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SUMMARY

The studies recorded in this thesis began with the
aim of elucidating the enzymology of the recently reported
oxidation of 2',4,4'-trihydroxychalcone (isoliquiritigenin)
to a hydrated aurone product, isolated as the diastereo-
isomers Y1 and Y2. On partial purification of this activity
from cell-free extracts of seedlings of garbanzo bean

(Cicer arietinum) it emerged that a peroxidase in the ex-

tract was responsible for the catalysis initially obserwved.
Of even greater eventual significance, however, was the con-
current finding that the peroxidase-catalysed oxidation of
isoliquiritigenin (chalcone) led mainly to products other
than YI and Yz.' Much of the work recorded here is conse-
quently concerned with the elucidation of these major
products of the reacfion, which are new compounds, and
with studies of the biochemistry of their formation. From
the results of these chemical and biochemical studies a
scheme which rationalises the enzymic reaction is
presented.

Preliminary studies on enzyme purification are
described which led to the finding that a peroxidase in
cell-free extracts of garbanzo was responsible for Y, and
Y, formation from added chalcone in the crude extract. A
further finding was that when certain soluble substances
were removed from the enzyme preparation, the reaction of
chalcone becamn much more extensive and the ma jor product
was chen a hitherto unknown compound which was isolated

chromatographically and referrec to as 0C. Under thes:
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conditions, Y4 and Y2 production decreased considerably.
The soluble substances were thus seen to exert the dual
effect of inhibiting OC formation and promoting Y, and Yo
formation. Dialysis of the crude enzyme or precipitation
of the brotein (enzyme) therein by ammonium sulphate or
acetone treatment effectively removed the soluble sub-
stances and wrought the changes noted in the extent of
reaction and product pattern. The reaction was Found.to
be accelerated by the additicn of hydrogen peroxide.

Following the identification of peroxidase as the
enzyme responsible for the activities of interest, a pro-
cedure for the partial purification of this enzyme from
the cell-free extract was developed as a prelude to more
detailed biochemical studies.

With the availability of purified enzyme, a system
was developed for the successful production and isolation
of preparative amounts of the major product, 0C, hitherto
isolated solely by chromatography. In handling this PC,
evidence of its unstable nature was obtained. This led to
spectrophotometric study of the reaction in an attempt to
obtain quantitative estimates of product formation by
eliminating as far as possible any product breakdown.

Spectrophotometric monitoring of the reaction
product formed in a rapid complete consumption of the added
chalcone revealed surprisingly a spectrum other than that
of OC in the reaction buffer. Thus the first evidence was
obtained that the initial reaction procduct consisted mainly

of a precursor of O0C. This initial product rapidly gave
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rise to mainly OC on careful treatment with dilute alkali.
Further, it could be recovered unchanged by solvent ex-
traction from weakly acidic media. Chromatography then
revealed that it consisted largely of two compounds each
giving rise to OC on treatment with dilute alkali. These
compounds which had chromatographic properties that over-
lapped with those of Y1 and Y2, are referred to as ﬁY1 and
ﬁYz. These studies also revealed that the initial product
contained small awounts of Y1 and Y2 (converted to the
aurone, hispidol, on alkali treatment). Further, they
showed that small amounts of the known flavonoid, 4°', 7-di-
hydroxyflavonoi (flavonol) were also formed on treatment
of the initial product or of chromatographically isolated
ﬁY1 and ﬁYZ preparations with dilute alkali. Thus the
initial product was icentified as consisting of precursors
of three distinct compounds; the new compound OC and the
recognised flavonoids 4',7-dihydroxyflavonol and hispidol.

Additional studies showed how the chromatographic
product pattern changed according to the treatment the
initial product received at varionus stages prior to or
during 2-D chromatography. The highly unstable nature of
the YY precursors of OC was clearly evident. This work
uncovered another precursor of 0C, referred to as 40C,
which arose apparently from trne Y compounds under acidic
conditions. This extensive array of products arising from
the enzymic reaction was simplified somewhat when it was
shown that the 4Y compounds were common precursors of OC
and flavonol.

In the biochemical studies the peroxidase preparat-

ion from garbanzo was compared with the action of commercial
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horseradish peroxidase(HR@. Very similar results were
obtained throughout with these two enzymes.

Both enzymes showed a pH optimum for catalysis of
chalcone oxidation at slightly above neutrality (garbanzo,
pH 7.5 and horseradish, pH 7.9). The rate of reaction was
found to be dependent on the concentration of added hydro-
gen peroxide in a manner indicative of a substrate require-
ment for this compound. Under'the conditions employed,
the Concentratibn of hydrpgen peroxide giving maximum
rate with garbanzo enzyme (0.15 mM) was about half that
required with HRP (0.30 mM). Typical substrate concen-
tration curves were obtained on varying the concentration
of chalcone, both enzymes being apparently saturated zat
concentrations above about 45 uM. An oxygen requirement
for the reaction was demonstrated manometricaliy with a
chalcone:oxygen stoicheiometry of approximately 1:1. This
result was independent of the concentration of hydrogen
peroxide tested and indicated that this compound did not
substitute for oxygen. This was demonstrated by inhibition
of the reaction in the absence of oxygen but in the presence
of substrate amounts of hydrogen peroxide. Direct measure-
ment showed only a very small (catalytic) net consumption
of hydrogen peroxide in the course of the aerobic reaction,
in keening with the stoicheiometric oxygen requirement.

The reaction was found to be strongly inhibited by manganous
ion, mercaptoethanol and diethyldithiocarbamate and by the
redogenic donors, hydroquinone, catechol, pyrogallol and
p-phenylenediahine. The oxidogenic donors tested were not

found to be stimulatory. Qualitative studies indicated the
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el fect of substitution pattern on the enzymic reaction of
a range of chalcones; for both enzymes a free phenolic
group in the B ring, preferably in the 4-position, was
required.

~While the enzymic reaction was treated, for the
purposes of the quantitative biochemical studies, as a
¢Y1 and ﬁYz (CC)-forming reaction, additional chromatogra-
phic studies of Y1, Y2 and flavonol formation were made.
Thus Y1 and Y2 were found to be ubiquitous minor products
of the aerobic reaction; the combined yield was measured
(as aurone) at approximately 1% of the chalcone consumed
under typical reaction conditions with purified systems.
As expected, Y, and Y, formation was inhibited by redogenic
donors yet with diethyldithiocarbamate, an inhibitor of the
main (ﬁY-Forming) reaction, a relative jincrease was noted.
The promotor(s) of Y, and Y, formation in the cell-free
extract were found to be substances with hydrophilic sugar-
like properties. They were considered to have the added
capacity to simultaneously inhibit the formation of MY
compounds (observed as 0C).

The source of flavonol noted in small amounts on all
chromatograms of reaction products was found to be the MY
compounds. When treated with alkali these compounds gave
rise tu both 0C and flavonol. A competitive formation of
OC and flavonol occurred and at higher concentrations of
alkali (0.1-0.5 N) the flavonol product predominated. A
more facile reaction was observed with ﬁY1 than with ﬁYz.
An apparently specific inhibition of flavonol formation
in the enzymic reaction by cupric ion was initially observed

chromatographically and on the identification of the
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precursors of flavonol, it was shown that cupric ion caused
extensive degradation of W4Y compounds and could effectively
inhibit flavonol formation at low alkali concentrations.

The finding that the Y compounds were the precur-
sors of. flavonol in the peroxidase-catalysed system was in
contrast to the accepted role of the dihydroflavoncl as
precursor of flavonol in flavonoid biosynthesis. Conse-
quently the place of the specific dihydroflavonol (garbanzol)
in the peroxidase reaction was investigated. Garbanzol was
found not to be oxidised to flavonol in the enzymic system.
Further, with the aid of labelled chalcone, evidence was
obtained for the production of traces of garbanzol in the
products of the enzymic reaction.

The new compounds which were isolated from the
enzymic reaction product, namely ﬁY1, ﬁYz, OC and 40C, were
obtained in preparative amounts and characterised using u.v.,
i.r., NMR and mass spectral techniques. Ffrom these data
the structures of these closely related compounds were form-
ulated as the benzoxepin derivatives given in Figure 61,

Thus 4Y, and ﬁYZ are diastereoisomeric diols and 0OC is the
enolic form of the o« -diketone (40C) derived from the diols.
Schemes are presented to rationalise these transformations
and also the formation of flavonol in competition with OC
from the YY compounds. Base-catalysed elimination of the
elements of water occurs in the conversion of YUY compounds

to 0OC and to flavonol; in the latter case skeletal rearrange-
ment also occurs. A pinacolic rearrangement accounts for

the generation of YOC from the Y compounds under acidic
conditians and enolization fot the conversion of YOC to the

more stable enol, OC. R very significant facet of the
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characterisation studies was the resolution of ¢Y2 into
enantiomers by paper chromatography as confirmed by optical
rotation and spectral data. No similar resolution of the
virtually optically inactive JY, was observed.

" The chemical oxidation of chalcone with hydrogen
peroxide was also studied. At room temperature and slightly
alkalire pH ( 7-11) it was found that the products isolated
were chiefly OC and flavonol. Direct evidence that the
precursor relationships cf the enzymic reaction also applied
to the chemical reaction was obtained with the isolation of
4Y compounds as the only significant product under care-
fully controlled conditions. The product of the chemical
reaction under Algar-flynn-Oyamada (A.F.0.) conditions (high
pH, low temperature - UO) was faund, however, to be flavonol
with no trace of OC. It is nevertheless proposed that.under
A.F.0. conditions, the intermediates (4Y compounds) of both
the enzymic and the room température, lower pH, chemical
reaction are still produced and that they rearrange spon-
taneously at the high pH and low temperature to flavonol.
This conclusion is in contrast to the role normally ascribed
to dihydroflavonol as the precursor of flavonol in the A.F.O0.
reaction.

Schemes are presented and discussed to explain the
enzymic and chemical reaction of chalcone to form YY com-
pounds. A central feature of these schemes is the postulated
‘ormation of ar enantiomeric epoxide as the true initial
reaction product. Hydrolytic opering e” the epoxide ring
of this structure would-give rise to £he Y (diol) structure.
Since ﬁYZ occurs in enantiomeric form, it is also propnsed

that both isomers of ;AY1 similarly occur and therefore that
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all four isomeric diols occur in the product. 7The formation
of these four diols from the epoxide enantiomers is discussed.
An attractive feature of the epoxide as true initial product
is that it permits a scheme for the enzymic reaction to be
advanced based on a chain reaction which utilises only
known redox states of peroxidase and which accommodates all
features of the biochemical data.
The enzymic reaction of chalcone is thus a four-

equivalent oxidation (dehydrogenation plus oxygenation),
the postulated epoxide precursor, the YY structure, OC and
Y0OC all being at the one oxidation level (4 equivalents
higher than chalcone). The proposed oxygenating species
of the enzyme (formally Compound III) is discussed in re-
lation tc other examples of this activity of peroxidase
and also with respect to selected examples of oxygenation
by mixed function oxidases.

| This new reaction of chalcone is held to provide
a particularly clear-cut example of the incompletely under-
stood oxygenating activity of peroxidase which occurs in
this case without detectable requirement for any organic
cofactors or of metal ions. In relation to the original
starting point of flavonoid biosynthesis, the reaction
accounts for the formaticn of Y, and Y, initially observed
in the crude system and may account for the biosynthesis
of garbanzol also previously recorded in that system.
Significantly, the enzymic reaction provides the first example
of an in vitro system leading to flavonol formation through
the hitherto unknown @Y structure rather than by way cf
the anticipated dihydroflavorul. The question of the
in vivo significance of.this complex activity of peroxidase

remains open.
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Chapter 1

INTRODUCTION

This thesis deals with studies which have as treir
origin the intention to investigate select aspects of the
enzymology of flavonoid biosynthesis and which lead to the
finding that a peroxidase-catalysed reaction is of central
importance in the system under scrutiny. In the course of
this Introduction, therefore, a brief background is devel-
oped in relation to not only flavonoids but also peroxidase-

catalysed reactions.

1A CHEMISTRY AND BIOCHEMISTRY OF FLAV3ONOIDS

1A-1 Structure and classes of flavonoids

Flavonoids are natural phenolic compounds having in

common the 1,3-diphenylpropane skeleton of 15 carbon atoms

@ /.f'_\

The A ring characteristically bears an ortho-hydroxyl sub-

shown below.

stituent which is usually involved in heterocyclic ring rorm-
ation with the 3-carbon link between the A and B rings.
Oxidation state and substitution in the central 3-carbon
fragment define the different classes of flavonoids (1), for
which skeletal structures are presented in Figure 1. (NB The

numbering systems employed for chalcone and aurone differ
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Figure 1. Skeletal structure of various flavonoid classes



from those of the other classes, which follow the flav-
anone patter@.

Individual compounds within classes arise by varied
substitution of the A and B rinns with hydroxyl groups
'which may be further modified by ether or glycoside form-

ation (1).

1A-2 Occurrence of flavonoids

Virtually all higher piants synthesize flavonoids
as secondary metabolites (2,3). Many flavonoids are known
in angiosperms, gymnosperms and ferns and a few in mosses,
but these compounds are apparently absent from bacteria,
fungi and algae (2,3).

Those 1'lavonoid compounds most Zommonly found and
widely distributed in plants belong to the flavonol, flavone
and anthocyanin classes (4,5). Many representatives of a
class may exist in one plant; for example, complex mixtures
of anthocyanin pigments in flowers (4). The number of com-
pounds now known is impressive. The flavones and flavonols
for example number between 200 and 300 (5).

The other classes of flavonoids are currently rep-
resented by fewer known compounds for a variety of reasons
(6). For some classes, such as chalcone and dihydroflavdnol.
compounds have been found in quantity in only a few species
of plants yet representatives of these classes probably
occur in trace amounts in most plants in view of their prob-
able biosynthetic roles. Flavanones may have been overlooked
frequently in surveys because they are difficult to detect.
Yet other classes are of limited taxonomic distribution with-

in the plant kingdom; 1isoflavones are restricted largely to



the legumes, while aurones are thus far found Trequently
only in the flowers of the Compositae.

Flavonoids normally exist in plants in a combined
form, usually as glycosides where the linkage to the
sugar is through one or more of the hydroxyl groups (1).
A simpie phenol (aglycone) may occur in several different

glycosidic forms in the plant (4,5).

1A-3 Biosynthesis of flavonoids

To date, the biosynthesis of flavonoid compounds
has been investigated largely by means of in vivo tracer
experiments. Preogress has been made to the point where
the origin of the flavonoid skeleton from primary metabo-
lites in the plant has been defined and probable interr-
elationships between the classes of flavonoids deduced
with some certainty (7,8,9,10),

Biogenesis of the C15 flavonoid skeleton from a
combination of two different pathways to aromatic compounds
has been firmly established (7). The A ring of flavonoids
is acetate-derived, while the C6C3 unit forming the B
ring and the central 3-carbon atom fragment is of phenyl-
propanoid origin. The phenylpropanoid precursor, probably
a cinnamic acid, arises by way of the shikimic acid path-
way (11) leading to the aromatic amino acids phenylala-
nine and tyrosine. Specific enzymic deaminations of
phenylalanine and tyrosine lead to the irreversible format-
ion of trans-cinnamic and p-hydroxycinnamic acids respect-
ively (12).

Crisebach and others have postulated (7,8) that the

flavonoid skeleton is formed as outlined in Figure 2.
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Three molecules of malonyl-CoA (activated form of acetate
as in fatty acid biosynthesis) condense with a molecule
of cinnamic acid, activated prﬁbably as the CoA ester.
Thus the B-polyketide progenitor uof the aromatic A ring
is fogmed. On intramolecular ring closure of this polyke-
tide, a chalcone is formed as the first stable product
and flavonoid.

While no enzyme system catalysing any part of this
chalcone-forming reaction has yet been found, it is of
interest that recently an enzyme catalysing a closely re-
lated cyclization of the polyketide compound, cinnamoyl

triacetate, tr the stilbene, pinosylvin, has been reported

(13).

Cinnamoyl triacetate Pinosylvin

The common phloroglucinul-type A ring oxygenation
pattern in flavonoids can now be seen to reflect the bio-
synthetic origin of the A ring from acetate. In thoss com-
pounds which have resorcinol-type A ring substitution
(5-deoxy compounds), the oxygen function normally in the
S-position (flavanone numbering) is probably lost. by re-
duction at the polyketide stage (7). p-Hydroxylation in
the B ring may occur at the cinnamic acid precursor level
but further hydroxylation probably takes place subseyuent

to the chalcone Formation. These finer details are however



uncertain and differences may exist between plants (8).
Methylation and glycosylation of hydroxyl groups are very
likely some of the final steps in the elaboration of the
~ flavonoid molecule (9).

_ Results from many tracer cxperiments over a number
of years have enabled certain biosynthetic relationsnips
between the classes of flavonoids to be deduced (7,8,10,14).
These interclass relationships are currently held to be
as shown in Figure3(8,10).

The relative roléé of chalcones and flavanones as
precursors of other classes of flavonoids have recently
been critically evaluated by Wong (10,14) in tracer studies
and the results have implicated chalcones as the more direct
precursors of the other classes investigated. This inter-
pretation of interclass relationships shifts flavanones
from their former, central role in flavonoid biosynthesis
(8) to a side-branch position and is of major significance
in relation to probable mechanisms for the biosynthesis
of the other flavonoid classes (10),

Little is known of the enzymology of flavonoid bio-
synthesis or of the chemical details of the presumably
multi-step transformations required in the interclass con-
versians spanned by single arrows in Figure 3. Enzymic
studies, wher possible, will obviously play a key role in
the further elucidation of flavonoid biosynthesis.

A first step taken in the study of enzymes in
flavonoid biosynthesis was the partial purification and
study of the properties of the isomerase enzyme from soybean

(Soja hispida) which catalyses the reversible inter-convers-

ion of chalcones and flavanones (15). More detailed studies
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on isomerase isoenzymes from a variety of plants have
since been made (16). With the recent displacement of
flavanones from the mainstream of flavonoid biosynthesis
(10), the role of the isomerase would not now be of
central importance to flavonoid biosynthesis.

Wong has also cpened up the possibility of studying
the enzymology of biosynthesis not only of aurone but
also of dihydroflavcnol. Cell-free extracts of soybean
seedlings catalyse the enzymic oxidation of 2',4,4'-tri-
hydroxyrhalcone (isoliquiritigenin) to the corresponcing
4*,6-dihydroxyaurone (hispidol) (17), probably by way of
the intermediate hydrated aurone , 4',6-dihydroxy-2-
(a -hydroxybenzyl) coumaranone, which exists in diasterec-
isomeric forms, Y, and Y2 (18). Similar_cell—Free enzyme

1

preparations of Cicer arietinum seedlings catalyse the

oxidation of the same chalcone to 4°,7-dihydroxydihydro-
flavonol (garbanzol), besides Y, and Y, and hispidol (19).

These enzyme products of chalcone oxidation are set out

The "Hydrated aurone" structure referred to in this
thesis is the B-hydroxyketone (A) rather than the alternat-
ive a-hydroxyketone (B) isomer, both of which may be form-
ally considered as a hydrated aurone.

. ?H g OH
IO AP

0 (A) o (B)
Isomer (A) should dehydrate readily to aurone, while isomer
(B) is likely to be resistant to dehydration (see F.M. Dean,

"Naturally Occurring Oxygen Ring Compounds", 1963, p 614,

London, Butterworth and Co.)



in Figure 4.

Studies recorded in this thesis have developed from
a further investigation of the enzymic cenversion in cell-
free systems of isoliquiritigenin into Y4 and Y2 and
hispidol. +ollowing a series of enzyme purification ex-
perimehts it became apparent that Y1 and Y2 formation
constituted but part of a complex system. In this system
the chalcone was undergoing a peroxidase-catalysed oxidat-
ion to yield, in addition to Y1 and Y2, several other
products, some of which turéed out to be new variants of
flavonoid compounds.

An introduction to the features of peroxidase-
catalysed reactions which will be relevant to an apprec-
iation of the chalcone-oxidising reacticn will now be

presented.

1B PEROXIDASE ENZYME AND ITS CATALYTIC FUNCTIONS

Plant peroxidases are in general haemoproteins of
molecular weight about 40,000; with one haem group and a
carbohydrate component in the molecule (20). One of the
richest, and a traditional source of peroxidase is horse-

radish root (Armoracia rusticana), the first source of

the crystalline enzyme (21). Apart from its enzymic
function, horseradish peroxidase, as a haemoprotein, has
mary similarities to haemoglobin and myoglobin (22).
Peroxidases are widespread in higher plants (23,24) and
have been extensively purified from a number of sources
(21). Animal sources of peroxidase enzymes are also well
krown (24),

In the discussion which follows, peroxidase will
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refer chiefly to the preparation from horseradish, wnich
is typical of most ptant peroxidases in properties and

mode of action (24).

1B-1 Enzyme activity

" Peroxidase is = catalyst in several types of
oxidative reactions in which a great variety cf molecules
are oxidised to yield an even greater variety of products
(21,24).

Firstly, in its classical peroxidatic activity,
the enzyme catalyses the oxidation of electron (hydrogen)

donors by hydrogen peroxide, the electron acceptor.

HoA . HoO enzyme

5 50, A 4 2H,0

2

This constitutes the common activity on which the classi-
- fication of the enzyme rests, (donor: HZDZ oxidoreductase,
EC 1.11.1.7).

A second, more complex, reaction catalysed is the
oxidatic one, (peroxidase-oxidase reaction). In this case,
molecular oxygen replaces hydrogen peroxide as the electron
acceptor in the oxidation of a restricted number of electron
donors (25).

0 enzyme v

2 —— & D

HoY H

<+

2 22

fFinally, a direct oxyjenation reaction, in the form
of non-specific and non-stoicheiometric aerobic aromatic
hydroxylation, is supported in a system based on the enzyme-

catalysed oxidatic reaction (26),

enzyme
Y + Hz

ArtH + (0) _____ ArOH

H2Y + 02



1B-2 Enzyme-peroxide compounds

Peroxidase contains the iron porphyrin, protohae-
matin IX, as a prosthetic group which functions in the
enzyme action (24). Of the six co-ordination positions
of the haematin iron, four are occupied by the porphyrin
nitrodens, a fifth by the linkage to a protein group and
the sixth binds a molecule of water. Displacement of
this group in the sixth position by a molecule of hydro-
gen peroxide (substrate) lead; to the formation of dis-
tinct enzyme-substrate compounds through which the enzyme
mechanism opscates (21,24,26). These redox compounds of
the enzyme are conveniently monitored by their distinctive
absorption spectra (27,28).

Three redox compounds, known as Compounds I,II and
ITI, are formed on treatment of the enzyme with hydrogen
peroxide under certain conditions. Compound I, the green
primary compound discovered by Theorell, is formed on
reaction of the normal ferric form of the free enzyme
with an equimolar amount of hydrogen peroxide (24,27).
Given an oxidation state of +3 for the free ferric enzyme,
Compound I has formally an oxidation state of +5. Com-
pound II, which has a formal oxidation state of +4, may
be formed either by a one-electron reduction of Compound
I by a suitable electron donor or by treatment of the free
enzyme with a slight excess of hydrogen peroxide (21,24,27).
Kinetic evidence has been presented by Chance that in the
latter case Compound II is still formed only through
Compound I (21). Highly pure enzyme preparations are re-
quired to observe Compound I formation since any endogerous

electron donor present will convert Compound I to Compound II.
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B aore-electron reduction of Compound II releases free
enzyme. Redox Compounds I and II function as normal
intermediates in the peroxidatic reaction (see next
section) (27). With higher concentrations of hydrogen
peroxide the enzyme forms the red-coloured Compound III
(21,24,27) which is catalytically inactive in the perox-
idatic reaction but which may be active in the oxidatic
reaction (28). Compound III, as shown by George, is
formed in the reaction of 2 molecule of hydrogen peroxide
with a molecule of Compound II (27) and has formally an
oxidation state of +6 (28). Electron Jonors invariably
react faster with Compcunds I and II than with Compound
ITT (28).

Ferroperoxidase, obtained on reduction of the
ferric enzyme either chemically or by the free radicals
of semi-oxidised biological electron donors, reacts
rapidly with oxygen to form a compound, oxyperoxidase,
which is probably identical with Compound III (22,28).
Dissociation of oxyperoxidase or of Compound III into
ferrous enzyme and oxygen could not be detected (22,28).
Recently Noble and Gibson (29) have shown that ferrop-
eroxicase is converted to oxyperoxidase by hydrogen
peroxfde in two steps, each of which is a two—electroa
oxidation, Compound II being an intermediate in this
cornvercsion. A further mode of Compound III formation
suggested (28) is the reaction of perhydroxyl radical
(HDé), or superoxide anion (05'), the ionic equivalent,
with free enzyme. This radical is a postulated inter-
mediate in the oxidatic reaction (25).

Interrelationships between the five oxidation states
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of peroxidase are summavised in Figqure 5 (28). Oxyperox-
idase and Compound III have been equated in the rigure
(22,29). The number in parenthesis gives the formal

oxidation level of each state.

1B--3 Peroxidatic reaction

The mechanism of this classical reaction catalysed

by peroxidase embodies the cycle of reactions linkino the

o

free enzyme, Compound I and Compound IT1 in Figure 5 and

is set out in the equations below (21,27,28).

Peroxidase + HZD Compound 1

2 ——

Compound I + H, A Compound II + HA® + H,O

B —— 2
Componund II + H2A Peroxidase + HA' + HQD
2HA A+ HZA
Overall: H,A + H,O0 A + 2 H,0

The donor molecule (HZA) being oxidised by hydrogen perox-

ide supplies the electrons
enzyme in two one-electron
Free radicals of the donor

are thought to remain free

to redure Compcund I to free
steps through Compound II.
which are consequently formed

in solution and to undergo a

dismutation reaction, being apparently poor electron donors
for Compounds I and II (28,30). The above peroxidatic
mechanism is founded on the studies of Chance and Gecvrge
who showed that the transitions, Compound I to Compound II

to free enzyme, were both one-alectron reductions (21,27,28).
In the course of the reaction, free radicals of donors
have been defected by titration with suitable electron
acceptors and more recently by electron paramagnetic re-

sonance (EPR) spectroscopy (28,30). Typical donors in the



Figure 5. Interrelationships of the five

revox states cof percxidase

Compd I

4 &

e
Ferroperoxidase ‘“4—“ Peroxidase =< Compd I1I
(+ 2) (+ 3) (+4)

AN e A

(Compd 1) 25 = Compd III
(+ 4) (+ 6)

* The number in parenthesis gives the oxidation

level of that redox state.



peroxidatic reaction include guaiacol, ascorbate,

p-phenylenediamine, pyrogallol and hydroquinone.

1B-4 Oxidatic reaction

While the mechanism of the peroxidatic reaction is
well established that of the oxidatic reaction is still
somewhat indefinite (28). The first example of the
oxidatic reaction was the aerobic oxidation of dihydroxy-
fumaric acid, reported by Sweéin and Theorell (31). Since
then, the reactions of several additional electron donors
have been inv:stigated (see ref. 25). Basically, the
oxidatic reaction occurs by virtue of molecular oxyaoen
accepting electrons from the donor molecule in the pres-
ence of enzyme, to yield most simply hydrogen peroxide
and oxidised donor as products. This multi-step sequence

may be summarised in essence in equation 1.

enzyme v

YH H 02 Egn. 1

Since the donors are not appreciably autoxidisable under
the conditions of the reaction, it is the function of the
enzyme to activate donor or oxygen or both (28).

) Proposed mechanisms (25) for the oxidatic reaction
have been reviewed by Yamazaki and co-workers (28,32).
In Figure 6, the free radical mechanism postulated by this
group to explain the essential features of the oxidatic
regction with a number of donors (YHZ) is reproduced.
Doﬁors specifically included are dihydroxyfumaric acid,
ini‘ole acetic acid, triose reductone and reduced nicotin-

amide adenine dinucleotide {NADH). An added complicction



Figure 6. Postulated mechanism for the oxidatic
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is that the properties of the overall reaction differ
somewhat for each donor (25,33). Relative velocities for
the component steps of the overall reaction with each of
the four donors mentioned above have been summarised (33)
and illustrate the significance of this donor effect.

To initiate the exidatic reaction, the donor free
radical (semiquinone) is thought to be formed in a class-
ical peroxidatic reaction using hydrogen peroxide. Such
free radicals have not yet been Fpund, however, in measur-
able concentrations (ESR) under aerobic conditions, but
indirect evidence for their existence has been obtained
(28,34). Semiquinones of dorors in the oxidatic reaction
are considered able to reduce molecular oxygen to super-
oxide anion (perhydroxyl radical), a postulated key inter-
mediate. This reaction has been indicated experimentally
for the semiquinones of dihydroxyfumaric acid, triose
reductone (25) and vitamin Ko (28), using ESR techniques.
In the next step, superoxide may then oxidise another
donor molecule to the semiquinone, being itself reduced
to hydrogen peroxide (28). A non-enzymic chain reaction,
expressed in the simple stoicheiometry of equation 1 above,
is thereby established. Recently, it has been possible to
demonstrate, by ESR, suspected superoxide radical format-
ion during the oxidation of Adihydroxyfumaric acid catalysed
by horseradish peroxidase (35). The correctness of the
identification of this radical has since been confirmed
(35). Further, superoxide has also been shown to react
with dihydroxyfumaric acid (37). These recent findings,
therefore, greatly strengthen the argument for the mechan-

ism presented in Figure 6.
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While a smell amount of hydrogen peroxide, possibly
already present in solutions of the donor, is necessary
to start the orvidatic reaction, the system is autucataly-
tic, given an efficient chain reaction (34). Efficiency
of the chain reaction may te increased by manganous ion,
possibly functioning as shown in Figure 7 to increase
the effectiveness of the chain-maintenance reaction over
the potentially rapid chain-breaking dismutation of super-
oxide to peroxide and oxygen (25,28). At higher pH, mang-
anous ion is especially effective to bridge between the
mutually repulsive superoxide and ionised donor anions.
Activation by manganous ion is strong in dihydroxyfumaric
acid, indole acetic acid and NADH oxidations, but is weak
in the triose reductone system (25).

A further chain-breaking reaction, dismutation of
the semiquinone as in the peroxidatic sequence, depends
on the nature of the donor, being prominent in triose
reductone oxidation (25).

Reduction of the free ferric enzyme to the ferrous
state by the semiquinone is shown simply as an apparent
chain-breaking reaction in Figure 6. This reaction is of
much further interest, however, for it is the starting
pointiof an alternative pathway proposed for oxygen re-
duction in the oxidatic reaction. Unlike the previously
considered reaction sequence, this additional chain re-
action is enzyme mediated. Thus two pathways of electron
flow from the donor molecule to molecular oxygen acceptor,
one basically non-enzymic and the other enzymic, may
operatz in the oxidatic reaction as depicted in Figure 8

(28,32,33). The distribution of the total electron flux



Figure 7. Suggested mechanism of activation of the

oxidatic reaction by manganous ion.
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Figure 8. Competing pathways of electron flow in

thhe oxidatic reaction.
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between these competiing pathways is dornor dependent
(32,33); the enzymic pathway being particularly competi-
tive with indole acetic acid as donor (28,33). The envis-
aged mode of operation of the enzymic pathway depends on
the semiquinone of the donor reocucing free enzyme rather
than mblecular oxygen directly (Figure 8). Molecular
oxygen then reacts with the ferroperoxidase to form oxy-
peroxidase, or Compound III, in which oxygen is considered
activated possibly by a partiél movement of an electron
from iron to oxygen (25,28). Tc compleie the chain react-
ion in Figure 8, Compound III is considered to react with
another molecule of hydrogen donor to yield free enzyme
and semiquinone of the donor. Thus the chain reaction
again accounts for the oxidatic reaction as earlier summar-
ised in equation 1.

The degree of experimental support for this enzyme-
mediated chain reaction varies depending on the hydrogen
donor. Thus while reaction of certain hydrogen donors
with Compound III is rapid, as in the case of indole
acetic acid (28), it remains that with dihydroxyfumaric
acid (25,32) and NADH (15) donors, Compound III formed
during the oxidatic reaction is evidently not involved
in the chain reaction sequence. This latter situation
may reflect essentially the exclusive aperation of the
non-2nzymic chain reaction sequence in dihydroxyfumaric
acid oxidation. Formation of Compound III may still
occur, not by oxygenation of the ferrous enzyme but by
reaction of the ferric enzyme with perhydroxyl radical
(see Figure 5). 1In Figure 8, an essential role of the

ferrous enzyme in the chain reesction is envisaged, yet
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the rule of the ferrous enzyme in the oxidatic reaction
has been much contested in the past, no doubt partly as
a result of the variable effects of carbon monoxide on

the system (25,28).

1B-5 Classification of hydrogen donors

While a great variety of compounds are electron
donors in peroxidase-catalysed reactions, they can be
simply classified into two types on the basis of the
redox properties of their free radicals. This class-
ification is of interest in the study nof peroxidase-
catalysed reactions for it indicates those donors which
may operate either to promote or inhibit the reaction of
ancther donor.

Yamazaki has classifiec hydrogen donors in the
peroxidatic reaction as redogenic or oxidogenic, according
to whether their free radicals =xhibit reducing or oxidis-

ing activity respectively (38,27,25).

HyA =——=——= HA® oo Redogenic donor
HX S=———= X' —> Dimers etc. Oxidogenic donor

Substrates for the oxidatic reaction are always redogenic
donors, but bnth types of donor may undergo peroxidatic
reaction.

Cxidogenic donors can accelerate both peroxidatic
and oxidatic reactions by virtue of the oxidising power of
the enzymically generated free radical, as shown in Figure
9 (27,39). 0On the other hand, redogen.c donors are norm-
ally inhibitory, being compecitive with the other donor in.

the reaction (27).



Figure 9. Mechanism of accelerating action of

oxidogenic donors.
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1B-6 Aerobic aromatic hydroxylation

In the aerobic dihydroxyfumarate-peroxidase system,
Mason and co-workers have reported non-specific aromatic
hydrexylation in which the oxygen irncorporated originated
from molecular oxygen (26). The oxidatic reaction nf di-
hydrokyfumarate which occurs serves not simply as a
source of hydrogen peroxide, but of some oxygen-derived
radical species which functinns as the hydroxylating agent.
Superoxide (perhydroxyl radical) has been sungested as the
hydroxylating agent (25,26,28), but as this radical appears
incapable of hydroxylating benzene or naphthalene, Daly
and Jerina have recently suggested that a more reactive,
possibly enzyme-bound, radical is involved (40).

Addition of manganous ion to the system inhibits
hydroxylation completely despite the increased rate of
dihydroxyfumarate disappearance. This effect on hydroxy-
lation has been explained as a depletion of the oxygen-
derived hydroxylating radical, active in the coupled
hydroxylation, as a result of catalysis by manganous ion
of the chain reaction which reduces superoxide to hydrogen
peroxide (26) (see Figure 7). This explanation, of course,
equates the hydroxylating species with superoxide.

-Absence of the NIH shift, both in this peroxidasd
system and in model systems involvirng radical species,
supports the view that the hydroxylating agent is radical
in nature (40). The peroxidase hydroxylating system is
unique in the absence of the NIH shift, for the shift is
always observed in similar hydroxylations of aromatic sub-

strates catalysed by mixed-function oxidases (40).
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1B--7 The present

n

tudy

The study reported in this thesis has uncovered
a new example of peroxidase acting as a catalyst in a

reaction which combines in the same substrate, features

of both the oxidatic and hydrouxylation reacticons dis-
cussed above. Products of chalcone oxidation in this
new reaction include not only recognised flavonoids but

also new variants of flavonoid compounds.



Chapter 2

RESULTS

2A NATURE AND PRCDUCTS OF THE ENZYMIC REACTION

Wong has previously reported that cell-free enzyme
extracts of garbanzo seedlings catalyse the conversion of
2',4,4"-trihydroxychalcone (isoliquiritigenin) into
4',6-dihydroxy-2-( o -hydroxybenzyl)coumaranone isomers
and Y_,) and 4',7-dihydroxydihydroflavonol (garbanzol) -

1 2
see Introduct.on, Figure 4 (14,18,19). The yields of

(v

Y1, Y2 and particularly garbanzol ares low; most of the
chalcone consumed is isomerised to flavanone by the iscomer-
ase enzyme (15,16) which is also active in these cell-free
extracts.

The present work was commenced as an investigation
of the enzymology of Y1 and Y2 formation in this garhanzo
system. However, it expanded to include the study of a
hithqrto unknown product which first became prominent follow-
ing certain Fractionatians of the protein of the garbanzo
systemr Subsequently, it was recognized that Y1, Y2,
yarbanzol, this new cempound and 4',7-dihydroxyflavonol
were all co-products of a cowplex reaction system. The

enzyme responsible for their formation was recognised to

bDe a paroxidase.



*
2A-1 Effect of enzyme purity un_prmducta chserved

At the cutset, cell-free extracts of garbanzo seed-
lings were subjected to a varfety of protein fractionat-
ion procedures and the resulting preparalions were assayed
for enzyme activity by incubation with chalcone in 0.05 M

© fior RS Iheuxish. Products and

tris buffer, pH 7.5, atl 77
unchanged chalcone, recovered after ircubation by ether
extraction, were separated by 2-D peper chromatography.
Results were assessed visuzlly bty inspection o the
chromatograms either in u.v. light or after spraying with
diazotised sulphanilic acid.

With cell-free extracts, the expected low yields
and Y, were obtained. Heat treatment of the cell-

1 2

free extract (50° for 60 min) was without apparent effect

of Y

on the Y1 and Y2—Forming system, yet much pretein was
denatured and removed by centrifugatior and the isomerase
enzyme inactivated. Consequently, this heat treatment
was applied routinely in subsequent fractionation experi-
men.s since the absence of isomerase activity in the super-
natant meant economy in the chalcone substrate required.
Fractionation of the heat-treated supernatant with
solid ammcnium sulphate in sequentiali 10% saturation
increments from 30 - 100%, yielded protein fractions which

all showed unexpected, though cimilar, catalytic activity

*
Unless specifically stated otherwise, in the rest of this

thesis 'chalcone' refers to isoliquiritigenin while 'flavonol’
and 'aurone' refer to the corresponding 4',7-dihydroxy-

compounds, 4',7-dihydroxyflavonol and hispidol respectively.
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towards chalcone. Firstly Y1 and Y2—Forming activity

was very low in all fractions and a considerable overall
loss of this activity was evident. Secondly, an un-
knowr, extra product was formed in &ll cases in amounts
many times greater than Y1 and Y2. This new compound,
designated O0C (oxidised chalcone), was readily detected
on chromatograms under u.v. light as a dull purple spot
which turned bright blue on fuming with ammonia. The
occurrence of 0OC was accompanied by greatly increased,
and sometimes complete, utilisation of chalcone substrate
during incubation. In contrast, much chalcone invariably
remained after incubations with heat-treated preparations
in which only Y, and Yoy formation was evident.

In addition, protein which was first prezcipitated
from heat-treated supernatant with ammonium sulphate
added to 70% saturation and then fractionated by five
successive increments in acetone concentration, provided
enzyme preparations which displayed catalytic activity
similar to the ammonium sulphate-~derived fractions abov:z.

Some concentration of O0C-forming activity was
evident particularly in the preparations precipitated
at lower acetone concentrations, but no clear separation
of Y, and Yj-From the OC-forming activity could be dete?ted
in"any preparation.

Following successful repetition of these experiments
in protein fractionation with ammonium sulphate and acetone,
it was clear that where the enzyme preparation had been
through a precipitation step before assay, two effects

would invariably show up in the assay results; firstly,

very substantial apparent loss of Ya and Y2—Forming activity
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and secondly, appearance of the 0OC product.

2A-2 Evidence for the presence of promotors and inhibitors

In an investigation of the cause of low recoveries
of Y1 and YZ-Forming activity in ammonium sulphate-preci-
pitated fractions, it was first checked that the enzyme
responsible had not remained largely in solution in the
presence of ammonium sulphate and had thereby escaped
detection. Thus, dialysis of the fraction of heat-treated
supernatant which was soluble at 70% saturation with
ammonium sulphate, against 0.05 M tris pH 7.5 to remove
the ammonium salt, gave an enzyme preparation with activity
characteristic of an ammonium sulphate-precipitated fraction.

Activity in this dialysed preparaticn typical of a
precipitated preparation, rather than of the original heat-
treated one, suggested the absence of dialysable factor(s)
could be responsible for the changes asscciated with pre-
cipitated enzyme. As a test of this hypothesis, boiled
supernatant, prepared from cell-free extract inactivated
by heating at 100° for 15 minutes, was added in varying
amount to an ammonium sulphate-precipitated enzyme preparat-
ion (heat-treated supernatant saturated to ?D%) and the
mixture incubated with chalcone. Chromatograms of the
products showed clearly that the supernatant preparation
had the dual effect of restoring Y, and Y yields to normal
and eliminating evidence of the OC product. Appropriate
controls demonstrated the expected proouct distribution
with the ammonium sulphate-precipitated enzyme and the
absence of enzyme activity in boiled supernatant alone.

The concentration of boiled supernatant in the



incubation mixture had an important effect on the chromato-
graphic pattern of products; Y, and Y2 levels increased

and OC levels decreased progreasively as the concentration
of this supernatant increased in the incubation volume.
Levels of Y1 and Y2 increased dctectably at supernatant
concentrations well above those at which OC first dis-
appeared. O0n the basis of guantities added in these runs,
cell-free extracts as routinely prepared were estimated

to contain normally a concengfation of inhibitory factor(s)
slightly greater than required for complete suppression of
oC. The con~centration dependence of 0OC inhibition was
also clearly shown when cell-free extract, normally assayed
with minimum dilution, was diluted serially up to 8-fold
anc assayed. Production of 0OC appeared with the first
2-fold dilution and increased with dilution thereafter.
Chalcone remaining decreased as 0OC increased, till finally
all chalcone added was consumed, indicating that through-
out this series of incubations the level of inhibitor
racher than the level of enzyme for OC formation was limit-
ing the reaction. Within the dilutions employed, little

effect on Y,I and Y, level was evident.

2

2A-3 Treatment effects on Y1 and Yoz and OC-forming activities

Further experiments were undertaken to obtain evi-
dence on the possible felationships of the Y1 and Y2 and
OC-forming activities. A check was made for both activities
in enzyme preparations which had been subjected to a variety
of treatments with the view to finding any major different-

ial effects of the treatments on the two activities. Assays

of OC-forming activity were mace after the protein ha'l been
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put thrcugh a precipitation step, normally with ammonium
sulphate (to 7C0% saturation) while boiled supernatant was
added to precipitated enzyme to check Y1 and YZ—Forming
activity. Since majior effects were being looked for,
activities were assesscd visually on 2-D chromatograms

of the products.

Both -ctivities persisted after heat treatment of
a celi-free extract at 50° for 2 hours. Likewise, the
effect of lower pH treatments down to pkH 3.5, for a time
of about 10 minutes at a° during which the precipitated
proctein was removed by centrifugation and the acid super-
natant then titrated back to pH 7.5, showed no different-
ial effect on the activilies assayed. Fractional precipi-
tation of protein with eitker ammonium sulphate or acetone,
as mentioned earlier, failed to separate the activities.
Enzyme precipitated from solution 70% saturated with
ammonium sulphate was found to store at 0 - 4° in solution
in 0.05 M tris buffer pH 7.5 for up to 6 months with con-
siderable retention of both activities. Boiled supernatant
was also fully active after several menths in similar
storage.

Collectively, these studies indicated that both
activifies were very steble and were retained in a single
préoa;ation after a wide variety of treatments and a
considerable time in storage. On the tasis of this
parallel behaviour it was believed pnssible that the same

enzyme was responsible for both activities.

2R-4 Detection and identification of OC-forming enzyme

Polyacrylamide gel electrophoresis of an enzyme
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preparation precipitated from 70% saturzted ammonium
sulphate solution was undertaken using a tris~-glycine
buffer system, to effect rapid and efficient separation
of enzym=s present in a medium in which any zones of VY,
and Y.
2

sation of a yellow chalcone stain.

and 3C formation could be detected by decclori-

After the gel had been run with normal polarity
settings so that only net-negatively charged molecules
entered the vertical! gel slab from wells formed in its
upper edge, a chalcone stain applied showed gradual
bleaching to occur over the next 30 mi .utes in one zone
a small distance within the gel from the sample position.
Viewed urder u.v. light, this bleachinn appecared to be
due to OC formation. In further similar runs this active
zone was shown to coincide with peroxidase activity as
detected by a benzidine staining reaction in the presence
of hydrogen peroxide. Addition of a little hydrogen perox-
ide to a further chalcone-stained gel in tris buffer at
pH 7.5 produced very rapid cha'cone decolorisation ir.
the zone where slow formation of 0OC had previously been
suspected. Using a stained quide strip, the appropriate
zone was excised from the rest of another gel and the
enzyme eluted by crushing the yel csegments in buffer. fn—
cubation of filtered aliquots of this eluted enzyme with
chalcone showed, on chromatography, that a low production
of OC occurred, which was greatly stimulated on the addition
of a little hydrogen peroxide. Addition of boiled super-
natant to the enzyme appeared to suppress all reaction;
no Y, and Y, were evident as products of any of these incub-

ations.
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Unsuccessful attempts to locate a zone of & and Yz
formation in the gel were made by incubation for up to
several hours of chalcone-stained qel strips in boiled
supernatant, which was known to promote the Y and Y2-
Formiqg reaction. No evidence of chalcone decolorisation
in visible or u.v. light could be detected; OC formation
in the previously detected zone was inhibited by the

boiled supernatant. Since the Y1 and Y,~-forming reaction

2
was not expected, on previous chromatographic evidence,
to cause complete removai of the chalcone, a further check
for low level. of Y1 and Y2 was made under u.v. light by
cautious treatment of the incubated gel! strips with dilute
(0.1 N) alkali for a few minutes. No evidence of the form-
ation of the characteristically fluorescent aurone product
was noted on acidification of the alkali-treated gel strips.

Gels were then run as before, except with reverse
polarity in order that net-positively charged molecules
would enter the gel. Application of the procedures used
with normal polarity gels showed that two distinct zones
of OC formation coincided with similar zones of peroxidase
activity, a short distance within the gel from the sample
position. Samples of the less mobile and much stronger
peroxiaase band were eluted and the enzyme assayed with
Chélcone to cenfirm, upon chromatography, OC formation.
Again, no evidence for Y1 and YZ-Forming activity could be
detected in these gels.

Thus, from this work with polyacrylamide gels, OC
formation appeared to be catalysed by two anc probably

three separate peroxidase isoenzymes present in the garbanzo

seedling enzyme preparation. Further, added hydrogen
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peroxide greally accelerated the reaction as judged by
its effect on the rate of decclorisation of the chalcone
stain in the active zones in the gel.

To extend these results, the ammonium sulphate-
precipitated enzyme used in gel clectrophoresis was in-
cubated with chalcone (0.75,umole) in 0.05 M tris burfer
pH 7.5 (4 ml) at room temperature and the normally slow
reaction was found to proceed by rapid decolorisation on
acdition of hycurogen peroxide (1 umole). Incubation time
was therefore reduced to 2 minutes in experiments of this
nature. Chrcuoatograms of the ether extracted products
showed much increased OC and decreased residual chalcone
whera hydrogen peroxide had been added.

