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The biological degradation of natural compounds coastitutes
an important step in the carboa cycle of mature, A coasiderable
amount of information is available today en the biotransformations
of various classes of comvouads such as stereids, alkaloids,
aliphatic and aromatic compounds, including hydrocarbeas, carbo-
hydrates and antibiotics etc. (Tamm 1962, Pasqualiai 1963, Evaas
1963, Fuhs 1961, Dagley et al 1960, Fester 1962).

The aim of these stwdies is varied rangiang from the
production of useful compouads such as the productioa of alcobels,
acids, vitamins, amino acids and antibiotics through the ageacy
of microorganisms, to the mechanism of microbial degradation of
various iasecticides, presexvatives and detergeats etc.

The field of microbial coaversioans achieved great
stimulus from the work of Petersen & Murray (1952) oa the
hydroxylation of steroids by certain fungi leading to a new way
of syathesis of a auwmber of steroidal hormosnes such as cortisone,
cortisol, aldosterone, etc. Siance this subject has been reviewed
exteasively (Pasqualini 1963, Fried et al 1935, Eppsteia et al 1956,
Talalay 1957, Vischer and Wettstein 1957 aand 1958, Tamm 1960) it is

not necessary to discuss it ia detail here.

The first report on the degradatioa of paraffians by
Botrytis claerea appeared about 70 years age (Miyoshi 1895). However,

only receatly, a considerable interest in this field has been
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appareat with the realisatioen that the hydrocarboa subsirates
could be amoag ihe cheapest poteatial sources of proteias, amine
acids, fatty acids and oiher useful products(Zobell 1946, 1950,
Johasoa 1964, Miller et al 1964, Darliagtoa 1964, Shiio et al 1963,
Yamada et al 1963). By the use of alkanes as sole carbea source,
a nueber of workers have obtained high cell yields of Nacardia

and some yeasts (Champagnat 1962, 1963, Auoa 1964, Darliagtea, 1964,
Johason 1964, Hiller et al 1964, Raymond and Davis 1900, Fermen-
tation Rev.Vo, -~ Biotech. & Bioeag. VI (1964)-37). Products from
thege orgaaisms may fiad application as useful food substitutes ia

future.
llicrobjological traansformationsof terpeses

Gaxliex obhsarvatioas The chemistry of terpenes has uadergone
developmeat very rapidly, since they are of great value in perfumery
industry and used to a smaller exteat ian the pharmaceutical products.
Uatil receatly the ianterest in the microbiological traasformation
of terpenes was sporadic and rather discommected. The first report
is by Myyer and Neuberg (1915) who obtained citroaellel ia 59 per
gent yleld by reduction of citronellal using bottom yeast. Neuberg
and Herb (lﬁl) later obtained the coaversioa of citral to geraaiol
in about 30 per ceat yield using yeast as the test organism.
Cyclocitral was scarcely attacked by this yeast. HNaliseri (1929)
achieved the coaversioa of citresellal to the corresponding alcohol
and acid with the help of Acesabagtex xyliawn and A.asceadess.
Penigilling digitatus was fousd to effect the coaversioa of pulegol,
isopulegel and citrosellal to meathol in high yields rangiang upte
93 per ¢eat (Babicka et al 1955). Other kaowa examples of such
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transformations are the coaversioa of coaiferyl alcehol (Pauly &
Fewerstein, 1929) aad a phytochemical reduction of 2,3 diketo-
camphase to 3 hydroxy camphor by bakers yeast (Neuberg, 1950).
Dextrocamphoroquinone gave d-hydroxy camphor while the racemic
compound gave a leavorotatory hydroxy compound.

Microbial degradation of camphor

The first systematic study oa the migcrobial degradation
of a terpenoid compound, camphor, began a few years ago at the
University of Illinois (Bradshaw et al 1959). Ia the last six
years several straias of bacteria have beea isolated metabolising
this cempound as the sole source of carbea. Of these,two straias
Pseudomoaas C) and Gg (Hedegaard et al 1961), degrade camphor by
the same pathway but differ ia their ability to use this compound
as the sole source of carboa. The pattera of ascumulatiag products
also shows some quantitative differeace. Besides these pseudomonads,
a Diphtheroid Straia, Tl' also metabolises camphor but by a differeat
pathway.

The dikes ab

Fermensation of D(+) camher (1) by pseudososed C) results
in the accwsulation of a number of neutral and acidic products ameang
which 2,5 diketocamphaae (2) S-exohydroxycamphor (3) Seeadohydroxy
camphor (4), and 3,4,4 trimethyl-S-carboxymethylseyeloneatencae (S)
have beea identified. The compleve oxidation of this acid (3) was
inhibited by 2,2' bipyridine with the accumulation of a lactonie

acld (6) (Fig.I). The pathway for the degradation of camphor was
postulated as follows:
D{+) camphor === Sehydroxy camphor wee (2) === (5) == (0) ==
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While ao informatioan seems to be available about the nature
of hydroxylatiang enzymes, for conversion of camphor to the hydroxy
ketones (3) and (4), the first step ia this reaction sequeace, two
NAD-liaked dehydrogenases i.e., S-endo and 5 exo-hydroxycamphor
dehydregenases, respoasible for the ceaversion of the corresponding
hydroxyketone (4) aad (3) to 2,5 diketocamphane (2) hagebeen purified
about 100-fold (Ko et al 1964). These eanzymes show a remarkable
degree of substrate specificity and their respective reactivity
towards the epimeric alcohols was found to be less than one per
cent. The 5 eadohydroxycamphor dehydrogenase was found to react
however, 2 to 3 times more rapidly with viciaal (2,2 aad §,6)
diketones than with its satural substrate, 2, S-boraasedious,.

The cleavage of both the carbocyclic riangs of camphor
during its oxidation by this organism is brought about through
lactoaisation, iavelviag a typical Baeyer-Villager oxidation. A
reactioa mechanisk was proposed for this reaction (Nelawald and
Fraueaglass, 1960) iavolviang a sucleophilic attack of the peracid
anion oa the carboayl carboa of the camphor followed by a aigratiea
of the bridgehead carbon to the peroxide of the adduct and eliminae
tion of acetic acid (Fig.ll).

Xhe lactoaisiog systeas—

The enzymes for lactoaisation were found to be preseat
in cell-free extracts (Courad et al, 196la), which coaverted camphor
to 1,2 camphyllide (7) and 2,5 dikesocamphane 1o 3,4, 4-trimethyles
carboxymethyle A =cyclopeatencas (3) ia the presence of added
NADE  aad oxygen. In dialysed extracts the :od for FEN was alse
demoustrated, Bipyridine treatment was fousd to laactivate this



enzyme system which could be reactivated by Fe*™ foas. Coarad et al
(1961b) proposed the following reaction sequence for the conversion
of 2,5 diketocamphane to (3) (Fig.III). The formatioca of (3) frem

(2) was proposed to take place through an wastable iatermediate
(10).

FIG. I
ya N
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In additien to (3), (11) was also obtained as a side product. The
unfractionated extracts also contained a dehydrogenase responsible
for coaversion of (11) to (5) agaia via the iatermediate (10). On
further iavestigation the lactonising system revealed some iateresting
features. Two differeat eazyme fractions are needed for this reaction
in addition to NADH, FNNand Fe'*. The first cazyme (£)) is a
FlN-reductase and provides electrons whereas the second enzyme
(Ey-lactoaising eazyme) undergees oxidation reductioa and reacts
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with substrate as follows:

“ "
1) BOH + B FEN cmeey BAD + FibW,

2a) PN + £,200”" aammy FUN + E,200%"
2b) FiN, + Oy ey PN + Hg0g
3) Ep2¥et + 0yr(2)emmy Bx27e3* + (5) + 10

NADH + H'+ 0y + (Demey WO+ (5) + O  sum (1+20+3)

The first eazyme in this reaction sequence, the FAN coupled
NADH oxidase has beea purified about 100-fold (Bertland et al, 1963).
Enzywe induction studies have demonstrated thot cells growiag on
suceinate, malate or glucose start synthesiziang the exidase on
addition of the inducer. The rate of eazyme formatioa appears to
be a fuactioa of the nature of the inducer aad the primary carbea
source. The formation of a high conceatratiocn of oxidase proteia
takes place oaly after the exhaustion of the primary source. 2,5~
Diketocamhane (2) was fousd Lo be the mest peteat inducer followed
in decreasing order by campher and sompound (5).

The lactonising cazgyme itself has alse beea purified about
50-fold from camphor-induced cells and behaves as a single componeat
on ultraceatrifugation and starch gel electrophoresis (Coarad et al
1962). For the lactonisation reaction FN at 10°5M concentration
has the maximal activity, FAD beiag one third as active and ribofla-
vin showiag a0 activity at all. The fnactivation of the reaction by
10738 bipyridine can be cempletely reversed specifically by
10°%4 Fe2', other metals belag iaastive. Neither of the two eazyme
fractions by themselves reacts with bipyridine ia the oxidized form



but after reductioan of an with FHN reductase system or chemically
with sodium dithicaite the enzyme bound Fe' does comlex with
bipyridine. Other reducing ageats such as cysteine and glutathione
are iacapable of reducing this eazyme-bouad irea.

he molecular weights of both the enzyme tuctlonl,lil and
Bz,lu\'bu estimated to be about 50,000 and 89, 000 respectively, by
sucrose deasity-gradieat ceatrifugatioa. Lazyme, i), is deveid of
cofactors. Eg however, coatalas sigaificant levels of bound irea
and flavin (Guasalus et al 1964). lHeme, though preseat ia the early
stages of purification (Conrad et al 1962), is reduced to very low
levels ia pure i, preparatioas. Iahibition studies with carbea
monoxide, cyanide and azide indicate that this heme does aot play
any role in lactonisatioa.

The rate of NADH oxidation with E), if measured in the
absence of campiior but with an excess of added FEN, is found te be
considerably higher. Singe the FEN conceatration in the extracts
is alveady sufficieat to saturate the oxidase, it has been concluded
that the flavin in these extracts is not autooxidisable., Uoth the
enzymes are coasidered to exist in some sort of loose complex which
makes mm' poorly ascessible to oxygea, thus limitiang the rate of
autooxidation. On addition of the substrate there is a stimulatioa
of NADM oxidatioan due to a rapid flow of electrons through the system
via the lactonisation mechanism and not by FHNHp autooxidation.

The iahibitor of lactonisatien, dipyridyl, ea the other
hand, was found to stimulate the exygea uptake ia the abseace of
any added substrate probably by chelating the Bx-bousd Fes* {a such
a way that autooxidation of FNNHQ becomes nossible. The smount
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of this stisulation is equivaleat to the substrate stimulatioa and
cannot be further enbhanced by the addition of camphor.

Centrifugation studies, on the other hand, demoastrated
that ia erude extracts both the ‘l" aand la-prcsoins sediment
at the rates of pure preparatiocas. Thus, if any physical coupliag
of the two enzymes is inwvelved, it must be of a low order.

The stolchiometric relation of the reactions catalysed by
this complex (One mole of NADH oxidatioa, Oy conswmption, substrate
utilisation aad product accumulation) has beea demoastrated in
fractionated extracts (Courad et al 196dg Guasalus et al 1964).
The electron carrvier sequence in this complex is as follows.

NADH 4 FUN coey FoIt amm 9

The purified lacteaising cemplex is capable of catalysing the
lactoaisatien of camphor, 2,5 diketo camphane, 3-exo and Seande
hydroxysamphior, although with widely different Ky's and turaover
rates. With the belp of mixed substrates it has beean demoastirated

that all the compounds rveact with the sawe active ceatre.

The lactonisation catalysed by this complex is inhibived
by several group of compounds (Coarad et al 1964y Guasalus et al 1964).
Chelatiag ageats blosk the passage of electrens to 0, by ceordiaatien
of Fe?* in Eye Elestron acceptors like methylene blue, 2,6 dichlore-
phenolindephenol aad high conceatrations of FEN iatercept electroas
from the FMN bouwad in complex. MNetal ioans appear to iahibit
Ej-catalysed transfer of electroas from NADH 1o FMN., A aumber of
keto acids also ishibit the lactoaisatioa reactioes probably as
alteraative substrates. Peroxidase substrates such as ascorbate,
catechel, etc. seem to block the normal produst formation by



destruction of lzroz'-buﬂ peroxide. Hydrogea peroxide does aot
take part ia lactoaisation and it has been suggested that the actual
lactonisation is brought about by some sort of an eazyme-bound
peroxide or an eazymic peracid formed by interaction of this perexide
with the carboxyl group of an adjacent acidic amino acid (Guasalus
et al 1964).

The lactoaisation reaction has been classified with the
mixed fusetion oxidases which are also iavelved ian the hydroxylation
and lactosisation of steroids by microorganisms. Jacobsoa et al
(1964) fouad that in additien to Rgeudomonas ), asother straia of
Pe.iastosteraal, is capable of utilisiang camphor as the sole source
of carboa. The lumlnotmmcwﬁoﬁuﬂ Bamh
brought about by either camphor er l7-ketesteroids. Iaitial rates
of eazyme syathesis are higher with steroids as inducer than with
camphor. Camphor also seems to act as inducer for the steroid
eazymes, because preincubatios with camphor enbances ithe rate of
steroid metabolism by whole cells.

Degradation of L-Camphor

Apart from D(+) camphor both L aad DL camphor are gspable
of supporting the growth of Pseudomonas C;. The extracts of L-camphor -
grown filtrate had a VPC pattera ideatical with a similar extract
from D(+) camphor broth (Le Gall et al, 1963). Compounds (2) and (S)
formed from L camphor had their melting poiats and I.R. spectra
fdentical with the correspondiag compounds frem D camphor metabeliss,
although with an equal and epposite rotation. The F¥N -goupled NADH
oxidase (i)) and lactonisation eazyme, whea laduced with D(+)camphor



are specific for this enautiomerph and L camvhor does ast serve as
a substrate, Lecamhor-induced cells besides lastenising the L
isomer, also shows some activity with the D-camphor analogues. The
reasoa for this has beea atiributed to the presence of 3 per ceat
of D(+) camphor as aa impurity in ithe samples of L camphor, liowever,
the altersative possibility of industien of both the sets of
enzymes caanot altogether be ruled out (Guasalus et al 1964).

Studies with Psoudononas G, revealed that this strain
growing oa glucose is iahibited by camher and L, 2 camphyllide (7)
even though this camphyllide accumulates after several hours growth
in the preseace of camphor. Ia the case of the cl strain this
cawphyllide does not accusulate whea this orgasism is grown oa
camphor. Gven thea the cell-free extracts are capable of catalysiag
this reaction. During growth of the siraia <:1 oa camphor, both
neutral aad acidic compowads were found to accumulate. In the casge
of the strain,C3, growiang oa camphor the first preduct to accumulate
is 1,2 camhyllide. Other intermediates inclwding 3,4, 4-trimethyl-
S-garbexymethyl-cyclopeatencae (5) accumulate oaly at a later stage.
The strala, Cj, accumulates 0.1 mole of (5) whea grown oa camhor.
The addition of camphor preveats the utilisatioa of this comnound
until all the camphor is exhausted. The G straia does not exhibit
such an effect. Le Gall and Guasalus (1963) studied the rates of
growth asd the melar yields of products of the above two strains
using succinate, acetate, glugese, D(+)campher and (5) as the
substrates. It was observed that a succinatewgrown iaoculunm when
traasferred to a glucose-casphor-smmonium salt medium adapted

simultancously to both the carboa sources. Glucose is capable of

10



I
serving as a carbon source of those muteats which are iscapable of
growth on camphov. MNevertheless, they sccumulate iatermedistes in

the bio-oxidation pathway of camphor whea grown with it as an
exogenous carboa source.

Ihe 26 Diketocamphane patiway
A differeat pathway for degradatioa of camphor iavelving
the iatermediate, 2, 6 diketocamphane, has beea found to be preseat

in a diphthereid strais, Tj, isolated by earichmeat oa Terpis
hydeate. This orgasism has beea found to grow os terpia hydrate,
ortorpincol as well as oa camphor. Cells growa oa acetate or
fructose are simultaneously adapted to the serpenoids. Terpiae
hydrate-gromm or induced cells oxidise a-terpiseol and acetate
without any lag phase (Baum & Guasalus, 1962).

The majer compouand isolated from methylene chloride extract
of fermeated broth of this orgaaism with camphor as substrate, was
found to be a hydroxy camphor, aot ideatical with the ones isolated
in the case of Pseudomonas GP Furthermore, this hydroxy camphor
and camphor are oxidised by camphoregrown diphtheroid cells which
do not oxidise any of the fatermediate ia the Pseudomonad pathway
(Kay et al 1962). The above compound was ideatified ss 6 hydroxy-
camphor (12). No other compouad was fousd Lo accwsulate in quaati-
ties sufficient for isolation aad characierisaiion. The other
probable iatermediates (2, 6 diketocamphane (13) aadolcampholeaic
acid (14) ) were prepared synthetically., DeCamphor-grown cells
were capable of oxidisiang these iatermediates (Chapman et al 1963).
A more careful examination of the methyleae chloride exiracts
demonstrated the presence of 2,6 diketocamhase and a mixture of
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acids one of these being a-campholoaic acid. Extracts of D-casphore
growa oells catalyse the oxidatioa of VADH ia preseace of 2,0
diketocamphane,

FIG. 1V

Q
O@OH O@O O@é

6-HYDROXY CAMPHOR 2,6-DIKETO CAMPHANE «_-CAMPHOLONIC ACID
(12) (13) (14)

The eazyme respoasible for the dehydrogenation of &=hydroxy-
camphor to 2,6 diketosauphase has been purified to physical homo-
geneity and orystallised (Zuo et al 1964). It requires a divaleat
cation (i.e., I|2') for maximal astivity. It was found to react
with a wide raage of substrate analogues. The eazyme was found teo
oxidise NADH with all the five pessible camphor diketones but
neither with moaoketones (2 and &), nor with any hydroxyketone. In
the forward veaction of NAD reduction all exoalcohols tested were
reaotive but with widely differiag rates. Oa the basis of the
kinetic data a multiple enzyme site has beea postulated.
Hieroblelegical degradasien of slixeaellal

Usiag earichment culture technique Seubert (1960) isolated
an organiswm, Pseudomonas siiroasllolis, growing oa citronellel as



—

whe sele carben source. This organism oxidised ciiresellal sad
farnesel, as well as a aumber of other comnowads which could
possibly be latermediates in the degradation of this cempound.
Extending the studies to the metabolism of acetate in dried cells
using labelled carben, he alse demonstrated that citresellal is
partially coaverted to aan cther soluble fluoresceat pigmeat amd

to a number of amino acids. The sature of this fluoressent pigment
is not known.

Fungel craasformation of terpeseld hydrocarboas

Bhattacharyya and co-worikers started a systematic iavesti-
gation oa microbiological traasfermation of ternenes with a view to
convertiag the terpeaoid hydrocarboas into useful and economically
important exygeasted derivatives. Their iavestigatioas were
prompted by vhe observation of some earlier workers (Bose 1938,
Sadgopal amd Varma 1952) that yields of essential oil from the
agarweed (Aguilapie agellosha) depead oa the degree of microbial
iufectioa, the main infectaats being Aspergilli, Pealcillia and
Eusaxiae From the iafected agarwood a awsber of odoriforous come
pounds (agarel, dihydroagarofuran, Be-agarofuran) has bees iselated
by Bbatiacharyya asd his colleagues (Bhattacharyya and Jaia, (1959),
laheshwari et al (1963) ). The neainfocted agarwood coasists maialy
of hydrocarbous.

The fermeatation of a-pinese (15) by Agpergillus aiger
NCIM 612 yielded maialy deciseverbesol (16) esd small amounts ef
deverbeacae (17) aad detransesebrerol (18) (Fig.V). verbenol and
verbeaese were supposed to be fermed by allylic exygeaatioan and
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oxidation of resulting alcohel, while ixaas~sobrercl was formed by
attack of elestrophilic hydrexyl (OH') at the doable bead followed
by a rearrangemeat of the latermediate carbonium iea (Bhattasharyya
et al 1960; Prema & Ghatiacharyya, 1962).

Ia an attempt to obtaln evsuatalol (20) frem e-santalene
(19) by this strals of A.aigex it was fouad that aesantalene was
degraded to igxe-santalic ascid (21) zacxe santalel (22) aad very
small ameuats of a Cyg alcohel (23) (Fig.V).

Certain comounds such as A carens (24), carase (25) and
hunulene (20) were found Lo be rather resistant to attack by this
microorgenism, Fermeatation of camphene (27), B-santalene (28),
foagifolene (29),caryophyllene (30) and Scadiseane (Fig.V) by this
strain led to the acoumulation of a dicarboxylic acid sahydride,
Zenonene-2, 3 dicarbexylic acid anhydride (31).che structure of which
was established by degradative as well as synthetic metheds
(Bbattacharyys et al, 1963). As the prodact did not bear much
resomblance to the terpene substrate, it was suspected whether or
not it was a real traasformatioa preduct of terpesocid origin. By
the use of uaiferaly labelled glucose C'¥ and ualabelled loagifolene
it has beea pessible to establish that ia the syathesis of the
anhydride no uabrokea carboa skeletoa of terpenoid cempounds Lakes
part. Both the fragmeats obtained by ozonisstion of sahydride
(pyruvic acid asd e-ketocaprylic acid) were labelled to the same
exteat. It is possible that the preseace of these terpeascid
compounds ia the medium may cause some sort of metabolic shift
resultiag ia the acsusulation of the anhydride.



Fermeatation of terpene hydrecarboas by bacteria
A Psaudomonal isolated from soil by earichmeat ea aepinease
was found also to grow on limoaene (32) as the sole source of carbea

(Bhattacharyya et al 1964). The fermeatatioa of limeaene by this
strain ylelded a aumber of neutral and acidie compouads which were
separated iato their components by thoe use of various physicoe
chemical techaiques. The meutral fraction yielded carvene (33),
dibydrocarvone (34), carveel (35), p-mouth=8-0ne¢-l-ol-2-0ae¢ (306),
peticnthe@eene~], 2« diol (37) and p-meath=G-enep2, 9-diol (38). From
the ascidic fractioca perillic acid (39), 2-hydroxy-pementhefeeno=7-
ol¢ acld (40), isopropeiyl pimelic scid (41) and a dihydroxy acid (42)
have beea isclated (Fig.vI).

Growth asd adapiive enzyme stwiles indigated that none of
vhe aeutral compouads (33«38) lies on the direct pathway for the
degradation of limoaeane, Oan the ovher hand perillis asid (39),
hydrexy asid (40) aad ihe disarbexylic acid (41) were found to be
oxidised by limoaeneegrown cells. Glucoseegrewn cells of this straia
maialy coaverted limeaeae (32) te perillic aecid (39) aad small amouats
of perillic alcohol (43). Based oa the above observatioas a pathway
for the degradatioa of limeneae has beea suggested (Fig.Vi).

The eazymes respoasible for these coaversiocas have beea
demonstrated to be preseat in ¢ell-free extracis. The first eazyme
respoasgible for limoaene hydroxylatioa has been found to be preseat
in 100,000 g sediment and catalysed the hydroxylation of limesene ia
the preseace of NADPH and Oy The 100,000 g superaataat has beea found
t0 coatain the enzymes coavertiag beth perillic alsebel (43) aad
perillic aldehyde (44) to perillic asid (39). This fraction has been

also fouad to catalyse the ceaversion of perillic acid to f-isopropenyl
pimelic acid (41) in she presence of ATR, CoASH and NAD,
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FIGVIPROGEBUCTS OF BACTERIAL DEGRADATION OF LIMONENE
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PRESENT STUDIES

Although Matthews (1924) veported the growti-supporting
activity of pinese for certaia seil microbes, no information is
availsble as to the exact mechasism by which this molecule is
degraded into smaller fragments. The preseat studies were,
therefore, wadertakea ian order to iavestigate the degradation of
« and B-pinenes by bacteria aad the results are preseated in this

thesis.

Chapter LI deals with the materials and wethods utilised
in the course of these studies, Detalls of a flagk devised for
growth studies are also givea. It bas bees fousd to be very useful
for resewding the growth pattera of bacteria.

A foew strains of pseudomonas were tested for their ability
to utilise a-pinene as the sole source of carbea. Finally aa
orgaais® was isolated from soil by earichmeat culture oa @-pinene
as the sole source of carboa. The isolatioa, ideatification and
maiatesance of the organise are presented in Chapter III. The
orgaaism was capable of growth on B-pinene (46), limoaene (32),
Al-p-nnM (74) axd pecymens (97) in additiea to its usual
substrate i.e., a-pinese (15).

