL.; 
oxidizes caffeic, ferulic and sinapic acids to the corresponding benzoic acids. 

r 

c 

acid is oxidized to vanillic aid oy Pseudomonas acidovorans also2". 

Zenk279  proposed fl-oxidation type of reactions for the conversion of cinn anic  r eoescids. 
to benzoic acids. This suggestion is in accordance with the results of Albert 
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NG. 12, Mechanism of conversion of cinnamic acid to benzoic acid. 
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However ,  T 
aqua  ems  and Wood278, on  the  basis of their results, formulated a non

-

oxidative 

"YPe cleavage as shown in Fig. 12. Such a type of reaction 
seems to occur 

canunwlisill, potato tubers and 
Polyporus hispidus277. 

Reduztio 
11  of  einn reduces211 
	

amate occurs in a number of systems. 

Lactobactus pastorianus, 

redun; _e. double bond of cinnamic, pecoumaric and caffeic acids 
9 	Cinnama2t0e5 

an 241 Clostridia"4 as well as Proteus vulgaris 
• 	-- —'suit also Occurs in Pseudornonas sp Any - 
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effect such reductions. The rat intestinal microflora reduce the double bond 
and p-coutnaric, ferulic and isoferulic acids in vitro282. 

Non-oxidative decarboxylation of cinnamic acids is yet another route for th
eir  

metabolism. Saccharomyces cerevisiae283  and Aspergillus niger2" decarbolate cjj.  
mate itself. Aerobacter aerogenes produces a constitutive decarboxylase which decarb oz, 

sa ve  lates p-coumaric acid, caffeic acid and even ferulic acid. 285  An enzyme with the  
substrate specificity has also been obtained from the fungus Cadosporium ph1e i2845.  The- 
decarboxylation proceeds by the retention of double bond geometry, probably b y a  
two step addition-elimination reaction 287 . 

Coumarin is a good example for the occurrence of diverse pathways. whil e the  
mammalian system hydroxylates it either at 3- or 7-position 288, fungi convert in to 4-hydra
coumariniwi 269 . Mel/lotus alba, a higher plant 289  and a strain of Pseudornonar reduce  
it to dihydrocoumarin. Coumarin reductase, which is specific for coumarin, has been  
partially purified from the latter source. Arthrobacter, however, hydrolyzes the lacian t  
to o-cournaric acid and reduces the latter to melilotic acid 250, 291. The o-couraarate 
reductase utilizes NADH and is highly specific for the aromatic substrate" m e  
metabolic transformations of cinnamic acid and its derivatives are shown in Fig. 13. 

14. Metabolism of phenylalanine, tyrosine and dopa 

(a) Hydroxylation 

Phenylalanine-4-hydroxylase and tyrosine-3-hydroxylase are pteridine-dependent mono- 
oxygenases. They have been extensively studied from mammalian sources' 2s4  The 
studies of Chandra and Vining295  suggest that in addition to bacteria, the ability to hydroxy. 
late phenylalanine is widespread in microfungi, but is rare or absent in actinomycetes, 
yeasts, and basidiomycetes. Phertylalanine-4-monooxygenase from Pseudomonasi has 

been purified to near homogeneity and shown to require Fe 2 + and NADH in addition 

to tetrahydropteridine298-298. It has a molecular weight of 27,0002 . 

Attempts to develop a simple assay procedure, based on the release of tritium from 
4-tritiated ph.enylalanin.e, led to the discovery of an unexpected phenomenon, best 
termed as hydroxylation induced migration (" the NIH shift "), occurring me 

and th 
during**  

reaction.299. The migration of deuterium 3",  "1, tritium30L "2, chlorines" 

substituents from 4-position to the adjacent 3-position during hydroxylation at 4-N ansositi. au  
.Y.I 

has been attributed to the formation of aren.e oxide intermediate.” 5  The filed  
of the migration reaction is given in Fig. 14. 

ffected 
In addition to tyrosine-3-monooxygenase, tyrosine to dopa conversion • also e dot 

by tyrosinase. But the tatter enzyme catalyzes the subsequent oxidation of doPa to ard  
quin.one and further to melanin. This copper containing monooxygenase is widesr 
in bacteria, fungi, insects, marine animals, plants and rnammals306 , 
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FIG. 14. Postulated mechanism for hydroxylation induced migration of a para substituat during 
phenylalanine hyd rOxylation. 

