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; E ABSTRACT

@

Enzymology Of Flavonoid Methylatioﬁ: Purification And Kinetics
0f a Number Of Novel 0O-Methyltransferases

Vincenzo‘De Luca
Concordia University, 1984

. (
Four novel flavonol-QO-methyltransferases (3-, 6-, 7- and 4'-0MTs)

b
from Chrysosplenium americanum and an(8-0MT from Lotus corniculatus

were partially purified by precipitation with ammonium sulbhate and

successive chromatography on gel filtration column, hydroxyapatite,
# . ’ ~
S-adenosyl -L-homocysteine (SAH)-Agarose and chromatofocusing on :

. Polybuffer ion exchanger. ~They exhibited strict position specificity

for positions 3 of quercetin; 7 of 3-methylquercetin; 4' of

3,7-dimethylquercetin and 6 of 3,7,3'-trimethylquercetagetin and for

the 8-0MT, position B of B-hydroxykaempferol. None of these enzymes

reacted qith ph?ny1propanoids, flavones, dihydroflavonols or aﬁy of
their glucosides,

Except for the 7-OMT whose acfivity was ]ost'during
chromatofocqsing, the other enzymes had apparent pl values of 4.8,
5.4, 5.77 and 5.8 for 3-, 4'-, 6- and 8-OMTs respectively. They had
simf]ar molecular weights (M 57,000) and their pH optima varied
between 7.5 and 8.8. Unlike'the 3- and 4'- enzymes, the 6- and 8-0MTs
showed an absolute réﬁﬁ?i:ment for Mg2* whose activation was saturable

and was inhibited by EDTA. ) : |
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The steady state kinetic behavior of the 3-, 4'-, 6- and 8-OMTs

et

-

suggested that all enzymes studied groceeded by a sequential ordered
binding mechanism, whereby both flavonol substrate and the methyf
donor S-adenosyl-L-methionine (SAM), had to bind to the enzyme prior

to any product release. The three enzymes from Chrysosplenium had SAM

and SAH as leading reaction parthers and included an abortive EQB
complex. The Lotus 8-OMT might also have SAM and SAH as leading
reactionxgaétners with an isomerisation of free enzyme or
alternafively it could bind kaempferol before SAM, followed by the | oo
-release of SAH and 8 mgthoxykae;:ferol. ‘
. The in vitro stepwise O-Wethylation of dquercetin
3-methylquercetin -43,7-d1'methy1 quercetin = 3,7,4'-trimethyl-
quercetin, tends to suggest a coordinated sequence of methyl transfers

in Chrysosplenium, Furthermore, tﬁsbi reactions could be controlled

by the respective Knsam/Kisaq ratio .for each enzyme in the
sequence, whereas in the case of the 8-OMT of Lotus the regulation of
enzymé activity could be controlled solely by the concentration of SAH

in the cell.
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A. INTRODUCTION ‘

‘.\

Flavénoid'cqmeounds are widely distributed in theypiant kingdom
and may be cﬁé;acterized by methyl ether substitution at various
positions of the f]avdnoid ring system. Enzymatic O-methylation,
which is catalysed by 0-methy1transferase‘(E.C.2.1.1.6.), Qi]l reduce
the chemicai reacpivity of the phenolic hydroxyl. groups and re&der .
phem lipophilic. \ \’ ’ ‘ -p’

The flavonoid O-methyltransferases, so far reported, are known to

mediate the transer of methyl groups from S-adenosyl-L-methionine to

. the meta or paraAhydroxyl groups of ring B of'f1avones/f1avono1s and

isof1avpnes; More recently, an ortho and A-ring-para directing

O-methy]transfgrase were reported from Glycyrrhiea echinata and

tobacco cell cu1ture;,_respectiQe1y. However, these enzymes catalysed
speci fic, single methylations and did not accept partially methylated
substrates“for further O-methylation. Recent work in this 1aboratorj
demonsz}ated the stepwise methylation of flavonoid substrates,
includin§ quercetin, to various methylated derivatives by partially
purified enzyme preparations oflCa]amondih orange. These enzyme
extracts did not lend themselves to further pﬁriftéhtion and ‘raised
the question as to whether sequential methylation of flavonoids is
catalysed by one or several disfinct eﬁzymes. N

Chrysosplenium americanum accumulates several partially

methylated flavonol glucosides wﬁjch have interesting met?y]
sdbstitutions at positibns\3, 6, 7, 2, 4' andfor 5'. Qur current

interest in the O-methylition of flavonoid compounds brompted us to

-» .
' use this tissue as a source of O-methyltransferases in order to

B )
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study the sequentialkmethylation 9f flavonols, to establish the order
of this O-methylation and to  isolate and purify these enzymes. In

addition, studies with the O-methyltransferase of Lotus corniculatus

which catalyses‘the 8-0-methylation of flavonols, would complement the

I3

studies on the Chrysosplenium system which lacks substitution at tpigN

position, _

vAfthough several fLavonqid 0-methyltransferases have béen
isolated from-différent tissues,}‘ery few studies héve dealt with the
kinetics of these reactions. The omly well known kinetic analysis
from plaqt tissues is that‘of the isoflavone 4'-O-methyltransferase

s - g4
from Cicer arietinum and very recently, there was & report on the ,

vitexin 2"-rhamnoside-7-0-methyltransferase from Avena sativa. These
enzymes were postﬁ]ated to proceed by an ordered bi bi mechanism with
S-adeno;yl-L-methionine and S-adeﬁosy]-L-homocysteine as“léading
reaction partﬁefs. The highly purified 3-, 6- andi 4'-O-methy)-

transferases from Chrysosplenium as well as the B-0-methyltransferase ' \
-7

from Lotus were submitted to substrate interaction and prodhct
inhibition kinetics in order to establish the kinetic mechanisms of

these reactions, in relation to the sequential methylation of

. ' . . .
Chrysospleniuni flavonoids versus the final methylation step in Lotus,

*
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B. REVIEW OF LITERATURE

Qur knowledge of tﬁé biOSyhthesis’of flavonoids has expanded very
rapidly in the last decade. In particular, a great deal has been
Tearned about the enzymology and regulation of flavone and flavonol
glycoside biosynthesis. Therefore, the aim of this review will be to
describe some of the novel ‘enzymes involved in the assembly anq.
modification of the flavonoid Fing with special emphasis on how thesé '

steps may pertain to the bjosynthesis of polymethylated flavonoids.,
9 Co

¥

B.1. Enzymatic synthesis of flavonoids
Grisebach (1) postulated in 1962 thatlflavonoids were syn%hesized

by the successive condensation of a cinnamoyl-CoA ester‘Qith three

molecules of malonyl-CoA and the simultaneous liberation of 3 mol of

C0p (Fig. le). This hypothesis, primarily based on feeding

experiments with 14C-labelled acetate and phenylalanine (see ref. 2

for review),has Eeen widely accepted as a result of more recent work

at the enzymatic level (see ref. 3 for review), )
Much of the enzymology based on the work of the Freiburg group

(2, 3) was carried out using parsley cell suspension cultures

(Petroselinum hortense)., The enzymes of flavonoid biosynthesis shown

in Fig. 1 can be classified into two groups. The first (group 1)
which converts L-phenylalanine to ﬁ-coumaroyl-CoA provides a pool of
precursors, not only for flavonoid biosynthesis, but also fog most
other phenylpropanoid compounds such as 1ignins (4) and cinnamoy)
esters (5). The second (group I1) consists of at least 13 enzymes and

converts phenylpropanoid precursors into complete acylated flavonol
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Figure 1. ﬁi Common” steps in the biosynthesis of flavonoids

(3).

