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Part 1. THE METABOLITES OF PENICILLIUM PUBERULUNM BAINLER.

1.1 Introduction.,

For millennia the rungi have contributed to the
ease and diseese of mankiund. The action of yeast in
promoting the fermentation o1 diverse carbohydrate
sources to yield beer was known to the Philistines
ca.1100 B.C. while the ‘unleavened bread® of the
Israelites wap produced by the delivarate omission
of yeast from the baking mixture. It is certein
that the controlled use of fungi has played a major
part in food production frém the earliest periods
of civilisation. |

Baking and brewing still represent the most
significant applications of microorganisms but, in
recent'yearaﬁ great advances have been nade in the
field of chemotherapeutics by the direct use of
fﬁngal metabolites e.g. penicillin, griseofulvin and
the tetracyclines. The potential uses for new meta-
bolites are so important that the investigation of
fungal cultures by modern enalytical techniques is of
more than theoretical interest,

The Fungi {Phylum Hycophyta) form omne of the

larger groups within the plant kingdom. Although



the ﬁore familiar ‘mushroom‘ members of this group
have maoroscopic truiting bodies, most species are
inconspiouous and may in fact only be vieible under
the mioroscope. The essential difierence between
the Pungi and the true plants is that the Pungi
lack ohlorophyllkand thus do not possess the abil-
1£y to ocarry out photoeynthesis. For this reason,
they are found in nature either as Saprophytes
{on dead plant or animal tissue) or as Parasites
(on 1living tissue). 3y these adaptations, they
ere able to secure & supply of essential carbo-
hydrates which they further transform as required.

The fundamental unit of fungal structure is a
tube-like element or hypha which consists of an elong-
ated oylindrical wall of polysaoohéride material con-
taining a mass of cytoplasm and many nuclei which may
or may not be seperated by cross-walls, the gepta.
The mass of hyphae that makes up & fungal growth
is termed & mycelium.

The olassifiocation of rfungl ie based on morpho-
logioal oriteria and need not be detailed here,
ﬁnwsver, the four mein groups are: |

Phycomyctes (tube fungi)



Ascomyoetes {sac fungi)
Basidiomycetes {ciudb fungi)
Fungi Imperfecti.

Penicillium puberulum Bainier can be placed in
the Ascomyoete clase and is distinguished, like all
the Penicillia, by the characteristic pemicillus
(Lata *little bruah‘) form of the modified hypha
which'oarries the organism’s apexusl spores. The
detailed classificstion of the whole genus has been
desoribed by Reper and Thom  buv it must be pointed
out that the interspecific differences are often
very elighi., Furthermore, great ocontroversy exisis
on the precise placing of the Penioillie as 2 whole
and many authoxrs prefer to assign them to the PFungi
Imperreotigo

gggnherulum ie regerded, with some reserva-
tions, as a member of the Fasciculata sub-section of
‘the Asymmetrioa group of the Penicillia®, with-
in that sub-pection, it is olassified with the
gbggologggg eeries, a widely distributed family
frequently encountered on stored grain, P.puberulum
itself was first desoribed by Bainier® 1n 1907 ana

since then it has been found on maizea, maata,




HO\




7 8 G
gheege ; wood , znd peanuts .

The structure of penicillic acid, first isolated
by Arlesberg and Black from P.puberulum cultures in

5]
1913, was shown to be (1) by Birkinshaw, Oxford
1\
and Raisirick more than tventy yesrs later Uo 1t

has since been isolated from gocyclopium11 and

1z s
P.baarnense as well as P.thomii, P.suavolens and

. 13
Aspergillus ochraceus ., This compound is formally

a derivative of tetronic acid {2) and, despite its
branched structure it isc derived from orselliniec
acid (3) by ring cleavage and the loss of carbon

C e 11,512,114 . .
dioxide . Msny other tetronic acid de-~

15
rivatives are known microbial products and the

biosynthetic routes to several of them e.g. carolie

16 7
(4) and carlosic (5) acids  and tenuazonic acid (6)l

have been studied.

The tungal tropolones have :resented a chal-
lenge to many iirst-rank organic chemists since the
original isolation o1 puberulic (7) and puberuloniec
(8) acids from P.puberulum cultures in 193218p They

are produced by several other Penicillia and the

work leading to their structural elucidation has

been well reviewedlgo Related compounds, stipitatic (9)



< GOgH

COLH G,

1 acetylCoA + 3 malonylCod + 1 C; =» Cg precursor + 3 CO,




end stigitatonio {10) acids, have been isolated from

. 20
g.stzpitatum‘ » The detailad diosynthesis of this

olass Ol compouna remains cbscure although the
sophisticated rudlotracer experimenits of Bentley
and others have demonstrated that the tropolone ring
is built up from acetete and malonate units with
orsellinic acid as & possible J'.za’t;teu'med:latez1 e.8o
(3)-at~(10). 1 this were proved, orsellinic acid
might represent 2 ‘dbranching point® of the secondary
metabolism o1r these fungl, one pathway leading to
the penicillic acids and another to the tropolones.
A variety of additional compounds have been
isolated from P.puberulum. These include ergosterol
(11)22 (a very comamon fungul produgtls) and an un-
identified photosensitive compound, ¢ __H N O 3

171222
The most recent report on the metabolites of this

fungus is that of Hodges et aleg who have found a
strain of P.puberulum which produces the aflatoxins
Bi and Gl with the respeetive dihydroderivatives,
efiatoxine B, and 62 (12) when grovn on a variety
of substrates, incluaing shredded wheat. The
aflatoxins, originally extracted from toxic peanut
meal conteminated with Asvergillus flavus Link ex




24
Fries , give rise to characieristic liver damage
in animals. Their structuree have been investigated
25 26,
by chemical and by X-ray crystiallographic means .

In the present study, Penicillium pudberulum

Bainier has been subjected to further chemical anal-
ysis to ascertain whether it has the ability to &éke
quinolone derivatives which is possessed by two
genetically related fungi. As will vecome apparent,
the available strain dces have thisability. |

Viridicatin (13) was rirst isolated by Cunning-

hem and Freeman from tne mycelium of P.viridicatum

2
Westling 7@ They established its molecular formula,

(31531102N9 and prepared seven crystalline derivatives,

including a monomethyl ether m.p. 259°“ One of the
oxygen atoms of the parent compound was shown to be
present in a 'phenoliec’® hydroxyl group and the other
probably in a cyclic amide. Insutticient material
was available for degradative studies since their
fungal strain ceased to produce viridicatin in
oulture. Such losses of synthetic ability are
frequently encountered and can only rarely be
reversed.

The structure of viridicatin was shown to be

(13) by Bracken. Pocker and Raistrick, who obtained







it from the myocelium of five sirains of P.cyclopium
Westlingzso Proof of this strusture was achieved

by alkaline oxidation of the compound io g-amino-
henzophenane {14} and oxalic acid. Oxidation of
viridicatin with potassium permanganate in boiling
acetone or with hydrogen peroxide in glacial acetic
acid-at 100°9 gave good yields of oxalyl-o-amino-
bengophenone (15).. These results,combined with the
proven identity of synthetic (13) with the naturally-
ocourring material, demonstrated that viridicatin

possesses the unusual 3-hydroxy-4-phenyl-2-quinol-

one system. Bracken, Pooker and Raistrick prepared
peveral new aerivativea, including 0,0-dimethyl-
(18) and 0,F-dimethylviridicatin {17). A signif-
icant part of their work was concerned with the
structural eluciduation of cyclopenin, 617H1493N 5
which they isolated from the culture filtrates of
a sixth strain of P.gyclopium. Cyclopenin ie
ryadily decomposed by dilute mineral acids ylelding
ons mole~equivalent eash of carbon dioxide, metiy-
iamine and viridiocatin. Using this fact, they
proposed alternative struotures (18) and (19) for

oyoclopenin.







In addition to viridicatin and oyciopeuin, the

meta-hydroxylated suelogues have been found in
Penicillium ocultures. The viridicatin enalogus was
first reporied; as ‘alkaloid X° by Luckner and
Mothes 29,306 It was found, together with viridi-

catin itself, in mycelial extracis of P.viridicatum.

The oulture riltrates (the liguid on which the
mycelium bad grovwn) were shown %o contaim oyclopenin
and 1ts hydroxy-enelogue ‘cyclopenin B! now termed
oyclopenol. ‘Alkaloid X° hes been shown to have the
struoture (20), by degradative siudies and unambigu-
ous syntheeissl’az, and has beew named viridicatol.

A new proposal for the structure of oyclopenin
has been made by Mohammad and Lucknsr33, who guestion
the previous suggestions of Bracken, Pocker and
Raiatricsz, (18) and (19), and suggest on the baeis
| of spectrosvopilo and further degradative studies
that (£1),RsH, better represents cyclopenin. Since
its congenor, cyolopenol, yields viridicatol on
treatment with dilute mineral acid it would have
structure (21),R=0H.

A very convenient synthesis of viridiocatin from

phenyldiagzomethane and isatin, together with the



preparation of N-methylviridicetin, has been des-
cridbed by Eistert and Selzer:ﬁ°

Thé bicsynthetic route to the unusual viridi-
catin system has received attention29’30’33 and will
be discussed in a later section.

The connection between these known metabolites

of P.cyclopium end P.viridicetum and the present

study should now be considered. On chemotsxonomic

grounds, it seemed possibie that ganuberulum might
produce viridicatin or & derivative of a related
quinolong since a survey of all the reported meta-
bolites of the P.cyclopium series of the Penicillia
(to which P.puberulum belonge) indicated certain

correspondences with those of the P.viridicatum

series,
. .15

P.cyclopium series.
1. P.cyclopium produces penicillic acid (1),
palitantin (22) cyclopaldic (23) and cyeclopoldic
(24) acids (related tao the tropolone precursor« ?),
viridicatin (13), viridicatol (XX), cyclopenin (21),
R=H, and oyclopenol (21), R=OH.

2,3, P.gurantio-virene and P.johannioli (eyn.P.

martensii) produce puberulio (7) and puberulonic (8)
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aclids,

4, P,puberulum produces puberulic (7) and puber-

ulonic (8) acids, as well as penicillic aeid (1).
Intermediate fgrm%s

1. P.cyclopium-viridicatum produces puberulic (7)

36
and puberulonic {8) acids.

s s . i5
P.viridicatum mseries,

1. P.viridicatum produces a tetronic acid-viridi-

catic acid (£5), viridicatin {13), viridicatol {20},
oyclopenin {21), R=H, end cyclopenol {£1), R=OH.

2. P.olivino-viride has apparently not been studied.

3, P.palitens produces palitantin (Z2).
A comparative analysis oi these patsierns prompie
several questions. Thus = do all of these fungi

make tetronic acids? Do the members of the P,

viridicatum series produce tropolones 7 Finally,

is the ability to produce viridicatin derivatives

confined to the fungi P.cyclopium and P.viridicetum?

The examination of P.puberulum metabolites de-
tailed in the following section has resulted in the
identification of a new viridicatin derivative as
well as the partial oharacterisation of a series of

novel long-chain amides.



i1

This sonfirms the indirest; ohemoitaxonomioc,
evidence that P.puberulum migh+t producse quinolones
and suggests that ‘Hropolones and guinolones may
be formed Dy the seme fungus,

1.2, RESULTS AND DiASCUSSION.

The metabolites of Penicillium puberulum

Bainier were oxamined with the specific intention
of deteoting aninolone derivatives. The fungal
strain employed {L.SHTMP.47) was odbtained from the
Department of Biochemlisiry, Londen School of Hygiene
end Tropical Hedicine and was culitured here in the
Joint Myoologleal Iaboratovies, Dspariments of
Botany and Chemistryo..

The seed reouired ror the main culiture was grown
on malt agar end the myocelium inoculated into 150
‘Glaxo’ bottles each containing 5§00 ml. of Czapsk-
Dox medium (aeel) with added ‘Corn Steep Liquor®
(10 l.nl./litre)° Arter five weeks, the mybelium had
fragmented and its colour had begun to change from
green to brown. Accordingly, the mycelium vas fil-

tered off, dried, and weighed before extraction with



ohloroform. The examination of the mycelial ex-

tracts will be detailed below.

1.2,1. METABOLATES 1IN THE CULTURE FILTRATE.

The culture filtirate, amounting to 75 litres,
wae treated in batches with 10gm./litre of bone
charooeal for %wo hours, The charcoal was then fil-
tered off and contimnously extracied with acetone
for two days. Reduction of the ascetone extracts
gave a brown iar which was partitioned vetween water
and ethyl acetate,

Column chyomatqg?aphy of the wrater-soluble
fraction over deactivated alumina did not yield any
promising material.

The organic phase from the partition was dried
over sodium sulphate and the solvent removed under
vacuum. The residue was dissolved in acetone and
the solution reduced to give an 0il which was iri-
turated with petroleum ether (60=80°), The portion
insoluble in petroleum ether only contained materisl
resembling a polypeptide and was not further ex-
amined.,

The portion soluble in petroleum ether gave an

intense green colour with methanolic ferric chloride

12
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solution. Sinoe this is one sharacteristic of

viridicatin =8 (and, of course, many other phenolic/
enolic systems), the yellow solution was reduced in
bulk to 50 ml. and an equal volume of ether added.
Over a period of three weeks at OOC, itwo crops of
colourless prismatic crystals were deposited. The
£irst ovop had melting point 245-50° and gave the
intense green ferric chloride veaction. 1t was
analysed by thin-layer chromatography om Kieselgel
G, using 9:1 chlqrororﬁhethanol as the eluting =olvent.
The compounds presenty were made visible by oxida-
tion with ceric smmonium nitrate and by ferric
chloride colour reactions.

Two trace components (Rf 0.26 and 0.53) giving
positive green ferric chloride reactions were detec-
ted in the first crop. The comyoneﬁt ﬁith R£.0.63
wap shown to have an ultra-violei spectrum and base
shift oharacteristics identical with thos of viridi-
ocatin. Ineufficient material was available to permit
more detailed study both of thie compound and the
component with Rf 0.26.

By far the major comnstituent of the first
eyrop of orystale was the material with Rf 0.71,
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which may be termed °4', Iu sharp contrast to the
other metadoliites, *A' did vot give & solour with
ferric ohloride. This, coupled with i%s position
on the plate, suggested that if it were a viridi-
catin derivative, at least ons of the polar func-
tious of the fundamental S-hydroxy-4-phenyl-2-
quinolone system must be masked. As & reasonable
first step towards the identification of +this meta-
bolite, it was decided %0 accumulate as much as
possible of pure ‘A’

The second crop of crysitals from the cultuvre
filtrate petroleum ether-soludle material provedl
%o be pure °‘A° snd a further lerger quantity of the
compound was obtained by columm chromatography of
t“he mother liquors over deactivaited alumine using
gradient elution technigues. The earlier fractions
wvere eluted with petroleum ether (40,600) progres—
sively enziched with benzene and merely contained
large quentities of lipide. However, fractions
42-47, eluted with a 1:4 ether/benzene mixture.
contained a orystalline metabolite ‘B’ that has been
further examined. For the purpose im view, the

importent result of this chromatogram was that




'faeoametny1=

Vlridlcatin Derivatives.

Rf on Kieselgel G ulth Colour
pmpound. Structure. 9:1 CﬂClaoﬁeOH GHClB, Feclg,

ﬂ%ridicatin, (13) - - 054 0.05 +ve green

o< 0.71 0435 ~ve
(15),Nﬁ035 0.90 0639 +Ve green
“O'Qaélmeunylm o R
glrldlcatlﬁ (16) 0.90 0.40 -Ve
iridicatol (20) ;R=H 0.12 0,00 +Ve green
¢ e Qi Ty Lo ) .
Firidicatol - '(20)533635 0.40 0.00 = +ve green
*

This compound was the generous gift of Professor B.Eistert
of Saarbriicken. , _ ‘
This was identical with naturaloand;synﬁhet;c,viridicatp;m

kindly provided by Dr.ll.Luckner of Haaie,vﬂ’x
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tractions 51-556, eluted with pure ether, contained
147 mgm. of crude 'A’. This was decolourised wifth
animal charcoal and recrystallised three times from
methanol. Combined with the twice-recrystallised
material from the two orope from the petroleum
ether solubles, the total guantity of pure °*A°’ aéail-
able was 158 mgm.

Viridioatins4 and its 0,0- and Q,N-dimethyl
derivativeaza were syntheeised by procedures al-
ready reported and proved to be useful standards
for the analyéie of P.puberulum quinolones. The
struoturee, mobilities and colour reactions of the
viridicatin derivatives produced for thie study are
shown in the table.

Hioroanalysis of °A* indicated that its empir-
ical formula is °16513°2’° This imhediately sug-
gosted tht it aight be one of the three theoreti-
oally possible mono-methylated viridicatins X, ,¥ ).
This general hypotheeis wae supported by the olose
spparent esimilarities between the inira-red svectra
of ‘A’ and authentio viridiocatin shown in the
diagrame. Thus both exhibit an intense broad band .

near 1656 om * which i» one characteristioc of a




VIRIDICATIN

COMPOUND &

_ | =

3-O-METHYLVIRIDICATIN

3500 3000
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s 37
Z-guinolone, fu addition, bovh heve sirong avsorp-

)

tion bands in the region 15700156@ cm . These

two bende may be assigned with some confidence %o

the C=0 siretching (Amide 1) and N-H bending (Amide T )
modes of a secondery amide group. Purther, viridi-
catin has a sharp band at 3359 @mal which is no%
paralleled by °A' but is rather replaced by bands, at
2850-30 cmﬁlg 1125 co~ ' and 1017 cmnlg characteris-

tic of a methoxyl grouping,38

Since N-methylviridicatin does not show ab-
sorption in the 1560 on™> op 1000 om regions,
but doee have a sherp dband at 3360 emﬂla ceriain
inferences seem Jjustified,

The fact that °A° exhibits absorntion character-
istic of & secondary amide is evidence that struc-
tures (# and 5 are not preferred for "A°. This is
reinforced by the fact that °*A° does not show bands
for the hydrox&l stretching mode in the region
3600-3200 cm -. The strong probability that A
poesesses a methoxyl group is indicated and thus
the preferred structure for °A* iso(; which may
now be named as 3-O-methylviridicatin, This ac-

cords well with the observation that 'A° does not




Ultra=-viole® Spectra _of Viridlcatia and 'A%,

Viridicatin,
205  (26,400)
223 (37 c00)
234  (21,100)
241 (18,500)
282 (7,900).

. .289 (6=8d9)ﬂll
308 (7,4Q0)
319 (9,900)
351 .(8,300)"

Viridicatin + Base.

207 (n.m.)

218 (33,600)
226 (31,000)
253 (17,300)
284 (7,900)
295 (8,400)
331 (13,300)
341 (14,800)

~ = no peak in this region. n.m, = not meaéured, S

All peaks in qp,,with epsilon values in brackets.,

24
205 (36,600)

223 (40,500)

“»

281 (8,200)
313 (7,300)
324.5(9,100)
337 (6,400)
*A' + Base.

207. (n, 1179 )

«»

230 (42,200)

278 (7,300)

313 (6,100)

326 (8,400)
338 (7,300)
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give a colour with Terrie chloride soluition and
permits the suggestion shet cheletion between the
amide carbonyl and a free d-hydroxyl group is es-
sential for é positive reacihion.

Further evidence thay ‘A’ is & viridicatin
derivative and thas its likely struciure isd was
oviained dy a comparative study of the unlira-violed
apéatra of ‘A" and viridicatin. As shown in ihe
tablie, thers are close similarities between the
speovtra of these compounds im neutral methanolic
solution, particularly in ihe region 305-340 ma,
whare a triplet of bands (possibly characierisiic of
the 3-oxygenated-4-phenyl-2quinolone sysiem) is
evident. The erfrect of base on the spectyum of
vi;ﬁdioaxin is immediate and striking since the
triplet ies repleced by two high intensity bands
at longer wavelength and the two wands at 234 and
24ixqp are replaced by one ai 263 mR. Acidification
6;Tthe solution reptores the original speotrum.

'éﬁé addition of base to a methanolis solution of
}°A; causes no signirioant change in its ultra-
viélet spectrum apert from slight alterations in
ihé.relative intensities of the bands.

From these observations, it is olear that
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viridicatin possesses an acidic ionisable grouping

not present in ‘A’ and also that the absorption
bands of viridicatin whioch are not paralleled in

°A' probably result from the electronic itransitions
essociated with this ionisable grouping., The
structure of viridicatin is such thai only the ‘phen~
olic® 3-hyiroxyl function can meet the requirements
of this data. fherefore the siructure of 'A° must

be such as 1o exclude the jonisation of this group-
ing. This reinforces ithe apsignment of struciure o
to 'A° arrived at from iniva-red dale=.

Final proof that this is indeed the structure
of "A° was achieved by comparison of the natural
materiel with synthetic 3-Q-methylviridicatin.

The work of Cunningham and Freemanp did not
permit a definition of the structure of viridicatin
buty, as hes already been described, among the seven
crystalline derivatives prepared by them was a
monomethyl ether with melting point 238°, This
is somewhat iower than that of pure °A°f (248=9°) but
the poesibility existed that their compound was the
3-0-methyl ether of viridicatin especially since
Eistert and Selzer 34 had prepared the N-methyl

o
compound and reported its melting point as 208-9 .



Accordingly, ihe procedure of Cunningham and Ereenwmh 1
involving reaction of methyl iodids with thé silver
seit of viridicetin, was followed in repeated at-
tempte %o obtain itheir mohbmethyl ether, 1In our
hands, howsver, none of the reporied monomethyl
ether was produced, almogt all of the product being
0, N=dimethylviridicatili aept.195=?e, identified with
an aﬁthemtic pamnpla. é@lumm chromatsography of the
tosal product of this attempiod wmonomeithylation
over alumins did iﬁ faet produce 2 small amount of
a orystalline viridicatin derivetive m.pt. 20%99
giving a positive green ferric chloride test. Thasg
this nas N-methylviridiocatin was contirmed by later
comparison of its infra-red spectrum with that of
an authentic samplew.

Since it was deemed essential to obtain a
sample of 3-Q-methylviridicatin, several further
attempts were made to prepare it by standard
methylation procsdures using the established thin-
layer chromatogrephic systems for evaluation of the
producte. The major product in each case was the
O, N-dimethylated compowad, 1litile or none of the re-
quired product being observed.

®* This was the geneéous gift of Professor B.Bistersi.
of Saarbriticken.



The desired monomethyl sther was ultimately
prepared in low yield by & method snalogous to that
employed by Fales and Wildmen for the selestive
methylation of secondary hydroxyl groups in
Amaryllidaceae alkaloidasg, Their technique re-
quires that e potassium saly of the compound be
dissolved in bengzene and methyl-p=toluenesulphonaie
added. This was not applicsble 1o the viridicatin
series sincs the parent compound and its salts ave
almodt totally inscluble in benzene. Accordingly,
a search was made for an inerd solvehﬁ capéble of
diesolving both viridicatin and the methylating
agent., Dioxan proved to be suituble and the a-
mounty of methylepatoluanéanlphonate calculated %o
give monomethylation was added to & solution of
viridicatin., The mixture was heaied for four hours
under reflux and the solvent removed at the water
pump with heating. The residue was dissolved im
squeous base and O,N-dimethyiviridicatin extracted
with ether and chlorotroram. The alkaline aqueous
eolution was aciditried with dilute minersl acid and
the resulting suspension extracted with ether. The
puritied material obtained in low yield from this

ether extract proved to be 3-O-methylviridicatin



21
(mpoﬁé?mQQ) a8 judged bylts chromutographic mobil-
i1ty, lack of ferric chloride colour reaction, micro-
analysis, intra-red and ultraviolet spestira.

In all of these properties, as well as mixed
melting point, 3-0-methylviridicatin was idemtical to
compound ‘A’ isolated from P.puberulum. The
structural proof or this hithertoc unknown me$abol-
ite has been publisnedn%o

The evidence presented above demonstrates thaib
P.pubernlum shares the ability of P.cyclopium and

P.viridicatum %0 meke cuinolones. The biosynthetis

implicetions of thig will be discussed later,
Reference has already been made to & previous

erystalline tfrection °RB° irom the column chromato-

gram of the extractives of P.puberulum culture fil-

trate, Compound °B° was obtained in small quantity

from the material eluted witb 4:1 benzene-ether.

The crude materiml (166 mgm.) wase crystallised

twioe from 1:1 ether-petroleum ethér (40-60°) to

give colourlees needles m.pt 178-80°, Although TLC

of this compound ehdwed only one spot (Rf 0.09 with

CHC1l,) it almost certeinly contained & nitrogenous

)

contaminant. Thus, microanalyeis indisated the

Poesible empirical formulae b59o63589a9?08N9 or,



neglecting nitrogen, 0 The nuclear

G28§393%2 5=
mégnetic:resonance spectrum of ‘B’ was so sirongly
reminiscent of steroidal compounds that the 623936
formulavion is absoluitely preferred. This is

borne ownt, %o & sertain exient by the infra-red
speotrum which shows Inly small hydroxyl stretching
bands in the region 3500-3200 amgla large peaks
avivributable to methyl and methylene stretching and
hending medes in the regions 3000--2850 cm%z and
1480-1350 ¢m ©. fio significant absorption is seen
in she region 1800-1500 mels suggesting that thers
are nelther cazﬁonyl noy olefinic dounble bonds in
this moleoule. The ulira=violst spectrum shows

only end absorpiion. Since this material was
isolated befare ithe advent of preparative layer
o@rhmatcgr;phyg it was not further examined.

1.2.2. Metabolites in_the aycelial extracts.

The crumbly, green-trown mycelium obtuined from
the main fungel culiure was dried and weighed
(200 gm.). It was then crushed and exiracted with
chloroform ror 24 hours in a Soxhlet extractor. The
dgfk brown solution obtained was reduced to give a
dark brown oil, This oil was itselt extracted

with petroleum ether to give a dark brown solution
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and a brown gum which proved to contain mainly
polypeptide material not of interest for ithe pre-
sent sivudy.

The petroleum-ether soluble material was chroma-
tographed over deactivated alumina, By far the
main component,eluted with chloroform, proved to
be ergostercl {11), & commown mould p:coduet,15 which
was present to the exitent of 0.8# of the mycelial
dry weight. This was established by comparison
of the isdated compound with authenitic ergosterol.
The criteria or identiiy were: melting point and
mixed melting point, IR and UV spectra and TLC
comparison. Tne UV spectirum or the compound showeé_
e guartet of peeks at 262, 272, 283 and 294 mu.
Such a pattern is highly characteristic of ergos-
terol and other sterols containing the &-5,7
diene grouping. This observation confirms the pre-
vious work of Birkinshaw, Callow and Fisohmanngg

who found 0.13% of ergosterol in the dried mycelium

of P.puberulum.

Later fractions from this chromatogram, those
eluted with 19:1 CHCl,/MeCH, contained 685 mgm.
(orude weight) of a metabolite which has proved to

be of great interest and will be discuseed as



compound ‘CY,

¢he crude material 'C' was purified by a rather

urasual procedure making use of the remarkable
properties of this compound. It was observed that,
although 'C’ was soluble in all the common organic
solvents on heating, the effect of allowing the
solution to cool was to precipitate the compound

as more or less wilie spherical particles. Sinece
the impurities present tended %o remain in the
aolvent, °C’' was purified by dissolving the toital

crude material in l:1 MeOH/CHCL, and cooling the

3
golution, The white gel was collecied and sub-
mitted to the same treatmeni twice more finally
yielding 280 mgm. of °‘C' as pure wpnite spherical
particles mopt0139m41°9 which erystallise on the
Kofler block end remelt at 144-6 , Mueh later

it was found that °C' does in fact crystallise

slowly from dilute pyridine solution yielding

Q
colourless needles m.pt. 146=8
The analytical figures for °C’ suggest that

i 3 N, Those for the
its empirical formula is b3656705 0

acetylated compound correspond with the formula

ith & molecular weight of 677 mass
040H71073, with a mo

units, andyindicate that a diascetate of *C' has

2n




Ilolecular Species in diacetyl’Ci,

[% . 645 - Cy oty Oglt
W . 647 - CpyoHn505M
M . 659 - Cyoligo06N
Mil. 661 - C 0ty O
MY . 665 - €40Hn506N
I, 675 - o 401169071-1
IW.679 - Cy o501
M. 691 - Cp0Hg00N
[,693 - Gy oy Oglt

Tull details of the mass spectrum of diacetyl‘'C?

rre set out in the Lxperimental section - 14,
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been formed under the mild conditiovis employed.
Acetylation of 'C’ under foycing conditiions gave
only the diacetate together with itraces of more polar
compounds.

It proved impossible %o obiain a useful mass
spectrum of °C* itself due %o the rapid decomposition
of the molecular ions. Therefore, the general
formulations given above were confirmed by %he~mass
spectral data obtained for diasceiyli=‘C' showa in
the table. For this compound, it is clear thag
the major high mass peake lie beiween 645 and 693
mass unite. Detailed analysis of thie information
will be given below,

Analysis of %his compound end diacetate by
TLC on Kieselgel G suggesied thait they are homo-
geneouse since single spots were observed for each
(Rf values; chloroform - 0.06 and 0.50; 9:1
chloroform-methanol = 0.17 and 0,90 for ‘C? and
its diacetate respeciively). The mass spectrum
of the acetyl derivative shows that C! is actually
a mixture of nine olosely related compoﬁndso How-
ever, the conclusions regarding the fundamental
structural features of 'C’ are not affected by

this fact. Attempited gas-liquid analysis of 'CY,




COMPOUND ‘¢’

DIACETYL-'C’

3500 3000

1700
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its diacetate,and its trimethyl silyl etheyr was of
no value because or the ?apid decomposition of these
compounds &% the high temperainres necessary.

The first real clues as to the nature of (¢
came from comsideration of its infra-red spectrum
and that of its discetate. Ip passing, it should
be noted thet ithese compounds gave rise to end
absorption only in ultre-viclet analysis,

The infra-red specirum of °C’ reproduced
here, cshowe large bands due to methyl and methy-
lene groups in the regions 3000-2800 on™ and
1500-1400 omwlg In addition, the sirong dand
at 720 cma1 is one shavacieristic of long-chain
aliphatic compounds. There are no signs of aro-
matic character. The complex patievrns of bands
seen in the spaotre of ‘C° and iivs diaseitate in
the region 1800-1500 cmwl are of great interesi.
Phus, °C® has two hands at 1620 and 1545 om=3t
which may be assigned ito the Amide 1 (C<0 stretoh)
and Amide 11 (N-H deformation) modes of a secon-
dary aeyolic amide. It is & striking faot thad
the band assigned as Amide 1 is at a lower fre-
guenoy than that normally observed for this system

(1680-1630 omal)o This suggensts that the norgal

3



stretching mode of the amide carbonyl function
of "G’ is altered by hydrogen bonding vetween ihe

carbonyl amdé & msarivy hydroxyl or cther group.

This hypothesis is sugporied by the preseuce of

three bands in the appropriate region in the
spactrum of diacetyl-'C*. Thus, th2 intenss hand
at 1742 @mﬁl mey ns dus %o the prasensce of one oy
more G-acetyl groups while vhe two bands &t 1663
and 1530 amml represeny normal secoundary amide
absorpilion., Therefore, thae scetylaiion of a
hydroxy) function sas sppersntly removed ihe
hydrogen bonding effsct on the carvonyl absorption

B

of GY, The region 3500-3200 e = i the spectrum
of dimcetyl=-iC’ contains one shayp peak at 3373 om
due to the N-H stvetching mode of & hydregen bonded
secondary amide. This is to be compared with the
pame region in the spectrum of °CY itseld whiah
contains thvee peasks, at 3500, 3340 and 3210 mfz1
respectively. fPhe peaks ai 3500 and 3210 et

cén be atitributed Ho Hthe bydroxyl funciions thab

are aoylated in diacety) "C®., Clesrly, one of

F

hese may be ‘free’ {3600} while the other is strong-

N =k e s
1y hydrogen bondad {3210 om ) within the molecule

=1
of *Ct, ha shouldseyr at 1650 cm in the speotrum




of 'C’, ocombined with the peak that is apparent in
the region 980-960 omml for both compounds, suggests
that a trans-disubstituted double bond is present
in the molecule. The strong bands in the region
1280-60 om™* seen in both spectra may be due to the
amide 111 band of a secondary amide and an interest-
ing poseibility ie that the weak bands at 1260 om -
represent the C-0 stretching modes of one or more
epoxide functions. Thise possibility is reinforoed
by the preeence of a band at 853 om © in the
spectrum of °C’ and at 838 on™ in that of diacetyl-
'C?’, These frequencies are very close to those
previously assigned to the gcis-epoxide funeotion in
long=cheain aliphatic acids, esters and alcohols
by Shreve and his co«workera41.

The nuclear magnetic resonance (NMR) spectra
of *'C’' and its diacetate were measured in pyridine
and carbon tetrachloride esolutions respecthively.
Beocause of the high molecular weight and the ten-
dency of these compounds to form gels in concen-
trated solution; the spectra were not completely
satiefactory and, of ocourse, the necessity of using
pyridine as the solvent for °‘C° eliminated the region

from T1 to T3 by completely ewamping any signals

28
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due to ‘C'. However, the specitrum of the diaceldaie
yielded some vaiuable quantitative resulss,

The dominating featurs of both specira is an
extremaely large peak at T'8.72. Using the inte-

greted areas of the peaks abt V7.94 and T7.99

in the spectrum of disceityl=:C' {ascribed to the
8ix acetsate Cﬁawc protens} as an internal standard,
the 178,72 peak mey represent as many as £ifly
protons! Since this chemical shift value is assoe-
iated witﬁ the methylene protons of lineay chainé%g
it is abundantly olear that 'C' must essentially
consist of limear hydrocerbon chaiuns., Only oune
peak associated with the protouns of C=-CH3 groups
is present in both spectra. IV appears as an
asymmetric triplet centred et T79.1 corresponding
to six protons and may be assigned to the terminal
methyl groups of aliphatic chains, Therefore °C'
appears to consist of two aliphatiq chains possibly
linked through the observed secondaery amide funciion.
The only other peak that can be assigned in
these epectra corresponds to four protons and
appears at approximately T7.80. One possible
assignment is to the protons attached to two

disubstituted epoxide rings. Pair analogy for




GHB- (CHQ) 1 2-CH==CH~?H~CE-CH‘?%
i NH,
(28)

29"
CH -(032)1 «CH 'H-f»QHEOH
gl

(28) | g
CH5-(CHE)lzfcﬁscﬂbcﬂ-?ﬂscﬁaou -o»(caz)z.w(c 3)3
&5 NHR
(29
CHze( cﬂa)lgmcs.-.-ca«c’:mc‘:a.cﬂao-eal
OH NHR
, (30)
cﬁzo(cga)lancazcﬁacimcﬁacﬁao-Ga1~503H
(31)
a(GH2)12~CHaCHw?H~?H«CHZQH
OH NHR
(323
CHBQ(GHZ)EBm?HQ%H«?HmCHEOH
o 0F OH NHR |
(33a) B= aGOaEEu(CHZ)almCEB (33b) R= «~CO= E.gﬁ.(caa)ao.cn5

CH»— (CHE) - «CHaCHuCH-GH«GHZO-CO-GH
(34)

3
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this is avallable in cocenty werkés although the
peaks for swgar and steroid apownides are usually
found in the rvenge T 6,5-%.277,

Phe signels below T 7.0 are so weak that they
canno’d be discussed with confideunce. They appeow
to be associated with olefinio p;otoﬁs as well as |
vhose of methylene attached %o oxygen functions.

As a result of this information, a somewhetd
cleareyr piciure of ithe basic structure of ‘C' was
beginning to form, but 2 cowpcepyv embodying all the

known data was @ill lacking, A study of the

sphingolipid class of compounds has provided bovh

this unifying concepé and the hoped Loy correlation
with known natursl compounds,

The naturallyaocurriﬁg lipidséﬁ~may'§@ dividead
into two groups depending on ths moleculé employed
as the back-baone of their exiended structures,

The first group yields glycerol while the seoond

is distinguished by the release of gphingosine

(26) (P-erytbro-1,3-dibydroxy-2-amino-trans-- octadeo~
4-ene) on hydrolysis. In some instances dihydro-
sphingosine (27) or phytosphingosine (28) ies found
‘ag a8 constituent in place of the more common

aphingosinstv
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The four main groups of the sphingolipide are
the sphin gomyelins (29), cerebrosides (30),
esulphatides (31) and the complex mucclipidst”

It is or particular interest thav all the
ephingolipids have a long-chain fatty aoyl eub-
stituent on the amino group, thus they are second-
ary amides.. The ceramides, from which all the others
are formally derived47, have only this acyl sub-
stituent and therefore the hydroxyl groups flank-
ing the emide function are well situated for
hydrogen bonding with the carbonyl. Their basio
structure is (32) and many have been ayntbesiaedéva?

Ae well as differences in the substituents
on the primary alcoholie group of ephingosine,
variation can acour in the aoyl portion of the amide.
Thus 054 straight-ohain acide are frequently found
a$ well as their o-hydroxy derivatives. Palmitio
(cléi’ and stearic (C,.) acids bave also been
tound‘a, .

Sphingolipids containing sphingosine and
dihydrosphingoaine have been rdund so far only in
aniaal tiosno,‘ia partiouldrly high concentration
in drain and nerve tissue. A large body of 1lit-

erature existe on their struocturea and tunctions.
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Phytosphingosine and its derivative546 have been
reported as occurring only in plants but a recent
report on the stereospeciric synthesis of this
conpound49 is an excellent source of leading
references on 1is oceourrence in various yeasts
and fungi ae well as human kidney and dbrain tissue.
Of particular interest in this aectioh is the faot
that Oda50 has shown that a Penieillium mould
produoes two ceramide phytosphingolipids with
the etruotures (33a) and (33b). The fatty ecid
group has a chain length of 24 carbon units but
the cza homologue of (33a) has been isolated from
various yeaateSIQ

| A total analysis of the data available on the
etructural features of °C’ shows compeiling enalogy
Awith the properties to be expeocted for & member of the
ceramide sphingolipids and, on the basis of this and.
the work to be desoribed, it is proposed that *C*
is indeed » member of thie class and that the
multiple peaks in the mass speotrum of its di-
asetate are due to real differences in the 18-
carbon aocyl group.

A comparison of the published 1R spectrum of

CH 52
N-lignooeryl-spbingosine§(32), R=-C0-(CHg),,~CH,




Comparison of Infra-Red Spectra=(lujol IMulis),
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with that of °C’' is shown in the table., Their
striking eimilarity constitutes evidence in favour
of the proposed formuletion of ‘C’. Comparison
of the epectra of triacetykphingosine (34)53 and
diacetyl=°C® reinforces the hypotheésie since they
t00 are closely similar, |

The assumption that °*C’ is indeed a ceramide
sphingolipid is borne out by the coincident data
available on ite moleocular formulation and spec—
troscopic propertiés. It is therefore possible
to calculate the acyl functions in the mixture by
analysie of the mass spectrum of diacetyl-*C*®.
The mags speotrum obtained for °C' itself shows
no derinite °‘parent ione’ (because of their rapid
decoapoeition) although the highest mass peak
obgerved was at 541 units.

Por diacetyl-*C’, then, the major high mass
poakt; whioch are all due to the ‘parent ions' of
different species, are tabulated with the mole-
suler formula for each diacetyl derivﬁtive; These
formulae were obtained by deteiled oconsideration of
the possidle structures and are highly favoured
acsignments. In asoriding structurel formulae



to certain of these molecular species, the fact
that °C*' forms only a diacetate, even under fore-
ing conditions, bas been of value. This suggests
that, although the backbone of the structures can be
elther aphingoeine or dihyrosphingosine, it cammot
be phytosphingosine which would yield triacetyl |
derivatives. Purthermore, it suggests that the
only hydroxyl funotions in ‘C' are those flanking
the amide grouping since any present on the fatty
acyl side ohain would give an gverall triacetyl
derivative. The mass spectrum of diacetyl-‘Ct

up to ca.760 mass unite shows no trace of higher
acetylated species.

The extrewe rarity of octadecatgtraenocioc acids
and derivatives has been taken into aoccount to ex~
olude them from detalled consideration in the
structural bypotheses. They have been found
only in a few plant seed oils besides whale and
herring oila%.

The spectiroscopic evidenoce for spoxide func-
tions 1n °C’ and its diacetate has also been em-
ployed in the analysis of this oomplex mass spectrum.