In a further otherwise identical experiment, the
garbanzo enzyme in the above reaction mixture was replaced
by horseradish peroxidase (HRP) enzyme of equivalent perox-
idatic activity in the quaiacol assay. Product chromatn-
grams demonstrated that the HRP enzyme gave results which
were very similar to those tor the garbanzo preparation.
At this point it was accepted that typical peroxidase

enzyme in the garbanzo preparations catalysed 0OC formation.

2A-5 Reaction products in addition to OC

The Chromatograms of products of rapid incubaticns
carried out in the presence of added hydrogen peroxide
(not only those of the experiments mentioned above but also
numerous other similar ones) revealed a pattern of spots
much more complex than was expected from the =earlier pattern
established from incubations of precipitated garbanzo enzyme

for 1.5 hours at 37° without added hydrogen peroxide.
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A typical chromatographic pattern for the latter
type of incubation is shown in Figure 10. Identification
and colours of the spots are given in Table 1. The main
product was 0C; Y1 and Y2 were detectable spots either
after the chromatogram was sprayed with diazotised sulph-
anilic acid or kept for a time to permit spontancous fcrm-
ation of aurone artifact. An aurone spot (n), clearly
visible but quantitatively very minor, was also present,
presumably as =z result of dehydration of Y, and Y, prior
to chromatography. Residual chalcone (C) and a trace of
flavanone (F) could also be present. Some weak background
spots representing native phenolic comnounds present in
the garbanzo =nzyme preparation, despite precipitation
treatments, were also present but are omitted from Figure
10 in the interest of clarity.

The pattern typical of short-time incubation in the
presence of added hydrogen peroxide is shown in Figure 11.
(See also Table 1 for colour reactions). The major spot
was afgain OC. Most significant and variable were the
occurrences of the three quantitatively minor new spots,
Y%, Yé

positions of the true Y spots (hydrated aurone isomers),

and YOL., The Y' spots occupied approximately the

while the YOL and aurone spots partially overlapped.
Normally the 2urone spot was very weak, being frequentl/,
barely discernible, in contrast to the situation in Figure
170. A number of quantitatively minor background spots, not
shown in Figure 11, were invariable present, in addition

to the traces of native phenolics when the garbanzo enzyme
preparations were used.

Identification of YOL as the known compound



Figure 10

Pattérﬁ, on 2-D chromatogram,; of products of incubat-
ion of chalcone with precipitated garbanzo enzyme for
11/2 hours at 37°, hydrogen peroxide not added. See
Table 1 and text for identification of spots. BeAl,
benzene-acectic acid-water, 125: 72:3. HA, acetic

acid in water.

Figure 11

Pattern, on 2-D chromatogram, of products of incubation
of chalcone in the presence of added hydrogen peroxide
for *wo minutes with either precipitated garbanzo or HRP

enzyme. See Table 1 and text for identification of spots.
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Table 1

Colours of spots detected on paper chromatograms®'’

X .
Spot Identi- ool g0
fication .' O
Visible eV JeVe+ NH= visible
Chalcone Cold dkBr b0-Y -
0C - = dkPu LB -
*
Yq or Yo Hydrated - - - -
aurone
Aurone Y bGr-Y Gcld f1Gr-B
YOL Flavonol fYi=uGn by by fly
Yi or Yéd MixtLre % f dull Y|B-Gr-Y dull v dull f1lvy
Flavanone - v \ =

.o Refer to Figures 10 and 11

X dk = dark, f = faint, 1 = light, b = bright,
fl = Fiuorescent, Y = yellow, Gr = green, B = blue,
0 = orange, Br = brown, Pu = purple

* Detected as zurone artifact or with diazotised

sulphanilic acid
8 Colours represent artifects which form rapidly

£ Consists of precursors of OC and flavonol, besides

hydrated aurone




4',7-dihydroxyflavonol (flavonol) was readily made by
compariscn with an authentic synthetic sample.

Chiefly on the basis of colour reactions in u.v.
light, the Y'spots were firsi distinghished from the true
Y spots. Elution and rechromatography of the Y' spots,
separétely, indicated each gave rise to a number of ather
spots, those recognised being Y1 GT Y2, A, OC and YOL.
This complex result will be rgtionalised in the course of
this thzsis. However, the immediately significant find-
ings were as follows. Firstly, the existence of Y, and
Y2 in the res-ective Y' spots, from HRP-catalysed react-
ions in particular, strongly suggested that these isomers
were also produced in the peroxidase-catalysed reaction
which formed OC. Rechromatography of the Y' spots showed
complete transformation of the origiral components had
occurred except for Y, and Y2, the residual amounts of
which then became clearly visible. At the same time,
some dehydration of Y1 and Y2 had also occurred as shown
by thz appearance of aurone on rechromatography. Secondly,
the occurrence of a new prcduct, flavonol, was clearly
shown; its presence in the HRP reaction products again
implicated peroxidase enzyme catalysis. Thirdly, precur-
sors uf both OC and flavonol existed in each Y' spot,
together with the recognised aurone pracursor, Y1 or Y2.

Thus, in the light of these results, the peroxi-
dase-catalysed reaction of chalcone potentially assumed
néw dimensions in relation to not only veriety of products
but also precursor relationships.

The interpretation that a peroxidasé enzyme was

responsible for catalysis which resulted in the formation
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of all compounds shown in Figure 11 was tested with cell-
free garbanzo enzyme and founc to be supported by the
results. In this test, redogeric donors, catechol and
hydroquinone, were used in serarate experiments to
specifically inhibit peroxidase-ratalysed reactions of
chalcone. Preliminary investigation showed an acid-
treated cell-free enzyme preparation (see section 2A-6
Figure 12) catalysed chalcone oxidation very rapidly on
acdition of hydrogen peroxide to yield a chromatographic
pattern of products as ih Figure 11. Therefore the
inhibition of OC formation of this acid-treated preparat-
ion, assayed in the absence of added bydrogen peroxide,
could be overcome satisfactorily by the addition of that
compound. Whan the same reaction mixture of chalcone
(0.75umole) and acid-treated cell-free enzyme (4 ml in
pH 7.5 tris) was supplied separately with catechol and
hydroquinone (1 mM final concentration) and hydrogen
peroxide (1.umole) finally added, only a very slight
reaction of chalcone was noted from product chromatograms,
even for an incubation time of 30 minutes in the case of
hydroquinone. A very fazint OC spot was present, together
with possibly a trace of Y, and Yoo but no flavonol. Both
redogenic donors were therefore found to almost completely
inhibit chalcnne conversion to CC, Y1 and Y2 and flavonal,
which supported each of these compounds being products
of peroxidase-catalysed conversions.

Purification of the peroxidase enzyme from garbanzo
seedlings was therefore undertaken in reasonable certainty
that the desired enzyme activities would be isolated in this

one preparation.
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2A-6 Partial purification of peroxidase enzyme from garbanzo

seedlings

A procedure was developec to purify the soluble
peroxidase presenlt in cell-free buffer extracts of garbanzo
seedlings in preparatinn for studies on the enzyme-catalysed
traqsfbrmations of chalcone.

Enzyme activity was assayed spectrophotometrically
throughout the purification procedures using quaiacol as
the peroxidatic hydrogen donor. Periodic tests of acfivity
toward chalcone confirmed that the desired activity was
being monitcred in this manner.

A flow sheet of the standard purification procedure
(see Experimental) is presented in Figure 12. All manipul-
ations were carried out at 0 - 4° in tris buffers, Bl W . Sl
Purified enzyme could be obtained 30-36 hours after the
purification began.

After the acetone precipitation step of the puri-
fication (Figure 12) the redissolved enzyme was filtered
through Sephadex G-75, (column 35 x 3 cm) overnight.

Enzyme activity and protein content in each approximately
8.5 ml fraction collected from this column at 30 minute
interval are recorded in Figure 13. Ffractions 15-18 in-
clusive, which accounted for BE% of the enzyme activity.

in the sample applied to the column, were bulked for further
purification by ion-exchange chromatography on DEAE-AS0
Sephadex, either immediately or after storage in freeze-
dried form at -10°.

A 5ml aliquot of the enzyme, fractions 15-18, from
Sephadex filtration was applied to the ion-exchange column

(10 x 1 cm) which was eluted with further C.05 M tris pH



Figqure 12

Scheme for partial purification of peroxidase from garbanzo

Epedlings

Homogenize seedlings (67g) in 0.01 M tris, pH 7.5 (50ml)

Homogenate

Scueeze through cheesecloth

¢ > Solid
Expressed liquid
.. X .
Spin” for 30 min
¢ > Solid
Supernatant
(cell-free extract)
Add 0.5 N HC1 to pH 4.5
Spin for 10 min
> Solid

v

Supernatant (acid)
Add 0.5 N KOH to nH 7.5

Stand 10 min, then spin for 15 min

- > Solid
v
Supernatant

Add eaqual volume acetone at 0°

Stir 5 min, then spin for 20 m1in

> Supernatant

\ 4

(continued)
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Figqure 12 continued

Precipitate

Suspend in 4 ml 0.05 #M tris pH 7.5

Spin for 20 min

~

\

y

Supernatant

Filter through Sephadex G-75,

tris pH 7.5

Collect fraction each

30 min

Pool 4 most active fractions

(see Fig. 13)

Solid

0.05 M

-

\

/

Pooled fractions

\

4

Chromatograph on DEAE A-50 Sephadex

Apply 5ml sample, elute 0.05 M tris

pH 7.5

Collect fraction each

%5 min

Cal

Use active fractions
(see Fig. 14)

e

X Centrifuge at 5,000g in all instances

Other fractions

Other fractions



Figure 13

Sephadex G-75 filtration of acetone precipitated
peroxidase enzyme preparation from garbanze seed-

lings (See Figure 12).
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7.5 pbuffer. The enzyme was recovered larqgely in the early
fractions (about 2.5 ml each) slightly ahead of a very
small protein peak (Figure 14). Most of the protein in
the appliea sample remained firmly tound at the top of the
column and could be eluted only with the use of a salt
gradient. No enzyme peak beyond the first was detected.
About B80% of the activity applied to the column was re-
covered in fractions 3-6 inclusive.

A summarv of the outcome of this purification of
peroxidase from garbanzo seedlings is recorded in Table 2.

Active fractions from the DEARE- ephadex column were
kept separately at 0 - 4° and the purest used normally
within a week as a source of enzyme in detailed studies
of the reaction with chalcone. Further samples of the
enzyme were purified as required from either a freeze-
dried preparation, previously purified through the Sephadex
G-75 step, or a fresh batch of seedlings.

While the final yield of purified enzyme was just
30% of the activity extracted in the cell-free preparation,
the amount which could be quickly purified adequately met
requirements. Polyacrylemide gel electrophoresis of samples
of the enzyme at various stages of purification showed that
some differential losses occurred at the isocenzyme level.

At the most, 3 acidic and 4 basic isoenzymes were noted.

2A-7 OC as major, unstable product

Preliminary werk had established OC as the major
chromatographically isolated procuct or chalcone oxidation
catalysed by either garbanzo or horseradish peroxidacse. As

a prelude to more detailed studies, an investigation of



Figure 14

>

DEAE A-50 Sephadex chromatography of enzyme
from Sephadex G-75 filtration (See Fig. 13).
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Purification of peroxidase enzyme from garbanzo seedlings

Table 2

B TR Volume Concn. Total Egits Protein Sp. Act. Yield Durit
ml units/ml x 10 mg/ml units/mq 78 Y

Cell-free 57 2520 144 94 27 100 1
Acid treated 49 1960 96 A.8 223 67 8.3
Acetone ppt. | 4 17600 70.5 34.5 510 49 19
Sephadex G-75% 34 1720 59 1.19 1445 41 54
DEAE-Sephadex 49.5 865 43 0.011 77300 30 2880
DEAE-Seph., frn 3 16 880 d.UDA 204500 7620

" " frn 4 16.5 1060 0.010 105600 3920

" " frn 5 17 660 0.019 35300 1320
“ Values recorded are for fractions 15-18 pooled (see Figure 13)
X X

Values are those calculated for fractions 3-5 collectively



methods for the production of maximum yields and prepara-
tive amcunts of this compound was undertaken.

Small scale reactions with purified garbanzo enzyme,
in a total volume of 4 ml of 0.05 M tris buffer incubated
at room temperature (20-250) were empioyed in the selection
of workéble conditions and methods. Evaluation of relative
yields of 0OC was done by measurement of the absorbance at
7325 nm (X max.) of 85% ethanol eluates of OC spots taken
from 2-D chromatograms of products. Visual inspection of
these chromatograms also permitted an assessment of side
reactions and residual chalcone to be made.

From the procedures tested; the best yield of OC was
obtained on the addition of hydrogen peroxide (4.umoles)
to chalcone (3.6 umoles, 1 mg) in the presence of enzyme
(100-200 units) in 4 ml total volume U.05 M tris buffer
pH 8.5. The reaction went to completion in about 4 minutes.
Quantitative extraction of products into 2 x 5 ml volumes of
ether was realised after acidification of the buffer to pH
7.5, Strong acidification to at least pH 1 resulted in
drastically reduced recovery of OC and the appearance of
maeny background spots on the chromatogram which indicated
instability of product under sucih conditions. The Y' spots
(Figure 11) appeared regularly on chromatograms when reacf—
ions were carried out and produtt extracted at pH 6.8, but
this phenomenon, much less marked and occasionally absent
under pH 7.5 conditions of reaction and extraction, was
avoided under the conditions selected of reaction at pH 8.5
and extraction at pH 7.5.

Preparative guantities of OC were successfully

obtained when the small-scale reaction mixture given auove



was scaled up fifty-fold. For each 50 mg batch af chalcone
incubated, yields of OC were determined spectruphotometri-
cally on an aligquot of the total ether-extracted product
after remcval of the ether solvent and dissolution of the
solid in a standard volume cf 85% ethanol. In the calculat-
ion of yields, the absourbance of crude product at 325 nm

(A max. of GC) was taken as a direct measure of OC content
since the u.v. spectrum of this crude product closely
matched that for OC purified with minimum delay by 2-D
chromatography. In the four separate preparative incubat-
ions, the yield of OC ranged from 70 - 5% of the chalcone
consumed.

Examination of quantitetive 2-0 chromatograms of
the product from each preparative run cenfirmed the conclus-
ion from u.v. spectroscopy that 0OC was the only guantitativ-
ely signifiicant component of the crude product. Besides
traces of the known additional products, namely, flavonol,
aurone and Y' spots, a number of minor background spots
were praesent on the chromatograms. Collectively, these
spots, along with some further amounts found to still re-
main in the aqueous reaction medium after quantitative
ether extractien of 0C, were thought to account for the
difference between chalcone consumed and estimated 0C
formatinon in the preparative runs.

Estimation of 0OC eluted from the quantitative 2-D
chromatograms of the preparative runs provided the first
direct evidence of suspected instabiiity of OC under the
conditions of chrematography. Thus on the basis of 0OC
eluted from these chromatograms, yields ranged from 20 - 24%

of chalcone consumed in contrast to values of 70 - 76%
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determined directly by u.v. absorption measurements for

the same samples. Confirmation of this extent of loss of

0OC on chromatography and recovery was obtained from the
results of chromatography of known amounte of the purified
compound. Lousses of the compound were apparently causec

by chemical change ratiher than through tailing on chromato-
grams or inefficient elution. Further tests indicated
losses could be reduced very considerably and up to about
80% of the OC sample anplied could be recovered if the

time for which chromatograms were 'dried' in air at room
temperature was minimised both between .rolvent directions

in 2-D chromatography and before elution for quantitative
estimatiorn. Purity of the eluted componnd was also enhanced
by the more rapid handling as judged by changes in the shape
of the u.v. spectrum.

Purification of the crude OC from the four prepara-
tive runs above was achieved by crystallisation from ethanol/
water (1:1), to yield orange-yellow solids (56 mg). The
mother liquor contained much imnurity and proved unsuitable
as a source of more OC solids. Further purification of the
solids (56 mg) was achieved upon slow concentration of the
solution in acetone under an air jet to yield a light yellow
precipitate of 0C solid (17 mg) and an orange-brown mothef
liquor This solid 0OC was recovered, weshed with cold solvent
and retained at -10° for characterisation.

Manipulation of OC in solution, associated with the
preparation of this purified sample, led to noticeable dark-
ening of the colour of the solution and rather extensive
instability of the CC as revealed by 2-D chromatography of

samples of mother liquors. A number of competing pathways
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of OC loss appeared to operate since many unknewn spots
were present on chromatograms and none was exceptionally
prominent quantitatively.

From the several lines of evidence available on
the instahbility of OU it was thercfore alsc consicered
probablé that yields of crude OC, measured after soivent
extraction, would be depressed to an extent. Studies on
a spectrophotometric method were ccnsequently undertaken
so that the extent of OC formaticn in the reaction might
be determined directly and accurately and the background

provided for more detailed biochemical work.

2A-8 Spectrophotometric evidence for the presence of an

initial reacticn product

Fnzyme reactions were run in 0.05 M tris buffer
pH 8.0 in 2 ml total volume at 250, using cuvettes cf
17 cm light path. Under the reaction conditions selected,
all chalcone was consumed in the reaction. Reference
spectra (Figure 15) were determined for chalcone and 3C
in pH 8.0 tris buffer and for (OC in this medium acidified
to pH 2-3. |

The absorption spectrum of the product of a rapid
reaction catalysed by either garbanzo o1 HRP enzyme is
presented in Figure 16, together with details of the re-
action mixtures employed. In the next 2 hours this product
snectrum was observed to undergo a complex pattern of change.
Appreciable alteration occurred in even the first five min-
utes. Included in Figure 16 are some examples of the spec-
trum at the post-reaction times noted. At no time did the

changing spectrum match or closely approach that for OC
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Reference spectra of chalcone and OC in tris buffer.

RN
1

Chalcone in 0.05 M tris buffer pH 8.0
OC in 0.85 M “ris buffer pH 8.0

Sample as in spectrum 2, buffer acidified to pH 2-3

N
1l

n

Figure 16

Spectrum of initial product of peroxidase-catalysed reaction
of chalcone and subsequent changes therein with time in pH
8.0 tris buffer.

1 = Spectrum of initial product recorded immediately after
complete chalcone consumption in reaction mixtures which
contained initially chalcone {0.09 umole), enzyme (either
1 unit HRP or 3 units garbanzo) and H, 0, (0.117 umole)
in 0,05 M tris pH 8.0, total volume 2ml, at 25°.

2, 3 and 4 = Spectra observed after initial product held

in bufier for 12, 24 and 120 minutes respectively.
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in pH 8.0 buffer. However, some OC formation could have
been indicated by the observed increase in absorption at
380 nm (Fiqure 16), From this behaviour it was clear
that the initial reactioﬁ product was not 0C, a fact which
gave potential support teo earlier chromatographic indicat-
ions that precursors of 0OC may exist in the Y' spots.

The search for conditions under which a high amount
of OC could be derived from the initial product revealed
that controlled additinn of alkali (25wl of 2.5 N NaUH/Z ml
reaction volume) rapidly transformed the initial product
to 0C. This quantity of alkali was crilical for good
results in terms of 0OC formation. In Figure 17, the
spectra associated with this transformation are presented;
in the alkaline medium, OC eppeared in the ionised form
and the characteristic OC spectrum (Figure 15) was observed
on acidification. The eéfect of acidification on the spect-
rum of the initial product is also shown in Figure 17; back
titration to pH 8 restored the initial spectrum while
additional alkali, as above, resulted in the anticipated OC
formation. Thus the spectrum of the initial product at pH 8
was held to represent the ionised form and that at acid pH
the unionised form.

Delay beyond a few minutes between the rapid product-
ion of the initial product and addition of alkali to the
cuvette resulted in the appearance of a shoulder or even
a second peak around 240 nm on the alkali spectrum of OC
(compare Figure 18). This phenomenon was attributed to
impurities formed spontaneously from the unstable initial
product on standing in pH 8 buffer. These impurities caused

much more significant distortion in the icnised tham in the



Fiqure 17

Spectral evidence of the transformation of initial product

of reactian tn largely 0OC upon controlled addition of alkali.

20

§ 10}
=
Wavelength, nm
17 = 1Initiel product in pH 8.0 tris buffer, from chalcone
(spectrum a, 0.09/umole) using reaction mixture and
conditions given in Figure 16,
2 = Ionised 0OC formed on immediate addition of 254l 2.5 N
NaOH to initial preduct,
3 = O0C converted to unionised form on aaodition of 75 4yl
1.44 N HC1 to the product observed in 2.
4 = Unionised form of initial product observed on addition

of 30l 1.44 N HC1l to initial product in pH 8.0 tris

buffer (spectrum 1).
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unicnised spectra of teth the initial product and the
derived OC. In subsequant work on the isolation of the
initial product, spectral assessment of purity was there-
fore based on the degree of distortion of the ionised OC

spectrum which formed on addition of alkali.

2A-9 Isolaticn of the initial product

Spectrophotometric observation showed the initial
product was most stabtle in acidified buffer, pH 2 - 3,
and quite unstable at pH 7.5 as previously used for sol-
vent extractien in the isolation of OC.

Successful recovery of freshly-formed initial
product was achieved by ether extraction from buffer first
acidified to pH 2 - 3. The reaction mixture used to prepare
the initial product contained chalcone (0.75.umole) garb-
anzo enzyme (47 units) hydrogen peroxide (0.22_umole) and
0.05 M tris buffer pH 8.0 to make 4 ml. Immediately after
rapid decolorisation (less than 1 minute), the mixture was
acidified with 75 ul 1.44 N HC1 and the initial produrt
quantitatively extracted into 2 x 5 ml volumes of ether
which were combired. The quantity of aqueous phase present
in this ether extract wes not removed by any drying proced-
ure since it served a vital role of providing a lasting,-
slight’y acidic, environment which stabilised the initial
product in the course of subsequent manipulations. Follow-
ing removal of the ether close to UO, the extracted product
was taken up in a small volume of ethanol and aliquots
used to check spectral properties against those known for
the initial product as directly formed in aqueous media.

In 85% ethanol, the spectrum was approximately that of



initial product in acidified buffer (Fiqure 17, spectrum 4).
Addition of alkali, (5,ul 1.25 N NaUH/2 ml cuvette) resulted.
in the rapid formation of ionised OC and on acidification
(10.ul of 1.44 N HC1), typical OC absorption was recorded.
Furtter, an initial product like spectium was noted when an
aliocuot of the extracted product was added to tris buffer

pH 8.0. Formation of OC on appropriate addition of alkali

to this buffer solution also occurred. Based on the corres-
pondence in spectral propertieé and behaviour in alkaline
media, the extracted product was desmed identified with

the initial prrduct observed directly in solution. Purity

of the extracted product was diminished considerably by
delays in the extraction process or by exposure to tempera-
tures above 0° for significant periods of time thereafter.
Thus, rapid extraction after formeation of the initial product
was demanded and limited warming during ether removal by
rotary evaporator was practised to good effect. The recov-
ered product was held successfully on ice for a number of
hours.

Ether extraction of initial product from buffer
acidified to pH 7 rather than to pH 2 - 3, provided evidence
of spontaneous generation of 0C, following the extractior
of initial product, when acidic conditions were not main;
tained. While the spectrum taken of the wet ether extrect
itself closely matched that of the unionised initial product
in ethanol, the spectrum in ethanol of the product obtained
immediately after evaporation of the ether showed that
already a partral conversion of initial product to OC had
occurred. With extraction against a more alkaline pH 7.5

buffer medium, the carry-over of{ the aqueous phase in the
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wet ether extract would provide a slightly basic environ-
ment which would be expected to promote even greater in-
stability of the initial produc£. From earlier experience
of OC recovery under such conditions of extraction, the
conversinon of initial product tou OC apparently occurred
rapidly and almost completely in the environment provided

during the isolation of the crude solid product.

2A-10 Chromatographic identification of the initial product

as largely OC precursors

Two-dimensional chromatography of the initial product
isolated by ether extraction, gave rise tc two major spots
located in the positions of the previously noted Y' spots
(Figure 11). The eluate of each of these spots was found
(see below) to yield mainly OC, on controlled alkali treat-
ment. The compounds present in the Y% and Yé spots which
gave rise to OC are hereafter referred to as ﬂY1 and ¢Y2
respectively. From this work it was concluded that the
initial product consisted largely oF a mixture of the twn
compounds, ﬁquand ﬁYz.

On account of the known instability‘of the initial
product, rapid one-cimensional chromatoaoraphy was used to
define its nature. Thus, samples of initial product whiéh
were prepared and isolated ac drscribed in the previous
section, were first chromatographed for 1 hour in BeAW
(benzene:acetic acid:water), without prior equilibration of
the chromatogram. After drying for 1 hour, the chromatogram
was inspected under u.v. iight and a light blue spot eluted
from low Rp, equivalent to that cf spots Y; and V) ( cloime -

dent in BeAW). The spectrum determined after 10 minutcs
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elution in 85% ethanol, was similar to that of thc unionised
initial product; addition of minimum alkali (determined
¢gmpirically on account of the acetic acid present from
chromatography) indicated the formation of OC contaminated
with much impurity (Fiqure 18), Similar chromatagraphy in
10% WA (acetic acid in water) revealed two major spots,

both light blue-grey in u.v.light, at R%s equivalent to
spots Y{ and Yé. Each spot was eluted and found to have

an absorption spectrum similar to the other and to the
eluate from the BeAW chromatogram; alkali treatment proviced
spectral evidence of similar OC formaticn, again in the
presence of much impurity. Rapid 2-D chromatography, with
15 minutes dryino between solvents, then directly demon-
strated that the initial product chromatographed largely

as the two Y' spots and that these had been eluted separat-
ely and in combinaticn from the 10% HA and BeAW chromato-
grams respectively. The initial product sample, as applied
to these chromatograms, was observed spectrophotometrically
to give rise to clean 0OC on con®rolled alkali treatmernt.
Therefore, the recovery in eluates of the Y' spots of only
impure samples of precursors of OC was interpreted as evi-
dence of partial breakdown of these precursors, ﬁYq and

ﬁYz, following chromatography and prior to spectrophoto-
metiic examination. The extent of this breakdown, best
observed spectrophotometrically as distortion of the derived
0OC anion spectrum, indicated these precursors were very
labile compounds even under the relatively mild, necessarily
acidic; conditions employed in chromatography. In addition
to the Y; and Y! spots on the 2-D chromatograms of initial

2

product, a number of other minor spots were noted, including



fFigure 18

Spectra for Y' spot eluted from 1-D chromatogram of initial

product run in BeRW.

20

S 10
Wavelvngth, nm
1 = Eluate in 85% EtOH of Y' spot
2 = Impure OC anion formed upon addition of 5ul 1.25 N
NaOH to Y' spot eluate; 1impurities are represented
by 345 nm peak.
3 = Unionised form of impure 0OC; sample for spectrum 2

plus 10 ul 1.33 N HC1,
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traces of 0C and flavenol but not of auronme. Unidentified
minor spots wers considered to arise mainly from breakdown
of ﬁY1 and ﬁYz prior to chromatography.

From these chromateographic studies the mcst direct
conclusion was drawn, namely, thnat the ﬁY1 and ﬁYz precur-
sors of 0L present in the respective Y' spots actually
constituted ithe spcctrophotometrically observed initial
product in the main. The basis for this conclusion was
the lack of spectrophotometric evidence for any Changé in
the precursors of OC between the spectrophotometrically
detectahle initial product and chromatugraphic phases of
the observation, with cue allowance being made for the
presence of impurities (expected) in the chromatographic
eluates. All subscquent resulits were Tound to support this

assessment.

2A-11 Chromatographic studies of other precursor compounds

in initial product

Earlier, it was reccrded that rechromatograph: of
the Y' spots provided evidence for the existence therein
of precursors, not only of OC but also of flavonol and
aurone (see section 2A-5). To further investigate this
finding, samples equivalent to each Y' spot were preparéd
by 1-9 chromatography of initial product in 5% HA. The
required initial product was prepared from 4 mg of chalcone
with the reaction mixture as detailed in section 2A-9 above

scaled up 20-told.
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Thie product wes resolved into Y% and Yé nands (cquivalent

X‘
to the respective Y' spots) on a full size chromatogram

run for 3 hours and dried for 1.5 hours. Each Y' band
detected on the chromatogram under 1w.v, light was 2xcised
and eluied rapidly bty immersion in ethanol. On remcval

of the solvent st low temperature, the product obtairad
from each band was taken up in a small volume of ethanol
and a sample rechromatographed in 2-D not only in the
recovered state but also after treatment witk alkali as
required for OC formation. The amount of alkali added
was determined eémpirically on account of the acetic acid
present in the samples but was restricted to the minimum
required tc ensure rapid, complete formation of OC.

The resulting 2-D chromatograms showed that direct
rechromatography of each Y' preparation resulted in reten-
tion of that Y' preparation as the main spot. None of the
other Y' preparation was detected. Many background spots
were also present together with traces of 0OC but not of
aurnne or flavonol. Where alkali treatment had been given
prior to rechfomatography, OC was the main product, along
with some aurone and flavonol; the result was the same
for both Y' preparations. Again, many background spots
were present. From these results a number of significaﬂt
points were confirmed. Firstly, alkali-labile precursors
of 0OC (ﬁY1 and ﬁYz), aurone (Y1 and Y2) and flavonol

existed in two forms in each case. Secondly, the flavonol

This size chromatogram permitted a distance of up to 40 cm
from origin to solvent front whereas the commonly employed

chromatogram provided half of this distance (see Experimental).
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nrecursors, like vV, and VY appeared quantitatively

A,I 2,
minar. Thirdly, interconversion of the quantitatively
important OC precurscrs, MY1 and ﬁYQ, had apparently not
occurred in the processes associated with recovery and

cvirect rechrometographv.

2h-12 Effect of pre-chromatographic treatment on product

pattern

From the preceding speétrophotometric, product
isolacion and limited chromatographic studies, it was
clear that the chromatographic pattern of reaction
products observed would be affected dramatically by the
treatment the preparation received prior to chromato-
graphy. It wes therefore deemed essrntial to establish
the e“fects of certain pre-chromatographic treatments on
a standard initial product preparation so that such sec-
ondary effects could be readily distinguished from any
primary changes in product composition during chromato-
graphic assessnent of products from reactions carried out
under a variety of conditions. Thus, for both garbanzo
and HRP enzyme-catalysed reactions, 2-D chromatograms
were prepared using an originally standard preparation of
initial precduct which had thern been exposed to various
different treatments prior ts uniform chromatography. The
standard reaction mixtﬁre used to provide the preparation
for each chromatogram contained chalcone (0.75 umole),
enzyme - either garbanzo (19 units) or HRP (12 units) and
hydroger perc.:ide (0.22 wumole) in 0.05 i tris pH 8.0, 4 ml
total volume. After the rapid, complete consumption of

chalcone, three treatments were applied prior to ether
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extraction of products; (i) acidification to pH 2-3,

(ii) additien of alkali required to transform ¢Y1 and

MYZ to OC, then acidification to pH 2-3, (iii) acidificat-
ion to pH 7.

Results were found to be independent of the enzyme
used in the reaction. Direct extraction at pH 2-3 (treat-
ment (i) ) gevse the expected pattern of Y' spots and
traces only of 0OC, very faint flavonol and no aurone (see
Figure 19). With alkali treatment, however, the major
product was OC (Figure 19) as expected on previous
spectrophotometric evidence. No Y' spots remained. Both
aurone and flavonol spots were present, though gquantitat-
ively minovr, with the former largely concealed under the
latter. An intermediate product pattern was noted (Figure
19) for direct extraction at pH 7. With this treatment,
the Y' spots were always present together with a strong
0OC spct. Considerable variaticn in Y' spot intensity was
noted between replicate chromatograms so that the visual
pattern oscillated somewhat in the range intermediate
between treatment (i) and (ii) patterns. A flavonol spot
was anariably prominent, however, but an aurone spot
was not normally clearly detectable since the VY, and Y2_
precursors remained largely intact. This indicated that
the flavonol precursors were, akin to ﬁY1 and ﬁYZ, moTe

labile than Y1 and Y On cnromatograms wherte the Y'

o
spots were weak, direct evidence of the presence of Y1 or
Y? in the corresponding Y' spot could Y“e seen once the
aurone artifact had formed.

In an extension of the above work, an additional

chromatographic product pattern was detected and the cause



Fiqure 19

Produclt patterns associated with various treatments
of initial product, formed in pHB tris buffer, prior

to extraction and 2-D chromatography.

Be AW
I =z W E -
" oc

&C

1
HA

O+ o
O

Y" O V;

G) (i) Giid

(i)

Acidification to pH 2-3 and direct extraction.

(ii) = First basidification, then acidification to
pH 2-3 and extraction.
(iii) = Neutralization to pH 7 and direct extraction.

See [igure 10 and Table 1 for identification of

symbols.



aqu.,

attributed to the presence nf an additional 0OC precuisor
probably derived from ﬁvq and ﬁYz. The pattern in question
(Figure 20) was typified by thé second OC spot which dis-
played an P.r higher than true OC in the first direction
solvent (BeAW). The intensity of the additional OC spot
was variable but could exceer that of the true OC and V'
spots. Experiment showed that this nei pattern was best
generated when samples of initial product which had bheen
ether extracted from pH 2-2 solution were held as moist
solid, after removal of the ether, for an hour or two at
room temperature prior to chromatograpiny. With suitably
prepared samplie material, 1-D chrcmatography in EeAW
revealed a faster-running dull blue spot just clear of

the OC spot. This dull blue spot wés eluted after minimal
drying of the chromatogram and found to have 2 u.v. spect-
rum different to OC and yY compounds. However, addition

of alkali (5.4l 1.25 N per 2 ml) rapidly transformed the
compound irreversibly into clean OC, observed as the anion.
On 2-D chromatograms, this conversion to OC probably occurred
between the First and second direction chromatography and
therefore, in the second direction, only an additional OC
spot was seen. This new compound (YOC, was thouaht to
arise from one or both of the YY compounds in the interval
the sample of product, initialls a mixture of ¢Y1 and ﬁYz,
was held prior to chromatography.

On similar handling of product directly extracted at
pH 7, only faint YOC-derived spots of OC could be detected,
which suggested that under less acidic holding conditions
prior to chromatography, either the yY0OC compound was formed

to only a very minor degree or that it converted to OC as
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Chromatographic nattern associated with the presence of

$i0C, the zource of the second OC spot

BeAW
e 1 I I T
[ Qe -
oc /\ oc
i (¢ocC)
10%
HA [~ v
L oy

See Fiqure 10 and Table 1 for identification of symbols
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fast as it was formed.

The most complex chrcmatographic pattern derived
from a sample extracted in the initial product ferm may
- now be appreciated (Figure 21). This was best observed
when a sample equivalent to 1 myg chalcone and treated as
described above to promote y0C formation, was chromato-
graphed on a full-size 2-D chromatogram which was dried
between solvent directions overnight, rather than a few
hours at most as previously. Evidence was present for
the occurrence of both Ct and 40OC, thé latter as the
derived seconu 0OC spot. Small amounts of aurone and
flavonol, present at the outset of chromatography were
also noted in the expected positions. The additional
flavonol and UC spots in line with the Y' spots, represented
compounds produced from the combined Y' spot In the interval
between first and second direction chromatography. On keep-
ing the chromatogram, partial separation of the Y2 compaund
from the Y,

2

hanced by the low amount of ﬁYz which remained during

spot was recorded. Such separation was en-

second direction chromatography and the full-scale dimensions
to which the chromatogram was run. Uniform development of
aurona colour in the Yi spot indicated co-chromotography

of Y, in the Yi mixture. No evidence for even a partial

1
separation of flavonol and OC precursors on this chrcmato-
gram could be detected. The presence of flavonol precur-
sors in the Y' spots could be directly observed on the
chromatograms, after keeping for a day or two, by the

appearance of characteristic flavonol fluorescence in the

spots.



Figure 21
Complex chromatographic pattern associeted both with the

occurrence of 40C and of extended drying time between

so~vent dirvections.
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See Figure 10 and Table 1 for identification of symbols,
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2R-13% Summary of products and their interrelationships

From a combination of the foregoing spectropho-
metric and chromatographic studies, the immediately
detectable producls of chalcone utilisation in the react-
ion catalysed by peroxidase, either from carbanzo or
horserédish, were found fo include precursors of no less
than three distinct compounds, 0C, flavonol and aurone
(Figure 22). For each of these compounds, two alkali-
labile precursors were detected, with chromatographic
properties akin to the previously known aurone precursors,
1 and Y2. -

The precursors of 0OC were never resolved chromatn-

Y

graphically from the flavonol precursors. However, both
flavonol precursors were distinct in chromatographic
properties from the dihydroflavonol, garbanzol, a previously
expected biosynthetic precursor of flavonol (see Introduction,
section 1A-3 and Figure 3). While the relationship of OC

and flavonol precursors was not clear at this stage, it

was later discovered (see section 2C-3)that MY1 and de

could give riée, under alkaline conditions, to either OC

or flavonol. Thus, as summarised in Figure 22, ¢Y1 and ﬁYZ
were both common precursors of OC and flavonol and no
evidence was obtained that each Y' spot represented othér
than the apprepriate yY and true Y compounds. The additional
chromatographically isolated product, #40C, was apparently
formed from Y compounds under slightly acidic conditions

and was considered to represent an intermediate compound,

not necessarily obligatory, in the formation of 0C from 4y
compounds (Figure 22).

Quantitatively, the initial product was indicated to



figure 22

Jroducts of peroxidase-tatalysed reaction of chalcone, their transformations zanc interrelationsni;

* Chromatographically inseparable mixture of (‘/1 g ﬁYq) ol (Y? + ﬁv7). Refer to

.identification of tre symbols.
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be essentially a mixture of MY1 and ﬁYz. Only small
smounts of Y,l and Y2 were formed. Controlled alkali trans-
formation, or spontaneous transformation oF‘;AY1 and ﬁYz
after ether extraction from pH 7.5 buffer, resulted chiefly
in OC formation and little flavonol production from these
common’precursors.

From a biochemical standpoint, therefore, the react-
ion could be simplified for study to one of JY, and 4Y,
formation from chalcone. However, from the chemical aspect,
a number of new compounds, ﬁY1, ﬁYz, OC and y0OC, were en-
countered and consequently study was required to elucidate

their interrelationships and structures.

28 BIOCHEMISTRY OF THE MAIN REACTION

In this part, the results are recorded of studies
of the biochemistry of ﬁY1 and ﬁYz formation from chalcone,
catalysed by peroxidase either from garbanzo or horseradish.
Aspects of the reaction which were investigated include the
eff2ct of reaction pH and chalcone and hydrogen peroxid-z
Concentration.on reaction rate. Further, the requirement
for molecular oxygen is shown and, in addition, the con-
sumption of catalytic rather than stoicheiometric amounts
of hydrogen peroxide. The first sections which follow |
detail the outcome of prelimin-ry studies which were re-
quired in order to develop an accurate spectrophotometric

method for monitoring the reaction.

2B-1 Spectrophotometric method for monitoring chalcone

disappearance

A spectrophotometric rnethod was developed to
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continuously monitor the progress of the enzymic reaction
of chalcone over time in order tn fecilitate biochemical
studies. In the method adopted, the time course of chal-
cone disappearance was recorded at the wavelength of the

~ absorption maximum of this compcund, which varied with the
pH of the reaction buffer from 371 nm at pH 6.2 to 418 nm
at pH 8.9. At the selected wavelength, the initial
product showed negligible absorption, irrespective of the
pH of the reaction buffer in %he range pH 5.8 - 8.9
(compare absorption spectra for chalcone and initial pro-
duct in tris huffer pH 8.0, Figure 17). Reaction rate,
taken as the slope of the progress curve of chalcone dis-
appearance at the steepest part, was the initial rate
except in a minority of reaction conditions where progress
curves were sigmoidal,e.g.suboptimal pH. Sections of
progress curves used for the measurement of reaction rates
were always recorded within short times (10 - 60 seconds)
of the start of the reaction and were consequently not
distorted by instability of the initial product contribut-
ing absorgtion at the monitored wavelength {(compare Figure

16).

2B-7 Effect of preincubation cf chalcone on reaction rate

For the HRP-catalysed r=zaction in 0,05 ¥ tris
buffer pH 8.0, preincﬁbation of chalcone in this buffter,
prior to the addition of enzyme and hydrogen peroxide to
start the reaction, causec changes to occur in the progress
curve of Chaljone disappearance. The two changes noted in
rezponse to this pre-incubation were development of a

sigmoidal progress curve and &an assocCiated decrease in
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maximum reactiorn rate (Figure 23). Both the degree of
sigmoidal character and the decrease in reaction rate
intensified gradualiy as the duration of chalcone pre-
incubatinn increased. With the reaction mixture given
in Figure 23, the observed maximum rate decreasec steadily
with increase in preincubation time up to 10 minutes. At
this point the observed rate had fallen to 75% of the
rate obtained for zero preincubation time. Extended pre-
incubations of up to 30 mirutes had little further effect
on reactiocn rate. Additional studies showed that the
sigmoidal character and decreased reac-ion rate occurred
only when chalcone was preincubated with buffer; pre-
incubaticn of enzyme and hydrogern peroxide with buffer
followed by addition of chalcone, for example, gave a
progress curve typical of rapid sequential addition of
chalcone then enzyme and hydrogen peroxide. When the
reaction mixture used above was altered by increasing the
HRP enzyme to 0.Z and 0.4 unit, coupled with hydrogen
peroxide additions of 0.4 and 0.04 umole at the lowe:
enzyme activity and 0.02 umole only at the higher activity,
the previously noted effects of chalcone preincubation on
the prougress rcurves were always evident qualitatively.
These results indicated the general valicity of the pheﬁom-
ena a‘sociated with preincubation of chalcone in pH 8.0
tris buffer using HRFP enzyme. Hence in this HRP system,
delay between addition of chalcone and the start of the
reaction would have a significant effect on observed react-
ion rate. |

With phosphate buffer pH 8.0 in place of tris,

progress curves which were always slightly sigmoidal were



Figure 23
Effect of preincubation of chalcaone in tris buffer pH8

on progress curve of HRP-catalysed reaction

2.0

1.5

Extinction at 396nm
°

0.5
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The reaction mixture contained chalcone (0.09 umole),
HRP enzyme (0.05 unit) and H,0, (0.4 umole) in 0.05 M
tris buffer pH 8.0, total volume 2uwl, temperature 259,
Curves record the time course of chalcone disappearance
at fixed wavelength, 396 nm. Numbers refer to time
(minutes) chalcone was preincubated in buffer before
the reaction was started by addition of enzyme and

Hy0g
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made more so upon preincubation of chalcone. Reactian
1ate, however, was not affected. In contrast, at pH 7
in both tris and phosphate buffers and at pH 8.9 in

tris only, preincubation of chalcone was without effect,
when the reaction components given in Figure 23 were
again used. With both buffers at gH 7, progress curves
were always sigmoidal. At pH 8.9 in tris, however, the
curves were never sigmoidal.

Thus the progress curve of the reacticn was
specifically affected by chalcone preincubation when the
reaction was run in 0.05 M tris pH 8.C. Since this buffer
was used in most biochemical investigatiouns (see section
28-3), the atove studies showed that it was necessary to
adopt a procesuure to avoid the effect o chalcone pre-
incubation when rate data were required. The adopted
procedure was to add chalcone to buffer immediately before
the addition of enzyme, followed by hydrogen peroxide to
start the reaction. This same procedure was used with
garhanzo enzyme, although with this enzyme progress curwves
became slightiy sigmoidal only for reaction at pH 7 and

below.

2B-3 pH - activity profiles

Activity as a function of pH with chalcone substrate
was found to be as shown in Figure 24 for garbanzo and
HRP enzymes. Both enzymes displayed definite optima at
slightly alkaline pH values. Appreciable reaction rates
were observed esven at the extremes of pH tested. 1In furtrer
studias with either enzyme, teactions were generally run

in pH 2.0 tris buffer..



Figure 24
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Rete of peroxidase-catalysed chalcone consumption as
function of pH
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For garbanzo enzyme, the reaction mixture contained

chalcone (0.09,umole); enzyme (1 unit) and H 0, (0.6

2
~umole) in 0.05 M buffer as indicated, totzl volume 2ml.

temperature 25°g
For HRP enzyme the reaction mixture consisted of chalcone

(0.89.umcle), enzyme (0.1 unit) and HZDZ (0.5umole) in

0.05 M buffer pH indicated, 2 ml total volume, temperature

.
2455,



A check was made to ensure that the reaction
product was unchanged in the pH range 6 - 9 and that the
rates measured on the basis cf chalcone disappearance
therefore reflected changes in the rate of the same
reaction. Conrsequently, a reaction was rtun in duplicate
in a series of 0.05 M buffers, which ranged from pH 5.8 -
9.0 at 0.4 unit interval. Phosphate buffers were used in
pH 5.8 - 7.0 range and tris buffers in pH 7.0 - 9.0 range.
The reaction mixture at each pH contained chalcone
(0.75 umole), hydrogen peroxide (1.5,umole), HRP enzyme
(2.5 units) z.:d buffer to make 4 ml total volume. React-
ions 2t pH 7 and above were completed in about 2 minutes
and products were extracted without delay after the buffer
had been acidified to pH 7. Reactions at acid pH were
left longer until the chalcone which remained in solution
was consumed and the products were then extracted at the
reaction pH. Products viewed after 2-D chromatographic
separation were readily identified as having originated
from the YY compounds, mainiy, at each pH when the patterns
shocwn in Figures 19 and 20 were used as guides. Thus
pattern (iii) of Figure 19 was typical of the products
extracted at pH 7 while some movement toward pattern (ii)
was evident where the reaction conditions had approached
pH 9. Howevzr, for products extracted below pH 7, pattern
(i) of Figure 19 was approached more strongly as the reaction
pH fell, while at the two lowest pH values, a small second
0C spot, indicative of J0OC formation (Figure 20), was also
preéent.

This conclusion from chromatographic examination

that the JY compounds were consistently the main product



at each reaction pH tested was also supported by direct
spectrophotometric observation of the initial product in
the same pH range. Thus, the spectrum observed at each
reaction pkh was the same as that given at that pH by a
standard sample of @YY compounds recovered by solvent
extraction as previously described (section 2A-9). The
spectrum observed at pH 7 and above closely resembled
spectrum 1 Figure 16, while between pH 7 and 5.8, the
spectrum gradually changed to finally resemble spectrum
4 Figure 17. Rapid, complete reactions of chalcone
(0.09 umole) were obtained for these spectrophotometric
observations with high enzyme activity (HRP, 10 units)
in the presence of hydrogen peroxide (0.5 umole) in buffer,

2 ml total volume.