Ia Chapter IV the isolation and ideatificatioa of sowe
products formed by fermentatios of &« and S-pinene by this orgaaism
are described, The neutral fraction from e-piaene yielded maialy
d{+) boraesl (47), characterised by iis physico-chemical preperties
and wyrteaol (49) as demonstrated by VPC and TLC.
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The acidie fractioan gave a discarboxylic acid (53) igsolated

from the total acid mixture through its iasoluble dicyclohexylamine
sale. The mother liquors after separatioa of this acid has beea
further fractionated by coaversioa to methyl ester aad partitioniag
between petroleun ether and 90% aq. methanol. The moapelar fractioea
has not been found amenable to usual methods of separatioa, but the
preseace of myrieaic (38), phellaadric (59) aad perillic asids (39)
in this fraction has been demoastrated by comparative vapour phase
chromatography of methyl estex, In additioa a fatty acld comprising
50% of this aonpolar fraction has been isolated.

The polar methyl esters have beea fousd to soatain oldurepeic
acid methyl ester (51) aad another hydroxy acid wmethyl ester (69)
which have been separated asd ideatified on the basis of their
spectral date and simple chemical reactioas. In addition another
dihydroxy acid (42) has beea isolated in very small amounts.

The fermeatation of S-pinene gave (=) borneol, the saturated
dicarboxylic acid (53) and appreciable amouats of (=) oleurepeic
acid (350). Aaother hydroxy ascid methyl ester with the teatative
structure (60) has alse been isolated ia small amouats. In additioa
a fatty scid aad a mixture of moaccarboxylic scids similar te that
from aepinene have also been obtained.

Adaptive eazyme gtudies preseated in Chapter V will indicate
that borneel, myrtenel or evea oleuropeic acid are aot oxidised by
pinene-grown cells,whereas the moaosarboxylic acid fraction is
oxidised at a fast rate. The dicarboxylic acid (53) was found te
be oxidised at a very slow rate,

/3
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Cross adaptation studies also preseated in this chapter
would indicate that cells whea growa oa & or B-pisene are alse
adapted to limoaene aasd /\ ~lep-menthene. The cells grown on
limosene oxidise A\ «lep-menthease at comparative rates. but «-and
Bepinese are oxidised only slowly. Based on the masometric
studies using limosene (32), A ~lep-menthens (74), perillyl
alcobol (43) perillic scid (39), phellandrel (73), phellandrie
acid (39), B-isopropeayl pimelic acid (41), B-isopropyl pimelie
acid (53) as substrates and « aad Bepinene growa cells, probable
pathway(s) for the degradatioa of plaenes have beea arrived at.
The preseace of aa alcebol dehydregenase catalysiag the dehydro-
genation of perillic alcohel (43), paellaadrel (75) and oleu-
ropeic alcohol (30) has beea preseated. Aa aldehyde dehydrogeanase
catalysing the coaversioa of the corresponding aldehydes to acids
has also beea found to be preseat ia these cells.

In Chapter Via the growth of this organism on a aunber
of medel substrates is preseated. These compounds inclwied
terpesoid hydrocarboans, their oxygenated derivatives and eother
simple compounds sowe of which are probable intermediates in the
degradatien of piacaes, These studles,on,ose haad,lead support
to the councepis about the degradative pathways develeped ia
Chapter V and,oea the other,provide informatioa regardiag the
structural features and fusctional groups essential in a molecule

before it can serve as a sele souree of carben for this erganism.

Ia Chapter VIb these studies regardiag the esseatial
structural requiremeats have been exteaded to aromatic model

compounds rulated to pecymene (97). For serving as the growth



substrate the simplest compound has been found to be 1=m6thy lede
ethyl beazene (102). It is possible to alter the side chaia in
position 4 to a limited exteat without affecting the growth
supporting activity. However the alternation of the methyl group
ia pesition =] and further substitutions oa the beazese ring are
aot telerated, Aa iatroduction of aa oxyges fasctioa ia pesition 8
of the pecymene molecule or pe-meathenoid compounds completely
abolishes the growth supportiasg activiiy.

Chapter VII summarises the results obtained during the
course of these studies.
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All the chemicals used for the preparation of media were of
chemically pure grade and those used for eazymie purposes were of
analytical reageat grade, @-Pinene was a i.0.i. produast which
was further purified by a batch-stripping fractional distillation
at atmogpheric pressure through a 2° x 4° colwm., The fraction
boillng between 133.5%134.5°C/710 mn was collected and further
purified by vefluxing over metallic sedium and distillation. The
a-pinene used in these studies was 99.3 per ceat pure accerdiag to
the VPC data aad had a rotation of (& +21%. siace it is ot
possible to get optically pure d a-pinens, this material was used
for all the studies ia this series. Two samples of B-pinene were
used ia these studies of which one was supplied by Ur. S, C.
Bhattacharyya, iGsseatial Oils Divisioa of this Laberatory, aad
had @ bepe 162.5%164%C/710 mm, (&, =17.6%). The other sample of
B-pinene was a techaical grade material from Fluka and was found
to be 90 per ceat pure by VPG, It was further purified by fractiona-
tion through aa efficient splaniag baad colusa. A reflux ratio of
1325 was maiatained throughout. The fractioa boilisg av 162°-
163.5%G/711 ma was collected and found to be 99.5 per ceat pure by
VPG, (&, =18.6°% Lea-Plneae was prepared from this A-plaene by
refluxing over gum rosin for 24 hours aad fractionmation (Austerweil,
1926). The pure l-a-plaene had a bep. 153%154°C/711 om, (& ~39.6").
The limonene used in these studies was prepared by fractionation of
oraange oil, the fractioans b.p.m‘-m%mo umn being used. The other
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sample of limonone used was a Fluka produst (99% pure - VPQ).
The p-cymene was obtaised from W/s. Riedel de liaan Ltd., Germany.

A sample of oleuropeic acid was kindly supplied by Dr. Y.
Mazur of Weimmamn Iastitute of Scieance, Israel. The samples of
Ajepemeathess, (+) phellandrol asd (+) phellandral were obtained
through the kiad courtesy of ir. Porsch of Uragoco, W. Germany.
The sample of phellandric acid was prepaved by silver oxide oxi-
datioa of (+) phellandral. The samples of Sspementhens,
Aje7-pemeathene asd 21(7),B-p-menthadiene were obtalased from
Upe B, Klein of Dragoco Laberatories.

FMaintenance aad propagation of culture:

The organism growing oa e-pinene as the sole source of
carbon was propagated on a nutrieat agar slaat of the followiag
composition (Mackie aad ¥¢ Cartasy, 1949).

Peptone (Armour) ceeescces 1 g

NaCl (BeDeHodeseessssnsens 0o gw
feast extract (Oxold)e.seces 0.5 gm
Beef extrast (Difce)ecssee 0.5 gm
AQAE eveesccsccncessccsses & POT CRaL

Total voluMBesessoncenncs 100 ml

The first four coastitueats were dissolved in water and the
pll was adjusted to 7,0 with 4N sodium hydroxide. The final volume
was made up to 100 ml. Two per oceat of agar (Algaden or Difco) was
added aasd the mixture was steamed for one hour to melt the agar.
For preparation of agar slaats 6-7 ml aliquots werve distributed
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iato 19 x 150 mm Pyrex test tubes and autoclaved at IS p.s.d.
(120°C for 20 min.). The tubes were then slanted while hot and
allowed to solidify and remain uadisturbed overaight. The slants
were agaia steamed for one hour to destroy aay germinated spores.
The tubes were reslasted asad allowed to solidify. These slants
were isoculated from broth or steck culture asd iacubated at 28%C
for 24 vo 48 hours.

For purification of the culture by streakiag, nutrient agar
of the above compositlion was poured aseptically while hot ia
previously autoclaved (20 1b for one hour and then at dry heat
160°C for ose hour) petri dishes., Uader certain conditions the
culture can be propagated evean on glucose-mineral sali-agar
slants. The composition of mineral salts is described below and to
this were added 1% glucese and 2% agar asd the slaats were prepared
in the usual way.

Mineral salt sediwm for growth aad fermeatation
The organism was grown ia a chemically defined medium
descoribed by Seubert (1960) haviag the following compesitioa.

1) Dipetassium hydrogea phosphate (Daapha grade, India)
2) Potassium ‘mwl m‘. (BeDstie)ooesessvcesne
3) u‘. .t“.u “.-m) I EE R R R R R R R R R R R R R RN ]
4) Nagnesium sulphate (BeDde) anbydrouws cecececesccce
5) Calcium chloride (CaClge2i20 « E. Morck) ececcccees
6) Ferrous sulphate hep drat® (Belsdie) soceccconnse
7 W“ "l’n“ (Riedel de Haan) eevececccccccne
8) Sodium molybdate (Bedelie) seveccesccecscocnccscvcae

oe»qu?S
JJ““;‘

Nade up to 10 litres, pil 7.0.
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All the coastituents were dissolved separately, exceptiang
for the phosphates which were Jissolved together and diluted to
8 litres. Aliquots from the solution of other miseral salts were
mixed together and thea added to phosphate selution and the total
volume made wp to 10 litres. Aliquots of 100 ml medium were
added to 5090 ml Erleameyer flasks which were plugged and autoclaved
(15 peseie for 20 min). A 2-5% inoculum was added to each flask
and 0,3«0,5 ml terpene substrates were added as carbea source. The
flasks were iacubated at 20°£19C on a rotary shaker at 220 Pepeme
Frosh aliquets (0.3-0.5 ml) of hydrocarbon substrates were added

every 24 hr to compensate for the loss due to evaporatioan.

Extraction aad separation of composents

At the end of the iancubation period (24 - 72 hr), the flasks
were pooled together a2ad extracted once with ether. The broth was
then acidified with &V HCl and reextracted with ether thrice. All
the ether layers were combiced and freed of suspeaded cells (which
cama in this layer afier acidification and extractioa) by shaking
with hyflo supercel. The supercel cake was washed agaln with ether
aad these washings were combined with the main ether layer.

The clear yellow broth asd the supercel cake coataining the
cells were extracted with butanol., The aqueous phase was neutralised
first with 10% sedium hydroxide solution and then with ammoaia and
concentrated to a small volume. The coacentrate was extracted
contiauously with ether to give highly polar seuiral compounds (Ng).
The aqueous phase was acidified and agaia extracted coatinuously
with ether to give highly polar acidic fractioas (Ag).



The ether and butaas]l extracts were separated iate seutral
ml and Ny) aad acidic fractioas (A; and Az) by washiag with aqueous
5% sodium carbonate. The acids were regenerated from the sodium
carbonate layer by acidification and taken wp in ether or chloro-
form, The neutral compeaents were further subjected te a foure
traasfer couater curreat parcition between petroleum ether and 90%
methasol (Prema & Bhattacharyya, 1962a). These fractions were then
purified by chromatography, fractiomal distillatioa and sublimation
as described in Chapter IM. The purity of the fractions were
established both by TLC aad VPC, —

The acids forming insoluble cyclohexylamine salis were
separated by treatmeat of the total acids fraction with cyclohexyl-
anine in acetone. The superanataat after filtratioan of the inseluble
sults was ctaken up in ether and freed of cyclobexylamine by washiag
with dilate hydrochlerie acid. The ether layer was dried (sodium
sulphate) and congcentrated. The concentrate was coaverted to methyl
esters by treatmeat with diazomethane in ether., The pelar (Al-b)
and noaepelar ul-.) methyl esters were separated by a partition
between petroleum ether and 90% aqueous methasol as described
earlier. The inlyl esters from these two layers were further
separated by chromatography over alumina and/or fractional distil-
lation. The separation and ideatification of these compounds were
monitored by various physico-chemical methods such as TLG VPC and
various other speciroscopic mecthods detailed in a lacer chapter.

The extractioa procedure and the methods of separation are summarised
in Fig.v1l,
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All the meliing and boiliag poiats reported are uacorrected.
Optical rotations were either taken in the abseace of aay solveat
or in aleohol or chloroform as solveats on a Hilger standard
polarimeter using 1 dm tubes. The infrared spectra were recorded
on a Perkis-Elmer iafracord medel 137-B and &, and a Perkineilmer
model 221 or a GrubbeParsean double beam spectrophotometer, The
phases used were mostly liquid film or Wujol mulls aad ia some cases
in carboa tetrachloride solution. The ultraviolet spectra were
taken oa a Beckwaan wodel DU spectrophotometer with spectrescopically
pure rectified spirit as a solveat. Gas chromatography was carried
out on a Griffin-Tatlock model G, Mark III or oa PerkineElmer
Vapour Aerograph, asalytical model (A3508B) using hydregea as the
carrier gas. Thia layer chromatographly was carried out with 85%
silica gel (either E.Morck 200-400 mesh or silica gel supplied by
the Fiae Chemicals Project of this Laboratory) usiag 15% plaster of
Paris as binder. The solvents used for reselutioa of seutral
fraction aad methyl esters were mixtures of hexane and ethyl
acetate. For acldic compounds a mixture of bsazese-methanol-asetic
acid (45:8:4) was generally used, The plates were sprayed with
coagentrated sulphuric acid ia most of the cases aand with 20%
u:eo, in uzso‘ ia cases of very resistant substasnces. The spots
were develeped by heating at temperatures of 110° to 160°C fn aa

aven.

All N.M.R. spectra were recorded oa a Varian Associates
A=(0) Spectrometer using CCly as solvent and T.M.S. (tetra methyl
silane) as the iateraal stasdard, WNeutral alumina was obtained from
the Fine Chemicals Project of this Laboratory and staadardised iate
Grades I aand II by Droclman's method (1940,
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Growth Studies

Growth studles were recorded either visually or with a Klett-
Summersoa colorimeter, using a flask described below, which was
developed ia the course of these studies. This flask has been
found specially sultable for work with iasoluble substrates.

The flask (Fig.VIII) can be coaveniently prepared from
Erlenmeyer flasks of 500 ml capacity. The top of the flask is
drawa out and optically matched tubes (14 x 120 mm) are fused as
showa ia diagram, The side aeck is made by fusing a 25 x 120 mm
boiling tube at an aagle of 60° to the horizeatal. The sapasity
of the flask from the tips of the optically matched tubes to the
polats of juactioa of side neck is adjusted to 110 =l by blowlag
a bulb ia betweea. The flasks are filled with medium, sterilised,
isoculated through the side seck aad incubated at 28%C ea a rotary
shaker. At suitable iatervals the flasks are removed aad readings
recorded by insertiag the tube directly late the colorimeter by
favertiag the flasks. This method of recording eliminates any
chance of ceatamination and simplifies the ceabersome process of

withdrawiag aliquots for turbidity measuremonts.

Manometric studies

Neasurements of 02 uptake by cell preparatioas were carried
out by manemetric techaiques usiag Warburg flasks (25 ml capacity)
with a single side arm,

The flasks ia a total velume of 3 ml contained 0.2 ml
20% K0 in ceatral well, 1.5 ml cell suspeasion gontaisiag 1-2 mg
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dry wi. cells, W/20 phesphate buffer 1 ml and water Lo maie the
voluse 3 ml. The substrates (5 to 20 umoles) and other subsiances
were added either hy tipping from side arm or incorporating them
direstly into the main flask (ia each case the volume was kept at
3 ml). The temperatuve of the bath was mwaintained at 28 °C and

flasks were shakea in this bath (110 strokes/min with 2 om sirokes).






MlArTEs L
ISOLATION, [IDENTIFICATION, MAINTENANGE & GROWTH BaHAVIOUR
OF_The ORGANISM

a) Sereealag of sose Pseudamonas skraias for their ability o grow
o1 a-pigene as the sole carbos source:

The following organisms were obtained from the National
Collection of Industrial Microorganisms of this Laboratery., The
cultures were maintained oan autrieat agar slaats of the composition
described earlicr.

1) Basudanasas flueresceas
2) B, serugisoesa

3) B fuoacescans (A.312)

4) B flaacescans (6-BC)

5) Essndamonas (6751)

6) Basudamosas (Trans i)

7) Esqudemenas (T3, "&R)

9) Bseudomonas (HGV isolate)

After 24 hr growth oa sutrient agar two loopfuls of each
organisn wywcinoculated into two flasks contaianing wineral medium
of the composition described earlier, To one of the two flasks
0.2 ml of a-pilaene was added and the other was treated as coatrol,
Both the flagks were incubated on a rotary shaker at a temperature
of 28°C. At the end of every 24 hours, small amounts of a-pinene
(3e1=0.2 ml) were added to replenish the stock. Visual observation
of the flasks was made for about 10 days. Ne growth was observed
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in any of the flasks during the experimeatal period indicatiag the
inability of the above organisms to utilise aepisene as sole source
of carboa for their growth.

b) Isolation of bacteria capable of growth oa e-pineae as the sole
AuRes of cachen by earichmesat culture techaiques
‘Gardea soll (5 g) was suspeaded ia 25 nl of distilled water

and homogeaised on a shaker for 2 to 3 hours. At the end of this
period the bigger particles of soil were removed by filtration
through a cheese cloths The resulting filtrate was ceatri fuged

to sedimeat the swmaller particles of soil and bacteria. The
sedimeat was washed oance more with the mianeral salt medium deseribed
earlier to remove any autrieat material from soil remaining is it.
Finally the gediment was suspended in about 25 ml of the same mediwm,
About 3 to 4 ml of the suspeasion were inoculated iate 100 ml of
mineral salt medium, The flasks were incubated on a shaker at
28°429C after additioa of 0.2 ml of aepinene. At the ead of five

or six days 5 to 10 ml aliquots from this flask were traasferred
into another flask contalaing e-pineme and incubated as before. At
the end of three such transfers heavy growth was obgerved ian the
flasks. Wr; the traasfers were continued for two to three mere
times., Microscepic examination of the contents revealed the
presonce of multitude of organisms, mostly small reds.

¢) Ability of the orgaanism to grow oa @-piieae from vapeur phase
Ag it is difficult to prepare pinene agar slaats due to (i

highly insolable aad volatile nature of e-pinene, it was decided teo
test the ability of the organism to utilise e-pinene frem vapour
phase. Petri dishes coataiaiag mineral sali-agar medium were
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prepared ia the uswal maaser by iacorperating 2% agar in the misersl
salt medium, A loopful of inoculum frow liquid culture was spresad
on to the agar sarface and plates were incubated at 28°C in a desi-
ocator containing eepinene. At the end of 48-72 hr, growth was
apparent on the surface iadicatiag that the isolates utilize ae-pinene

from the vapour phase. Similarly isoculated plates iacubated ia
the absence of plmeae failed to exhibit any growth.

d) Purification of the culture:
It was observed that the orgaaism retains its capability teo

grow back oa pinene evea whea malatained oa a autrieat agar surface
for a few geaerations, Further purificatioa of the culture was
accomplished by streakiag on autriest agar surface. The coloaies
wore picked up from the nutrieat agar surface aad propagated on
autrieat agar slaats oaly. The growih from autrieat agar slaats
was retraasferred on to a-pincac-salt medium aad the coleaies
capable of growth on ae-pisene were resireaked. Thais operation was
repeated several times before the experimeatal straia was obtalaed
ia a homogeaecous form,
e) Lisatifisatias of s exgaalsms

The miuhn metabolising ee-piasae was ideatified as
beloagiag to she genus "Rigudomoaas” as per Dergey's Haaual of
Determinative Bacteriology, VIIth Edicion (Breed et al, 1957).
The various morphological, cultural and biochemical characteristics
of the organism are swmmarised ia Table 1.
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No. Test Obgervation

A. Hoaxphalegical & Cultuxal

Sur face

Glouding

Odour

Sedimeat

Abuadant of sedimeat

Elevation
Optical character
QAL _SLKQKE
Growth
Form

|Lustre
Chromogenesis
Odour
Coasistency
Nediws

Selatia liquefasiien

ring
moderate

foul
sempact

scaaty

eircular
sinooth
eatire
raised

traasluceant

abuadaant
filiforn
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TALE L (coatds)

Sre

No. Test Observation
5  Asgasanive calls
Form and arrasngemeat rods, thia
Diameter less thaa 2.5 u
Size 0.5 @ x 15 u
Gram staia negative
Flagella preseat
— T
Capsules abseat
Chaias absent
Sporangla abseat
Endospores abgeat
Optimum growth 371%
B. Physiolegisal
1 Biolegical relatioaship 1ot sutotrophic
a felation to free axygea aerobic to micromerophilie,
not anaerobic
3 Ia nuraﬁ media aitrite, bat a0 gas
4 Chromogenesis 1016
L Other photic characters noae
6 Indole negative
7 liydrogen sulfide segative

(contd,)
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L tcaaids)

::: Test Observation

¢ Addiziosal iesns

1 ethyl red negative

2 V.P.Test positive

3 Citrave utilization positive

4 Nilk peptonization positive

5 Optisum pli for growth :;?-.7.2 ::d‘ :;::.l;s grow

6  NaCl telerance Uoes not tolerate more than

2% salt congentration

7 Paptoae water + Glucose enhanced growth

8 Yeast water + 10% ethyl alceheol no growth

9 Glucose fermentation with pep- slight growth, ao acid, no
tone water uader microaero- gas, becomes alkaline
philic condition

10 Fermeatation of glucose under Growth and acid, no gas
aerobic condition

il Fermeatation of lactose usder Growth, ao acid, ao gas,
asreblc condition not alkaline

12 Gas ia peptone water no

13 Acidity from fructose positive

4 Ny negative

15 Starch hydrolysis positive

16 Catalase pesitive

17 Utilisation of phenol negative

18  Agar digestioa negative
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£) Hainte she culture
It is possible to maiatala the culture for a few generatioas

on the surface of mutrieat agar by serial trassfers at 15 to 20 days
intervals. However, beyond five or six such traasfers the organism,
though viable on nutrieat agar, loses its capacity to grow back oa
a-pinese. It is possible to maiataia ihe organism for very loag
periods on the surface of mairieat agar ia case the surface growih
is covered with a layer of sterilised liquid peraffin. Ia this
tashion it has been possible to keep this erganism viible for very
long periods (rangiag between 9 to 20 mouths in some .uas). In
most of the cases the organism was found to retaia its capacity teo
grow back on e-pinese. Incubatioa temperature of paraffia covered
slants was found to be an fuportant factor. The slants stored at
room temperature (25°-30°C) were found to retaia their viability
better thea the slaats stored ai 0°, 15° or 24°C, The strain
showed better respoase to an iacaubation temperature of 24° amd
deteriorated rapidly at 13° and 0%, the last facubatiea temperature
giviag the least survival.

For further work the cultures were preserved under paraffia
and stered at room temperature, The nature of the coastituents of
sutrient agar slaats seems also te be importaat for the survival
rate. The slants prepared from Armour peptose were found Lo give
better results than othier varieties.

For routine work the culture was maintaised by reguler
transfors in liquid culiure, Hgwever, considerable amocuat of
variastioas in the behaviour of this organism Lo growih oa sudsirates

other than e-pinene was observed in these shake cultures.



Growth behaviour of the orgaaism

The organism has beea fouad to grow oa a aumber of carbe-
hydrates and other compounds freely. These include glucose,
sucrose, citrate, succisate, malate and other members of the
sricarbexylis acid cyecle. The growth respoase oa isobutyric
acid, proplonic acid, aad acetate has alse beea positive but
requiring leoag periods for adaptatien.

In addition to these compounds, the organism utilises a
number of terpenoid hydrocarboas as growth substrates. These
are a-placne, B-pinene, limoaene, pe-cymene and O lepemeathene.
Though the growth behaviour of the organism will be discussed ia
detail in a later chapter, it is wortiwhile to meation a few

characteristics here.

The orgasism when grows on @-pineane and S-pinene and
transferred from these substrates to limonene, also grew on the
latter substrate freely. But cells grown on limonene for a few
generatioas refused to grow oa pinenes without a proleaged lag
phase. Ia a typlcal experimeat the ¢ells were adapted to each
of these substrates by subsulturiag for a few geaeratiocas. A%
the end of these periods the ceclls were freed of the adhering
substrates by centrifugation, washed and resuspended ia sterile
medium, The ceatrifugations and washings were doae uader
aseptic conditions. Suitable aliquots (2 ml of a cell suspeasioa
with a surbidity of 250200 Klett readings, Red Filter - 660 mu)
from each were inoculated ia flasks coataianing various subsirates
(0.2 to 0.3 ml) and incubated ia usual masner. The readings were
recorded at 24 hr iatervals (Table 2).



Klets Readings at 600 mu

Inoculum r::- e-plaene  A-pinene liwonene
(i} 34 M4 34
a-pineneegrown cells 24 332, 302 315,312 335, 350
40 435,435 430,445 435,458
0 36 36 36
B~pinencegrowa cells 24 272, 282 312, 284 342,340
43 405,415 460,450 430,450
0 w K14 14
limonene-growa cells 24 40, 61 55,45 370, 360
48 282,340 390,390 465,416
Mediuw blank 30 30 30
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5 SRS G
FERMENTATION OF @-PLVSNE

Optingm goaditions for fermeatatiea

In an earlier chapter the isolation aad growth requiremeats
of a Psaadomonad wetabolising aepineas (15), Bepiaeae (46) aud
limonene (32) were preseated, This orgaanise grew n-rnbly well oa

Y
5 3
6 & 9
\
-PINENE

PINENE LIMONENE
Gl P a6 (32)

these insoluble hydrocarbon substrates in a mineral salt mediwn at
rates comparable to those oa glucese., It was secessary to establish
the optimum conditions for fermentations before uadertaking large

scale experimeats to obtain the fermeatatioa products.

