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readily catalyzed at positions 6, 7 and 8, The q5gpéé of 'methyldtion

" positions. Quercetin; a pentahydﬁoxyflavone, was stepwise methylated .

ABSTRACT

=3

A Study of 0-Methylation of Flavonoid s

Compounds

- Ginter R.K. Brunet 1 ' . .

(o]

«

Partially purified enzyme preparatjon§ from citrus and tobacco

cell culture were used to “study the 0-methylation pattern of various g

I —
~

flavonoid compounds., using §;adenosy1-£;meth1onine*;s methyl donor. '

Enzymatic O-methylation of a number of s}nthetic and naturally occuring

* flavonoids was‘observed at almost all positions of the various

!

hydroxylated flavonoids tested. Enzymatic g;meihylation of ring A was
was proporti%na] to the electron densities calculated for these
to a number of methyl products, including several monome;ﬁy] (3-,7-

and 3'-), djmethj] (3,7-, 7,4'-) and trimethyl (3,7,4'-) derivatives.

The results suggested the presence of severa1'gfmethyltransferaseé in’ T

‘these tissues. Results obtaiped with scutellarein (5,6,7,4'-tetra-

hydroxyflavone), quercefagetin (3;5,6,7,3‘,4f-hexahydr9iyflavone) and
gossypetin (3,5,7,8,3‘,4'-h€iahydroxyf]avone) indicate that the bio-
genesis of the polymethylated flavones of citrus is unlikely the result

of _methylation of their respective hydroxy analogs, but rather suggest

‘an alternating process of hydroxylation and meéhy1ation of partially

methyldted intermediates. Based on the pattern of O-methylations

observed a scheme is proposed for the biosynthe?is of partially

‘methylated flavonoids.

] ' . '
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¢
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“ E}hethy]transferase~(bﬂT) &ctivity paralleis that of PAL.

-
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A callus tissue culture was initiated from mature orange flavedo
to study its potéﬁt1al for flavonoid éynthesis. The results »
demonstrated the initiation and continued growth of callys tissue ‘from

-~

orange flavedo. Illumination of the callus tissue stimulated both cell
. B

~ division and tissue‘qifferentidtion, indicated by lignification and

flavonoid production. Callus tissue grown in the dark lagked these
features. 'These differences -appear to be . linked to the high activit&

offpﬁehylalanine-amqonia lyase (PAL) in the 1ight-treated tissue. The

%
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A.  INTRODUCTION

A o

Carbon dioxide enters the metabolic carbon pooT as a result of i"L
¢

the,pr1mary synthetic process, photosynthes1s7‘ Further metabolic
alterations of the photosynthetic products (Fig. 1) lead to the
format1on of a pool of organ1c compounds which are precursors of other.
complex molecu]es known as the ' secondary plant metabolites". Notab]e
among these are-the flavonoid compounds which comprise pigments,
anthocyan1ns the yel]ow pigments, flavones and f]avono\s, the
anthochlor pigments, chalcones and aurones (F1g. 2). Flavones and
flavonols are-1nterest1ng in view of their wige’d{strioution and
structural variation, ‘ g ' o

4

Two 1mportent'reactions involved in the biosynthesis of flavonoid
]

compounds are hydroxy]atlon and -methy]ation. A structura] feature

" of most flavonor@;?1s the common prlesenice of hydroxyl groups at (5 and
C7 of ring A, and C4' of ring B less often at C5, C2', C6 and C8
‘ (Fig.'éc) The biogenetic efigin of the CS 'C7 C3' and C4' hydroxy1
groups can beptraced to the acetate/ma]onate (Birch, 1965) and“
shikimate (Dav1s 1955) pathways of b1osynthesis of both aromatic
rings, respectively. Mod1f1pat1on of the oxygenation pattern of ring-A;.
may proceed through additional hydroxylation at C6, C8, or at Poth e
positions. - . o | | :
.",Almost'half“qf the naturally occurring flavones.and flavonols
are_Qqnethy]ated&at the nydroxyls of rings A‘and 8B, with’the ratio -
. of methylation of rings A/B being about one, although tne methyl

substitution frequencies of ring-A hydroxyls of both groups of :,,:
3 e . bl )

i
L)




L

Chand1er, 1970; Swift, 1967). . ' "

- n
’ 3
. ‘ ' 4
. °
L, —

st
L L 3

compounds are slfghtly different; The order of ,methylation frequ cy
for flavones appears to be'CB > €6 > C7 > C5 (Vengataraman,.1975),
wherees that of flavonols is C6 03)C8 > C7 $C5 (Gottlieb; 197?).

| Enzymatic 0-methylation and {ts specificity for‘ringké-of S
flavonoid compounds has been repqrted by a number of workers (Fipkle
and Masri, 1964; Ebel gg_gl.?'1§72; Wengenmayer et -al., 1974; - |
Pou)ten gg_gl{, 1976; Sutfeldband Wiermanng 1978; %sang and Ibrahim,

1979). On the other hand, very little information is available on

‘ring A methylation.

The common occurrence of partially and fully methylated

f\avonoids in plants (WOllenweber and Diétz, 1983), as well as the

~ lack of knowledge of ring A 04nethy1at1on, prompted s to 1nvestigate

the. O-methyltransferase system in citrus t1ssues. The latter is known

to accumulate a number of tetra to hepta methoxyflavones (Kefford and

& .
The aim of the present work was to establish a ca]]us t1ssue/ce11

suspension culture of citrus.pee1 and study its potent1a1 for the

. bioesynthesis of po]ymethy]ated flavones. It was also cons1dered.of

interest to demonstrate the enzymic O-methylation of rings A and B-ef

a variety of f1av6noid'compounds.using enzyme preparations of intact”

-and in vitro grown tissues. The availability of a number of synthetic

‘flavonoid compounds made it possible to study the sequengqujj

‘methylation at different positions of the f]avonoid‘ring system

t , ,
in comparison with the methylation known in naturally occurring

.

compounds. ‘

'
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1965,.1967, 1968) indicated that f1avonq1ds originate from three

'B.2 Enzymology of flavonojds - N

/ D 4 -
. / ' 5
" , |
B. REVIEW OF LITERATURE ' ¢
) - ‘
B.1 Biosynthesis of Flavonoids - o .

Ear1y 1sotop1c exper1ments (rev1ews by Neish 13\4 Grisebach,
acetate units by head-to-tail condensation-resultﬁng in ring A (Birch
and Donovan, 1953), and a phenylpropano1d intermediate derived from the
shikimate pathway (Dav1s, 1955) forms ring B and carbon atoms 2, 3 and

4 (Fig. 3). There is’ controversy as to whether the substitution

1

pattern of r1ng B is. determ1ned‘pr1or to, or after the C15 flavonoid

formation. The cinnamic ac1d ‘starter hypothesis (Hess, 1968) favors

the view that a spec1f1c r1ng B substitution is- determ1ned prior to the
fbrmat1onwof the flavonoid ske]eton, caffe1c ac1d (3,4-dihydroxy-

cinnaqﬁc acid) would be the precursor of 3',4'-d1hydroxy-f]avon01ds.

~

" Whereas results of feeding experiments were found to support this view

(Hess, 1964; Steiner, 1970; Ebel et al., 1970), much evidence has

v

been accumulating from tracer experiments (Grisebach and Grambow, 1968 )

\

and enzymic studies (6risebach and Hahlbrock, 1974) indicating that = -

modification in the substitution pattern of ring B may octur at a ]ater .

stage of flavonoid biosynthesis,

’ « -
[ . .. s o
~

hJ

. The enzymes involved in the biosyntheSi: of hydroxjcfnnamoyl CpA,
a f]avonoid r1ng B precursor, belong to the group associated w1th
genera] pheny]propano1d metabol1§m (Group I) These’ enzymes (Fig 3)

namely PAL (phenya]ah1ne-qmmon1a\yase Y(E.C. 4 3. 1 5); cinnamate-d- -

L3
®
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" hydroxylase and 4-hydroxy ciqnamate CoA ljgase, have Been rgcently
reviewed (Hahlbrock and Grisebach,'1975; Grisebach and Hahlbrock,
i974) The enzymatic synthesis of flavonoids was demonstrated in
pars1ey ce]] suspension cultures to proceed via chalcone synthase,
chalcone-flavanone isomerase (E.C. 5.5.1.6), flayanone and
dihydroflavonol oxidase kStbtz and Forkman, 1982); a solqb]e.

‘hydroxylase has begp shown to cafa]yze the 3bhyqfoxy1atjon of

flavonones to ﬁihydrof]avgnb]s in Mathiola"f}qwers (Forkman et al., A

‘1980). _ngetBy1ation and 0-glycosylation of the resulting flavones
o} flavonols have been shown to be Iaﬁen.;teps in flavonoid bio-
syntﬁesis (Fig 3). These‘gpzymés (Group II) have recent]y beeﬁ
reviewed by Hahlbrock (1981). Jﬁahlbrock et a]. (1983), Hasel (1981)
and Poulton (1981). ) S . ‘

8.3 Flavonoid O-Methyltransferases .
Enzymatic O-methy1ation 1nvo1vesathe transfer of methyl groups
from S-adenosy]-L-methionine to the hydroxyl groups of flavonoid

" compounds. Recent work indicated the presence of two 0-methyl- *

fransferaSes: one specific for cafféTc acid and the other specﬁ%ic
for flavonoids. These enzymes ﬁave been reported from parsiey (Ebel
et al., 1972) and soybean (Poulton gg.gl;, 1977) cell cultures,‘as
we11'as tulip anthers (Siitfeld and Wiermann, 1978). ;

The enzymic methylation of flavonoid gomﬁbunds has been showﬁ
to involve the 3'-position of flavones (Ebe\ et al., 1572) and
flavonols (Poulton gg_él:, 1977; Siitfeld and wiermanﬁ; 1978; Tsang,
1§78) and th 4'-position of i;ofyavones (Wengenmayer et al., 1974),

Ry

(23

O



. - all)concerniﬁg ring'B. ‘On the other hand, b;methyfation of -ring A has
not been reported until very recently. Poulton et al. (1977) reported
the efficieﬁt methylation of texasin (6,7-d1hydrbxy-4i—methoxy-
?spflavoﬂe)vwith a qg;?fied soybean g;methy]transferase, ﬁhguéh the
exact position of meﬁﬁiﬁ?tion was not determined. Tsaﬁg (1578)
demonstrated the 7-0-methylation of quercetin to rhamnetin with a -
"highly purified Q-methyltransferase from tébacco qéTi culture. Mo;g ‘
recenply, a 7-g;metﬁy1transfer§se has been shown to catalyse one of the .

steps-of a methylation sequence in Chrysosp]en{um americanum (De Luca

and Ibrahim, 1982); this enzyme accepted 3-methylquercetin for further
O-methylat1on to its 3,7 d1methy1 der1vat1ve. Furthermore, a f]évono}
8- 0-methy1transferase has been shown to catalyze a terminal step of

. methy]at1on in Lo;us_f1owers (Jay et al., 1983). -

B.4 ~ Biological Roles of Flavonoids

Whereaé secondary plant products have been considered for a long

C ‘ , S |

time as metabolically inagtive waste (Reznik; 1960; Mothes, 1969), the
¢ s - :

use of more refined techniques. hag furnished evidence for their dynamic

metabolic state (Hosel et al., ). An extensive review by McClure

*y n

(r975) has dealt with the b1oT"§ 

i

al roles of f1avondids. Some of

. these functions are outlined in the fo]lowing sections.

B.4.1 Effect of .light
"Hahlbrock et al. (1971) have pointed out that light controls t
f]avonbid biosynthesis, and demonstrated its effect on the enzymes .