2B-4 Effect of hydrogen peroxide concentration on reaction

Tate

As the concentration of hydrogen peroxide was in-
creased in the reaction mixture, the rate of chalcone dis-
appearance also increased to a maximum and then gradually
decreased. This effect was observed with both garbanzo
enzyme (Figure 25) and HRP enzyme (Figure 26). The curves
resembled substrate concentration curves with inhibition
by higher substrate concentrations. Differences were
apparent between the two enzymes, firstly in relation to
the optimal concentration of hydrogen peroxide (about 0.15
mM and 0.30 mM for garbanzo and HRP enzymes respectively)
and secondly, in their activity towards chalcone per unit

of peroxidatic activity assayed with guaiacol. The garbanzo

enzyme was also inhibited somewhat more strongly than the



Figure 25

Effect of concentration of H202 on the rate of chalcone

consumption in the presence of garbanzo peroxidase

mamole per min

Rate of chalcone oxidation,
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The reaction mixture contained chalcone (0.09 umole), H202
as shown and enzyme (units indicated by numbers on the curves)
in 3,05 M tris buffer pH 8.0, total volume 2 ml, temperature

25°, Chaicone disappearance was monitored at 396 nm.
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Figure 2C

H202 on the rate of chalcone

consumption in the presence of HRP enzyme.

Effect of concentration of

Rate of chalcone oxidation, mimole per min
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The reaction mixture contained chalcone (0.09 _umole),
HZDZ as shown and enzyme (units indicated by numbers on
the curves) in 0,05 M tris buffer pH 8.0, total volume
2 ml, temperature 25°, ~Chalcone disappsarance was mon-

itored at 396 nm.
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HRP enzyme at higher hydrogen perexide concentration.
Maximum reaction rates were not strictly proportional
to enzyme concentration. In Féct it was usual to find
that maximum rates were not highlv reproducible when
fresh dilutions of reaction components and particularly
enzyme, were used as, for example, between days.

Control reactions were run in which enzyme was not
only omitted but also replaced by an equal amount of heat-
inactivated enzyme (15 minutes at 1000). The chemical
reaction with enzyme omitted, as measured by chalcone
di sappearance, was slow and increased from 0.0071 umole/min
with 0.45 mM rydrogen peroxide to 0.002_,umole/min with
0.75 mM hydrogen peroxide. This rate was 1% or less of
the enzymic rate except when higher hydrogen peroxide and
lower enzyme concentrations were combined in which case
the comparative figure could thken approach 4%. With
heat-inactivated enzyme present, reaction rates approximately
5% of the enzymic rates were found with the HRP preparation,
white the garbanzo preparation gave rates about 1 - 1,54
of the enzymic ones. These values with heat-inactivated
enzyme were consistent over the range of enzyme arnd hydro-
gen peroxide concentrations in Figure 25 and 26. Products
were extracted (at pH 7) from a series of these control
reactions after 2 minutes incucation time and were assessed
on 2-D chromatographic separation. The presence of small

amounts of OC and flavonol in the products were noted.

2B-5 Effect of chalcone (substrate) concentration on reaction

rate

- A comparable result was obtained for garbanzo {Figure 27)



and HRP enzyme (Figure 26) when chalcone concentiation in
the reaction mixture was varied within the upper and lower
limits imposed respectively by the absorbance of the com-
pound and reaction rates at highest enzyme levels.
Typical substrate concentration curves were acain apparent.
Both enzymes rvresponded similarly and appeared to be satur-
ated at chalcone concentrations a little above 40.uM.
Reaction rates were determined for chalcone concentrations
up to 60.uM but the values were unchanged for concentrat-
ions above 50 uM.

Control reactions with boiled eszyme gave rates
about 5% and 1.5% of the active enzyme rates for HRP and
garbanzn enzymes respectively, throughout the range of

chalcone concentrations.

2B-6 Oxygen consumpltion in the reaction

Manometric experiments showed that oxygen was con-
sumed in stoicheiometric amount in the reaction (Table 3).
With garbanzo enzyme, the molar ratio of oxygen consumed
to chalcone added was about 0.85 on average, while for
HRP enzyme, it was close to 1.0. The reason for the lower
ratio with garbanzo enzyme was apparently the incompletg
consumption of chalcone added since reaction mixtures were
compi.tely decnlorised only with HRP enzyme. It was not
clear why the series of reactions catalysed by garbanzo
enzyme did not nroceed nearer tc completion. The results
in Table 3 thus indicated that one mole of oxygen was con-
sumed in the conversion of one mole of chalcone to 4Y com-
pounds:

Results in Table 3 further showed that the stoicteio-

metry of oxygen uptake in the reaction was independent of



Figure 27
Effect of chalcone substrate concentration on reaction

rate in presence of garbanzo peroxidase.
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The reaction mixture contained chalzone as shown, enzyme
(units indicated by numbers on the curves) and H,0, (0.3
umole) in 0.05 M tris buffer pH 8.0, total volume 2 ml,

temperature 250.' Chalcone disappearance was recorded at

396 nm.
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tffect of chalcone substrate concentration on reactiun

rate in presence of HRP enzyme.
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The reaction mixture contained chalcone as shown, enzyre
(units indicated by numbers on the curves) and H202

(0.6 _umole) in 0.05 M tris buffer pH 8.0, total volume
2 ml, temperature 25°, Chalcone disappearance was

recorded at 396 nm.



Oxygen consumption in peroxidase-catalysed reaction of chalcone”

H2D2 (umoles) 1.0 1.0 0.5
Chalcone (umoles) 20915 1.90 1.59

02 uptake (umoles; 1.79 1.71 1.34

chalcone

0, uptake 0.83 0.90 0.84

Enzyme (units)
GCarbanzo 53 26 26

HRP - - -

See Experimental for details.

53

Table 3

1.16

26

26 -

10

13

13

13

i3
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the concentration uf hydrogen peroxide added within the
limits used in the experiments with garbanzo enzyme. In
addition, no strict stoicheiometric requirement for hydro-
gen peroxide was indicated. Additional manometric experi-
ments with HRP enzyme provided further evidence in support
of noth of ftiese features of the reaction. Thus, consump-
tion of a fiwv:d amount of chalcone (1.5.umoles) when the
hydrogen peroxide added to the reaction mixture was re-
duced from 3.1 to 0.22_umole, through three intermediéte
levels, was always complete and was matched by stoicheio-

metric oxygen uptake.

2B-7 Conesumption of hydrogen percxide in the reaction

Manometric results (section 28-6) had pointed to a
stoicheiometric requirement for oxygen rather than hydrogen
peroxide in the enzymic formation of 4Y compounds from
chalcone. However, the reaction rate was affected by the
hydrogen peroxide concentration in a manner compatible
with this compound being a co-substrate in the reaction
(Figures 25 and 26). The role of hydrogen peroxide was
therefore further investigated in experiments which measured
its net consumption in the reaction. These experiments
showed that a catalytic rather than stoicheiometric net.
consunption of hydrogen peroxide occurred.

To facilitate these experiments, a rapid spectrophoto-
metric methud was developed (see Exparimental) to estimate
hydroaen peroxide in the concentration range 0.1 - 0.5 mM,
This method was based on measurement at 470 nm of the
oxidation product of guaiacol, referred to as tetraguaiacol,

formed upon quantitative utilisation of hydrogen peroxide
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in a rapid enzyme-catalysed peroxidatic reaction. A
calibration curve was constructed in the presence of
nproducts of the chalcone reacticn. This was necessary to
‘correct for tetraguaiacol formetion tbeing significantly
lower under these conditions than in the straight buffer
system (see Experimental). This method was then applied
to estimate the residual amount of hydrogen peroxide
after the reaction of chalcone and, from the known amount
of hydrogen peroxide added to start the chalcone reactior,
the net hydrogen peroxidé consumption in the reaction was
determined by difference.

Using the samples of hydrogen prroxide which were
also employed in the construction of the calibration curve,
the complete 1reaction of chalcone (0.37/umole) was carried
out in the presence of each concentration of hydrogen
peroxide in turn, under otherwise standard conditions (see
Fiqure 29). Under the conditions selected, a rapid
reaction of chalcone was always ensured. 0On account of the
relatively high concentration of chalcone used, its dis-
appearance could be conveniently monitored spectrophoto-
metrically at the wavelength (470 nm) used subsequently
to record tetragquaiacol formation in the estimation of
residual hydrogen peroxide. This estimation was made
immediately the chalcone had disappeared. Tetraguaiaccl
formation observed on estimation of hydrogen peroxide after
the chalcone reacfion and for an identical aliquot of the
same hydrogen peroxide preparation in.the calibration step,
gavé an accurate measurement, by difference, of the net
consumption of hydrogen peroxide in the reaction of 0.37

nmole of chalcone. Thus net counsumption of hydrogen peroxide
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The reaction mixture contained chalcone (0.37 _umole),

HRP enzyme (1 unit)

and HZU
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as indicated,

in a total

volume of 2 ml 0.05 M tris buffer pH 8.0, temperature 259,
See Experimental and Figure 62 for details of the estimat-
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was found to be uniformly small at about 0.02_umole when
0.37.umole of chalcone was reacted in the presence of HRP
enzyme (Figure ?9). When the same experiment was repeated
with chalccne reduced to 0.27 and 0.18 .umole, the average
net consumption of hydrogen peroxide was consistently low
at U.Dé ard 0.01 .umole respectively. Comparable results
were also obtained when garbanzo enzyme (9.5 units) was
substituted for HRP enzyme. In this case the average net
consumption of hydrogen peroxide was 0.03, 0.01 and 0.02
nmole for reaction of 0.37, 0.27 and 0.18 umole of chalccne
respectively.

On account of the low amount of hydrogen peroxide
consumec it was not possible from the zbove data to detect
any meaningful relationship betwzen the consumption of
hydrogen peroxide and chalcone. However, another line of
evidence suggested that hydrogen peroxide consumption
varied with reaction conditions. Since the minimum amount
of hydrogen peroxide which had to be added for the reaction
to go to completion decreased as the enzyme concentration
increased, it was found that in the reaction system given
in Figure 29, hydrogen peroxide added could be reduced to
0.04 xumole minimum when HRP enzyme was increased to 5 units
(compare minimum hydrogen peroxide near 0.22_umole with.

1 unit of enzyme). Net consumptionAoF hydrogen peroxide in
the reaction with this higher amount of enzyme fell to
virtually zero under conditions where the hydrogen peroxide
added ranged from 0.04 to 0.74,umole. |

Thué, these direct measurements established a net
requirement for catalytic amounts of hydrogen peroxide in the

reaction, a result which was in agreement with not only the
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demonstrated consumption of 0.37.umole o” chalcone upon
addition of only 0.04.umole of hydrogen peroxide in the
system just mentioned, but alsﬁ earlier rindings of a

stoicheiometric oxygen requirement winich was independent

of hydrogen peroxide concentration.

2B-8 Effect of anaerobic conditions

Experiments were run under anaerobic conditions to
test whether oxygen was obligatory for the formation of
the YY compounds from chalcone or whether under these
conditions stoicheiometric amounts of hydrogen peroxide
could suhstitute in the reaction. The results proved an
obligatory requirement for oxygen.

In a typical experiment, chalcone (1.46 umoles,
400,uqg) and HRP enzyme (200 units) were added to 4 ml of
0.05 M tris buffer pH 7, in a Thunberg tube and hydrogen
peroxide (4 umoles in 0.1 ml water) was placed in the
stopper. The system was then made anaerotic (see
Experimental), the tube warmed tq 25° in a water bath and
the contents of the assembly mixed. After incubation for
30 minutes, during which time the solution remained yellow,
hydroquinone (20.ul of 0.04 M solution in ethanol) was
added rapidly and mixed with the contents of the tube to
prevent aerobic reaction of chnlcone in the extraction
preliminaries. (Aerobic controls showed all chalcone was
consumed within 30 seconds; hence aeration in the extract-
ion step would probably have permitted a rapid reaction of
chalcone). The material recovered by ether extraction at
pH 7 was subjected to 2-D chromatngraphy and found to consist

largely of unchanged chalcone. A very small amount of OC
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was presert (1.7 and 3.1.ug in duplicate runs; that is,
less than 1% of chalcone added) but ¢¥Y compounds did not
persist in detectable amounts.. This OC was thought to
represent YY compounds formed in ihe very slow reaction
which would have occurred when the chalcore and HRP
enzyme were originally mixed in the asrated buffer and
possibly also because traces of oxygen may have been
available in the anaerobic incubation.

Spectrophotometric observations of the inhibition
of the reaction under anaerobic conditions were also made
usino Thunberg-type cuvettes. The complete reaction mix-
ture contained, chalcone (0.73 umoie), HRP enzyme (1 unit)
and hydrogen peroxide {0.55 - 1.5.umoles) in 0.05 M tris
buffer pH 8.5, total volume 3 ml, temperature 25°, Once
the system had been made anaerobic, the hydrcgen peroxide
was mixed in as before. In order that the cuvette would
fit into the spectrophotometer the Thunberg stopper was
replaced under a stream of nitrogen by a low-rise stopper,
to che under end of which further hydrecgen peroxide
(0.88. umole ia S5al) had been added. Then, when a very
slight reaction which scavenged the last available oxygen
in the system had subsided, as shown tv the then steady
chalcone absorbance at 450 nm, .the extra hydrogen peroxide
on the stopper was added by shuking the cuvette. No
further decrease in chalcone absorbance was noted whizh
indicated that in the fully anaerobic system the reaction
was inhibited completely and did not respond to increments
in hydrogen peroxide concentration. Aeration of the react-
ion mixture, by bubbling with air, resulted in immediate

consumption of chalcone, in amount related as expected to
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che duration of asratior and therefore to the oxygen

supplied.
Limitation of the extent of the reaction by oxygen

supply was alternatively observed at 470 nm when HRP enzyme
| (14 units) and hydroaen peroxide (0.22 - 2.2 umoles) were
added £0 an open cuvette which contained chalcone (1.1
amoles) in normally-aerated 0.05 M tris buffer pH 8.5,

2 ml total volume. The react}on, rapid with the lower and

very rapid witt the higher hydrogen peroxide concentrations
used, ended abruptly after a fixed quantity of chalcone
disappeared a.~d could be restarted repeatedly by aeration

for a few seconds at a time.

2B-9 Extent orf reaction and evidence far product inhibition

The composition of the reaction mixture had a marked
effect, not only on the rate of reaction as previously
noted, but also on the extent of chalcone consumption before
the reaction virtually ceased. 0Only with certain reaction
mixtures was cnalcone consumption complete or nearly so.
The extent of reaction as revealed spectrophotometrically,
was sensitive to levels of each component under certain
conditions. For example, as the concentration of hydrngen
peroxide increased, the extent of reaction, minor in
absence of added hydrogen peroxide, increased rapidly
before being Curtailéd again at higher concentrations in
a manner akin to reaction rate (Figure 26). The extent
also increased with enzyme level; in a reaction mixture
which centaired chalcone (0.37,umole), hydrogen peroxide
(0.2 umole) and HRP enzyme in 0.05 M tris buffer pH 8.0,

2 m) total volume, consumption of chalcone continued to
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about 45, 70 and 90% cempletion with enzvme levels of
J.05, 0.1 and 0.2 unit respectively.

Under a range of chalcone concentrations at a low
enzyme level, the reaction stopped after a fixed amount
of chalcone was consumed provided that the crhalcone coun-
centration did not first become lirmiting and stop the
reaction sooner. Hence, when the reaction mixture con-
tained chalcone (range 0.09 - 0.13 umole), HRP enzyme
(0.05 unit) and hydrogen peroxide (0.4,umole) in 0.05 M
tris buffer pH 8.0, 2 ml total volume, the reaction
always virtually ceased after 0.048.umnle of chalcone
had been consumed. With less chaicone initially added
(U.USS,umole), the quantity of chalcone consumed before
the reaction otopped was less. The reaction could be
restarted, after the fixed quantity of chalcone had been
consumed, on addition of further enzyme. Aeration and
hydrogen peroxide were not limiting when the reaction
first stopped. Restoration of chalcone to the initial
lev=1l had apparently no effect, but exact measurements
were difficult to make since, through instability of the
initial precduct, absorption was increasing in the stopped
reaction at the wavelength used to observe chalcone dis-
appearance (compare Figure 16). The rate of the restarted
reaction was, however, very slaw in comparison with that
expected for the extra quantity of enzyme added and the
levels of chalcone and hydrogen peroxide present. It was
concluded that product inhibition was the most likely
cause of the observed initial cessation of the reaction
when a fixed quantity of product had been formed and a

variable quantity of chalcone remained. Further, such
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inhibition explained the limited reaction with additional
enzyme. This limited reaction was also taken as evidence
that the reaction was not stopbed initially through
gradual enzyme destruction only, =since in that case the
additional enzyme wuuld have been expected to be fully

active at first.

2B-10 Effect of various additives on the reaction

Using the established spectrophotometric methods
to follow chalcone disappearance, the effects of a select-
ion of additives on the rate of reactions catalysed by
garbanzo and HRP enzymes were found to be as summarised
in Table 4. Where progress curves were sigmoidal, maximum
rather than iritial rates were used in celculating the
values presented. The reaction mixtures used (Table &)
were selected to give maximum reaction rates in the absence
of additives (see Figures 25 and 26) except for those
with the last three additives in the Table. Here, the
hydrogen peroxide added was cut to one-sixth of previous
amounts to reduce the control reaction rates and make the
system better suited to testing for possible stimulatory
effects of the three additives. As an additive, cyanide
could not be used satisfactorily since a rapid chemical
reaction was observed when KCN was sdded to chalcone in
the pH 8.0 buffer.

Cupric and manganous ions were inhibitory, the
latter strongly so when added at a concentration which
approached that of the added chalcone. Sigmoidal progress
curves were observed in the presence of cupric ion, e%cept

at the lower concentration with garbanzo enzyme. In the



Effect of additives on the rate of enzymic

reaction of chalcone

Reaction rate as %
Additive Final Conc” of control
Garbanzo enz. HRP enz.
Rl (s G 50,) 1 mm 34 54
’ 0.2 mM 49 42
fin’* (as MnCl,) 0.2 mm 3 4.5
80 M 9 1%
EDTAY | 1 mMm 81 87
SEDC? 4 M 12 40
2 M 48 60
2-Mercaptoett.unol 20 Al 10 R
8 M 25 30
Hydroquinone 0.1 mm 0.3 0.4
20 M 1.3 2.0
2 M 14 16
Catechol 50 pIll 0.3 0.4
Pyrogallol 50 Sm 0.3 0.4
p-Phenylenediamine 50 suM 0.1 0.2
Phenol * 0.1 mm 100 92
Resorcinuol” 0.1 mM 27 29
p-Cresol” 0.1 mM 64 63

Basic reaction mixtures contained, enzyme (garbanzo 1 unit,
HRP 0.2 unit), chalcone (0.09.umole - 45,um? and H,0, (0.3
~umole with garbanzo and 0.6.umole with HRP enzyme)“if 0.05
M tris buffer pH 8.0, total volume 2 ml, temperature 25°.
Additives were freshly dissolved in H,0 or EtOH at concen-
tratiaons such that 5-25ul aliquots were combined in the
reaction mixtures. Enzyme and additive w=zre mixed with
buffer alreadv at 259 and incubated for 2 minutes; chal’cone
was then added followed immediately by H,0,to compleie the
system.

¥ With these additives, the HZU added was cut to one-sixth
of that given in the basic reac%ion mixtures above. Chalcone
and additive were mixed with buffer at 259, then enzyme and
H,0, were added immediately. Results are expressed in terms
u? ghe appropriate new control rates.

y Ethylenediaminetetraacetic acid, disodium salt.

‘ Diethyldithiocarbamate, disodium salt.



HRP-catalysed system; the reaction showed a more pronounced
lag phase but attained a greater rate at the ihiigher compe:ed
with the lower cupric ion concentration. Thus the values
recorded in Table 4 summarise but one feature of the re-
sponse of the system to cupric ion. Wiih manganous ion,
however, the initial rates were maximum rates. EDTA was
slightly inhibitory and was without effect on the shape

of ithe progress curves. 0On the other hand, SEDC induced

in all cases strongly sigmoidal progress curves, the

very marked lag phase of whicih lasted for about 50 seconds
for the lower and about 150 seconds fo. the higher concen-
tration of the compournd. Mercaptoethanol, like SEDC, was

a very potent inhibitor, yet progress curves were not
sigmoidal.

The redogenic donors, hydroquinone, catechol,
pyrogallol and p-phenylenediamine, were all found to be
strongly inhibitory at a concentration similar to the
chalcone. When these donors were incubated separately
in the reaction mixture with cnly the chalcone omitted,
the pyrogallol reaction was found to give rise to absorp-
tion at 396 nm, the wavelength used to monitor chalcone
disappearance. The rate of reaction found with chalcone
in the presence of pyrogallol was corrected accordingly.
The rc-action in the presence of the lcuest concentration
of hydroquinone was still strongly inhibited but progressed
without any lag.

No stimulatory effect was recorded for the oxidogen-
ic donors tested, pherol, rescrcinol and p-cresol. Fhenol
was without effect but the other compounds, particularly

resorcinol, were inhibitory. Progress curves retained their



normal shape. Resorcinol and p-cresol may have been
inhibitory intrinsically or vecause of unsusprcted impuri-
ties present in the chemicals used. However, the known
high puritv of phenol used would permit the definite
conclusion that this oxidogenic donor wes not stimulatory.
Resulté as a whole suggested that oxidogenic donors in

general would not be stimulatory.

2B-11 Chalcone substrate specificity

Eight chalcones (Figure 20) were tested in the
spectrophotometric system to determine which compounds

would serve as substrates in a peroxidase-catalysed react-

ion. Products were not isolated; only disappearance of
chalcone was monitored. All the chalcanes except (II) and
(V) were found to uncergo enzymic reaction. No difference

was apparent in the specificities of HRP and garbanzo
enzymes.

Since only very small amounts of a number of these
chalcones were available a sample of each compound tested,
except (VI) and(VII), was purified by paper chromatography
(see Experimental). Despite the use of specially washed
paper, however, the prépared compounds were contaminated
with impurities eluted from the paper. This was shown
by the occurrence of sigmoidal progress curves and reduced
rates when the control sample of isoliquiritigenh,which
had been through this purificaticn, was reacted in the
presence of either garbanzo or HRP enzyme. As the effect
of impurities would have varied betwee.» samples, on con-
centration differences alone, no attempt was made to
measure quantitatively differences in reaction rates he-

tween the chalcones.



Fiaure 30. Chalcones tested as substrates in the

peroxidasc-~catalysed reaction.
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Reaction mixtures usec contained chalcone (about
0.09 umole for each Compsund) gnzymsa (HRP 0.2 or 34 units,
garbanzo 1.0 or 25 units) and hydrogen peroxide (0.6.umole
with HRP and 0.3.umole with garbanzo enzymes) in 0.05 M
tris buffer, pH 8.0, 2 ml total volume, temperature 25°,
The higher enzyme activities were used with all chalcones
except (I) and (II). Controls were always run, both with
boiled enzyme and with enzyme omitted.

None cf the chalcones was found to react as rapidly
as isoliquiritigenin (I). Chalcone (II1) reacted readily
but at a rate roughly 25% of that of (I), with both
garbanzo ane HRP enzymes. Another to react rapidly was
(VIII). However, the product in this case was extremely
unstable and absorption rapidly reappeared at 275 nm, the
wavelength monitored with this compound. Hence the high
enzyme activities were needed to clearly show enzymic
reaction. Chalconaringenin (VII) was used directly from
the bottle and reacted readily in the enzymic reaction.

The marked instability of this chalcone in tris buffer
precluded the effective use cf the low enzyme activities.
‘Considerably less effective than the foregoing as a sub-
strate was chalcone (VI), while (IV) reacted but slowly.
Compounds (II) and (V) failed to react at all.

These results suggested that a free phenolic hydroxyl
group in the B ring, areferably in the para position
(compare (I11) and(IV) ) was required for activity in the
enzyme-catalysed reaction. It should be pointed out however,
that since spectrophotometric evidence only was available,
it cannot be assumed that the enzymic reaction observed for

the additional chalcones was necessarily equivalent to that



undergune by the isoliquiritigenin chalcone.

?2C BIOCHEMISTRY OF THE FORMATION OF MINOR PRODUCTS

While the reaction was justifiably simplified to
one in which chalcone is converted into the ¥Y compounds
for the purpose of cornducting the biochemical studies
recorded in the foregoing sections, it nevertheless re-
mained that the additional minor products (section 2A-13
and Figure 22) were of equal interest in a qualitative
sense. This was largely because recognised compounds of
two distinct flavonoid classes, aurore and flavonol, were
being generated apparently in the form of alkali-labile
precursors. In addition, the question of the place of
the dihydroflevonol, garbanzol, in this system became of
interest. Further studies on all of these minor products
were pursued therefore, either in conjunction with work
on the YY compounds reported in previous sections or in
new experiments designed to provide more specific informat-
ion. Various observations were made on the formation of
Y4 and Y2 while the precursors of flavonol were eventually
recognised to be identical with the established precursors
of 0C, namely, ﬁYq and ﬁYz. Evidence for the formation of
trace amounts of garbanzol in the reaction was also

obtained.

2C-1 Fluorimetric estimation of aurone and Flavonol

The only satisfactory way in whizh the specific alkali-
labile precursors could be estimated quantitatively was
after their conversion to aurone or flavonol, since no

effect.ive chromatographic separation of the precursors from



the enzymic reaction product could be ectieved. As aurone
and flavonc)l bhoth fluoresced in the visible (Table 1) and
absorbed maximally in the u.v., a fluorimetric method of
estimation was developed to enable the expected quantities,
too lcw for absorption measurements and possibly contamin-
ated with u.v.-absorbent bui non-fluorescent materials, to
be measured (see Experimental).

2C-2 Observations on Y1 and Y2 formation

Qualitative information on Y, and Y2 formation in the
reaction could be obtained only after 2-D chromatographic
separation of the products and then only if overlapping @Y
compounds were sufficiently weak for the fluorescent aurone
artifact to be visible in the Y' spots after storage of the
chrnmatograms. Under conditions where the Y' spots were
strong (i.e. much Ay, much ﬂYZ had persisted), elution
followed by alkali treatment and rechrematography to check
for aurone formation would have been necessary to demon-
strate the presence of Y1 and Y2. On account of the low
amounts generally formed, quantitative estimates of Y1 and
Y2 could only be made fluorimetrically, after the compounds
had been converted to aurone by alkali treatment. Therefore,
in view of the labour this involved, few quantitative measure-
ments of Y1 and Y2 formation were made. Instead, numercus
visual observations of a quaiitative nature were routinely
made after the 2-D chromatograms had bheen held for up to
several weeks and aurone artefact had formed in the Y' spots.
Frequently, the conditions of product extraction (e.g. from

pH 7 or 7.5 buffer - see section 2A-12) ensured that anly

minor amounts of the YY compcunds remained to appear on the
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chromatograms while most of {he wmuch more stable‘Yq and Y?
persisted and hence aurore artifact formatiorn in the Y
spols was often readily detectabtle. The presence of even
sub-microgram amounts of Y1 and Y2 inlthe product coguld
he detected when 4Y compounds were virtually absent on
chromatograms. Where product had been treated with alkali
prior to extraction and chromatography the Y1 and Y2 pre-
cursors had been largely converted to aurone before chroma-
tography and these Chromatogggms were nf no interest in
the present context .

(a) Th~ enzymic nature of Y, and Y, formation was

2

demonstrated on 2-D chromatographic comparison of the

products of reactions carried out in the presence of active
enzyme (garbarizo and HRP), heat-inaciivated enzyme (15
minutes at 100°) and with enzyme omitted. The complete
reaction mixture contained in a total volume of 4 ml of
0.05 M tris buffer pH 8.0, chalcone (0.18 umole), hydro-
gen peroxide (0.6 or 0.3 wumole with HRP enzyme (0.4 unit)
and garbanzo enzyme (2 unite) respectively) and enzyme

(as given). Complete and control reaction mixtures were
incubated at room temperature for 2 minutes then acidified
to pH 7 and the ether-extracted products suojected to
chromatography. Inspection of the stored chromatograms
clearly showed that Y1‘and Y2 rformation was greatest in
the complete systems and that very low amounts were also
formed in all the control reactions. Chalcone consumption
was almost complete in the presence of active ehzyme, but
was slight in.the control reactions.

in reaction product,

(b) Ubiquity of Y, and Y,

Inspection of a large number of 2-D chromatograms of
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procducts of the reaction carried out under a ccnsiderable
range of enzyme (both garbanzo and HRD), chalccne and
hydrogen peroxide concentraticns showed that Y1 and Y2
were irwvariably formed as minor products when the main
chromatographic product was 0C. Further, as an example
off the consistent presence uf Y1 and Y2 in the reaction
products, the absence of an observable effect of reaction
pH on the occurrence of these products may be specifically
cited. From the 2-D chromatograms of products of a
standard reaction run in a buffer range pH 6 - 9 approx-
imately (see section 2B-3 for details). it was possitle

to detect clearly Y, and Y, occurrence from pH 6.6 up-

2
wards. At lower pH the Y' spots were heavy and direct

evidence of Y, anc Y, content was not so definite, but

1 2
presumably alkali treatment of the Y' spot eluate followed
by rechromatoqraphy would have confirmed the presence of
the aurone precursors. A noticeable relative increase

in aurone and decrease in Y1 and Y2 spot intensities was
evident on the chromatograms of products from particularly
reaction at pH9. This was interpreted as reflecting
accelerated chemical formation of aurone from Yq and Y2 in
the course of the enzymic reaction due to the high reaction
pH. Coupled with the earlier experience that no aurone
spet tias observed when the major reaction products were
preserved and chromatographed as the Y compounds (section

2A-12 and Figure 19), it was concluded that Y, and Y, were

1
initially formed in the reaction at all pH levels and that
all aurone found on chromatograms was subsequently derived

from these precursors.
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(c) The combired yield of Y1 ana Y2 in the reaction
uynder typical conditions with both garbanzo and HRP enzymes
was measured fluorimetrically, as aurone, and was found to
accou:nt for about 1% of the chalcone which reacted. De-
tails of the reaction mixtures used and procedures ad-
opted for the isolation and fluorimetric estimation of Ya

and Y, as aurone are contained in the Experimental.

2

ig) Evidence for an effect of oxygen on the formation

of ‘/1 and Y2 was obtained from the results of the anaerobic

reactions previously detailed (section 2B-8) in connecticn

with the major reaction product. Thus, compared with the
aerobic control, levels of Y, and Y, were considerably
reduced but still detectable under anaerobic conditions.
Similar low lcvels were formed when boiled enzyme was
present in anaerobic controls but when ernzyme was omitted
levels decreased almost to the limit of detection.

A prominent additional feature of these anaerobic
reactions was the formation of aurone which occurred pres-
umahly by a direct, and possibly non-enzymic, pathway from
chalcone and not by way of Y4 and Y2. This aurone was
recovered from 2-D chromatograms and was estimated
fluorimetrically by the procedure outlined in the Experi-
mental for the estimation of Y1 and Y2-derived samples.‘
This ensured that the small amrriunts of flavonol included
in the extremities of the aurone spot, together with some
chalcone (non-fluorescent), did not interfere. Results,
corrected for losses in iselation and sample preparation,
indicated an average anaerobic formation of 21,ug aurone

in the complete reaction mixture but only abtout 1.ug when
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enzyme was omitted., However, in the presence of nheat-
inactivatea enzyme the averzge anaerobic surone formation
of 1919 was similas to that with active enzyme. In
contrast to these anaerobic results the level of directly
recovered aurone in aerobic controls was slways very low

at approximately 1.,ug for the chemical reaction and about
219 in the presence of either active or heat-inactivated
enzyme. Ffurther studies with the complete anaerobic
reaction mixture showed that most of the observed aurone
formatior, epparently occurred in the fivst few minutes of
incubation, since incubation times of from 5 to 100 minutes
resulted in similar observed aurone levels. A four-fold
increase in enzyme concentration (to 800 units of HRP)
resulted surprisingly in no aurone formalion and the
appearance of at least one unkrnown product of now extensive
chalcone cocnsumption. In view of the apparent complexity
of the anaerobic reaction, no further study of this aspect
was undertaken.

That anaerobic aurone fFormation was catalysed with
about equal effectiveness by both active and heat-inactivated
enzyme would indicate chemical rather than enzymic cataly-
sis. However, more work would be necessary to fully sub-
stantiate this conclusion. Nevertheless, the results
clearly shcwed that in both the active and heat-inactivated
enzyme systems; an anaerobic mechanism of aurone formation
from chalcone existed in contrast to the alternative pathway
of the aerobic reaction.

through Y, and Y

1 2

(e) Effect of additives. The erfects of the presence

in the reaction mixture of certain additives on the format-

ion of Y4 anc Y, were brieflv investigated with results as
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indicatec below. The reaction mixture contained. chalcone
(1.8, umnles), garbanzn enzyme (95 units), lhydrogen peroxide
(8 aimnles) and additive (see below) in 4 ml total volume of
0.05 M tris buffer pH 8.5, at ruom temperature. Additive
was combined with enzyme in buffer and then, after 2 minutes,
chalcone was added followed by hydrcgen peroxide to com-
plete the system. After incubation, the buffer was acidi-
fied to pH 7.5 prior to extractiori of the products into
ether. Extraction at this pH ensured that )Y compounds were
virtually absent on the 2-D chromatcgrams of products.

When the redogenic donors hydrecquinone and catechol
were separately added to the reaction system above at a
final concentration of 1 mM, product chromatograms showed
that compliete inhibition of Y1 and Y2 and 0OC formation had
occurred during the 10 minute incubation period. Donor
concentrations of 0.5 and 0.2 mM permitted small amecunts of

both Y1 and Y, and OC to be formed; in the case of hydro-

2
quinone the reaction was noticeably more extensive. However,
Y, and Y, formation was always much reduced compared with
that ohserved in the control reaction which, in the absence
of any additive, went to completion.

Mercaptoethanol and dithiothreitol each had a
similar effect on the reaction at a final concentration cf
17 mM. Product chromatograms faor a 5 minute incubation time
were very similar in pattern to those originally observed
when chalcone was incubated with crude cell-free garbanzo
enzyme in the absence of added hydrogen peroxide. Thus Y1
and Y, were present in low amount and OC was absent. Further,

much chalcone was recovered unchanged on account of the

reaction being strongly.inhibited. Despite the absence of



0C on these chkromatograms, formation of OC precursors
probably occurred since a number of unknown background
spots were present, presumably as a consequence of chemical
reaction at the precursor level with the thiols. Thus
there was consicered tuo be no cefinite evidence in these
results for the separation of the Y1 and Y2— and ﬁY1 and
ﬁYz—Forming enzyme reactions. The extent of reaction
previously measured spectrophotometrically in the presence
of low concentrations of mercaptoethancl (section 2B-10)
was further indirect evidence for the presumed formation
of OC precursors in addition to Y4 and V2

While sodium di=thyldithiocarbamate strongly in-
hibited the reaction of chalccne overall, a significant
effect on product distribution between 79 plus Y2 and 0OC
was noted on the chromatograms, namely a proportionate
increase in Y1 and Y2 formation. The levels of Y1 and Y2
observed were in excess of (probably at least double) those
for the control reaction despite much chalcone being re-
covered unchanged after an incubation time which extended
to 25 minutes.

Finally, the overall reaction of chalcone was in-
hibited very strongly by manganous ion (1 mM final con-
Centration) duving incubation fnr 5 minutes and the leveis
of Y1 and Y2 were much lower than in the controls. Use
of cupric ion in an identical manner to manganous ion
also inhibited the overall reaction somewhat, with an
eaquivalent effect on the levels of Y1 and Y,.

2

(f) Promotor(s) of Y, and Y, fcrmation in cell-free

garbanzo enzvme’. The capacity of supernatant of boiled

garbanzc cell-free enzyme (boiled supernatant) to promute



Y. and Y2 formatior, while also inhibiting OC forimation

and thereby sparing chalcone, has been mentiored earlier
(section 2A-2) in relation to the system in which garbanzo
enzyme, pzrtially purifieﬂ by precipitation, was incubated
with chalcone in the absence of added hydregen peroxide.
This aetivity irn the boiled supernatant was further investi-
gated briefly in a series of fractionation experiments
which demonstrated that the compound(s) responsible was
highly water soluble, probatly non-ionic and non extraﬁt-
able by organic solvents such as ether and ethyl acetate.
Since it was apparently valid that the Y1 and Y2—promoting
activity of interest was causally associated with the in-
hibition of chalcone consumption, fractions prepared from
boilecd supernatant wer= conveniently assayed on the basis
of their capacity to inhibit chalcone consumption. The
assay reaction mixture contained the minimum of hydrogen
peroxide needed for the reaction to go to completion in the
absence of any inhibition. When aliquots of the fractions
from boiled supernatant were added, any significant inhibi-
tion was then readily detected visually by persistence of
the chalcene colour after a reaction time of a few minutes.
This assay procedure indicated that the activity was not
extracted into ether or ethyl acetate from pH 7.5 tris
buffer solution., either directly or after acidification.
Following chromatography in 5% HA of a sample of boiled
supernatant which had been evaporated to dryness, the
activity was detected in the heavily contaminated zone at
the solvent front. Preliminary runs indicated that the
activity passed directly through columns of both anion and

cation exchange resins. All zvidence indicated that the
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active compound(s) oessessed properiies characteristic

of simple sugars.

2C-3 Studies_on flavonel formatien

Preliminary work had established that precursors
of flavonol, present in the Y' spots on 2-D chromatogrems,
were formed in the enzymic reaction of chalcone (section
2A-11). These precursors were considered to be the source
of recovered flavonol, just as Y and Y2 were the source
of aurone in the aerobic reactionn. The presence of the
dihydroflavonol, garbanzol, as an expected precursor of
flavonol was not noted on chromatograms. This compound
would be clearly resolved from the Y' spots under the 2-D
chromatographic conditions used (19).

Further work on the precursors of flavonol which
occurred in the Y' spots came to a satisfactory conclusion
from a biochemical view point when it was disccvered (see
below) that these precursors were in fact the same WY
compounds which gave rise to OC. Measurement of the various
small amounts of flavonol which were formed on product
chrematograms under the normal conditions of reaction and
extraction was therefore of no biochemical significance.

(a) jd‘x(,l and ﬁYz as precursors of flavonol as well

as 0C. The effective transformation of YY compounds intao

OC upon treatment with a low concentration of alkzli was
recorded earlier (section 2A-8). However, in a more ex-
tensive investigation, it was discovered that the alkali
concentration exerted a profound effect on the transformat-
ion of the yY compounds. Thus, as the alkali concentration

increased, the established product at low alkali concentration;
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0C, graagually gave way to another product, which was
icentified as flavonol (s=ee Experimental). Fiqure 31

shows the quantitative relationship between these mutually
exclusive transformation preducts 2s a function of the
concentration ot the aqueous alkali tc which a standard
mixture and amount of YY compnunds was added (see Experi-
mental for the preparation of YY compounds in bulk). The
recovery of 0OC and flavonol ccmbined, corresponded on
average to about 75% of that amount of OC which was
spectrophotometrically measured as equivalent to the guant--
ity of 4Y compounds transformed. When zllowance was made
for the lesses noted in separate maripulations involving
the products, this recovery was in agreement with 0OC and
flavonol beinn the only quantitatively significant preducte
of transformation in alkali, a conclusion which was sub-
stantiated on 2-D chromatographic examination of a portion
of each of the product mixtures. Spectropnotometric exam-
ination of the crude product of transformaticn of AY com-
pounrds throughout the alkali concentration range showed ~
gradual changehfrom an OC spectrum to that of flavonol,
through a range of obviously composite spectra (see
Experimental, Figure 63 for reference spectrum of flavonol).
From the quantitative aspects of product formation it was
immediately clear (Figure 31) ttat both ﬁY1 and ﬁYz were
transformed in a parallel manrer in alkali.

Direct comparison of the transformation 6F these two
.compounds by repetition of the above experiment with separate
samples of ﬁY1 and ﬁYE (see Experimental for method cf
preparation), within a somewhat curtailed pH range, demon-

strated convincingly (Fiqure 32) that for any given pH within



Fiqure 31

Competitive formation of OC and flavonol frem JY compounds

as a function of the concentration of alkali.
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In the alkali transformation, an aliquot of an enzyme
product mixture of YY compounds, dissolved in 85% EtOH
(100 n1, equivalent to 350,ug of 0C), was added with
rapid mixing to 3.9 ml of freshly prepared NaOH, (final
concentration given in Figure) at room temperature.

After 30 seconds, the solution was acidified with a mini-
mum of HC1 and then ether extracted (2 x 5 ml). Product
recovered from the combined ether extract was examined
chromatographically for each sample., O0C and flavonol were
separated by 1-D chromatography of a portion of each
product mixture in BeAW. The quantities measured spectro-
photometrically on elution of these products in 85% EtOH
were used, uncorrected for losses which would have been

similar for all samples, in the preparation of the Figure.
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Comparison of the transformation of ﬁY1 and ﬁYz in a range
cf aikali concentrations in relation to the distribution

of product between 0OC and flavornol.
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In the transformation reaction, the chromatographically
prepared Y compound (in 50 vl 85% EtOH and equivalent

to 116 &og of OC) was treated as detailed in Figure 31

for the mixture of QY Cémpounds, using only the lower
concentrations of alkali given in the Figure. At the
lowest alkali concentration, 2 minutes elapsed before the
solution was acidified. As before,products were estimatea

spectrophotometrically following chromatographic separation.



ithe range, WYY, nave rise to flavonol in reiatively greater

1
quantity than adid MYZ. As required by the result for the
mixture of JY - compounds, however, the UC and flavonol
products were always mutually exclusive and therefore the
essential difference apparent in behaviour of MY1 and MYZ
was the more facile reaction nf ihe former.

The formation of OC and flavonol from Y compounds
was shown to be by mutually exclusive routes rather than by
a sequential one through OC as an intermediate, in an ex-
periment which investigated the effect of making a two-
stage addition of the total alkzli. 1In the first stage,
the minimum alkali required for the transformation of JY
compounds essentially to OC was added. After twc minutes
at this low alkali concentration, the second stage addit-
ion of alkali was made to achieve a range of final concen-
trations as before. Isolation and estimation of the pro-
ducts by the usual procedures showed that there had been
little effect of the second stage addition of alkali since
in a'l samples OC was the major and flavonol the minor crm-
ponent.

(b) Effect of cupric ion on flavonol formation. It

has already been observed that in the presence of added
cupric ions the enzymic reaction was inhibited (Table 4);
In a separate study in which the reaction products rather
than rates were monitored, chromatographic evidence for a
strong, apparently specific, inhibition of flavonol format-
ion was observed when copper was present in the enzymic
reaction mixture. ~for example, flavonol was virtually
absent on 2-D chromatograms of products when cupric ion at

a final concentration of 1 mM was included in the reaction
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mixture (given in section 20-2{e) ) and the preducts
extracted from buffer acidifisd to pH 7.5. Since the
conditions cf product extractioﬁ ensured virtually no
precursors of flavonnl and OC persisted tc appear on product
chromatograms, the added copper had seemingly inhibited
Flavonoi precursor and thesrefore flavonol formatien. This
result was obtained before the flavonol precursors were
known to be the YY compounds. Since the product chromato-
grams displayec a prominent OC spot, the existence of
common flavonol and OC precursors was not at all evident,
in fact the superficial indications were of distinct pre-
cursors for these two compounds. However, when the amount
of OC product on chromatograms was measured spectrophoto-
metrically it was found that the yield in terms of chalcone
consumed was much recuced when copper was present in the
enzymic reaction mixture. Thus, the wider effect of copper,
beyond the visually obvious suppression of flavcnol was
recognised. Subsequent studies (see below) revealed that
in the presence of copper the enzymic reaction products,
the MY Compounas, underwent extensive chemical degradation.
This post-enzymatic chemical effect was found to be res-
ponsible for the originally observed chromatographic product
pattern in which flavonol was virtually absent and the |
quantity of the still prominent OC much reduced. Hence the
effect of added cupric ion was extended in this direction
beyond simple inhibition of the reaction rate.

Evidence that added copper caused destruction of thé
YY compounds first came from a 2-D chromatographic examinat-
ion of the products of an enzymic reaction which was run in

the presence of a high toncentration of copper. Thus the



product extracted directly at pH 2 - 3 following the ernzymic
reaction of chalcone (1.8 umoles) at pH 8.0 in the presence
of added cupric ion (5 mh final concentration) was found

to contain neither YY compounds nor flavonol and only traces
VOF 0C. Normally the product would have been observed
chromatographically as predominantly the Y' spots (4Y com-
pounds mainly) under the conditions employed. Instead,

many background spots were pregent, in agreement with the
proposed extensive copper-promoted breakdown of the usual
enzymic reaction product: This result showed that both

ﬁY1 and ﬁYz, i? formed as expected in the enzymic reaction,
had been destroyed in the presence of cnpper.

The contention that gY compounds were still formed
normally in tha enzymic reaction in the presence of copper
and that their absence in extracted product was due to a
subsequent copper-promoted destruction was supported by
the results of the following experiment which directly
investigated the chemical destruction of YY compounds in
the presence of copper. In chis experiment YY compounds
which had been recovered from a large scale enzymic reaction
were incubeated with added copper in 0.05 M tris buffer pH 8.0,
The incubation mixture in 4 ml total volume contained AY
compeunds formed from 0.5 mg chalcone (added in 0.1 ml 85%
ethanol) and cupric ion (as 0.2 M CuSD4 in water) at a i'inal
concentration of 1,3 or 5 mM. A control mixture had copper
omitted. Each reaction mixture was incubated for 10 minutes
at room temperature. Then the unchanged Y compounds present
were stabilised for extraction and chromatography by trans-
formaticn to 0OC, predominantly, with a minimum addition cf

alkali (50 ul of 2.5 N NaOH per sample). Each sample was
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then acidified (150ul of 1.44 N HC1) two minutes later

and ether extracted., From the 2-D chromatograms of the
ether-extracted compounds it was clear that the presence

of copper curing the incubation at pH 8 had resulted in an
accelerated destruction of ¥Y compounds since in those

cases there was a very marked decrease in the amount of

OC recovered end hence in the YY compounds remaining at

the end of the incubation. The extent of destruction of

4Y compounds increased with increasing copper Concentrétion.
The amount of flavonol recovered, already low in the con-
trol by virtue of the controlled alkali transformatior,
decreased gradually as the copper concentration increased

to become almost nothing at the highest copper level. This
more intense decrease in flavonol than in OC recovery was
most noticeable and censistent. A contributing cause was
undoubtedly the effect which the preserce of increasing
amounts of copper had on the pH attained when a fixed

amount of alkali was added after the incubation to transform
residual YY compounds. Thus tte final pH would have uveen
lower the higher the concentration of copper present and
this would favour OC formation at the expense of flavonol
formation in the transformation of WYY compounds (Figure 31).
An independent check of the validity of this lowering of pH
was th: greater persistence of Y1'and YZ noted in the products
of transformations at the hicher copper concentrations.
However, the pH attained was always adequately high to en-
sure efficient and complete transformation of the remaining
YY compounds. An additional explanation for this strong and
at times absolute suppression of flavonol Fbrmation in the

course of transformation of pY compounds in the presence of
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cooper is considered in the Discussion.