(b) Decarboxylation 

Decarboxylation of aromatic amino acids to form the corresponding phenethylamihe 
derivatives is common in mammals, plants and bacteria 307 . By this process, the synthesis 
of a number of alkaloids in plants and neurohormones in mammals is initiated. PP* 
doxal phosphate is essential for this reaction 307 . 

(c) Cinnamic acid formation 

L-Phenylalanine ammonia-lyase, first characterized by Koukol and Conn', eatab lei. 
the non-oxidative deamination of L-phenylalanine to form trans-cirmarnic acid. In 
widespread in plants, certain basidiomycetes and fungi imperfecta but is rare or absenif  

in bacteria, algae and mammals 3". While Havir et al.31 ° have provided evidence tor 

the deamination of both phenyialanine and tyrosine at the same active site of ma.  

enzyme, there is evidence, at least in some systems, for the presence of two ento  

one specific to phenylalanine and the other, to tyrosine and phenylalanine w. PhellYdi3  

nine ammonia lyase from different sources possesses very high molecular weight 
an 

an ordereorono  several instances shows non-Michaelian kinetics'" ,  3129 313 , ft follows 
Bi mechanism with the release of cinnamate as the first product and the enzyme  

a dead end complex with cinnamate 809. Studies on the stereochemistry of 
the  rer

us
atio  

revealed the removal of Pro-3S hydrogen and the 2-amino group by a transeellnil  
mechan 
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(d) Oxidative deanzination 

Both D-  and L-amino acid oxidases which catalyze the conversion of phenylalanine 
and tyrosine to the respective phenylpyruvic acids are known to occur in a number of 
systems including mammalian liver and kidney, microorganisms, plants and insects. 
These flavoprotein oxidases utilize molecular oxygen and substrate, and produce pyruvic 
acid ammonia and hydrogen peroxide's. 	 • 

(e)Transamination 

Transaminases are of widespread occurrence in nature. Almost all transaminases follow 
a Ping Fong Si Bi mechanism. They are all PALP-dependent enzymes. 318  An inducible 
phenylalanine amino-transferase with broad substrate specificity has been partially 
purified from Achronwbacter eurydicem. 

Table If 

List of reactions catalyzed by fl-tyrosinase321, 324 

fl-elimination 

A. L (D).-Tyrosine + H 20 -4 Pyruvic acid + Phenol + NH 3  

B. L (D)-Serine Pyruvic acid + NH 3  

C. S-Methyl-L-cysteine + H 20 —> Pyruvic acid + CH3SH + NH 3  

D. L-Cysteine + H 20 —> Pyruvic acid + H 2S + NH 3  

0-replacement reaction 

E. L (D)-Tyrosine + Catechol L-Dopa + Phenol 

F. I, (3)-Serine + Phenol L,-Tyrosine + H 20 

G. L (13)-Serine + Catechol L-Dopa + H 20 

H. S-Methyl-L—Cysteine + Resorcinol 2, 4-Dihydroxy-L-Phenylalanine + CH
sSH 

• 1. S- Meth.yl-L-Cysteine + Pyrogallol --> 2, 3, 4-Trihydroxy-L-Phenylalan1ne + CH
3S1 

Racemization 

L (D)-Alanine DL-Alanine 

Reverse a, fl
-elimination 

K. PYruvic acid + Phenol + NH 3  —> L-Tyrosine + H 20 

L. Pyruvic acid + Catechol + NH 2 -+ L-Dopa + 1130 
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(f) N-Hydroxylation 

In plants, occurrence of N-hydroxylation has been shown. Available evide nce su  
that N-hydroxylation is the first step during the biogenesis of cyan.ohydrins, 6,mucoggessui. 0.4  
fates, and tyrosol derivatives 318, 319 . 