Teading to "apiin synthesis in parsley cell suspension cultures. It

L
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was also su§gested that flavonoids may act as a 1igh£'screeq (Nagornaya
and Kotsur, 1970; Zenk, 1968) to protect the plant against u]travio1et
radiation (Caldwell, 1971). " The high flavonoid concentfation of
tropica1\p1ants-and those of alptne regions tend to support this

_conténtion.

A\

Y

B.4.2 ‘Inhibition of enzymes q
F]gvbnnfag—are wé11 kﬁownrts bg potent inhibitors of certein‘ -
.-enzymes. and have been shown to inhibit protein synthesis iﬂ_!ﬂjﬂ:i h
(Parups, 1967), as well as inhibition of ribonuclease activity"(Van
Sumere et al., 1972). ‘Ihey we}é reported to inhibit tﬁe NAD-14inked
//’/’ i electron transport in oxidative phosphorylation ‘?Ernster‘gg.gj,,.1963;
Low and Vallin, 1963) énd catecho1-g;methy1transferase (Schwabe and

3
.

Flohe, 1972). .

B.4.3 Growth regu]ati;n .
Another important area not fully elucidated is thé'function
of flavonoids as growth regulators (for a‘réviéw see McC]Are, 1975).g
"0 \Rutfh“wgs found‘to abolish the‘inhibiiory efféct on plaﬁfs'by some
growth substances, wh{le apigenin had little effect (Mashtakov et al.,
1971). Naringenin caused bud dormancy and its concentration diminished
| prior to bud opening (Hendershott and Walker, 1959). Ph]oridiin and
its aglycone, phloretin, inhibited growth and“seed germination (Steward
;nd Krikorian, 1971; Pé&sto]§ki and Lewak, 1970). Naringenin and |
- -'_ ~ hesperidin prolong dormancy in citrus séedlings (Feldman et al.,

. 1966). Stenlid (1963) showed'that different substitbtion of hydroxyl

groups of flavonoids either inhibited or promoted IAA oxidase activity.



‘B.4.5 . T fndver and degradation of f‘avonoids -
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B.4.4 Pathogenicity | , -

L.+
Certain plants respond to pathogenic attacks by syntheéiging_

"substances known as phytoalexins (Cruickshank and Perrin, 1965).

Pisatin, phaseolin and glyceollin are known isoflavonoids produced by
the pod endocarp tissues of peas, beans and soybeans respectively, in
response to attack by fungi'(Cruickshank and Perrin, 1961; 1963).

Such compounds are he\ieved to be of pathological e%gnifiqance as they

inhibit "fungal development in hypersensitive tissue (ﬁy11er; 1966) and

l1nh1b1t germinat1on of funga] spores. Nobiletin and tangerstin show a

fung1stat1c effect 1n "mal secco" disease of citrus trees.)/Theée

substances have been found in peel, leaf and bark tissues of resistant

_citrus varieties (Ben Aziz et al., 1962; Ben Aziz, 1967). Other

polymethylated favones asseciated‘with resistance (5’4‘-diﬁydroxy-‘

- 6,1,8, 3 -tetramethoxy- -flavone and 5,4’ -dihydroxy -6,7,8-trimethoxy-

f1avone) have also been found in c1trus trees,(Pinkas et a1., 1968).

<« » -

rometov - (1977) reviewed the catabolic degradation of

e .
flavonoids and 'the results indicated that whereas ring B is resistant

y - BT 0

to degradation, Eing A is usually degraded to aliphatic compounds and®

eventually to co, (Petschké _e__t__a_\]\_‘.,_; 1964; )'Bi‘rz e_i:__ql_.,~1974).

- ' A
- 2 , [ ]

8.5 Pharmacological Significance of Flavdhoids

Flavonoids .came into prominence as "vitamin P" (Ruszniak and
}

Szent-Gyorgi 1936), though later stud1és discredited’this ro1e

(Szent-Gyorgi, 1938; S1nc1a1r, 1961). Several Feviews by Bohm (1959)

-
-

TS )
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, - ca4cium channels, whe}eas for rabbit neutrophils no significant changes.

Ca

12

De Eds (1968) and McClure (1975) have descr1bed a wide range of effects

‘
of flavonoids, some of which were quite controversial Recently,

ki

however, flavonoids again received attention (Foreman, 1984),
Disodium cromoglycate- (Intal), a substence etructura11y re1e¥ed

Ep flavonoids has proven its efficacy in the management of allergivc
‘asthma (Brogden et al., 1974). A number. of xanthones have been tested
on the inhibition of intestinal anaphylaxis and IgE mediated passive
cutaneous a;aphylaxis. Some of_fhe~compeunds compared well in their
fnhibition potenc& with standeFd drugs,’aﬁd have been sﬁggested to be
luséfu1,1n human‘food allergies (Byars and Fer}aresi, 1980). FeWFre\]
and Gemperts./klé?l)\have shown that,some flavonoids affect the effi-
cieﬁcy of fhe membrane tngnspbrt ATPases.thus 1nterfer1ng with Ca f}ux,
and that que}eetin inhibits the an;1gen—1ndeced Qs]ease of histamine
ﬂfrom mast. cells  (Fewtrell and Gomperié, 1977a). Bennett et al,
(1981) ﬁested 30 natural flavonoids and observed that the inhibitory -
effect | on rat mast cell secretion involved receptors directed at the

. _ -

-in eglcium movement agfoss the plasma membrane were nqted. Middleton
o al. (1981) showed that quercetin 1nh1b1ted the ragweed stimulated
histamine release from human basophils but did not affect cxeﬂic AMP
levels.” The different effects observed of quercetin on calcium' flux
and c]yc11c}th could be due to concentration effects. Ennis et al.
(1980) have proposed that quercetin at low concentrations prevents

59]#‘ influx, while at h1gher concentrations, acts by elevating

intracellular cyclic-AMP levels. Flavonoids may mot have a common

G
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mechanlsm of action, but by bind1ng to IgE, 1gG, calcium channel

receptors, or e\evation of cyc11c AMP as well as phosphodiesterase

.
inhibition, would alluresult in inhibition of the release mechanism.
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C.  MATERIALS AND METHODS

€C.1 Plant Mater1 al

¥ “The followi ng M species were used in this lnvest1gat1on.
1. Orange: Citrus sinensis var: Washi ngton Nave1 and Valencia.
2. ;‘Gra'p'e‘fruit:"’ Citrus parad1se var., White River. A Coe
3.' ‘Lemon' . Citrus limon, L e o
" 4. Orange hybrid: C\'trus fitis var. Calamondin.’
/he fru1ts of 1-3 were obtamed from commérc1a] sources, Mature
plants of Ca]ambndm were bought from local-nurseries and placed if the
- Department s green‘nouse.' These were-uséd ‘as the source of fresh frmts
’ for enzyme preparatmns. Cal‘lus tissue cultures were ipitiated trom'
fruit and seed. - S , , |
" Seeds from '_gz"sinenai’s and g_m were germinated and the
‘ seedlings used as” source of Oﬁethyltfran‘sterase." <4
Nic.otiana‘tabac:um cell s\uspensior.\ was use&'frxom the stock- .
B ch]-twure,qma'intained,1n this laboratory. . S k

c.2 Initiatwn of Gitrus Pee] Callus- Cultures
Citrus fru‘its were washed mth detergent, rinsed and surface-ﬁ’

sterﬂized by 1mmer510n for 156-20 minutes 1n a dﬂuted solution.of
Chlorox or Javex (5-12% available C\]z). The fruit was then rinsed mth

" sterile water and was finally dipped for several miriutes into 709

- A1

~ethanol. Further manipulatwns were carmed out under aseptic

-~

cond'mons in a laminar flow hood. Sectwns of the fru1t peel’ were '

removed aad, cut into st rips of apprcmmately 10 x 2 mm, and' the albedo
. N i ‘
. {

v
- . . '

7

. /__._.—/—"\\_\

v
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tissde‘was.eXC1uded;* éxpiants epnsisting of fiayedo tissue were placed
onto a‘salt-nutriehf culture medium iﬂyrasﬁige'aha Skoog, 196§)f_ ‘;
containing, the ?el]owing addenda‘(mg/L) (Murashige and Thckeri 1969;
Brunet dnd~Ibrah1m, 1973) sucrOSe, 50 ,000; myo- 1nosito] 160; glycihel
2 thiamin- HCP 10; n1cotjn1c actg, 5;‘pyr1doxnn—HC1, 10; indo\eacetic

ae1d, 10; k1net1n, 1; easein'hydro1yzate, 1000; and 20% v/v coconut

. water, The. med1um Was solidified with 0, 7% agar and 1ts pH adJusted “to

5.6 - 5.8, Twenty f1veyml aliquots were dlspensed 1nto 8 oz.

-

prescr1ption bottles and autoc]aved for 15 minutes at 15 p.s.i.

“  The t1ssue explants were kept in thg dark until good ca11us
development had takén place (6-8 weeks). Subgu]tures Were ipitiated at :
6-8 week intervals'usjng the same medium. \Ca11us,tissde growth was ’

maintained at 3Q 1.0°C in a.growth chamber in the dark or under

) eéntingous i11uMnation of about 3000 lux.

-~

L]
.

o
- i3
[3 . . °

%

'C.3. Extraction of. Flavonoids from Fruit Peel and Callus Tidsue

Citrus tissues, fﬁuié’peel and 1ight or dark-grown callus were

.dried in a vacuum oven at 40°C, thén ground to a fine powder. Known

. weighﬁ of either powder was exhaustibE]y extracted with benzehe in a’

Soxhlet extractor. The benZene extract was washed several times with
1% NaOH to remove ac1d1c substances, and subsequently evaporated The

residue was;d1sso1ved in water and the volatiles removed by flash-

evaporation. The’residue'from the latter tgeatment was taken up in
) ethanol -'5% NaOH (1:1) and allowed to stand fer two hours in order to

convert the lactones into their acid salts. The mixture was then

further diluted with water and extracted with benzene to separate,tpe
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flavono1ds. The benzene extract was evaporated to dryneSs and used for

chromatography. ’

€C.3.1 Chromatography of flavonoid extracts
Two-dimensional separation was carried out’ on commercially
prepared silica gel-G plates (E. Merck, Darmstadt). The solvent -

szstems consisted of hexane-n-butanol (85:15 v/v) for the first

direction and benzene - acetone (9:1 v/v) for the second (Swift, '

|

1967). .The plates-were déveloped twice in each direction..

-
-

. €.3:2 Identification and quantitatioh of flavonoids
. The flavonoid compounds were located by their charqcter{stic
fluorescence in U.V.-1ight (366 nm) and their UV-abisorption maxima were

’

. determined by'use ok spectral shift reagents (Mabry ggggl;, 1970).

Identification was further confirmed by co-chromatography with i
"oothéntic samp]es an& comparison of theif spectral data. Sincé the
amounts of f]avono1ds found in calli were extremely 1owp they were
determined by a sem1 quant1tat1ve method based on compar1son of the1r
fluorescence-1ntens1ty and of spot size with ¢hose of standard
compounds'chromotographed at d1ffgrent.concentrat1on§ (ca. 1-25 ug)
C.4 Extrac;ioh and'Purification.of‘Q;Methjltr&qsferase

A §ummarylo% the procedures usged is ‘shown in Figure 4, The

following buffers were used - (Dawson ét a]., 1962):
1. 0. 05M phosphate buffer - pH 7.4 (KH, PO -NaOH pH 5.8 - 8 0)
2. 0.05M Tris-HCl buffer - pH 7.4 (pH 7.2 - 9.1)

/
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*If sem1purif1ed enzyme was used, the initial buffer: during

<

Y

" Tissue ground with sand in Suffer*'and filtered

4

through cheese cloth,

Centrifuged at 20,000 x ‘g for 20 minutes -

* Pellet discarded

Supernatant —~p Either used as
' Crude enzyme

-

- or subJected to

3

Nnmon1um Sulphate prec1p1tation
- 0-30% saturation

-\Centri%uged at 20-,000 x g for 20 minuates

4
v

N K

ePe11ep discarded

”

4

an

- Supernatant

Nnmonium sulphate precipitation -
70% saturation

Pellet dissolved .in buffer

and de-salted G-25

Material collected and used as semipurified enzyme

B

Or “used in further purification by chromotography

gr1nd1ng contained 0.05M EDTA.