Ia these experimeats a problem arises due to the considerae
ble volatility of the mono-terpencid hydrocarboa substrates parti-
cularly at higher iacubaction temperatures. Therefore, even though
the bacterium showed a temperature optimwearosad 37° a sub-optimal
temperature of 20° was chosea rather arbitrarily to keep the rates
of evaporatioa as low as possible at the same time maiatainiag a

fair growth rate.

The organism exhibited a pil optimum of 0,8-7.2. fowever
for the fermeatation a seutral pli of 7.0 was chosen to miaimise the

probability of acid and base catalysed nos-eazymatic side reanctioas.
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Unlike limosene, which appeared to be noue-toxic te the basterium,
both the plaenes were found to be toxis especlally beyead 1% levels
(Table 3). It was, therefore, necessary to work with 0.3 « 0.3
per ceat levels of the pinenes, repleaishing these jevels every 24 hr
with fresh additions of 0.3 « 0.5% substrates, until a total amouat
of 1% was reached, It was noteworthy ia this coasestioa that with
aa initial level of 1% pisese, the patiera of sccamulatiag trasnsfor-
mation produsts showed some quaatitative differeaces, the proportions
of nonepolar acidic transformation products heing higher and the
amoust of polar sewtral and pelar ssidic fractioas beiag usually
lower thas that obtained by periedic replenishmeant of the substrate.

The amouat of traasformatios producis, both aeutral snd
acidie, showed aa increase with iasubation period (Table 4). lowever,
with proloaged incubation beyead 72 b, considerable lyses of the
cells wore observed, As it will be evideat later, that this may be
due to the toxic effect of ose of the accumulatiag products, boraeol
“h.

Isolacion and sharacterisation of metabelites

The extraction procedure after the fermeatation sad the
separation of metabolites iuto polar and nospolar sneutral and acidie
products have beea outlised earlier in the chapter oa Haterials asd
Wethods (Fig.VII). Briefly, the fermeated broth ceatainiag cclls
was acldified aad extracied with ether and butanol. The aqueous
layer was neutralised, evaporated and extracted continuwously with
ether agaia before and after seidificatiea to recover the highly
polar neutral and acidic products. Alkali washing of the earlier

)]
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‘ether and butanol extracts ssparated the acidic coastitueats from
the neutral oaes ia the selveat layers. In this way six major
fractions were obtained,
a) Less polar aeutral (N)) aad asidic fractioas “p
both from the first ether extract;

b) More pelar aeuwtral (Ny) aad acidic fractiens (Ay)

from the butasol extiract;

¢) Highly pelar neutral (Ng) and acidic compounds “3’

from the continuous ether extract.

Exanination of these frastions revealed the existesce of
at least six to eight componeats in esch of them with a censiderable
amount of overlapping in the case of sore coastitueats. Each of
these fractioas was further separated by solveat partitioning sad/er
chromatographic methods.

f_!ltuu pelar aeutral) Fraciioa:

The -11 fraction from the first fow batches was directly
chromatographed over Grade I alumias. I the later experiment it was
however subjected Lo partitioniag betweea petroleun ether and 90%
methanol to obtaia two gross frastioas Ny-A and Ny-B of lower and

 higher pluu\r.' These were subjected to chromatography separately.

The following gross fractioas were obtained by elutiag the
columa with solvent systems of facreasing polarity:

'l" « petroleum ether fraction

Ni=b = 0-25% other-petroleunm etuer frastion
ll-o « 50%75% ether-petroloun ether fraction
Nl" « 100% ether fraction

Ny=e - methanol fraction
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The least polar frastisa, Ni-a was found to coataia
uarescted e-plaene aad fattly componeais. The recevered a-pinene
bed the same rotatios & ¢ 21° as that of the startiag material
iadicatiag that both the ¢ aad L isowers are oxidised by the bacterium
at the same rates. There had beea ao earichment of any of the isomers

at the ead of the fermeatation.

The fatty material was separated from the volatile aepiness
fraction by frastional distillation. However, a careful rechromato-
graphy of the Nj-a fraction oa Grade-I alumina resulted in the
separation of a swall amount of a volatile oxygenated cempound from
the tail fraction which moved slightly slower thaa eepinene with
petroleun ether, This material asalysed for one atem of exygen
only (cmu“o:. The IR gpectrum indicated the abseace of aay
hydroxyl or a carboayl fusctioa but the presence of an ether
liakege (Vmax 1087 ™)) and possibly a double bosd () max 817 en™l).
siace this compound was available ia small amouats it was aot possible
to ideatify it.

Wnen partitioaning of the ul (less polar seutral) fraction
was resorted n._ the ﬂl-A fractioa corresponded to Nloa fraction
with slight coatsmisation from Ny-B. The Ny-B fractica corresponded
to a mixture of nl-b to Nje as revealed by TLC,

The next fractioa (Ny=b) was found to be a mixture of at
least two componeats with very clese mebilities in TLC aad could net
be resolved further by rechromatography. The mixture asalysed for
Cmﬂ“o. showed carboayl bands ia the IR spectrum (Vmax 1750, 1720
and 1695 en”}), The amouat of this fractioa was small and therefore
not examined further.



The major ssutral cemponeat was obtaimed from the al-c
fractioa in a erystallise form and purified by sublimatioa;
(Mepe208-205%), This compound asalysed for C)gii 40 and was dextiro-
rotatory [«] ,#87% The IR spectram (Fig.IX) iadicated a hydrexyl
absorption () max 3333, 1053 aa™l), a gem dimethyl group ( /max 1377,
1355 en”)), and the absence of aay double boad, a fact which was
corroborated by the lack of aay UV absorption. The V¥R spectrum
(Fig.X) ladicated the preseace of three mathyl groups oa saturated
carboas (a close pair of two baasds totalling 9-proton iatemsity
between 9.17+9.227], a diffuse doublet of oae protea lateasity
5¢93=0.23 Tand methylene protoa signals between 7.0-97 From the
above data the compouwad was idestified as d(+)boraeol (47). The IR
spectrum was superimposable on that of an autheatic sample of -
deboraeol (Fige.IX) and there was ao depression in the mixed melting
’polats of the samples. The idemtity of cemwpouad (47) with d~boraeel

BORNEOL CAMPHOR
(47) (48)

was conclusively established through the preparation of the acid
phthalate mep. 161°-162° (reported 104.5%165°% Beilstein-g,800)
and by chromic acid exidation to yield d(+)cemphor (48) m.p.176%
177° (148.178.6% . The ideatity of (48) was agala established by
spectral comparisoas aand mixed melting poiat determinatioa with sa
autheatic sample.

The sext fraction (Nj=d) was a wmoderately volatile liquid
and was distilled under vacuum at 1252130%4 mw (bath temp.).However,
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the distillate showed thres spots oa TLC. It was possible however

to ideatify the intermediate spot as myrtenol (49) with the help of
comparative TLC aad VPC (Fig.XI)e The myrtenol peak had the highest
retention time in VPC, By using the same techaique it was possible

1o establish the existease of boraecol in this fractios. It was mot
possible however to resolve the mixture Lo get the pure components

ia sufficieat amounts for chemical work., The third compoaeat could
not be ideatified, CH,OH

MYRTENOL (49)

On acetylation with pyridiae aad acetic anhydride the
alcobols in this fractioa were all coaverted inte acetates as judyed
by wobility ea TLC plates aad the absence of any hydroxyl band ia
the IR spestra indicatiag that all the alcohels ia this fractioa may
be of primary or secoadary mature.:

The last fractioas from the columm (Nj-¢) were dark
coloured gums which showed the presence of maay componeais on TLC.
Howover, due to paucity of material it was not possible to fractio-
aate this aay farther.

The neutral butasol extraét (W) was agetylated and the
esters were separated iato three major sub-fractioas by chromato-
graphy. All these fractions were found to be mixtures of several
compoasats on TLC. The IR specira of petrolews ether fractions
jadicated that they were mixtures of carboayl compounds (esters)
() max 1725 aad 1675 ea™)) with ne hydroxyl greup.

The slower moving subefractions showed stroag IR baads
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in che hydrexyl regioa (2 max 3430 ad) aloag with the carboayl

bands () max 1720 and 1650 en™l), liowewer, it was aot possible te

resolve these subefractions aay further iate iandividual components.

The coatinuous ether-exiract (N,) also was a mixture of
many components (ILC) aad was not amenable to separation by the
usual chromatographic wethods.

ACIRIC FRACTIONS

The total acidic fractioa was chromatographed oa silica
gel. The eluates coming out from the columa with selveat mixtures
of increasing polarity were found to be complex mixtures (TLC).
However, a small amount of a crystalline acid was obtalaed by
proloaged storage of the beazesesether (1:3) fractioa in the oold.
The elemeatary analysis of this compound suggested aa eapirical
foroula of cld‘lﬁ%’ The IR aad UV specira iadicated the preseace
of a hydrexyl group (Vmax 3290 a)) aad an @8 unsaturated carboxyl
group ( Vmax 1678, 1647, 2550 en™d; (Fig.XID), UV A max 217 ma,
€ max 9653). The IR spectra of methyl ester (Fig.XIV) exhibited
IR bands at 3500 ew"l (<0h), 1720, 1660, 1263 ou™! (s uasaturated
ester). The VMR spectrum of the methyl ester of this hydroxy acid
(FigeXIII) exhibited the preseace of a siaglet of six protoas at
8827, (two =C-CHy), an olefinie proton at 3,08 7and a carbomethoxy
groupiag at 6,337, From the physical properties, the spectral data
and the observed resistance towards acetylation, this compound was
suspected to be oleuropeic acid (¥echoulam et al, 1962). The ideatity
of the compownd with oleuropeic asid (50) was fisally established by
spectral comparisen (Fig.Xil) aad mixed melting polat determination
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with an sutheatic sample. The methyl ester may, therefere, be
assigned the structure(5l). The specific rotation of the compound(5))
[-_Lub.?" indicated that the metabolite was an approximate mixture
of 7T0% (#) and 30% (=) oleuropeic acid - the proportions cenforming

closely to the original pisese mixtare,

COOH COOCH4
: ;0H :; OH
(50) (51)

Since the silica gel columa failed te resolve tie acid
mixture aay further, the @luted fractiocus includiag ithe mother
liquors from oleuropeic acid were pooled and ceaverted iato cycle-
bhexylamiae salte Ia later operatioas the ohroma tography oa silica
gel was omitted aliogether and the A‘ fraction was treated directly
with cyclohexylamine in acetone.

The agetose-iansoluble cyclohexylamise salt (I3 Fig.iV)
carried with it a major component, The acid from this salt was
liberated and coaverted to the methyl ester and further purified by
ghromatography over alumisa. The elemeatary analysis of this compouad
corresponded to Cjaliyo04. The IR spectrum of this ester showed
characteristic abserptioa due to a saturated ester ( Vwax 1740 onl)
and the absence of aay uasaturation aand hydroxyl group ia the molecule.
The fiager priat region of the IR spectrum also iadicated the absence
of any characteristic riag-breathiang vibratioas suggestiang the abseace
of any sarbocyclic riag iz the mseolecule (Fig.XVl), a sonclusion which
was substantiated by the elemeatary asalysis, which corresposded to
the dimethyl ester of a saturated tenecarbon dicarboxylic acid.
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The ¥R spectrum of the compouad (Fig.XIX) showed the
presence of six protoas correspoadiag to two methyl groups of
isopropyl group as two doublets between 9+9.2377 the methyl sigaals
of the two garbomethoxy group showiang six protoan isteasity at 6.41),
four protoas « to sarbeayl system betweea 7,09«7.9Tand the remainiag
six protoas as a complex coveriag the 8.1-8.9 Tregloa. Based oa
these data the structure (52) could be asasigaed to the dicarboxylis

acid mecthyl ester.

COOCH3 COOH

é(TOOCHs giTDOH

DICAROXYLIC ACID METHYL ESTER DICARBOXYLIC ACID
(52) (53)
The free acid (353) was obtained by sapoaification of the

dimethyl ester as a viscoas liquid. The IR spectrum of this acid
(FigeXVII) showed the free carbaxyl group () max 1722 asd 2670 es™l),
The ¥R spectrum (Fig.AVIII) also showed ithe same features as ithose
of the diester exceptiang for the absence of the methoxy sigaals.

Uhavalikar and Bhattacharyyas (uapublished observations)
had obtaised a dicarbexylic asid (39) after the fermeatation of
limonene by a Pseudamoand cleosely related to the experimental straia.
The structure of this dicarboxylic acid was established by a
Dieckmana cyclization of its dimethyl ester (54) to obtain a 733
mixture of the isomeric B-keto esters (55) aad (56), beth of which
after sapoaification aand decarboxylation ylelded the ketene (57).

315
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Catalytic hydrogeaatioa of B-isopropeayl-pimelic asid
methyl ester (54) yielded the compouad (352) thus establishing the

structure coaclusively.

COOH COOCHy4 COOCH 4
COOH COOCH, 00CH,,
— —_—
H2' Pt .
(39) (54) (52)
COOCH
3 0
0
COOCH,
(56)
(55) ‘/////
0
(57)

The dicarboxylic acid (53) was by far the major compound
in the acetose insoluble ¢cyclohexylamine salt fractioa.
Separatioa of acetone-soluble eyclobexylamine salts

The mother liquors from the dicyclohexylamine salt of the
compound (33) were freed from the cyclehexylamine by aqueous acid,
recovered in chloroform and cosverted iato methyl esters with diazo-
methase. The mixture of the methyl esters was then subjected to a
four-traasfer modified Craige-partitioning betweea peiroleum ether
and 90% aqueous methanol to separate the less polar esters
(Fractioea Aln) asd the more pelar ones (Fraction A;b). These fractions

were then processed separately.



W The less polar fractiea oa fractioaal distillation
yielded a lower boiling sub-frastioa b.p. 100°%=130°C/1.5 em (bath
temp.) and a higher boiliag fraction bep. »160°/1.5 mm (bath temp.).

The higher beiling sub-fraction was purified by repeated
distillacion A4 yagua and by chromatography of the final distillate
oa an alumisa columa (Grade I). The total fraction from the columa
appeared to be homogencous and was distilled. The distillate was
saponified and the free acid was separated from acetoaitrile as a
low welting solid which asalysed for Cogligqg0oe The IR gpectra of
the methyl ester (FigoXX) exhibited ester band (V max 1749 en”})and
a long metiyleas chain ( Vmax 725 om 1), the absence of a double boad,
earbsoyelis viag or any other distiaguishable functional groups aand
a cloge similarity to those of faity acids. The VMR specirum (not
shown) substantiated the coaclusion that this compound was a straight
chain fatty acid. Neo further attempts were made to determiane the

exact strusture of this compouad.

The lower boiliag sube-fraction from A;a gave aa elemeatary
analysis correspouding to the methyl ester of a ten-carboa monocare
boxylic asid Im‘-n shown to be a complex mixture by VPC, This was
further purified by chromatography over alumina and collecting the
petroleum ether fraction carefully. The faster moving composeat
showed a siagle spot on TLC and after purification by vacuum distil-
lation analysed for cll“ll"!“x"”' The IR spectrum was rather
unexpectedly complex showing both saturated and unsaturated ester
bands () max 1735 and 1713 ea™}). The free acid obtaised by sapeai-
fication also exhibited a similar complexity. The VMR specira of
both the ester aad the free acid were also complex indicating that
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they may be mixtures. <Careful VPC asalysis at this stage revealed
that this preparatioa contained at least seven componeats (Fig.XXID).
From the observed reteation time of some of the peaks it was possible
to deduce the presence of the methyl esters of myrieais (58),

phellandric (39) sad perillic ascids (39) ia this mixture.
COOCHz COOCH COOCH

© 99

These compouads were further ideantified by ruaaing the VPC
with the autheatic samples(Fig.XXII). The other four peaks could act
be ideatified. It was not possible to effect a separatioa of this
sub~fractiea.

Balax methul esterss (A;b) from the 90% aqueous methanel layer fa
Cralgepartitioaiag was subjected to chromatography over aa alumina
(Grade II) columa asd the following subefractions were obtained.

D Aybel petroleum ether fraction

2) Aybe2 petroleum ether:benzene (1:1)

3) Ajb=3 benzeae

4) Ajbed beazene sther fraction

The fraction ulh-l) corresponded more or less to the
(Aja=1) fraction and was aot examined further. Ab=2 fraction alse
appeared to be a complex mixture (TLC), However the IR spectra of
the mixture revealed that there was no hydrexy acid methyl ester ia
this fractiea. Probably this frastioa may coasist of relatively
noa=polar Aja=l and other non=polar components which have crogsed
over iate pelar (A‘b) fraction due to incomplete solveat partitioning.



O R

IN3AI0S + IV

8 B

0

AIN3AN0S +H IV

o

431S3 TAHL3W QIdV DJIN3LYAW

g4

M

431S3 TAHLIW QI0V J1HANVT13Hd

IN3ANIOS+ M1V

¢

431S3 TAHL3NW QIJV J1771843d

INIATOS +HIV
0
3
4
8
BB R bt - s
IN3IAI0S + 41V
v G
8 S ———
a
© w7
3
4 o
, 9
IN3ATOS 441V — :
‘ v =
G 8 D —
3 3
)

0

2
TIMECCIIN.) F1G.XXIT- IDENTIFICATION OF MONOCARBOXYLIC ACID METHYL ESTERS

TIME (MIN.)

( DETAILS — SEE NEXT PAGE )



FIG+ XXIX

Identification of moseccarfexylic acid methyl esters by VPC.
(Columa temp, 120°C, stationary phase/support - suceiaic acid
polyester of diethyleneglycol; carrier gas hydrogea, flow rate
30 co/mia; Attenuation -4, collector temp. aoo'c. detector
temp. 230%, ianjector temp, 190°C; detector curreat 200 m.amp.
Chart speed 30" /hr).
1. Nenosarboxylic acid methyl ester fractioa (peaks
A~G, retention time 0,35, .31, 059, 0.76, 1.24, 1.65
and x.as/':‘.:p-mnu.)
2. Nyrtenic acid methyl ester (retention time Q.76 mia).
3, Phellandric acid methyl ester(retention time 1.34 min).
4. Perillic acid methyl ester (retestion time 1.85 min).
5« Mixture of 1+2 - iatensity of peak D increased.
6. Mixture of 1+3 - iateasity of peak E iacreased.
Te Mixsure of 14 « inteasity of peak G increased.
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The third sub-fractioa @h-3) case through the columa with
considerable trailling aad appoared to be 90% pure by TLC. Oa working
up this fraction a liquid hydroxyester was obtained which showed
characteristisc IR bands of a saturated hydroxyester (Vmax 3500, 1167
and 1732 es)) and the absence of any double boad (Fig.XXIII), The
compound could aot be acetylated with pyridise and acetis anhydride
under the usual conditioas, iadicating that the hydroxyl group was
tertiary ia sature, The VIR spectrum (FigeXXIV) revealed an isopropyl
group (split doublet of six protea iateasity at 9.147 J 6.5 cps) a
carbomethoxy group (s siaglst of three protos intensity (6.397). The
complex signal betweea 7.49-7.73/may be due tygntn alpha to
the carboxyl group. The hydroxyl protoa appeared as a band at 8.877(V)
which is reduced in iateasity by equilibratioa with D,0.

The spectral data suggested the structure (60) for this
compouad asd (61) for the correspoading acid. Dehydratioa with

COOCH3 COOCHy  COOH COOCHy
OH
—
OH : OH
(60) (62) (6l) (63)

thionyl chloride ia pyridine gave aa unsaturated ester presumably
(62) ( N max 212 mp, ¢ max 2693 indicatiag that the hydroxy
group was aoi in the vielsisy of carboxyl group as ia (63).
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The beazeae~ether (1:11) fractioa (A bed) was 2 lq]or
fraction and showed wainly two spots on TLC. This sub-fraction
was subjected to careful rechromatography oa Grade II alumina
columa. This time a hydroxy acid which had ideatical wobility in
TLC with oleuropeic acid methyl ester (51) was obtaised ia the 1:1
petroleun ether-ether fraction inm about 85% purity (TLC) and was
further purified by distillation. This fraction on sapoaification
ylelded oleuropeic acid (50) which was obtained earlier from the
silica gel columa,

Bananel Exacsion (Ag)

This fraction was methylated with diazowethane and chro-
matographed over Grade (I alumina. The fractioa eluting with 1:2
and 131 ether-petroleum ether mixture contained a major compound
which was also ideatified as oleuropeic acid methyl ester (51).

Gentlaneus Akhex exkcash (i)

This fraction was a highly coloured gum. On proloaged
storage ia the cold a few crystals of a highly polar acid crystallised
out. This compound analysed for c“h.o‘ and showed the presence of
as @-f-unsaturated carboxylic group (UV) max 218 ms, ¢ max 10737;

I2 V max 1676, 1060, 2010, 2940 em '; FigeXX¥), The IR spectra
alse revealed streoag hydroxyl absorptiean ( ) max 3400, 1150,

1056 ")),  The compousd was found to have ideatical physicos
chemical aand spectral properties with a dihydroxy acid (42) ebtained
from the fermentation of limomese by a closely related Escadomanad
(Uhavalikar sad Bbattacharyya- uapublished observatioas). These
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workers deduced this structure through VMR spectrum of partially

COOH
DI-HYDROXY ACID
(42)
OH
CH,OH

agetylated methyl ester of the above compound. The acetylation of
the compound gave the moncacetyl derivative. Oxidatioa with
chromium srioxide ia pyridine ylelded a hydroxy aldehyde. The
compound was not found to be perloedate active.

FERMENTATION OF BePINENE

The sonditions for fermeatation of B-pinene were ideatical

with those used for e-pinene, The fermeanted broth (aloag with the

cells) was extracted in the maaner described (Fig.VII) aad separated

iante "l aad !l, and Al 2

and A_ fractions from the ethereal aad butasolie

extracts. [a this case the coatisuous ether extraction was omitted.

The TLC pattera of these extracts showed close similarities with
the correspoadiag extracts from aepiaene although the relative pro-
portioas of the gomponeats were differeat.

The "l fraction was partitiosed between petroleum ether
and 90% aqueous methanol as described earlier. The anoapolar
componeat (N,a) coasisted mostly of uareacted B-pinene, a faster
moving fatty material and a small amount of a poler material (pre-
sumably as contaminasts). It was not worked up any further.

The more polar fractioa from 90% methauol was subjected teo

chromatography over alumine (Grade II). The following sub-fractioas
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were collected:
D Nlb-l petroleun ether
2) Nlb-z ether + petroleum ether (1:3)

3) Nlb-a ether + petroleum ether (1:1) and
ether

4) Njbed ether r other-methanol
The first sub fractioa “lb.” was found to be a nompolar
contaminant comiag into 99% methanol layer.

The fractioas (Nlb-z and N‘b-a) on workiag yielded maialy
L-borasel (47), [&], =17.9° ideatified by its physico-chemical

properties and comparison of IR spectra with d(+) beraneol.

The fractioa (! lb-s) was demonstrated by TLC te coatain
boraseol (47). The TLC pattera of this fraction was similar to the
100% echer fraction from aeplaene neutral products ‘"l""’ The nature

of these compounds could not be established.

The aeutral fraction frem butanol ‘"2’ also showed a aumber
of spots oa TLC which could not be isolated aad charasterised.

Acid fractioas (A.)

In the case of B-pinene fermeatation, the acidic fractioa
directly deposited crystals after removal of solveat and coeliag.
These orystals were purified asd ideatified as (=) oleurepeic acid
(50) by comparative IR spectroscopy with (+) oleuropeic acid
obtained by fermeatation of eepinese. It should be meationed that
the rotation [c]n =114 of this compouad is very close to the
rotation of pure leavorotatory oleuropeic acid (lit [c]u «123,
Nechoulam et al, 1962). There was ne depression of m.p. by mixiag
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it with an sutheatic sample from above woriers. Coasiderable amounts
of this oleuropeic acid is obtained from the Al fraction.

From the mother liquors of A, fraction after removal of
oleuropeic acid, the dicarboxylis asid (33) was separated by treat-
meat with cyclohexylamine ia acetone. This dicyclohexylamine salt
of the acid as well as the dimethyl ester were fouad to be ideatical
with the corvespoadiag compousds from e-pisene. Surprisiagly enough,
the specific rotations of the dicarboxylis acid irrespective of its

origin from g or 8 piasae were Monl«l.[c]u =59,

The acldic fraction after removal of cyclehexylamise salt
was worked up in the fashion described earlier. The methyl esters
obtained were subjected to chromatography over Grade-II alumina. Ia
this case the solvent partitioaing step was omitted. From the columa
the following subefractions were collected,

Y ‘l‘ = petroleum ether
2) Alb- benzene

3) Aje - ether

4 Ad - methanol

The A=a fractioa had e almost ideatical UV aad IR spectra
-1;:7:%0 aonpolar fractioa from e-pioene. This was separated iate
the higher beiling fatty ester aad lower boiling menecarboxylie
acid esters by fractional distillation. The latter fractioa showed
ideatical IR spectra .;..’.‘?‘i‘f.""..m.,..u., fraction (Aja) from
oepinene. It was aot examined aay further.