On the basie of the known structures of the
naturally-ocourring clB wono-,di- and tri-enoio



A. Dihydrosphingosine series -~ (27)+ 018 acyl group R.
. *
(oleate): R= -CO-(GH2)7-C§;;9H~(CH2)7-035 I .6585

(linoleate): = -CO~(CH2)7-(CHwGH-Cﬁa)2~(032)3-CHB i, 647

y ) : _ B
= ~om(cag)7~§cgznﬁﬁu032) 2«»(c:fi;g)‘_a--cli3 MY,679

(1inolenate):= vCOa(CH2)7~(CHsGHnCH2)3-0H5 . [T+ 645
= monoépoxylinoleny1~ - I.661

5 4 - » & =

= ~00-(C,)y (c& s -CH-CH, ) 5=CH, MY.693

B. Sphingosine zeries - (26)+ Cyg acyl group R.

(linolenate):= monoepoxylinolenyl= o MW.659a
. = diepoxylinolenyl- HM.6?5*
HeCH,, ) ;~CH 1,693

The terms}in‘brackets thus (oleate) indicate the
possible origin of eﬁgh acylating molety. All of these
assignments - are highly favoured. Those marked * appear

to be unambiguous.




acids and their epoxy dewxivatives %59 it has proved
to be possible to attempt the Ffomuiation of oix

of the components of °C’ and to give alternaitives
for the other three. I% must be emphasised thai,
although degredative studies confirm the overall
struciural features, further wozk on °C° appears
essential.

The pesks a8t 665, 699 and 693 mass uwivs may
represent acyl dihydrosphingosines since no
formulation using sphingosine itself cen saitisfy
the struotural requiremenis set out sbove. By

analogy with the kunown ¢ aepoxyaacida4§,anﬁ in

18
accordance with the results of degradative experi-
ments on ‘C®, their most likely sitrustures are
mono-, diwg and tri-epoxysiearoyldibydrosphingos-
.ine respectively, Prom anzlogous congiderations,
it is probable that a second series of compounds
is present in thie mixture. They are the mono-,
di= , and triepoxylinoléylephingoeines “with
‘molecular weighis of 658, 675 and 691 respectively,
It is moye diffiocult to allot structures to
the species of maes 645, 647 and 861 sinoce they
may belong to either series. However, from a

congideration of the likely biosynthetic routes
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to the higher mass spoxides, it has proved pogsible
to essign them as linolenyl-, linoleyl-, and mono-
epoxylinoleyidihydrosphingosine respectively.,
This was done by the following enalysis of the
situation. The three acyl groups unambigously
asgigned %o the sphingosine series are logically
derivable fyom linolenic acid by successive ep-
oxidation steps. This implies that the ultimate
precursor fror +%this series is in fact N-linolenyl-
sphingosine, {28}, Bs:eQG={(;H2)TD(QHgCHmCHQ)EoQHS
with molecular weighi 643,

The wunceriain peaks at 645, 647 and 661 do
not fit natureslly into this seguence but can be
successfully placed in the dihydvesphingosine
series in which the known acyl groups are mono-,
di-, and tri-epoxy-stearic acids. Thé olefinic
acyl derivatives from which each of these may be
derived would have molecular weights of 645, 647
and 649 respectively. Only that at 649 is absent.
If the derivation of the poly-epoxy compounds of the
sphingosine series is indeed as stated - & successive
epoxidation of olerinioc precursors —then one would
also expest to find the intermediates in the

sequence to the dihydresphingosines. The peak at
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661 may be due %o & monoepoxylinalgyld;hyaroaph,

goeine precursor for the triepoxy compound ai

693. No signiiicani peaks are present im the nass
spectrum at 865 oy 677 corresponding to the pre-
sursors for ithe mono and di-epoxysitearoyldibydro-
sphingosines. Acocurate analysis of the lower mazs
peaks of this spectrum is well-nigh impossible
because of th2 complexity of the mixture., 1%

ip reassuring, however, %0 noite the presence of

a large peak 8% 384 mass units which may correspond
to the diacetylidihydrospbingosyl fragment amticipated
from & fission of the secondary amide 1inkage54°
Only a small 382 peak is epparent, suggestving that
dihxdroaphingoeina,derivativea may be the major
components of 5G°.

These hypotheses as to the siruciural formulae
of the components of °C' are supported by the de-
gradative experiments oarried out on the mixture.
In essenoce, °C’ has been hydrolysed and the frag-
mente ocorrelated with known compounds.

The sphingolipids have been intensively studied

and a great. volume of experimental data is available
on their identifioationo Por the present purposes,

'¢? wap hydrolysed with methanolis sulpburic acid



by the method of Carter et 8155; This treatment

would convert any epoxide rings present to glycols.
The fatty ecid methyl esters produced were separated
from basic (nitrogenous) material and subjeoted

to periodate-permanganate oxidation56 in order to
ocleéve the chains into indentifiable acid fragmentew
Direct comparison of the methyl esters of fhegg
fragments with authentic compounds was easily
achieved by a ges liquid chromatographic technique
and the oxidation products of methyl linoleate

were anélyaed in an identical manner to provide a
standard for the analyseis of *C?,

The resulte show that the acids presenf after
oxidation of ‘C*® conform to the patterm expected
from the breakdown of an effective ootadeca-9,12,
16-trienoic aecid i.e. & linolenic acid.

Ae anticipated, methyl linoieate (A-9, 12-018)
gave rise to methyl ageleate (C9), one of methyl
malonate (Ch) and one of methyl ceproate (06)°
Comparison of the ireces obtained for the 'C’
oatére with thoee for the linoleate esters demon-
strates that the moyl side ohains of ‘C' bresk

down to give one mole of methyl azeleate (Cg) end
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two of methyl malonate {Qs)o Only e trace of methyl
caproate (Gg) is present and there is no methyl
caprylate (Cs)s

It was not possible to analyse the 'C’! epters
for methyl propionate at that time and thus the
overall ohain length of the ascyl side chain wae
not proved.

However, the breakdown products that have
been found prove that the overall double bond patt-
ern in this side chein is A-9, 12, 15 and this is
preeisely the pattern found in the ubigquitous
C, ~trienoic acids and their derivatives. 1In

18
particular, this is the pattern found for the C

18
ahida‘of the yeasts and the ascomyocete and bas-
dlioayocete fungi45o A recent study of the fungal
aclds by Shaw has demonstreted that octadeca-9,12,-
16-trienoio acid (Linolenic acid) is the character-
istio fatty acid or verious species of Fenicilliumavo
The faot that C6 and C8 mono aclide are praoc-
tiocally nonexistent in the 'C* acyl side-chain
breakdown products greatly strengthens the previous
assignment of the 645, 647 and 861 mass peske to
the dibydrosphingosine series sinoe the acylsphin-

goeines of the pame moleoular weight would give rise



to these acide on oxidative cleavage. The trace of
Cg 801d observed may be dus to the 647 and the 679
mage dihydrosphingosines.

The analysis of the free nitrogenous base
produced by the hydrolysis of ‘C' indicates that
'C*' i eseentially a mixture of dihydrosphingolipids
and thus that the acyl side cheins are eighteen
carbon units long. Direct comparison of the free
base with commercially available sphingosine has
been poseible by both spectroscopic and chromato-
graphic mesne. The infra-red spectira of sphin-
gosine and ite triacetate ere similar but not
idéntical to those of the °C’ free base end its tri-
acetyl derivative respeotively. As already stated,
the spectrum of discetyl- °C' is comparable to
’thax of triacetyl sphingoeine.

A tentative correlation of the major free
bese with dihydroephingosine hes been o:tained by
TIC einoe the recent work of Sambasivarao and
locluersa has established a convenient procedure
for the preparation of sphingosine bases from lipide
end aleo TLC conditions for their identification,

(Kieselgel G, Eluent CHCl,? 08608: 2NNH40&-40:10:1)@

The material from °'C*' gave rise to one spot Rf 0.21




with a positive pink colour reaction with nin-
hydrin-pyridine-n-tutanol spray, characterisiic

of all the sphingoaine beses. An additional sube-
stvance present with Rf 0.57 gave & brown colour
with this spyay aréer heaiing and may be due to
residual hydrexyecid esters. Commercially ob-
tained sphingosine had an RBf value of 0,38 in

this system sund, although the ratio of the RE
values of sphingosine and its dihydro derivative
has been quoted es equsl to 1.31° and the equival-
ent value for sphingosine and the major free base
from °C® is 1.81, the possibility exists that the
majorbase from °C’ is in fact dihydrosphingosine,
eepecially since structural alterations of this
olase of compound during isolation are well dooum-
ented.

This evidence that P.puberulum is capable of
Producing ceramides with 018 unsaturated acyl runc-
tione 1s of great phylogenetio interest. Lipids
containing these bases bave apparently been re-
borted solely from animal nervous tissue and only

46
Phytosphingosine has been found in microrganisme -

41

Purthermore, the Cp side chain possesseg unsaturation



and oxidation patterns hitherto observed in the
fatty acids of plmtaﬁo' In fact, neither di-
epoxy- nor triepoxy-fatty acids have been previous;
ly isolated from natural sources.

Thue the components of thie fungal product
are molecules one half of which is ‘characteristic®
of animal tissue and the other of plants! The
implications of this fact, if proven, are of such
interest that & second large culture of P.puberulum
wvas carried out in an effort to obtain more *Cv,
The growing oconditions were slightly different
from the previous culture and, to our chagrin,
only a trace of 3-0O-methylviridicatin and no
8phingolipid oould be isolated from the fungal'
oculture by the established techniques. It is
possidle that the sphingolipids were present in
@ different form; not isolable by the methods
Previously employed.

No further metabolites of interest were isol-
ated from P.puberulum Bainier in the course of this
work, but two further projects have been oarried
out on topics arising from this investigation of
fungal metabolites.
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1.2.3.8. The Synthesis of Viridicatol.

The reason for underteking this syanthesis was
that the struoture allotted %o viridicatol (20),
R=H, by Birkinshaw and his @gwwgrkerszl contains
the extremely rare mete-hydroxylated phenylpro-
panolid system. Proof of this structure seemed of
interest in view of the possible biosynthetis
implications. Thus - is the hydroxyl group introdue-
ed early or late in the sequence? Is it perhaps
the metabolite of a Sﬁémdihydrexyla$eﬁ viridi-
catin? Thess questions have not yet been answered.

In association with Mr., C.HK. Stewart, & fourth
year student, 3Lmethoxyviridicatin {20), Ra@ﬂés
was prepared from meta-methoxy-benzaldehyde by
& route precisely amnalogoue to thai used by
Eistert and Selzer for their synthesis of vir-
13108t1n34% The methyl ether so produced wae re-
fluxed with 45¢% aqueous hydriodic acid for two
houre and the product extracted with ether. It

¥as sublimed and crystallised to give a low yield

of 3'.pydroxyviridicatin. This wae later shown to
be identical to netursl and eynthetic viridicatol,

the generous gift of Dr. M. Luckner of Halle.
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The eynthesis of viridioatol that has been reported
sinoce the completion ot thie workaz employed the
same reaction scheme.

;,2,2. +b. Nuclear etic Resonance (NMR) Studies
of Methylated Viridioatins.

The NMR epeotra of the viridicatins are un:lu-
formative at firet sight eince they oconsist ﬁarely
of an ill-resolved gioﬁp of peaks due to the
aromatic protons in the region ¥ 1.5-3.5. and one
or more aharp einglete representing the methyl
regonancee. However this simplioity is decep~
tive, since a detailed exmination of 4he variation
in ti:e positions of the methyl signals with change
of solvent reveals evidence for interesting solvent-
solute interaotions. In addition to | the five
methylated viridioatins, a-e R-methyl-2-quinolone
{£ and B-methyl-2-pyrrolidone g were studied in thie
connection. The author is sincerely grateful to
Mr. D.D. MacRiocol for his practical advioce and for
valuable disoussions.

The table shows the resulis obtained using
five solvents and inoludes assignments of the peaks
in the dimethylated members of the series. In thips
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gonnestion, it is noteworthy that a is closely
approximated by a summation of the reeonance.valuea
for the pairs of spectra ¢-d and c-f. The assign-
ments for b are besed on those for g as well as

the comparison of the pair d-c. The peak T-value
shifts between solvents are entirely self-comsistent
for all these compounds. In general terms, the
signels assigned to the 3-0O-methyl groupe in the
spectrs of 8,b,0,8, lie in the range 15.83-6.36.
Phis i®s not significantly different from the usual -
range found for phenclic methyl .ethers‘%z’so and
enalysis of ‘the individual spectra shows that the
3-0-methyl aignaljare not subjesct %tv large varia-
tions with change in sclvent. However, those from
the N-methyl functions in the speotra of 8,4,f,g
are in the renge T5.53-6.76 and snalysis of the shifts
for the individuel compounds demonstirates that
large characteristioc solvent variations do oeccur,
Phe normal region for oyclic tertiary Nemethyl
group signals is ca.V ‘7.842 and there seems little
reeason to doubt that the presence of a carbonyl
oxygen funotion adjacent to the N-methyl oauses

a strong deshielding of the methyl protons. However,

it is of interest to note that the methyl resonance



of N-methyl-2-pyrrolidone g ocours in the renge
V¥6.83-7.45, permitting the suggestion that the
‘atyryl® group round the amide funotion of the other
N-methyl emides (a,d,f) is responsible for the
greater pert of the observed deshielding effect.

The 'N-phenyl’ substituent in these amides is ideally
situated to cause a large deshielding of any other
groups attached to the nitrogen. Johnson and

6
Bov ey 1 have carried out valuable theoretical studies

on this topic and it appears that such a deshielding
| effeot may well account for & large part of the
observed difference beteeen the speoira of g and
8,4,£. |

The spectrum of b ie of interest since, although
the 3-0-methyl group resonates in the "normal’
range,V’6.96-6.36, the 2-O-methyl group signals
are in the renge T5.27-6.560 and the solvent
variations for this methyl.group are comparable
to thoee for the N-methyl groups in this series.
This will be disoussed further.

The spectra of these compounde in deutero-
ohloroform, acetone and hexadeuterodimethylsulph-
0xide show only small overall golvent variations.

It is of interest that the N- and 0-methyl signals
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of a more widely separated in the first solvent than
in the other two and in fact the N-methyl signal

of & is at a significantly lower T value than the
othéra 4.,£,8 by 6onpu'ison with the anticipated
T6.2 value. The apeétra of b shows the opposite
effect in that the 2-0O-methyl resonamnsce oocours

a;'?i lower field in acetone and hexadeuteroﬁimethylé
sulphoxide suggesting that an increase in the die-
lectrio oconstant of ‘the solvent permits a greater
contribution to the averaged spectrum from species
such ae (36) which would heve further deshielded
&Oénethjl groups. Recent work by Kramer and
Gonppersg lendg gtrong support to this suggestion
on the bagis of their studiee on f-dimethylamino-
aorolein end related compounds.

By far the most interesting variations in the
chemical shifte of these methylated compounds are
seen when trifluoroacetic acid and bensgene are
used as the solvents.

Triflvorcacetic acid is a suffiociently strong
organio aai.t‘le3 to cause protonation of the amide
carbonyl groups of compounds 8,0,d4,8,£,8. This
general statement is supported by the wide range of

47



evidence available from previocus study of analogous

64,66,66a 68
end by IR  gpectroscopic

techniques. The smell 3-O-methyl peek veriation

systems by NMR

between deuterochloroform and trirluorcacetic
acid for &, b and ¢ demonstrates that protonation
of these compounds has little effect on the over- .
all environment of the 3=0=methyl funoctions.
However, this protonation has caused a strong de-
shielding to the N-methyl groups of a, 4, £,g
which may be attributed to the greater contribut-
ion to the averaged épeotra of speciee such as (38)
in which the nitrogen atom carries a formal pos-
itive charge, leading to a paramagnetic shift of
the N-methyl aignais in each case. Once agein,
the spectrum of b is of interest since @rotonati§n
would be expected to be directed to the nitrogen.
This will perait the formation of species such as
(37) in which the 2-O-methyl group will experience
a strong paramagnetic shift.

. Recent studies of the efteots of aromatie
solvents on the signals due to methyl groups in
amideaav, eromatic aldehydeaea, mesityl oxideeg,

44,70

. 71
steroids and aliocylic ketones , coupled with



49
the interest attached to the suggestion of solvent-
solute ‘collision complexee’ to explain the observed
‘variations, prompted the examination of the NMR
epectra of the methylated compounds in benzene
solution. One ceiterion of such gcomplexes ie a
signiticant difference between the T*values for a
group in deuterochloroform and benzene solutionSO.
These are tabulated for each assigned methyl reson-
ance as shown: Geﬁéc CHCE,S: aT,

It is possible 1o accouni for the effects of
the collision complex in terms of the slteration
in the magnetic field aroumd@ the solute molecules
by the solvent. Although this type of field al-
teretion may well account for certain of the
shifte observed for other solvents; the very sirong
anisotropy of benzene gives rise to particulariy
marked shifts. Possible models for this type of
complex at the molecular level have been described in
44,67,71.

In a study of the spectrum of N,N-dimethyl-
formemide in various eolventesz it has been pro-
posed that the amide molecule associates with the
molecule of bengzene so that the nitrogen atom with

its fractional positive charge (due to mesomerism



of the amide funchion] is situated olose to the
region oxf high T-glectron demeity im the arvomaiis
ring. Tke negatively charged carbonyl oxygen atom
is as far away from the cenire of the benzene ring
as possible. Application of these principles to
the available series suggests that the'collision
complexes mey have preferred orientations such ag.
(38). This readily accounis ror the observed
sirong shielding of the N-methyl groups in ithis
geries and also for the small interference with the
positions of the 3=0O-methyl signals since the
N-methyl grovp is oriented below the benzens

ring while the 3-0-methyl is removed from its
direot influence e.g. im 8.

Compound b, as the only true quinoline ex-
amined, is egain unusuval in its behaviour, and the
2 and 3-0-methyl groups show respectively a sirong
diemagnetic ehitt (+0.347) and a sirong paramag-
netic shift (-0.257). This may indioate that
the collision complex has & structure such as
(39), in whioh the bengene ring has associated with

the fractional poeitive charge on the 2-oxygem
;nd is in such an orientation that it simultan-

eously shields the 2-O-methyl and deshields the

50
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3-0-methyl group. This is based on the woxrk of
Johnson and Boveyﬁl previcusly described, simce
they were able to show thai the bengens ring has
a strong shielding zone above and below it and &
deehielding ‘equatorial’ gone,

In this connection, it may bhe significant thad
thé H-methyl group of compounde 2 and d resvmate
at Tvelues consistently lowsy than that of FN-methyl-
R-=quinolone f in all five solvenis. The average
difrerence is ca. 0.127 (neglescting the anomalous
T value for the N-methyl of & in cmlsyﬁ Since
the presence of the J-oxygem Funcilom in all the
viridicatin derivatives will tend %o resitrict the
rotation of the phenyl group &t the 4-position,
the situation ocan be vissElised as in the diagram
(40).. Making the basio assumption that the N-
methyl grouy is quasi-axial to the smide ring, an
assumption supported by recent studies on analogous

71’72, the antioipated deshielding of the

systeme
N-methyl group by the 4-phenyl oam be caloulated as
ca. 0.17T from & consideration of the ring-methyl
distance®t ag judged from Dreiding models. In

the quasi-axiael conformatlon, the ring-methyl



distance is ca. 5.88 29 while in the alternat-
ive quasi-planar conformation this is incyreased
to ca. 6.93 2, By calculation, the N-methyl
group in the quesi-planar conformation would

only be deshieclded to & very small extent. The

similarity of the obeserved and theoretvical shifits

implies that the H-methyl groups im compounds
aend d may in fagd be quasi-axial end that the
theoretical long-renge deshielding may be oper-
ative.

Phe satisfying qualitetive explanation of
the solvent-solute interactions observed for
thies series permits the suggestion that similer
atudies on other series of compounds will prove

of value.

52
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1.3a. The Blosynthesis of Quinoline Derivatives.

One of the reasons for undertaking the study of
the metabolites of Penicillium puberulum Bainier
was that the biosynthesis of the naturally-occur-
ring quinolinee and their derivatives had not been
examined in great detail. I% was therefore hoped %o
carry out ah examination of the biosynthesis of the
viridicatin 3-hydroxy-4-phenyl-2-quinolone system.

This wae however anticipated by the work of Luckner

and Mothes~> ¢ 2033

who heve used a strain of
P.viridicaetum as the subject for radio-tracer ex-
perimente., Their overall reeultaso may be best
expleined by the diagram. They found that tritium-
labelled anthrenilioc acid was incorporated into
viridicatin to 2 moderate extent but that carboxy1=14
C- labelled anthranilic acid was a very poor pre-

cursor.. Suooeséive experiments with gengrally and
specifically- 14cmlabelled phenylalauine demonstrated
that phenylalanine was incorporated into. the vir-
idicatin skeleton en bloc, it is therefore clear that
the carboxyl group of anthranilic acid is lost in
the course of the biosynthetic sequence. To this |

extent, the biosynthetic route to viridicatin
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parallels that %o the indele ring sysitem of try-
?%@Phan?% gince, in the formation of itwyptophan,
the cyclisation of the intermediate anthranilic-
l-deoxyribonuncleotide %o indole-3-giycerol phospheie
is accompenied by the elimination of the carboxyl
group ultimately derived Ergﬁ amthraﬁilic<a@iﬁ =
sse the diagram. |
Imciiner and Mgﬂneagg have suggested thet the
firsv step in the formetion of viridicatin is the
production of phenylalanine anthraniliﬁe {43) followed
by & treanssmination stap to give phenyl-pyruvis
anthranilide (42). They further propose- the benuy-
liec oxidetion of the phenylpyruvis side chain re-
sulting in an ene-diol form (43). By enalogy with
the known pathway to the indole ring sysitem of
tryptophan, the next stege may involve the loss
of the carboxyl group and cyclisation to a com-
pound such ae (44).. Loss of water from this will
prdduce viridioatino However, other routes from
phenylpyfuvio anthrenilide can be visualiised.
Thue, merely by enolisation of the 2-carbonyl
funotion and oyclismtion of the open structure with

lose of ocarbon dioxide, it is poséible to arrive at



3,4-dihydroviridicatin. Oxidation of this compound
rather then the initial anthranilide can therefore
give rise to viridicatin. Altermatively, the
formation of phenylpyruvic acid as such may be the
first step. The detailed sequence remains obscura.
The place of cyclopenin in this scheme is un-
certain. The fact that it is readily itransformed
to viridicatin by treatment with dilute acidza
suggests the possibility that it is e presursor |
for viridicatin rather than the reverse. Thie
lden is supported by the @baerv&ti@nza that an
engyme obtained from the mycelium of P.viridicabum
converts cyclopenin, wiith proposed formuwla (21),
to viridicatin with the evolution of carbon dioxide.
On the besis of previous work, methylamine would alisc
be an expected product of this transformation.
What bearing does the isolation of viridicatin

end 3-Qmethyl viridicatin from P.puberulum in the

present study have on these schemes? While the
trace component (Rf 0.28) observed in the extracts

of the culture filtrate of P.puberulum could well

heve been cyclo-penin or an analogous compound, it

is difficult to reconcile the proposed structures
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for cyolopenin with s feassible precursor for 3-
O-methylviridicatin. Alternative solutions to this
prodblem exist. 3-0-Hethylviridicatin may be Fformed
by a direct methylation of the viridicatin nuclsus,
an interesting poseibility in view of the extreme
ease of dimethylation found in the chemical syn-
thetic studies. Alternatively, the precursor for
this compound may be a methylated cyclopenin in
which the oxygen funotion that sppears &s the
d-hydroxyl group in viridicatin carries & methyl
substituent. Because ﬁioagnthetio studies on
d3=-0-methylviridicatin have not yet been carried out
and since ihe precise structure of cyclopenin re-
mains in doubt, a distinction between these alter-
natives is not possible. An unusual fact is the
existence of meta-hydroxylated analogues of viridi-
catin and cyclopenin. They may arise by direct
hydroxylation of the compounds, by dehydroxylation
of & 3,4-dihydroxylated precursor or by the formation
of a meta-hydroxylated precursor at an early stage
in the overall pathway. By analogy with the known
route75 to the rungal metabolite gliotoxin (45),
the last hypotheeis is preferred since the efficient
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incorporation of tritium-labelled m-tyrosine into
this compound, coupled with the results of feed-
inge of phenylalanine and serine, demonsirates
that meta-hydroxylation of e phenylpropanoid
precursor is pari of the operating sequenoeg5

a

This is also the oase in the sequence leading to
volucrisporin (&6)096

The work of Luckner and Rittergv on the 2-
n-elkyl-4-hydroxyquinolines {4%), (the so-called
'pyo compounds'), produced by strains of Pseudo-

mones aeruginoss has demonsireted thait, in conitrast

%o the pathways to tryptophan emd viridicatin, the
carboxyl group of ithe anthranilic precursor is
retained in the biosynthesis of these compounds.

Yet another pathway to the guinoline system
is known. In the biosynthesis of kynurenic and

78,

xanthurenic acidse from tryptophan g;ﬂh@ indole
ring of tryptophan is cleaved te give formylkynurenin
()~ ILoss of this formyl group yields kynurenin
(48) and subsequent transamination of theo-amino-
acid yields the postulated intermediate (@),,

which cyclises epontaneously with the elimination of

the elements of water to produce kynurenic acid (49).

Hydroxylation of kynurenin, followed by & parallel



Cinchonine, R =H3 Quininey; R =OCI13.



trensamination and dehydretion, yield xanthurenic
acid (50). |

Hypothetical schemes for the formationm of the
Lunasia, Dictamnine end Acridine groups of alkal;
oidsao have been proposed by Leeteel, Implicit
in these schemes is the condensation of 2-carbon
units onto the carboxyl group of anthranilic acid
fellowed by cycliaétion to form the oxygenated
quinecline ring sysitem. Simuvlitaneous or subsequent -
condensations with isopentenyl or cinnamic acid
uniie, acoompanied by further elaborations of the
products, may give rise to characteristic members
of these groups of alkaloids, e.g. lunacrine {51)
and evoxaenthine (52).. A postulated fovmation of
the Cinchona alkaloids from pentacyclic indeoles as
phown has been supported by tracer experiments
(883818.)°

In summary, it is oclear that the naturally-
ooourring quinaline derivatives are of diverse

origins. At present, the detailed steps in the

bibsynthesis of many of these compounds remain as

ill=defined as their funotion in the living cell.
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In the final products of this pathway, n is frequently

equal %0 fsuprveesn (palmitic acid) or sixteen (stearic acid).



1.5.b. The Biosyntuesis of Sphingolipids.

| In smplification of the previous discussion of
possible routes o the ceramide sphingolipids iso-
lated from P.puberulum, it is appropriate to set
out here the current concepis on their formation.

The sphingolipids consist essentially of two
sliphatic chains linked by a peptide bond and the
gubdivision of this class is governed by ithe nature
of the substituvent on the primary hydroxyl function.
It seems most reasonable, therefore, %o discuss
their biosynthesis in terms of the known routes
to the faity acids.

In recent reviews on the bilosynthesis of fat-
ty acidsa2 and lipideaﬂ9 the formation of the
typical ilong-chain stiructures of ithe fatty acids
by sucoessive chain elongation has been described.
A wealth ot experimental evidence supporis this
pathway, which is shown in the diagram. The enzymes
1nvolvéd in the steps have been characterised from
yeasts and pigeon liver tissueaza

The firet step is the carboxylation of acetyl
=CoA by a biotin-dependent enzyme to form maldnyl-

CoA which then reacts with a thiol-enzyme. A
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second unit of acetylCoi condenses with ths walomyle
S~engyme complex to give acetoacetyl-S-engyme vwith

& simwlieneous loss of carbon dioxide. This decarbo-
xylation is & driving forece for the synthetic re-
action end is not paralleled in the knowm gcheme

for the degradation of fatity sgide. A NADPH-

linked reduction oi this @ ~dicarbonyl combound
followed by elimination of water produces crotonyl-
S-enzyme. A second NADPH-linked reduction step
completes the formation of buityryl-S-enzyme which
may then acht as the starting material for a second
cycle. In this manner, the chain eélongation occurs
by addition of two-carbon unite to the terminal
methyl group of the preformed chain. |

Although it is acetylCod that condenses with

the malonyl-S-enzyme complex, the lack of short and

intermediate chain-length acids found in the in vitro

end in vivo systems supporis Lynen'eas view that
these intermediate compounds in the sequence Vo
the ubiguitous 016 and 018 acids are recycled as
the acyl-S-enzyme complexes. This is an important
point since, if the intermediates were recycled as

the acylCoA derivatives, the ensymes capable of



hydrolysing these derivalives would be expecied

to act giving rise to the free short chain acids,
In fact, Lynen has invesiigated the chain lengih
epecificity of the hydrolytic enzymes preseni by
isotopic exchange metihods and has found a marked
optimum with acyl groups comntaining 16 or 18
carbon atomSSB@ This implies thait the eycle op-
erates until this chalin lengith is reached and only
then is free fatty acid veleased. This accounts
in a most satisfying mammer for the prevalence of

®

palwitic {616} and stearic (clgy acids, Bressler aud
Wakila4 hawe put formard objections to some features
of the scheme but not to its main outliine.

A% this point, the branching of ths pathways
leading %o the itwo building blocks of the sphin-
golipides occurs.. Thé.palmityICaA formed in the
cycle shown above can add on twe further carbon
atome to give a stearyl {618) derivative, which
would eventually form the acyl eide chain of,
for example, the sphingolipids found in the
mycelium of P.puberulum. Another reaction scheme,
well reviewed by Striokland47, gtarting from paiw

mitylCoA is responsidle for the production of the
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CHB-CO~SCOA

!

CHz~(CHyp )4 4~CHO \\\\\\\a
HO,C=CB=CH 08 CHyz=(CHy), g=CO~5C0A
NEL, (stearate)
i O,
Oftg=(CHy)-  ~CH-CH-CH,OH CHBa(GHQ)Gw(CH2¢CHmCHz
- R
O 1, CoAS=C0~(Cil,)y
(dihydrosphingosine) (oleate)
- Tlavio )
5 TLaving, GH§“(GHQ}3?(CEQ“Cﬁ”GH;2
GIi, = (CH, )y orGiaHe G GHwCIL, O C048-C0=(CH,)q
3 2/iR S 2 .
OH ML, (linoleate)

(sphingasing)
gﬂgacﬁgm(cﬂngﬁécn)s

chsacouccH2§5
(1inolenate)
The apparent branching poinl in the formation of the basie
units of the sphingoelipids is the elaboration of palnityl-
Coks It is of inbereet to note that the 018 compounds
dihydrosphingosine and stearate are both produced by the
condengation of a 016 CoA der%vative”with a 05 acid, with

the loss of 002 from the G3 moietye.



sphingosine unid. In this scheme, which is suppor-
ted by in vivo and in vitro radiotracer studies

on dbrain tissue,pslmitylCold is firet reduced %o

the aldehyde which then condenses with three carbon |

- emino-acid gerine. The decarboxylation which
talkes place in this reaction is a driving foroe
for the synthetic reaciion anelogous %o that
operative in the synthesis of the fatiy acids.
The product of this condensation is dihydroephin%
gosine which is oxidised to sphingosins by a
flavin=ccuplied engyme, It is therefore cleay that
the formation of dihydresphingosine precedes that
of sphingosine and therefors the presence of the’
dihydro derivatives in the lipids of P.puberulum
is readily explainable.

Aithough 1t has been 9%&%3&47 that 1t is prob-
ahle that the latter reaction (reduétion) osccurs
prior to auy substitution on sphingosinej this
is by no means certain and it is possible that
the oxidation of the dihydro derivatives takes
place at the ceramide {acylated) stage. Equally,
the point at whiob the acylation ocours has not

been established by biochemical experimentis and
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it mey be of general significance that the known
pathwaey to the cerebrosides (30) haes been shown %o
involve acylation only as the last step, subsequent
on the formation of paychosine (l-galactosylsphin-
gosine)..

in view of these ambiguities, it mey be suggest-
ed thet the isolation of compounds closely resemb-
ling dibydrosphingolipids as well as sphingolipide
from the mycelium of P.puberulum provides circum-
stantial evidence that the acylation of dihydro-
sphingosine is a feasible process. A consideration
of the fundememtal differences in the acyl side
chains found in the two geries suggests that the
oxidation of dihydroceramides to the ceramides
is an unfavourable pxocess,

Erwin and B].ooh85 have summarised the present
state of knowledge on the biosynthesis of unsatur-
ated fatty acids in micro-orgemisms. They oonclude,
on the basis of extremely sophisticated evaluations
of the known pathways in a wide eeries of ‘lower'’
organiems, that 'oxidative desaturation® is the
most common pathway for the biosynthesis of the

mono-unsaturated fatty acids. By this process




i jmplied the removal of hydrogem from the G§U1Q
bond of & seiurated Cyg4 (palmitic) or 018 {stearie)
acid, with the resulting formaiion of palmitoleio
and oleic aclids. This is the mechaniesm observed
in the yeast and fungal species so far studied
and is not identiocal with the mechenism employed
by the higher plaenis,in which the carbou chains
of leurate (ClR) and myristate (0l4) are elongated
and transformed to oleate in some unknown manner,
Painitate and stearate are not precursors for this
pTOocess.,

The production of poly~unssturated faity ec-
ide apparently proceede in iwo waye. The Ag
compound,e.g. oleate,many be progressively de-

saturated towards the terminal methyl group of the

9,12
chain, giving rise to A 7 (linoleic acid) and

tnen A% 712116

(o{=1linolenic acid). This is desoribed

ag the %plant® pathway by Erwin end Bloch. In

the "animal ¥ pathway that they distinguish,

linoleate is again the first desaturation produot

but the subsequent desaturations ocour towards the
A 6'9’12 -

carboxyl end of the chain, producing

¥ -linolenic acid. A recent study of the distri-
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bution of the o and Y-linolenic acids in fungim
provides strong evidence that }-linolenic acid
is a product characteristic of the Phycomycetes, .

a relatively primitive fungal group. The Basidiomy-
cetes and Ascomycetes (with whioch P.puberulum is
olassiried) produce exclusively o¢-linolenioc acid.
with this in mind, it ie not surprising that the
degradative studies on the triene-derived aoyl side
chains of the sphingolipids from P.puberulum

demonstrate that the possees the aP112,18

aystem.
There seems little reason to doubt that
epoxy-fatf.y acids are produced by oxidation of
the olefinic preouraorsaa, Since the acyl sub-;
stituents of the isolated lipids are: Ag(u-,w,css),
2 A’ 12y v 647 and 679) ana 6 A% 15018y y a5,
659, 661, 675, 691 and693), it is most satisfying
to f£ind that the proposed structures may be ao-
ocomodated into a reasonable overall scheme. In
this scheme, dihydrosphingorine ie produced by
the condensation of pelmitaldehyde and serine,
and ie aoylated by the mono, di and trienoic
ODoﬂ-Cla-acids. Inherent in this pathway is the
suggestion that the epoxidation, as well as the

desaturation pattern of the aocide is fixed before




the aoylation of dihydraaphingo@inao The alter-
native epoxidation after aoylamioh, cannot be
exocluded..

The fact that the true sphingolipids found
are the euocessive epoxidation products of e presumed
linolenylgphingosine precursor permits ths proposal
that they are in faoct eo derived. Ths differences
béﬁween the acyl groups of the sphingosines and
tbé dihydrosphingosines constitute circumstantial
evidence againet the desaturation of acyldihydro-
sphingosinee as the last step in the formation of
the sphingolipids. The most likely route therefbre
involves Gesaturation of the basic Cig unit pribr to
acyletion.

It must be stated at once that thesec are essen-
tially speculative relationships. Proof of any of
them would demend & fuller study of the chemical
structures of these compounde together with detail-
. 84 examination of the steps involved in their
blosynthesis.
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BXPERIMENTAL.

General.

Melting pcinte were determined on & Kofler block
and ere uncorrected: Routine infré-red spectra were
recoirded on Perkin-Elmer 137B and 237 and on Unicam
SP200 spectrophotometers as Nujol mulls. Reference
1R epecira were obtained with a Unicam SP100 insiru-
ment on KCl disos. Ultra-violet epectfa were recorded
on Perkin-Elmer 137 and Unicam SP8QO instruments as
methanolic solutions. Nuclear kagnetic Rescnance
(MUR) epectra were obtained with SiMe, as an internal

standard on & Perkin-Elmer R10 60 megscycle instrument.

The mass spectrum of diacetyl='C’ was recorded
on an A.B.1.MS8$ instrument. | |

Gas-liquid CMrQQatographio analysis of cewrtain
coumarins was carried é@t on a Bye ‘Argon’ Chromatograph
equipped with a gggr deteotor-

PThin-layer Chromatographic analyses were carried
out gpn glass plates coated with 0.25 mm thick layers
of 'Kiemelgel G'. Preparative TLC was Og:ried out
with 0.5 or 1 mm thick la jers . IWh.atn’zan Cellulose
Powder CC41 was also used. Paper-chromatographio

- analysis was carried out by the ascending technioue

uaing %hatman no.l paper.
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Part 1.4, Experimental.

1n the following sections, the page numbers given

before each description rerfer to the use of the data

obtained in the Results and Discussion (1.2)-

P,12. Extraction of the Culture Filtrate.

Accurate weights or the acetone-soluble material
from the charcoal and the‘aucceasive extracts from the
pertition are not available because of the presence
of larger or smaller smounts of solvent in each,

The petroleum-ether soluble portion from the
trituration of the orgenic phase residue weighed ca.
2,5 gm, 1t was teken up in 100 ml. of petroleum ether
(60-80°) and reduced to 50 ml bulk, After the addition
of 50 ml of ether, the solution was kept aﬁ 0°c fbr
three weeke and two crope of colourless prismatic
orystals removed. The first crop contained a trace
of viridicatin and a more polar material but the second
was pure 'A’. In an effort to obtain more pure °A°, the
the mother ligquors were chromatographed over 80 gm
of Grade H @alumine, deactivated with 10% w/v of 10%
aqueoune acetic acid. A gradient elﬁtion was carried
from petroleum ether tic bengene to ether and the
column was then stripped with methanol. This is detailed

overlearf .




P.14. Chromatogrem of Petroleum-Ether Solubles.

The eluate wap taken from the column in 50 ml

tfractions.

Praction.

1-8

5863

Weight (mgm)
489
187
230
167

240
278

44
35
36
166
38
190
nE

263

Solvent.

Pet.ether (40-60)

| 5% bengetie

104 "
204 "
506

100%

24 ether
54 *

1ok -

T 20% ° = Compound 'B°

50% "

1004 *® = Compound °A°
2% methenol

100% ¢

Practlions 51=55 conteined 147 mgm of orude °A°, When

recrystallised three times from methancl,with charcoal

treatment, and combined with the récrystallised

first and second crops, & totel of 158 mgm of pure

'A% was aveileble. 1te melting point was 248-9°,

Recovery from column = 1.935 gm (ca.78%).
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P.15. Synthesis of viridicatin (13).

This compound was synithesised by the method of
Eistert and Selzer349 & scheme which involves the
reaction of phenyldiazomethane iith isatin,

A. Preparation of bengzil monohydrazone.

Hydrezine hydrate (11.5 gm of an 85% aqueous
solution) was slowly dropped into a hot éolutioﬁ of
benzil (40 gm) in eihenol (80 ml) with stirring. The
product begen to aeparate from solution after the
addition of some three-quarters of the reagent. The
solution was heated under reflux for five minutes
after the addition of all the reagentvand then cooled
%o 0°C. The hydrazone wae filtered off and washed with
2 x 100 ml portions of cold ethanol. The prodﬁct
mopoléamﬁog(lztaI%QaﬁlQ) was a pure white powder
and weighed 43 gm, corresponding to & yield of 100%.
B. Preparation of azibenzil.

Bengzil monohydragzone (43 gm) was mixed in a mortar
with 86 gm of yellow mercuric oxide and anhydrous
sodium sulphate (21.5 gm). The mixture was placed in
a lolitie flagk and covered with dry ether (300ml).
The catalyst - 5 ml of @ cold, saturated solution of
potassium bydroxide in ethanol - was added and the

mixture shaeken for 30 minutes. The orange solution
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was then filtered and the residue weshed with several
portions of ether umbil the exiract was.oniy slightiy
coloured. The solution was diluted with more eiher
until the ca;culated concentration of azibenzil was
ca, 37 gm in 850 ml of ether and this was used for
the next step without isolation of agibenzil.
C. Preparation or Phenyldiszomethane,

A solution of sodium hydroxide (56 gm) in water
(110 ml) end methanol (700 ml) was added to the solution
of azibengil prepared as above and allowed"to stand ét
room teaperaﬁur@ for & hours., The :iltered clear~red
solution of phenyldiagomethane and sodium bengoate
was treated with 700 ml of a 10% squeoue sodium
hydroxide and the ethersal lasyer separated, weshed
with four further portions of sodium hydroxide sclution
and finally dried over enhydrous sodium sulphate.
D. Preparation of Viridicatin.

isatin (10 gm) was placed in & large conical flask
end the ethereal solution of phenyldiagomethane pre-
pared in step C added and allowed to stand for three
days during which the original deep-red colour was
discharged end 2 large amount of yellowish cryestals
deposited on the bottom of the flask. These were

filtered ofr and recrystallised from methanol arfter
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treatment with charcoal. the yield was 8.45 gm of

colourless prismatic erystals m.p.267-9° (lit.34m°p°

268-9°)

Founds C,75.78 ; H,4.94 ; N,6.19. 015H1102N requires
C,75.93 3 H,4.67 3 N,5.90,
The IR and UV speoctra of this compound are shown
in the Results and Discussion section 1,2.1 together
with its chromatographic mobility, colour reaction

and structure,

Preparation of Q,N-dimethylviridicaetin (17).

