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Abstract

The initial reactions involved in the degradation of aromatic hydrocarbons such as benzene, naphtha-
lene, toluene, xylene, biphenyl, benzopyrene and benzoanthracene are discussed. The mechanism of
oxidation of indole and pyrazon are described. Double hydroxylation reactions of benzoic acid,
fofuic acid, cumic acid and phthalic acid as well as the metabolic fate of aniline and anthranilic acid
are illustrated. The enzymes involved in the double hydroxylation of the compounds in bacteria have
teen compared with those of the fungal system. The classification of oxygenases has been altered to
define appropriately the double hydroxylating enzymes of the bacterial and fungal systems.

Rey words : Double hydroxylations, aromatic hydrocarbons, benzoic acids, anilines, microbial meta-
bolism.

l. Introduction

Oxygenases, which fix molecular oxygen into substrates, are widely distributed in nature
and are generally involved in the metabolism of a variety of compounds. They partici-
Pate in the biosynthesis and degradation of many metabolites, ranging from amiro acic}s
and lipids to porphyrins, vitamins and hormones. They also take part in the metabolic

disposal of g variety of drugs and foreign substances.

In general, oxygen-rich compounds such as carbohydrates are not favourable sub-
strates for oxygenases because these compounds usually have many reactive groups con-

taining oxygen, such as hydroxyl, carbonyl or formyl and they do nof need to be oxyge-
’ ds are often meta-

nated further. On the other hand, lipids and aromatic compoun -
o by oxygenases, presumably because these compounds are generally oxygen-den-
biologically active or more soluble

cient and need t .
0 be oxygenated in order to become _

¥ f lipids and aromatic compounds,

ather than water. In contrast

'm" ‘l\’ater. Yet, because of the hydrophobic nature 0
Olecular oxygen is the preferred hydroxylating agent r

Purines and pyrimidines with their hydrophobic ring systems, are usually hydroxylated

Oy the addition of water, followed by dehydrogenation.

y serve as a useful

i metabolism ma
s The map has been

The part ' ]
played by oxygenase in phenylalanin ;
mple to demonstrate their physiological significance (Fig. 1)
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F1G. 1. Metabolism of phenylalanine.
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This figure is an illustrative example of the role of oxygenases in the metab

Bold arrows represent enzymes catalyzing oxygenation reactions.
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orked out by several groupstof mvesti_gators using various biological materials, namel

sants. animals as well as microorganisms. The map includes not only man’y degrz:
dative Processes; but also biosynth?tlc Pathways of physiologically important compounds
Itis apparent that most of the oxidative steps are catalyzed by oxygenases rather than.

by oxidases OT dehydrogenases.

Oxygenases are classified as shown in Table |}

Table I

Classification of oxygenases

Oxygenase

A. Monooxygenases

|. Internal monooxygenase

1 External monooxygenase
(a) Pyridine nucleotide-linked flavoprotein

(b) Flavin-linked hemoproteins
(¢) Iron sulfur protein-linked hemoprotein
(d) Pteridine-linked monooxygenase

(e) Ascorbate-linked copper proteins
(f) With another substrate as reductant

B. Dioxygenase

L Inttamolecular dioxygenase
(@) Hemoproteins
(b) Nonheme iron protein
(¢) Copper protein
(d) Flavoprotein

2.
Intermolecular dioxygenase

3 Miscellaneous

Cleava - ht of as the most important
ge of th - . . lways been thought €
e benzene nucleus has alway stabolism of 2 number of

unCti{}n ; - h
of dloxygenases However, recent studies on the m

3 L] . . ¢
“mpounds jp microorganisms have shown the existence of another class of dioxygenases

:hmh Cairy out the double hydroxylation of the benzene ring, thus p_rcparing an z:lx:;)lmdanf
veeus for attack by ring fission dioxygenascs. The compounds which undergo dihydro
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xylation include hydrocarbons like benzene, naphthalene
threne, benzopyrene, toluene, xylene, biphenyl, aromatic acids like ben- Pyrene, Pher,
acid, toluic acid, cumic acid, and aromatic amines like “N20ic 3Cid,ph

* - aniline, =
the recently studied herbicide, pyrazon. ® anthrapif, g

Some of the double hydroxylating enzymes from bacteria Jik
and benzoate oxygenase were discovered much earlier, .
classified under ‘ Miscellaneous’ as shown in Table I. However, wity thes Bave by,
covery of new enzyme systems catalyzing similar dihydroxylation C rtecent gy

€ anthranilate 1
|

: _ ) reactions this clag
dioxygenases requires to be separately classified. The classificatiop of dio ;
shown in Table I can be suitably altered to include the dihydroxy[ating dj:mw‘
as follows : R
Dioxygenases
v \
¥
Intermolecular Intramolecular

S\

Ring cleaving Ring hydroxylating

a. Hemoproteins Ex : Anthranilate
b. Nonheme iron hydroxylase (bacteria)
proteins

c. Copper proteins

d. Flavoproteins

Excellent review articles on various aspects of oxygenases that Pfeselt‘; afjﬁﬁ
account of their catalytic and biological functions are available?™™. in ria i
pages, discussion will be focussed on the recent developments 10 the &
hydroxylating dioxygenases from microorganisms.

2. Dihydroxylation of aromatic hydrocarbons

: The
Aromatic hydrocarbons are found in nature as constituents OF, l..oss"{u:]l:;tcrﬂ
metic fraction generally constitutes less than 20% of total composition zydfomrbon |
Though it has been known for many years, that certain aromaf;(cnown 0
. substrates for bacterial oxidatior, the number of different structures - .
to microbial degradation represent a very small percentage of _t!w a.ﬂ:l Oramma!ic b
Ranging from benzene to the polynuclear benzopyrene, the ut{llzat]l;
carbons by microorganisms has received much attention during . 4 by 3 mechans®
emerged that the degradation of aromatic hydrocarbons is initi2e ) so far 88 bo
differs from that of any monooxygenase reaction known t0 date,
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atoms Of molecular oxygen are incorporated simultaneously into the substrat

hydroxy! gmupsn,lz_' It appears that one molecule of OXygen is added to e'thr:lS .
matic ring to form a dioxetane intermediate and that the NADH required in th d'; dro.
xylation 18 utilized for reducing the dioxetape to a dihydrodiol. Ver fefv o
systems that catalyze the initial oxidation reaction mentioned abm:'e haveybeen Fﬂ?:n ;
and studied. However, a number of intermediates isolated in recen’t years clear;m'lal e
trate the involvement of such enzyme systems in the oxidation of a number of arz;al:;;;
compounds. In the following pages, the dihydroxylation reactions of aromatic hyd
carbons will be discussed. e

Dikydroxylation of benzene

The bacterial oxidation of benzene appears to be confined to those species which are
capable of forming the enzymes of the so-called aromatic pathway. The first step in
the oxidation of benzene and other compounds is apparently unique and can be carried
out only by a limited number of species. In the case of benzene, the enzymes for its
degradation are inducible. Two organisms, a strain of Pseudomonas and Mycobacterium
species capable of utilizing benzene as sole carbon source were isolated from soil by

enrichment culture techniquel.

For many years, it was assumed that benzene is oxidized by bacteria through phenol.
Park and William!2 showed the conversion of benzene to catechol without the inter-
mediate formation of phenol. Haccius and his groupl% 13 isolated an organism capable
of oxidizing benzene to catechol and identified it as Nocardia corallina. Nakajuna and
Toida!® and Mair and Stonel3 proposed a hypothesis that dihydrodiol is an intermediate

In benzene degradation.

Gibson and his associates!” 18 proposed a pathway for the degradation of benzene
which involved a hypothetical cyclic peroxide intermediate. In mammalian system,
€poxide is the proposed intermediate and trans-1,2-dihydro-1,2-dibydroxybenzene, the

identified metabolite!®>. The <cheme for the oxidation of benzene by bacterizl and
Dammalian system is shown in Fig. 2.