The Ar-h fraction showed maany spots oa TLU. The fast
moving compoaent gorrespoadiang to the earlier fractios and smaller

amountsof another slower moviag cemponeat which was also observed

—~
;I



51
in the (A‘-o) fraction.

The frastioa (Aj-c) maialy coasisted of two spots, ene of
them had B, value ideatical with the methyl ester of oleurepeic acid.
The other compouad haviag a slightly higher lf value thaa oleuropeic
acid methyl ester was further purified by careful chromatography oa
alumina.

The IR spectra of this methyl ester (Fig.XxXvI) iadicated
the preseace of a tertiary hydroxyl group () max 3409, 1133 Q.l)
and an a8 uasaturated ester group () max 1720, 1660 and 1265 a.‘).
The UV spectrum of the compound also iandicated the preseace of aa
@f unsaturated ester chromapiere ( \max 218pu@550). The ¥R
spectra (FigeXXVII) iadicated the preseiace of an isopropyl side
chain (a doublet of six protoa iateasity at 9,077°J 6.3 cps), four
allylic protoas as a diffuse sigaal (I.S-O‘f. one olefiais protoa
(diffuse sigaal at 3,277}, From the physical data the prebable

structure (04) was assigned to this ester and (65) to the correspon-

ding acid.
COOCH3 COOH
:;OH :;OH
(64) (65)

However this material was available in quantities insaffi-
cieat for further chemical studies.
In addition o the compound (04) this fractioa also gone
talned oleuropeic acid methyl ester which was further purified by
careful chromatography. The IR spectrum of this was ideatical with fhot 039
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the sorresponding ester from a-piacne fermeatation (Fig.Xl¥)., Free
oleuropeic acid was obtaiaed by sapoaification of this ester and
recrystallisation from water.

The butanol fraction ) was found maialy to be a mixture
of oleuropeis acid (50) and the acid (065) as revealed by comparative
TLC of the leuuu.

Dhavalikar and Bhattacharyya (1964) were able to separate
at least sevea aeutral compounds characterized as carvone, dihydro-
carvone, carveol, p-meathedeeae-],2 cis diel, p-meathegecne=], 2=
trans diol, pemeatheG-cae~] ol-2 one, p-menth-G-ene-2,9 diol from
the products of limonene fermeatatioa (Chapter I, Fig. VD)o In the
preseant work from ;J]S‘#ﬁﬁu of pinese fermeatatioa oaly one
compound boraeol (47) could be iselated in sufficient gquantities for
chemical characterizatioca. The preseace of asother compouad,
syrienol (49) was detected ia the mixture using VPC, TLC examination
of the fermeatatioa products from B-pisene also iandicated that
myriedol may be oue of the products. The difficulties ia the
regsolution of the mixture were aseribed to two factors: the first
being cthe presence of too maay composents of similar pelarity aad
boiliag poiats, secondly the yield of these products except boraeol
was too low. Evea ihe yields of boraeol seldom exceeded one perceat

of the substrate utilised,

The acidic fragctioas from @~ and B-pinene could be
resolved somewhat wore sucoessfally and the two of the major
gsoumponeats - sleuropeic acid (59) and B-isopropyl pimelic acid (53)-
were easily isolated. Two oiher hydroxy acids (61) and (65) were



also isolated from the fermeatation mixtures of & aad B-pinese
respestively, The oaly differeace beiag the abseace of uwasaturation
in the formey compound. Dhavalikar and Bhattacharyya (1964) iselated
perillie asid (39) £ 8'~peneatiene=2-hydroxy-7 olc acid (40) and
B-isopropenyl pimelic acid (41) frem the fermentatioa of limenene.
The straia they used was a variaat of the preseat strain. lowever,
as far as the TLC analysis was conceraed, our straii also produced
the same gempounds on limonene. The oanly two produsis from the
pineaesthat seem to be ideatical are perillic acid (39) and dihydroxy
acid (42).

It should be mentioned that amoag the newtral products
the presence of a-terplaecol and verbeasol was specially sought.
However, neither TLC nor VPC could demoastrate Lhe presence of these
compoundse

However, as will be evideat ia the succeediag chapter,
the failure ia the ideatification of most of the fermeatation
products did sot hamper the attaisment of vhe objective of the
present work - che elusidatioa of the bloghemical paibway of
degradation of plaeues.



CHAPTER IV
e

BAPER [MENTAL

FERMNTATION OF erPINGNE

¢ imun ons

Lsosalun, pii aad temperature: s all ihe ferseatations,

inocula varylag from 2 to 5% were used. Higher amouats resulted ia
a too early depletion of pinese from the medium and a small amouat
of inoculum resulted n/%oo slow growth, A pl of seven was found
to be the best for purposes of growth aad fermentatioa. Lower plig
of 0.0 was alse tested but did aot seem to offer aay distinct
advaatage and the growth of the orgaalsm was slewer. Higher pH
rosulted ia clumping and lysis. All the fermentatiocas were carried
out in a coastast Lemperature room at 28°:2°C ea a retary shaker
(220 repeie)e It was found that although the orgasism showed a
progressively higher grewth rate ia the rasge 25-37°C, the advantage
of this higher growth rate at higher temperature was offset by very
high rate of evaporation of aepinene,

MW After a few trials with

different media, the salt mediws givea in Chapter III was found to
be the best for the present studies.

Gffach af substrate . ceageatrations The effest of the
various coaceatration of substrates was tested by lnoculatiag 100 ml
of mineral salt medium with two perceat inoculum (of 24-hr old cells
growa in the respective substrates) and adding the substrates in
various conceatrations raaging between 0.2 to 2% The results

J



prescated ia Table 3 iadicate twe treads. In the case of x and B~
pinenes growth is optimum at a conceatration of 0.6% Higher
smounts of pineae were fouad to cause a gradual and slow decrease
_ia growth rate, Ia the case of limonene and p-cymene the growth
rate reached a maximum at 0.6% ceageatration and remained coanstant
with higher soacentrations. As a result of these observatious a
concentration of 0.3-0.5% of « or S-pinene was employed throughout
the fermeatatioa. Additional amouats of substrate (0.3 and 0.4%)
was added at 24 hr iatervals to compensate [for the loss due to
evaporation.
el
Effect of geacearration of the substrate og
the growth of the organism

Concentration aepiaene SBeplaene limonene pecymeie
ail 29 33 29 3
0.2 ml 206,218 209,209 310, 298 310, 296
0ed ml 315,338 320,311 369, 365 399, 395
0.6 ml 370,380 385,377 385, 395 395, 385
0.8 ml 340,335 349,382 406, 389 395, 380
1=l 316,326 309,323 390, 389 385, 385
15 ml 300,318 296,308 390, 390 385, 390
2.0 ml 260,268 250, 257 399, 387 380, 386

Ihe ascwsalation of produsts as s fanciion of Lime
Sixty flasks coataianing the sterilised unqn inoculated
as wsuwal aad the flasks were incubated oa a shaker after addition of



0.3 ml of e-pinene. Further ameuats of ampisene (0.3 ml) were added
every 24 hr, Twenty flasks were removed at the intervals of 24 hr,
the contents were pooled and the broth coatalning cells was extracted
and separated lato acidic and meutral fractioas as described earlier.
The neutral fractioas were subjected to chromategraphic separation
o1 a short columa (10 times weight of material) of aeutiral alumiana
(Grade 1) and eluted with petroleum other and ether. The petroleum
ether fraction e¢luted mostly wareacted pinene and a small amouat of
bacterial fats. The polar fractioa from the ether eluate was coae

ceatrated and weighed. This was takea as the aeutral products.

The acids were recovered by acidification and extraction with
ether. The acids were weighed after removal of the solveat. The
details of the upnluon'proooduo are dasoribed in Chapter I, The
results of this experimeat are tabulated in Tyble 4.

TABLE 4
The effect of time oa the accumulation
of metabolites

Time Total products Neutral frastion Asidic fraction
hr g g g
24 0.59 *' 0. 26 0.23
48 291 037 029
72 1.20 053 D49

It was observed that if the higher iaitial level of
a-pinene (1%) was employed and the fermentatioa was stopped between
36-48 hr (before all the pinene is exhausted) the yield of aeutral

fractions and polar acids were lower but the amowat of disarboxylie



acid (33) and menocarboxylic acids showed iacreases.

Laxge scale fermeatatien

In a typical fermeatatioa 40 flasks each with 170 ml of
minseral salt medium were inoculated with 2% iacculum from a 24-hr
old cultures. aePinesne (0.3 ml) was added to vach flasig which was .
incubated on a rotary shaker fr 72 hr at t‘ 'Ce Further amounts
of aepinese (0.3 and 0.4 ml) were added at iatervals of 24 hr and
48 hr respectively. At the ead of the incubation peried (total
72 hr) the coateats of the flasks were pooled and extracted cace
with ether. The broth was acidified and extracted with sther again.
All the ether extracts were pooled, washed, dried and concentrated.
The metabolites were separated iate acidic and neutral fragtions by

washing with 5% aqueous sodium carbenate.

For actual isolation of metabolites the coateats from five
batches of 40 flasks were pooled together aad processed. The total
ethor extract oa conceatration afforded 25 g of products. This on
separation inte seutral aad acidic products nnfnnnl “l)

amv
fraction (14.5 g) and/acidie (Al) fraction (6.34 g). The ueutral
fractioa ea separation of polar and noapolar fractions by 4 traasfer
modified Craig separation gavecssapelar ‘Nl”‘) fractioa (89 g) and o

polar ml-m fraction (4.5 g)»

The butanol extract was concentrated on a water bath under
saction, The residue was takea up in chloroform and separated iato
neutral “2’ fraction (2.1 g) and acidie (Ay) frastions(2.25 g).

The broth after extractioa with ether and butasel was
neutralised with ammonium hydroxide, coaseatrated tc a small golume

{200 ml) aad extracted coatianuwously with ether before aand after

($10;
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ascidification, The continuous ether extractsafforded a asutral
gunsy material (300mg) mom-(rg and a viscous acidic fraction
(4,) (400 mg).

Chromatography of the neutral fractioas

Is the faitlial experimeats the aneutral fractioan as such
was chromatographed over alumina. Ia later experimeats the neutral
fraction was separated iato polar and noapolar and worked separately.

Ia a typical experimeat the aeutral frastioa (12 g) was
loaded eato sa alumina column (Grade I) 130 g and the following
fractioas were gollested.

ﬂloa petroleun ether
b

-~

1 ether aad petroleum ether (1:3)
Nl-o ether and petroleam ether (1:1 - 3:1))
Nl.d ether fraction
N‘-c methasel fractioa

The petroleunm ether fractiea tul-n) (7 g) wag distilled
bepe 55%/10 mm (bath temp.), « D*Zl‘. This material was found teo
be identical with eepinene, The residual material remainiag ia the

flask was of fatty origia.

From the tail fractioas of petroleum ether eluates a small
amouat (20 mg) of a liquid was iselated. IR V max 2960, 1443,
1370, 1368, 1087, 806 aand 817 earl. Found G, 80.2, H, 10.8%
c‘d:uo requires G, 78.89, U, 10.59%. The VPC of the compound
indicated that it coatalsed 3 peaks (Columa P, teap.115%H, gas,
50 ml/win, retention time Ou4, 0.8 and 1.6 mia).
The next fraciloa (Njeb) gave small amouats of a material (70 mg)



O
which exhibited twe spets (IR ) max 1750, 1720, 1695, 1345, 1055,
1028, 935, 823 and 733 en")), Fousd G, 77.0, H, 9.8% Both the
compounds moved in TLC very close to each other and it was aot
possible to separate them further,

The major composent from the mixture was obtained in
fraction Nl-o and was a solid (2.13 g). TLC indicated that this
fraciion coatained a major cowponeat wiih small amounts of impurities.
Further purification was achieved by sublimation (110°C/711 mm), The
sublimate appesred as shiaing flakes, m.p. 200%208° (sealed capi-
llary (lit. d boraeol mep. 208°), [&] ;437°% Fousd G, 77.27,

H, 11e6% Cjqfl) 40 requires G, 77.86, H, 11.76% IR) max 3338, 1390,
1377,1358 e, (Fige IN); MR (Fig.X).

e compound was ideatified as borneol. HMixed m.p. with
an autheatie sasple was undepressed (208%-208°C), IR spectra of
an autheatic sample aad microbial product were ideatisal (Fig.IX).
Acid phthalate mep. 102-163° (11:.164.5°% Beilstein, 9,800,

Ghronis asid axidation of Mhe abace alaghel: This was dose accordiag
to the method of Poos et al (1953). The resultisg compound was
purified by sublimation (100°C/712 mm). The sublimate showed a
mepe 176° (18t. camphor ITO.C). The m,pe was uadepressed On mixing
the sawple with campher (176°-177°C) IR spectrum(not showa) had
baads identieel withosmphor (  max 1730, 1445, 1395, 1375, 1041,
1015, 750 &8 D,
Separation of 100% ether frastica (N-d):

The liquid fractioa eluted with 75-100% ether ia petroleum
ether (0,736 g) was distilled bep. 1252130°C/4 mm (bath temp.) to
give (0,62 g) material which showed three composents on TLC.  The



fraction moviag in the middle had the same mobility as myrteascl.
These two spots moved together ia a aumber of solvent systems of
differeat polarity.

The VPC of this fractioa showed three peaks a,b aad ¢
with veteatioa time of 4.3, 5.2 aad 6.5 min regpectively (Fig.XI)
m-p.uf. 100:2 azelaie acid polyester columa, carrier gas H,,
flow rate 9 se¢/10 ml). The peak (¢) corresponded to myrteaol.
Mixiag of autheatic sample with the 100% ether fraction and VPC
resulted in enhancemaat of peak iateasity of (¢) as compared to
the peaks a aad b (FigeXI)s By a similar techaique it was
possible to demoastrate that peak (b) représeaied boraecl. It was
not possible to suparate these compounds for further chemical
studies.

This fraction (300 my) was dissolved ia 0.5 ml of dry
pyridise aad acetic aahydride (0.5 ml) was added dropwise, The
mixtura was allowed to stasd overaight. At the end of the reastioa
the mixture was poured into water aad the products were takea in
ether, freed of pyridine and acetic acid by washing with dilute
hydrochleric acid and water. The ether layer was dried and con~
centrated, The comparative TLS of the products and starting
matevial demoastrated that all the alcehols were soaverted iato
acetates indicatiag that all the three compounds have a primary
or secondary hydroxyl group.

The fraction Njee (obtaised after elution of the columa
with methasol) m/aﬁm coloured gus which could aot be further
separated.

0d
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) d ¢ ¢ Silica
gel (150 g) was triturated with 15 ml methanel (Arya, 1962), slurried
with petrolews ether asd packed late a colema takiag care to exclade
air bubbles, The acidic fractioa (5 g) was loaded onto the columa
with beazensspetroleus ecther mixture (1:9) aad fractions were eluted
with solveat mixtures of increasiang polarity. The frastioas composed
of petroloum ether, beazeae and ether, TLC of the fractions collested
indicated that all of them were impure. ilowever, the beazessiether
(133) fractioa (0,431 g) oa standing in the cold deposited a few
erystals of a solid (44 mg) acid (50) which oa crystiallisatien {rom
water melted at 155°156°G, () +46.7. Found G 65.19 4 8.56%
Cyot1e0s requires, G, 65.19, i, 8.75. UV max 2l max 9633,

IR max3290 -"wn) (FigeXID), 1678, 1647 (coajugated carboayl),

2550 om © (COOM).
Nethyl ester:

The acid (50) was esterified with diszomethane la ether
to give a methyl ester (51) b.p.m‘-m"n.s mm (bath teap.)
(@], #41% Analysis found, & 66.4, i, 9.2% )l q03 requires
Gy 00,64, #, 9.15% IR Vmax at 3503, 1720, 1660, 1263, 1092, 960,
743, 710 @} (Fig.X1¥), UV N\max 218 mp € max 9805, The VR
specirum (Fig.XIII) iadicated that the compound was olcurepeic acid
mothyl ester (31).

The IR spectrum of the origiaal acid was fouad to be
Sdeatieal with/re' aoshoatis samile of slesteptts seld. No depressies
in m.p. was found whea mixed with an sutheatic sample (m.p.1355%-156°,
mixed m.p.185°-157"),
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However, it was not possible to separate aay other compound

by silicic sscld caromatography and thevefore this step was omitted ia
further experimeatation.

saparcaniea af lasoluhle syclebexylaming saltsi lie total acid
fraction (3.20y) was disselved ia dry acetosne (20 ml) asad 3 ml of
freshly distilled cyclohexylamine (B0H) ia acetone (10 ml) was added
dropwise with suirriage The resultiag mixture was warmed oa a water
bath for a few mimutes, cooled and allowed to remaia at 0° overaight
when the mixture set to a solid mass. The precipitate was filtered
and washed thoroughly with dry acetese to remove adheriag impurities
and finally dried (1.9 g), mepe 135%160°C (with decompositioa).
Found G, 08,3, H 12.04% (dicyclohexylamiane salt- Cuﬂ“o‘ﬂz requires

o

G 65.3, B 11.3%. IR spectrushowed bands at 2729, 2240, 1648,
1546, 1465, 1997 an ) (Fig. X¥).

Hegeneration of dicarboxylic acid

A slurry of the cyclohexylamine salt (1.8 g) ia water was
acidified with 6N hydrochloric acid and the liberated acids were
extracted with chloroform, The combined extracts (250 ml) were
washed with o small amount of water, dried (sodium sulphate) aad
evaporated to give the dicarbexylic acid (33) as a gusmy mass (788 mg).
The total acid was esterified with diazomethane to give dicarboxyliec
acid methyl ester (52) which was found to be about 90% pure on TLC
(solveat 15% ethyl acetate in dioxase, developing reageat 20%
altric acid in concentrated sulphuric acid, tesperature 160%).

The methyl ester was further purdfied by passiag over an
alumina Grade II columa (30 times the weight of the material). The
impurities were removed by eluting the columa thoroughly with



petroleum ether. The pure dicarboxylic acid meihyl ester was eluted
from the columa with petrolcum ether-ether (9:11) mixture. The
fractions showlag a siagle spot oa TLC were peoled together aad
distilled (beps140°150° C/2 mm (beth temp.) to give 330 wg of

pure material. Found C, 062.94, H, 9.9%. cnuno‘ requires G, 62.38,
Hy 9.63% [a], =5.25% IR) mex 2045, 1740, 1440, 1203 1170,

1020 oo™} (FigeXiD). ¥R (Fig.XIX) isdicated the compousd to be
B-isopropylpimelic acid methyl ester (52).

Regeneracioa of the free acid (852):

The methyl ester (500 mg) was refluxed wiih excess of 5%
methasolic &0H oa a water bath for four hours. Methanol was removed
under vacuum and the residue after dilutioa with water was extracted
with ether to remove any uareacted methyl ester, The asid liberated
after acldification of the aqueous layer with hydrochloric acid was
takea up ia chloroform, The chloroform layer was washed, dried aad
concenirated to give the free mgid (374 mg). Asalysis (Found,

G 592, H 8.8% Cygig0y requires G 59,36, K, 8.97%).
IR (FigeXVID ) max 2670, 1722 ea"l, ¥R (FigeXVIID) agreed with
the structure p-lgopnnl pimelic acid.

Separation of the acetone seluble cyclehexylamise salt frastioa:

The mother liquors after separation of the iasoluble
syclohexylamine salts were acidified and extracted with chloroform
(4x120 ul)s The chloroforn layer was washed with dilute acid
followed by water and thea dried (sodium sulphate). The evaporation
of the solveal gave a viscous, coloured liquid (4.3 g). The acids
were converted iato methyl esters (4.2 g) by treatment with diazo-

veihane ia ether solution. The methyl esters weve further separated
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into polar and meapolar fractions by partitioniag betweea petroleum
ether and 90% aqueous methanol. The petroleum ether layer after
drying and evaporatioa gave aoapolar metiyl ester “l"') fraction
(1.82 g). The methanol layer was coacentrated and diluted. The

polar methyl esters (Frastion Al-b) were recovered by extraction.

Separation of mea-polar meihyl esters (A'o-tnulol)
The aon-polar mecthyl esters were further separated by

fractional distillation. The fraction bepe 100°%130°/1.5 mm (bath
temp.) was fouad to be mostly monocarboxylic ester frastioa (0,97 g).
The higher boiling fractioa bep. 1160°C/1.5 mm (bath temp.) was
shown to be a fatty acid ester (0.82 g).

Puri fication of the fatty acid metiyl ester:

The higher boiliag fraction from (A;-a) was purified by
repeated fractional distillation (470 mg). The IR spectrum (Fig.XX)
of this compound resembled closely that of the dicarboxylic acid methyl
ester (Fig.XVI) but the two compounds could be differeatiated by
TLC, This compound was further purifled by chromatography over aa
alumina columa. The fatty acid methyl ester was freed from mono-
carboxyllc acid methyl ester fractioa by collectiag the earlier
petroleum ether fraotioas. The pure meihyl ester fraction was
hydrolysed and free acid was further purified by washing with cold
acetonitrile (yield 212 mg), Wep.43°C, IR (a0t shows) ) max 2065,

1706, 1463, 1412, 1287, 935, 719 eu™; noutral equivalent 299;
Found G, 77.39, B, 12.91% (Cygligg0, requires G 76,96, H, 12.90%).

The free fatty acid reasted with cyclohexylamise to give a
salt which is quite soluble in acetose, m.p.73-76"; analysis
(G, 73.04, B, 12,6W). IR (Fig.XXI), IR fatty acid methyl ester (Fig.XX).
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Charasterization of moaocarbexylic acid fractioa

The lower boiling fractioa of methyl esters (0.96) was
further purified by chromatography over alumiaa Grade II (30 g)e
The fractioas eluted with petroleun ether aand showing a single
spot oa TLC were pooled together aand distilled (b.p. uo'-m‘w
15 ms (bath temp.) ) to give 445 mg of a material which showad a
siagle spot on TLC. IR (sot showa)) max 2949, 1735, 1713, 1433,
1254, 1198 os”). Aaalysis, G 72,04, H 9.30% C) H)g0, requires
G 72,5, H, 9.96% UV broad absorptioa at 220-230 mu.

Sapeai (ication of the meilrl Qskaxa?

The methyl ester (100 mg) oa hydrolysis with excess
methasolic XOH and workisg up as deseribed earlier gave (78 mgy) of ~
viscous liquid bep. 1409150°C/0,5 mm (bath temp.). Asalysis
G TL98, B 978% (Cyoiye0p requires G 7139, 1y 9.59%). IR
(not shown) ) max 2070, 1700, 1438, 1300, 1296, 1270, 1218, 1145
825, 797 e} etc. The UV spectra had a broad Amax 218-234 mp,

The WM& gpectra of both the acid and ihe methyl esters
(a0t showa) preseated a mllus;d pattera which could not be
aseribed to aay definite compound. The VPC examiaatioa of the
methyl esters at this stage revealed thai it coatalaed seven
componeats A to G (FigeXXII) with reteation timesof 0.33, 251,
3059, 0u76, 1e34, 1,65 aad 1.05 min respectively (temp.128°G,
succinic polyester of diethyleae glycel, carrier gas H, flow rate
30 ml/min). It was not possible to separate any of the compounis
ia pure form by aay of the physical meaas attempted. It =as
possible however to ideatify the methyl esters of myrieais acid (58),
phellandric acid (39) and perillic acid (39) by comparative VPC,



For further ceafirmation the methyl esters of authentic samples
were mixed and injected. Aa increase in the proportioa of a peak
at the expaase of other compounds ia the mixture was takea as a
eriterion for the presence of the compound iu the total mixture.
In this magner it was possible to ascribe peak D (0,76), E(1.34)
and 6 (1.85) to myrteaic (58), phellaadric (59) and perillic (39)
acid esters respestively (Fig.XXIl).

Polar acid methyl esters (Frastioa A -b)3

The total ester fraotion (1.93 g) was loaded oa to a
columa of alumina Grade II (60 g). The columa was eluted with the
usual solvent mixtures of petroleum ether, beazens and ether aad
the followiag fractioas were obtaiased.

