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Abstract

4 brief account of the two major metabolic pathways which lead 1o the biosyntkesis of a numt
of complex aromatic compotunds is given. The metatolism of benzene and related ajomatic hyd gr
arbons by microbes and mammals is compared. The microbial metatolism of phenol, cresols xrlc:
s0ls, benzoic acid and its derivatives, phenyiacetic and hydroxyphenylzcetic 2cids, acetoﬁl:encne ;f'e:;c-
thylamines, phenylacetaldehyde, mandelic ¢nd hydroxymandelic acids, phenylp:opionic znd h;rdloxy-
' phenylpropionic acids, phenylpyruvic zcids, phenyllactic acids, covmarin, cinnamic zcid and coumajic
xid is reviewed, The initial rezctions involved in the biotrensfoymzticn of ptenylali nine, tyrosine
ud dopa are given. A detailed survey of the various ajomaticring cleavage reactions of gentisal-
dehyde, gentisic acid, homogentisic acid, 3-hydsoxyanthranilic zcid, dopa, caffeic zcid, 2, 3-dihyd; oxy
prenylpropionic acid, homoprotccateChuic zcid, proteccatechuic zcid, pyrocatechuic zcid, methylcate-
thols, catechol, gallic acid and other compounds is made,

by words ©:  Aromatic compounds, biosynthesis, microbial degradation, unity and divessity in meta-
wism, dioxygenase reactions.

l. 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,
e display of unique biochemical reactivities and the occupation of a regulatory role
O%r a versatile metabolic pathway—but once these have been assimilated into the

mam stream of biological chemistry, the life of the natural product almost invariably
decays once more into gentle obscurity.

nic compounds are synthesized and de-

The diverse pathways by which complex orga ‘ _
f several biochemists and enzymologists.

fraded in nature have long excited the curiosity o

With the advent of labelling techniques, several natural products have been subjected to

Hiensive experimental investigation and the dynamic relationships be?wecn the primary
d the branching pathways lead-

mﬂabﬁlic pro ™7 . anisms an

. cesses common to most of the organisim : ' :
g Lo more complex, specialized secondary metabolities were estabhshec{. The baoc:h;:.nuczl
arities of major metabolic pathways utilized by various forms of IIfErhﬁ:Cl reljl 01‘;(?(:1
dlong gianding concept of the * Biochemical Unity” in all forms ol hle’. AN

this background, instances of unique diversities and subtle differences in the pathwas}",s

LiSe g
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, The shikimate pathway

e of the most imporl.ant.and cxcitin g‘aa_hievemcnls of modern biochemistry and enzymo-
gy has been the elucidation of ~the sh:k:mat_e pathway by which a bewildering variety of
aromatic compounds are synthesized. The biosynthetic pathway begins with the conden-
ation of erythrose-fl-phOthate and ph_osphoenol pyruvate, the first of the seven enzymatic
eactions that culminate in the formation of chorismate (Fig. 1). Chorismate thus formed
utilized for the biosynthesis of a number of compounds?. Apart from the compounds
gepicted in Fig. 1, @ plethora of characterigie natural products such as plastoquinones,
p|ast0chromanols, toc?pherols, ph?filoqumones, menaquinones, phenazines, 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
secial mention.  Although the 4-hydroxyphenylpyruvate pathway which is operated by
mephenate 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 transaminase and pretyrosine dehydrogenase, as
juged by the comparative survey of dehydrogenase specificity in a number of micre-
oganisms®S, While the former pathway has a direct and refined control through the

feedback inhibition of prephenate dehydrogenase by excess tyrosine, the latter pathway
bas 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-

danine and away from tyrosine.

Fie. 1. THE SHIKIMATE PATHWAY—1. D-Erythiose-4-phosphate. 2. Phosphncn?l. pyrfwic zcid,
3. 3-Deoxy-D-arabino heptuloscnic zcid-7-pl ospki te (DAHP). 4. 3-Dehydrequinic acid. 3. 3-
Dehydroshikimic acid, 6. Shikimic zcid. 7. Shikimic acid-3-phosphate. 8. S-Enolpyiuvyl
shkimic ccid-3-phosphate. 9. Chorismic zcid. 10. Piepkenic zcid. 11. Phenylpyruvic acid. 12. 1-

Phenylalanine, 13. 4-H ic 2cid. 14. L-Tyrosine. 15. Pretyrosine. 16. 3—]:_Jc-
. . o e iy 18. Protccatechric reid. 19. Anthranilic acid

hydrost ikimic zc; 21lic zcid :
oo (enol torm). 2T O < . 2 3-Dihydro-2, 3-dihydroxybenzoic acid.

2. LTry B+ 2 :
ptophan. 21, Isochorismic 2cid. g
B. Pyrocatechuic ccid. 24. Salicylic zcid. 25. 3-(3-Carboxy-4-hydioxy cyclohexa-2,5-Cleny..

P¥ruvie acid. 26 m-Cartoxyphenylalznine, 27. m-Carboxytyrosine. 28. 4-Aminobenzoic acid.

L " ) :
3. &Aminophenylalanine. 30. 4-Hyd, oxybenzoic «cid.

A. DA ; R tase: C. 3-Dehydioguinic zcid dch_ydrat_asc:
D, HPS)'nlhetase, B, 3-Dehydroquinic zcid symiic aki;ase; F. 5-Enolpyruvyl shikimic acid-3-

- 3Dehydsoshikimic zci ctase : hikimic ccid 5-Enc . .
Mesdhte synttetrse G Cronpmic. ccid synthetise: H. Chorismic zeid g o e
acid dehydr: oz se - J’ Pi:enylal:ninc ;. mino tiinsferise’ _K' Fieprentc acf deh};d;ogcn:sc;
- Tyrosine amino t;allsfcu ase. M. Prephenic :cid Li&nsaminase, N"Plilmo:u;fdihydlox}'!:cnz-f 4
0-. Anthrznific ¢ cid synthet:se 'P. ClLojismic : cid iscmerase ; Q. 2, 3-Dihydio-2,

id 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 naturajjy
aromatic compounds, viz., *‘ the acetate hypothesis”, which states that linear Uccumng
methylene chain formed by head to tail self-condensation of acetate upjis cgmlz’lykm
to give a remarkable array of complex aromatic compounds, was first dedyce &b EYC]i:r_e
and later established by Birch™®, Several of the salicylic acid derivatives, Phlc-roy[ c_"ﬂ:'
resorcylic acid derivatives, benzophenones, xanthones, flavonoids, isoflavenoigs ri :‘fl O,
stilbenes, naphthalenes, naphthoquinones,- anthraquinones, tropolones, p}ﬁo;ly;m‘d&
tetracyclines and antitiotics such as griseofulvin, alternariol, penicillic acid an4 o
arise from acetate and related compounds®. Though the acetate pathway i :H -
important in contributing a numter of aromatic compounds to nature, jts enz}.mo;}]"?"!
aspects have not been as clearly understood as those of the shikimate pathway, ap ey
tion to this being the recent studies on 6-methylsalicylic acid synthetasel®-12, Tp; ?
has been purified as a multienzyme complex of molecular weight 1-5 x 108 from Peni
lim patulum and shown to be similar to the fatty acid synthetase in severs] of i
properties’® 2. The mechanism of the formation of 6-methylsalicylic acid proposed by
Lynen'® is shown in Fig. 2. A similar enzymatic reaction, without the intermeqi
reduction and dehydration reactions, would yield orsenillic acid.

4. Miscellaneous rcactions

In addition to the above two major pathways, a number of minor reacticns leading to tk
formation of aromatic compounds are also known. One such reaction is the simpl
aromatization of cyclohexane derivatives, the reduced counterpart of arcmatic compound.
Mitoma eral?* showed the conversion of cyclohexane carboxyl CecA to benzoic
probably via l-cyclohexene carboxyl CoA'® by guinea pig liver mitochondria in tk
absence of any added cofactors. Recently, it has been demonstrated that cell-free ex
tracts of Corynebacterium cyclohexanicum, grown on cyclohexane carboxylic acid, cou
convert 4-ketocyclohexane carboxylic acid to 4-hydroxybenzoic acid, under both aeroti
and anaerobic conditions'®. Under anaerotic conditions, an electren acceptor such &
potassium ferricyanide is essential for the reaction.

A number of aromatic derivatives of terpenes and steroids arise from desatural®
reactions. These aromatic compounds, along with the polymeric materials such &
lignins which are synthesized by plants, enter the soil ecosystem when the life of
organism ends. A range of aromatic hydrocarbons are also found in natur¢ constr
tuents of fossil fuels'”. Apart from these natural additions, a variety of synthetic aromatt
compounds in the form of pesticides and industrial effluents are also added to the & A
mcent.

d accumt”

[f such chemicals prove to be resistant to microbial decomposition, they coul‘ ‘ carbod
S

ate in the soil and cause serious ecological changes and disturbances in natures “ | 10
cycle . However, microorganisms, endowed with amazing biochemical potentid

utilize a vast array of compounds as sources of carbon and energy, degrade
ducts and convert them into useful biochemicals which will be accepted by €very
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EG 2 . HYPotrETICAL MECHANISM FOR THE BIOSYNTHESIS OF 6-METHYLSALICYLIC AE{D. th-:iw llaroce;s
- liated by the transfer of zcetyl group from acetyl CoA to the “ peripheral = sullhydryl giovp

lon Then condenszticn occu:s
d my Y1 CoA 6 3 - 1) of the enzyme,
e to the “ central” sulfhydryl grovp (step 1) acety] gioup is transecetylated

o8 ietoacetyl enzyme with the liberation of CO, (step 2). The aceto

" the Periphera] SHZy::tep 3) anoth: malonyl C;A is Joaded on to tke u::fgn“_al S:[_-I (Stcpd:)l';idoi
14 condensation oceurs to give 3, S-dioxohexznoyl enzyme (step 3). anle pcgm, {;!*e:duced

:Dzym;o Sroup by NADPH to form 3-hydroxy-5-oxokexznoyl enzyme occmst (st€7l; j\ third conden-

atj 'S thendehydrated to give c¢is-S-0xohex-3-enoylenzyme by £ dcﬁydr*ase ¢ 36 p?-d-'ox oct-5-enoyl
D% With Malony] enzyme gives an 8-carton enzyme bound lmcrme'(hat% { 1be n ':heoc-a, and C-7

Sl (step 10), which undergoes an internal aldol type condensaticn .e:y o 11). A thio-
Sitiong followeq by dehydration to give enzyme btound 6-methylsalicylic zcid (step - _

Ste
"ase then releases the product (step 12).
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life. In the following pages, the catabolism of somec of the aromatjc com
, POungs
described.