A further experiment indicated that a product of
the extensive copper-promoted déstruction of Y compounds
demonstrated in the foregoing investigations was p-hydroxy-
benzaldehyde. Here the enzymic reaction was run in the
presence of increasing amounts of added cupric ion (0.5 -
4,0 mM final concentration) to ensure zn increasing amount
of product destruction. The extent of this was again
assessed by alkali transformation of the residual YUY com-
pounds to OC which was isolated and estimated. Table 5
shows the results of spectrophotometric estimations of
p-hydroxybenzaldehyde and OC recovered from the product
chromatograms in relation to the concentration of cupric
ion added to the reaction mixture. Details of the reaction
mixtures are given with the Table. The increase in p-hydroxy-
benzaldehyde as the destruction of the 4Y compounds in-
creased (decrease in OC recovered) suggested this was one
compound formed as a consequence of the copper-promoted
destruction. The initially low level of flavonol recovered
was completely suppressed when the concentration of added
cupric ion exceeded 3 mM, Identification of p-hydroxy-
benzaldehyde rested on a comparison of u.v. spectral and
chromatographic properties of eluted and reference samples.

(c) The possibility of Jihydroflavonol being a

flavonol precursor. Despite the findings described 2bove

on the origin of flavonol in the peroxidase-catalysed system,
it remained of interest to investigate the possibility of a
peroxidase-catalysed reaction of the dihydroflavonol, garban-
zol, to also form flavonol under the conditions optimum for

chalcone reaction. Thus, garbanzol was found not to



Table_§

fffecct of addition of cupric ion to the enzymic

reaction mixture on the chromatographic recover-

ies of OC and p-hydroxybenzaldehyde

Compound Final concentration of BT added (mMm)
recovered (u3) 0 0.5 1.0 2.0 3.0 4.0
p-hydroxy-
benzaldehyde 2.7 | 25.2 29.3 31.2 35.8 36.7
0C 239 178 155 99 76 59

The reaction mixture contzined chalcone (1.8.umoles),

HRP enzyme (6 units), cupric ion (as 0.2 M CuSO

4"

see above)

and hydrogen peroxide (4 umoles) in 4 ml total volume 0.05
M trie buffer pH 8.0,

Incubation was for 15 minutes at

room temperature (6 minutes for reaction with cupric ion

omitted) in which time the chalccne consumption was complete.
Alkali, (50,ul 2.5 N NaOH) was added and then 2 minutes
later, acid (150ul 1.44 N HC1), prior to ether extraction
and 2-D chromatography of the products.
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function as a hydrogen dcnor in the percxidatic reacticn
at pH 8. The reaction mixture contained garbanzaol
(0.09/umole), HRF enzyme (50 vnits) and hydrogen peroxide
(0.5,umole) in 2 ml totesl volume of 0.05 M tris buffer pH
.8.0, temperature 25°, During the incubation time of sev-
eral minutes, the spectrum of garbaﬁzol in buffer (similar
to that of the initial product of the chalcone reaction,
Figure 17) remained unchanged.v Extraction of the neutra-
lised reaction mixture with ether recovzred unchanged
garbanzol as determined By subsequent 2-D chromatography.
Addition of ge-:banzol to the chalcone reaction system was
found to induce a lag phase in the reaction and cause a
decrease in the maximum rate of chalcone consumption. The
reaction mixture to which garbanzol was added contained
chalcone (0.065 . umole), HRP enzyme (0.1 unit) and hydrogen
peroxide (0.5.umole) in 2 ml total volume of 0.05 tris
buffer pH 8.0. Additions of garbanzol (prior to hydrogen
peroxide) of 0.022, 0.044, 0.066 and 0.088_ umole reduced
maximem reaction rate to 71, 55, 42 and 35% respectively
of the control rate in the absence of garbanzol. Extract-
ion of the reaction mixtures as before (duplicates combined
prior to extraction) followed by 2-D chromatography of the
products showed unchanged garbanzol to be present in all-
cases. Elution and u.v. absorbance measurement indicat.d
between 50 and 65% of the initially added garbanzol was
recovered. These results indicated garbanzol is not a
precursor of flavonol in this peroxidase-catalysed system.

(d) CGccurrence of additional flavonol-producing

substances in trace amounts. Signs of the existence of

precursors of flavonol other than the well-established WYY



compounds were repeatedly noted on re-inspection of 2.D
chromatograms of enzyme reaction product after several

days in storage. After this time traces of {lavonol were
detected in u.v. light by the anpearance of characteristic
fluorescence in up to three spots on the chromatogram,
located as depicted in Figure 33. This delayed appearance
was taken as evidence for the existence in the mixtures
chromatographed of trace amounts of distinct new flavonol
precursors. Elution and rechromatography demonstrated

that flavonol had been définitely formed in each precursor
spot. The amc.ints of flavonol formed and presumably there-
fore also of the precursors, were very low; detection was
largely due to the intense fluorescence of flavonol which
premitted ready location of less than U.1,ug of the com-
pound on a chromatogram. No specific study of the origin
of these trace precursors of flavonol was made, but one or
more of them were present after most extraction treatments
which were applied to the reaction product. All were per-
haps test detected on the one chromatogram after product
extraction at pH 7. Spot 1 occurred even after extraction
at pH 2-3 and appeared to be absent from many alkali-treated
preparations. However, for the samples on which Figure 31
was based, it was noted that a definite increase in inten-
sity of spot 2 occurred as the alkali concentration use!.

in the transformation of YY compounds increased and along
with it the yield of flavonol. Rechromatography of spot 1
sugnested that this precursor could give rise to that in
spot 2, in addition to flavonol. Particularly spots 7 and
3 were also readily observed in the products when JY com-

pounds, isolated by solvent extraction, were then incubated



Figure 33

Location of trace flavonol-producing substances cn

standard 2-D chromatograms
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Spots 1, 2 and 3 are the trace precursors of flavonol
which were located after spontaneous formation of flavonol
had ocrurred on the stored chromatcgrams. See figure 10

and Table 1 for explanation of the other symbols.



with added cupric ion in buffer pH 8 (see above), despite
the mild alkali treatment prior to fimal extracticn. The
possibility that these three precursor substances were

derived from yY compounds is cansidered in the Discussion.

2C-4 Evidence for garbanzol formation in the enzymic reac

The biosynthesis of garbanzol from chalcone in
trace amounts with cell-free enzyme preparations from garb-
anzo seedlings has been well established (10,14,19). Since
in the present work a peroxidase enzyme has been implicated

in the formati »n of Y1 and Y, which also occurred in the

2
above cell-free preparations, it became of much interest to
discover wnether garbanzol formation too could ponssibly be
accounted for by peroxidase catalysis.

The aim of this investigation was solely to obtain a
result which would provide a qualitative answer. Two app-
roaches were adopted to check the involvement of peroxidase
in garbanzol formation. Ffirstly a check was made for gar-
banzol as a product in the normal reaction catalysed by
HRP enzyme in the presence of hydrogen peroxide and secondly,
the effect of specific inhibition of peroxidase activity in
the garbanzo cell-free enzyme preparation was investigated.
The results of both these lines of investigation supportéd
garbanzol formation as a very minor product of peroxidace-
catalysed reaction of chalcone and strongly suggested this
enzyme was responsible for garbanzol formation previously
recorded with cell-free enzyme systems.

The reaction mixture used to firstly check for
garbanzol formation in the purified system contained chalcone-

(Carbonyl—14C) (0.9/umole), HRP enzyme (5 units) and hydrogen



peroxide (2_umoles) in 4 ml total volume tris buffexr, ofl
TaS]. In the contrul, enzyme in buffer was heated (15 min-
utes at 1000) and allowed to cool to room temperature be-
fore the othtier comporents were added. After the rapid
.reaction in the complete system at room temperature, the
products were extracted directly into ether and chroma-
tographed in 2-D on full-size papérs, with carrier garbanzol
(50ug) present. Radioautography showed the clearly resolved
garbanzol spot Lo be weakly active in the enzyme run.
Counting of the eluted gérbanzol on planchettes gave activ-
ities of 1270 and 450 cpm for the enzyme and control runs
respectively. Since the specific activity of the latbelled
chalcone was 727 cpmfug (23.5% counting efficiency) the
yield of garbanzol was very low and the product would not

be detected visually on chromatograms.

In the second experiment with garbanzo cell-free
enzyme and no added hydrogen peroxide, typical of the con-
ditions previously used to observe gartanzol formation,
the irhibitors hydroquinone and diethyldithiocarbamate
were. used separately at 5 mfll final concentration. The
reaction mixture contained cell-free enzyme (4 ml), inhibitor
(5 mM final concentration, in 0.1 ml) and radioactive chal-
cone- (3,5 - T2) (0.9, umole) in pH 7.5 tris buffer, 5 ml
total volume. The inhibitor was mixed with the enzyne
befere addition of chalcone and the mixture was incubated
for 20 minutes at 37°. Inhibitor was omitted from the
controls with both active and heat-inectivated (15 minutes
at 100°) enzyme. Products were ether extracted from the
pH 7.5 buffer after removal of protein (see Experimerntal)

and subjected to 2-D chromatography on full-size papers in



the presence of carrier garbanzol (50,uq) as previously.

The garbanzol spot, clearly separated near the Yé spot
position, was eluted ard the activity determined by liquid
scintillation counting. Total activity in the garbanzol

spot was calculated as 3680, 155, 733 and 92 cpm respect-
ively for active enzyme with no inhibitor, with hydroquinone
inhibitor, with diethyldithiocarbamate inhibitor, and boiled
enzyme with no inhibitor. Specific activity of the chalcone

was 5.13 x 103 cpm/ug and the counting efriciency 30%.

2D CHARACTERISATION STUDIES ON dY,, #Y,, OC and 40C

The studies reported in the preceding parts contrib-
uted to the development of a general understanding of the
requirements for the enzymic reaction of chalcone and for
the isolation of major products either as the precursors
ﬁY1 and ﬁYz or as the derived 0OC. Emphasis was then divert-
ed from biochemical to chemical aspects of the reaction to
provide information on the structures of the new compounds
previously detected on preliminary mapping of the assortment
of reaction products. This approach was also expected to
provide data invaluable in the interpretation of the bio-
chemistry of the reaction and in the elucidition of interre-
lationships between the range of compounds formed during-or
subsequent to the enzymic reaction. In the present part,
therefore, results of efforts to prepare compounds for
characterisation are recorded followed by the findings on
the properties of these compounds from which proposed struct-

ures have been advanced.

2D-1 Preparation and purification of individual compounds

(a) DC preparation and purification. The preliminary
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preparative method of OC production (section 2A-7) was
developed, of necessity, before biochemical and spectro-
photometric studies had been Cohducted to reveal the
oxygen requirement for the reaction and the existence of
Y compounds as alkali-labile precursors of 0C. Improved
yields of OC were therefore sought not only by bubbling
air through the reaction mixture in the course of incubat-
ion but also by controlled addition of alkali immediately
the chalcone had been consumed in order to maximise the
efficiency of conversion of YY compounds to OC. Acidi-
fication with HC1,2 minutes after this addition of alkali,
preceded recovery of the OC product by ether extraction.
For added convenience, HRP enzyme was now used exclusively
in the preparative scale reactions (see Experimental).
With this improved method, yields of 0OC, measured spectro-
photometrically on the ether-extracted product, were 85 - 90%
of the chalcone consumed compared with 70 - 76% for the
preliminary method.

It was difficult to purify OC by conventional re-
crystallisation because of the instability of the compound.
The OC solid obtained from the preparative reaction was
found to be best purified with the maximum recovery (about
60%) by precipitation from acetone solution which was being
concentrated under an air jet (see Experimental). Solids
deposited were always in the form of fine angular yellow
particles, not crystals. Melting was not sharp; for the
spectroscopic sample (see section 2A-7) it began at 2230
and was virtually complete at 234°.

(b) Preparation and purification of 4Y compounds.

Application of the technique which had been previously
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develuped for small-scale samples of extracting ¥Y compounds
without delay after the reaction buffer had been acidified
to pH 2 - 3 (section 2A-9) was successful with preparative-
scale runs. Thus the reaction was run as in O0C production
above, e<cept tnat acid and not alkali was added immediately
the reéction was over and the product, preserved as {Y com-
pounds, was immediately extracted into ether. VYields of

4Y compounds, measured as OC after controlled alkali addit-
ion to the spectrophotometric samples, matched those re-
ported ahove for direct isolation of OC from the same re-
action system.

The high instability of the 4Y compounds meant that
an appreciable amount of development work was required be-
fore satisfactury preparations of the individual compounds
could be obtaired from the reacticn product mixture. Even-
tually a paper chromatographic separation using 0.5% acetic
acid (HA) solvent at low temperature (about 4°), coupled
with specific techniques of recovery of the compounds, was
developed for the isolation of mg amounts of ¢Y1 and ﬁYz
in acceptable yield and at quite high purity, considering
the nature cf the compounds (see Experimental). Acetone was
used to elute the cumpounds from the strigs of still-wet
chromatography paper. DOrying of the chromatograms befor=z
elution was avoided since it resulted in partial degradation
of the YY compounds and impure preparations. The organic
solvent was removed at 0° from the acetone eluate and the
small amount of aqueous acidic solution (wet chromato-
graphy paper eluted) which remained was bulked up with dis-
tilled water if necessary and was twice extracted with an

equal volume of ether.  The total ether extract was
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evaporated around 0° to provide the recovered compound.

The 0.5% HA chromatographic solvent was selected not for

any feature of the separation ef the yY compounds achieved,
but to supply automatically from the moist chromatography
paper eluted, small amounts of acid found to be vital for
the preservation of the Y compounds throughout the sep-
aration and recovery processes. Inadequate acid led not
only to appreciable spontaneous OC formation but also to
general breakdown of the 4Y compounds and sample contam-
ination as the eluate waé manipulated and the recovered
sample submiti:d to further investigation. By this method,
ﬁYz was prepared as a whitish solid apparently finely
crystalline, wnhich slowly developed a definite yellow colora-
tion on standing at 0°. However, it kept well at -10°. For
ﬁY1 on the other hand, a slightly yellow, glassy solid was
always obtained and crystallisation never developed.

(c) Preparation and purification of 40C. A method

for the preparation of YOC (see Experimental) was discovered
when a solution of a reaction product mixture of ﬁY1 and

ﬁYz in agueous acetone or ethanol was concentrated under

an air jet and placed in ice for a few hours. The white
solid which precipitated was a somewhat impure sample of
40C. VYields of 40C from this procedure were low, being no
more than 12% of that amount of OC equivalent to the guentity
of ¥Y compounds taken. 1In earlier work (section 2A-12) aug
amounts of the same compound, a precursor of 0OC, were det-
ected spectrophotometrically following 1-D chromatography

in BeAW of a suitably pre-treated sample of Y compounds. A
problem associated with attempted purification of KOC by

repeated deposition from hot seclvent was the tendency,
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scmetimes very marked, for the compound to be converted
largely to 0C. CEvidence that yY0OC was formed from both

¢Y1 and ﬁYQ was obtained when chromatographically isolated
samples o these compounds, which hac been held for some
time iq storage of OG, were chromatographed in BeAW and

found ‘o contain small amounts of KOC.

2D-2 Studies on ﬁY1 and ﬁlz

(a) Detection and resolution of two forms of @Y.,
£

The existence of ﬁYZintwochromatographically distinct forms
was first observed when a reaction product mixture was
chromatographed in 1-D in 5% HA on a full-length chroma-
togram. UWith a low loading of 4Y compounds, equivalent to
about 10C _ug of 0OC, applied as a short wvand (2 cm), this
chromatography resolved the normally somewhat elongated,
uniformly dense, 4Y, spot into two distinct but partially
overlapping zones. Heavier loadings obscured evidence of
this separation. Evidence was subsequently obtained (see
below) that both chromatographic components of ﬁYZ exhibited
identical chemical and spectral properties. These findings
indicated that stereochemical modifications of the ¢v2
compourd had been chromatographically resolved, a conclusion
which was further supported by optical activity measureménts.
The form of the compound in the more mobile zone was desig-
nated ﬁYza and the other ﬁYzb. Complete separation of these
two forms was achieved in two ways. Firstly, a reaction
product mixture of YY compounds, equivalent to 250.ug of OC,
was run on a full-size 2-D chromatogram developed with the
5% HA solvent in both directions. On this chromatogram, the

ﬁYza and ﬁYzb forms appeared as contiguous spots. Secordly,



full-length 1-D chromatography of further pcrtions of the
same mixture, applied as separate 2 cm lcng bands, in 0.5%
HA solvent at 4° for 16 hours (Solvent had run off f{or at
least 10 hours), also effectively scparated the two forms.
No evidence of any separation of the ﬁY1 component into
two forms was ever observed.

(b) Optical activity of the yY compounds. While

not only the mixture of ﬁY1 and ﬁYz which constituted the
enzymic reaction product but also ny1 and ﬁYz as generally
isolated were found to be virtually optically inactive, the
ﬁYza and ﬁYzb forms of ﬁYZ were however optically active,
the former being dextrorotatory and the latter levorotatcry
at the wavelength of the sodium D i1ine. Transformation of
these forms Lo OC with alkali resulted in the loss of this
optical activity.

Preparative chromatography of the reaction product
in 0.5% HA (section 2D-1(b) ) separated ﬁY1 and ﬁYZ as
expected, but in the band of the latter compound the two
component forms were not visually resolved on account of the
high 1oading.l However, some resolution had occurred, since
the band on being halved into higher and lower RF portions,
provided separate eluates which were found to possess optical
activity indicative of an enriched ﬁYza and ﬁYZb content
respectively. Repeated prepara.ive chromatography of each
of these eluates gradually enhanced the optical purity of
the predominant form in the remaining sample as indicated
in Table 6. The minor quantities of the other form wkich
separated on rechromatography were always discarded on
account of diminished chemical purity. Limitations were

imposed on the extent of this chromatographic purification



Table 6

Optical activity of ﬁYz
Specific rotations, [d]D, with proaressive chromatagraphic

resolution of ¢Y2a and ﬁYzb forms

Specific rotation [«]p
Compound after chromatographic purification step
and form 1 2 3 4
AY,a (+) 72° (+) 170° | (+) 192° | (+) 241°
AY.,b (=) 143° | (=) 195° | (-) 224° -

Enzymic reaction product constituted the mixture originally

chromatographed in 0.5% HA. See text for details of the
origin of ﬁYza and ﬁYzb samples. In the second and third
purifications, chromatograms were run for 5 hours (full-
length development, no solvent run-off) but in the fourth
purification, development was extended to 16 hours to re-
move the last of the ﬁYzb form from the ﬁYza preparation.
Measurerent of the quantity of YY compound was based on
the O9C content of the sample, determined spectrophoto-

metrically upon alkali transformation (see Experimental).
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by the lousses of compound in each cycle ard by the difficulty
in avoiding an increase in impurities whicnh co-chromato-
oraphed mcre particularly with the ﬁYza form. Analytical
1-D chromatography indicated that the final samples of

ﬁYza and ﬁYzb forms uwere each essentially free of the other
form. Thus the finally observed specific rotations were
assumed to represent those for the optically pure forms,
within the 1limits of chemical purity imposed by the nature
of the compound. These results, together with the chemical
and spectral evidence (see below) thus characterised ﬁYQa
and ﬁYzb as enantiomers of ﬁYz.

Elution of the band of ﬁY1 obtained on initial
chromatography of reaction product. either in its entirety
or in separaie halves on an RF basis, as in the case of
ﬁYz compound, failed to uncover significant optical activity
in the compound. Successful rechromatography was effic-
tively prevented by the ready occurrence of impurities which

co-chromatographed with ¢Y1.

(c) Absence of interconversion of @Y compounds.
Preliminary work indicated that ﬁY1 and ﬁYz did not inter-
convert in the course of elution and rechromatography in
5% HA solvent. Of equal interect was the possibility of
interconversion of the compounds in 0.0G5 M tris buffer pH
8.0; that is, under enzymic reaction conditions. Samples
of ﬁY1 and of ﬁYz (as the ﬁYza rorm) were dissolved in
this buffer at room temperature and 4 ml samples, which
contained initially 4Y compound equivalent to about 200 _ug
of OC, were withdrawn at various intervals up to 30 minutes
later, acidified to pH 2 - 3 and ether extracted in prep-

aration for full-length 1-D chromatography in 5% HA. This



developed chromatogram, when dry, showed no evidence of
any interconversion of ﬁY1 and ﬁYz or of ﬁYZa to the ﬁYzb
form. The effect of this incubation of YY compourds in
pH 8 buffer had been to promote the gradual conversion to
a number of compounds including the known product 0OC. In
the absence of any detectable interconversion therefore,
ﬁY1, ﬁYza and ﬁYzb can all be considered equally likely
procucts of the enzymic reactien.

(d) Proportions of yY compounds formed in the

enzymic reaction. Using 1-D chromatography in 0.5% HA and

all of the techniques required to ensure recovery of the
compounds at the best possible purity, Lhe proportions of

#Y compounds were determined in the products of a series

of enzymic reactions (Table 7). Each sample of product

was twice chromatographed at 40; on one occasivun for 5

hours to separate ﬁY1 and ﬁYZ and on the other for 16 hours
to separate the latter compound into its ﬁYza and ﬁYzb forms.
In this separation, ﬁY1 was largely lost in the solvent run-
off. Compounds were quickly visualised on the wet chroma-
tograms by mirimal u.v. irradiation (to develop a blue
fluorescence in the location of the originally invisible
spots - see Experimental) and the marked spot areas were
excised immediately and eluted for 30 minutes in standard
volumes of B85% ethanol. Relative quantities of the cumpounds
were obtained directly from the absorbance readings at 275
nm, the common wavelength of the absorption maximum. This

1%

was possible since E1cm values at this wavelength were all
practically the same (see Experimental) on the basis of
spectrophotometric measurement nf the absorbance of each 4Y

compound at 275 nm and of the derived OC at 325 nm.



Table 7

Proportinns of JY compounds in enzymic reaction product

- - . e
No, | Reaction | Added Enzyme Proportions in Products
pH ghalcone Ay i iY,a Form
(umoles) —QV; t;ggmﬁa?a !
i 8.0 1.8 HRP 0.85 17.30
2 8.0 1.8 B 0.81 1.30
3 7.0 1.8 HRP 0.80 0.92
4 7.0 1.8 G 0.c0 0.94
5 8.0 3.6 HRP 0.81 1.12
6 8.0 3.6 G 0.60 1.13
7 7.0 3.6 HRP 1.00 093
8 7.0 3.6 G 0.69 0.93
X

Carbanzo enzyme

Reaction mixtures contained, in a total volume of 4 ml of
0.05 M tris buffer (pH as above), chalcone (given above),
enzyme, (HRP 34 units, garbanzo 66 units) and HZOZ
(2/umoles with HRP and 1 u mole with garbanzo enzyme).
Reaction time was 3 minutes at room temperature and the
higher chalcone concentration was aerated during this time.
Produtts were extracted with ether after acidification of
the reaction medium to pH 2-3. Appreciable residual

chalcone was recovered from runs number 7 and 8.
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These results showed that while some variation
was possible, there was no great preponderance of either
#Y, of JY, in the reaction preduct under generally typical
reaction cornditions. However, it was apparently usual for
a small but definite excess of ﬁvz to be found. Ffor ﬁYz,
tne two forms MYza and ﬁYzb were quite closely balanced,
with reaction conditions, chiefly pH, influencing the
preponderance of one or other PF these enantiomers.

(e) Rates of transformation of ¥Y compounds to OC

under alkaline conditions. In the pH 9 - 11 range where

0C was the onl, significant transformation product, the
rates cf transformation of YUY compounds could be conven-
iently determined spectrophotometrically by monitoring the
appearance of JC anion at 375 nm and 380 nm at pH 8.9 and
pH about 11, respectively (Table 8). The rates of 0OC form-
ation were thus greater for ¢Y1 than for ﬁYz and both forms
of the latter displayed similar rates. Below pH 8.9 the

#Y compounds not only transformed more slowly but also gave
rise to extraneous products 1n significant quantities

which distorted the u.v. spectrum of the transformation
product. Above pH 11, the rate of transformation increased
rapidly and at pH 12 was too fast to measure. In additiqn,
at pH 12 significant amounts of flavonol were formed part-
icularly from *he ﬁY1 sample and the rate of product
appearance could no longer be monitored meaningfully at

any one wavelength.

(F) Product distribution from separate ﬁYz forms

treated with alkali. For ﬁYq and ﬁYz, the comparative dis-

tribution of product between OC and flavonol as a function

of the alkali concentration at which the transformation



Table 8

Maximum rates of formation of OC from gY compounds

in alkaline buffers

Buffer Rates of OC formation (_ug/min) from:
medium ﬁY1 ﬁYza ﬁYzb

0.05 M tris 4.20 3.44 3.56
pH-8.9

0.C5 M tris base
pH 11 approx. 16.20 11.40 11.70

The 4Y compound, in 50.ul Et0OH, was rapidly mixed with
1.95 ml of buffer in a cuvette at room temperature and
the time course of GC anion formation was monitored at
375 nm (pH 8.9) or 380 nm (pH 11). The above sample of
each AY compound generated 27/Ug of OC on controlled

transformation with alkali in EtOH. Progress curves

recorded were sigmoidal and max<imum rates were used 1in
calculating the values recorded in the Table. For the

purposa of this calculation, the E1 value of 0OC anion

Tcm
was determined as 1.1 x 10 at the monitored wavelength
in each buffer. Samples of ﬁYza and ﬁYzb were prepared
directly from enzyme reaction product by chromategraphy

in 0.5% HA for 17 hours at 4°.
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occurred has already been established (Figure 32). Thus
the reaction of these two compounds, though qualitatively
similar, was more facile for ¢Y1.

With the discovery and availabilily of separate
ﬁYza and ﬁYZb forms of ﬁYZ, the products of transformation
of these separate forms at low (D.DDBN) and at high (0.05 N)
alkali concentrations were determined and compared with the
results similarly obtained ForAﬁY1 (Table 9). At low alkali
concentration the product distributions from both forms of
ﬁYz were similar, yet distinctly different from that for
MY1, in agreement with the result of the previous compari-
son of Jv, and ,sz (Figure 32). Predictably, at high alkali
concentration, the product pattern was common for all three
precursor preparations. Thus, the ﬁYZa and ﬁYzb forms,
in addition to displaying similar rates of formation of OC
at lower pH (see above), were also found to give rise to
similar balances in the competing products, 0OC and flavonol,
upon transformation at low alkali concentration.

(q) Copper-promoted destruction of 4Y compounds in

buffer pH 8. In the course of biochemical studies, copper

was found to not only inhibit the enzymic reaction (Table 4)
but also to fuuction as an apparently specific inhibitor of
flavonol formation (section 2C-3(b) ). However, this virt-
uall, complete Flavonoi inhibition was accompanied by much
reduced recoveries of 0OC. Subsequently it was shown that

the reductions in both flavonol and OC recoveries were

linked effects caused by the copper-promoted destruction of
#Y compounds in a chemical reaction. It was further apparent
from some results that this destruction affected both ;AY.I

and ﬁYZ (sze section 2C-3(b) for details). In the course



Table 9

Distribution of product between OC and flavonol
on transformation of YY compounds with low and

~high concentrations of alkali

Alkali % vield * of products (0OC : flavonol)
concentration
By, #Y,a Y, b
0.00% N 54 : 15 63 :+ 3 59 : 4
0.5 N 5 64 4 59 4 63

Yields were calculated from the quantities recovered
after 1-D chromatographic separation of the product
mixture, expressed as a percentage of the spectro-
photometrically measured OC content of the YY sample
transformed; (250, 210, and 240,ug of OC for the
samples of ¢Y1 and ﬁYza and ﬁYzb forms of ﬁY2 res-
pectively). Samples were treated us outlined in

Figure 31,
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of this work it was also concluded that one product of the
copper-promoted destruction of WY compounds was p-hydroxy-
benzaldehyoe.

(h) Attempted methylaticn of Y compounds. Attempted

methylation of the YY compounds with diazomethanc at 0° was
unsuccessful since the compounds appeared to be unstable to

the treatment.

20-3 Some reactions of 0OC

Attempts were made to prepare a derivative of OC
which would be considerably more stable than the parent com-
pound and whict could therefore be used to advantage in
characterisation studies.

(a) Attempted formation cf acetyl derivative.

Acetylation of OC in ecetic anhydride containing a drop of
pyridine, overnight at room temperature was not successful
on account of difficulties encountered in working up the
product and the low yield of crystalline material (not
characterised) finally obtained.

(b) Preparation of stable methyl ether. Methylat-

ion with diazomethane at 00, however, was successful and a
stable methyl ether of OC was formed. The crystalline
product was ubtained in 83% yield in a typical preparation
from 90 mg of OC and further ouiified by recrystallisation
from acetone-ethanol as fine light-yellow needles., NMR

and mass spectra (see section 2D-6) indicated that the com-
pound was a mono-methyl ether of 0OC. TLC of the original
crystalline preparation on silica gel layers in the solvent
system benzene-absolute ethannl, 10:1, reveéled only one

spot, brown-purple in U.v. light, colour unaffected on fuming
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with ammonia, RF 0.48, compared with 0C, RF 0.35. Charring
the sulphuric acid-sprayed plate revealed only the same '
spot. The purified crystals melted about 210-220° on rapid
heating only; with normal rates of heating they gradually
gave rise, between 205-2250, to a sublimate of colourless
needles and some charred material. The colourless needles
melted at 270-273°, These same needles could also be ob-
served to form if the melt obteined by rapid heating of
0C-methyl ether through 220° was held at 220-230° for a feuw

minutes.

(c) Hydrogenolysis of OC and OC-methyl ether.

Catalytic reduction of OC in 95% ethanci over a 10% palladium
on charcoal catalyst (see Experimental) was found to proceed
very rapidly and to result in very extensive hydrogenolysis
of the compound. Uptake of the first mole equivalent of
hydrogen occurred in the first three minutes. After the
uptake of at least a further mole equivalent of hydrogen in
the next few minutes, examination of the product by 2-D
chromatography revealed numerous compounds, all quantitat-
ively minor, and no residual OC. Among the most significant
product quantitatively was hydroquinone, which occurred in
about 11% yield. Other products mainly exhibited chromato-
graphic properties and colour reactions with diazotised
sulphanilic acid typical of low molecular weight phenclic
compounds. Small amounts of 2,4-dihydroxybenzoic acid were

detected, for example.

MASSEY UNIYERSITY,
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OH
HO CH
COOH
OH
Hydroquinone 2,4-dihyroxybenzoic aclg

>

On accoent of this extensive degradation of OC, a
second sample was hydrogenated until only one mole equiva-
lent of bydrogen had been taken up and the catalyst was
quickly filtered off. The product, on 2-D chromatcgraphic
examination, showed that hydrogenolysis had been again cx-
tensive, despite the presence of considerable unchanged OC.
With this result, no further attempt was made to achieve
controlled catalytic reduction of the OC molecule.

When GC-methyl ether was hydrogenated in a similar
system till in excess of one mole equivalent of hydrogen
had been taken up, the product showed, on TLC on silica gel
layers (developed with benzene-absolute ethanol, 10:1) that
hydrogenolysis had again occurred. From a portion of the
product mixture, small samples of two of the most prevalent
compounds were separated by preparative TLC, using the above
system. The first compound, which was the slowest running
component in the above solvent system, was isolated as
colourless needles and was identified as hydroquirone. The
second, isolated as an o0il, was the fastest moving component,

R. C.9 approximately, and appeared on the layer as a light,

f:‘
bright blue, band in u.v. light This compound displayed
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prominent u.v. absorpiion maxima in 85% ethanol at 230,

270 and 315 nm and the spectrum was unchanged upon addition
of alkali (0.002 N final concentration). Mass spectrometry
revealed an empirical formula C10H1OU3 for the molecular
ion at m/e 178 and indicated the compound was possibly

7-methoxychroman-4-one.

HSCD

7-methoxychroman-4-one

(d) Hydroguinone as a common degradation product

of OC. A number of examples of the formation of small

amounts of hydroquinone in the course of manipulation of
OC were noted. For example, the compound appeared in OC
which bad been recovered from chromatograms run in 10% HA.
It also appeared to be formed during chromatography cf OC

on polyamide columns eluted with aqueous ethanol.

2D-4 Further ohservations on WOC

The observed behaviour of purified Y0OC under various
experimental conditions (essentially pH effects) was as
follows. Alkali treatment was shown to transform yOC
rapidly and efficiently to OC in both u.v. spectral and
chromatographic studies. The latter indicated that flavonol
was not formed from Y0OC. Thus, on addition of alkali (NaOH,

final concentration 0.003 N) to a solution of 4OC in B85%
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ethanol in a cuvette, tne rapid formation of OC anion was
observed. Transformation of WOC to OC proceeded slowly in
0.05 M tris buffer, pH 8.9. At a lower alkaline pH, other
reactions became significant and their products distorted
‘the OC anion spectrum on further e2ddition of alkali. To
check chromatographically on the product of transformation,
#40C (equivalent to 130.ug OC in 50.ul of ethanol) was
added to 4ml of sodium hydroxipe, concentratione 0.006,
0.03 and 0.125 N. After 45 seconds, each mixture was acidi-
fied and the product extracted into ether. Chromatography
in_BeAw showec the product was GC in all cases and thzat
no flavonol had been formed.

The ready conversion of YOC to OC was experienced
on a number of occasions when the compound was being mani-
pulated in solution in acetone or alcohol. In some cases
most of the sample was converted, especially if the solution
was heated in an attempt to increase solubility.

Chromatography of JOC in BeAW could be carried out
and mu:h of the compound recovered unchanged if the entire
process was performed with a minimum delay and only partial
drying of the chromatogram. Mobility in BeAW was slighly
greater than that of OC (see Figure 21). On chromatography
in 5% HA the compound barely moved from the origin. When a
sample was submitted to. 2-D chromatography in the above
solvent pair, with 30 minutes drying time between solvents,
a weak streak extended to zbout RF 0.6 from the YOC spot in
the final 5% HA solvent. Within this streak, some weak spots
were evident, including OC. The streak was thought to

represent breakdown of YOC after first direction chromato-

grapuy.



2D-5 Trimethylsilyl derivatives of MY ccmpounds, 0C and

flavonol

An attempt was made to stabilise the ¥4Y compounds by
the preparation of the volatile trimethylsilyl (TMS) ethers
and thgreby facilitate characterisation of these unstable
compounds by mass spectrometry. Solid samples of the sep-
arate YY compounds were treated with the silylating reagent,
N,0,-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA) and
after the reaction had occurred, as indicated by solution
of the solid, the solution was analysed for products by
GLC (see Experimental). One major and several minor peaks
were present on the chromatograms of th= reaction product
for each YY compound (Figure 34). The major peak, if not
a mixture, indicated therefore that one predominant TMS-
ether product had been formed from each YY comnound.

0C and flavonol were also separately treated with
BSTFA and the resulting products analysed by GLC. Again,
one major TMS-ether product was indicated in each case
and the chromatograms, by the absence of additional minor
peaks (except those from the reagent), indicated that, in
contrast to the results with the YY compounds, clean re-
actions had occurred.

Further GLC in which mixtures of the TMS derivatives
of the different compounds were examined under the previous
conditions (Fiqure 34), revealed that the major TMS-ether
product from each of the YY compounds was chromatographically
indistinguishable from that of flavonol. However, the
product from OC had a slightly lower relative retention
time and was reasonably clearly resolved from these other

TmS-ethers. In Fiqure 34, its woresence in small amount,



Figure 34

Gas-liquid chromatograms of tie products of reaction of

MY1 and ﬁYz with the silylating reagent BSTFA,

gy,

o o

0 . 20 40 60 80

Retention time, min

—

g

X BSTFA - N,Unbis-(trimethylsilyl)-trifluoroacetamide

The glass column, 4mm interna. diameter and length 2 metres
was packed with 80-100 mesh Gas Chrom Q which was coated
with 10% SE-30 stationary phase. The N, carrier gas flow
rate was 50 ml/min. Column temperature was programmed to
rise from an initial 200° at sample application to 24R°

at a rete of 1° per min,
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especially in the ﬁYz— derived product, may be indicated
in the small peak which emerged immediately prior to the
main one.

A sample cf the major TMS-ether product formed from
each of the four compcunds above was coilected in a glass
capiliary, which wes then immediately sealed, by sampling
the effluent as the main part of the peak of interest
was coming off a GLC column (see Experimental). These
samples were then examined by mass spectrometry which in-
dicated further that the main TMS product from each {Y

compound was identical with the TMS der.vative of flavonol.

2D-6 Physical properties of compounds characterised

(a) The pK' of 4Y compounds, OC and flavonol.

Values of pké were determined for the above compounds in 0,05
M tris buffers, from spectrophotometric data and are present-
ed in Table 10.

(b) U.v. absorption spectra of $Y compounds, 0OC, MUE

and 0C-methyl ether. The u.v. absorption spectra of solut-

ions of these compounds in 85% ethanol are presented in the
Figures listed below. Further, the spectra observed on
additicn of solid sodium acetate and of alkali (NaOH, final
concentration approximately 0.033 N) to the ethanclic sol-
utions of the compounds are presented. Neither boric acid
nor aluminium chloride proved useful diagnostic reagents
with any of these compounds.

Similar spectra were observed for chromatographi-
cally prepared samples of ﬁY1 (Figure 35) and of both forms
of MYZ: ﬂYza (Figure 36) and ﬁYzb (Figure 37). Comparable

spectra were also recorded, for the solvent-extracted enzyme



v Table 10

pK: of Y compounds, 0C, 40C and flavonol

Compound

ﬁYza

Uy ,b By, o+ ;AY; oc

yoc

flavonol

PK,

6.65

6.60 6.45 6.58

A.,39

X -
Solvent-extracted enzyme

product mixture was used.
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product mixture prior to chromstogyraphy and secaration of
the YyY compounds. Spectra in spdium acetate were recorded
immediately after the solution was quickly shaken with a
small excess of solid, since the cuompounds were unstable
in this medium. The spectra recorded on addition of
alkali are of OC anion which 3ppeared rapidly as a result
of the induced transformation of the compounds. This
stable spectrum was recorded a fezw minutes after the alkali
had been added and when transformation was complete, as
indicated by no further increase in absorbance at 380 nm.
In. this transformation, an intermediate abscrption with
maximum simile: to that recorded on the addition of sodium
acetate, was noted on rapid manual scanning of the approp-
riate wavelength region, immediately alkali was added.
However, the initial rate of transformation was such that
the intermediate spectrum (presumably that of ionised @Y
compound) could not be recorded.

Spectra are presented in Fiqure 38 for 0OC and in
Figure 39 for OC-methyl ether. Vtor OC, spectra in sodium
acetate and in alkali were stable. No significant spectral
change occurred on addition of sodium acetate to OC-methyl
ether and therefore the spectrum is omitted from Fiqure 39.
Addition of alkali however, caused very rapid degradation
of the sample; the spectrum shown was recorded without delay
and was still changing somewhat.

The spectrum of YOC is recorded in Figure 40. On
addition of alkali, the compourd was rapidly transformed
into OC anion by way of an intermediate (probably ionised
40C), fleeting evidence of which was noted by the transient

absorption peak at about 340 nm.



10C.

(c) I.r. spectra of A{_Compoungii“GC, OC-methyl

ether and ¥0OC. The i.r. spectra (KBr disc) of chromato-

graphically isolated samples of ﬁYq and ﬁYz (the latter as
ﬁYga and ﬁYQb forms) are presented in Figures 41 and 42.
A spectrum almost identical to those in Figure 42 was
recorded for the sample cf ﬁYZ which aggregated in granular
form within an enzyme reaction produc:i mixture of Y com-
pounds on overnight storage and which was subsequently re-
covered without recourse to chromatography (see Experimental).
This granular solid provided the most directly isolated
sample of ﬁYz. A sharper spectrum of gY, cculd not be ob-
tained. After the spectrum of each JY sample had been re-
corded, a portion of the KBr disc was immadiately eluted in
85% ethanol and the purity of the recovered compound checked
spectrophotometrically. A detectable drop in purity had in-
variably occurred during the handling for i.r. spectroscopy,
but in all cases the i.r. spectrum recorded was that of a
sample which had remained largely in its designated form.
Spectra (KBr disc) of 0C, 0C-methyl ether and 4OC
are reproduced in Figures 43, 44 and 45 respectively.

(d) Mass spectra. The mass spectrum of OC is dep-

icted in Figure 46; ions of very low relative intensities
have bean omitted. Mass spectral data which are presented
in Figure 47 and Table 11 shored that OC-methyl ether is a
mono-methyl ether of OC. Empirical formulae determined
by mass measurement of the prominent respective molecular
ions were 0OC, C15H1005 and 0C-methyl ether, C16H1205. A
stronger spectrum, more suited to mass megasurement was ob-
tained from 0OC-methyl ether tran from OC. A small quantity

of a dimethyl-eher product (m/e 298) was noted in the spectrum



Table 11

Empirical formulae of ions in mass spectrum
of 0C-methyl ether

Impurity,

Molecular ion

dimethyl ether

. Relative Measured bBxact Empirical

L Oy m/e Abundance Mass rlass formula
298% 4.1 298.0847 298.0841 Cy7Hq40e

- 2847 100.0 284.0675 284.0685 C e, 20
267 4.1 267.0652 267.0657 Ci6H110,
255 3.5 255.0676 255.0657 CicHqq0y,
241 2.4 241.0508 241.0501 G 4 H 0D,
227 1.8 227.0712 227.0708 G, el
191 71.0 191.0348 191.0344 EoH b
151 8.8 151.0406 151.0395 CgH, G,
135 9.4 135.0441 135.0446 C i),
134 21.2 134.0365 134 .,0368 CaHe 0,
121 14 .1 121.0289 121.0290 CoHe0,
119 21.8 119.0497 119.,0497 CgH-0
“1C 51.7 110.0377 110.0368 CeHg O,

94 39.4 94,0422 94,0419 CeHe O

X X
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of OC-methyl ether.

The spectrum recorded for YOC (Figure 48) changed
with time and became more like £hat of OC, indicating
isomerisation. The sample was also somewhat impure as
indicated by the large number of weak ions (not shown in
Figure 48) up to about m/e 500.

Spectra recorded for the main TMS-ether product
prepared from ﬁYq, MYZ, flavonol and OC and isolated by
GLC (see section 2D-5) are recorded in Figures 49, 50, 51
and 52.

(e) NMR spectra. The NMR spectrum of OC in

hexadeutesroacetone, in which all tihe proton signals were
located downfield in the aromatic region between 66.7 and
7.9, is shown in Figure 53. The sgectrum in Figure 94,
which was recorded after the addition of deuterium oxide,
has been integrated.

The aromatic region of the spectrum of O0C-methyl
ether is shown in Figure 55. Limited solubility of the
compound in acetone restricted the intensity of this spectrum.
The only cbserved signal not shown in Figure 55 was a singlet
at 64.02 for which the integral was one-third approximately
of that for the entire aromatic region. This integral is
in agreement with the finding by mass spectrometry that the
compound is a mono-methyl ether of OC.

The spectrum of YOC siiowed the presence of som=
impurity but was mainly complicated by the transformation
of the sample to OC which occurred in the course of manipulat-
ien. This conversion had reached significant proportions
before a spectrum was recorded and was virtually complete,

as revealed by NMR and subsequent u.v. spectra, before any
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expanded-scale NMR spectrum of the aromatic region could

be obtained. However, the initial spectrum recorded,

sweep width 0O - 500 Hz downfield from TMS, revealed two
doublets { #5.16, J=6.3 Hz and 3.96, J=6.3 Hz) upfield

of the complex pattern in the aromatic region. The aromatic
reginn was especially complicated by the presence of an
appreciable amount of OC in the sample since the spectra

of 40C and 0C, though similar, did not coincide.

While the above spectra were recorded at room
temperature the spectra Fdr 4Y compounds were determined
with the samples cooled to 0°. Results are presented in
Figures 56 (ﬁv1). 57, 58 (ﬁY2a rorm of ﬁvQ), 59 and 60
(ﬁYzb form of ﬁvz). In addition to the signals in the
aromatic region, the spectra cf these compounds characterist-

ically displayed an upfield pair of doublets.

2D-7 Proposed structures for 0C, 4OC and Y compounds

The data presented above are consistent (see
Discussion) with the formulatiorn of these compounds as the
structures presented in Figure 61, Thus, OC is identified
as 8-hydfOXybenzo (2,1-b)-4-hydroxy-2H-oxepin-5-one-2-spiro-
1'-cyclohexa-2',5'-dien-4"'-one, and YO0C as the a-diketone
tautomer of this enol. O0C-methyl ether is the 8-0- |
mono-methyl ether of OC. ﬁY1 and ﬁYz are formulated as
diastereoisomers of 8-hydroxybenzo (2,1-b)-3,4-dihydroxy-
2H-oxepin-5-one-2-spiro~-1'-cyclohexa-2';5'-dien-4"'-o0one.
ﬁYza and ﬁYzb differ from one another in being enantiomers
of one of these diastereoisomers and ﬁY1 is a mixture of the

enantiomers of the other diastereoisomer.
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Usv. absorption spectra for ﬁYq,

L Il i L

1 1
200 250 300 350 400 450

Wavelength, nm

ﬁY1 in 85% EtOH, Amax 275, 318 nm
As 1, with solid NaOAc added, Amax 339 nm
As 1, with NaOH adced, final concentration 0.003 N,

Amax 382 nm (spectrum is that of 0OC anion)
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Figure 36

U.v. absorption spectra for %Yza form of ﬁYz

2.0

-
o
T

200 250 o0 350 400

Wavelength, nam

ﬁYza form in 85% EtOH, Amax 275,.517 nm
As 1, with solid NaOAc added, Amax 335 nm
As 1, with NaOH added, final concentration 0.003

Amax 381 nm (spectrum is that of OC anion).
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Figqure 37

U.v. absorption spectra for ﬁYQb form of ﬁYQ

450

Wavelength, nam

nyzb form in 85% Et0OH, Amax 275, 317 nm
As 1, with solid NaOAc added, Amax 336 nm
ARs 1, with NaOH added, final concentration
0.003 N, A max 382 nm, (spectrum is that of

0C anion).
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Figure 38

ll.v, absorption spectra for aC

300

Wavelength, nm

1
OC in 85% EtOH, A max 325 nm, £,/ = 0.845 x 103
As 1, saturated with NaOAc, Amax 378 nm
As 1, NaOH added, final councentration 0.003 N,

X max 381 nm
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Figure 33

0C-methyl ether

L

Na e

(alad

U.v. absorption spec!