§) Al.'l petroleum ether fraction
2) o\lb-a petroleam etheribeazene (1:1)
3) A b=3 beazene

1
4) Alb-( beanzenesether (1:1)

Peixelewn quher fragiion (Alb-l): The fractioa of methyl
esters eluted with petroleunm other (106 my) was found to be similar
to frastion u,.-n sorrespoading to monosarboxylic acid methyl esters.
S0% Beazeaa fxachion (Ajb=2): The aext fraction eluted
with petroleun etheribeazese (1:1) afferded 105 mg of a liquid
fraction bep. 120°-150%/2.5 mm (bath temp.). IR (a0t shown)
) max 2900, 1738, 1652, 1370, 1256, 1195, 1167, 1083, 1018, 996,
898 en"'. There was complete absence of any hydroxyl basd. TLC
demonstrated a number of fast moviag componenis some of which had

@ n‘ valuesgorrespoading to the esters of fraction (Alb-u. It could
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net be pessible to separate this mixture iato the compeaents due
to paucity of material.

Beagene fragtien (A b=3): The earlior fractiocas obtaised by
elution of the columa with benzene coatained mestly neapelar
materials correspoading to frastioa (Ab=2). [However the tail
fraction obtained during the beazene elution was found to coatain
a polar hydroxylated compound. The fractions exhibitiag a single
spot on TLC were pooled together aad distilled (26 mg, 90-95%
pure by TLG).. IR ¥ max 3500, 1732, 1259, 1200, 1167 es™)(Fig.XXIID).
OV Amax end absorption with maxima at 212 oy, € max 1013; NNR
spectra (Fig.XXIv).

This compound could not be asetylated with pyridiae and
acetic sahydride under the usual coanditions indicating the tertiary
nature of the hydroxyl group.

The dehydration of this compound (5.8 mg) with pyridiae
(0.25 ml) aad thioayl chleride (2 drops) yielded a compound (5.8 mg)
which oa distillation gave a material (2.3 mg). The TLC showed the
absenge of the characteristic hydroxy acid methyl ester spot and
the appearance of a very fast moviag componeat probably formed by
dehydration of the hydroxy acid methyl ester. UV A max 212 mp
€ max 2093,

Based on the above data the structure of the compound
appears to be (61).

Ethex fraction: The major fractions of the methyl esters
(109 g) were eluted from the colums with beamenetether (1:1).
Further elution of the colwma with 100% ether, chloroform asd methanel
yielded 164 my, 35 mg and 42 my of materials which had a aumber of TLC
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spots in additioa to two spets correspoadiag to the 50% ether fraction.

The 30% ether fractioa showed two major composeats oa
TLC (solveat 33% ethyl asetate in Hexane). The spot moviag faster
of the two correspoaded Lo the spot of hydroxy acid methyl ester (61)
and was not processed further,

Ia order to separate the other aydroxy acid methyl ester
correspoadiag on TLC to oleuropeic acid methyl ester, the fraction
(Agbed), 320 mg, was veghromategraphed oa an alumina Grade II columa
(9 g)e The columa was washed with petroleum ether, 10 and 20% ether
in petroleum ether to ra-on/aiiintnnhg materials. The sompencat
eluted with 50% ether in benzeas (238 my) was fouad Lo be aboat 85%
pure by TLC.

Further purification of this compound was achieved hy
hydrolysis with 5% methanolic K0H as desoribed earlier. The
compound vecrystallized from water (195 mg) was found to be ideatical
with oleurepeic asid (59) obtained earlier from silicie ascid columa.
mepe 155%156°, (x] +47.3. Fowsd, G 65, H, 8.59% Cjofl g0y
requires G 65.2; H, 8.75% UVAmax 217 mm, ¢ max 9800, IR 2 wax
3300, 2000, 1678, 1650, 1233, 1143, 912 en"l,

Erxepazation of the il esiexs The compound (50)
obtained after hydrolysis and purification (100 mg) was reesterified
with diazomethane in the usual way. The methyl ester (85 mg) had
IR, UV & ¥R spectra ideatical with the ones reported earlier
(FigeXIV).

Butasal fragkiaa (Ag):  The tokal scids from butanol
(247 mg) were esterified with diazemethane to give methyl esters

(175 mg). The total esters were chromatographed over aa alumina



(Grade II) columa (30 times)e The fraction eluted with 50% ether

(95 mg) was the major composent. Distillation yielded 82 mg of
material bepel150°~160°G/1.5 mn (bath temp.). The IR spectrum of
this compound was ideatical with that of oleuropeic acid methyl ester
(FigeXIV),

Aciis {rom GQILiANQLS QRARK GXLXAGL (Aq):  The viscous
gumny material obtained from a coantinuwous extraction, oa storage
in the cold for long period, yielded a solid material (15 mg) me.p.
175°180°C. Found, G 59.99, H, 8.06% Gyl 04 requires C 60,

H, 8.0% UVAmax 218 mp, ¢ max 10737 IR (Fig. XXV) showed ) max
3400, 2010, 2490, 1676, 1660, 1258, 1150, 1086 ex™', From the
above data the compound appeared to be a dihydroxy acid. From
the spectral behaviour the compound appeared to be ideatical with
the compound (42) isolated by Dhavalikar (1964) by fermeatation of
limenene by a Rsgudomaassd closely related to the preseat strain.
However it should be meationed that yields of this dihydroxy acid
were highly variable and in many cases it could mot be isolated
from the coatinuous ether extract.

EERMENTATION OF f-PINE
The coaditions for fermeautation of B-pinene were identical
to those used for e-pianene., Iy a typical fermeatation fifty flasks
were isoculated as usual and incubated for 72 hr, The total fermented
products obtained by ether extrastion from three such batchbes (130
flasks) amouated to 16 gm. Separation iato neutral “l) and acidie
fractions o\,) yielded 4.9 g of “l’ and 5.1 g of Aje In the similar
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way the butasel frastioa yielded 2.69 g of saterial which was

separated iato neutral ‘“2) and acidic frastioas (Ay).

Neakxal fragtioa (N)): The seutral fraction oa partition-
ing between 90% aqueous methasol aad petroleum ether afforded a
sonpelar frastion (Vja) 3 g and a polar fraction (¥;b) 1,008 g.

The TLS of (ﬂln) indicated the presence of Bepinene
and small amouats of a fast moviag material which was probably of
fatiy erigin. Ia additlion very small amouats of polar compounds

correspoadiag to fraction (llb) were also observed.

Ralax aguizal frastioa (¥,b): This fraction (0.62 g) was
chromatographed over an alumina (Grade I) columa (20 g). The follow-
ing fractioas were collected:

1) N b=l petroleam egher

i
2) W b2 etheripetroleun ether (1:3)
3) N‘b-s . - (:

4) Njb=4 100% other and methaaol

The fraction (Nlb-l) obtained by petroleum ether ¢lution
gave (75 mg) a material whioch corrvesponded to aoanpolar fraction
¢ 1a).

The Njbe2 aad earlier fraciioas from 30% ether sluates
(dlh-:!) yielded (220 mg) of a compouad showiag a purity of 80% en
TLC, This solid material was further purified by sublimation
(110°C, atm, pressure). The shinlag white flakes (65 mg) showed
mepe 196°-200°C, [@] =-17.9% I8 (a0t shown) )max 3315, 1460,
1578, 1119, 1089, 1085, 1035, 1023, 992, 981, 937 and 832 en™ .,
The IR spectrum of this compound was ideatical to the d(+)borneel s},uhum
(FigeIX) isolated by fermeatation of w-pinene. BHoth the spois
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exhibited some mobility ea TLC plates (25% ethyl acctate ia hexand).

50% Ether fraction (Vb-3) This fractioa aad the earlier
fraction from (Njb-4) exhibited three spots on TLC. These fractioas
were pooled together to give (86 mg) of a material. A comparative
TLC showod it to be similar to the 100% ether fraction from e-pinene.
One olmwsldai‘mmlnumd (47). The other
may be myrtesel (49) as judged by mebility ea TLC.

The 100% ether fraction aad the methanol fraction gave a very
s=all amount (30 mg) of material haviag a number of TLC spots which
could not be further separated in quastities sufficieat for chemical
characterization.

The aeutral fractioa from butamel layer (N;) was a highly
coloured gummy material which could sot be worked up further.

Acidie fractioq (Ap): Ia the case of B-pinene fermeatation
the acidic fraction directly deposited a solid material oa removal
of solveat and cooling. These orystals were filtered aand washed
with ether to give a material (0.82 g) which on crystallisatien
from water showed mep. 159°-160°C [cjo «113.9%  The IR spectrum
of the compound (aot shown) was ideatical with the spectrum of
oleuropeic acid. The mep. was wadepressed after mixing with an
authentic sample of oleurepeic acid (50).

Separation of Uigyolohexylanine salt: The mother liquors after
the removal of oleuropeic acid (3.81 g) were treated with cycle-
hexylamine (3 ml) as described earlier using acetoae as the solveat.
The mixture was allowed to stand overaight aad the solid filtered
and washed with acetose, m.p. 150°-153°C. The IR spectrum
(not showan) of this residue was identical with that of cyclohexylamine
salt of the dicarboxylic acid (Fig.XV). The free acids were
regenerated from this cyclohexylamine salt (1.89 g) by acidification



asd extraction aad coaverted iate methyl ester (.82 g) b.p. 135%
140°/1.5 mn (bath temp.). The methyl esters were further purified

by passing over a columa as described earlier and finally distilled. In
i nputmi/:u fdentical with the methyl ester of B-isopropyl

pimelic acid (Fig.XVID(s] «5% The VMR spectrum (ot shown ) was

idestical with that of B-isopropyl pimelic acid methyl ester (Fig.
wD.

The mother liquors after separation of the cyclohexylamine
salt were worked up as described ecarlier te get 2.540f uareacted acid
which were souverted to wethyl esters (1.904 g).

The methyl esters were directly chromatographed over aa
alamina Grade II columa (60 g) and the following fractions were
collected:

D A‘-a petroleum ether
2) Al-b benzene
3) Aj-c ether

4 Al-d mathanol

The petroleum ether fraction (Axon) (0.8 g) was found
Lo correspead to the noapolar acids fraction of a-pisene.

The material was further separated iato lower beiling
monogarbaxylic acid methyl esters (Aln-l) and fatty acid methyl
esters Mln-v by distillatioa.

The higher boiling fractioa of the methyl esters 150°C/
1.5 mm was farther purified by vepeated distillation aad chrowato=
graphy. Fouad G, 76,8, H, 12.20% Gyl 00, requires G 77,23,
B 12.96% DN spectry)Vmax 1749, 1460, 1440, L175, 725 aarl, Tue



MM gpestra (aot shows) agreed with the fattly aature of this fractioa.

The lower boiling fractioa of the methyl esters from
petroleum ether fragtioa u‘.-z) gorresponded to monocarboxylis
acid methyl esters b.p. 83%]130°C/1.5 mn (bath temp.). Fouad
G 7194, B 10,20% Cyyilyg0; requires G 72.5, K, 9.38% The It
spectra showed the absence of aay hydroxyl baad iadicatiag aoapolar
sature of the fractien. UV Amax 220-230 mp, C max 2800, The I
spectrunand VPC pattera were similar to the corresponding fraction

from ewpinens. This fraction was not studied aay further.

The beazeae fraciion “l'” (267 my) exhibited a very
complex TLC pattera ia which oaly two clear-cut spots could be
visuslised. The very fast moviag componeat corresponded to the
components of fraction “l-l). and the slower moviang componeat
corresponded to a hydroxyacid methyl ester spot preseat in the next

fraction (A‘-a) ia substaatial amouats.

The ether fraction (A‘-o) (700 mg) was found to coasist
of malaly twe spots (resolution dose by TLC usiag 35% ethyl acetate
in hexane as the solveat). One of these corresposded to the compo-
aeat obtaised in earlier fraction (A‘-b) and other to oleuropeic

acid meihyl ester.

The natare of hydroxyl group ia oleuropeic acid (50) has
been established earlier to be sertiary. It was,therefore, consi-
dered worthwhile to attempt the separation of these two methyl
esiers via preparation of acetate or acid phthalate, However none
of the two compounds could be ceaverted to these derivatives by
asual methods, iadicating the tertiary nature of both the compounds.

H



A further resolution of the two compounds was done by careful
chromatography of the mixed esters (207 mg) oa alunina Grade II columa
(20 g)« The following fractions were collected:

1) Petroleun ether fractioa

2) Benzene fraction

3) Benzdae + 2% ether fractioa
4) Benzene + 10% ether fractioa
5) Ether fractioa

The required hydroxy acid methyl ester appeared to be eluted
with benzese + 2% ether fraction with a coasiderable amouat of
trailing. The fractioas showing siagle spot were pooled together
(18 mg). It showed a purity of 90-95% by TLC.

IR (in carbon tetrachloride) Vmax 3400 (-0H), 1720, 1660, 1265
(% B-conjugated ester groupiag (FigsXXVI), UV Amax 218 mm, ¢ max 7548).

Based oa the spectral data aad the resistance of the compound
to acetylation oaly two probable structures (635) & (350) can be
suggested. The NIR data (Fig.XXVII) coupled with differeat mobility
on TLC indicated the structure to be (65).

Oleuropeisc acid methyl ester:

The ether aasd etheribenzene (1:9) fractioas afforded a methyl
ester about 735-80% pure by TLC. The compouand was further purified
by hydrolysis and recrystallization m.p. 160%162°. The IR
lpusn‘}" of the compound was identical with that of oleuropeis acid (50).
UV A max 216 ma ¢ max 10109, (6] ~105°



The correspondiag methyl ester obtained by esterification
exhibited the following properties. W/ A max 218 mp, ¢ max 9965,
beps 120°%130%/1 mm (bath vemp.) () «99%, The IR and NMR
spectra were ideatical with those of oleuropeic asid methyl ester
(Fig.XLII & XIV),

The butanél fraction (2.69 g) oa removal of solveat
again yielded a solid acid (0.38 g) on cooling which was characteri-
zed as oleuropsiec asid.

The mother liquors after removal of this acid were
separated iate seutral (!3) lel g and acid (Ay) 1 g fractioas.
The acidie fractioan was esterified to give the methyl ester
(0,780 g)o TIC showed two major spets - one correspoadiag te
hydroxy acid (B4 methyl ester and other to oleuropeic acid
methyl ester (51). This fraction was mot processed further,




ADAPTIVE ENZYME STWIES



RISQUISION

Evea a cursory examisacion of the preducts formed duriag the
fermeatatioa of & and B-piaenes by the experimental strain of
pseudononad (Chapter IV) indicates the oxisteace of multiple pathways
leading to the formatioa of differeat classes of oxygeaated producis.

The formation of myrtenol and myrteanic acid iandicates that the

7-vwethyl group of a-pinene may be progressively oxidised without the
rupture of the cyclobutane riag of the d-pineae in oae of these patlbways.
in boracol we have a case of protetropic rearraagement of the cyclobutane
ring., The accumslatioa of perillic acid (39), oleuropeic acid (50), the
hydroxy acids (01 and 63), phellaadric acid (359) aad B-isopropyl
pinelic acid (33) oa the other haad, suggesis the existeace of other
parallel pathways which iavelve the complete rupture of the cyclebutane
bridge. Ia the last meatiocned compouad (53) the six-aumbered carbecyclie
ring has also beea ruptured.

In ovder to get further iaformation about these pathways and
the respective position of the differeat products in the overall scheve ,
it was nunoity to undertake growth and adaptive eazyses studies
(Stanier 1947, 1950).

Bradshaw ot al (1939) reported the oxidation of carphor by a
Psaudanonal by a reaction sequence detailed ia Chapter I, The accumulatioa
of boraeel tempted oane to assume ia the early stages that the pathways
for the pinese degradation may proceed via borneol (47) and camphor aad
then through a cleavage of the riangs by lactoaisation. However, pinene-
grown cells failed to exidise boraeol (Tables 5, 6). The organise was
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also fousd te be incapable of utilisiag beraeel or camphor as the
growih substrates. Nor were myrteaol (49), myrtenal (79) and
myrteaic acid (58) and the 100% ether fractioa of meutral compounds
containiag boraeol, myrtenol and an waldeatified compouad oxidised by
pinene-growa cells.

ia view of the accumulation of oleurepeic acid (50), this
compound and its possible precursor (& terpineel, 69) were tested with
pinene-growa cells. There was little or no exygea upiake (Tables, 5,0).
dor do these compouads support growth of this organism.

Since borneol aad oleuropeic acid accumulate in substaatial
amgunts duriag the piaene fermentations, the above observations were
somewhat puzzliag at this stage. Unfortunately the hydroxy acid (61)
and (65) was aot available ia quaatities sufficieat for growth and

adaptation studies,

\

On the other hand, the total monosarboxylic acid frociiea
“1") was fouad to be oxidised freely by the piacne=-growa ocells.
The dicarboxylic acid was also oxidised but at much slower rates. It
has beea meatioaed in the earlier chapter that,although it was not
possible to separate ihe monocarboxylic acid fractioa iato its compo-
nents,the presence of myrtemie (58), phellandric (359) and perillic scids
(39) io this mixture has been demoastrated by VPC., Experiments with
these compounds indicated that piaene-grown cells freely oxidised
perillic and phellaadric acids with equal proficiency with or without
chloramphenicel but not wyrteaic acid (Tables, 5, 6).

This pseadomonad is also capable of utilisiag limonene and
4 Jep-menthene as the sole sources of carboa ia additioen to its uswal
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substrates {.e,, & aad B-pinene, The cells grown on « or Bepinese were
fouad to be simultaseously adapted to these substrates (Fig.XXIX & XXX).
This oxidation was also not seasitive to chloramphenicol. The rates of
oxidatioa of limonene and & Jep-menthene were either the samo or evea
higher than those of the norral substrates on which the cells were
grown. Limesene-growa cells also exidise £ l-pemeathenc at a fast

rate but @ and B-pinene at much slower rates (Fig.XXXI)., It was
unfortusately not possible to obtain A l-p-meathene ia quantities

sufficient for further adaptation studies.

Shattacharyya et al (1964) have cbgerved the accumulation of
a number of products during the fermeatatioan of limenese by a variaat
of the preseat strain. The pathway for limeaeae degradation involves
perillyl alcohol (43), perillic acid (39), hydrexy acid (40) and
B-isopropenyl pimelic acid (41) as iatermediates (Fig.Vi, Chapter D).
The capability of our organism Lo grow on and oxidise limeaene suggested
a possible similarity in the degradation pathways. The latermediates
in the oxidation of limenene i.e., perillyl alcehel (43), perillic acid
(39) and B-isopropenyl pimelic acid (41) were fouad to be oxidised
by & or B-pinene growa cells without aay lag phase evea ia the
preseace of saloraspheatool (FigeXXXIl, XAXIII), However, it should
be meatiosed that the rate of oxidatioa of disarbexylic acid (41) was
very slows.

The VPC evidence for ihe presense of phellaadric acid (59
in the fermeatation mixture asd the capability of the orgasism to grow
and oxidise & lep-menthene (74), suggested the presence of another
pathway which is esseatially similar to the oae from limoneae but
iavolviag a saturated side-chain 8t position 4. & l-p-Neathene (74)
phellaadrel (75) aad phellandric acid (39) were oxidised by « or



e
Lot

B-pinene growa cells without any lag phase (Fig.XXXII & XXXIID.
The saturated dicarboxylic acid - B-isopropyl pimelic acid was again
oxidised at a very slow rate.

Based oa the above observatioas it is pessible to suggest
probable pathways (Fig.XXXIV) for the degradation of & aad B-pinene.
The actuwal psrticipatioa of the 2-hydroxy acids (40 aad 77) could
not be coaclusively demoastrated due to aon-availability of these
compoundse The very slow rates of oxidation of dicarboxylic acids
(41 & 53) can be explained if one assumes that they participate in
these pathways ia some activated form (such as CoA derivatives) and
aot as the free acids aad the activation of the added free acids does
not progeed very well in the system, In this connection it may be
mentioned that Dhavalikar (1964) has preseated some iadirect evideace
of participation of perillic acid in the activated form ia limonene
degradatioa, However the above explanations still remaia to be substaa-
tiated by adequate experimental proeof.

According te the overall scheme (Fige.XXXIV) boraeol (47),
myrtenol (49), myrtenic acid (38) and oleuropeic acid (59) are
congidered to be gide products in the degradative pathway of pinenes.

The actual cleavage of cyclobutane ring is probably inltiated
by the attack of a proton on the double bond of the pinenes. The
resultinag carboajum ion (60) can either uadergo Wagner Weerwein
rearrangesent to give boraeol or it caa rearrange to another carbonium
ion (08) which is the possible precursor of all the p-meathenoid
compounds obtaised in these studies. It will not be out of peint te
meation bere that this carboaiuwr has also béen implicated in the
biosynthesis of a-pinene in Eiagus algra Ausixiaga by Sandermann and
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Schweers (1962).

This carboaium fon (63) caa uadergo several subsequeat
sransformatioas. It can give rise to limonene or @-terpinecleae (79)
by elimisation of a hydrogea ia positioa 9 or 4. Limonene may be
further oxidised via perillyl alcohol (43) perillic acid (39) etc.

It was aot possible to assess whether a-terpinolene also aadergoes
similar traasformations or not, as this hydrocarboa was not availsble
for testing. It may be recalled that several uwnidentified compounds
of similar structure were preseat in the moanocarboxylic acid mixture
and it is nmot ualikely that &), 4(3) p-meathadiene 7-olc acid (71)
may be one of them,

The second traasformatioa which this carboaium (63) caa
undergo is the combisation with a O to give a-terpineol - a
pessible precursor of oleurepeic acid (50).

A shird possidility is that the carboaium loa (63) can
underge rearrasgemeat to asother carboaium ioa (72) by a hydride
shift frem position 4, This new carbonium loa caa thea possibly
waderge ese of three fates: (a) It caa be stereospecifically reduced
by a hydride iea frem a suitable donor (like VADPH etc.) resulting
in the formstion of Olep-meatheae (74) which may be further oxidised
via the reastion sequence outlined ia Fig.XXXIV. This postulate of
stercospecific hydride additiea at position 4 may explain why the
dlcarbemylie acld (33) irrespective of its origin frem g or S-pinene
has the same specific rotatiea. (b) Alternatively it can underge
eliminatiea to a-terpinolene (70) which caa also be stereospecifically
reduged to Alep-seathene iastead of the carboniws lea (72). (o) The

carbonien foa (72) can also by neutralisation with a OH produce
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4-terpisesl which may be the precursor of hydroxy acids (61) and
(65).

Kn!-ll. evideaces

Attaspis to demaastrate Lbe eazyne respadsible for
ereclobytane ring sleavage:

The first step ia the degradatioa of pinsenes accerding to
above scheme is a protosation follewed by rearraagemeat, elimination
and/or hydration. Ia this consection it is noteworthy that the
traasformation products obtaised by simple acid catalysed rearrange-
meat of @-plaese are boraeol, limonene, a-terpineol etc. ia
analogous chemical reactions. Depeading upon the solveats used, the
products formed possess ¢ither the boraeol aucleus or p-swathenoid
structure (Kergomard 1956). From theoretical consideratioas vhis
step does not require aay oxidatiea (in coatrast with the second
step of the reastion sequence, the hydroxylatiag eazyme which would
need oae mole of oz per mole of substrate). It appeared, therefore,
logical that the incubation of @-piaene with piaene-growa cells
under mitrogea should result in the acounulation of limenene, boraeol
a-terpincel or £ Jep-nenthene,

It ni.hmor. fouad (Table 7) that so accumuliation of a
significaat amount of 2 polar compound could be demeonstrated. TLC
examination of the polar frastioa did aot show the formation of aay
alcohol correspoading to boraeel or a-terpisecl. VPC examinatien
of the hydrocarbon frastioas (Temp. 90°, gas Hy flow rate 70 ml/min,
column P) also failed to demonstrate the presenge of aay compeaeat
¢(1imenene, £ J-p-meathess) other than ewpinese, The same experimeat
was repeated with the cellefree sonicates from a-pinese-grown cells teo
asocertain whether the failure of the reactioa could be ascribed to a



pernmeabilicy barrier ia aa active traasport process which requires
the expenditure of energy. lere also 10 reaction could be observed.
Furthermore, ia view of the highly non-polar nature of the substrate

molecule an astive traasport mechanism is difficult to visualise.

Ia Warburg experimeats the presesce of ld“ molar diaitree
phenol did msot have any sigaificaat effect on the respiration of the
cells growa oa @-piaene, agaia indicatiag that perhaps ATP was not
iavolved ia the actual traasport of this substrate iaside the cell.
Higher conceatratioans of ONP (l.e., 107 3l). however had a definite
inshibitory effect presumably due to toxicity.

The failure of the protosnatioa reaction in cell-free exiractS
way be aseribed to the uastable aature of this eazywe, It may be
rocalled that frozea plaene-growa cells lose their capacity to oxid-
i aepisese, However, it is difficult to see why fresh iatact cells
did aot carry out the protonation under asaerobic coaditions. A
teleological explanation will be that normally the equilibrium of
the protosation may lie far towards the waproteoaated hydrocarbon and
the carboalus fea rearrangemeats from (66) to (63) aad from (63) te
(72) as well as the subsequeat reductioa by hydride (VADPHP) may take
place oa the eazyme surface. I[a this process some ameuais of (67),
(08) aand () somehow leak out from the eazyme surface aad give rise
ultimately to boracol (47), perillic acid (39), oleuropeic acid (30),
and the hydraxy acids (61 aand 65) as products. If this be so, then
the phellandrol pathway iavolviag the saturated side chalng may
sc-puu the maia pathway ia the degradation of the pisenes. A
hydride donor such as NADPH may be ia short supply uader totally

anaerobic conditions. lHowever, more work remains to be done before
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this explanation caa be accepted.