(a) Phenylalanine ammonia-lyase (E.C.4.3.1.5.)
: (b) Cinnam#ie-4-hydroxylase"(E.C.1.14.l3.11)

(c) %-Coumarate-CoA ligase (E.C.l.iZ)

(d) Acetyl-CoA carboxylase (E.C.6.4.1.2.)

(e) Chalcone synthase

(f) Chalcone isomerase (E.C.5.5.1.6.)
G
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glucosides (3). These enzymes have been extensively reviewed in 1975
(2% 1979 (6) and most recently in 1981 (3). -

B.1.1. Chalcone synthase \3 o

Chalcone synfhase (Fig. 1e), ;he key enzyme of flayonoid
biosynthesis, was previously thought to be a flavanone synthase‘(7).
R?bent]y prever,‘a naringenin chalcone was identifigd (8) as the
idﬁédfi%ﬁ product of'the reaction. This important‘}nzyme catalyses the
'sequential condensation of one éﬂﬁecu1e of 4-coumaroyl-CoA with tﬁcée-’
molecules of malonyl-CoA (7, 9). -

The substrate specificity of the purified enzyme for
4-cgumaroy1-CoA, rather than caffeoy! (3,4-dihydro;y- c%nnamoy]) or
feruloyl (3-methoxy-4-hydroxycinnamoyl)-CoA esters (10), indicates
that ring B substitution of flavonoids may be determined at the Cyg
stage and not ét the cinnamoyl level, This was found true for both

the enzymes from parsley (10) and Haplopappus gracilis (11) cell

cultures., The substrate specificity of chalcone synthase also
indicates that furfher hydroxylation of positions other than 5-, 7-
and 4'- as well as subsequent O-methylation, may be catalysed by

specific hydroxylases and O-methyltransferases (OMTs).

B.1.2. hydroxy1ases

The hydroxyl groups which arise during the assembly of flavonoid
rings from their natural precursdrs are usually located at 5-, 7- and
4'- positions (Fig. 1), Others (6-, 8-, 2'- and 3'- or 5'-) may be ‘
substituted prior to the synthesis of the Cyjg chalcone, according éo‘

the “cinnamic acid starter hypothesis" of Hess (12)., However, recent
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evidence showed that modifications in.the substitution pattern may
also take place after the assembly of the‘basic‘flavonoid molecule,
There are two alternative strategies for the inteoduction of a
hydroxyl group into a substrate during metabolism. The first involves
thedéddition of a preformed hydroxyl group ofiginafing from water to
an electron deficient center. The second type, céta]yzed by
oxygenases (13), occurs with oxygen-deficient lipophilic substrates
and involves de novo synthesis of a hydroxyl grohp due to oxygenation

of a substrate with molecular oxygen.

B.1.2.a. Cinnamate-4-hydroxylase (E.C.1.14.13.11) (Fig. 1b)

The second step in the general phenylpropanoid pathway involves
the hydroxylation of trans-cinnamic acid to its 4-hydroxy derivative,
p-coumaric acid, by the action of cinnamate-4-hydroxylase. This
enzyme which was reviewed recently (14), has been established as a
member of the cytochrome P-450 dependent nxygenasesJ(ls-IQ). It
utilizes 1 mole of.NADPH and 1 mole of 0, for each mole of Einnamic
acid as required for a mixed function oxidaset(ls). Cinnamate-4-
hydroxylase seems to be membrane-bound (16, 18-20) and co-migrates
with marker enzymes on sucrose density gradients corresponding with
tHE endoplasmic reticulum. ﬂnfortunate1y, the range of substrafe
specificity for the microsomal preparations from various plant species
that catalyse the 4-hydroxylation of trans-cinnamate has not been

extensively investigéted (21).
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B.l.?tb. Flavonoid-specific hydroxylases

The determination 9? the substitut%on pattern of the B-ring 6f
'f1;v3noids remained for a long time an unsolved question in flavonoid
biosynthesis (2). Early work using a spinach beet phenolase (22, 23)
demonstrated the 3;fhydroxy1ation of naringenin (5,7,4'-trihydroxy-
flavanone), dihydrokaempferol and kaempferotl (3,5,7,4ﬂ-tet}ahydro!y- f‘
flavone). However, this enzyme exhibited broad specificity andh*
accepted p-coumaric and caffeic acids af SUbStr1€§s.

More recently, two 1aborator1e§,w6rking in collaboration (24),
and separately (25, 26) seem to hé@e solved this perplexing questioh.

‘Extracts from Matthiola incapa (24), Antirrhinum majus (snapdragon)

s

flowers (25) and parsely cell cultures (26) were shown to catalyse the
3'-hydroxylation of the B-ring of fldvanones and dihydroflavonols,

. Furthermore, enzymes from flowers of Verbena hydrida (27), not only

catalysed the 3'-hydroxylation of flavanones and dihydrofiavonols, but

also at the 5'-position of these compounds. Enzymes from each source
Y

were found in the microsomal fraction, required NADPH as cofactor and

could be cytochrome P-450 dependent, . ' "
. .

O H '
HO "~ )

Flavanonol

HO HO

H
, Flavone Flavonol

-
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A. majus (25) and parsely cell cultures (26) were also shown to
contain a flavanone oxidase which catalysed the oxidation of flavanone
to flayone. The enzyme preparation from A. majus which catalysed. the
convzrsio;;of flavanone to flavone and of dihydrofiavonol to f]avonq}
(25) was microsomal and required NADPH as cofactor; whereas in pdfsiey

(26), this reaction wasfgiluble and was dependent on 2-oxoglutarate,

e
ascorbate and Fe2* for activity. Thus, two distinctly different

‘" enzymes, am NADPH-dependent monooxygenase and a 2-oxoglutarate-

dependent dioxygenase appear to mediate the oxidation 6f flavanones

and flavonols. Surprisingly, Matthiong incana flowers (24), were

shown to confain a soluble flavanone 3]hydroxylase which also required

e
*t

2-oxogldtarate, Fe2+ and ascorbate as cofactors. This preparatioﬁ
catalysed the 3-hydroxylation of naringenin and eriodictyol (5,7,3'4'-
tetrahydroxyflavanone) to their'respective dihydroflavonols, but did
not mediate the oxidatiep to flavonols. ~

Further charactérisation 6f these preparations is necessary to \'
establish their specificity for flavonoid compounds in comparison with
hydroxycinnamic acids. It would be 1nteresting'to compare the
specificity of cinnamate-4-hydroxylase in microsomal preparations with

that of the flavonoid B-ring-specific hydroxylases (24-27) from these

tissues. Such studies may serve to test the hypothesis that multiple

forms of plant cytochrome P-450 may confer substrate specifiﬁi&y to

the hydroxylase reaction (14, 16).
Nothing is known about the introduction of hydroxyl groups at ' .
positions 6 and/or 8 of the flavombid ring A. Although substitution

at these positions was beljeved to be of less common occurrence
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(2), many reports of 6- and 8- substituted flavonoids have appeared
recently in the literature (28).
The known .example of a flavonoid 8-hydroxylase was reported fyrom

the bacterium Pseudomonas putida (29). This bacterium was grown on

quercetin~(3,5,7,3',4'-pentahydroxyf1pvone) as the sole carbon source,
thus inducing the production éf enzymes involved in the degradation of
this substratg.l The first enzyme in the sequence of degradation' was
shown to be a mixed function oxygenase (29) which introduced a

hydroxy1 a§’C8 of ring A. This enzyme had properties typical .of a
ffavoprotein and required NADH as a cofactor in the reaction. %his
hydroxylation step was necessary for ring cleavage betweeﬁ Cg and the
flavonoid C-ring by a dioxygenase, -the second enzymatic step in
quercetin degraaation. Rings interesting to speculate whether &

similar type of enzyme(s) is résﬁonsible for ring A hydroxylation in.

plants.