5 NMletabolism of aromatic hydrocarbons

Studies on the metabolism of benzene in Pseudomonas aeruginosa revealed it CORVere

to catechol without the intermediate formation of phenol”®. Gibson ef g1 demens?s“
that cis-1, 2-dihydro-1, 2-dihydroxybenzene (cis-benzenegiycol) is an Intermediate dur

the oxidation of benzene by Pseudomonas putida. Benzene-1, 2-epoxide can be exClugeg
as the precursor of cis-benzeneglycol, as its hydration leads 10 frans- ang g s
benzeneglycol?’. Gibson eral® also established that at least two protein factors g
involved in the conversion of benzene to cis-benzeneglycol. Experiments with %
revealed the dioxygenase nature of this reaction®-%2. Further, it was also shoumm,:
cis- and not trans-benzeneglycol 1s dehydrogenated to give catechol by cell-free eXtract
of P. putida utilizing NAD+*, The same pathway was found to operate in Moraul

also®.

Benzene dioxygenase was purified recently from a Pseudomonas sp. grown cn benz
by Axcell and Geary®*?. The enzyme has three protein components : two nonhen
iron proteins of molecular weight 21,000 and 186,000 and a flavoprotein of moleculr
weight 60,000. Ferrous iron and NADH are absolutely essential for the reactin
These workers have also purified the cis-benzeneglycol dehydrogenase®. The hose:
geneous enzyme, which utilizes only the cis-isomer, requires NAD* and ferrous iroa fa
its activity. It is made up of four subunits and has a molecular weight of 110000

It is interesting to compare the parallel reactions in mammalian metabolism of benzex.
In this case, benzene is first epoxidized by a microsomal oxygenase. The epoxide s
enzymatically hydrated to give trans-benzeneglycol?®, which then undergoes a debydre
genation reaction to yield catechol (Fig. 3).

Alternate pathways exist for the catabolism of toluene. Katagawa® first demonstratt
that a strain of Pseudomonas aeruginosa oxidized toluene through its side chain, Thws
benzylalcohol, benzaldehyde and benzoic acid are intermediates formed in thedt.'.ﬂ*;
dative pathway. Such a side chain oxidation also occurs in Pseudonionas putide (arvll
mt-2%. Requirement of three protein fractions for the toluene hydroxylation s 869
demonstrated by Nozaka and Kusunose?”. The alcohol and aldehyde dehydroge™®
have been isolated and shown to require NAD+.

On the contrary, Claus and Walker® showed that 3-methylcatechol, oy mtj
chain oxidized products, to be the intermediate in the oxidation of toluent by};ﬁ'
monas as well as an Achromobacter sp. Such a direct ring hydroxylation g lih
Pseudomonas mildenbergii* and Pseudomonas putida®®. A mutant strain of P jt;rhiﬁl’
produced (+) cis-l, 2-dihydroxy 3-methylcyclohexa-3, 5-diene from tolucne,mtsindi‘
was dehydrogenated by the parent strain to 3-methyl catechol®- 3. These B ganis®
cate that the initial reactions involved in toluene degradation by the above 0T
are essentially the same as those employed for the metabolism of benzent.
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fe.3. Metabolism of benzene (A-mammalian; B-microbial).

However, with muluple substituents at the benzene ring, the initial reaction seems
tbe in favour of side chain oxidation and not ring oxygenation. Thus m-xylene and
Piylene are oxidized to their corresponding toluic acids®-32-3%, Diversity in the meta-
bolism of p-xylene occurs at the level of p-toluic acid. While Davis eral.® obseived
_lhe conversion of p-toluic acid to 4-methylcatechol, Omori and Yamada® demonstrated
IIs conversion to p<cresol followed by side chain oxidation reactions leading to the for-
fn-:ﬂion of 4-hydroxybenzoic acid (Fig. 4). p-Cymene, an analog of p-xylene. is, however,
Whally oxidized to p-cumic acid and then to 2, 3-dihydroxy-p-cumic acid®, via 2, 3-
dlh}'drox}’-z, 3-dihydro-p-cumic acid® by the PL-strain of Pseudomonas putida.

The microbial metabolism of phenyl-substituted alkanes has been reported, but

etailed studies on the enzymological aspects have not been carried out so far. Webley
etalso, a1 po shown with a Nocardia sp. that alkyl chains with an odd number (:‘vf
ion of cinnamic and benzoic

c .
afbon atoms undergo B-oxidation leading to the format cinn e
s, while derivatives with an even number of carbon atoms give rise 10 plchy acetic

“d. - Such a side chain oxidation has also been shown to occur for tht:.' oxidation
of iphenyldodecane by two Nocardia strains??. However, Pseudo::mnas strains seem 1o
0xid; : : _ . ae

Ndize various alkylbenzenes by direct ring oxygenation reactions

Oxidation of naphthalene, the binuclear aromatic hydrocarbon: by bactezria‘hwzs ml:
tially rep{)rted tO invo!ve the intermediate f‘ormatiﬂn Of IF(IHS-I, 2"dthdrO"l » -d] y roxy
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CH3 -- & CHO
e -— - e o
Hs o s CHy
E*X)ﬂtﬂﬁ 4-Methyl!l - 4-Me_thy|__ )
benzylalcohol - benzalgehy,
OH COOH OM
OH
S— e [0
~ CHy' . CHy @ CH,
p-Cresol p - Toluic acid 4= Nothyl-
Catechoei

|
OH™ OH OH
~ 9 —O
CH,OH CHO COOH
4"H.Ydl"0)<y- 4 - Hydroxy_ 4-HydrO§Y' 'j
benzylalcohol benzaldehyde benzolc 0¢

F1G. 4. Microbial metabolism of p-xylene.

naphthalene® . Later, Jerina eral® identified (+) cis-1 (R), 2 (S)-dihydrowy: if
dihydronaphthalene as a metabolite of naphthalene with the use of a mutant Sfa” o
Pseudomonas. The cis-dihydrodiol formation has also been demonstrated by willi
group*®.

ydro—

Naphthalene dioxygenase utilized either NADH or NADPH to produce the " (+)

diol ; but the dehydrogenase specifically required NAD+ and utilized only the
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isomer of cis-dihydrodiol’?.  When the dih
with deuterium, the dehydrogenation reaction showed

Based on these results, a stepwise mechanism which f aI
of the secondary alcohol group at C-2 foliowed by nvo

proposed for the formation of I,Z-dihydroxynaphthalene from cis-dihydrodihvd
rodihydroxy-

naphthalt'HC”- The further metabolism of 1. 2 dih
proceed by the pathway delineated by Davies and lE3::;:';I"‘:I)’n:ap'hthalf:nfz- appears 1o

The cis-dihydrodiol formation also occurs i .
anthracene, phenanthrene'’, benzo [a] anthrac;l;; l:fd ;:;zolgitabfhsn:. el henyld.n’
irmrpo_ratc both the atoms of moelcular oxygen into the 3r0matli): l:n; . Thus, bacteria
ing & dioxygenase and. produce cis-dihydrodiol, in sharp contrast to ;TOCarb'on employ-
which produce 7rans-dihydrodiol via arene oxide employing a manoox:;:aa:;??(sl?}?gtc%s

pnmary_ kinetic isotopic effect
, Ves an initial dehydrogenatioﬁ
rapid aromatization reaction, was

Metabolism of phenol, cresols and xylenols

Omdation of phenol to catechol has been observed in bacteria, fungi and yeasts!~5
The enzyme catalyzing this conversion has been purified to homo,geneity fronf Trich '
gporon and shown to be a flavoprotein requiring NADPH for activitys -5 Althougzctlf-
rnuuirement for NADPH as an external electron donor is absolute, the e;lzyme exhibitz
?n musually broad specificity towards the phenolic substrate®. A requirement for
— sulfhydryl groups is indicated by the susceptibility of the enzyme to inhibition
w beavy metal ions and sulfhydryl reagents®. The phenol monooxygenase from
Yevbacterium fuscum utilized either NADPH or NADH as the electron donor®,
ecrestingly, the enzyme from Bacillus stearothermophilus requires NADH and not
NADPH®, While phenol monooxygenase from yeast was unaffected by iron and copper
mators’?, the enzyme from Brevibacterium® was inhibited by copper chelators and

®x of Bgcillus by iron chelators®.

‘ R:'b‘bons presented evidence consistent with 2 reaction sequence whereby o-cresol
B anxidized to 3-methylcatechol by Pseudomonas aeruginosa®. The same pathway is
JeTative in some Pseudomonas strains®® 3, Brevibacterium fuscum®, Pseudomonas

Rlida™, Bacillus stearothermophilus® and Candida tropicalis®.

Diversities occur at the level of m- and p-cresol oxidation. Dagley and Patel® reported

¥hat the degradation of p-cresol by a nonfluorescent Pseudomonas strain proceeds by an

mitial attack on the methyl group. Such a side chain oxidation has also been shown

M accur in Pseudomonas putida.®” The side chain hydroxylating enzyme was recently
»olated by Hopper®® and shown to be an entirely new type of hydroxylase. Surprisingly,
® &id not utilize any electron donor and molecular oxygen for hydroxylation, but an
Sectron acceptor like phenazine methosulfate and water. The reaction proceeds well
a@ under anaerobic conditions. A mechanism ‘nvolving dehydrogenation to a hetero-
dEmone followed by hydration to give 4-hydroxybenzyl alcohol was proposed®®. The
®Me enzyme fraction also converts #hydroxybenzyl alcohol to 4-hydroxybenzaldehyde®.
idomonas introduced a new hydroxyl

orescent Fset
and oxidized the resultant 4-methyl

In contrast, several species of flu I
€SO

FOup adjacent to the hydroxyl group inp-r
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catechol®—%1®_ This Lype of ring oxygenation also occurs in Bacillus Stedrothery,

Brevibacterium fuscum®® and Candida tropicalis® ™. 4-Methylcatecho] canv:p{!lhu“'
- L] L] r

protocatechuic acid® is also known and may proceed by the same se Si

On 1o
§ of ot
as those emp]oyed for the conversion of p-cresol to 4—hydroxybenzoic acid -

Similar diversities occur during the metabolism of m-cresol also. Hopper ¢ h
observed the oxidation of m-cresol and its derivatives to the corresponding 3.4 :l RN
benzoic acids and gentisic acids by nonfluorescent Pseudomonas sp. Byt hydmylm-)ﬁ"
at 2-position to give 3-methyicatechol was found to occur in fluorescent Pseuf alioy
strains®2-%4 67. 6* Though the m-cresol grown cells of P. putida oxidized Mmeresy

by the catechol pathway, 3, 5-xylenol grown cells oxidized m-cresol by the gentgy
pathway®.

An alternate mode of hydroxylation occurs in Brevibacterium Juscum®®, Bacillus Stear.
thermophilus®® and Candida tropicalis®. These organisms convert m-cresol to 4-methyk
catechol rather than to 3-methylcatechol. Furthermore, hydroxyiation of mHCreso)
and p-cresol by purified phenol monooxygenase from Trichosporon cutaneuns yields
only 4-methylcatechol in both cases. It 1s noteworthy that hydroxylation of m<reso| by
gram negative bacteria yields 3-methylcatechol, while the gram positive Speciesa;ﬁ
yeast produce 4-methylcatechol.