Algohol dehydrogenase:
Ia ovder to gather evideance for these postulated pathways

and 10 assess their relative importance as far as pinene metabolism
is coacerned, it was coansidered necessary to undertake substrate
specificity studles with the eazymes iavelved ia the steps subsequeat
to that of protenation. Uafortunately the hydroxylation reaction,
the second step in the sequence, could not be studied as most of the
cell-free preparatioas had very little of this activity. Therefore,
these studies were restricted to alcohol dehydrogenase and aldehyde
dehydrogesase the third and fourth steps in the scheme, It will be
clear from FigeXiXIVa that cell-free extracts exhibited virtually
the same rates of redustion of VAD with perillic alcohel, cumie
alcohel, aad phellandrol. This preparatioa oxidised eleuropeis
alcohol at a slightly higher rate. lyrteaol, however, was not
oxidized wader the experimeacal conditions.

The obgerved rate profile was similar to that of the purified
alcohol dehydrogenase from limoaenc-grown cells (Ballal & Bhattacharyya,
1963), Whea the subsirates were mixed the rates of VAD reductioa were
aot additive, indicating the iavolvement of the same engymatic site.

Aldenyde deiydrogenase

The aldehyde dehydrogesase ia the cell-free extract also
exhibited similar rates with perillaldehyde (44), phellaadral (76)
and surprisiasgly eaocugh, myrteaal (79). Oleuropeic aldehyde (81)
was again oxidised at a much faster rate (Table 8).



It is probable that the coaversioa of myrteanol te myrteaal
may require a separate eazyme requiriag differeat cofactors.

These studlies although iadicating uhe existeace of parallel
pathways ia the organism for the oxidation of perillyl aleohel (43),
phellandrol (73) aad oleuropeic alcohol (30) teo the correspondiag
scids do aot saforiunately tirew say further light about the major
pathway. Respiration studies reported in Tables, 5,6 aad FigeXXXII,
XXXIIL indicate that whereas perillic acid and phellandric acid are
further metabolised, oleuropeic acid and myrteaic acld are side
products - perhaps produced by a detoxicatioa mechaaism.



GUAPTER ¥
EXPERIMENTAL
Preparatioa of gells for manometry:

Erleameyer flasks (500 ml) coataiaing mimeral salt medium{100 ml)

of the composition deseribed earlier were iaoculated from 24 hr growth

of the orgaaism in respective substrates. The flasks were incubated

at 20%:2° on a rotary shaker for 24 hr after addition of 0.3 ~ 0.5 ml

of sabstrate., At the end of 20-24 hr the cells were harvested by
ceatrifugation at 5°C. The cells were washed twice with /20 phosphate
buffer (pi 7.0) and finally suspended ia phospbate buffer (M/20, pi 7.)
to give a reading of 240-260 in a Klett-Summerson colorimeter at 660 mu
(le3=1.5 mg dry wt/ml). This cell suspension was used as such for

manenetric studies.
vy welight of waghed cell suspeasions:

Turbidity measuremeats were carried out using Kleti-Summersea
colorimeser, Dry weights were calculated from a calibratioca curve
relatiag the uljhldlt.y reading of the washed cell suspeasion to knowa
dry weight coatent of the orgaaisme.

Naaometrie methods:

Oxidatioa of the various substraies was followed by usual
manonetric procedures using air as the gas phase (Umbreit et al, 1959).
Cell suspensioa coataining resting cells (1.5 ml of cell suspensioa,
R=240-200 at 660 mp, about l.3=1.5 mg dry wt) aad | =l of phosphate
buffer (W20, pH 7.0) were placed ia the main compartmeat of the flask.
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TABLE 5
wi tral and d ansfo i
products of plaene, asd other probable iatermediates
by_s-pisene grown cells
o, ul/hr
Substrates
without CW with Chp
o~Pineae 196 -
A-Pinene 150 -
Limoneae 146 152
A jep-Neathene 163 171
Borneel 0.7 -
Nyrtenol 1.5 -
Myrteanie acid 3 -
100X Bther fractiea 3.5 -
@& Terpiseol 0.5 -
Total acidic fractioen 31 -
Nonocarbexylic acid fraction 100 «
Oleuropeic asid 3 -
Nopinis acid 1.5 -
Perillyl aleehol 113 105
Perillaldehyde 106 -
(+) Perillic acid 107 112
(=) Perillic acid 100 -
B-Isopropeayl pimelic acid 10 -
Phellaadrel 116 121
Phellandriec acid nur 114
PB-Isopropyl pimelic acid o -

CP = Chlorampheaicel
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TABLE 6
Oxygen uptake with a auwmber of probable
iaternediates isene own cells

- s
without CWP with CWp

B-Pinene 158 -
a-Pinene 165 -
Limonese 192 138
A Jepelsathens 136 192
Boraeol 0.5 -
liyrteael 1 -
a-Terpineol 0 -
Oleuropeic acid 1.5 -
Nopiniec acid 1.2 -
Perillyl aleohol 104 %
Perillic aeid 123 126
/f3-Isopropenyl pimelic acid 11 -
Phellaadrol : 107 110
Phellandric acid 115 107
B-1sopropyl pimelic acid 3.8 -

C¥P = Chloramphenicel
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The substrates (10-20 pl) were plased ia the side arm. Central well
contained 0,2 ul of 20% (w/v) S0i, When used the final concentratiea
of chlorampheaicol was 40 pg/wl. Distilled water and other subgtaances
wore added (when needed) and the final volume was adjusted to 3 ml.

Preparatioa of cell-free extracts from a-pianene growa cells:

The cells were growa, harvested and washed as deseribed earlier.
Fiaally the washed cells were suspeaded ia phosphate buffer W20,p8 7.0
(about 2.5 g wet wt. ia 30 nl buffer), aand subjected to soaication
(Raytheon magnetic striction sonie oscillater, 10 K5, 250 W) for 1S min,
Ia certain cases cysielne (fiaal comceatration 0,005 M) was alse
incorporated ia the buffer duriag soaication. The soaicate (30 ml) was
centrifuged for 45 mia (300 g) and the supernatast was used as crude
uafractionated extract. The 800 g supernatast was further subjected to
centrifugation (20,000 g, one hr) and the fiaal supernataat was used
for alcohol and aldehyde dehydrogenase assays. Protein concentration
in extracts was estimated accordiag to method of Warburg & Christian
(1942).
Attempig to demoastrate the preseqce of oyslebutass risg sleavage eazyme:
(1) Ia iatack oalles Is a typical experimeat the cells from
30 flasks were ceatrifuged, washed aad finally suspeanded ia W20
phosphate buffer pi 7.0 (600 ml) aad suitable aliquots distributed iate
six flasks. Two flasks were iacubated as such (oell blask). To the
remaining four flasks 0.5 ml of a-pineae was added. The air ia twe of
these flasks was replaced with nitrogen (aitrogen experimental) and other
two werve iacubated as such (air experimental). All the flasks were
iacubated oa a shaker at 28° for 24 hr. Two flasks ceataining oaly

buffer and piaene (0.5 wl) were also processed ia a similar maaner
(substrate blask).



soadiciens (detalls see text)
- —_ Newtral m.:m
‘ Acid ta pet.ether ether
Lxperimeat fraction Neuwtral fraction fractioas

(polar & noa=-polar)

Substrate blaank 4.5 g 440.4 ng

PE 7 g
Cell blank 16.6 mg 36.8 mg

27.3 ng

PE 15.7 mg
Expte.under air 99.6 ng 1267 my

3 23,5 ng

PE 562 mg
Expt.under 'z 254 mg 788 mg

£ 38.6 mg

PE - pet. ether (noa-polar fractioa)
£ « ether (polar) frastion
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At the end of iascubation period the flasks were remeved,
extracted after acidificatioa and separated fato acidic and neutral
fractions as deseribed earlier. The neutral fractioas were separated
into noapolar and pelar fractiens by passiag over alunina Grade I
columa (10 times) and eluting with petroleun other and thea ether,
All the fractioans were coacentrated asd weighed. The results ave
tabulated ia Table 7. TLC examination of polar neutral fractions
could not demonstrate the acowsulation of any compowad. VPG of the
nonpolar frastioas also falled to demoustrate the preseasce of aay
other composeat except &-plaene.

2) Cmde axtracks

In a typical experiment the seaie extract (390 g supernataat
prepared from 12-15 g cells) was distributed into two flasks and
a-pluene (0.5 ml) was added to each flask. The air in one of the
flasks was replaced with aitrogea and both the flasks were iscubated
oa a shaker for 24 hr. Suitable substrate and extract blasks were alse
iacubated wader identical soaditions. At the end of the iacubation
period the contents of eash flask were extracted with ether after
acidification. The noupolar and polar neutral compeseat and acidie
fragtioas wers Mam ag deseribed earlier. No accumulation of any
product was observed in polar or soapelar neutral camponents as judged
by TLC and VPC.

Algonol dehydrogenase

Alcohel dehydrogenase activities ian 20, 000 g superaatant were
estimated by exteat of WAD veduction ia preseace of suitable aliquets
of eazyme (20,000 g superaatant) and substirate. The NAD redustion was
followed by measuring the optical deasity chaage at 340 mu in a
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FIG.XXXIV A ALCOHOL DEHYDRGENASE

THE TEST SYSTEM: CONTAINED PHOSPHATE BUFFER
(0-2ml.pH, 70, M/20), NAD"(Img.), substrate (Img.-as -
SUSPENSION), ENZYME (0'4mg.—cell free supernatant)

IN TOTAL VOLUME OF 3ml.

®—® CONTROL (no oubstrate ), O——O PERILLYL ALCOHOL,
©----@ CUMIC ALCOHOL, ©—© OLEUROPEIC ALCOHOL,

&—© PHELLANDROL, O—O® MYRTENOL.
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Beckman medel DU spestrophotometer, using a 3 ml cuvette of 1 em light
pathe

Buffer (0.2 ml, pHi 7.0, W20 phosphate) water 2.5 ml and
NAD solution 0.1 ml (10 mg/ml) and eazyme 0,08 ml (protein coateat
13.2 mg/ml) were added to the cuvette aand the change in optical
deasity recorded. The reaction was started by addition of substrate
ia form of a water emalsion and the change in the eptical deasity
recorded. The data pregeated in Fig.XXXIVA,jndieate the presence of
an alceohol dehydregesase capable of catalysiag the reduction of NAD
in preseace of perillyl slcohel, phellasdrol, oleuropeic alcohol end
cumic alcohel but anot with myrtenecl. Addition of mixed substrates
(perillyl alcohol tphellandrol) was not found to increase the rate of
NAD reduction. When the 20,000 g supernatants were replaced by
boiled extraet ao reduction of NAD gould be demoastrated in preseance
of substrates. The DPNH oxidase activity, as measured by decrease ia
optical deasity at 340 mu in absence of auy alcohol substrate, was
found to be very feeble.

Aldehyde deliviregenass

Aldoudi dehydrogenase astivities were followed by reduction
of methylene blue in Thunberg tubes in preseace of eazyve, substirate
asd cofactors. The experimental coaditions and the results obtalsed
are preseated in Table 8. The rapidity of the reactioan was judged by

the shorter time needed for complete discoloration of methylene blue.
Preparatioa of substrates:

Qlearepeic alcohal(3Q): Although Hergomard (1938) had obtaioed
the diacetate of this alcohol as an intermediate in couversion of
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B-pineae epexide to perillic alcohol, it has sot beea obtained in

pure form.

Olearopeic acid methyl ester (300 mg) was reduced with
l1ithium alumiaiun hydride (500 mg) as deseribed by Nystrom and
Brows (1947). At the esd of reaction period (about 2 hr refluxiag)
the mixture was worked up as usual, However che recovery of the
compousd from aqueous phase saturation with ammonium sulphate and
chloroforn extraction were needed., The chloroform layer was washed
carefully with saturated brine, dried and coaceatrated to give
(130 mg) of alcohol. This compouad was freed of minor impurities
by passing over aa alusina coluwma (Grade I, 20 times). The columa
was washed with ether. The cospound was eluted with methanol. The
methanol layer was coaceatrated aand the product distilled te give a
viscous gummy mags which ceuld aot be cr;unluud. The compound was
water soluble. (IR spectra, Fig.XXxV),.

Oleuropsis aldehydes

Oleurcpeic aldehyde was prepared by chrsaium trioxide-pyridine
oxidatioa of the above alcohol as described by Poos et al (1953).

The methods for the preparation of other substrates will be
praesented ia Chapter VI.
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STURLES ON BoDGL, COUPQUNDS
wlaalaslon

From the precediag chapter the followiag basic pattera of
chemical activity of the bacterium oa the pinenes besame apparveat.

1) Cleavage of the cyclebutane ring presumably through the
carboaiunm foa (66) formed by the attack of a protean oa the double
boad of & and B-pinene. The rearraagemeat of the catioan (66) may thea
give rise to a nwsber of compouads as discussed ia the earlier chapter.

2) Progressive oxidatioa of the methyl group at position 7 ia
the pe-menthene nucleus derived by rearraagement from pinenes eveatually
leading to the T-carboxymeathene derivatives.

3) tydration of the l=2 double bond to form the 2-hydroxy acids.

4) Oxidatioa of the 2-hydroxy acids to the corresponding B-
substitated piselic acid presumably through the uastable B-keto acid
fatermediates.

It was also observed that the organism exhibits a certaia degree
of versatility in ueilising e-pinene, B-piaene, limonese, Sip-meathene
and p-cymene equally well as growth substrates.

From these data it appears that certaian gross chemical features
are essential ia a molecule to make it acoeptable to this Rsaudenonad
as a growth substrate. These are:

1) A p-meathane type carbon skeletoa or one which caa give rise
to this skeleton by a protetrepic rearrangement.

2) A double boad at position 1-2 or {a 4-7 ia B-pinene which
provides the site for protosatioan in the rearraagement reactioa and later
for the addiction of water to form the 2-hydroxy acids.



FIG.XXXVI:MODEL COMPOUNDS
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PINANE P-MENTHANE LIMONENE A PMENTHENE A8P-MENTHENE
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o -TERPINEOL «-T-ACETATE -T-ETHER A 3-CARENE

(69) (95) (96) (24)
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3) A methyl/methylene group at positiea 7.

Ia ovder to iavestigate further the validity of these postu-
lates, the growth behaviour of this bacterium was studied with a
susber of medel compouads (FigeXXXVI) ia which one or other of these
chemical features was altered. The conditioas of these experiments
were esseatially the same as these with the aormal substrates viz.
the orgsaism was iacubated with these model compouads ia the usual
mineral salt medium in shake flasks upto periods rangiag umt.lﬁo
to 3 or 4 days. The nnlu are tabulated in Table 9.

The fully saturated pinase (32) prepared by catalytie
reduction of B-pisene (Lipp and Witgert 1930) lacked the 1-2 double
boad which was coasidered to be esseatial for microbielogical actiea.
It did aot support the growth evea after four days of imcubation. The
organise also failed to grow oa fully saturated p-meathane (33) and
the partially hydrogeaated £Bep-meathene (34). Ia this ceanection it
should be mentioned that she dehydratiosn of dihydro-a-terpincol (33)
led to a mixture of hydrocarboas presumably (34) (36) aad (87)., This
hydrocarbea mixture, howsver, showed a partial aad slow respoase as
a growth substrate. Siace neither (36) nor (37) was available to us ia
pure form it was sot possible to establish, whether or aot, this growth
response was due 1o a migratioa of the double boad to I-2 position
duriag the metabolic traasformatioas. It is also noteworihy thai the
fully saturated p-meathane-7-ol is aot acted upoa by the purified
perillic alcohol dehydrogesase which exhibits the same raies with
perillie aleohol, phellaandrol and cumic alcohol (Ballal et al, 1965).
A jeT p-meathene (33) and K‘D;O-p-unudun(gn)ﬂn aa exocyeclie
methylene like S-piaene also supported the growth of this orgaaism.

Furthermore, nopinic acid (90) obiained through coantrolled
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oxidation of Sepisene accordisg to the method of DuPeat (1930) did
not functioa as a growth substrate. Anionotropi¢ rearrasgemeat of
nopinic acid to perillic acid and oleuropeic acid has been aghieved
by Herz and Wahlborg (1962) and Kergomard (1957). Failure of the
organism to grow on nopinic acid seers to rule out such a possibility.

The esseatiality of the 7 methyl or methylene group is
suggested by the fact that the organism failed to grow om apopinene
(91)« It was not possible to test 'd-isopropeayl- & lecyclohexene
(92) ) as a growth substrate, iowever as it will be demoastrated in
the following section, although the organism grows freely in pecymene,
the demethylated hydrocarbon cumene (100, Fig.XXXVII) failed to suppert
growth. Substitution of the 7-methyl by a methoxy greup or an ethyl
group ia pecymene also resulted ia inactive compounds.

The stereochemistry of the cyclobutase bridge ia « or A-pineae
or the coafiguration of the isopropyl or isopropeayl group ia p-mestheaes
is of little importascs as far as this orgaaism is conceramed, as it
grows equally well oa dl e-plasae, lea-pineae, B-plaeae, and (+) and (=)
perillic acids. However after prolonged iacubatieas oa &-pinene a
variaat of this organise (& strais) has beea igolated which appareatly
has lost its capacity to grow oa S-pinene. Perhaps this variaat may
have acquired some greater degree of stereespecificity ia the iaitial
protesation step leading to ibe riag cleavage. B-FPisene probably does
not fic ia aay leager oa the eazymatic surface in this (@ strain.

Boraeol, camphor and campheae (27) failed to serve as the
garboa source for the growth of the pseudomonad alibough boraneol has
been showa to accwnulate in substaatial quantities duriag the fermen-
tation of a-piaene., From the data on haad it can be coacluded that
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this compoand is a side produst ia the ring cleavage reaction having
its origia ia the protonated species (66) and has no further role te
play in the main patiway of pinese degradation. Boraeol aot oaly
fails to support growth but ia higher conceatrations inhibits the
growth of the ovganism on a~pinese. The total inability of the
organism to grow oa camphor or borneol distinctly differeatiates it
from the camphor degradiag orgaaism of Guasalus and co-workers
(Hiedegaard et al, 1961).

Bagides boracol, the organism also accumulates a fow other
compounds which appear to be side produsts. The presence of wyrteael
and myrteais acid ia the extractives from the fermeatation has been
demoastrated by VPC. The question may be raised, whether or not, the
cleavage of the cyclobutane riag at the stages of myrtesol, myrteaal
or myrteaic acid through a protonation at the double bond may provide
alternate pathways to the p-meathane type of compouads. The prohibi-
tive amouat of energy requiremeat to create a carboaium ion adjacent
to a carbonyl function through proteoasatioa in an @ - A uasaturated
carboayl system ia the case of myrteanal or myrteaic acid makes
aliorsate pathways from these compounds walikely. Furthermore, some
experimental ovidence is available from which it can be deduced that
the riag cleavage vreaction is also ualikely at the myrtenol stage.
Philibert and Kergomard (1953) failed in their attempts to prepare
perillic alcohol from myrtemel by a prototropic rearraagoment. This
failure has beea asoribed to the purturbation of the elestrophilie
property of the e-pinene molecule by the iatroductiocan of the hydroxyl
group. Ia myrtensl the presence of the polar oxygea iaterferes
drastically with the clectron releasing inductive effect of the
methylene group. As a result the polarity of the ring carbon 4, the
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protoaatioa site is drastically reduced. BDesides oxygenation alse
reduces the coajugation between the ring asd double bond (Philibert
and Kergomard, 1958; UuwPont aand Dolulw, 1936). The observed failure
of the organisn to oxidise myrtenel, myrteaal asd myrtenic acid or
to utilise them for growth is in keeping with the pestulate that
these are side products. It is noteworthy ia this counection that
the bacierium did not show asy difficuliy ia metabeolisiag perillic
aleohol and perilliec acid, compounds in which the problem of
openiag the cyclobutane ring did aot exist.

It is worthwhile to coasider at this stage whether any
other electrophile such ag hydroxyl may also iaitiate the ring
cleavage reaction at the pisene level through the epexide, In fast
several aleoholic compounds in the pementhane series such as perillyl
alcohol (43), phellandral (76) asd hydroxyperillic alcohol diacetate
(olearopeic alcohol diacetate) have beea chemically syathesized by the
agtion of acetic aahydride and acetic acid on B-piaene epoxide
(lergomard aad Philibert, 1958). A-Pinene epoxide (93) was therefore
tested as a growth substrate. The orgaaism totally failed to grow oa
this compouad iandicating that it may not be involved as an intermediate
in she degradative pathway.

The preseace of the isopropyl or isopropenyl side chain in the
p-nenthene nucleus q‘ipun to be esseatial for the optimal growth of
the orgaaism, Some detailed data will be preseated ia the following
section on the effect of the nature of the alkyl group at position-4-
in p-cymene nucleus on the growth of the organism. As a model compound
l-methyle & =lecyclohexene (94) failed to support the growth of the

organism,
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Oxygeaation at position<3 in the isopropyl side chala made
most of the pementhenoid model compounds uasuitable as a growth
substrate, a-Terpineel (69) not only fails te support the growth
of this bagterium but is also a powerful iahibitor of its growth
on limoaene. Evea coanceatratiocas of 0,00 to 0.1% aloag with 0.3%
limonene are sufficieat to iahibit the growth completely. Attempis
to abolish the polar or hydrophilic nature of the hydroxyl group of
o-terpineel by acetylation or methylation did not reader the
resulting acetate ester (93) or methyl ether (96) suitable as a
growth substrate. Lowever it is difficult to judge at this stage
whether this isability can be aseribed to sterfechindrance introduced
in attespis to protect the S-hydroxyl group. That such factors are
invelved may be deduced from the observation that O -3-garene (24)
haviag a cyclopropane bridge coanecting positions 6 and 8 is not a
suitable carbon source for this bacterium.

Like aeterpianeol all the other @-hydroxy compounds such as
8~hydroxy-pe-cymene (113) (Fig.XXIVII), oleuropeic acid, etc. tested
80 far were found to be inactive as growth substrates. The fnability
of the orgaaism to grow on a~terpineel is iatriguiang, particularly ia
view of the high asctivity exhibited by perillic alcohel (42) and
perillic aldehyde (44) dehydrogesases towards oleurepeic alcohel (30)
and oleuropeic aldehyde (31). Furthermore, oleuropeic acid is oae of
the major products that accumulate duriag the growth of the orgaaism
on pineases. It is not ualikely, therefore, that from the cation (63)
some @-terpiancol is produced iaside the cells and is eliminated ulti-
mately as oleuropeic acid as a detoxication mechanism. Added a-terpi-

neol does not seem to get iaside the cell.
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The observed resulis with the model compounds thus substas-
tially support the coacepts developed in the earlier eazymatic
studies (Chapter V) regardiag the gross stercochemical features
essential structural elemeats and functiional groups required ia the
wolecule before it caa serve as a sole source of carbea for this
organism., However, uafortuastely it is aot possible to alter fuactional
groups without iatroducing some changes, hewever, small,in the
geonstry eof whe substrate molecules. ELvea hydrogenation of the
double boads in plneaes and limoaene also chasges the geometry of
the 7-methyl group drastically. In spite of these shortcomiags, the
results with the model compounds indicate that the organism follows
its own chemical legic to degrade these terpeacid substrates. It
refuses $o acoept as a growith substrate any compound ia the degra-
dation of which this logic cannot be applied.
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The sources of a-piaens, B-piasene, limosese asd p-cymene have
slready bees meatioaed in an earlier chapter. The samples of (+) phe-
1laadrol aadlep-menthene were geaerous gifis from Dr. Porsch of
Dragece Laboratories, W.Germanye & G-pelonthene, & I<7hp-noathese and

D1(7)8 p-meathadiene were obtained from Dr. Klein of the save Laboratory.

The samples of (=) perillie alcobol and (=) perillic acid
(_a}” -91 were prepared from S-piaene epoxide accordiag to the methed
of bw (1938). The (+) perillic alcolbol was prcpaud by lithium
aluniaiun hydride redustion of (¥) perillic -m([_-]n + %)looordln
to the method of Nystrom and Brewn (1947). The samples of (+)perillic
uld‘.pnpnnd by fermeatatioa of (+) limoneae by a soll pseudomenas
in the presesce of glucese were kiadly supplied by ¥r N. R. Ballal of
this Laboratory. The samples of & 3ecarene were obtaised by fractio-
natioen of Iadlaa surpeatine oil through a batch-strippiag distillatiean

method wader total reflux.

