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INTHODUCTION

In connection with studies on the miorobial degradation of
terpenes imitiated in this Laberatory, a seil psendomonad was isolated
which could grow net enly on hydroaromatie terpencid substrates sueh as
X =pinoce, 3 ~pinene, 1inenene and Amhﬁdﬂnt&
aromatic compound, p-eymene. Since the motabolism of these compounds
may be considered to be related to that of hydresarbons in general, it
may be relevant to recapitulate briefly the dats available in the

uuum-wtmummm-u.u

particular,

Metabolien of hydrocarbous
nwuh‘h‘-h‘-lﬂ.ﬂhluQmu
nicroorganisme oan utilize hydrocarbons for growth, systematie stodies
bave been carried cut caly in recent years on the action of micro-
organisns on & variety of types and classes of Mpdrocarbens in the
alipbatie, olefinie and aromatic series, Noarly, a lmndred species
of mudqmuuxummmymm
bmtul“mm“nmhﬂoolmm (ﬁohll.
1946), The assimilation of hydroearbons is of censideraile signifiescee

in nature and of poteantial interest in industry. The mierebial exidstion



of hydrocarbens which bring about rapid disappearance of petroleum
that pollutes waterways (lushnell and Hase, 1041; Tausson, 1020), the
doterioration of certain rebber products and the corrosion of under-
ground pipe-lines (Zobell and Grant, 1942; Dimend and Norsfall, 1943)
are sone of the fow exanples of the diverse foel of interest in thise
field, lesides, logenious use has boen made of these micreorganisms
for obtaining produgts of econcmic value such as fatty acids or pro-
telne from lgnirccarbons, useful organie scide from methene or higher
bydrocarbons and for the elimination of industrial wastes arcund

refineries (Strawineki and Steme, 1040; Taggart, 1048),

Although miercorganisns have boen utilized extonsively for
the produetion of varicus compounds of cconomic value, very little
is known asbout the bdiodegradation of variocus classes of cempounds by
the micreorganisns, liccent years bave witnessed a widespread interest
ia the micredbiclogical degradations of various compounds, motably that
of aromatie hydrecarbons,

Metabolisn of arematio conpounds

Aresatic compounds in general serve as carbon and ocnergy
scurces for soil baeteria, The oxidative metabolism of theso com-
pounds by micrcorganisme is an essential biocebemical step in the
‘carbon' eyele in Nature, lacteria are versatile in this respect,

uomumnlm-lmtﬂd@m-lyalmw



renge of bemsenoid compounds. A sumber of excellent reoviews have
appeared covering various aspects of this subjeet (Puhe, 1081; DPvans,
1963; Zobell, 1048; Zobell, 1050; Happeld, 1080; Nogeff, 1001; Stanier,
1955; Dagley, 1005; Hayaishi, 1057),

The fact that up to 1940 progress in the field of mierobial
ydrocarbon dissimilation lagged considerably bebind se compared with
the advancemente made in regard to other classes of compounds is due
saialy to (a) the non-physiologieal charscter of Wpdrecarbens, (b) the
experinental diffiecclties involved irc working with insoludle substrates,
snd (o) the difficulties encountered in the isclstion and identifice-
tien of preduets., Dut advances made since them in various directions

have overceme the difficulties presented Ly these unfaveurable aspects,

Stanier's method Lased on sequential induction (Stanier,1947)
is used widely as a ool in the elucidation of adaptive metabolie
patterns, The piomeering werk of Mason (Masen 1900) and Haynishi gt al.
(1953) bave made it possible to study the oxygenases in basteria whieh
play a domdnating rele in the metabolisn of arematie and aliphatie
co=pounds.

Studies on the bacterial degradation of aromatic compounds
have alse been conducted in many laboratories with a view to elucidating
coertain general metabolic patbways through which these aromatic degra~
dations are carried out,

The methodelogy employed in these metadeolic studies is mainly



cne of isolation of various intermediates that are formed during the
course of the formentation and the establishment of intuced enzyme
systoma, These studies have ylelded some goneral ideas about the way
in vhich arocatic compounds ore metabolized by basteria, Microbes
produce, mostly as a result of induction, a whole sequonce of onaymes
which convert aromatic substrates into an orthe or para didlydroxy phemel
derivative prior to the ring fission, Next the denzeno muecleus of the
dibydroxy phenol (s cloaved Ly an almost irreversible dioxygenase ype
reaction vhich incorporates both the atoms of a melecule of oxygen into
ite subatrate., These ring fission products are then funnelled into the
Krebs' cyele through a variety of pathways, depending on the organiss
and culturel conditions, Thue, phemol is hydroxylated to cateohol,
Similarly, pelynuclear aromatic compounds are degraded Ly endering
ﬂodujao ultinate product of the ring cleavage Leing salieylic seid
or an analogue, Salieylie acid, then undergoes a single oxidative
docarboxylation step to catechol, So from most of the aromatic compounds,
orthodihydroxy derivatives are formed which are then cleaved Ly different
sxygenase systems,
Bedegradation of pelymmelear arewatic hyirccarbens

Interest in the bicchemical degradation of polymuclear arematie
hydrocarbons stems from the fact that some of these are carcinogens sad
their motadoliam in numsals bas been of consideradle intercst to bLicehe-

niste and bMologists., It is to be noted that there exists sinmilarities



betwoen the initial mode of attack bym-dtyu"m-o/
as exomplified by the formation of aremediol im both the instances,
However, ia animals theee polynuclear hydrogarbons are exereted in the
form of various conjugated derivatives, while the soil pscudomonads

can completely dissiailate them to carden dioxide and water,

Rogeff and Sender (1907) imitiated imvestigations towards
enderstanding the bLiocchemistry of the oxidative dissinilations of
phevanthrene an! anthrecene. They observed that soll pseudomonads
did not attack phenanthreme at the 9, 10 bond (i.e., the so-called
K region) which ie the obief loci of attack in mamsalian systes but
the primary microblal activity wes directed at an end ring. Colla gt al.
(1989) isolated 3,4=dilydro-3,4~dihydroxy phenanthrene from cul tures of
s Mlevebecteriup motabolizing phenanthrene, and Rogoff and Wender (1957)
obtained 1-hydroxy-d-naphithole aoid from cultures of a seil pecudomonad,
Foth the groups showed Ly sequential induction techaique that salieylate
and catechol were the later intermediates in the oxidative pathway of
phenanthrene,

Fernly ond Bvans (1953) reported that naphthalene-grown cells
seuentially induced the oxidation of trene 1,3-dihkydro-1,3-dihydroxy
saphthalene; 1,3=dihydroxy naphthalene and saliecylie acid,

Pvans ot al. (1065) have shown thet a Fe'' lon-dependent

sxygonase converts 1,2-dihydroxy naphtbalene te e-hydroxybenzalpyrvate,



which is subeequently converted to salieylaldehyde and pyrevate by s
hpirolytic cleavage. A NAD-dependent dehydrogenase produces salicylate
from the aldehyde and a salicylate hydroxylase gives cateshol which is
finally reptared to yleld O ~hydrexymuconie semialdehyde by the
catechol 2,3-oxygenase, It has beem proposed that an epoxide is formed
a8 & prisary intermediate and subsequent hydration ie invelved with the
formation of trans 1,2-dihydre,1,2-dibypirexy naphthalene wvhich is further
oxidized to 1,3-dihydroxy naphthalene in presence of NAD, In general,
most of the mieroorganisas utilizing nashthalenme adopt the pathway

represented schematically (Fig. 1),

Ten a naphthalgnic cempound undergoing oxidation bears a
substituent group (a,.cx.u) on one ring, oxidation is uscally directed
at the unsubstituted ring, The salieylic seid derivative produced will
then bear the substituent group of the starting compound., Thus 3-gchlero-
salicylic seid wos isolated as an intermediate from culture fluids of
a gras-negative basterium utilizing l-chloronaphthalene as the souree
of carben (Valker and Wiltetire, 1088), Sisilarly, Negeff and Vender
(19590) studied the oxidation of 1, and 2,mothyl maphtbalene by sedl
peoudomonads, They moticed that the eolls grewn either on naphthalene
or on one of the methyl naphthalencs were induced to oxidize salieylie
scld, catechiol and their methyl derivatives. This suggested that the

sano enzymes whioh are reeponsible for the oxidation of salieylie seid



FIG-1- BIODEGRADATION OF NAPHTHALENE BY A SOIL PSEUDOMONAS
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7
and catechel  are invelved in the oxidation of the methyl derivatives,
So the presence of The methyl group on the Lenzene mucleus does not

generally confer a specificity requirement for the enzymes ifavolved,

Rogeff (1902) has peinted cut that whem linearly arranged
arenatie ecempounds such as naphthalece or anthracene are acted oo by
bacterial enzymes attachment to the enzyme and ring splitting may take
place on the same ring f.e., at the C-C bends of high electren density
(1,2=position), Angular aromatiec compounds such as phensathirene afford
sttachment to the emzyme in the ring other than the one costaining the

ring splitting site,

Sxidative metabolism of bvemzemeid eompounds

Sefore the benzene mucleus is cleaved it must first carry twe
bydroxyl groups, and if these groups are not already present, they mmst
be introduced by the action of a diexygenase or a mixed fumetion oxy-
genase, Oftem, the hydroxyl groups are carried by adjacemt (1,2) carben
stems so that cateshol or a substituted catechol is formed (Bvane g% al.
1949), Semetines hydroxyl groups are imtroduced seross the muclous ia
the 1,4=position, as in the case of hemogentisic acid (Jomee et gl.1002),
Tat in all cases the presence of two hydroxyl groupe is a prerequisite
for ring fission,
1) lydroxylation of bensens mucleus

Several workers (Masen, 1000; Hayaishi gt gl. 1958;dayanc gt al.

1985) have reported that oxygen plays a more direet role in a diverse



groups of resctions including hyirexylatioms, clesvage of arematic
rings and cyelizations of steroidse, the mechanism involves a direet
oxygenntion of the sudstrate., The enzymes which are respomsidle for
the activation of molecular oxygem and ite incorporation inte organie
sabstrates are called “oxygensses”. They include twe groupe of enaymes
wvhich catalyse the incorporation of either one or two atoms of molecular
axygen per molecule of orgsnic substrate and these two groups are

reforred teo am

(1) Momooxygenase (m,.a’x——.us-oal‘oox), and

(2) Pioxygenase (Sub + 0, ===> Sub=0,) (Hayaishi,1084),
flere Hi X is an oleetron donor which ineludes roduced forms of pyridine
mcleotides, flavin mucleotides, eytochromes, tetrohydropteridines and
sscorbic seid, Masen (1958) has proposed the terms "mixed fumetion
oxidage” and “"oxygon-transferase” for the abeve two classes of oxygesases,
In general, most of the hydrexylases fall inte the category of mixed
function oxidase. oxecept for a few isclated casece as can e seen in
the case of the formation of G-hydrexynicotinie aeid from nicotinie
seid vhich was shiown to iavelve hydration of a doudble bond followed by

dehydrogenation (lunt of al. 19067),

Monocoxygenase (Mixed fumgtion oxidase)
Sydroxylation of kypurenic scid

Taniuehi and Hayaishi (1963) have studied the Mydroxylatiom
of kynurenie acid by the action of kymurenie aeid 7,8-hydroxylase. The
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reaction catalyzed by this enzynme probably proceels from kymurenic acid
via kymurenie noid 7,8-opoxide, a hypothotical intermediate which ean
subsequently underge hydration to yield 7,8-dihydro-7,8-dilkydroxy
kymureniec seid, The latter compound is further couverted to 7,8«
dikpdroxy kymurenie ecid by the action of a delydrogensse., It was
further shown that kymurenic ascid is attasked by a NAN-depeadent
Wydroxylase and the dibydrodicl was isolated as 2 recetion intermediate.
They propeosed that an epoxide is formed firet and the dligMrodiol is
subseguently oxidized to 7,8-dibkydrozy kymurenie acid with regeneration
of NAN se that there is mo overall loss of the reduced eo-factor, The

sequence of reaction is deseribed below,

g 2
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Erdrexylation of salicylic sold
n
Recently Hayeishi gt 2l.(1963) have purified from/ pscudemoned
-mmawamuxuym.uumoamuu-

eatochol., Ome mole of FAD was associated with & mole of ensyme protein,

——
oy O (NATHH) OH ¥ NAL+HI+CO,

Ia this moncoxygenase reastion, the substrate is oxygoosted and is sisml-
tancously reduced by the electron domer, thus cleaving the bend hetwesn
the two oxygen atoms and ylelding a momcexygensted product and water,
Howover, Yano and Arisa (1958) have reported that several straina of
Iseudomopas show an alternate patiway for salieylie acid degradation via
gentisie seid.

Many instances are known where the emzymatie hyiroxylatiom
of aromatic eompounds that requires oxygen and reduced pyridine mueleotide,
The lv'inuhuud p-hylroxypbenylacetic acid also dopends on the presence
of both oxygen and reduced pyridine mucleotide (Adseli ot al. 1004) ond
the hydroxylase has been classified as & mixed function oxidase type. In
s siniler manner, n-lpdroxyvenseic seid is oxidized via protecatechuic

seid by a straln of Psendomonas (Yano and Arima, 1908),



Recently, losakava and Stanier (1006) have iseclated o
erystalline p-hydroxy benscate hydroxylase frem Ppeudomonas mutida
which eantalyszes the lyurexylation of p-hydroxy bLemsoate to protocatechmate,

This enzyme also contains one mole of FAD but is NADMI dependent,

Disxygennse (oxyges transforase)
Lehibara ot al. (1062) and Taniuehd st al. (1964) postulated
the hypothetical meehanisms invelving a possible intermediate for the

enaynie formmlation of eatechol from sathranilic sedd, Aceording te

H i OH
(NADH+H ),o.
~C0,
NH, ~NH, on

this hypothesis, an epoxide is formed as a prisary intermeiiate and

sebsequent bydration is involved, This mechaniss has Leen disproved

bty layaishd and his co-workers (/layaishi 25 ale 1907; Kodayashi gt al.
1904) who have given experisental eidence to prove that beth the atoms
of oxygen which are imeorporated into catechol are derived exclusively
from molesular oxygen, and none from the medimm, The resction invelves
the consumption of ene molecule of oxygen and of NAN! with the concomi-
tant evolotion of one mole each of carbon dioxide and ammonia per mele

of tho subetrate utilized,

Available evidence indicates that twe oxygen atems add to



the double dond scress carbon 1 and 2 to give a eyelic perexide interme-
diate which is then reductively cleaved with the reloase of asmonia and

carbon dioxide,

Coon OR
WHIH
— —p
NH,

m‘t ’““» .\ 0“

Sach a eyelie peroxide intermediate has Leen postulated in

the pyrocatechase resction (Hayaishi, 1004),

2 Clesvage of the bensene maelens
The benzene mucleus of the dihydric phenol is cleaved bty a
diexygonase which incorporates both the atoms of & molecule of oxygem
into the substrate as cleavage cocure. Two methods of cleavage of the
arematic musleus by mierobial enmymos have been clearly demcnstrated]
1) by oxidative fission of the Lond between carbon atoms
bearing the Mydroxyl groups of on ertho-dilydrie phencl, for example
in catechol and protocatecimic acid, Ia loth the cases, the bacterial
oxygenases eatalyze the cleavage of the bensene ring of cateechol or
protocateshuic aoid detween the two hydroxyl groupe to yield eis,
eis-mconic aeid and p ~carboxy-eis, ele-emconie scid, respeetively.

This enxyme hag hoen named “pyrocatechase” (Hayaishi aod lastdmoto, 1958),

(Fig. 11),
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{(2) by oxidative fission of the Load Letween the carton atem
bearing the hydroxyl group aund the ocarben atom bearing a sudbstituent (R)
o&uﬂ.ob«luxﬂp‘p(lﬂlnﬁa nﬁ,-al‘). This mode of ring
fission was discovered by Dagley and Stopher (1950). In this case, as
sentioned above, the bemmene muclous is not cleaved hetween the cardea
stems bearing hydroxy groups, 'ut it opens in the 2,9 position, so that
iastead of maconie acid, (X -hydrexymuconic semisldedyde, whieh is a half
sldeliyde, is the cleavage produet, Pmrteoatechule seld is similarly attacked
uuwf’wc{m muconic senialdehyde, However, this reastion
is catalysed by a different oxygenase which doos mot attack eateeholJ Fig.177).

T™he enxyme which is respensible for the cleavage of cateshel
sod protecatechuic acid at the 2,3-position was designated “catechel 2,3~
exygennse” by Dagley ot al.(1060) and "Metapyrocatechase® by Hayaishi and
eo-workers (1961),

There are several reports on arematie ring fission resctions
of the metapyrecatechase type. Adachi et al.(1964) have shown that
Issudononas ovalis when grown on p-hydroxyphenylscetic aoid, cloaves the
benzene mucleus of 3J,4-dihydroxyphonyl acetic ascid botween C-2 and C-3
by means of an oxygenase and this enzywe has been erystollised by Kita
2% al. (1903), Similarly, Dagley and Vood (1963) have alse isolated
aa onxyne of metapyrocatechase type from Pagudemenns whiok eleaves 3,4~

dihydroxyphenylacetic acid Letween C-4 and C-8, Tic. V),



ia

Ha- Hy-
CHy- COOH CHp COOH FORMATE + PYRUVATE
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FIG. IV TWO MODES OF CLEAVAGE OF 3,4-DIHYDROXYPHENYL ACETIC ACID

It has been reported that the maclens of 4~metiyl catechel
is ruptured between C=2 and C-3 by a ring fission oxygenase from
Pseudomonas, whereas, 4-carbexy catechol is cleaved between the
carbon atems 4 and 5 (Dagley ot al. 1984).