(g) Cleavage of the phenylpropane side chain 

fl-Tyrosinase which catalyzes the conversion of L-tyrosine into phenol, PYruvate and 
ammonia was first discovered by Kakihara and Ichihara 32° and later extensively studi ed  
by Yamada's group 321 . It is also called tyrosine phenol-lyase and has been obtain ed 
in crystalline form from Escherichia intermedia322  and Erwinia herbico1a323 . It COntaits 
two mples of PALP per mole of enzy Me322  and catalyzes a range of; A-elimi nation  
(A—D), 13-replacement (E—I), racemization (J) and reverse a, fl-elimination (K, 
reactions" an  (Table H). 

Out of 646 strains of bacteria, 140 strains of yeast, 138 strains of fungi and 117 strains 
of actinonlyeetes tested, only bacterial strains, mostly belonging to the Enterobacts 
ceae, especially to the genera Escherichia, Proteus and Erwinia, were found to posses 
fletyrosinase a.ctivity 325. The initial reactions involved in the transformation of phenyl 
alaaine and tyrosine are depicted in Fig. 15. 

15. Aromatic ring cleavage 

From the foregoing discussion, it is apparent that the degradation of aromatic con. 

pounds leads to the formation of dihydroxyphenols as the terminal benzenoid com. 
pounds. Dioxygenases initiate the degradation of such compounds by cleaving the 
aromatic double bond which may be located either between the two hydroxylated carbon 

atoms, or adjacent to a hydroxylated carbon atom, or in an indole ring (Fig. 164 
With substituted catechols, multiple modes of cleavages depicted in Fig. 16b art 

possible. A variety of substrates are available for ring cleavage and some of the few 
tions will be summarized below. 

(a) Gentisaldehyde 

During the conversion of gentisaldehyde to patulin (Fig. 5) by Penicillium poi*: 
a dioxygenase has been encountered which converts gentisaldehyde into 3-fonnY 1-4" 

hydroxy muconic semialdehyde. 82  

(b) Gentisic acid 

Oxidation of gentisic acid by cell-free extracts of a Pseudotnonas sp. was first shoo by 
Lack326  and later by Sugiyama et a!327 . Gentisate-1, 2-dioxygenase from 

Pseudomon: 

requires Fe2 + for activity and is highly specific towards its substrate. Recently, Crof r
e.  

et al. have isolated the enz)me from Moraxella osloensis328 . It is made up of 4  suing': 

of molecular weight 40,000 each. Ferrous iron is absolutely essential for the enz) 
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FIG. 15. Initial steps in the degradation of plienylalonine 2nd tyiesine. 

activity. The homogeneous enzyme attacks a number of halogen arid alkyl substituted 
gerttisic acids. Such a non-specific oxidation also occurs in the case of a Pseudcmonas 

sp:22 

Maleylpyruvate, thus formed, undergoes isomerization to fumarylpyruvatc which is 
then hydrol yzed to fumarate 

and PYruvate32 D. However, in some organisms it undergoes 

direct hydrolysis to give maleate and pyruvate n• 330- 

(c) Honzogentisic arid 
The occurrence of homogentisate-1, t-dioxygenase has been demonstrated in 

Pseuck- 

monas201, 265, 3311 Vibrio332,Bacillus333,Moroxella333, plants334  and mammalian systems335-4". 
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It requires Fe 2  + and intact sulfhydryl groups for activity. The dioxygenase nature °1 
the enzyme has been established by 1802  and H2180 studies330 . The enzyme from pseudo.  
inonas fiuorescens has been purified to homogeneity and crystallized331 While the  
bacterial enzyme has a molecular weight of 380,000 33', that of mammalian, has 254,niv,,,; 

vvvyn. 
Most organisms convert maleylacetoacetate formed by the action of homo gentisate  

dioxygenase into fumarylacetoacetate and hydrolyze it to fumarate and acetoacetate. 
However, a novel variant of this pathway occurs in Bacillus sp. where maleylacetoacetatt 
is directly hydrolyzed to maleate and acetoacetate 333. The metabolic transformationsof 
gzatisic and homogentisic acids are given in Fig. 17. 