Comparatively little work has been done on xylenol metabolism. Dagley and Pate®
while studying the metabolism of p-cresol, observed the oxidation of 2, 4-xylenol and
3, 4-xylenol to 4-hydroxy-3-methyl benzoic acid and 4-hydroxy-2-methyl benzoic acid
respactively. Oxidative metabolism of 2, 4-xylenol to 4-hydroxy-3-methylbenzoic aci
has also been observed by Leibnitz esal.”®, and Chapman and Hopper™. The later
workers identified, in addition to the above acid, 4-hydroxy isophthalic acid and proi-
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 4methyl and 3-mathi
gentisic acids via 3-hydroxy-4-methyl and 3-hydroxy-3-methyl benzoic acids, respectivelj™

Biosynthesis of patulin, an antibiotic produced by several species of Penicﬂl_ﬂﬂ
deserves special mention here. Several years of intensive investigation and bn'l_haﬂt
experimantation led to the elucidation of the metabolic map for the biosynthesis of
patulin which is depicted in Fig. 5. Radioactive tracer studies™ " correctly Pa""_‘i
the way for the recognition of the pathway starting from 6-methylsalicylic acid. Th»
was further substantiated by enzymatic evidence for the individual reactions.

Light™, and more recently Light and Vogel™, purified and characterized 6-m¢d‘:l-::'
salicylate decarboxylase from Penicillium patulum. A cytochrome P-450 depenc™™
NADPH requiring particulate monooxygenase was isolated from the same¢ ﬂfgan"f'_f
and shown to hydroxylate m-cresol to3-hydroxybenzyl alcohol and 2, 5-dihydf01ﬁ°l“l°wi
The same fraction also hydroxylated 3-hydroxybenzy! alcohol to gentisy! 3'°°hﬂmed!
the consumption of NADPH®. 3-Hydroxybenzaldehyde was not ring h){dwﬁ;wm
but oxidized to 3-hydroxybenzoic acid. 3-Hydroxybenzy! alcohol and gfnl’sil 20] e

d:hydrogenasss, both requiring NADP+, have also been characterized™ %,
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3CO; + 4coask O
cet COOH
Acetyl CoA + Mcelonyl CoA \
x NADPH  NADF® OH
6- Methylsalicylic
acid
Voo
COOH CHO CH,0H CHy 7
i
O— Q= O;— Q.
OH OH OH OH
3-Hydroxy- 3-Hydroxy - 3-Hydroxy- Mm-Cresol
benzo¢ acid benzaldehyde henzylalcohol il
1 ) ¢
: A%
' ' .'L.:.fi
COOH CHC CH OH CH3
Ho i HO 3 Ho\@ no@
————
A ——— e RS
b OH OH OH
Gentisic acid Gentisaldehyde Gentisylalcohol 2,5-Dihydroxytoluens

P @ it

CHO CHO @H COOH O o
[ ——i B e ol — i
; | COOH | COOH CHO 4 "

CHO CHZOH CHp OH

¥formyl-4-hydroxy Pre-patulir Patutin
muconic’ semiaidehyde

FiG. 5. Biosynthesis of patulin,

: - in. with the utili-
enzyme fraction catalyzing the conversion of gentisaldehyde 10 patuhn

2ation of NADPH, was obtained by Scott and Beadling®2.

7. Metabolism of benzoic acid and its derivatives

iem of benzoic acid. Though the cxico-

known for quite some time®, lheg
until Reiner™: ®

Figure 6 gives various pathways for the metabol

tive decarboxylation of benzoic acid to catechol was T
problem as to how it is initially attacked has been rat ’
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COOH COOH
OH OH
@ *
Resorc¢inol 2,4-dihydroxy- Benzoic acid Phenol
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‘/COOH COOH COOH
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~~OH
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- . OH
Cyclohexadiene-tz-‘ Salicylic acid 3-hydroxy- 4-hydroxy-
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|
L
1
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OH COOH COOH * COOH
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Catechol Pyrocatechuic acid Gentisic ocid Protocq:’ccmrt
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Fi1G. 6. Microbial metabolism of benzoic acids.

isolated (—) 3, 5-cyclohexadiene-1, 2-diol-1-carboxylic acid. an intermediate in the cor
version of benzoic acid to catechol, and showed that it arises by a dioxygenas l}p.f
of reaction. Subsequently, Reiner® purified (=) 3, 5-cylcohexadiene-l, 2-dio}l£ar§91};
late dehydrogenase to homogeneity. The dehydrogenase which has a molecular mclgh.-
of 94,600 and four subunits of molecular weight 24,000 each, catalyzes both decarbeX}
lation and dehydrogenation reactions utilizing NAD+ as the cofactor.

L] - #

Recently, Yamaguchi er /.87 have purified benzoate-1,2-dioxygenase ki Pjﬂts

monas arvilla. The purified enzyme was found to consist of two protein CCIFO rl
and it utilized NADH for oxygenation. They have also adduced evidence for the p?

. . * | n-
cipation of NADH-cytochrome c-reductase in the double hydroxylaticn R :
scate oxidatio?

Salicylic acid has also been implicated as the initial preduct of ben e

based on sequential induction experiments®®-*°, However, the lines of evide
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sented by these workers are insufficient and the demonstration of benzoate-2-

jation in the cell-free system is essential to substantiate this pathway hydroxy-

Qeveral species of bacteria belonging to the genus Pseudomonast®: 88, st
nelandii®®, Mycobacterium  fortuitum®, Acinetobacter NCIB 825003 and  Pullulari
puuu!ww“ ox.idatively decarboxylate salicylate to catechol. Salicylate monooxygen;:;
(decarboxylﬁtmg) was the second flavoprotein monooxygenase to be discovercd and the
Grst example of the group of external flavoprotein monooxygenases®. It has t:me mole
of FAD per mole of enzyme protein of molecular weight 57,0004 s7. The MONooXy-
genase nature of the reaction has been established with the use of 180, studies®®. The

mechanism of the hydroxylation reaction has been extensively studied by two groups
of investigators headed by Katagiri and Kamin?®s,

, Azotobuacter

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 Aspergillus niger'®®,
Aspergillus nidulans*®* and Trichoderma lignorum'*?, the enzyme catalyzing this reaction
has not yet been isolated.

An unusual mode of hydroxylation occurs in Aspergillus nidulans*® and Trichosporont™,
In these organisms, salicylate seems to be hydroxylated to 2, 4-dihydroxybenzoate and
degraded. However, it is converted to gentisate in Psewdomonas'®, Trichoderma® and
Trichosporon*®. Both these hydroxylase activities are yet to be demonstrated in cell-
free systems.

3-Hydroxylation of benzoic acid occurs in Pseudonionas testosteronil®®, Pseudomonas
acidovorans'®’, Arthrobacter'®® and Aspergillus niger*®®. 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-
monas fluorescens''®, Pseudomonas acidovorans'™, an unidentified Pseudomonas'™®, Pseudo-
monas aeruginosa? and several spzcies of Bacillit? hydroxylate 3—hydr0xybenzoatef at
G-position, Pseudomonas dacunhac\®, Pseudomonas testosteroni*™t* and Aspergillus

niger’ 18 hydroxylate it at the 4-position.

3~H3"‘51."0"13ﬂ:'<’:nz:*:a:atf:-ﬁ-mc:nr::ro;ic},fgf.:nas\f: is a flavoprotein requiring either NADH or

NADPH as electron donor for the conversion of 3-hydroxybenzoate 10 gentisate™.
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 group'™. 3-HYd_foxybenzéﬁii?;mo%?;
Okygenase has been purified both from fungal as well as bactem%]“squrcebﬂ' ;otein
“izyme from Aspergillus niger'® "¢ and Pseudomonas testosteroni™® is a hdvoiferreé
“Quiring either NADPH or NADH for activity, although the former 1§ th¢ pf kumar
tlzctron donor, The bacterial enzyme has a molecular weight of' l4§.90?. bpr:gjonubb
@M have shown that the hydroxylation can be completely I“h’bltfd. }:he catalytic
low levels of superoxide dismutase, implicating the involvement of Oj 1n

Mechanjsm.
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Fungi, in general, seem to oxidize benzoic acidﬁ to protocatechuic acid, y;, m
henzoic acidiot 102 109, 118125 Qccurrence of this pathway In a sojl Pseuda ?d:u;]_
also been demonstrated'?®. Benzoate-4-monooxygenase has been purifieg ‘Eﬂﬂmh
laboratory both from fungal2?> 128 as well as bacterial™®*® sources ang Shnwnc:::%

pteridine-dependent monooxygenase utilizing NADPH as the externa] electrop 4 '

Further metabolism of 4-hydroxybenzoic acid proceeds by its conversion lu‘*“
catechuic acid. 4-Hydroxybenzoate-3-monooxygenase has been obtained iy . =

form from four different species of Psewdomonas grown on 4-hydroxybenzoateih~n
All of them show an absolute requirement for NADPH as the physiolngical :
reductant and contain one mole of FAD per mole of enzyme. The 1*ntn\le<:u]a:Jmtfn
ranges from 65,000 to 93,000. While the enzyme accepts 4-aminobenzoate and‘:ﬂ;
dihydroxybenzoate as substrates and converts them to 3-hydroxy-4-aminobenzcatc.;ﬁ
2. 3, 4-trihydroxybenzoate respectively, it uses 5-hydroxy picolinate and 6-hydroxy ncg;
nate as effectors only'. The catalytic mechanism, like other flavoprotein Mooy
genases involvesa Bi Uni Uni Uni Ping Pong mechanism?®® which is depicted in Scheme |
Perhaps this is the first monooxygenase subjected to X-ray crystaliographicis

electron microscopic!® studies.

Recently, an interesting reaction has teen discovered in Bacillus spJ¥: 138, [y

organism 4-hydroxybenzoate is hydroxylated at the I-positicn to give gentisate apparet
Involving a migration of the substituent carboxy! group to the 2-position.

Non-oxidative decarboxylation of benzoic acids appears to be a common rexta
encountered in the metabolic transformations of these compounds. Table I summanx
the substrates and products, and the microorganisms which eflect these decarboxylant
reactions. Interestingly, studies on some of the decarboxylases reveal that the®
actions do not require PALP or TPP, the common cofactors of the decarboxjlai
reactions?® 78 145,150, 181 Dyetajled studies on these enzymes are necessary 10 expien
the naturc of the cofactor and the mechanism of the reaction.