Dagley gt al. (1063a) stadying the metabolism of 3 =phomyl-
propionie asid by an Achromobacter have showm that extrects of the cells
contain emzymes that catalyze the oxidstive fission of the benzene mmelous
of 2,3-dibyiroxy= Pophenylpropionic aeid between the adjseent carbon atems
that bear the side-chain end one hydroxyl group. The cleaved product

was then converted inte suceinate and 4=bydroxy-2-oxovaler:te, The
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lattor compound was also formed whem catechol was metabolized by a

specion of Pasudomenss.

HOOC—CH,—CHe “W-C“t"f“e
oG-

ACETALNEHYDE HOOC.CH, -CH, -COmH
+ ————

ES
PYRUVATE CH,-CR(OH)-CH.-CO-CO0H

In the becterial oxidatiocn of 2,3-dibpiroxy beaseic seid
(Ribbons, 1900) the presence of a mew oxygenase was noticed which resem-
blun.a-mwmuutuum-bduw
is concerned., This Pasodenonas utilises 2,3-dikydroxybensoate as the
sole source of carben. It bas been shown here that 2,3-dihydroxyenzoate
is not decarboxylated to catechel Ly extrasts of this strain and eateehol
iteelf ie not oxidized, The extracts of the cells catalysed the oxidation
of 2,3-dihydroxybenzeate with the consumption of one mole of exygen and the
evolution of eno mole of carbon dioxide per mole of the substrate, The
formation of en oxo aeid identified as its 2,4edinitrophenylhyirasone
which ie identical with 0(~hydroxy mmconic semialdohyde was also shown
ia the above experiment, So, it is assumed hore that the oxygenase
cloaves the benzene mucleus of 2,3-dilydroxybenzoie aecid bLetween the

Wpdroxyl and cortoxyl fumetions and after the cleavage decarboxylation
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tekes plece to yiold X-hydroxy meonic semialdeiyde,

5o the eleavage of the benzene mucleus of orthedilgririe phemel
is usually brought about by eitier pyrocatechase or metapyrocatechase
type resctions. The mature and mode of attack of these two enzymes,
nanely, pyrocatechase and metapyrocatechase have Leen elegantly summarised
by Nayalehi (1004),
(S)W

smaller onrben frageents

The conversion of either ciseeis muconie seid or |° —carboxy
eis-cis meonic neid tof>-ketoadipate is carried eut by a laetonizing
enzyme and & lostone-splitting enzyme. The recent work of Ornston and
Stanier (1904; 1006) bas mow established that eatechol and protooateshuie
scid are both metabolized to give |’ -keto adipate emol-lectone whieh is
then hydrolyzed to > <ketoadipate, The final step before the entry of
the compounds iato the Krebs' eycle was shown by Kilby (1001) o Le &
c‘xamudsﬁwpuummm

It was moted by Gross gt 3l.(1088) that although Newrespors
Srasga comverts protocatechuic aeid intoeoxcadipate, it does 8o by a
difforent patiway from tist used by Pasudomonas species (Pig., Va), They
have shown that the emayme from this wmould catalysed the comversien of
§> =sarboxy eis, ols-msecnle aeid inte anotber lastons i.e., |’ oarbexy
meonolactone which was not metalolized when exposed to cell extracts

of [seudomenss.
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Dagley and Gibsen (1083) have shown that 2-hydroxy mmconie
seaialdelnie is motabolised to formate, acctaldetyde and pyruvate by

tse following reaction sequence (Fig, Vb),

2ther exsmples of the exidative metabolism of bemseneid compounds

Catechol appears to be a common intermediate in the bacterial
metaboliem of phenel, bensoic aecid, anthranilic scid and other aromatic
compounds. ¥ieland gt al.(1058) concluded that bemsese was oxidized
directly to eatechol 'y o Nogariis strein, Sisdlarly, Kleimsellor and
Fenel (1953) have reported on the bdasis of the resalts of sequential
induction experinenta that phenol and eatechol are the interme’iates in
benzene degradation,

Dagley and Patel (1957) showed that p-oresel was oxidived by
» Pagudomonas speeies through p-hydroxy benzaldehyde, petydrexybemsoie
seid and protecatochuie acid and that 2,4« and J,4=xyleno] were oxidized
asalogously by the same organism, Clous and Walker (1004) were able to
isclate two strains of Lacteria, a Pecudomonas and an johromobagter, whieh
atilized toluene, bensene and eertain other related aromatie compounds
as the sole source of carbon, 3I=lethyl catechol, acetic acid and pyruvie
seid wore detected in toluene-oxidizing oultures. lHowever, Kitagaws
(1988) proposed a different pathway for the degradation of toluene by
Pasudononas aeruginoss. Aecorting te him oxidation cocurs via the

intermed iates benzaldebyde, bemzoic soid and catechel.
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In general, it has boem noticed that during the metadolism of
aromatic hydrocarbons Ly bagteria catechol or smbatituted categhols are
formed as the last intermediates possessing the aromatie charaster. Thie
is further cloaved either by a metapyrocatechase or by a pyrocatechase
type of oxygenases,

There are a fev instances in the metabolism of aresatio con-
pounds with side chain, whorein, the side chain is removed before the
cleavage of the Lenzene macleus by the stepwise degradation with the
formation of either catechol or substituted cotechol as one of the key
intermediates. This is followed by the fission of the bemzene mucleus
to yield metabolites of the Krebs' eyele. The comversion of mandelie
seid to catechol snd p-hydroxy mandelic acid te protocateshmic acid
are examples illustrative of side-chain degradastion, The metabolisms
of mandelie eoid has been desorided Ly Stanier (1948) and the patiway
for the degradation of p-hydroxy mandelic acid was established by
Guater (1953), The emzymatic conversion of memdelie scid to bensede
soid was studied by Gunsalus and his-co-workers (1083) and the following

steps were clearly demonstrated, (Fip. V1),

j LCHOH.COOH : CO-COOH @ @/COOH @O

MANDELIC BENZOYL BENZAL- BENZOIC CATECHOL
ACID FORMIC ACID DEHYDE ACID

FIG-V1 METABOLISM OF MANDELIC ACID
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Certain specios of Pscudemonas coavert tryptepham imto kymuremine

(Tayoiebi and Stanier, 1001) and the pathwey for the degradation of try-

ptophon to catechol is as shown belows

7 CHa'CH-NH, COOH CO-CH; CHNH; COOH
I S _—
X N NH-CHO
TRYPTOPHAN
A~ CO-CHy CHNi; COOH COOH OH
| + H-COOH ——> + CHy CH-NH, COOH —
A NHZ NHZ OH
KYNURENINE ANTHRANILIC CATECHOL
ACID

CONVERSION OF TRYPTOPHAN INTO CATECHOL
In this particular case, an oxygenase initiactes the dogradative soguence

by cleaving the pyvele ving.

In this commection it will be relovant to prosent a bdrief review
of the wierobial degradation of terpencs which ccn be vieualiszed to be
hydroarematic compounds, The firsi report om the degradation of a terpene
waa by Mager and Newberg (1918) whe obtained eitrencllol im 50 per cent
yield by reduetion of eitroncllal using bettom yesst, Molimeri (1929)

sobioved with the belp of jootobaoter xyiimmm.

The first aystematic studies on the microbiclogical transformatiocn

of canphor were carried out by Gunsalus and co~workers (Pradshaw gt 2l.1000).



They were sble to isolate two strains of Peeudopongs (C, and C) and s
Rishthereld strain (7,) which wore found to wtilize camphor se the sole
source of carbon, The complete pathway for the degredation of camphor
and the detailed studies of tho various enmymes which play deminating
role in bringing ebout the biodegradation of camphor, were studied by
soveral workers (liedegaand gt al. 1961; Conred g§ gl. 1001ay 1001b;
1962; 1064; 1965a; Deum and Gunealus, 1962; Gunsalus ot al. 1964),
Khanohandend (1006) has stodied the metabolism of ecsmphene by a
Peoudopongg isolated Ly enrichment tecimique on camphene as the sole
mdwh:ndh*l“.“h“m

isoborneol and camphor as the direet intermediates (Mig, VII) .

Systematic investigations on the microbial transformations of
terpenoid hydrocarbons were started in this Laleratory o fow years age
by Mhattasharyya and co-workers who studied extensively the degradation
of compounds of the pinenc serice. They isolated a soil Pecudemonas by
erichment culture teohnique with)(~pinene as the earbon seuree, Tuis
particular organiem exhibited a certain degree of versatility by growing
equally well on limonene, X~pinene, f =pinene, Ai-p-.-mh...d
p-oymene,

Eatbway for the degredaticn of lincpene
The fermentation of limonene (1) by this strain yielded a mumber

of neutral and agidie compounds which were separated into their components



FIG-VII PROBABLE PATHWAY FOR THE DEGRADATION OF CAMPHENE
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and identified, The meutral fractions yielded carvone (2), dihydro-
csrvone (3), earveol (4) proentimSecne=ieoledecne (5), p-menthefeone—
1,3=diol (8) and pementimieone-2,9=diel (7)., Pres the ssidic freotions
perillic seid (8), 2=hyiroxy-p-centbeS-cne=T=oie acid (9), isepropenyl
pimelic seid (10) and & dilpdrexy seid (11) have been iselated and

fdentified (Frig, VIII),

Growth and adaptive enayme studies indicated that mone of the
neutral compounds lie on the direet patbway for the degradation of
lizonene., On the otier hand, perillic acid, kydrosy seid and the dicar-
boxylio acid were found t0 Le oxidized by limcnene grown oelle. Tased
on the abowe observation a pathway for the degradation of limonens has
been suggested (Fig, IX), The emuymes responsible for these conversions

bave aleo been demonstrated (Ihattacharyys gt al. 1984),

The organism whioch degrades limonene wns also found to utilize
A= and 3 ~pinene as the carbon source. Shukls and Dbattactaryys (1064)
have studied the degradation of these two terpemsid hydroearions and
have oharecterised seme of the metabolites obtaimed during the course
of the fermentation, PFrom the fermentation of {-pinene (+) Lorneel (12)
and myrtenel (13) were identified in the nentral fraction and from the
scidie freotion & dicarboxylic aeid (14) was isclated. DNesides these
the presence of myrtenic (15), phellandrie (16) and perillic seids (17)

were also demonstrated (Fig. X).



FIG. VIIl. PRODUCTS OF BACTERIAL DEGRADATION OF LIMONENE
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The fermentation of [*wpinene gave (=) bormeol, the saturated
dicarvoxylie acid (18) and apprecicile amounts of oleuropeie acid (19)
(Pig. %),

Adaptive emayme stulies revealed thot meither bormecl, myrtemsl
nor oleurcpeie seid were oxidized by pinencwgrown cells, whereas, the
mnocarboxylic acld frection wae oxidized very repidly, The dicarbeaylie
scid was oxidized at a very slow rate., Growth ond aduptive enzyme studies
u..uuuo(-nﬁmuxu-numumaun
Muﬁmnunumuuwmu
wcmw"*'dlwﬂgmw-oh
these oells. It was aleo observe’ that pinene-grown cells rapidly oxidized
WMAMMMD“MMndlMdblm
fased on the above observations a hypothetical scheme for the degradation

of pinenes has boon postalated(shukla, 1963),

Although complete emzymatic evidempe in support of the abeve
patiway is not availaile, Stmkla (1003) bas shown the presence of an
NiD-aloohel deliydrogenase (for delydrogenation of perillic aleochel,
phellenirol and oleurcpeie aleochol) ant aldebyde dohydrogemase (for
perillic aldeigpde, phellandral, ‘txm aldedyyde) in the collefree
extracts, DPallal gt al.(1960) bave purified perillie aleochol dehydro-
genase 10-20 folds and have worke!d out the ecofestor and subetrate

requirements of this delydrogenase,



FIG-X. METABOLITES ISOLATED FROM & - AND B -PINENE FERMENTATION
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The organiem which utilizes /< and /° ~pinene, limonene sad
Aimn&nhmdmuwrymmoh
nature, Also it bas been noticed that the orgonien is copahle of
edapting more repidly to an arcastle hydrocarien, peeymene, This
offered an unique opportunity of testing a large momder of easily
ncoessi’le model compounds as substrates and deriving more information
regardiag the structufal fostares cssential in a compound defere it can
sorve as a growih suistrate for this dacterium, Shukla (1065) has
reported that this organien grows freely om 4=sco~butyltoluene (20) and
4en-propyl toluese (21), DBat it teok sufficiently lenger time to adapt
iteelf to l-methyleivotiylebenzens (22) and 4=isopropenyl tolueme (29),
wheroas 4=iscbutyl tolucne (24) and 4-tert Mutyl tolueme (28) were very
poor growth supporters. It seoms prodable that the compound le—metiyled-
ethiyl benzone (22) may possess the desic minioum yegquirement defore it
ousn bo soceptable as a growth substrate for the orgenisa, Nooe of the
compounds (Fig. XI) tested was capable of supporting growth of the
organisn, It was concluded from these studies that the imtrodugtion
of an extra mothyl group in positions 2 or 3 in the p-cymene molecule
renders tho compound unsceeptable as a growth substrate to the organisn,
The presence of an oxygen funotion at position § vesulted in a total

loss of growth-premoting sstivity (Shekla, 1005, Shokla gt al. 1963),



FIG-X] AROMATIC MODEL COMPOUNDS
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TRESTNT STUDIRS

The ability of the Peeudemenad, "Plestrain®, iseclated im this
Laboratory to grow on peoymeno poses an interesting prodblea in ring
degradation, It has Leen established that the same organiem fimally
dogrades the slicyeliec hydroarematie rings in compounds such as limonene
dé{'mthrnﬂw-.dnmhhﬂ. Obtviously the
sane hydration process is expected to require mach higher ouergies in
aromatic compounds as eompared te the aslieyelie hydroeartons. Regarding
preyunene degradation no data ie availadle in litorature on the mierebial
metabolism of this hydrocarbon when provided as the sole source of earbom,
llowever, Davie and Raymond (1948) have reported on the exidation of
p=oymene by a Nocardia species when thias hydrocarbon was added after the
orgeniss was initially grown on n-alkenes and undor these conditions,
peoynene was oxidised to give cwmie seid, Handlor and Perluweiy (1948)
have alse reported the oxidation of p-cymene to cumie seid whea fod to
shoep, It had alse been reported carlier Ly Mathows (1924) that gertain
soll becteria can oltaln their emergy and carben requirement frem pegymone,
He claimed that the introduction of a methyl group inte the benzenme ring
rendered the resulting compound more suseeptille to bacterial oxidation
probebly beesuse of the greater potential energy of the methylated

compound, Furthermore, as againet the enormous data ecoummlated in



the field of desterial degradation of several polymelear arematie
ond substituted tensencid compounds such as, salicylie seid, eateshol,
naphthalene, sstivanilic aeld and pretecateshuio acid, relatively mo
information is availavle as to the exaet mechanism by whieh p-eymene
is degraded into smaller fragments., The present stadies were,
therefore, undertsken to lavestijate the degredation of peoymene by
the 'Pl-etrain' and to ascertain tieo exeet pesition of the cleavage
of the Lensene mucleus of the dilydroxyphemel by the oxygenase, The
results obtained during the course of these lnvestigations are

presented in this thesis.