(d) 3-Hydroxyanthranilic acid 

Oxidation of 3-hydroxyanthranilic acid to 2-amino-3-carboxymuconic semialdehyde is 
an important reaction leading to the biogenesis of pyridine nucleotides. Most of the 
earlier studies on 3-hydroxyanthranilate-3, 4-dioxygenase were carried out with partially 
purified preparations. Recently, it has been purified from beef kidney 340. It is a single 
subunit protein with a molecular weight of 34,000 and readily aggregates to form appa- 
ren tly ina:tive, high molecular weight oligomers. Fe 2 ÷, which is required for the enzyme 
activity, gets equilibrated with the enzyme freely, albeit slowly, during the course of the 
reaction, even in the presence of saturating concentrations of the substrate. 

(e) Dihydroxyphenylalanine (Dopa) 

Dopa ring cleavage seems to occur during the biosynthesis of antitumor antibiotic H. 
demethyltomamycin. in Streptomyces achromogenes 3". Occurrence of dopa dioxygenases 
seems to be frequent in the case of higher plants. The betalamic moiety of the brightly 
coloured betalain pigments, which are widespread in Centrospermae, seems to anse 
from dopa by an extradiol ring cleavage followed by ring closure reactions as shot 
in Fig. 18342,  343 . Stizolobinic acid and stizolobic acid, new type of heterocyclic non - 

protein amino acids found in Stizolobitun hassjoo and related plants, arise from dopa 
by extradiol cleavage reactions (Fig. I 9)344. Recently, the enzyme system converting dopa 
to stizolobinic and stizolobic acids has been obtained from the cell-free extracts of the . 
etiolated seedlings of Stizolobium hassjoo 345  and shown to utilize molecular oxygen and  
reduced pyridine nucleotides for the reaction. 

(f) Caffeic acid 

Seidman et a/.275  have isolated a dioxygenase from Pseudomonas fluorescens grown on 
p-coumaric acid, which cleaves caffeic acid by an intradiol fashion (Fig. 20). 

(g) 2, 3-Dihydroxyphenylpropionit acid 

Dagley et atm' 2" have partially purified a ferrous iron requiring dioxygenase 
from 

Achromobacter grown on phenylpropionate, which cleaves 2, 3-dihyd10xypheny11'1Ow 
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nate at extradiol proximal position to produce 2, 6-dioxo nona-4-en-1, 9-dioic acid 
(Pig. 20). 

(h) Homoprotocatechuic acid 

Homoprotocatechuate-2, 3-dioxygenase was first den 
of Pseudomonas 	 Subsequently, this enz 
and crystallizedus, 347 The crystalline enzyme has a 
Contains 4_5 gm atoms of iron per mole of enzyme. 

instrated in the cell-free extracts 
me was purified to homogeneity 
molecular weight of 140,000 and 
Besides homoprotocatechuate, a 
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number of 4-substituted catechols are attacked, but to a lesser extent, by the enzwit'u 
The holoenzyme consists of 4 identical subunits of molecular weight 35,000' 49 . Though 
the iron atoms in the native enzyme are not detectable by ESR, a signal atg =4.3, 
characteristic of ferric ion, develops when excess substrate is added under aerobic 
conditions. When the oxygen is used up, the signal disappears ; when catechol, a slot 
reacting substrate, is added to the enzyme under aerobic conditions, a sharp signal at 
g 4.3 and a deep violet colour appear. These changes are attributed to the forma- 
tion of a ternary complex of the enzyme iron, substrate and oxygen". This enzymellai 
also been purified from Bacillus stearothermophilusam and Arthrobacter352 . 

A different mode of meta cleavage is observed in Pseudomonas SP353. The partially 

purified enzyme from this organism requires Fe 2 + for activity and cleaves horn

protocatechuate between C-4 and C-5. Subba Rao et at 354  have partially Puri fied  a  
dioxygenase from the fungus Tilletiopsis washingtonerisis which cleaves hornoprotocate- 

chuate by an intradiol fashion (Fig. 20). This enzyme exhibits a broad substrate 
specificity and attacks protocatechuate, homoprotocatechuate, 3, 4-dihydr0xyrnand elait  

caffeate, 3, 4-dihydroxyphenylpropionate and dopa in the decreasing order. 