B.1.3. F1avonoid-0-méthy1transferases (E.C.2.1.1)

Methyl t;ansfer reactions are catalysed By methyltransferases
which have been shown.yo be of widespread occurrence (30-32) in
nature. Transmethylation has been demonstrated‘with DNA, profefns,
polysaccharides, tRNA as well as other small molecules in animal
systems (30, 31). In plants (32) transmethylation seems to be even
more widespread as evidenced by the vast number of secondary’products
which contain oné or more methyl groups.’ fhis section af the review
will coﬁcern itself with the O-methylation of flavonoids and the l

reader is referred to several excellent reviews on the methylation of

other substrates (30-33).
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The studx of fﬂqvoﬁoid OMTs has 16n9 en complicated by the fact
that p]agt tissues contain another OMT which“ransforms caffeic aeid
(3,4-dihydroxycinnamic) to ferulic acid (3-methoxy-4-hydroxycinnamic).
After a hypothetical 5-hydroxylation of the latter to sinapic acid -
(3,5-dimethoxy-4-hydnoxycinnamig) (32), both qgthOxy acids undergo
reduction to their corresponding alcohols before being polymerized to
1ignin, Caffgic OMT which is *found in most plant tissues 'has been
repofted ;o pgsseés'broad substrate specificity and has often’been
compared to the catechol OMT of animal tissues (34-35). Caffeic OMTs

which did not accept flavonoids as substrates were recently isolated

~

L4

from bamboo shoots, Japanese black pine, soybean tissue culture and
tobacco cell culture (32). The specificity of this enzyme for
phenylpropano%ds was recognized; however,'unlike catechol OMT, it has
never been purified to homogeneity (36, 37) or studied kinetically.

~ Similarly, flavonoid-specific OMTs free of contaminating caffe%c -
OMT have seldom been prepared. Jherefd?e, it was not certain whether
meéhyl ﬁroups were introduced into flavonoids at the phenylproﬁanoid
level, at a later stage during flavonoid Bfosynfhesis, or both, It is
certain, howevel, that\flavonoih-specific OMTs can only be studied
lonce contaminaﬁt}g caffeic QMT has been eliminated through

}

purification.

B.1.3.a. Substrate specificity

[
Until recently, our knowledge of O-methylation by
SAM-flavonoid-OMTs had been restricted to the formation of monomethyl
ether derivatives. These methylations involved the meta-directing

3'-OMT of flavones and flavonols in parsiey (38) and soybean cell

o4

ety
%W%‘i’—;‘ L
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cultures (39) and lgligg anthers (40), the Egsg-ﬂ{r;cting OMT which .
attacked the 4'-position of isof]avones'in ch{ck pea cell culturés
(41)‘and the 7-position of quercetin in tobacco cell culture (42, 45)
and more neéently, the ortho-directing OMT of the retrocha]cbne,

licodione in cultured cells of Glycjrrhiza echinata (44). On the

other hand, O-methylations of position 3 of the heterocyclic'ring, as

well as positions 6 and 8, by specific O-methyltransferases have not

unequivocally been demonstrated. Most of these enzymes (38-43) have

recently been reviewed by Poulton (32) and were shown to-catalyse

single, position-specific methylations on the flavonoid ring.

L

However, none of these enzyme$ has been shown to aqceﬁt paftia]ly

methylated compounds for further O-methylation. The commor occurrence
~

of partially and fully methylated flavonaids (28, 45, 46) raises the
question as to whether multiple methj1q;ions within one type of
flavonoid structure are mediated by gne or several distinct eniymes.

°
Recent work in this laboratory démonstrated the stepwise

.methylation of a number of flavonoid §ubstrates, including quercegin,

to various hgthy!ated derivatives by partially purifies.preparations
of Calamondin orange (47,-48). Furthermore, these enzyme preparatfoﬁs
accepted part1a11y-mefhy1ated f1§von01d substrates and transformed
them to the next higher order of methy1a£ion (48), thus indicating the
presence of several OMTs. Unfortunately, Calamondin enzyme extracts
did not lend themselves to further purification,

) More recently, it was demon;trated that the stepwise methylation

of phosphatidyletﬁano1ah1ne to phosphatidylcholine in rat liver

. A .
microsomes was mediated by two distinct N-methyltransferases; the

67 »
Y J ) . a N

’
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o methyltransferases to changes in the SAM/SAH ratio, found that th%se

'SAH, but with the ratio KmSAM/KisAH3 Furthermore, it was
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first of which was rate-1imiting and required Mg2+ for activity (49). N

Furthermore, Ruta graveolens cell extracts were shown to contain a

soluble OMT system which methylated the 5- and 8-hydroxyl groups of
linear furanocodmarins (50). One enzyme methylated the 8-hydroxyl
groups of xanthdtoxol (8-hydroxyfuranocoumarin) and 8-hydroxybergapten
(5-methoxy-8-hydroxyfuranocoumarin) and the other methylated the
5-hydroxyl groups of bergaptol (5-hydroxyfuranocouma®in) and
5=hydrpxyan£hotoxin (B-meihoxyls-hydroxyfuranocéumarin) (51). These
two exaﬁples demonstrate’thét methylation at different positions of

the. same molecule ma} be céta]ysed by disfinct, posiPion-gﬁéeific

enzymes.,

B.1.3.b. 'Regulation ' " i B I

The in-vitro 1nh1b1t10n of mﬁthyltransferases by ‘S-adenosyl-L-
h0mocyste1ne (SAH) has\¥een extené1ve1y studied as a potentia} .
regulator of b1oTog1ca1 methylation, Mudd et al. (52) were the first

to show that transmethylation reactions which utilize S-adenosyl-L-

methionine (SAM) as methyl donor are sensitive to inhibition by SAH.