Further Gibson et g/.292! showed that appropriately induced cultures of Pseudomonas

Putida oxidize benzene and ethylbenzene at equal rates. A mutant strain of this orga-

: ‘ : -3,5-diene in
fism when ulated  cis-1,2-dihydroxycyclohexa-3, |
grown on benzene accum ’ a synthetic sample of cis-

the med: identical with
edium. The product was found to be 1d ox;gen showed the incorpo-

1,2-dih - : ith isotopic

»<dihydroxycyclohexa-3,5-diene. Experiments with 1 P! ; o
fation of bt::athy the atoms of molecular oxygen into c;s-l,Z-d:hyfifoxy -
' ‘ benzene utilizing Moraxella, B,

€ne. The ispllgies Linay
3 so Jsolate be |
same compound was also of oxygen were shown to mcorpqrﬁtfd
the initial

by Ho :

: gn and Jaenicke22. Both the atoms

Mo the above compound, simultancously. The above rcsult;. sufg:; t:i?)txygenation.
*®action in benzene oxidation by Pseudomonas and Moraxella, 1nvoly
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FiG. 2(b). Suggested functions of components of benzene dioxygenase system.

Though the intermediate metabolite in the oxidation of benzene b i
identified, the conversion could not be shown in a cell-free system fof E:i Em y
Washed cell suspensions of Pseudontonas putida were used to study benzen® -
and were shown to require NAD, Fc¢2+ ard L-cysteine for maximum
initially suggested that benzene oxygenase is made up of at least two Pro™ hly peciﬁc
Hogn and Jaenicke22 showed that a cell-free extract of Moraxella s 18
for the oxidation of benzene and requires catalytic amounts of NADH for-

g fime

-
w
L
L]

was
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This 1S regenerated during the course of the reaction
c),.‘;1.:,11‘:;xadien<=:cli4:Jl to catechol. The dioxygenase was
icon in the form of strongly bound Fe2+,

by the dehydrogenation of cis-
also shown to contain nonheme

Benzene oxygenase was obtained in a pure form from Pseudomonas grown on benzene
a5 sole carbon source, by Axcell and Geary23, The enzyme system was shown to
consist of three proteip components and catalyzed the conversion of benzene to cis-
1,g.dihydroxycyclohexa-3,S—diene. The three components of benzene oXygenase were
designated as component A, A; and B. A; was shown to be an iron-sulfur protein
with a pair of antiferromagnetically coupled Fe3+ afoms. Compornent A, was found
to be a flavoprofein and B was shown to be a small, relatively stable nonheme iron
protein. All the components were necessary for the enzyme aclivity and absence of
any one of them resulted in total loss of activity. It was suggested that some organi-
zation of the components and cofactors is necessary for catalysis. The electrons from
NADH are transferred to component A, with the concomitant reduction of bound FAD.
The electrons are then transferred to component B and then to component A;. Thest
transfers are effected by Fe3* to Fe2+ shuttle of the bound nonheme iron in the compo-
nents B and A,. The electrons are finally transferred to benzene which is converted to
cis-benzeneglycol with the incorporation of both the atoms of molecular oxygen. The
schematic representation for the organization of the components of benzene oxygenase
s shown in Fig. 2. The next enzyme in the sequence, cis-benzeneglycol dehydrogenase
has also been purified to homogeneity by Axcell and Geary24. The enzyme was shown
to be specific for the cis-isomer of its substrate and required NAD* as hydrogen
acceptor, Fe2+ and reduced glutathione for activity. The reaction catalyzed by
dehydrogenase is shown in Fig. 2.

Double hydroxylation of naphthalene

The conversion of naphthalene to 1,2-dihydro-1,2-dihydroxynaphthalene and then to
L,2-dihydroxynaphthalene which undergoes ring cleavage, has been shown by §everal
groups of workers, in differert microorganisms25-3. It was known that during the
Mammalian oxidation of naphthalene, the hydrocarbon is first converted to an arene
Oxide by the cytochrome P-450 monooxygenase system3?-41.  Non-enzymatic :jsomer:-
2ation to naphthols, reaction with cellular nucleophiles such as glutath:o:::e :':ml e:azg‘-
matic hydration to rrans-l,2-dihydro-1,2-dihydroxynaphthalene are the prmcijp'etl1 ;rox
tions of the arene oxide. The dihydrodiol ie further oxidized ttzI E (l:; nigliz};
“mMpound3% 42, A similar sequence of reactions was recently propose Vaiious hor
and Gibson43 for the oxidation of naphthalene in Cunnfnglrameila elegans. by hepatic
fungi are also known to produce phenolic metabolites similar to those formed by

Microsomes#, 45,

as metabolites in mammals initially

e uniform oceurrence of trans-dihydrodio® hydrocarbons through trans-dihydro-

SUggested that bacteria may also oxidize aromatic
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diols. Earlier workers also reported that naphthalene and gyt
oxidized through frans-dihydrodiols?5. 4%, Contrary to the above syppa
cells and cell-free extracts of Pseudomonas metabolized the cis-isomer ‘;%E@tm!}s,
1,2-dihydronaphthalene at a much faster rate than the frans-isomer4?, Rag; l.Z:dlhydmxy_
experiments with 14C-naphthalene further confirmed the formation of c,-s_i‘:aﬂwe.n .
organisms unlike the occurrence of trans-isomer in higher Organismsés ‘O;Befmmicm
using radioactive naphthalene resolved the isomer by thin layer Chro;n €Tina of 44
showed that several strains of bacteria produced only the cis-isomer,
reported to be found in microorganisms by earlier workers was com
Using a mutant Pseudomonas, the intermediate was isolated and ide
1 (R), 2 (S)-dihydro-1,2-dihydroxynaphthalenes®.

stituted naphthalenesw
o

p!etely ruled WL’
ntified as (4) g

Naph@alene oxygenase, Ehe first enzyme in the naphthalene pathway was reporteg 1
be coordinately induced with other enzymes of the pathway, namely, 1,2-dihydrory.
paphthalene oxygenase and salicylate dehydrogenases!, 52, Further studies by Wil
et al.33 showed that naphthalene and methylnaphthalene induce all the enzymes and the
catechol formed is metabolized through the meta pathway. On the contrary, the at
compounds of the pathway, catechol and salicylic acid were found to induce the enzyms
of the ortho pathway. Naphthalene-1,2-oxygenase activity was present in salicylat
grown cells. Thus, the inducer(s) of the early enzymes of the naphthalene degradation
and of the meta pathway enzyme must be an early intermediate(s) of the pathway.
BarnsleyS4 found that salicylate induced all the enzymes of naphthalene metabolim and
implicated salicylic acid in the induction of enzymes for naphthalene utilization
Recently, Dunn and GunsalusSS have provided evidence to believe that naphthalene il
zation in Pseudomonas is through a plasmid. The organism was found fo lose the
capacity to utilize naphthalene spontaneously. The plasmid was also shown 1 code
for naphthalene oxygenase.

s numwg{
Extracts of Pseudomonas grown on naphthalene was shown to omdLZ,e.a oxidiz
polycyclic aromatic hydrocarbon in the presence of NADH®. The abilit :} it
naphthalene was rapidly destroyed in air and on dialysis, but was r.estort;d ayhthalfﬂ‘
reducing agents. Because of its instability, only a two-fold purification :DI;{pand WS
oxygenase was achieved. The enzyme required either NADPH or Nd and Gibsor®
shown to contain tightly bound Fe2+.4% In a recent commmiba:iop, Ijabor tf:: e besi¥
have reported that naphthalene oxygenase from Pseudomonas sp- 13 1mmwi_~-, pot avail
oxygenase described earlier. However, detailed report on the Eﬂ?yf‘:fo_l 2 _dihydrodf
though it is known that it catalyzes the formation of cis-l,z-dlhyb:catamgj by
. naphthalene from naphthalene. The cis-dihydrodiol was shown 10 22 = e ¥
NAD+*-dependent dehydrogenase, to 1,2-dihydroxynaphthalen¢.
found to be specific for the cis-isomer of the dihydrodiol®.
. . igher ©
The scheme for the oxidation of naphthalene in bactena and high
shown in Fig. 3,
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FIG. 3, Metabolism of naphthalene (A) in higher organisms (B) in bacteria.