'Ei:g.\ 4

"

-

G

j

Superﬁatant discarded'

—

~ -

B

Flow Sheet for OMT Extraction and Purification

-

L
i

- g
<
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Extraction and purification of O-methyltransferase were carried

N

“out in the cold r6oh at 2-4°C. The plant material was ;ﬁysed with

water and'dried'§g§ween paper towéls. . Cell cultures wefe filtered and
cells were thoroughly washed w%th distilled water. The tissues were
ground in a chilled mortar usfng fine sand, Po]yc1§r AT(O.i% w/v)
(Serva, Heidelberg) and ice cold buffer (1:3 w/v). The homogenate was
filtered through Nitex (25 u)‘(Tober, Ernst and Traber Inc.; Elmsford,
U.S.A.) and thé firltratve was centrifuged for 20 minutes at' 20 000‘x g.
The supernatant was then stirred for 20 minutes with Dowex 1 x 2

(Sigma, U.S.A.), which had been equilibrated with the same buffer.

@
'
1

-

C.4.1  Ammonium sulphate fractionation

C -

When a partially purified enzyme preparation was used, the

4

crude extract was shpjected to ammonium sulphate precipitation. The

protein which precipitated between 30-70% saturation was collected by

centrifugation.

C.4.2 Column chromatography

Sephadex G-25 (Pharmacia, Uppsa]a, Sweden) beads were allowed

pH 7.4, The fines were discarded and the gel was loaded into a 2 x

25 cm column. The column was further washed with several volumes of
buffer for equilibration. oo v

The ammonium sulphate pellet was disso]ved'in\the mi nimum

-amount of buffer, appTiealto the column and the .protein was eluted with

the same buffer usiné a UV-monitor (Model 100, Pharmacia).

~

, _tQ swel] for 5 hours, or overnight in the cold with 0.05M Tris buffer,
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C.é ' OAMethy1transferase (OMT), Assay and Ideﬁt1f1cat10n of Reaction
Products Lo LT
| | u' , : | ) ‘ | ).
C.5.1 'Standard enzyme assay '
N OMT activity was measured by an isotopic assay, usjng
[1“C-methy1];Sdédenosy1;L-methtonine (SAM), (57.8 mti/mhole New‘England
" Nuclear) as‘the methyl- donor. The standard reaction mixture nodsisteds
of 50-60 nmole‘substrate dissolved in 10-20 L dimethylsulphoxide
{OMS0), 10 nmole SAM containing about '55°000 dpm, 100-200 uL enz
protein in THis-HC1 buffer, pH 7.4, Control assays contained no
substratef but 10-20 uL DMSO. The assay mixture was incubated 1n
' 1.5 mL Eppendorf microtubes at 35°C for 30 minutes and the reaction
was stopped by addition of 20 yL 6N HCl.

The react{on mikture was extrasted with 0.7 mL of benzene-
ethylacetate (1:1) by shaklng on an Eppendorf retary shaker (Model
3200) for 10 15 mlnutes. The separation of the organic phase was -- |

. achieved by centrifugation at full speed for 2 minutes in an Eppendorf
- microcentrifuge (Mode] 3300). The organic layer was collected and
be ut aliquots from each tube were transferred to 1iquid scintillation
vials, to whichlp.3 m% absolute ethanol and 10 m. liquid scintillator

were added, The mixture was then shaken and counted for radio- .
qctivity. The rest- of the éssay,products g@re evaporated, redissolved
in 100 m. MeOH and psed'¥or:chromatpgraphy. Experiments were usually
conducted in_duplicates. ' ' ‘

A\l
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© C.5.2 -Ident1f19atioh'of reaction products

20

-

—

The reaction products were evaporated and redissolved in a

.m1xture of dry ethanol benzene and ethylacetate (1:2:2). The

dissolved reaction products wq:g,aﬁplied to TLC-plates, a]ong with

. authentic substances whenever available (Table 1), and chromatographed

with the appropriafe solvent systems either one.or fwo-d1ménsiona11y. ;
The different chromatograﬁhic systems and their combositibn Sreil1sted
in Table I1. After chromatography,, the plates were dried in a fume

’ &

hood then placed in contact with Kodak No-Streen X-ray film (8 x

. 10 1inthes, Eastman Kodak Co., Rochester, USA). Exposure time varied

-

"

from 5 days to several weeks, depending on the amount of radio-
activity. Following exposure, the.fiims were developed and the radio- .
active spots were recorded by -contact printing. —7?Tf :
Idgntificatﬁon of the products was based on Eo-chromatoéréphy-
with authentic samples, or comparison of their Rf values in d{fféreht

solvent systems with those published (Jay et al., 1975; -Bohm et al.,

1977).

C.5.3 Liquid sc1nt111ation counting
L Radioactive spots were carefully scraped off the .TLC- p]ates

" and transferred to glass scintillation vials contgining 10 mL

11quid scfnti\lator (5 g PPO/L of toluene, New England Nuclear) and .
sufficién€lquant1t1es of Cab-0-Si1l (Cgbot Corporation, USA) to form
a gel, Samb] S wére counted either in a Beckmaﬁ‘(Model LS-255) pr'

Unilux II - QNué]ear Chicago, I11inois) beta-counter.

-
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‘Table. I - Source of Flavonoid Substrates and Proaucts of OMT Used

in this Investigation.

-

Tet«a-o-methyl -flavone

‘l'.

Flavone/tsoflavone - OH " OME Source
. and Substitutton ‘ e
1. . 3-Hydroxyflavone. 3 - Pfaltz & Bauer
| 2. 3-:Methbxy1;1avqne \ | - 3 ~ -' S)‘lnthg‘as1s'
3. 7-Hydroxyflavone ‘7' . 'ICN Pham’aceutica}s
£, ey -Dihydroxyﬂavoﬁe 5,6 - ',,Merzk-Fr'osst
. 5. S-HyYroxy- G-methoxy- ’ o o
- flavgne o 5 5,6 _»§ynthqs1s ‘
6. 5,7-D'Ihydroxyf1av‘one 5,7 C - _ Roth, Pfa\ti & Bauer
7 7. 7,8:Dihydroxyflavone  7,8' - - Synthiesis |
8. ,7 Hydroxy 8-methoxy-l ’ ‘ - . -
f]avone ' 7 '8 : Synthesis
9.7 8-D1methoxyf1avone - ' 7,8 5 Syntﬁesis‘ ]
10. "GaIangin N " Roth -
11, 3_Methylga1ang1n ‘ (5.,7‘, .3 : G1ft. (G Hrazd’ma)
12. Baicalein . W% Gift (. PouTton)
13. 4Norwogon1nr’ ' . §,7,8 - Synthes1s S
" 14.- 5,7,8,4'-Tetra-OH- ‘ ' ,’ L
<: flavone - 5,7.8,4' - . Synthesis
15, 5,7,8-Tri-0H-4'- . S
OCH, -flavone '5,7,8 4' * .Synthes 1{}s _
16. ,6,7,4-Tr1h;droxy- | RN = | :
isoflavone 6,7,4' - ?faltz & Bauer
17. Texasin (iso-) - E 6,7 8t Gift (W HOsel)
18. 8-Hydroxyacacétin 5,7,8 4 ...‘_*Synthesis '
19, Apigenin T 5,7|,4" . Roth; Mdrich- L
20, Acacetin 5,7 -4 Mdrich )
: 21'_.' Scutellarein <« 5;6,'7,4' - Gift.(M., Jay)
" 24, 5,6,7,8' Gift (L.J.Swift)

Lt
c
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e 23, LyteoMn ' ~_5;7,3',4' - . Roth | .
’2;. Chrysoeriol 5,7,4' 3! Roth * ' |
25, biosmetin . U 5,7,3' 4 ; Merck \
" 26, Kaempferol 3,5,74° - - Roth; Fluka o
2]. Kaempferld 3,57 4 Roth.
28, Dfhydroquercitin 3,5,7,3,4' - .  Merck S
29. Quercetin | 3,5,7,3' ,4" - . K & K; Baker | ,
20, 3-Mequercetin - 5,7,3',4' 3. Gift (L. Juid)
: :\51. Rhamnetin . 3,5,3';4:' - 7. | Rot'h;.,Synthe‘s"is'
32, l1sorhamnetin | -4‘, .3,5,7,4" 3" ~ Roth; Syrit?f\eéis
| “‘332"'\Tamar1xet1n”' | C 34,7, 4 ~, Syn'thesi's‘ '
34, ﬁ',}-Di-ﬁe-quercetjn 5,3""_,4' o 3,7 ’ \'"Gi-ft (M."Jay)'~
35, “Ombuin . | - 3,5,3 ‘7,’4' ‘. Synthesis =
36, 3,4"-D1-Me-~q—uercet1n' 3,5,7 - ,' i . 3';4' , " Pfaltz ‘& Bauer * . _
: 37. Ayan{n' " _ :5,3' - 3,7,4/ Gift (M..J'ay) R
38. Retusine . 5 ” 3,7,3' 4 Gift (M.0ay) - | |
39, Quercetagetin 3,5,6,7,3'4' - Roth " .
40, 3,7°Di-Me- - T teo ~
quercetagetin 5,6,3',84',3,7 Gift (M. q§y) T N
a1, 3,6,7-Tri-Me- - e | '
. quercetagetin . 5,3'4! 3,6,7 Gift (M. Jay)
a2, \éoss.yp‘éﬁn : '3,5,7,8,3'% - 0 Gift (M. Jay)
43, Tetramethyl- . e GiFE (L. Swifty ’
" scutellarein - 5,6,7,4' R.E.Berry,J.Tatqm)
. 44, Heptamethoxyf?lvavone e 3,5,6,7, Gift (IL.J.:'Swi'f‘t, |
' ' ' S . 8,3 ,4' R.E.Berry,J.Tatum)
. 45, Nobfletin- . . .- - '5,6,7,8, Gift (L’.J. Swift,.
, ; 3‘ 4 R.E.Berry,J.Tatum)
. 46, - Sinensetin ¢l ( 5,6,7, Gift (L.J. Swift,

. . 3',4'  R.E.Berry,J.Tatum)
R '% ' “
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C.5.4 Protein determination
| The_pro;e1n'content of the different fraqtions of ‘prepara-
tion was estimated by the method of Lowry et al. (1951), using

- " bovine ser@n albumin as a standard.

C.6 Source of Flavonoid COmpounds
A large number of. f]avonoid compounds were used as methy1 ‘ ,
.- _acceptors with the OMT asSay, The majority of compounds were avail- -.
able from commerc1a1‘sources; some were synthesized in the laboratory
by the standard methods\\oth!rs Were generous gffts from a numoer of:
coLJeagues 1n d1fferent 1aborator1es. ‘A 1ist of the names and sources ‘

of the’ flavonoids used in this 1nvestigat10n 1s given in Table I. K
. C,GLI Synthesis of specific f]avono1d compounds
7,8~ Dihydroxyflavone was prepared by the method of Cramer .
“ et al., (1956) and consisted of -(a) condensation of ga11oacetophenone
: and benzoyl chloride in dry pyridine with the formation of.gallo-
‘acetophenone-tribenzoate, (b} the latter was treated with sodium-
ethyIate in dry benzene and (c). the product was cyclized w1th acetic
acid and sodjum acecate. . ,B-Dihydroxyf1avone was obta:>fd as pale-

" yellow crystals .(m.p. 240 uncorr.)_aften two recrystalldiZations and

its purity was tested by TLC, . =~ .