Since 1963, the list of methyltransferases that are known to be

o 9 . .
inhibited by SAH has grown considerably. It is now well established

that; with the exception of DNA methylation, all transmethylation
» i!}\

3

. 4% '
reactions that utiliZe SAM as a substrate are inhibited by SAH

(32, 53). | . | | S

Cantoni et al, (53), in descr1b1ng the sensitivity of different

changes did not correlate with either the Ky's for SAM or the Ki's for
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demonstrated that this type of calculation gave a hierarchy of
methyltransferases, some of which were very sensititive to
KmsAM/kiSAH and others which were less sensitive to thig ratio.
Poulton and‘Buft (54) were the first to suggest thét
transmethylation reactions in plahts might be controlled by tﬁe
intracellular SAM/SAH‘ratio. However, the question of which factors .
- control the intracellular level of SAM and SAH is much more difficult

to resolve, These two important metabolites have been measured in

¢

plants (55, 56). Their levels, which were similar to those of animal . -

systems (53), were low and within the same orders of magnitude’
(SAM/SAH = 1.5, SAM concentration = 0.04 umoles/g fw). Thesé
observations, as well as the potent inhibition observed;wﬁth SAH for
most methyltransferases (32, 53), demonstrate the requirement for
. strict regulation of SAH within the cell, e
Cleavage of SAH by SAH-hydrolase (E.C.3.3.1.1.) is the only kﬁown
pathway’for SAH metabolism in plants (57). This enzyme has been
“demonstrated in several pTant tissues (56) and has'been partgalfy
‘purified from spinach beet (58) and tq homogeneity from yellow-lupin
seeds (59). 1t has been suggested (32, 53) that SAH concentration—and
thué, the rates of methylatjon could pe‘éegu1ated by SAH hydrolase.
| The evidence for thiéﬁ?E\very convincing in animal systems (53),
whereas it haﬁ not unequivbca]I& been proven in plants (32).
SAH hydrolase from lupin seeds (59)‘resembled the enzymes from
rat liver (60) and yeast (61) in showiné high specificity for both
L-homocysteine and adenosine, In addition, all SAH hydrolases studied

.
were shown to strongly favor SAH synthesis (58-61). The equilibrium
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could be shifted towards the hydrolysis of SAH if the concentration of
t,

producfs were kept low (58, 60). It has been suggested that the in

vivg levels of these products could be decreased via remethylation of

homocysteine 'to methionine py tetrahydro-pteroylglutamate methyl-
transferase (62, 63) and the conversion of adenosine‘to ADP by the
successive action of adenosine kinase and adenylate éinase'(SB):
However, this hypoth?sis has noplbeen tested in plants, and there is
no clear indication of its’contribution to the reghlatory mechanisms
by which the cell catalyses different methylation reactions, :

. Whereas several QMTs have beén'shown to transfer methyl groups
from SAM to flavonoids (38-46), inhibition of the reaction by
methylated products has not been extensively stydied. 2The
detgrmination of inhibition congtants for the methylated pro&hcts, as

compared to the Kg for the flavonoid substrate, could be important in

-assessing the contribution of these terms to the overall rates of

meéthylation observed. For this reason, it is-difficult to understand

A . “

why fhese types of studies have not been performed (32).

AY

B. 1 3.c. Loca11sat1on studies: the SAM pathway ‘

The subce]]ular Toca]vsat1on of the enzymes respon51b1e for the
conversion of aspartate to g-pposphohomoserine (Fig. 2) has been shown .
to occur within the chloroplast (64), though it was notnknown whether
these enzymes occured in other cell fract%ons. Conclusive e;idenée
for the localisation of these enzymes including homoserine kinase, .
cystathionine y- synthase and cystathion1ne g-lyase (Fig. 2) tn the

chloroplast was presented by Wallsgrove et al, (65). However, the

~ enzymes responsible for further metabolism of homocystéine to \
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Figure 2.

LI

Ltocalisation of the pathway of‘S-adenosy1-L

methionine biosynthesis (65).

/

(1) Aspartate kinase, (2) Aspartyl semialdehyde

,dehydrogenése,.(3) Homosprine dehydrogenase,

(4) Homoserine kinase, (5) Cystathionine«y
. »

-synthase, (6) Cystathionine-g -lyase, (7)

* Methionine synthase (8) Methionine adenosy)

transferase, (9) Methyltransferase, (10) .S-
Adenosyl-L-hohocystefne hydrolase. PgMeHyF is
Pgﬁyg1utamy1-5-methy]tétrqhydrofo]ate

25
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methionine and SAM (Fig. 2) (65) could not be localised within éhe
chloroplast. The inability of plastids to synthesize SAM was also
demonstrated when isolated cucumber etioplasts (66), which are
dependen} on exogenous SAM for the methylation of ‘Mg-protoporphyrin X,
. could not carry out this reaction in the presence of methionine and
ATP. —_—

Figure 2 shows the suggested localisation of the SAM pathway.
A1l the enzymes necessary for homocysteine biosynthesis are contained
in the chloroplast, which is also the site of incorporétion of
inorganic sulfur into cygteine (56). However, the synthesis of
methionine and SAM takes place in the c&top]asm. [t is interesting to
note that the only enzymes found in animal cells, methionine synthase
and methionine adenosyltransferase (Fig. 2), are precisely those not

located in the chloroplast (65).

o

B.1.3.d. Loca1isat16n studies: enzymes of the flavonoid pathway.

The enzymes of the phenylpropancid pathway and flavonoid
biosynthesis have been postulated to occur within the plastids (67-68)
with the subsequent transport of completed flavonoids to the vacuole
(69). On the gther hand, the cytosol was shown to be the main site of
chalcone synthase, cha\cbne-ﬁ\avanone isomerase and UDP-glucose:
anthocyanidin 3-0-glucosyitransferase activities in Hyppeastrum and
Tulipa spp. (70). Similarly, the activities of SAM:caffeic acid OMT,
flavanone synthase, UDP:flavonoid 3-0-glucosyltransferase and
SAM:quercetin OMT could only be detected in the cytoplasm of peas,
green beans, spinach and red cabbage (71). These workers concluded

that chioroplasts are not involved in flavonoid synthesis,
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A recent étudy bj Charriere-Ladreix et al. (72) claimed that the .
stepwise O-methylation of quercetin and queﬁcetagétin (6-hydroxy-
quercetin) was catalysed by spinach chloroplast envelope, whereas the
chloroplast stroma contained a soluble caffeic OMT. However, spinach
contains only trate amounts of methylated flavonoids (73, 74) and
Tow levels of caffeic-OMT and quercetin-OMT (71). Furthermore, the
claim that the chloroplast envelope was the site (72) of multiple
methylation of flavonoids was based oé assays containing 700 ug

protein which converted about 4 nmoles of quercetin or 8 nmoles of

" caffeic acid to their methylated products within 30 min. This

represented less than one and two percent of the respective quercetin
and caffeic OMT aciivities,~present within the whole tissue (713.
These results could easily be attributed to cytoplasmic OMTs
contaminating the 'purified' chloraplasts and therefore, could be
artifacts of the preparation. Furthermore, these workers (72) failed
to give convincing evidence for the identity of the radiolabelled

products which were synthesized by this system.

B.2. Enzyme kinetics'
Very few studies have dealt with the complete kinetic analysis of
enzymes catalysing methyl transfer reactions, most of which were

reported from animal systems (75-79). The best characterised of the

methyltransferases, catechol-OMT, catalyzed the conversion of

epinephrine to metanephrine and paranephrine. The kinetic mechanism- -
derived for the catechol -OMT involves random addition of substrates

and release of products. Furthermore, the formation of a dead-end
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’comp]ex‘between the enzyme, methyl acceptor and methylated product
"was postulated in order to explain tﬁe product inhibition patterns
observed (75). A ping pong'mecﬁanism for histamine-N-methyl-
transferase (76) was proposed on the basis that substrate interaction
kinetics gave paral?gT lines in Lineweaver-Burke plots. However,
these studieg alone cannot exclude a sequential binding mechanism
(79). Similarly, two out of five charge-isoenzymes of rabbit adrenal
norepinephrine N-methyltraﬁsferases (77, 78) gave parallel lines in
substrate interaction kinetics. However, these authors postulated an
ordered bi bi mechanism with SAM and SAH as leading reaction pértners
and containing one or more dead-end complexes, based on product
inhibition studies (78). g

Although plant systems catalyse various types of methylation by
specific methyltransferases, no comp\ete‘kinetic aﬁa\ysis 1nvo1v1n§
initial yelocity and product inhibition- studies has been reported.
Most of the work carried out on plant enzymes demonstrated thét SAH
was a potent competitive inhibitor 'versus SAM at physiological
concentrations (32).