2.0

10

n

250 300 350 400 450

Wavelength, nm

0C-methyl ether in 85% EtOH, A max 322 nm, E::[Emz 0.086 x 10°

As 1, NaOH added, final concentration 0.003 N, (sample

decomposes)
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U.v. absorption spectra for y0OC

20

Wavelength, nm

'
|

YOC in 85% EtOH, A max 273, 320 nm

As %, NaOH added, final concentration 0,003 N,

(spectrum is that of OC anion)



Figure 41

I.r. spectrum (K3r disc) of ﬁY1
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Figure 42

I.r. spectra (KBr disc) of ﬁYza and ﬁYQb forms of ﬁYz
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figure 43

I.r. spectrum (KBr disc) of GC
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Figure 44
I.r. spectrum (KBr disc) of 0C-methyl ether
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Figure 45

I.r. spectrum (KBr disc) of 40C
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Figure 48
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Mass spectrum of TMS-ether product from ﬂYz
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Figure 53

NMR spectrum of OC in acetone—dG, sweep 390-490 Hz
downfield from TMS internal standard, 12 sweeps on

CAT (computer of average transients).
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figurc 54

NMR spectrum of 0OC in acetone~dg containing DQD,

sweep 390-490 Hz dcwnfield from TMS. See Figure

53 for analysis of the spectrum.
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Figure 55

NiMR spectrum of dC-methyl ether in acetone—dﬁ, sweep
390-490 Hz downfield from TMS, 16 sweeps on CAT. Refer

to Figqure 53 for details of the analysis of the spectrum.
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Figure 56

NMR spectrum of ¢Y1 in acetone-dg, sweep 250-500 Hz down-
field from TMS,.
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rigure 57
NMR spectrum of M (ﬁY a form) in acetone-dg, sweep
250-500 Hz downfleld From TMS.
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Figure 58
NMR spectrum of ﬁYz (ﬁYza Forh) in acetone—d6, sweep
370-470 Hz downfield from TMS; 10 sweeps on CAT.
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Figure 59

NMR spectrum of ﬁY (4 iY,b form ) in acetone-dg, sweep

250-500 Hz downfleld flom TMS. Assignments are as in

Figure 57.
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Figure 60

NMR spectrum of ﬁYZ (ﬁYzb form) in acetone-dg, sweep 370-47C
Hz downfield from TMS; 10 sweeps on CAT. Assignments are as

in Fiqure 58.
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Fiqure 61

Structure of 0C, 40C, 0C-methyl ether and YY Compounds

0C-methyl ether Y4 _and ﬁYz (jéYza and ;A'Yz_g)
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20 THE CHEMICAL OXICATION OF CHALCONE WITH HYDROGEN PUROXIDE

In the course of biochemical studies recorded
earlier (see section 2B-4), a chemical reaction was ob-
served on acaitian of hydrogen peroxide to chalcone in
tris buffer pH 8. The rele of disappearance of chalcone
in this chemical reaction was slow, being about 1 - 4%
of the rate obrerved when low amounts of enzyme were added
to the same reaction mixture. The apparent products of
this limited chemical 1eaction, detected chromatograph-
ically in very low amount, were OC and flavonol. Further
studies of the chemical reaction were subsequently under-
taken to cefine its nature and to permit comparison with

the enzymic reaction.

2E-1 Products of reaction at pH 6 - 11,

In these studies, the chemical reaction was initially
investigated in tne pH range 6.2 - 11 using a much higher
concentration of hydrogen peroxide than in the previous
reactions, which had been strictly controls for the bio-
chemical reaction. Once again, when products of the react-
ion were.ether extracted at pH 7, 2-D chromatography con-
firmed the isolation of OC and flavonol as the only quanti-
tatively signiricant products. The quantities of these
compounds recovered are presented in Table 12, together
with details of reaction mixtures and conditions investi-
gated. Thus, the rate of reaction as judged by the quantity
of products isolated was apparently insignificant at acid
pH and increased in rate with pH in the alkaline range. At
pH 8 and above, where the more significant rates of reaction

apparently occurred, OC was the major product isolated.



Table 12

Amounts of OC and flavonol isolated chromatographically
following the chemical reaction of chalcone and hydrogen

peroxide in buffers pH 6.2-11

Reaction buffor " Product isolated (ug)
pH Type ‘ 0C Flavonol
6.2 phosahate 0 0.05
7.0 phosphate 0.8 0.34
8.0 phosphate 6.0 0.48
7.0 tris 2.2 0.96
8.0 tris 6.5 0.37
9.0 tris 14,8 0.14
11 tris base %7, 9 0.16
|

The reaction was conducted by the sequential addition

to 4 ml of 0.05 M buffer (see Table) of chalcone

(0.73 umole) and 30% H, 0., (87 umoles). Incubation was
for 20 minutes at room temperature, after which the
reaction mixture was adjusted toc pH 7 and the product
immediately extracted into ether (2 x 5 ml). On removal
of the ether, the product was separated by 2-D chromato-
graphy and che OC and flavonol spots present were oxcised.
0C was eluted in 85% EtOH and estimated by u.v. abscorb-
ance at 325 nm, while flavonol was eluted in an EtOH-
phosphate buffer mixture and estimated fluorimatrically

(see Experimental).
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However, the small amounts of flavorol invatvriably present
were noticeable on account of the intense flucirescence of
the compound on chromatograms viewed in u.v. light.

Irn additiori to OC and flavonol products, the Z-0
chromatograms also showed clearly that very emall amounts
of ccmpounds were present in the Y% and Yé spot positions,
especially fiom the reaction in tris buffer pH 7 but also
from phcsphate buffer at pH 7 and 8. At hiaoher reaction
pH, no Y'-type spote were present. This constituted the
first evidence of the possible existence of the YY compounds
in -the product of the chemical reaction and raised the
possibility that these compounds were the precursors of
the 0C and flavonol isclated, as in the case of the enzymic
reaction. From the known behaviour of the ﬁY compounds,
transformation of t%e small quantities raquired to esccount
for the observed OC and flavonol products would have been
reasonably expected under the conditions of reaction and
extraction. Furthér, the presence of traces of these
precursors at lower but not at higher reaction pH would be
consistent with previous experience.

Evidence of aurone formation in these chemical
reactions was revealed initially only at higher reaction
pH by the occurrence of the compound as a spot beside
chal-one. However, later inspection revealed the existence
of Y, and Y2 spots too on these chromatograms and alssc in
those of products formed at lower reaction pH. These
results were entirely compatible with aurone formation
occurring only throuagh Y1 and Y2 precursors, again in
para’lel to the findings for the aerobic biochemical reaction.

The origin of the routinely isolated products, 0T and



tlavonol, in the chemical reaction was then 1nvestigated
following the circumstantial evidence which accrued from
the previous series of chemical reactions that Y com-
pounds may be common precursors as in the enzymic reaction.
A reaction was therefore carried out with conditions
specially chosen to minimise rhe destruction of any yY
compounds which may be formed. Thus hydrogen peroxide
concentration was increased to favour a faster reaction,
and the reaction pH was selected as a comgpromise between
the conflicting effects at higher pH of faster reaction but
greater instability of any JY compounds formed. A short
reaction time vas selected to virtually eliminate any loss
of YY compounds by conversion to CC, flavonol and other un-
identified products whose formation was known to occur at
slightly alkaline ph.

The reaction mixture contained chalcone (3.7 umoles)
and hydrogen peroxide (8.7 mmoles) in 40 ml 0.05 M tris
buffer pH 7.5. After 2 minutes reaction at room tempera-
ture, the solution was adjusted to pH 2 - 3 and the ether-
extracted (2 x 40 ml) product was chromatographed in 2-D on
two papers with 20 minutes drying time between solvents. 0On
the partially dry final chromatograms, rharacteristic Yi and
Yé spots were detected in u.v. light and immediately eluted
as the two separate types in AS5% =thanol. The absorption
spectra of the two eluates were typically those of 4Y com-
pounds and were of about equal intensity. The absorbance
indicated the quantity of compound in each would have been,
as JY Compound, equivalent to about 25.ug of OC. Each eluate
was then transferred to aqueous solution and treated caut-

iously with the minimum amount of alkali required to raise
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the pH abtove 9 (determined empirically on account of acetic
acid present from chrumatographic solvent) in order to con-
vert any dY compounds largely to OC but also to a detect-
able wmount of flavonol. The alkali-~treated procduct was
recoveret and analysed by 2-D chromatugraphy in the usuzl
manner. It was found to contain in both cases 0OC and
flavonol in low amounts, but as the only significant pro-
ducts. Therefore, both ¢Y1 and MYZ had been formed in the
chemical reaction. The chromatoorams of reaction product
also indicated that the YY compounds were the source of

the OC and flavonol previously isolatec as producté of the
chemical reaction since none of the latter compounds
appeared in this case where conditicns had been chosen *to
limit the transformation of any YY compounds formed, and no
precursors other than the YY compounds were detected. The
final chromatograms of the alkali-treated eluates showed
after a period of storage that small amounts of the aurone
precursors, Y1 and Y2 had also been formed in the reaction
and r~ecovered in the eluates of the respective Y' spots,
but not transformed extensively in the alkali treatment step
on accouﬁt of the limited rise in pH.

When investigations were also carried out at higher
reaction pH than the previous upper limit of pH 11 (see |
Table 12), the chromatographica ly apparent product pattern
remained as 0OC and flavonol. In contrast to the previous
experience (Tahle 12) the quantity of products on chroma-
tograms no longer increased with reaction pH. The contents
of the reection mixture were as given in Table 12, but buffer
was replaced by NaOH, either 0.01 or 0.1 N and reaction time

was rectricted to 5 minutes before ether extraction at pH 7
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and chromatograpiny of procucts. The lack of additional
quantity of procucts from reaction at pH 13 ccmpared with

pH 12 was rationalised in Lerms of the product being fermed
as YY compounds. Hence these compourds would have been
transformed rapidiy at either reaction pH to OC and flavonol,
but the proportion of the latter would have increased con-
siderably at the higher reaction pH (see Fiqure 31). How-
ever, since flavonol is degraded in alkali the losses of

this product, and of total product therefore, would haQe
been increased at higher reaction pH. Thus, the situation
could have arisen where the expected ac.gitional rate of
product (YY compounds) formation at higher pH was offset

by the aoded rate of destruction of the major derived form
(flavonol) of the product at that pH. Under the conditions
of reaction at pH 7 - 11 and extraction at pH 7 (see Table
12), transformation of YY compounds would yield predomin-
antly OC and hence the general effect of an acceleration of
reaction rate with increasing pH would be linked with an
increase in OC formation and recovery. The decreased amount
of flavonol recovered from reaction at pH 9 and 11, compared
with lower pH (Table 12) may well have been significant and
a reflection of increased retes of destruction outweighing
the trend at higher pH towards proportionately more flavonol
format on from 4Y compounds. The destriiction of flavenol
was found, for example, to be 7.3 ,ug when 25 wag of the com-
pound was incubated in a 4 ml volume of 0.05 M tris base

pH 11, at room temperature fer 60 minutes. At 600, however,
the same amount of flavonol in the same incubation mixture
was destroyed in about 5 minutes. Thus, from the foregoing

survey of the amounts and balance of flavonol and OC



recovered from the chemical reaction, the hypothesis that

#Y compounds are initially formed in this reaction undcr all
pH conditions, besides at pH 7.5 as directly demonstrated, is
proposed tc unigquely accommodate the observed results. There:-
fore in terms of oetailed product pattern the chemical re-

actinn is considered to parallel the enzymic reaction.

2F-2 Products of reaction under A.F.0. conditions

An important extension of the study of the chemical
reaction was made to include the general conditions estab-
lished in practice for the synthesis of many flavonols from
the corresponding chalcones. This general reaction has
become kncwn as the Algar-Flynn--Oyamada (A.F.0.) reaction.
Typically, the A.F.0. reaction is condurted at high pH and
at low temperature, about 0°. Thus in the present investi-
gation, chalcone (180.umoles) was dissolved in 2.5 ml of
1.25 N sodium hydroxide and the solution cooled in ice to
0° when hydrogen peroxide (960.umoles in 0.11 ml) was added
and the mixture held at 0 - 4° for several days. Samples
(100 ul) of the reaction mixture were withdrawn at intervals
over the.next 145 hours and were acidified immediately with
HC1 in a 4 ml volume of water and ether extracted. An
aliquot of the evaporated ether extract was chromatographed
in Z2-C to reveal the product pattern. The only significant
product quantitatively was flavonol. After 20 hours reaction,
the yield was approximately 20% of the chalcone added; after
145 hours very little chalcone remained and the ether-extracted
product was larqely flavonol, as shown immediately by the u.v.
absorption spectrum and subsequently by chromatography. At

no time was any chromatographic evidence of OC formation
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detected, even atter limited reaction times of from 2 - 20
minutes or from 17 - 4 hours. Traces of the dihydroflavonol,
garbanzol, were apparent in the product for vezaction times
of between 20 minutes and 20 hours only, with a maximum

at about 2 hours. Very small amounts of Y, and Y, were
detected (after aurone artifact formation) for reaction
times of betwean 2 minutes and 2 hours only; the amounts
decreased prcgressively with reaction time.

When concidered in conjunction with the previous
findings for the chemical reaction at lower pH and at room
temperature it was considered (see Discussion) that flavo-
nol formaticn in this A.F.0. reaction also occurred by way
of YY compounds as intermediates. The effect of the high
reaction pH would have been te strongly direct transforma-
tion of these comoobnds to flavonol. Further, the low
reaction temperature was expected to have contrihuted much
to the stability of flavonol (compare rates of destruction

given above at about 20° and 60°),
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Chapter 3
DISCUSSION

In this Chapter, the results leading to the proposed
structures for the new producis isolated, namely 0OC, MYT
and ﬁvz are examined. Following this, the chemical and bio-
chemical oxidations of chalcone are considered and plausible
mechsnistic schemes advanced for these reaction systems.
It will be shown that the novel peroxidase-catalysed react-
ion encountered in this work can be rationalised in terms

of a proposed sequence of previously kni¢wn redox transform-

ations of the enzyme.

3A STRUCTURE OF OC, gY, AND #Y,

A close structural relationship is indicated for
0C, ¢Y1 and ﬁYz from a number of results. Thus, the facile
transformation of ﬁY1 and ﬁYz to OC indicated a minimal
structural difference. Further, the identity or close
similarity in the spectral data points to a very limited
difference between ¢Y1 and ﬁYz. This conclusion is rein-
forced b* the common property of MY1 and ﬁYz in giving rise
to either OC or flavonol under alkaline conditions. As will
become apparent in the following sections, various strucf-
ural i.~terpretations are automatically strengthened by
virtue of the knowledge that close structural relation-

ships exist among all the new compounds.

3A-17 Evidence from spectral data

(a) Interpretation of the mass spectra of 0C and

OC-methyl ether. The molecuiar formulae of 0C, 4OC
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(both chHWDB) and 0C-methyl ether (cmeUB)i determined
by mass measurement of the respective molecular ions,
established OC and 40T as structural isomers and 0OC-methyl
ether as a mono-methyl ether of OC. The molecular formula
therefore showed that in the formation of 0C, a four-equiv-
alent oxidation of chalcocne had taken place resulting in
the net removal of two hydrogen atoms anrid the addition of
one oxygen atom.

The mass spectra of 0OC and 0OC-methyl ether were
very similar (Figures 46 and 47), the molecular ion being
the base peak in each case ard the major fragmentation
paths closely similar for both compounds. A scheme for
interpreting the paths of fragmentation is presented
(Scheme 1). The structures presented in this Scheme for
specific ions are considered to be plausible representat-
ions of the compositions established for the ions by mass
measurement (Table 11) and serve to raticnalise the frag-
mentation ohserved in terms of the proposed structure of
the intact molecule. Thus, cleavage of the molecular ion
in Scheme 1 is represented as an o cleavage of the ether
linkage (41) at the spiro centre followed by hydrogen atom
transfer and elimination of the fragment. Given the res-
trictions imposed by the original chalcone structure, this
elimination of a fragment of .wass 93 can only be reasonably
formulated as a loss of the atoms originally of rirng B
of the chalcone. Furthermore, elimination of the same
fragment from both OC and OC-methyl ether molecular ions
indicated the oxygen atom present in the fragment could not
be phenolic in the OC structure, otherwise methylation with

diazomethane would have been expected. Successive eliminations
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Scheme for the fragmentation of 0OC and (0C-methyl

ether upon electron impact
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of two molecules of carbon monoxide from ion A to give ion
C occurred to a small extent and could be rationalised in
terms of the heterolytic cleavage sequences in the Scheme.

Ior, D {m/e 94) was prominant and represented frag-
mentation of the molecular ion with retention of charge
in the original! chalcone B ring moiety, ir contrast to
the formation >f the previously encountered fragment, ion
A. ‘tormalion of ion D, however, requires a double hydro-
gen transfer. Homolytic cleavage of the ether 1inkage.in
the molecular ion gives the diradical, stabilised by
mesomerism involving the rings adjacent to each electron,
which can then rearrange with transfer of one hydrogen
atom to the flavcnol-like intermediate. This intermediate
then cleaves (42) with another hydrogen transfer reaction
to form ion radicallD.

Fragmeritation of deuterium-labelled 0C, prepared by
introducing O0C and deuterium oxide in to the source (43)
was consistent with the above Scheme. The molecular ion
incorporated a maximum of two dsuterium atoms, as would
be expected, through exchange with hydrogern at the enolic
(C-4) and phenolic (C-8) functions. Both deuteriums were
retained in fiagment ions A and B, while one was present
in ion D.

The peak at m/e 110 (C6H602)'+in the spectra of
both OC and OC-methyl ether was considered to be an arti-
fact and to represent the molecular ion of hydroquinone
which had been formed by partial pyrolysis of the sample
introcuced into the mass spectrometer., This diphenol was
formed by spontaneous degradation of OC (section 2D-3(d))

and by hydrogenolysis of both OC and 0C-methyl ether
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(section 20-3(c)). The main evidenrce pcinting Lo this
origir of ion m/e 110 was the wide variation in the intens-
ity of the ion in relation to the other established ions
(Schemz 1) in the spectra run under different inlet tempera-
ture regimes. The spectrum for the deuterated OC sample
(see above) showed that two hdrogens were exchangeable

with deuterium in this ion (m/e 110 —= m/e 112) as expected
for its origin as the proposed secord molecular ion but not
if it were formed from OC or OC-methyl etker molecular ions
by fragmentation involving a double hydrogen transfer
(compare deuterium exchange four ion D m/e 94). Peaks at

m/e 81 and 63 in the spectra are typically fragment ions

in the spectrum of hydroquinone (44).

The mass spectrum of YOC was of little direct value
beyond the establighment of the compcund as a structural
isomer of OC. A very prominent peak at m/e 110 in both the
first and final spectra recorded for the JOC sample was
again attributed to hydroquinone formed by partial pyroly-
sis, which may have been more extensive with 40C than with
OC and O0C-methyl ether. As the inlet temperature increased
to about 2000, the spectrum resembled increasingly that of
OC. It was considered likely that the diketone, 4oc, isom-
erised to the more stable enol, 0OC, in the mass spectrc-
meter.

(b) Interpretation of the mass spectra of TMS

cerivatives from #Y,, #Y,, OC and flavonol. Silylation

of ﬁY1 and de was undertaken in an effort to stabilise
these highly reactive compounds sufficiently to permit de-
termination of molecular weight at least, by mass spectro-

metry. If successful, fhis technique would have revealed
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the number of hydroxyl groups in the molecule and, cthere-
fore, the validity of the diol structure proposed (Figure 61)
would have been tested directly, a feat virtually unmanagea-
ble by otiher procedures on account of the instability of the
compounds. Attempted mass spectrcmetry of the unprotected
compounds was fruitless.

Mass spectrometry of the GLC-purified, major, TMS
derivative of both ¢v1 and ﬁYziindicated that an identical
product had been obtained from the two compounds (Figure 49
and 50). Further, directlcomparison with the spectrum of
an, authentic t.imethylsilylated flavonol sample (Figure 51),
similarly isolated by GLC, provided strang support (see
below) for the identification of the TMS derivatives of
¢Y1 and ¢Y2 as the TMS-flavonol product. Consequently, all
evidence was found to be consistent with the cnnclusion
that a transformation of both ¢Y1 and ﬁYz to flavonol in
the course of silylation with the BSTFA reagent had occurred.
Analytical GLC (Figure 34) indicated that any TMS-0C product
also formed was in relatively minor proporfion to the TmMS-
flavonol since these two compounds were separately shown
to be resolved on the column under the conditions employed.
Therefnre, the transformation of ﬁY1 and ﬁYz in the silylat-
ion step had strongly favoured rearrangement to the flavonol
nucleus (compa+e transformation in aqueous alkali- Finur:s
31 and 32). This catalysis in the silylation procedure
with the BSTFA reagent was unexpected.

Thg mass spectrum of the TMS derivative from ﬂY1 and
¢Y2 displayed a weak molecular ion peak at m/e 486 in each
case. A similar weak peak at m/e 486 was observed for the

molecular ion of authentic TMS~flavonol, consistent with the
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cxpected molecular ion of the fully trimelhylsilylaced,
trihydroxy compound (270 plus 3 x 72). In contrast, the
tri-TMS derivative of the intac£ diol structure proposed
for ﬁYq and ﬁYz would have had a mclecular weight of 504.
The discrepancy of 16 mass units (504 minus 486) rcorres-
ponds tﬁ the loss of the clemants of water which would
occur in the rearrangement of the diol structure (4Y) to
flavonol. Using a ﬁYz—derived sample of the TMS derivative,
a check was made to ensure that the peaks at m/e 486 and
471 in the spectra of the fY-derived samples did not rep-
resent, instead of the molecular ion and M - 15 fragments
respectively, fragment ions derived from a higher mass
molecular ion, in particular at m/e 504. Thus, no metast-
able peak could be detected for any transiticen yielding
either m/e 486 or 471 fragments, apart from the transition
m/e 486 —s 471, and no evidence whatsoever of the existence
of a m/e 504 ion could be detected. Hence, the existence
of a common molecular ion peak at m/e 486 leaves no other
conc.usion than that the gY-derived samples are either
identical to of isomeric with TMS-flavonol. When all othner
data are taken into account, the only tenable conclusion
is that the product from these tnree scurces is identical.
The spectra of the yY-derived samples were com-
plicated apparently by the occu.rence of partial hydrolysis
of the TMS derivative to produce a mixture of compounds,
presumably while the sample tube was open to the air in
the final stages of introduction into the mass spectrometer.
Some TMS ethers are known to be very sensitive to moisture
(45). As a consequence, the peak at m/e 414 was indicated,

on the basis of relative peak intensities as inlet temperature
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increased and on metastablz peak intensities, to represent
largely a molecular ion and only to a minor extent the
transition m/e 486 — 414, At higher temperatures, the
relative intensity of m/e 414 increased considerably in
relation to the peak at m/e 471, which was derived from

m/e ass'by loss of methyl (metastable peak detected). This
relative increase in peak intensity was consistent with the
presence of a separate compound of lower volatility, giving
rise to much of the m/e 414 peak as a molecular ion. A
compound of mass 414 could readily arise from the TMS-
flavonol structure upon hydrolysis of cne TMS ether linkage
(eéuation ?), a reaction which would be expected to be more
facile for phenolic ratter, than alcoholic, TMS-linked oxygen

functions (45).

TMSO 7/ \

l 0Tms
oTmS + HDSi(CHq)m
0 343
T MS-flavonol T MS-flavonol
3 2
mass 486 mass 414

Equation 2

While the peak at m/e 474 was the base peak in the
spectrum of each of the gY-derived samples, it was reiatively
less intense, but nonetheless highly significant, in the
specﬁrum of TMS-flavonol. Although its origin in the latter
sample was not specifically investigated, it is entirely
reascnable to assume it again represented largely the molec-

ular ion species arising by hydrolysis as in equation 2.
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Fal

With the m/e 414 peak largely removed from the true
mass spectra for the dY-derived and THS-fisvonol samples,
it thus emerges that the base peak in each case is at m/e
471, This is readily accepted as 2 rraymentation of the
molecular ion by loss of a methyl radical from a TMS group,
a favoured process in many TMS cderivatives (46). The peak
at m/e 399 in the spectrum of the ¢Y2~derived sample was
shown, by metastable peak scanning, to arise by the trans-
itions m/e 414 —— 399 and also m/e 471 -—> 399 (loss of
methyl and CHZSi(CH3)2 respectively)— the latter is equiv-
alent to the minor contribution to the m/e 414 peak of
the transition m/e 486 —— 414 also observed in this sample.

The peak at m/e 147, prominent in the spectrum of
TMS-flavonol and present also in the spectra of the Y-
derived samples, probably represents a well-established
artifact in the spectra of TMS cerivatives (46), This
artifact arises by loss of a methyl radical from the conr-
densation product (hexamethyldisiloxane) of trimethylsil-
anol, itself Fprmed upon spontaneous hydrolysis of the TMS
ether (as in equation 2 above).

2 (CHg),5i0H ——> (CHg)z— Si—0—Si—(CH;), + H,0

Hexamethyldisiloxane
CH3

+
HCWQS—Si—U—Si—%U%) A5 (u%)f—snzo—sr—(u%)

3] 3

m/e 147
Another artifact peak at m/e 75 is also characteristically

formed directly from this trimethylsilarol hydrolysis product

by loss of methyl radical (46).
CH3

o — A i sstony),

m/e 75



124,

A strong peak at m/e 75 is present in the spectra of the
yY-derived samples; in the case of TMS-flavonol, however,
the spectrum was not recorded below m/e 100. Thus the
presence of peaks at both m/e 147 and 75 is indicative of
the occurrence of trimethylsilanol, consistent with the
contention that partial hydrolysis of the TMS-ethaer occurred
prior to mass spectrometry in all three samples. The peak
at m/e 73 is typically that of.the trimethylsilyl cation
(46).

To complete the é£udy of the TMS derivatives, that
of .0C was also prepared by GLC and subjected to mass spectro-
metry. Of particular interest was the .act that this deriva-
tive was expected, and found (Figure 52), to display 2 mole-
cular ion peak at m/e 414. Moreover, the spectrum of TMS-0C
displayed a number of unique peaks which served to distin-
guish it from the other mass spectra considered. Thus the
peak at m/e 110, typical of unprotected OC and already con-
sidered to be an artifact arising by partial sample pyrolysis,
was unique to the TMS-0C sample, together with other less
significant peaks. Hydrolysis of the TMS-0C sample would
also have been expected, and was in fact indicated by the
occurrence of typically-artifact peaks at m/e 147 and 75.
Fragmentation of the TMS-0C molecular ion and a orobable
additional molecular ion at m/e 342 was overall similar™ to
TMS-7lavonol in that loss of methyl (M - 15) and CH251(6H3)2
(M - 72) was observed.

General support for the OC structure was also forth-
coming from this TMS-0C spectrum. The presence of the two
hydroxyl groups in the molecule was indicated by the presence

of two TMS groups in the derivalive, while the absence of
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the ien at m/e Y4, prowminent in the 0C spectrum and requir-
ing a double hydrogen transfer in its genesis (3cheme 1),
was entirely predictable in that one of the required hydro-
gens was no longer available, having bsen displaced by the
TMS group.

(c) Interpretation of the WMR spectra of 00, 0C-

methyl ether qu_ggg Y, In the NMR spectrum of OC

s

(Figure 5% and Table 13) the absorpticns assigned to the
three arcmatic ring protons H-6, H-7 and H-9 were similar
in pattern to those of the A ring protons, H-5, H-6 and
H-8, of the 5-deoxyflavonoid, robinetin (47), which serves

as a suitable model compound.

Robinetin

In CC, the presence of the carbonyl function at
C-5 is evidenced in the low-field absorption of H-6, due to
the deshielding effect of this group (47, 48). Coupling of
the H-6 and H-7 protons (J6,7:8.6 Hz) is within the range
(6-10 Hz) for ortho coupling in aromatic rings (49). A
spin decoupling experiment confirmed the low field doublet

(H-6) arose by coupling with a proton (H-7) in the upfield
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Table 13

for O0C, O0C-methyl ether, ﬁUC, ﬁY1 and ﬁ?z

General formula

Compd Chemical Shifts (ppm 6 scale)

H-3 H-6 H-7 H-9 [H-2',6' [H-3",5"
oC 7.33 7.60d | 6.82dd | 6.77d| 7.21d 6.93d
0C-OMe 7.24 7.55d | 6.76dd | 6.81 | 7.11d 6.80d
Joc 5.05d (H-3a)

3.89d (H-3b)
(H-3, H-4)
4y, 5,32d 5.15d| 7.16d | 6.52dd | 6.37d| 7.02d 6.53d
4y, a 5.19d4 4.65d| 7.27d | 6.43dd [6.37 | 7.22d 6.66d
AP 5.20d 4.65d| 7.27d | 6.43dd |6.38 | 7.22d 6.66d
X

Chemical shifts

to a TMS internal standard,

are given in ppm (6 scale) relative

Multiplicities are noted

Sfor signals other than singlets as d (doublet) and dd

(double doublet).

No separate assignme.it of chemical

shift to H-3 and H-4 protons in ﬁY1 and ﬁYz-is made.

Analyses of all spin systems (see text) were made by

first order approximations.




Table 13 Cortinued

Coupling Constants (hz)

Compd. Vot
o H-3a,3b | H-3,4 1-A,7 | H-7,9 H:z:z
oc 8.6 2.1 9
0C-0me 8.2 2.4 10

yoc 6.0

,Av1 2.3 8.8 2.0 8.4
nyza 2.0 9.3 2.0 9.0
)szb 2.0 9.3 2.0 9.0
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multiplet (see Figure 53) in keeping with the above assig-

ments. Ffurther splitting of the H-7 resomnance into a

double doublet, by meta coupling (49) with H-9 (J7 g 2 Hz)
’

also occurred as shown in Figure 53. Partial overlap with

some of the upfield signals of the dienone ring protons
added to the complexity of the spectrum in this regior.

AR singlet at 67.33, downfield of all but the H-6
rescnance, was assigned to the.(C-3 proton; in keeping with
its olefinic nature aided probably by its conjugation with
the B -carbonyl group (5d>.

The four remaining protorns in the spectrum of the
OC molecule absorbed as an AA'BB' systsa (51), symmetrical
about its mean chemical shift (67.07), which could be
assigned satistactorily to the protons of the p-cyclohexad-
ienone ring in 0OC, derived from the aromatic B ring of the
original chalcone. This type of spectrum is also shown
typically by p-disubstituted benzenes (51,52) in which the

various couplings are of the order shown below.

R
J =~ 7 -10 Hz
AH HA' AB
JAA'~'JBB'¢ 2 - 3 Hz
BH HB' JAB' = 0 - 1 Hz
Rl

This system is nearly one in which the AB and A'B'proton
pairs form two independent systems of coincident chemical
shift which would then resonate as an AB-type quartet. The
cross-ring coupling is responsihle for the extra lines oh-

served, which have not obscured, however, in the 0OC systenm,
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the basic resemblance tc the AB guartet. 7The simple AB
coupling in p-cyclohexadienones, with the protors B to the
carbonyl group the further downfield, can also be complicated
by cross-ring coupling as in the aromatic system above (53).
In the first-order analysis of the OC spectrum to provide

the data given in Table 13, the AA'BB' system has been
treated as a simple AB one with some error therefore in

the values obtained for chemical shift and coupling con-
stant. The approximate coupling constant obtained

(J Jev gr= 9 Hz) agrees with values found (9 - 10.5 Hz)
’

2050
for p-cyclohexadienones (53). While the assignment in OC

of the AA'BB' system is made in respect of the p-cyclohexad-
ienone system, rather than the para-disubstituted aromatic
ring as in the original chalcone, it should be roted that

on NMR evidence alone, either possibility may hold. However,
other data necessitated assignment of the dienone ring system
in OC.

Signals for both the enolic and nhenolic exchange-
able protons were not detectable for OC in the acetone solvent.
All the signals discussed above persisted on addition of
deuterium oxide.

Integration of the 0OC spectrum; after deuterium oxide
had been added (Figure 54), provided support for the inter-
pretation which has been discussed. Based on the integrail
for one proton, for example H-6 doublet or H-3 singlet, the
total proton count for the spectrum was 8.5 (8 protons re-
quired in absence of enolic and phenolir signals), while
for the AA'BB' system, the lcover field half (AA') integrated
for Lwo protons. Further, all the signals upfield from ihe

mean chemical shift of this system integrated for 4 protons,



namely the BB', H-7 and H-9 protons.

Thus, the NMR spectrum of OC indicated that all
protons originally present in the chalcone A and B rings
had remained in the rings of the new structure. This
finding therefore excluded either ring as the site of the
additional oxygenation detected in the molecule by macss
spectrometry and consequently implicated oxygenation at
either the carbon originally o°or B to tha carbonyl in
the chalcone. fhe one-prpton singlet observed in the 0OC
spectrum showéd an absence of protons on the neighbouring
two carbons in keeping with the presence of the extra oxygen
in the heterocyclic ring as a hydroxyl (unction bearing an
exchangeable proton.

The spectrum of 0OC-methyl ether confirmed on inte-

gration that the compound was a mono-methyl ether; the
methoxyl protons absorbed as a 3-proton singlet at 64.02,
a value typical of a phenolic methyl ether (50). A notice-
able effect of this methylation wes the relative downfield
shift of the H-9 resonance. The spectrum for the H-6, H-7
and H-9 protons remained of the ABX type as in the case of
oC.

In the spectrum of YOC, the structurally signifi-
cant feature was the AX pair of doublets (55.16, 63.96,
JAX=6.3 Hz) uptield of_the main spectrum in the aromat.c
region. These doublets were assigned to the C-3 methylene
group in the heterocyclic ring of this a-diketone tautomer
of OC. Such protons would be expected to resonate well
upfi=ld of S protorns (48) and the differemce in
chemical shift indicated considerable contrast in the arient-

ation of the individual protons in relation to the
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diamagnetically anisotrcpic carbonyl function, at C-4.

A Dreiding model of the proposed structure shows that, in
all likely conformations of the molecule, one particular
C-3 proton is approximately coplanar with the C-4 carbonyl
group and would consequently be deshielded more effectively
(48, 54, 55) than the other methylene proton.

The spectra of 4y, and ﬁYz (Figures 56 and 57) also
revealed ir, common a pair of doublets, upfield of the aro-
matic region, as required by the presence of vicinal prot-
ons in the heferOCycliC ring of the proposed isomeric diol
structure. Spectral identity of the ﬁYza and ﬁYzb prep-
arations of ﬁYZ (Figures 58 and 60) confirmed the conclus-
ion from optical rotation measurement and i.r. spectro-
scopy that these two forms of ﬁYz were enantiomeric. Diff-
erences between the ¢Y1 and ﬁYz spectra, particulariy in
the chemical shifts of the C-H protons of the vicinal diol
system, would be expected in such diastereoisomers (50, 54).

The assignment of the upfield pair of doublets in
these spectra to the vicinal C-H protons of the isomeric
diols is in accord with observed chemical shifts (50).

Thus, each vicinal proton is a to an hydroxyl substituent

in a 7-membered ring system and one of each pair is also.

a to a carbonyl group. No immediate separate assignment

of cremical shift has been made for these protons (Table 13)
in view of the uncertain conformational effects in the mole-
cules which would influence the shielding of each proton by
neighbouring groups. Since chemical shift data may make a
contribution to the elucidation of the relative stereo-

chem stry of the molecule (56), this question of assignmant

of shifts for ﬁY1 and ﬁYz will be further considered later
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(section %A-2(b)) when additional evidence can be brought
to bear.

The coupling of these signals assigned to the H-3
and H-4 protons was similar (J = 2 Hz) in both MY1 and MYQ
spectra. Ffor vicinal protons the coupling constant may be
used to define the relative stereochemistry according to
the Karplus relation (56,55,57). However, this relation-
ship of coupling constant to dihedral angle for vicinal
protons is not hecessarily valid for every system, for
other Factors such as thé nature of neighbouring substit-
uents and bond (H-C-C) angles can also influence the value
of J (56,57). Hence, in the case of tho proposed ﬁY1 and
ﬁYz structures, the deduction of conformational and stereo-
chemical data directly from J values is uncertain, in the
absence of date for closely related mode)l compuunds (compare
the application of the Karplus relationship to deduction of
the relative stereochemistry and conformation of flavan
derivatives (55, 56) ). In both ¢v1 and ﬁvz, the mobile
oxepin ring may permit conformational inversion so that the
value of the coupling observed could possibly reflect a
time average over the populations of a number of conformers.
Therefore, while the isomeric ¢Y1 and ﬁYZ compounds may, on
first analysis, be expected to show a distinct difference
in vicinal coupling constant, tha observed absence of any
significant difference cannot be taken directly as evidence
against the proposed structures. Put another way. no
unequivocal interpretation can readily be taken from the
obscrved coupling data.

The signals in the aromatic region of the spectrum

of ﬁY1 (Figqure 56) bear considerable similarity in pattern
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to those of suitable model flavonoid Compounds((d?), see
spectra numbers 34 and 36). The signals assigned to the
aromatic ring protons H-6, H-7 and H-9 in ﬁY1 display
relatively similar chemical shifts and couplings to equiv-
alent protons (H-5, H-6 and H-8) in the model flavonoid,

dihydrofisetin.

HO 0

Dihydrofisetin Liquiritigenin

The deshieldina of the H-6 proton in ¢v1 indicated the
presence of the carbonyl function at C-5. As illustrated

in Figure 56, half of the H-6 doublet is coincident with a
line of the AB quartet absorption pattern of the dienone
ring protons (see below); a separation of these coincident
absorptions was clearly seen on addition of deuterium oxide.
Similarly, the H-7 proton absorption is partially hidden

in the upfield doublet of the dienone ring absorption. For
the four dienone ring protons, a deceptively simple AB
quartet is obscrved. This pattern is also typically observed
for the protons of p-substituted flavonoid B rings, for
example in liquiritigenin, where the difference in chemical
shift of A and B protons is also about 0.5 ppm (47, 55, 56).
The spin system again approximates to ar. AA'BB' case (56);
the difference in comparison with the OC spectrum arises

through the reduced chemical shift difference in the A and
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B classes of protons in the latter case. Integrals
recorded were in agreement with the upfield pair of doublets
(diol) representing two protons and the aromatic signals a
further 8 protons, as required by the analysis presented
above. 'Again, hydroxylic proton cignals were not observed.

Assignment of the ¢Y2 spectra (Fiqures 57-60) in
the aromatic region is generally the same as for the ﬂY1
spectrum. The pattern of signals observed for the H-6, H-7
and H-9 protons is slightly different to that in 4Y, and
now corresponds more Cloéély to that of the A ring protons
in the model cumpounds dihydrofisetin and liquiritigenin.

A pattarn for the dienone ring protons, similar to that in
ﬁY1, persists in ﬁYZ, in agreement with the comparable
chemical shift difference in A and B classes of protons in
the two compounds.

Thus, the NMR spectra strongly support a very close
relationship between the compounds ¢Y1 and ﬁYz which is re-
quired by the facts of their formation from chalcone and
their c¢common transformations to 0OC and flavonol. Ffurther,
the essential difference between the OC and y4Y, and ¢Y2
structures has been identified as the precsence of a pair
of vicinal protons in the heterocyclic ring in the latter
compounds in place of a single olefinic proton in the former.
This is precisely what is required'in going to the prnposed
diol structures. These structures will be found to receive
further support from the observed chemical transformations
(see section 3A-2).

(d) Structural correlations from i.r. spectra. The

i.r. spectra of 0OC and 0C-methyl ether (Figures 43 and 44)

show that methylation reduced in intensity, but did not
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eliminate, the hydroxy! stretching vibration, 3200 cm_1
(0C) and 3150 & (0C-methyl ether), in agreement with
the formation of a mono-methyl ether of 0C, as confirmed
by NMR and mass spectrometry. Evidence for this methylat-
ion, through the resultant alkyl-aryl ether linkagyge, was
also found in the appearance of the band at 1280 cm™
(C-0 stretchirg) in the spectrum of OC-methyl ether (58).

The p-cyclohexa-2,5-cienone ring system typically
gives rise to three bands in the i.r. in the 1590-1680 cm™
region. A diénone doublet, apparently due to a splitting
of the carbonyl absorption, accounts for the two of these
bands which are separated by 20-40 em™ | with the higher
frequency member usually in the range 1660-1670 cm—q, while
the third dienone bancg, at lowest frequency of the trio
and normally 20-25 o) below that of the lower band of
the dienone doublet, represents typically the C=C stret-
ching vibration (53). Equivalent bands, which are attrib-
uted to the dienone carbonyl group vibration, are present
in the spectra of 0OC and 0C-methyl ether at 1650 and 1625
cm_1 in both cases. The third dienone band, however,
overlaps the highest frequency aromatic C==C stretching
vibration (about 1600 cm™1) (59).

For the C-5 carbonyl gronup, the prominent band
is lccated at 1710 and 1705 o | fop OC and 0C-methyl
ether respectively. While this frequency may be higher
than expected for the stretching vibration of this carbonyl
group in these compounds, the important influence which the
state (solid, neat liquid, sclution etc.) of the sample
(KBr disc here) can have on the observed frequency must

be kept in mind as a possible contributing factor (60).
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Interestingly, a similar value (1710 cm—1) has recently
been recorded for the zarbonyl absorption in the oxepin

system below (61),

OMe

Factors which would be expected to lower the
frequency of the C-5 carbonyl vibratinon of 0OC include con-
jugation with the aromatic ring and with the C3-C4 double
bond. Additional contributions may come through hydrogen
bonding with the C-4 hydroxyl and by the p-hydroxyl sub-
stituent at C-8 intensifying the effect of conjugation of
the carbonyl group with the ring. To offset these factors,
any movement of the carbonyl group out of a coplanar orient-
ation with the aromatic ring would normally increase the
frequency of vibration as would any additional strain
effects arising from unsaturation and fusion in the oxepin
ring. However, the u.v. spectrum of 0OC indicated the pres-
ence oi an extended conjugated system of m bonds which would
depend on coplanarity of the carbonly group with the aromatic
ring (see below). A Dreiding model shows that this orient-
ation of the carbonyl group would also favour hydiogen bond-
ing with tLe ajjacent enolic hydroxyl group. In a coplanar
relacionship to the carbonyl, however, this hydroxyl group
could also exert a maximal fielu effect, as an a oxygen

substituent, a factor which would operate to increase the
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frequency of the carbunyl absorption (60, 62). Thus, more
readily-identifiable effects which normally decrease rather
than increase the carbonyl frcquency are apparent and the
ohserved frequency may then reflect, aside from the possi-
bility of a sample state effect, some unidentified or
anomalous effects in the carbonyl environment. As an illus-
tration of such unexplained effects, Bellamy (60) details
some anomalies in the frequency of the 4-carbonyl vibration
encountered in certain flavones according to the hydroxy-
lation patteré at the neighbouring 3- and 5- positions.

To enable direct rcomparison with the value observed
for OC and to illustrate the extent of the frequency diff-
erence, carbonyl (C-4) frequencies (KBr disc) are given
for a selection of 5-deoxyflavonoid compounds, all of which
have the same A ring substitution pattern as 0OC ((18) and
spectra specially recorded). Thus the values observed
were; chalcone (isoliquiritigenin) 1620 cm-1, Y, 1660 Cm_1,
flavonol (4', 7-dihydroxy) 1625 cm™ !, flavanone (liquiri-
tigenin) 1650 em ', ®lawvone {4', 7-dihydroxy) 1635 cm™ | and
aurone (hispidol) 1650 Cm_1.

In the case of JUC, the i.r. spectrum (Fiqure 45)
does not clearly show the extra carbonyl absorption which
might be expected of this a -dicarbonyl structure. The
frequencies observed for a-diketones will, however, depend
upon the relative orientations of the carbonyl groups (60,62).
1f coplanar, cis-carbonyls may interact and show coupling
in their vibrations. Alternatively, whnn the groups are
twisted out of a coplanar orientation, coupling can disappear
and then independent bands will occur for each carbonyl.

This latter orientation of carbonyls is likely to occur in



Y0C due tc the dipole-dipole repulsion of the adjacent cis-
carbonyl groups (63). Thus, the diketone carbonyl absorp-
tions in YOC may be present as independent bands at 1700
and 1665 cmhq, the latter band could overlap the highest
of the dienone ring frequencies (another carbonyl band),
the rest of which are not clearly resolved from the aromatic
C==C absorptiuvn. Comparisons of the intensities of carbon-
yl bands in GC and 4OC may not necessarily be made in a
straightforward manner since the type of carbonyl (for
example, conjugated or unconjugated) affects the intensity
by arn amount which can reach, for example, a Facgor of four
in ketostercids (60). This intensity effect also raises
the possibility that in JOC both carbonyls vibrate at the
same frequency and, in the absence of interaction to cause
SNSRI, &he IEERE = 06 o i ChssEvEE. A EHHET
result is found for o-quinones where two bands would be
expected but only one is evident (60, 62).

The major contribution of the i.r. spectra of ¢Y1
and ﬁYz to the structural argument is the demonstration
of identity of spectra of ﬁYza and ¢Y2b forms of ﬁYz. Such
identity of spectra for samples with opposite optical
rotations is conclusive evidence for the resolution of enan-

tiomers,
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(e) U.v.spectral data. The absorption spectrum

of OC in ethanol is steikingly similar to that of 4',7-dihy-
droxyflavone in the same solvent. An electronic transition
involving the cinnamoyl moiety is considered chiefly re-
sponsible for the 325 nm (Band I) absorption in the flavone

system (64).

HO 0 f@ﬂir HO 0 \=C>:6H
g —
02

4', 7-dihydroxyflavone

In OC, the presence in the aromatic ring of para-orientated
electron donating (C-8 hydroxyl) and electron-withdrawing
(Carbonyl) substituents would facilitate the predominant
generation of the resonance form shown below upon electron

transfer (65).

0
: @
HO 0
Em—
s/
OH
0

This resonance of a benzoyl chromophore, however, gives rise
typically to resacetophenone-like absorption in which the
main band is at 275 nm and a wecker band at 315 nm approx-

imately (65)
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NP~ OH
//ﬁ\]y/ X max 277 nm
H
e A tH3 . and 314 nm
Resacetophenone

Thus, the resacetophenoné4type spectrum of 5-deoxyflavonoids
such as garban:zsl, liquiritigenin and Y and Y2 reflects

the predominant contribution of the benzoyl chromophore.
Hence in 0OC, acdditional factors, presumably associated with
the enolic system, must operate to reduce the transition
energy to that of the flavone system and cause the absorpt-
ion band to shift to 325 nm. This situation finds some
parallel in the case of the aurone structure which absorbs
at a higher wavelength than similarly oxidised flavonoids
(example, flavones), a phenomenon for which several explanat-
ions have been proposed(64). Whatever the effect which
operates in the OC molecule, the high wavelength of the
absorption maximum suggests that a near planar system of =
bonds is likely to occur in the molecule since deviations
from planarity in conjugated systems are associated with
distinct reductions in the wavelengths of absorption maxima
(65). Examination of a Dreiding model indicates that the
C3-C4 double bond is optimally aligned and nearly coplanar
with the aromatic ring when the carbonyl group and aromatic
ring are also coplanar. Hydrogen bonding with the enolic

hydruxyl, then also at maximum effectiveness, may stabilise
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the inclecule in tkis conformation.

The absorption of the dienone ring system is chiefly
in the 230-250 nm region (53) and may be largely responsible
for the band in this part of the OC spectrum.