MATIRINIS A METVODS

All chemicals used for the preparation of media were of chemical
grede and those used for enzymatic purpose were of analytical reagent
grade, p-Cy=ene was obtained from ¥/s. Riedel de Hann Ltd,, Germany and
was further purified Ly freotional distillation ot atmespberic pressure,
The fraction distilling Detween 165-08°/710 mm was collested and further
parified by refluxing over metallic sodium and them distilled, Dased
on VIC analysis p~cymene used in theee studies was 00,08 pure, Neutral
almmina Orade-I for colum chrematography and sillea gel for thin layer
chromatography wvere obtained frem the Fine Chemicals Projeet, National
Chenical Laberatory,
Ssigtonance snd prepagetion of gulture

The organienm wae isclate’ from eoil and was found to be Gram=
segative motile rods laving charcoteristics of !'‘seudomongs species, Tuie
organisn grewing on p-cymene as the sole scurce of carbon was propagated
on a mutrient agar slant of the following composition (Mackie & MeCartamey,
1040),

Peptene (M) essssennsnen
Sodium clhloride (B.D.H.) ene
Yoast extract (Oxold) seeeeee
leef extract (DAfeo) seeesece

AGOF seveeccssvcsssssncnennne

Total volume cececccccsssoces 100

3444
LR R R 3 )

The first four constitucuts were dissolved in water and the pil
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vas adjusted to 7.0 with 4N sodium hydroxide, The final woluse was then
sade to 100 ml, Twe per cent agar (Algaden or Difec) was added and the
mizture wvas steamed for one hour, For preparation of slamts 8«7 ml
aliquots were distriduted inte 19 L 150 mm Pyves test tubes, sutoclaved
ot 15 pes.d. (120°) for 20 minates and were slanted. The slants were
resteamod for one hour teo destroy any germinated spores and were
reslagted again, These slonts were inceulated eithor frem broth or

stock oulture and Lncu ated at 28° for 24 to 48 ha,

For purification of cultare Ly strecking methed, sutriont agar
of the above composition was poured aseptically while het ia previocusly
sutoolaved (20 pessds for 1 hir) potri dishes. The culture can be prope-
gated even on glucose-mineral salt-agar slante, The composition of the
mineral salt is deserided below and to this wore added 15 gluecose and 26
ogar and the slante were prepared in the usual way,
Maintenange of the eulture

It is possidle to maintain the organism and to keep viable for
very long periods on the surface of mutrient agar covered with a layer
of sterile ligquid paraffin, These paraffin covered slants were stored
st room temperature (20°=28°), For reutine work the culture was
maintained Ly regular trassfers in liguid eulture,

Mineral ealt mediwm for growth ond formemtoticn

Since the miero:ial oxidatioen of Nydrcoarbons is uscally
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sscompanied by soid production, tie presence of carbomate or phosphate
in the medium is desirable to buffer it at a favoursble hydregon~ion
compentration, So the organisn was growm in a chemically-defined medium

as deserided Ly Seubert (1060) having the following eomposi tions

1) Dipotassium Lydrogean phosphate sesene 63,0 8
(Denpba grade, Indis)
2) Potassiom dihydrogen phosphate eesnse 18,2 g
3) Amonium nitrate (H.Merek) sesese 10,0 g
‘) Magnosium d#“ (Bobono) m sesee 1.0 8
8) Calejum ehloride (CaCl, 210 - E.Merek) ... 1.0 ¢
6) Perrous sulpbate ("‘o"'o - BeDelle)ecooe 1.0¢g
7) Mangancse -lm (‘*‘ do Haan) seeseee 0,008 g
.) Sodimm m (BJ.I.) sesesse 0,000 4

Made up to 10 litres, pi! 7,0,

All the conatituente were dissolved separately execepting the
phosphates wideh were dissolved together and diluted to 6 litres, Solu-
tions of otier mineral salts wore mized together, added to phosphote
solution and the total volume was made upto 10 litres. Aliguots of
100 ml medium were taken in 500 ml Priemmeyer flasks and were antoclaved
at 1D penei. for 20 minutes, The flasks were then inoculated under
aseptic condition with 12§ inoculum and 1 ml of the respective carbem
sources were added to ecach flask, The flasks were incubated at 28°s1
on a rotary shaker at 290 repen. for 34-T2 by,
Extrection spd eeparstion  gompennds:

At the end of the imcudation period (24=72 hr), the flaske

wore pooled togother and the broth was them acidified with 6N hydreehlorie



acid and extracted tirice with ether, The etler layers were pooled
togother and shaken with hyflo supercel to remeve the suspended cells,
The clear yellow broth and the supercel ccke containing the eolls were
extraoted separately with ne-butancl,

The other and n-tutanel extracts were separated into moutral
(l‘ﬂl,)dntm(ﬁdl.)‘mwwndﬁwl{
sodius cartemate, The acids were regenerated frem sodicm carhonate
layor by asidificotion and wore extrocted with ether, The meutral
freotions were further su:jeoted to o four-trensfer modified Craig
distributisn between n-hexane and 0075 aquecus methanol (Prems ond
Mattacharyys, 1002), The polar compounds from the met aselie layers
were further purified either ly column chromatograply or by preparetive
TIC mothods. The purity of the fractions were estailished both by TIC

and VPC techmiques.

The acids were converted to their corresponding metiyl esters
by troatment with disscmetiane in ether. The methyl esters were them
purified by ehromategraphy over alusina (neutral Grade 1) and them My
preparative TIC in hexaserothylacetate, 90110 (Systes I). The separe-
tien of different scide in the nixture wae aleo tried using silica gel
partition colum as woll as by frectiomal erystallizetion, The sepe-
ration and identification of these conpounds were monitered by varicus

physicomchomical methods such as TIL, VIC and spectroscopie methods,
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The extraction procedure and the methods of separation are sumsarised ia
Pig. XIx.
Loremategraghy

This layer chrematography was carried out with 835 silice gel
(supplied by the Pine Chemicals Project of this Ladoratory) wsing 15§
plaster of Paris as the binder.

Resolution of the meutral frectiom and the methyl esters of
scids was schieved by using hezanetethylacetate, 08:3 (System I),
0110 (Systes II) or 83118 (System IV) as the solvent systems, For
acidic compounds & mixture of benzene;metiancl:acetic acid 45:8:4 (Sys=
ten I1I) was gemerally used, The compounds were doteocte’ elther Yy
apraying the plate with concentrated sulpburic aeid and developing the
spots by heating for 10 to 15 min at 110-100° or Ly keeping the plate

in an fodine chamber,

Jdsntification of L.4-dinitrestenviirdresonss of exe-golids and
pestral corbonyl compounds by TIC ond paper ehremstegrepty

The oxo=acids as well as the meutral cartomyl compounds were
iselated by comverting them inte their corvesponding 2,4~dinitrophenyl-
hydraszones and identified by TIC and paper chrematograpiic methods, The
following solvent aystems were used for TIC,

Selvent eystems for oxe-scide
1) Pensene: tetrahydrofuran: scetic aeid (00:30:4) (Systea V),

0



Selvent systes for peutral carteny] empounds

Senaenet totralpdrofuran 00140 (System VI).

Ascending unidisensional paper chrosatography was carried out
en Whatman Mo, 1 sheete. b-Mutanol-cthancl-water (7:11:12) (Degley and
Gidson, 1964) was used as the solveat system,

Irsparation of i.4~dinitrevhenvihydresine solutien

2,4=Dini trophenylhydrazine (100 mg) was dissolved in 100 ml of

2N hydroechlorie acid (approx.). The selution wos filtered and kept in

refrigerator vhen not in use.

Srewth Studies

In the experinents where growith pattern of the omganiem was
studied on different compounds, the cells adapted to peoymens were used,
p-Cymone growm cells were freed from adhering substrates by eentrifugation,
vashed with 0,05 M phosphate luffer and rosuspended in sterile medium,
Centrifugations and washings were done under aseptic conditions, Suita le
aliguots of 2 ml cell suspension with & turbidity reading of 230-200
(Xlett roadings) at 600 mu (Red filter) were incculated in flaske con-
taining the respective substrates (100 to 200 mg) and ineudated in the
usual manner,

Turbidity measurements for growth studies vere recorde’ oither
visually or eolorinetrically at 000 m with a Klett-Summerson colerimeter

using a flask reported by Shukla (Shekla, 1965).



Magouetrie Stadies

Voasuremonts of oxygen uptake by oell preparations were carried
cut manemetrically (Usbreit gt al. 1959) using Yardurg flasks (25 md
capacity) with a single side ams. Rach flask in a total velume of 3 =l
contained 1.5 nl cell suspension corresponding to 12 mg (dry wt,) ecells,
1 ml of 0,08 M phosphate buffer, pi 7,0, 0.2 ul of 2F potassium 'ydrexide
in the central well and water to make the total wolume 3 ml, The sui-
mmmu-umunu“w-&numm
ture of the bath was maintained at 25°30,2 and the flasks were sheken at
110 strokes per min, Cells for ssnometrie studies were barvested Ly
eentrifuging ot 15,000 X g for 30 min at 0=4°, washod twice with 0,080 ¥
phosphate tuffer, plii 7,0 and resuspended in the same buffer for the
respiratioa experiments.
Prsperation of eell-{ree extracts frow p-ovmens grown cells

Preshly grown cells (24 hr) were harvested and washed twice with
3405 M phosphate Luffer. The harvested cells were reosuspended in phosphate
buffer, 0,08 M, pil 7,0 and 10 ml of Luffer was used for cssh 1 g of cell
paste. It was then sul jected to sonication (Raytheon Magneto striotiem
sonic oscillator, Model DF 101, KC=10, 280 W) for 10-12 min and the
sonicate was contrifuged ot 15,000 X g for 46 min, The supermatant wae
wsed for aleochel delydregensse and aldelyde dohydrogenase assays, hn.
same supermatant was employed to show the presence of hydrexylating and

eleavage emxyne systems. These extrects usually contain 10-15 mg of



protein per ml,

Protein concentrations were estinated sccording to Warturg end
Christion equation (1941) for the estimation of protein, based on the
extinetion coefficients at 2850 and 200 .

$ 2.3 X (optical domstty at 200 m)=(optical density at 200 m)
= mg protein per ml of solution
Ssbetrates need in the preesnt studies

Benzole neid, benzaldehyde, p-oresol, salicylaldebyde, salieylie
seld, m=toluic oeid, p-toluic aeid, oreinel and catechol were products of
B.D.7l, ond B, Merck, All these compounds were further purified either by
distillation or by erystallization, 3,4=, 2,0, 2,4, 2,8, 3,0,
Dihpdroxybenseic acids were kindly supplied by Dr, K, Ganapatity, Pertlend,
Oregon, Us,8.,A, Fesides these several other compounds were used and theiy
syutheses are given below,

2.2=0ihwdrexy beusels acid end 3,0-dilgdrexy terephthalle seid

These two seids were prepared Ly eartomation of a mixture of
snhydrous potassiun carbonate and cateehol (laime gt al. 1954). Anbydreus
potassiun cartonate and dry catechol were mixed im the ratio 3:1 and the
nixture was heated to 170° for 4 hr under a carbom dioxide pressure of
1200 to 2000 pew.is. The resetion mixture after scidification gave mostly
2,9-dihydrexy benzole acid (70% yleld) and little amount of 2,3-dilkydrexy
terephthalic acid, The mono- and di-carboxylie acids were separated Ly

fractional erystallization from water, The mone-carboxylie seid being
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muehs more soluble than the dicarboxylie aeid, 2,3-Dihydroxy bemxelc acid
wvas roorystallized from water to a mep. 200-208"(1iteratare 200-208°,
Cason and Dyke, 1030), The above reaction whem carried cut at 208" for
8 br montly 2,3-dihpdroxy terephthalic acid (80F yield) was obtained, The
product was erystallized from aguecus aleodol, It melted with decomposi-

tien at about 270° (1literature 270°, Casen and Dyke, 1000),

=lydrexy cumiec ocid

All attempte to prepare J-lpdroxy cumiec seid by the selenium
dioxide oxidation of carveerel wore mot successful, FMinally it was pro-
pared by the alkali fusiom of carvacrol, [flowever, the yield was very
poor by this method, Ome part of carvaerel was mixed with 3 parts of
potassium hydroxide and the mizture was heated to 400° for 3 hr, The
fused product was dissolved in water and on aeidification yielded
S=hydroxy oumie acid (305 yield)., It was erystallized from hot water,

m.p. 08-08° (1iterature, m.p. 90=07°, Heymann and KSnigs, 1888),

Lsoyropyl eyruvie eeid

Six grams of leucine were suspended in 70 ml of water con-
taining 15 ml of concentrated sulpimric acid, Tie mixture was cooled
to 0° and then it was diazotised with a solution of esodiwm nitrite
(3,12 g) ia 10 ml of water, The diasotised solution was them refluxed
for an hour after adding U ml of concentrated sulphurie seid, The

resction mixtare was then satursted with amsonium sulphate and extracted



with other, The residue (4z) obtained from the ether extract was
taken in dry scetone (30 ml) and sub jected to Jomes' oxidation sccomding
te the precedure of Djerassi gt gl (1080), After 4 hr, the resction
sixture vas diluted with water, filtered, excess of acotone present
was resoved under suction and then extrected with ether, The ether

layer on evaporation yielded 2 g of Lleopregyl pyruvie acid, bepe B4=5°/15 mm,

2=fiydroxy p-evmens (Carvesrol)

The first step was Lhe preparetion of larium eymene=2esu:lphenate
prejared according to Feure (1004),

The second step involved the alkali fusion of barium cymene=i-
solphonate, Three parts of potassium lpdroxide was mixed with one part
of tarius oymenc=tegulphonate and the mixture was heated te 320° in a
bath consisting of an eutectic mixture of sodium and potassium ndtrates
with o fusion period of one hour, After the fusion the alkaline mixtare
was dissolved in water, aoidified and extracted with ether, The ether
layer yiclded carvaerol, b.pe 234=230° (literature '.p. 237-238°,

Yagner, 1028),
2,3=Dihvirexy ounie slechel

2,3=Dihydroxy cumie seid mothyl ester (200 mg) was reinced with
lithiom aluinien ddride (600 mg) as desoribed by Nywirom end Prown (1047),
AL the end of the resetion peried (about 2 hr refluxing) the mixture was

processed as usual, This compound was freed of winor imperitice by passing



”n
ever an alumine columm (Grade I, 20 tises). The cclumn was washed with
ethor, The compound (40 mg) was eluted with methanol,

Sunle sleohel (27)

This was prepared by reducing cumie seid (300 mg) with )ithinm
alesindum hpdride (800 mg) as doserited carlier, The compound (27) die-
tilled at 270* (vath temp,). The NMR spectyum (Pig.XLIITI) indicated the
presence of isopropyl greup (doutlet at 1,233), preten of tertiary carben
(2,880), protens of hydroxymethyleme group (doublet at 4,42) ond feur

arematic protons (singlet at 7,125),

Seale aldehyde (38)
Comie aldelyde was prepared by oxidation of cumie aloobel in

presence of echremjun trioxide-pyridine complox as descriled Wy Peos gf al.

(1983),

T™he preparation of (m=p=tolyl propancl (d=hydroxy-p-eymens) and
3-isopropyl catechol have beon discussed in Chapter IIX,

All tHe' melting and beiling peints reported are uncorreoted,
The infrared speotra were recorded on a Porkin-Elser Infracord model
1370 and B or on a PorkineElmer model 221 in liguid fil= or in majol.
All NMR spectra were taken on a Varian Asscclates A=00 spectrometer
uvsing oarben tetrachloride as sclvent and tetyemethyl silane as the

internal reference standanrd,






PERONIATION OF p-CTMR
DLSCUSSTON

The pecudomonad, "Fl~strain® iselated by emrichment eulture
tecinique ooA{=plucne as the carbon source vas used in the course of
the present studies., This has Leen found to grow freely on glucome,
seerose, citrate, -o.d-u aod other members of the tricarboxylie

seid oyole with or without lag phase. Posides these compounds it alee
usltmnmrotmm-‘-o(-ﬁa-.ﬁ-ﬂu.
lizoneno and S-r“(uu.uu). It is interesting %o note
that the same strain grows remarkdbly well on the arcmatie pdrocarboea,
p-eymene, in o mineral salt medium at retes compara®le to those on
glucose, In order to elucidate the catabolie patbway of this hydreearben,
large scale fermentstions were carried cut to idemtify the varicus mete-
tolites formed during the course of the formentation, Optimmm conditions
were catablished from differeat sots of formentations using the psendo-
monad "Plestrain®, The rote of growth of the becterium wes practically
steady between I7°=37°, llowover, a temperature of 28° was chosen
artitrarily with a view 0 minisdzing the losses due to evaporation,
The organisa exhibited ..ﬂlml-ol 0.8 t0 7,2 and for the formente~
tions a noutral pif (7,0) was chosen, It was found that pecymene appeared
to Yo nometoxie up to a level of 1,55 ia the me'fem (Tatle 1), As there

was proctisally mo difference in the growth rate of the organimm at



3
concontrations of 1,0 and 1,55, an initial level of 1,08 peeyrene wes
choson for the fermentations, It is appropriste to mention in this
connection that whem the inmitial concentration of the sulstrate was
betweon 0,8-1,0F the culture medine develope! & pale pink eolour,
possibly aa indication of the accummlation of phomolic compounds,
fowever, on reduoing the concemtration Lelow this level the pink
cclour was not observed,

The quantity of meutral products formed ot any tive was quite
insignificant as compared to the scidie produstes which inereased con~
siderally with the inmcubation period, although the smcunt of neutral
produets formed was comparatively more in the indtial stages (Table 4i).
dowover, the scoumlation of different coids in the eculture medium
depenvied mainly on the period of imeubation, In a 24-hr fermentation,
cunic aeid was the major preduct of scowmlation while in a 72«hyr
fermentation, 2,0-dilydroxy cumic acid was the major compenent, With
prolonged incubation i.¢., Leyond 72 hr, considerable lyses of the
colls wore obaerved, Different sets of fermentations were carried
ot at different tise intervale of 24 and 72 br in order to nocwmlate
the two major acids in fairly large guantities, The amount of acidie
and neutral produets formed during the course of fermentations with

different tive intervale ia listed in Table ii.



Isolotion snd idontification of metabolites

The extraotion procedure and the separation of metarolites inte
ﬂaum—wdmmmmmmu
sutline! earlior in the ehapter on "Materials and Methods™(Pig.XII).
Priefly, the formented bdroth along with the cells ves acidified and
extraoted with ether and nebutamel, The aquecos layer was not sul jected
to contimuous extraction with ether (Simkla, 1965) since the residue
oHtained by this precedure was too small to carry out any cbemical
work, The ether and the n=butamol fractions were then separated into
their soidic and neutral constitusnts to odtain the following major
fractions:

a) Ether extraot: loss polar mevtral (N,) and seidie frastiess (A));

b) m-Dutanol extrect: more polar meutral (N,) and seidic frestiocns (A).