Pimelic acid was identified as the end product of photometabolism of m@xﬂ
under anacrobic conditions by Dutton and Evans'#® in Rhodopseudomonas palustris:
a reductive pathway also occurs in Pseudonionas PN-1 strain when it grows anacror,
on benzoate'™. Recently, a Moraxella sp. was found to metabolize benzoiciacx'd
a reductive pathway involving anaerobic nitrite respiration, to adipic ac{dﬁ" oo
hexane carboxylate and 2-hydroxycyclohexane carboxylate are intcrmedidi® "L#
during this conversion!®® (Fig. 7). Methanogenic fermentation of benz0alt by

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

g M : \ 1 P
Anthranilic acid, the end product of tryptophan catabolism, is oxidized by 2 o

nonas sp. to catechol'®? with the consumption of NADH. The purified cnzymfﬂ;m

- . r >
?ons:sts of two protein factors'®, and incorporates both the atoms of mﬁ'.ff-‘tl-:];t
e tﬂllc substrate’®®.  Fungal metabolism of anthranilic acid seems 10 o dlbrl illis ™
et al’** reported the intermediate formation of pyrocatechuic acid in Aspes
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| NADPH NADPH
/FADH / FAD

E—0, E ——NADPH
N s

NADPY

S = {-Hydroxybenzoic acid p = Protocatechuic gcid

. ic acid-3-Monooxygenase
ScHEME 1, Kinetic mechanism of the reaction catalyzed by 4-hydroxybenzoic acid-3-Monooxyg

S“bsequent investigations proved the occurren , thranilic
PASpali’®® and Aspergillus niger'®. Anthranilate hydroxylase it
“id to pyrocatechuic acid has been isolated in our laboratof?f .and - I‘sq .
NADPH1ez 183 Evidence for the participation of iron'®#* and O; " in the double hy roi)’-
lation reaction has been provided. Floss ef «].1%5 have presented ewdenﬁ: Of or a MOnooXy
Bnase type of reaction for the Claviceps cnzyme with the use of H7C:

59 .
Ribbons and Evans!®* n Pseudomonds.

Phthat; : : : r :
thalic acid degradation was first studied b} | atic acid and protocatechuic acid

ey tlucidated a pathway involving 4, 5-dihydroxypht
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Table I

Decarboxylation of benzoic acid and its derivatives

e

~——_
Substrate Product Organism

. . T —
Benzoic acid Benzene Hypoxylum pruimatyms»
Salicylic acid Phenol Glomerella cingulatgo
4-Hydroxybenzoic acid Phenol Klebsiella aerogenes (Aerghyc,

aerogenes) 111-143 “

Pyrocatechuic acid Catcchol Glomerella cingularato

Aspergillus nigerl09, 144, 155
Aspergillus nidulans'o
Trichoderma lignorym\»

2, 4-Dihydroxybenzoic acid Resorcinol Aspergillus nidulansos, 10s

Gentisic acid Quinol Klebsiella aerogenes (Aerobacter
aerogenes)'1?

Protocatechuic acid Catechol Aspergillus*®

Klebsiella aerogenes  (Aerobacter
aerogenes)ti, 143, 148
Rhodopseudomonas™*®

6-Methylsalicylic acid m-Cresol Penicillium patulun™>
Orsellinic acid Orcinol Gliocladium roseum'®®
Umbilicaria pustulata™ !
4, 5-Dihydroxyphthalic acid  Protocatechuic Pseudomonas™®
acid
Gallic aeid Pyrogallol Klebsiellu aerogenes (Aerobacts
aerogenes)'**

—

— e — — i —, - T m—_—i

some Pseut?

d to proi¢
reaction

as intermediates. Such a pathway also occurs in Nocardia, Arthrobacter,
monas sp.1% and Aeromonas*®’. Nocardia'®® also converts terephthalic acl
catechuic acid. The initial conversions may involve a dicxygenase type of
Experiments at enzymatic level are necessary to substantiate this.

1 ‘ ' ‘ ‘ _ ized 10
Pipsronylic acid [3, 4-methylenedioxybenzoic acid] was found to be melalﬁl;ﬁﬁw
0 .

protocatechuic acid via vanillic acid'®® 1%, Though the normal metabolism o
proceeds by its conversion to protocatechuate!*®-173 Polyporus dichrovss a. (5ioB
destroying fungus, converts it to methoxyhydroquinone!™. Such a typ¢ o coﬂ"; {0
also occurs in the case of some aspergilli which oxidize 4-methoXy enz0a
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Fi6, 7. METABOLISM OF BENZOIC Acib AND SupsTiTUTED Benzoic Acips. 1. Benzoic acid. 2. E,YCI?-
hexane carboxylic acid. 3. Cyclohexene-l-carboxylic acid. 4. 2-Hydroxycyclohexane cartoxylic

%id. 5, 2-Oxocyclo hexane carboxylic acid. 6. Pimelic acid. 7. Adipic acjd. 8. At}t:ahra‘lrflilic ﬁzl:;
- Pyrocatechuic’ acid. 10. Catechol. 11. Phthalic zcid. 12. 4, 5-Dihydroxypktbelic zcid

13? Protocatechuic acid. 14, Terephthalic acid. 15. Piperonylic acid_ (3,_4-meth}’len£drioxyt;l:izllc
%d). 16. Vanillic acid. 17. Methoxyhydroquinone. 18. 4-Methoxybenzoicacid. 19. 4-Methoxyprenol.
Y. 4Hydroxybenzoic acid.

*methoxyphenol!™, while in other organisms, 4-methoxybenzoate i oxidized  t0

?'hyd"ox}’benzoate by an O-demethylase. The enzyme has tWwo components, an

: H are
"nsulfur protein and an iron containing flavoproteini. Both O. and acan
st°Ichl'::tnrctrica]l)r consumed during the reaction.

8 Metabolisy of phenylacetic acids

. : and higher
Pl%.enﬂacetic acid is excreted mainly as the glutammne wmuiate b?;h?;‘:ndiwonjugatf
Primates o the glycine conjugate by most rodent Species, as the orni

. : d marine
: ﬂ}e hen and as the taurine conjugate by the pigeon, SOme c%ml?;zsiilihc rabbit
spemesm-m_ It is hydroxylated to 2- and 4.hydmxyphenylacetlc aci

LS. 10
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liveri%, The conversion of 2- and 3-hydroxyphenylacetic acids to homogengic:. .
and of 4-hydroxyphenylacetic acid to homoprotocatechuic acid also cccyr i the:cabb
nala:

i

liveri®o,

Fig. 8 depicts various routes for the microbial metabolism of phenylacetc
carboxylation of phenylacetic acid to form phenylalanine presumably vig phenylpyn
acid has been observed in fermentations of mixed ruminal microbial I:n'..*.;mlationsIismwlt
as in pure cultures of Ruminicoccus flavefaciens, Bacterioides succinogenes, Chromg;

and Rhodospirillum rubrum' 18, Formation of benzaldehyde, probably vig mand:z

acid, 'nk'

acid in Penicillium chrysogenuni'®, reduction of phenethyl alcohol in Mycobacterigy
phlei*® and oxidation to 4-hydroxybenzoic acid in Poria weirii'® are Instances of

unusual metabolism of phenylacetic acid.

o] OH | Ok
OH

OH & OH 10

O S CH3 CHOH COOH COotH
" NHZ /©/ ©/

HO
15
1
' s N ’ 12 13

FiG. 8. MEeTABOLIC TRANSFORMATION OF PHENYLACETIC AciD—1. Phenylaceticacid.
phenylacetic 2cid. 3. 3-Hydroxyphenylecetic acid. 4, 4-Hydroxyphenylacetic 2cid. " Genlist
gentisic acid, 6. Homoprotocatechuic rcid. 7. 2, 3-Dihydroxyphenylacetic acid. 3-de “ i
dehyde. 9. Gentisic acid. 10. 4-Methylcatechol, 11. p-Cresol. 12. *Hydfoxymnl,wﬂ@-

13. 4-Hydroxybenzoic acid. 14. Phenylpyruvic acid, 15. L-Phenylalanine.
alcohol.

- : . » ction &
Hydroxylation of phenylacetic acid at 2-position seems to be a common ;elanclabo‘ljlt

countered in its metabolism. Occurrence of 2-hydroxyphenylacetic acid ags ot
of phenylacetic acid has been demonstrated in Penicillium chrysogenumt ™ ™

niger'®> 187, Aspergillus sojac'®®, Schizophyllum commune®®, Alternaria*®®, Cl
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189 ;
', Pseudomonas ﬁuc_:rescens and even in plants belonei
fn‘aﬁ;e“”- Further metabolism of 2-hydroxyphenylacetate "gmg to the genus

15,19 A unique reaction occurs in the case of Astilbe
. Z_hydroxy.}methoxyphenylacetate via 2, 3-dihydroxyphenylacetate!so.

Phcnylacetate-}hydroxylat-ion occurs in | Rhizoctonia solani1®s, Aspergillus nigerios, 187
d Penicillium*®®. R. s?lam,'whlch IS unique in producing 3-hydroxyphenylacetate in
jh yields, possesses an inducible enzyme to effect this reaction. Recently, this enzyme
ich is highly specific for phenylacetate, has been partially purified and shown to b;
g pteridine-dependent monooxygenase requiring NADH as the external electron donor®!.
mough oxidation to homogentisate appears to be the major route for the catabolism
f +hydroxyphenylacetate'®> 1%, nothing is known about the enzyme catalyzing this

conversion.

Pseudomonas fluorescens™®®, an unidentified Pseudomonas strain®®t and Penicillium
drysozerum'®® appzar to oxidize phenylacetic acid to the 4-hydroxylated product. How-
sy, the enzymatic evidence for this reaction is still lacking. Among the monohydroxy-
hed produsts, only 4-hydroxyphenylacetate metabolism has been relatively well
tudied. Its conversion to homoprotocatechuic acid has been demonstrated to occur
o Penicillium chrysogenum'®>, Pseudomonas fluorescens®3, Pseudomonas ovalis®®®, Psudo-
wnas putida*®®, Acinetobacter'®®, Micrococcus'®, Bacillus*®, Aeromonas aerogenes'®®
ad Arthrobacter'®®. 1In fact, 4-hydroxyphenylacetate 3-monooxygenase has been pai-
tially purified from P. ovalis and shown to require NADH specifically’®®. However, the
wyme from Micrococcus requires NADPH'Y.