Double hydroxyplation of phenanthrene and anthracene

Earlier stydies on the oxidation of phenanthrene by Pseudomonas, sho:v - ﬂ}f fotm}a‘;
lion of salicylic acid and 1-hydroxy-2-naphthoic acid as inlermedliatesS“! 59, Colla :hrir;e
and Kaneko ey al® independently identified 3,4-dihydro-3,4-d11}}'droxy P}I:ena::threnc
from Cultures of Flavobacterium metabolizing phenantflrcﬂ*?- D;hy{irO}f)’p e;_l . henan-
Was alsq Proposed by Kiyohara et al.t2 as an intermediate in the .o'mdatlan of p s
threne by Aeromonas. Evans and his collaborators®® made an initial obsc;":- tcll?l? dro-
phe“ﬁnthrcne is Oxida;iveiy rﬁetabolized by soil Pseudomonas through trans-3,4- irn)irlarly
3"Hﬁ]‘}’dl‘\m'!}'[‘-ihrenanthrene to 3,4-dihydroxyphenanthrene. Anchracene wasd sthe:n to
*hown ¢, be cofivirtad i rr;ns-l,Z-dihydm' 1,2-dihydroxyanthracene an

1,2-dihydroxyanthraccne,
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The absolute stereochemistry of the dihydrodio] produceq
mammals and bacteria was assigned by Akthar et o/ 84 Th from athyy
hydroxyanthracene and cis-1,2-dihydro-1,2-dihydroxyanth = ffans.l,z-dihyd i
‘ ks - racene were : 1004
metabolites of anthracene from rabbits and Bejjerinckiq respectivel " Solate g
configuration of the dihydrodiols produced from anthracene :" g Thecisand,,ﬂ
bacterial and mammalian systems respectively, was also shown b nJ .pheﬂanthreneﬁ
mutant strains of Beijerinckia and Pseudomonas which were dZﬁc‘f“ﬂa' et gl & "
dehydrogenases, they isolated cr‘s-3,4—dihydro-3,4-dihydroxypher:;ﬂt N dibydryg,
1,2-dihydro-1,2-dibydroxyanthracene.  The cis-1,2-dihydro- it
was also detected as a minor product from phenanthrene. The

Rodgoff® observed that substitution of phenanthrene by 2 methyl group 5 0
position blocks the oxidation of the compound by a resting cell suspension of 3pm
threne-grown soil Pseudomonas. When 2-methylphenanthrene was provided, ths ot
tion rate was observed to be considerably higher. 3-methylphenanthrene is oxidini,
an intermediate rate between the above two, even though the methyl group is atay
to ¢ C’ directly involved ir: ring splitting.

These data are in agreement with the hypothesis that polynuclear aromatic byir
carbons attach to the relevant bacterial enzymes at C-C bonds of high electron densty
and that ring splitting reactions then occur at other bords on the substituted molk
The actual bond that undergoes fission is determined by the electronic and steric coafg
rations of *he enzyme-substrate complex. When linearly arranged aromatic compougds
such as naphthalene or anthracene are attacked, attachment to the enzyme a!_id nog
splitting may take place on the same ring. On the other hand, angular arognaum{m'
pounds such as phenanthrene afford attachment to the enzyme at a bond in a rege
other than the one containing the ring splitting site®S.

pator

Thus the metabolic formation of vicinal dihydrodiols is one of the principal The

by which both mammals and bacteria oxidize phenanthrene and anthracene. i
hydrodiols of mammalian origin have trans-configuration and result from en:*!}ﬂﬂfctjml q
tion of zrene oxides®:.%457, The arene oxides are formed by monooxygﬂi?onan
the aromatic nucleus. The dihydrodiols of bacterial origin have dmonﬁﬂl::anea

result from the action of dioxygenases. The dioxygenases that copvert an -
phenanthrene to their respective dihydrodiols have rot been isolated SO f;r‘matic ot
the reaction they catalyze is clear from the intermediates isolated. The 5¢ jm Jmdi?
sentation of the degradation of anthracene and phenanthrene by bacterial 8t

systems isshown in Fig. 4,

Double hydroxylation of toluene and xylene 5 goluer?

. . to oW
Two bacterial strains, Pseudomonas and Achromobacter Wert shown to £f

as sole carbon source. The toluene-grown cells oxidized 3-met
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But the stereochemistry of the hydroxyl groups were not established th

et al?® isolated two compounds from a mutant Pseudomonas growing OnV%l?;n. Gibggy
These compounds were identified as Cf3'4'0h10m'2’B'dihydfoxy-l-meth OCtolyen,
4,6-diene and 4-chloro-2,3-dihydroxy-1-methyl benzene. cf3.2,3_dihydmzlcylrclohrn.
cyclohexa-4,6-diene (cis-tolueneglyco!) was also isolated from a mutap P:;u;mﬂm
growing on toluene™ 72, The formation of cis-tolueneglycol was further co:ﬁmﬂﬂﬂ.!
when it was shown to be oxidized to 3-methylcatechol by whole cellss* w0 4 Cel:';”d
extracts of Pseudomonas™ 73, “Ire

The conversion of toluene to cis-tolueneglycol is effected by toluene dioxygenase (F;
5). Nozaka and Kusunose”’ 7% reported the requirement for three protein fragtigys rl:;
toluene hydroxylation by Pseudomonas aeruginosa. A crude extract of the O ganisy
was fractionated into three protein components on DEAE-cellulose. With NADH gy
FAD as cofactors, all the three protein fractions were required for maximum activity
On ammonium sulfate fractionation, two protein components were resolved which by

H Me
C 3 02. OH Me
O - — )
OH
= A DH "
DH,, 2
Toluene EE.E' toluene glycol 3 - Methylcatechol
CH 0 CH, CHs
3 ‘ OH O
~~H
N =OH / N M
H
CH, DH, CHs 0 3 o
i imethyl €
P-xylene cis-(p)xylene glycol 3‘6-d|rn¢ Y
CH
CH, 0, CH, >
OH
)
OH OH ’
HC 0 K. ~~H DH2 HsC
3 0
DH, .
3,5 - dimethy
m-xylens cis 4m)-xylene glycol

o

F1G. 5. Scheme for the oxidation of (A) toluene (B) p-xylene (C) m-xylent:
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o combined For maximum activity. Recently, the multienzyme system, toluene dioxy-

“was purified by Yeh er al™ and shown to be made up of three protein compo-
s, The yellow protein AE[ plz}ys an important role in transfer of electrons to cylzo_
chrome C. The hydroxylfitlﬂl‘t 1s stimulated by the presence of the brown protein, B
which has two moles of 1ron anfl two moles of inorganic sulfur per mole of protcin:
The organization of the cnzyme is apparently similar to the benzene oxygenase system
gescribed earlier.  The oxidation of toluene is shown in Fig. 5. The next enzyme in
the pathway, viz., cis-toluenedihydrodiol dehydrogenase has been purified to homogeneity
by Rogers and Gibson?. The enzyme is specific for the cis-isomer.

The utilization of xylene by Necardia corralinas under co-oxidation conditions was
reported by Jamison ef al®-%,  a,a’-dimethyl-cis,cis-muconic acid was found to be
the accumulated intermediate. Two pathways were proposed for the degradation of

p-xylene,

(@) A dioxygenation and formation of 2,3-dihydroxy p-xylene as intermediate.

() Degradation of p-xylene to p-toluic acid and dioxygenation of p-toluic acid (This
1s discussed separately under dihydroxylation of aromatic acids).