No bathochromic shift in OC absorption cccurred on
the nddition of aluminium chloride to a sclution of the com-
pound in methaaol (66) in contrast to the effects noted
with 3- and 5-hydroxy flavones in which.chelation gives
rise to new chromophores and consequent bathochromic shifts.

Ionisation of the major chromophore in OC is almost
compiete upun saturation of the solution with soJium acet-
ate, which is in agreement with similar ease of ionisation
of a pherolic group para to the carbonyl as, for example,
in flavonoid compounds (64). The slight further change on
the addition of alkali probably reflects the limited effect
of ionisation of the enolic hydroxyl.

Spectral data for 0C-methyl ether, in ethanol alone
and with sodium acetate added, are as expected for the com-
pound with the readily-ionised hydroxyl function at C-8
methylated. MNMethylation in flavones of 7- and 4' hydroxyl
functions produces only a small effect on the relevant
absorpticn bands (64), the p electrons of the oxygen atom
being still available for conjugation with the ring system.
The =bsence of effect of sodium acetate on the 0C-methyl
ether spectrum is in agreement with the interpretation that
the epectral change found for OC with this reagent is entirely
due to ionisation of the hydroxyl group now methylated. The
effect of a free C-8 hydroxyl group on the alkali stability
of tihe molecule was evident in the rapid degradation of.

0C-methyl ether upon addition of alkali.



Being the diketo form, YOT showed a spectrum in
ethanol which apprcached that of an expected resacetophenone-
type absorption to a cansiderabio extent, in contrast to
O0C. 1This clearly illustrates the extent of change wrought
in the_chromophoric system by enolisation. Addition of
alkali catalysed tautomerisaticn of YOC to the more stable
enolic system.

Both ﬁY1 and Y, exhibited spectra in keeping with

2
the diol structures for which the chromophore is typified
by those 5-deoxyflavonoids such as garbanzol and liquiri-
tigenin in which the carbonyl is conjugated only with the
A ring. Again, sodium acetate was sufficiently basic to

fully ionise the activated hydroxyl group at C-8. Irrev-

ersible transiormation to OC took place in stronger base

and occurred rapidly on addition of alkali.

3A-2 Chemical evidence for the diol structure of yY, and ﬁYz.

The diol structure proposed for ﬁY1 and ﬁYz has to
acconmodate not only the spectral data presented in the
previous section but also the various facile chemical trans-
formations of these two compounds which have been observed.
As a conseguence of these transfaormations, interrelation-
ships between compounds have been establiished which Colléct-
ively provide much support for ‘he individual structures
assigned., Structural interrelationships concerning ﬁY1 and
ﬁvz are discussed in this section.

(a) Rearrangement of ¢Y1 and ﬂYz to ﬁDE The observed

conversion of JY, and fY, to J0C is readily explicable in
terms of dehtydration of a vic-diocl structure in a carbonyl-

forming elimination reaction, namely a pinacol-pinacolane
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type rearrangement {Scheme 2). This reaction, which occurs
under acidic conditions, may be considered to proceed by

the formation of a carbonium ion intermediate (67). The
relative rase of removal of the hydroxyl groups in the diol
and hence the direction of the rearrangement (68) will

depend on the relative stability of the alternative carbonium
ions. Since cirbonium ion character is unlikely to develop

o to the carbonyl in the 4Y Compounds,.the hydroxyl B to the
carbonyl will be lost, resulting in an a-diketone as fhe
rearrangement product. Thus, cn mechanistic grounds, the
assignment of the a- rather than the B-{iketone structure
for- JOC is indicated. Formation of JOC from both 4Y, and

ﬂY? is evidence for the diol structure in both compounds.

It is recalled that experimental conditions which
favoured ﬁUC formation were always definitely acidic, if
only slightly so. This acidic condition was ensured by
ether extraction of YY compounds from aqueous buffer acid-
ified to pH 2 - 3, following enzymic reaction, and concen-
trating the wet ether extract, as required for the stabilis-
ation of the ¥Y compounds. After removal of the ether, sub-
sequent manipulations of the Y sample which resulted in
4A0C formation {(short term storage of moist samples at room
temperature or solution in acetone) would have preserved
this acidic environment.

(b) Base-catalysed conversion of ﬁY1 and MYZ to OC.

The ready conversion of ﬁY1 and JY, to OC under basic con-
ditions is consistent with the a, B -dihydroxyketone structure
proposed for the Y compounds. This conversion is clearly

an olefin-forming elimination (dehydration) reaction (69).



Scheme 2

The pinacolic rearrangement of ﬁY1 and ﬁYz to 40C
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The most widespread m=chanism of bese-catalysed

eliminetion is the bimolecular (£2) mechanism (69) which

operates by the concerted process summarised in equation 3.
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Lquation 3

In addition, eliminations involving ionic inter-
mediates in non-concerted mechanisms are recognised (69, 70).
Such a mechanism involving an anionic intermediate (the

E1cB mechanism) is depicted in equation 4 (70, 71).

- ~
B + H—C—C—X & BH+ [(—C—X —} (==

Equation 4

Recently, Bordwell et al (72) have suggested that

most eliminations in systems where the proton lost is activ-
ated by an adjacent electron-withdrawing group proceed by a
carbenion mechanism. Thus in MYq ancd ﬁYz, the presence of

the carbonyl group will increase the acidity of the hydrogen
atom attached to the a-carbon (C-4) and may be expected to
promote elimination from these compounds by an ElcB mechanism.
The subsequent elimination of a hydroxyl ion from the B-carbon
(C-3) will result in the enolic form of an a-diketone,lwhich

e

is 0C (3cheme 3).
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Base-catalysed transformations of ﬁY1 and ﬁYz to 0C and

flavonol
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The preferred sterecchamical course of EZ reactions
has heen noted to be one of anti elimination (68,70,73) in
which the four atoms involved in the elimination reaction

are coplenar in the transition state.
D
H
\\ /
%0

When base-catelysed eliminations have not been anti-stereo-

specific (for cxample, syn elimination), the carbanion
mechanism (E1cB) has been frequently invoked to explain the
different steruvchemistry of eliminaticn.

The E1cB mechanism accommodates conveniently a
number of features of the reaction of 4Y, and ﬁYZ in the
presence of base. It permits, in particular, rationalisation
of the observed similarity in the rates of elimination of the
diastereoisomer®c erythro and threo forms, both of which,

furthermore, give the same olefinic product, OC.

H
Spiro C ) o .
i (anti-elimination Spiro C H
(erythro) ——m8m8m >
i N OH '
g OH
B H
H |
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OH

4V, and gy, . 0C (olefin)
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This iz an example nf a slureoconvergent eliminacion

(that is, where two diasterevisomers give the same olefin,
one riecessarily by a syn elimination) which is an expected
feature of thie urmimolecular mechanism.

As a consequence of the limited cifference.-in rates
of elimination from qu and MYZ, no indication is available
from the data as to the assignment of erythro or threo form
to MY1 or MYE. However, a tentative assignment may be made
on further analysis of the chemical shifts of the C-3 and
C-4 protons in the NMR spectra of ﬁY1 and ¢Y2, given certain
assumptions as to conformation. Thus il is assumed that
both compounds exist largely in the conformation with the
C-5 carbonyl and C-4 hyodroxyl groups coplanar with the
aromatic rirmg, for which the abcve Newmzn projections are
relevant, as this would favour strongest hydrogen bonding.
In this assumed conformation, the resonance of the C-4 proton
would be expected downfield of the C-3 proton by virtue of
the carbonyl ato the former (50). In the erythro and threo
forms, shielding of H-4 by tne ~arbonyl is common but shield-
ing of this proton by the C-3 hydroxyl (C-0 bond) is likely
to be greater in the threo form (compare C-C bond shielding
of axial and equatorial protons (54) ). Thus the H-4 signal
is predicted to be relatively upfield in the spectrum of the
threo form.

Concerning the shielding of the C-3 proton, the
effect of the dienone ring and bonds therefrom will be equal
in the threo and erythro forms since the proton is merely
switched between equivalent orientations in these forms.
Similarlv, there is littie differential effect expected of

the C-4 hydroxyl group. However, between forms there is an
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appreciable difference ir orientation with respect to the
C-5 carbonyl group; in the threo form the C-3 proton lies
much closer to the shielding cone of this group (54). Thus
this effert would cause a relative upfield shift of the
H-3 signal in the spectrum of the threo form. In addit-
ion, shielding by the C-C bonds of the oxepin rinc would
tend to reinforce this effect. Hence for the threo form,
both the H-3 and H-4 signals are predicted to be upfield
of those for the erythro form. Chemical shifts observed
for ﬁv1 (65.32, 5.15) and’ 4y, (65.19, 4.65), assigned in
relation to th: above arqument, thus suggest that’ﬁY1 is

the erythro and ﬁYz the threo compound.

(c) Base-catalysed rearrangement of ﬁY1 and MY2 to
flavonoi. The base-catalysed conversion of ﬁY1 and MYZ to
flavonol was clearly shown to be a competing process with
the elimination of water to form 0OC (Figures 31 and 32);
the formation of flavonol being promoted by higher concen-
trations of base. The carbanion mechanism of elimination
in OC formation, discussed atove (Scheme 3), conveniently
accommodates this competing rearrangement to flavonol.

Thus, the E1cB mechanism generates a carbanion intermediate
which may be envisaged as a common intermediate in the sub-
sequently divergent pathways of OC and flavonol Formatioﬁ
(Scheme 3). In competition with the second and final st=p

of OC formation (elimination of hydroxyl ion) the base-cataly-
sed removal of a further proton from the intermediate is
envisaged as the initial step of the flavonol pathway. Sub-
sequent rearrangement by heterocyclic ring opening would

lead to the guinone methide structure (1X). Cyclisation by

internal addition of the phenoxide anion to the reactive
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quinone methide structure would re-eslahlish tihhe aromaticity
of the B ring system and concurrently generate the flavonoid
skeleton in the intermedizte form (X). This intermediate
would then readily eliminate hydroxyl iorn as shown to form
flavonol.

Again, the similarity cof ﬁY1 and MY2 is demnnstrated
in that both underqgo competitive eliminition and rearrange-
ment reactions to yield 0C znd flavonol. Just as 4y,
eliminates water to form OC somewhat more readily than ﬁYZ,
a more competitive rearrangement to flavonol at the lower
concentrations of base is alsa observed with ¢Y1 (Fiqure 32).

The prrsence of trace precursors of flavonol, de-
tected chromatographically (section 2C-3(d) ), would indicate
the presence of intermediates in the rearrangement of ﬁY1
and ﬁYz to flavonol (assuming that there is no alternative
pathway to this compound in the system). Isolation of the
quinone methide intermediate (IX), postulated in Scheme 3,
would not be expected, but an addition product with another
nucleophile suph as water may be isolated and may subse-
quently rearrange to flavonol. It is distinctly possible
that the hydrated flavonol, as intermediate (X), may be
isolated upon acidification if its rate of elimination to

give flavonol is slow in relation to its rate of formation.

(d) Reaction of MY, and ﬁY? with cupric ion. The

destruction of ﬁY1 and ﬁYZ in pH 8 tris buffer upon addition
off cupric ion is characterised by the appearance of fragment
molecules, including p-hydroxybenzaldehyde. This ready
degradation may be attributed to an oxidative glycol cleavage
reaction (74) catalysed by cupper and as such would provide

added support for the proposed vic-diol grouping in ﬁY1 and

ﬁvz.
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Circumstantial evidence for glycol intermediates
in the base-promoted formation of flavonol from @Y compounds
may be gleaned from the relatively greater suppression of
flavonol than of 0OC formation which occurred in the
presence of copper (section 2C-3(b) ). Although a factor
in t4Yis greater reduction in flavonol formation has earlier
been rightly identified as the reduction in base concen-
tration because of the preserce of copper, the relativ;
extent of flavonul suppression, however, was such that a
further unique means of restricting flavonol formation may
well have operated. An additional specific means of control,
affecting the Flavonol-Forﬁing pathway only, is now suggested
to have operated by virtue of the existence of a new flavonoi-
specific aiol precurscr, such as intermeciate (X) of Scheme

3, which may be degrad=d also in a copper-catalysed reaction.

3A-3 Reactions of OC and yd0C

The a-diketone structure for 40C follows from the
pinacolic rearrangement of the diols ¢Y1 and MYZ just as
the basz-~catalysed elimination of water from these compounds
predictably leads to the same oxygenation pattern in the
enolic form, OC. Greater stabhility of OC is predictable
on the grounds of dipole-dipole repulsion of the carbonyl
groups in the cyclic a-diketone 40C(63). Enolisation of
40C occurs readily, even on solution and heating in an

arganic solvent, as well as on alkali treatment.



Tha formation of hydroquinone upon hydrogenation

of OC and 0OC-methyl ether and to a much lesser degree upon
certain manipulations of OC under mild condition; (for
example, pclyamide column chromatography with aqueous
ethanol, section 2D-3(d) ) is conceivable from a spirc
structure such as 0OC where the cyclohexadienone ring is
para-substituted and the tendency for reversion to the
aromatic system is likely to be a significant driving force
in its reactions (53). Hydrogenation of OC or OC-methyl
cther over palladium should lead to ready reduction of the
C3-C4 double bond conjugated with the carbonyl group (75).
The elimination of hydroquinone from this reduced form may
then occur, possibly by the type cf sequence shown in Scheme
4., Hydrolytic eleavageof the spiro ether bond in dihydro-0C
is envisaged, by analogy with the relative ease of cleavage
of ter*iary or allylic ether structures (76). Elimination
of hydroquinone may then occur in conjunction with the
attainment of aromaticity. The hydrolytic cleavane to lib-
erate hydroquinone leaves a second molecule from which 7-
methOXyChrDman;A—one, tentatively identified as a product
from the hydrogenation of 0C-methyl ether, may be derived.

Scheme 4 accounts for the formation of this compound via



Scheme 4

Proposed route for hydrogquinone and chroman-4-one
formation upon catalytic hydrogenation oif 0OC and

OC-methyl ether
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its 3-hydroxy derivative which would be expected to underge

ready hydrogenolysis as shown (77).

3A-4 Postulated epoxide precursors of £Y1 and ﬁxz.
The diols MY1 and ﬁvz are the first products which

can be isolated from the enzymic oxidation of chalcone and

Q)

there is no evidence that the spectrophotometrically ob-
served initial product is not also essentially a mixture

of MY1 and ﬁY2.~ Thus, the enz;mic reaction apparently
gives rise to comparable amounts of both YUY, and ﬁYz (Table
7). Furthermoru a2, MYQ consists of two enantiomers:and this

also presumably holds, by analogy, for ﬁY1. Hence four

sterecisomers of the diol structure are formed. Their
configurations are reproduced in (XI) - (XIV)
0 0

HO = 0 HO
OH i OH
X
‘% OH
0 O 0
(X1) (XIT)

HO 0

OH

(XI11) (XIV)



Since no interconversion between isomers under conditions
of their formation or separation could be detected, it
remains that their formation must be explicable in terms
of the product of oxidation of the chalcone substrate.
This complex sitluation zan be best interpreted, in the
light of the restrictions imposed by biochemical data and
in mechanistic terms, by postulating the formation of two
enantiomeric epoxides, (XV) and (XVI), as the true initial
product of the enzymic reaction and consequently as the

immediate chemical precuréors of ¢Y1 and ﬁY? diols.

[

HON AN O
AN
0
(Xv) (Xv1)

Spontaneous hydration of these reactive epoxides could then
chemically generate all four isomers (XI) - (XIV) of the Y
diol structure. This requires each epoxida to give rise to
two diastereoisomeric diols, ore a ¢Y1 and the other a ﬁYz
isomer. Thus, (XV) is considered to be the progenitor of
(XI) and (XII) and QVI)‘the corresponding progenitor of
(XIII) and (XIV). The implications of this proposal will
now be Considered more closely in relation to the current
understanding nf epoxide ring-opening mechanisms and stereo-

chemistry (78, 79).
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Epoxide ©ing npening reactions under basic cr
neutral conditions involve attack by a nucleopnilic species
(78) which is a water molecule or hydroxyl ion in the case

of diol formation (equation 5).

—_—0)--0

S — HO ?

Equation 5

Attack at a particular one of the two carbon atoms of the
eporide will be influenced by a combination of steric and
electronic (inductive and conjugative) effects. The
presence of an electron-withdrawing caroonyl group adjacent
to the epoxide ring results in breaking of the C-0 epoxide
bcnd at the carbon £ rather thanmn a to the carbonyl on
account of electron release from the former centre being
favoured (78). In the particular examples of epoxides (XV)
and (XVI), the carbonyl group would thus be expected to
direct attack to the C-3 (B) carbon with opening of the

epoxide ring in the direction indicated below.




Epoxide ring opening reactions occur usually by
an SN2 mechanism (78). This mechanism has the stereo-
chemical consequence that inversion of configuration in-
variably results at the carbon atom attacked, as illus-
trated below, since in the attack, a back-side approach

of the nucleophile occure.

0

R~\\_€f¢ c—R : R~»~g N

H—" A~H H"" = T~H
" OH OH

This SNQ mechanism, applied to the epoxides (XV) and (XVI)
would lead only to the formation of the enmnantiomeric forms
of the trans-diol, (XI) and (XIII). Thus, to account for
the formation of the missing pair of cis isomers, (X11)
and (XIV), a mechanism of epoxide opening at C-3 which
would also permit retention of configuration, must be im-
plicated. Inversion of configuration would lead to tle
formation of either a ﬁY1 isomer and retention of configurat-
ion to a ﬁYz isomer or vice versa, depending on which com-
pound is the threo (Ezggg—diol) and which is the erythro
(cis-diol) form. Since neither 4Y, nor ﬁYz isomers predom-
inate .n the prnduct mixture to any great degree (Table 7),
retention and inversion of configuration at C-3 in the
opening of the epoxides would need to be adequately com-
petitive to account for thé ¢v1=¢v2 ratios observed in the
precuct.

One such mechanism of epoxide opening which is applic-

able to this situation is the SN1 mechanism in which an



intermediate carchomium ion is formed (78). With a coplanar,
trigonal carbon atom, this intermediate permits bi-direct-
ional approach of the nucleophile giving rise to beth cis
and trans products. Norinally the facility of approach would
differ between directions biecavse of the disposition of
substituents in the molecule and hence the proportions of

the two diastereoisomeric products would tend to be unequal

rather than egual.

o™ OH
He""" S~H
UH‘/
0 0~
H—" “\H a H—"" “\\H
UH\
i
R\!— c— R’
H—" =y
OH

Ingold (80) discussed a pH-independent hydrolysis of
the epoxide ring which may occur by a combination of sep-
arate SNZ and §N1 mechanisms and which is typically en-
countered urder neutral aqueous conditions. In terms of
the SN1 contribution, the production of two stereoisomers
would be expected, one of which would be identical with the
exclusive product of the SN2 mechanism. Thus the nobserved
ratio of diastereoisomers in the producl would be controlled

in an even more complex manner than would be encountered in

the EN1 mechanism above.



The observed variation in the ratios of MYqzﬁYz and
in ﬁYza:ﬁYzb isomers (Table 7) can now be considered against
this background of the postulated origin of these diols and
of epoxide 1ring opsning mechanisms. Firstly, the ratios of
enantiomers, ﬁYza:ﬁYzb,should reflect directly the proport-
ions of epoxides (XV) and XVI) in the snzyme product,
irrespective o the details of the mechanisms responsible
for the postulated retention and inversion of configuration
in diol formation, since the mirror image epoxides wouid
undergo identical reactions in the cemmon conditions of a
given reaction medium. Thus a consisteit, definite, trend
in the balance between epoxides (XV) and (XVI) is apparent
from the ratio of ﬁY2 enantiomers observed as the reaction
pH drops from 8 to 7. This clearly repirocducible trend con-
trasts with the absence of a unifying pattern in the balance
between ﬁY1 and ﬁYz diastereocisomers. S5ince this ratio would
represent, in the above hypothesis of diol formation, the net
balance of cis versus trans attack in opening of the epoxide
ring, it is reasonable to accepc the occurrence of much more
random variation in this balance because of the plurality
of the factors which determine it and the likelihood of subtle
influences affecting their competitiveness. The definite
pattern in the ratios of ﬁYz enantiomers, on the other hand,
indicaites a degree of control in epoxide formation which is
readily accepted for an enzymz-catalysec reaction.

In summary therefore, it is held that the data in
Table 7 show that significant amounts of each of the four
isomeric diols are invariably present in the product obtained
under the enzymic reaction conditions. Formation of these

four isomeric diols from the two enantiomeric epoxide
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nrecursors, the true initial enzymic product. requires
beth cics and trans attack in the spontaneous hydration

of the epoxides, with cis attack giving the erythro and

trans attack the threo diole. Henre the SNZ mechanism of
ring opening leads to the threo form. Characteristically,
the proﬁortion of ¢Y2 exceeds that cf JY, in the product,
(this measured difference (Table 7) is held to be real

if greater than about 5-10% of the absolute value, on
account of the carefully controlled procedures employed to
obtain the data limiting any tendency for the somewhat
greater lability of ¢Y1 to lead to losces greater than for
¢Y2). Thus, if the reasonable assumption is made that in
the combined S§,1 and S,,2 mechanisms the product of the

N N

normally-favouried S,2 mechanism should predominate, ﬁYZ,

N
the major component, would be equated with the threo form.
This deduction is at least consistent in outcome with the
one made on the basis of NMR chemical shift data (see
section 3A-2(b) ).

This concept of the epoxides as the true initial
reaction product is of merit to rationalise not only the
concurrent formation of four stereoisomeric diols but also
the biochemical and chemical oxidations of chalcecne. Con-
sideration of the chemical reaction of chalcone with

hydrogen peroxide at this junct''re will facilitate dis-

cussion of the biochemical reaction to follow.

38 CHEMICAL OXIDATION OF CHALCONE WITH HYDROGEN PEROXIDE

In acueous buffered media at pH 7-11, the oxidat-
ion reaction at room temperature yielded small amounts

of OC end flavonol as the main products isolated. This



result strongly suggested that both precducts may have
originated from ﬂY1 and MYQ since, in the enzymic reaction,
the same two products were alsolencountercd in the absence
of any precavtions in the extracticrn step to stabilise ﬁYq
and ﬁYz. A direct demonstration of this crigin of 0C and
flavonol in the chemiczl reaction was achieved by the
isolation of product as ﬁY1 and ﬁYQ onlv, when suitable

precautions were taken tc viriually halt the transformation

to OC and flavonol.

3B-1 Postulated scheme for the chemical reaction..

The chemical reaction of chalcone with hydrogen
peroxide in aqueous buffered media pH7-11 at room temper-
ature has been formulated (Scheme 5) 2s a ﬁY1 and ﬁYz—
forming reaction, through the intermediate isomeric epuxides
as discussed previously. Hence, the chemical reaction is
suggested to parallel the enzyme-catalysed reaction in
terms of the true product in each case being the enantio-
meric epoxides which then undergo further chemical reactions
to form the range of extracted products, 4Y,, ﬁYz, 0C and
flavonol.

In Scheme 5 the fully-ionised chalcone molecule is
represented, in keeping with the degree of ionisation
apparent spectrophotometrically in tte higher pH media where
the rate of reaction is considerably greater. In the form-
ation of the epoxide product, two separate oxidative proc-
esses are involved; firstly, intramolecular oxidative
coupling and secondly, the introduction of an atom of oxygen,
as the epoxide oxygen. The intramolecular coupling is most
conveniently written as. a free radical dimerisation; hvdrogen

peroxide being the acceptor of the two electrons removed in
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Postulated mechanism for oxidation of chalcone by hydrogen
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discrete steps from separate A and B ring phenoxicde oxygens
of the ionised chalcone. The generation of phenoxy radical
by one-electron oxidation of the phenoxide aniun is the
initial step envisaged in the oxidative coupling reactions
of phenols (81). Resonance forms (81) of the chalcone
diradical would be expected through interaction of each
unpaired electron with the electrons of the respective
aromatic A or B ring. Thus, the generation of the A ring
radical could be accumplished in principle by electron
extraction from either the 2' or 4' oxygen function of the

chalcone.

"0 B (0 0" R {o-
R -€ b'( PN
7 7
R R ¥ = R
0 0" "0 0
&3 b
R ' R
Chalcone; R= p-coumaroyl

The oxygenation step is envisagud as a base-catalysed
epoxidation of an a , B -unsaturated ketune, a reaction which
has been found in general to proceed by the nucleophilic
addition of hydroperoxide anion to the 8-carbon atom of the
unsaturated ketone (82). Epoxide formation is completed by
an i1ntramolecular displacement of hydroxyl ion from the hydro-

peroxide intermediate. An important feature of this addition



198 .

of hydroperoxide anion to chalcone is the conformational
mobility achieved in tne absence of the «,B -double bond,
for this mobility is essential for making intramolecular
coupling of the enviszged irntermediate divadical a steri-
cally feasible process. This dimerisation is impossible
in the trans-chalcone system which exists originally cn
account of the distance between these radical centres
(see (83) for examoles cof the existernce of chalcones ex-
clusively as trans isomers). The formation of isomeric
epoxides is readily expléined_on the basis of competitive
addition of hydroperoxide anion to eiither side oflthe
double bond, since specific sieric effects are likely to
be absent in tnis system. Formation of the diradical
may be expected to facilitate the epoxidation step since
internal electronic inactivation (seec exemple ULelow) of the
system towards attack by hydroperoxide anion (84), which
can stem from =z2ny of the anionic oxygen functions in this
particular chalcone, is correspondingly reduced.

The intramolecwular coupling of chalcone to generate
the oxepin rirng system involves the formation of a linkage
para to the oxygen of the dienone system which is also
commoniy found in cyclohexadienones formed by radical coupl-
ing (53). In phenoxy radicals, this para carbon atom is,
next to the oxygen itself, the most favoured locus of %the
odd zlectron in the resonance forms(81).

fFrom the foregoing considerations it is clear that
the oxygernation step is vital to permit the intramolecular
ccunling requifed for oxepin ring formation; in other words,
for steric reasons, addition of hydroperoxide anion must

precede heterocyclic ring formation. Epoxide ring formation
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may well be completed as a rapid process which accompanies
the radical coupling, since in the simple epoxidation of

@ ,pF -unsaturated ketones, addition of hydroperoxide anion
is the rate determining step in the rasaction (82).

It is interesting to compare this oxidation by
hydrsgen peroxide in alkali with alkaline ferricysnide oxi-
dation of the same chalcone, in which case the product (17)
is the corresponding aurone, hispidol, formed in the foll-

owing radical coupling process (84).

U—< y 2 N\
‘/ K F;QEN Do/ U“q/ }

Chalcone {anion)

Tl N ) ] HO 0
o
3'EHé')<:_:':">:/g H* CH / \ OH
S —_— S
0 0

aurone (hispidol)

Here, in the absence of oxygenation of the exocyclic double
bond, *the conjugated system permits the radical centre to
move freely to the carbon a to the carbonyl group whence
immediate radical coupling is sterically possible and the
heterocyclic 5-membered coumaranone ring system is formed,

in contrast tolthe'7-membered oxepin ring. This contrast

in product formation serves to highlight the well-estahlished

difference in the two oxidising agents compared; alkaline
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ferricyanide being especially associated with dimerisation
and intramolecular counling in the products while hydrogen
peroxide tends to effect hydroxylation more than coupling
(81). Of course, only an oxidant with the dual properties
(oxygenating and coupliag) of hydrogen peroxide could effect
the present oxidation of chalcone. The presence cf suit-
ably located free phenolic groups in the chalcone has the
interesting effect of permittipg oxidative coupling to
accompany the pcstulated epoxidation reaction. Simple
epoxidation of the unsubstituted chalcone structure has
been shown to gjive only the trans-epoxychalcone, ‘starting

with either the cis- or trans-chalcone isomer (85). In the

present reaction the epoxide formed is formally equivalent
to a cis-epoxychalcone, this change firom the normal epoxide
geometry being ensured by the oxidative coupling step which

generates the oxepin ring.

3B-2 A possible new insight into the mechanism of the A.F.O.

reaction.

A plausible mechanism has been discussed in the
preceding section for the chemical oxidation of chalcaone by
hydrogen peroxide in weakly alkaline media, pH 7-11 at room
temperature. The trend of increased recovery of producté
as reaction pH increased, in keeping with increased rate
of reaction, did not continue when still higher pH conditions
were investigated. Rather, reduced amounts of the usual
products, OC and flavonol, were recovered. This result
probably reflected the extent of degradation of the main
expected product, flavonol, rather than an inhibition of the

reaction.
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Of more cirect interest however, under conditions of
high pH, is the low Lemperature (about 0°) reaction of
chalcone with hydrogen peroxide. This oxidation of chal-
cones by alkaline hydrogen peroxide constitutes an impeor-
tant general synthetic reaction affording chiefly the
correspﬁnding flavonols and is generally known as the
Algar-flynn-Oyamada (A.F.0.) reaction (84). 1In the light
of the findings of the present study that precursors of
flavonol are formed both in the chemical and enzymic oxidat-
ions of iseliquiritigenin in the presence of hydrogen
peroxide, it is considered possible tha’. the mechanisms
and intermediates of the lower r£H, room temperature, re-
action system could be applicable also to the reaction
under A.F.0. conditions, where such intermediates, if formed,
would never be observed on account of their great lability.
If correct, this wculd mean a considerable new insight is
gained into the mechanism of the A.F.0. reaction which is
still far from being settled in detail (84, 86, 87).

The situation prior to the key study of the A F.O.
reaction by Dean and Podimuang (84) was that chalcone ‘
epoxides were favoured as intermediates in the formation
of not only flavonols but also of aurones which were also
often encountered as products and occasiorally in major
amount~s., Thus, alkaline hydrogen peroxide was envisaged to
convert the chalcone to the chalcone epoxide. Ring opening
of this epoxide by an internal nucleophilic substitution
would lead eventually to the flavonol or the aurone depending
upon whether the attack was at the «- or B -carbon (see
Scheme 6). This duality of the position of attack, and

therefore of the direction of epoxide ring opening, is in



Scheme 6

Postulated rearrangements of epoxychalcone to dihydro-

flavonol and hydreted auvrone
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agreement with the observed reactions of vpoxides with an
aryl group attached to one carbon atom and @ carbonyl group
to the cther (78). The intermeaiate in flavonol fermation
by this sequence is the dihydroflaveonol (XVTII) while the
hydrated aurone (X¥) is the intermediate in the aurone
pathway .

While the postulated chalcone epoxide intermediate
has never been isolated in the A.F.0. reaction, recent work
has provided support for some of the postulated inter-
conversions in Scheme 6, Thus the chalcone epoxide,
specifically substituted as (YVIT) {Scheme 6) has been synth-
esised and fourd to undergo epoxide ring opening with re-
arrangement to the corresponding dihydroflavonol (XVIII)
upon treatment with alkali in deoxygenated solution (86).
With oxygen present, further oxidstion of (XVIII) to the
flavonol (XIX) occurred. No aurone formation from the
chalcone epoxide was, however, recorded.

Dean and Podimuang have recently examined mechanisms
postulated in Scheme 6, however, and have concluded that a
chalcone epoxide intermediate by no means accounts for the
generation of producte in many A.F.0. reactions (84). 1In
particular, the evidence was found tec te weighted against
an epoxide iritermediate in those reactions leading pre-
dominantly to the flavonol procduct. These authors have
alternatively suggested the dihydroflavonol intermediate
is formed in a concerted mechanism of cyclisation and
hydroxylation as depicted below, rather than via the chal-

cone epoxide.
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The case for thke intermediacy of the dihydroflavonol in
flavonol formation in the A.F.0., reaction apparently rests
on work reported in the 1930's on this stepwise conversion
(see (84) ). The epoxide intermediate was however retained
tno explain aurore formation. This latter conclusiern in turn
has recently been questioned on stereochemiczl grounds (87).

The detailed 2-D chromatographic screening reported
earlier in this thesis of the products cf the A.F.0. reaction
of the chalcone isoliquiritigenin during the course of the
reaction (section 2E-2) showed clearly flavonol was always
the wmain product. Minor amounts of two other products,
garbanzol (dihydroflavonol) and Y, and Y, (hydrated aurone)
were noted in the earlier hours of the reaction. The known
course of flavonol formalion operating voth in the chemical
reaction at lower pH and in the enzymic reaction does not
implicate the cihydroflavonol a. an intermediate.

It is proposed, therefore, that under A.F.0. conditions,
fiavonol is also formed by way of ﬁY1 and ﬁYZ as outlined
earlier in Scheme 5.

The effect of the low reaction temperature in the
A.F.0. reaction is therefore seer to limit the destruction

of flavonol predominantly. At room temperature, this
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destruction would be very significant and would apparently
approximate to the rate of flavanol formation. Trans-
formation of ¢Y1 and ﬂYz to the flavonol, to the exclusion
of OC, may be reasonably accepted under the A.F.0. condit-
ions of high pH, low temnerature and slow rates of format-
ion of thtese precursors. Certainly no OC exists in detec-
able amounts at any stage of the A.F.0. reaction.

The formation of small,amounts of the dihydroflav-
onol, garbanzol, and hydrated aurone, Y4 and Yoo in the
A.F.0., reaction of the chélcone isoliquiritigenin can best
be rationaliseu in terms of Scheme 6 where the chalcone
epoxide serves directly as the ccmrion i termediate. This
in effect classifies all these compounds as by-products of
the main flavonol-forming reaction which is now proposed
to be dependent upon oxepin-type intermediates.

In general terms then, in the A,F.0. reaction,
direct epoxidation of the chalcone with alkaline hydrogen
peroxide to yield the epoxychalcone which could rearrange
under vasic conditions to form the dihydroflavonol or the
hydrated aurone is viewed as a competing reaction, fre-
quently minor, with that of oxepin formation. The effect
of substitution pattern in the chalcone substrate on the
proportions of products (flavonol and aurone) ohtained (84)
can be viewed es resting on two effects; firstly, on the
balance betweern the formation of epoxyoxepin and epoxy-
chalcone intermediates and secondly, on the balance in compet-
ing orientations in the ring opening of epoxychalcone to
give 5; or 6- membered heterocyclic products. The competit-
ion in the formation of epoxyoxepin and epoxychalcone inter-

mediates may be visualised as being dependent upon the relative
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ease with which the chalcone substrate is 'dehydrogenated’.
If this mode of oxidation is sufficiently rapid, the course
cf oxygenation will be diverted from simple epoxychalcone
formation by the forces of the coupling reaction and epoxy-
oxepin formaticn will occur. Thus, in cases where aurone
is the major product of chalcone oxidation in the A.F.O.
rcaction, it is suggested that oxygenation dominates de-
hydrogenation and epoxychalcone formation as previously
supported (84) is assured.

In conclusion, thérefore, a definite mechanistic
distinction is made between those reactions invoiving a
four-equivalent oxidation (epoxyoxepin “ormation) and those
involving a two-equivalent oxidation (epoxychalcone format-
ion) by hydrogern peroxide. This distirction, in addition
to providing a valuable insight into the chemical reaction,
will be found in the following sections to be eaually suited
as @ basis for rationalising product formation in the enzyme-

catalysed reaction.

3C THE ENZYMIC REACTION

In this part, the results of biochemical studies of
the reaction of chalcone catalysed by peroxidase are con-
sidered in relation to the recorded findings on peroxidase-
catalysed reaciions. Further, a scheme is advanced to
explain the reection of chalcone. Finally, some instances
of the occurrence of certain features of the chalcone react-

ion in other areas of study are briefly noted.

3C-1 General discussion of the biochemical results

Comparative studies of the garbanzo and HRP enzymes



cleariy demonstrated a uniiormity of catalytic properties
and behaviour which established the identity of ihe gar-
banzo preparetior as a peroxidase. Thus, the products of
chalcone oxidation were identical for the two enzymes,
oxygen was obligatory fur the reaction 2nd the effects

cf various additives on the rate of reaction were similar.
Some quantitative differences were, howcver, apparent
between the two enzymes; for example, the activity toward
chalcone in relation to the peroxidatic activity towara
guaiacol was greater for the HRP enzyme by a factor of
about 5 (see Figures 25 and 26). Furthzr, the garbanzo
enzyme exhibited maximal reaction rates at a concentrat-
ion of hydrogen peroxide approximately half that similarly
required by the HRP erizyme. The pH optimum for the gar-
barzo enzyme (pH 7.5) was also significantly lower than
that for the HRP preparation (pH 7.9) (Figure 24). Both
enzymes were shown by gel electrophoresis to be mixtures
of isoenzymes. Consequently the observed detailed prop-
erties eof the preparations would be expected to be the
weighted average of those of the component isoenzymes.
Examples of the variation in properties between peroxidase
isoenzymes are known (88, 89, 90).

The absolute requirement for oxygen in the fofmat—
ion of ﬁY1 and ¢Y2, the major product, immediately placed
the reaction in the peroxidase-oxidase category (25, 28).
The absence of reaction under anazrobic conditions with
the amounts of enzyme normally used in aerobic reactions
indicated that chalcone is not a ready peroxidatic denor.
Wher much higher concentrations of enzyme were subsequently

used, some direct formation oi aurone at pH 7 was noted.
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This would be the expected product of peroxidative oxidation
of chalcone judging by the result of ferricyanide oxidation
(17). However, as previously mentioned, the formation of a
similar quantity of aurone in the presence of boiled enzyme
means that no definite cliaim can be made for the occurrence
of slecw enzymic peroxidation of chalcone under anaerobic
conditions whare the extremely rapid formation of ﬁY1 and
MYZ is inhibited. Nevertheless, it is clear that the enzyme
is a much more effective catalyst of the oxidatic than of
the peroxidatic reaction of chalcone, a situation which is
analogous to that noted by Klapper and tiackett (91) in
comparing catalysis of the oxidatic and peroxidatic react-
ions of 2—methy1-1,A-napthaaﬁgnone. The dihydroflavonol,
garbanzol, was also found not to functior as a hydrogen
donor in the peroxicdase reaction at pH 8. It is not known
whether either chalcone or garbanzol would undergo perox-
idation at acidic pH where many peroxidatic reactions take
place.

In this study, reduction in the rate and also in
the extent of reaction at higher hydrogen peroxide concen-
trations were noted. An inhibitory effect of hydrogen per-
oxide has alsc been observed in a number of otherperoxidase
catalysed reactions (90, 92, 93).

The redogenic donors, hydroquincne, catechol, pyro-
gallul and p-phenylenediamine were strong inhibitors of the
chalcone oxidation reaction (Table 4). This is in accord
with the effect of such peroxidase substrates on the perox-
idase-oxidase reaction (25, 27); the redogenic donors appar-

ently undergo preferential peroxidative reaction thus spar-

ing the chalcone substrate. With the oxidogenic donors,
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nhenol, resorcinol and p-cresol, however, a stimulatory
effect on the reaction, which may have been expected (25),
was nct observed,; phenol being éssentially without effect
and the other twoc dornors apparently inhibitory. It is

not certain whether this inhibitory effect is an intrincic
one or merely a reflection of impurities which may have
been present in the resorcinol and p-cresol. The inhibit-
ion observed in the presence of manganous ion is in con-
trast to the stimulatory effect of this ion in many cases
on the percxidase-oxidase reaction (25, 93, 94) but parall-
els the strongly inhibitory effect noted on the aromatic
hydroxylatinn reaction (26). This similarity of effect of
manganous ion in the chalcone and aromatic hydroxylation
reactions will be discussed later in relaticn tn the
possible nature of the active oxygenating species in these
peroxidase-catalysed reactions. Both mercaptcethanol and
diethyldithiocarbamate are inhibitory in the chalcone re-
action but further study is required to uncover the mode
of action of these compounds in this system. The observed
rate inhibition by added cupric ion is probably confoundad
by the additional effect of the additive to promote break-
down of the 4Y, and JY, product. Since evidence was ob-
tained of the occurrence of product (ﬁYq and ﬁYz) inhibi{—
ion in the enzymic reaction, chrmical deqradation of WY
compounds promoted by added cupric ion would therefore

be expected to reduce this inhibition. The greater extent
of the chalcone reaction observed in the presence of added
cupric ion than in the control reaction would support such
an additional effect of copper.

The heat-stable- factor(s) in the crude garbanzo



enzyme which suppressed oxepin (0C) formation while
promoting Y, and Y2 formation is considered to function
as a redogenic donnr which consequently spares chalcone

by restricting the key reaction, enorvyoxepin formation.
However, it is proposed that Y,I and Yy formation is still
a side reaction, as in the normal oxepin-forming reaction
of the purified system. This Y, and Y, formation somehouw
occurs more effectively during the oxidation of this un-
known, chalcone-sparing donor thamn during the oxidation

of chalcone itself. Thus one compound, the unknown donor,
could cause the observed dual effect of inhibition of
oxepin and promotion of Y, and Y2 fnrmation. A parallel
is drawn between Yy and Y2 formation in the presence of a
reaction supporzted by this unkrowrn donor anc the hydroxy-
lation of a substrate in the aercbic dihydroxyfumaric acic-
peroxidase system (see Section 3C-3)

The qualitative results gained from the examination
of the activity of a range of chalcones (Figure 30) as
substrates in a peroxidase-catalysed reaction indicated %that
the 4-hydroxyl substituent in the B ring of isoliquiriti-
genin is required for the activity of this compound. This
finding is readily explained on the basis of the expected
ease of phznoxy radical formation and tne existence, through
apprupriate conjugation, of the mesomeric form of the radi-
cal in which the free electron is in the position para to
the oxygen as required by the formation of the p-cyclohex-

adienone ring system (53, 81, 95).

3C-2 A scheme for the peroxidase-catalysed oxidation or

chalconza

A scheme for the enzymic reaction has to accommodate



a numker of salient features which were revealed in the
biochemical studies. These features include the observed
stoicheiometry cf chalcone and oxygen consumption (1:17)
and the absence of other than a net catalytic consumption
of hydrogen peroxide, despite an effect of this compound
uvn reaction rate suggestive of a co-substrate raole.
Further, the farmation of one type of product, the by
diol structure, has to be accounted for by the scheme.
Finally, in the light of these requirements, a scheme

has been sought which embodies crly known redox states

of peroxidase (see Introduction). Scheme 7 is proposed
to explain the enzymic reaction.

An essenlial concept orf Scheme 7 is that the true
enzymic product is considered to be the epoxyoxepin struc-
ture rather than the YY diol structure. This concept is
strongly supported by the biochemical data as has been
stated earlier in the discussion of the origin of ﬁY1 and
#Y, diols. 'The basis for this statement is that a chain
reaction sequence which accommodates the biochemical data
can only be constructed using the known redox states of
peroxidase, if the product is assumed to be the epoxyoxepin
or an isomeric structure (that is, chalcone minus two hy-
drogens and plus one oxygen). Acceptance of the Y diol
structire as the true initial enzymic product, in contrast;
does not permit a peroxidase-mediated chain reaction to be
similarly constructed. Besides being invaluable to explain
the biochemical features of the reaction, the postulated
eppxide structure has considerable merit from a chemical
viewpoint. Thus, the origin of the stereoisomeric yY diols,

a most complex product mixture stereochemically, can be
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Propos«:d chain reaction for peroxidase-catalysed

oxidation of chalcone (RHz)
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Per Fe +——02——'R‘
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..... chain initiating reaction

chain carrying reaction
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conveniently raticnalised as already discussed (see section
3A-4 ). Further, from the concept of epoxide as true
enzymic product, it follows that the ensuing chemical con-
versions of epuxide, hy way of ﬁYq and #Y,, to OC and
flavonol, become non-radox reactions since all the struct-
ures involved are of the same oxidation level (four-equiv-
alent higher w th respect to chalconQ, This is entirely
consistent with the facile nature of these reactions.

Thus, thc enzymic reaction, interpreted on the
basis of the epoxyoxepin structure (RO) as the product, is
a four-equivalent oxidation (dehydrogenation plus oxygenat-

ion)of the chalcone substrate (RHZ) - equation 6.

chaicone + D? _enzyme, epuxyoxepin + H2U
(RH,) (RO)
Equation 6

Scheme 7 simply embodies a self-sustaining (in
theory) chain reactien which accounts for the reaction summar-
ised in equation 6. Thus, one nxygen atom from molecular
oxygen is combined in the oxidised chalcone procuct as the
epoxy oxygen while electrons concurrently removed in the
intramoiecular oxidative coupling process in oxepin format-
ion reduce the other atom of the oxygen molecule to watef.

To start and to maintainbthe chzin reaction in the
face of any breakdowns, the simple peroxidatic reacticn of
chalcone to generate chalcone free radical is envisaged. In
this peroxidatic step, hydrogen peroxide substrate will be

required in stoicheiometric amounts.



Per F53+ + HQU? —>» Compd 1 -——3 RH® + Compd II + H,0
Equation 7

The procducts of this peroxidatic reaction, chalcone free
radical and Compeund II are botbh intermediates in the chain
reaction and thus the cyclic mechanism is established by
this peroxidatic step. Further, the stoicheiometric re-
quirement for hydrogen peroxide in this essential step is
considered to be the reason for the observed rate of tnhe
reaction being sensitive to the hydrogen peroxide concen-
tration, despite the minimal net consumption of this oxi-
dant. Thus, if the chain reaction is always relativzly
fast, the percxidatic reaction of chalcone would inveriably
be rate 1imiting overall when called inte play to initiate
the chain reaction at the outset and after any chain-break-
ing side reactions. Hence in this manner, the substrate-
like effect -of hydrogen peroxide concentratiorn on reaction
rate may be explained. The limited overall consumption
of hydrogen pefoxide is therefore seen as a measure of tie
efficiency of the chain reaction.

A central feature in the chain reaction sequence is
the postulated participation of the ferrous enzyme, formed
from the free ferric enzyme by ¢ddition of the active inter-

mediate, the chalcone radical, as in equation 8.

Per Fed* 4+ RH' —-> Per Fel*---'R*' + H*

Equation 8

In equation 8 the concept of a diradical procduct formed from

chalcone at the active site of the enzyme is summarised



(compare Scheme 5 for the chemical reaction). This diradical
is considered to be enzyme bound and is therefore not free
to undergo intramolecular coupling, for examp.e, to aurone.
Effective reduction of the free ferric enzyme in this mannev
would demand a strong afiinity between the enzyme and chal-
cone free racdical. In the ferrous form, exclusively, the
enzyme can be oxidised by a molecule of oxygen in the form-
aticn of an active oxidising cemplex eguivalent in overall
oxidation level} if not in electronic structure, to Com-
pound III (see Introduction and Figure 5). Thus in Scheme
7, the complex equivalent to Compound III in oxidation
level is generated following oxyoen addition (equation 9)
to the reduced enzyme, and within this final complex, in
thc presence of bound chalcone diradical and activated
oxygen, the oxygenation step is accomplished in conjunct-
ion with radical coupling to generate (equation 10) the
epoxyoxepin product (compare Scheme 5). In the process,
the oxidation level of the active enzyme intermediate is
reduced by two equivalents from that of Compound III (+6)
to that of Compound 11 (+4). No definite electronic
structures are intended to be assigned for the enzyme
intermediates by the representations in equations 9 aﬁd 10,

Per Fe’*--="R" + 0, —> Per Fe’*---0==0---'R’

Equation 9
Par Fat teelmsfees Rt g [Bor Foo'=ec’D* « AD

Equation 10

Reaction of another chalccne molecule with the active

enzyme compound, Per Fe2+-—-'G'. equivalent to Compound II,
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from equation 10 is responsible in a ncrmal peroxidatic
reaction step (equation 11) for the continuation of the
self-sustaining chain reaction. Thus the products formed
in this step, free enzyme and chalcone free radiczl, are

species of the initiai chain reaction step, equation 8.