Fxasinotion of each of these fractions Ly TIL revecled tie presence
of at least four to six components, These four fractions were subjected
to solvent-solvent partition, ehrcsatographic methods and fractionmal
erystallization (in the case of seids) for the isslation of individual
meta olites,
N, (less polar peatral) frection

Chrematography of the frection l‘ over novtral alusina (Grade I) save
four fractions '-oly. l‘-.. Ny=b, l‘-o and lt-d whieh were eluted by
seolvents of inereasing polarity.

Proetion (N =a) eluted with petrelevm other (40=60°) was found



a
to eontain vareacted p-oymene and fatty materials, Examination of whis
muuum‘-xummmoruw.rnm.
polarity; the relatively non pelar compound corresponded to p-oymens in
mobility pattern, The polar compound wae separated from the mixture by
careful rechromatograply over meutral alumina (Grade I). The IR speotrum
of this compound showed the presence of a strong shsorption due to ali-
phatie C stretehing (| __ 2080 en™), an eater band (Y 1760 ea™)),
s other lmkage (Y, _ 1100 en™), o charasteristie adeorption for tie
manlqmﬂuuw-ﬂumuhm.-mp
(Y pag 790 e8™)) and the aheence of amy bydroxyl greup. This suggested

um.—.—uumun-ma.mm

Fraotion (Ny=b) eluted with bensene was alss found to be a mixtere
of two components of very clese mobilities in TIC (System I) end could
Dot be resclved further Ly chrematographic methods. One of the components,
however, corresponded in mobility pattern with that of the fatty aseid

ester obtained in the petrolewm other frastiom (l‘-.).

The (Ny=e) froction eluted with otier was found to cemprise mest
of the major neutral metabolites. Preliminary ezasination by TIC (Sye-
hll)mthmo!t.ﬂom The metadolite with
l'o.umtuwu.mbmbymtwm. This compound

distilled at 158-00°/30 mm (Lath temp.) and anilysed for C The

10"14"°
IR spectrum (Pig. XN exbibited a hydrexyl a’sorption (Y mag 3430, 1045 ety



«
The abeorption at 620 en ' prodebly indicates 114 substitution pattern
on on arematic muoleus, The YR speetrum (Pig.XIV) indieated the
presence of four arcmatic protens (singlet of 4 proton intemsity ot
7.1d ), the protens of hydrexy methylene group (a dou'let of 2 protem
intensity st 3,48C), proten of tertiary carbon (mltiplet of ome
proton intensity arcund 2,8 (), one hydrexyl proten (at 2.57J) whieh
disappoared on n,o exchange, an aromatie metiyl (singlet of 3 protea
iatensity at 2,39) and a secondary metiyl (a doudlet of 3 proton
intensity at 1,17J), The alove data indicate! that p-eymene hes
undergone hydroxylation and the analysis of MR spectra correborated
the strusture, o =petolylepropyl aleobel (26),

) CH,0H

The IR spectrun of the eccupound was superispossble with that of the
sathentie semple of o =petolylepropyl aloochol (Pig.xV),
Pron thie frection (l‘-o) a seoond neutral compound was identified

by YIC cs cwmie aleohol (27), The observed posk intensity wos enhenoced
)3}
2

amn
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when injected together with the avthentic sample of eumie aleohol
(PigeXV1), Owing to the paveity of this alochel further chemioal studies

were mot possidle.

The last frection from the colum (Ny=d) eluted with methanel
yielded a dark coloured gum which wes found te beo a mixtare of many
compononts en TIL, Since this fraction was isclated im very saall
smounts further fracticnation of this residue was not attempted,
¥, (move pelar pestrsl) freoticn

The meutral n-lutancl extract (N,) was found to separate inte 4
to 5 compounds om TIC, l\oqumnl'o.ampddu“
of A ~petolyl propyl alechel (System 1I), As the total yield of the
setabolites in this frection vas very poor it was not possille to separate
and idontify the individual components, Nevertheloss, the Uartarg stodies
indicated that this freetion could not le oxidized and so, Lhe failure te
identify the various components protably did not bamper the main ob jective
of the stadies, namely, the elseidatica of the pathway for the biodegro=
dation of p=eymenc.

ACIDIC PRACTIONS

Since at two different periods of fermeatation, two acids sceummlate
ia major proportions, their isclation was carried out hy orystallizetion
end thorefore, they are Jiscussed im the begimming.

The aeidic freetion obtaine! from the 24 fermentation was found
to contain an acid as the major product which wes separated from the other
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“
scidic componenis present in miney guantities by erystallization frem
water as & white erystalline material with & mepe 113-114°, The ole-
sentary analysis of this compound suggested an empirieal formula of
Coollgalpe The IR spectrun (Fig. XVII) showe! charasteristiec absorptiom
¢ue to an aromatie earboxyl group stY __ 2580 amd 1080 e”’ and a
strong doudlet of equal intensity due %o feopropyl group sty _ 1330w
1300 on™l. The NMR speetrum (Fig.(VIII) of the ecmpound revealed =m
Lsopropyl group (split doublet of six proten intensity at 1,280 ), o
semplox signal due to proton on tertiary carben (srvand 3,00d), four
aresatic protons (two doullets esch of two proten intensity st 8,01 and
7.28J) and the hydroxyl proton of the eartoxyl greup (st 12,00d), The

paysical end spectral data fully sappert the follewing strueture of cumde

seid (“). UL H

©

8

The asidie fractions obtained in the 72 hr fermentation, on TIC
exanination (System III) showed a single acid in major quantity, This
seid froction was suspended in minimum quantity of carten tetrachloride
to remove the relatively memepolar scide from the mere polar aeid, The
earbon tetrachloride solution on evaporstion and ehromatograpiy over

thia layer showed the presence of small amounts of cumie ascid (28', The
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more poler scid was orystallized repestedly from aqueous sthamol to a
conatant mep. 103«84° and showed a single spot in TIC (System IIX,
l'o.lt). T™dis coupound (20) gave o positive ferric ehleride test, asnd

analysed for C”M“O‘.

The IR spectrum (Pig.XIX) of this seid (29) indicate! the presence
of & tres hpdroxy) growp (Y o, 3450 a™), & kydregen bended iydrenyl
group (Y o, 3100 ea™h), & fres cartoayl growp (Y . 2500 and 1670 ea™)
and an Leopropy] side ehaln (Y. 1390-138 ea™)), The MM of the
metiyl ester of the seid (30) (Fig.X1) showed the presence of six protons
corresponding to two methyl groups of isopropyl side chain (deuvlet at
1,224 ) and the methyl group of the car:ometioxy grouwp showing three
proten inteasity (a siaglet at 3.90). The presence of twe arematie
protons were shown by two douwrlete (at 8,0, 7.2d). Two sharp pesks eseh
of one proton imtensity were seea (at 5,6 and 10,6 §) due to the tws
hydroxyl protons the presenge of whieh were gonfimed by equilibration
with D0, Oa the basis of the siove oiservations it was eomeluded that
the phenolie soid iselate! was 2,3=didpdroxy cumie soid (29) and the

corresponding mothyl eater as (30).

OOH OOCH,
onl OH
oH OH
(29)

(30)
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The physical preperties and the spectral data of this phenmolie
seid compered well with the values that have Deen reported for this aeid

by Adams and Munt (1999),

The above eonelusicn was further substnstiated by decartoxylating
the phenolie seid to J=isoprepyl catechol (31), This ccapound anclysed
for C il 0ge The IR spectium of this compeund (Pig.XXI) indicated the
presence of iydroxyl grewp (Y 3400 ea™), the Saopropyl group
(Y nay 1995-1300 en™") ant the adecnse of any earbemyl fumetion, The
BE speetrum (Pig,XUI) revealed the presence of an isopropyl grovp
(split doublet of six proten intensity ot 1,2d), a mltiplet due to
the protom on tortiary earten (at 3,2d), twe kydroxyl protons (at 4,9<)
whicl were re'voed in intensity by equilibration with D0, and thyee

arematie protens (appeared as o mltiplet at O.ﬂd). All data are

OH
OH

(€<3))

consistont with S-isopropy] oatechel structure, lased on this ovidence
the structure assigned to the phenclie seid was fully confirmed,
Desides these two compounds a few other meta olites were presect

in aoidie frection im minor proportions, Chromatography on silica gel
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failed to resolve them any further,

After studying these two acids, namely, oumie and 2,3=dibydroxy cumic
scids, the scidie fractions Ay and A, ovtained from ether and Dutancl
extracts, respectively (as mentioned before) were studied systematieally
for the idemtificetion of all the components, present, Acidic fragtion
(A‘) wvas directly comverted into methyl esters with diascmethone and
the resulting methyl estors were su' jected to a four-transfer modified
Craig distridation between 90F aq, methanol and petrolewm ethor (40-80°)
to meparate mluopl.(tmu-lt-.) from the more polar esters
(fraction Al-b). These fractions were thenm processed separately.

Exsgtien (A =a)s Preliminary examination of thie frastion om
TIC indicated that it was & mixture of three couponents. This entire
fraction was distilled under vacwm as one frection and was subjosted
te chromatography over meutral alumina (Grade I). The first petrolewm
ethor (40=80°) eluates (Aj=a ) yiolded & residue which was found te
eontain oaly one compo:und as revealed by TIC (System I). The combined
residue frem the later petroleum ether fractions (A‘-o') on TIC (Sye-
tem 1) showe! the presence of two metabelites,

The (A‘-o‘) frection on sapomification gave a low melting solid
whieh analysed for c“n-o.. The IR spectrum (not shown) of the seid
exhitited o free carboxyl group (Y . 9800 and 1720 ou ) snd o long
methylene ehain (Y __ 730 ea™'), The spestrus appesred to be that of @

fatty acld and this conclusion was sapported by MR studies., For this
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reason no further attemple were made o determine the exaet mature of

the oompound,
Mu(w-oumuddn“md&

tvo soide from this fraotion wore separated om a preparetive TLC

(System 1), The elightly polar acid wos found to correspond to cumie

aoid estor on the basis of TIC and other speotral data, The other

acidic compound, was isolated dy preparative TIL snalysed for cufi“ﬂzo

The IR speetram (Fig.XCITI) showed an aliphatie sster band (Y 1780 eu™)

-u..uc.u-uoannuunu-,muu-(y'_J-ocf‘h The R

spectrun of this compound (Fig,XXIV) showed the presence of four

aromstic protons (singlet ot 7,1G), a metiyl signal of & earbometboxy

group showing three proton intensity (3,00 ), an arematie metiyl sigmal

(singlet at 2,390) and a secondary methyl greup (a doublet of three

proton intensity at 1,41 ). On the baste of this dats the following

structure ocould be sssigned to the methyl oster (32),

Hs iH 3
OOCH3 OOH

32) (33
The free acid (33) was obtained ae & white erystalline solid,

with a m,p. 00=01" on saponification of the methyl oster and it analysed

for C, 1l 0o« The IR spectrum of this acid (Pig.XTV) showed the presence
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datmwmwum-". am-"‘

), and 1,4 aromatie
whatitotion pattern (f ___ 829 en™l), The M speetrum (Pig,xiVI)
also showed the sane pattorn as that of the methyl ceter exsept for the
sheonco of the methyl of the cartomethoxy sigmal and instead, the presence
annmomu-(ull.ﬂJ)-uu-.
Ixsetion (A.=b)

TIC of this frastion (‘t"“) obtained frem the Croig fractionation
in System IV was found to contain ot least four components, It was
sl jocted to chromatography over meutral alumina (Grade II), Bramination
of potroleum etherietier eluate (Ay=d.) om TIC revealed the presence of
m.wmmolml’mm.dxpmm(ﬁd.)

on TIC was found to comtain three components,

mmduﬂ(ﬁdl) fraction were separated by preparative
TiC, m-oa.uuuumn,nxuo.uusmwiu
the mothyl ester of 2,3-dilpydroxy cunic acid, IR and NMR spectra were
identical with those of 2,3=dibhpiroxyoumic acid, The secend component |
was a solid, c‘fl“o‘. and was erystallised from aguecus ethanol,
Bepe 07-88", The IR spectrwm (Fig, XVII) of this solid ester exhibited
the presease of a hydroxyl grewp (Y . 0400, 1220 eu™'), am estor band
(Y a7 @8™') and an teoprosy) growp (Y _ 1988-1370 es™'), Toe
MR epectrmm (Fig,XIVII1) of this compound to some extemt agreed with

that of 2,3=ditydroxy cumic acid ester, Nevertheless, the disappearance



&

1
3
(%) 3ONVLLINSNVYL

o

@

]
l
8

00I - A : _ =00l
0002 000¢ OOOY

| I | |
004 008 006 000! 1-ND 00S|




Ol €420 < 0l-
: HO
v £H2002
o j T Bl A T R _ o b
Gl vl €l 2l Il ol o 8 L G

(SNOYDIW) HLONII3AUM

35NVE¥0S8Y




of the strong ascidie phenclic group end the appearsngse of mothoxy
protons were obsorved, This spectrum indicated the presence of an
tsopropy]l side ehain (doudles of 6 proton intensity at 1,230), carbe-
mothoxy protens (singlet of three proton intemsity at 3,0< ) methoxy
protons (singlet at 3.87 4 ), a ipdrexyl proten (singlet at 6,06¢ , en
euilibrotion with D0 the peak disappeared) und two arematie protons
(two doublets at 6,90 and 7,320 ), On the basis of these dats &
probable strueture of the type (34) was assigned to the selid methyl
esstor, llowever, this compound (M) may not be & trwe tressforsation

CQOOQCH;

Ty
(34)
product but more likely it eould have Leon formed while esterifying
2,3~dihydroxy oumie seid present in the acidie frection with diosometbane,
It was also oheerved with 2,3-dihydroxy cumie scid that when it was
allowed to recot with an excess of diazomethane for a longer tive, the
more acldie hydrexyl group at pesition 3 was methylated,

The (Al-b..,) frootion on TIC examination (System IV) showod the
presonce of two compounds (30) and (34)., Tlesides theso the mixtare alee
sontained another ester which was separated on preparative TIC, This
estor was found to be a very low boiling liquid, distilling at 98°/50 em

(bath temp,). The motility pattemm of this eompound on TIC carresponded
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with that of the authemtic 3-hydroxy cumic acid methyl ester, The

fdentity of this compound with suthemtie J-hydroxy cumic aeid ester

(38) was established by speetral comparison (Fig,X0\IX),

COOCH 3

OH

(35)
Butano) frection (A)

Examination of the butancl fraction em TIC (System III) indicated
the presense of five to six components. hoomhlwu-l’
as that of cumic acid and 2,3-dilydroxy cumic acid, respectively, The
anount of this fractiom was very small and honce the other metadolites
could not be isolated for structure determination, Sinee the cloavage
of the benzene mucleus of 2,3-dihydroxy cumic aeid should result in the
formation of cither ketonie or aldehydic intermediates, the entire butanol
seidio frection was treated with 2,4=dinitrophenyl hydrazens to comvert
any such carbonyl compounds, inte their respective hydrazenes., The
hydrazones formed were takem into ethyl acetate which vhem examined om
TIC (System V) was found to contaim a mixtere of three hydrasomes, The
hydrazone with tbol,nluo.“m’-‘dh that of the hydrazeme

of isopropyl pyruvie aeid (36), Due to pancity of the material it



could not be isolated in a pure form for further stadies. The other

tvo hydrazones present im the mixture could not be identified. Purthermore,

£
/

HJC

CH—CH;— gé—-cooH

(36)

enzymatic studies as reported in Chapter!V have shown that isopropyl
pyruvie aeid is formed when a cell free oxtract was incudbated with
2,3-dihydroxy cumic acid for a peried of two hours, This sccords further
proof that isopropyl pyruvie acid is formed durimg the biodegradation of
pcynene.

Permentation of p-eyweme with glueose grown cells
Yhen the fermentation of p-cymene was carried out with gluecose

grown eells substantial amounts of ascidic produets nccummlated in the
medium, It is interesting to note that wvhem fully adapted glucose growm
cella are used for the fermentation of p-cymeme the amount of the seidie
metabolites formed was decreased considerably, Om the other hoand vhem
partially adapted cells were used 2,3-didydroxy cumic eeid was found to

scoumulate in large quantities.



Effest of substrate eomseatratien

The effect of concentration of the subetrate on the growt) of the
organisn vas tested by incculating 100 ml of sterile mineral salt me imm
with 1,05 inceulum (24 hwr old culture grown on peaymene) and adding p-cymene
in various concentrations ranging from 0.2 to 2,0%, The results presented
in Table (1) indicated that the growth rate resched a maximus when the
initial concentration of the substrate reached a level of 1,0f and the
remained steady with inervasing concentration up te a level of 2,0%,
Ueyond this level the substrate was found to be toxie to the erganisa,
The growth rate also imoreased as the period of imeudbation was inereased
and reached a maxisum at a peried of 080 hr, Deyond this period consi-
derable lyses of the cells take place. Ae a result of these odservotions
an indtial cemoentration of 1,0F of peaymene was employed threughout the
fermontation,

Cptimm oomiitione

Igceslen, pfi and tempevatares A pHl of 7.0 was found to de optimm

for purposes of growth and fermentetion, All fermentations were carried

ot at a constant temperature of 28°:2 on & rotary shaker (220 r,pem.).