Gibson et al® isolated an accumulated compound from the culture filtrates of
a mutant Pseudomonas growing on p-xylene as sole carbon source. Similarly another
accumulated compound was isolated during the oxidation of m-xylene by the organism.
These two compounds were identified as cis-3,6-dimethyl-3,5-cyclohexadiene-1,2-diol
(cis-p-xylenediol) and cis-3,5-dimethyl-3,5-cyclohexadiene-1,2-diol. Both the reactions
are catalyzed by dioxygenase. It is not clear whether there are separate dioxygenases
for the oxidarion of p- and m-xylene or the same dioxygenase catalyzes the oxidation of
both substrates, The scheme for the oxidation of p- and m-xylene is shown in Fig. 5.

Double hydroxylation of biphenyl

The conversion of biphenyl to 2,3-dihydroxybiphenyl in bacterial systems was shown
b 2 number of workers. Lunt and Evans® isolated 2,3-dihydroxybiphenyl from pure
@ltares of gram negative soil bacteria utilizing biphenyl. Catelani er al™ showed
that cultures of Pseudomonas putida grown on biphenyl yielded 2,3-dihydro-2,3-dihydroxy-
bfpheﬁ}’l- By incubation of washed suspensions of Pseudomonas with 2,3-dihydroxy-
biphenyl, further metabolites were isolated. Ring fission was shown to occur between
Cl,a“d C2 of 2,3-dihydroxybiphenyl®h 8. The above compounds were also proposi:l
& Intermediates in the degradation of biphenyl and p-chlorobiphenyl by Af'hramobac:rer ;

OWever, it was not clear from the above studies whether the dihydro dihydroxy inter-

Mediate has a cis or trans configuration.

lizes biphenyl as sole carbon

GibSOH » v s . . :
et al 8 < of Beijerinckia that ufi _
137 isolated a species of Belj A6 dien W ceolated i

WUrce for growth. cis-2,3-dihydroxy-1-phenylcyclohexa-
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- -
ol

identified from a mutant Beijerinckia®. Cell-free €Xtracts py

organisms oxidized c¢is-2,3-dthydroxy-1-phenylcyciohexa.q G.Zi:llared from

biphenyl®”. Hence a frans-dthydrodiol intermediate wag rl:led :ﬁt = 23%‘.@2”*
ut, i,

The scheme for the microbial degradation of biphen

. yl 1S shown in
step is apparently catalyzed by a dioxygenase which has n " Fig

of been shown iy cell-r;m) "

Double hydroxylation of benzo (a) pyrene and benzo(a) anthracene

Gibson and his group® ® isolated a mutant strain of Beijerinckig
benzo(a) pyrene and benzo(a) anthracene, when grown on succinate in
biphenyl. The organism was shown to contain an enzyme system that Oxidized heyy
pyrene and ber:zo(a) anthracene to a mixture of vicinal dihydrodiols. The m&jordihs@:
diol formed from benzo(a) pyrene war identified eos cfs-9,lO-dihydroxy-S*,lD-dih;d;
benzopyrene by comparison with a synthetic sample (Fig. 7). Benzo(a) anthracen s,
metabolized to four dihydrodiols, the major isomer being cis-1,2-dihydro-1,2dihydn:
benzo (a) anthracene (Fig. 7). On the contrary, higher organisms oxidize the s
compounds tc trans-vicinal dihydrodiols through arene oxide intermediates.®,

Whlch W& :
the Presengy -

From the available data, it can be generalized that the initial reaction in the bt
oxidation of aromatic hydrocarbons involves the formation of a cs’s-dihyd:ﬁ
probably via a cyclic peroxide type intermediate. In contrast, the eukaryotic o
oxidize aromatic hydrocarbons to arene oxides which are hydrated to form fransdiu
diol. It 1s conceivable that while the prokaryotic organisms employ a dioxygeas ¥
initiate the metabolism of aromatic hydrocarbons, eukaryotic organisms _emPl"Y"‘W'
oxygenase enzyme system. The generalization 1is summarized in Fig. 8

3. Double hydroxylation of indole

Sakamoto et al®> who studied the decomposition of indole in a tapwater lbﬂﬂgrf::“;’
detected the following compounds in the culture filtrate. Isatin,.formyaﬂ
acid, anthranilic acid, salicylic acid and catechol. Based on these findings
the following pathway for the degradation of indole. Indole = Indoxyl
indole —» Isatin — formylanthranilic acid — anthranilic acid = catechol el
Wada® isolated a soil microorganism which utilized indole as sole saurcc;em s O
nitrogen. Dihydroxyindole was detected as the intermediate 0 tiE ediate W&
indole. Direct evidence for the formation of dihydroxyindole as mtermcummatiuﬁ o
obtained since indole was oxidized to anthranilic acid without the a;wu
dihydroxyindole. However, when skatole was incubated with mdol"gper mole of ¥
compound was oxidized with the consumption of one mole of oxygzﬂ was 10! f“nhﬁ
.Substrate to (-4)-2-oxo-3-methyl-3-hydroxyindoline. This compou” atom and I
metabolized in the organism. Skatole does not have a f hy drogwkctol 3“““[““]3@
enolization of the intermediate formed is not po.sible. Therefore;
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H
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0
- H -
Biphenyl - 2,3 -dioxetane

D

OH

O OH

2 3-dihydroxy biphenyl

G, :
6. Bacteriaj degradation of biphenyl.
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Benzopyrene

Benzoanthracene €is-1,2 - dihydro- 1, 2-dihydey

banzro (a) anthracene

e S,
F1G. 7. Oxidation of benzopyrene and benzoanthracene by mucroorganis

in the medium, The form
the induction of dihydrox
metabolized to anthranilic
purified from the

ation of 2-oxo-3-methy!-3-h}’dl'oxyi“d‘jlmeests
yindole oxygenase by indole strongly s[l:ffﬁ e
acid via dihydroxyindole. Indole oxyge

soil microorganism.

v fr g
: jate 13 fof
e : : iol intermed!
It 1s interesting to note that in the case of indole, no dihydrodio

' : - arler.
as 1 the case of other aromatic hydrocarbons discussed ¢

- could 00t &0
The enzyme catalyzing the oxidation of indole to dihydroxy Ilnfc;l:bris. dxrby (i
lized. The activity was found to be associated with the cellu haas been Propos’ "
of indole is shown in Fig. 9. Though an epoxide mechanism nation of 203" e oW
authors, a cyclic peroxide intermediate is more likely as the for the cyclic pero¥
3'hydl'0Xyindole from skatole could be better explained with
mediate rather than the epoxide intermediate.
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(A) 0
2
o) \\H \ H

0, epoxide Nok NADP*
0 trans -dihydrodiol  \

|
H OHz 3 NADPH « H

I OM

H |

!

aromatic hydrocarbon r :
e OH

\Q)z dihydroxy compound
i #_,H _‘ NADH o H ° M NADH
(8) | \r_T | " ’

L 0o | NAD *

NAD® .
dioxetane Cis - dihydrogiol

;"'IG. 8. Initial reactions in the oxidation of aromatic hydrocarbons by (A) higher organisms
B) bacteria,

l. Aromatic hydrocarbon monooxygenase 2. Epoxide hydrase _
3. trans-dihydrodiol dehydrogenase 4. Aromatic hydrocarbon dioxygenase

5. cis-dihydrodiol dehydrogenase

4. Doubje hydroxylation of pyrazon

d to be utilized by soil
identified®s. DeFrenne
isolated

:yrazc'm, ap active ingredient in the berbicide pyramin, was foun
acteria as sole carbon source. But the metabolites were.not _ ‘
¢t al® during their studies on pyrazon degradation by an unidentified bacterium,

four metabolites from the culture filtrates. They were identified as:

(a) S-amin0-4—chloro-2-(2,3-c.:fs-dihydroxycyclohexa-4,6—diene-l-yl)-3(2H)P)’fid3'
zinone,

(%) 2‘(5-amino-4-chloro-3-0x0-2,3-dihdeO'Z"P)’fidazino)'c‘f" cis-muconic acid.
(c) 2"Pyrn:uw-—t:?-carb{:rmylir:. acid and
(d) S-amino-4-chloro-3(2H)pyridazinone.
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H20 @_j .
0 0
2 N 2 |
H