2+ 3+

Per Fe“"---"0" (Compd I1) + RH, — Per Fe>" + RH' + OH™
Equation 11
Summation of eduations 8 - 11 gives equation 6, the summary

of the chain reaction.

In this chain reaction of en2yme—catalyséd epoxy-
oxepin formation, the essential sequente of reaction steps
is one of dehydrogenation prior to oxygenation. This is
the same sequence which was proposed fur the chemical re-
action. In the enzymic system it is nct feasible to accept
any alternative sequence, since the enzyme, to combine with
and thereby activate molecular oxygen, must undergo a four-
equivalent oxidation step and hence with the relative oxid-
ation level of Compounrd III (+6) as the upper limit, a
ferrous enzyme of relative oxidation level (+2) must be
first generated by one-electron reduction of the free, ferric
enzyme (see Fiqure 5). The free radical of the hydrogen.
donor is a logical source of this reducing power.

An essential tenet of the epoxyoxepin argumen: for
ﬁY1 and ﬁYZ formation is the existence of isomeric epoxides.
Consequently, in the enzymic reaction the epoxidation of
the a, B double bond in the bound diradical derived from
chalcone mustlhave occurred from both sides of the bond,
with the balance affected somewhat by reaction conditiorns,

as expressed in the observed ratios of ﬁYz enantiomers
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previously discussed (section 3A-4).

The cyclic mechanism in Scheme 7 accouncs for the
ma jor product ﬁf chalcone oxidation, namely the isomeric
epoxide precursor of diols yY, and ﬁYz. In the reactior,
howeVer} definite amounts of Y1 and Y2, besides traces of
garbanzol were also formed. These latter products are
considered tn represent, as in the chemical reaction, by-
products of & competing, minor reaction. This is a chain-
breaking reactior in the case of the enzyme-catalysed |
system. Again, this minor reaction is envisaged as basic-
ally an epoxidation of the unoxidised ctalcone molecule,
the product of which rearranges predominantly to the 5-
rather than the 6-membered heterocyclic ring compound and
consequently Y, and Y2 accumulate more than garbanzol. A
Cofollary to this proposed origin of Y, and Yo and garbanzol
is that for chalcone epoxide formation to occur an epoxidis-
ing species must be proposed to be occasionally freed from
the enzyme or, alternatively, made accessible on the enzyme
to a chalcone molecule, rather cthan to the diradical de-
rived from chalcone oxidation.

Following this explanation of the proposed course of
the peroxidase-catalysed oxidation of chalcone it is of
interest to consider the reaction in relation to other stud-
ies of well-established, peroxidase-catzlysed reactions

recolded in the literature.

3C-3 Proposed chalcone reaction scheme in relation to prev-

ious work with peroxidase and other enzymes

The free radical mechanism proposed above (equations

7 and 8, section 3C-2) for the oxidation of the chalcone
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substrate by detydrogenation (or electron removal from the
anionic form) is to be expected in the oxidation of elect-
ron donors catalysed by peroxidase (25, 28, 30). Direct
demonstration by E.S.R. spectroscopy of the once-electron
oxidation of pherols to phenoxy radicals, as envisaged in
chalcone oxidation and generally postulated in the past,
has recently been reported (96) in a pe-oxidase-catalysed
reaction. Reduction of the free ferric enzyme by chalcone
free radical (equation 8) assumes not only the likelihood
of such a reaction but also that the chalcone free radical
is not preferentially consumed by further peroxidative re-
action. There is support for both these assumptions in
general terms in the literature; thus the reduction of
ferri-peroxidase by the free radicals of the oxidatic re-
action donors IAA and NADH is well established (28, 33) and
the free radicals of donors are thought in general (28) and
have been shown in particular cases (30) to be poor electron
donors for peruxidase Compounds I and II.

While the oxygenation of ferrous peroxidase is known
to be a rapid reaction (22, 28), the scheme postulated for
chalcone oxidation requires that this oxygenation occurs
while the dehydrogenated (two-equivalents) chalcone is held
on the enzyme. Little is apparently known about the degree
of binding of organic substretes in the course of reaﬁtinns
with peroxidase in which other than simple dehydrooenation
is involved (93, 97, 98). 1In the chalcone reaction, the
high yieids of epoxyoxepin-derived products points to an
efficient means of linking the dehydrogenation and oxygenat-
ion processes involved in product formation. Any signifi-

cant release of dehydrogenated chalcone only into the



reaction medium would be expected to result in aurone

formation.

HO 0’ —\ V" HO
~ i <
\\‘l IJ aﬁg:;;>””0 e

dehydrogenated chalcone l

HO

T Sl
N —
aurone

This auronelproduct,under aerobic cenditions, apparently
was formed only through the hydrated precursors Y, and Y,
which are considered to be products of a separate minor
reaction pathway. Hence, in view of the experimental evi-
dence in the case of chalcone, some highly efficient bind-
ing of the dehydrogenated intermediate must be entertained.
The oxygenation step, as in the chemical react on
sequence (Scheme 5), is of much significance in permitting
the limitations imposed by the geometry of the trens-
chalcone structure to be removed, thus allowing oxepin ring
formation to oﬁcur. Rgain, this steric requirement for
coupling would strongly suggest an oxygenation mechanism

in which a carbon-oxygen bond is first formed at one carbon
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only, either that a or B tec the carbonyl, to permit con-
formational mobility ir the system before the epoxide
ring is generated by the formation of the second carbon-
oxygen bond. This final bond formation to give the epoxide
may be envisaged as the step which releases the product from
the enzyme; the group which is eliminated in this cylisat-
ion being retained on the enzyme. According to Scheme 7,
this group must contain one equivalent oxidising power. and
confer upon the enzyme the catalvtic powers of Compound II.
It is suggested that the reactions summarised in equations 8,
9 and 10 (section 3C-2), starting with the reduction of
enzyme by chalcone free radiceal and proceeding by addition
of cxygen through the formation of epoxide product and re-
lease of oxidised enzyme (Compcund II), are rapid processes
which under enzymic catalysis may exhibit a considerable
measure of concerted character,

A biologically significant process which is occurring
in this reaction sequence is the adcditicn to the substrate
of an atom of oxygen derived from molecular oxygen. In
this 1espect, the reaction is analogous to the numerous mono-
oxygenation reactions catalysed by mixed-function oxidase
enzymes in which considerable interest is centred on the
mechanism of oxygen activation and the nature of the 'active’
oxygen species in particular (74, 99, 100, 101).

The peroxidase-catalysed oxidation of chalcone, how-
ever, is of the-internal mono-oxygenase type, where the
substrate being oxygenated provides thrf reducing power to

combine with the second atom of the molecular oxygen (99, 101).

_enzyme s
HH2 + 02 RO + HZD



This contrasts with the more common external mons-oxygenase
type (mixed-function oxidase) where a second different
molecule is required as a source of reducing power to com-

bine with the second atom of molecular oxygen.

Atomic oxygen, or 'oxene', has been suggested as a
likely form of active oxygen introduced into the substrate
in reactions catalysed by mixed-function oxidases (74).

The concept here is essentially of an enzyme-mediated oxygen
transfer process. Details of the sequence of events on the
enzyme leading from molecular oxygen to the generation and
transfer of the 'oxene' species, in conjunction with the
supply of reducing power, are not known but are likely to vary
among the many mixed-function oxidases (74). Recently, Jerina
et al, studying the hydroxylation of aromatic compounds by

a2 rat liver microsomal mixed-function oxidase system, found
that hydroxylation of naphthalene proceeded via the epuxide
(102). This intermediate was held to be suggestive of the
enzymic formation of 'oxene' as the reactive oxidant in
accordance with earlier proposals.

This oxenoid mechanism, while acceptable in principle
on stoicheiometric grounds for the peroxidase-catalysed oxid-
ation of chalcone, is not considerec likely in this reaction
on closer examination. Thus, the proublem is encountered of
explaining in terms of known, well established, peroxidase
compounds and oxidation states, the synchronous supplyloF
reducing power (two electrons) while the 'oxene' is being

generated from molecular oxygen. In Scheme 7, the first
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electron removed from chalcone is lost in the reduction
of (formally) hydroxyl radical to water before there is any
interaction with molecular oxygen. That is, an essential
feature which permite the chain mechanism to operate in the
peroxidase-mediated reaction in terms of recognised inter-
mediate enzyme compounds is the utilisation of an electron
from each of iwo separate molecules of chalcone to reduce
that atom nf oxygen not incorporatecd from the molecule_of
oxygen consumed. This type of 'overlap' in the supply of
reducing power is apparently not envisaged for the oxenoid
mechanism. A further point against the operation of the
direct oxenoid mechanism is that the addition of oxene to
the double bond could be expected to give rise to the trans-
epoxide by retention of the geometry of the chalcone system.
Rather than the oxenoid mechanism, an alternative
one of oxygen activation is envisaged in the peroxidase
system which is in keeping with the known occurrence and
reactions of the peroxidase redox compounds (see Introduction
and Figure 5). Thus, ferro-peroxidase is considered to
react with molecular oxygen to form oxyperoxidase (probably
identical to Compound III), an oxidising agent which does
not dissociate molecular oxygen as weuld a simple oxygen.
carrier (22). Rather, it has been shown to contain activated
oxyoern (28). Tihis peroxidase compound way also be considered
as enzyme-bound superoxide anion (or perhydroxyl radical), see

Figure 5 and equation 12 below.

Per F82+ + 02 —> Per fe 2+-——02<;9» Per Fe

3+ i ]
___02

Equation 12
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It is suggested that this oxygenated enzyme, which may be
presently considered as enzyme-bound superoxide, is the
oxygenating agent. Free superoxide has been shown (103) to
‘be nucleophilic in its reactions in dipolar aprotic solvenis
and to generate the ccrresponding epoxide from cyclohexen-3-
one, but not from cyclohexene itself in which the double
bond is not activated towards nucleophilic attack. The
enzyme-bound superoxide may even display similar nucleophilic
properties and attack the chalcone-derived substrate at the
carbon B to the carbonyl.és in the case of hydroperoxide
anion in the cnemical reaction (Scheme 5). The époxide—
forming elimination step following intramolecular coupling
would then lead to final product release and the appearance
of oxidised enzyme (Compound II). 1If the enzyme-bound
superoxide is rot nucleophilic (see below), attack may occur
at the @ instead of the B carbon on the substrate but with
the same general sequence leading to product. The net effect
is simply transfer of an oxygen atom as in the oxenoid mech-
anism of mixed-function oxidation.

It is now of interest to compare oxygenation in the
chalcone reaction with non-specific aromatic hydroxylation
which occurs in the course of the peroxidase-catalysed
aerobic oxidation of dihydroxyfumaric acid (DHF) and which
has been studicd by Mason's group (26). Both in chalcane
oxyga2nation anc in aromatic hydroxylation the reaction is
essentially one of oxygen introduction. In addition to this
superficial resemblance there are a number of further strong
similarities in the two systems, including the absolute re-
quirement for molecular oxygen and the inability of added

hydrogen peroxide to substitute for the oxygen-derived
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oxygenating species in the reaction. Ffurther, manganous
ion strongly inhibits both reactions. Hence a strong
similarity in the nature of the oxygenating species and
even in the mechanism of oxygenation is indicated by

these common features of the two systems. Consequently

it is now suggested, as in the chalcone system, that
oxyperoxidase (Compound III) is the effective hydroxylating
agent (oxygen donor) in this non-specific aromatic hydroxy-
lation reaction. This proposal is in contrast to the final
conclusion of Mason's graup, following extensive studies
(26), that the hydroxylating agent is perhydroxyl (HO,) or
a related free radical species generat=d in the concurrent
peroxidase-oxidase reaction of DHF. However, it is in
agreement with Mason's original suggestion, following
preliminary stuvdies (104), that an oxygenated Form of
peroxidase equivalent to Compound III may be the hydroxy-
lating species.

There are several attractive features of this
proposad role of oxyperoxidase as the oxygenating species
in the aromatic hydroxylation reaction. The first rests
cn the structure of oxyperoxidase (Compound I1I) which
is likely to be a hybrid and not simply a ferroperoxidase-
oxygen or ferriperoxidase-perhydroxyl complex (28, 105) -
compare equation 12. Consequently, this situation with
respa2ct to structure and hence properties means that
oxyperoxidase may quite conceivably be the hydroxylating
agent, necessarily radical in nature on the findings of
the final extensive studies (26). This interpretation
of the properties of oxyperoxidase contrasts with that of

Mason when he originally suggested the positively-charged
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oxyperouxidase (Per Fe?*

.02) as the hydroxylating species,
based on preliminary stucies which indicated the oxygenat-
ing agent was electrophilic in nature (1C04). A further
attractive feature of this proposed role of oxyperoxidcse

is that the formation of Compcocund III in the oxidation of
DHF is well known (25, 34, 106) even if poorly understood.
This Compound appears rapidly at the start of the oxidatic
reaction o DHF but does not react with either DHF or DHF
free radical (34). Thus, the DHF system used to support
aromatic hydroxylation would be ideally suited to provide
the p?oposed active oxygenating species. Furthef, in the
presence of manganous ion the oxidatic reaction of DHF is
accelerated (26, 34) but quite a different mechanism may
then operate (34) since in particular Compound III is no
longer present (106). Here, then, is a plausible explanat-
ion of the cause of the observed strong inhibition of
oxygenation by manganous ion through its effect on reaction
mechanism léading to the absence of the active oxygenating
species. Previously (26), the effect of manganous ion was
thought to operate apart from the enzyme by accelerating

the reduction of perhydroxyl radical to peroxide (see Figure
7). This present concept of peroxidase-catalysed aerobic
aromatic hydroxylation makes the reaction an enzyme-catalysed
one ~ather than a chemical reac*%ion associated with radicals
liberated in the course of a supporting enzymic reaction.

In the chalcone reaction, oxygenation ié likewise held to

be an example of enzyme-mediated oxygenation in contrast tg
the alternative of an extra-enzyme chemical reaction. The

failure of both reactions to occur under anaerobic conditions
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but with hydrogen peroxide supplied can only mean a failure
to generate the active enzymic species; this conclusion
indicates Compound III is probably not formed under the
anaernbic conditions used with eitner DHF or chalcone.
Recent work by Jerina and Daly (40) on the absence
of the NIH shift when nor-phenolic aromatic compounds are
hydroxylated in the above peroxidase-cetalysed reaction in
the presence of DHF supports the presence of a radical
rather than an electrophilic oxygenating agent. This is
because electrophilic oxygenating species are associated
with the cccurrence of the NIH shift in phenol formation.
Consequently ir. terms of the enzymic hypothesis presented
above, oxyperoxidase is further indicated to Lehave as a
radical reagent. The enzyme-bounc radical may be a more
powerful oxidising agent than free perhydroxyl radical
which has been held to be incapable 6F effecting hydroxy-
lation of some substrates and therefore probably not to be
the aromatic hydroxylating species (40). With oxyperoxi-
dase proposed to display radical properties, the oxygenat-
ion step in chalcone oxidation may occur by attack at the a
rather than the B carbon in relation to the carbonyl group.
While an epoxide is the postulated product of the
erizyme-catalysed addition of oxygen in the chalcone react-
ion, the nature of any intermcoiate in the aromatic hydroxy-
lation system is not known. Arene oxide intérmediates,
however, have been implicated in hydroxylation of aromatic
substrates catalysed by mixed-function oxidases and in
similar chemical oxidations mediated by peroxyacids (1102,

107, 108). In support of thic< proposal, direct evidence



18%5.

has recently been obtained that 1,2-naphthalene oxide is the
intermediate in enzymic formation of naphthol from naph-
thalene (102). A common feature of these mixed-function
oxidase 2nd peracid coxidations of aromatic substrates is

the occurrence of the NIH shift (108). However, the NIH
shift is not observed in peroxidase-mediated hydroxylation
(40) or when & number of other model systems for chemical
hydroxylation are employed (108). These model systems
include Fenton's reagant in which hydroxyl radical is the
active hydroxylating species (109). 1In view of this
evidence with respect to the occurrence of the NIH shift,

it is likely that aromatic hydroxylation catalysed by
peroxidase occurs by a substitution reaction involving a
radical species without the intervention of an epoxide
intermediate. Thus the parallel betweer peroxidase-
catalyced oxygenation in aromatic hydroxylation and chalcone
oxidation apparently does not extend to the final generation
of epoxide products. However, a common feature is indicated
in the apparent difference of mechanism in the peroxidase-
mediated oxygenation reactions and the mixed-function
oxidase systems discussed.

From the above discussion it is clear that the peroxi-
dase-catalysed oxidation of chalcone described in_this thesis
constiiwutes é reaction which combines the essential features
of two separate, well-established reactions mediated by the
enzyme. These are on the one hand, the oxidatic reaction
in which dehydrogenation occurs and molecular oxygen functions
as the electron acceptor and on the other, an aromatic hydroxy-
latian reaction where the oxygen atom incorporated is derived

from molecular oxygen. The chalcone-type of four-equivalent
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oxidatiuvr of a substralte mediated by peroxidase is suggezted
to be dependent upon the formation of oxyperoxidase as the
active oxygeneting intermediate. It would be interesting

to test for the presence of superoxide anion in this system
using superoxide dismutase enzyme (110). This enzyme,; by
catelysing the dismutatior aof superoxide, would inhibit
chalcone oxidation if the free superoxide is an intermediate
but if essantially this enzyme-bound radicel is involved,

as predicted, the cdismutase may be without effect (see for
example (111) ),

Several previous examples are known of the four-
equivalent oxidation of substrates catalysed by peroxidase
(24, 93, 97, 112)., The two notable examples, the oxidation
of indole-3-acetic acid (97) and the oxidalive decarbnxy-

lation of methicnine (93, 113), are shoun formally below.

CH
- CH,COOH z
peroxidase +CD2 + H20
XN ¢ 0 7 N0
: |
I
H H
Indole-3-acetic acid (IAA) 3-methyleneoxindole
NH NH
| 2 peroxidase | 2
-5H- = N e e e -S5= = =
i + H20

Methionire

In neither of these reactions was added hydrogen peroxide
required;in fact it was inhibitory in the latter one. Addit-

ives were not required in the IAA oxidation but there was an
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obligactory requirement for catalytic amounts of manganous
ion and pyridoxal phosphate in the methionine oxidation.
(Pyridoxal phosphate added was typically at one-quarter
the concentration of the substrate amino acid).

While these reactions are both equivalent to the
chalcone reaction in overall stoicheicmetry, it is not
suggested that they are equally comparable with the chal-
cone reaction. Rather, it is considered, for the reasons
given below, that the IAA oxidation has most in common
with the chalcone reaction. Thus, the enzymic oxidations
of both IAA and chalcone require ro external metal (mangan-
ous ion) or monophenol or other additives, althoughb the
reaction of IAA has been stimuiated under certain condit-
ions by the addition cf marganous ion and cof oxidogenic
donors (114). It is important to note that the products
of IAA oxidation have been characterised for the reaction
in the absence of manganous ion and monophenol (97). Thus,
the final main product, 3-methyleneoxindole, is considered
(97) to be derived from an epoxide intermediate (XXI) which

represents the true product of the enzymic reaction.

0 0

—_—
i S Fil/\UH
H
(XX1) l
CH, - H

~< -H,0 CH, OH

| s

3-methyleneoxindole
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The epoxide oxygen in (XXI) represents the atom derived
from molecular oxyqger.. While Hinman and Lang (97) form-
ulated the cxygenation step as a reection of the IAA free
radical with mclecular oxygen, it is possible that an
enzymz-bound oxygenatirg species is involved. This idea
is a limited feature of the mechanism which has bezen
proposed by Fox and Purves (98, 115).

Various kncwn Feature% of the IAA reaction are in
agreement with-a proposed mechanism similar to that
presented for chalcone oxidation. Thus the IAA free radical
is known to re&-luce the free enzyme and in addition Compound
111 reacts rapidly with IAA (32). As a result, Compound
ITI is nct detected in the course of IAA oxidation in con-
trast to the situation with NADH and DHF as substrates in
the oxidatic reaction (34). With these latter two sub- . |
strates, of course, no oxygenation reaction is envisaged,
only dehydrogenation. It is possible that in the presence
of manganous ion, the oxidation of IAA follows a different
course, a possibility noted previously in the case of the
reactian of DHF,

The mechanism of amino acid (methionine) oxidative
decarboxylation, in being dependent upon pyridoxal phosphate
and manganous ion, is likely to differ significantly from
that of chalcone and IAA oxidation. In keeping with the
requirement for pyridoxal phosphate, a mechanism involving
electron transfer through covalently-bound Schiff base inter-
mediates has been proposed (113) and an interesting feature
is the suggesied role of Compound III as the active form of
the enzyme from which the oxygen in the amide product is

derived. In terms of the somewhat earlier discussion,
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Compound III would not have been expected to be the
oxygenating species in the presence of manganous ion.
However, rather than being a strong argqument against the
proposed rote of Compound III in oxygenations catalysed

by peroxidase, the occurrence of oxygenation in the

presence of manganous ion in this case may be considered

as another expression of the operatieon of a mechanism, in
this particular reaction, basically different to that in

the IAA and chalcone systems. Bacterial flavoprotein
enzymes are known which éatalyse the oxidative decarboxy-
lation of sever-al amino acids according to the stoicheio-
metry of the peroxidase-catalysed reaction, but without

any requirement for additives (101). The peroxicase-rataly-
sed reaction may even be more complex than initially con-
sidered on acceunt of the recent report (116) that pyridox- ' |

al phosphate is also a substrate for the enzyme.

3C-4 Results of present work in relation to other areas of

study

The peroxidase-catalysed chalcone oxidation to form
the oxepin products involves, besides the oxygenation step,
an intramolecular oxidative coupling reaction. Oxidative
couplirig is a well known general reaction of phenolic
systems and is of considerable biosynthetic significance
in plants and in micro-organisms (95, 117). Included among
those compounds for which the known or proposed biosynthetic
sequence incorporates an oxidative coupling step are various
fungal metabolites (95, 118, 119) and alkaloids (95, 120, 121),
the natural polymer, lignin, (122) and other polymeric phcnols

such as hydrolysable tannins (118) and proanthocyanidins (123).
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The three main enzymes implicated in phenolic
oxidation and coupiing are peroxidase, o-diphenol oxidase
(c—diphen01:02 oxidoreductase £.C. 1.10.3.1) and p-diphenol

oxidase nr laccase (p-diphenol:0, oxidoreductase, E.C.

2
1.10,3.2) (119). Many axamples of oxidative coupling
reactinns of a wide variely of phenolic substrates have
been observed in vitro in the presence of one or more of
these enzymes (95, 119, 124—139). The difficulty in de-
termining at times the type of enzyme responsible for cert-
ain of these oxidations, because of the use of crude enzyme
preparations {( 24-126), has attracted comment (119) in
terms of the limitations imposed on subsequent deductions
concerning the properties of individual types of enzymes.
However, in certain of the reports cited above (127-130),
peroxidase enzyme was definitely the catalyst used.

The formation of an epoxide product in a peroxidase-
catalysed reaction as proposed in the case of chalcone oxi-
dation, is not without precedent. A postulated intermediate
with this structural feature (see(XXI) above) has already
been noted in conrection with the oxidation of IAA (97).
Further, the isomeric epoxide products (XXITII) and (XXIV)
have been obtained in the aerobic oxidation of agroclavine
(X¥IT) catalysed by HRP in the presence of added hydrogen
peroxide (131). There was an obligatory requirement for
oxygen in the formation of epoxides (XXIII) and (XXIV)
in this system which may indicate a similarity of the active

oxygenating species with that of the chalcone reaction.
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The 1,2-epoxide structure itself is found in a wide
variety of natural products representing many different
classes of compounds, 2s reviewed by Cross (132), and num-
erous adcditional examples have accumulated in the meantime.
Undoubtedly, a number of biosynthetic mechanisms for gener-
ating the epoxide ring exist. Formation through the in-
corporation of an atom of molecular oxygen by mixed-function
oxidase enzymes has been noted in a number of cases recently.
The example of microsomal hydroxylation of naphthalene pro-
ceeding by way of an epoxide intermediate has already been
cited as a specific and possibly a more general example in
microsomal aromatic hydroxylation (102, 107). Recently,
epoxides have been implicated a~ intermediates in the hydrox-
ylation of certain aliphatic olefins to form diols in a rat
liver microsomal system (133),. Microsomal mixed-function
oxidase activity is also responsible for the epoxidation
of cyclodiene insecticides such as aldrin and heptachlor
(134). An epoxide intermediate of much significance is

squalere epoxide, formed by the action of squalene epoxidase
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(monooxygenase) on squalene and then cyclised enzymicelly,
with concomitant epoxide ring opening, to the steroidal
system (135). Epoxidation of the carotenoid in the format-
ion of violaxanthin, on the other hand, is an example
where epoxide oxygen is not derived from mulecular oxygen
but from water (136). Examples of the enzymatic nydraticn
of epoxides to form diols are well established for arene
oxides (102, 107), cyclodiene epoxides (134) and for fatty
acid enoxides (537).

Certain substituted coumarins provide a particularly
interesting example of the co-occurrence of related epoxide,
glycol and keto forms of a parent compound (132, 138). Thus,

from Heracleum candicans, the three coumarins (see belouw)

with the indicated variation in the R group, have been

isolated (138).

or —(C~——CH
\\
CH

or --C-—-...

The similarity of the pattern in this range of products to
that observed in the products of chalcone oxication catalysed

by peroxidase is striking.



3D CONCLUDING REMARKS

The study presented in this thesis reveals a clear
example of a four-eguivalent oxidat:ion (dehydrogeration
plus oxygenation) of an organic substrate, namely chalcone,
catalysed by peroxidase. It has been possible to describe
and explain this oxidation of chalcone in considerable
detail from the combined results of biochemical and chemi-
cal studies. "

The biochemical studies showed that an equivalent
molar consumption of chaiﬁone and molecular oxygen occurs
in the enzymic reaction. Ffurther, the oxygen requirenent
can not be replaced by added hydioven p:roxide, which is
nonetheless required in catalytic amcunts to obtain a rapid
reaction. Thus, as a peroxidase-catalysed reaction, this
one is of the ecxidatic and not the peroxidatic category.
However, the four-equivalent oxidation involved removes
the reaction from the normal oxidatic category in which 0,
serves simply as an electron acceptor,to a little known
category in which oxygen additionally adopts the role of
an oxygenating agent. The reaction is seen to provide a
particularly clear-cut example of this unusual and complex
activity of the enzyme.

Two new compounds, ¢Y1 and ¢Y2, have been isolated
as the major products of the reaction. These compounds
are identifigd as diastereoisomeric diol derivatives of
an oxpein structure. Evidence is presented that each
diastereoisomer is a mixture of enantiomers. This therefore
requires the formation of all four stercoisomeric diols from
the chalcone. It is proposed that the diastereoisomers ﬁ!1

and ¢Y2 are formed from enantiomeric epoxide precursors
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which spontaneously hydrate to form the diols. Thus; these
epoxides and not MYW and ﬁYQ are considered to be the true
initial products of the enzymic reaction. Interpretation
of the biochemical reaction in terms of the intermediacy
nf known redox states of the enzyme 1s made possible by
this concept of the epoxides as initial product. The con-
cept also provides an attractive chemical explanation for
the occurrence of all four stergoisomers of the gy diol
structure.

Identification of ﬁY1 and ﬁYz is founded not only
on direct physi.cal studies on the compounds themselves but
also upnn their common chemical transformations to three
other products, 0C, flavonol and 40C. The base-promoted
transformation leads to competitive formation of OC and
flavonol, the former product being another new compound
and the latter a known one. Characterisation of OC indi-
cated a structure isomeric with flavonol but with retention
of the oxepin heterocyclic ring of the JY structure in
contras® to the pyran ring system of flavonol. Thus, the
competing formatior of these two products from the JY structure
is formulated as an elimination of the elements of water with
concomitant skeletal rearrangement in the case of flavonol.
In addition, the AY diol structure accommodates the format-
ion, under acidic conditions, of ﬁUC, identified as the k:z2to
form of the enolic OC compound. A rearrangement of the
pinacol-pinacolone type of the 4Y structure accounts for
Y/0C formation. Thus the structural argument relating to
all the new compounds, ﬁY1 ﬁvz, 0C and 40OC is given much
strength in the collective analysis made possible by the
facile chemical interconQersions observed. These chemical

transformations also established among the products a valuable



reference structure in the knowr, compound flavernol,
Besides flavonol, other known flavonoids, namely

the hydrated aurcne isomers Y, and Y, and the dihydro-

2
flavomrul, garbanzol, are formed in cthe reecition. However,
these additional comgounds occur in minor amourts only.

It is interesting that the fiirst evidence of the enlire
reaction was the observed formation of Y1 ar.d Y2 from

chalcone in the prescnce of crude peroxidase-containing

enzyme preparations. Only on purification cf the system

did the true, complex nature of the reaction emerge. The

minor formation of garbanzol in the reaction is considered

to be competitive with Y1 and Y7 formation on the basis

that all these products derive rhemically by rearrangemant

of a common chalcone epoxide precursor. Significantly,

this peroxidase-catalysed system leads to ‘lavonol, ultimate-
ly, not by way of the dihydroflavonol intermediate (garbanzol),
normally favoured in schemes of flavoroid biosynthesis; but

by way of the newly-found oxepin precursors, ﬁYq and ¢Y2.

The chemical reaction of chalcone with hydrogen
peroxide, initially investigated as a control in the course
of studie= on the enzymic reaction, is also revealed on
further study as being very similar to ithe enzymic reaction.
Thus, ﬁY1 and ﬁYZ are the major initial products detectahle
in the chemical reaction unde. the conditions comparable
with the enzymic reaction. It is furthermore considered
tihat the chemical reaction uncer A.F.0. conditions, in which
flavonol is the only major product detectable, also proceeds
by way of the 4Y compounds as intermediates. This is in con-

trast to the currently accepted intermediacy of the dihydro-

flavonol in flavonol formation in the A.,F.0. reaction.
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These findings on the nature of tihe chemical reection and
proposals for the course of the_A.F.D. reaction have relied
heavily upon the enzymic reaction studies to enable struct-
ure and interrelationships of the products to be determined.
The biosynthetic significance of the observed

transformations of chalccne initiated by the peroxidase-
catalysod reesction is uncertain. To whet extent the enzy-
mic reaction is a model for the in vivo biosynthesis of
flavonols, aurones and dihydroflavonols is a question of
great interest and remains to be determined. Despite this
uncertainty, the enzyme reaction is noteworthy as the first

recorded in vitro biochemical system for the oxidation of

chalcone to flavonol. The mild conditions and rapid rates
of reaction associatec with the use of the enzymic catalyst
have enabled a most original and unexpected pathway to be
elucidatec for this oxidation.

A particularly lucid example of peroxidase catalysis
of a four-equivalent oxidation involving linked dehydrogen-
ation and oxygenation processes is provided by the reaction
of chalcone recorded in this thesis. Consequently, the
present study has also Contributed.Significantly to know-
ledqe of this complex and ill-defined activity of the enzyme

in addition to the matter of flavonoid biosynthesis.
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Chapter 4

EXPERIMENTAL

4-1 Garbanzc seedlings

Seeds of narbanzo bean (Cicer arietinum) were

spread out on stainless cteel mesh trays which were then
suspended in a continuous mist of tap water at 15-20° in
the dark for 5-8 days. Seedlings were then harvested,
rinsed in distilled water and used immediately in the

preparation of garbanzo enzyme.

4--2 HRP enzyme

Horseradish peroxidase, RZ 1.73, was obtained from
Worthington and the same batch was used throughout the
present study. The activity of this enzyme, dissolved at
a concentration of 1 mg/ml in 0.05 M tris buffer pH 7.5,
was assayed by the guaiacol method (section 4-5) at 80

units/ug.

4-3 Spectra

Instruments used to obtain spectra were as follows;
mass spectra (A.E.I. MS S), NMR spectra (Varian HA 60), i.r.
spectra (Perkin-Elmer 137 sodium chloride spectrophotometer)

and u.v. spectra (Unicam SP 800 spectrophotometer).

4-4 Protein estimation

The biuret method (139) was used except in the case
of the fractions obtained by chromatography on DEAE A-50
Sephadex where the protein concentration was very low.
Protein in these Fractipns wae estimated spectrophotomet-

rically by the & (E215 - E225) method (140). The observed
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optical density difference at these two wavelerngths was
convertec to a relative protein concentration using the

relationship applicable tn serum albumin:
Af « 144 = g protein/ml

4-5 Assay of peroxidase activity

The method based on the oxidation of gquaiacol in
the presence of hydrogen peroxide to coloured products
which were monitored spectrophotometrically at 470 nm was
used (141). The reaction volume totalled 2 ml in 0.05 M
tris buffer pH 7.5 and contained guaiacol (25 ul of 26.7
mM solution in water), hydrogen peroxide (10 ul of 26.7
mM solution in water) and enzyme as required (usually in
5 - 25,.u1). Addition of hydrogen pernxide started the
reaction which was run at 25%. The emount of enzyme taken
was adjusted so that the activity lay in the range 50-100
units. The 'unit' of enzyme activity used throughout is
defined as the activity required to produce an increase
in absorbance at 470 nm of 0.01 in 5 minutes in the above
guaiacol assay. Thus, with 50-1d0 units of activity added
per cuvette, progrecss curves were recorded from which
meaningful rate data could be taken. A tangent was fitted
to tke steepest slope of the progrescs curve to determine
the rate. With garbanzo enzyme preparations at all stages
of purity, the initial rate was always the rate taken.
However, this was never tne case with HRP enzyme since a
lag phase was always observed in product formation catalysed
by this enzyme. After the short lag phase a linear rate of
product formation was observec and was taken as the rate of

reaction. Elimination of the lag phase was observed if 2 aul
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of 26.7 mM hydrogen peroxide was first azdded to cause a
limited preliminary reaction (which stopped when all the
hydrogen perouxide was used), before Lhe normal! addition

of hydrogen peroxide (104l of 26,7 mM solution) was made

to determine reaction rate. The tate obtained following

thiz pre-treatment to eliminate the lag was the same es

that observed when the lag phase was ignored and the rate
determined from the subsequent,linear section of the proogress

curve.

4-6 Preparaticrn of cell-free enzvme extract of garbanzo

seedlinas

Ali operations in the following procedure were
carried out at 0-4° using materials and equipment cooled
to this extent.

The 5-8 day old garbanzo seedlings which had been
grown in the dark under a continuous light spray of tap
water were rinsed with distilled water and ground in 0.01 M
tris buffer pH 7.5 (about 7 rl per 10 g of seedlings) in a
Waring blendor for short periods (10-20 seconds) at a time
until a smooth homogenate was prepared. This homogenate
was immediately enclosed in several layers of cheeseclotlt,
squeezed and the liquid expressed was collected. The solid
residue in the cheesecloth was discarded. Centrifugaticn
of the expressed liquid at 5000g for 30 minutes provided a
supernatant (about 7.5 ml per 10 g of seedlings) which was
decanted and used as the crude cell-free enzyme.

This preparation was the starting material used in
preliminary fractionation studies (see part 2A) and also
for the partial purification of peroxidase (Figure 12 and

Table 2). It was similar to the preparation used originally
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by Wony (17-19).

4-7 Fractionaticn of cell-free garbanzo enzyme

In the preparation of a purified peroxidase extract
from the cell-free enzyme, the procedures summarised in
rigure 12 weve used, all cperations being again performed
at 0-4°.

Acid treatment to pH 4.5 was used to precipitate
much protein and to clarify the milky cell-free extrac£
(see Figure 12). After acid treatment, the supernatant,
titrated back to pH 7.5, was fractionated at 0° (in ice)
with acetone, also at G". The acetone was added to 50%
final concerntration (v/v) at a steady rate over 4 minutes
and stirring was continued for a further 5 minutes. Most
peroxidase activity was precipitated between 35-45% acetone
content. Littlie protein was precipitated until the acetone
concentration exceeded 30%. Precipitated protein was re-
covered by centrifugation (Figure 12) and the supernatant
was discarded. After suspension of the recovered protein in
a small volume of 0.05 M tris buffer pH 7.5 (about 0.6 ml
per 10 g seedlings), the insoluble denatured protein was
spun down and the clear, light amber supernatant was then
weighted with sucrose and applied to a Sephadex G-75 column
(3 x 2. cm).

‘This column was packed at room temperature under a
pressure head of about 15 cm of buffer with Sephadex G-75
swollen in 0.05 M tris buffer pH 7.5. After running the
columr with the same buffer and pressure head for about
12 hours in the cold the acetone-precipitated enzyme was

layered on top of the gel bed which had been protected with



a thin layer of Yephadex G-25. The absorbance or the
effluent at 254 nm was monitored using LKB 'Uvicord' equip-

ment and fractions were collected at 30 minute intervals

(@N]
~ -

and assayed Tor enzyme activity and protein content (Ficure 1

Further purification of the four most acvive fract-
ions {pooled) from Sephadex G-75 filtration was achieved
by ion exchang: chromalography on DEAE A-50 Sephadex. This
column (1 x 10 cm) was packed under a 15 cm head with a
slurry of DEAE A-50 Sephadex pre-equilibrated in 0.05 m tris
buffer pH 7.5. The column was then washed in the cold with
further 0.05 M pH 7.5 tris buffer flowirg under the same
pressure head before the proteiin sample was applied. The
active fractions were found to be among the first to come
of f the column (Figure 14); most of the protein in the
applied sample was firmly bound on the top of the column
and moved only on the introduction of a salt gradient.

The Sephadex G-75 column was used repeatedly with-
out repacking but a fresh DEAE-Sephadex column was used
each time.

Besides these fractionation procedures finally adopted
for the purification of garbanzo peroxidase, the cell-free
enzyme was initially fractionated for preliminary studies
in a number of additional ways (see part 2A).

Thus, in the heat treatment procredure, the enzyme
was wgitated in flasks in a water bath at 50° for normally
60 minutes during which time considerable protein denaturat-
ion occurred and the chalcone-flavanone isomerase activity
(15, 18) in the crude preparation was destroyed. After
rapid coaling, centrifugation of the heat-treated enzyme

removed the denatured protein and yielded a clarified



202,

supernatant (heat-treated enzyme) uhich was suitahle for
further fractionations.

Ammonium sulphate fractionation was performed by
adding the solid salt to a stirred, heat-treat=d enzyme at
0-4° at about the rate of solution of the salt. stirring
was continued for 15 minutes after the regquired addition
of salt had teen completed. The suspenision was then
centrifuged to recover the precipiteted protein and provide
the starting material (supernatant) for thte next precipitat-
ion step upon incremental (10%) increase in ammonium sul-
phate concentration. No adjustment of the pH of the sol-
ution was made during this procedure. Assays with guaiacol
on the redissolved protein prrcipitates ohbhtained by ammon-
ium sulphate treatment showed no svidence of any clear-cut
fractionation and concentration of the peroxidase activity.

Acetone fractionation of heat-treated or ammonium
sulphate precipitated enzyme was performed in the manrer
previously described except several increments in acetone
concentration were utilised to achieve stepwise precipitat-
ion of the bulk of the protein. Stability of the peroxi-
dase activity in acetone was sufficient to allow this ex-
tended manipulation as judged by the presence of enzymic

activity (quaiacol and chalcone assays) in all fractians.

4-8 Polyacrylamide gel electrophoresis

A vertical thin-slab, analytical apparatus was used
(145). The gel slab was poured from a solution prepared
by deaerating 15 ml of 15% w/v acrylamide solution, in.
water, containing 0.3% Ny,N'-methylenebisacrylamide and 15 ml

of buffer (0.1 M in both tris and glycine) and then adding
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with mixing, 0.3 ml of 104 w/v N,N,N',N',-tetramncthylenedi-
amine (TEMED) followed by 0.3 ml 10% w/v ammonium persul-
phate solution freshly prepared in water.

rcr analytical purposes, six separate wells were
formed in the top end of the gel, but in cases where enzyme
was to 58 recovered a single well extending across the gel
was formed. The 0.1 M tris-glycine buffer used in the
preparation of the gel was also used in anodic and cathodic
compartments., Protein samples weighted with sucrose were
applied under buffer to the bottoin of separate wells in the
end of the gel. The sample volume for .ach well was betwzen
10 and 50 4l and the peroxidase activity between 100 and
400 units. A voltage gradient of 14 V/rm was applied for
1.5hours under room temperature conditinns to separate the
proteins after which time the gel was removed from the mould
and examined. In caces where net-negatively charged isoen-
zymes were being investigated, the gel was pre-run for 1.5
hours to remove persulphate, and the buffer in the electrode
compartments was changed before the protein samples were
applied.

The gel was stained to detect peroxidase activity
by immersion in a solution of benzidine dihydrochlorice
in acetate bufter in the presence of hydrogen peroxide (143).
Alternctively, the gel was stained yellow by soaking for
10 minutes in a solution of the disodium salt of chalcone
in 0.05 M tris buffer pH 7.5 (concentration approximately
1 mg/ml). Then the gel was transferred to either a clean
diskh in which a moist atmosphere was maintained For-a time
(about 30 minutes) to permit the slow decolorisation of the

yellow chalcone to occur (;dY,I and ﬁYZ formation) in the zones



of neroxidase activity or, alternatively, ihe chalcone-
stained gel was immersed 1n a dilute solution of hydrogen
peroxide in pH 7.5 tris buffer to promote very rapid de-

colorisation of chalcone in the loci of peroxidase activiiy.

4-9 Preparation of Y, and Y,-promoting and OC-inhibiting

factors from cell-free enzyme

To obtain a preparation of the factor(s) which
promoted Y1 and.\'2 and inhibited OC formation in the enzymic
oxidaticn of chalcone in ithe absence of added hydrogen perox-
ide, cell-free enzyme was heated at 100° for 15 minutes,
cooled at room temperature and centrifuged to provide a
clear, light amber solution devoid of peroxidase enzyme
activity. The yield of supernatanrt on a volume basis was

typically found to be 70% of the cell-free extract.

4-10 Incubation mixtures and conditions

In preliminary work which explored the nature of
the enzymic activity in the garbanzo preparations (see part
2A), the incubation mixture typically contained enzyme prep-
aration (up to 3 ml in 0.05 M tris buffer pH 7.5 and equiv-
alent to several hundred to severel thousand units of per-
oxidase activity), chalcone (0.5-1.0 mg freshly dissolved
as the disodium salt at a concentration of 1 mg/ml in 0.05
M tris buffer pH 7.5) and buffer (0.05 M tris pH 7.5) to
make a total volume of 4 ml. In these early investigations,
hydrogen peroxide was not added. The reaction mixture was
incubated at %7° for 1.5 hours. Since only a slow consump-
tiorn of Chalcoﬁe occurred, the reaction was not deliberately
stopped before the product extraction step which immediately

followed.
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The volume of enzyme added was destermined empivically;
with crude and heat-irvated preparations, a 3 ml volume
corresponding to 4-0 g of seedlings was always used while
a lesser volume (down to 0.1 m]) was taken with ammonium
sulphate and acetone precipitatec preparations. A wide
variation, perhtaps 10-fold, in the peroxidase activity ir
the aliquot of precipitated enzyme taken did not affect
results significantly because fhe reaction rate was very
slow in the absence of added hydrogen peroxide and guali-
tative effects only werelﬁeing observed. further, the
consistent use of a standard 3 miL volume of crude and heat-
treated enzyme ensured the key qualitat’ve effects of heat-
stable dialysable factors on OC and Y, and Yo formation
were detected.

Later, when the garbanzo enzyme had been identified
as a peroxidase and partially purified preparations were
used, in addition tc HRP enzyme, the incubation mixtures
and conditions were changed dramatically from those noted
above vo those detailed in the appropriate sections in the
Results. 1In general the reaction mixture contained in a
4 ml total volume of 0.05 M tris buffer pH 8.0, enzyme
(less than 1.0 to more than 100 units), hydrogen peroxide
(0-10umoles) and chalcone (0.2-2 umoies). For spectro-
photometric obcervations, reaction mixtures were reduced
to 2 ml total volume. The chalcene was normally added as
an ethanolic solution (corcentration 1-5 mg/ml). The final
concantration of ethanol in the reaction mixture was re-
stricted to 5% maxiinum which was observed to be without
effect on reaction rate or product composition. Addition of

hydrogen peroxide was routinely used to start the reaction.
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Incubation time was limited to a few minutes at either
room temperature (about 20-25%) or at 25° under controlled
conditions and was normally restricted to tihe time taken
fur the decolorisation of the chalcone solution. Prouducts
were usually extracted after the reaction had gone to
completion or had reached a slow rate so that a technicu=z
for arresting the reaction was not routinely required.

For spectrophotometricglly monitored resctions
relzvant to Figures 25-28, the concentrations of chalcone
were sufficiently low for chalcona disappearance to bte
recorded at the absorption maximum (296 nm in pH 8.0 tris
buFFer). Since the rates of many of these reactions were
ranid, an external recorder (Sargent) operated with a chart
speed of 5 inchkes per minute was used to obtain progress

curves to which tangents could be fitted more accurately.

4-11 Extraction of reaction products

Reaction products were routinely extracted into
ether and the importance of the pH of. the agueous layer in
determining the observed product pattern from the enzymic
reaction has been stressed in the Results. In this conn-
ection it is emphasised that thé final volume of ether
extract was never driec before removal of the solvent on a
rotary evaporator. Hence some small amount of the aqgiieous
layer at the appropriate pH was deliberately retained in
the etherial solution to exert important effects on the
stability of the recoveredproduct.

Acceptable quantitative recovery of the compounds
dealt with was obtained upon two extractions of the agueous

phase with approximately an equal volume of ether each time.
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Recovery of ﬁYq and ﬁYz was Tound to be satisfactory with
the aqueous layer pH up to 7.5, but other compaunds were
best extracted from slightly acid pH media.

Anaiytical scale reactions were standardised at & ml
aqueous reaction volume and were conducted in 10 ml stoppered
centrifiuge tubes in which the ether extraction (2 x 5 ml)
was performed ‘mmediately after the reaction time had
elapsed. Each volume of ether was effectively removed
using a Pasteur pipette.

Preparative scale reaction products were recovered
by equivalent ether extraction in a separating funnel which
served alsu as the reaction vesszl.