EFFRCT OF CONCENTRATION OF THE SUNSTRATE
ON THE GROWTH OF THE ORGANISM
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The salt medium of the composition os memtioned in Chapter II was found
to be sultable for the fermentations,
Jcgwmlation of produete as o function of tine

A bateh of 7O flaske enc!: containing 100 ml of sterile medium and
1.0 ml of the substrate were incculated with 1 ml of inocevlum of & 24 br
old enlture, PFive flasks were removed at mere hour and the remaining 03
flaghes were imoulated at 28" on & shsoker, 10 flasks were removed every
time at en interval of 4, 8, 12, 24, 48, 72 and 90 hr, The broth wae
seidified, saturated with sedium ehloride end extrected with other. The
ether layer was separated iate acidie and meatral froctioms. The
seutral freetion was chromatographed over alumina (Grade I) end eluted
with petrolevm ether (40<00°) and other. The ether cluates were comcen-
trated to yleld comparatively mere polar cospounds and Laken as pelar

neatral fraction vhich was free from unreasted pe-oymene.

The acids were odtained from the sodium Mearbonate extract by
acidification followed by ether extraction. The resulis of this experiment
are tabulated im Tadle (i1). It 40 evident frem this table that the
ascunt of the scidie fraction reached a maximum whem the incubatiean
period was 72 hr, In the initial period cemparetively more neutral
mumtuﬂdnn.m.t-.w;ommtw

sentations of peoymens up to 72 hr,
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EFFECT OF TIMR ON THE ACCMLATION OF PRODUCTS

o Total mewtral Acidie Polar meutral
(g () (g)

B et R e ——

4 3.0 0,028 0,078
8 2,63 0,080 0,358
12 2,83 0,071 0,298
= 1.8 04089 0.140
@ 0,60 1.200 0,228
72 0,20 1,450 0.138
L 0.2 0,580 0.131
*hefore chromatography
large sesle femmentation

80 flasks each with 100 ml of mineral salt medium were inceo-
lated with 1,05 inoeulum from a 24=ir old cultere, Ome ml of peeymene
vas added to saoh flask and then incubated en & rotary shaker for 72 hy
at 28°22, At the end of the desired ingubstion period (72 hr) the
contents of the flasks were pocled, seidified and extracted with ether,
The broth was reextrected with o~tutamel, The ether and o-butanmel
extracts were consentrate! and separsted into scidic and ne.tral freetions

by washing with 5,07 aqueous sedium carbonate.
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In order to get large guentities of metabolites for isclation
and ldentification, the contents frem five batehes each of 50 flaske
wore pooled together and processed., The total ether extrast on comcen~
tration afforded 35,08 g of products. This om separation into meutwal
and scidie products gave a meutral (N ' freetiea (3.8 g) and an acidic
(A‘) fraction (31,28 g).

The pebutamsl extract was concentrated on a waier bath under
vaouwm, The residue was taken up im culoreform and separsted iunte
seutral (l:, 1.5 g) and ecidie (A,. 0.31 g) fractions,
Curomatography of the neutral fraction

The meutral fractions were as svoh chrematographed over alumina,
In o typleal experiseat the neutral fraction obtained frem 100 flasks
(7 g) was chromatographed on an alumina colwm (Grede I, meutral, 210 g
and the folloving freetions eash of 1000 ml velume were colleoted.

Ny-a petroleun ethor frastion
l‘-b: benzene fraetion

l'-.l other frastion

Ny=ds mothanol fraction

Tee potrolewm ether fractiom (Njeaj 5.0 g) on TLC examination
(System 1) showed only two apots, one of them corresponded to peaymene,
m(l‘-o) fraction was them rechromatographed over neutral alumimo
(Grede 1) and oluted with dry petrolemm ether (40-60°), The imitial

petrolosm ether cluate oo evaporation yielded umresoted peymene (4.9 3).



Ereparation of o =p-tolyl=propyl sleobe]

This compound was prepare! from L wpetolyl propaldebyde whieh
was prepared cssentially sccording to method of Henderson and Cameren
(1909), "hem dilute solution of pcymene (15,8 ml, 0.1 ¥) in dry carben
disulphide wes treated with a sinilar solution of chremyl chloride (16 ml,
0s2 M), o brown olly liquid was formed which was them subjected to stean
distilletion. Frem the distillate o/ =p=tolyl propaldehyde was separated
as its bisulphite compound from which the free aldelyde (5 ml) woe
ottained [H.5/A1). Tue aldelyde wae then redused to - ~p=tolyl propyl
aloobol (3.5 ml) by lithius aleminiun hydride. The alochel distilled

at 128«30°/95 mm,

The second frestion frem the preparative TIC (50 mg) om further
analysis in VIC showed three peaks namely, a, !, ¢, Poak ¢ represented
cunic aloohol (27) as demenstrated by the embancement of the peak inten=
sity when mived with an suthentie sample of cumie aleobel (rig, XVI)
{Temp,130°, column P, carrier gas #,, flow rate 30 ml/min.). This com-
pound ocould met Le obtained in pure form from the mixture,

The last freection (lt-d; 04230 g) was a dark coloured gum whiech
could not be further separated,

Joidie frecticn (A,)
fince the two major acids, namely, cumie agid and 2, 3=dihydroxy

oumic acid: wore formed at the end of 24 and 72 hr of ferwmentations,
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respectively each was identified dy carrying out formentstions at intervals
of 24 and 72 he,

In a typical fermentation 40 flasks cach with 100 ml of mineral
salt nelium wore incculated with 1,0% inscculim from a 24-hr old culture.
Ooe =l of p~eymene was added to each flask and imcubated om & retary sheker,
Twenty flasks wore resoved after 24 hr and the remaining 20 flasks were
removed after tie completion of 72 hr, The metadolites obtained in these
two batohes were precessed separately,

1) ¥e, of the acidiec frastion from a 24 hr fermentation (20 flasks)
= ‘05'

2) Ve, of the acidie fraction from a 72 hr fermentation (20 flasks)
« 2,80 g

The acidie fraction obtained from the 24 hr fermemtation (1.5 g)
was found to contain mostly a single component. This after repeated ery-
stallisation frem hot water resulted in a white erystalline material (1,18 g)
which melted at 113-114°, R, value of the acid 0,01 (System II1), Vound
€, 78,00, W, 7,38%) C, i 0, requires C, 73,17, H, 7,325, MY 2850
1080, 1330-1300 en"} (Fig. XVII), MR (Pig, XVITI), The eompound wes
identified as cumic scid (28) and it agreed with the properties as meatiocned
in the literature (Crowmse, 1945),

The seidie frection obtained frem the 72 hr formemtation (2,85 g)
wvas suspended in a minimmm amount of gardbom tetrashloride and them filtered,

The residue (1.8 g) was repeatedly erystallized from aquecus ethanol %o a



"
comstant m.p. 153-84°, It gave a characteristic phemolic test with ferrie
ehloride and had & Ry, value 0,51 in Eystes 111, Feund C, 01,23, W, 6,215,
Cyofga0q Tounires C, 01,10, 0, 6,175, IRY __ 3480, 3100, 2300, 1670,

1330-1308, 1115 and 1070 em® (Fige XIX),

Ndetizrl cster: The seid (29) was esterified with diszomethane in
ether and the resulting wethyl ester (30) distilled at 190-133"/1 mm,
TIC showed s single spot with Ry 0,50 in System IV, Analysis; Found
€, 63,08, 1, 8,7, C, 7 0, requires C, 63,0, ¥, 6,00f, The WM spectrum
(Mg.xx) indieated that the compound is the methyl ester of 2,3-dibyirexy
cumic acid (39),
Desazbexylation of 2,3~dihydrexy oumic eeid to 3-iseoprogyl esteshols
200 mg of the substance was taken in a emall distillation unit and
heated at 200° for 30 min, Vhem the bath temperature was raised teo 300°
a pale yellew liguid, 3-isopropyl catechol (31, distilled (75 mg).
Pound, C, Ti.1, 1, 7.00%; Cgil, 0, requires C, 71,08, 1, To00f, IRY _ 3400,
1620, 1385-1380 and 830 o » (Fig.XXI), MR (Pig.xI1),

Separation snd Adentification of the cempenente of the

asidic fragtien (A )s

m-womuutﬁ.lc)-‘MMLum ester
(4,8 g) by treatment with diazemethane in ether solution. The metiyl esters
were further seporated into pelar and nompelar esters by partitioming
betweon petroleum other and %0F aquecus methanel, The petroleum ether

lwducm-ﬂmpmuumm-mm(h‘ﬂ. 1.8 g)e
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The methanolic layer yielded the polar metiyl esters “1".' 2.5 g).
Sevaration of pou-polar methyl esters (A -e)

Tuis froction was distilled under reduced pressure and the entire
ancunt (1.5 g) vas them subjected to chromatography over alusina (Grede I,
45 g). The column was eluted with petroloum ether (40=00°) and froetiocms
of 28 ul cach were collected, The firet six frections (Aj=a,) were posled
sogether ss it showed only one spot om TIC (System I). TIC of the lster

tlan(Al-o.)mthmofbowul,u-!.

The (A‘-c‘) frection (0,20 g) was hydrolysed and the free aseid
was further porified by washing with eold scetonitrile (yield 0,110 g).
The IR spestrun showed absorption bands ot \ __ 2000, 1720 snd 730 eu .
The N spoetrum aleo suggeste! that the compound is & leng chain fatty

seid, So 2o furthor attempts were made to ideatify this eempound,

The fraction (Aj=ag) 1.21 g) distilled at 130=35°/30 ma (bath
temp.). This was subjected to preparative TIC in System I, and the twe
components were separated, Ome of the components was found to be cumie
soid estor, The other fraotion (0,40 g) wves distilled at 140-45°/ {1 =
(bath temp.). Pound C, 74,20, H, 7,885, C, H O, requires C, T4.10,

H, 7,805, The IR epeetrun (Pig.XXIII) showed bands sty 1700, 1540 and
830 en"). The MM speetrus (Pig.XXIV) of this compound agreed fully with

the structere of o(=p=tolyl proplomic scid methyl ester (32).



Begeseretion of the free seid (33)

The methyl ester (0,20 g) was refluxed with an oxcess of 10,07
msethanolie potassium hydroxide om a water bath for three hours. Methemeol
was removed under vacuum and the residuve was diduted with water and
extracted with other to remove the unressted metiyl ecater. The aguecus
layer was soidified with ipdrochlorie soid and extracted with ether, The
ether layer on evaporation yielded the free asid (33; 0,110 g). It was
erystallized from aguecus ethanel as a colourless erystalline solid,
Bepe 00=01°, Analysis, C, 73,13, i, 7,08, c”l”o‘ requires C, 75,17,

i, 7.32%, The IR spectrum (Fig. OV) showed the presence of & free
carvoxyl group (Y . 2700 and 1700 en™'). The N speetrum (Fig,xOVI)
proved it to be L=p=tolyl propiomic seid. In the sarlier literoture (Rupe
and Viederkehr, 1024) a mention has been made that this compound melts at
0-41°, lHowever, the compound that has deen isclated in the present
studies has o different melting point (60=01°), Nut other physical date

fully agree with the strueture (33).

Praction (A.=b)

The total fraction (2,50 g) was chromatographed over neutsal
alunina column (Grade I, 75 g) and the following fractions were collected.

1) Petroleum ether: eother (111) cecee (ﬁ*‘)
‘1) Bther frastion T (ﬁ*.)

The (A=d,) fraction (1.8 g) was found to contain twe compoments.

cmunumn,vuuo.uumwwaum-m



ester of 2,3-dilpdroxy cumic acid. The other ecmponent (I' 0.52) was
isolated (30 mg) in a pure form by subjecting the mixture to preparstive
TIC (System II), Melting point of the pure compound was 57=38°, Analysis,
€, 84,30, 1, 7,205 C M .0, requires C, 84,3, 1, 7,185, The IR spectrun
(Pig. XXVIT) Y ___ at 3400, 1730, 1610, 1180 and 1118 em™". Tho MR

spootyrum (Pig, XXVIIL1) of this compound confirmed its structure as (34),

m(ﬁ-b’) frection (0,20 g) whem subjected to preparative TIC
yielded o compound (38) which gave a superirpossble IR spectrum with an
sathentic sample of J=hydroxy cumic acid metiyl ester (Pig.0UX), Purther
properties could not be studied due to paneity of the material,
Ireparation of J-hydresy gumie scid (30):

Cumic acid was nitrated in 80,08 yield using a mixture of concen-
trated sulpburic scid and mitrie acid, The obtained 3-nitre cumie aeid
(mepe 154=38") was converted into its corresponding ester ueing diasemethane
in ether (yield 881),

Beduotion of the pitro ester

3-Nitro oumie seld ester (1,1 g, 0,008 W) wae disselved in 58 ml
of ethanol and then poured inte 80,0 ml of 10,0f ammonium ehloride selution,
To this mixture 2,20 g (0,04 grem atem) of finely powdered iron was added
and stirred at room temperature for 4 hr, It wes then made seidie to congo
red aod extrected with ether, The other layer was dried over sodium

sulphate and distilled. Amount of smine ester obtained was 0,905 g.



Comversion of asine sempownd to hydrexy cempound:

S=Anino oumie seid ester (1 mwol) was dissclved in 50,07 sulphurie
seid (3 moles), cooled to 5=10" and them diazotised with a ecold solutien
of sodivm mitrite (1 mel), The resulting dissenivm salt was reflused with
507 sulpburie acid for an hour and them extrected with ether. The ether
layer ylelded 3-typdroxy ouniec aeid (005)., The erude acid was orystallised
from agquecus ethancl, mepe 130-34°, nm(n@mmY.‘um.
2080, 1600, 1610, 1000, 1360, 1330 and 7785 em s
a=iutanel frsgtien (A)

The total acids from butanol frection (0,31 g) was treated with
2,4=dinitro phenyl hydrazine in othanol (20 ml), The hydrezenes formed were
filtered (00mg) and taken in ethyl scetate, The ethyl scetate layer was
dried over aahydrous sodium sulphate and was concentrated under veoumm,
TIC of this fraction (System V) found to contain three compenents out of
which the compoment nﬁﬂ’o.ﬁuaolnlu mobility pattern as that of
the hydrazeme of isomropyl pyruvie seid (RBy 9.50). Due to the non~swaila-
bility of the material, the other twe lpMrasones eould met be separeted and
idontified,

Yormentation of pecymene with glveoee grown cells

Twventy flasks cach containing 90 ml of basal mediun were steri-
lize! and to each of the flasks 10 ml of 105 sterilo glucose solution was
added, The flaske vere inceulated with pecymene grown cells (1 ml imeeulum

to onch flask) and incudated for 24 Lr on a vetary shaker, Aftor 24 hr
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[
1 ul of peeymene vas added to esch flask and the fermentation vas contimued
for another period of 24 M, At the en' of Shis period (total 48 hr) the
contonts were pooled, scldified and extructed with ether (200 wml X 3). The
ethor layer was separsted inte seidie and meuiral frectioms in the semmer
as descrided in Chapter II,
Similarly, another set of above exporvicent was carried ont with
cells fully adapted to glecose. These cells vere odtained after tao or
tiree transfers on & medium containing 15 gluscee, Other econditions were

the same as those used for the showe exporiment,

TASSE (ML)

ACCUMULATION OF ACIDIC PRODUCTS "IN FULLY AND PARTIALLY
ADAPTED CHLLS TO GLUCOSE WERE USED

B i W DGR W — €3 N
Cells adapted Cells partially adapted Cells fully sdapted
to pecymene to glucose to glucose
e e——— D —— i - — T O]’ AT G ISLDTS. . A G 4 S
2,01 g .4 g .4
R e e

“Obtained from a fermentation of 20 flasks
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P1SCUSSION
{A) cRowy AND MANABTRIC STUDIES

It is evidmt from the nature of the cempounds formed during the
tmu-«mum°w-'uwtuuumdcm
uw-nm-mmhmm.uuac,-.m
group follows a pattern similar to that seen in srganio oxidation resetions.
hoc,-nwzmolmm-ncdwwnu—u
seid (C,=CO0H) via the intermediates cumic aleshel and cumie aldehyde.
[dentification of cumie aleohol and owmic seid from the eulture mediwm
bas substantiated the above mode of oxidation, Also from the feormemtation
sedivm J-hydroxy and 2,3-dilydroxy cumiec 20ids vere identified which
suggosts that after the formation of cumie scid it is progressively hydro-
m.uanc,-cc,. Pailure to identify any arematic compounds without
an isoprepyl side chain, from the fermented droth indicated that the hydro-
wlstion is fellowed by the ring-cleavage with the iseprepyl side-ehain
iateet. In order to get further insight into the catadolie patiway of
p-cynone, it was necessary to undertake growth and oxidation studies. The
respirometrie work’ was underteken to determine whether the organiem adopted
to utilize p-cymene could dograde structurally related compounds or the

sspected internediates obtained during the degradation of p-cymene, with
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or without any lag phase, The formation of induced enzymes to metabdolize
various eompounds was indicated by a marked lag phase in oxygem uptake in
tiwose tosts.