H Indole |
0 =
. N H © 9
H N
|
Indole - 2,3 -epoxide . @IU‘
H H
s H .‘[
: ,H
@ /’COH Indole-2,3-dioxetan,
l
H
H OH
Cis- 2,3-dihydro-2,3-dihydroxy indole
'
\ K
H CH
2 ©Owi
N0
O b
N7 0
H
OH
i :N/ ~OH
H
2, 3 -dihydroxy indole
FiG. 9. Oxidation of indole by bacteria.
The

. razoh-
Compound (@) was found to be formed in stoichiometric amounts from pY ¢ studi®

. bsequel®”
pathway proposed for pyrazon degradation is shown in Fig. 10(a)- SU hydr®

(2,34
carried out by Lingen’s group®, led to the isolation of S—amino-4—ch10;lﬂ'2bg' enzym’"lc)
xyphen-1-yl)-3(2H)pyridazinone. = The compound was also prepar " s.dicset?
and chemicai treatment of S-a.mino—4-chloro-2-(2,3-dih)’dfoxycycl"h e
pyridazinone.
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worked out by several groups.of investigators using various biological ‘

ants, animals as well as microorganisms. The map includes gno;: mi:terlals, namely,

Jative processes, but also biosynthetic pathways of physiologically im Or: y many degra-

it is apparent that most of the oxidative steps are catalyzed by ongpe i;:;t f;)txlz]:l?t::ds,
an

by oxidases OI dehydrogenases.

Oxygenases are classified as shown in Table |

Table 1

Classification of oxygenases

Oxygenase

A. Monooxygenases

1. Internal monooxygenase

2. External monooxygenase
(a) Pyridine nucleotide-linked flavoprotein
(b) Flavin-linked hemoproteins
(¢) Iron sulfur protein-linked hemoprotein
(d) Pteridine-linked monooxygenase

(e) Ascorbate-linked copper proteins
(f) With another substrate as reductant

B. Dioxygenase

l. Inttamolecular dioxygenase
(a) Hemoproteins
(b) Nonheme iron protein
(¢) Copper protein
(d) Flavoprotein

2. Intermolecular dioxygenase

. Miscellaneous

thought of as the most important
the metabolism of a number of
f another class of dioxygenases
thus preparing an aromatic
hich undergo dihydro-

fuf;::a;;age 0[: the benzene nucleus has always been
Compoy gf fj'ox}’genases. However, recent stud_:es on
which nds in microorganisms have shown the existence O
nuclﬁu:a; ry out the double hydroxylation of the benzene ring, th

or attack by ring fission dioxygenases. The compounds W

LLSc,—4
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xylation include hydrocarbons like benzene, naphthalene, an

. thrac
threne, benzopyrene, toluene, xylene, biphenyl, aromatic acigs like bZ“e, Pyrene
acid, toluic acid, cumic acid, and aromatic amines Jike aniline NZ0i¢ g¢i4

; .1 Phthgj
the recently studied herbicide, pyrazon. + anthrap;j, acidh;l:

: Dhtnau_

Some of the double hydroxylating enzymes from bacteria, |;
and benzoate oxygenase were discovered much earlierl,2 These ep hydmm&
classified under * Miscellaneous’ as shown in Table I. However Witl? tn]:es e by
covery of new enzyme systems catalyzing similar dihydroxylation ;'eactio © recent g

ke anthranilte

dioxygenases requires to be separately classified. The classification O?Sd;hls Clagg of
shown in Table I can be suitably altered to include the dihydroxylatin di“y&fﬂ%
as follows : S Cloxygenze
Dioxygenases
& kY
4 N
Intermolecular Intramolecular

SN

Ring cleaving Ring hydroxylating

a. Hemoproteins Ex : Anthranilate
b. Nonheme 1ron hydroxylase (bacteria)
proteins

c. Copper proteins

d. Flavoproteins

Excellent review articles on various aspects of oxygenases that present a ti;‘::;
account of their catalytic and biological functions are available2-10. In the fof e
pages, discussion will be focussed on the recent developments in the af of
hydroxylating dioxygenases from microorganisms.

2. Dihydroxylation of aromatic hydrocarbons

Aromatic hydrocarbons are found in nature as constituents of‘ 1:05511
metic fraction generally constitutes less than 20% of tofal composition : drocarbods ar
Though it has been known for many years, that certain aromatic hy o *
substrates for bacterial oxidation, the number of different structures kﬂf?z hydrocﬂfb"us'
. to microbial degradation represent a very small percentage of the a‘romﬂrlammalic hyd™
Ranging from benzene to the polynuclear benzopyrene, the utilization ?t ik It had
carbons by microorganisms has received much attention dur in_g the las mec gism 0%
emerged that the degradation of aromatic hydrocarbons is initlﬂted_ ol far @S poth
differs from that of any monooxygenase reaction known 10 date, 18 5O

The ar
fuels. 4ol
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Jtoms Of molecular oxygen are incorporated simultaneously into the substrate as tw

hydroxyl groupsi! 12. It appears that one molecule of oxygen is added to the ar ;
matic ring to form a dioxetane intermediate and that the NADH required in the dih drg-
wylation is utilized for r?d.uf:mg the dioxetane to a dihydrodiol. Very few en}zrym;
systems that catalyze the initial oxidation reaction mentioned above, have been 1solated
and studied. However, a number of intermediates isolated jn recent years clearly illus-
rate the involvement of such enzyme systems in the oxidation of a2 number of aromatic
compounds. In the following pages, the dihydroxylation reactions of aromatic hydro-

carbons will be discussed.

Dikydroxylation of benzene

The bacterial oxidation of benzene appears to be confined to those species which are
capable of forming the enzymes of the so-called aromatic pathway. The first step in
the oxidation of benzene and other compounds is apparently unique and can be carried
out only by a limited number of species. In the case of benzene, the enzymes for its
degradation are inducible. Two organisms, a strain of Pseudomonas and Mycobacterium
species capable of utilizing benzene as sole carbon source were isolated from soil by

enrichment culture techniquel3,

For many years, it was assumed that benzene is oxidized by bacteria through phenol.
Park and William!2 showed the conversion of benzene to catechol without the inter-
mediate formation of phenol. Haccius and his group!% 15 isolated an organism capable
of oxidizing benzene to catechol and identified it as Nocardia corallina. Nakajuna and
Toidal® and Mair and Stone!3 proposed a hypothesis that dihydrodiol is an intermediate

in benzene degradation.

Gibson and his associates!?> 18 proposed a pathway for the degradation ’of benzene
intermediate. In mammalian sysiem,

Which involved a hypothetical cyclic peroxide _
®poxide is the proposed intermediate and trans-1,2-dihydro-1,2-dihydroxybenzene, the
dentified metabolite!?. The scheme for the oxidation of benzepe by bacterial and
Mammalian system is shown in Fig. 2.

Further Gibson et a/.29:21 showed that appropriately induced cultures O.f P;e:;;{omonas
PUlida oxidize benzene and ethylbenzene at equal rates. A mutant straint O Stdls orga-
1S when grown on benzene accumulated cis-1,2-dihydroxycyclohexa-3, 'i ‘e’:f' m
e medium, The product was found to be identical with a synthetic satn;p R c:j:
1,2_-dihydrcxycyclﬁhem_3 5.diene. Experiments with isotopic OXygen showed le ;:::_1'3?5_
"alion of both the aton;s of molecular oxygen into cjs'l’z-dlh'y‘d r‘oxy;;z:;xeﬂa B

€. The same compound was also isolated from a benzene unhzmi — orz;tefi
-by Hogn and Jaenicke22. Both the atoms of oxygen WEEe ‘shown X0 fhlt thf St
Ibto the above compoun.d simultaneously. The above result§ suggest d‘ax o
action i oenzene ox.idati’on by Pseudomonas and Moraxella, involves a d1oXyg ‘
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FIG. 2 (a). Metabolism of benzene (A) in mammalian systems (B) in bactena.