The isoflavone-4'-0-methyltransferase isolated from Cicer
arietinum (41) was postulated to proceed by an ordered bi bi mechanism-
with SAM and SAH as leading reaction partners. However, p;Sduct
inhibition studies using the methylated isoflavonoid product were not
carried out because of poor solubility of this product, Evidence for
a sequential binding mechanism was also obtained for SAM:Mg-
protoporphyrin methyltransferase isolated from Eug&ena (80), although

the nature of binding was not determined. Indirect evidence -for an

v
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ordered binding mechanism was shown by Sharma and Brown (51) for the
5- and 8-hydfoxyfuranoconmar1n methyltransferases as well as caffeic-

OMT from Ruta graveolens cell cultures. It.was found that the latter

enzymes codTH\on1y bind to xantﬁéfoxin- and ferulic acidpimmobilized
Sepharose .columns, if SAM or SAH was present in the irrigant buffer,
It was concluded that each of these enzymes had to bind SAM or SAH
before it could bind the phenolic substrate and therefore a

compulsory, ordered kinetic mechanism was proposed (51). .

B.3. The stereochemistry of methylation

Stereochemical studies can contribute significantly to our
understanding of the mechanism of enzymatic reactions, Enzymatic
processes, unlike non-biological reactions, are a1mo;t‘a1way;:
‘stereospecific since the enzyme must orient reaction partners within a
rigid conformation in order to achieve high rates of reaction and high
degree of substrate specificity. This fact perm1t§ the use of chiral
groups.to determine the orientation of transfer and thus, to
di;tinguish between sequential and ping pong mechanisms (81).

Two laboratgries, those Bf Arigoni (Zurich) and Floss (Ohié
State), have recently initiated studies on the stereochemistry of the
enzymatic transfef of chiral methyl (H,D,T) groups from SAM to various %
substrates, Six methyltransferases were studied (82-86) and in each
case, the transfér‘occurred with inversion of configuration of the
methyl group; thus precluding a ping pong mechanism and methylated-

enzyme intermediate. This suggested a common SN» mechanism where the

methyl donor and methyl acceptor would have to bind to the enzyme
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active s%te prior to any fproduct release. This is consistent with a
sequential mechanism in which a ternary-SAM-methyl acceptor-complex
was formed. “
Thus, in the case of methyltransferases several enzymes which'
catalyse methyl group transfer to carbon (84-86), sulphur (86),
nitrogen (84) or'oxygen'(SZ, 83, 86) nucleophiles do so with the same
sterebchemistry. This increases the possibility that the steric
course of methyl.transfer is dictated by its mechanism and is in
agreement with the sequentfa1 binding of substrates postulated for
several methyltransferases through steady state enzyme kinetics (41,

51, 75, 77, 78, 80).

B.4: The regulation of flavonoids in plants

It is apparent from previous reviews (eg 87) that flavonoids may
function in higher plants as attractants of .agents involved in
pollination. Some have Specu1atéd that flavonoids act as prétective
substances against UV 1ight (88) or infection by phytoggthogenic
organisms (89). It is also well established that flavonoid 1eve1§ may
vary greatly duriné défferent stages of plant development (90), thﬁs '
providing evidence that the plant actively controls the biosynthesis
agd degradation of these compounds,

Irradiation with ultraviolet 1light has been shown to induce the
enzymes of general phenylpropanoid metabolism .(Group I, Fig. 1) and of
the flavonoid glycoside pathway (Group II, Fig. 1) in cultures of
parsiey cells (91). This coordinated induction of enzyme activities

was attribued to de novo synthesis of subunits and assembly of these
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enzymes (92-94) and not to an activation-of preformed inactive

proteins, These results have been extended to Phaseolus fhlgaris (95)

as well as other systems (96) indicating that the phenomena observed

in parsley cell cultures may be widespread. 1t is believed that

‘ methyltransferases, which belong to Group II, would also be induced in

a similar fashion (3), although this has not been studied in these
systems,

The enzymes of Group I could be induced m'ore rapidly wheh parsley
cells were treated with an 'eh‘citor.' from the phytopathogen,

Phytophthora megasperma (97). The enzymes of group II were not

induced under these conditions. Instead, the accumﬂation of linear
furanocoumarins (phytoalexins) in response to.the elicitor treatment
(97,  98) suggested the existence of a third ‘grOUp of enzymes which
might be involved in an elicitor-specific, 11’ght-indepéndent pathway.
Thus, each signal (UV irradiation or treatment with elicitor)
appears to trigger the formation of one class of compounds (UV

protective flavonoids or antimicrobial phytoalexins) whose potential

»

~function is to protect the plant against possible damage by the ¢

“induci'ng agent. The nature of these triggers &not well understood;

however, their elucidation should coftribute to the understanding of
AN
these phenomena, as well as the controls requlating secondary

metabolite synthesis in plants,

e .
- oy Mg Y B
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C. MATERIALS AND METHODS

»
-

C.1. The plant material_

T C.1.1. Chrysosplenium americanum -

Chrysosplemum comprises 55 .speci es that .are widely distributed
in the northern hem1sphere. Tms genus: is charactemzed by a mgh
degree of flavonoid O-methylation andy "in “several specues the
occurrence of unusual subst_itution with hydroxyl and/or xnethoxy] '

groups at positions 6 and/‘\o"r:. 2' (99-101).

~ . »

C. americanum, wh1ch bccurs 1n eastern North America, accumu]ates

a variety of tri-; tetra- and penta 0-methy1ated f]avonols which are .
b}

derived from quercetln and querfetagetm (6-hydroxy quercetm) both

with 2'-substitution (102) as showp in F1gure 3. These, compounds,
\ 1y
. which are of relatively rare d1str1but1on oc'cur*as 2'-/5"-

. monoglucosmes, together wvth smaHer amounts of the1r free
a\gycones Conspicuous by theu‘ abse-nce are the early methylated
. intermediates (mono- and dmethﬁquercetin and -quercetagetm)

indicating that these hare rapid]y transformed 1nto final products in

- L)

vivo (102) L~ *:\ \',( .:, ’ ‘

Our current pterest in the 0-methy]at1on of f’lavonoid compoundsz"}
b
(42, 43, 47, 48) prompted us t0. use C. americanum as 3, source of OMTs

because of its unusual methy1 substitution at pos1tions 3,6, 7,-2' 4' .

and/or °5' TF‘rg/ 3). Early work in this 1dboratory demonstrated that: , °

»

when [2-14C]-cinnamic ac_id was administered to leaves, the polymethy-
lated flavonol glucosides were labelled within 30 min. (Fig 3 and
Append1 x Fig.'l) This demonstrated the presence of the whole pathway

and indicated that aH the enzymes catalysing these reactions ;

v
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“Structural formulae of the six highly 0-

methylated flavonol glucosides of -

Chrysbsplenium americanum' (102).

‘

This tissu&,contains two- 2' - -0-D- g]ucos1des of
“ad
partially methy1ated 2'-hydroxyquercet1n and

methylated 6-hydroxy and 6,2'-dihydroxy-
queaaftin. Note that since the 2'-pos1tion ¥s
subst1tuted then‘number1ng of the o-dihydroxy
grouping on r1ng B becomes 4‘, §' instead of
3',4" since pqth 3'- and 5'- positions are
1de;tical.'
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were present in this tissue. The potential of this system was

' recently demonstrated by the characterization ‘of a glucosyltransferase
(103, 104) that catalysed the last step in the biasynthesis of these

L

compounds (Fig. 3).