(i) Methyl catechols 

Pseudomonas desmolyticlun oxidizes 4-methyl catechol by an extradiol proximal as wel 
ile  

as an intradiol cleavage mechanism'. Pseudomonas B13 grown on 3-chlowberves  
while cometabolizing 3-methylbenzoate develops a less specific dioxygenase which e  air  

In fact w  both 3- and 4-methyl catechols by an intradiol cleavage mechanism'''. 
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3. 2,3 5. ..1  -DihYdroxYPhenylpropionic acid. 	
4. 2,6-Dioxonona 4-en-I, 9-dioic acid (enol form). 

44za.:m0Protoearechuic acid. 6. 2-Hydroxy-5-carboxymethylmuconicsemialdehyde. 
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purified catechol-I, 2-dioxygenase from Brevibacterium fuscutn catalyzes the conven;4 
 of 3- and 4-methyl catechols to the corresponding muconic acid derivativesas7 .  -11  

However, many organisms seem to oxidize methyl catechols by an extradiol pro
xima  

cleavage. Formation of an yellow coloured compound during the oxidation of 3-n ietcyl 
catechol was attributed to this type of reactionus 69 ' 358 . The product was identified i 
be 2-hydroxy-6-ox0-2, 4-hepta dienoic acid by Catelani et a/359. A Pseudonumee 
strainn• 63, Pseudomonas arr111a 369, Pseudomonas putidae 4  and Bacillus stearothermophilusi; 
oxidize 3-methyl as well as 4-methyl catechols in this way. The crystalline 

catechol. 2, 3-dioxygeriase from Pseudomonas arvilla catalyzes the extradiol proximal cleavage of 
a number of 3- and 4-methyl cgtecholsul. 	It is interesting to note the oxidation of 
3-methyl catechol occurring at the same site, on catechol-1 , 2-dioxygenase through a n  
intradiol as well as an extradiol proximal cleavage mechanisms 362 . 

On the contrary. HaShiniot0659 70  has 	observed 	the 	extradiol distal 	cleavage of 
4-methyl catechol by yeast strains (Fig. 20). 

Pyrocatechuic acid 

Ribbons first reported the oxidation of pyrocatechuic acid to pyruvate, acetaldehyde, 
formate and carbon dioxide by a battery of inducible enzyme systems in Pseudomons 
fluorescensu 3. Subsequently, the dioxygenase which requires Fe 2 + was isolated and the 
products of the reaction were identified to be 2-hydroxymuconic semialdehyde and carbon 
dioxides". In order to elucidate the site of ring cleavage, Ribbons and Senior used. 
2, 3-dihydroxy-p-toluic acid, a non-inducing substrate analog for the dioxygenase and 
showed the ring fission at 3, 4-position on the basis of 2, 6-dioxo beptanoic acid forma- 
tion 365 . 

Simultaneously, Madhyastha et d.366  showed the oxidation of 2, 3-dihydroxy-p-c11mk 
acid and pyrocatechuic acid by a soil psuedomonad grown on p-cymene by a Ina 
pyrocatechase type of reaction. These authors postulated a ring fission between Cal 
and 0-2 of pyrocatechuate based on the formation of fl-isopropyl pyruvate and acetal- 
dehyde from 2, 3-dihydroxy-p-cumate 36t. However, Pseudomonas putida PL strain, gnat  
on p-cymme, oxidized 2, 3-dihydroxy-p-cumic acid to 2, 6-dioxo-7-methyl oct-knof 
at:id33. Formation of this product could be accounted for only by ling fission at C-3 

and C-4 of pyrocatechuic acid moiety. 