A mixture of viridicatin (0.5 gm) and dimethyl
sulphete (£ ml) was heated under reflux in 50 ml of
methanol. A total of Z gm of sodium hydroxide pellets
was added over & period of 1% hours at the end of
which the solution gave no green colour with ferric
chloride, indicating the absence of unreacted
viridicatin. The heating was stopped and 40 ml water
addec, The product crystallised as colourless plates
end was filtered off and recrystallised twice from

methanol 1Yo give the pure pfoduct (0.526 gm, 94% ),
m.p.195-7°, No trace of 3-0-methylviridicatin or

indeed of any impurity was observed on TLC of this

. o 28
compound, whoee literature melting point is 197-8 o
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Preparation of Q,0-dimethylviridicatin (16).

Viridicatin (1 gm) was heated under reflux in
25 ml of methanol with methyl iodide (4 ml) and black
silver oxide (4 gm) for & period of 13 hoﬁrs° The
solution was filtered end the solvent removed under
vacuum. The yellow solid produéed was triturated with
hot petroleum ether (60-807) and the soluble material
wae found to be crude 0,0=dimeﬁhy1viridicatin (0;?55 &n)
which was further purified by repeated‘cryatallisation
from methanol with charcoal treatment. The final
yield was 0,593 gm (55%)mopo 82-4° (lit;mob.86=7° 28)0

Once again, no trace of 3=0=methyiviridicatin
could be detected. he product insoluble in petroleum
ether (0.25 gm) proved to be almost entirely the O,N-
dimethylated isomer,

P.15. The structural zlucidation of ‘A’

L]

Found: C,76.10 ;5 H,5.33 ; N,5.72. CjgH;z0gN requires
C,76.47 3 H;5.22 ; N,5.57.

The 1R and UV spectra of °A‘', on which this
structural elucidation was mainly based, are reprq-
duced and fully discussed in the text. 1ts NMR spectrum,
identical with that of synthetic 3-0-methylviridicatin,

is included in the data presented in 1l.2.3.b.




74

P.19. Attempted Preparation of 3-0O-methylviridicatin,

The previous methylations of viridicatin had
produced only di-substituted compounds. The method
of Cunningham and Ereeman27 wee therefore essayed.

Viridicatin (0.3 gm) was dissolved in.5 ml of
3N aqueous sodium hydroxide and the solution warmed
on the steam bath for five minutes. The sodium salt
was collected rrom the cooled solution and dried.
1t wee diseolved in water (1okml) and a slight excess
of silver nitrate solution added, This resulted no%
in a yellow but in a black powder = presumably the
silver salt of viridicatin - which was suspended in
a mixture of methyl iodide(Z ml) and ethanol (20 ml)
and refluxed for £ hours. The suspension was filtered
and the solvent removed under vacuum to yield a solid
which was triturated with petroleum ether giving the
soluble neterial as 0.Z18 gm of yellow solid.

This was chromaiograpned over deactivated alumina
(9 gm), The fraction eluted with bengene contained
127 mgm of O,N-dimeibylviridicatin, identiried with
authentic caterial while elution with pure ether gave

11 mgm of a crystalline material mop0202=4° with a

positive ferric chloride test and an IR spectrum

consistent with a secondary amide, which was later
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shown to be idenitlical with that of We-methylviridicsatin,
No trece of 3-0O-methylviridicstin was observed in this
preparation, which wes repeated itwice. The main
product was uniformly the 0,N-dimethyl derivative.

P,20. Preparation or 3-O-methylviridicatin.,

A solution of viridicetin (1 gm) end methyl
toluene-p-sulphonate (0.90 gn) in dioxau (25 ml) was
heated under rerlux for 4 hours. The solvent was
removed at the water pump and the residue dissolved
in cold eaqueous sodium hydroxide (50 ml). The
s@luﬁicﬁ was extracﬁed with ether and chloroform and
the combined extracts dried and evaporated yielding
09K=dimethyl§ifidicatin {(0.420 gm) mop0195e7o(lit?8
197-8%), The alkaline agueous phase was ecidified
with dilute hydrochloric acid and extracted with eihew
{o give & crude material which, after recorysiallisation
from methenol, produced 3-0-methylviridicatin(0I60 gm)
BoPo 2%7@90 undepreéssed by the naturallymo@curring
compound 'A°, 1%8 TLC mobility, colour reaction and
1R and UV spestra were identical with those ot FA?Y
thus completiﬁg the siructursl elucidation.

The rémﬁﬁﬂg material in the aqueous phase was
unchanged viridicatin,

Hicroanalysie of the synthetic compound shaws -
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*

Pound: C,76.850 3 H,9.14 ; N,5.67. Clsﬁlsozw requrires

]

C,76.47 5 H,5.22 ; H,5.5%,

P.21. Compound °B°,

This was obtained from fractions 42-47 of the
mein column chrometogram of the culture filtrate
extracts.= p.69. The crude maierial was crystallised
twice from an ether-petroleum ether mixture to give
93 mgm of colourless needles map0178=80°, epparently
homogeneous as judged by TLC. _
vounds C,78.56 s H,10.00 ; N,1.56,1,48,

'Csﬁﬂgyeeﬁ requires
C,78.50 3§ H,10.07 3 N,1L.46.
N@glééting nitrogen, however, Cogl,o0z requires

C,78.82 ;3 H,9.92. and Czpl,y g0z requires

L3

C,79.84 ; H,10.20.
From the NMR spectrum of this compound in Gsl% solution,
‘B ip slmost certainly & sieroid-type.

P.23. Chrometogram of petroleum ether-goluble

material from the mycelium,

The mizxture (4.63 gm) was chromatographed over 150 gm
of deactiveted alumins with e gradient elution ffem
petroleun ether to chlorororm te 50% methanol. The
eluete was taken in 100 ml fractions. The resulting

separation is deteiled overleaf.



Fraction. Weight (mgm) Solvent.
1-4 337 Pet.ether (40-60)
o=6 10 5% CHCla
7-8 12 1046
8-10 '8 208
11-12 14 50%6 "
13-22# 2237 100%¢ " -ergosterol
25-24 38 8% ether
25-34 850 5% methanol - °C°
35=37 86 ' 10% "
38-40 113 20% ¢
41-44 98 50% ¢
45-50 215 5% AGOH,-methanol.

Total recovery from column = 4;021 gm (874).
Practions 16-19 were of 200 ml volume and in fact

fractione 15=18 contained a total of 1.606 gm of

ergosterol, identiried with an authentic sample by
the criteris mentioned.

Practions &£8-=3Z conitained 0,685 mgm of crude C°?
puriried as described to give °C° as colourless
sphericel particles (280 mgm) m.p.139-41°, remelting
at 144-6°,

P.24, Compound °C’,

Founds: C,73.00,72.46 ;3 H,11.30,11.38 ; N;2.34,2.21.

036H6705N requires C,72.94 ; H,11.30 ; N,2.36.




Acetylation of °C',

°C? (50 mgm) was dissolved in 3 ml of a 1:4 mixture
of acetic anhydride-pyridine and heated on the steam
bath for 2 hours. After the addition of 5 ml of water

the resulting gel was extracted with ether. The dried

ether solutlion was reduced to drynees and the residual

gel dissolved in a small amount of methanol. Cooling
resulted in & good yield (42 mgm) of fine colourless

needlee. These were recrystallised twice from methanol

to give the pure product (31 mgm) m.p.66-7°

Pounds (,70.53 ; H,10.61 ; N,2.08. C4oH77 07N requireg

C,70.90 ; H,10.49 ; N,2,07.
The change in the analyticel figures when com-

pered with those for °C' iteelf corresponds well

with the rormetion of o diacetate.

- P.25. Acetylation of °'C’ - forcing conditions.

1Co (39 mgm) and patoluen@aulﬁhonic acid (50 mgm)
were dissolved in ¢ ml of a 1:20 Qixtuﬁe of acetic acid-
.acetio anhydride'aﬁd the solution first heated on the
steam bath for < houré and then refluxed for 1 hour,

The addition of water (10 ml) and extraction as above

gave 31 mgm of colourless needles identified with the
diacetate of °C’ by meliting point, mixed melting point
and TLC. Only traces o more polar compounds were

present despite these stringent conditions - they may



represent breakdown producits of °CY.

P.26. The structural elucidation of

'CY,

The 1R spectra oif (' and its discetate

are shown

and fully discussed in the text, so also are their

NMR spectra,

Mees Spectrum of Diacetyl-'C".

k/e % Abundance. M/e % Abundance. M/e % Abundance.
39 7.2 82 22.4 131 6.1
41 47 83 35,7 265 702
42 16.3 84 10.2 278 6.1

43 100.0 85 16.3 308 7.2
44 36.,8,22.5 86 6.1 339 35,7
45 6.1 88 6.1 340 9.2
54 11.2 95 19.4 357 13.3
55 51 96 14.3 384 14.3
56 20.4 97 20.4 385 5.1
57 71.5 98 7.2 394 7.2
58 9.2 89 6.1 408 72
59 7.1 1.00 10,2 409 6.1
60 49 101 11,2 439 6.1
67 18.4 102 6.1 645 6.1
68 11.2 1089 8.2 646 5.1
69 36.7 110 6.1 647 14,3
70 18.4 113 8,2 11648 8.2
71 50.6 112 6.1 659 c.2
72 14.3 113 8.1 861 2.0
w3 6,1 118 7.2 664 2,0
74 6.1 123 6.1 665 5.1
75 6.1 124 6.1 686 2.4
79 6.1 1.25 6.1 675 0.7
81 18.4 1.28 5.1 679 0.7

693 0.2
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P.37. Degradation of C°¢,

°C? (44.8 mgm) was added to & solution of Q.1 ml
of conc. sulphuric acid in 2.5 ml methanol and then
retluxed for five hours on the steam bath. The
solution wae cooled and extracted with 4 x 5 ml portions
of petroleum ether (40-60) to remove the precipated
fatty acides and methyl esters for further study.

The aclidlic solution was neutralised with éﬂ‘methanolic
potassium hydroxide and the precipitated potassium
sulphate removed by centrifugation. The remaining
liquid was made acid to litmus withiglacial acetic acid
and reduced to ca. © ml bulk on the water pump. It was
then made strongly alkeline to litmus and extracted
with two 10 ml portions of ether. The combined ether
extracts were washed with cold water, dried over

sedium sulphate and reduced to drynese finally yielding
9.2 mgm of a semi-crystalline materisl mop°95=96? which
was analysed by TLC and compared with commercial
sphingosine, 1lts IR spectrum was closely similar to
that of authentic sphingosine.

P.38. Oxidation of °'C’ fatiy eeters.

The petroleum ether-soluble fatty esters and acids
were taken up in ether and extracted with eodium

bicarbonate solution to remove free acids. The ether




phase was dried over anhydrous sodium sulphate and

the solvent rémoved under vacuum %o give 16.2 mgm of
ester material., 1ts 1R spectrum ciosely resembled
those published for analogous long-chain hydroxy
esterse. This material was oxidised by the method of
Tulloch and Graig56 as follows: The fatty esters (16.2
mgm) were dissolved in 10 ml of pure distilled tert-
butancl and added dropwise to & stirring solution of
the “atock oxidant® (20 ml), aqueous potassium carbon-
ate (0.5%, 10 ml) and tert-butanol (50 ml). The ‘stock
oxidant® is an &aqueous soclution 0,0975 M in sodium
netapericdate snd 0.0020 M in potassium permanganate.
When the addition was complete (1 hour), the flask
was gtoppered and thoroughly shaken for 24 hours,
durimg which time the initial purple colour was
appreciably discharged. & pellet of potassium
hydroxide was added and the solution reduced to 20

ml bulk under vacuum, To ithe resulting aqueous phase
sufricient sodium argenite solution was added to
destroy the oxident and the now colourless solution
acidified with 4N sulphuric acid (10 ml). Continous

ether extraction then gave the acidic breakdown -

products of the acyl side-chain moieties ot 'C’.

These scids were methylested with excess diago-
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methane and the fatty acid methyl esters subjected

to gap-liquid chromatographic emalysis by the method

to be described.
in order to provide a suitéble standard for

evaluation of the results of this important degradation
20,2 mgm of methyl linoleate (methyl octadeca-9,12-dien
oate) was subjected toc an identical oxidation and

the esteriried fragments analysed by the same method.

P.38. GLC analysis of fatty acid methyl esters.

The egters were analysed on & Pye Argon’
instrument., The conditions were as follows:
FPor Gs.mongmesters_and upwards, including the
Gy di-esters |
Column; 4° x 2% glass tubing. Gas Flow: 22 ml/min,

Supports 100-120 mesh acid-washed silanised Gas-Chrom P,

Stetionary Phase: 9% F-60/1% Polymer Z.

o
Temperature s 150Q = Ilesh heater 200 .

Undér these conditions, the retention times (R%) of

etandard compounds were:

QsmonobMéthyl caprylate 2.0 mins.

%0 % Methyl caprate 5.4 mins.,
X

Gl? ? ‘Methyl laurate 14.8 mins,
Cgal Methyl adipate 4,4 mins,

7

§ R — e e e i

C., " Methyl pimelate 7.3 mine.| cont)
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C_di Methyl suberate 12.2 mins.

8
C_ " lMethyl azeleate 19.8 mins.
) |
Since 06 mono, methyl caproate, and the Cadl’

methyl melonate, (anticipated as a breakdown product
of all the polyuneaturated components of °C?’) were

eluted together from this column at a very low Rt,

it was neocessary to determine them separately. For
this purpose, the conditions were:

Column: ag above, Gas Flow: as above.

Support: as above.
Stationary Phages 25% APL.

o o)
Temperature: 100 = Rlash heater 190 .

Under these conditions, the Rt of methyl caproate
wvas 11.36 minutes and that of methyl melcnate was
8.7 minutes. The Rt of Cg mono, for comparison, had
increased to 46.7 minutes., Higher homologues and di-

esters were not eluted from this column under these

conditvions.
The resulte of the degradation experiments with
'C? are as stated. From methyl linoleate, Cg momno,

C, di and Cy a3 wers obtained and identified with

standard compounds., Evidence for a slight over-oxidation
' 56 e
(previously reported ) was available in that traces

of Cg di were present. From °C’, 09 di was at once
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identified - s0 aleo was C; di. By a comparison of the

ratio of thepeak areas of Czdi and Cg di for methyl
linoleate and °C’ breakdown products, it was easily
shown that °C° gave rise to twice the amount of methyl
malonate, end thue thet the umsaturation pattern in
'G* has to be A991% 20 §o giher arrangement would
correspond with the known structures of the natural
long-chain fatty scids.

in passing, the ratio of the peak arecas wae

obtained by amalysing identicael quantities of the
methyl esters from methyl linoleate on both columns,
This gave & ratio representing the relative size of
peaks resulting from & l:1 ratio of Cy di and Cydi
in the ester mixture. Since this technique indicated
that °C’ gave twice the relative amount of C, di, the
logical inference was thet two Cy; unite bad been

excised from the middle or the C° pide-chain moieties.

P.40. Acetylation of Base from °C’.

Phe bulk of the base from °C°’ (6.5 mgm) ,whose
isolation was desecribed on p.80, was placed in a small
rlask with 6 drops of dry pyridine and 6 drops of
acetic anhydride and heated on the steam baih for iwo
hours., Following the addition of water (5 ml), the
product was extracted with ether, The acid-washed ether

phase was dried end reduced under vacuum to give 8.4 mgn
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of 2 memi-crysitalline product which melted at 85°
on the Kofler block, crystallised on eooling, and
remelied at 95-8%, The literature M.p. OFf briscetyl-
sphingosine is 101-2° 550
£.43. The syntheeis of viridicetol (20),B=H.

d'-methoxyviridicatin (zd)gaacﬂs was prepared
by MrgcomoSﬁewart by & condensétion of m-methoxy-
phenyldiazomethane with isatin in a manner precisely
analogous to vhet previously described for the
synthesis of viridicatin (p.70 amd_Ref;é%)o The
3,5"adimethogyben21lfréquired foﬁLthe fiﬁét:stage
was prepared Ifrom mamathoxgbenz&ldehyde‘by e bengoin
condensation followed by oxidation of thed{-ketol
with copper sulphate-pyridine., 1t was aublimed ’
at 250-60° (0.2 mm Hg) to give colourless needles

n.po.256-82,

{]
4

Founds C,72.01 ; H,5.0% 3 N;5.84. CqgHy30zN requires

G,71.90 3 H,4.90 ; §,5.24.

Dsmethylation of 3'-methoxyviridicatin.

Phe tiret attempt to cerry out this f£inal step
was made by boiling the compeound with congtanit-boiling
hydrobromic acid., This was inefiective and so more

stringent conditions were indicated.

3 ‘-methoxyviridicatin (30 mgm) wae placed in

20 ml of 45% agueous hydriodic acid and the solution
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heated under reflux for two hours = ithe reflux
temperaiture was 130-140%. Prom the cooled solution,
continuous extraction with ether for four hours
produced ca, 30 mgm of red-brown materiel which
was sublimed (250=60°, 0.2 mm Hg) to give 18 mgm
of viridicatol m.p.271-3°,

Pound: GC,71.09 3 H,4.23 ;3 N,5.49. 015H1103N requires
Cy71.14 ; H,4.37 ;3 N,5.583,

This compound was found to be identicel with
natural and synthetic viridicatol later supplied by
Dr.M.Luckner in respect of its m.p., mixed m.p., TLC
mobility, IR and UV spectra and ferric chloride colour
reaction,

The UV spectrum of the synthetic viridicatol
showed peeks as follows; Amax(methanol) 223 (44,100},
285 (7,400), 307 (7,400), 318 (8,900),and 330 (6,800),
hmax in mp,(epsilon values).

This is to be compared with the reported UV
spectrum of this compound31: max(methanol) 226 (28,200),
284 (8,900), 304 (9,100), 316 (11,000),and 329 (7,600).
Clearly there @xiét@ 5 sirong similarity between these
UV spectira.,

The synthesis of 3'-methoxyviridicatin reported

since this work was completed used the same reaction
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sequence and resulted in the compound m.p.257°.
Demethylation with hydriodic acid gave viridicatol

2
mopOQV4°°3

P.44, The NMR spectre of methylated viridicatins,

ln each case, the spectra of these compounds were
obtaihed on ca, 0.,25H solutions. They were recorded
by Mr.d.Gall, to whom thenks are due for his

technical assistance.
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PART 2. The Blosynthesis of Plant Coumarins.

2.1, (Generel Introduction.

The coumarine form a large and diverse group

of natural products characterised by the existence

of the 5,6abénzm2apyrone (1) (coumarin) nucleus
es part of their structure. They occur widely
in higher plants belonging to the Umbelliferae
and Rutacess and to & lesser extent %o the

Leguminosae and Qrchidsceae. A very few have bheen

ispolated from animals and microorgamisms. For
example, Karreris compendium of natural products
(1958)1 reports the distribution of coumarins in
re?r@@@ntativ@s of 77 geners from 27 plant famil-
jes, Of these, 18 belong to Umbelliferae and 18
%o whe Rutacese, the others occurring more or less
sporadicaelly within the remaining 25 families,

A% this point, it seems advisable to define
the term °coumarin? fér the purposes of this re-

search. This term comprizes only those higher

Plaht products which contain a'596=b3n2=23pyrone
nucleus deriveble from a single phenylprgpangid

unit, and whioh have only hydrogen substituents

on the 3 and 4 positions of the lactone ring.

This restriction eliminates from consideration




B
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the small number of knewn 3-phenylcoumarins such
as coumestrol{2) and wedelolactone (3). On
structural grounds, they seem more closely re-
lated to the isoflavonoids and in fact radiotracer
experiments on coumeetr012 have shown this to be
the case. Also eliminated are the 4-hydroxycoumar-
ins, exemplified by 4-hydroxy-3-methylcoumarin (%}3
and di@au@arcl {5), the haemorrhagic principle.
in spoiled @lmr_eré which mey be derived from cou-
warin in the intect plant by oxidation at the 4-
‘poeiti@n and coupling vig 8 Gy {formaldehyde? ) unit.
In addiﬁi@n to these small groups, the 4-alkyl
and aryl coumaring e.g. (6)° ana delbergin (7)6
are not classed with the 'true’ coumarins since
their formation probably involves & coupling
between a Gnoﬁs unit and 2n acetate~derived @6
precursor in & manner analogous o that prgposed’
for the formation of the isosteric viridicatins (8)
discussed in the previcus section. There is 8
strong possibility, on strucitural and taxonomic
considerations, that the dalbergioneae (9), Rgﬂ»@@ﬂsa
are closely related %o dalbergin. The 3;4-benzocou-
marins, e.g. ellesgic aecid (10}, ere very probably

derived from gallic scid units and are not classified
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with the "true’ coumarins here.

In séite of these deletions, the remaining
coumarine number over one hundredg including
fourteen glucosid@gg The resultits of a statistical
survey of the known structures to date 9 are
shown in the table-more are continually being.
discovered. Only two completely unsubstituted
coumarins, coumarin and dihydrocoumarins are
known. All the others havé a tree or masked oxy-
gen function at the z?pgsition, e point of great
blogenetic signlﬁi@am@am

The known C-alkyl substituents are all built
up from one to threeC; isoprens units or ere de-
rivable from such a mnitlco Di-elkylation is very
rare end methyletion in the benzene ring is unknown-
Farthermore, alkylation of the aromatic ring ai
position 5 is mever found in this series.

In the series of thirtythree coumarimns which
_are oxygenated but unot C-alkylated, (Column 1 and
Pig.1l),b-oxygenation is rare in contrast to the
findings for the 6 and & positions.

The remaining sixtysix of the oxygenated

coumarine are also C-alkylated, (Columns 2,3,4
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ané Fig.2), and in this series S-oxygenation is
common, possibly reflecting the increased pro-
pensity tor cmalkylation of a resorcinol-type
arometic system. At position 8 oxygenation is
very rare while alkylation is very common. Alky-
lation &t the 8 position is also frequent.

13 chromenes and chrorans with 39 furans and
dihydrofurans attés% the predomiﬁamce of gyclic
derivatives im the maturally-occurring coumarins.

Tt is & ourious fact thet in the chromene-chroman
sections of the C-alkylated coumarina, ‘anguler’
shapes such as seselin (11) predcmim&%efil; over
the ‘linear® { 5}9 2.g.¥antbyletin (12), while im
the furan-dihydrofuran sectiocns, 01imear“‘[§2}
derivativeag e.g. Psoralen (13) are m@re freguently
encountersd than "angular’ [;é}s e.g. angelicin {14) -
In general terms; the frequency of partioular
oxygenatiom petterns may De expressed as 7mmoné>>
5,,”?=d1>>798adj,96,,‘?«=di 6,7,8-1ri,867-tri. A re-
cent survey of the coumarins  conteins the sugges-
tion that the 5H,%7-oxygenation pattermns (found in
27 of 99 derivatives studied) indicates their
possible rormation by acetate-polyketide pathway .

One object of this thesis is to show that
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oxygenetion meta to an established phenolic
nacleuws can in fact occur. Application of this
euggestion to the problem of the 5, 7-uxygenated cou-
marine'readily accounts for their occurrence via
the postulate that effective gg&gehydréxylation
of the srometic ring may occur at either the

cinnamic acid or %the 7-Oyygenated-coumarin stage.

€ ctrm——

It is ef,infefest thet 11 of the 12 known
hydrozycounsrin glucosides are membefs of the
oxygenated but not C-alkyleted series since the
possibility exists that the C-alkylated coumarines
may be derived by interaction of an isoprenocild
Apr@@uré@r with & preformed hydroxycoumarin
glucoside. Thus, vellein (15) is the only knowa
C=alkylated glu@gside containing the coumarin nucleuns.
1t mey be readily envisaged that removel of this
bloékimg group énd cyclisation of the resuliting
@aﬁhengl (16) will give rise either to the angel-
icin @eriea (via columbianetin {(17)?) or the
seselin series (via lomatin @185?)¢ Analogous
congiderat ions apply to the known 7-demethylsub-
eropin (19). However, the known Ceo-occurrence
of both simple and complex soumarins and the

12
o-glucosides of the corresponding coumarinic acids




102

leaves the precise timing of C-alkylation unde-
cided. One reportlg of preliminary radiotracer
studies on the rfurocounarins is consistent with
their derivation by 'isoprenylation® of a pre-
formed oxygenated coumarin,

| Hany coumerins exhibit physiological activity
in plantﬁ; enimals and insects, Crude extracts
of the Angelicidaeg_whi@h often contain furocou-
maring, have been used for centuries in China in
druge termed Tang-t'u-p‘an (Number-one Artillery').
They weire emj@im@d as stomachic, tonic, carminative,
expectorant, leniiive, rousing, stimulant and
aﬁﬁiﬁpaﬂmﬂﬁi@léo Excellent reviewé of the ex-
tremely diverse activities of coumarins are avail-
able, desecribing the chem@ﬁherapeutié uses-of both
natural and synthetic @@mpoundéégeThe @heéistry of
the coumarins has received close attention and
their properties, together with their occurrence,

1559 11,1?"22@ They may

have been fully documented
be regarded as lactones of cis-o-hydroxycinnamie
acids, {the coumarinic acids), which are not ob-
tained as such due to the spontaneous lactonisstion

of the free acids 1o the coumarins. The trestment
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of c@mmafim@ vith hot elkell or yellow mercuric
oxide effects cleavége of tue lactone ring end
géggigggg‘ieomeriaati@n to give the stable trans-
oahydroxyeinnamiabacid@ (the o-coumaric acids).

The reverse process, in whieh tﬁe o-coumaric soids
are converted to coumerins, can be induced Dby ultra-
violet irradiatiom of their solutions, or by‘
heating with a trace of mineral acid,

In sumnmary, the naturally-occurring coumarins
exhibit & wide range of siructural types depending
on the substitvents present on the benzene ring of
the coumarin nucleus. Their study is not facili-

tated by the host of accepted trivial naunes,
very few of which comvey information on the sec-
ondary functionel groups within the molecule,
Some random éxamplaa of the complexity and
variation achieved within the small available
compess are bruceol (é@)g farneaiférgl a (21),
archengelin (22) and byakangel;@ol'(zﬁla

The structures of the coumarins most s8ig-
nificant in the present study are those of coOV~
marin (1); umbelliferons (7-hydroxycoumarin) (24),
and its methyl ether, berniarin (25) and

(-D-glucoeide, skipmin {26)7 aesouletin (27) and
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1ts B-methyl ether scopoletin (28),

Any discussion of the naturally-occurring
coumarine must include due recognition of the fun-
denental advences made in this f£field by Ernst
Spath and his co-workers in Vienna during the 1930%s.

T now seems appropriate to desgcribe the’
orgenisation of the subseguent sections. Follow-
ing a generval description of the biosynthesis of
aromatic compounds, the theories advanced o
eccount for the formation of coumarine are pre-

sented with & brief discussion of the relevant

experiments

]

sported before end during the presentd
study. The maln section consisis of & detalled

discussion of the results of the radiotrace

experiments sarried cut here. (Combining these with

other work published during the last two yeavs,

the rFormulatiocn of & detailed scheme for the

bicsynithesis of ?uaxyg@ma@ed @gum&finskin plants

is possible.

Qoloa@ The Bicosynihesis of Aromatic Compounds.

Any blo&yﬂth&&l@ pathway nmay he regarded
epssentially &5 & 8 qu@pae of chemiocal reactions

catelysed by engymes. The ensynes avs mscremolesulay
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proteins produced by all living eells to assist in
the constant redistribution orf energy which is one
of the prime characteristice of life. Although
many enzyme systems are capable of reactions which
can hardly be reproduced in vitre, it is increasing-
1y clear that their action is due to the induction
oi fundamentally °logical’ electronic rearrangements
within and between favourably oriented substratee,
These reactione obey the laws of thermedynamics
as strictly as any performed in the laboratory.

The advent of radioitracer techniques has pro-
duced an ever-increasing flood of information oun
the nature of engymes, engyme reactions, and on
the reaction sequences leading %o epe@ifie‘coma
pounds. Excellent reviews on the properties of

[

- - 2 o % . ‘
enzymes are available  ’"° and the biosynihesis of
L .11,25-40
aromatic compounds has been fully documented s
Further advances in biosynthetic studies are certain
teo add to our knowledge of the pathways to particular
compounds but the twe basic routes to the class

of aromstic compounds now seem well established.

These are the ‘ascetate’ and ‘shikimate’ pathways.

Besic to ithe ‘acetate? pathway is the formation of




- L
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chains from effective two-carbon units., These
Vpolyoketideﬂ chains are then released from an
enzgyme surface and condense @pontaneouslyﬂ to
yield aromatic compounde with the meta-hydroxylat-

ion pattern characteristic of the products of the

overall pathway. Perhaps the most elegant meni-
festation oi the ope?étion of this route is seen

in the formetion cf the mould metabolite griseo-

41

fulvin (22), — the biosynthesis of which was

v . 4
studied by Birch end bis co-workers im 1988. 1m1°

C-Acetio acid was fad to the mould Pemicillium

griseofulvum Dierckz and after imolationm the

griseofnlvim produced by the fungus was degraded
and the activity present in each carbon ailom deter-
mined, The reaulte’were fully comsistent with the
derivation of a l4-carbon precursor by head-to-
tail condensation of two-carbon umiis. In fact,
the current view (geeggb} is that the methyl-
terminal unit does arise from acetate but the
chain elongaticn proceeds by addition of malonate

units in a4 manner closely analogous to the schene
elucidated for the biosynthesis of fatty aclids-

{see Part 1.3.D.),
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Sinoe the coumarine, as defined above, are all
substituted phenylpropanoid monomers, the ‘shik-
imate? pathway leading to the 066-03 aromatic
amino acids, phenylalanine and tyrosine, will be
described in greater detsil. These two amino-
acids have been shown to play & major part in the
eyhﬁhesis of plant phenolics such as the cinnamic
ag¢lids, co@marinss flavonoids, an& certain alkaloide
in addition €0 the polymeric lignin found as a
constituent of the cell walls of ‘woody’ plants.
Furthermore, by dégradaﬁign of the three-carbon
side ohaines of thes amino acids or the cimnamic
eacides derived from them, they may give éise to the
csmcz and Csmel units which form part of & great
many'naturai products. It is worbth pointing oui
that definite °hybrids’ of ihe acetate and shiki-
mate pathways are known, the best example being
the vast group of the known flavoneld c@mpoundsézo
These have been shown to arise by the junction of
a C6=Gz unit with three malonylcoengymeA moiecules9
yielding a postulated chalcone intermediate {30) .
However, such & condensation may result in the form-

ation either of the flavonoids (31} or the
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is@@ommﬁrin@(ga) and stilbenes (33), probably
depending on the Orientation of the GlS precursor
on the active site of the cyclising enzyme.,

Two differeni folding modes could produce -the
flevonoid nucleus..
The isccoumarin hydrangencl (34) is indeed

_ 3,44
formed by the pathway shownéagé"

, while studies on
the stilbene pinceylvin (35) and its monomethyl

. 45, 46 - . i

ether accord with the suggestion that they are
formed by decarboxyletiom of am isocoumariim,
stilbene carboxylic ecid or of a precursor of these

compounds. In passing, it should be noted that

hydrangencl is & product of Hydranges macrophylls

and is & synergist for gibberellin a@tionﬁv

) Intensive Studiﬁﬂgg meke it clear that the
first stage in the formation of phenylpropanoid
coﬁpéunds is the formetion of & 'proto-asrcmatic’ ring
via condensation of erythrose-4-phosphate (36)

and phosphoenolpyruvic aecid (37): These compounds,
~which are derived from glucose by the ﬁpentgse
phosphate’ and'glycolytid pathways respeetivelyg
yielad the 3evenucarbon sugar sedoheptulose=7-

phosphate (38). This condensation is catalysed
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by a synthetase engyme,which has been purified

from extracts of the bacterium Escherichia coli?8

The first cyclic compound formed in fhe pathway to
shikimic acid is S5-dehydroquinic acid (39). 1In
this step, phosphate is extruded from the precursor
(38), oxidation at carbon 6 occurs together with
reduction at carbon 7. Dehydration of this

o =hydroxy keto-acid gives rise to the fully cone-
‘jugated 5-dehydroshikimic acid and a stereospec-
ific reduction of the kelone function produces the
important intermediate shikimic acid (41). 1% is
of interest to note that boith of these reactions
are demonstrably reversible. This is cerﬁainly

surprising in the case of the dehydration step

sinceonstability considerations, the unsaturated

5-dehydroshikimic acid would not be expected to

accept the elements of water readily. This may

however be favoured by a mechanism such as that
shown in which the polarisatiom of the S-cardonyl
group assists the reverse reaction. Since this
reversal is stereospecific, i3 may well be catal-
ysed by the same engyme that mediates the forward

reachtion.




CCbH CO2H

(41)
PO ©
HO,,C (43)
HO~C coZ2B
CO2H CO2B
HO
H
(45)
1 C >
0 0

oC



ilo
This sequence leading to shikimic acid has been
elucidated by studies on the metabolism of miero-
orgenisms. However, the operation of the shikimie
acid pathway in the higher plants haa been amply
demonstratedv(see‘}s)9 convincing sﬁpport,for this

being proven occurrence of many of the enzymes .
controlling the pathway in higher plant35°°53,
Furthermoré, shikimic acid is a ﬁell-characterised
constituent of various plante including the

japanese °shikimi® tree, Illicium religiosum

54

o

Sieb., from which it was first isolated in 1885
The next stage in the producfion of phenyl-
alanine énd tyrosine ie the union of a further
three-carbon unit, once agein phosphoenol-pyruvate,
with shikimic acid-5-phosphate (42). The addition |
of thie phosphate group, by the action of a kinase
on shikimisc aocid, may be regarded es p;eparing the
waj for the skeletal rearrangement of the conden-
sation product 3=enolpyruvyl5hikimate=5-pbosphate
(43). To this extent, the S5-phosphate conforms to
thé concept of a *good 1eav;ng group® common in
synthetic organic chemistry. In general, &a sub-

stituent may be said to be a good leaving group
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if its loss is & thermodynamically favoured process.

It may be significent that the non-phos-
phorylated analogue of (43) has long been known as
a product of cerfain mutant bacterial strains.
It could ¢onceivably arise from the direct con-
densation of phosphoenolpyruvate with shikimic
acid iteself. Palling this, the remcval of phos-

phate from {43) without induction of rearrangement

or a stereospecific hydration of (44), (which
could lead to the hydroxy-benzoie acids) must be
postulated.

The elimination of the elements of phosphoric
acid from 3-enolpyruvylshikimate=5-phosphate with
a concomitant double bond shift yields the so-
called chorismic scid (44), trans-3,4-dihydroxy
cyclohexa-1,5-diene carboxylic acid 3-enolpyruvyl
ethersso

Chorismic acid is of the greatest significance

in the biosynthesis of aromatic compounds since

M. end ¥. Gibson, who discovered it in cultures of

6,87
Aerobacier aerogenes autante®Os® , heve shown that

it is the precursor of anthranilic acid (and

thence tryptophan) as well &8s p-hydroxyhenzoic
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acid and prephenic acid (45), which is the next
isolable intermediate en route to the aromatic
emino acids. The structure of prephenic acid is
such that its formation from chorismic acid may be
visualised in terme of an orientation of the ether
methylene function near the C-1 of the ring,
followed by a sequence of concerted electron pair
shifts through a'no-bond mechanism as in the re-
arrangement &« to (3 580 Gibson and Jackman559
however, have described the biological transfor-
"mation as "preeumably a stereospecifio S'ni re=
action” in which the leaving group decomposes dur-
ing ‘solvolysis® to produce nucleophilic anions
that attack the carbonium jon before it can be-
come symmetrical. Pfephenic acid is the last
non-aromatic intermediate in this pathway. When the
enzymee prephenic aromatase58 end prephenic de-
hydrOgenasesg’so react with this compound it is
traneformed to phenylpyruvic (46) and p-hydroxyphenylpy-
ruvic (49) acids respectively. At first sight, it
might seem that prephenic acid, rather than choris-

mie ecid,is the true branching point in the overall

sequence to the amino acids and that chorismic acid
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{Greek -‘separating®)nes been wrongly named. Tﬁis
is not the ocase, however, since the recent work
of Cotton and Gibsonel haé shown that the conversions
chorismic eacidsprephenic acid»phenylpyiuvio acid and
chorismic acidéprephenic acid-p-hydroxyphenylpyruviec
acid are catalysed by two different enzymes or
Aénzyme complexes. Thus, choriemic adiq is the true
branching point in %his pethway, in spite of the
formal equivalence of the pools of prephenie acid
involved in the bicsynthesis of phenylalanine (47)
and tyrosine f-,?CCSO):; |

The final step in the formation of the ar-
omatic amine acide involves the transamination
of the corresponding keto-acids. This demands the
transfer of the elements of ammonia from glutamic
acid to the Ketoeacié end the producie are the
ogé-amino acid and ol-keto glutaric acld. Enzymes
capable of effecting thie type of iransfer have
been purified from-micranrganismeaz, higher
'plant952 and‘anima1$630 1t is genserally conceded
that the formation of tyrosine by para-hydroxylation
of phenylalanine is the major pathvay in enimal

64,69

‘tissus genetio loes of this step leading to

?

. 66 :
phenolketonuria in mé&n | with an accumulation of
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phenylpyruvic acid. Both plants and microorganisms
39e

utilise the keto-acid route described above
However, a recent report on the properties of
a phenylalanine hydroxylase system from spinach leave867
demons trates that, in common with so mﬁn& biochem~-
ical processes, there is no absolute division
between the classes of living entities whioch may
possess a given ﬁigchemical ability. The mere
possession of a given enzgyme system is no guarantee
however, that its action plays a significant role
in the total metabolism of a cell, or indeéd that
the substrates eifficiently utilised in radiotracer
studies are the actual in vivo substrates.

At this sivage, the situation may be rev:;ewedo
Prephenic acid (45), the ultimate precursor of the
phenylpropanocid compounds, is formed by the con-
densation of erythrose-4-phosphate (36) and two
units of phosphoenolpyruvate (37). Both (36) and
(37) are derived from glucose and thus, ultimately,
from carbon dioxide in photeosynthetis tissue, De=
carboxylation of prephenic acid, with or without
simul taneous dehydra;tion9 gives rise to the keto-
acid precursors of phenylalenine and tyrosine

respectively. The amino acids &s such are formed by
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transemination.

A critical feature of the senquence leading to
the plant coumarins is the biosynthesis of trans-
cinnamic acids. The reason for this is that it
is a cinnamic acid, rather than the corresponding
amino-acid, which is directly involved in the
elaboration of many secondary metabolites such as
the flavonoids and stilbenes discussed briefly
above. This is also true for the plant coumarins
studied so far. |

At one time it was believed that the cinnamic
acid system was formed by the dehydration of a
reduced phenylpyruviec acidzs, Apparent support
for thie wae obtained from tracer studies but it
now seems clear that the good incorporations
of activity achieved could have been due to the
oxidation of the fed phenyllactic acids to the
keto-acid precursors of phenylalanine and tyrosine.