¢is-benzent

NADH +H* o
A
Fn 2H penzent + ¥
p

Fp, Flavoprotelr

FIG. 2 (b). Suggested functions of components of benzenc dioxygenase system.

Wwa

Though the intermediate metabolite in the oxidation of benzene by ba?f::atmt-

identified, the conversion could not be shown in a cell-free system = adc:rﬂda‘io“

" Washed cell suspensions of Pseudomonas putida were used to study benzent ity. t Wi

and were shown to require NAD, Fe2+ ar.d L-cysteine for maximum actl: fract ctions'™

initially suggested that benzene oxygenase is made up of at least twO Prot;l] ply § i
Hogn and Jaenicke22 showed that a cell-free extract of M oraxd]}":'l lif’or gh:s P

for the oxidation of benzene and requires catalytic amounts of NAD
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This 1S regenerated during the course of the reaction by the dehydrogenation of cis-

cyc[ohexadienediol to catechol. The dioxygenase was also shown to contain nonheme
on in the form of strongly bound Fe2+,

Benzene oxygenase was obtained in a pure form from Pseudomonas grown on benzene
s sole carbon source, by Axcell and Geary23. The enzyme system was shown to
consist of three proteir components and catalyzed the conversion of benzene to cis-
Lz.dihydroxycyclohcxa-l’j,5-diene. The three components of benzene oxygenase were
designated as component Ay, Ay and B. A; was shown to be an iron-sulfur protein
with a pair of antiferromagnetically coupled Fe3+ atoms. Comporent A, was found
to be a flavoprofein and B was shown to be a small, relatively stable nonheme iron
protein. All the components were necescsary for the enzyme ac'ivity and absence of
any one of them resulted in total loss of activity. It was suggested that some organi-
zation of the components and cofactors is necessary for catalysis. The electrons from
NADH are transferred to component A, with the concomitant reduction of bound FAD.
The electrons are then transferred to component B and then to component A;. Thest
transfers are effected by Fe3+ to Fe2+ shuttle of the bound nonheme iron in the compo-
nents B and A;. The electrons are finally transferred to benzene which is converted to
cis-benzeneglycol with the incorporation of both the atoms of molecular oxygen. The
schematic representation for the organization of the components of benzene oxygenase
s shown in Fig. 2. The next enzyme in the sequence, cis-benzeneglycol dehydrogenase
has also been purified to homogeneity by Axcell and Geary?4. The enzyme was shown
to be specific for the cis-isomer of its substrate and required NAD?' as hydrogen
acceptor, Fe2* and reduced glutathione for activity. The reaction catalyzed by

dehydrogenase is shown in Fig. 2.

Double hydroxylation of naphthalene

The conversion of naphthalene to 1,2-dihydro-1,2-dihydroxynaphthalene and then to
I,2-dihydroxynaphthalene which undergoes ring cleavage, has been shown by §everal
groups of workers, in differect microorganisms25-3. It was known that during the
Mammalian oxidation of naphthalene, the hydrocarbon is first copverted to an arene
Oxide by the cytochrome P-450 monooxygenase system39-41.  Non-enzymatic 1somen-
tion to naphthols, reaction with cellular nucleophiles such as glutathione ?ﬂaﬁlf enzy-
matic hydration to rrans-l,2—dihydro-l,Z-dihydrox}’naphthalenc are. the Pflﬂcg’:h cll"eac'
tons of the arene oxide. The dihydrodiol is further oxidized to i é: y 1:0;:}'
“mpound3s, 42, A similar sequence of reactions was recently pr oposedv yio ::;131 ;
and Gibson43 for the oxidation of naphthalene in Cunnfngimmeﬂa elegans. da; o —
fungi are also known to produce phenolic metabolites similar to those formed by hep

iNiC 0somegs4, 45

mammals initially

metabolites in
ols as h trans-dihydro-

* unif -dihydrodi
orm occurrence of frans-Ciiy ic hydrocarbons throug

sted that bacteria may also oxidize aromat
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diols. Earlier workers also reported that naphthalene angd S
oxidized through trans-dihydrodiols25. 46,  Contrary to the above
cells and cell-free extracts of Pseudomonas metabolized the cjs.;
1,2-dihydronaphthalene at a much faster rate than the frans-1somerd? Radion. fdih?ﬂrnxy.
experiments with 14C-naphthalene further confirmed the formatiop (; i |
organisms unlike the occurrence of trans-isomer in higher organi
using radioactive naphthalene resolved the isomer by thin I
showed that several strains of bacteria produced only the cis-is
reported to be found in microorganisms by earlier workers
Using a mutant Pseudomonas, the intermediate was isolated
1 (R), 2 (S)-dihydro-1,2-dihydroxynaphthalenes0,

ubstituteq naphthalenm

f ci's-isomerin oy
SMs®, Jon
yer chromatographm
Omer. The frgpg.

was completely ruled o
and identified 4 (+]ui

Naphthalene oxygenase, the first enzyme in the naphthalene pathway was report
be coordinately induced with other enzymes of the pathway, namely, 1,2-dihydrop,
naphthalene oxygenase and salicylate dehydrogenaseS! 52,  Further studies by Willia
et al.33 showed that naphthalene and methylnaphthalene induce all the enzymes and s
catechol formed 1s metabolized through the meta pathway. On the contrary, the L
compounds of the pathway, catechol and salicylic acid were found to induce the enzym
of the ortho pathway. Naphthalene-1,2-oxygenase activity was present in salicyls
grown cells. Thus, the inducer(s) of the early enzymes of the naphthalene degradatin
and of the meta pathway enzyme must be an early intermediate(s) of the pathwa.
BarnsleyS4 found that salicylate induced all the enzymes of naphthalene metabolism.aui
implicated salicylic acid in the induction of enzymes for naphthalene utilzais
Recently, Dunn and Gunsaluss5 have provided evidence to believe that naphthalene u
zation in Pseudomonas is through a plasmid. The organism was found fo lose te

capacity to utilize naphthalene spontaneously. The plasmid was also shown to ¥
for naphthalene oxygenase.

Extracts of Pseudomonas grown on naphthalene was shown to oxidu:'c_a ““mﬁg
polycyclic aromatic hydrocarbon in the presence of NADH®. The abibty ;0 :aﬁom
naphthalene was rapidly destroyed in air and on dialysis, but was T_BStOIT.d Yh
reducing agents. Because of its instability, only a two-fold purification ODI;{apaﬂd Wl
oxygenase was achieved. The enzyme required either NADPH or NA 4 Gibsor®
shown to cortain tightly bound Fe2+.4? Tn a recent commuﬂicmio_"' !_a]?grdeaﬂ
have reported that naphthalene oxygenase from Pseudomonas sp- 18 $imU< not aval
oxygenase described earlier. However, detailed report on the cn{—'}’me lf _dihydro®
though it is known that it catalyzes the formation of cis-1,2-dihy droat;lyzed by ¥
naphthalene from naphthalene. The cis-dihydrodiol was shown to bi ‘s’ enzyme "
NAD*-dependent dehydrogenase, to ],2-dihydroxynaph‘ha]°m' L
found to be specific for the cis-isomer of the dihydrodiol®. o
er orgat®

. ioh
The scheme for the oxidation of naphthalene in bacteria and big
shown in Fig. 3.
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G.3. Metabolism of naphthalene (A) in higher organisms (B) in bacteria.