N
~ bl ’

N
\ .

" g C.6.1.2 5,7,8-Tr1hydi'oxyf1avone S‘Norwogonin) was prepared by the

Lo ?’oxidat1on of chrysin (5,7,-d1hydroxyfiavone) using poiassium

’ 1

N J
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\

persulphate in aqueous potassium hydroxide (Rao et al, 1947; Sethna,
-1951) and the mixture was Jeft to stand at room temperature for 24

¢ - . .
" hours. After slight acidification, the bnpwq solid which separated was

filtered off and the filtrate was washed twice with diethylether, The
aqueous layer was then treated with sodiun sylphite and concentrated
HC1, and was kept for 30 minutes at 90°C when a yellow sofid separated
out, fhe latter was crystallized from a mixture of ethylacetate and
petroleum. ether (m.p. 260° u&éorn.). ‘ |

@,

3 . . '

C.6.1.3 "8-Hydroxyacacetin (5,7r&1hydroxy-4'-methoxyf1avdne) was

,oxidized at the 8-position using.pqtassium bersulphaté in aqueous *

_potassium Hydeoxide, as described in.Sectior 6.1,2 (Rad et al., 1949),

Crystallization from ethylacetate-petroleum ether yielded ye]iow p1afes

(m.p. 275° uncorr.). ’ .

a, R T

C.6.2 O-methylation of hydroxyflévones

Partial methylation of ‘a number of hydroxyflavones (Table 1)
was carried out using dimethyl sulphage with qnhydnpus;potassium,
carbonate 1in. acetone solution (Simpson and Beton, 1954) or with®
diazomethané in Hry‘pyridine (Fales, et: al., 1973). ’Thereby,
5,6- dihydroxyf]avone gave the 6- and 5, 6- -dimethyl derivatives;
7 8-dihydrquf1avone produced the 8- and 7,8 dimethyl derivatives and

rutin (quercetin-3-rhamnoglucoside) gave 7-, 4'- and 7;4"- methyl”

derivatives. The latter were.in the form of 3-glycosides, and théir

e

ag]ycones were released after- hydrolys1s with diluted HC]. Identity

and purity of the methylated products were verified by the standafd
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,achrEmatographlc and spectroﬁhotometric techniques (Mabry et al., 1970;

Jay et al.,\975).

C.6.3 Presentation of data on O-methylation of f\avono1d compounds by

\\g/,\ cell- free extracts of cxtrus and tobacco

‘The results of Q-methylation of various substrates uged are

presented in Tables. VI-IX. Total incorporation of label ihto the
1§

reactlon products is expressed as a percentage of that of quercetin

_ (= 100%) when used as substrate. The activity ratios are based on
. L4

the counts (cpm) in individual compounds that were scraped of f the

chromatogram after autoradiography. When no reference compounds were

. ¢
- available, tentdtive identification of products was based on the

comparison of the1r .chromatographic characteristics with those o g
published in the literature.. With the solvenz,systems used (Table I1),
it was general]y found that a) the methylated products have higper Rf
va\uespthan those o} their hydroxyﬁated substrates, w{th the possib]e.
exc;;tion of the 5- 0Me~quercet1n which runs only Slightly ‘ahead of '
que#cetin. and the penta-OMe -quercetin which runs ahead of the mono- .
methyl products, b) Rf values of react1on products increased with ’

1ncreasing number of their methoxyl groups, c) compounds with

~ OMe—groups at the meta posit1on (6-,8- or 3'-): éxhibited, higher Rf
values than those with methoxyl groups a{/the para position (7- or e

4'-); d) electron density calculations indicating reactivity of groups

due to their‘relative nuc&eophi1ic1t3es. In most cases, tabelled
. h )

products were chromatographed two-dimensionally on one support
y/‘s J‘. : ‘ -

ded . 4 ° k q «
\ ) ‘ ’ ’
. R . ‘ . a '
N e . '
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(polyamide, silica. gel or eellulose). In some cases unfesolvédf N

! . N R
compounds were scraped and re-chromatdgraphed on a. di.ffereht TLC
support for better resolution. . ’ ) . "‘ oot

The electron density ca]cu\at1ons served as a good cr)terion in :

r

product 1dent1f1cat1on. The conformat1on of a molecule is a function

‘of its molecular structure and the understand1ng of its electronic and °

e

‘conformat1ona1 structure is essential for the e]uc1dation of its

.

| ‘prec1se mode of act1on. As the methy]atﬁoo of hydroxy] groups cah be ﬂ

t

conceived as a nuc]eoph1]1c attack of the oxygen atom on an act1vated
methyl group, there is a reasonab]e possibility to observe ‘a good
corre]at1on beoaeen the e]ectron1c density of the oxygen atom. and its
reactivity towards the methy1 group In' such a nucleoph111c reaction, X

the‘interactjon between the nuc1eoph11e and "the elctroph11e‘1s

. essent1a11y one involving the h1ghest eccupied molecular orbital (HOMO)

with the lowest unoccup1ed molecular orbital of,the electrophile, The ,

’%nteradtion between these two orbitals is most important when these

’

orbitals are very cloSe in energy. The CNf)O/Z‘ method is a'suitable
method to estimate the charge distribution in molecule and the

energy ]eVeis of these orbitals pf interests .CNDO/2 nas been used

-

" successfully in the study of;e]ectron1c structure of neurotransmittors

(Brothw1ck and Siewdrd 1977) pyry11um compounds (Martensson and

- ‘ ’-

gWarren, 1970) ' .

. . 4
Structures were generated using the Merck Molecular Modeling
13

| System (MMM§) (Pople aifd Bever1dge 1970) Normal CNDO/2 parametriza-

tion was used (Pople et al., 1965). Standard bond lengths, and ang1es

were used for-all the flavone structures that were considered (Hayashi
4 ’ .

et al., 1978). , . ' .

1]
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‘ .D.  RESULTS . ;V‘ L - o :

- —

<

0.1 Growth of Citrus T1ssue Cultures

The 1nduct1on of . ca11us tissue on cultured fruit peel explants

oy Was~ determ1ned from several batch cultures. The first s1gns of callus

1n1t1at10n appeared after 4-5. weeks from culture, and reached maximal
\i\:T;:Eng after another 4-5 weeks (Fig. 5). The rate of success of ca]lus
| initiation'from.peel tissue was about.50% for lemon, 25% for grapefruit
‘and 10% for orange; The subcultured callus tissues, either demon,
qrapefryit oh"orange, were matntained‘on the high vitamin, S-M-medium,
and'exhihited almost sﬁmf1ar:growth rates (ratio of fﬁhéi to initial

°

weight) which amounted to a 6-8 fold increase.- Coconut water (15% v/v)

- seemed to be an essential requirement Per growth, since poor or
ahrested'grqwth took plgce in its absezjtj\\ .
’ Severa1‘attempts were made to initiate a sushension cu]tute frpm.
the callus tissue,obut were unsuccessfu1 These attempts 1nc1uded
'u; di]ué{gn of the cujture med&”ﬁ, vartdtion of the amount of growth
. regu1ators and the add1t1on of gibberellic acid to the culture medium

in ordet tp increase friability of the ca]lus tissue.

D.2 Histo]ogy of Callus Tissue
M1croscop1c examination of sect1oned light- grown ca11us tissue
a';Rﬂicated extensive cell differeéntiation and the formation of lignified
“gtissue (Fig, 6B) that was responsible for the compact nature of the
“caf1us. Similar observat{ons were reported,by Dh. Einset, Dept. of

Horticulture, University of California (personal communication).

-

-

. : R



‘ 2
Orange Peel Showing.Callus Initiation.

B: 4-5 weeks old. A: 6-7 weeks old. C: BSTO weeks old (Mag. x 3)
' . ' { . " ‘ ’ R

Fig. 5 Orange Peel Calli. Upper row: _érown in the'dark"

Lower row: . Grown in ;ontinuods-1ight

1.




Fig. 6 Sectioned Orange Callus Grown in Continuous Light
(ca. 3000 1ux} - ,

" A:  Active cell d'lvision (100 x)
B: Cen differentiation and Hgnification (300 x)

G
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D.3 Flavonoid Comﬁosition of bjtrus Tissue

' :
D.3.1 Identificatipn of Callus tissue f]avono1ds

Ana]ys1s of f1avono1d COmpounds was carried out on 4 5 weeks
01d callus tissue of the 4th, 5th and 6th subcultures. Ihe flavonoid
pattern.of Yight-grown ca11ﬁs tissue consisted of five h{ghly.
methoxy]ated flavones and two unidentified compounds. Their relative

position on a two-dimensional chromatogram is shown in Fig. 7;

:Table ITI lists thqir‘characteristic'f]uorescence in UV-]ight and their

absorStipn maxima that were obtained with different spectral shift
"eagentgp‘Mabry et: al., 1970). The lack of spectral shifts with NaOH
or A]C13 (Table «I11) was indicative of the absence of free hydroxyl

groups on the C,; ring system, and suggested full methylation of these

flavonoids. Addition of a few drops of conc. HC caused protonation of

the heterocyclic ring oxygen, and produced bathochromic shifts of about

40-70 nm (fab]g 111), with tétra-methy]-g;scutel1arein{ sinensetin and
nobiletin. The absence of an acid shift with auranetin and
heptamethoxyflavone may haVe been due to their low concentration in the
aﬁalysed exfracts;

. . The identity of the orange ca11hs f1avd&§jds was confirmed .
by co-chromnatography with aﬁthentic samp]és (kihg}y supplie& by

Drs. Swift, Tatum and Bérry, 1967, Florida), except for compound

'No. 3 which was tentatively identified as auranetin. These

compounds are known to occur naturally in orange peel tissue

(Ho}owitz 1961).

ofr
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Fig. 7 Two-dimens'ional Separatjon of 'the\ Neutral Fraction of Orange N
Flavongs on Silica Gel Platés. R |
First direction: hexane:butano) (85:15) o
B ' Second direction: benzene:acetone (9\:11) )
1, Sinensetin; 2, Auranetin;. 3, Nobiletin; .4, Tetramethyl-
0-Scutellarein; 5,‘ Heptqq\et:.hoxyﬂavone;‘ é, Téngeretin.‘
\ ‘ . |
. ) .
' . - u ‘ o
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D.3.2 Comparison of flavonoids of different citrus tissues

A comparison of the f]avono1d content’ of orange pee] and

1ts ca]]us tissue (Table 1V) 1nd1cated thEIP presence in sma]l ’

. amounts in callus tissue. Howeyer, it is noteworthy that s1nensetin

and nobiletin const1tuted the major components of both. twssues

(Fig. 8). Dark grown tissue, on the ather hand, contained only

-

trace amounts of these flavonoids, which couid not be quantitated..
) The)f]avonoiﬁﬁsatgern of grapefruit peel was qualitatively

simitar to that of the orange, albeit in lower amounts, especially

’

those of sinensetin and nobiletin. The flavonoid pattern of lemon

e

. and its callus, on the other hand, showed no congruence and therefore

" no attempt was made to identify these flavonoids (Fig; 9). *

0.3.3 0- Methyltransferase activity at different stages of
ca]amond1n orange fru1t development
Immature %rujts exhibited 1ow enzyme activity which
1ncreeseq’with fruit development reaching a maximum before the

ohset of yellowing, decreasing steadily ihereafter (Table V).