Alternately, Blakely?® has presented evidence that an unidentified bacterium hydroxy-
e +hydroxyphenylacetate at 1-position to give homogentisate utilizing either NAQH
*NADPH. Subsequently the enzyme catalyzing this reaction was purified by affinily
ch“’mtogf aphy from the cell-free extracts of Pseudomonas acidovorans and shown toO
"ire FAD and NADH/NADPH?". Apart from 4-hydroxyphenylacetate, the enzyme
facks 4-hydroxyphenoxyacetate as well as 4-hydroxy-hydratropate producing quinol

wmethylhomogentisate respectively. A mechanism involving 2-(1-hydr 0Xy-4-0x0-2,-
Tohexadien-1-y1) acetic acid as the intermediate has been proposed (Fig. 9). How-

;er’ - Pﬁracid and/or an epoxide intermediate shown in the figure are also equally possible
Krmediates

. . ‘ aerobic
-?:Carb"x_ﬂatlon of 4-hydroxyphenylacetic acid to p-cresol occgrsilm E:)I:wil:'sio %
COTEANISM2, Progeys vulgaris?*® and Clostridium difficile?®. Simiar ©

:crobial activity present i1l the

fat f of homoprotocatechuic acid is effected by the mi
ecal €Xtractg 206
ety bolism of 4-hydroxy-
. the metabol
PhEnylaCetm hydroxylation seems to be yet another route for A e ol

d"hmroxy ‘c acid. On the basis of 2, 5-dih};’‘C-‘J'‘5"7“3’11’‘:"nwy]ﬁ}I suggested that 4-hydroxy-

Mandelate and 4-hydroxyphenylacetate, Crowden®® 4 adic-
el formed from 4'g3’dr§1y{5phezylacetate. Perrin and Towers’ detected T
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- shyd roxymandelate as a metabolite of labelled tyrosine. Its formation from 4
rom 4-

yphenylacetate has also been shown in Aspergillys niger?07, 208 oo y
. VEr, the

hydroX : - i
fzzyﬂlf effecting this reaction has not yet been isolated and characterized

Gidechain oxidation of homogentisate to gentisate seems to

undelate; 2 S'd“}ydmxybmzoylform&le and gentisaldehyde in Polyporus tummlosiczos
However, in a strain of Psgudomanas aeruginosa lacking homogentisate dioxyge;’aoszu ’ .
fist product detected during homogentisate oxidation is gentisaldehyde20¢ o e

proceed via 2, S-dihydroxy-

g Metabolism of some Ce—C, compounds

Attophenione 18 oxidized by an Arthrobacter sp. to phenylacetate (ester) with the
«nsumption of oxygen ar.ld I\-TADPH”“. This is an example of the biological equivalent
i 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-
yoanisms. As early as 1942, Gale*! observed the oxidation of tyramine to 4-hydroxy-
senylacetaldehyde 1n Pseudomonas pyocyanea and Bacterium coli. An amine oxidase
ntiating the degradation of amines in Aspergillus, Penicillium, Monascus and, Fusarim:
bas been purified, crystallized and shown to be a cuproprotein having pyridoxal phos-
sate as the prosthetic group®2-215, Tyramine oxidation to 4-hydroxyphenylacetaldehyde,
Yydroxyphenylacetic acid and homoprotocatechuic acid occurs in  Aerobacter
erogenest®®, A monoamine oxidase specific to tyramine has been obtained from Sarcina
baea in crystalline form?16-218,

The metabolism of symephrine [4-hydroxy-(methylaminomethyl) benzylaicohol] in
@ Arthrobacter sp. has been recently examined'®® and its enzymatic conversion to
Hydroxyphenylacetaldehyde has been reported®®. Conversion of phenethylamine to
Menethyl alcohol seems to occur in Saccharomyces rouxii®.

Phenylacewdehydes, which arise from amine oxidation as well as phenylpyruvate
boxylation reactions, are oxidized to the corresponding acids by aldehyde de-
Hrogenases utilizing NAD +19% 199, 221 An alternate reaction occurs in systems where

Menethyl aleoho] s produced. Saccharomyces cerevisiae reduces 4-hydroxypheny'-

”;tﬂdehyde to tyrosol??2 and Candida guilliermondii teduces phenylacetaldehyde to
Menethylalcoholezs

10, > .
Metab"l‘Sm of mandelic acids

delic acid can also arise from

its formatio etic acid, man S
% bt phemyiec ’ ki reported the oxidation of

and phenylglyoxai??s. Back in 1924, Supniews

- M .1 -HYDROXYLASE ON ITS SUB-
Mypg 1 CHANISM OF ACTION OF 4-HYDROXYPHENYLACETIC AcD Y Dienone _intermediate.

2 ¥ _ :
= id i *Hydroxyph n i i 2 uinol intermediate.
a*‘?cer?c"d mtermediatz.p g_ Yl;i;c;d:?;?élmaiag 6. Hoemogentisic acid. 7. ﬁiﬂ;ﬂ;ﬁ;{
Mhm:i 8. Quinol intermediate. 9. Benzoquinome. 10, Quinol, 1. o

ad, 12, g-Methyl homogentisic acid.
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mandelic acid to benzoic acid by Bacillus pyocyaneous®*®. While Bacillyg PYocya
bacter beijernckii**? and Asperg:ﬁ:zs niger'?? utilize bath D- and L-mandelic 5,

Ids P
monds deruginosa®? 2%, Pseudomonas multivorans®®, Bacillus sphaericus®? Seudy

. Acme:
calcoaceticus*°® and an yeastw utilize only the L-enantiomer. ‘

Due to the Presence
racemase which catalyzes the conversion of either enantiomer to a racemic

mixt
a carbanion mechanism?®*, most bacteria utilize D- and L-mandelates, while 4 el

n
and P. putida®’ possess a D-mandelate oxidase for the utilization of D-mande]atigﬂg;
organisms, which lack the racemase, utilize only the L-enantiomer,
COOH COOH COOH coou
H—-O0H @
D-Mum_:lehc 1_ L L-Mandelic -Hydroxy D-4- Hydroxy
acid acid mandellc acid mandelic ocid
D\ COOH CHO E ,].
Benzoyl formic  Benzaldehyde &-Hydroxy L- HY""""Y
acid -

benzaldehyde benzoy! formic oid

ll |

'COOH COOH COOH
ic
Catechol Benzoic acid L-Hydrox benzoic Protucgfsc"'"
I — ... aci B

Fig. 10. Microbjal metabolism of mandelic acid.
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\fandelate racermase has bccn.puriﬁed to homogeneity 227, 238 54 shown to be 1 d;
peta jon-requiring €nzyme with four 1de{1tical subunits and a molecular wef"ilcnt
178,000- L-Mandelatf: dehydrogenase, which is situated in the particulate frac]ﬁctsg{
h’asbeen partially purified anfd found to require 2, 6-dichlorophenol indepherol as'nm ‘
electron acceptor®®. In A. niger, D-mandelate oxidase is a particulate enzyme ..T,e u.ir‘ e
ecular oxygen®? and L-n}andelate dehydrogenase is a soluble enzyme requirin: eitllang
polecular oxygen of 2, 6-dichlorophenol indophenol22, Benzoylformate de(a:bcx}’l;;

werts the product thus formed into benzaldehyde. This enzyme which requires TPp
i a cofactor has been purified from P. putida?ss. 237,

with the use of two benzaldehyde dehydrogenases, one requirimg NAD+ and the
aher NADP+, benzaldehyde is oxidized to benzoic acid by P. putida®® and 4. niger?2.
However, Acinefobacter seems to possess two NAD+* specific dehydrogenases—one heat
aile and the other heat stable?®® 23° But it lacks the NADP+ specific enzyme-
Preudomonas aeruginosa lacks the NAD* specific enzyme and possesses the NADP+
qecific enzyme®®,  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,
fingi convert it to 4-hydroxybenzoate (Fig. 10).

In an analogous way, 4-hydroxymandelic acid is oxidized to 4-hydroxybenzoic acid,
na 4hydroxybenzoylformic acid and 4-hydroxybenzaldehyde in Pseudomonas putida®®,
Acinetobacter NCIB 82503, Polyporus tumulosus®®® and Aspergillus niger'®? 207,208 Tt
s presumed, largely on the basis of kinetic evidence, that the same set of enzymes
kgrade mandelate as well as 4-hydroxymandelate to benzoate and 4-hydroxybenzoate,
espectively™2,  Acinetobacter?® also oxidizes 2- and 3-hydroxymandelate, 3, 4-dihydroxy-
mndelate and vanillyl mandelate to the corresponding benzoate derivatives by parallel
mfh“'ﬁ}'s- Similarly, Polyporus tumulosus oxidizes 2, 5- and 3, 4-dihydroxymandelic
s, which arise in this organism from 2, 5- and 3, 4-dihydroxyphenylacetic acids, to
#¥1tisic and protocatechuic acids respectively?®s. An interesting reaction employed by
lhl_s Organism is the conversion of 4-hydroxymandelic acid to 2, S-dihydroxymandic]fc
®Ud which is similar to the conversion of 4-hydroxyphenylacetic acid to homogentisic
N (Fig, 11).

A novel variant of the mandelate pathway occurs in Pseudomonas convexa (Fig. 10).
U bacterium fajled to oxidize both D- and L-mandelic acids dlr'ef:tl)_f, ;I;rough o
;sldl‘. Chain, but hydroxylated the L-mandelic acid to 4.hydm,xyn3andehc acid*®. Ma;d:
"“Hhydroxylase from this organism has been partially purified and shown 10 b

: 243, 244
» the fi : Jate is duteren
Empﬁyjn urther metabolism of 4-h)’dr0xymande iy eenihlate

hydrox 8 FAD and Mn?* as cofactors, a single enzyn;c siet
Y nandelat Jdehyde withou
hy e to 4-hydroxybenza e e s il
H:O,_m?benzo?lformatem. This enzyme utilizes molecular OXY

' as that observed in other
mgallism:e fate of *hydroxybcnzaldehydc is the same
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Fi1G, 11, MeTaBOLISM OF HYDROXYMANDELIC ACIDS IN MICROORGANISMS "
obacter NCIBS :

—Pathways demonstrated in Pseudomonas putida, Polyporus tumulosus, Acine!
and Aspergillus niger.

+ ——— —Pathways possible in Acinerobacter NCIB 8250,

——— —>Pathway possible in Acinetobacter NCIB 8250 and Polyporus tumilosis

. . —Pathway demonstrated in Polyporus tumulosus,
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LHydro <yphenylpyruvic acid. 2. Homoprotocatechuic ecid. 3, 4-H}rdr0xyphenylacetic acid
id.

‘. Homogentisi acid. 5. 4-Hydroxy-3-methoxymandelic aciq 6. 3, 4-Dihydroxymandelic zc; d
‘ _ : N . ’ zcid.
, 4Hydroxymandelic acid. 8. 2, 3-Dihydroxymandelic acid. 9. 2-Hydroxymandelic zcid 1]0

fsdroymandelic acid. 11. 4-H5fdroxy—?-methoxybenzoylfmmic acid. 12. 3, 4-Dihydroxybenzoyl-
g ocid. 13. 4.Hydrf3xybenzoy1formrc acid. 14, 2 5-Dihydr0xybenzoylfmmic zcid. 15
5 roxybenzoylformic acid.  16. 3-Hydroxybenzoylformic acid. 17. Vanillin. 18. Protocatechu a]_'
gyte. 19. 4-Hydroxybenzaldehyde. 20. Gentisaldehyde 21. Salicylaldehyde. 22. 3-Hydroxybenc

qgenyde, 23, Vanillic acid. 24. Protocatechuic acid. 25. 4-Hydroxybenzoic acid. 26. Gentisi
. 21, Salieylic acid, 28. 3-Hydroxybenzoic acid.