Recently, a dioxygenase from Tecoma sums has been isolated in this laboratory' s": 

which cleaves pyrocatechuic acid to give 2-carboxy-cis, cis-muconic acid. Interesting:ids 
this enzyme seems to require copper and not iron for activitYns. Oxidative degradatro 
of pyrocatechuate and its derivatives are illustrated in Fig. 21. 
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(k)Proiocatechuic acid 

.Protocatechuate-3, 4-dioxYgenase which catalyzes the conversion of protocatechuic acid 
fino3-c arboxy-cis, cis_mucort ic acid, has been studied from a number of microorganism, 

including   soil bacteria", Pseudornonas37°-372, Acinetobacter calcoaceticus373  , Nocardia374  

*tiros 	37- POrain 
' a  and Tilletiopsis washingtonensis354. Pseudomonas372 and Acinetobacters73  

"ymes have been purified to homogeneity ; the dioxygenase has been crystallized from 
the 

r 
, ormer source. While the enzyme from these sources has a molecular weight of 

_ on  luu,°00, P. putida enzyme has a molecular weight of 420,000 only
371 . The dioxygenase 

contains 8 gm atoms of iron per mole and appears to consist of eight subunits, each sub- 
unit f  having one substrate binding site 376

. These subunits in turn seem to consist of 
our   

smaller subunits of two non-identical types (cit2fl2)377. The iron is tightly bound, 
but 
a I).  call be removed by extensive dialysis under anaerobic conditions in the presence of 

rhe
tlenanthroline and dithionite. The 

holoenzyme can be reconstituted by incubating 

opealxer2Yme with Fe2+ and dithionite378. 
Steady state kinetic analysis revealed the 

ri°11 of an ordered 
Bi Uni mechanism with the formation of a tertiary complex 

by the addition of substrate first followed by oxygen379. The above mechanism andthe 

rY complex formation have also been established by stopped flow studies 
380 ' 
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The enzyme is red in colour and shows broad absorption from 400 to 650 nit  
tion bleaches the colour and on reoxidation, the colour reappears 3". It has asharpeEducc; 
signal at g = 4-31, which diminishes on addition of substrate under anaerobic 

" 	

comiti: 
These results are attributed to the presence of ferric iron whose ligand field is affect' 
by the addition of substrates. 	 ed 

The dioxygenase, in which cobalt substitutes for iron, has been obtained by gels 
the organism on a medium containing cobalt in the place of iron. The cobalt contai rth; 
enzyme has catalytic properties similar to that of iron containing enzyme, but differsfrora 
the latter in its spectral and ESR propertiessm. 

Protocatechuate-4, 5-dioxygenase was the first meta cleaving dioxYgenase to te 
characterized". It was purified from Pseudonzonas testosteroni and shown to attack 
gallate and 3-0-methylgallate as wells". Hayaishi's groups's have purified this enzym e  
tp near homogeneity. It has one gm atom of iron per mole of enzyme (molecular 
weight 150,000). Although the enzyme is highly unstable, it can be stabilized by 10 6„ 
ethanol. Rapid inactivation during catalysiss" ,  383  is prevented by L-cysteine 382. The  
inactivation could be due to the removal of iron, as the external addition of ferrous 
iron, fully reactivates the enzymes". 

Zabinski et at"' purified the enzyme from P. testosteroni and showed the presence of 
4 gm atoms of iron per mole of enzyme (molecular weight 140,000). The iron in the 
native enzyme is not detected by ESR, but the addition of substrate or its analog under 
anaerobic conditions results in the appearance of a signal at g = 4-3 which is typical 
of a high spin ferric iron. 	Mossbauer studies on 57Fe2 +-reconstituted enzyme indicate 
that either the iron atoms are in a low spin ferrous state or the enzyme has two actm 
sites, each containing two anti-ferromagnetically coupled high spin ferric ions'' . 

A new dioxygenase, which oxidizes protocatechuate by extradiol proximal cleavage 
has been obtained from Bacillus circulans recently, and is shown to have a narrow sot% 
strate specificity'. All the three modes of ring cleavage of protocatechuic acid are 
depicted in Fig. 22. 