The operation of &n enalogous scheme in wheat
stem has been euggestedlag vut the established route
to the cinnamic acids has resulted from the importent
work of Koukol and Conn in California and Neish in

68,69

Cenada. They have proved that the action of the

purified enzymes phenylalanine deaminase and tyrase
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from barley results in an irreversible elimination
of ammonie from the o/-amino acids to give the
corresponding trems-cinnemic (48) and trans-p-
coumaric (51) acide as shown. Phenylalanine
deaminase68 appedars to occur widely, probably in-
deed, in all higher plants which . lignify. but the
distribution of tyraseﬁg‘ is much more resiricted.
It eppears to occur only in members of the Gréminae
(grasses) and the substantial evidende in suppors
of this genersl siatement implies that the key
intermediate in the furiher pathways to be dis-

cussed is irems-cinnamic acid (48) ;

2,1.b. The Biosynthesis of Coumarin

Coumerin is a fairly wide-spread natural pro-
duct, Much of the interest shown in this ogmpoﬁnd
stems from its well-documented action as a growih
inhibitor e.g. it was shown to inbibit the growth
of wheat roots at & conceniration of 7 x 10u6m as
early as 1907?1: since then, it has been implicated
as a physiologically active agent in many life
processes see 72,73, Perhaps the main signifi-
caénce of coumarin rests in the notorious haemorr-

hagic properties of its congenor dicoumareol in
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spoiled sweet,elgverég Sophisticated plant breed-
ing etudies carried out in the production of ‘low
coumarin’ strains of thies important forage crop
have yielded valusble insight into the biosynthetic
pathway to coumarin, which is now established, in
outline at least.
| .The psethway to coumarin has meny parallels to
the sequense‘establiéhed for oxygenated coumarins
in this and other studies. It will therefore be
discussed in.detail.

The first yédigtraeer studies on the formation
of coumarin wers carried out by Kosuge and Comnn
in 1959. They showed that glucose, shikimic acid,
phenylalanine and itrans-cinnamic acid were effec-
tive precursors of g-coumaric acid {(52) in white

sweet clover (Melilotus albe Deer.) and thet none

of these compounds except g-coumaric acid signi-
ficantly labelled coumarin, possibly due to a very
rapid metabolism of coumarin to melilotic acid (535a)

and melilotyl glucoside (58}

75
The results obieined by Weygend and Wendt

. 14 14 '
for their feedings of lal ¢-acetate,l= C-glucose
and UaIQCmpbenylalanine %0 root tissue cultures

of M.officinalis coniirmed that coumarin does
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not arise from acetate but rathei from glucose by
way of shikimioc acid and phenylalaﬁiﬁe,'negradation
of the coumarin isolated from the feedings of
glucose and phenylalanine proved that the distrie
butiqns of activity were fully in accord with these
theories.

The work of Brown and his eollaborétors%ﬂ

using sweet grass (Heirochlbe odorata) as the

subject, again showed that shikimic acid, phenyla-
lanine and_yggggacinmamic acid are good precursors
tor céumarin but are still more efficiently utili-
sed in the synthesis of geéoumari@‘acidg which was
itself readily converted to its glucoside., A
critical point demonstrated here was that o-
coﬁm&ryl glucoside is an efficient precursoyr of
coumarin..

Ieter work by Weygand et S A demonstrated
that unbelliferone is not trénsformed to coumarin

by M.officinelis. The tact that dehydroxyln of a

para-oyzenated precurseor does not play any major

part in the biosynthesis of coumarin was simultan-

eously contirmed by Brown, whose experimenis with

79,

ﬁoodOrata?a and later with lavender showed

thet tyrosine and p-coumsric acid are far less
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efficient precursors of coumarin then phenylale-
nine, cinnamic acid, o-coumaric acid and coumarinyl
glucoside. |

Brown suggested ?gﬂthat, in higher plénts,
cinnamic écid (or en ‘'activated? form of it) is
a common precursor of.all coumarins, énd that
ortho- or ggggehydroxylation'of this éompoand
leads subsequently %o the formation of coumarin
end the 7-hydroxy coumarins respectivelycm This
hypothesis has been upheld by the later studies;

In & further contribubion, Kaéuée

and Conn®> showed that melilotyl glucoside (53b)
énd o-coumaryl glucoside (53) are metabolically
active in sweet clovez.and that the latter ié an
efficient precursor of coumarin, thereby confirm-
ing the previous ﬁork of Brown et alc?s They
suggested that the incorporation of this compound
probably occurs via the cis form , coumaringl
glucoside {54), end puriried a P-glucosidase engyme
from the plant which was highly active against the
cie but essentially inert against the trans o=
glucoside. The inference drawn'wae that this
enzyie is respomsible for the final step {54)-(55)

in the biosynthesie of coumarin in M.alba and &
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similar enzyme has been shown to be active in the
coumarin-rich tonka beansgo The specificity of
this engyme is very different from that of the
oommericallyaavaiiable nglucoeidase {(almond
emulsin) which hydrolyses both the cis and trans-
glucosides at the same low rate. A possible rat-
ianale of ﬁhe.spe@ificity of the clover engyme will
be discussed later. in section 2.2.6.

Stoker and_Beliiéa?foundﬂ in feeding légmgggga
oinnamic acid %o HM.z2lbe, that the incorporations
of activity into o-coumaryl glucgsideg o-coumarinyl
glucoside and @@umafim over periods of 15 2 and
d days were in ac@@rdAwith the accepted scheme and
confirmed previous resultgqindicating that melilo-
tic acid and melilotyl glucoside are metabolites of
eoumarin @r-itslprecurggreo They also “onfirmed
’the work of Kosugegss who had proved that the
‘“bound® form of coumarin im M.albe is indeed cou-
maiinyl glucoside (54). The results obtained from
thelr feedings of gggnlégu@innami@'acid (56) were
of great interest since they showed that the gis-acid
is converted directly to coumarin, probably by
orthe-hydroxylation and subsequent lactonisetion

without the intervention of a glucoside form. In
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view of the demonsiration thet phenylalaninme
deaminase produces only trang-cinnsmiec acid68

end the fact that an efficient pathway existe in
-eweet clover for the conversion of the transw
acid to coumarin, it is most probable that the
rdute'to coumarin via gle-cinnamic acid is not
favoursd &and,indeed, that cig-cinnamic acid may
not exist in M.albs under normal conditibns.
However, this possibility cannot be totally ex-
cluded.. ‘

Sinultanegusly with the work described above,
BrQWnag presented convineing evidence, on the
basis of his further studies with Heirochlde
Qdor@tag in favour of the ortho-hydroxylation
soheme for coumsrin biosynthesis and postulated
the existenée of & small but significant pnol
of 'Pree’ goumarin in this plant as well as the
presence of separaie bools of °‘bound® coumarin,
coumarinyl glucoside (54).

In summary, the radio-tracer experiments on
the formstion of coumarin in various plants are
in accord with the scheme shown, with the'provisos
that rapid metabolism of the coumarin ocan oocur

and thet alternative routes ito the lactone ring

system may contribute.
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The examination of the genetic control -of

these transformations is etill in progrees. It
éan be pointed out that the work so far has concen-
trated on the demonstration in M.albe of the two
genes (Cu , which determines whether any coumarin
will be made , and B, which determines the presence
of any ‘free’ coumarin. Thie has been the work of
Goplenlet alggo Rudolf and SQhwarzeg1 and espec-
ielly Haskins and Gorzgz”%’g4 and their co-workers
in Nebraska. This work has been reviewed by Brown36
and Kosuge/‘m9 and the finding is that the Cu gene
controls the ggggg?hydroﬁylation‘of trens-cinnamic
acid, while the B gene controls the [=gluco-
sidase spesific for coumerinyl glucoside (54)-
Thus, plants homogzygous dominant for both genes,
CuCuBB, have been shown to contain coumarinyl
gluooside as well as the enzyme responsible for
its hydrolysis. 1t is quite clear that these must
be separeted in the intact plant and the formation
of ‘free’ coumarin takes place only when the plant
tissue is disrupted%o since 1t has been Shzgfsgfat

» 95

‘no free coumarin exists in the intact plent

Plants, homozygous dominant for the Cu gene but

recessive for the B, have the constitution CuCubb



and therefore, although they contain coumarinyl
glucoside, they possess small glucosidase activity.
The heterozygotes will of course, exhibit the
activity of the dominant. The picture for Heir-
ochl8e odorataS? g complicated in that the speci-
fio activity of ‘free’ coumarin wes consistently
higher than that of the "bound’ glucoside form.
This may be explained by assuming tﬁat part of the
gggggo@imnami@ acid precursor is converted to the
¢is form, end a§ such 1is Véirect;y' hydroxylated
to‘give coumarin87e Alternatively, separate pools
of coumerinyl glucoside may exist in the plgnt36
and the ’free’ coumarin is only formed from the
small but highly active pool of ooumarinyl glu=-
coslide produced after the feedings 61 radioactive
precursor. This implies that the greater part of
the ‘bound’ coumarin is inert within the plgnt,

In view of the known physiological activity of

ocoumarin ageinst fungl amd viruaes?e, the presence
of a latent pool of coumarin in & plant may be
plausibly interpreted as a defence mechanism.
Although the ortho-hydroxylation of trans-
Cinnamic acid is very strongly favoured as the cri-

tical step in the sequence to coumarin, it has not

123
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yet been demonstrated in vitro. However, the glucos:-
ylation of o-coumaric acid by an enszyme pieparﬁtion
from f.albe with added ur:lvdine diphoeﬁhaie giucoée
(UDPG)(S?), has been proved, aelcited in74. The
involvement of the d-glycoeyloxy nucleotide UﬁPG,

a frequently-encountered °‘High-Energy® éluoose
carrier in higher plants 973, suggests & parallei

with the glucoside-synthesising system first dis-
97

o .

covered by Cardini and Leloir
A iurther vezxed dquestion in ﬁhé engymology

of coumarin biosymnthesis is thé nature of the

sontrol of the trans-cis isomerisation siep prior

%o the formation of the lactone ring. As previously

mentioned, the isomerisation of coumaryl giuooside

is é very faclle proc@sssﬁ, mediated by 1light

alone in vitro, whioh in itself esuggests the possi-

bility ﬁhsm engymic control is not absqlutely neoces-

Bary. This hyboth@gi@ has received strgng suppord

both from im vitro and im vivo studiéa9 especially

by Haskins and Gorz. Experiments carried out in

the present study fully coufirm theixr findings and

demonstrate that the presence of the g-glucosyl
group is no barrier o the isomerisation, Kahnt

hes addused evidence favouring a causal conmection
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between the lisomerisation of coumaryl glucoside and
the intensity of illumination of i.alba plantagg
while this has been trully confirmed in asuthoritative
studiss of the cis-trans ratio in a wide range of
species of Nélilotus and Trigonella by Gorz and
Haskinelooo Their further wo%k has yielded strong
evidence in favour of a nou-engymic isomerisation
Et@plglo However, Stoker’'s report that both
M.alba leaves and an enzyue prepération from them
are in fact capable ol inducing the treng-cis
isomerisation step in the absence of 1ight1®2
is a highly significant datum contrary to this
suggestion, The situation remains obscure.

Although the cutline of the biosynthesis of
coumarin seems clear, much remains to be done in

order to esteblish the full details of each step

in the sequence. The further metabolism of

39e,40

coumarin snd its precursore by planis an
03--305, . . = T e
microgrganismglob”lgd” has proved to be of great

interest but will not be discussed in detail

for the present purpose.
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£.1.c. The Bilosynthesis of Oxygenated Coumarins.
The striking fact that all the known plant

coumerins apart from coumarin itself are oxygen-
ated at position 7 of the benzene ring'ﬁas long
been interpreted as implying their derivation from
.ngg—oxygenated phenylpropanoid compounds, althpugh

an early suggestion was that they might arise from

.. 138
- angd
Cq Gl 02 unite
With the notable exception of S.A. Brown's
79,80,1086

107
work on herniarin and umbelliferone © 9

the radiotracer studies on the biosynthesis of the
oxygenated coumarins have not provided detailed
information on thé operating mechaniems.

Reznik and Urbanloa ted ﬁb14coferulic acid to

leaves and seedlings of Helianthus annuus, Triticum

vulgare and Zea mays end were able to show by paper
chromatography and autoradiography that it was
incorporated into scopolin (58), caffeic acid (59)
and its quinic ester chlorogenic acid (60). The
first quantitative radiotracer study on oxygenated
coumarins was carried out byAReidlog using ?icotinia
tabacum as the subject. He found that Ua;ér:--pheny.-l
-alanine was a better pfecursor of scopoletin than

" . X 14 .
3'Jé0~acetio acid, 1- C-phenylacetic acid and
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14;c»carbon dioxide..
A highly significant study by Harborne and
Co:c-ne:c‘llo of the metabolites of cinmamic acids in
e wide variety of plants included the observations
that glucose esters rather than glucosides were

formed from phenclic agids and also that caffeie

acid is converted to aesculetin (27) by radish

leeves (Raphanus sativus) and to scopoletin (28)

by Datura knightii leaves,

1
The administration of l- écaacetic acid,

~

L4 14 i .
U=""C-glucose and 2- (-p-coumeric acid to

Hydranges macrophylle by Billek and Kindllllsllg

followed by qualitétiva estimation of the activity
incorporated into umbelliferone {7=hydroxycoumarin)
proved that only the last two were efficient precur-
sors of thie, the fundamental plant-coumarino
This report led to the present radiotracer experi-
mente on ﬁhe'biosymtnesiﬁ of uﬁbelliferone in hydrangea.
" Brown's work on the formation of herniarin (25)
in lavender and of umbelliferone (24) in hydrangea
will be discuseed:invdetail in the following section,
The possible pathways %o scopoletin, the most
freguently encountered coumarin in higher plants

. : . 114
have been investigated by Runeckles .. He has
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concluded that the probable immediate precursor
or the glucoside ecopolin is cichoriin (61) |
(aesculetin-7-glucoeide), = naturalAconstituent
of the tobacco planten5 The methyl group will
almost ceritainly arige from the one-carbon meta-
bolic poclllao Runeckles! prime aim wes to inves-
tigate the bicsynihesis of chlorogenic acid (60),
but he observed ithat Ezgggfzclgcaginnamic'acid
and 2=1%Gmpm@aumarie acid were effivient precursors
of scopolin and scopoletin but not of cichoriin (61),
Nevertheless, cichariin was the most active meta-
- bolite isolated afier the administration of 2w1%0a
caffeic acid. Socopolin and scopoletin were shown
to be radiocactive metaboliies of 2a1$0=ferulic acid.
The possible routes of formation of scopoletin are
shown in the diegram. 1t may be significant that

aesculin, cichorin and scopolin eg-ocour in certain

: @ - . . 138a
species of potaio e.g. «<olanum pinnasiisectum o

Recently, Billek and Kindlll? have reported
that ths sconoletin isomer, 7-hydroxy-8-methoxy-
Soumarin (63) ie not formed by the anticipated
hydroxylation of ferulic acid ortho to the 3-

methoxyl gicup with subsequent lactonisation.




CH30 CH30

(63)
Formation of ‘Hydrangetin' (63).

(64&),R#H ) “ (65a)5R-H 
(64b) ,R=0CH; (65b) ,R=0CH

3
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Their postulate is that it is produced rather by
the 8-hydroxylation of umbelliferone to give the
known daphnetin (62)thich ie at once methylated.
This is in contrast to the previous resultsloe’llé_
which indicated that ferulic acid is the precursor
of scopoletin and therefore a spatvial or other re-
quirement of the hydroxylating enzyme is implied°
he elaboration of a preformed ﬁmbellit@rone

nucleus is also strongly implied by the one brief

communication on the formation .of furanocoumarins

in Pimpinelle magnalg. 2-1%0 Umve111ferone was
a vastly superior precursor than lcl%cm@innamic
acid and 2aléﬁscoumarin for the four furanocoumar-
ine, pimp inellin (Mh}g i@ép impinellin {(‘75@, bergapten (@5&),
and isobergapien (&4&). |

In spitetof this general information confirming
their phenylpropancid origin, the basic problem in
the biosynthesis of the oxygenated coumarins con=
cerns the precise mode of formation of the lactone
ring system. Two fuﬁdamentally different mechanisms
mey be envisaged. One, anslogous to the seckeme for

couvmarin biosynthesls, involves a hydroxylation

ortho im trans-p-coumsric acid and thus mets to the
established phemnolic group. This would be followed

by trans-cis isomerisation of the pide=chain double
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bond and lactonisation of the transitory coumarin-
ic acid derivative. In view of the well-established

ortho-para directing properties of phenolic groups,

alternative schemes have been strongly favoured by
organic chemists. These all involve trans-cisg
isomerisation of the double bond prior to sam attack
of the oarboxyl group at the 1 or 3 positions of the
ring or of & hydroxyl group at the ) position i.e.
para to the phenolic function. Appropriate re-
errangenents and eli%im&ticn would yield coumaring.
The critical difference between these schemes
is that while the hydroxylation of ths irans-acid
cannot include the pafticipation of the carboxyl
group in the firet instance, the mechanistieally
more atiractive pathways demand that a cis-cinnamic
acid derivetive be the primery precursor of the
oxygenated coumarins and that the carboxyl group
be involved at &n early stage. The latier schemes
are termed the ‘oxidative cyaligaﬁi@n routes® and
one of them was proposed by Hawérth as 2arly as
194211&0 In view of the epparent necgssity of a
mechenistically unfavourable hydroxylation %o
establish the lactome ring, bhe sﬁgg@aﬁ@d an inivial

Bttack of a hydroxyl group pars Lo the phenolis

grovp of cis-p-coumarie acid to yield the glg-p-quinodi,




(67) O-nigr'n

Umbelliferone formation from a spirolactone (67)121.
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(66). His analogy waes with Reper's work on the
formation of melauin from dihydroxyphenylalaninellg
whieh" had demonstrated: the operation of cyclisation
stepe involving quinonoid intermediates. Haworth's
suggestion, favéured by Birch and Smithlz@9 com=
prehended no specific cyslisation route but lacton-
isetion onto the (P-position o? the dienone end
subsequent dehydration of the lactone womldkprodu@e
the coumarim. It is oclear that other rearrange-
ments of.th@se intermediates could result in the
formeation of coumarins. Thus, & 1,2-s8hift of the
introduced hydroxyl would lead to the formation of
a coumarinic scid (868) and éh@n@@ to the hydroxy-
coumarin,

A more recent elaboration of this general
concept was proposed by Grisebach and 0111@121
and eupport@d by seott122¢ 1%t involves & direct
oxidetive cyélisation of gig-p-coumaric acid to give
a epirolactone (6?)5 which might reerrange by 0-
migration bo the 7-oxygenated coumarin system.
Demonstration of the feapibility of this scheme
in vitro was taken as strong support for such

spirolactones being intermedistes in the formation

. 123
of natural oxygenated coumarins . However,



OH
(68)

Postulated Formation of Homogentisic em_id.125 o
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rearrangement of the spirolactone with agueous acid
produces almost entirely 6-hydroxycoumarin by C-
migration 24 while treatment with base produces
the related dienone hydroxy-acid and eomeAS-hydroxy-
coumarin 124q It is noteworthy that pot one 6-
mono-oxygenated coumarin is known in naturel, It
is neverthelees true that spirolactones and spiro-
dienones arse well-characterised natural products and
that they do participate in many biosynthetic path-
waye. Thus, on the besis of model reactions,

a plausible scheme (ghown here for the formation of
homogentisic acid {68) from tyrosine in mammalian

. 12
liver tissue has been suggested by Hassall et al. ®

A somewhat 1eeé attractive mechanism was previously
postulated by Goodwin and Witkoplgso

Tracer studies on the mould metabolite (69}, novo-
biocin,by Kenner and his co=worker312?_nave also
favoured an oxidative cyolisation in the formation of
the 7-oxygenated coumarin system either via a spirol-
actone or direct attack by carboxyl iom or radicasl on
the ortho position or the aromatic ring. The
sécond méchanism does not demand the presence of &
para-oxygen function but is at variance with the

known pathwaye to coumarin. It is clear moreover
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that the proposed analogy between this compound,
and the pland coumarins is very strained. Thus,
tyrosine and not phenylalanine is the precursor® of
novobiocin and deamination apparently plays no part
in the sequence. In fact, it may legitimately be
doubted whether any cinnamic acid derivative is
involved in its bigéynthesieo The structure of the
compound deparits significantly from the criteria
laid down for the ‘true’ coumarins - there are two
substituenis on the lactone ring, and a C-methyl
(unknown im the plant coumarins) at poesition 8.
Perhape the main objesction to the attempted general-
isation of the results obtained is that therevis ne
eésential correlation between the synthetic mechan-
iems evolved by such widely sepérgted living systems
as the fungi and higher plants. The involvement
of tyroeine units as such in the production of
fungal metabolites is wellaexemplifigd @y gliotokin,
(71) in which the amino-group of meta-tyrosine has
apparently cyclised onto the ortho-position

and mycelianemide (70), in which the formation of

' 129
an o((founsaturated tyrosine unit has taken place™

Clearly, the theories propoeed to explain the

formation of the 7-oxygenated coumerin system have
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been designed to overcome the apparently unfavour-
able 'hydroxylation mete to an established phen-
olic group’. However, such a hydroxylation is un-
favourable only in terms of the known ortho-para
‘"directing® influence of phenolic groups in syﬁthetic
organic chemistry &ndisnotneceesarilg excluded in
biological systems. Phenols are not predominantly

ortho-pare direciing towards certain free-radical

hydroxylating reagents such as the metal ion-

v . 130,131
ascordic osid system ' . Since it is recognised

that enzymic avomatic hydroxylation is freguently
accomplished by radical pro@eBSeal - %g it would
seem that the difficuliies of hydroxylation meta
t0 the phenolic group of p-coumaric acid may well
have been overesbimated. In fact, Dr. Meyers has
ahownla% that cis-p-coumeric acid may be exclusively
meta~-hydroxylated under ggyggﬁgg conditions that
rule out direct intervention of the carbeiyl group-
This was dome by treatment of the gis-acid with
molecular oxygen in the presence of & @@pperI”II
méscorbi@ acid eystem in dilute agueous solubion

(pB 4-8) at room temperature. Meny phenol oxidases

contain copper which is essential for activity and
13

also require ascorbic acid as & co=-factor .
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Far coumarine with either no oxygen substit-
uents,or more than one,oxidative cyclisation does not
have to be postulated. Ae already discussed, the
path to coumarin involves hydroxylation ortho
to the side chain while it has been shown that
aesculetin ie formed spontaneously in vitro on

treatment of caffeic acid with manganous ions and

136,137 ) :
. In organic chemical

oxygen in daylight
termé9 the presence of the phenolic function at

the 3-position of the ring would tend to cancel the
unfavourable‘influence of the 4-oxygen function on
the required hydroxylation ortho to the side chain.

The genesis of our radiotracer experiments on

the biosynthesis of oxygeﬁated coumarins in plants

. 25
wag partly the result of the oxidation studles1

briefly outlined above which cast some doubt on

the necessity of the propoeed oxidative cyclisation
schemeéo Most significant, however, was the facd
that in the course of phenol oxidation s‘tudie8124s
Dr. Meyers had prepared and fully characterised the
spirolactone (67) one of the hypothetical inter-
mediates of these schemes, thereby laying them

open to experimental test.
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2.1.d. Radiotracer Methodology.

The increased availebility of radiocactive or-
ganic compounds in receht years has proved of
tremendous value in the analysis of the modes of
action of living systems. The quantitative estima-
tion of extremely small amounts of isolable inter=
mediates and products following the administration
of radioactive precursors has been exploited in
the study of biosynthetic schemes both in vivo
and in vitro.

It is important, however, to keep several
ceutionary facts in mind when considering the re-
sults of 2 radiotracer project. It may seem true
that the feeding of a ‘matural® precursor of some
given produot should result in a kigh incorporation
of the precursor activity, and that an ‘unnatural’
precursor should nots The facts that almbst every
feeding amounts to an interference in the eguili-
brium state of the liﬁing system by a sudden flood-=
ing with exogenous precursors and that such inter-
ference may affect the anticipated distribution
of activity must be taken into account. Further-

more, living cells possess both inherent and adap-

tive biological defence mechanisms quite capable of
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inactivating fed material by side reactions. Thus,
‘the compounds mey not be transported to the site
of synthesis but may rather be 'depositedie.g.
in the bark or heartwood. Since the feedback
inhibition controls of pathways are always finely
balanced, the anticipated incorporation may bé
blocked by the inhibition of a critical step assoc-
iated with the build-up of some metabolic inter-
mediste or product. PFurthermore, the cell may
dispése of the ‘unnatural® precurser by using it
or its Dreakdown products for the synthesis in ques-
tion - & mBo-called ‘aberrant synthesis’.

In view of these difficulties, it ie not
surprising that the general efficiensy of incorpor-
ation of administered precursors ig usually less than
1%, especially in tracer studies with higher plants,
notorously awkward subjects. The situation is
frequently otherwise in the etudy of mould meta-
bolites when very high incorporation values can
be obtained.

What counts in an analysis of the resulis of
tracer studies ie the coincidence of evidence to

the point where the possible pathways are significently
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restricted. The words of Percival Lowe11140 are
appotite here. "Proof is nothing but preponder-
ance of probability.... Negative evidence is no
evidence at all, and the possibility that a thing
might be ctherwise, no proof whatever that it is not
80, The test of a theory is, first, that it shall
not be directly contradicted by any facts, and
secondly, that the probabilities in its favour
shall be sufficiently great.... The odds that a
thing is true :wom the fact that ©wo or more
witnesses agree on the same statement is not the
sum of ithe odds that each tells the truth, dbut the
product of these odds.... The concurrence of all
(argumentg) renders them not simply additiyively
but multiplicitly effective. That different lines
of induction all converge to one point proves that
point to be the radiant point of the result”

Pew tracer studies accord with all these
8tringent requiremenis, and few indeed cam since,
in the final enalysis, there are so many imponder-
ables. The best proof of a sequence at present is
that its operation can be demonstrated by all avail=
able teohniques. It is reassuring, but not coneclusive

1f the individual steps can be explained ratiomally
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in terms of known processes. Since the conclusions
as to the steps in & given biosynthetic sequence rest
ultimetely on the measured efficiency of utilisation
of a fed precursor, such efficienoy must be capable
of numerical expreséionQ Although a full example

of the simple mathematical trestment required will

be given later, the neceepsary criteria may bde

stated as the percentage incorporation value aﬁd the

dilution value for the given precursor.

The percentage imcorporation value is a mea-
sure of the amount of the adminisiered compound
that hes been uvuiilised in ihe course of the experi-
ment for the synthesis of the product under invest-
igation. PFrom the known quantities and activities
of the precursor and the product the amo&nt of the
fed a@tiﬁity that has been incorporated into the
product can be readily obtained and this is ex-
pressed as & percentage. Ae previously stated,
the difficulties of radiotracer studies are such
that an incorperation value of 1% or more is
extremely high and is in itself am indication

that the fed materisl must be closely related to

the produot, OFf course, the problem of breakdown
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and resynthesie must be tsken into account, usualiy
by enalysis of the activity present in specifiec
atoms in the product..

The dilution value is the pratio of the specific
ectivity of the precursor to that of the prodﬁct°
It is an expression of the relstive amounts of in-
active and radicactive product isolated afier
the feeding. Clearlyg 8 lqw dilution value suggests
that the fed material is efficiently used for the
synthesis of the product since the redioactive
product formed during the feeding is not totally
swamped by the endogeunous inactive compound.
Other things being equal, the higher the dilutiom
value, the further bé@g in a 8e§uence is the fed
precursor. In general terms,a dilutiom value of
less than 100 suggesis that the fed material is
close to the *'true® pathway. Comparable values
for compounds not on the pathway may range from
000 t@'aogooo oy more! Since the percentage
incorporation value depends to a large extent on
the rate of produst synthesis consequent on the
feeding of the precursor, and the dilution value
veries with the amownit of ggggggggg product in

the tissue, it is clear that to permit absolute
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evaluation of & given experiment, both should be i

measured. For example, an efficient precursor

should be well incorporated with a low dilution value.
The situation may perfectly well ocour that a‘verj
large amount of preformed product is present and thus
a high dilution valuve would result. Conversely, -
only a tiny amount of product may be present and,
although a very low incorporation of activity may

be achieved, the measured dilution value may be

very low, suggesting an effiolent comversion.

Thus the uss of only ons criterion could be ambiguous.

In the hydrangea ex-

periments ithe counting of purified precursors and
metabolites was éarrigd out by estimation of tihe
radioactiviiy of known quantities with an 1DL

Low Background Counter 2080 monitored with an
EKCO N610B automatic scaler. This combination
gave an exiremely low background count (1.5 cpm)
which was of oritical importance in the measure-
ment of low-activity materials from ce:taiu of the

feedings. Each compound was dissolved in methanol

and depoesited as an ‘infinitely-thin’ layer on

lens tissue resting in an 17 diameter aluminium




Tracer LExperiment Lixample = VII.

A. trans-p=-Coumaric acid (1.60 x 106) 2.02 mgm~1.97 x 104.
ViI. 5,1 (35) 12.50% acid % Days.

This nmethod of displaying the results of radiotracer

experiments will be followed in the subsequent sections.

I.EY o
'A' refers to the series of feedings described.

'(1.60 x 106)' is the relative specific activity of the

fed compound in cpn/mmole.
12.02 ngm=1.97 X,104’ represents the weight of compound

fed and the nunber of cpm contained in it.

'VII' is the number of the individual experiment.

'5.,1% (35)' is the percentage incorporation into the

umbelliferone recovered and the calculated

dilution value.

'12.50% acid? is a neasure of the gefivity recovered after

the feeding as trans-p-coumaric acid.

'3 Days' indicates the length of the metabolic period from

the time of feeding to the time of extraction.
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planchet. The term °*infinitely-thin’ refers to the

fact that below a given thicknese of a dispersed
rediocactive ocompound, none of the emitted beta
-yadiation is abeorbed by the compound iteelf i.e.
that a maximum of the beta radiation reaches the
ocounter window. Careful trial showed that no
deviation'riom the anticipated linear relaxionéhip
between amount and activity of the radioactive
compounds ocours Ylow a planchet loading of oa.
6 mgm. All our counts were achieved with lees than
5 mgm. of material, which was deposited, dried and
accurately weighed;

in order to achieve sufficient accuracy in
the OOﬁnta, they were continued until the calculat-
ed standard error df each éstimation was less than
2% and frequently still lower. Detailed treat-
ments of the statistical problems of radiocounting

i 1“0'
are given in many textbooks
Do illustrate the mathematical treatment re-

quired in the evaluation of the resuvlts the best
incorporation value achieved (perbeps understandably)

will be descridbed - feeding V11. Two hydrangea
steme on & plant were ted with a total of £.02 mgm.

of 2414c-trana~p-coumario acid with a specific
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activity of 1.60 x loecpm/mmole.

This is relative activity since the efficiency
of the counter used (ca.5%) was not precisely
determined by comparison with an absolute 140
standard. Such comparison permits the use of
abeolute(curie) activity terms but its lack was of
no significance whatever for the present purposes
since the experimental objective was comparison
of different pPrecursors.

After 5 days, the plant was cut, the stems
and leaves weighed (11.0 gm) and extracted as al-
ready descwibed to yield 3.5 mgﬁo of pure umbelli-

. 4
ferone (m.wt.162.2) with an activity of 4.58 x 10

cpm/mmole. The dilution value, as previously

defined, is therefore obtained by division.

6
Dilution Value = 1-60 x 10 35(to the nearest

4,58 x 10 whole number ).
This is a low dilution value, suggesting that
the trang acid is a good precursoyr of umbelli-
ferone., Real proof of thie point is obtained from

the percentage imcorporation value calculated from

& knowledge of the number of cpm recovered and

the number fed.

4
‘ 305 X 4058 X 10 = 1 002 Opm
tromn recoyered = 162, 2 (té four figures).
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The activity of the fed p-couwaric acid (m.wt.
_ 6 '
164.2) wes 1.60 x 10 opm/mmole and its weight was
2.02ngm. Thus |

6
2. u
Cpm fed =02 X180 %10 _ 3 g7 5 10%,,,

164.2

Therefore the percentage incorporation value is -

#Inc. 3,002 x 10° x 10% = 5.1¢
1.97 x 10° |
The reason why the dilution and incorporation values

are not quoted beyond two or three figures is thet

the inaccuracies inherent in radiotracer counting

make the last figures non-significant, The 5.1%
incorporation value obteined in thieAparticular

feeding is a vemarkably high velue, suggesting, with K
low dilution value of 35, that irans-p-coumaric y
aoid is indeed on the direct pathway to umbelli- u

forone. The result is quoted as V1I -5.1% (35).

With the efficient transport of this pre-
cursor to the site of synthesis (the leaves in
hydrangea —XXX11) thus proved, it is of interest
to f£ind what proportion of the administered acid !
remeins in a soluble free or glucose-bound form.

In this oase, 26.8 ngm oivinéctive trans-p-coumaric

acid were added to the emulein-hydrolysed basic
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extract as & "scavenger' and totally dissolved. An
aliquot (4.86 mgm) of the pure sample of p-coumarie
acid isolated after this addition gave 449 cpm net.
Therefore justiriably assuming the weight of
endogenous acid in the plant to be negligible, the
nunber of cpm recovered ocan be calculated and
thence ihe imgcorporation.

26,8 x 449

Cpm recovered = 2,470 cpm.

#

4,46
" B . 2

% Inc. . £,490 x 10 xéglo = 12.5%
1.97 x 10

Since the weight of acid in the plant extiract was
unknown, no dilution value could be obtained for it.

1t would be expected to be very low, however,

in view of the anticipated low quantity of end-

ogenous p-coumaric acid before the feeding.
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2.2, RESULIS AND NISCUSSION,

2.2.8. Lavender Radiotracer Studies,

The genesis of the present study was the know-
79 |
ledge thet Brown  bhad adduced strong evidence that

herniarin in Lavandula officinalis Chaix is formed

by the glucosesshikimic acidephenylalaninescinnamic
acidsp-coumaric acid route and that the coumarin fors
med simulianecusly by this plant is formed from
phenylalanine vie g-coumaric acid and its gluco-
gide.,  The cyu-ooourrence of relatively large amountis
of both @ggmarin},aﬁﬁ av?s@xygenated coumarin ;
is rare which in i%tself suggests that separate
pools of cinnemic acid mey exisi in the plant which
-are acted om by different hydroxylating ensymes

specific for the oriho or pera positions. Brown

demonstraved that para-oxygenated precursors
were incorporated significantly only into herniarin
eand that the ortho-oxygenated compounds were
utilised preferentially for the synthesis of cou-
marin., Since the dilution value of p-coumaric acid
was quite low, it seemed clear thet this acid is
a direcet precursor of herniarin.

The original’intention9 nowever, was to study

the formation of the ‘fundamental?’ plant coumarin
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umbelliferone (7-hydroxycoumarin) and so Skimmisa

japonioca and Daucue carota, which have been reported

to contain umbelliferonelz; were anelysed for this
compound by extraotion, hydrolysie of the gluco-
sides present; and TLC comparison with suthentic
material. Neither proved to have a sufficiently

high conteni of usmbelliferone. Indeed, S.japonica

exhibited at lesst nine fluorescent compounds.
Accordingly, itwo varieties of lavender plants were
obtained from the (lasgow Botanical Gardens by
courtesy of the curator,Mr. B. Curtis, and extractied
by Brown's reported method. It was found that

Lavendula ogffticinalis Chaix was not & rich source

of coumarins but the cultivar described as Lavgndula
‘Munstead Strain® is an excellent source of the
gluoose-bound forme of coumerin and herniarin with
smaller amounte of umbelliferone and aesculetin.
This was therefore chosen as the subject for our

experiments.

The radiocactive precursors fed were trans-l-

14
140=p==ooumario acid, cie=1-" C-p-coumaric acid and

the 2°14cmapirolactone (67). A formal name for
(67) e 1l-oxaspiro(H;4)deca-3,6,9-triene-2,8-dione.

This name has not been employed for obvious reasons.
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The 1- C-trans acid was synthesised from l- (-

malonic acid and p-hydroxybenzaldehyde by an
adaptation of the standard Dosbmer-Knoevenagel
synthesis for cinnamio acidsl41, The 1-140,2127
acid was prepared from this. by 1rradiatioh of

its methanolic solution with ultraviolet light

and the removal of the tfrans acid- by crystallis-
ation of the product from water (in which the. gis
form is far more solﬁble)w Ether exiraotion df the
solution gave the pure cis acid. By recycling the
recovered trans-p-coumaric acid, it was possible

to achieve convérsion of over 80% of the trans to
the cis form. This was used>part1y for feeding
purposes but meinly for the synthesis of the 2—l4c°.
spirolactone (67),which was carried out by electro-
lysis of an aqueous solution of the cis acid and
purification of the spirolactone from the neutral

Products by repeated sublimation and crystallieation142.

Yet another point of radiotracer methodology
mugt now be discussed, namely, the problem of
introducing the precursor into the plant with
maximum efficiency and with least damage. The'
available systems include feeding via the roots

or cut petioles, by emulsion epraying onto the leaf
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surfaces or by piercing the plant stem with a cotton

wick and allowing the precursor solution to enter
the transport syestem by capillary action. Since the
reported 1'.e¢>hn:!.que.?9 comprised root feeding, a trial
wae oarried out. g_g_g_n_g-l-uc-p-ooumario acid

(10 mgm) with an eduimolar quantity of sodium
bicarbonate in 5 nl,of water was administered to the
roots of a l-year-o0ld ILavandula °lNunstead’ plant

in the ‘immediate preflovering etege. The solution
(shielded from light with metal i’oil) was absorbed in
twelve hours and & further 10 ml, of water added and
ebsorbed in 24 hours. 7The pian‘b was repotted and‘
allowed %o me%sbolise for six daye. It was then
removed from the soil, washed and weighed (7 gm,), and
blended in 300 ml. of ethanol., The suspension was
heated under reflux for 4 hours end the resulting
green solution filtered, reduced under vacuum,

and allowed %o stand overnight at Ooc. The chloro-
phyll and fat-soluble material wae removed to give
a oloudy-yellow solution containing the free cou-
marins snd their glucope-bound forms. The free
coumerins were extracted with ether and were found

to be negligible in quantity. The vast bulk of the

coumarine were released by treatment of the solution
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with almond emulsin for 3 daye at room temperature
and were extracted with ether as before. Repeated
preperative thin-layer chromatography (TLC) of the
ooumarin mixture on 0.5 mm.-thick Kiesslgel G with
chloroform as eluting solvent resulted in a partial
separation. Thuse, although coumarin and herniarin
ran as & eingle band, the umbelliferone preeeht
(0.5 mg.) was easily obtained by extraction of the
intensely blue~fluorescent band corresponding to
an authentic sample and fractional sublimation

of the semi-crystalline eluate. The umbellifer-
one was found to be radiocactive as a result of .
this trial feeding but the recovered guantity was
regarded at that time es too low to permit its
evaluation in the subsequent feedings.

The peparation and purification of the main
componenis of the mixture, coumarin and herniarin,
proved diffieult because of their very similar chron-
atography mobility end sublimation characteristiocs.
Aoeordzngly, they were separated by chemioal means .
The binary mixture from the ohromstoplate was re-
fluxed with constani-boiling hydrobromic acld for
one hour to demethylate the herniarin. The mixture

of umbelliferone and coumarin thue produced was
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geparated and each component purified by fractionél

sublimation. The umbelliferone derived from hern-
jarin was counted in a Ruclear-Chicago windowless
ges=flow counter and was in faot radioactive as a
result of this trial.

For the main lavender feedings, 30 mgm. of
each precursor was aynihesised and fed to three planis
in equal poxtions as 2 nenirel agueous soiution.
The pleniz were repotted and allowed to metabolise
for six days, %he coumerin and herunierin purified
as described, awnd their specific asctivitiss determinad.

The zeesa.ﬁ,@ 3, exoressed as the average of three
feedlnga, show that the :;jez.ative incerporations of
Irang-coumaric aeld, gis-p-coumarie acid and the
spirolactone were in the ratio were in the ratio
§:2.6:1. In contrast to Brown's findings, the absol-
ute incorporstion waes very low {ca.0.02% of the fed
activity) =md thersfore the difference im im-
caporation éould not be accepted as definitdve.

1t was compidered essential to prove thai the
incorporetion of activity from the spiroclectone (67)
into the bound form of herniarin was not the resultd

of breakdown and resynthesls - the so-ocalled



Degradation of Spirolactone-derived Herniarin,

Adenosyl

Detoxication of Spirolactome. '



1562
'scrambling? of the label. Therefore, after re-
peated blank trials, the umbelliferone (9.8 mgm.)
puriried after the spirolactone feeding was
treated with alkali‘and yellow merocuric oxid976
to cleave the lactone ring and isomériee the double
bond., The umbellic acid produced was quantitatively
deoarboxyléxed'with copper fquinoline and the caibon
diﬁxide téapped as barium carbonate. Comparison
of the activity of this compound, which repfesented
the activity ot the l-ocardbon, with that of the
original umbelliferone showed that over 91% of
the total activity was in the l-ocarbon and thus that
only a small randomisation of the fed iabel had ocour-
red..