. Metabolism of phenylpropionic acids

(ison and Evans®® demonstrated the direct hydroxylation of phenylprepicnic acid
p melilotic and 2, 3-dihydroxyphenylpropionic acids. Subsequently, this pathway
wsshown to be operative in a Pseudomonas strain®” and an Achromobacter strain?4® 249,
Te enzyme which converts melilotic acid to 2, 3-dihydroxyphenylprepicnic acid has
ken isolated from Arthrobacter and shown to be a flavoprotein requiring NADH?25¢. 251,
Tus enzyme has also been isolated from a soil pseudomonad®2. While the Arthrobacter
azyme is of monomeric nature with a molecular weight of 65,000, that of Pseudomonas
s four subunits and a molecular weight of 250,000. Steady state kinetic analysis®?
eealed the operation of Bi Uni Uni Uni Ping Pong mechanism, which is similar to
tat shown in Scheme 1 for 4-hydroxybenzoate-3-monooxygenase reaction. With the
& of [3, S*H] melilotate, Strickland et al.2°® showed the occurrence of a primary kinetic
miope effect in the last reaction, viz., the reaction of substrate bound, reduced melilo-

m‘m"nwx}'genase with oxygen. There is no evidence for the existence of NIH shift
tring this reaction2s,

DEhYdmgenation of phenylpropionic' acid to cinnamic acid seems to occur In Nocardia
M. Decarboxylation of phenylpropionic acid occurs in some Systems. Thus, the

;mﬁon of 4-ethylphenol and 4-ethylcatechol from 4-hydroxyphenylpropionic®* and

’lq-fﬁhyd“""‘lf'l’h‘m3’1[31’0picmic:”"5 acids are instances of decarboxylation of phenyl-
opionate moiety, |

L, X
Metabolism of phenylpyruvic acids

o of the microorganisms non-oxidatively decarboxylate phenylpyruvate il

. ‘ Schizophyllum
0 ylacetaldehyde- Thus a Proteus sp.28, Achromobacter eur ydice®®, Schizophy

. . op207, 208
s&::]m:neun, some Clostridia?, Candida guilliermondii® and Aspergillus niger
0 ca

TTY out thj : -milar conversion in t
Pruvate ocy - this reaction. A similar con T T i, Micrococcus™ an r
Bacillyien Curs in Proteus vulgaris?®®, Clostridid™™,

. . M 2+, has
been purs The Phenylpyruvate decarboxylase, which requires d?‘; g and Mg
Purified from the cell-free extracts of Achromobacter euryaice=. .

he case of 4-hydroxyphenyi-

tion of te seems to OC
§ Ol phenylpyruvate to phenyllactai€ 10 o
d’hﬁphyum C"mm“"e?l{tu CIas'trfdr'qI;“‘ and Candida guilliermo T
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requires reduced pyridine nucleotide??®*. A similar conversion of *hydmxyp

vate to 4-hydroxyphenyllactate occurs in Proteus vulgaris®*®, Clostyigizem an dmyl
species?®”. The aromatic a-keto acid reductase has been purified from dog hears, .
fate of phenyllactate thus formed is not clearly understood. Though Tanak -
postulated the formation of tyrosol from 4-hydroxyphenyllactate in Proteys .
Gopalakiishna er al***® have failed to observe such a decarboxylation reacy;, ruis_
larly, p-coumarate formation from 4-hydroxyphenyliactate reported by Tanaka:l:;' ..
confirmation by enzymatic evidence. Based on labelled studies, Weatherston aﬂéa
proposed the conversion of cinnamic acid to phenethyl alcohol, vig

Phenyllactic
in the male bertha armyworm, Mamestra configurata®®®, yilactic xy

However, mammalian system prefers carrying out an interesting reactiop whic}
involves hydroxylation at 1-position followed by an oxidative migration of the s
chain to 2-position using the enzyme 4-hydroxyphenylpyruvate dioxygenase®, Th
peracid intermediate 4 depicted in Fig. 9 seems to be a probable intermediate during
the conversion of 4-hydroxyphenylpyruvate to homogentisate. At least in thi case,
there is evidence against the involvement of quinol as a free intermediate?% 2%, pe,
monas?-2%7 and certain fungi®®® also seem to effect this reaction. Recently, 4-hydrory.
phenylpyruvate dioxygenase has been purified to homogeneity from a Pseudomona g,
and shown to be a ferrous iron requiring enzyme with a molecular weight of 150,000
and four subunits.?6?

13. Metabolism of cinnamic acids

Hydroxylation of cinnamate at 2- as well as 4-positions occurs in Aspergillus nige™
and Rhizoctonia solani*?®, while Polystictus verisicolor?™ and Lentinus lepideus®™ oxdr
it to p-coumaric acid only. Though cinnamate-4-hydroxylase has not yet been isolatt
from any microorganism, it has been isolated from plant sources and identified &!
cytochrome P-450 linked NADPH requiring monooxygenase?™. Conversion o
p-coumaric acid to caffeic acid occurs in Lentinus lepideus®?, Streptomyces nfﬂffm'a"n
and Pseudomonas fluorescens®™. p-Coumarate-3-monooxygenase from Strepiom®
has been purified to homogeneity and shown to be a phenolase type of enzyme i
a2 molecular weight of 18,00027,

Side chain oxidations of cinnamic acid and its derivatives are well known. CE
acid itself undergoes oxidation to form benzoic acid in Nocardia opaca*®, Ust ilago ’forf:
Schizophyllum commune'®®, Sporobolomyces roseus™®®, and Alternaria™. Simil a"'
p-coumarate is oxidized to 4-hydroxybenzoate in Sporobolomyces roseus??, Alternd’

_ : : : ed 0
Rhizoctonia solani®™ and Polyporus hispidus?’?, while m-coumarate 1S tfanﬂf’r?: g0

3-hydroxybenzoate in Sporobolomyces roseus’?® and Alternaria'®. A It f”."‘""l'm&
oxidizes caffeic, ferulic and sinapic acids to the corresponding benzoic acids.
acid is oxidized to vanillic a.id oy Pseudomonas acidovorans also*™. s
- - = i .c
Zenk®*™ proposed B-oxidation type of reactions for the conversion of cm::r:: o™
to benzoic acids. This suggestion is in accordance with the results of Al
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CH3COOH
COSCoA
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_ 3-Hydroxy -3~ pheny!

Benzaldehyde »  propionyl CoA
|
Y COSCoA
COOH O 2000 S
y CH3COSCoA
. O
Benzoic acid lBenzoyl CoA Benzoyl acetyl CoA

A ﬁ-Oxidation type cleavage

FK:' 11\21 Mechanism of conversion of cinnamic acid to benzoic acid.
* NOn-Oxidative aldolase type cleavage.

Howmr, Toms and Wood?7?8, on the basis of their results,
Such a type ©

| ;
ind°l_a§° type cleavage as shown in Fig. 12. ¢ hispidus
s communis?®, potato tubers and Polyport Jlus pastorianus,

f reaction
277,

Redtuct ' - per of system? .1 e54, 885 Cinnamate
red‘-lt:tt‘s tlt(:n of cinnamate OCCIFS " -a aum umaric an caffeic acids™™ " - g vulgariS‘“’
e double bond of cinnamic, ‘f-:‘? Clostridia®® as well as Proteu

1 ;
b also occurs in Pseudomonas sp
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effect such reductions. The rat intestinal microflora reduce the double bond of
and p-coumaric, ferulic and isoferulic acids in vitro®®, Oy ;.

Non-oxidative decarboxylation of cinnamic acids is yet another route for .
metabolism. Saccharomyces cerevisiae?®® and Aspergillus niger:® decarl:u:nnqqmE:r .lh“'_
mate itself. Aerobacter aerogenes produces a constitutive decarboxylase which dmcm .
lates p-coumaric acid, caffeic acid and even ferulic acid.*®® An enzyme wjiy, the <o
substrate specificity has also been obtained from the fungus Cladosporium phleizss
decarboxylation proceeds by the retention of double bond geometry, probabl}:b

two step addition-elimination reaction?®’. ik

Coumarin is a good example for the occurrence of diverse pathways, Whj e
mammalian system hydroxylates it either at 3- or 7-position?®®, fungi convertin to 4-hydrory.
coumarini2® 28°. Melilotus alba, a higher plant®® and a strain of Pseudomonas® regy,
it to dihydrocoumarin. Coumarin reductase, which is specific for coumarin, has bes
partially purified from the latter source. Arthrobacter, however, hydrolyzes the lactone
to o~coumaric acid and reduces the latter to melilotic acid %2, The o-coumar
reductase utilizes NADH and is highly specific for the aromatic substratet® Ty
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 mon®
oxygenases. They have been extensively studied from mammalian sources®***. T
studies of Chandra and Vining2® suggest that in addition to bacteria, the ability to hydroxy-
late phenylalanine is widespread in microfungi, but is rare or absent in actimomycels
yeasts, and basidiomycetes. Phenylalanine-4-monooxygenase from Pseudomanﬂ?_’}ﬁ
been purified to near homogeneity and shown to require Fe?+ and NADH in addition
to tetrahydropteridine??6-2%8, It has a molecular weight of 27,000%*.

Attempts to develop a simple assay procedure, based on the release of tritiu® from
4-tritiated phenylalanine, led to the discovery of an unexpected phenomenod, best
termed as hydroxylation induced migration (*‘the NIH shift "), occurring durimg »
reaction®*®. The migration of deuterium®% 30L tritium?®® 302, chlorine®” and mﬂhi)t’ioﬂ
substituents from 4-position to the adjacent 3-position during hydroxylation at A S0
has been attributed to the formation of arene oxide intermediate.3® The mech
of the migration reaction is given in Fig. 14.

... . | | 1 . '. ! ﬁ‘ec“d
In addition to tyrosine-3-monooxygenase, tyrosine to dopa conversion 15 also cdopﬂ'

; - to

by _tyrosmase. But the latter enzyme catalyzes the subsequent oxidation of {101?:], i P"”d
quinone and further to melanin. This copper containing MonooXygenase is

Im bacteria, fungi, insects, marine animals, plants.and. mammals®®, |
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FIG. 14. Postulated mechanism for hydroxylation induced migration of a para substituent durig
phenylalanine hydroxylation.

(b) Decarboxylation

Decarboxylation of aromatic amino acids to form the corresponding phenethylamae
derivatives is common in mammals, plants and bacteria3??. By this process, the synthes
of a number of alkaloids in plants and neurohormones in mammals is initiated. B
doxal phosphate is essential for this reaction3?®?,

(¢) Cinnamic acid formation

L-Phenylalanine ammonia-lyase, first characterized by Koukol and Conn™, Famﬁ:
the non-oxidative deamination of L-phenylalanine to form frans-cinnami acid. :ﬂ“
widespread in plants, certain basidiomycetes and fungi imperfecta but is rare o ab .
in bacteria, algae and mammals®®, While Havir et al.%'° have provided ?wdcnc;iz
the deamination of both phenylalanine and tyrosine at the same active SIt¢ of D47
enzyme, there is evidence, at least in some systems, for the presence of two enZ)’;?
one specific to phenylalanine and the other, to tyrosine and phenylalanine’”- Pheny*™

: ; _ . jght a0 2
nine ammonia lyase from different sources possessesvery high molecular welg:zl o I8
several instances shows non-Michaelian kinetics30% %3, 313, It follows an Of

_ _ for®®
Bi mechanism with the release of cinnamate as the first product and the °ngem:egﬁﬂl
a dead end complex with cinnamate®®®, Studies on the stereochemistry ob (iminst®®
revealed the removal of Pro-3S hydrogen and the 2-amino group by 2 e

mechan ism3!4,
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@) Oxidative deamination

Both D- and L-amino acid oxidases which catal
and tyrosine 10 the respective phenylpyruvic acids
systems including mz_lmmalian liver and kidney,
These flavoprotein oxidases utilize molecular oxygen
acid, ammonia and hydrogen peroxide®s,

yze the conversion of phenylalanine
are known to occur in a number of

microorganisms, plants and insects.
and substrate, and produce pyruvic

(©) Transamination

Transaminases are of widespread occurrence in nature. Almost all transaminases follow
a Ping Pong Bi Bi mechanism. They are all PALP-dependent enzymes.®® An inducible

phenylalanine amino-transferase with broad substrate specificity has been partially
purified from Achromobacter eurydice®”.