. * .
~
. N
'
.
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Fig._.8 Cgrqparison of the Constituents ©f N&utral Peel Extracts cﬁl
Lemon (A); Grapefruit .(B)'; Orénge (C) and c‘>f Light Exposed
(Ca. 3000 1lux) \Or'an_ge Cai}us (D) with Authentic S‘amples of
Methy]ated‘ﬂavones, (1-5) Chromatographed on Silica Gel in
Hexéne:butanol (25:15)
"1, Sinensetin; 2, Nobiletiny 3, Tetra-0-methylscutellarein;

4, Heptamethoxyflavona; 5, Tangeretin ‘ ‘ : )



\ \ ~

, Unhydrolyzed Extract of Lemon Peel (D); Orange Peel (E);

Orange Callus (Dark Grown) (F) and Grapefruit Peel (G),
. .

T Chromatographed on Alumina Gel with Hexane:butanol (85:15)

"

Followed by a Second Run in Benzene:acetic Acid:water (2:2:1)

in the Same Direction.

L i
4, Heptamethoxyflavone i

—

(" S~

Dark Grown Lemon Callus (B) and Light Grown Lemon Callus (C);

1, Sinensetin; 2, Nobiletip; 3, Tetra-O-methylscutellarein;

Fig. 9 Comparisdn«6f'ﬁ§dro1yzea Lemon Extyacts from Normal Peel (A);

P

s

N
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. D4 0-Methylation of Flavonoid Compounds by Ceii free Extracts

- g

“of Citrus and Tobacco

o
A ]

e 'b.4.1 O-Methyiation of flavonoids with vicinal ring A hydroxyls .-
} Cell- free extracts of citrus tissues and tobacco ceii

B cu]ture cataiyzed O-methylation of a number of substrates having
B o
) ’ vicinal ring A hydroxyis, a]beit with different efficiencies

_(Table’VI). The order of total 1abei incorporation into -reaction
products was 3 6,7- trihydroxyfiavone (baica]ein) » 5,7,8-
trihydroxyfiavone (norwogonin) > 5,6-dihydroxyflavane >

Y o R <
u‘.

7,8- dihydroxyflavone.'

l

| Both baicaiein and 5 6-dihydroxyfia~on:r;:re O-methylated
mainly at position 6, Qorwogonin at positions 7 and 8, whereas
‘ 7,8-dihydroxyf1avone\was predominantly attacked at position 8..
Monomethytated es weil as Higher orders‘ofsme;hylated products

' were observed (Fig. 10 and 11) This methylation pattern correiated

with the degree of the negative electron densities for the respective

OH-positions (Tabie v1).

©o

Most of these methyiated products were reported to occur

naturally in plants (Harborne, 1967 Inagaki et al., 1971).
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Table VI: In Vitro O-Methylation of Flavonoid Compounds with ~
: . Vicinal Ring-A Hydroxyls
nSubstrate " 0-Methy1 ‘ "Relative - Electron "OH
. derivative Activity (%)2 density Position
. Citrus B .
Root o *
'5,6-Dihydroxyfiavome 5,6 3534, 7
| 6- 80 _ -0.1386 . 6
T ¢ 5- . - 5 ~0,0865 5
» - | . S0
7,8-D{hydroxyflavone 7.8- L 104 o
G .8 * 65.. .,  -0.0369 " ,8
’ 71- 5 © +0.0542 7
‘\ B; ) . . ' 20 L, N o -
5,6 7-Tr1hydroxyf1avone 5,6-/6,7-/5,6,7- - 305 S
(Ba1ca1e1n) \ 6- . . ~ 40 . =0.2326 - 6
. ‘ ‘ 5-/7- . ' 6 ' <0.1114 -]
o W .25t " 20,1409 5
5,7,8; Trihydroxyflavone 7,8-7 LS ~-0.2089 . 8
(Norwogonin) 8-/7- . ‘ 45 . © <0,0819 7
. . , 20 ¢ +0.1843 -5
1 ] ,.a-/

-

Ve ®

1" &Standard enzyme assay‘waﬁxused as described in the Methods Section

>

-~ 2+ After separat?on of. individual products by TLC, spots were scraped of f the -
: _plate and their activities determined by 'LSC. Total cpms in products 5-8

3 ,, . )

. _ - &

y l - ’
B o . :
3.7000 cpm; * 9000 cpm; "5 10500 cpm;' € 6000 cpm
n' o i ‘ !

.

. . o

* Detaited Table VI in Appendix Section I’

¥
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© Fig. 10 Radioautograph Showing the Methylated Products of 5,6,7-Tri-~

hydroxyflavone (Baicaleih) and' 5,6,-Dihydroxyflavone

A-C Products of 5,6,7-trihydroxyflavone A:  Tobacco cell extract.

«

”

b

- B: Citrbs’root extract. C: Citrus peel egFract.: L

(1) 5;6-/6,7-d1methyiether{ (2) 6-monomethylether; (3) 5-/7-mono-

methylether.
extract. E:

methylether;

D-E: ‘Products of 5,6-dihydroxyflavone D: Tobacco tell

Citrus root extract.. (4) 5,6-dimetHylether;” (5) 6-mono-

>

(6) SQmonomethylepher.

‘ . . - . ’
! g ' 4 »
. . . b
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Fig. 11 Radioautograph Showing the Methylated Products o.f,

-

7£:i)1hydr'o'xyf1avone and 5,7,8-Trihydroxyflavone (Norwogonin)
v . l' .

e

o

N AN y a . . c e

o

+

- -A-C Citrus Root Extract A Products of 7,8;djhydroxyf1av<>\é~~z
(1) 7,8-djmethylgther; (2_) 8-monomethylether; (3) 7-monomethylether.
Enzymé control, "B: Products of 5,7,8-j:‘rihydroxyfl'a'vone:&

(1) 7,8-dih\ethy1ether; v(2) '7-/8$mqnomethy1ether. C: 2-Dimepsional _°

s'eparaiion of'lmethylated proéucts o% 5,7-,8.-tr1hyd;oxyf1ayone: .

(1)..7,8-dimethylether; (2) 7-monomethy"1ether*, (3) 8-monomethylether.

¥4 -

-



\ 7']ape1 in monomethyLate& than in di- and $r1methyl products (Fig. 12-15;
PA '

+
c e

D.4.2 0-Methylation of flavonoids with vicinal ring A hyﬁroxyis
and ring B substitution : A ‘
"Seven substrates have been tested for their methy Agcepbbr

ability using citrus and tobacco cell extracts. The ordérgof 1a6e1

1nco&porat10n was as follows: 6,7-dihydroxy-4'-methoxyisoflavone

o

(texasin) >> 5,6,7,4'-tetrahydroxyflavone (scutellarein) > 6,7,4'-

-

trihydroxyisoflavone > '3,5,7,8,3',4' -hexahydroxyflavone (gossypetin) =
5,?,8,4'—tetrahydroxyf]avone (8-nhydroxyapigenin) > 3,5,6,7,3',4' -hexa-"

'hydroxyf\avone (quercetagetin) > 5,7,8-trihydroxy-4‘ -methoxyflavone

(é-“ydroxyacacetin).*

Reaction products that were isolated showed higher amount of

Table VII). Both texasin and 6,7,4'-trihydroxyisofiavone were methyl-
ated almost predominantly at position 6, but not to phe exclusion of
ﬁhe 7 position. Scutellarein gavélthe 4'-methyl and 6,4'-dimethyl

derivatives, indicating meta and para Q;methy]étion of ring A and

ring 8 hydroxyls, respectively. 5,7,8,4'-Tetrahydroxyflavdne was
meth}]atéd at -positions 8 and 4', whereas 5,7,8-tr1hydroxy14'-methoxy—

flavone was meth}]ated at positions 7 and 8, indicating both meta and

g

para directed reactions. Quercetdgetin and gossypetin underwent step- ’

wise methylation, thus quercetagetin yielded the fol]ow1ng'produdﬁs:
3,7-dimethyl; 3,6,7-trimethyl; 3,6,7,4'-tetramethyl .and 316,7;3';
tetramethyl, wherfeas gossypetin produced three reaction products whose

identity could not be established owing to lack of reference comppunds.

- "\

L]
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Fig. 12. RadioautograpH Showing the Methylated Products of 6,7,4'-

Trihydrexyisoflavone and 6,7-Dihydroxy-h'-methoxyisof1avoné i

: ‘ .
(Texasin) - b ' !

. o . - »
A-B. Citrus Root Extract . A:- Products of 6,7,4'-trihydroxyisofiavone.
' (1) 6,7,4'-tr1méthy1ether; '(2) 6,4'/7,4' -dimethylether; (3) 6-mono-

methylether; (4) 4‘-mbnometﬁylet$er.' B: Products of 6,7-dihydroyy-

(. ’

-

4'-methoxyisoflavone. (1) 6,7,4'-trimethylether; (2) 6,4'-/7,4'-
. -’ dimethylether ' |

~
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" Fig, 13 ﬁ'wo—dimensionql' Radioautograph S'ho'vn'rig the Products of
v . 5,6,7,84 -Tetrahydroxyflavone (Scutellarein) !
) L . . ¢
" Ay 'Citrﬁs root extrat. B: Tobacco cell extract: =~
' (1‘);6,4.' :-di}nethylethei'; (2) 4'-)6-monomethylether; (3) frimeth&lathér
> ) . - 3 ¢ T » _ . , .: - * '
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‘Fig. 14 Radioautograph Showing the Methylated Products of 5,7,8;4' - -

Tetrahydroxyflavone o L. 8

.
v .

-
’
'

. . 2
] . . ’

' Citrus root extrac%:i (1) §,4f-dimethy]ether;- (2) 4'-monomethylether
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Fig. 15 Radioautograph Showing the Methylated Products of 3,5,6,7,3',
' . 4'—Hexahy6rquf1avong (Quercetagetin) énd'3,5,7,8,§',4‘-v

t

‘Hexahydroxy flavone (Gossypetin)

A-C: Tobacco cell extract. OD-F: Citrus root extract. G-H: Cit ds;

-

peel extract. -A,8,D,E and G: reaction products of 3,5,6,7,3',4"-hexa-

—t

y ,‘ . N \ .
hydroxyflavone. C,F and H: reaction products of 3,5,7,8,3',4"-hexa-
o & - .

g h&droxyf}d@bne. E: (1) penta or hexamethylether; (2)'3,6.5,3'-t§tna-

.~’

meghylether; - (3) 3,6,7,4' -tetramethylethér; (4) 3,6,7-tr1methjlethér;

(5)'di;/trimethy1gther; (6) 3,7-dimethylether. C: unknown.df—,tri-

and'te{ramethy1ethers of 3,5,7,8,3',4'-hexahydroxyflavone’

-

.
- ,/’ . . ; .
. % . .
| ‘ e . N '
' b ' . - \ . N
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Table VII: In Vitro O-Methylition of Flavonoids with
: ‘Vicinal Ring-A H_ydroxy%an;l B-Ring Substitutionl .