ouble hydroxylation of phenanthrene and anthracene

| Pseudomonas, showed the forma-

on of salicylic acid and 1-hydroxy-2-naphthotc acid as intermediatess® 58, Colla ef al.®
"d Kaneko er o792 independently identified 3.4-dihydro-3,4-dihydroxy phenanthrene
oM cultures of Flavobacterium metabolizing phenanthrene. Dihydroxyphenanthrene
4 also pr oposed by Kiyohara er al%2 as an intermediate in the oxidation of 'phenan-
e by Aeromonas. Evans and his collaboratorsss made an initial observation that
henftnthrene is oxidatively metabolized by soil Pseudomonas through rrans-3,4-c{m.¥dro~
.H:hydroxyphenanthrene to 3,4-dihydroxyphcnanthrene. Anthracene was similarly
WM to be converted to frans-1,2-dihydro-1,2-dihydroxyanthracene and then to

2-dihyg roxyanthracene,

atlier studies on the oxidation of phenanthrene by
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The absolute stereochemistry of the dihydrodiol produced 1
mammals and bacteria was assigned b 0m ,
1g y Akthar et g/ ¢4 The — ﬂthra%b’

hydroxyanthracene and cis—l,Z-dihydro-l,2-dihydroxyanthracene we I’,z'dihydru.l 24
metabolites of anthracene from rabbils and Beijerinckia epectind re isolatedawjﬂ:
configuration of the dihydrodiols produced from anthracene A Thecisand;,m

bacterial and mammalian systems respectively, was also shown b;‘“.;ie Phenanthry,
mutant strains of Beijerinckia and Pseudomonas which were deﬁci;::a-ef A% by
dehydrogenases, they isolated c:‘s-3,4—dihydr0-3,4-dihydroxyphenamh;“ ihygryg
1,2-dihydro-1,2-dibydroxyanthracene.  The cis-l,2-dihydro—1,Z-dihydmxene and g,
was also detected as a minor product from phenanthrene. The fo YPhenantiry,
dihydrodiols in mammalian systems was shown by the isolation of

rmation of g,
. . . epoxi
which converts corresponding arene oxide to trans-dihydrodiolss, Poxide hyir

Rodgoff® observed that substitution of phenanthrene by a methyl group 3 'y
position blocks the oxidation of the compound by a resting cell suspension of a phepgy
threne-giown soil Pseudomonas. When 2-methylphenanthrene was provided, the oris
tion rate was observed to be considerably higher. 3-methylphenanthrene s oxidized
an intermediate rate between the above two, even though the methyl group is attachy
to ¢ C’ directly involved ir: ring splitting.

These data are in agreement with the hypothesis that polynuclear aromatic byde
carbons attach to the relevant bacierial enzymes at C-C bonds of high electron deasiy
and that ring splitting reactions then occur at other bords on the substituted molu
The actual bond that undergoes fission is determined by the electronic and steric confg
rations of *he enzyme-substrate complex. When linearly arranged aromatic compou{:ds
such as naphthalene or anthracene are attacked, attachment to the enzyme a{ld g
splitting may take place on the same ring. On the other hand, angular amylam com
pounds such as phenanthrene afford attachment to the enzyme at a bond in a read
other than the one containing the ring splitting site.

Thus the metabolic formation of vicinal dihydrodiols is one of the principal I’ﬂth:"”5
by which both mammals and bacteria oxidize phenanthrene and anthracene. ks
hydrodiols of mammalian origin have frans-configuration and result from emﬂﬂ“ﬁ;n
tion of zrene oxides®’,%487, The arene oxides are formed by monoolyg"’i?nﬂ
the aromatic nucleus. The dihydrodiols of bacterial origin have .f::".s-c:cnltiglt:r:‘maII
result from the action of dioxygenases. The dioxygenases that convert anf r
phenanthrene to their respective dihydrodiols have rnot been isolated SO f;‘-
the reaction they catalyze is clear from the intermediates isolated. The S¢ o il
sentation of the degradation of anthracene and phenanthrene by ba
systems isshown in Fig. 4.

Double hydroxylation of toluene and xylene q toluet®
shown to g% chout o}

wo bacterial strains, domonas and Achromobacter Were
o a Pseudomonas a thylcate"ho

as sole carbon source. The toluene-grown cells oxidized 3-me
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FIG. 4. Oxidation of (i) anthracene and (ii) phenanthr

lag periodes, 3-methylcatechol was
tarly log phase. From the culture medi
Pound was isolated by Karplus®

ant Pseudomondas

2.3-dihydro-2, 3-d1hydroxytoluene.
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3w e stereochemistry of the hydroxyl groum were not established by
o™ isolated two compounds from a mutan *eudomonas growing on 4
THee compounds were identified as e8£hl0ro-2,3-dihydroxy-1-methyjeyy

tadiene and 4-chloro-2,3-dihydroxy-l-meetrel benzene. cfs-2,3-dihydr0xﬂf Oiex.
wgimhexa-+.6-diene  (cis-tolueneglyco!) was dis ‘solated from a mutant Pm;:cthﬂ.
7wwwig on toluene’ 72, The formation v" ss-tolueneglycol was further cong:ﬂ"as
oiexs ¢ was shown to be oxidized to 3-mettweitechol by whole cells® 0 504 ceuf?ed
xszomts of Pseudomonas™: 3, fee

-ChlorctoluEnE

The cenversion of toluene to cis-toluenegimal is effected by toluene dioxygenase (Fig
X Nezaka and Kusunose™’7® reported tie tpurement for three protein fractions fm:
-shmesie hydroxylation by Pseudomonas uerugirnsa. A crude extract of the organism
»am fractionated into three protein compotem® on DEAE-cellulose. With NADH apg
“aD as cofactors, all the three protein frarians were required for maximum activity,
e ammonium sulfate fractionation, two p-mxzn components were resolved which had

¥y
CH, O, aH Me
OH e :
5 /4H O
DH, 0 OH,

Toluene Cis-toluere Ziycol 3- Methylcatechol
5 /OH OH
i
N _';:P)*H ; OH u
D , 2
CH3 DHZ y D CH!
: atechdt
p- xylene cis-(p)ayiere 3tycol 3, 6-dimethyl ¢
CH,
CH,y 0, ”
@ 7~ SO
' H!c O DH2 H,C ¢
DH, O
5 . gimathyl catech®
g-tylcne i.&n)-;ﬁnt ¢YC°" 3,9-

-

: c.
Z1G. 5. Scheme for the oxidation of (A) toluere (B) p-xylene (C) m-xylen
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1o be combined f or maximum activity.  Recently, the multienzyme system, toluene dioxy-
renase. Was purified by ‘f’eh et al.’® anfd shown to be made up of three protein compo-
~ents. The yellow protein Ay playsan important role in transfer of electrons to cyto-
chrome ¢. The hydroxylation is stimulated by the presence of the brown protein, B
which has two moles of iron and two moles of inorganic sulfur per mole of prot,ein,
The organization of the enzyme is apparently similar to the benzene oxygenase systerr;
described earlier. The oxidation of toluene is shown in Fig. 5. The next enzyme in
the pathway, viz., cis-toluenedihydrodiol dehydrogenase has been purified to homogeneity
by Rogers and Gibson™. The enzyme is specific for the cis-isomer.

The utilization of xylene by Nocardia corralinas under co-oxidation conditions was
reported by Jamison et al™®-%. q,a’-dimethyl-cis,cis-muconic acid was found to be
the accumulated intermediate. Two pathways were proposed for the degradation of

p-xylene.

(@) A dioxygenation and formation of 2,3-dihydroxy p-xylene as intermediate.

(b)) Degradation of p-xylene to p-toluic acid and dioxygenation of p-toluic acid (This
1s discussed separately under dihydroxylation of aromatic acids).

Gibson ef al® isolated an accumulated compound from the culture filtrates of
a mutant Pseudomonas growing on p-xylene as sole carbon source. Similarly another
accumulated compound was isolated during the oxidation of m-xylene by the organism.
These two compounds weie identified as cis-3,6-dimethyl-3,5-cyclohexadiene-1,2-diol
(cis-p-xylenediol) and cis-3,5-dimethyl-3,5-cyclohexadiene-1,2-diol. Both the reactions
are catalyzed by dioxygenase. It is not clear whether there are separate dioxygenases
for the oxidation of p- and m-xylene or the same dioxygenase catalyzes the oxidation of
both substrates. The scheme for the oxidation of p- and m-xylene is shown in Fig. 5.