A striking point in these experimente was

that the plants fed the spirolactone wilted and
exhibited leaf neorosis. This was decidedly not
the case with the étﬁeﬁhxeedings and the observed
incorporation of the epirolactone into hermiarin
may well be a detoxication assisted by the presence
of enzymio methylation syatemenap Soctt et 31123
have shown that the iransitory epiroclaotone derived

from p-methoxyphenyl-propionic acid rearranges under

mild oonditions to a methoxy-=coumarin. An -
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slternative possibility is that the spirolactone may

be reduced to oie-p-coumaric acid before incor-
poration145.

The trend of'inoonporationa revealed is highly
aign:lfioar;t° CQQtrary to the requirements of all
the oxidative oyclisation theoriss, it is the trans-
p-ocoumerio acid which is the most efficient precursor
of the glucoee-bound form of herniarin (the vastly
piedominant form in layen&er)ao’loen That the cie~
acid and the spirolactone (67} are inferior suggests
but does not prove that the proposed schemes using
them ae the oriticel intermediates camnot fully
represent the s&ﬁuationo Without some measure of the
effioiency of transport, the analysis of incor-
poration values must neceaeariiy be incomplete.
Thus it is olear that although the abseliute incorpor-
ation values are low, they are not negligible sinoce
there is no measure available to show how much-
of the precursor actually reaehéd the site of her-
niarin synthesis in the plant. If, for example,
only 6% of the trane acid passed the physiological
barrier of the roots, the observed incorporation
value should be multiplied by 20 to give a true

measure of the utilisation of the meid. Even
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smaller incorporation values are perfectly accept-
able in alkaloid biosynthetic studies.

1t can be stated, nevertheless, that these
results strengthen the hypothesis that the
eesential oxidation of the aromatic ring of oxy-
genated-coumarin precursors can be accomplishead
before the trane-cis isomerisation of the side;
ohain double bond i.e. that the hitherto unfavour-
ed 'meta‘’~hydroxylation may well be operative. |

It was abundantly clear from these results that
attempts to gain meaningful information from
feedings of more comples precursors via the roots
would be fraught wiih difﬁiculties and a search
was therefore made for an improved feeding technigue
and for a more suitable .plant subjeot:

In a highly sigﬁzzizzzzbextension of his
previous studies on the biosynthesis of herniarin
in lavender, Brownao,has demonstrated that cinngmié
acid is indeed & precursor of both coumarin and
herniarin in lavender.

Umbellic acid and umbelliferone, while being
quite well utilised for herniarin, were somewhat

poorer precursors than p-coumaric acid and some

25-50 times poorer than p-methoxycinnamic acid.
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By fear the bhest preéursor however was the EaPaD=
glucoside of 4=0-methylﬁmbellic acid (ch) |
referred to as trans-GMC. Since Brown also proved
thet ihé glucose-bound form of herniarin is cis-GMC
and that herniarin exists predominantly in this
form in lavender, it is not surprising that the
irans-form is efficiently incorporated. ILight- or
engyme=gatalysed isomerisation would produce
bound herniarin dirsctly. Since his experiments
showed that o-coumeric acid and its glucoside
were selectively wused for coumarin synthesis and
the p-isomers were used officiently only in the
formation of the 7-oxygenated coumarin, Brown was
able 0 propose a specific route {o herniarin fully
consiétent with the observed dilution values of
the fed precursors. This comprehends the hydro-
¥ylation of iggggepemethoxy—@innémic.acid 22&22
to the side chain followed by glucosylation of
this introduced hydroxyl group gnd isomerisation
of tbe side-chain double bond to yield the bound
form of herniaerin, cis-GMC. -Disruption of the
plant tissue and hydrolysis of thie bound form
frith @ cie-specific glucosidase by enalogy with

coumariﬁ@ will yield the l=zctone., Brown was carsiul



to point out that, although the tranérormation

of the precursor p«éonmaric acld to herniarin
muet involve glucoside formation after the ortho-
hydroxylation step, the precise tiﬁing of the 0=
methylation is stili uncertain, ‘Hie demonstrat-
~lon thet p-methoxycinﬁamio acid is a vaetl& nore
efficient precursor of herniarin than umbeliie
acid suggested at thet time that the former com-
pound is on the direct psathway, but he hag sinoce
shown that the éituation is much more éomplex than
i% might seem. 1n>this later work,the most recent
feport available on the Diosynthesis of'?;oxygena
ated coumarins, Bfew%ogas adduced evidence that
herniarin exists in laﬁender’at least 99%'in a
bound form, almost certalnly 8is=-GHC and has
,identlfied trace. amounta cf a glucoside of 2-
hydroxy-4-methoxycinnamic acid (HMC) in the plant,
whioch is in fact irans-GMC. The total failure

to péove the methyia&ion of_p-ooﬁmario acid to
p-~methoxyoinnamic ecid by trapping experiments and
fhe action of enzyme preparations is an indication
that, althbugh exogenous p-methoxycirmemio acid is
very readiiy converted to herniarin, i% méy not

be a ‘natural' intermediate in the pathway .
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° : a : ~ . . i
S.A.Brown's extension of the scheme for hernlarlnlgso

This has been propésed to account for the observed
preater sctivity of Lrans=GliC than of HNC after féedings of
p=coumaric and pemethoxycinnamic acids. This *anomaly' could
also be explaiﬁc& in terms of differential solute transport.

;‘ X' and 'Y* are intermediates of unknowm structure.
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kﬁeedings of 1«lécwﬁmc heve shown that it is about
one-fifth as efricient as Eggggnlgléc_gmc5 the
best herniarin precursor yet found. Purther
trapping experiments have shown that p-coumaric and
P-methoxycinnumic acids are converted to glucose-
bound HMC, presumably trans~GMC, with greater
efficiency than they sre %o free HMC. His ration-
ale of this finding , which is contrary to earlier
assumptions that free Hmclshould be a precursor of
the bound rorm requires thel btrens-GHC (o-glucosy?
~umbellic aeid) should be Lformed from p-coumaric
acid end then methylated jo give trans-GMC.
Exogenous p-methoxycinnemic acid mgy somehow be
converted to itrans-GMC withoui the intermediate
formﬂﬁon of HMC and thus will be efficiently in-
corporated. In this conmecticun, it would be of
great interest o know whether the methyl group
of fed pnmethoxycinhamic acid is thé same as the

methyl group of the rinal product of the sequance‘,&is¥§MG3

2.2.b. Hydrangea Rediotracer Studies {1).

| Our experiments with lavender provided
some evidence against the proposed cxidative
cyclisation schemes. Brown's compailing evidence
in tavour ot the mechanistically unfavourable meta-

hydroxylation process prompted nore detailed study
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of the cperative oxidation mechanisme in the formation
of 7-oxygenated coumarins.

| Billek and Kina1¥? had carried out qualit-
ative studies'on the biosyntheeis of umbellifer-
one in Hydrangea macrophylla Ser; which showed
that, while acetate is not a direct precursor,
both glucose and trans-p-coumaric acid aré effic-
iently incorporated..

The first ébject was therefore to firnd a

sulitable species of hydrangea. Acocordingly,

fresh stems and leaves of H.sargentians, H.

macrophylle, H. hortensia and H.arborescens-grand-

iflors were obtsined by various means, The plant
méteri&l was extracted as betore and submitted to
acid hydrolysis followed by ether extraction of
the agueous solution. Fractionel sublimation of
the préauot gave a hightemperature portion which

wap weighed and enalysed by TLC. Of these four,

H.mecrophylla was clearly the best source of
umbelliferone eince it wave the greatest quantity

least contaminated by other compounds. ILater

analysis of g,VQllosag H.paunigulata-grandiflora

and H.petiolaris reinforced this rinding.

Three cultivars of H.macrophylla were obtained
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commercially and evaluated or the production of
umbglliferone° The cultivars 'Bouquet Rose® and
‘Blue Bird' were inferior to ‘Blue Wave! which
consistently produces someé 0.03% of umbelliferone
from tresh plant stems and leaves. The subject

for the present research was Hydrangea macrophylla

Ser. variety °‘Blue Wave’, one of thé mny familiar
crnamental species.

In passing, it may be noted that hydrangea
is a good example of the delightfully inconsequent
applications of plants by men. Thus, agueous ex-

tracts of the roots and rhizomes of H:arborescens

(a rich source of umbelliferone) were used by the
Cherokee Indiens as a specific ageinst urinary
calculi and eysti%ial44o HyGrangea !s also used
in the Japanese ceremony of °‘Hanamatsuri® (Plower
Pestival Time) which is carried out to this day
in honour of the birth of the Buddha. ‘Amacha’,

a tea-like decoction of the dried lesves of H.

magrophylla Ser. variety Thunbergii llakino, is

served es part of the religous ritual. Since this

particular variety is & good source of the sweet-
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tasting isocoumarins phyllodulecin and hydrangenol,

it was not surprising that equivalenti extracts of



Growing Box - Feedings XX-VX1 in progress*

Wick-feeding technique - Experiment Ho.VII*



our own plants were distasterul. in the extiemeo
To provide aicontrolled environment, & growing box
wifh "daylight’-type fluorescent lighting and elec-
trical heating was built under the sﬁpervision of Mr.
A. Hislop to our demign, When in use, the tempera-
ture varied from 170 0 220 end the humidity was
slmost constant Bt 50%. The l-year old plants
exposed t6 a 16-hour'day’, were grown in a silic-
aceous earih 'Peralite’ and top-watered regularly
with & modified Hoasglands nutrient solution. 1In a
room with large window ares, the planis flouvurished
under these conditions and were suitable for feed-
ing experiments afiter some Iwo months. A eompsrison
of the resulis of the feedings at the inception and
conclusion of the overall itracer experimenis suggesia
that no significant change in their umbelliferone
metabolism has occurred during this period {but see]’ag)°
The gréwing box was B0 successful that tracer ex-
periments were possible even through a Scottish
winter,

Since root-feeding hed proved inefficient, &
technigue of wick feeding was adapted from thet re-

ported by Leete ior nis alkaloid studies. The

(usually) woody stem was pierced with a single
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cotton thread introduced into a small sample tube
containing a neutral aqueous solution of a known
amount (usually 6@1/mmole in 0.1 ml) of the radio-
active precurseor. Capillary action resulted in the
uptake of this liquid within a few hours, after
which a Schaser® 0.1 ml. of water was added to the
tube and absorbed. Two stems were fed for each
plant and trials showed that essentially all the
active material was taken up by the plant. This
was undcubtedly due in part to the eftficient liquid
transport system of hydrangee which has proved to
be an excellent subject for these experiments.

This new feeding method constituted a tremen-
dous advance in technique and permitted detailed
investigation of the operating pathuvays.

The incorporation of precursor activity into
umbelliferone was measured after the purification
‘brocedure now described. At the énd of the approp-
'fiafé‘metabolic-perioég the plant steme were cut
below the site of teeding. The stems and leaves
were blended in boiling 80f% ethancl (500 m1.) to
Yhactivate endogericus ‘glucosidases ap far as

‘possidble, and the suspension heatéed under reflux
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for two hours. After filtretion, the ethanol was
removed in the reduction of the extract to 50 ml.
bulk. Almond emulsin (0.1% w/v) was then added in
solution to hydrolyée-the P»glucosidee present.
After incubation at 300 for two deys, sodium bic-
arbonate (0.6 gm.) was added to retain free acids
and the solution continuously extracted with atheﬁb
The ether-soluble residue was applied as é band on
0.5 mm.~thick Kieselgel G chromatoplates and eluted
with ethyl acetate-chloroform (1}4) to produce &
sharp umbellifercne band inteisely blue fluores-
cent in ultraviole’ light {3860 Qp), This band wae
excised and placed in methenc) overnight. PFiltrat-
ioﬁ and eveporetion gave & residue which wae éarem
fully sublimed under vecuum (120=160°; £.02 mn Hg)-
The sublimate,which was completely pure umbelli-
ferone, was weighed and, if necessary, & known
weight oif non-radiocactive umbelliferone suffiocient
to yield a total of 3-5 mgm added. Twice repeated
erystallisation from water provided umbelliferone as
needles, m.p. 226-232°, After drying at 110° under
vaouum, the umbelliferone was counted. Stringent
triels have shown that oconsistently over 50% of

the piant umbelliferone is recovered by the procedure
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described and.that the contamination of the compound
by the fed radioactive precursor is essentially nil
( £0.02%).

In many of the experiments it was desired to
measure the activity incorporated into both free
and glucose-bound trans-p-coumaric acid to provide
valueble information on the uptake of precursor

activity into this important intermediate. This
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was done by a so-=called ‘inverse dilution analysis’®
Addition of sodium bicarbonate %o the emulsin-
hydrolysed plant exiract befors removal of the
umbelliferone was fcllowed by a ’‘scavenging® of

any active p-coumaric aclid present, with a large
(c2.30 mgm) known quantity of inactive compound.
Acidification of the solution followed by ether-
extraction and repested crystellisation of the di-
luted radioactive acid produced a quantity of pure
material which was counted after drying under vac-
uum. JIts purity was rigorously proved by GLC
analysis of the methyl ester. Feeding 1l was & trial
of the overall feeding, extraction and purification
systems. The incorporation of activity from Egggg

2@14Ccpccoumaric was 1.3% after 3 days, some 65

times the value achieved in the lavender studies.

”
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FEEDINGS .

trans~p=-Coumaric acid (10825x106) 2,24 mgm~2°49x104ﬁ

I.

1.305% (286)

4,215 acid

3 Dayse}—

- trang-p=Counaric acid‘(1°60 x106) 2,02 mgm-1°97x10q'°

II. 4,025  (53) 8.10% acid
1 Day.
11T, 2,65 (49) 18.90% acid
1V, 4,25  (57) -
‘ 3 Dayse
T 2.7%  (41) 6.90% acid
VI, 4.9%  (51) 12,40% acid
5 Days.
VII, 5.15 (35) 12,50% acid

cis-p-Counaric acid

(1.60 x10%) 2,00 mgm-1,95z10"

VIII, 0.49% (319) 8,905 acid
1 Day.

IXn had 12 ° 9053 ac id

X. 0.33% (112) 15.80% acid
3 Days.

XI. 0.265% (778) 13,20% acid

XII. 0.65% (217) 19.20% acid
5 Days.

XIII, 1.16% 22,40% acid

(72)

C. trang~Cinnamic acid (1082x106) 2,00 mgm--2°35x101+°
XIv. O.245 (119) 4,40% acid 1 Day.

XVo - 602253 aCid. 5 Days.

VI, 0,33% (118) 9,355 acid 5 Dayse.

Spirolactone (l°l9x106) 1.90 mgmel.40x1 40
XVitr, 0.062% (1140} 6.70% acid 1 Day.

XIZ, 0,094% (2430) 3,600 acid 3 Days.

XX, 0, 1465 (1470) 5.90% seid 5 Days.

A1l of the compounds fed to hydrangea were labelled

with 140 in the Z-position of the side-chain. They were

pdministered as neutral aqueous solutions (shielded from

iscussion,

ight) by cotton wick into the stem. After the given period

he stems and leaves were extracted as detailed in the
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The main experlments consisted of the feeding of
equimolar quentities of tho 2;140aprecursora
synthesised from 2m14c~maloniclacid to randomly
selected plants for periods of 1,3 and 5 days.
This was to permit an analysis of the time-=course
of incorporation, frequently significent for de-
tailed mechanistic studiee; |

Tbé resulte (If -~ XVI, XVIII - XX} demonstrate
in a gretifying clear-out mammer that trans-p-
coumaric acid proved to be &n excellent precursoyr of
umbeliiferone in hydranges whereas cie-p-coumaric acid
wae only aboui one-seventh as effi@iento This latter
1qcorporation mey in fact be the result of isomer-
isation ’light-induced or otherwiee) to the trans-
aoid, brobably in the leaves. This is entirely
céneiatent with the observed low recovery of the
3;352 acid, which would be sxpected from its known
metabolic activity as a 1ignin39dor, indeed,
°arb°h3drateléqpre@ureorn The consistently higher
recovery of trans-acid formed by isomerisation of
the sdministered cis form may be readily explained.
When fed, the acids are bound predominantly as
insoluble esterel48, but also as soluble glucose

esterallo or 31u008160884 by the enzymic
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glucosgylating systems present. While trang-p-
woumeric acid and/or ite conjugates readily enter
the biosynthetic pathﬁays leading to lignin aﬁd to
other products including umbelliferone, the sol-
uble cig compounds, as ‘unnatural’ precursors, may
be iransported to the jleaves where the normal
light-induced equilibration of cinnamic acids takes
place, This equilibration will give rise to the
trane rorms which may then enter into the pathway
to umbelliferone. It is however freguently true
that the steps in a bioe)nthetic sequence are sep-
arated not merely in time but 8iso in epace. I%
is probable therefore that the cis aecid conjugates
nweay prot be transporied to the same oell organeiles
as the ‘natural’ irans fo¥as, and thus the cisg-
derived trans acid conjugates would require fufthar
transport to the site of umbelliferone synthesis.
The resulie of feeding XX¥ favour this general
hypothesie @nd will be discussed in due course.

The splrolsotone {67}, a theoreitical inter-
mediste in certain of ithe proposed oxidative cyc-
lisation routes, was still less utilised in the
formation of umbelliferone than the other, cis-p-
coumaric acid. In the eventsit was less than one-

fortieth as efficient es {rans-p-coumaric acid.
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First proposed scheme for umbelliferone biosynthesisl5o.
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The strong possibility exiets that even this small
incorporation was not achieved by direct rearrange-
ment to umbelliferone or skimmin since the trans-p-
coumaric acid recovered after the spirolactone
feedings was appreciably radioactive. This may be ex-
plained in terms of a hydrogenolysis of the spiro-
lactone ylelding cis-p-coumaric acid, a fracfion of
which may isomerise to the irans form.

The excellent incorporation of trans-cinnamiec
acid itself into p-coumaric acid and thence into
umbelliferone is in sccord with the previously dis-
cussed fact that ghenylalanine, rather than tyrosine,
ig the precurser of p-coumeric acid in plants other
than grassessgs 1%90 The oombined evidence negates
the basic premise of the oxidative cyelisation
theories that & gis-p-oxygenated cinnamic acid
derivative must be the primary precursor of the 7-
oxygenated coumarin sysbtem. Since these resultis so

strikingly exocluded oxidative oyclisation as the

major pathway for the biosyntheeis of umbelliferone;

a generalisation of Brown‘'s scheme for herniarin80

was proposed msteadlso°
The fore-going analysis Qf these early ex-

periments inoludes concepts which were not envisaged
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at the time, suph as the possible formation of
soluble and insoluble ester conjugates. The present
state of knowledge demands their present discussion.

It was clear from preliminary paper and thin-
layer chromastogrsphic evidence that the najor part
of the umbelliferone within hydrangea is not present
as such but is rapidly released on emulsin hydfolysis
of some glucose conjugate. Before the adoption of
the technigued TIL on cellulose powder, it was not
possible %o identify skimmin (umbelliferons P-D-
glucoside) in plent extracts due to the presence of
interfering fluorescent compounds and we proposed
that the bound form of umbelliferone mighi be cis-
2,4-8i-P-D-glucosyloxycinnamic acid (eis-DGC)
formed.by light-induced isomerisation of the tirans
formo. Later;Aand vastly improved, TIC technigues
have permitted the assignmeht of skimmin as by far
the mein bound form of umbelliferone with cis-DGC
ag a minor component. Therefore, uniess otherwise
etatedslthe incorporation data recorded for these
experimenta refer principally to the activity
found in skimmin,

Peeding XX1 was primarily designed to produce a

neapure of the proportion of the glucose-bound form



FEEDINGS.

I, trans=p=Coumaric acid (1911X106) 4,9 mgm~5.32x104°

Free. 0,11% (53)
XXTI. _ 10.4%acid 1 Day.
Bound. 0,81% (41)

-®

H. cis-p~Counaric acid (2,3x10%) 3.0 mgmel, 20x10'*,
Free. 0.033% (368)

XV, 1 Day.
Bound. 0,33% (381)

Go trans-p=Glucosyloxycinnamie acid
(2.17x10%)  4.11mgm-3.32x10%,

XXiI. 2.5%  (85) 7.40% acid 1 Day.
XXIII, 4,1%  (41) 1.30% acid 3 Days.
XXIV. 3,2  (29) 11.20% acid 5 Days.

*¥10.4% acid value in XXI is an estimate from feedings I-IITI.
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present. A large amount of ggggg?p—coumarid acid
was fed to hydrangea for 1 day and the plsnt ex-
trgcted as before. Hdwever, the cloudy-yellow aqueous
solution containing both free and glucose-~bound
umbelliferone was extracted with ethér to remove
the free phenol before the addition of emulsin,
A second ether extraction removed the hitherto bound
umbelliiéronem The relative weights and activities
loI the free and bound umbelliferone demonstrated
that over 854 is in fact present in the bound form
and that the activity of this bound material is
slightly higher than that of the free. This strongly
suggesis that the formatidn of bound umbelliferone
must precede that of ihe free. Furthermore, this |
result ie in direct contradiction to the postulated
oxidative cyclisation pathways'which 2ll comprehend
the formation of free umbelliferone before the bound.
Anticipating the true order of feedings some=
what, XXV ié’ot interest in thie connection.
Stoker and Beliiss7 had shown that cis-cimnamic acid
is incorporéteds presumably viae the unstable cou-
marini¢ acid, direetly into coumarin without the
prior formation of a bound form. The possibility

existed, contrary to the previous interpretation of
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the results of V111-X111, that cis-p-coumaric acid

might be similarly incorporated into urbelliferone
in hydrangea. Therefore, 21272-14C-p—coumaric acid
was fed to a hydrangea plantvand the incorporations
into free and bound umbelliferone determined after
a one-day metabolic period.

The results show unequivooally that the éit-
uation in M.alba is not paralleled in hydrangea
pince the free umbelliferone {9% by weight) is
not significantly more active than the bound frac-
%ion (91%), a finding which lends strong support
to the hypoihesis thet the exocgenous cis-acid is
necesserily isomerised to the trang form before its
activity can be ingorporaied into umbelliferone.

Yet again this result militates against the oxidative
cyclisation theories.

It is well known that phenolic acids can be
converted into glucose esters and glucosides when

110,181,152 o1 ce the proposed

fed to higher plants
scheme ocould include the ortho=-hydroxylation of
treng-p-P-D-glucosyloxyoinnamic 2cid as a critical
step in the formatigh of skimmin, the decision was
made to evaluate the precursor efficiency of the
p-glucoside by direoct experiment. The 26140,

labelled glucoside'Was préparad by the technlque of
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methyl esterification of the free acid and reaction

of this phenolic ester with acetobromo-glucosel53

e

Selective removal of the blocking methyl and acetyl
groups was acoompliehed by treatment with ba&ium
hydroxide solution. The required glucoéide vas
then purified by repeated crystallisation from
methanol. Paperechrométographic anélysie showed
no significant contaminant,

The results of feedingé XXII-XXIV show that
the glueoside of p-coumaric acid is a very good
precursor of skimmin in hydrangea and, indeed, is
apparently as efficisnt as the agiycone. An
interesting point from these resulte is that the
dilution values into skimmin'decreaaee significantly
with time, suggesting that the p-glucoside may be
less readily metabolised to lignin etc. within the
plent than its aglycone end thus that a proportion-
ately greater amount of activity should be found
in ekimmin. It must be emphasised that, although
this p-glucoside is efriciently incorporated into
skimmin, no turther evidence has been found in the
course of this work either confirming or denying
ite status as a °natural°'préoursoro

Thus far, it has been shown that trans-para-



Pathways for incorporation of o-coumaric acid.

FEEDINGS.

1. o-Glucosyl dx;ycinnamic acid (8, 26x106}3 «84 mgm-9, 75x104 o

XVI. 0.025% (3850) 1 Day.
XXVII, 0,025% (4900) 5 Days.
XXVIII. 0.0245 (5000) 5 Days,

Jdo o=Counmaric acid (1.08 x 106) 2,1 mgm=1,39 x 104',

HIiX. 0.10% (850) 1 Day.
XXXo‘ 051253 (802) 3 Day'So
XXXTI, 0.14%  (804) 5 Days.
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oxygenated cinnamic acids are good precurcsors of 7-
mononxygenated coumarins. By anelogy with Brown’s
work on herniarin, grtho-oxygenated precursors
should be decidely inefficient for the biosynthesis
of umbelliferone.

The synthesis of 2=Cl4eoccoumary1 glucoside was
achieved by the condensation of helicin (salicyl-
aldehyde glucoside) with 2m14cwmalonic acidBQMﬂ o-
coumaric acid was obtained from ite glucoside by
emulsin hydrolysis.

The anticipated low uvilisation of these pre-
cursors is convincingly demonsirated by the experi-
mental facte., (LIVI-EXVIII; XXIZ-XXXT). ‘These resu.its
leave little doubt rega?ding the order of the hydro-
xylation steps operating in the formation of the
neoessary 294»diexygénaﬁedm3£§2§7cinnamoyl precursor
of skimmin and thus, ultimately, of umbelliferone.
Ortho-hydroxylation must follow para and so the
critical step in the biosynthetic scheme is hydro-
xylation oritho to the side-chalin of & para-oxy-
genated-trens-cinnamic acid derivative.

As will become apparent, the gross effect of this
mechanistically unfavoured process could be achieved

by indirect and mechanistically feesible means.
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‘The observed incorporation of activity from

2-14c~o~ooumary1 glucoeide vas so low as to approsch
the zero level of the counting proceéure employed.
The significantly higher uptake of labelled 2-cou-
mario acid is.worth discussing since it ie of the
eame order as that found for g;ggg—cinnamio acid
and could arise in one of two interesting ways.
Clearly the o-coumaric acid has not been O-glucos-
Ylated before its incorporation since the values
for the glucoside are 4-6 times lower. The o-coumaric
acid may therefore Se bydroxylated para to the side
chain; i.e. mete to the established phenolic hydroxyl,
yielding umbellic acid for transformation to um-
belliferone. Alternatively, o-coumaric acid may
be isomerised by light or otherwise to form coumarin
via the unstable coumerinic acid. Hydroxylation of
coumarin at the ?apoeition.@e in certain bacterial
cultures) would prodﬁce umbelliferone without the
necesgsery intervention of aaglucbae conjugate.
Previous work had established that free cou-
marin is repidly metadbolised within the sweet clover
plant'm’e1 and feeding XVI1 wae intended to show whether
rapid breakdown of the bound form of umbelliferone

occurs in hydrangeao A relatively large amount



FEEDINGS.

D. trang-p-Coumaric acid  (1.60x10°) 5.1 mgme-4,98x10%.

XVII. 2.85% (36) 2.,11% acid 21 Days.

K. trans-p«Goumaric acid feeding to a single«stemned piant.

XXXIT.  (2.3x10°) 2.0 mgme2.80x10%.

Leaves. - 0.58% (36) O.%41 mzm.
Sten. 0.65% (146) Total 1.29% 2,07 mgm.
Roots. 0.05% (18,300) 16.78 mgm.
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of labelled p-coumaric acid was fed to two stems of
a hydrangea plant and allowed to metabolise for 21
days. The result obtained cen be directly compared
only with that of feeding XX1 because of the high
dose rate of preoursor. Such comparison suggests
that there is an inverse relationship between the
incorporation into bound umbelliferone and the amount
of recoverable free and glucose-bound p-coumaric
acid with time. This ie entirely reasonable in
terme of the hypothesis that the mztabolic pools
of _p=coumaric acid and its conjugates are indeed
the precﬁrsors of bound umbelliferone. As the meta-
bolic period after feeding increases, so these pools
would be expected to diminish,

The three=£o0ld increase in incorporation
over three weeks iﬁdicates that skimmin, once
formed, is resistant towards further metabolism
since, if the destruction of the newly-formed
bound umbelliferone were to proceed at a rate
comparable to that of its synthesis, no significan%y
increase would be possible. Furthermore,if account
ie taken of the fact that translocation of eskimmin
from the leaves to the roots is a continual
process, the true incorporation inocrease should be

still higher.
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This significant point concerning the fate of
ekimmin was demonstrated‘by feeding XXXII, for
which a singl e-stemmed hydrangea was fed the usual
total amouht of radioactive p—coudario aoid’(lz umole)
for one day. The leaves,etema,and roots were sep-
arately extracted and the weight and specific
activity of the umbelllferone recovered from each
determined. The resulte strongly suggest that the
leaves are, on a bercéntage for weight basis, the
most active site of synthesis. 1t can be readily
envisaged that rapid translocation of the skimmin
accounts for the observed activity in the stems and
roots. 1t ie furthermore clear that while the roots
contain the highest concentration of umbelliferone,
the woody stem &lso has a fairly high proportion of
the compound, pdséibly deposited in the ligngfied
cells. It has been shown in later work (to be
described) that over half of the umbelliferone in
the ioots is in the £6rm of skimmin., It is reason-
able to assume therefore that, after synthesis
in the leaves, the skimmin is transported to the
roots where it aocumulatés°

In this feeding, XXX1I, the plant was exposed

to a relative'”double dose® of pré.cursor° In view
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of this, it is etriking that the total incorporation

of 1.29% in the stems and leaves is close to half
that found in all the ‘single doee® experiments.

This very strongly suggesfs that the enzymes med~
iating the rate—determzning step or stepe in the
eequence from p-coumaric aoid to skimmin are only
capable of a low,defined,turnover of precursor and
approxlmatea to the concept of “aaturation' of the
yatem° CIearly the control of the aubatrate flow
ia not effected by an 1nhib1tion procees since
thax would 1ead to a 51gn1fioant drop in the actual
weight of pacoumarlc acid traneforq-d to ekimmino
Th$e is 22& the case. Calculgpion of the quantity
of pacouméric.écié and ite.gluedeide traneformed
within one d&y(from the results of feedings 11-111,
XX1, XX11, XXXII and XXXV) showe that the are all
of the same order, caﬁooos mgm. in 8pit§ of the
varying.AOSe rétesq it is worth noting that this
apparentiy small turnover of precureor'repreeentg
the synthetio abilitiee of hydrangea when it is
operating at maximum rate immedlately after flood-
ing with precursor° Th;s is shown by & graph of

the average incorporation of 2—14c_p-ooumaric acid

and its glucoside occurring within each metabolic



0,00 1 A e *
1 Day 3 Days 5 Days

Chain—label incorporation from trans-p-coumaric acid
and its glueoside * (average of IX—VI! KXII—XXIV and
XXXV—XXXVTI).

+ — & total incorporation to end of period®

— — Q—— , 1lncrement over previous percentage.
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period, reasonably regarding the incorporation of
activity as an additive phenomenon. After an initial
massive rise corresponding to 70% of the total up-
teke the increase falls off markedly in the periods
2-3 and 4-5 days. The initial rise accords with

a theory of an overall control of skimmin synthesis
by a limitaetion of the P-oxygenated-cinnamic acid
precursors. The fall-off may be due to the satur-
ation of the engyme systems by a precursor or a
producty.

A less favoured alternative is that the avail-
able precursor is used up so rapidly on the firvst
day that there is much lese left for transformation
in the 2-3 and 4-5 dsy periocds. This latter idea
is not supported by the resulits of feedings XVII and
XX1, which show that large amounts of precursor are
available for up to 3 weeks, admittedly after the
feeding of & large quantity of maﬁerialo

.There seems little reason to doubt that the
formation of skimmin in hydrengea is under a stricd
control and thet the normel rate of synthesis is

much less than that induced by the feeding of

precursors.



2% HAc on | 5¢ HAc-TIC | AAW-TIC | .
paper cellulose | cellulose
Unbelliferone 0.45 0.59 0.90 b
o=Glucoasyloxy-
cinnamic acid 0,65 v°°76 0.47 L]
1 p~Glucosyloxy~
cinnamic ascid 0.84 0.80 0.35 4
Skimmm 0 . 74' 0 e 82 0 028 5
7=-celloblosyl- N
} oxy=-counarin 0.68 0.79 0.05 21
_gg_-mc* 0.70 0.81 0.035 e
cis-Dact 0.70 0.78 0,035 z

Rf values of oxygenated cinnamic acld derivatives.

+2,4~&i-g1ucoéylo:'qcinnamia acid.

sThis column refers to the fluoresconse of these compounds
in light at 350 mu,

a ~purple, b = blue=purple, & ~ veak purple.

g3 and £ all exhibit quenching in light at 254 o, but
after hydrolysis ¢ is yellow and £ is blue=purple, 4 is
- purple after hydrolysis and exposure to ammonla vapour,
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£.2,0. Chromatographic Analysis of Hydrangea and

Postulated Enzymologg.

In the fore-going discussion, repeated ref-
erence has been made to skimmin (umbelliferone Pb
glucoside) as the major form in which the hydroxy-
coumarin occurs in hydrangea. This was shown to
be the case as the result of paper and thin-layer
chromatographic analysie of hydrangea leef extracts
and comparieson with synthetic stendards.

The preliminary work, using paper ochromato-
grephic technigues,did not permit an identification
of the bound form of u@belliferone in hydrangea due
to the presence of interfering fluorescent sub-
stances. An improved separaiion was cobitained by
TLC of the leef extracta on unbound cellulose powder
(whatman CC41) with 5% aqueous acetic scid as
eluent. This system visualised one spot (Rf 0.82)
yielding umbelliferone (Rf 0.59) on emulsin hydrolsis,
The presence of bound umbelliferoné conjugated other-
wigse than with glucose has been eliminated. In spite
of the result, chromatography of a series of standard
oinnamic glucoeides in this system showed that all
of these compounds have similar Rf values, thus

prohibiting the uneguivocal identification of the



HO

Possible 'Bound‘ Forms of Umbelliferone,
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true bound form. After due experimentation, the
ideal solvent for the required separation was
found to be the upper phase of amyl alcobol:
acetic acid: water {4:1:5), referred to as AAW.
The uee of this partition system of a buffered
organic eluent and cellulose pownder afforda excel-

lent separation of diglucosides, monoglucosides

and phenolic aglycones, and could be generally useful.‘

The rationele for the formation of
umbelliferone in hydrangee is that gingGc is the
precursor of skimmin, in its turn the precursor of
free umbelliferons. However, if the pathway to
umbelliferone -is indeed analogous to those for
coumarin and herniarin, any one of ali of the
four glucosides ‘shown mey be present as the bound
forme. It is noteworthy thet a crystalline di-

glucose conjugate of umbelliferone has been isolated

154 155
from H.paniculata and H.macropbylla var.Hortensia

In spite of repeated attempts, no such compound

could be isolated from the variety of H.macrophylla

used in the present study. For direct comparison

with the naturally-occurring compounds, Dr. Meyers

) . 12
syntheeised 7-cellobiosyloxycoumarin and trans-DGC .

When e hydrangea leaf extract was chromatographed

[+
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on cellulose powder thin layers using the AAW

solvent, two umbelliferone producing spots (Rf
values 0.02 and 0.24)were observed, as a result of
emulsin hydrolysis on the plate and elution in the
second dimension with 5% acetic acid, The material
with Rf 0..24 was by fer the major component (ca.
96%4), had purple fluorescence in light at Bso'qp
and was positively identified with skimmin by its
Rf values on paper and cellulose powder chromato=
grams, very rapid hydrolysis w;th emulsin, char-
acteristic yellow fluorescence with equeous sodium
hydroxide, &nd by comparieon of its uliraviolet
gpectrum with thet of authentic skimmin. The minor
component with Rf 0.02 was only very slowly hydrol-
yeed by emulsin and, because of its position on the
chromatogram’itrwas believed to be a ggaglucoée con-
jugate. It was clearly not the 7-cellobioside
since this hee a week but visible purple fluorescence
{(anticipated for all coumarin glucosides) in light
at 350 QF and is rapidly hydrolysed by emulsin,
though less dramati@&lly'than gkimmin, which under-
goes almost instantaneous hydrolysis.

The synthetic trane-DGC, on chromatography

with 5% acetic acid on cellulose powder gave
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essentially one spot (Rf 0.81) which did not show
significant fluorescence in light at 350 mp, and
exhibited quenching at 254 ma. Hydrolysis of this
material with emulsin for 2 hours and elution in
the second dimension with the same solvent shoved
two spote (Rf 0.26 and 0.58) with blue-purple
fluorescence in light at 350 mi. The material of
Rf 0.26 was by far the major component of the mix-
ture and correséonded in all respects to umbellie
acid., That with Rf 0.58 was identified as umbel-
liferone. This showed that the synthetic diglucoside
was predominantly irang-DGC with a small amount of
the cis isomer preseni. Its analysis with the AAW
solvent showed thal no skimmin was present.

In an attempt to obtain pure c¢cis=DGC for
comparison with thé natural diglucoside, & meth-
anolic solution or trans-D6C was irradiated with ultra-
violet light from a mercury vapour lamp for 1 hour.
TLC of the product with AAW gave rise to two spots
(Rf 0.04 and 0.27). Both yielded umbelliferone on
hydroiyeis but the spot with Rf C.04 produced a
trace amount of umbellic acid, proving it to be
predominantly cie-DGC. The component with Rf 0.27
exhibited a purple fluorescence in light at 350 mp

end was conclusively identified with skimmin.
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UV=induced lactonisation of coumarinic acid glucosides,
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Lutezmann has reported an analogous lactonisation
of coumarinyl glucoside to coumerin as a result of
irradiation® and this has been fully confirmed in
our own experiments. This lactonisation is so
etriking that the naturally-occurring di-glucose
conjugate of umdbelliferone was removed as & dband
froma preparative oelluloaa-poﬁder TLC plate
(AAW solvent) and irradiated for 1 hour in the same
way as the synthetic trans-DGC. Evaporation of the
methanol solvent and analysie of the.residue as
above showed itwo umbelliferone-producing spots
(Rf 0.01 and 0.29). The predominanf, faster=
migrating material was identified as skimmin by
the usual teste. From this evidence, coupled with
its eloﬁ emulsin hydrolysis, the structure of thie
minor bound form of umbelliferone in hydrangea
appears to be 0is-DGC, since irradiation of 7-
cellobiosyloxycoumarin produced no skimmin. This
latter observation should apply equally to other
unpelliferone disaccharides while skimmin itself
did not break down under this ultreviolet irradiation.

At no time during the work described so far
has free or glucose-bound umbellic acid been de-
teoted‘iﬁwhydrangea extréote° In view of the emall

" amount of cie-DGC present this is not surprising,
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since Brown haes observed only a trace of a trans-

o-glucoside in lavender in which essentially all the
herniarin is present as the isomeric Eigfo-glucosides’loso

Because cis-IGC is a labile compound, the fact
that it is decidely the minor umbelliferone-pro- |
ducing constituent in hydranges leaf extract strongly
suggests, but does not prove, that skimmin is the |
main bound form. During the extraction, a certain
amount of lactonisation could conceivably occuﬁ to
produce skimmin. In any event, the fact that lac-
tonisation of o=-Ccoumarinic acid glucosides does
teke place on irradiation in vitro must bé discussed
since it may constiiute & model for the final stage
in the biosynthesis of the coumarin lactone ring
system.

Hydrolytic enzymes specific for the cis form
of o=glucosyloxy-cinnamic acid have been isolated
from sweet clovers1 and tonka beanszo They possess
unusual properties which may be discussed here.

The basic assumption is that estrong intra-
molecular hydrogen bonding cén osccur only in the
¢is forms ét 2fglucosyldxycinnamié acids and then
only between the ocarbonyl group and the 2-hydroxyl

of the glucose (diagram). Such an interaction
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provides an excellent rationale for the observed
very rapid and almost total isomerisation of the
irans form on irradiation and was first postulated
from a study of Drieding models. It is noteworthy
that just those grtho-substituted trans-cinnamic
acids which are also capable of this type of bonding
are equally readily isomerisedlgsa°

In a detailed study, the course of the;traﬁe—
Cis isomerisation of the compounds o-coumaric acid,
o-coumaryl glucoside and cinmamic acid was followed
by observing the changes in Xmax andlbmax in the
UV epeotra or their methanolic and agueocus solutions
on lrradiation with UV light. When plotted the results
show that , while trans-cinnamic acid exhibits a
linear progress relation equilibrating after ca.
120 minutes, the others exhibit an almost exponential
drop and the isomerisation is practioally complete

atter only 10 minutes (for the o-hydroxy-acid)

and 30 minutes (for the o-glucoeide). With longer

irradiation of the irans-o-glucoside the cis isomer
initislly produced is increasingly transformed to
counarin. Now the o-hydroxy acid may be said to
have & maximal thermodynamic driving force (lacton-

isation to an inert product) favouring the
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isomerisation. The fact that the g-glucoside 80
closely follows its pattern militates in favour of

an equivalent driving force.