A

]

e

Supstrate . O-Methyl  ~ Relative Electron OH

derivative Activity (%)2 density .. Position
Citrus
o Root
_l 14

6,7,4'-"Trihydroxy- - 6,7,4'- 103 '
isoflavone . 6,4'-/7,4'- 10 . -0.0985" 6-
s . 6-/1- , 50 -0.0360 | 7
, 4'- 15 -0.0235 4'-

| 15 . ,

6,7-Dihydroxy-4"'- Di/Trimethyl ) 704 -0.1390 // 6-
methoxyiso-flavone - - 6,4'/7,4° .10 - -0.1066 .- 7e

(Texasin) : : 20 - \
N C :
5,6,7,4'~ Tetra- 6,4'- v 60° \r0.0213 6
hydroxyflavone | - 4'-/6- . ] 30 . H0,0984 y R
“s(Scutellarein) - : 10 +0,1347 5-
) . Ly ‘0.1395 gl'
5,7,8,4'- Tetra- 8,4'- : 376 -0.2495 . 8-
hydroxyflavone: . 4'- . - 31 - +0.0991 7-
(8-Hydroxyapigenin) o . 32 - 40,2201 5-
. e , : -0.1519, - 4'-
5,7,8-Trihydroxy-4'-" * 8,4'-/Tri-0CH, 60/ : -0.2089 8-
methoxyflavone 7,4 o 2 -0.0819 . 7+
- (8-Hydroxyacacetin) ., . 38 +0.1843 5-
"'3,5,6,7,3'4'- - Penta-/Hexa ", 58 -0.2969 3-
Hexahydroxyflavone 3,5,7,3'- ' 25 +0,0821° 6-
. (Quercetagetin) 3,6,7,4'- 22 - 40,0032 Y
SR 3,6,3'-/3,6,7- 10 - +0.0846 5-
: Di-/Tri- - . trace - -0.1086 3'-
. ; - 3,7- trace -0.2079 - 4'-
©3,5,7,8,3',4'- . Tetra-/Tri-OCH, 159 -0.2956 3-
Hexahydroxyflavone ) Di-/Tri-OCH; 15 -0.1059 8-
(Gossypetin) Di-OCH; - ’ -0,1162 1-
' : ' 80 -0.2051 65—

L | .+ -0.0537 3=

+0.1052  4'-




Footnotes for Table’VII.

AN

1 Standard enzyme assay was used-as described in the Methods Section

f ~ . . . .-
. . N . ~ \
' N
. . ' .
o

4

2* After separat1on of 1nd1v1dua1 products by’ TLC spots were scraped of f the .
' plate and their’ act1v1t1es detemn1ned by LSC. Total cpms in products 5-19

J

3 12000 cpms * 7000 cpm; 5 6000 cpm; 5 4000 gpm3 / 800 cpn;

8 2500 cpm, 9 2000 cpm.
-4 ‘.
‘ ?"Detajieﬁ Table VIL\in Appendix Section 1 : . )
ﬂ*,, ,
% . \
. e A
- ‘3 . . .




B D

. substituted substrates, acacetin and chry§oeriol, did not undergo

4

. ; : . .
The methyl derivatives of the following compounds used have

been reported in several plant speqtes:'. texasin' (Mong, 1§75);

*'Sccutellarein, (Swift, 1967; Wong, 1975); 5,7,8-trihydroxy-4'-

methoxyflavone (Tatum and Berry, 1972); quercetagetin (Bohm .and

. Collins, 1979); gossypetin (Tatum and Berry, ~1972;' 1978).

&

'D.4.3  O-methylation of flavonoids without vicinal ring A hydroxyls

,Seven‘f'lavonoids were tested as methyl acceptors and their
total methyl incorporation was as follows: 5,7,3',4'-tetrahydroxy-

flavone. (luteolin) > 3,5,7-trihydroxyflavone (galangin) > 5,?,4‘-

‘ 1;r1hydroxyf1as)one (apigenin) > 3;5,7;4'-tetrahydroxyﬂavbne

(kaellnpfe'ro]) > 5,7,4' -trihydroxy-3'-methoxyflavone (chrysoeriol)

" §,7-dihydroxy-4' -pethoxyflavone.

. Most of the substrates with' ring B hydroxyls were methylated at
the para position of that ring (Table VIIL; Fig. 16). 'Therefore, -
apigenin yieided the 4'-;nonomethyether (acacetin), whereas kaempferol
was methylated p;*edomi nant}y at the 4'- and 7- posftions by f.he rogt
and peel .enzymes, respectively. Luteolin was predominantly methylated

at the 3'- position with lower 1ncorporat1bh at 4'., Only luteolin

| yielded a small amount of a dimethylated product. The B-ring

4

_further methylation, .
The methyl accebtqr ability of substrates without ring B

P

substitution (chrysin and galangin) shiowed that' chrysin was not

mef.hyJated by any of the cell free extracts useq_, whereas the methyl-

- ation of g@langin yielded a product that cochrofhatographed with a

+



"’ Substrate

vy

d

Table VIII: In Vitro O-Methylation of Flavonoid Compounds Without

VTt'nal Ring-A Hydroxyls

~

ks

.

51

4

0- Methy] Relative |, Electron _OH
derivative Activity (%)2 density Position
Citrus- / :
Root .
5 7-D1hydroxyf1avone SHOWED NO
(Chrysin) ‘ ACTIVITY ‘
. : . ‘ A
3,5,7Trihydroxyf1avone 3,7- . 53 -0.3273 3
(Galangin) - 3. - 70+ +0.0684 .5
& 7- 10 -0.0127 7
unidentified 15 - .
) 5 ,7,4- Tr1hydroxyf1avone L 7,4'- B P & o
-(Apigeﬁin) ] 4' - _ 90 +0.0349 7
unidentified 9 - =0,1903 4'
5, 7. -Dihydroxy-4'- 7,40 " Trace.
nethoxyflavone unidentified .-
(Acaeet1n) S : ]
5,7,3',4" —Tetrahydroxy- 7,3'- 55 +0.0293 5
;f1avone ) 7,4' - 2 +0.0242 7
(Luteolin) 3'- 75 -0.1217 3!
T : 4'- 6. -0.2176 4'
5,7,4-Trihydroxy-3" - ’7t3 - Trace +0.0069 5
methoxyflavone - -3 -/3" 4' Trace . +0.0416 - 7
(Chrysoeriol)* -0.1930 .- 4
3,5,7 4'-Tetrahydroxy- 7,4'- Trace® . '
flavone ‘ 4'- . 40 . -0.3384 3
(kaempferol) . 7- " 10 0.3334 5
. ' 3- . 20 0.0028 7
. 20 +0,1537 4
~unidentified 107 v

ki

of o
LONENT L
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Footnotes for Table VIII ' v_\\\ '
B ’ * 1 X
. .\ [ oo t , . : uvhbi ) ' -
. 1 standard en&ym,e assay was usegl'a_s’: described in.the Methods Section
te , . l.‘ ' 4. . “ . - »
2* After separation ‘of. individual ‘products by TLC, spots were scraped off the
plate dnd their activittes determineg by LSC. Total cpms in products 5-19
‘;!..-—.‘A'f, o S o k SRR
| 3 75000 aem; # 1500 cpm; 5 10000 cpm; © 15000 tpm -

.', q: . N . ' ' ~ ., ) :II s : N ‘-a ’ - | v ’ l . . " 3

*_ Detailed Table VIIWin: Appendix Section I | ‘
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, 53

* Fig. 16 Radwautograph Shovnng the Methy1ated Products of 3, 5 7- Tr1-

\ hydroxyfx\avone ‘(Galang1 n); 5,7 4'-Tr1hydroxyf'l§vone

(Apigenin) "3\&,] 4'-Tetrehydroxyflavone (Kaefnpfero1) and

“5,7,3" ,4'-Tetrahydroxyf1avone (LuteoHn)
e S

»

A,B,C,E:j Citrgs root éxtracxt. * D:- Citrus peel ext. A: Reacﬂan-

~

‘products of 3,5,7,-tr1'bydrox§f_’lavone: (1) 3,7-dimethylether; (2) 3-//
‘ i

monomethy]et\J (3) 7-monomethylsther. ‘B: Reaction products of
5, 7 4‘-tr1hydroxyﬂavone A1) 7,4 -dimethylether; (25 -monométhyl-'_

ether. C: . Reaction products of 3,5,7% 4,‘-Tetrahydroxyf1avone.

\ (1) dimethylether' .LZ) 4‘-moﬂpmethy1ether' (¥ 7-monomethy1ether.

e

(4) 3-monometh¥1ether. D-E: React1on products of 5 7,3',4" -tetras "

Rydroxyflavone: .{1) 7,3'-d1‘methy1ether, (2) 7,4' -d1methy1ether,

—t®,
f“

’

(3) 3'-monométhylether; (4) 4'-monomethylethe r.

e

R



A sample of B-hethylgalan%in, thus demonstratind for che'firsx timé‘the
existence of a 3-O-methyltransferase in citrus and tobadcd‘tissues.
Although kaeﬁbfero} has been repdrted to occur”1n$c1p?us' V
(Kefford and Chandler, 1970) there is no report, as yeté‘bn the “ . ¥
dccurrence of 1ts’ﬁethy1ethérs in this'tgssue. However, they,have been

reported 1n'se;eral other plant species (Gottlieb, 1975).

D.4.4 Sequentfa1,gfmethyfation of quercetin and its derivatives
) Cell free extracts of citrus peel, root, callus and tobdcco
‘suspension culture catalysed the O-methylation of quercecin and-a
fnumber of its methyl ethers 1n a stepwise fashion (Table IX, Fig. 17- )
19) The eff1c1ency of substrates as methyl acceptors, in descending
order, was as follopws: 3-methy1quercet1n > 3, 5 7,3 4f-pentahydroxy-
‘flavone (quercetin) > 835,7,3'-tetrahydroxy-4'-methoxyf]avone -
(tamarixetin) > 3,5 3‘"4'-tetrahydr6xy 7-metﬁ6xyf1avode-(rhamﬁet{n) >
3;51’ 4'-tetrahydroxy-3 4nethoxy£1avone (isorhamnetin) > 3,5,3'-tri-
hydroxy-7,4'-d1methoxy flavone (ombuin) > 3 4‘-d1methy1quercet

4 The above substrates were fdrther methylated to yield a higher
order of their methyl derivatives. Thus, quercetin yielded the
following methyl ethers: 3-3 T-/8'-; 3'-5 3,7+ 7,3'-/7,4'-;
‘3,3'-/3,4'-; 3,7,4'- and traces of 3,7,3'4'- methyl derivatives

(Fig. 17 and 18). 3-Methy1que:cet1n and 4'-methylquercetin

(tamarixetin) were transformed to the dimethyl ethers 3,7-; ‘ S
.g‘ 1 4 p.
3,3'-/3,8'- and 7,4'-; 3,4'-, respectively (Fig. 19). Two other .
T ’ -
‘ S
<9



‘Jthere has been no report on the occurrence of 1t thylated

flowers of tobacco by Yang et al (1960)

+ . . .
?
A

monomethj1 éthers of quercetin,'7-methyLSuercet1n (rhamngt1n) and
3'-methylquercetin (1sorhamnet1n) gave r1se to d1methy1 -(7, 3 /7 4'-),
tr1methy1-(3,7,3'-; 3,7,4"-) and tetramethyl-(3,7,3',4') derivatitgs

.(Fig.“l?). The 7,4'-dimethy) ether ogbuin,;was.further methylated to

&

the 3,7,4* ~tr1methy1- and a trace amount of the 3,7,3" 4'-tetramethy1
ethers (F1g. 19), whereas 3‘ 4 ad1methy1quercet1n y1e1ded a number of"

methy]ated products two of which were tentat1ve1y 1dent1f1eg%as

3,3',4'- tr1methyl- and 7,3' 4'-tr1methy1quercet1n (Fig. 19). The
1dent1f1cat1on of the 3,3'- and 3,4! -methylethers of quercet1n is a1so ‘

.tentat1ve, based on comparison of their Rf Va1ues w1th those pub]ished

4 ¢

(Jay et a]., 1975).
‘ A]though quercet1n'1s w1de1y dlstr1buted in the plant kingdom,

A
2

der1vat1ves in citrus, with the except1on oﬁ.1sorhamnet1n (Kefford

and Chandler 1970). However the 7-methy1ether (rhamnetin),

'3'~methy1ether (1sorhamnet1n), 4‘-methy1ether (tamar1xet1n) and. the

7 3'-d1methy1ether (rhamna21n)“as“we11 as 'the 7 4*-d1me$hy1ether

(ombuin) have been isolated from a var1ety of p]ants (Harborne et al.,

f

1975 Wollenweber and Dietz, 1981) The 3, 7 4'-tr1methy1ether

(ayan1n) has ‘also been reported (King, et al., 1952 Harborne, 1967).