Double hydroxylation of biphenyl

The conversion of biphenyl to 2,3-dihydroxybiphenyl in bacterial systems was shown
by 2 number of workers. Lunt and Evans® isolated 2,3-dihydroxybi!)henyl from pure
Cultures of gram negative soil bacteria utilizing biphenyl. Caileam et ai.f”* showed
that cultures of Pseudomonas putida grown on bipheny! yielded 2,3-dihydro-2,3-dihydroxy-
biphenyl. By incubation of washed suspensions of Pseudomonas with 2,3-dihydroxy-
biphenyl, further metabolites were isolated. Ring fission was shown to occur between
C and C, of 2,3-dihydroxybiphenyl® %. The above compounds were also proposed

3 intermediates in the degradation of biphenyl and p-chlorobiphenyl by Achr omobacter E_E'
HoweVer, it was not clear from the above studies whether the dihydro dihydroxy inter-

Mediate has a cis or trans configuration.

phenyl as sole carbon

Gi _ : orinckia that utilizes bi
bson et a8 isolated a species of Beijerinckia th . was isolated and

Ource for growth, cfs_2,3_dihydroxy-l-phenylcyclohexa-4,6-dien
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identified from a mutant Beijerinckia®. Cell-free extracts Plepared
organisms oxidized cis-2,3-dihydroxy-1-phenylcyclohexa-4,6-diene etofrom

biphenyl®”. Hence a trans-dihydrodiol intermediate was ruled out

2'3'dih¥dl'ﬂxy.

The scheme for the microbial degradation of bipheny! is shown in

; ; Fi
step is apparently catalyzed by a dioxygenase which has not been shown in clgil ?‘;eeThe first
T Systemg,

Double hydroxylation of benzo (a) pyrene and benzo(a) anthracene

Gibson and his group® ® isolated a mutant strain of Beijerinckia which oxidj
benzo(a) pyrene and benzo(a) anthracene, when grown on succinate in the pres:r: =
biphenyl. The organism was shown to contain an enzyme system that oxidized benz(ﬁr
pyrene and ber:zo(a) anthracene to a mixture of vicinal dihydrodiols. The major dihydn?
diol formed from benzo(a) pyrene war identified as cis-9,10-dihydroxy-9,10-dihydro.
benzopyrene by comparison with a synthetic sample (Fig. 7). Benzo(a) anthracene wgs
metabolized to four dihydrodiols, the major isomer being cis-1,2-dihydro-1,2-dihydroy-
benzo (a) anthracene (Fig. 7). On the contrary, higher organisms oxidize the above
compounds tc frans-vicinal dihydrodiols through arene oxide intermediatest! %

From the available data, it can be generalized that the initial rcaction in the bacterial
oxidation of aromatic hydrocarbons involves the formation of a cis-dihydrodiols,
probably via a cyclic peroxide type intermediate. In contrast, the eukaryotic organisms
oxidize aromatic hydrocarbons to arene oxides which are hydrated to form trans-dihydro-
diol. It is conceivable that while the prokaryotic organisms employ a dioxygenast 10
initiate the metabolism of aromatic hydrocarbons, eukaryotic organisms employ a monc-
oxygenase enzyme system. The generalization is summarized in Fig. 8.

3. Double hydroxylation of indole

Sakamoto et al.®> who studied the decomposition of indole in a tapwater bacteriu,
detected the following compounds in the culture filtrate. Isatin, f‘c;:'myI:,»mthlranlllc
acid, anthranilic acid, salicylic acid and catechol. Based on these findings they ‘PTUPOS“I
the following pathway for the degradation of indole. Indole — Indoxyl __,qlhydrol?*
indole — Isatin — formylanthranilic acid — anthranilic acid — catechol. Fujioka 3:: i
Wada®? isolated a soil microorganism which utilized indole as sole source of cafb‘:“ao
nitrogen. Dihydroxyindole was detected as the intermediate in the mﬁmb"'";"ﬂm
indole. Direct evidence for the formation of dihydroxyindole as intermedialé wfln of
obtained since indole was oxidized fo anthranilic acid without the 3C°umumﬁo the
dihydroxyindole. However, when skatole was incubated with indole-gro™? f:;}the
compound was oxidized with the consumption of one mole of oxygen P! mot furthef
substrate to (4-)-2-oxo-3-methyl-3-hydroxyindoline. This compound Wwas non

metabolized in the organism. Skatole does not have a g hydrogen -y cacumulalb’f*
¢nolization of the intermediate formed is not po.sible. Therefore, ketol 3
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FIG. 6. Bacterjal degradation of biphenyl.
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Benzopyrene Cis~ 9,10 -~ dihydro- 9'1°‘dih¥df°:y

benzopyrene

g8enzoanthracene cis-1,2 -dihydro- 1, 2-dihydo-y

bsnro (a) anthracene

Fig. 7. Oxidation of benzopyrene and benzoanthracene by microorganism.

. . . Rl and
in the medium. The formation of 2-oxo-3-methyl-3-hydroxyindoline from Skai:jzle s
the induction of dihydroxyindole oxygenase by indole strongly suggests that ¢

' rtially
metabolized to anthranilic acid via dihydroxyindole. Indole oxygenase Was also p?
purified from the soil microorganism.

 ve e s : i A1l : eiSformed
It is interesting to note that in the case of indole, no dihydrodiol intermediat
as in the case of other aromatic hydrocarbons discussed earlier.

. ¢ be solub
| The enzyme catalyzing the oxidation of indole to dihydroxymdole c?uld,}';e oxidation
lized. The activity was found to be associated with the cellular debris.

he
: : sed by !
of indole is shown in Fig. 9. Though an epoxide mechanism has Pecn l?fgfo_}mcthﬂ'
authors, a cyclic peroxide inteimediate is more likely as the formation © e intel

" . . roj{ldc
3-hyf1roxymdole from skatole could be better explained with the cyclic P°
mediate rather than the epoxide intermediate.
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::IG. 8. Initial reactions in the oxidation of aromatic hydrocarbons by (A) higher organisms
B) bacteria,

. Aromatic hydrocarbon monooxygenase 2. Epoxide_ hydrase .
3. trans-dihydrodiol dehydrogenase 4. Aromatic hydrocarbon dioxygenase

5. cis-dihydrodiol dehydrogenase

4. Double hydroxylation of pyrazon

PYrazon, an active ingredient in the herbicide pyramin, was found to be utilized by soil
acteria as sole carbon source. But the metabolites were not identified®, DeFrenne
¢l al® during their studies on pyrazon degradation by an unidentified bacterium, isolated
four metabolites from the culture filtrates. They were identified as:

(a) 5-amin0-4-chlor0-2-(2,3—cfs-dihydrox)'CYCIOhexﬂ-4,5'diﬂﬂe'1'}'l)‘3(2H)P}’Fida'
Zinone,

) 2-(5-amino-4-chloro-3-0xo-2,3-dihydro-2-pyridazino)-cis, cis-muconic acid.
() 2-pyrone-6-carboxylic acid and

(d) S-amino-4-chloro-3(2H)pyridazinOﬂe-
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2 N
H
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@L T
[ ] N H
H

indole - 2,3 -epoxide

@Iﬁ OH Indote-2,3-dioxetane
H
N N\

Indole

O L,

2,3 -dihydroxy indole
Fig. 9. Oxidation of indole by bacteria.

Compound (a) was found to be formed in stoichiometric am Subsequent
_ pathway proposed for pyrazon degradation is shown in Fig-_lo(“)‘ . 2.(2 3.dibyd™
carried out by Lingen’s group®, led to the isolation of 5-amino-
xyphen-l-yl)-3(2H)pyridazinone. The compound was also prepa]fl xa-4 15-4:iienf>'l'y
and chemicai treatment of S-amino—4-chloro-2-(2,3-dihydmxycy‘ﬂo e
pyridazinone.
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