A study of the growth and the oxidation patterns of the inter-
mediates that lie in the catabolic patiway of an arcmatie compound by the
organisn grown on the parent hypdrocarben could indicate, but not prowe, the
probable intermediates and pathway of degradatiom,

Srowth Stodies

Yastod suspension of ‘Flestrain' grown on pecymene, was found to
grow witheat any lag period on cumiec alechol, cumie aldehyde, cumic 2eid,
S-hydroxy eumie seld, 2,3-dihpdroxy eumic seid, isepropyl pyruvie seid
and as well on 2,3dilydroxy demzoiec acid, On the other hand, the organiem
was incapable of utilizing Z=hydroxy, 3-hydroxy and G=hiydroxy p-oymene,
2-hydroxy cumic aeid, 3-isopropyl cateehol, catechol and o(=p~tolyl prepiomie
soid aa the growth subetrates (Tadble iv). These observations rule out the
possidbility of ring !gdroxylation prier to the exidation of the C,-methyl
group and also clearly indicate the possible sequential hydroxylatiom
pattern,

| Cross-sdaptation studies indicated that cumic and 2,3-dilypdrexy
ewnie acid grown eells grew on p-oymeme after a lag period of 18 aad 24 by,
respectively, From the Table(v) it is evident that cumic seid and 2,3~
dihydroxy cumic scid adapted cells grew less rapidly om p~cymene than the

oella adapted to p-cymenc iteelf,
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Growth pattern of this strain adapted to pecymene indicated tiat it
has o significont ability to utilize many aromatic conpounds structurally
sinilar to peoymene as the sole source of carben (Table vi) although they
may not lie en the pathway of p-cymene degradation, Of the compounds
teated peignirexy bemzdldehyde, p-iydrexy, 2,3=dilydroxy, 2,5=dihydroxy
and 3,4-didydroxy benzeic soids were found to be good carben sources for
the organisn, In comtrast, salieyliec acid, 3,5 dihydroxy and 2,i=di:ydroxy
benzoic acide were found to be utilized by the organies ealy after a lag
period of 48 by, lowever, p-tolule, p~tolule, 2,0-dilydroxy benzoic,
2,3-dihydrexy terephthalic ascids and salicylaldehyde were quite resistant
to dissimilation, Similarly, p-eresel at differeat concentrations failed
to sorve as the carbem source for the organisa, Perhaps the presence of
the mothyl group para to the hydroxy may hinder the mormal oxidation of
the compound, The organism was capable of utiliziang benzaldehyde and
benzolic asid equally well, provided they are used at very lew concentre~
tions (0.15).

The above studies indicated that the lpdroxy bemzele acide were
relatively easily oxidized by the organisa than the methyl-substituted
benzole acids and phenolic compounds, Purthermere , the adove data
lend additional suppert to the faet that compounds with a hydroxyl group
para to the earboxyl ceunld serve as better growth su.etrates than thwse

with a bydrexy group orthe to the carbexylic function,



Magemetrje Stodise

T™he above results have been further confirmed by oxidation studies
using menometrie techniques, p-Cymene growm cells were ingubated with a
mnber of compounds and the rates of oxygem consumption were measured,
The manometriec studies with the various compounds sublstantiated the obser-
vations that were made in the case of growth pattern.

It is apparent frem the @, values listed in Table vii that
pecymone grown cells oxidize readily cumiec aleohol, cumie aeid, 3-hydroxy
ounic aeid, 2,3-ditydroxy cumic acid, 2,3=dihydroxy benzeie neid and
isopropyl pyruvic aeid, Om the other hand, compounds such as J-hydroxy
poynone, S=hydroxy pecymene, '~ ydroxy cumie aeid, 3=isoprepyl eateshol,
cateshol, o[=p=tolyl propyl aleschol and o(=p=tolyl jropienic seid gave on
oxygen uptako slightly above the endogencus value, but this uptake was not
convineingly pesitive (Mig,XiX), Sinse there was no measurable lialogical
oxygen comsumption with these ocompounds, it was reascnable to cemelude
that they probably do mot appesr as intermedistes in the eatabelis
of peoymene, These results strongly suggest that the ring hydrexylation
takes place after the progressive oxidation of the T-methyl greup of
Pcymone

The utilization of J=hydroxy cumic aedd by cells grown on p-cyneme,
and the appearance of this compound during the formentation of pegynene
indicated that 3-bydroxy but mot Sehydrexy emic acid wee an intermediate

in the metabolimm of this Wypdrocarbon, 3-iydroxylation was them followed
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FIG. XXX. OXIDATION OF VARIOUS PROBABLE INTERMEDIATES BY p—CYMENE

GROWN CELLS(1-44mg. DRY WEIGHT/FLASK)

(1) p~CYMENE (2) CUMIC ALCOHOL (3) 2-3-DIHYDROXY CUMIC ACID
(4) 3—HYDROXY CUMIC ACID (5) ISOPROPYL PYRUVIC ACID

(6) 3—ISOPROPY¥L CATECHOL (7) 2-HYDROXY CUMIC ACID

(8) CUMIC ACID (9) e DIHYDROXY: BENZOIC ACID

(10) o, P -TOEYERORNEL ALCOHOL



by 2-hydrexylation giving 2,3-dilgdresy cumioc acid prior to the ring
cleavage. The poseibility of decarbexylotion of 2,3=dilgdroxy cumie
scid to 3=isopropyl eatechol befare the ring cleavage is met likely eince

the decardoxyloted product was mot further metabolived.

It 19 of interest to mote that colle adapted to 2,3-dihydroxy
eumdo noid oxidived cunie aoid and peoymene oaly after a lag period of
50 and 70 min respectively, and the rates of oxidation became extremely
feocble in the presense of ohlorsmphenieo]l (PigTla,b). This eclearly
shows tint the enzymes present in the eells are mot constitutive but
inducive in mature, These results len’ additiomal support to the Lypo-
thesis that cumio and 2,3=diuydroxy cumic scids lle in the pathway for the

metadolisa of pecymene.

The oxygen uptake by cells grown on glusose showed that p-cymene
and ovale seid were oxidimed in the absence of ehloramphemiec] after a
lag poriod of 50 min (Pig,XXXIla,b), The rate of oxygen consumption im the
case of 2,3=dilydroxy cumic scid was very slow oven in the absence of
ehloremphenicol, This to & eertain extent oxplaine the scemmlation of
2,3-dihydroxy cumie acid in the broth when the fermeatatien of p-cymene
was carried cut with cells partially adapted to gluweose, Glucose was
exidized by 'Plestrain’ colls witheut amy lag period with or without
echloramphenicol,

Oxygen uptake of this orgsnism in presenmece of other scids stru-

etarally si=ilar to the intermediates in p-oymene dogradation, nomely,
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FIG-XXXII a. OXIDATION OF P-CYMENE (0—o0), CUMIC ACID (e—e) AND
2'3~ DIHYDROXY CUMIC ACID (x——x) BY GLUCOSE GROWN
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FIG-XXXIl b- OXIDATION OF P~CYMENE + CMP(1); CUMIC ACID + CMP (2)
AND 23 DIHYDROXY CUMIC ACID + CMP(3) BY GLUCOSE
GROWN CELLS (1 54 mg. DRY WEIGHT /FLASK).
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benzoic aeid, p-hiydroxy, 3,4=dilydroxy, 2,0=diydroxy =nd ’,2~dihydroxy
bemzoic acdds was stulled, The rates of oxygem comsumption in all these
cases were significant and ospecially in the case of 2,3-dihydrexy, 3,4=
dihydroxy end p-hydroxy bemszoie aclds, tio rates were comparsble to that

observed with 2,3-dibypdroxy cumie neid (Table wiii, Pig, wLuTI),

As memtioned earlier, it is interesting to mote tiat tie orgenism
can grow equally well on sone hydroxy acids without the isopropyl side
ehain at C,. llenoe, as o proboble intermmediate, the prosence of 2,3
didydroxy bemzolc ccid was sought for in the culture mediun, ilowever, the
fallure to identify this compound from the formented broth as well as
from the imoubations of 2,3 dilgdroxy cumio acid with erde cell=free
extract protably indieste! that 2,0-dilydroxy bemzoic acid may mot be am
intermediate in the diodegradation of p-cymene, It must be assumed,
therefore, that this acld along with the other compounds that do net lie
in the patiway have a elese strugtural sisilarity with the parent compound
to cauvse adaptation, Likewise, the possidility of catechel and iseprepyl
cstechol as the interme lctes were ruled out sinee melther of these eem-
pounds were oxidised in Varlurg nor they were identified in the fermento-
tion mediva, The emzymatic studies as discussed later revealed that when
2,3-dilydroxy cunie scid was incudated with orude cell-free extract,
isopropyl pyruvie scid and ncetaldelypde wore obtained.

Fased om the above cbservation, the following plsnsible catabelic

pathwuy of pe=oymene has been postulated (Pig,XXIV), The pathway for the
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dissinilation of p-gymene was further confirwed by studying tie different
enzyme aystoms ilnvelved in this patiway which are discussed later in this

chapter,

A general survey of the mechanisus of hydrexyletion and ring
cleavage of aromatic conpounds hoas been dealt with before dealing indivie
dually the difforent enzymes which centrol the catabolie pathway of
p=aymone,

All the stadies on the arcmstic ring degradation by basteria
have indicated that before the benzene muclous is eleaved by oxygenases,
tvo hydroxyl greups must be added to tie benzeme ring, The two hydrexyl
groups veually should be ortho to each other, howewer, in some exeeptional
cases they are introduced aoroes the moclems in the 1,4-position, Those
groups are introduged into the benzene mueleus of the compounds usually
by the action of o mized funetisn oxygenase. Sometises the hydroxylation
reactions are also brought abeut by dioxygennses (Kumo and Acaiend, 1001),
The processes brought about by these two groups of oxygenases possess the
following eharacteristics:

i) The source of the Ipdroxylic oxygen introdiced is almest inva-
risbly tie molecular oxygen. (Fmeept in the case of hydroxylatiom of mico-
tinic oeid to G-iydroxy nicotinie seid by Peevdemunas flucresgens where

water is the souree of the hydroxylie oxygem (Vamt gt al. 1047),
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ii) Transition metal ions particularly ferrous iom have been
inplicated in most cases,

1i1) An electron donor sueh as NADH or NADPI is required for the
hydroxylatien,

In Wydroxylation reactions, it is probable that the funetiom of
the metal is to astivate molecular oxygen, while in the ring opening, the
phenolic substrates may simultanecusly be activated through their ready
eapnoity for eleotron donation,

Nogo _spd dioxygensses

Monooxygensses are bifunctional in nature catalysing the oxygen=
fization resction on one hand and an oxidase type of reesstion on the
othor, Masen (1087) has proposed the neme "Mixed fungtion oxidased for
these enaynes, They have recontly bDeen called “ipdroxylases” sinee many
of them are congerned with !ydroxylation of aromatie and steroidal con-
pounds, Enzynatie hpdroxylation of kynmurenie acid (Tamiunehi and
Tayaishi, 1063) and the formation of eateehol from salieylie aecid
(Mayaishi g3 gl 1963) fit into the class of momcoxygenases.

fayadshi g¢ al. (1003) nave shown that the formaticm of catechel
from salieylic scid takes place in presence of NADIH, One mole of FAD was
found per mele of the enxyme pretein, Assuming an acotive rele for the
ferrous iom in this recotion, the reaction sequence as depicted in

Figs XXXV may bo suggested as a plausidle mechanisa, The sctivated oxygen
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was visualized to reset with the subetrate as showm in Fig, TUIV, llere
the substrate salicylic noid combines with the sctivated cxygen oomples,
presumably with a "perferryl ion" to form a termary complex. One electron
from the lose pair on the oxygen reduces the ferric lon., The salomie oxygen
radical is simultaneccasly relessed from the complex and the subsequent
electron shift enables thie aniocale oxygen radical to attack carbon 1 of
the ring to form an bxygematod inmtermediote whiek is redueced by tie electron
denor, thus cleaving the bood betwoen the two oxypen atoms and forming a

mono oxygenated product and water.

In dioxygenase type resctions (Fig,O0NI) ss exemplified by the
formation of eatechol from anthraniliec seid, the mochanisn is more or lese
sinilar te that postalated for mencoxygenase reactions, In this case,
the su strate anthremilie acid cow ince with the sctivated oxygom cemplex
to form » temary complex, Once it is oxygenated, the enayme protein will
direot the flow of electrens to form a oyolie peroxide whieh in reductively

eleave! to iorm catechel,

So in Loth mome~ and dioxygenases the initial step of setivetion
is effceted by its divalent iron which forms & complex with oxygen and
substrate, Tho flow of clectrons tiwough this conplex activates both
oxygen and the substrate to be oxygensted, Omee the oxygemation of am
organie substrate is brought about, further metabolisna sppears to be

directed by the enzyme protein, The resaltant oxygenated conpound forms
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& eyelic perexide imtermediate, which is then either cleaved or reduced
by an olectren demor. Jccording to Mayaishi (10864) a generalised moche-

nism for the two types of oxygenases can be represented as follows:

//O

\""‘5
e e i -O-O< et YG EUASE

“O"'O\'.
)

S=0 + H,0

MONOOXY G:ENASE

Arsmatic risg-elesvage enivmes:

During the course of investigation on the metabolisn of various
arematic cempounds, a mumber of ensymes have been deserided which catalyze
exidative cleavage of the Denzone muelous of the dibydrie phenol, This is accen-
plished by oxygenases which catalyse the incorporation of Loth atoms of
molecular oxygen into the substrate, [Iyrocateclase and metapyrocatechase
are examples of such exygenaseos, both of which set upon catechol, In some
species of Pesudomenas, the benzene muclews of catechol is cleaved by pyro-
catechase to give cis-cis muconie acid (Bvans gt al. 1951; Hayaiehi gt al.

1957; Nakogewa gt al. 1003) whereas, in other specics catechol is oxidised



to S=hydrexy muconie semialdeiynle by an enzywe thst has boen designated

as "catoshel 2,0-exygouase” by Dagley gt gl (1900) or “metapyrocatechase”

by Xojina gt g) (1061),

In this series of rosctioms the substrate catecitin]l forms a complex
with the activated oxygen (perferryl iom). An eleotron in the lone pair of
the paenslie oxygen of catechol is transferred im order to re'uce forric ien,
The anionie exygen redical is simultanecusly reloased from the complex
sttacking thed=carbon of catechol to form an oxygenated intermediate, The
eatire event is presuned to take place by a concerted mechaniem in a ternary
complex on the enayme surface. (nee the substrate is oxygenated the ecuxyme
protein will direct the flow of the electrons and in tie case of metapyro-
catechase 1,6 eyclic peroxide is forwed, Om the other hand, pyrocateciase
will facilitate tie formation of a 1,%-gyelic perexide whisch will be cleaved

to form cie~cis muconie aeid in the ecase of catechol (Pig,XXIVII),

Nature of pyrecateghase and metepyrocateciase

In an attempt o clarify the role of irea in pyrocatechase,
Hayaishi gt gl (1968) etudied the emzyme by eloetron spin resomance speetro-
scopy. Their resulte indicate that at loast one atom of irom in native
prrocatectase is in the trivaleont state (ferric state) and that the ferrie
fion undergoes reduction and reoxidation during the emzyme-eatalyzed oxyge-

nation of catechol, The amomnt of ferrie ion dound to the emaymo is foumd
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to be one atem per molocule of the enzyme protein and it apears to le
lirectly asseeisted with the enzyme sctivity, 'hem the trivalent iron im
the emzyme combines with the substrate (8), the irvem ie red.ced by the
substrate and then it rescts with oxygen to form a complex, (e tronsfer
of an olectron from iren to exygen yiclds the highly reactive comples ia

which the twe free radicals reast to foma an oxygenated prodect.
s " s™

’.m g, '.» S - “< 3 ’.o“< N ""hm
0, o,

In the case of metapyrocatechase it has been shown that the drom is in We
divalent state which them combines with oxygen to form Po''0, and is stebi-
1lized by the following icmiec rescmance forme:

>

re**.0, o™t 0] L J0nrd Suy
(1) (11 (ra)

It is known that ferrie ien but mot ferrc.o ion ecasily forms o complex with

catechel, The existence of the species (111) has, hewever, beea quosticued

from enorgy comsideraticn ( hottacharyya and Ganapathy, 1988), The species (II)

combines with the substrate anl forms a ternary complex,

At least one atem of Llrom in t'e trivalent atete (ferriec) is present
in free pyrocatechase, while in metapyrocatechase "itto in divalent state, Mur-
thermore, metagyrocateciase is casily inactivated by oxidizing agents widle
pyrocatechase is resistent to oxidizing agents ond imstead it is innetivated
by reducing agents,

Iin the prosent work exp ricents vore designed to demnstrate
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qualitatively the existence of some of the emsywes which partigipate in
the biodegradation of peoymene, Tie emxyuatio data obtained here fully
substantiated the conclusions derived from the fermentation, growth amd
sanonetric stadies, The firet step in the degradation of pegymene acoord-
inge to the seheme (Pig CXIV) is the oxidation of the Co=setiyl of peeymenc
to a primary alecholie group (CULO0H) giving rise to oumic alechol, A
sizilar type of conversion was observed in the case of lizonene (Dhavalikar
and 'hattecharyys, 1006), The activity of tie cell=free preparations wes
vory foeble as far as this lgdrexylation wos comcerned and no further

attenpts vere nade to study this system,

Aleouol denydiregensse

The second step in the catabolisn of pecymene is the conversion
of eumie aleohol to cumie aldelgde catalysed by o NAD linked aleochel debydro-
geoase and has beon demonstrated in the 18,000 X g supernatant of the cell-
free oxtraot, It ie ovident from the Table ix that cell=free extrocts
exhibited a slightly faster rate of rodugtion of NW with cumic slosinl as
cmmpared to O=hydroxy peeymone and 2,3-dibydroxy eumio aleebol. PFailure to
get sufficient quantity of cumie alechol from the formented broth alse
suggested the presence of a strong cumieo aloohel delyirogemase in the
systen,
Aldebyde detydrogonneg

The third step in the degradation of pecymene is the conversion of
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cumic aldelyde to cumic seld which is brought abeut by an aldelyde delypiro-
genase, The emayme bas been shown to be present in 15,000 X g supermatant,
This dohydrogenase is also NAD dependent and showed greater activity ia
presence of cysteine, No reductiocn of NAD was observed in the prosence of

cunie aldeiyde and boiled cell=free oxtract.