1t is knownS0s 84 25(pp. 224-5) that glucosi-

dese enzymes are highly specific for the sugar
moiety in their substrates. Thus, epimerisation
-about a single carbon in the sugar ring is suffic-
ient to prevent the action of the corresponding
enzyme. Furthermore, substitution on the hydroxyl
groups of the sugar usually has 8 profound effect;
with 9=glucosidase any substitution on the 2,3 or

4 hydroxyl functions completely prevents hydrolysis,
The aglycone spegificity is significant but less
demanding.Inthecis form of the o-glucoside, which

ie the known precurser of coumarin in N.slba, the
postulated hydrogen bonding would be expected to
lower the rate of emulsin hydrolysis of the cis-
o-glucoside, compared to that of the irang isomer
since it is effectively an interference with the
normal substitution éi the 2-hydroxyi. Kosuge and
Conn have shoWn81 that the rate of emulsin hydrolysis
of the cis-glucoside is in fact less than of that of
the itrans-glucoside, as shown in the table.

Hydrolyeis is merely a pariicular case, in which




gRelative Rate of Hydrolysis.
Substrate. Sweet Clover
: enzyme. ‘Enulsin.

?«glucosides of':

Counarinic acid 100 6.1
o-Counaric acid 0.9 7.5
flelilotic acid - 50 8.3
o-Hydroxyphenylacetic acid 0.6 O.4
Salicylic acid 6l 9
Phenol Oc4 1.2
Salicyl alcohol 11 15.7
Salicylaldehyde B 54 100

Deaonstrasion of sweet clover and emulsin activities.
(Data from Kosuge and Connsl)

N CH,0H | _ CH,0G1u
g >
N 0Glu N0
(72)
0
OH
+ Glu

Postulate 1.~ Rationale of Sweet Clover enzyme action.
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the acceptor happens to be water, of the more general
transfer properties of enzymes, A well-known
exemple of intremolecular glucose transfer was
first described by Rabatéss who showed that a glu-

‘cosidase from Salix purpurea can transfer glucose

from the phenolic hydroxyl group of saligenin (72)

to the primary hydroxyl group with retention 6f the
P ~configuration of the glycosidio linkage. I%

is now proposed 2y analogy that the rate-limiting
step in the action of the sweet clover glucosidase

is basically a transfer of glucose from the o-
oxygen funotion the ionised side-chain carboxyl or
other carbonyl function which is held near the 2-
hydroxyl of the glucose by hydrogen bonding'and that
e linked action ig the rapid elimination of glucose
from the initial'produéta This accounts well for
for the observed specificity of the sweet clover enzyme
(table), thus those substrates with suitably oriented
carbonyl groups in the ortho-position are rapidly
attacked whereas thoese which cannot readily form
hydrogen bonds to the 2-hydroxyl of the glucose are
only slowly hydrolysed. The glucoside of o-hydroxy-
phenylacetic acid ie very slowly hydrolysed by both

emulsin and the clover anzyme. This may reflect




GHEOH CHQOH PnCii

=0
ct-glucosan
CHo 0O
— 0

o N

CH
Levoglucosan

Postulate 2. Rationale of UV and enzyme-induced lactone-
isatlion ¢of c¢oumarinic glucosides.
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the possibility, visualised by inaspection of models,
that in this case the hydrogen bonding may be so
favoured as to preclude the rapid action of either
hydrolytic enzyme..

The glucose transfer just described is -an
alternative to feasible mechanisms involving ef-
fentive base-catalysed cleavage of the glycosidic
bond but they are by no means-mutually‘exclusiveo
The temiliar generalisation that the glucosidic
linkage is stable Yo alkali ie in fact guite wron3156
since the resistant properties of ‘normal’ acetals
are freguently not shared by glycosides. A large
body of date indicates that the most general scheme
for the alkeline hydrolysis of phenyl { -glucosides
comprehends 'double inversion“lﬁoo An attack of
the ionised 2-=hydroxyl function at the anomeric
l-carbon with expulsion o£ the phenoxide ign gives
rise to 1,2manhydrow?eﬂ>=glucose9 (¢{ —glucosan),
which has been prepared from émﬁbglucose by thermal
dehydration in vacuols7’158° The formation of this
quasi-epoxide has been proposed, on good evidence,
to be the slow, rate-determining step of the

oleavage reaction while its subsequent transformation

into lpsaanhydrOuP;Daglucoee is rapid. The production
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of the stable 1,6-anhydro rorm(IGVOgluéosadq which
ie often obtained in near quantitative yield, is
visualised as an attaék of the 6-hydroxyl funotion at
the anomeric carbon. Either g-glucosan or levo-
glucosan could be taken into the pool of the
6activatedﬁ‘glucosylafbing reagent, uridine di-
phosphete glucose (UDPG)o |

The possible relevence of this in vitro scheme
to the enzymic hydrolysis of ciaméméoumaryl glu-
cosides mey now be demonstrated. The postulate of
hydrogen bonding between ‘the carboxyl group and
the 2-hydroxyl of the sugar moiety provides a good
explandtion for the fecile end almost complete
trane-c¢is isomerisation of these compounds on ir-
radiation. The same postulate may account for the
observed specificity of sweet clover ﬁwgiucosic
dase. Now, if the carboxyl group in the gis-form
is indeed held near the 2-hydroxyl, it can be

readily seen that its presence would accelerate

the formal ionisation of this group and thus would
accelerate the formation of the intermediate.l,®-
anhydro-f-D-giucose and the free coumarinic acid.
This scheme explaine not only the observed in vitro

laotonisation o 'cis-DGC and ¢is-o-glucosyloxycinnamic
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1 3
| X CO,H X COH
Gan’@\OGlu Gluvg\; GluG O ,
(a) '

(7) ) (9

Scheme for Umbelliferone Biosynthesis consistent with
the results of feedings I-XXXII, 12
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acid on irradiation but also may represent the re-
agtion catélysed by the sweet clover and tonka bean
enzymes. The concept of hydrogen bonding is there-
fore of critical significance in this preliminary
rationale of the final stages in the hiosynthesis
of the coumarin lactone ring. In a recent report,
Diedrioh159 has considered hydrogen bonding within
dihydrochalcone glucoside derivatives in a study
of their inhibitory action on the renal reabsorp-
tion of glucose.. |

The schenme shownglconsistent with the results of
the trecer experimenis so far 1is proposed as a
working hypothesis ito account for the formation of
'umbelliiergne in hydrangeala. The steps §-7-8 in
this ovérall scheme are paralleled by an observed
in vitro trensformation. The simulianeous identifi-
cation of cis-=DGC (7) and skimmin (8) in hydrangea
leaf extracis greatly embances the plausibility of
this scheme, when combined with the results of our
tracer experiments which rule out oxidative cyc-

lisation and prove the order of the hydroxylation

steps.

2.2.d. Recent Work on Umbelliferone Biosynthesis.

The work of Dr. S.A. Brown of Saskatoon has
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been of the greatest importance in establishing
the posesible pathways to the coumarins and he has
also made significant contributions on the problems
of lignin biosynthesis. Faolilowing our preliminary
report on the formation of umbelliferone in hydrangeé?o
we were most grateiul to receive from him a copy of
his (then) unpublished work on the same subject
@&rrigd out in conjunction with Drs. G.H.N, Towers
and D. Chenof Nontreall®’, By good fortune, the
experiﬁents carried out by the Canadian workers
complement rather than reproduce our own, thereby
aiéing a fuller enelysis of the situation. It
should be stated that our tracer studies were
pianned prior % our knowledge of their work.

As part of a previous study by Bohm, Ibrahim

160
and Towers on the coumarin constituents of H.

macrophylia, umbelliferone and a 7,8-hydroxymeth-
oxycoumarin were isolated and shown to become radio-
active as a result of feedings of U@14c»shik1mi@
acid, 1=, 3=, and Umi%cephenylalanine and Irans-
2=14cac1nnamic ecid. 1t was implied that the
hydroxymethoxycoumerin, identified as the 7-hydroxy-
8nméthoxy isomer (éollino] 161 or hydrangetinlov)
became radioactive as a result of feeding with

labelled umbelliferone, ‘Hydrangetin’ has been
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isolated from a few of the experiments carried
out here but it was not possible to study ite pre-
cise formation although Kindl and Billek117 have
done so0.
The teeding techniques adopted by Brown, Towers

and Chen differed significantly from our own.
Where&s we had fed intact plante by cotton wick,
they &llowed the uptake of the predursor SOIﬁtion
through the cut ends of plant stems. This heces»
sitated much shorter metabolic periods and no time-
course studies were carried out. In their later
‘trapping’ experiments,with unlabelled umbellic
acid end active coumaric acids s detached hydrangesa
leaves were ted the mixture of compounds visa the cut
ends or the petioles. The objeect of the ‘trapping’
technique is to permit an evaluation of the conversion
of the fed radioactive material into the recoverable
portion of the uniabelled sompound, which is
usually a suspected intermediate in a sequence.
The activity of the Fimal product of the partiocular
sequence may also be determined thus permitting an
evaluation of the statusd of‘the putaiive intermediate.

In their qualitetive preliminary studies;, the

trapping teohnigue was employed. In Tive
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successive experiments, 1.33 jumoles of 3«14@,_

oinnamic acid were fed to cut hydrangea shoots to-
gether with 5/nmoles of p-coumaric, o-coumaric,
ferulic end caffeic acids and coumarin respectively. j
The plante were kept in light for 30 hours and then |
extracted. After each feeding, verious phenolie
acids as well as umbelliferone and ‘'hydrangetin®
were isolated on paper chromatograms and their
activity evalusted by radiocautography. Of these,
only p=coumaric acid and the two coumarins were
ever found to be appreciably radioactive. Signif-
icantly, o-coumaric acid was detected only from those
plants specifically fed the compound and even then
it was not radiocactive. This conversion of cinnamie
aclid to oxygenated coumerins while g-coumaric acid
remained unlabelled was in accord with the resul ts
of Brown's studies with 1a.vender80o

In their quantitative feeding experimentig, the
efficiency of utilisation of each compound was
judged by its dilution value only. The results ob-
tained after the feeding of amounts ranging from 33
to 59/umoles of each precursor for one day showed
that gggggm2a14g§p-coumario acid is 'more effic-

iently utilised than 5a3'4c=oimamio acid for the
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syntheeis of both umbelliferome and *hydrangetin'.

There vas a measurable incorporation of activity
from 2-14cacoumarin, but the dilution was almost 60
timee that of p-coumaric acid so that the direot 7-
hydroxylation of coumarin does not appear to be a

mejor pathway in the formation of ﬂmbelliferone or
‘hydrangetin’ in hydrangea. This accorde with Brown's

proof that the gg}ggebxjgenated-oinnamic acid
precursors of coumerin are poorly incorporated into
herniarin in lavender °, The corollary, that para-
oxygenated precursors (1uclﬁd1hg umbelliferone) are
not significantly transformed totooumarin. hae been
demonstrated Sy the studies of WGyéang" and Brown?aeao.
In their second series of tracer ex-
.periﬁents, lml4c~0aooumaric and 2«140-p~cougaric
aéide were compared with 1&14C=umbe1110 acid as
precursors of umbelliferone during a metabolic period
of one day. As predicted by analogy witﬁ the prev-
ioue work on herniarin, umbellio ac¢id was an ei—
cellent precursor and is in fact by far the best
yet tested, with dilution values from 1 o 3. In
passing, these very 10w'vaiues indicate that the
fed umbeéllic acid must have ewémped the endogenous
unléabelled 2,4-dioxygenated cinnamic acid pool.
This is further proof that the normal rate of
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umbelliferone formetion is much less than the

potential, as previously inferred from our present
resul ts,

This direct evidence strongly favours our sug-
gested involvement of a trans-£, 4-dioxygenated cin-
namic acid in the biosynthesis of umbelliferone15
and contirms and extends Brown’s previous work on
herniarin. It constitutes yet mdre evidence con-
trary to the requirements of the oxidative cyeclis-
ation theories.

Thue far, the results gained by the Canadian
workers were in agreemént with Brown’s general
postulate78 that, in the biosynthesis of 7-0Xy-
genated coumerins, para-oxygenation of the funda-
mental irans-cinnamic acid precedes gggggehydme
¥ylation, The feedings ot o-coumaric and p-=
coumaric acid in their second series showed,
however, that in direct conflict with this postulate
and the evidence on which it was based, these acids
were almost precisely equivalent precursors of
umbelliferone! This contrasts with the results of
Brown'’s investigations on herniarin bicsynthesis
and indeed to the qualitative preliminary results

obtained in this particulear study. Since gul




194
experimenta142 on the utilisation of ar tho-oxygenated
oinnamio acid derivatives in the bioeynthesis of
umbelliferone in the same species of hydrangea
were in complete accord with the postulateAand the
.collaterél evidence in its favour, the resulis obe
tained by Brown, Towers and Chen ére at first sight
inexplicable. One solution other than direct con-
version i1s that a breakdown of the radicactive d¢
coumaric acid has ocourred wivh & rapid incorpor-
ation of the fragments into skimmin, However, ﬁhis
‘gherrant synishesis® hed not taeken place as showmn
by their degradation of the umbelliferone recoversed
after the feeding of laléﬁ=gfcoumario acid. Because
the specific acvivity of the carboii dioxide evolwed
(eguivalent <o the lectone carbonyl) was identieal %o

that of the origimml hydroxycouvmarin, the direct

convérsion of o-coumaric acid to umbelliferone with-

out yandomisation was established. |
Ibrahimlsg, vorking at Howiresl, failed o find

o-coumaric acid but did find p-coumaric acid in

Hydrangea macyophylila (elmost certainly the same

veriety as that ueed by the other Canadian workers) .
The best explenation of the apparent anmbiguity would

thus seem to be that their variety, unlike our owm,
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doep possess enzyme‘syatema capeble of converting
-exogenoﬁs ofééumarie acid to umbelliferone, probably
via qmbeili;facid; slthough it oammot convert exogen-
ous oinnamic'aé;d‘to o-coumaric acid. This may well
b;“due io & oneug;ne diffsrence (here suggested for
the firet time) batween the genetic constitution
of theae hyﬁrangea varieties gince the Canadian
hydrangea variety dlsplaya efficient engymie
,‘ggzg) hyqau3V*a¢ion of o-coumaric acid controlled
by & gepe &, gerAabsemt or masked in our own. An
a;terna%iveAis t$a$ the feed-back ihhibitionlsanlss

of thi& sbvep 18 operative in our cultivar.

Feedbacl inhibition may be defined as that control
br & biosynthetic sequence which involves the in-
hibition of one of the steps by one of the products
or intermedistes when in excess of a given level.
The éxpiting‘pzqspeet of ‘mutant® studies with |
higher plants would eppear to exist since very
strong evidenoe favouring at least the phenotypie
énayme dirferenoe was obteined by Brown, Towers and
Chen. 1n %raéping experiments, either o=-coumaric
acid or p-coumaric acid, labelled with 140 in the
ocarboxyl (i) carboﬁ; wap fed with an eguimolar

emount of uniabelled umbellic aoid to detached
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hydrengea leaves via the petioles. The total metabolic

period was only two hours but both coumaric acids
were efficiently transtormed to umbellic acid. A
close study of their reported dilution values of the
radioactive acids intoAthe free and glucose-bound
forms of umbellic acid shows that the bound umbellic
acid was uniformly more radioactive than the free,
suggesting ¢ither that, {) coumaric acids are glu~
cose-bound before hydroxylation to give the umbellic
acid conjugate directly or (&) that the umbellic aéid
formed from the free coumaric acids is not in con-
tact with the large pool of exogenous unlabelled
umbellic acid.. In both cases, even limited hydroly-
sis of the conjugate during the extraction procedure
would resuli in appreciable but lower radioactivity
in the recovered tree umbellic acid. Hypothesis (1)
implies that free umbellic acid is not directly on
the pathway to umbelliferone while hypothesis (2)
iﬁdieates that the coumaric acide may be more
rapidly transported to the site of synthesis than
umbellic acid during the short metabolic period
€employed.

Such hypotheses may also explain the remarkable

fact that, in three of the eight activity
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determinatlons in their umbellie acig trapping experi-

ments, Brown et al. found that the activity of re-
covered umhelliferone vas significantly higher than } 
the recovered umbellic aoid, in seeming contradic-
tion to their previous evidence that umbellic acid is j‘

in fact a precursor of umbelliferons! Since they |

unfortunately employed only the dilution value |
criterion in the evaluation of their tracer studies, ;
an unambiguoups explenation of this anomaly is im-

poéeible. However, they postulated that elther

differentisl tramspoxrt of preoursors as described

above (bypotnesis 2) or 'a seoond major pathway not

inveiving umbellic acid? could account for it. I

is clear thet ithe rormation of a glucoss-~dbound form
of umbellic acid from coumaric aoid without the
liberation of the free dioxygenated compound is
preoisely'ejquivalent- 10 their ‘eecond major pathway’.
A further result of their trapping experiments‘
wae that in two of the four determinations of the
“'W‘dilutions of aotivity into free and glucose-
bOlmdi umbelliferone, the free compound was apparently
more active than the bound, in eontrast to our own
tindings and contrary to the postulate that bound
upbelliferone is thé. precursor of the free., However }

- this can again bde explained by assuming the existence }
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of larger or smaller pools of unlabelled bound

umbelliterone within the leaves, or by proposing a
linited hydrolysis of the highly radioactive bound
form during extraction..

In summary, this nignificunt study establishes
the existenoe of a pathway: cinnamic acid -y p-coumeric
acid —pumbellio auid (free or bound)-9 umbelliferone
(free or bound) in hydrangea dbut the normal partici-
pation of o-coumaric acid has.nvot been proved.

These suggestions are confirmed by our own tracer
experimentsl42 and TLC analyses of hydrangeala,
which in themselves provided sufficient evidence to
peruit the advancement of the biosynthetic schemwe as
a working hypr.;tl:lelesis..150

2.2.¢. Hydrengea Radiotracer Studies (2).

Reverting now to the fracer experiments carried
out in the present study, the fact that fed irans-
2"140-p~81uooayloxycinnamic acid is used as effic-
iently as ite aglycone im the formtiondt skimmin
had already been eetablished by feedings XX11-XX1V.
"herefore the Qreei’a'e nature of the P—_Oﬁsm“‘d
subetrate ot the oﬁﬁwhydmﬂlatins enzyme was inl
doudt, In general, 12 only one of the two possidble

precursors is in fact hydroxylated, two hypotheses
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can account ror the almost equal precursor status of

glucoside and aglycone. 1. The p-glucoside may be
rapldly bhydrolysed by an endogenous glucosidase or
2. an‘equally fast glycosylation of p-coumaric acid
mey oacur. Another possibility is that 3.the

ortho-hydroxyliation enzyme is not sensitive to the

presence ci & giycosyli group at the psra-position,
On balunx ¢, thw repulis of feedings XL and IL1
guggest thal glvoosylsticn of fed precursors is

a favoured pooccess while the fact that skivmin is the
maliln bound foxm of umbellifsrone in Jyﬁ”amgea

: i
in Skimmlis japonica ; Skimmisz

=od Hisvacivg pilosslila) could hest

accord with the second praposal.

E o, 2 4 K N 3 ~ELET
Phe Furthaer woyk new g he é&;&‘:@;’},.«)@a‘ howev gy,

S

supports the voncept of deglueosylation before

P
XY
u

Hydeoxyiation i.8. hypoths
| in o siieviating discussion of mubual p roblems

with ﬁrm S.4. Brown, he suggssied that feeding

experimenis with p-gluccayioyyoinpamic acid labelied

: L4 . -
with - G im beth tine phenylpropanoid sad the sugar

moities might permi® & closer defimition of the
substrate of the orvho-hydroxylating enzyme. AG-

cordingly, following Dr. leyers departure to Belfast;
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these studies were carried out (XXXV-XXXVII) together

with several experiments designed to test p-coumaric

acid and i%s glucoside competitively as precursors

of skimmin (XXE11I1-XXXIV, XXXVI1I-XXXIX). The last
two feeding made @s part of this project were intended
tc throw some light on the glucosylation and hydroly-
sie of fed precursors (XL-XLI)

Mult;plem¢ab91 exnexlmentatlon 1ﬁvolves the
administration of molecules labelled with the same
or different isotopic species in a‘known proporiion
at various sites to biological or abiological sjstems°
Subseguent on some given trensformation, an evalﬁa;
tion of the relative proportions of the ‘sotopie
species remaining in each position freguently
affords a greater insight on the mechanism of the
transformaticn than may be obtained by direct
feedinés of singlyolabélled compounds..

In thie case the problem was to decide whether
the p»g_)_u,c(),g.‘,(? » is in fact a dlrect precursor of
skimmin. A hydroxylation of this glucoside would
at onde give rise to a glucose-bound form of umbellio

acid. | This step is pos%ulated for its ready explana-
tion oi the observatlon that bound umbellic acid

was more radioactive than the free in Brown's
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trapping studies with 14Ca-coumaric aeidslog

The usual method for obtaining doubly-labelled
compounds for feeding purposes is to mix together
precise amounts of the diiferent singly-labelled
epecies of known speociric activities. The alter-
native of meking, for example, a labelled derivative
of an already labelled compound yiéldsba product
vith no signiricant proportion of actual doubly-label-
led molecwies due %o the low sbundance of the lab-
elled atome even in moderateiy enriched prepagrations.

Proxw & statistical viewpoint, no difference

exists between the iwo techniacues. The p-glucoside,
labelled with léu a4 the Z2-position of the side-
chain was already available al for the present study
P—Ucléc—glucosyloxycinnamio acid was prepared :rom
methyl p-counarate by the method previously des-
cribed. ©%he reagent used was acetobrom09u;143=
glucoee, prepared in good yield on & semi-micro
scale by the method of Fiseherl78 after triels of
several more recently reported technigues hed
failed. Removel of the blocking groups from the
intermediate tetracetyl methyl ester was accomplish-
ed by selective hydrolysis with barium hydroxide

and the produoct rigorously purified by preparative




GluO'

GO™H

GluB OH GXu

GO™H

GO™H

GluO

Alternative pathways for utilisation of doubly-
labelled precursor (1).
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PI.C on cellulose pewder and repeated crystallisation
from methanol. Itvs spacific activity was deter-

mined and each of threé randomly-chosen hydranges
plante was tred a neutral squeous solution conbaining
known amounts of both radioactive speoieé (i.e. Glu~-
labelled and Chain-labelled). Ior comparison pur-
poses, the total qgquantity fed to sach plant vas

12 pgmols, as with most of the previous feédings‘

The essentisl feature of these experiments was
that, 1f the ratio of the activities present in the
slde~chain and the glucose of the gkimmin reccvered
after the metabolic pericd mere.identical to that of
the precursor p-giunccsaide, this would provide very
atrong evidence for the 3z bloo incorporation of the
p-glucoside {(1-2-3-=4) and thus indicate that the
hydroxylation substrats iz p-glucosyloxycinnamic
acid. The alternative,; that 1little or no sctivivy
should be found in the glicose l1abel compered to the
side-chain incorporation, would suggest gither that
the para-glucosyl group nad heen lost before ihe
hydroxylation (1-5-6-7-9} or (1-5-6-7-83-9) {and thus
that the substrate is p-coumaric acid itselif) or
that the p-glucope sould be lost afier hydroxylation

and replaced by inactive gilucose from the endogenous




HTDRANGEA.

80/7 EtOH
extracto

40 al.aqueous Btheg faction tijrggg OHB« * '
solution, (chain label)

A

1/V»emul sin*ether extraction”™ 9B0OIJLD DHRBR*1

- " - - (chain label)
5/4
1otl0 mgm skimmin*
2, 3s: *5£0,
36+40 mgm sMmmin*
4. 4-5x cryst.
SKIMMM*
\'4 - = - f« 'BOOLID riffi. *(chain

plus glucose label)

Flowsheet for double-label experiments*
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UDPG pool {1~2-3-8B-9). 1t should be ncted that steps
3~4 and 7-9 represent a selective hydrolysis of cis~
DEC while 3-8 and 7-8 mey be described as a total
hydrolysis giving rise to umbelliferone which may be
glucosylated &9 giving askimmin. The reason for |
postulating such & total hydrolysis is that the
formation of uwdbelliferone differs from those of
coumarin and harnisyin pince the £insl product is in

faot a coumarin while the others are coumarinic scid

gluocosides. Because a selective hydrolysis of the
coumarinic giluccaside form has nod éacurred with fhe
others, it may Le argued that it is ﬁossibly Ul
likely %o %“ske place in ths biosynthesis of umbelli-
ferone,

The purifitftion of purs skimmin from hydrangea
threatensd ic be @xﬁremely diificult, xepeated at-
tempis to obtain a crystalline gluoeside from this
plant havipg failed. Accovdingly & new technique
was devised which has noi only permitled the acéurate

meagurenent of the side-ghain incorporation into free

unbelliiferone and intc skimmin buil has also made
possidie the delermination of ithe glugcoge incorpor-
ation into the recovered skimmin {flow sheet},

7

After each metabolic period, the two hydrangea

stems were cut below the point of feeding as before
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and refluxed in boiling 80% ethanol for 30 minutes

to inactivate endogenous glucosidases as far as
poseible. The stems and leaves were then blended and
subjected to further reflux in the same 80% ethanol
for two hours. Reduction of the solution under
vacuum o éao 40 ml. volume removed all the ethanol..
As descrit:i. 'or the delermination of the ratio of
free asd Lound umbellifercns in bydrangea {(XXI, XXV),

.

ether exirasiion of the cloudy~yeliow solution ai

d

b

this stage gave‘a~sma11 quantity of free umbelli-
ferone which was purified, weighed and counted by
the established technigucs. In order to obtain a mea-
sure of the amount cf skimmin present in the plant
extract, the solution freed from umbelliferone wes
diluted to exactly 50 mi. volume and a 12.5 ml.
aliquot‘removadﬁ PThis aliquot was treated with
almond emulsin {0.1% w/v) and incubated at 500 for
two days. The umbelliferone thus released from
skimmin (by far the predominan® bound form) was ex-
tracted with ether and purified., Clearly its weight
may be equated to one-quarter of the total weight

of skimmin present whilc its gpecific activity

corresponds to one-quarter of the total side-chain

incorporation from the doubly-lebelled precursor
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into skimmin. Prom this data; the side-chain incor-
poretion into skimmin and the weight of skimmin in
the remaining 37.5 ml. of extraoct were determined.

The remaining prodlem was to find the total
specifio activity of the skimmin present in each
case, This was accomplished by dissolving a known
quantity of unlabelled skimmin (ca. 10 mgm) in. the
plant extract and reducing it to dryness. The residue
was then subjected to twice-repeated preparative
chromatography on 0.5 mm-thick lgyers of cellulose
powder.. The solvents used were 556 acetic acid, 5%
acetic acld and AAW, in that order. In eaoh case
the purple-fluorescent band corresponding to skimmin
was eluted from the support and iis purity examined
on analytical cellulose-powier thin-layers by the
established two-dimenwional technique with emulsin
bydrolysis between the successive runs. The ekirmin
from the third (AAW) plate was almost completely pure
and its ultra-violet spectrum wans identical with that
of an authentic spepin.e'n. From the evsilon value
of the authentic material & 318 mu, the amount of
skimmin produced from the chromatographic separationa
was caloulated. A further kmown quantity (ca. 40 mgm)
of the unlabelled skimmin was added to this methanol
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solution and the task of crystallising tie skimmin to

constant activity was commenced. The best solvent
for the purpose was round to be water trom which
the glucoside crystallises as colourless needles
melting at 216-8° on the Kofler block after drying
at 110 under vecuum (1it.m.p. 219-21° in sealed
tube)167c The mother liguors from the first cry-
stallisstion of each sample were shown to contain
a trace of ¢cis~DGC in addition to a very small
amount oi a monoglucose-urbellic scid conjugrte of
uncertain structure which was not detected in unfed
plants.

Five crystallisations of the XXXV (1 day)
skimmin produced a material of constant activity
and complete purity as judged by chromatographic
and spectroscopic cbmparison with authentic
skimmir. PFor feedings XXXVI and XXXV11, only four
crystallisations were necessary. The change in
total specific activity over the laét purification
was uniformly less than 2.5%.

Since the specific activity due to the chain

label was already known, simple subtraction of this

value from the total specific activity of the

skimmin yielded an accurate measure of the activity




DOUBLE-LABLY, FELDINGS.

The compound fed was p-glucosyloxycivnamic acid label-
\ O

led withxﬁb at the 2-position and uniformly in the glucose

moiety. The chain-labei activity was 1.07 x 106 cpm/mmole
and that of the glucose moiety was 1,04 x 10l6 cpm/mmolie.

Cpm fed as chain label = 1,352 x 107,

Cpm fed as glucose label = 1,312 x 104o

o traggspmelucesyloxycinnamic acid 4.12 ngn.

Frege Tmb (chair) 0,125% (¥8)

XLV, {chain) 3.050% (45)
Bound Unb 1 Days
. _ (glucose) 0.203% (674)

Ffree Umb (chain) 0,288 (64)

XXZVI, - (chain) 4.116% (36)
Bound Umb _ | 3 Days.
V (glucose) 2.509% (58)

 Free Umb (chain) 0,150%  (52)

XXAVIT. | ~ (chain) 4.276% (24)

- Bound Umb o ' 5 Days.
(glucose) 30449 (26) -

The relative incorporation of the glucose label as
compared with that of the chain lahel may be expresseds
LLEV e = Bo65%,
XL, =  60.98%.
IXXVIT. - 92.25%.
The relative activibty of the bound and free umbelliferone

was:l.75 after 1 Day~ 1,80 after 3 Daya- 2,19 after 5 Days.




of the glucose moiety. It should be noted that it
was not necespary to achieve quantitative recovery
of the skimmin at each stage of the purification
due to th’s use of the inverse isotope dilution
.teohnique,

The results rkow that the chedn activity of
skimmin is consistently almost twice that of the
recovered free umbelliferone, tending to confirm
the previous hypothesis that umbelliferone is not
a precursor of its glucoside in this sequence.
Howevér, although the small activity io umbelli-
ferone could be accounted for by a limited hydro-
lysis of sk..wnin on disrupition of the plant
tissue, 9-8, the possibility that umbelliferone
is the precursor of skimmin‘8~9 and that the active
hydroxy-compound has been greatly diluted by endo-
genous inactive umbelliferone cannot be eliminated.
The results further show that the Ted glucoside of
p-coumaric acid fannot be incorporated inte
skimmin {1-2-3-4) as such, but rather that a
hydrolysis of the g1ucoside.gg§§ have taken place
at some stagem

As anticipated, the chain label (and thus the

207
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. phenylpropanoid portion) or the trans-p-glucoside is
.fery efficiently incorporated into skimmin. Jus-
tifiably treating lncorporation of activity as
én edditive phenomegon, the results demonstrate that
tpa,maXimal uptake of chain 1abeisoccurs on the
- first day alier feeding and that the jncrease over
the remainipg faur dsys is progressively 1éaa
(&iggram}m As previously discussed, this implies
“that the quantiiy cf sndogenous p~oxXygenatcd cinnemic
- acid precursors musht bo very low as a result of B
gontrol of their eynthesis in the normal plent.
Once again, the diluiicn values of the chain activity
from the fed glucoside are lower them the corres-
épnding #alues for the aglycone {11-V11) in'the istsy
éeriodsm

A mest exoiting feature of this ect of experie
ments is that, at Lirslt sight, they ars completely
Aéelt*cbntradiotory!"After one day only some 7%
of the glucose activity {relative to the chain
label inoerpoyation) is round on. the skimmin,
suggesting that the fed p-gluocoside has been almost
comgleté;g nydrolysed at some stege. Most oon-
tfusingly, the uptake has inoreased to!SL%tor:the chain

label by the end of the third day. ToO make matiers
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worse, by the end of the £fifth day, the relative
incorporation has increased to over 927 of the
chain label-which accords well with a direct
hydroxylation of the p-glucoside without prior
hydrolysia!

The observation that, as shown in ihe diagram,
the maximal incorporation of the glucose label
does not take piace on the firet déy but rather in
the second-third day period gave the first clue to
thle mystery. 1t is clear, incidentally, that only
by the adoption of time-course studies has this
interesting problem come tc light. If the feedings
had only lasted for one day, hydrolysia of the
glucoside prior to hydroxylation would have been
indioatced, whereas if they had all been sxtended to
Iive days; hydroxlyation of the p-glucoside itself
would have‘fitted the results.

This demonstration of the fundamental un-
reliability of doubie-labelling studies without
careful controls cuts at the basic assumption of
such studiea, that (apparent) retention of both

labels necessarily proves the en bloc incorporation

of the precursor.

A later feeding of ‘f»gluéosyloxycinnamic acid



FEEDINGS.

. frans-p-Goumaric acid (2061x106) 2.0 mgmm§$18z104o
- )
i e s ’
: free agid 5,645
X:‘:je l Day - 1 Stemo

Bound acid 2. 956

i B an AL e

In spite of the feeding of twice the 'nmormal' quantity
of precursor, some 45% of the recoverable trans-p-coumaric
acid was present in a glucose-bound . form,

O. trans=p=Glucosyloxycinnamic acidr
(2.17x10°)  3.64 mgm-2,42x10%.

Free acid 3, 26%

I, Bound acid 20,50% 1 Day - 1 sten.,
Bound acid 0,655

Only some 14% of the recoverable trans-p~coumarie acid
wag in the free form, suggesting that the hydrclysis of the
glucoside is not as rapid as the glucogylation of the free
compound, As compared with XL, the recovery of activity is
almost four times éreater which may demonstrate that the
aglycone is more readily mebabolised than the glucoside in
reactions which do not lead %o skimmin. Acid hydrolysis of
the p-coumariec acid conjugates remaining after the emulsin
hydrolysis gave only a small further recavery (0.65%%)

These recoveries represent those amounts of the fed
precursors which remain in a soluble free or glucose-
bound form, Clearly,the bulk of the compounds are in an

insoluble, possibly esterifieat®® form.,
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(XLI1) hae shovn that up to 14¢ of the glucose

moiety can become free within ome day. Thus as a

. result of the feedings of doubly-labelled precursor,
e both the p-coumaric acid and glucose pools within the
' plant do increase greatly. Hovever, the evidence

ie thet p-coumeric acid thus produced is very rapid-
1y converted to skimmin, a function of the extrerely
small ‘turnover® quantity of endogenous precursor
and the higﬁ activity of the hydroxylating enzymes,

2 This ie clearly not the case for glucose, rince %o

A reect wvith a phenolis group the glucose must be in
the ‘aciivated’® form i.e. uwridine-diphosphate
glucose (UIPG), the ubiguitous -glycosyloxy
nuciecotide implicated in many enzymic glucose transw;

fer reactions. UDPG is formed by the condensation

R of uridine triphosphate snd o D-glucoss-l-phosphaie
7y

. (G=1=P) with the elimination of orthophosphate

+ and attempts to carry out the engymic gluceasyleiion

of phemnols with dow-cnergy’ donors such as G-1=P have
. . 152
been uniformly wneuccessinl s

The best explenation of the rerarkable relative
inorease in glucose upteke with time is that there
A is 8 mignificant pool of inactive UIPG already

* : present in the hydrangee leaf and that, no matier

L how much labelled glucose is present from hydrolysis
R ]



GluO
After ONE day*

ENDOGENOUS (UDP)

UBEFG

GluO

G1luO
After FIVE days*

Rationale of Glueose-label increase - Double-labelling

experiments (XXXV - XXXF11)«

She activity of the UDPG pool is initially zero and so,
after ONE day* the net result is that almost no "O”glueose

has been replaced on slr.immino (The UDFG activity increases

very markedly with time and after FIVE dayss the overall

effect is an agpparent*, but untrue, block incorporation,,
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of the fed doubly-iabelled precursor, none of this
14C—glucose can be replaced on the para position until
the endogenous (and thus non-radioactive) ‘activated
glucose’ has becen utilised. There is apparently a
definite upper limit to the amount of the ?glucose
activating moiety® i.¢.. (UDP) and the major portion

of this (UTP) must be attached to glucose in the

unfed plant. The chart shows a possiblie schems.

Thus, in spite of tho apncaranccof a large quantity

of p-oxy~cinnamic acid precurser, the unlabvelled

LA
IS

UDPG peol is sufificiently 7 :ize to last for almost
one day afier the feeding. In fact the resulis

~ show that, after thé tirst day, some 7% of = C-
zlucose has been replaced on the phenol. Thereafter,
_in the 2-3 day period, the averaged specific act-
ivity of the introduoed giucose has increased

due to the lower guantity of unliabelled UDPE and

54% of the glucoss label rslalbive %o the incorporaied
chain has been s¢ introduced. This 1leg confirmed by
the fact that fhe rate of skimmin synthesis in the
2-3 day period (1.0%%) has dronped markedly compared
to the first day (3.1%) and yet the relativevin-

. 14 .
corporation of C-glucose has increased some

eight~fold. On the fourth and fifth days, a further
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increment of 31% in the relative glucose lebel is
apparent.

A straightforward calculation of the activity
of the glucose moiety of the skimmin extraoted after the
successive period shows that in the first day it is
0.07 times as active as the incorporated chain label,
in the second and third days it is ca. 2.3 times as
active, while in the rourth and £ifth daye it is
9.7 times as active. It is clear that the concept
of ‘pool replacement’ accounts well for the apparent-
ly contradictory résulte or this time-course in-
vestigation of simuld taneous uptake of two 143
precursors. The diagram showiya plot of the incéiu
poration inte the chain and suger portions in each
time period proves, in complete sccord with the
above rationale, that the period of maximal uptake of
4"‘(!--g‘ihmose tekes place afler that of the chain label.

It is posmible that a slow exchange of radio-
glucose into prerforned skimmin may contribute.

Although the vesulis of the compeiitinn:experi—
ments provide some evidence that the gluccsiﬁe of p-
coumeric acid is & yiefapref presursor o the agly-
cone, the obeerve& ditference could be due to a differ-
ent rate of transport within the plant system to the

site of oxidation. Thus if the p~glucoside were
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!COMPETITION? FELDINGS.

trang-p-Counaric acid (2561x106) 1.92 mgm~3.06x10#
plus 4,11 nmgm trans-p-glucosyloxycinnamic acid.

XXXITI. 1.83% (45) 1 Day.

As sbove but 1.83 mgm p-coumaric acid (2¢9lx104 cpm)

were fed with 3.88 mgm of its glucosgide.

XEXTIIL. 3,83% (12) % Dayga,

trans=-p~Glucosyloxycinnamic acid
(2,17x10%) 3,64 ngme2,42z10%

plus 1.76 mgm of Lraps-p-coumaric aeid,

XXXIV. 3.88% (31) 1 Day.

As above but 4.02 mgm of the glucoside (2968x10a)

were fed with 1.8% mgm of the aglycone.

XXXIX. Li'ol!'%:s (15) ‘ o 5 Daysg

So far from'showing fFhe ‘anbicipated lowering of upw.
take of goe of tHese predursorsy. these resulbs suggest
that thess compounds may stinulate esch other's incorp-
oration, Since ng significant drep is observed, it iz
possible that the glucoside and aglycone are. converted

bo skimopin in different sites within the leaves.
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treneported to ithe hydroxylation orgemelle more quick-
1y then the aglycone, the fact that it may have to
be hydrolysed before hydroxylation could be out-
weighed. Although the aglycone may well be the
true suhstrate, the glucoside would tend to occupy
the precursor pool. Now 1% is a curious fact that
in these competition Feedings(OIIY, XXXIV,

IXRVILIL and XEXIX ) the incorpdsiion of activity has
not been lowered in spite of the presence of twice
the normal amount of phenylpropancid precursors
{cf XX1). Thise is decidely unexpected and suggesis
very strongly that fed f-glucoside and aglyconme
are trangp@rted to two different sites within the
leaves. 1

The inference is therefore -that. there
are indeed ‘at least tuo 51tes of blosynthesis of |
skimmin within the leaves, One of them utilises
the p-glucosidc and the other the aglycone. The
double~labelling experlments prove that even at
the site which uses the glucoside, it is not inc-
orporated en bloc. Since p-coumaric acidé is the
first preduct of the enzyme sequence, and since
glucode esterg sre frequently formed in plant tissue,

- the "status of the glucoside appears doubtful.
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2,3.8. Possible Mechenisms for ‘META'-Hydroxylation.

The siege has now been reached where a dis-
cussion of the poeSible hydroxylation mechanisms
seems worthwhile. Huch current interest attaches
%o the mechanisms of phenolie coupling reactions in
the elaboration of avometic compounds by living

134-5,172=9 :
8 have

systems- Valueble veview
oollated the formidable bedy of evidence proving
the free radicsl nature of many of the observed
engymic and in vitre oouplings. The first stage
is frequently the generation of phencl radicals
whioch are stabilised by resonance with the meso-=
meric forms in which the odd electron resides on
the ring ortho or para vo the oxygen functiomn.