C.1.2. Lotus corniculatus

Lotus corniculatus, a gcommon legume, is}@i&e]y‘digtributed in tﬁe
pastures of temperate regions and has been the éupject_of many studies
y with the aim of improving its fodder quality (105). It represents an
interesting example of the‘Bntogeny of 8-substituted f]avbnoié in its
vegetative and flowering parts. ' The leaves contain the flavonol |
- aglycones: kaempferol, quercetin and isorhamnetin (3' -methyl-'

? ﬁdercetin),-whereas the flowers accumu]atg'iheir 8-methoxy-
deerat{ves: 8-methoxykaempferb1, 8-methoxyquercetin and 8-methoxy-
1sorhaﬁnet1n (Fig. 4) (106). .

Since the methoxy]lgroups at position 8 and 3' of Lotus flavonols
represent meta-methylation of r{ngs A and B, respectively, it was
interesting to find out whether éoth }eactions are catalysed by one or

two distinct OMTs. Furthermore, the stuqy of thé 8-0MT in Lotus

cgmplement% the work on Chry%osp]enium which lacks subsfith;ionvat fhe

fé-postgion.

€.1.3. Growth conditions of plant material
C. americanum was collected from Sutton Junction, Province of
. Quebec, where it thrives in wet bogs, under diffuse light and cool

temperature, . In order to simulate its naiura]«habitét, the plants
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were installed in a~compartment of the glass house, equipped with a
netting material designed to decrease the light intensity by more than
half during the summer moftths (May-September) and by 25% in the winter

months, Tge temperaturé ranged bé%@een 15-20°C (September-May) and

20-25°C during the summmer months. The plants (Fig. 5) were grown in

flat plasfic containers (25 x 36 cm) that were filled with a potting

s011-peat moss mixture (3:1) and were kept flooded with water at all

Ctimes.

¥
Both vegetative and reproductive parts of L. corniculatys were
‘obtained from glasshouse-raised plants aé well as the Agriculture
Eﬁperihental Farm of Macdonald College, McGill University;“ The plant

material was collected in liquid nitrogen until required for enzyme ;
;

L4
L4

extraction, ‘ '

C.2. Chemicals
? S-Adenosyl-L-[14CHz] methionine (60 mCi/mmol) was purchased from
Amersham (Oakville, Ontario); cold SAM and SAH were obtained from
Boehringer Mannheim (Germany). Most commerciaf]y unavailable ;
flavonoid compounds were generous-’gifts from Dr. M. Jay, University of
Lyon and Prof. E. Wollenweber, Darmstadt, Other flavonoid substrates
were purchased from Roth (Kar}sruhe, Germany) and Sarsyntex (Bordeaux,
France) and were further purified by recrystallization o; preparative
TLC. Sephacryl S$-200, Sepﬁadex G-100, Polybuffer ion exchanger
(PBE-94) and Polybuffer (PB-74) were purchased from Pharmacia Fine
Chemicals (U&psala, Sweden), Hydroxyapatite (B1o§e1 HT), Bio-Rad

protein reagent, Acrylamide (99%) and bis Acrjlamide were from

-
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Figure 5. _Photograph of'Chry50§p1enium Americanum

This tissue was grown under glass house

conditions as describéd in section C.1.3.

40
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Bio-Rad (Richmond, CA). SAH-Agarose was from Bethesda Research Labs
(Gaithersburé, MD), sodium dodecyl sulfate from BDH chemicals,
commercial Polyamide 6:MN TLC plates and Polyamide powder from
Bfinkmann Instrument (Mississauga, Ont.). A1l column chromatographic
.supports were ppepé?ed according to manufacturers' specifications for .
subsequent use with énzyme purification, Vlmidazole_yas recrystallized

from ethyl acetate. A1l other chemicals were of analytical grade.

.

C.3. Characterization of 3-, 6-, 7- and 4‘-0ﬁfs from Chrysosplenium

C.3.1. Preparation of crude extracts
Unless stated otherwise, all purification stéps were carried out

at 2-4°C. Young shoot tips (ca 90 g) were frozen in liquid Ny and
mixed with Polyclar AT (10% w/w), then homogeni;ed in-a blender with
500 m! of 0.1 M phosphate buffer, pH 7.6, containing 5 mM EDT;, 10 mM
DIECA (diethyl ammonium diethyl-dithiocarbamate) and 14 mM
2-mercaptoethanol. The slurry was filtered through nylon mesh and the
filtrate was centrifuged for 15 min at 20,000 g. The supernatant was
stirred with Dowex 1 X 2 (10% w/v) which had previously been
equilibrated with 0.1 M phosphate, pH 7.6. The filtrate was
\fractionated with solid (NHg) S04 and the protein fraction which
precipitated between 30-70% was collected by centrifugation at

20,000 g for 10 min.

C.3.é. Chromatography on Sephacryl S-200

The protein pellet was resuspended in 10.5 ml of 25 mM
\

imidazole-HC1, pH 7.4 containing 10% glycerol’, 14 mM 2-mercaptoethanol

¢

4
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~and 0.5 M NaCl (buffer B) and 10 m1 were chromatographed on a
Sephacryl S-200 column pre-equilibrated with buffer B, The column was
~developed for 20 hours using buffer B at a flow rate of 29 ml/hr and

145 fractions were collected (4 ml/fraction). Enzyme assays were

- -

conducted against the five flavonoid substrates shown in Figure 6.

The remaining 0.5 ml was desalted oni a Sephaé;x-GZS column (1.5 x
25 cm) pre-equilibrated with buffer C‘(buffer B without NaCl) piior to
determining the enzyme activity of the partially purified prégéﬁégion.
Preparations could not be assayed before Sephadex-~G25 chfomatograbhy
because of the high background counts obtained in control assays.
However after passage on Sephadex-GZS, this high background was
totally eliminated. It was concluded that DIECA was the cause of this

problem (Table 1), since its inclusion in asSays with desalted enzyme

resulted in the appearance of high background radiocactivity.

€.3.3. Fractionation on hydroxyapatite

’ The PMT activity (40 m1) recovered from the Sephacryl $-200

" column w;s applied onto hydroxyapatite (3 x 3 cm) which had been
pre-equilibrated with buffer C. The column was washed'with buffer C
(25 m1) until the optical density at é80 returned to base level.
Enzyme activity was eluted (32 ml/hr) from the hydroxyapatite column
using a linear gradient of phosphate (0-100 mM) in buffer C. Seventy
‘fractions were collected (2.8 ﬁ]/fraction) and assayed agaipst the

five different substrates,

s
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‘Figure 6.

Substrates used to assay for the 3-, 6-, 7-

and 4'-0MTs of Chrysosplenium

Quercetin (Q) to 3-methyl Q

3-methylquercetin to.3,7=dimethy1 Q

* 3,7-dimethyl Q to 3,7,4'-trimethyl Q

3,7-dimethylquercetagetin to 3,7,4'
trimethylquercetagetin or 3,6,7-trimethyl-
dueicetagetin ’

3,7,3'-trimethylquercetagetin to 3,6,7,3'-

" trimethylquercetagetin
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H W OH OH H H OH H .
Figure 6A.