(1) Catechol 

Catechol-1, 2-dioxygenase (Fig. 22), also called pyrocatechase, is the first enzi: 

shown by 180, studies to be dioxygenase 388. It has been purified from P. anvil/Ir ' 
P. fluorescens388, Acinetobacter calcoaceticus 389  and Brevibacteriunz fuse:nee'. Ps ethk: 
monas and Acinetobacter enzymes have molecular weights of 90,000 and two gin atw  
of iron per mole of enzyme!, while Brevibacterium enzyme has a molecular weight of 

64  

and one gm atom of iron. Even the substrate specificities of Pseudo/not/as and lite er; 

bacterium enzymes are different. The former has a narrower specificity than the fatal°, 
Pseudomonas enzyme catalyzes not only the intradiol cleavage, but also an .  exu a, 

el !avage, when 3-nuthylcatecho1 is used as a substrate 362, However, Brenbacter yr' 

enzyme cleaves this substrate only by the intradiol cleavage382. 
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PYrocat  
650 n 18,ec uase is bright red coloured with a broad absorption band between 390 and 
reconeml 	Both the  apoenzyme and the dithionite reduced enzyme are colourless. On 
red  rtitation of the apoenzYrne with Fe 2 + and reoxidation or the reduced enzyme. the 

lour as  well as the enzyme activity are restored. The enzyme shows a sharp ESR 
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signal at g = 4.28, characteristic of Fest Addition of substrate under anaerobic t nd  o;  
tions results in the disappearance of this signal which may be due to the formato  - i "ar  
ferrous ion. The signal reappears when oxygen is let in 350,  ago. 	t of 

Catechol-2, 3-dioxygenase (Fig. 22), also known as metapyrocatechase, Was th e  
first dioxygenase to be obtained in pure crystalline forms". Low concentrati ms of  
organic solvents such as ethanol and acetone stabilize the enzyme. It has a m oietida  
weight of 140,000 and seems to be made up of 3-4 subunits, each having one gin atom 
of iron392, 282• it exhibits rather a broad specificity and attacks a variety of catechols.t 

CH3 	 C:H3 	 CH, 
OH 

o 
HO 	OH 	 HO 	OH 

Orcinol 	2,3,5 -Trihydroxy - 
toluene 

OH 
__v. 0 

NO 	OH 	HO 	OH 

2,4,6-Trio xo- 
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"(y0H 

HO 7 0H OH 
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Flo. 23. Metabolism of orcinol, resorcinol, quintal and thymol. 



METABOLISM OF AROMATIC COMPOUNDS 	 101 

sreadY state kinetic analysis reveals the operation of an ordered Bi Uni mechanism in 

hich the 
organic substrate combines first with the enzyme followed by oxygen 379. it w   

Is colourless and shows neither significant absorption in the visible range nor any ESR 
at around g = 4.3. However, H 202  treatment results in an inactive enzyme , 1  

1:1:1  shows a broad ESR signal at g r- 4-2, characteristic of ferric iron. These results 

are consistent with the fact that the iron in the native enzyme is present in the form 

of ferrous ion"' . 

(in) Miscellaneous compounds 

'studies on the metabolism of syringic and gallic acids in P. putida reveal the presence 
of two gallate dioxygenases, one specific for gallate and the other attacking both gallate 
and 3-0-rwthylga11ate393. The former is present in gallate grown cells while the latter 

It encountered in syringate grown cells. Both open up the aromatic ring of gallie acid 
'at 3, 4-position to give 2-hydroxy-4-carboxy-cis, cis-mucortic acid (Fig. 22). Interest-

ingly, the protocatechuate-4, 5-dioxygenase also attacks gallate at the same positions". 

Although two hydroxyl groups are sufficient to labilize the aromatic ring, some corn- 
ands seem to undergo hydroxylation reaction to form trihydroxyphenols, which are 

!then cleaved. Thus, P. putida hydroxylates orcinol as well as resorcinol to the cones- 
i 
iponding hydroxylated products, and then oxidizes them 395 . While hydroxyquinol under- 

goes both ortho and meta cleavage reactions depending upon growth conditions, tri- 

ydroxytoluene undergoes only meta cleavage's. Similarly, during the metabolism of 
i thymol, hydroxylation of thymoquinol occurs 396 . The product ,  hydrcxythymoquinol 

is the substrate for ring cleaving enzyme 396 . Hydroxylation of quinol followed 

i by intradiol cleavage of hydroxyquinol has also been reportedan. The metabolic trans- 
Fforrna.tions of orcinol, resorcinol, quinol and thymol are given in Fig. 23. 
1 
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