Erdrexriase

The exidation of cumiec aldehyde to cumic meid is followed by two
successive ydroxylations of cunie acld to S-bypdrexy and 2,3-dihydroxy
cumic acids respectively. mw‘dmm-ﬂﬁvu
present in 13,000 X g supernatant and very little residual sctivity wae
assosiated with the 15,000 X g seliment frection., Mata summarised in
Tadle x show that C-3 hydroxylation of cumie seld is greatly inervased ia
prosence of NADH (gemersting system) as compared to NADP! (gemerating
eystem). In deoth the incubations the formation of J=hydroxy cumie and
isopropy]l pyruvie aolde were teken as indices for the hydroxylating setivity,
All atiempts to get 2,3-dibpiroxy eumiec acid from cumic ocid when the latter
was inoubated with the cell-freo extract in presence of a NANI generating
aysten failed, Probably in this extract 2s soem as 2,3«dilydroxy cumie
acid ie formed.it is cleaved further to isopropyl pyruvie asid, the pre-
sence of which was shown in the resction mixture. Sinee tils hydroxylese
brings about the Lydroxylation of cmmic asid to 2,3-dihydroxy cumie acid in
two stages and is prodadly RAD dependent, it may be clossified ns a mixed

fonetion oxidase or a mono oxygenase,



Mede of hydrexyiatics

It has been shown that cumic neid is initially hydroxylated at the
position meta to the carbexylie group giving rise to J-hydroxy owmic seid,
The second lpdroxylation takes place orthe to the ome whioh is alveady
present, llowever, asince the JeipMroxylation and tie subsequent S-hydroxylo-
tion take place at the electrenegative sites of the ring, it is difficult
to reconcile with the anion~radical mechanisn propesed by ilayaiehi (1084),
It is not walikely that these are brought about by a cationie or olectren
defisient oxygemating spocies which has been deserided by Mason (1063),

and Ganepothy and Ihattecharyya (1008),

It was observed that the orgoniss can wee p=igdroxy bemsoie acid
as the carbon seurce, “hen this orgenism grow om p-igdroxy bemsoie seid
as the oarbom source, 3,4=dilpdroxy bensoie aoid was formed in the growth
moliwm, The presence of this seid was confirmed by the speetral ecomparisons
of the authontiec sasple with the acid obdtained from the culture madium
(Mge VOVIII), In this instance tho second hydrexyletion aleo tekes plese
orthe to the igdroxy group that is already presemt, This orthe diphemelie
compound has got the necessary structural prerequisite to undergo an oxygena~
tive ring cleavage whioh night follow ome of the ussal patdways that have
been alroady worked out in the ease of J,4=ditgdroxy bensoie acid (prote-

catechuio aeid),

The organien is capable of growing on beasoic noid without ey
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lag phase. "hem the washed suspension of the 'Pi-strain’ was insudated for
aun.m-ﬂt-u-muymuuu.mmw-u.-
ture contained a compound which in ite mobility pattemn corresponded to
p-igdroxy bemsole acid. FHowever, the presence of p-iyiiroxy bemsoie aeid in
the resction mixture eould mot be conclusively estoblished. It was observed
that peoymene grown cells did not oxidize catechol and the rate of oxidation
of salieylic acid with these cells was very slow, Failure to identify salie
eylic acid, or cateshol from the fermented Droth whem Denzole soid wes veod
88 the sbetrate indicated that prodably bemzole acid may met be metabolized
via salieylie acid or catechol, Ti:is may be tekem as an indirect indication
that petipdrexylation of bensole seid molecule might toke place in this aye-
tem resulting in the fomation of p-lgdrexy benzele acid, This is further
converted to J,4-dilpdroxy bensoic scid, llowever, Lased oo tese isolated
obeervations it is rather difficult to arrive at amy precise conclusiem

regarding the pattemn of hydroxylation of benzolie aecid.

Brans in 1047 Sas reported the comversion of demzeie ocid to
3,4-dilpdroxy benzole seid by a Yibrio 01, loth the possible intermediates
um-m.’u.!-u;wu.u.ntaumw-»
strates yieldel 3,4-dilydroxy benzele aeid. Salieylic ueid was not utilized
by this organism, Om the basis of this deta they have suggested that ofther
pwﬁmmmamuohumab-umam
dation, fowewer, L' isclation of either p= or m-iydroxy bemszeic ceids

uuwtmdb-ounummho.w”!-hm



Cleavage sniynes
mmmhmim-smhﬂm“&olwdﬁh
bonzene muelevs of 2,3=diigpdroxy cunde acid. The dihpdrexy acid was ince-
bated without the addition of ony cofactors with the ccll-free estroots
(xa.mx.m)dmmmmtwm
acid and soctaldebgde wore isclated., Ildentification of isopropyl pyruvie
soid and acetaldelgde as the ring fission products of 2,3-ditydrexy cumie
acid elearly indiested the position of the ring=cloavage in the oxidative
motabolism of pecymene by *Pl-strain‘. It is reasonsble, theorefore, to
sssume that the elesvage of the bemzene mucleus of 2,3-dilpdroxy cumie
a0id might have teken place detween e corboxy] and the hpdroxy] fusetions
giving rise to an hypotbetical intemediste (a), the presence of which
could ot be deteeted, prodably due to the unstable nature of the compound
or olse further ensymes in the petbway might have deen mere powerful than
the cleavage onayme, 1f the cleavage would have taken plage between the
mmhchqm’sdun.ﬂntm‘twm
s0id oeuld not be explained, The formation of Lleoprogyl pyruvie seid and
soetaldebyde has been schematically shown im Fig, XXXIX, After the formsticn
of the ring cleavage intemmeiiate (a), there are two possidilities for the
formation of leopropyl pyruvie seid and seetaldelyde. Accordingly, in oue
soquense compound (a) will be decarboxylate’ to cempound (b) whieh will be
in equilibrinn with ite tsatoserio fora (¢). The next stoge in the degrade-

tion will be the hpdratien of the double 'end to give compound (d) followed
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by cleavage to formic acid, acetaldehyde and isopropyl pyrivie eid, of
whieh the last two have been identif.ed.

Alternstively, splitting of the cempound (a o isoproyyl pyruvie
seid and soetaldetpde can be explained by a postulated hydration of the
oompound (a) to (o) whieh on Wgpdvelytic fission gives oxalic acid and com=
pound (f), Compound (f) then splite to Leepropyl syrevic scid sad acetal-
dehyda, Additional evidenmse for the alove type of elesvage has been
obtained in the case of ring cleavege of 2,3dilgdrexy bensole seid, Cell-
free sxtracts were incubsted in presecce of 2,3-dilpiroxy bemsoie scid and
from tie incubation mixtare both pyruvic aeid and ssetaldelyde were iden-
tified, In this case alse the formation of these produste requires & eloa~

vage between tue carboxyl and the Igniroxyl groupe.

Amxuwnuowuawmmu-um-
suggested by Ridbons (1906), Ul bos etown that extracte of cells eatalysed
the exidation of 2,0=dilgpdroxy bensoic aeid with the eonsumption of 1 mele
olW“Gbmlﬂndl-hofmﬂox“om-loof-b
strate. llore meither 2,3-diipdroxy bensoate was decarboxylated o cateshel
por was cntochol oxidised Uy extreets of this strainm, In this casey=typdroxy
meconie senlaldetyde was identified as tie ring cleavage produet. on the
ma.avuotsmwwwmnwmm
tie carboxyl and hydroxyl groupe. Intermediates between 2,3-dihydroxy

benzcate and o{=iydroxy meonic semialdelyde have mot been dotected. The
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enzymes responsible for A =hydroxy meonic seminldelypde degradation to
pyruvate by D.flucresgens 33 D-] sppear to catalyse recctions identical to
those already establisbed by Dagley ot gl. (1984),

It has alroadly been mentioned in the growth and sanometrie
stadies that catechol ond 3-iscpropyl catechol were not utilized by the
washed suspensions of *Ml-strain’ which indicated, that cardboxyl group
present in 2,3-dilydroxy cumic and 2,3-dibydroxy bemzoic acids were met
decarboxylated bofure tie cleavage of the benvene ring, It was also noticed
that the incudation of catechol with 15,000 X g supernatont did mot result
in any cleawvage produst, In all prodability, therefore, in the present
organisn decardoxylation takes place oanly after the cloavage of the bomzene
ring,
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Srewth stadies

Growth studies were carried out by incubsting cells with 100 ml
umineral salt mediun centaining the different substrates at a concentration
of 0,15 as the sole carbon source, in shake flasks with 2 ml of freshly
washed colls (200 Klett reading) of a 24-hr grown sulture. The growth
was recorded either visually or turbidisetrically. The growth of the
organiem on varicus probable intermediates as well as on different
structurally sisilar compounds are presented ia Table vi and iv, ree-
pectively. The cells adapted to 2,3-dihydroxy cumic acid had a retarded

growth on peeynene and cumiec acid in the initial stages of incubation

(Table vi).

Hesemetris stadles

Ireparetion of cells for mencmetyy: Flasks containing 100 =l of
uineral salt mediun of the composition deseribed carlier were incoulated
as above with a 24-hr grown culture, After the additionm of the respective
sobstrates they were incubated at 28°:2 on a rotary shoker for J4-hr, At
the end of this peried the colls were centrifuged at 18,000 X g at 0=3°,
The cells were washed twice with 0,08 M phosphate buffer (p! 7,0) and

finally scspended in the sane buffer to give a reading of 270-300 in a
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Klett-Sumserson colorimeter at 060 mp (1,3-1,5 ng dry wt./al). This cell
suspension was used for manometrie studies, Dry weights were caleulated
from & calibration curve relating the turbidity reading of the washed eell

suspension 0 o known dry weight coentent of the organism,

Manonetrie methods

Oxygen uptake by the washed oell suspensions in presenge of
various substrates was followed manometrically in the Yardbarg apparstus
(tubreit gt al. 1000). In these experiueuts the oell suspension usually
1.5 ml ( 1,5-2,5 mg of dry wi,) and phoaphate buffer (1.0 =ul, 0,08 X,
gl 7,0) vere placed in the wain compartaent of the Warburg flask end a
solution of potassium hydroxide (0,2 ml, 20%) was added to the central
well, Individual substrates (10-18 jM) were added frou the side amm,
Then chlorsmphenicol was used, its comeentration was 50 pg per ml.
Distilled water was added and the fisal voluse was adjusted to 3,0 ml.
T™e incubations were carried out at 28°0.2, The rates of exidation
are listed in Tadle vii and viii and graphically represented in

Fig. XXX, OCCa,b, XXXIIa,b and XTI,

IANS vilg®
ommnnmmumavmmmm
COMPOUNDS
Substrates Q,L(ﬂlnﬁvi.h)

1) Denzodec aedd a5
2) pelipdroxy bensole acid 102
3) 3,4-Dihydroxy benzeic acid )|
4) 2,0-Dibydroxy bemzeic acid 50
8) Salieylie acid 45

"Legend as in Table vil
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GROWTH OF THE ORGANISMS ON PRODAILE INTERMEDIATES

- i
> 24 by 48 hr 72 he
1) p-Cymene 0.2 ‘o0 cer
2) 2eDlimp-Cynone 0.2 - - -
0.10
3) 3=0f p=Cymene 0.3 - - -
0.2
4) A ~p=Tolyl propyl alechel 0.0 - - -
8) 3-lsoprogyl cateedel 0.10 - - -
8) Catechel 0.10 - - -
7) Cumie aleohol 0.10 e e see
8) Cumic aldebyde 0.10 - e P
?) Cunie seid 0.120 e vee roe
10) o/ =p-Tolyl proplonie acid 0,20 - - -
11) 2«00 Cumie oecid 0.10 - - -
12) 3«00t Cumis seld 0.10 .. e sos
13) 2,0-Dihypdroxy cunie acld 0.10 . P e
14) 2,0-Dihydroxy bemmede eold 0.20 o e By
18) 2,3-Dihydroxy terephthalie 0,00 - - -
acid
18) Isepropyl pyruvie acid 0.10 “ e o

* = no growth; + feoble growth; ++ modernte growtd; «ss good growth

Minorel salt medius (100 ml) containing the waricus sudstrates (0.1%)

was ivoculated with 2,0 ml of freshly washed cells (200 Klett reeding)
of a -bir grown culture and was inoubated om a rotary shuker af 20°30.2.
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Growth pattera on**

Tite
i (ur) Klett resdings
= ynene Cunie seid ’w
1) p-Cymene grown 0 4 43 %0
cells 2 3% 290 00
48 450 300 200
7 0o 400 200
2) Cunie seid grom 0 4+ 40 48
24 320 280 20
48 350 363 2%
7™ 420 410 288
3) 2,3-Dikpdroxy 0 42 «
ounic acid grown
cells » %00 20
43 300 aan
° 400 RS
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GROWTH! OF THRE ORGANISM 0N VARIOUS RELATID ANOMATIC COMPOUNTS

Congentyra— Growth®
Compound tion in
"(’:)" M4br 48hr T2hr 08 by
1) Densole ascid .10 “ . ss0 PN
2) DBenzaldedyve 0.10 < .. e e
‘) l‘lt.yld* 0.10 - - - .
5) Salioylie acid 0.10 - . - -
‘) n~Toluie acid ..” o - - -
7) 2,0-Dihpdroxy bensole 0.10 .- = soe o
acid
8) 3,4=Dibydroxy benseie 0,10 - s 3 e
scid
9) 3,5-Dihpdroxy benmoie 0.10 - - - e
acid
10) 2,0-Didgdrexy benseie 0,10 - - - -
scid
11) 2,4-Dikpdroxy bensode 0.10 - - . =
acid
12) 2,0-Dihpdroxy bemsede 0.10 - soe sre e
eoid
13) 2,0-Didgdroxy tere- 0.10 - - - -
phthalie acid

® = no growth; «+ feeble growth; ++ moderate growth, +e+ good growth

Mineral salt medimm (100 ml) containing the warlous substrates
0,15) was inoculated with 2,0 nl of froshly washed cells

300 Klett reading) of & 24-br growm culture and was inmeudatod
on & rotary shaker ot 28° 0.2,
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STUDIES O THE PIFFISURNT INTOOE SYSTRMD
Preperation of cell-free extrects fres p-oymens grown colls

The oelle grown on peoymene (24 hy) were harvested, and washed
as descrided under “Methods and Materials®. Vasbed cells (wet weight 10 g)
were suspended in phospbate buffer (80.0 ml, 0,08 M, pi 7,0), 0 ml of
buffer vas used for cach gram of eell paste. It was homogenmised and them
disrupted by ultra senie vibrations for 10-12 min, The semicate (50 i)
was centrifuged for 45 min ot 15,000 X g cod the supernmotent was used for
aleohel and aldehpde delyirogenase assays as well as %o stady the hydro-
xylating and the ring cleavage (2,3-dikpirexy cumie seid > isoprepyl
pyruvio acid) ensyme systems, All operstions weve carried out at 0=4*,
The protein concentration in the extrocts was estimated ascording te the
method of Warburg and Christion (1942), These extracts usually contained
1520 ng of protein/ml,
L, Aleohol dohydrogesase

Aleshel delydrogenase sctivity ia 15,000 X g supernatant of
erude cell=free extrect of p-cymene grown cells was estisated by NAD
reduction in presesce of saitadle aliquote of enxyme and substrate.
MAD reduetion was followed by measuring the optieal density chenge ot
340 mp in & Neckman medel DU spectrophotoneter, using a 3 =l cuvette of

1 en light path, The data presented in Table ix indicated the presence



of an alechel deohydrogenase capable of catalysing the redwstion of NAD

in presecce of eumie aleohel, O{=p=tolyl progyl alecbol and 2,3-dilgdrexy

cumio alechel, lNo reduction of NAD was odserved in presence of a doiled

extract of 15,000 X g supornatant, In the absence of the substrate there

was very little RADE exidase setivity which was weasured by the desrease

in optical mvun,.