The 3-monomethyl apd 3,3’ —d1methy\ ethers Were 1so1ated from the =

9

[



fUnident1f1ed~ 17

T & -
' 56
\ S t;/ :
_Table IX: In Vitro O-MethyIation of Flavonoid Compounds of the
' Quercetin Series _ .
.
Substrate D=-Methyl Relative Electron OH,
o\ derivatiye Activity (%)2 density Position
' Citrus o
Root
»
3,5,7,3' ;4" ~ 1,374 313 iﬁasogo' 3
Pentahydroxyflavone 3,7-/3,3',4'- L2 +3.0474 5.
(Quercetin) ' 3'-/3,3'-/3,4'- 16 -0.0162 7
7-/4'- 9 ~0.1100 . 3!
3- 3 + +0,2089 L
5- 10
.,Unidentified .29
5,7,3',4'- 3,7- - 65 20.0287°°  §
Tetrahydroxy 3- b 3,3 /3 4'- 30 7Q.0002 7
methoxyflavone \ Unidentified }. 5 +0.0747 3
(3-Methylquercetin) B 0.1578 4' . -
3,5,3',4'- . Tm-Tetra-ocnq » traceS -0.3093 3
Tetrdhydroxy -7- : 7,4' /3'7 3'- 17 -0.0477- »~ 5
* methoxyflavone 7 RAPYY K| 41 +0.1092 3!
(Rhamnetin) 3t7- . 16 -0,2079 4"
S 3t L 3 . ,
1- L. 5 :
Un1dent1f1ed ' 18
3,5;1,4}- Tr1 /Tetra—OCHa trace6 -0.3240 3
Tetrahydroxy-3'- 7,3'- 17 . +0.0328 5
methoxyflavone 3 3',4'- "5 -0.0037 7
(Isorhamnetin) 3‘-/3 3'- 8 -0.1768 . 4!
: ' 7- .10 T
Un1dent1f1ed 60 ¢
. 3,5,7:\f>' 7,4'- 75/ 40,3262 - 3
Tetrahydroxy-4'- . 3,4'- T4 -0.0326 \ 5¢
methoxy flavone Unidentifed ° 21 +0,0033 7
(Tamarixetin) ‘ , +0.0934 3!
-3,5,3'-Trihydroxy- - 3,7,3',4'- 18 ‘
4'-d1methoxyf¥avone 3,7, 4'- : +0,3258 3
(Ombu1in) . 7,4 -/7,3" 4‘ -0.0327 5
, Unidentified . . =0.0932 3!
35,7+ Trihydroxy-: 7304 439 -0.3080 3
3t Al -dinethoxyfiavone Internal substr. 2 ° +0.0358 5
,(3' 4'-d1methy1-, . 3,3',4'- 7 +0.0053 7
quercetin) . 3',4'- 33 ‘
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Footnotes for Table IX
- ! . : .  C o "
. ' w .
I ‘Standard enzyme. assay was used as described in the Methods Section
: _

- .
« [

. N . \.‘\" ' . M . \
2% After separation of individual productg by TLC, spots were scraped off the
plate and their activities determined by LSC. Total cpms in-products 5-19

. R

.
v
L4 ¢

316500 cpm; “ 10000 cpm; 5 21000 cpm; 6 12500 cpm; / 23250 cpm;

8 20250 cpm; 910750 fﬁms : .
: * ‘Detailed Table IX in Appendix Section I, o -
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Fig. 17 Radioautograph Showing the Methylated Products of A:

3,5,7.,3",4' -Pentahydroxyflavane (Quercetin); 8:3,5;3*,4'-
. Tetrab&droxy-7-methoxyf1avone (Rhamnetin) and C: 3,5,7,4'-

Tetrahydroxy-34-methoxyflavone (Isorhamnetin). (Citrus*Root

-,

»

-Ektréct). S : S

A: Quercetin. (1) 3,7,3‘,9'-tetramethylé;25r; (2) 3,7,4'-/3,7,3'

trimethylether; (3) 7,4'-/7,3'~dimethylether; (4) 3'-mono/3,3'-/3,4'-
/

-/3,7-dimethylether; (5) 7-/4'-monomethylether; (6) 3-monomethyl-

ether; (7) 5-monomethylether. *B:' Rhamnetin. ~(1) 3,7,3',4"' -tetra-

methylether; (2) 3,7,4'-/3,7,3"' -trimethylether; (3) 7,4'-/7,3'-di- .

méthy}ether; (4) 3,7-dimethylether; (5) (7-/4'-monomethylether.
C: Isorhamnetin; (1) 3,7,3!,4'-tetramethylether; (2) 3,7,3"=tri-
me;hyléther; (3)'7,3'—d1mé€hylether; (4) 3'-/3,3'-dimethylether;

(5) . monomethylether.

"

L]
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of Quercetin (Citrus Peel Enzyme).

.(1) 7,4'-77,3"'-dimethylether (Ombuin). (2) 3'-dimethylether
(Isdbhamnetin). (3) 7-/4' -monomethylether (Rham;etin/Tﬁmarixetin).

* (4) 3-monomethylether, (5) S-Tonomethyiefher; (6,7,9) unidentified,
products, possibly 3,3'-/3,4'-"and product(s) having posit?dn 5

‘methylated. (8) 3,7-dimethylether.

Fig. 18 Two-dimensional Radioautograbthhowing the Methylated Pro&hcts-.
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Fig. 19 Radigpautograph Showing the Variqus Methylation Pkbducfs‘of‘
Quercetin and its Analogues. A: 3,5,7,3},4'-Pe6tahydboxy-.
flaéone'(Quercetin). 'B: 3,5,3',4';Tetrahydroxy-74methoxy-
flavone (Rhamnefin). C: 3,5,7;4'-Tetrahydroxy:3'-methqu- -

, flavone (Isorhamnetin). .D: ‘3,5,7,3}-Tetfahydroxy;4‘Lmethoxy-
“flavone (Tamarixetin).. E: ‘3,5,3‘- Trihydroxy¥3,4'-dimethoxy-
flavone .(Ombuin). .F: 3,5,7,-Trihydroxy-3',4'-dimethoxy-
flavone. H: 5,7,3',4'¢Tetr§hydr9xy-3-methoxyf]avone.

(Citrus Root Extract) ' . e

. - ’
BT : y
' e
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:Ftﬁ. 19 (continued) )
A “2(1) 7,4'-/7,3'Tdimethy1ether. (2) 3'-monomethylether.
(3) 7-74'-monbmethy1éther. - : - J
B (1) 3,7,4'-trimethylether (2)'},4'-/7,3'-dimethy1ether.
T | (3) 3,7-dimeth¥lether,
_ C . (1) 7,3'-dimethylether. . }
3;_f. D (1) 7 4'-d1methy1ether. (2) 3 4'-d1methy1ether.
(1) 3,7, 3' 4'-tetramethy1ether._ (2) 3,7,4'-trimethy1ether.
(3) Band co1nc1d1ng with substrate. ‘ ‘ ‘
“Fo (1) 7,3',4'-tr1methy1ether? (2) 3, 3‘ 4‘-tr1methy]ether7
| (3) Band co1nc1d1ng with substrate.
G EnZyme extract Interna] substrates (contro])

H (1) 3,7-d1methy]ether. (2) 3*3*'13"#'-d1methy1ether.

-

t
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) 70 —Callus growth and flavonoid synthesis -

" The resu1ts‘pﬁesented here‘demonstrate the 1nitiation and
continuéd growth of callus tissue originating from mature orange
flavedo. The relative difficulty encountered in callus 1nitiatidn«on
orange peel, as compared with other tissue explants, may be due to the
release of certain flavonoid .or volatile const1tuents dur1ng excision
- of " the tissue. Such compounds have béen’ reported to 1nh1b1t ce11
de-differentiation and callus formation (Bagni and Fracassini 1966).
- I1lumination of the cultures was found to stimulate both cell
division aﬁﬁ tissue differentiapion,lwhich resulted in 1ignificatioh
(Fig. 68) and flavonoid p oduciion (TabTe 1V). The dark grown tissue, -
on the other hand, was Eﬁgracteqized by a high dégreé of cell
uniformity and the lack of either cell differentiation or flavonoid
formation (Eig. 9F). ' These striking differeﬁces qppear to be c]osel}
correlated with the h{gh activity of phenylalanineammonia-lyase (PAL)
in the ]ight grown tisﬁﬁelkﬁfé. 22), 'a key enzyme of pbéﬁb&ic synthesis
which is widely qistriguted in plants (Ne1sh,.Yoqn§ gg;gl.,ai966,
1964). Light induction of PAL in intact tissues (Zucker, 1965) and
tissge cultures (Nitsch and Nitich, 1966 Thorpe.gg_gi.. 1971)  has
been well documented, and its stimulation of flavonoid synthesis

(Amfhein.and Zenk, 1971; HahTbrock and Wellmann, 1970) and lignin

‘formation (Higuchi and Barnaud, 1966) has been reported.

4
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3

A\though PAL has been shown td occur in g}apefru1t albedo
callus, its activity was thought to be light- 1ndependent (Thorpe et~a1
1971). This 1s in contraséﬂwith the observations reported here w1th
orange peel callus (Brunet and Ibrahim, .1973), where PAL activity is -
1ight‘dependéé£ and attains its maximum activity after two days in
. culture (Fig. 22). This.demonstfates the requirement for a high 1§ve1 .
of PAL activity prior to tissue differeqtiét?on and flavonokd.synthésis
in orange tissue culture. | '

Comparison of the“f}avonoid content of both orange peel and its
callus tissue (Table IV) shows that:-the amount: of  each flayone formed
iﬁvthe callus was relatively 1bw, as compared with that in the peel
tissue, Ho@ever, it is 1nterestfng to note that the\bié;ynthetic
mechanism for the formation of po]ymethyiated flavones functions in
callus tissues, and that sine:sétin and nobiletin are among the major
components of both callus and peel tissues. | ‘

Light requirement for OMT activity or enzyme induction appears
to be simi]ér to that for PAL, since calli maintained in the dark
exhiBited very little Q;mgthy]gting activity. This is jn agreement
Qith the earlier observation dn the extremely low amounés of |
@o]ymethy\ated flavones in dark- grown calli (Fig. 8). A d1rect,:
relationship seems to exist between OMT activity and fruit development
(fab]e V). Immature fruits exhibited low enzyme activity which
increased with fruit dévelopment reaching a maximum before the onset of
yellowing, then decgéased steadily there;fter. These fesu1ts-dbrrélaté )
well with the seasonal variations of methylated flavonés-observed in

orange peel' (Swift, 1967).
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l£ has often been debated whether morphogenesis prescribes the _
pattern of secondary metabolite synthesfs, or whether the latter s in
fact the determinant of the process of morphogenesis. In the )
experimental circumstances reported here, it may be‘a ‘coincidence thet
the‘coneitions that led to tissue differentiation of orange callus also
resulted in flavonoid produdfion. Nevertheléss, flax cotyledonary
tissue was reported to 1ose‘its potential for flavonoid production as
soon ‘as it was cultured in vitro, although its callus attained a high
degree of cellular differentiation (Liau and Ibrahim, 1973), suggesting
that morphogenesis aﬁd secondary metabolite 'synthesis may not
necessarily be inferrelated as is often claimed.
D.5.2 Comparison of O-methyltransferase activity

The results obtained with.the various cel]EIree extracts and

substratES used, clearly indicate that ring-A methylation occurs in all

the‘species tested, and suggest that_g;methylatieik?s a fairly common

reaction involving ortho-, meta- and para-O-methylation.