This formation of radicals assumes the
presence of & phenolic grouping in the molecule
undergoing coupling but olearly the hydroxy-
lation ox“aromatic rings as such must take place
to produce the phenolic subsirates for further
reactions. An importent case, previously men-
tioned is the payra-hydroxylation of phenylaianin@
40 yield tyresine in liver itissue, & reaction

398
which hes attiracted a8 great deal of attention.
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The mammalian enzyme shows the characteristics of

the 'mixéd funotion oxideses’ in that both mol-
eocular oxygen and an external reduoing agent are
required to accomplish the hydroxylation and further-
more that only one atom of the transferred oxygen
appears in the product. The firset report of
phenylalanine hydroxylase from higher plant‘tissua
was made recently by Nair and Viningoev They
purified the enzyme some 66-foid from spinach
leaves and were able to show that its requirements
are substantislly similar to the liver enzyme.
Since the formation or tyrosine in plante is
usually accomplished by the transamination of
p-hydroxyphenylpyruvic acid, it may be surprising
that this plant poaeeaeea.tbe aotivity character-
istic of animal tissue. In faoi, this is
poesibly & manifestation of & secondary pathway
within spinach leaves to deal with any untowarad
increase in tne concentration of phenylalenine
without the production of trans-cinnamic acid.
Prsvicusly, Nair and Viningleo had prepared a
ofude unstable enzyne prepération from the same
source that ocatalysed the hydroxylation of tirans-

cinnamio acid to yield p-coumaric acid. The
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‘preparation exhibited an absolute requirement for

an external electron donor and it appears that a
sulphydryl group partioipates in thé reaction.
Thie hydroxylase is again similar tb the liver
engyme and ite agtion may be visualised as a transfer
of oxygen while the acid is held (e a thisester}) on.
the engyme surface. |

Conflioting reporte exiet @s to the timing of
hydroxylation of cinnemioc acid in the formetion of
chlorogenic acid{6), 1t appears that in potato tuber

181-2 oinnamio aoid is esterified with quinic
114

tissue
ao0id before hydroxylation while in tobecco leaves
the esterification does not apparently take place
until after the formation of p-coumeric acid. 1In
any event, p-coumaryl quinate is the substrate for
the seoond bydroxylation, so that the hydroxy-
lation neceseary in the biosynthesie of skimmin
may also require an ester substrate. The acid
could be esterified wifh gludpse, quinic acid,
coensymeA, or & thio-enzyme. The intermediacy of a
phosphate anhydride is not ruled out. 1t will be
seen that the meohaniem preferred by the autbor
does not depend on an ester substrate but leaves

the question of possible activation openm.
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p-Coumaric acid will be desoribed for comvenience,
but it must be emphesised thet, as with many of the
steps in this pathway, the true nature of the
activaeted intermediates is unknown.

While it ie true that eromatic hydroxylation
mete to eetablished groups does occur e.g. in the
formation of meta-tyrosine derivatives from phenyl-

2
slanine by fumgil 8’183, and of 3=hydroxy-phenyl-

propionic ecid from ¢lmnamic asid by & bacteri’umla4
these particular eynthesaa do mot involve sub-
stitution meta to an oxygen function. The fact
thet the competition experiments suggest that the
glu@oside of p-goumeric ecid is a preferred pre-
oursor oould be interpreted as circumstantisl
evidence favouring & direct meta-hydroxylation
provided that total hydrolysis of.gig~DGG occurs at
a later stags. in the abeence of data on the
relative transport rates of glucoside and aglyconme,
sush a scheme eannct be eliminated. In highly
sophisticated studies on aromatic free rédieala,

185 has poetulated the contridution of polar

Muller
non-oleseical redicale to the ground state, includ-

ing several with the odd electron meta to the oxygen




*“COE"?""

'Clagsical! radical forms

p-Coumaryl free-radical mesomers.
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function while in vitro studies with complexed metal
ions in ascorbic acid solutions (ecited 1n142) suggest
that dirsct ggggfhydroxylation can occur. Such in
vitro reactions are frequently takem (on slender
evidence) as adequate models for enzymic hydroxyletions.

The free radical hydrox&lation mechenism
favoured by the present author requires that the
hydroxylation substrate be p-coumariz acid or an
ester derivative. 1t is possible that it may be
transported to the site of oxidation as a p-gluco-
side and hydrolysed to permit radical formation,
which will give rise té the three mesomeric radical
forms. By analogy with mﬁller°s‘work,the maximal
free-electiron density is likely to be at the
position para to the oxygen function i.e. x may be
the major contributor to the resonance form. The
preferred formation of para-radicals is attested by

a wealth of experimental evidencel?%~3,177,185-6

and
has been impliocated in the biosynthesis of many
ooupled phenclic compounds €.g. griseotulvin (29),
Pummerer’s ketone (73), usnic acid (74), and the
morphine alkaloids (75), In addition, para-

radicals have been shown to take part in certain
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of the engymic condensatione of phenylpropancid

monomers in the production bf lignin175°18?”22;ﬂ

the
polymeric structural constituent of the cell walls

of woody plamts. Thus the compound (78) hae been

ocbtained by mild hydrolysis of beesh ligninlaa

while (77) and (73) have been obteined from sprucs
1ignin,189 The f@r@atign of these three compounds
has been explained in terme of cowpling hetween the
quinons~-methine and para-redicel forms of the
poly-oxygenated @iﬁm&myi aloohols sbown to Be the
precursors of ligninm in vive and 32_3225261755221
The evident loss of & three-carbom side-chain in the
production of these @c&yeuﬁd@ is paralleled in the
hio&ynﬁhésie of thyroxine (79) from two diiecdo-
tyrosine uni%gylgo ?reud@nberglas hag demon-
sirated the ewistense of the mesomeric forﬁa
of the radical from coniferyl sicohol by electrom-
spin reeonancs spastiroscopic studises of the
peroxidase-hydrogsn pevoxide dehydrogenation
r@éction and haz proved that theiyx contribution
yielids a surprisingly stable radical (%é; 45 secs,).
In paseing;it is clear that the tormatién of

the epirolactons (67) used im the iracer experimentis
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5@ + AHp + H* —— —(l:H—CHz—NHz + Enzyme'- CuT + A+ HO

HO' OH

Dopamine + AH; + O, Norepinephrine + A + H,0

AH, = Ascorbate ' AHs = Ascorbate free radical A = Dehydroascorbate

Postulated Mechanism for Dopamine Hydroxzylationl2®,

This mechanisnm accords fully with the known
requirements of the ‘mixed function oxidases'.
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by the elscirolysis of solutions of gis-p-coumaric
acid mey well be the result of coupling between a
para-radical and the ocarboxyl group.

An interesting parallel for the postulated
overall meta-hydroxylation process is evident in
the rearrangement of <he quuin01 acetate (80)
derived from gfcresol by treatment with lead-tetra
acetete in acetic a@idolgl The asid-catalysed
rearrangement gives rise to & resorcinol deriva-
tive and thus ortho-substitution plius rearrange-
ment has the grose effect of mets-—substitution,
Still oloser parallels are %o be found in the well-
documented rearrangements {gee}lgz) of p-quinols
‘@.8. (81) and their derivatives under certain
conditions to give resorcinsl fundamental-nueleiclg3
Many of these rearrangements spparcntly involve
@yélic polar intermediates, which of course are not
excluded from the possible biological steps.

As praviously mentioned,many of the phenol
oxidases are known %0 beé copper-containing enszymes

135
and require ascorbic acid as a co-factor. = Two ree

reports on the nature of the reaction mediated by

‘dopamine Pwhydroxylaeep which has been purified



“OR (R=H,OH,0,

0~CuII~Enz,etc)
OR
AN R002H
0N

*acti
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*Junction Oxidatlion! rationale for apparent

meta-ﬁ;ydro:qlation of phenolic precursors.

The direct process is another possibility,
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from bovine adrenal medulla, are of great
‘interest hare. Thus Goldstein and his co-
worker5194'5 have proposed the scheme shown on
the babia.or their electron-gpin resonance studies,
while Friedman and Knntuan;ge bave proved that the
oopper within the enzyme undergoes cyolic reduotion
and oxidation (cuI:B Cull) during the hydroxylation.
1t is furtber true that dopamine P-hydroxylase ie
& ‘'mixed-tunction oxidase', i.e. it requires an
externel electron donor (here ascorbic acid) and
tranafere moleoular oxygen, only one atom of which
appears in the product.

The admittedly epeculative application of the
scheme for dopamine hydroxylation to the prodlem in
hand may yet ocontein an element of truth and there-
fore is shown in the diagram.

wWhat is postulated here is that a substitution
of efrective hydroxyl radical para to the established
oxygen function of & p-coumaric acid with a subd-
sequent 122 shift of the introduced hydroxyl ie &
plaueible route for the apparent meta~bydroxy-
lation. The first step is the generation of &

phenol radiecal: A coupling of the para-radical
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mesomerio form with hydroxyl, hydroperoxyl or

enzyme-metalloperoxyl free radicel will produce

the p-quinol derivative. The 132 shift of the
oxygen function before or after the removal of the
blocking OH or enzyme-metallo-oxide groupse, with a
concomitant aromatisation of the ring can be readily
ssen to give rise to the meta-hydroxylated phenyi-
propanoid compound without the necessity of a

direot meta-process. The first etep may be termed

*junction oxidation® and clearly the evidence

favouring the existence, and indeed the pre-~
dominance, of para-radiocal mesomeric forms of
phenol radicals also enhaénces the plausibility of
this eritical step-. It is true that the psqpinql,
torm could underge & 12 carbon shift — this
would yield a gggfdioxygenéted einnamic acid, a
procese of potential interest for the biosynthesis
of gentisic and homogentisic acids,

1f the p-quinol ie indeed the f£irst product of
p~coumaric acid hydroxyletion in the biosynthesis
of ekimmin 1in hydrengesa, the necessarylrearrange=

ment with the simulteneous intervention of UDPG

would result in the formation of the p-glucoside of
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umbelliec agid without the prior existence of free
umbellic acid in the seguence. This would explein
Brown's anomalous radiotracerlov results without
resort to enzyme-bound forms or difrferential
traneport of fed precursors. Furthermore, the
analogous intervention of the bi@légioal methyli-
ation reagent g-adenosylmsthlionine would yield
HMC, the herniarin preocuysor in lavender, without
the formation of p-methoxycinnamic acid, which
Brown has guesiioned as & ‘netural’® step in
herniarin bibsyn@h@gigalos The inveresting
poseibility therefore e#isﬁa that & single (p-

guinol) intermediate is the precursor of two

oxygsenated coumaring.

2,3.b. Speculative Applications of Hydroxyletion

lHeghanism; Retvionale of Skimmin Formation.

1t may be oclaimed that the results reported
here provide sirong evidence as to the overall
pathway for thz bicsynthesis of umbelliferone in

Hydrangee macropiylilié. 1% ie clear that, conirary

to previous thesories, & mechanistically unfavourabls

aromatic hydrowylation, at lesst in effect, is pard

of the scheme for the blosynihesis of itwo 7-mono-



7=-1ONO

OH, 7,8=DI
Extension of 'junction oxidatlon® scheme to the
elaboration of poly~-oxygenated coumarins from
preformed umbelliferone.



oxygenated coumarins. This ia supported by the
work of Brown et alolov

The present demonstration that irans-2,4-
dioxygenated cinnamic aoid derivatives can be
produced by & hydroxylation of a p-coumaric acia
may be relevant to the formation of certain
natural products which appear to be derived from
ehikimic ecid and yet possess mete-oxygenation
reminiscent of acetate-derived molecules.

in the oomplete absence of rediotracer studies
on the formation of the §,7-oxygenated coumarins,
it may yet be poestulated that closely analogous
processes of radiocal formation and eventual re-
arrangement could produce this oxygenation pattern.
(dia). The route from preformed umbelliferone is
somewhat preferrod. Possible support of this
gcheme is implicit in the sole published report on
Mthe biosynthesis of furanocoumarins. The experi-
mente oarried out by Floss and Hothes 13 showed
that umbelliferoﬁe was by far the best precursor
of the furocoumarins (64e,b.65a,b) when

14 14

1-""C-oinnamic acid, 2a14cacoumar1n and 2= C-

umbelliferone were fed to root cultures of

224
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Pimpinella magna. Coumerin was very poorly
utilised by comparison with the other two pre-
eursors although the activity of each isolated
turo-coumarin was unfortunately not given inm this
preliminary communioafion, it appears that the two
5,7~-dioxygenated compounds bergapten (65a) and iso-
bergapten (64e) were radioactive after the umbelli-
ferone feeding. The furan ring is very probebly
toimed from & cyclised isopentenyl substituento19§

it is pose;ble toat radical formation from
unbelliteione could give rise to the 6,7 and 7,8~-
dioxygenated coumarines (dia). However, the 6,7-

oxygenated coumarine ecopololetin and cichoriin

are apparently formed from 3;4-dioxygenated cinnamic

114,115

acids i.e. that the oxygenation pattern is

established before the eyclisation. By ocontrast,
' 7 .

Kindl and Billakl1 bave shown that a 7,8-dioxy-

ocoumarin, 'hydrangetin' , is formed preferentially

from umbelliferone in Hydrangea maorophylla,

while ferulic acid ie not incorporated at all.
‘ 199
The furancocoumarine psoralen and ber-
gaptenzo0 have been found as the corresponding

coumarinic aoid gluoosides in plants. In
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addition, over 60% of the psoralen and bergapten

present in the leaves or the true fig, Fious
carioca var. 'Brown Turkey‘®, have been igolated
from a glucose-bound rorm‘in the present work.
This suggeste that polyhydroxylat:on and addition
degradation of the isopentenyl substituent ocould
ocour before lactonieation, in confliot with the
previous interpretation. A feasible, if un-
attractive, alternative is that the laotone ring
may be oleaved after the elaboration of aubstitiuents
and the ortho-hydroxyl glucosylated.

in a preliminary study of the metaboliem of

the indiarubber plant, Ficus elastica, var.

*decora’, 2-14C—p=coumario acid was incorporated
into the umbelliferone produced by this plant but
only to some 003%, almost certainly a result ot the
extreme diffioulty of reeding to this latex-
forming species.

Renging still further afield, very many natur-
ally-oocurring phenylpropanoid derivatives are
known which contain a 2,4-di- or 2,4,5-tri-oxygen-
ated aromatic ring. Previously, this ‘anomalous’

oxygenation pattern has been accounted for by
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Postulated biosynthegis of Artocarpus flavoxzoids
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assuming the derivation of the phenylpropanoid
- preoursor by ring-opening of a counarin, 0 oLP
While this is a feaeible process, it is clear that
‘ the prior formation ot 'umbellio' or ‘aesculic' eoid
precursors followed by oondensation with e.g. three
eftective C, units would produce the same result.

in faot, sucbh en extension of the present work has
been postulated by Venkataramen et al.  * in |
their consideration of the probable biosynthetib
roufee to the Artocarpus flavones. (dis). .

In the experiments reported hers, an attempt
has been made to elucidate the mechanisms of |
formation of umbelliferone in hydrangea. An
equally signitriocant problem ies - Why is it made at
all?

The role of phenolic and other compounds in the
diseape resistance of plante is & field of great
theoretiocal and practical interest and many
excellent reviews are available which summarise
current concepte of their action.zsb'4°’2°2.6
Ae a widely dietributed group of natural products
the coumarine, in partioular coumarin itselr,vo

have been studied in this connection. In many



228

oases,15’16

they have been iapliocated as factors
for growth-regulation and germination inhibition,
as well as natural 'antibiotics'. Before discues-
ing thé poeeible action of ekimmin in hydranges,
it seems appropriate to discuse the modes of
eolute transport in planteozov'zll
in woody plants two basic transport syéteme
are present, the xylem and the phloem. Both
derive from the cambium, the thin layer of actively-
growing cells between the bark and the wood which
extends from the root tips to the leaves. The
xylem life-~-cycle movee inwarde into the wood to
form the water-conduoting conduits and it consists
of dead cells whoee walle have been greatly
strengthened. This is done by the deposition of
cellulose ribrile and lignin in the dying cells to
make & 'reintorced concrete’ structure imparting
rigidity to the plant. The phloem, in contrast,
develops from the cambium outwards and consists of
living cells joined end to end, and connected via

tiny pores in the end wells. They are thus termed

‘sieve tubes‘. Unlike the xylem, the phloem of all

species is highly susceptible to injury when the
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eieve tubes RAP1DLY shut off the flow of liquid.

Por example, certain components of the oytoplaém
may instantly plug the sieve plates when pressure
ie released and oallose, a polysaccharide, closes
the sieve pores more permanently.

The xylem is believed to be mainly responsible
for the bulk trensport of dilute mineral solutions
from the roots to the leaveagov while the phloem
bas been impliocated as the main carrier of photo-
synthetic producte and other compounds from the
leaves to the roots end the shoot tipsoeoe This
greatly simplified pioture ie complicated by the
fect that food substances have been shown to move
in both phloem and xylem and that sucb food eubé
stances not only move to the roots via the phloem
- they meke a oirouitozlo Furﬁhermore, the
possibility of interchange of materiale between
the two syestems has been studied and shown to

212-13
operate in certain cases.

On feeding hydrangea by cotton wick, it may
be poetulated that the phloem tubes are promptly
olosed by their defenoe mechanisms and that the

xylem ie the main tremeport route of the intro-
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duced liquid to the leavee. Once at the leaves,

fhe evidence of feeding XXX1I euggests that a rapid
conversion of p-coumario acid to skimmin takes
place. The function of skimmin in the leaves ie

a matter of conjecture, 1% could conoceivadly act
as an ultrae-violet screen for the vital processes
(in fact umbelliterone derivatives are frequently
used in sun~ten oils). Sinoce the e#idence is that
any injury of the leaf tiesuwe results 1n_£he release
of free umdelliferone, it is quite possidble that the
formation of skimmin is & latent anti-fungal dr
otharAdéfanoe mechanism. Rather than produce the
free phenol in quantity, whioh might interfere with
the normal opér&tion of the cell, the readily
translocated glucoside would be as efficient in
oconjunction with endogenous glucosidases.

It must be confessed that several of the plants
wore attacked by red-mites and by the powdery
mildew Oidium hortensiae,a common parasite of
hydrangea under glass. They wére saved by chemi-
ocal epraying, Hydranges leaves infected with thg
fungua were examinéd under ultra-violet light

(350 mp) after drying and compared with dried
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healthy foliage. A striking difference existed

between them in thet & strong bdlue-fluorescent
gone surrounds the fungal 1eaiona.v This fluor-
escence is intensified by trpatmant with alkali,
of. umbsllifercne, and since the healthy leaves
showed only a slight yellow fluorescence (from
skimmin?) on sinilar treatment, it may be argued
that umbelliferone hae been released from ite
bound form as a result of fungal attack. In fact,
a quantitative analysis of the 1nrecied leaves
showed thet at least 97¢ of the umbelliferone is
in the free foimo

In confirmation of ihe previous hypothesis
thaet the leaves are the main gite of skimmin
synthesis, it should be pointed out that the weight
loss of healthy leaves on drying was rather more
than 90%, so that, in feeding XIXII, ca. 130 mgm.
dry weight of leaf tiseme has produced 0.68%
incorporation. Becauss the stems (0.66% / 4.3
gm, -~ fresh) and roots (0.057 / 1€.0 gu.-fresh) lose
fay less weight on dgying, this result emphasises |
the difterence in synthetic ability betweeﬁ them

and the leaves, which definitely appear to be the
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main synthetic site for skimmin. The stem
1nqorporétion probably results from & deposition
of skimmin 3inm the older phloem tissue.
Translocation of skimmin from the leaves most
protably takes place via the living phloem tiasue?lz
Since sucrose ie rrequently the méin component of
phloem sapazgq as judged by sopbisticated tapping
experiments using ephids, it could be that thé
addition of the glucosze group to umbelliferone
makes it more soluble in the-phloem sap and simul-
teneously makes its égggg apﬁroximate to that of
sucrose, 1n any event, Skimmin is brought to the
réots and, althouén 1% has been shown that poumérin'
glucosides can be recovered irom bleeding xylem
3aP214°16 i.8. by & recycling process, it appears
that ekimmin may accumulate within the root tissue.
| The~st9r§ does not end there howeQer,‘sinoe an
extraction or the free and bound umbelliferone
from hydrangea root has shown thai almost half is
present as the free compound. Th;a~ma? ye
explained by assuming the presence of & fairly
active glucosinase within or on the surface of the

217
roots (already proved for certain plants ). The
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action or soil micro-urganisme may also result in
the hydrolysies of skimmin., A mihar point is that
our hydrangea plants had been propagated by cuttings
and therefore the bulk of the 'root®' tissue was
morphologically 'stem'. Thie being the case, the
concéntration ot umbelliferone (free/ bond) in true
root tissue wae not certain., However, thiaAwas
easily rectified by an estimation of the proportion
or this compound present in the adventitibue roots
from & cutting. The result was almost identical
(ca. 1 mgm/gm rresh weight) with that previously
-xound. in passaing, this concentration is extremely
high and suggests that skimmin is not physiologically
active in the plant tlseue.' The ultimate fate of
the bydroxycoumarln nas been examined by extractzon
or the 'Peralite° in which a hydrangea had grown for
almost two yeara. Only a very small amount of
umbelliferone was raund even cloege to the roots
with poseibly & trace or ekimmin. Thia accords yitb
previous findings that, although scopoletin>may be
8-'root exudate’, umbelliferone is much iess liable
to enter the 80110215 wvhat then, is the.purpoae

of skimmin in the roots? The concentration of this
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glucoside ie by no means negligible and it is quite
poesible that it is used as & gecondary carbo-
hydrate reserve by the plant. The observed 1:1
ratio or free and bound umbelliferone may rerlect
the carbonydféte requirements of the actively grow-
ing hydrangea. 1t would be of great interest
therefore, to follow the free-bound ratio through-
out the year to finrd whether a significant drop
occurs in the late autwan, {(when the dying leaves
lose their nuirients to the main body orf the plant)
and whether a corresponding rise takes place in the
epring (when the carbohydrate demand may be at its
maximum).

Coumarin itself has proncunced phygiological
aoctivity and differs in this respect from many of
its oxygenated derivatives. Accordingly, a
deliberate (ana succeesful) search vas made for
this compound in hydrangea extracts. It was found
in trece guantities in both lear and root extracts
and in each case the glucose-bound form, presumably
coumarinyl glucoside, predominated. The conetitut-~
ion of the tree material was proved by TLC oom-

parison with authentic coumarin under the standard



Enzyme sequence Interaction showing feed-back
inhibition of early steps by later metabolites..
It is a 5fine * control of the sequence. £fhe re-

pression of enzyme formation is & ®coarse8 control,

Possible inhibition system for the formation of
coumarin. and its oxygenated derivatives* eOg0 In

Healba* E{J?£h0 'either absent or masked, and in

E*Zortho almost totally inhibited.
In lavender, neither sequence is apparently made

’ inoperative.
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conditions, by ite highly characteristic yellow-

green fluorescence with base, by its emell, and
unequivocally by GLC of the compound.

This finding, combined with the observed fact
that the coumarin-rich Melilotus alba contains no
trace of oxygenated forms, permits certain
spaculations on the nature of the enzymic eontrol
of the biosynthesis of this class of natural
products. 1f tremns-cinnemic acid is indeed the
‘branching point® in the formation of coumarin
(from ortho-hydroxylation) or the 7-oxygenated
m@ﬁbera (from para-hydroxylation), then a scheme
may be drawn up to e€xplain why so few plants pro-
duce both in terms ol modern theories on the inter-
action of different enwyme wequences., A decep-
tively eimple modei, originally proposed by
ﬂBlbrﬁEk,would heve the end produot of one system
inhibiting en engyme involved in another 0 (dia).
Siﬁce the inhibition is mutual, the first reaction
to get etarted would permanently inhibit the other.
Alternatively, & eystem of repression of enzyme
formation219 may operate. This differs ffbm ‘end~

product inhibition® which involves the repression
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of formation or action or the enzymee of & given

sequence. 1n the postulated model the end-
products act on the regulators of systeme other
than their own. A scheme setting oul poeeible
interacotione tor the biosynthesis of coumarins is
shovwn.

The apparent %ranching point in the for-
mation of coumarin and its oxygenated derivatives
is the first hydroxylation ot trang-cinnamic acid.
1t ocan be argued that in M.alba the para-hydroxylation
step leading to the umbelliferone system is
inhibited in some way and that coumarin itself is
the only lactone formed. | Conversely, in hydrangea’
grtbho-hydroxylation as a first step may be almoet
totally inhibited, although the grihg-hydroxylation
of Eggggrp;ooumario acid is not aftfected and
acoordingly, the 7-oxygenated coumarin is formed.
The situation in lavender is more complex sinoce
both pathways operete., Either the inhibition
systems deecribed afe not aignificantly active, or
the sites of synthesis of the.ooumarin and herniarin
produced may be separated one from the other by

some physiological barrier. At all odds, such
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possibilities seem worthy of exeminetion.

Although much has been learned onm the bio-
synthesls of umbelliferone in hydrangea, engy~
mologioél and oytological studies appear essential
to gain information on the many remaining problems
e.g. the precise mechanism of each step, the
nature of the activated intermediates, the spatial
organisation and the control syeteme of the
operating enzymes. Further,it is clear that many
problems of potential interest to plant physi-
ologists and pathologiste arise from the observed

constitution of hydrangea.
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Part 2,4, Experimental.

As before, the page numbers given before each
description refer to the use of the data obtained in the
Results and Disoussion (2.2).

P,148. Preparation of 1«140~1ab011ed precursors.

A- Malonic acid (100 mg) was added to an open vial

of 1-1%C-malonio s0id (sodium salt). The weight of redio-
malonate was ca.3 mgm containing 0.1 mo aotivity.

water (0.5 ml) was added and the solution allowed to
equilibrate at room temperature for one week. The
aqueous phase was then traneferred to the reaotion

flask and evaporated to dryness. To the dried residue
wae then added p-hydroxybenzaldehyde (110 mg) followed
by dry pyridine (3 ml) and piperidine (3 drops). The
mixture was heated on the steam bath for 2 hours, during
which the suspenslon dissolved and vigorous evolution

of carbon dioxide took place., Concentrated hydrochloric
acid (10 ml) was added and then water (50 ml). The
resulting solution was extracted with 3 portions of ether
(60 m1 each), the extract washed once with brine and

itself extraoted with 5% sodium bicarbonate solution

(3x60 ml). This basic solution was acidified with
dilute hydrochloric acid and extracted with ether

(3x90 m1). The organic extracts were dried and reduced
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to dryness yiecliding trens-p-coumaric acid m.p.208-11°«
(1131143210,350) in a high state of purity end in ca.
80% of the theoretical yield. lts purity was convinc-
ingly established by 1R and UV spectroscopy in
comparison with authentic material as well as mixed
melting point and chromatographic mobility. This
meterial was usuelly ciluted to 350-400 mg quantity
with inactive acid before further preparations and
feedings.
¥ = lmlgﬁalabell@dn
B gis-p-Coumaric agid was prepared from the irans-
isomer by irradiation of ite ethanolic solutions for
24 hours with a Henovia mercury vapour lamp. After
this period, the sclution was removed from the guartz
Xlﬁak and reduced to dryness., The residue was then
dissolved in boiling water {(ca.l0 aml/gm) and allowed
to cool overnight. This resulied in the crystallisation
of essentially all the Hrang-acid present while the |
more soluble cis form remained in solution. This
operation wae carried out in & filter beaker and so
the direct filiraticn of the solution was & simple
matier. The crysitals were recycled and the solution
extracted with ether to produce gig-p-coumaric acide

moppl26=8°, with spectral properties fully comsistent .
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with the cis-form and demonstrably pure by chromato-

grephic analysis.(lit.m.p.126=-79 222)0 Yield 30-35%.

C. The 2-14C-gpirolactone was prepared from the

lebelled gis-p-coumaric acid by Dr.Meyers by his
reported techniqnelza° This involves the electrolysis
of agusoue solutions ot the cis-acid, extraction of the
neutral producte and rractional sublimation and
repeated crystallisation to yield the required com-
pound m.p.116-7° ag stout colourless prisms. A
refinment of the reported technique -~ the addition

of small amounts of ammonium chloride to the solution -
greatly improved the yield { from 1-2% to 4-5%).1%%

These syntheses were repeated during the course

14

of this research to give the corresponding 2-" C-

labelled coumaric acids und the 3-14C-spirolactone,
for the hydrangesa feédingaa In every case, the activity

of each precursor was measured by the method desoribed

in section 2;1.d4.(p.136).
P.149. Feedings to Lavandula (Munstead).

The 1—14G~1abelled precursors were fed to the plants
via the roots & described and absorbed as far as
poesible., After six days, they were extracted as det-
ailed and the coumarins separated by the combined TIC

and chemical techniques. The amounts of material
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recovered were as follows:
TRANS TR1AL, UMB 0.5 mgm HER + COU 10.8 ugm. The
plant matérial weighed 7 gm.
TRANS, UNB (ex Herniarin) 3.3 mgnm,
CoU 3.6 mgnm.
Plant material weighed 23.3 ga.
- C18. UMB (ex Herniarin) 5.8 mgm,
GOU 4.4 mgm, R _
| Plant. material weighed 35 3 &m,
'SPIRO. UMB (ex Herniarin) 10.2 ngn..
cou 4: 2 mgm.
Plant material weighed 28.2 gnm,
The fraotional enblimation was ocarried out on the
mixture of coumarin and umbelliferone from the de-
methylation. Coumerin was obtained pure at 95-100° and
umbelliferone at 120-160°(0.02zm Hg). Their purity was
established by TLC comparieon with authentic material.
The puritied precursors and final products from
these feedings were oounted by Dr.Meyers in a
Buclear-Chicago windowless gae-flow counter (courtesy

of the Biochemistry Department) and the oversll rasultﬁ

édre shown in the text (polsl)o
The degradation of spirolactone-derived

umbelliferone ie detailed overleaf,
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P.152. Degredation of Spirolactone-derived Herniarin
(as umbelliferone).

Arter appropriate trials, the umbelliferone (9.8 mgm)
ultimately derived from the spirolactone feeding was
shaken for one hour in a sealed tube with 23.2 mgm of
yellow mercuric oxide and sodium hydroxide (80 mgm) in
water (1 ml) in order to effect its conversion to
umbellic acid (ireme-2,4-dihydroxyoimnnamic acid). The
suepension wae centrifuged and the fluorescent green
solution decanted. Thg 80lid residue was washed with
water (1 ml) end the combined liqﬁids acidified with
cono., hydrochloric acid (0.5 ml), thereby discharging
the fluorescence. After a few minutes, umbellio acid
began to orystallise from the solution ihioh was
therefore cooled and allowed to stand for several hours.
The crystals were removed by ceutfifugétibn, dried at
100°C under vacuum, and weighed - 5.1 mga (47% yield).

This umbellic aoid was decarboxylat§d.by heating
with copper bronze (40 mgm) and quinoline (3 ml). The
reaction train coneisted of the deparhoxylgﬁion flask
(dipping into a Woode metal baxh)cpupléﬂ to two small
bubblers each oontéining 3.6 ml oi boen'caiﬁonatearree
sodium hydroxide solution, A slow;controlled flow of

nitrogen was passed through the train during the
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process to sweep the ocarbon dioxide formed directly
into the traps. The gas was evolved over & period of
one hour while the temperature was rising from 170°
to 230° and the reaction flask was maintained at 230°
for a further hour to cénplotc the decarboxylation.

To each bubble trap (containing the oarbon dioxide
as diseolved sodium carbonate) just sufficient of a
carbonate-free solution of barium hydroxide (1N) was
added to precipitate all the carbonate as the»very
insoluble bariun Balto The trap renotc tron the
reaction flask oontained only a snall amount of
. the salt which was oonbined with the oentritugod
.taehed precipitate tron the firet trapo rhe tatal
material was vaahed twice with water, twioe with ethanol,
‘twice with ether end: then desiccated. Yield = 6.1 mgm,
corresponding to 109% of the original compound. Even
although this indicated that a emall amount of aerial
carbon dioxide had been taken into the product, the
activity of the barium carbonate, which represents the
activity of the lactone carbonyl of the spirolactone-
derived herniarin, waes over 91% of the umbelliferone
thus demonstrating that only alight_randoniaation of
the 2-1%C 1abel of the spirolactone had taken place.
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Synthesis of standard coumarins.

Umbelliferone and its 7-methyl ether, herniarin,

were prepared by the condensation of melic acid
with the appropriate resorcinol derivative. The

condeneation resgent was cono. sulpburic acid and
thus constitutes an application of the normal

Pechmann synthesiszza of coumarins,

Aanuiatin (sgvodihydrojycouuarin) was obtained
by hydrolysis of the commeroially-available aesoulin,
the 6-P~D-glucoside.

Skimmin, the ®~D-glucoside of unﬁelliterone, wae
‘prepared by the silver oxide-catalysed condensation
of acetobromoglucose with thé tree-phenol tolloﬁed
by selective removal of the blocking acetyl groups
with aqueous bdarium hydroxidé solution. This was
identical with the reported prooedure];67 1ts purity
was established by TLC on ocellulose powder.

P.159. Origin of Hydrangea macro ; lla varieties.

The three cultivars ‘Bouquet Rose'’, 'Blue Bird'
and 'Blue Wave® were obtained from: _

Toniliing & Co.Ltd., Chobham,WOKING,Surrey.

P.163. GLC enalyeis of recovered tréns«g«coumaric acid.
The erystalline material remaining from the

recovery of trans-p-coumaric acid following the
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feeding of irans-cinnemic acid and the para-oxygen-
ated phenylpropancid precursors was identical in

all respects with the authentic compound. 1ts purity
wae demonstrated by GLC of the methyl ester in each
case, when no traces of contaminants were observed
under the following conditioms:

Column: 4°' x 2" glass tubing. Gas Flow: 40 ml/min.
Support: 100-120 meeh acid-washed silanised Gas-Chrom P,

Stationary Phase: 7% F-60/1% Polémer Z,

Temperature: 175° - FPlash heater 225°°

Under these conditions, the Rt values of standard

compounds were: methyl p-coumarate - 17.1 mins.
methyl cinnamate = 1.9 mins.
coumarin - 4.0 mine,
methyl p-methoxy- - 7.3 mins.
cinnamate

ethyl o-coumarate - 16.2 mins,

herniarin = 18,9 mins.
psoralen = 25,2 mins,
bergapten = 64,3 mins.
¥anthotoxin = "

umbellifexrone = 80,5 mins,

The retention times of the more pelar compounds

were so great thet it was found necessary to use the

conditions as described above with an increased gas
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flow rate = 80 ml/min, The Rt values found were:

herniarin = 10.5 mins.
psoralen - 16.3 mins.
bergapten = 43.5 mins,
xanthotoxin - "

umbelliferone - = 50,5 mins.

For an improved assessment of the purity of
oer£ain preparyations éf ooumarin, from plant and
fungel extracts, thé conditione were as above(with
gae flow 40 ml/min) but with an opevating temperature
of 150° resulting in an Rb value of 10.1 mins. (cf224)

The idenitity of ithe naiturally-occurring couﬁarins
was regarded as established when:the RY values on
paper cnromatogéamsa.Kieselgel G and cellulose powder
TLé in severel solvenis {(adsorption and partition
systems); the characterisiio fluorescence with base
or hydrolysis with emulsin; the Rt values on GLC

analysis and ,not least, the smell (for coumarin and

herniarin) were consistently and closely oomparable
with those of authentic standard compounds. The UV
gpectra and characteristic hnex ehift with base were

also employed for this end, .
i4
P.164, The Synthesis of trans-2-~ C-ocinnamic acid.

This necessaTy precursor wag prepared in a
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straightforrward by the condensation of malonic acid
labelled in the Z-position with benzaldehyde.

Thus malonic acid (£1.8 mgm) and benzaldehyde
(22 mgm-0.02 ml) were dissolved in pyridine (0.75 ml)
and a trace of piperidine added. The mixture was
heated on the steam bath for 5 hours during which the
initial gae evolution ceased. The solution was 8cid-
ifled with conc.hydrochloric acid (5 mli) and the
resulting precipitate of cinnamié acid removed by
extraction with 3 x & al portions of ether. The weight
of the crude material prodaced after reduction of the
acid-washed, dried ether extract was 22.9 mgnm,
corresponding to a yield of 73.8%. This was crystall-
ised twice from water to give the pure compound (14.0
mgm)- yield 45.1% based on malonic acid - with m.p.
130-32° (11t.133°) undepressed by the pure authentic
trans-cinnamic acid.

The synthesis of the 2§14C=1abelled precursors
required for theese experiments followed the routes
previously established (P.238).

in these tables the data presented are ancillary
to those set out in the text. They are intended to

complete the description of the results of each
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feeding by giving an indication of the neture of
the stems and leaves fed, ibe amount of ieeovered
umbellifercone, the number of cpm recovéredo By
comparing this information with the overall results
of each experiment, it is readily seen that green
(i.e. non-lignified) shoots produce much less
umbelliferone then the woody shoots but that this
smaller quantity of hydroxy-coumarin is nuch more
aotive (1esaodilutéd)o The net résult is fully comsig-
tent with the appaéent fact that the green, aotively-
growing leaves are-the gite of synthesis of skimmin
and that the skimmin is deposited in the woody stems
and the roois, .

The resulis of series A;B,C and E are set out
;n the tebles raqing p.164, The terme G and W refer to

green or woody shoote respectively.

. Fresiz UMB. Cpa -
Feeding., Stense. weight. Weight, rec'd.

1 e 118 gun 9.1 mg 287
11 2% 10.0 gm 4,2 mg 785
111 2w 11,2 gm 2,5 mg 606
v 4] 11,5 gm 4.8 mg 830
v b 8.0 gn 2.2 mg 535
VI 2% 11.5 g 5.0 mg 960
Vil 2w 11,0 gm 3.5 mg 1002

= e e =Y 3



Feeding. Stems.
Viix 2%
1X 20
X . 2G
X1 2%
X1 %
X111 1G,1%
X 2%
Xv 2%
VI 2%
Xviii 2%
X1X 16,1%
XX 2W

& > > = e

P.168, Feedinge XA1-XLV.

Xx11
XX111
XX1v

4]

1G6,1W

8.0 gm

- D e = &

9.0 gm

D e & & =

UMB
Weig&i.

3.1 mg
0,74 mg
4.0 mg

2.8 mg

1,66 mg

o=

0.81 mg

1.34 mng
4:34 mg

4,1 mg

0,28 ng
1.66 mg
0.36 mg
3.74 mg

403 mg
3,45 mg
1090 mg

) 249
Cpm

rec’d,

96.4
65
50.8
127
227

56.8

- 78.5

8.6
1301'
20.4

36.5 Pree

269 Bound

13.9 Free
1392 Bound

678
1130
882
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P.170., Synthesis of the @wglucoaide of 2=l4cm

p=coumaric acid,

The labelled trane-p-coumaric acid (100 mg) was
dissolved in methanol (25 ml) and, after the addition
of 3 drope of conc. sulphuric acid, the mixture was
heated under reflux for 4 hours, The solution was |
poured into water (100 ml) and the suspension extracted‘
with ether (3 x 100 ml). The ether éxtracts, after
washing with 5% sodium carbonete solution (200 ml) and
drying over sodium sulphate, were evaporated to give
methyl p-coumarate m.p.127-134° (1it.m.p.137°) in
quantitative yield. The methyl ester (107 mg), aoét§=
bromoglucose (675 mg) and black silver oxide (500 mg)
were suspended in quinoline (2 ml). The mixture was
shaken for 30 minuies, them allowed ‘o stand over-
night. After trituration with 25% aqueous acetic acid,
the mixture wese poured into ethanol (100 ml).

Hydrochloric acid was added until this solution
was slightly acid and the precipitated silver salts
were removed by filtration., Evaporation of the filtrate
produced methyl tetrascetylglucosyloxycinnamate m.p.

153

158-160° (1it.  160-161°). This material was taken

up in methanol (256 ml) and saturated barium hydroxide

(12 ml) added. After shaking thie suspension for 18



hours, the crystals had almost completely dissolved
and the solution was adjus£ed %0 pH 4 with sulphuric
acid. The barium sulphate thus formed was rémoved by
centrifugation and the filtrate evaporated. The
residue was crystallised trom methanol to yield
lggggf2mlécop=%=nbglucoeyloxycinnamic acid (42 mg),
m.p.290-195.5° (11t.39%194.295°).