Structural formulae of other potential substrates

Quercetin
Quercetagetdin
Kaempferol
Myricetin
Gossypetin
Luteolin
6-Hydroxyapigenin

for 0-methylation by Chr&sosplenium‘and Lotus

enzymes.
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Table 1. Effect of DIECA on the-assay of Chrysosplenium OMTs

46

a

Substrate - Enzyme activity (dpm/assay)b

plus ImM DIECA

minus DIECA",
-

None 7800

Quercepiﬁ/(o) ' 6000
3Methyl-Q - 1600
3,7-Dimethy1-Q © 5300
'Quercetage%in (Qg) 4000
3,7-Dimethy1-Qg 8400
3,7,3'-Trimethy1-Qg 6200

+ 290
4500
750
3600

500'
6700
4400

—=

qpartially purified enzyme preparations~(§ection'c.3.1.) were

.desalted .on Sébhadex 6-25 in order to remove DIECA that was

present in the grinding“buffer.

bStandard enzyme assays were performed as described in ‘the

Materials & Methods sectioh.

T ews
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L£.3.4, Chromatofocusing on Polybuffer ion exchanger, -

“enzyme (38 to 50 ml) was subsequently applied to hydroxyapatite as }

¢

Each of the two major OMT peaks eleted from hydroxyapetite were 49
subjected to chromatofocus1ng on a Polybuffer fon exchanger co1umn
(1 x 20 cm) which had been pre-equ111brated with buffer c. The enzyme
act1v1ty was eluted with Polybuffer-94 which generated a 11near, 200
m) Qradlent of»pH 7-4, The elut1ng buffer consisted of

Polybuffer-94:water (1:8) containing 20% glycerol and 10 mM

. 2-mercaptoethanol and its pH was adjusted to 4 with dilute HCI., A

total of 70 fractions (3 ml/fraction) were collected at a rate of 70
ml/hr and assayed for OMT activity against the different substrates.
C.3.5. Removal of contaminating polybuffer

After chromatofocusing on Polybuffer 1on exchanger each purified

&
described in C.3.3., in order to eliminate contaminating polybuffer
and to concentrete each'OMT. ‘After -enzyme application, the column was
washed with buffer C (25 m1) and the enzyme activity was eluted

batchwise with 0.2M phosphate buffer pH 8, containing 20% g1ycefo{ and

5 mM DTT. Enzyme activity was recovered in a total volume of 6 ml,

-

C.4. Characterization of Flavonol 8- and 3'- OMTs.from Lotus
C.4.1.a. ONT aceivity in different organs

Leaves, apical meristems or flewer buds were obtained from nggéj
in order to characteriz% their OMT activities. Oﬁe gram of each
material was pulverized in 11quid'n1trogen and E;e enzymes were

extractedsusing 3 m of buffer A as described in section C.3.1.

)
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However, these extracts were not submitted to (NHy)pS04 fractionation:

1nstead they were desalted on Sephadex G-25, as in sect1on €.3.2.,

and were subsequently used for enzyme assays.,

C.4.2. Preparation of crude extracts

Flower buds (2;9)%w5?e frozen in liquid Np, ground to a fine

" powder with Polycla/ AT (20% w/w), then homogenized in ‘buffer A

(1:5 w/v). A1l subsequent procedures were performed as described in

”

section C.3.1. \

C.4.3. Chromatography on Sephadex G-100‘ .
The protein pe]]et (section C.3.1.) was resusbended in buffer C
and chromatographed on a Sephadex G-100 column which was
prg}ﬁqu1]ibrated in the same buffer. Enzyme act1vity was eluted with
buffer C at_a flow rate of 20 m1/hr and 100, 3-ml fractlons were
collected. Eﬂnge assays were performed with 8- hydroxykaempfero] and

quercetin as substrates for the 8- and 3'-OMTs, respectively.
V:v
C.4.4, Chromatofocusing .
" The enzyme acttvity from the Sephadex G-100 column (35 ml) was
applied on a Polybuffer fon exchanger as was described in section

C.3.4, The 8- and 3'-ONTs were freed from contaminating ponbqffer.

and concentrated as described in section C.3.5.

C.5. Purification of 8-OMT from Lotus

a

Two thousand young flower buds (ca 20 g) were used in order to

purify enough 8-OMT for kinetic studies. The protocol followed was

o

48
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similar to that described in -section C.4. up to and including the

Sephadex G-100 step.

’

C.5.1. SAH-Agarose chromatography

The prote1n ‘fractions from Sephadex G-100 conta1n1ng high OMT ' ' .
activity were pooled and chromatographed on a SAH- Agarose column | .
(1 x 5 cm) which was pre-equ111bra§ed with buffer C. The column was . .
washed with 100 ml1 of bufferlé-and thé'enzyme activity was e1uf§d in 3.

A /

ml fractions using a 1inear gradxent of NaC (0-1M) in buffer C

c.5.2. Chromatography on hydrokyapatfte'
The active fractions from the SAHQAgarose column were pooled and

applied to hydroxyapatite as described in section C.3.3.

€.5.3., Chromatofocusing
Thé. enzyme protein from the hydroxyapatite column was L
subsequently bound to Polybuffer ion exchanger as describgd in section
C.3.4. HdwéQér, this column was p;g-equilibrated in 25'mM histidine,
pH 6.4, 10% glycerol and 16 mM-z-mercapteotﬁanoi, instead of buffer
C. In addition, tpe'pH of Po]ybuffer Q?E'adiu%ted to 4.8 instead of
4 and a linear gradient of pH 6-4.8 was generatéd. Active fractions

" were pooled and concentrated as in section C.3.5. | S .
C.6. OMT assay . ) R o
’ . o .
The assay for OMT activity was performed as described previously
by Tsang and Ibrahim (42) using S-adenosyl-L-[14CH3]-methion1ne as
methyl donor.: The standard assay mixture consisted of 1 amole of the

~ phenolic substrate (dissolved in 10 ul of dimethylsu]foxide) 0.7
1 i .

'
\ . . Y ' ) '
LY - ¥
' R .
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nmole of SAM (coptaining 25 nCi), 1.4 ymole 2-mercapteothanol and the
enzyme protein, The assay was carried out 1n'a fiﬁaluvdiume of 100 l
containing 0.1 M phosphate buffer, pH 8, and the reaction was started
by the addition of enzyme. The reacfion mixture was incubated at 30°C
for 30 min in a constanf temperature water bath and the reaction was
Qerminated by the addition of 20 ul. of 6 N HCI,

“The O-methylated products were separated from unreqcted SAM by

extraction with 250 ul of benzene-ethyl acetate (1:1) ﬁnd shaking in

an Eppendorf rotary shaker for 2 min, The organic phase containing

" the methylated products was separated from the aqueous layer by a 2

min cenFrifuga;ion using én Eppendorf centrifuge. An aliquot (100 wl)
of fhé grganic layer was transferred to pjastic sciptillation vials
(Beckman Bio‘Vials) together with 2.5 ml scintillation fluid (5 g