ALOOHOL DIEMYDROGENASR ACTIVITY OF DIFPERENT
SUISTRATIS IN CHLL-FREE EXTRACT OF p-CTMONE
GRowN CriLs

Protein Aotivity Specifie

Ssbetrate ng/nl wnd te/ul setivity
1) Cumie aloshel 10.4 5,400 519
2) 2,3-Dikpdroxy cumie alechel 10,4 3,800 203
3)c( =p-Tolyl progyd alochol 10.4 4,80 o

The assay system consisted of 130 pmeoles TRIS, pH 6,8;

i pmole NAD; 0.1 ul substrate suspension (0.1 ml sube
strate ia 10 ml daffer) and (sufficicat to give

A 0,0, 0,01 S0 0,02 per 30 see) 4ia o 3 nul cuvette,

The assay system in & 3 ul cuvette consisted of 150 pmeles

TRIS, pil 8.8; 1 pmeole NAD; 0ul ul of the substrate suspension and enzyme

sufficient to give an optical density change of 0,01 to 0,02 per 30 see,

The resction was started by adding the substrate suspended in TRIS and



the change im the optiscal density wvas recorded,

For activity detormination enly the imitial linear rates
weore token into mccount, A unit of enzyme is defined as thet amount
which produgses an optical denaity change of 0,001 per min at 340 mm,

Specifio sotivity is defined as units por ng.

AL, Aldebnde dohypiregenaes

The activity of the aldehyde dobypirogencee, vhich oxidises
ounio aldebyde to cumic acid was followed Ly measuring NAD reduetion
at 340 ma in presence of the substrate, The results presented in
Fige XL showed the presencoe of an aldelyde delgdrogenase eapable of
catalysing the reduction of NAD in sregence of cumie aldedyfe, No
redugtion of NAD wos observed in prescoce of cumic aldehyde and
boiled cell-free oxtract, The assay system comeisted ie 1 ml
TRIS (pit 8,0) 80 umeles; NAD, 1 umole; cysteine 10 umoles; enmyme 0.1 ml
of a diluted (ten tizece) sonicate; substrate 0,08 umcles in ethanel

odded to start the reastion,

Six grams of cells (wet) were suspended in 4 nl of phosphate

buffer (0,03 M, pii 7,7) hemogenised and then senieated for 10-12 min,
The sonicate (40 ml) was centrifuged ot 15,000 X g for 45 min, The

sediment (5 g) obtained on comtrifugation was suspended in 50 ml of



phosphate buffer (0,05 M, it 7,7). This suspension as well as the
15,000 X g swpornatant were used separately to study the hydroxylase

sotivity,

In order to find cut the distridution of Mydroxylase seti-
vity either in 15,000 X g supernatant or in sedinent, and to determine
its cefactor requirements, two sets of oxperiments were carried out
with different tise intervals, The first set of exporinents were
carvied out with 15,000 X g supernatant at difforent tine interwals,
in presence of a NAIN or a NADMI generating aystem, Similarly, the
above set of experinents were carried out with 15,000 X g sediment,
In beth the experiments subetrate as well as enzyme blanks were
carried out, The incubation conditions for the twe sets of oxperiments

are presented in Table x.

The flasks containiug the ingrelicnts as mentioned in
Table x wore incubated on a rotary shaker (130 rep.m.). After the
desired incubstion period, the resotion was terminated by adding
O al of BN Npdreochlerie aeid, The denatured protein was remeved by
centrifugation and the contents of the flaskes were processed sejarately
s follows,

The squecns layer from coch flask was extrasted sejarately

with ether (2 X 20 ml), Bach froetion was then separated inte scidie
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and neutral frections by washing with 5% (w/v) sedium bicarbenate sole-
tion, The acidic fraction was thea anslysed by TIL (System III), It
was noticed that the seidie frastion obtained from 'd' (i,e,, 15,000 X g
supornatant, 90 nin inonbation, Table ) vas found to contain a com-
pound having the same wobility pattern as that of J-lydroxy cumic aeid
(R 0,38). Tt farther shoved the presence of a cempound having the
~5“(0.ﬁ)-“¢m"unlu The
aquoous layer after other extrection was treated with 0,1f 2,4-dindtreo-
phenyl bydrazine in 2N hydrochleric acid and kept for four hours at
room tomperature, The preeipitated hydrasene was taken in ethylacetate
and was then separated inte acidic and neutral fractions by washing
with ¢ (w/v) sodium carbonate, The meidic hydrasonce obtained were
fourd to contain & compound having the sase R, value (0.48) as thet

of the Wydrasone of Lsopropyl pyruvie seid in System V,

Negligible mounts of J-ipdroxy cumic aeid aad isepopyl
pyruvie acid were obtained when the incubaticn periods were 30 and
80 min, Likewise, the 15,000 X g sedisent contained a very feoble
hydroxylating sctivity, The enzyme as well as the substrate dlamks
failed to show the presence of J=iydroxy cumie and isopreyyl pyruvie
seids. Appreciable Rydroxylating cotivities were not obaerved -
vhen NADTH (as genersting system) instead of NANI was used as the

cofactor,
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Theso oxperinents led to the cemclusion that the hydroxylase
systons vere found to be present in 15,000 X g supernatant and the

enzyme s NAD dependent,

Hode of hrirexylation

(1) Comie sgid' Rxperimental details regarding the hydrexylation
of cunie aeid are alveady meationed.

(i1) pSipdrexy demsois acid: Inm o typical experiment the colls
from 3 flasks grewn on p-cymone for 24 hr were centrifuged, weshed and
finally suspended in 20 ml of 0,00 ¥ phosphate buffer, pif 7,0, A bateh
of 5 flasks containing sterilised medium and the substrate (p-hydrexy
bensole seid, 0.15) were incculated with 4 ul of the adewe cell suspen-
d-(Mnﬂhﬂnm’)uﬂMﬁdnum*
(220 ropom.) for 26 hr, The contents frem 5 flasks were then posled
togother, acidified and extrasted with ether (2 x 200 ml), The ether
extract aftor concentration to 100 ml was separated inte acidic and

seutral fractions ss mentioned earlier inm “iethods and Matorials®.

The asidie frection (100 ng) on TIC examination (Sywtem 111)
vas found to contais a compound which had the sane modility pattern
s that of 3, 4=dilpirexy bemole seld (R, 0.20). The seidic freetien
was further subjected to prejaretive TIC and the compound corresponding

to 3,4-dibypdroxy benzole seid in mebility pattern was separated in o



pure form (18 mg). The IR spectrum (7ig, TOVIII) of the iselated
aeid showed bands at 3200, 2700, 1000 and 1600 em ', The spestrus
was aleo found to Do idemtieal with that of an authentic sample of
3,4-dihpdroxy benszoic acid. The hydrexylating ensyne present in the
organisn brings about the lydroxylation of p-lypdrexy bemseic scid at
the position meta to the carbexylic greup and ortho to the lydroxylie

group initially present, to give 3,4~dihyiroxy benzoiec aeid,

(144) Demselo spid

Incubstions were carried out with bomzeic acid as the
substrate. The experimenta) conditions were the same as described
for pehydroxy bensoie seid, TIC of the acidiec fraction in System III
showod & spot correspending to that of p-hydrexy bensole seid (B, 0.%0).
Hovover, the identity of p-hydroxy benzoic acid was net conclusively
proved and bhence it is difficult to conglude that bemzele eeid is
further metabolized via p-lydroxy bemzoic asid,

Cleavage sasymes

1) 2.3 Plloirexy cumie seid: 90 nl of the sonieste extract
was diluted to 500 ml with phosphate buffer (0,08 M, pi 7.0) and wae
distriduted inte five flasks, 2,3-Dilpdroxy cumiec acid (50 ng) wee
added to ecch of the four flosks and the remuining flask was used as
the ensyme blank, All the five flasks were incubated on » rotary

shaker (120 ropem.) at 27° for a period of 2 hr, After the required



100
ingubation peried, tle contents frem four flasks were poecled together
aod the resetion was arrested by seidifying with hydrochlerie aecdd
(SN) to congo red, The denatured protein was removed by oentrifugo-
ticn, To the clear supermatant 0,15 2,4-dinitropbenyl hydrazine
solution in BN hydrochleric acid was added in slight oxcess and was
left to stand at 30° for 4 by, The precipitated 2,4-dind tvopheny)
bydrazone derivatives were token in ethyl acetate and was separated inte
soidie (80 mg) and neatral (70 ug) derivatives welng 105 sodium carbe-
nate solution, The enzyme blosk was also processed in o sindley way,

but failed to give any acidie 2,4=dinitreophenyl hydrazones,

The aoldie 2,4=dinitropheny] hydrazone frection (80 ng) wee
found to contain three compounds on TIL examination (System V) and
out of vhich one was found to be in major quastity, This fracticn was
further subjeeted to preparative TIC (System V) and the component
which vas present in major quantity was recovered (50 nog). It wae
further orystallized frem ethanol to orunge coloured needles, m,p,100-
194% Wen exonined on TIC in Systea V it was found to have the
mobility pattern sane as “uat of 2,4~dinitrophenyl hydrusone of
suthentie isopropyl jyruvie aeid (R, 0,48), Depression in the melting
point was not observed when adaived with the anthentic semple. The

presence of isopropyl pyruvie seid in the reaction mixture was thea



101
conclusively proved by the spectral comparisea (Fige XLI) of the
w‘mccm.qloﬂ\hﬁnolt»hwmhw
from the exporiment, Chromategraphy on paper also indicated iden~
tical mebility pattern (R, 0,72) of the sample with the sathentlo

conpound 1a a-dutancliethancliwnter (7:1:2),

Twe more acidie lydrasencs present in the mixture ecould
not bo isolated and eharncterised due to the pameity of the material.
Put from the mebility pattern of the compounds it oould be sssumed
that one of the two asidie hydrazones was meve polar than the hydre-

rone of Lsepropyl pyrevie acid,

2,4-Dipitrosheny] hydresepe devivatives of newtral earbonyl eempounds:
Neutral 2,4=dinitrophenyl hyirazones (70 mg) on TIC emsmine~-
tion was found to contain three compounds (System VI) out of whioch one
was present in 00%, It was orystallized from alechel to pale yellow
erystals, meps 100-81°, It acalysed for CRNO.. On TIC the purified
hydrasone had an identieal medility pattern as that of 2,4-dindtre-
pheny] hydrasene of anthentie scetaldelyde (System VI, R,0.%0 ), The
prosence of asetaldebpde was finally proved by speetral eompariscne
of the hydresones of suthentic as well as the isclated compound from

the resction sdxtare (Fig, XLII),

¥hen the incubation pericd was extended from 2 to J b,
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accumlation of isoprepyl pyruvic asid was not obeerved, Prebably
this aoid when formed might hawe beeu dograded further on prelonged

incubation,
{34) 2,3-Dihpdrexy bensois seid

The above experioeat was repeated o the sawe way o
deseridbed earlior by imeubating & mixture of 2,3-dihydroxy benzeie
scid (50 mg) and 20 ml of crude coll-free extrast (15 to 20 ng pro-
tein/ul) ia 100 ul of phosphate buffer (0,08 M, pil 7,0) on a vetary
shaker (120 repems) for 2 hr, The roaction was theun stopped by the
addition of 10 ul of BN hydrochlowie acid and the dematured protein
wvas removed by contrifugation, The keto acide and neutyul cardbonyl
compounds present in the aguecus layer was converted into thelr

corresponding 2,4-dinitrophenyl hydrazones,

The acidie 2,4-dindtrophemy] hydrazones (20 mg) en TIC exe-
misation (Systes V) found to contain 3 to 4 compounds, The medility
pattern of ene of the compounds corresponded to that of the 2,4-
dinitrophenyl hydrezone of gyruwic acid (l' 0.88), In paper
chromatography the suthe~tic hydrasone of pyruvie acid had the same
R, value (0.43) as that of the derivative isolated from the resction

mixture, Sinoce the amsunt of the ascidie hydrasene formed wos very

108



little, it was not possidle to separate them and hence further che-
umical and physical studies could not be carried cut, In this experiment

the emayme blank did net yleld any acidiec hydrasones at all,

From the meatral hydrasone mixture (30 mg), 2,4~dinitro=

phonyl hydrasone of acetaldelyde wos identified by TIC (System VI,
1,0.90).
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It has been known since long that the miercorgasisms can be
utilined extensively for the produstion of varicus coupounds of econcxic
value, but less is known about the detailed nature of dissimilation of
the orgmmie compounds and thelir entry into the cerbon cycle. llecently,
sevoral groups of workers have shown widespread interest in the bio-
degradation of varicus compounds cepeciclly that of aromatie hydro~
carbons, Thelr studies by way of working with the whole cells or with
the isclated enxymes bave yielded some definite ideas adout the way in

whioh tbeese compounds are metabolised by microorgacisms,

A seil peeudomonad ‘Plestrain' isolated by onrichment oulture
technique oa o »pinene was found to grow not only en hydroarcmatie
terpenold substrates such ssc =pinene, [ -pinese, linonsne st O —p-
menthene but also on the arematie compound, p—eymone. The present
stadies deal with the catabolism of this arcvastic hydrocarbon by 'Fle
strain', In order to isolate and characterize the trunsformation pro-
duots, dench seale formentations of p-cymene were carried out which bas
enabled to find the pathways by which the bdacterial enzymes manipulste
end eleave the arematie ring,

Among the seldie products cumie, J-lydrexy cumie, 2,3-dilydweaxy-

eunie, O(~p=tolyl propioniec and Lleopropyl pyruvie acids were identified



by known metheds including comparative fofrared and a,m.r. speotra.

Frem the meutral fraction cumie sleohol, S=bydroxy p-cymene and ccotal-
debyde were identified by the conventional methods, Orowth and oxidation
stuties bave shown that o(=p~tolyl progyl alechol (O=0timp-cymens) and
immm-umuum-cammuu
istermediates in the dissimilation patiway of peoymens, Ineubation of
2,3=dityirexy cumic acid with cell-free oxtracts yiolded considerable
ancunte of isopropyl pyruvie eeid and scetaldobyde which were isolated

and fdontified as their 2,4=~dinitropheny]l hydrasones.

Induoed enzyme studies as well as oxidation of different sube
strates showed that the peoymeme grown cells oxidize cumie alechel,
cumie acid, 3-hydroxy cumie cold and 2,3-didydrexy cumic seid dut not
2-hydroxy cumio aoid J-isopropyl cateehol, J=igirexy pcymene, S-hydroxy
r;,...-mm It vas found thad wvhen *Fi-strain’ wae
grewn on peymene, the cells rapidly oxidized 2,5-dilydroxy cunie acld
vithout any lag phase. Oun the other band, cells adapted to 2,3«
didydroxy oumio acid utilised peoymene and cumie aeid only after a lag
phase, It has alse been moticed that the pecymene grown cells grow egually
weoll on cumie aloshol, cumie aoid and 2,3-didydrexy cumie aeid without
sy log.

This strain grewn on p~oymene 18 capable of oxidiming other

scids sueh as bemweis, p-iydroxy, 2,3-, 3,4=, and 2,5=dilpvdroxy beaseie



100
acids, whieh have clese strustural similarities with the intermediates
in the p-eymene degradation, Farthermore, the growth rate of this organien
in the presence of 2,3-dilydrexy bensoiec acid was comparadle to that
observed ia the presence of 2,3«dihydroxy cumic seid., llowevor, failure
to identify 2,3-didydroxy bensole acid in the enlture medium prodadly
suggests that it may not Do one of the intermediotes in p-cymeno disei-

milation,

Although pehydroxy benzole soid served as & growth substrate for
this organism, p-oresol failed to premete the growth, On salieylic scid
the orgonien grew after a lag period of 48 hy, Likewise, the rate of
growth wae alunoet negligible in presence of cateehol. "hen formentations
were carried out using p-iydroxy bensole acid as the substrate, 3,4«
mmmmtuuumumm-a-.
Similarly when bensole acid was used as the substrate, p-iydroxy bemzoie
soid was suspected to be present in the fermented droth, However, prosence

of this compound remains to be fully confimmed,

Stadies vwith regard to the mode of hydrexylation of several

bemzenoid eonpounds and their cleavage patiern have been fully & scussed,

Cell=froe extracts from the basterium contalned an oxygenase
of the metapyrecatechase type, which brings about the oxidative fission
of 2,3-dikydroxy cumic acid between the Carbons 1 and 2 (betweon carboxyl

and hydrexy greups) giving rise to a hypothetical kele acid intermediate



which them undergoes cleavoge to isopropyl pyruviec aoid and acetal-
doipde.Under the ssme oconditions, 2,0-dikydrexy densoie seid ylelded
ruvic aeid and acetaldelyde.

The prosence of two dohydrogenases, nasely, cumie aleohol
dehydregenase ead cumie aldeiyde dehydrogenase Lave beoen shown in
15,000 X g supernatent of the sonicate, Ioth the delydregenases require
WD for the oxidation, The hypdrouylating setivity sapable of hydrexy-
lating cumie acid at position 3 to give J-dydrexy cumic asld hes alse
beon shown to be preseat Lo this (15,000 X g) sapernatent requiring
NADH for its maxieal activity. XNADPU ie very much less effective than
NADI,

On the basis of the sbove cbserwations a possible pathway for
the degradation of p-cymeme by 'Fl-otrain’ hos been formmlated (Fig,roxIv),
From peaymene to cumic acid the organiam follows a pothway siniler to
that enseuntered with 1imenene and £ . ~p-uenthene which give rise o
perillie sad phellandrie acids. But all evidenses indicate that in the
case of cumic aoid instead of hydretion as in the case of porilliec and
phellandrie acids, a moncoxygenation resstion takes place leading te
3-hydroxy eumie seid which is further oxygensted st Cy-pesition to yield

a dioxygenated produet, 2,3-dihydroxy cumic seid,
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