Piaase was prepared from hydrogeaation of S-piseae with
platisue oxide catalyst (1-5%) at atmospheric pressure and room
temperature (Lipp and Witgert, 1930). Aay uareacted material was
removed by repeated washings with conc. u,so‘. The material had a
Depe 104:5-165.5/711 mm, « «3¢3.  Apopinene (Depe133-139%/711 mm)
was prepared accordiang to methed of Kschinazi and Pises (1939) by
decarboaylation of myrteaal.

NMyrtenal was obtalned by seleaium dioxide oxidatioa of a-plneane
(Ipatieff et al, 1951) ia good yields. The cerrespoading alcohel and
acid were prepared by lithiws aluminius hydride reduction and silver
oxide oxidatioa of the aldehyde,
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p-tenthase was obtained by hydrogeaation of limenene with
Adams catalyst ia almost quaatitative yield. Aay uareacted material
was removed by washing with oouolzio‘.

The sample of aopinic acid was prepared by potassium per-
manganate oxidation of B-pisene as described by DuPeat (1930).
Becter ylelds were obtained by carrying the reastion for ealy
30 mia, The potassium salt obtained according to this method was
further purified by dissolviag ia hot water and precipitating with
excess aleohol.

The sanples of borneel were obtained as a fermeatation
product of eepinene as described elsewhere. The sample of camphene
was obtained from L, Light & Co. and d# casphor was obtained from
Fluka.

B-Pinene epoxide was prepared by perbenzoie acid oxidation
of Bepineae ia chloroform (Prilejaiev et Verchouk 1929, 1933). The
perbenzoic acid was prepared as described ia literature (Braua ,
1946, or its modification, Zolthoff et al, 1947).

e-Terpineol was a sample of W.J. Bush and Co. Ltds Loandon.
a-Terpianyl acetate and a-terpiayl methyl ether were prepared accord-
ing to methods of Hergomard (1956) and Bayer (Ber.2f, 326, 2560)
respectively., Ia the latier procedure metallic poiassium was used in
place of an alloy of sodium and potassium, The purification of the
terpiayl methyl ether was achieved by passing over a neutral alusina
(Gr.I) colwma. The petroleum ether eluates were further purified by
distillation (beps 99-101°/16=16 sm). It exhibited a siagle spot oa
TLC. Dihydroterpiscel was obtaised by catalytic hydrogenation of
e-terpiaeol, A hydrocarbon mixture was obtained from this hy
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dehydration with KiSOg. The ¥ spectra indicated it to coatala (34),
(36) and small amounts of (87). The purity of the various samples
used ia these studies was ascertaimed by thin layer chromatography or
vapour phage chromatography.

Grguth studies!

All the growth stwdies were performed by incubatiag the
bacteria in mineral salt medium coatalning the differeat substrates
as the sole source of carboa in shake flasks. The growih was recorded
either visually or turbidimetrically. The results of the visual
recording of growth bebaviour are preseated ia Table 9.



TABLE 9

Growth of the organisw o4 various cospounds
e SRR TR R
a-Pisene (dl) 03 ml e e
a-Pinene (1) 0.3 ml e e
Pinane 0.3 nl - -
Apopinene 0.3 ml - -
A-Pinene 0.3 ml e rre
B-Pinene epoxide 100 ng - -
Nyrtenol 50-100 mg - -
Myrtenic acid 50-100 ng - -
Borneol 50-200 mg - -
Camphene 100 mg - -
Gamphor 100-200 mg - -
Nopinic acid 100 mg - -
Limonene 0.3 ml the e
A jep-toathese 0.3 ml rer e
A gop-deathese 0.3 ml - .
p=~ienthane 0.3 ml - -
A J=(7)=p=tenthene 0.3 ml B ree
A J=(7) 8 p-lonthadieae 03 ul rr rrr
2 3«Carene Oe1=0.3 ml - -
Oleuropeic acid 50=100 mg - -
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TABLE 9 (contd)

oot SR R W
Perillic acid (+) 100 ng * e
Perillic acid (=) 100 mg + +
a-Terpiacol 0o 1=0s3 ml - "
w-Terpineocl acetate O¢ k=03 ml - -
aTerpiaeol :::M"l Oe1=0.3 ml - -
Geraniol 0.1 ml - -
j=Nothyl cyclobexene=1 O.1=0.3 ml - -

- no growsh; + feeble growih; ++ moderate growth
+++ goed growth
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STUDIES ON AROMATIC MODEL COMPOUNDS

T EWIRS) O

The capacity of the orgaaism to grow on p-cymene has been
mentioned ia an earlier chapter. It has also beca discassed that
the orgaaism though capable of growth on limeaene and O «l-p=
menthene does not aceept l-methyl cyclohexene-l, as a growth
substrate thus fadicating the necessity of a substituweat in
position~4. The growth oan a typical aromatic compound, p-cymene
(97), offered aa uaique opportuaity of testing a large aurber of
easily aceessible model compouads as substrates aand deriviag mere
iaformatioa regarding the structural featurves essential in a
compound before it can serve as a growth substrate for this
bacteriun,

A large number of compounds were either prepared accordiang
t0 koows methods or with suitable modificatioas of the known pro-
cedures. The structures of all such compounds are preseated in
Fige XXXVII. The methods of their preparatioa and physico-chemical
properties are described in the Experimental Sectioa. Ia thege
experimeats cells freshly grown on ae-pinene were used after proper
washing uader aseptio conditions to vemove the adhering substrates.
The growth pattera was followed visually and has beea preseated in
Table 190,

The natural choice while testing aromatic compounds falls
on siuple basic compounds such as beazene, tolusae (98) and ethyl-
benzene (99). However ia our studies not even a trace of growth

was observed with these compounds uwader the period of study (190 days).
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It should be meationed that differeat conceatrations of these sub-
strates were employed ia an attempt to differeatiate betweea toxicity
and other effects. Among monosubstituted beazeae derivatives cumene
(100) which can be vegarded as desmethyl-p-cymene failed to support
growth indicating the essentiality of the T-methyl group. However
the possibility that the olﬁsmlc effect of a o~ or p-disubstituted
beazene way iafluence the growth of the Bacterium remaised to be
tested. It caa be argued that ia case of monosubstitated beazeaes
the higher energy requirement for cleavage of the riag may be the
limiting fastor in the ability of the orgaaism te grow oa such
substrates. That this is probably aset the case is indicated by the
inability of the organism to grow oa ortho xyleae aad para xylese (101)
or & mixture of xylenes. Addition of one more methyl to the alkyl group
in pexylene as in case of l-methyl-d-othyl benzeme (102) resulted in
the formation of a growth substrate, although the adaptatioa process
needed to grow on this substrate seems to be extremely slow, oanly
traces of growth belag observable at the ead of three days. After
this lag phase the growth seemed to proceed at aormal rates. Further
transfers from already adapted cells did aot show say lag phase. In
spite of the growth oa this hydrosarboa the orgasism totally falled
to adapt to pemethyl acetophesone (103) oace more ladicatiag the
growth iahibiting aature of the oxygen function in the pesition 8
which has already beea discussed ia the earlier sesction. It

appears, therefore, that l-methyl-4-ethyl beazene has the basic
minimum structural requirement for the growih of this organise oa

an arematie hydrocarbos. That the orgaanism has a rigid requirement
for a free or partially exidized methyl group substitueat at
positioa 7is again indicated by the iaability of the organism to grow



on 1, 4=diethyl benzene (104).

At this stage it should be meationed that the pathway for
degradation of pecymene follows the same patiern as with limoaene
in the early stages resultiag ia cumic acid (105) as an isolable
intermediate. From the cumic acid the pathways are differeat.
While perillic acid is degraded through 2-hydroxy-7-oic acid
pathway, camic ascld is further degraded via the 2,3 dihydroxycumic
acid iatermediate (100) (K. M, Madhyastha & P. K. Bhattacharyye,
1968).

The esseatiality of the T-methyl group becomes appareat ia
the light of the above fiadings. It is, therefore, expected that
any astempt to chaange the methyl group ia such a way that it can
no loager be easily oxidized to a carbaxy group would result ia
an inactive compound. The failure of this organism to grow oa
1, 4=diethyl beazeae (104) and 1-ethyl-4=isopropyl benzese (107)
can be explalned by this postulate. Replacemeat of the 7-methyl
group by a methoxy group (108) or aa acetyl group (109) does not
coavert the resulting compounds into growth substrates. Oa the
other hand, the T-hydroxymethyl compouad (cumic aleohol (110)
itself appears to be an intermediate ia degradatioa of p-cymene
and is oxidised very fast by either pegymene or piseae-grown
cells.

Regarding the isopropyl group at position 4 ia pecymene, the
organism does not seem to have an absolute steric requirement, It
grows with facile ease oa lemeihyl-d-a-propyl benzeae also (111).
The growth of the organism on l-methyl-4-isopropeayl beazeane (112)
was anticipated, however, it is difficult to explain why lag phase
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with this compouad was proloaged upto the thind day. Perhaps the
orgaaism had to come across a higher energy barrier ia the form of
the higher reseonance energy of the exteaded coajugated system ia
this compousd. As anticipated dimethyl-p-telyl carbisel (113)
having an exygen fuanction at the forbiddea positioa 8 did aot

support growth.

Further exteasion of the isopropyl side chain was tolerated
to a limived exteat by the organism, It grows almost as freely on
p-séc.butyd tolueae (114) as oa pecymene, visible growth occurriag
after 12 hours of iacabation. Surprisiagly enough p-isobutyl
toluese (115) was found to be a very poor growih supporter.

p=-Tertiary butyl toluese (116) preseats an iateresting
case siasce it supports a very sluggish growth of the organism with
the change of the goloration of the medfum from golorless to yellow,
then pink and fisally black. The organism, however, failed to grow
on lemethyled-(leethylepropyl)=-benzene (117) ia which the isopropyl
side has been extended ea both l.“ esethyl groups of pecymene.

Haviag assessed the stereochemical requirements of she
organism at pesition ] and 4 in beazene substrates, it was coasi-
dered secessary to study the effect of substitution at other
positions. Additioa of an additional riag to p-cymeae to give
apocadalene (118) resulted in an inactive conpouad. The correspon-
ding isopropenyl derivative, l-sethyl-d-isopropeayl aaphthalese (119)
also did not support the growth of this orgaaism, In fact, the
fiatroductioa of an extrs methyl group ia positioas 2 or 3 ia the
proymene molecule as in case of 1,2 dimethyl-d-igopropyl beazene(120)



1.Ld

and 1, 3-dimethyl-4=isopropyl beazene (121) readers the compound
unacoeptable to the organism as a growth substrate.

Ia this comsection it should be meantiosned that aelther
thymol (122) nor carvacrol (123) could support the growth of this
basterium,

The growth of the micreorganisms on aromatic compounds
is by no means a rare phesomenoa. The utilisation of aromatiec
hydrocarbons for grewth purpeses and the nechanisms iavelved in
the degradation of aromatic anucleus haw beea summarised in a
nufher of excellent reviews (Zobell, 1946, 195%; Happold, 1950;
Taussaa 1959; Beerstecher 1954, Staaler 1955; Dagley et al 19603
Davis and Raymoad 1961; Fuhs 1961; Regoff 1961, Evaas 1963).
Since this subject has been widely stwdied it will aot be discussed
here., iowever, the orgaaism uader study is waiquely characterised
by its remarkable stereoselectiviiy towards the p-cymese type of
aromatic subsirates. It is possible that some of these compounds may
aet as selective ageats for the soreeaing of a particular type of
cells which are normally preseat ia a mixed population. A case
in point is the development of @-straln which has lost its abiliuy
to grow oa B-pisene, Another possibility is that growth oa aay one
of these substrates may induce all the enzymes respoasible for
degradatioa of the p-senthesoid molecules. The rate patteran with
perillic alcohol dehydrogenase obtained frem limonene-grown cells
and e-pinene-grown cells are ideatical with a variety of substrates.
It is also sot possible to rule out completely allosteric effects
where the same enzyme complex is ianducible through different
substrates through the same operon sites.
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To understaad the nature of the adaptation pattera it
will be necessary to work with mataats and isolated enzyme systens
from cells adapted to differeat hydrocarboa substrates. The preseat
studies have been restricted to elucidate the pathways for @ and
B-pinene and to determine oaly the gress structural requiremeats
in a substrate molecule accspiable to the orgaaism,

Some reservatioans need to be made, however, before takiag
it for granted that the conclusioas about structural specificity
of a substrate wolecule derived from the avomatic medel systems,
would also be applicable to the hydroaromatic terpencid systems.
There are some disceraible differeances in the biodegradation
pathways of these two classes of compouads particularly in the
later steps. MNeveriheless, the behaviour of the orgaaise towards
the aromatic substrates appears to be dictated by if aot the
same, closely similar chemical logic as was evideat from studies
with the hydroaromatic model compounds in the earlier section.
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Beazene, toluene, cumeae and ethyl benzene were products of
B.D.He peXylene was a Fluka product and p-oymene was obtalned from
N/ s.Riedel de Haan,Germasy, All the compeuwads wers further purified
by distillation, either as such or after refluxiag over metallie
sodium, Substrates wore sterilised by filtration. Other compounds
were prepared by procedures deseribed ia literature eltier as such
or with suitable modifications.

18- petethyl asstophencne (100):

This cospound was prepared by coandensatioa of toluene and
acetie aahydride ia presence of anhydrous aluminium shleride
(Adams and Noller, 1946, Vogel, 1956, 732). Aasother procedure was
also empleyed for the preparatioa of this cewpound lavelving the
condensation of toluene and acetic acid ia presence of polyphospherie
acid (PPA) (Dev 1955, 19356). The coastaat boiling ketoae bep.
113%1149G/12-13 wa gave a 2, 4-dinitropheaylhydrazoas, mep.237°C
(1iteracure 238°C, vev, 1956).

1b. 1-Ssthyledwcthyl beazene (102):

l-fethyle=4-othyl benzene was prepared by Clemmeason reduction
of pemeihyl acetopheaocne by the method of Brady aad Day (1934).
Compouad (103) (3.7 gm) was refluxed with zisc amalgum (prepared
fron zine wool, 20 gm mevcuric chloride, 2 gm, HCI 3.2 ml and

water 13 ml), 25 ml of coanc. HCl and 25 ml of water for 24 hr.
Swall lots of counc.  HCl (5 ml) were added at 6 hr iatervals. At
the end of this reaction period the hydrocarbon layer was separated
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and the water layer was extracied with ether (4 x 75 =l). The

ether extract along with the hydrocarbos layer was washed with
water, dried (sodiws sulphate) and distilled after removal of
solvent bepe157%159%/711 mm, yield 50 to 60% VPC iadicated a
purity of 99%

2a. p-Ethyl-acetophenone (124):

This ketone was prepared by condeasation of ethyl beanzene
and acetie acid in presence of PPA as detailed by Dev (1935, 1956)
for the preparatioa of pemeihyl acetophenone. Although the PPA
condensations with hydrocarboas are not very quantitative due to
poor solubility of the hydrocarbon ia the reaction mixture, this
method could be utilised for the preparatien of small amouats of
this compound and a few others. All the coadensatjoas were carried
out at the waier bath temperatures aad a period of 2 hr,

To the PPA prepared from phosphorus peatoxide (75 gm) and
phosphoric acid (sp.gre 1.84, 30 ml) was added a mixture of ethyl
beazeae (10.6 gm) and acetic acid (7 ml). The reactasts were
heated with stirring on water bath for 2 hr., The resulting mixture
was poured while hot iato crashed ice and allowed to siand
overaight. The product was taken up in ether, washed, dried
(sodium sulphate) and distilled after the removal of solveat,
bepe 122%123°G/18-19 mm, yield 7 gm; 96~97% pure by VPG, IR spectrum
Vmax, 1635 (G=0), 1602, 1365, 1333, 1265 aad 831 eu™! (para
disubstituted beazene)., The VMR speotrum (Fig.XXXVIII) exhibits
followiag characteristics; a triplet, 8,777, JTeps, (methyl of
= Cliy=Clla) ?i siaglet at 7.557°, 3 proton iateasity (the methyl
group of <C-Cliye). The two methylene protens of -Cil,,Clly appeared
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as a quartet (7,347 J 3 ops), the fourth peak mergiag iate the
siaglet of G,-o&-. The aromatic proteons are grouped as two
doublets (2.857, J 8 cps and 2.257, J 8 ops)e The dowa field shift
of the lower protoas is ascribable to the coajugation with the
carboayl group.

2b. 1, 4-Diethylbeazens (104):

Compound (124) (5 gm) was added to a slurry of ashydrous
alwniniem chloride (15.4 gm), ether (15 ml) and LAH (2.2 gn),
prepared accerdisg to Brown sad White (1957). After the vigoreus
reaction has subsided the mixture was refluxed on water bath for
30 min, The resuliiag mixture was coeled and decomposed as
described by Browa and White (1957). The product was takea up
in ether and waghed with water. The ether layer after drying and
removal of solveat gave 2,63 gm diethyl beazeae b.p. 175%180°C/711 mm,
The VPG at 124°C using a polyester columa iadicated a purity of
98% The IR spectrum of the compound was found to be identical with
the oae deseribed in literature by Cram and Steinberg (1951). The
NIR spectrum (Fig.XiXIX) corvesponded with the structure (104)

(o triplet at 8.87; J 7.5 ops represeating 6 protons of two methyl
groups; quartet at 7.447, J 7.5 ops represeatiag four protoas of
two methylene group aad a siaglet at 37, represeating four arematic

protoas).

Sa. Disethylep-tolyl carbinel (113):

This compound was obtained by a Grignard reaction of p-methyl
acetopheacae (20 gm) with methyl-magnesium-iodide (from methyl
fodide (27 gm) and magnesium (5 gn) ) in ashydrous ether., At the

end of addition of p-methyl acetophenone to the Grignard reagest
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the mixture was refluxed for 30 mia and decompesed with cold dilute
hydrochloric acld aad the carbinol was takea wp ia ether. The ether
layer was washed, dried aad concentrated. The resuliiag carbinel
showed a purity of 90-92% by TLC, The niaor impurities were removed
by passing over alumina Grade-I columa (30 times). This carbinel
was thes used as such for growth studies.

3b, l=Neshyl, d-1sepropeny] benzene (L12):

This cospound was prepared by dehydration of the above
carbinol (113) with potassium hydregea sulphate. The carbinel
(25 gu) was heated in an oil bath with freshly fused KiSO4 (300 mg)
at 150% for 1 ar. The dehydration product was dried sad redistilled.
bepe 180°-184%/715 mm, yield I7 gu, The IR spectrum of this compound
was identical with the oae reported ian literature by Farmow and
Porsch (1964).

The NMR spectrum (Fig.il) iadicated the abseace of isopropyl
group, presesce of twe methyl signals (7.94 /- methyl growp of
isobutylenic side chain, 7.74T -arematic -G-Ga) and the aromatic
protoas appeariag as a heavily cowpled quartet (2,657~ 3,05 7),
The isobutylenic protons appear as heavily coupled doublets at
4.727 and 5,06 Tpresunably due to the deshielding effect of the
benmese ring and loag range coupliag.

da. Ethyl-p-toly] kotose (129):

This ketone was prepared from toluene (13.4 gm), propieaie
acid (14.8 gm) by PPA geadensatioa (PPA prepared from Pg0s(150 gm)
and phosphoric acid (60 ml))as deseribed earlier, Yield 12 gm,
bepe131%-1329C/25-27 mn, The preparation was 95% pure by VPC,
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IR Vmax 1680(C=0), 160, 1576,832, 736 (p-substituted beaszene),
950, 1345 (avomatic -C-Gid,), 1225 e},

db. l~Methyled-a=propyl beazese (111):
The above ketone (125) (5 gm) was reduced with & slurry of

alaninium chloride (15.5 gu), ether (15 ml) and LAH (2.2 gm) as
described for diethyl benzene. The coupouad was worked wp in the
usual way, bepe 175%180°C/711 mm, yield 3 gm; VPC indicated a
purity of 96-97%

IR Y max, a hump betweea 1550-1650, 1518, 1450, 1370, 336 and
915 en"l, The MR spectrum (ILI) ladieated the presesce of a methyl
coupled te a methylese triplet at 9.07'7, J 7 ops, siagles 7.727
aromatic =C-Cily , a siaglet 3,05 7(4 avematic protoas), a triplet
(7.497, 7 8 cps) due to methylene growp adjacest to the aromatie
ring asd cosplex series of sigaals (8.17= 8.77) ascribed to the
remaining methylene group.

Sa. Msulyl-p-cuny] ketose (109):

This compound was prepared by cendensation of cumene (30 gm)
and acetic ashydride (237 wml) ia presence of aluminium chloride
using carbea disulphide as a solveat (Allea, 1947). The mixture
after working up as usual gave 25 gm of pure Kketone. bepe115°-120°C/Tmm
IR Vmax 1696, 1615, 1563, 1358, 1265,828 oa™}, ¥R spectrum (ot given)
exhibited a doublet at 8,77 7, 6 proton inteasity (isoprepyl
side chala), a siaglet ab 7.35 T{methyl group of CeClly)and arematie
protoas betweea 2.2 -~ 3.27%
She le=iligl-delsopcepyl beazeas (13D :

The abeve ketone (10 gm) was redused with a slurry of alumiaium
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chloride (30 gm) ether (40 ml) aand LAH (4.5 gm) as described earlier.
The reaction mixture was worked up as usual and the compound was
purified by distillatioa. b.p. 186%-1939C/709 um or 65%70°/2 ma,
yield 6«7 gn. VPC indiecated a purity of 99%,

) max 1500, 1456, 1372, 1362, 530 es™l, The N'R spectrum
(Fige.XLII) showed the presence of the isopropyl doublet (8.777,
3 7 ops); the =Cliy= group of Cl-Cliy as a triplet (3.827 J 7.5 eps)
four aromatie protoas as a siaglet ﬂ.’?‘f)'. methylene protoans of
~Gll,,Cliy as a quartet (7.4 7 7 aps). The other beazylie protea
also comes in this region as a cemplex sigaal.

6. l-Vethyl, d-sec.butyl beamene (114):

This compound was prepared by condensation of tolueme (46 gm)
secondagy butyl alcehol (37 gm) with five moles of 80% sulphurie
acid at 70° as desoribed by Meyer aad Bervahauer (1929). The

conpound was worked up as usuwal aad purified by distillation,
bepe195%196%3/716 mm; yisld 36 gm, The VPC indicated a purity
of 90-99%,

IR Vmax 2980, 1508, 1473, 1449, 1363, 813, 778, 758 and
724 en”), WM spestrum (XLIID) exhibited a triplet at 94177
3 7.5 ops (methyl greup of ~CH,Chy in side chain - sach peak in
turn appeared as a very fine doublet) a doublet at 9.797, J 7 cps
(the other methyl group of the side chain), a siaglet at 7.697°
(aromatic C-Cil,); and avomatic protoss betweea 2.877and 3,147,
The methylese group of the side chain appeared between 8.17= 8.6 7,

l=Nathyl, d-isohuiyl heazeas (LLD):

A number of methods are kaowa in literature for the prepa-
ration of this compound (Pajeau 1949, Pines et al, 1950, Urry and
Nigcolaides 1952, Somerville aad Spoerri 1952). Ia the preseat



studies it was prepared by the fellowiag methed,
Ja. Isoprepyl-p-tolyl ketose (130):

This compound was obtained by condeasation of toluese (10g)
and isobutyrie acid (9g) with PPA in the maaner described earlier.
Yield 6 gmy VPC iadicated a purity of 93-99%,

R ) max at 1690 (Ge0), 1613, 1565,332 en™ ' (p-disubstituted
benzene). The NMR spectrum (Fig.XLIV) supported the assigaed
structure (isopropyl group as a doublet 0.87 J 7 cps; the
aromatis C-Cily as a siagles at 7.647; the arenatic protoas as two
characteristic doublets (2 proteas each) at 2397 J 8 cps and
2,25, J 8 cps. The lower group is due to dowa field shift as a
result of conjugation with the carboayl. The siagle pretoa ian the
isopropyl group is also shifted due to vicinity of the carboayl
and appears as a complex sigaal around 6.577 J 7.5 cps.

n. Ne benzene 3

This compound was obtained by reductioa of the above ketese
(126) (5 gm) with a slurry of aluminiwm chloride (15.4 gm), ether
(15 ml) and LAH (2.2 gn) as deseribed earlier. The reaction
mixture after workiag up and distillatioa gave a compound
bepe 185%188%C/711 mm, yield 3.3 gm. VPC indicated a purity of
98-99% The IR) max at 1510, 1455, 1370, 1362,332 o8 © (p-disubstie
tuted beazene). The NMR spectrum (Fig.XLV) showed the isopropyl
group (as o doublet at 9.157 J 6.5 ops); aromatic C-Cly at 7.747,
four aromatic protoas as a singlet at 3.097aad the methylene next
to the riag as a doublet 7.67, J 6.5 ops.
8 Aelothyl, d-tortiary butyl beagess (116)s

This compound was prepared by coadeasation of teluene (100 gm)
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and isobutyl alcehol (25 ml) ia preseace of 80% sulphuric acid
(Mayer and Bersmhauer, 1929). The mixture was beated at the steam
bath for 2% hr with stirring. The hydrocarboa layer was separated
and washed with 10% sodium hydroxide, thea with water aad fiaally
dried (sodium sulphate) and distilled bep. 103%186°C/707 mm.