Table 1I

List of reactions catalyzed by f-tyrosinase’®, 3%
%, f-elimination

A. L(D)-Tyrosine + H,0 — Pyruvic acid + Phenol + NH,

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

C. S-Methyl-L-cysteine + H,0O — Pyruvic acid + CH,SH + NH,
D. L-Cysteine + H,O — Pyruvic acid + H,S + NH,

i . . —
e,
i ——r——-

f-replacement reaction

L (D)-Tyrosine + Catechol — L-Dopa + Phenol

L (D)-Serine 4+ Phenol - L-Tyrosine + H;0

L (D)-Serine + Catechol - L-Dopa + H,0
S-Methyl-L--Cysteine + Resorcinol — 2, 4Dihydroxy-L-
S'MEthYI-LCstteine + Pyrbgallol - 2,3, 4-Trihydroxy-L-

Phenylalanmne + CH,SH
Phenylalanine + CH,SH

'}"“P:F‘Ji”?”

Racemization

L oL (D)-Alanine ~ DL-Alanine

o ——
N

Reverse @, B-elimination
K Pyruvic acid + Phenol + NH, = L-Tyrosine + H.O
L. Pyruvic acid + Catechol + NH, — L-Dopa + a0

Pk acid + Cahol + N, LD RO
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(f) N-Hydroxylation

In plants, occurrence of N-hydroxylation has been shown. Availabje evidence
that N-hydroxylation is the firststep during the biogenesis of cyanohydrins glsusg;u
lates, and tyrosol derivatives®8 319 » BlUcosipg,

(g) Cleavage of the phenylpropane side chain

B-Tyrosinase which catalyzes the conversion of L-tyrosine into phenol, pyruvaie
ammonia was first discovered by Kakihara and Ichihara3®2® and later extensively stuma‘:
by Yamada’s group®. It is also called tyrosine phenol-lyase and has beep Obtaineg
in crystalline form from Escherichia intermedia®®* and Erwinia herbicola®s, contags
two moles of PALP per mole of enzyme®? and catalyzes arange ofa, B-¢liminatigg
(A-D), p-replacement (E-I), racemization (J) and reverse &, pS-eliminatiop (K, 1)
reactions®®» 3¢ (Table II).

Out of 646 strains of bacteria, 140 strains of yeast, 138 strains of fungi and 117 straips
of actinomycetes tested, only bacterial strains, mostly belonging to the Enterobacteria
ceae, especially to the genera Escherichia, Proteus and Erwinia, were found to posses
B-tyrosinase activity®®. The initial reactions involved in the transformation of phen
alanine and tyrosine are depicted in Fig. 15.

15. Aromatic ring cleavage

From the foregoing discussion, it is apparent that the degradation of aromatic com:
pounds leads to the formation of dihydroxyphenols as the terminal benzenoid com
pounds. Dioxygenases initiate the degradation of such compounds by cleaving te
aromatic double bond which may be located either between the two hydroxylated carbat
atoms, or adjacent to a hydroxylated carbon atom, or in an indole ring (Fig. 16 )
With substituted catechols, multiple modes of cleavages depicted in Fig. 165 ar
possible. A variety of substrates are available for ring cleavage and some of the reac

tions will be summarized below.

(a) Gentisaldehyde

During the conversion of gentisaldehyde to patulin (Fig. 5) by P e""_"fﬂfm‘ 1,4,'
a dioxygenase has been encountered which converts gentisaldehyde nto 3-formy
hydroxy muconic semialdehyde.®

(b) Gentisic acid

" n by
Oxidation of gentisic acid by cell-free extracts of a Pseudomonas sp. wWas ﬁ’;i;:;:,mﬂf

Lack®¢ and later by Sugiyama et a/®?. Gentisate-1, 2-dioxygenase from Crawfﬂfd
requires Fe*+ for activity and is highly specific towards its substrate. Recentlg,4 - huni®
et al. have isolated the enzyme from Moraxella osloensis®8. It is mace up ﬂthe enzy®

of molecular weight 40,000 each. Ferrous iron is absolutely essential for
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FiG. 15, Initial steps in the degradation of phenylalsnine 2nd tyicsine.

activity. The homogeneous enzyme attacks a number of halogen and alkyl substituted

gentisic acids. Such a non-specific oxidation also occurs in the casc of a Pseudcmonas
Sp_?ﬂ

Maleylp}’ruvate, thus formed, undergoes isomerization to fumarylpyruva.te which is
then hydrolyzed to fumarate and pyruvate®*. However, in some organisms it undergces

direct hydrolysis to give maleate and pyruvate™ 9,

(c) H omogentisic acid
72-dioxygenase has been demenstratcd in Pscudc-

The occurrence of homogentisate-1, . e e acys
Monas?e, 265, 331 Yibrin332, Bacillus®®, Moraxella®®, plants®*!and mammalian systems :

LISc—11
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It requires Fe?+ and intact sulfhydryl groups for acti'v:ity. The dioxygenase naty

the enzyme has been established by **O, and H,'%0 studies®®, The enzyme frop p, € of
monas fluorescens has been purified to homogeneity and crystallizeds Whileudo-
bacterial enzyme has a molecular weight of 380,000%%, that of mammalian, has 254,030it

Most organisms convert maleylacetoacetate formed by the action of homo
dioxygenase into fumarylacetoacetate and hydrolyze it to fumarate and ace
However, a novel variant of this pathway occurs in Bacillus sp. where maleylace
is directly hydrolyzed to maleate and acetoacetate®®®. The metabolic transfor
gentisic and homogentisic acids are given in Fig. 17.

gentisaje
Oacetate,
tO&Cemt
mﬁtiﬂl]s of

(d) 3-Hydroxyanthranilic acid

Oxidation of 3-hydroxyanthranilic acid to 2-amino-3-carboxymuconic semialdehyde js
an important reaction leading to the biogenesis of pyridine nucleotides. Most of e
earlier studies on 3-hydroxyanthranilate-3, 4-dioxygenase were carried out with partially
purified preparations. Recently, it has been purified from beef kidney*?. Itisa singk
subunit protein with a molecular weight of 34,000 and readily aggregates to form appa
reatly inactive, high molecular weight oligomers. Fe?+, 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 [l
demethyltomamycin in Streptomyces achromogenes®!. Occurrence of dopa dioxygenass
seems to be frequent in the case of higher plants. The betalamic moiety of the brighfl!‘
coloured betalain pigments, which are widespread in Centrospermae, seems 10 an<
from dopa by an extradiol ring cleavage followed by ring closure reactions as-shm
in Fig, 18%% 343 §tizolobinic acid and stizolobic acid, new type of heterocyclic nor
protein amino acids found in Stizolobium hassjoo and related plants, arise from dopé
by extradiol cleavage reactions (Fig. 19)3*4. Recently, the enzyme system converting dop
to stizolobinic and stizolobic acids has been obtained from the cell-free extracts of th;
etiolated seedlings of Stizolobium hassjoo®® and shown to utilize molecular oxygen !
reduced pyridine nucleotides for the reaction.

(f) Caffeic acid

: " : wn of
Seidman ef al*™ have isolated a dioxygenase from Pseudomonas fluorescens gm
p-coumaric acid, which cleaves caffeic acid by an intradiol fashion (Fig. 20).

(8) 2, 3-Dihydroxyphenylpropionic acid

_ . from
Dagley ef al2*®.2% have partially purified a ferrous iron requiring dioxygena> 5

. 0
Achromobacter grown on phenylpropionate, which cleaves 2, 3-d1hydr01yphen}'lp
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Fi6.18. Mechanism of betalamic acid formation from 3, 5'-ditritiated tyiosine.

2, 6-dioxo nona-4-en-1, 9-dioic acid

(Fig. 20).

(h) Homoprotocatechuic acid

HomGPmlocatechuate-L 3-dioxygenase was first demonst

" Pseudomonas ovalistes, Subsequently, thi

8nd crystallizeqs, 47, The crystalline enzyme
tontaing

ated in the cell-free extracts
s enzyme Wwas purified 1o homogeneity

has a molecular weight of 140,000 and

4-5 gm atoms of iron per mole of enzyme. Besides homoprotocatechuate, a
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Fig. 19. Biosynthesis of stizolobinic acid and stizolobic acid from 3’, 5’-ditritiated L-Tyjosine,

number of 4-substituted catechols are attacked, but to a lesser extent, by the enzyme.
The holoenzyme consists of 4 identical subunits of molecular weight 35,000%. Thoug
the iron atoms in the native enzyme are not detectable by ESR, a signal atg =4}
characteristic of ferric ion, develops when excess substrate is added under aerobi
conditions. When the oxygen is used up, the signal disappears ; when catechol, a slowly
reacting substrate, is added to the enzyme under aerobic conditions, a sharp signal a
g =43 and a deep violetcolour appear. These changes are attributed to the fom#
tion of a ternary complex of the enzyme iron, substrate and oxygen3?, Thisenzyme hai
also been purified from Bacillus stearothermophilus®' and Arthrobacter™>.

A different mode of mera cleavage is observed in Pseudomonas sp®®. The partill
purified enzyme from this organism requires Fe2* for activity and cleaves hon®
protocatechuate between C—4 and C-5. Subba Rao et al.%* have partially purifit!
dioxygenase from the fungus Tilletiopsis washingtonensis which cleaves homoprotoc®
chuate by an intradiol fashion (Fig. 20). This enzyme exhibits a broad substra¢
specificity and attacks protocatechuate, homoprotocatechuate, 3, &dihydroxymndem"'
caffeate, 3, 4-dihydroxyphenylpropionate and dopa in the decreasing order.