3

Tﬁe optimum pH for O-methylation of flavonoids in citrus tissue
was found to be 7.5 (Fig. 23). There was a reduction in the extent of
methylation at ﬁ?gher (pH 8.5) or lower .(pH 6.5) values. This may be
explained by the fact that increasing pH would lead to quinoid
formation, whereas lowering the pH could affect the 2-3 double bond and
the carbonyl gFEEp of ring C (protonation effect). There are, howevee,
some 1nstances where opt imal methy1at10n was reported to proceed at a
pH as tow as 6.5 (Poulton and Butt, 1975; Poulton et al., 1976b) and

. 3 X
3
. . -
[N N -
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Flavonoids with vicinal hydroxyl groups at posit1ons 5ety 6=,
7- or 8- angd- lacking ring B. substitution exh1bﬁted the h1ghest 0-

methylation as well as high e]ectron density for positions 6 and 8,

except for 7,8- dihydroxyf]avone where pos1t10n 7 had a sl1ght1y higher'

.
electron density (Table VI). On the other hand, O-methylation of

f1avonoid compounds”with'Vicinal ring A hydroxy1s and B-ring subst1§

tution 1nd1chted that compounds with the 6 7 4'- or 5,6,7 4'-conflgu-

ﬁ
rat1on were more eff1c1ent1y methylated than those hav1ng ‘the. 5 7, 8 4.

configuration. The. 1nf1uence of B-r1ng substitu1on on A-ring methyl--

ation was dffficult to assess.w1th the 11m1ted number of substrates

: avai]ab]e; Introduct1on of a methyl group at the 4'- position*of

I,

x\“‘“5*7~8 4' -tetrahydroxyf1avone reduced its ab1f1ty to undergo further

;

methy]ation whereas it 1ncreased the reactivitx of 6 7- d1hydroxy 4'-

-

methoxy1sof1avone (texasin). The hwgher methy\ 1ncorporatqu,by the

____._,.

.isoflavohe may be due either Lo the greater reactivity of the hydroxyls

at poS1t1ons 6 and 7 as determlned by e1ectron dens1ty ca]culat ons, or

-

a greater enzyme aff1n1ty for the 6 7-configurat1on as Opposed to the

- * e 1 2

. ¢ )
enzyme. S

‘o

5,7,8-structure.l This rematns to be 1nvestigated with a more purified

‘ngethy]ation of flavonoids without vicina};ring A hydroxyls
showed that chrysin (5,7-dihydroxyfiarone) wes‘not methylated by-any of
'the ce]]-free,extracts used, whereas gélangin (3,5,7-trihydroxyf1arone)
proved to be a reasonably good methyl acceptor‘and was predominantly

methy]ated at the 3-position; ﬁhus estehlish{ng, for the first time,

"the ex1stence of a 3- O-methyltransferase in c1trus root tissue. The

~

v . N \

9

A
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fact that the enzyme preparation from tobacco ce\l culture also.

catalysed 3-mefhy1at1on of both ga]ang1n and quercetin supports the

68

original obs%rvat1on and provudes a gooy source for the pur1f1cat1on of

this enzyme. Recently, 3- O-methyltransferase has bpen pur1f1ed from

Crysosp]enium americanum and 1ts&§pec1f1c1ty fof'the 3 -position of
[ 4

quercetin was estab11shed/(0em%3;a and Ibrahim, 1982).

Gther flavongid Eompounds were very poor methyl acceptors,

except/;ar ]u;eo]in whicp was p}edominant]y methy1ated“on'rfn§ B.

Electrog density calcu]ax1ons suggested react1v1ty for position 3 of

ga\ang1n and kaempfero® pos1t1on 4' of ap1éen1n, and positions 3' and ,

st

4" qf luteolin .The poor methyl acceptor abilities of apigenin and

kaempferol, howWever, seems to indicate that the c1trus and tobacco

-

enZymes have no aff1n1ty for these substrates, and may possgjﬂy be due

to para quino1d format}on at the 4'-pos1t1on,'resu1t1ng in r1g1d )

. rstru€ture and concom1tant resonanqe of the flavono1d r1ng system. ’

The results of methylat1on of quercetin and its analogs, lead

o to some 1nteﬂest1ng-specd)at1on. The two maJor monomethyl products

formed from‘quercet1n were isorhamnktin (3'-MeQ) and rhamnetin

]
§

R
_ (7-MeQ). Further methylation of efthersof the latter compounds

fndicated that rhamnetin was a better substrate than isorhamnetin
. N

(Tab1e'1X); Isorhamnetin, on the othér hand,”produced relatively

£ °
smaller amounts of the dimethy\\broduct (7,3'-diMeQ) and a trace of the

-~ / » 3
trimethyl product. This seems.to indicate that rhamnetin is a majog&‘ '

. : ]
intermediate #n the methylation sequence and that methylation at the

- T-position is a key step in fhe fﬁrmatien of partially methylatkd

N
: ’ . ‘
. ' .
. ‘ )

Ny
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products‘,rit is interesting to nete that further methy]ation of
3-methy1queﬁ&et1n gave rise to .two d1methy1 derfvatives (3,7'- and
3,3 -/3,4 -) but none of the higher orders of methyl derivatives. "

This work has shown the mbthylation of almost all .positions on the

flavonoid ring system: Al though it is difficult to denffstrate the

biosynthesis .of fully mefhy\ated flavones jﬂ_vitro, however, it
seems possible that partially methylated intermediates may undergo

hydroxylatiog at positions 6 and/or 8 and furthér methylation, te give

' rise to the polymethylated f]avdnes known to occur in Chrjsosp\en1um

(Collins et al., 1981) and citrus (Swift, 1967). The results obtained -
with scutellarein, quercetagetin and gossypetin indicate that the

‘biogenesis of the polymethylated flavones of citrus (Tatum and Berry,

4
1978) 1is unlikely the result of methylation.of the hydroxy analogs, but

-rather by an alternating process of hydroxylation and methylation of

partially methy]ated intermediates. A proposed scheme of stepw1se

methy]at1on of quercetin is SEBWH in Figure 24, However, final proof -

.of these m&thylation steps must aWait purification of the enzymes

involved from a suitable sourck, since ayﬁ attempts to isolate and
1 . -

_,//pﬂrify the ehzymes from célamondin were unsuccessful.

L. . .. ,

Extremely low or almost -no methylation was 2pserved with the

flavonol g]ycosides used as substrates, 1nd1cat1ng that glycosylation
is a 1later step in thp biosynthes1s of flavonoids (Hah\brook and

Griesegﬁch 1975 Grisebach, 1977). Very r%cently, the methylation
e
of anthocyanins in Petunia (Jonsson et al., 1982) and of vitexin

- 8 : — .
2"-0-rhamnoside in Aveng sativa “(Knogge and Weissenbick, 1989) have

~ . 3

.

/Y & il
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_of OMT's in éa\amondin cell free extracts that catalyze the

~ 70

been reported, suggesting that Ehé‘order of methylation and
glycosylgtion may vary in different tissues.

The results reported here suggest the gxisééngg of a number

O-methy]ation of almost all hydroxyl. groups of the flavonoid ring
system, 1nc1ud1ng both rings A and B, Whether citrus enzymes are

flavonoid-specific remains to be elucidated, since a number of other

" non¥1avonoid substrates such as caffeic acid (3,4-dihydroxycinnamic

aéid), protocatechuic acid (3, 4-dihydroxybenzoic acid), catechol

(1, Z-ddhydroxybenzene and esculetin (6 7- dihydroxy 2H-1-benzopyran-2-
one) were methylated to their reSpective neta and 2351 O-méthyl
derivative, (resu]ts not shown), in a manner similar to that of the
yeast enzymes (Mﬁ]ler-Enoch,ugg;gl., 1976). Furthermore, it is

p6§§1b1e that there exists in citrus meta and para specific enzymes for

| both-rihgs A and B of flavonoid compounds. Recent]y, DeLuca and °

o lbrah1m (1982) reported the purification and properties of four

flavonol-specific O-methyltransferases from_%. americanum, which were
specific for positions 3, 6, 7 ' (Deluca & Ibrahim, 1985).

Similarly, the .methylation ‘of pos 8 and 3' 1in Lotus corniculatus

Was shown to be catalysed by two distinct enzymes (Jay et al., 1983).,
The OMT systé@ of c%trUS a$pears-to be distinct from those

prev1ous1y reported which catalyse single methylation steps (Ebel et

al., 1972; Hengenmeyer et al., 1974; Jonsson et al., 1982; Knogge

';\B\ﬂeissenbock 1984) and from that of C. americanum which catalyses
an orderly Sequence of methy]ation steps (Q-+ 3Q »3,7Q » 3,7,4'Q). -

1
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* Citrus OMT system mediated single methylation steps at different
positions as Well as stepwise methylation of partially meth_yiated
intermediates as shown in Fige 2'4'; e ' ' Y
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Some aspects of the kinétjcs‘of the methylation reaction

4 ‘ATEMOugﬁ a stable purified enzyme could. not be obtained with - S
citrus, an attempt was made to establish Km va1ues“w1;h the semi-
purified enzyme; with a view to compare these vgfues with those in the

1iperéture, Due to the nature of the enzyme(s) and the occurrence of

. multiple producﬁ[format1on‘by step-wise methylation of the substrate,

. ¢ . . —
the respective Kin's were: obtained from saturation gurves (Fig. 27-29)

and their-réspective Lineweaver-Burk plots (FTg._27a-29a). The non-

Jdinearity oﬂfthe Lineweaver-Burk transformation (except for luteolin)

demons;ratés that the enzyme reaction,is complex and that the Km's !

therefore represent only approximate values. - -

‘

Determination of the M1chae1is constant .(Km) for 3,5, 6 3',4'-Penta-

‘hydroxyflavone (Quercet1n), 3, 5 3',4" -Tetrahydroxy 7-methoxxyf1avone

.(Rhamnetin), 6,7,4'-Trihydrquisoflavone and 5,7,3',4'-Tetrahydroxy-

" Flavone (Luteolin)

4

Substrate : . MApproximate Km

Quercetin dooe : . 2.3 7.4 x 10‘5'M (Fig. 2?)

Rhamnet,in - A 2.3 - 7.5 x 10°5 M (Fig. 28)
6,7,4'-Tri-OHisoflav. T 6.3 - 245 1075 M
Luteolin o . 0.8- 1.3x10°5M (Fig. 29)

T
A

The approx1mate ke va\ues for the citrus enzyme fa\l w1th1n the range

+ of Km's reported 1n the 11terature. ‘
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. . Substrate .. Source Km

_ Reference

Quércetin . Tulip | M x 10-5M

.

+ - _Chrysosplenium - 0,1-8x10~5M

cl

-7

g

Lotus 2.2.x 107M

b T4
~ Dihydroxy- o e
isoflavone ~ Cicer 8 x-10"5M

5,7,3',4'-

[4

Siitfeld and Wiermann (1978)

&

DeLuca and Ibrahim (1982)

Ibrahim et al. (1982)

a

—

day et al. (1983)

’

" Ibrahim gg_él. (1982)

Wengenmeyer et al. (1974)

Tetra- A
- Hydroxy- - o P
flavonone  Parsley © 1.2'x°10"5M  Ebel et al. (1972)
luteolin  Parsley - 4.6 x 10-5" Ebel et al. (1972)
~ .“).“ //

\y
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