P;171. Synthegis of the P-glucoside o 2-1%c-

O-coumaric acid and its eglycone.

A. To a mixture of helicin (salicylaldehyde
%=glucoside) (49.2 mgm) and 2-1%4c_najonic acid wase
added pyridine (1 ml) and 3 drops of aniline. Thé
reaction mixture was heated at 75° for 7 hours and
the cooled reaction mixture added dropwise to 25 ml
of anhydrous ether with stirring. The precipitated
gum wae collected in & Creig tube and crystallised
onée from éthanol yielding 43 mgm of product m.p.
238»2419(lit§0 2%105=243050)0 This was recrystall-
ised from water twice and the product dried at 160°
under vacuum, yielding the pure compound m.p.243-5%,
The radiochemical yield wee 34% and the chemical

yield of trams-c-glucosyloxycinnamic scid was

28,8 mgm or 26.2% based on malonic acido

251



P.171. Feedings XXV1-XX¥1.
Feeding. Stems. ggigggo
XXV1 1G,1w 8.5 gm
XXVI1 1G,1W 13.0 gn
XXV111 2w 6.5 gm
XXIX 1G,1w 11.0 gm
XXX 1G,1w 6.5 gm
XxXx1 2% 8.0 gm
P.172. FPeeding XV1l.
V1l 1G,1W 11.5 gn
P.174. Feeding XXX11.
XXX11 1w 1.27 gm
| 4.3 gm
16003 &m
P.177,

UMB
Feight.

1.85 ng

2,36 mg
2,34 mg

1.83 mg

1.98 mg

2,41 mg

4.9 mg

0,41 mg
2,07 mg
18.78 mg

252

epm
rec’d.

24.6

24.6
23.8

14.4
16.5
20.0

1360

162 Leaves

185 Stem

14 Roots

Chromatography of Phenylprgpanoid‘ComgoundsO'

The preliminary studies on hydrangea extracts

were carried out using ascending paper chromatography

on Vhatman No.l paper with 24 acetic acid as eluent.

In this respect, the system closely resembled that

employed by Fujita and Furuya225 in their studies on

coumarins. The table overleaf includes the data

obtained for these compounds using TLC on Whaiman
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CC41 crystalline cellulose powder. This system

appears most promising for the analysis of polar

materiale and for the general classification of

polarity &roups.

24 HAc on

5% HAo=TLC] AAW-TLC
‘paper cellulqse cellulose

Coumarin 0.70 0.83 0,92
| Aesculetin 0.31 ”5045’ 0.70
'*Aes@ulin ] 0.59 0:73 0,22
Scopoletin 10.34 0.54 0.79
# Sgopolin 0,66 0.78 0.25
2:§izzzz?" 0.48 0.61 0.86
Herniarin 0,57 0.71 0.92
Cinnamic acid- 0-51 0.57 0.80
- p~Coumeric gcid ' 0,37 0.50 0.86

4-daffeié acid 5;3199&32 0.78,0.53 |0.91,0.76

Ferulic scid 7:—0453 0:50 | 0.828
o-Coumarie acid 0.40 0.64 0.86
#“CﬁibroéenicAaaid 0;7799&§z o;esvggﬁg' 0.35

The entries marked # indicate that these are ‘mono-=

saccharide’ derivatives., They migrate elowly in the

AAW syetenm.

.The entries marked + show spots (higher Rf) apparently

due to the respective cis isomers.
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The combined datea on p.177 and 253 proved to be

invaluable for the characterisation of the naturally-
occurring compounds, when the individual fluorescence
and base reactions were taken into aocoﬁnt,

The adoption of & technique of two-dimensional
elution of cellulose powder TLC plates with/without the
same solvent and with/without emulsin hydrolyeis between
the separate runs has been of central importance in
the studies on the °‘bound’ forné of umbelliferone in
hydrangea. Thus skimmin was first identified in the
plant extracts by its low Rf in AAW (suggesting a
mono-saccharide) and by its rapid emulein hydrolysis
(P-D-glucoside) to yield umbelliferone (mecond elution
with 5% HAc.). Since its fluorescence, base reaction
and UV spectrum were identical with those of the
authentic compound, the combined evidence appears
unequivooal. Further, conclusive, evidence that the
main bound form is indeed skimmin is implicit in the
results of the double-labelling experiments (XXXAV-
XXXV1l) eince the observed incorporation of activity
was into the skimmin purified after the feedings.

0is-DGC weas identified by its very low Rf in AAW
(sugsesting a diglucoside), its slow emulsin hydrolysis

(thus not a coumarin disaccharide) and,most significantly,
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by its remarkable transformation tc skimmin on
irradiation (thus only one glucose unit at para-
position). The precise esnalogy available with the
lactonisation of o-coumarinyl glucoside leaves very
little ddubt that the structure of this minor bound
form of umbellirerone is cie-=IGC, particularly in
view of its identical chromatographic mobility with

the synthetic compound,

P.177., Bound forme of umbelliferone.

| in a preii&imary analysis of the umbelliferone
present in nydrangéa9 the solution remaining after
removal of the free and glucose=bound forms was made
strongly acid with conc., hydrochloric acid and heated
under reflux for 4 hours, 1t was found that the ether-
extractable material recovered from the cooled solution
contained only & very small quantity of umbelliferone,
negligible by comparison with the previous extracts.
This constituted a demonstration that no sigﬁificant
fraction of the hydroxycoumarin is present in an acid-

labile form.

P.183, UV lsomerisation Studies of Cinnamic acids.

Each compound (2 mgm/100 ml methanol) was irrad-
iated with & Hanovia mercury vapour lamp and 2 ml
aliquote removed at 2 minute intervals for the first

half-hour end halr-hourly thereafter. 1t was found
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that prolonged heating under refluxw had no effeet on
the initial %max and %max ef these compounds,
provided thet light was excluded. The individual
aliquots were immediately shielded from light and
the I max measured on & Unicam SPBOD ultra-violet
spectrophotoneter. Since the cig-forms of the three
gonpounds exhibitj&m&x values consistently lower than
the trans-forms, it 1s clear that the observed
progress curvee do represent the summation of the
:Lmax values for the mixturee of isomers formed as
a result of the irradiation., In order to permit a
direct comperison of the curves, the zero-time value
of each has been eassigned ag 1.00 (using 2 mm-path
length celle). This has involved only 8 swall
multiplication factor for each set of results &and

does not constitute a f£alse presentaition.

In thebe studies on methenolic solutions, ) max,
which ig diréétly related to the Emax of the trans-
cis mixtures, wee the ractor measured, In confirmation
of these results, o-coumaric acid glucoside was
irradiated in aquéoua solution and the observed Amax
plotted in a precisely similer manner. The curve

produced was superposable on that obtained by the

]Dmax technique,
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P,201. Synihesis of pwalgcwglucoagloxy-

cinnamic acid.

A. 0.1 me of Umlécm@mIbglucose (2,11 mg) was
diluted with unlabelled anhydrous f-D-glucose (303 mgm)
and anhydrous sodium acetate (155 mgm),dissolved in
dry acetic anhydride added.(1.4 ml), The mixture was
heated on the steam bath for 4 houre and the clear
solution resulting wae‘th@n added dropwise to 6 ml
of hot water in & roundabottomed tube, The oily
suspension was vigorously swirled and shaken for

10 minutes éma then allowed tc cool aloﬁlyo The
product, @mn%pentaace@yl glucose, orystallised as
fine colourieEE needles. After cooling to 0° over-

- night, the frozen ligquid was melted and the crystals
filtered off ut 0°, washed repeatedly with cold
water, and dried at 65° under vacuum for 12 hours.

The pentaacetate (605 mgm,91.5%) melted at 122-126°

es compared to the reported value of 1310b Since

170 and

this low melting point was noted by Fischer
eince the 1R specirum of this product was superpoesable
on that of the eubhentioc material, it was used for the

subsegquent preparation without further purification.

B. The Funmpantaacetyl glucoee (6C0 mgm) prepared

as described above was suspended in & 1l:1 w/v solution
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(2 m1) of hydrobromic acid in acetic aéid and

shaken overnight. The solution wes diluted with
chloroform (6 ml) and washed with ice-cold water

(2 x 6 m1), and brine {6 ml). After‘drying over
anhydrous sodium sulphate, the solvent wes removed
under vacuum %o yield aceitobromoglucose (573 mgm) as
a mass of ten needles m.p.B83-87° (litom°p¢88=89°)o
Once egain, this producti was used for the succeeding
step without further puriricatidno

C. The condeneation of U=140=acet@bromoglucose with
uniabelled methyl p-coumarate was ocarried out by

the method established by Meuthner o,

Uml

éﬁaa@etobramggluagse (572 mgm) and methyl
p-coumarate (240 mgm) were dissolved in acetone (2.0 ml)
and 0.55 ml of & 2.58 aqueous solution of sodium
hydroxide added dropwise with éh&kiﬁgq After 1 hour

at room temperature, the solvent was removed under
vacuum and the oily produci ithoroughly washed with

60ld water, dissolved in methanol (8 ml) and de-
colourised with charcoal. Reduction of the solution to

4 ml bulk and cooling gave & first crop of the

required tetraacetylglucosyil methylzester as needles

163

m.p.159-61° (1Li%.  ~160-161°), This wae used for the

next step in the required synthesis since lis weight
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was 106 mgm, sufficient for the present purpose.
A further 59 mgm of pure éroduct wae isclated from the
mothey lliquors.
D. The tetrmsacetylglucosyl methyl ester (105 mgm)
was dissolved in methanol (5 ml) and a 6% aqueous
solution of barium hydroxide added (5 ml). The |
reaoction mixture was shaken overmight and then
saturated with carbon diloxide. The precipitated
barium cerbonate wses removed by.centrifugatibn and
the supermatant brought to pH4 with sulphuric aecid.
The barium sulphate formed was also removed by
centrifugation and the clear colourless solution
reduced to dryness under vacuum. The residué was
subjected to preparative TLC on 0.5 mm-thick
cellulose powder with 5% HAo (twicé) and AAW (twice).
After each élutionp wnich was carried out ondblates
50 em in length, the band corresponding in Rf with
the required glucoside of p-coumarie acid was eluted
with @ethanol £inally produscing & Beméfcryetalline
residue consisting of the pure compound as judged by

analytical TLC. This residue was crystallised three

times from meihancl yislding §pane=paﬂmlécmglucgsylgxyu

0
cinnamic asid (18,7 mgm) m.p.191=194 (11@0155m0p0

194-5°).,
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P.207. Double-Iabelling Experiments - XXXV-XXXV1I.

The object of this section is to set out all

the resulte of these highly significant studies of

the metabolism of p-oxygenated cinnemic acid precursors

in bydrangea. 1t includee the method employed for

computation of the numerical data.

To produce the neoeesary 2=140 and‘Uél4ceglucose

labelled p-glucoside of p-coumari¢ aecid, 6.10 mgm of
the 2-1%¢-1ebelled compound with relative specifio
aotivity 2,17 x loﬁcgpm/mmole (1.352 x 10% cpm) was

dissolved in 0.6 ml of water with 6.26 mgm of the U-12

Gc:
glucosyl compound with relative specific activity
2,061 x 10° opm/mmole (1.312 x 10% opm) and 5.35 mgm of

sodium bicarbonate. The solution was administered to

the three hydrangee plants (0.1 ml to each of two stems)

and the cpm fed to each plant as the given labels are

shown above in psrenthesis,

The chain-liabel activity of the fed glucoside,

and also the glucose~label activity, were calculated

in a straighiforward manners

Chain-label 6,10 x 2,17 x 106 = 1.07 x 106

12.36

o ]
Glucose label 6.26  x 2,06 x 310° < 1.04 x 10
12.36
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XXXV 26 - B.5 gm fresh weight.

Free UMB - 0,20 mgm, Activity = 1,365 x 10%
Crm recd = 16.9

lggggglg = 0,125%

= o & os o

% Bound UMB - 0.70 mgm. Aotivity = 2,289 x 10%

Cpm recdd = 103
‘Incorp'n = 0.763%
From the weight of 4 Bound UMB (i.e.skimmin hydrolysate)
the total weight of skimmin reméining in solutior
ie ocalculated = 4.23 mgm. The weight of diluting
ekimmin added was 10.08 mgm and, after TLC purif-
ication, the amount of skimmin left of the 14.31 mgm
avallable for chromatography was éStimated aé 10,17
mgm by UV spectroscopy.
Prior to crystellisation to constant activity,
a further 40,30 mgm of inactive skimmin was added, so
that 50.47 mgm wes subjected to crystallisation.
The successive activity values after eaéh

cryatalliaatibn weres 1,285 x 10° cpm/mmole.
4

4.557 x 10
Calculeted for 3,123 x 10°  ®
original skimmin. 2.600 x 10& w

2.543 x 10° *®

This last rigure is not significantly different from
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the penultimate and is thus taken as the result for:
Activity Bound UMB (Chain 4 Glu) = 2,543 x 1o%
Thus the activity of the recovered Glucose label

equals (2.643-2.389) x 10% . 0.154 x m‘1 opan/mmole,
at once seen to be very much lowér than the
aotivity of the chain label.

Total skimmin = 4.23 x 4 « 5.64 nga.
3 .
Dilution value into Glucose labsl
= 1,04 x 10% = 674.4
1.54 x 10° _ |
Cpm redd in Glucose label = 1.64 x 10° ¥ 5.64

326.3
- 28 os Ople

% Incorporn-Glucose label = 26:6 x 100
1,312 x 10*

From these data, the incorporation of chain activity

into ekimmin wae caloulated as 4 x 0,763 = 3.052%,

while the incorporation of glucose activity was O 2034,
XXXVi ¥ - 2.3 gm fresh weight. °
¥ree UNB =~ 0.30 mgm. Activity = 1.669 x 10°
Cpm rec'd = 30.8
lncorp°n = 0.2284%

- o e o o



i

4 Bound UMB - 0.75 mgm. Activity
| Cpm recd = 138
Incorp'n = 1.029%
Thus totdl chain incorporation into skimmin

equale 4 x 1.029 = 4. 116%°
Prom the weight of i Bound UNB the total weight of

3.008 x 10%

263

skimmin remaining in solution ie calculated = 4.53 mgm

while the amount of added unlabelled skimmin was

10,16 mgm giving &. total for purification of 14.69 mgm.

After TLC the remaining skimmin was estimated as

10.99 mgm and & further 40.33 mgm was added to give

a totel of 51.32 mgm for recrystallisation to constant

activity.
The successive activity values after each
step were: 1,080 x 105 epm/mmole.,
5.412 x 10% =

. : 4

Calculated for 4,801 x 10 "

original skimmin.
- 4,798 x 10% "

Thus the activity of the recovered Glucose label

equals @.798-3.008) x 10% & 1.790 x 10 cpm/mmole.

Total skimmin = 4.53 X 4 = 6,04 mgm.
3

Dilution value into Glucose label

= 1.04C x 108 = s8.01
1.790 x 10%
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Cpm redd in Glucose lsbel = 1.790 x 10% x 6,04
326.3 '
= 32903 cpmo
% lncorporn-Glucose label = 3293 x 100
| 1.312 x 10
= ,2050 %

pmoen——

XXXVI1 2W - £.0 gm fresh weight:
Free UMB - 0.16 mgm. Activity = 2.064 x 10%

Cpm recd = 20.3
incorp’n = 0.150%

% Bound UMB - 0,52 mgm. Activity = 4.503 x 10%
| Cpm recdd = 144.5
incorp'n = 1.069%
Thue total chain incorporation into skimmin equaelse
- 4 x 1,069 = 4.2764.
From the weight of % Bound UMB the total weight of
skimmin remeining in selution is calculated ; 3,14 mgm
while the amount of added umnlabelled skimmin was
11,20 mgm giving & total for purification gf 14,34 mgm.
After PLC the remsining skimmin was estimated as
11.93 mgm and 8 further 40.77 mgm was added to give
62.70 mgm total for recrysiallisetion to constant

activity. 1t hardly seems necessary to state that the
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skimmin wltimetely produted was pure as judged by
TLC analysie, 1R and UV spectra, meliting point and
mixed melting poeint with euthentic paterial.

The suocesgive aetivity values after each step
were: 2,433 x 10° cpn/mmole.
CalcﬁlatedAfor 1,261 x 10° "
original ekimmin. g 555 4 104 ®

8,441 x 10% %

Thus the activity of the recovered Glucose label

4

equels (8.441-4.503) ¥ 10% < 3,938 x 10* opn/mmole.

Total skimmin = 3.14 X 4 = 4.29 mgnm,
s s
Dilution velue into Glucose label
= 1.04 x 105 . 26.4
3,938 x 10%

Cpm redd in Glucose lebel = 3,938 x 10% x 4.29
326.3

517.4 cpm.

#

517.4 x 100
1,312 x 164

& e = > = = 509@4%0

After the crystallisations (five for XXXV, four

4% Incorporn-Glucose label

4

for the others), the weight of skimmin produced was
oa. 8 mgm.

in these sxperiments, care was itaken to ensure
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that the hydrolysis of the gl P

8 Forme of

P
GO

3
——9

(r*)

=

upbelliferone by endogencus glucosidases is minimal .
in view of this, it is striking that the free umbelli-
ferone recovered aé@un%eé to some 6.7=9.1% by weight
and 3.4-5.3% by activity of the recovered ghain labdel.
This deneonstrates that umbelliferone exists in
hydrangea up to 93% as skimmin (neglecting clis-DGC).
The relatively @@&11 @iff@r@moc between the activity of
recovered fres and bound uambelliferone is net entirely
in harmony with the o ul&t@‘@h@t skilmmin is the
precursor of 1is sglycomne. 1f such were the cuse, and

1f the @m@@g@m@m glucosidases had indeed been

denatured by the prelimimary hesting, a much greater
astivity of skimmin relative to the free phenel would
neve been anticipated. However the possibility stili
exists ¢hat the free compound,produced by & total
hydrolysis process (p-203), may bs the precursor of
the gluscoside and that the highly sotive umbelliferene
first produced during the f@@diﬁg@ has been diluted

by @n@‘sigﬁixicaﬂﬁly large pool 6f endogenous inactive
umbelliferons., This retionale im in fact "logical’

but further work is necessary %o p?@V@ or disprove

ite validity.



P,210. Faedings XL-XL1.

XL i6 4.5 gn ACID 1169 Free
938 Bound

XL1 W 3.4gm  ACID 789 Free
4961 Bound

P £13. ‘Competition® Feedings.

_ . - Fresh UMB opm

¥eedings. Stema. Beight. Keight. rec’d.

XXX111 2% 5.6 g8 .18 mg  §60

XXV Py 9.0 gn  0.80 ag 1116
XXX1Y 2w 6.0 gm 1.93 mg 8446
XXX1XL 2% 8.4gn 138 g 1200

Go &= = & e

P,228. Poeding to Ticus elasiica.

in this pr@liminésy experiment & trial was made
of the wisk-feeding technigue %o & latex-producing
plant. whig proved to bBe extresmely swkward sinee the
point on insertion of the eotion wick into the leaf
petiole was continually blocked and the wick itself

elogged, in spite of this, £ mg of trans-p-counariec

acid (2.80 x 10% epn) weze fed to Ficus elastice

decora, the °indis-rubber plant®, for one day. The

umbelliferone contained in the P gm leaf was isolated
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from 8 glucess-bound form - skinmin? - and puvriiied
by preparative TLC on Kisselgsl G u@iﬂg 20¢% ethyl
acetate= chloroform, This yislded umbellifsvone (0.41
mg) conteining 8.8 cpm. The result of the feeding
may be expressed as 0.031% (6656). Tfhie ie very much
inferior tovtne cbeerved ia@orporatién of this
precursor inte skimmin in hydrengea, possibly an
indication of the ineffieient transpor: of the fed
material to the site or synthesis.

P.231. agnalysis of inrected hydranges leaves-

The powdery mildaw Qidius hortensiae was observed
on a few of the plants im the growing box. The infected
leaves wers removed and dried {10 gm ultimately
available): Thess lsaves were powdersd snd exiractied
with 80% ethanol. The ethancl was removed &nd the
cloudy-yelliow aquecus selution rsmaining after oooling
ang iiltratign through glase-Lfibre paper exiracted
with ether to permit the isclaticn of any Frse
umbelliferone., After emuisin hydreolysis, the solution
was again exiracied with sther to remove the Bound
umbellifsrone. Both crude fyaciions were puvified by
preparative TL0 snd the strongly-dlue fiuversasent bends
‘corresponding to the suthentio compound excised. Ihe

subsequent gsiimation of the amounis cf umbslliferens
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present carried out by UV spectirepbotoretry. -

The result was that the Eree compound (0.68 mg)
comprised over 97% of the total since the Bound
amounted to less than 0.02 mg. In passing the total
veight of free and bound umbelliferone present in'
thepe dried ieaves was very auch 1ea§ than that
expected on the besis of feeding XXX11 (0.41 mg/
1.27 gm of fresh leavee). 1% is apparent that the
fungal attack hee resnlted in the release of the
bydroxycoumarin from its bound form since healthy
leaves showed very little Lfree urbelliiferone on
eimilar ¢reatment. Furithermore, it is possible thai
a raplid retabolism of sush liberated umbelliferone
may be a secondary result of attack.,

P.232, Jpree-Bound ratio in Root tissue:

Hydrangea root tiasue (1094 gn*greah weight) ﬁas
heeted under refliux with 80% ethanol (560 ml) for ;
30 minutes. This resulted in an intensely fluorescent
{green-blue) solution which proved to oontain all the
extractable free and bound umbellirerone. This was 8o
despite the later blending and rigorous exiraction of
the root tiseue and it suggests some specirio
phyeliological concentiration of these compounds. From

the firet exiract the free and bound umbelliferoue
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was 1solated by the techniques described in the
immediately previous discussion (p.268).

1.94 gn bydrangea root.
Free Umbelliferone - 0.58 mgm = 46.0%
Bound * = 0,66 ngm - 54,08
Towal " - 1022-m3mn '

gical °‘root’-

P.238, ZTotal umbelliforone in
| . Hydrangea root tissue, the adventitious rootletis

Temoved from eudtings, were weighed (298 ga) and

blended in 200 ml of 4N hydrochloris acid. rhe‘sﬁapen=

aignAwas heated under refiux for two hours and then

- filtered. The solution wes continuously extracted

with ether for.XQMr hours and the’umbelligerone in

the extraot isoclated and purified by TLC as tefore.

uv spe@%ropnotgmetri@ analysis of the final rethanolie

eluate from the TLC plate indicated t&at the 2.8 gm

of roots oontained £.38 mgm of free and bound

umbellireiﬁneg comparable with previous determin-

ations €cfe t.edlng XXTilo
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BY PHYTOPHTHORA

-,
=

LIYERTANS (Mont.) de Bary.

in %his, the third @raject carried ouit as part
of this thesis, the themes of the preceding sections
- fungal metabolites, the biosynthesis of goumaring -
are combined in the £irst reported study of the

secondary metabolism of Phytophthora infestans (Mont.)

de Bary, the causal organism of poiato blight.
| Regretiably, insufiicient time remains to do
full justice %o the topioc and spologies are iundeed
due %o DreD°D;01arke ef the Botany Departiment whose
advice and collsboration, together with the skilled
technical assistance of Miss J.Erown and Miss M.
McKenzie, have made this study possible.

in spite of this, the tracer studies on the
typically ‘plant' coumarins formed by this fungue
when grown on a synihetic, and thus defined, medium
Buggest close pazrallels betwesn ithe synthetic mechanisss
of this 'primitive’ fungus and ceriain higher planis.
ln view of the esiablished physiological activities
of covmerin and its oxygenated derivatives, 1% is
pospible that the formabion of coumarins by both he

ks

. , g b conty
host and the pavasite may contribute %o the eantro
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and/or the development of the blight syndrome.

3.1. jatroduction.

The emergence or potato blight in the years 1843-
4€ hap been well-described by Austin nquttczgo. in
particular, the pufferings of the lrish population
ae a result of the damage to their staple food in the
year 1846 have been vividly depioted'eev. The
ineffectual and callous. regard of the orisis by
Russell’s Government in Iondon,combined with the
proteotioniet agitation of the Tory'faxnera against
the proposed repeal of the Corn Iaws (whioh limited
the entry of forekgn grain inte Britain), led
direei.y to the ugath of & sizable fraction of the
irish people aanjd to the emigretion of many others.

The socleo-econocmisc idplications of this tr&gndg have
206 yeu beea fusaiy wermel ulite

Although irolend is the bost-known srea of
danags, muéa‘gg O ha Aol g bl AUEOPE HELE 86FReE
by thia diéeaée at thie time - starvation was videspread.
Déapit@ the effoxrts of generations of plant breeders,
the potasa biig. ! iwlges Lhau romained one of whe
prime causes of crop loss. in 1917, for example,

the Geyman crop was heavily attacked resulting in the
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Bo=@alled "Furnip Winter' whiech may have sontributed
bo the dsmorclipatien of the Germen civilian |
population tewards the ehd of the Pirst world war.
in & domonetration of the conbtinuing siguificence
of this plant puathogen, Gm&iag@rggg has estimated that
in a gingle potato-growing area, the West of Scetlend,

blight, inter alia was responsible for & real cash loss of

81,100,000 in ke msrket value of the orop for the
year 1986 - a lose of 284!

Nisderhavesr and @@bbggg have pointed out in &

general review of blight sontrol thed ‘among major
fg@é crops the poitato s surpasgsed only by rise in
total production but reguires much less BOTreags.
Therefors ite nutritienal yield per seore exoceeds Ghat

of other staples.® Clearly, Phytophihora infestans

presents & problem of prime signifiesnce in the

necessary in@m@@@ﬁ of food supplies associated with

the pﬁ@@@ﬁ@ @37
12 view of i%s 1@@@3@@&@@@1@@%@@.@igmifi@ﬁn@@g

the apparent ract that very 1ittle direct study

of the metabollism of P.infestang hes been oarried

out is extremely surprieing. The reason may be that

until recently 1t was nov poseible %o sulture this

fungus on & synihetis ~{and thus completely defined)-




[T o

et
A e — T -~ My By

LoD neeve the

2 Do oA _
BRIl ve ?b,y bl

precursors. The mediuvs developed by PrencheS0

contains 2.54w/v of glucose as the main sarbon Bource

-and 0.1% asparagine as th® nitrogen source. Phosphate

ie supplied by 0 057 potaaggum dihydrogen phosphute and

the other gémygmenﬁ@ are magﬁ@@ium sulphate ﬁeﬁtéc

nydrate 0.0257 and thismine (vitamin By) 1 ppm:
Angither mediva Treguently employed for the

groving of biight culiures is an extrasct of French

Beans, prepared %oy blending 250 gm of the beans in

1 litre of water and filtering the @u@pém@i@ﬁ through

celite. The fungus thrives on this extract but, as

previously atated, its uss leads to grave ambiguiity
in deciding on the true statug of metabolites

isolated from ¢the ill-definad medium-

o -

Phytophthors infestans (Mont.) de Bary is

e member of ths Phycomycete group (tube fungi), which

constitutes one of the most importsnt plant patho-
genie gemera. Im common widh the other membters of this
wide-spread group, ite &ctively-growing mycelium is

ageptate (Part 1.1.) & cenvenient but sometimes
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mislending distinotion from the other cain growps.
with the black stem rust of whead (Pusecimiea
ggggégig) potato blight shares the notoriety of
being the world’'s most destrucitive plant di@eas@229°
in the field its malin action is to destroy the foliage
of the plant but, depending on the precise timing of
the outbreak, extensive damage does cecur %o the
mpore or 1@@@,ma%u£@ @ubéw@o in order to achleve the
dramaticaelly sudden attack go characteristic of the
disease, the stmospheric conditions and the ambient
tempersture must remain within guite narrow limite,
Under the conditions of warm, damp weather reguired
the fungus sporuvlates asexually on the potato leaf
giving rise to motile, bitlagellate °zoocspores’
which can be cerried for miles by moist air eurrenis.
then a zoospore falls onto the potato leaf,
it sends filaments through the epidermis which
progressively imvede the cells, destroying them
in its progress-

On. the tuber, a somewhat similar situation
preveils but one highly charecteristic sympiom of
blight ( which was ¢the initial etimulus for the work
%0 be described) is that am intense blue fluorescence

develops and this is essocieted with an acoumnlation
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of chlowvegenic acid (the guinie acid egter of eafieie
aold) and of oxysenated coumsrins. Here 18 the link
between the two previous projecte of this researach.
Howevesr vwiewed , the present @ém@mgtratiOﬂ that this
péﬁn@g@n heas biochemical affinities with its host
gggg be of potential significance in an enalysis of
the posiible modes of action 2nd contrel of the

disease .

3.2. Resulis, Discussion snd Ezperimental.

.Sin@@ time ie so limited, i% apé@ar@ most
r@&@én&bl@_%@ present this section in the z@llawing
manner. The resulis of the radlotracer studies will
be set out inva é@pr@ém@%i@n or & pr@gg@@d note by
myself and Dr.D.D.Clarke while the associated exper—
imental data will be shownm in an appendix.

In egvual fach, ithe @rigin of the presenl study

"as that the exbibition of the fluorsescence induced

ﬂ&.

in potato tubsr tis:iuve by D.infestans is & pari of

the course im lycology organised by the Botany
Department here. Since enguiry elicited the
information that such fluorescence is & result of
incrsased synihesis of phenylpropancid compounds,

the study now deseribed was commenced.
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JHobe en the productlon of covearins hy Priufeptana./

The tiegsue surrounding blight lesions in tukers

of several varietice of potato fluereseces strongly in

ultre-violet light and at least pert of this fluoresec-
ence is due %o an aceuvmulation of oxygenated coumarins

and their glucosides. Scopoletin (1) and scopolin

aecurulaie to the gresitest @xt@n@lg but increases

in sesovletin (11) and umbellifereone (111) alsc secur-
2

“

see
!\ AN

®0 HONNLZN 0 A0, HO”
§11)

Covmuring from blight lesions.

B

Although ithe postaito is capable of producing

29 since

thegs @@mg@@n@ggﬂ ard in rect covmmrin ltself
they sre present in uwninfected tubers, the possibility

éxists that 2.1 3 ean also produce vhem. This

has now bmen shown %o ke ihe casa.
Fhen cultured on an extract ei Fremch Beans,
prepared by blzading 250 gm of beans im 1 litre of

distilled sster and filtering through celite,. an

igolate of wacs 4 of P.infesians grew well but ne

coumaring vere detected either in the mycelium or

in the swlture riltrate. However, wher grown on




298

o
a synthailc minipel asdivm”, suell amounts (62,0.,1 mgm
/iitre) of thyse covmerine were produeed. Although

P.infestans grows well on this synthetls medium, betterw

- growih cacurs on the French Bean exiract, amd iy nay
be that the fermation of these @@mpgu@d@ is stimulated
by stress conditvions as in certein higher plantsﬁc?a

The coumarins were iselatsd snd shown to be
@@umarialilv)g wnbelliterene (V) end herniavin (V1)
by peper end thin=layer shromadography, characteristie
fluersecencs and reactlens with base, Ry velues in
gae-liquid chromategraphic analysis, ultra-violet
speotra and, not least, smell (for coumarinm and
hexniarin). The properiies of the isolated compounds

@@ﬁr@@ggmd@@ with thoss of authentic samples,

Y\ /\f,/‘% IRy

| | I

-0~ HO TS )’j‘ Qﬁg I P
(xvy vy © (V1)

Cowmsrine profuced by F.infestans:

Recent werk with highsr plents has clarified ¢he
5 8
bilesynihstia r@m@@@ Lrom phenylalanine te the coumarinsg .

Aecordingly, wadistracer sxperiments were cspried out with

g deterning whethsr simllar or
diff@renu pathuays are opsrative. They imvolved the

14
adminieiration of 180 ) m@l@/li%ﬁ@ of generally- C-
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lebgllied Iephonylalenine and I-tyr ,@ia@ and specific-

14

ally 2=""C-labkalled irans-p-couvmaric esid to eone-day

eld surfece culvures growing on the ainimal madium,
Ten Roux botitlss, each centeining 200 ml of
mediun, were used for both aminc-acid experiments,
and six were used for the g=@@umaric aold experiment.
Hyphal fragments, obtained by lightly blending the
mycelium of sesd culbures in a ¥aring blender, were
used for the inoculum. AfLver eight days growdh, the
mycslivm wes g8xtracted wiith scetone snd the oculdurs
£i1trate with ethyl scetate. The incorpovations of
aotbivity into couvmarin and umbslliferons were
measzured by inverss dilution analggi@gn Thus, known
weights (02,12 mgm each) of unlebelled coumarin
and uabelliferone were added to sach orgonic extract
and complstely dissolved. Ths coumaring wers then
isolated from the sxiracts by repested thin-layer
chromatography on Kissglgel G uwsing solvents
(931 ohloroform-methancl; oblereforw) that effected
ftheir complete separa@igao Egeh was then eluted from
the Kieselgel, frectic Iig sublined, end orystallised

to constent sstivity from water.

The incerporstion levels imto coumesrin and

umbelliferone are ahown in Teables 1 and 2.




Precoursor.  Cpm fed. Percsntage incorporation §x10°21
liyecelivm, Broth. | Total.

L-Phenylalanine 3.502x108 $.93 85.67 gaﬁo
L%y rosing 3.362510° | 0,190 0.316 0.466
p-Conmarie acid LOﬁlx‘ﬂoé 0. 284 0.315 0,579

Table 1. incorporatiens inte covmazin.

Procursor - Com fed, Peroentage incorporation (1()2:?:%
My calidvg Broth. GT@@&L

L-Fhenylalanine| 3.502x10° | 6,18 8,31 12,47
I-Tyrosineg 3. u@@%l@ 0,298 0-.060 0,368
p-Counario acid 'Laammfﬁ 2,30 5.83 8.13

Table 2., Incorporations into umbelliferone.




The herniopin present wos neb guantitatively
measured but the pattern of it activity was identical
with thaet of the vabelliferone. It should be recognised
that the low incorporation values are due in part to
the very amrall qu&n@iﬁi@@ of coumrarins formed in the
expariments.,

The reswlts show that phenylalenine ia-& good
precurgoy of csumarian and umbelliferons. They further
indicaie thai p-cowmaric scid is a good precursor of
umbelliferone, but not covwmerin, asnd that ﬁyf@@in@
ie not significantly used for elther, As stated, the
patiern of incézg@rati@n into hermiarin matches that
into umbelliferone,

The invelvement of irans-p-coumeric acid in the
biosynthesis of both umbslliferomne and herniapin
indicates that the dzaminatien of anm aromaiic aminc-

aoid is pari of the operating sequence, The negligibly

o

.13 is good evidence thed

t-ﬂ,

small incerporation of 4yrosi

the pathway 1&@@ frow phenylelanine to itrans-sinnamie
acid, whiob may then giv@ rise to coumsrin, The

- Bpeoific parashydroxylation of cinnamic acid will rssult
in Eggggfpa@@umawi@ a@i@ltg “he precurscer of both
wabelliferons snd herniarin, l@afﬁyb these compoungd @

‘may be uliimately derived Zrom shikimio escid, as
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they are in highey pian%sll.
The direot 7-hydroxylation of coumerin to give.

umbelliferone cennot be exoluded, but the good

incorporation of p-coumaric acid into ambelliferone
suggeats that the hydroxylation pattern is established
at the cinnamic acid stage. The metbylation of
umbelliferone to give herniarin may ocour but this
would constituie a variant of the apparent pathway

12

to herniarin in lavender"®™. The stieps Lrom the

cinnamic acid stage to the coumarin lactone ring system

mey invelve hydroxylation ortho to the side-chein,

direct atteck by the acid group, or spireclactons

85 These alisrnatives sare under inves-

rearrangement

tigation.
Thess preliminary cbservations permit a

definition of the overall pathways that may give

rise¢ to the coumarins in P.infestans {scheme) since

ocontrol experiments have demonsirated that their
prssence is & resuli of the metabolic astivitvies of
the fungus , rather than 8 spontaneous cyclisation of

of oimnamic acidal® Thue, P.infestans, using glucose

eae its main carben souroe, is capable of total

synthesee hitherio observed goleiy ir higher plant§14ﬁ

1te obeerved scecndery metcbolism bears striking



CHz0”

Possible routes to the coumarins inm P.infestans.
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resemblances to that of ceriain higher plants eince
similey intermediase conpounds sre inveolved im |
sim11a§ biesynthetic pathweys.

The results suggest that P, infestans may centri-

bute to the accumulation of coumerins whioh csours

in intected potate tubers. The epparent relationehips
of the synthetic mechanisms used by both bost and
paraaiﬁe offer the possibility of enm interaction
betwsen the twe in which int@fm@diaﬁ@@ synthesised

by one are furither metabelised by the other e€.g.

cinnamic acide to coumarins. Although coumarin and
certain of its gzsyzenated derivatives possese well-

15”16” there is

dosumented physiological astivity
no evidence ag yet to implicate them as primary
factors in the contrel of the development of the

hosit-parasite relationship.

/This note givee the results of the chemieal study
on Pqinfegtane carried out by myself and Dr.Clarke./

i

Toe Teisiences o his note are given after the

group essociated with the overall section.
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the diasgren reprodueed dicplaye the resulis of

a situdy of the ftimingz of growlh ef P,ilnfestens carried
oub iﬁ sollaboration with Miss M. MoKengie:. The my@@liﬁm
in eaoh @é@@ was dried by extraction with scetone for
four houre or more and the weighta given refer to the
quantity et dried myceliuvm produced in five Roux
bottles each centaining 200 ml of ninimal medium.

1% ig elear that, afier a leg-psried of Lfeur deyy
during whioh the pH of the medium undergoes & wapid
initiel rpise and £all, & lineawx growth phase which is
correlated with & drop im the pH value ocours.

1% is furiheyr tleay that,after the tenth day,
the growtk rate and pH drop slacken signifisantly.
This phase is asgoociated with the marked browniag of
the myceliuwm and the m@diu@ gharacteristio of the
terminal oxidation BPOCEABGR.

() Bxamination of %he inocwlum of blemnded hyphae on
the £ifth day olsarly indicaited that vegetetive growth,
{obligatory under thess conditiens) had commenced.

(B) on the seventh day, the myceliuvm had developed

%o the extent that it formed e full hyphel mat, albeit
e fragile ome.

(B) on tbe elsvensh dsy, the £inel bromning resotions

were aeaslly discerned.
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This study was e¢f greet significance in the
control of the radioireeez experiments. As stated
in the dimgrem, the radicactive compounds (inje@t@d
into the sterile cultures through a millipgr@ filter)
were fed on the Second day after the esteblishment of
the seed oultures.

Chromatographlic analysis of the suecessive
extractes from these growings gh@%@@ tham a trace of
umbellitercne was present from the beglnming of the
geed culture but that coumarin end herniarin did no%
menifest themselves wntil later.(ecz. Day 6).

Gas-liquid chromatographic analysis of these
extracts scnfirmed the fimnding end, in & wi@ar 86NEG,
indicated that the originsl simple patiernm of major
metabolites wes incressingly changed to a highly
complex mixture only after the twelfth day i.6. at
the beginning of the termimal oxidation phese.

The compounds fed to Pnimﬁgﬁmaﬂﬁtwar@a
| 14

I-phenylalanine -(agueeus soln.) U=" C-labelled.
Aotivity = loi%% 4 107 @pm/mm@l@b

Quantity fed = 90,6 mga in equal portions %o 10 boititles.
Cpm fed = 3.502 z 10%,

Astivity recoversd om myseliuvm = 13,74
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I=tyrosing - (agussus @élno of hydrochloride)
Activity = 1.064 = 107 opm/amole. Ualgcelabelledo ,
Quantity :@@ = 66,0 mgm in equal portions to 10 bottiles.
Cpm fed = 3.362 x 10%.

Activity veocovered on mycelium = 15.2%

trans-p-Coumaric acid.~ (equecus socln. of scdium salt)
Aotivity = 5,916 % 10% cpm/mmole., 2&140=1abolledo

Quantity fed = 30.0 mgm in @qgal portione to 8 botiles.
Cpm fed = 1.081 % 10°,

Activity reooversd on myceliuwm = 12.24,

(== o= =}

As indlcated above, from 12 to 16% of the fed
activity wes recovered apparently adsorbed on the
dried, extracted mycelium, The poasibility that it
might be combined as a lignin appeara.unlik@ly
‘since the teste for lignin gave no positive reaction,

- The uniiorm receverny wguld‘supp@rt & phyaieal
Process of adsorption onto & given surface area of

myeeliug,

- <> =

The feeding of these compounas O TNE rUNZUS
caused no significant al%@ratiQn_iﬁ,th® PH surve or
in the weight of dried mycelium obtained at the

end of each experiment.
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