(i) Methyl catechols

, l
Pseudomonas desmolyticum oxidizes 4-raethyl catechol by an extradiol proximal :153(*1‘2:'f
as an intradiol cleavage mechanism®®, Pseudomonas B13 grown on 3-ch|03'0bf';eam
while cometabolizing 3-methylbenzoate develops a less specific dioxygenase Whl"} Et o
both 3- and 4-methyl catechols by an intradiol cleavage mechanism™ In 15
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. *heptadienoic acid, 15. 2-Methyl-cis, cis-muconic acid.
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purified catechol-1, 2-dioxygenase from Brevibacterium fuscum catalyzes th

, e .
of 3- and 4-methyl catechols to the corresponding muconic acid derivat; COnvergjo,

veshs

However, many organisms seem to oxidize methyl catechols by an extra
cleavage. Formation of an yellow coloured compound during the oxidat;
catechol was attributed to this type of reaction®. 8% 38 The product was idenis
be 2-hydroxy-6-0x0-2, 4-hepta dienoic acid by Catelani et a/35, A P.S'eudl ¢d tg
strain®e 83, Pseudomonas arvilla®", Pseudomonas putida® and Bacillus stearoﬂrerm; ’:‘;nm
oxidize 3-methyl as well as 4-methyl catechols in this way. The crystalline c;ﬂ I[!]u“
2, 3-dioxygenase from Pseudomonas arvilla catalyzes the extradiol proximal *::I':a,,f:c ol}
a number of 3- and 4-methyl catechols®®!. It is interesting to note the oxidatiog: 0[
3-methyl catechol occurring at the same site, on catechol-], 2-dioxygenase through:,
intradiol as well as an extradiol proximal cleavage mechanisms?e2,

On the contrary, Hashimoto%- 7® has observed the extradiol distal cleavage of
4-methyt catechol by yeast strains (Fig. 20).

(j) Pyrocatechuic acid

Ribbons first reported the oxidation of pyrocatechuic acid to pyruvate, acetaldehyde,
formate and carbon dioxide by a battery of inducibie enzyme systems in Pseudomonas
fluorescens®®. Subsequently, the dioxygenase which requires Fe2+ was isolated and the
products of the reaction were identified to be 2-hydroxymuconic semialdehyde and carbon
dioxide®*. In order to elucidate the site of ring cleavage, Ribbons and Senior used.
2, 3-dihydroxy-p-toluic acid, a non-immducing substrate analog for the dioxygenase and
showed the ring fission at 3, 4-position on the basis of 2, 6-dioxo heptanoic acid forma-
tion36

Simultaneously, Madhyastha e /.35 showed the oxidation of 2, 3-dihydroxy-p-cum
acid and pyrocatechuic acid by a soil psuedomonad grown on p-cymene by a mel¥
pyrocatechase type of reaction. These authors postulated a ring fission between C-]
and C-2 of pyrocatechuate based on the formation of S-isopropyl pyruvate and acetal
dehyde from 2, 3-dihydroxy-p-cumate®®, However, Pseudomonas putida PL strain, g%
on p-cymene, oxidized 2, 3-dihydroxy-p-cumic acid to 2, 6-dioxo-7-methyl oct-4¢1
azid®®. Formation of this product could be accounted for only by ring fission (3

and C-4 of pyrocatechuic acid moiety.
3

Recently, a dioxygenase from Tecoma stans has been isolated in this laboratory”f"lr
which cleaves pyrocatechuic acid to give 2-carboxy-cis, cis-muconic acid. Interesting }S'
thi.s enzyme seems to require copper and not iron for activity%8, Oxidative degradatic’
of pyrocatechuate and its derivatives are illustrated in Fig. 21.
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Pe. 21. Oxidation of pyrocatechuic acid and its derivatives.

(k) Protocatechuic acid

s the conversion of protocatechuic acid

died from a number of MIicToorganism,
374

Prntocatechuate-3, 4-dioxygenase which catalyze

mio 3-carboxy-cis, cis-muconic acid, has been stu

melud; : : : icus®?8, Nocardia
icluding soil bacteria®®, Pseudomonas®®=*", Acinetobacter calcoaceticus™=,

5 : 872 ‘ cters™
Newospora1?2: 375 and Tilletiopsis washingtonensis*”. Pseudomonass™and Acinetoba

“azymes have been purified to homogeneity ; the dioxygenase has been crﬁtalliz? ;iog
e former source. While the enzyme from these sources has as:lnole;h 3‘11'_0}( genase
100,000, P. putida enzyme has a molecular weight of 420,000 only"™- on engh

- _ ; : h sub-
“ntains 8 gm atoms of iron per mole and appears 10 consist c:'rf eight subunltt;, zi:lsist of
Unit having one substrate binding site®”®. These subunits in turn seemm

: s tightly bound,

four smajler subunits of two non-identical types (22F 2):,:77_ TCI:-e ';rosni; theg pr:sence of

Ut can be removed by extensive dialysis under anaerobic conditl tl'lmted by incubating
*phenanthroline and dithionite. The holoenzyme can be Fecotor

- ol lysis revealed the
apoe : Lt o378 eady state kmnetic ana '
poenzyme with Fe?+ and dithiomite” - > h ti:.e e rmation of a tertiary complex

hanism and the
Y the addition of substrate first followed by OXY‘Bcn”" The ab;vﬂeol:f::m&:ﬁesaso'
ary Complex formation have also been established by stoppe
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The enzyme is red in colour and shows broad absorption from 400 (¢ g5
tion bleaches the colour and on reoxidation, the colour reappears3™, j; hasg anm. Redi,
signal at g = 4-31, which diminishes on addition of substrate under anaergp;, Z:ag’ ES
nd;

These results are attributed to the presence of ferric iron whose ligand fielq X tions
a

by the addition of substrate®?. et

The dioxygenase, in which cobalt substitutes for iron, has been obtaineq by erow:
the organism on a mediumcontaining cobalt in the place of iron. The cobaly coft:m
(g

enzyme has catalytic properties similar to that of iron contaming enzyme, put differs
the latter in its spectral and ESR properties®®.. 0

Protocatechuate-4, 5-dioxygenase was the first mefta cleaving dioxygenase to p
characterized®. [t was purified from Psewdomonas testosteroni and shown tg attack
gallate and 3-0-methylgallate as well*®. Hayaishi’s group®®® have purified this enzyp,
to near homogeneity. It has one gm atom of iron per mole of enzyme (moleculs
weight 150.000). Although the enzyme is highly unstable, it can be stabilized by 10,
ethanol. Rapid inactivation during catalysis®®? *#3 is prevented by L-cysteines® 1},;
inactivation could be due to the removal of iron, as the external addition of ferron

iron, fully reactivates the enzyme®83,

Zabinski et al.3® 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 atg = 4-3 which is typicl
of a high spin ferric iron. Mossbauer studies on 37Fe?+-reconstituted enzyme mdiczt
that either the iron atoms are in a low spin ferrous state or the enzyme has two actie
sites, each containing two anti-ferromagnetically coupled high spin ferric ions®.

A new dioxygenase, which oxidizes protocatechuate by extradiol proximal cleavag
has been obtained from Bacillus circulans recently, and is shown to have a narov su
strate specificity?®. All the three modes of ring cleavage of protocatechuic acid ar
depicted in Fig. 22.

(1) Catechol
first enzy®

Catechol-1, 2-dioxygenase (Fig. 22), also called pyrocatechase, is the g 35
p. ariville™

shown by %0, studies to be dioxygenase®®, It has been purified from g
P. fluorescens’®, Acinetobacter calcoaceticus®® and Brevibacterium fuscum™- o
monas and Acinetobacter enzymes have molecular weights of 90,000 and tW0 gon 40
of iron per mole of enzyms, while Brevibacterium enzyme has a molecular weight of ;eﬁ"
and one gm atom of iron. Even the substrate specificities of Pseudononas an o
bacterium enzym:s are different. The former has a narrower specificity than HE la{adial
Pseudomonas enzyme catalyzes not only the intradiol cleavage, but also aﬂ. extr fur"
clzavage, whan 3-m:thylcatechol is used as a substrate’2, However, Brevibacte"
cnzyms cleaves this substrate only by the intradiol cleavage®®.
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d. The enzyme shows a sharp ESR

Both the apoenzyme and
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signal at g = 4-28, characteristic of Fe®*. Addition of substrate under anae
tions results in the disappearance of this signal which may be due to the
ferrous ion. The signal reappears when oxygen 1s let 1IN 350, 330

fmm&ti(}n of

Catechol-2, 3-dioxygenase (Fig. 22), also known as metapyrocatechase, Was {h
first dioxygenase to be obtained in pure crystalline form®.  Low concentraigy,
organic solvents such as ethanol and acetone stabilize thf: enzyme. It has a pg
weight of 140,000 and seems to be made up of 3-4 subunits, each having one gm atgy
of iron32 262 [t exhibits rather a broad spzcificity and attacks a variety of ¢3

tEﬂholg_H
CH3 CH3 CH3
OH 0
— —— COOH
HO OH HC OH 0 0
Orcinol 2,3,5 -Trihydroxy - 2,4,6-Trioxo-
toluene heptanoic acid
OH CHO
TR R— ——
MO OH HO OH HO~ N7 N0
Resorcinol Hydroxyquinol 2,4-Dihydroxy

muconic semialdehyde

/ l CHj
# ~COO0H
COOH

Quinol Maleylacetic acid

OH 0

OOH

Q

HO

<%

_Trioxo - 3,7 -dimethyl
2,4,8 ianoic deid

OH

OH OH OH

e
,
]

G-

Thymol Thymogquinol S-Hydroxythymﬂq“'m'

F1G. 23. Metabolism of orcinol, resorcinol, quino] and thymol,
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eady StALE kinetic analysis reveals the operation of an ordered B
ich the organic substrate coml:_nru?s first with the enzyme followed by oxygend®, It
- colourless and shows neither significant absorption in the visible range nor any ESR
Fsigﬂa‘ ot around g =43 'However, H,0, treatment_ results in an inactive enzyme
hich sbows 2 broad ESR signal at g = 4*?, characteristic of ferric iron. These results
gre consistent with the fact that the iron in the native enzyme is present in the form
of ferrous ion**.

t Uni mechanism in

im) Miscellaneous compounds

qudies on the mztabolism of syringic and gallic acidsin P. putida reveal the presence
of wo gallate dioxygenases, one specific for gallate and the other attacking both gallate
- 3.0-mathylgallate®®®. The former is present in gallate grown cells while the latter
Fencountered in syringate grown cells. Both open up the aromatic ring of gallic acid
1t 3, 4-position 1o give 2-hydroxy-4-carboxy-cis, cis-muconic acid (Fig. 22). Interest-
ih;gjy, the protocatechuate-4, 5-dioxygenase also attacks gallate at the same position3®.

I' Although two hydroxyl groups are sufficient to labilize the aromatic ring, some com-
wunds seem to undergo hydroxylation reaction to form trihydroxyphenols, which are
Ethen cleaved. Thus, P. putida hydroxylates orcinol as well as resorcinol to the corres-
wnding hydroxylated products, and then oxidizes them®®, While hydroxyquinol under-
’pes both ortho and meta cleavage reactions depending upon growth conditions, tri-
hydroxytoluene undergoes only meta cleavage®®. Similarly, during the metabolism of
tymol, hydroxylation of thymoquinol occurs®®. The product. hydrcXythymoquinol
s the substrate for ring cleaving enzyme®®. Hydroxylation of quinol followed
by intradiol cleavage of hydroxyquinol has also been reported™®”. The metabolic trans-

:hfﬂrmations of orcinol, resorcinol, quinol and thymol are given in Fig. 23.
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