VPC indicated a purity of 97-93%, The IR spectrum of the cempound
was similar to the oae desoribed in literature (Schlatter aad
Clark, 1953). The VMR of the compound exhibited a singlet at

8.72 /(9=proton iatensity, three methyls of tertebutyl grouwp)

a siaglet at 7.72 7 (aromatie -C-Clly) aad aromatis protoas botween
2,74=3.2 T (presumably split due to inductive effect of the tertiary
butyl group). Fic XLV

9. l=tethyl-4-(1' ethyl propyl) beazeae (117):

The method for the preparatioa of this compound as described
ia liserature iavolves the condensation of 3 chloro peatase aad
toluene ia preseace of boroa trifluoride as catalyst (Heaaioa and
Kurtz, 1943).

Ia the preseat studies this compound was prepared as follows:
Ethylepetolyl ketose (125) (5 gm) was coaverted to diethylep-tolyl
cardbinel by Grigaard reaction with ethyl fodide (4.3 gm) and maguesium
(082 gm) ia ashydrous ether, The resulting carbinel was dehydrated
by refluxing with 2.5 ml conc. HCl in absolute alcohol as used by
Baraest and Cook (1933). The reactioa mixture after removal of
alcohel and workiag up as usual afforded 4.35 gm of the uasaturated
compound., This compound was quastitatively hydrogenated with
Adam's catalyst using acetic acid as solveat. bep. 95°C/13 mm,

VPC indicated a purity of 95-96%, IR ) max 3000, 1515, 1460, 1370,
816 a™l,
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MR spectrus (Fig.iLVII) iadicated a triplet of abous

6 protoa latensity at 9.7 J 6.5 cps (two methyls split due

to meshylenes), a slaglet at 7.7 "(arosatic C-Gily), four aromatie
protoas at 3.07 Tand remainiag methylene protoas botweea 8.257%
8.757.

Zlothyl-p-cymeas (120):

This compound was prepared by Grigaard reactios of 2-
chlormethylepegymene (127) aad degonpositica of the complex with
water (Compt.Rend. 136, 372).

103, 2-Chloronethyl-p-cymeae (127):

This compound was prepared by methed of Turkiewiez (1940)
bepe 120%130°C/22 ma: Found Cl 2041% Gl 5Cl requires
Cl 19.8% IR V) max 1500, 1460, 1360, 1375, 1260, 330, 742 and 690
(=C~C1) oa™}, The NMR spectrum (Fig.XLVIII) showed the preseace
of isopropyl group (doublet at 3,777, J 7 cps), aromatic CeCily
as a singlet at 7,677, the methylene betweea the riag and chlerise
as a sisglet at 5,357 and eromatic protoas at 3.04 7split probably
due to asymmetry of the molecule.
40bs Z-Soehyl-peaymene (130):

This compound was obtained by Grignazd reactioa of 2-shlore-
methylepeaymene (127) according to the procedure described by
Vogel (1956) for beazyl chleride, The complex was decomposed with
water and worked up as usual. bep.76%78°C/7-8 mm, VPC indicated
a purity of 99% IRV max at 1615, 1579, 1510, 1472, 1362, 1378, 830
and 725 es™l, The NMR spectrum (Fig.iLIX) indicated the presence
of isopropyl group (doublet at 8,78 7,J 7 ¢ps) and the splitting
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1241
protoa between 7/~ 7.47, two aromatie ~C=Cilg groups at 7.8
and the three aromstic protoas at 3.197
il 3l )3

This compound was prepared by coadeasation of mexyleane (487 ml)
and isopropyl alcohol (24 ml) in presesce of sulphuric acid as
desoribed by Nightiagale aand Cartean (1940). At the ead of reaction
the prodaust was worked up and purified by distillatioa, b.p. 83%
86%/13 mm, The sompound was 90% pure according to VPC and was used
as such ia these studies.

12. WW“
ledei 1 thaleae (119):

Thése compounds were prepared esseatially according to methed
of Barnett and Cook (1933), The first step iavelved the condeasation
of sewethylaaphthalene with acetyl chloride ia preseace of aluninium
chloride as catalyst and mitrobeazene as the solveat (Dziewonski and
HMurusinska, 1933). The resulting ketone was coaverted to carbisel
by Grignard reaction which on debydration yielded l-meihyl,d-
isopropeayl naphthalene (119). This wasaturated compouad on hydro-
genation with Aden's catalyst yielded apocadalene (118)., The
compound was 90% by VPC and was used as such for further studies.

Growth studles:

Growth studies were performed essentially as described in
earlier sections. The growth patiern was regorded visually and
the data are preseated ia Table 10,
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GpTER VIL
SUMMARY AND CONCLUSIONS

The present studies were uadertaken in order to iavestigate
the modes of degradation of & and S-pineae by bacteria. A Psaudanenad
isolated from soil by earichmeat culture techaique was found to grow
on « and B-pinene. Awoag the other subsirates oa which it was able
to grow limonene, Ll-pemeathens sad p-cymene were importaat.

After ideacification of the culture, large scale ferrenta-
tions were uadertaken in order to isolate and characterise the
transformation products. The ether and butaael extracts of the
fermented broth were separated iate acutral aad acidic compenecats.

The neutral fraction from aepisene fermentatica oa chromato-
graphy yielded substaantial amowats of d(+) boraeol (47) ideatified
by its physicoechemical charasteristics and couparative IR spectro-
scopy with an suthentic sample. The fractioa moving slower on colum
than berseel could be demoastrated to goatain myrtemel (49) by VPC
ia additiea to borneol and small amounts of amother waideatified
hydroxylated compound.

From the acidic fraction a dicarboxylic acid has been separe-
ted through its spariagly soluble cyclohexylamine salte The
structure of this acid has been established as S-isopropyl pimelic
acid (33).

Besides this dicarboxylic acid, the mother liquers contained
a mixture of polar aad noapolar acidic fractions which were separated
by partiticaiag of the methyl esters betweea petroleum ether and
90% aqueous methanol. The nompolar methyl esters contained a fatty
acid wethyl ester ia additioa to a sumber of other compoaents which



could not be separated, iowever, the preseace of myrteaic (33),
phellandric (59) and perillic acid (30) methyl esters was demoasira=-
ved ia this fraction by comparative VPC.

Tee polar methyl ui.o;s on chromatography and sapeaificatioa
ylelded an acid ideatified as oleuropeic acid (50). Aaother hydroxy
aster (60) was also obtaimed by careful chromatography in the
fractioas moviag slightly faster than oleuropeic acid methyl ester.
The coatiauous ether extract yielded a dihydrexyacid of a probable
structure 42.

The fermeatation of B-pinene gave (-)borneol, the saturated
dicarboxylic acid (53) and appreciable amouats of oleuropeic acid
(30), Small amounts of another hydroxy acid (teatative structure,
63) could also be isolated by colwea chromatography of the methyl
estors. [a addition a fatty acid asd a monocarboxylic acid fraction
similar to that from @-piaene were also obtained.

Adaptive eazyme studies revealed that boracol, myrtemol or
even oleurepeic acid was: 10t exidised by pinene-grewa cells whereas
the monocarboxylic acid fraction was oxidised very rapidly. The
dicarboxylic acid (53) was oxidised at a very slow rate. Growth
and adaptive eazyme studies indicated that « or B-pisenc-grown
cells are also capable of oxidisiag limoaene aad Al~pementhene
with or without added chlorampheanicol iandicatiang the constitutéve
nature of limosene and A~lep-meathene degradiag enzymes in these
oells. It was also observed that the probable iatermediates in
oxidation of limonene aand Alepe-meathene (perillic alceohel, (49),
perillic acid (39), phellaadrel (73), phellaadric acid (59) )
were oxidised rapidly by pinene growa cells. Based oa the above
obgervations a hypothetical scheme for the degradation of pinenes
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by parallel pathways has beea preseated.

The first step in this schewe is the cleavage of the cyclo-
butane riag by attack of a protoa oa the double boad. The carbonium
fon (66) oa one haad is assumed to rearrange to give boraeol as a
side product. On the other, it rearraages to another carboaium
ion (68) which may be the probable precursor of all the p-menthenoid
compounds obtained ian these studies. This carboaium foa probably
participates in an eazywe-bound form in an isternal hydride shift
to form the carbonium fon (72) which may pick up a hydroxyl aaioa
from the mediwn to give 4-terpineol - the possible precursor of
the 4ehydrexy acide (61) and (65). The carboaiuwm iea (72) can alse
be reduced stercospecifically te A-l-pementhene by a sultable hydride
donor.

Further degradation of A-l-p-menthene or limoasene (obtalined
by elimination in the carbeaium ion, 63) iavolves the progressive
oxidation of the T-methyl group of these compounds to the correspon-
ding carbexy acids(39) and (59). These carboxy acids probably
undergo hydration at che le2 double bond to.gtvo the hydroxy acids
(40) and (77) which on subsequeat oxidation of 2-hydrexyl group
yield the mrﬁpondlag unstable B-keto acids (45) aand (73). These
B-keto acids on cleavage give rise to dicarboxylic acids (41) and (33).

The presence of an VAl-alcohol dehydrogenase (for dehydroge-
nation of perillic alcohol, phelleadrol and oleuropeic alcohol) and
aldehyde dehydrogenase (for perillic aldehyde, phellandral, oleuropeiec
aldehyde) have been demosstrated ia the cell-free extracts. Attempts
to demonstrate the presence of cyclobutane ring cleaving eazyme in
the intact cells uader aitroges and in the cell-free extracts were

not successful.
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Ia an atiempt to waderstaad the basic structural features
necessary in the substrate molecule before it caa serve as sole
source of carboan for this bacterium and to obtain further support
for the postulated pathways ian Chapter V, a nusber of compounds
were tested as growth substrates. Among the compounds with iatact
cyclobutase ring pinane (32), apopinens (91) failed te support growth
indicatiag the essentiality of the double bond (for proton attack)
and the T-methyl group.

The organism has beea fouad to utilise limonene, & lep-meathene
(74), A 1=7 pementhese (88),etc. but not the fully saturated p-meathase
(33), 2 8-p-menthene (34), l-methyl cyclohexeae (94) or O 3-carene
(24). eTerpinesl (09) was also found to be inactive as a carben
source., Esterification or etherification of the hydroxyl growp in
e~terpineol did not make the resulting compounds acceptable to the
bacterium as growth substrates, The sigaificaace aad stereochemical
implicaticas of these findings are discussed.

The growth oa pecymene (97) offered an unique opportuaity te
extend the iaformation regardiag the behaviour of this organism
towards model conpounds. A aumber of compouands has beea tested as
growth substrates. |The organism was capable of adapting most rapidly
to p-cymene (97). Next ia order were l-methyledesec-butyl benzeae
(114) and lemethyl, 4~a-propyl beazene (111). The orgaaism took loager
time to adapt itself to lemethyledesthyl beanzeae (102) and l-methyl-
4=-igopropenyl benzene (112). l-Methyl-d-isobutyl beazene (115) and
l-methyledetert butyl benzese (116) were very poor growth supporters.
l-Methyl-4-ethyl benzese (102) appears to possess the basic minimum
requirement ia a comwpound before it can be acceptable to this orgaaism
as a growth substrate.Vone of the other compounds tested was capable
of supporting growth of the orgaaism. The above data are discussed



in the light o
ight of the preoposed pathways for the degradatioa of
pinenes, limoneae and p-cymene






BURL0GRAPHK
Adamsg, R and deller, C,R. (1946) Organic Syntheses, Coll.Vel.l,2nd ed.
Joha Wiley & Soas, Inc., New York, page 109.

Alleng.F. Be(1947) Organic Syntheses, Coll. Vol. 2, page 3, Joha Wiley
& Soas, Inc., New York.

Anoa (1964) Chem,iage.News, Jas 20, pe.dl.
Arya, VePe (1962) J.scieindus.Res.2li, 331.
Austerweil,G. (1926) Bull.Soc.Chim,(Fr.). 39, 1643; Chem.Abstr.21(1927)740.

Babbdka, J., Volf,J. and Lebeda,J., (1933) Caech, 84, 320, Yay 1.
Chem,Abstr. 3Q (1956) 9636b

Ballal, NeRe, lu'unrt.l’d. and Bhattacharyya,P.& (1965) PQor to be
presented to the "International Symposium oa the Chemistry
of Terpenes”, to be held at N.C.L., June 1965.

Baeyer, Berichte 20, 9206, 2560. (Beilstein § 60)

Baraett, B.de Barry, and Cook, J. We (1933) J.Chem.Soc. 22,

Baum, ReH,, and Guasalus, [.Ce (1962) Bact.Proc. p. 108.

Beerstecher, £. (1954) Petroleun Mjcrebiology, New York, Llsevier Press, Inc.

Bellstein; Beilsteins Handbuch Uer Organischea Chemie §, 800,

Bertland, AeU. II, Johasen, Sally, aad Guasalus, I.C. (1963)
Bagt.Proc. P08,

m‘mﬁ P. &, Prema, B, R,, Kulkarai, B, D. and Pradhaa, S K. (1960)
Nature (Lond.) 187, 699.

Bhattacharyya, P. K., Prema, B, Hey M‘l‘.". Re Se amd Ramachandraa, B. V.
(1963)  Iad. Ju Gheme ), 17l

Bhattacharyys, S. C. and Jain, T, C. (1959) Tetrahedroa Letters § 13.
Bose, 5. i+ (1939) Scieace and Culture, 4, Yo. 2, 99.

Bradshaw, W.H,, Coarad, H.d., Corey, E.J., Guasalus, I.C. and Lednicer,D.
(1959) J.An.cln. « 81, S5507.

Brady, OJd.. axd Day,J.NéE. (1934) J.Cheu,Soce 114.



Lo

braws, Ge (1946) Organic Syatheses, Coll.Vols I, 2ad ed. p.431

Joha Wiley & Soas, Ipc. New York.
Breed, Re S., Wurray, L. Go Do and smith, Ne Re (1957)

Bergey's masual of Determisative Bacteriology, Tth ede,

Wwilliams & Wilkias, Co., Baltimore.
Brockmana, H. and Schodder, H. (1941) Berichte 74,- 73,
Browa, B. R. and White, Al S. (1957) Jl.Chem,Sec. 37535,
Champagaat, A. (1963) Nature (Lond.) 190 13.
Champagaat, A. and Llewetyn, D.A. (1962) New Scieatist 1L 612.

Chapman, P.J., @0, Jyb-Fa and Guasalus, I.C. (1963)
Fed.Procecdings 22, 296.

Goarad, H.éi., Corey, EeJe Guasalus, I.C. and Hartmasma, R, (1961a)
Fed.Proceedings 20, 48.

Conrad, H.i. DubBus, Re and Guasalus, I.Ce, (1961b)
Biochem. Biophys. Res. Comm, & 293.

Gonrad, Hei. Dubas, R, asd Guasalus, I.C., (1962)
Fed.Proceedings 2L, 52.

Coarad, Heie, Dubus, R., Nemtvedt, ¥.J. aad Guasalus, I.C.
J.Biol.Chen, (to be published)

Coarad, Hei. Lieb, K, and Guasalus, I.C. (19688) Fed.Proceedings 23, 429.

Coarad, Heie Dubus, R, Lieh, K. and Guasalus, 1.C. (1964b)
Abgte VI Iatera. Coag. Biochem. New York, pe 30}.

Cram, DJJ. and Steimberg, H. (1951) J.Am,Chem,Soc. I3, 50696,

Dagley, S., Gvans, W.C. and Ribboas, D.¥. (1960) Nature (Lead.) 133, 560.
Darlington, W.A. (1964) Biotech.Bioeag. §, 24l.

Davis, Je. asd Raymond, Ru. (1961) Appl.iicrobiel. 9,333,

Dev, S. (1935) J.Iad.Chem.Soc. 32, 202.

Dev, S+ (1956) J.lad,Chen,Sec. 33, 703.

Dhavaliksr, R.S. (1964) Ph.D, Thesis, Poona University.

Dhavalikar and Bhattacharyya (1964) - see Bhattacharyya,P. X et al (1964)
and Dhavalikar, R. S. (1964)

DuPent, G.(1929) Bull.iast.pin. 269, Chem.Abstr. 24 (1930) 356.
DuPoat, G. and Doluly, P. (1951) Bull.Soc.Chin{Fr.) & 29.



Dalewodski, £ aad Marusidska, M. (1938) Bull.intera.acad.polea. Soley
classe sci.Math, nat. 19384, 316. Chem.Abstr.33(1939)1712

Eppsteia, 3.H., Neister, P.D., Murray, H.C. and Petersoa, D.¥. (1936)
Vitanins and Hormones 14, 359.

Gsohinagi, Hei. and Pines, He (1959) J.Org.Cheme 24, 1369.
Evans, W.C. (1963) J.Gea.Microbiol. 32, 177,

Farnow, H. and Porsch, F. (1964) Dragece Reporis, pe. 99.
Foster, J.i. (1962) Aatonie Van Leeuwenhoek, 23, 24l.

Fried, J,, Thoma, R4, Perlaaa, Doy Herz, J.i. and Bormana, A. (1933)
Receat Progress in Hormoane Res. 11, 149.

Fuhs, Geif. (1961) Arch.Mikrobiel. 39, 374.

S I.&’um;‘m:r :'gh.:;:.lgwlm redox system
July 15-19 at Asherst, Nass.

Happold, F«C. (1950) Symp.biochem, Soc. §,85.

Hedegaard, J., Coarad, Hei. and Guasalus, I.C. (1961) Bast.Proc. 193,

Hennion, G.F. and Kurtz, R.A. (1943) J.Am,Chen.30c. 45, 100].

Herz, W, and Wahlborg, H.J. (1962) J.Org.Chem. 27, 1032,

Ipatiefsf, V.Ne, Czajkowski, GeJ. and Pines, H. (1951) J.Am,Chem.Soc. I3, 4098,

Jacobson, L.A. Bertland, AJ. II, Guasalus, I.C. (1964)
Bact.Proc. p.103,

Johason, M.J. (1964) Chem, & Inde Sept. 5, 1332.

Kay, JeWede Conrad, He. and Guasalus, I.C. (1962) Bact.Proc. p.108.
Kergemard, A. (1956) Bull,Soc.Chim, (Frasee) 1356, ChemeAbstr.§L(1957)3512"
Kergomard, A. (1957) Bull.Soec.Chim, (Frasce) 1161.

“ergomard, A. (1958) see Nergomard & Philibert (1958) & Philibert & hrgo;;.t;l
(1

Kergomard, A, and Philibert, J. (1938)
Bull.Sog.Chim, (Fraace), 393 (also see Philibert & Kergomard, 1958)

Kolthoff, I.¥., Lee, TeS. and Mairs, M.A. (1947) J.Polymer Sci. 2 199.



1395

Kuo, JybeFa, Prairie, R. and Guasalus, I.C. (1964)
24 h”"o“”oﬂ‘“’ﬂo New York, Pe 317.

Le-Gall, J., Bertlaad, AJ.[L Namtvedt, H.J. and Conrad, H.E. (1963)
Fed.Proc. 2935.

~Le-Gall, J. and Guasalus, [.C. (1963) Bast.Proc. p. 105.

Lipp, P. and Witgert, H. (1930) Berichte G, 411. Chem.Abstr.(1930)24, 3002.
Hackie and McCarteney (1949) Haadbook of Practical Bacteriology, Sth ed.p.14S.
- Madhyastha, &5, Shukla, O.P. and Bhattacharyya, P.d (1965)

Paper to be presecated to the “"Iaternatiosnal Sywposium on the
Chemistry of Terpeaes™, to be held at N.C.l.Poona, India, June 196S.

Maheshwari, M..., Jaia, T.C., Bates, R.8. and Bhattacharyya, S.C. (1963)
Tetrahedroa, 19, 1079.

Matthews, A. (1924) JeAgri.sci. 14, 1.

Hayer, P, aad Neuwberg, C. (1915) Biochem. Z, 7], 174. Chem,Abstr.9(1915)3058.
Mochoulam, R., Naftali, D. and Mazur, Y. (1962) Tetrahedroa Letters 14, 709.
Meiawald, J, and Frawenglass, L. (1960) J.Am,Chem,Soc. @2, 5235,

Moyer, H, and Bershauwer, K. (1929) Hoaatsh 53 and 54, 72]. Chem,Abstr.
24(1930) 346.

Miller, T.L., Lie, S. and Johasoa, 8.J. (1964) Biotech.Bioceng.f, 299.
Miyosni, M. (1395) Jahrb.%Wiss.Botan. 28, 269.

Molineri, E. (1929) Biochem. Z. 214, 197.

Neuberg, C. (1950) Biochim., Biophys. Acta 4, 170.

Neuberg, C. aad derb, E. (1918) Biochem. Z. 92, 1ll.

Nightingale, D. and Cartea, BeJr. (1940) J.Am,Chem,Soc. 42, 230,
Nystrom, R.F. and Brown, W.G. (1947) J,Am.Chem.Soc. 49, 2549.
Pajean, Re (1949) Bull.S0c.Chime(Fr.) (3), 16,390,

Pasqualiaf, J.t. (1963) Aan.Caime @, 27.

« Pauly, H, and Fewerstein, X. (1929) Berichte Q2B, 297.

Petersoa, D.He and Hurray, H.C. (1952) J.Am,Chem.Soc. I4, 13871.
Philibers, J. aad Hergomard, A. (1958) Bull.30c.Chime(Fr.) p.1174.
Pines, d., Strehlau, D.8. aad Ipatieff, V.N. (1950)J.Am,Chen,Soc. 13 1563.



Poos, Gel., ATLR, G.i., Beyler, R.E. and Sarets, L.H. (1953)
JoAm, Cheme Soc. 13, 422.

Prema, B, R, and Bhattacharyya, P.X. (19628) Appl.Mjcrobiol.ld, 524.
Prema, B. 8, and Bhattacharyya, P.X. (1962b) Appl.Microbiol.ld, 529.
Prilejaiev et Verchouk (1929) Zh.fiz.ihim. @1, 456.

Prilejaiev et Prokopchouk (1933) Zh.Obsch.ihim,, 866.

Raymend, R.L. aad Davis, J.B. (1960) Appl.Micrebiol. @ 329.

Rogoff, M.H. (1961) Advanc. appl.Microbiol. 3, 193.

sadgopal aad Varma, D.35. (1952)Soap Perfusery and Cosmetics, 25, 169.
Saadermann, W. and Schweers, W. (1962) Tetrahedron Lesters, I, 257.
Schlatter, M.J, aad Clark, R0, (1933) J.Am.Chem.S00. I8, 367.
Seubert, W. (1960) J.Bact. 19, 420.

shiio, L., Otsuka, S.I,, Isbii, R., Zatsuya, N. and Iizuks, H. (1963)
J.““o%lo“'““‘.‘-’*“) % 2.

Somerville, W.T. aad Spoerri, P.E. (1952) J.Am,Chen.Sec. 14, 3803.
Stagier, R.Y¥. (1947) J.Bact. 34, 339.

Stanier, R.Y. (1951) Asa.Rev.Microbiel. §, 35.

Staader, R.Y. (1935) Neth.Zazymol. 3, 273,

Talalay, P. (1957) Physiol.Rev. 3L, 362.

Tamm, G (1960) Planta Medica g, 331.

Tamm, CH. (1962) Angew.Cherm. International Edition, 1, 178.

Tausson, 9.0, (1950) Basic Prisciples of Plaat Bioenergetics (Collected
works) Ed. N. A, Maximov, U.5.5.1. Acad. Sci.

Turkiewiez, N. (1940) Berichte, I38, 0961. Chem.Abstr.38 (1941)3247°

Unmbredit, W.9W., Burris, R.H,, and Staufler, J.F. (1959) Nanemetric
Techaiques, Burgess Publishiag Co., 3rd ed, MNimneapolis.

Urry, Wi, and Mcolaides, N. (1952) J.An.Chem.Soc. 14, 5163.
Vischer, 5. aad Weststein, A. (1957) Aagew.Chen. @8, 456.

L3b



187
Vischer, E., aad Wettsteia, A. (1933) Advaances in Eazymel. 20, 237.

Vogel, A.d. (1956) Fractical Orgaaic Chemistry, 3rd ed, mmz:: Co.
ole

Warburg, O. and Christian, W, (1942) Biochem.Z. 310, 382.

Yamada, K, Takahashi, J. and Kobayashi, K (193) Nature (Lood.)1S8, 1115.
ZoBell, C.i. (1946) Bact.Rev. 10, 1.

ZoBell, Cue (1950) AdvanceBazymol. 10, 443.