Most reaction mixtures required only a pH adjustment
of the agueous layer (see Results for specific details)
prior to immediale and direct extraction in the reaction
vessel. However, when crude garbanzo enzyme preparations
were used in the enzymic reaction, as in the preliminary
investigétions (part ZA), removal of protein was a pre-
requisite to product extraction. To remove protein, the
reaction mixture was made 50% ethanolic and placed in a
boiling water bath for several minutes. Denatured protein
was removed by filtration, aided by added celite, and
ethanol was removed (rotary evaporator) from the filtrate
before the aquecus solution (pH 7.5) wae ether extracted

to reccocver products and unchanged chalcone.

4-12 Anaerobic reaction procedures

The reaction under anaerobic cocnditions was run
normally in Thunberg tubes or occasionally in Thunberg-type
spectrophotometric cuvettes. Chalcone and enzyme were

mixed with buffer in the tube and hydrogen peroxide in a
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small volume of water was placed in the bulb section of the
stopper. The complete assembly was then evacuated for 10
minutes using a high vacuum pump. After this, oxygen-free
nitrocen was cautiously introduced to less than atmospheric
pressure and the evacuation recommenced for about 15 sec-
onds to remove most of the gas. Three further similar
cycles of flushing with nitrogen and evacuation were per-
formed before the Thunberg assembly was filled with nitrogen
to slightly above atmospheric pressure, sealed off and dis-
connected from the nitrogen and vacuum line. The stopper
was firmly held against a slight positive pressure of
nitrogen by e rubber band anchored to the side-piece of
the tube. Before the contents of the assembly were mixed,
the tube was partially immersed in a2 water bath at 25° for
10 minutes to warm the main volume of sclution. Incubation
at 25° continued after nmixing the contents.

Oxygen-free nitrogen was provided by passing a
slow stream of commercial oxygen-free nitrogen through a
tube packed with copper turnings and heated at 400°,
Hydrogen was passed through the heated tube to ensure re-
duction of the copper to the metallic state before it was

used to remcve traces of oxygen.

4-13 Manometric experiments

Standard procedures (144) were employed in manametry
using Braun equipment. The reaction mixtures given in
Table 3 were used, each in a total volume of 4 ml in 0.05
M tris buffer pid{ 8. Chalcone was dissolved as the disodium
salt in this buffer a short time before use. The concen-

tration of chalcone in the stock solution was checked
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spectrophotometricaelly immediately before sach manometric
run since in the buffered stock‘solution, ¢enlike in ethancl,
significant chalcone isomerised to the flavanone. (Separate
spectrophotometric studies showed that added flavanone, to
10% of tihe concentration of chalcone initially present,

was without effect on the enzvmic reaction.) An aliquot

of the chalcene stock solution was placed in the main well
of the manometric flask together with the additional buffer
required to make the total reaction volume of 4 ml. 1In the
sidearm was placed enzyme in 0.4 ml total volume of buffer
pH 8.0. The hycdrogen peroxide was supplied as 5,ul aqueous
solution and wzs deposited as an isolated drop in the en-
trance to the sidearm. When the system had heen equili-
brated at 25° znd sealed off, the enzyme solution in the
sidearm was tipped inta the flask collecting as it flowed
the drop of hydrogen peroxide. Readings cf the manometers
were continued until uptake of gas hac ceased which was
normally about 20-25 minutes after the start of the re-
action. In the calculation from the observed pressure
change of the volume of oxygen absorbed the solubility of

oxygen was taken as 0.02822 ml/ml of solution.

4-14 Methods for estimation of hydrogen peroxide

(a) Volumetric. The stczk solution of approximately

30% w/v hydrogen peroxide from which known concentratinns
were prepared for addition to enzyme reaction mixtures was
standardised periodically by titration against a standard
solution of potassium permanganate in the presence of
sulphuric acid (145).

(b) Spectrophotometric. A method was developed to
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permit rapid and accurate estimation of hydrogen peroxide
in the concentration range 0.1-0.5 mM. This method was
applied to the estimation of residual hydrogen peroxide
in 2 mi reaction volumes after the reaction of chalcone
had qgone to completion (see section 2B-7). The method
utilised the quantitative percxidatic oxidation of guaiacol
by hydrogen peroxide to the coloured prcduct, referred to
as tetraguaiacol, the formation of which was monitored at
470 nm.

Initially, a calibration curve was constructed for
enzymic tetraguaiacol production (absorbance at 470 nm)
as a function ¢’ the amount of hydroyen peroxide added to
0.05 M tris buffer pH 8, total! volume 2 ml (see Figure 52).
The reaction mixture contained HRP enzyme (400 units added
in 5ul tris buffer pH 7.5), guaiacol (S5,ul of 130 mM
(0.65.umole) with amounts of hydrogen peroxide up to 0.4
nmole and 10 vl (1.30 umoles) with higher amounts) and
buffer to make to 2 ml, temperature 25°. Addition of known
amounts of hydrogen peroxide (0.22-0.88 umoles in 10 ul of
water) started the reaction. At the lower hydrogen per-
oxide concentrations the lower concentration of gquaiacol
was found necessary to prevent significant depression of
tetraguaiacol formation. The high amount of HRP enzyme used
gave a rapid reaction, complete within 100 seconds. This
feature was important since tetraguaiacol was unstable and
its absoarbance at 470 nm dropped continuously.

While the above calibration curve provided accurate
estimations of hydrogen peroxide in pH 8.0 tris buffer, a
further curve was found necescary for determinations of

residual hydrogen peroxide in the presence of products of



Figure 62

Calibration curves for the estimation of H202 by

tetraguaiacol formation in HRP-catalysed reaction
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the chalcone resction since tetraguaiacol was more unstable
in this system. A further calibration curve (Figure 62)
was therefor= prepared for knowﬁ amounts of hydrogen
peroxide added to a reaction mixtuie which contained, in
additicn to the components specified in the previcus cali-
bration above, the freshly-fo:rmed products of a standard
chalcone reaction. The standard chalcone reaction system
for the calibration receorded in Figure 62 contained chalcone
(0.37 umole), HRP enzyme (1 unit) and hydrogen peroxide
(0.22 umcle) in pH 8.0 tris buffer, 2 ml total volume,
temperature 25%., This reaction went almost to completion
in about 100 seconds and was monitored at 470 nin by the
decrease of the chalcone absorption which was initially
0.7 at this high wavelength on account of the tigh con-
centration present. The hydrogen peroxide added (0.22
/umole) was near the minimum required for the reaction to go
effectively to completion. When the reaction was virtually
complete, a known additional amount of hydrogen peroxide
was zdded and followed immediately by a combined additio: of
HRP enzyme and.guaiaCol as given for the previous rcalibration.
Tetraguaiacol formation, which occurred even more rapidly
than before, gave a measure of the total hydrogen peroxide
content of the final reaction mixture. However, this totel
hydrogen peroxide consisted of a fixed amount carried over
from the chalcone reaction in addition to the amount firally
added. Addition of the HRP-quaiacol mixture, without further
hydrogen peroxide, at the end of the chalcone reaction led
to reproducible tetraguaiacol formation. Hence, the total
tetraquaiacol formation observed was reduced by the amount

equivalent to the hydrogen peroxide carried over from the
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chalcone reaction to give the net values plotted in Tigurec
62 for the final amounts of hydrogen peroxide added. The
changeover point for guaiacol addition from 54l to 104l
(see previous calibration above) was when the total hydrogen
peroxide content of the reaction mixture =xceeded 0.4_umole,

as indicated by tetraguaiacol formation.

4-15 Paper chromatography

All paper Chromatograpﬁy was done on Whatman 2 MM
paper which was washed, prior to use, in 5% acetic acid
and rinsed in ristilled water before drying. The standard
solvent pair for 2-D work was benzenec: acetic acid:water
(125:72:3 by volume) in the first direction followed by
10% aqueous acetic acid in the second. No equilibration
time was allowed prior to running in either solvent.

Rather than use the full dimension of sheets of
Whatman paper (46 x 57 cm), a much more convenient procedure
was developed to handle the large number of analytical 2-D
chromatograms which were run. This consisted of reducing
the size of the chromatogram so that four small 2-D chroma-
tograms could be obtained per full-size sheet. The area
potentially available for spot migration was about 20 x Z0 cm
on eachk small chromatogram. Advantages of this reduction
in scale were the greater speed with which chromatograms
could be developed thus minimising changes in the compounds
under study and also the increased capacity of the chroma-
tography tanks which allowed more samples to be handled at
a time. Little or no disadvantage accrued with the reduced
dimensions of the chromatogram. Separation of compounds was

satisfactory for most purposes and was nearly as good as on
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the full-size sheets, provided that the spot applieug at thre
origin was kept small, preferably 0.75 cm diameter or less
and containing not niore than 250 vug of solid material.

The procedure used with the small-size chromato-
grams was to cut the fuil-size sheet in half, across the
shoirter dimension. O0On each half-size sheet, two spots
were applied, each 4.5 cm from the mid-point of a line
drawn parallel to and 7 cm in from the freshly cut edge
on each half sheet. Each half sheet carrying two separate
samples was then Chromatbéraphed (descending) in BeAW and
dried. Then tre bulk of the 7 cm wide strip across the
top of the 1-D chromatogram which had d'pped into the BeAW
solvent trough was cut off and the remainder of tte sheet
was folded suitably about that mid line equidistant from
the two lines of spots which arose from the first direct-
ion development. In this folded form the connected chrona-
tograms were immersed along the folded mid-line in the
second direction solvent and the descending alignment of
the body of each chromatogram, clear of the edge of the
solvent trough, was ensured by apprcpriate folds parallel
to and suitably separated from the micd-lire fold. When
finally dry after second direction development, the individ-
ual chromatograms were separated by cutting along the mid-
line fold. The area of - paper which had been finally immcrsed
in the HA solvent proved convenient for recording details
of the sample chromatographed.

Times required for running these small chromatograms
at about 25° were, 1 hour in BeAW, 20-3C minutes 'drying'’
time between solvents and 1-1.25 hours in 10% HA. With full-

size chromatograms, running times were at least three times



as long. Occasionally, where the maximum separation was
required in the first dimension only, as in the resolution
of flavonol and aurone, full-length chrematograms were em-
ployed but two spots were placed on each sheet as for the
small-size chromatngrams, so that the second direction
could be run (adequately) over the small-size distance only.
Special mild treatment was applied in the chroma-
tography of %Y1 and ﬁYz in particular, to minimise the
transformation to OC and flavonol and the extent of other
losses of these compounds. Hencz these compounds were
applied to the chromatograms in acetone solution (ethanol
was also used w.th other more stable compounds) and the
solvent was removed with a mirimum exposure tc a cold air
stream. Minimum delay was aimed ior at all stages of the
chromatographic prccedure and low temperatures (down to 40)
during the chromatographic separation were found advantageous

if good quality eluates of ﬁY1 and ﬁYz were sought.

4-16 Diazotised sulphanilic acid spray reagent

Diazotised sulphanilic acid chromogenic reagent was
prepared immediately before use by mixing equal volumes of
a saturated solution of sulphaniiic aciu in HC1 and of
0.07% sodium nitrite. A few minutes later, the snlution
volume was doubled by adding agquzous sodium carbonate
(5% w/v anhydrous salt) and the prepared reagent was then
used immediately. Stock solutions used in the preparation
of this spray reagent were held at 0-4° in order té lower
the temperature of the prepared reagent and thus enhance
the stabiiity of the diazonium prsoduct formed. The stock

solution of sulphanilic acid was prepared from sulphanilic
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acid (4 g), concentrated HC1 (40 ml) and water (400 ml).

4-1"7 Preparative method of OC production

The preparative scale rveaction was carried out at
room temperature (20—250) in a 500 ml separating funnel.
The reaction mixture contained chalcone (50 mg (182 umoles)
in 5 ml 85% ethanol), HRP enzyme (800 units in 10.ul of a
1 mg/ml solution of enzyme in 0.05 M tris buffer pH 7.5),
hydrogen peroxide (50 ul (ASD/Lmoles) of 30% w/v solution
in 5 mt of water) and 0.05 M tris buffer pH 8.0 (190 ml).
Enzyme and buffer were mixed and the chalcone solution was
Lthencarefully added with swirling followed by rapid addition
and mixing of the hydrogen peroxide to start the reaction.
Air was bubbleu steadily through the colution during the
incuba.ion time for complete reaction which was 3.5-4 min-
utes. Decolorisation of the chalcone was visually followed
to determine accurately the incubation time in each run.
The final solution was faintly yellow in contrast to the
orange-yellow when chalcone was present. Alkali (2.5 ml
of 2.5 N NaOH) was immediately added with rapid swirling
once the enzymic reaction was complete. Two minutes later,
the alkaline solution was acidified (5.2 ml of 2 N HC1) end
the product (largely OC) was recovered without delay by ether
extraction (2 x 200 ml). The cumbined wet ether extract was
evaporated on a rotary evaporator to yield crude OC as a

yellow solid.

4-18 Preparative method of @Y, and ﬁ{7_groductiun
These precursors of 0C and flavonol were readily
prepared when the reaction systecm detailed above for piepara-

tive OC production was used. The required modification was
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restricted to acidification (3.56 ml of 1.44 N HC1) immed-
iately the reaction was complete. Ether extraction as
before, then proceeded immediately. The wet ether extract
was taken to dryness on a rotary evapcrator with the water
bath at 30° and water contacting only a small area on the
evasorating flask so that the solution was evaporated clcse
to 0°. Once the volatile ether had been removed, evapora-
tion of the small volume of aqueous liquid which remainead
was assisted by the addition of a littie ethanmnol., In dry-
ing this final volume, tﬁé evaporating flask was normally
held out of the water bath in crder to prevent damaging
applicetion of heat as drying was slow rnd consequently
iittle evaporative cooling occurred. T1he dried sample
could be successfully held at -10° for a few days if nec-

essary.

4-19 Preparation of 40C

In the course of preliminary attempts to obtain
crystalline ¢Y1 or ﬁYz from s3lutions of reaction product
mixtures it was discovered that from these solutions 40OC
could be obtained instead. Thus, a freshly made reaction
product mixture of ¢Y1 and ﬁYz solid was taken up in a
minimum volume of either acetone or ethanol at room temp-
erature. A little water (about 10-20%) was then added
cautiously and the solution made more aqueous by blowing
off mainly organic solvent under an air jet. During this
treatment the solution became a brownish-red colour
(initially slightly yellow) and after being concentrated
to a small volume it was placed in ice. Aggregates of a

white solid separated out over the next few hours. This
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solid was filtered off and washed clean of mother liquor
with aqueous aceione at 0°. From its u.v. speccrum in
ethanol and on the addition of alkali, the sclid was
identified as ¥CC. Thz deposition of y0C always occurred
when reaction prnduct mixtures of YY compounds were treatec
as described here. A quantity of YOC was prepared from a
number of reac-ion product samples of ¥Y compounds which
were put through the above procedure.

The oriainally deposited y0OC solid was Further-
purified by deposition from hot aquecus acetone. 0On only
one occasion was a truly crystalline pruduct observed and
then the long fine colourless needles formed in but very
small amount. Repeated attempts at recrystallisation of
Y0C to achieve greater purity were discouuraged when some
samples were lost through spontaneous and very extensive
conversion to GC. This compound was much more soluble in
acetone or ethanol than YOC 2nd consequently remained in

solution at the concentrations present.

4-20 Purification of OC

Crude 0OC solid from the preparative scale reaction
was dissolved in a minimum volume of dry acetone. The
small amount of tris buffer salil which had been carried
over ii* the wet ether extract was removed as insoluble
white solid by this treatment. The OC solution in acetone
was slowly concentrated under an eir jet which cooled the
remaining solution to well below room temperature., When a
suitably high concentration was reached, solid OC began
to be denosited from this solution. The removal of solvent
was continued for a short time after the deposition of

solid commenced. Then the sample was set aside in ice for a
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few hours before the total solid wes recovercd by filtration
and rinsed clean with ice-cold acetone. 7This solid was
then used as the purified OC which served as starting
material in various reactions. The zample used in spectiro-
scopic exeminations was purified by a more extensive process
which included prior» crystall.:sation from hot solvent (see
section 2A-7).

The instability of OC limited the recovery of purified
solid even with the described procedure of depnsition from
a concentrating solution in acetone to a maximum of about
60% of the compound present in the crude sample. The rest
remained in acetone as a very impure solution. T[urther
manipulation just increased the amount of impurity and
correspondingly decreased the 0OC content. Ccnventional re-
crystallisation of crude OC from hot solvent (aqueous ace-
tone or ethancl) provided OC solid but of inferior purity
and in lower yield than from the adopted low temperature

process.

4-21 Separatioh and purification of ﬁY1 and ﬁYz

The main problem faced in the isolation of ﬁY1 and
¢Y2 was the instability of these compounds. Separation of
the compournds from reaction product mixtures was easily
achieved by paper chromatography in dilute acetic acid
solvents. However, usual methods of recovery of the sep-
arate compounds following chromatography gave unacceptable
levels of impurities in the isolated products compared with
the low leveis of impurity in the reaction product mixture
(compare Figures 17 and 138). By giving attention to all

factors which were found to contribute to the presence of
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impurities in the chromatographicslly isoiated samples, it
was eventually possible to isolate ¢Y1 and ﬁYz with a min-
imum of asscciated impurities..

Thus, in the procedure finally adopted, the reactiaon
product mixture was chromatographed on full-size sheets
of Whatman 3 MM paper in 0.5% HA solvent at 4° for several
(5-8) hours in darkness or in dim ligh: to clearly separate
¢Y1 and ﬁYz as bands. For this chromatography, product from
10 mg of chalcone was banded acrouss each sheet rfrom acetone
solution and the chromatograms were run immediately. After
develecpment, the chromatograms were removed from the sclvent
troughs but still left suspended fur their final 30 minutes
within the tank.

To prevent breakdown of ¢Y1 and ﬁYZ which would occur
during any drying time, the bands were then detected on the
wet chromatograms immediately they were removed from the
tank. (The final period in the tank out of contact with
the solvent reservoir kept excess solvent on the chroma-
tograms to a minimum and restricted movement of especially
the faster moving band of ﬁY1 after it was detected and
before it was cut out.) On the wet chromatograms the bands
were not immediately visible in long wavelength u.v. light.
However, on irradiation for about 1 minute, a blue fluoresc-
ence developed in the location c¢f each band. This colour
was also immediately noted on examinpation in u.v. light
of (cool) air-dried chromatograms, from which impure eluates
only were obtained. Thus the colour was produced due to the
instability of %the YY compounds. A narrow guide strip- on
each wet chromatogram was 'develcped' by exposure to u.v.

light, the rest of the chromatogram being protected by a
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lank sheet of cnrcimatography paper. The bands containing
ﬁYq and ﬁYz were then marked out and separately excised from
the chromatogram, loosely rolled up and placad immediately
in the deepfrescze. Bands were also located by alternative
methods of removing a guide strip which was then either
dried vapidly in an oven at 1i0° and spraved with diazo-
tised sulphanilic acid, or heated longer to reveal the bands
directly in visible light as yellow zones. Neither method
was as convenient as the u.v. irrvadiatiorn procedure. |

The bands were rapidly eluted, after thawing, using
acetone at room temperature. The proce.Jure adopted was to
fold the band in concertina fashion, with folds about Z cm
apart and running across the band, and then to saturate
the loocsely pascked 'sandwich' of paper with acetone. Immed-
iately, the free solution in the sandwich was expressed
using 2 hand-held vice arrangement. A piece of plastic
lined the space between the jaws of the vice and channeled
the solufion into a receiver held in ice. Further acetone
was used to rinse the compressed paper block and then the
pressure was released. The paper was again irrigated with
acetone to saturation and the liquid again expressed. Tests
showed most of the compound was recovered in the first two
cycles.- Normally three elution cycles were performed be-
fore t.e paper was discarded.

Acetone was selected as the eluting solvent for
several reasons. Ffirstly, it was more readily remaved than
ethanol under reduced pressure to recover the eluted compound
Seconcly, it penetrated the folded paper very efficiently and
quickly at the outset and also after the paper had been

released from compression. Thirdly, it was a good solvent
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for the YY compounds. Equivalent bands from two chromato-
grams were normally eluted concurrently when a quantity of
compound was desired.

The combined acetone eluate was reduced in vclume
on a rotary evaporator at 0° to the residual aqueous acetic
acid solution which had been present in the bands of moist
chromatography paper eluted. The same rare as noted in
the drying of the crude preparation of MY compounds ex-
tracted from the enzymic reaction was taken to zvoid over-
heating of the solution in all solvent removal steps using
the rotery evaporator.

The aqueous solution which contained the 4Y com-
pound together with many paper fibres and other impurities
eluted from the chromatography paper was bulked up if nec-
essary with distilled water and extracted twice with an
equal volume of ether. The combineduether extract was
concentrated to half volume and washed with water before
being finally taken to dryness in the rotary evaporator.

A little alcohol was added near the end of this step to
assist removalAOF the small amcunt of water carried over
purposely with the wet ether. The small amount of acetic
acid which héd been carried through thic entire elution and
final solvent extraction process of purification was vital
for the prevention of general deqradation and also trans-
formation of MY compounds to OC.

An alternative method whereby ﬁYz could be directly
isolated from the reaction product mixture without the re-
quirement for chromatography was also investigated. This
process utilised the property noted with chromatooraphically

isolated samples that ﬁYz tended to form crystalline aggregates
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while ﬁYq always remained as a glassy solid. Tnus, while
the reaction product mixture of ﬁY1 and ¢Y2 was always oh9-
tained, on removal of the solvent following ether extract:-
ion, as a faintly yellow glassy solid, areas of granulation
charactieristically developed within a film of this solid
when the flask was stored between zero and -10° overnight.
In a particular case where very coarse granules developed,
a sample cf the granglar solid was subsequently recovered
in free-flowing form by careful treatment with ether to
dissolve preferentially the glassy matrix within which it
formad. Subsequent tests (u.v., i.r., Y% HA chromatography)
showed the strongly yellow prcduct isolated was a sub-
stantially pure preparation of dYZ. However, on account of
the low amcunt of ﬁYz recovered in terme of the reaction
product present and of the variabilfty of the granulation
process betweer preparations, this method was not pursued

further as a means of preparation of ﬁY7.

4-22 Synthesis of chalcone

Isoliquiritigenin was synthesised by condensaticn
of resacetophenone and p-hydroxybenzaldehyde under alkaline
conditions. Resacetophenone (6.3 g) was dissolved in 25 ml
of  50% potassium hydroxide and p-hydroxybenzaldehyde (5.10 q)
was adred with stirring until the compound dissolved. The
flask was then flushed with nitrogen, tightly stoppered and
incubated in a water bath at 60° for 21 hours. Ice (about
20 g) was then added, followed by concentrated HC1 (20 ml)
to precipitate the crude product, This solid was recovered
by filtration and washed with water. It was then dissolved
in a minimum volume of warm ethanol and chromatographed on

two large (5 x 40 cm) polyamide columns using 95% ethanol
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as the eiuting solvent. The chalcone band was recovered
following the elution of faster moving components, mainly
unchanged starting materials. Chalcone (5.9 g) was re-
covered on drying the combined chalcone eluate from both
columns, The product was further purified by recrystall-
isation from aqueous ethancl and acetone to yield yellow
needles m.p. 21:2-204°. Several further recrystallisations
provided the sample which was used as substrate in the
detailed biochemical studies. This preparation was chroma-
tographically pure and melted sharply at 204-205°.
Chalcones, besides isoliquiritigenin, wer; available
in the laboratory in small amounts having been previously
synthesised by Dr. E. Wong in connection with previous
studies (15). 14C— and 3H—labelled isoligquiritigenin were

also available from this source.

4-23 Purification of chalcones by paper chromatography

The chalcones used in the study of the substrate
specificity of the enzymes (see Figure 30) were mecstly
available in only very small quantities from previous work
of Wong (15). An amount of about 1 mg of each compound was
subjected to 1-D chromatography as a band 3 cm long on full-
length papers in the solvent systems BeAW, 30% HA and 30%
isopropanol in water. The finally eluted (85% ethanol)
compcund was dried, taken up in 5 ml of ether which was
then washed with an equal volume of water before the organic
layer was again evaporated to provide the sample used in the
enzymic reaction. This solution of the alcohol-eluted chal-
cone in ether followed by water washing removed visible

amounts of whitish material eluted from the chromatcgraphy
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paper. Such contaminating material was recovered in
alcohol elution despite the use of specially pre-washed
paper (85% ethanol wash after regular washing in 5% HA
followed by distillecd water rinse) for the purification

of these chalcones. The presence ot paper-derived im-
purities in the final chalcone samples was indicated by

the inhibition of the reaction of isoliquiritigenin which
was noted when a Chromatographically prepared sample was
used. This samgle had been run through the above puri-
ficiation procedure with the other chalcones, as a control,
starting with -he sample purified by repeated recrystallis-
ation and routinely used as substrate in the enzymic re-

action.

4-24 Synthesis of hispidol

Hispidol was synthesised by alkaline ferricyanide
oxidation of isoliquiritigenin as previously detailed by
Wong (17) and purified by recrystallisations from aqueous
ethanol and acetone. The melting point of the sample used

as - -fluorimetric standard was 289-2910.

4-25 Preparation of trimethylsilyl derivatives

For each of the compourds silylated (ﬁY1, ﬁYZ, ocC
and flavonol), a sub-milligram amount of the dry solid was
added to a vial sealed with a serum cap. The silylating
reagent N,0-bis-(trimethylsilyl)-trifluoroacetamide (BSTFA)
was then added (50-100ul per Vial); When the solid had
dissolved in this added reagent (after 1-2 hours at room
tempsrature), fhe compound was considered to have been

silylated. Samples (2-5,ul1) of the solution were withdrawn
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and submitted to znalvtical and preparative GLC. The re-
maining reaction solution for each sample was observed

to keep satisfactorily at 0° for a number of days.

4-26 Gas-liquid chromatography of trimethylsilyl ethers

IA Fackard gas chromategraph fitted with a flame
ionisation detector and column temperature programmer was
used in the analysis of the trimethylsilyl ether derivat-
ives prepared from ¥V compounds, OC and flavonol (see
section 2D-5). Glass columns were used; the preparative
column (4 mm ID x 2 m) and the analyticel column of
similar dimensions were packed with silylated 80-100 mesh
Gas Chrom @ coated with 3% and 10% SE-30 respectively.
The flow retes usec were, nitroger carrier gas 50 ml/min,
hydrogen 60 ml/min and air, 250 ml/min. The inlet temp-
erature was 230° while the outlet and detector temperatures
were set at 240°. Oven temperature was programmed to rise
from 200° at sample application to 240° at 1° per minute.

With the analytical column (10% SE-30), S5.ul

samples of each silylation reaction mixture were injected.
Binary mixtures of these were also prepared in various
combinations and similarly injected to check relative re-
tention properties of the major products. The main TMS |
produc” from each silylation reaction was trapped and sealed
in a capillary tube for later mass spectral examination as
the appropriate peak emerged from the 3% SE-30 column
operated at a fixed 240° oven temperature. This trapping
was accomplished by fitting a streaﬁ splitting device between
the column outlet and the detector so that when the detector

recorded the start of the peak of interest a clean capillary
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tube was inserted in the outlet of the main stream of
column effluent to trap the vaporised coinpound in a short
section of the air-conled tube @hich was then immediately
sealed off in a small flame. Sealed samples were held

at 0° until examined (within 72 hours) by mass spectrumetry.

4-27 Preparation of diazomethane

An etherial solution cof diazcmethane was prepared
from p-toluenesulphonylmethylnitrosamide ('Diazald' from
Aldrich) immediately before use following established
procedures (146). To prepare 0.3 g of diazomethane, the
distillation flask was charged with 0.5 g potassium
hydroxide (pellet), 0.75 ml of watar and 2.5 ml of 95%
ethanol. A drcpping funnel fitted in the neck of this
flask contained 2.15 g of Diazald dissolved in 15 ml ether.
To the stirred contents of the distillation Flask held at
65° in a water bath, the Diazald solution was added slowly
over 20 minutes. Liberated diazomethane was led with the
ether vapour from the distillation flask through a water
cooled condenser to a receiver where it was collected in
etheréal solution over sodium sulphate. A small additional
volume of ether was added to the distillation flask after
the last of the Diazald solution and until no further

diazomethane distilled over.

4-28 Methylation of OC using etherial diazomethane

Dry OC (90 mg) was dissolved in 100 ml of dry ether
containing 5% methanol (to increase the solubility of 0cC)
and the solution was cooled to 0°. Diazomethane (300 hg
theoretically) in ether was added and the mixture was left

for 1 hour at 0° and then a further hour at room temperature
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before the solvent was =vaporated. A clean yellow solid,
poorly soluble in ethanol out soluble in acetone, was
obtained. Crystallisation from acetone-ethanol gave the
OC-methyl ether in 83% yield. Further amounts of the

prcducl were similarly prepared.

4-29 Catalytic hydrogenation of 0OC and 0OC-methyl elher

Both compounds were hydrogenated at atmospheric
pressure in 95% ethanolic solution over a 10% palladium on
charcoal catalyst at room temperature. The catalyst was
dispersed in ethanol and pre-saturated with hydrogen be-
fore the organrnic compound was added in solution and the
reaction started. Uptake of hydrogen occurred very rapidly
(section 2D-3 {c) ) and was followed manometrically.

A typical reaction system for OC contained 120 mg
purified OC in 60 ml ethanol and separately 200 mg of
catalyst in 40 ml ethanol (for initial saturation with
hydrogen before the solution of OC was added). For OC-
methyl ether, S3 mg of compound in 60 ml of ethanol was
added to catalyst prepared as for 0C. When either one or
two mole-equivalents of hydrogen had been taken up, the
catalyst was quickly filtered off to interrunt further re-
acticn. The filtrate was dried and the products were ex-

amined chromatographically.

4-30 Quantitative estimation of JY, and dY,

This estimation was normally performed spectrophoto-
metrically on a suitable aliquot of an alcoholic stock sol-
uticn of the ﬁY compound diluted to 2 ml in B5% ethanol.
Rather than taking a direct meacurement of the absorbance of

the solution of the ¥Y compound, alkali (5,ul of 1.25 N NaOH)
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was added to transform in 7 minute the compound to OC

anion as quantitatively as possible. 0On acidification

(10,41 of 1.44 N HC1) of this solulion, the OC product

was then estimated from the absorbance at XA max. 325 nm

'(Elfm - 0.845 x 10°). The AY compound equivalent to

this calculated OC content was obtained by multiplying

by the ratio of the molecular weights of the compounds,

that is 288/270. This procedure had the advantage that

the effect of impurities whichjwere frequently present

and which tended to absorb maximally at 275 nm. (A max

for 4y compour ;s also) but minimally at 325 nm, could be

substantially overcome since exposure to the alkali and

acid treatment required to obtain OC did not alter their

absorbance. Wher the YY compounds were pure, for example

in the accurate estimations of the proportions in enzymic

reaction product mixtures, the quantities of 4Y compounds

could be directly obtained from absorbance readings at

275 nm using the appropriate Eq%cm values, see section 4-32.
A source of limited error in the estimation of {Y

compounds as 0OC after alkali transformation, was the un-

avoidable proportion of flavonol in the product even when

minimal amounts of alkali for efficient transformation

were added (see Figure 31). The El%m value for Flavonoll

at 325 nm was calculated as 0.42 x 103 (compare value of

3 at X max 357 nm (147) ). Hence, the observed

0.78 x 10
absorbance at 325 nm of alkali transformed Y compound
would be lower the greater the proportion of flavonol in
the product. Under the carefully controlled conditinns

of transformation as described above and employed through-

out the present work, the flavonol content was estimated

(Figure 31) to lie in the range 5-10%. Therefore the
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estimated 0C, eguivalent tn the ¥Y compound, would have
been low by about 2-5% since the presence of this flavonol

component with lower specific absorption was jgnored.

4-31 Optical activitv measurements

"Measurements were made with a Bendix automatic
polarimeter at the wavelength of the sodium D 1ine at room
temperature, approximately 209, The compound was dissolved
in 2 ml 85% ethanol and this solution used to fill the cell
of pathlength 2 cm. From the ohserved angle of rotation,
@, tkhe specific rotation, [®], was calculated from the

relationship (148) :

[ = 109
1 (dm) x c (g/100ml)

where 1 is the.cell path length in decimetres and c is the
concentratien of solute expressed in grams per 100 milli-
litres. For the YJY compounds, the concentraticn of solute
was calculated from the equivélent OC content determined
spectrophotometrically. Thus, an aliquct of solution from
the cell was diluted in 85% ethancl and transformed to OC
by controlled acdition of alkali and then acid. The con-
centrations of YY compounds present usually fell within the

range 0.1-0.6 q/100 ml,

E— 1%
4-32 Determination of E,7  values for ﬁ?1 and ﬁYz

The E}Em values for ﬁY1 and ﬁYz (as separate ﬁYza

and ﬁY2b forms), were measured indirectly by determining
the ratio of the absorbance for each YY sample at 275 nm
(X max) to the absorbance of %he equivalent OC at 325 nm
( Amzx), formed on controlled addition of alkali (5l

1.25 N NaOH per 2 ml sample in 85% ethanol) followed by
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acidification (1U_ul of 1.44 N HC1)., The ebsorbance ratios
(JY sample:equivalent 0C) thus recorded were 0.604, 0.622

and 0.619 for ﬁYq, ﬁYza and ﬁY7b samples respectively.

valus for 0OC at 325 nm, 0.845 x 103, and thece

%

19%
From the Eqt
Cm

1
ratios, the corresponding E1 o values for the JY compounds,
at 275 nm and of molecular weight 286 compared with 270

for 0C, were then calculated as MY1, 0.480 x 103, ﬁY2a,

0.495 x 1G5 znd #y.b, 0.495 x 10°,

2

4-33 Determination of pK' of YiY compounds, OC and flavonol

The apparent pK_ (pké) was calculated from the re-

lationship given by the Hendersnn-Hasselbalch equation:

: [salt]

pH = PK + log [acid]

For each compound, the ratio of the concentration of
salt (conjugate base or ionised form) to acid (unionised
form) was determined spectrophotometrically at a known pH
where the concentrations of these forms were similar. This
was possible with each of the compounds studied since at
selected wavelengths the absorbance of the acid (unionised)
and conjugate base (ionised) forms differed widely. Hence
from the absorbance at an intermediate pH where a mixture
of acid and conjugate base formes existed, the ratio of
these forms at the known pH could be readily calculated
using the absorbance data determined for the fully acid
and fully conjugate base forms at the same wavelength and
concentration.

A stock solution of each compound in 85% ethanol
was prepared so that a 50, ul aliquot added to 1.95 ml of

.0.05 M tris buffer in the pH range employed gave a suitabhle
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atbsagrbance reacding at the wavelengths of interest. The
spectrum of the unionised form was recorded at about pH

3 which was attained on addition of 10 ul of 1.44 N HCT

to 1.95 m] 0.05 M tris buffer pH 7. To obtain the spectrum
of the fully ionised form, the pH of the buffer was in-
creascc until the absorbance due to the ionised species
reached maximun intensity while the isosbestic point of
interest was retained. If eventually at higher pH the
spectrum no longer inciuded the established isosbestic
point, the presence of an additional ionic species was
indicated and the spectrum at the highezt pH at which the
isosbestic point persisted was taken as that of the mono-
ioniced form. For example, in the case of 0C, at pH 9 the
spectrum of the fully ionised form was cbserved, isosbestic
point 345 nm, @hile at pH 11, the absorbance at 345 nm
dropped appreciably with further apparent ionisation and
limited red shift in the absorption above this wavelength,
With ﬁYq and ﬁYz, maximum ionisation was apparent at pH 9.
The instability of these compounds meant that the absorption
at the wavelength of interest (335 nm in all cases) was re-

corded immediately on rapid mixing of the aliquot eof ethan-

olic solution and the buffer. These compounds showed an
isosbestic point at 300 nm. For J0OC also, maximum ionisation
was obiained at pH 9. 1In the case of flavonol, the first

ionisation (isosbestic point 365 nm) was apparently complete
at slightly above pH 8. Each compound was found to give
rise to a suitable mixture of ionised and unionised forms

in pH 7 buffer. Thus the absorbance at this pH and =at
approprizte wavelength, 0C, 380 nm, 4Y compounds, 335 nm,

40C, 335 nm and flavonol 386 nm, was used, in conjunction
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with the absorbance at the same wavelength of the unionised
and fully ionised forms, in the celculation of the data

recorded (Table 10).

4-34 Light sensitivity as a faclor in estimation of aurone

A complicating fector in Lhe accurate quantitative
estimation of hispidol (aurone) was the discovery that
exposure to light affected the absorbance of a solution of
the compound. This is illustrated by the absorption spectra
presented in Figure 63 of the Compdund freshly dissolved
in 85% ethanol and of a portion of the .ame solution after
standing 45 minutes or longer on the laboratory bench in
bright daylight to become fully light equilibrated. The
spectrum of flavonol in 85% ethanol is also included for
reference purpbses in the figure. This compound in solut-
ion was stable to light. The light-induced change in the
spectrum of hispidol was fully reversible during subsequent
storage in darkness for 15 hours. Further recycling of
light and dark treatments reproduced the expected spectral
changes without the appearance of any anomalies. Freshly
dissolved solid always gave a spectrum unchanged by sub-
sequent dark storage of the solution. Chromatography of
hispidol in 30% HA in darkness, starting with light-equili-
brated and dark-stored solutions, showed that dumbell-shaped
spots were obtained from the light-equilibrated sample in
contrast to homogeneous eliptical spots from the other
sample. Most of the material in the dumbell-shaped spot
was in the faster-moving section which corresponded in RF
with the dark-storec sample. 0On BeAW chromatograms, the same

series of samples gave rise tu only single spots of identical
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Usv. absorption spectra of hispidol, before and after

light equilibration, and of flavenul
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g 1o
£
Wavelength, am
1 = Ffreshly dissolved hispidol or dark-stored solution,
in 85% ZtOH
2 = Solution as in 1 but efter equilibration in light

3 = Flavonol in 85% EtOH,



size and RF' This light induced chtange was thought to
involve cis-trans isomerism of the hispidol molecule.
Similar irradiation-induced isomerisation of an aurone

has been recaently reported (149). At equilibrium in ligiht,
the absorbance at 390 nm was invariably B83-84% of the
absorbance for the freshly dirscived cample. For cecn-
venience, quantitative work was thereiore dene with light-
equilibrated solutions. The El%m valueAFor hispidnl in

85% ethanol was also reassessed on account of this effect
of light. A new value of 1.26 x 10° (388 nm) was found for
freshly dissolved solid and for the light-equilibrated

3

solution, a value of 1.05 x 10° (390 nm) was recorded;

compare previous value reported 1.08 » 107 (17).

4-35 Fluorimetric estimation of aurone and flavonol

A fluorimetric method was developed to permit
estimation of the low amounts of aurone (hispidol) and
flavoncl (4',7-dihydroxyflavonol) which were encountered in
products of the chalcone reactionr.

'Fluoreécence emission and excitation spectra of
aurone (Figure 64) and flavonol (Figure 65) were specially
determined with a spectrofluorimeter (Aminco-Bowman) to
guide filter selection in the development of methnds for
experimental estimation of these compounds using a filter
instrument (Farrand). The hicpidol solution used was
light-equilibrated.

Thus, using the filter instrument, both compounds
were excited satisfactorily when a primary filter (Turner
filter number 7-60) with a pess band maximal at 360 nm in
the long wavelength u.v. was used. Specific secondary

filter combinations for aurone and flavonol with pass bands
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Fluorescence emission and excitation spectra of
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Figure 06

Pass bands of secondary filter combinations used
in the fluorimetric estimation of hispidol and

flavono1l.
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(b) Filter combination for flavonol, Turner filters
number 2A-15 plus 58.
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shown in Figure 66 were used to sample the fluorescent
light. ©Since the method was very sensitive for flavonol,
a consideranle part of the fluorescent light could be
filtered out with impunity. This also increased the
specificity of detection and restricted interference
possibly by traces of aurone 10t separated from flavonol
on chromatography.

Calibration curves were constructed for aurone
and flavonol dissolved in a mixed solvent which consisted
of 85% ethanol and 0.02 M sodium phosphate buffer pH 7.0
(3:2 v/v). A suitable sample concentration range was
0-1_,ug/ml for wurone and 0-0.1 ug/ml for flavonol, within
which fluorescence was a linear function of councentration.
Sample volumes were between 1 and 2 ml. Reference con-
centrations for fluorimetry were prepared from newly made
stock solutions of the compounds in 85% ethanol, the con-
centrations of which were determined spectrophotometrically.
The ethanol-phosphate concentration in the fluorimetric
sample affected the fluorescence readings for both compounds.
Thus volumes of ethanolic stock solution greater than 5%
of the final volume were avoided in the preparation of the
fluorimetric solution as a precaution against increased
readings which were found to accompany increased amounts
of ethanol in the fluorimetric solvent mixture.

In order to check the fluorimetric method on eluates
from paper chromatograms, standard amounts of aurone and
flavonol were separately chromatographed in 1-D in BeAW
and the 85% ethanol eluates of spots were estimated fliori-
metrically and also spectrophctemetrically where possible.

For the two methods, estimates of recoveries agreed to



within 5%. Because of this general agreement at all levels
where absorption measurements could be applied as a check,
the fluorimztric method was considered to give valid re-
sults also at lower standard amounts (under 5 #ig per spot)
where no independent check was possible. For aurone
chromatographed in the renge 1-30,ug/spct, recoveries
measured fluorimetrically increased gradually from 70 to
87% in going from the luwest to the highest amounts spotted.
Similarly, flavonol chromatographed at 0.2-45.g/spot was
recovered in 70 to 85% measure. During this work it was
also found that the weakest spots of both compounds could
be eluted most conveniently in the fluorimetric solvent
directly rather than in 85% ethancl initially.

In the course of developing the fluorimetric methcd
and applying it to the estimetion of aurone and flavonol
eluted in 85% ethanol from chromatograms, even very small
amounts of residual acetic acid normally present from the
chromatographic solvent were found to have adverse effects
on the Fluorespence of samples. Thus when fluorescence
measurements were made in 85% ethanol solvent on aliquots
of eluates from paper chromatograms which could also be
checked spectrophotometrically, it was found that the re-
ccveries estimated fluorimetrically fell to as low as 50%
and 85% of the spectrophotometrically determined values
for hispidol and flavonol respectively. That these dis-
crepancies were probably caused by variable carry-over of
acetic acid from chromatography was shown when added traces
of acetic acid correspondingly depressed the fluorescence
of standards of aurone and flevoncl. Deliberate addition

of a low amount of acetic acid to all 85% ethanol used, in
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order to standeirdise the effect, wes tried simce tests
showed that fluorescence was ineensitive to small variat-
ions in acetic acid strength above a minimum., However,
the measurements recorded were less accuratz and more
variable than with the finally selected ethanol-pihosphate

solvent.

4-36 Estimation of the vield uvf Y, and Y, in the enzymic

reaction

The procedure employed wes to convert to aurone
the Y1 and Y2 formed in the reaction mixtures given below,
by alkali treatment of the initial reaction prcduct prior
to ether extraction. This aurone. unavoidably contam-
inated by soms flavonol, was isolated by 2-D chromato-
graphy. The recovered sample was then prepared for fluori-
metric estimation by preferential destruction of the con-
taminating flavonol to non-fluorescent products upon warminag
in dilute alkali (see below).

The reaction mixtures in which Y1 and Y2 formatiin
was measured Centained chalcone (0.73 umole), hydrogen
peroxide (1.2 umoles or 0.6 umole with HRP enzyme (13 units)
or gerbanzo enzyme (25 units) respectively) and enzyme (given)
in 0.05 M tris buffer pH 8.0, total volume 4 ml, at room
temperature. Each reaction wen. to completion in less than
1 minute at which stage alkali (50 ul 2.5 N NaOH) was added,
with mixing, to convert the Y, and Y, formed to aurone (ocC
and flavonol were also formed from the 4Y compounds). After
standing for 10 minutes at rocm temperaturz to ensure cocmplete
conversion of Y1 and Y2 to aurone, the alkaline solution was

acidified (150,ul 1.44 N HC1) and the products recovered by
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etiher extraction for 2-D chrumatography. Duplicatle runs
were made for each reaction mixture. Each sample was
chromatographed on a full-lenglh paper in tho BeAW first
direcction solvertl to achieve maximum resolution of aurore
and flavonol, while halr-length development in 13% HA in
the second direction separated most of the OC from the
aurone and prcvided a check that aill Y1 anc Y2 had been
convertec to surone.

The prominent aurone spot on each chromatogram
was excised to include about hzlf of the adjacent weak but
prominent flavonol spot into which it murged (compare
Figure 19 (ii) ). The excised arza of each chromatogram
was eluteo in 5 ml of 0.01 N sodium hydioxide for 1 hour
at 60° while under agication in a water btath. Preliminary
work with aurone and flavonol standards had shown that
this treatment preferentially destroyed flavonol while
leaving about 80% of the aurone intact. Hence destruction
of the amount of Flavonol present in each sample was ex-
pected. This was necessary sin:e the amount of flavonol
present, low in absolute terms but relatively large in
relation to the aurone content, would have caused, by its
very strong fluorescence, serious error in the estimation
of aurone. Eluates were then quickly cooled to room
temper.ture and half the volume of each was removed to a
separate stoppered tube, acidified and the aurone then
extracted quantitatively into ether. On removal of the ether,
each sample was dissclved in 2 ml of the ethanol-phosphate
solvent (section 4-35) for fluorimetry and allowed tc stand
in‘the light for 30 minutes to equilibrate. The aurone

content of each sample was then determined fluorimetrically.
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Readings were corrected for the Fluorescence of a paper
blank which had been put through the same treatmenl as the
samples. Ffrom the results of dgplicate determinations,
which were in close agreement, the total aurone finally
present was calculated at 0.88 and 1.09,ug for tiwe HRP

and garbanzo catalysed reaction respectively of 200 409
(0.73 umole) of chalcone. Based on separate studies with
standards, cumulative lnsses of aurone through all steps
in processing of the samples were estimated Lo bLe abaout
50%. Hence the initial production of Y, plus Y, in the

2

reaction was about 1% of the chalcone consumed.

4-37 Determination of radioactivity in garbanzol

The garbanzol product from the enzymic oxidation of
chalcone-{3,5-T) was isolated chromatugrapnically after the
addition of sufficient carrier to enable the spot lc be
visually detected in u.v. light, excised and eluted with
15 ml of the liquid scintillator cocktail consisting of 6 g

PPN, 0.275 g POPOP and 168 g naphtihalene per litre of
dioxan. The activity was determined for each sample from
the time required to accumulate 5,000 counts in a Packard
model 2002 Tri-carb liquid scintillation spectrometer. The
counting efficiency was 30%.

In the second experimen* on garbanzol formation in
which the isotope used was chalcone—(carbonyl—14C), the gar-
banzol procduct was isolated chromatographically after the
addition of sufficient carrier to enable the spot to be
visually detected in u.v. light, excised and eluted in B85%
ethanol. The eluate was dried and then taken up in a small

volume of ethanol for counting. In this case, each sample
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was then dried on a planchette and the activity was de-
termined from the time required to accumulate 5,000 counts
in a Beckman Low Beta II counter. The counting efficiency

was 23.5%.
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