PP0/1 of toluene) and was counted for, radicactivity using a Na]lgc LIEEr

.model 1215 Rackbeta Liquid‘Scinti\laiion Spectrometér which was

programmed with a quench correction curve,

C.6.1. Efficiency of extraction of reaction products ‘
IQ order to estimate the percentage recovery of'the'hethylated
flavonoid product after extraction with ethyl acetate-benzene mixture,
_several assays were performed with the purified 3-, 6-, 8- and ¢
and 4'-0MTs,and their radioactive products counted. Therefore,
3*.methylquercetin, 3,6*,7,3'Ltetram;thy1quercetagetin, g*-methoxy-
kaempferol and 3,7,4'*-trimethylquercetih of knpwn radiocactivity were
p]aéed in separate Eppendorf vials and the organic solvent was allowed

to evaporate, OMSO (10 wl, 50% v/v) was added to each vial followed
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Table 2. Effect of the extraction procedure on the recovery of
f]avonojd products
Percent Recovery
Volume: 3Methyl-  3,6,7,3'-Tetra-  3,7,4'-Tri-
‘P{P])a‘ quercetin methylquercetagetin methylquercetin
\ 3

50 95 - 104 v 92

100 107 100 : 99

150 103 99 76

200 104 101 ' 100

250, 106 100 — 98,

300 103

9% . 99

a Fifty ul of the prganic layer contained 1250, 1850 and 1750 dpm

7

. of labelled 3*-hethy1quercet1n, 3,6%,7,3'-tetramethylquercet-

agetin and 3,7,4'-trimethylquercetin, respectively (*, 14CH3).
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by phgsphate bhffer (90 w1). Each tube was then précessed according
to the procedure outlined in section C.6j ’ /

l Table 2 shows that nearly 100% of the radioactivity was
rgcovered, irrespecti&e of the actug\ amounts of radioactive product
present (marged*) or the position of methylation on the flavonoid
ring. Similar results were obtained when 10 31 DMSO-water (50% v/v)
containing the respective flavonoid substrate was added to the

radioactive product,

-C.6.2. ldentification of reaction products .

The reaction products of each’ enzyme studied were subﬁected to
similar procedures for identification purposes. Several a§§ays.wefe
performed in order to.obtain enough radioactive products %or
autoradiographic analysis. The products were evaporated to dryness
and dissolved in 50 wl of methanol;tthen chroma;ographed on commercial
Po]yamide-é MN TLC plates in different sglvent systems (described in
figure legends)., The identity of methylated products was confirmed by

co-chromatography with reference compounds(Table 3), visualisation in

UV-light (366 nm) and by autoradiography on X-Ray film,

C.7. Analytical gel electrophoresis
Standard 7.5% polyacrylamide disc gels were prepared according to

Davis (107) and were used to establish protein profiles during .

run in the cold room when enzymes were to be extracted for

N

determination of activity profi]eﬁ. k

B

e
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Table 3, Identification of reaction prpducts of Chrysosplenium

L3
1

OMT activitya

\ ..
Flavonol C Reaction prodﬁcts?
substrate Methy " Rf values (X100)¢
substitution = Solvent A Solvent B
4
Quercetin . 3- - ~ 18 52
3-Methylquercetin 3,7- , 53 75
3,7-Diféthylquercetin 3,7,4'- 80 75
3,7-Dimethylquercetagetin 3,6,7- o 63 80
' | 3,7,4'- 68 85"
3,7,3'-Trimethylquercet-  3,6,7,3'- 84 90
‘agetin )
a

on Sephadex G-25. The standard enzyme assay was used as was

described in the Methods section. s

reference compounds, visualization in UV-1ight and autoradiography.

¢

butyl acetate- formic acid (25:50:23:2) and B, benzene-methyl ethyl

ketone-methanol (4:3:3).

Partially purified enzyme preparation (Section C.3.1.) desalted

The reaction products were identified by co-chromatography with

On Polyamid-6 MN TLC plates in solvents: A. toluene-ethyl formate-

4
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When the latter protocol was used, the géls were sliced with a
razor blade into 5 mm segments and each s]icé‘was transferred to an:
Eppendorf tube. Each slice was then extracted with 250 ul of 0.2 M
phosphate buffer, containing 10% glycerol and 5 mM DTT. Gel slices
were macerated in th}ﬁs;;ffér using a glass rod until a fine pulp was.
produced and the gels were stored o&ernight at 4°C prior to enzyme
assay. Enzyme .assays were performed as described in section C.2.1.

using 100 ul of each extracted fraction,

C.7.1. Sodium dodecyl sulfate PAGE (SDS-PAGE)

SDS-PAGE slab gels (20 ¢cm x 20 cm) were prepared as described by
Laemli (108) and were used to establish protein profiles under
.denaturing conditions at hifferent stages of OMT purificaton. SDS

gels containing 11% acrylamide were routinely used for this purpose.

f

"C.8. Molecular weight determination '
The molecular weights of both crude and purified enzymes were
determined by gel filtration on a calibrated column of Sephacryi S-éOO

(section C.3.2.). The column.was equilibrated in buffer B and
proteins were eluted using this buffer. The column was previously
calibrated with a number of standard proteins, and the void volume of
the column was determined by elution of a sample of blue dextran
(108). OMTs were routinely applied together with a standard protein
to ensure the reproducibility of the system. The Ky, values for the

proteins used were plotted against their molecular ‘Fights on a
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logarithmic scale. The Kay Of each OMT was then calculated using
Ve - Yo

" Kay =
V¢ - Vo

where Vi = total volume, Vo = void volume and Vg = elution volume,

C.9. Localisation of OMT activities on sucrose gradients
The method of Beevers‘et al. (110) was used to isolate organelles

on sucrose gradients. Five grams of Chrysosplenium leaves were placed

in a petri dish containing five ml of grinding buffer consisting of
150 mM tricine, pH 7.6, 10 mM KCL, 1 mM MgClp, 1 mM EDTA and 13% (w/v)
sucrose (Buffer D). The leaves were chopped until the tissue was
finely ground then. filtered through ; nylon mesh (300 micron mesh
size) and the filtrate was centrifuged for 5 min. at 500 g to remove
cellular debris. The supernatant was applied on top of a linear
SUCFOse gradient in buffer D (without sucrose). This gradient was
constructed in 25 ml Polyalomer centrifuge tubes with a 60% (@/w)

sucrose cushion (4 m1)'fo1]owed by 16-60% (w/w) linear sucrose

gradient (18 m1) and 2.5 ml supernatant. The gradients were placed in .

a 3 x 25 ml swing-out rotor (cat. no. 43127-104) and centrifuged in an
MSE Superspeed 7% Ultracentrifuge at 60,000 g at 4°C for 2 hr,

After centrifugation, the bottom of each centrifuge tube was
taped with maskiqﬁ tape, theq punctured with a 15 gauge needle and
drops were collected at the open end. Fractionsnwere collected (0.7 ‘

ml) and assayed for OMT and glucosyltransferase activities. Relative

cthlorophyll absorbance was measured at 670 nm. ~Each fraction was
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subsequently extracted with ethyl acetate-benzene (1:1) and the
organfc phase was evaporated to dryness then chromatographed on
Po]yanﬁde TLC plates. The so]veqt system used permitted the
separation of chlorophylls }run pof}methylated flavonol g]ucoside;.
The latter could be visualized under Uv-iight and thus permitted their

localisation on the sucrose gradient, R

C.10. Analysis of kinetic datg

Kinetic data were ana]yzéd using the nonlinear regression
computer program as descr}bed by Duggleby apd Dennis (111). All of
the substrate interaction data were fitted to both 6f the following

equations:

Vv = VmaX I

1 + (Ka/TAT) + (Kp/[BI} + (KyaKp/TAIIBT)

ve Ymax I
T+ (K3 7TAT) + (Rp/[BT) ‘

3

where A and B are the varied substrates, K, and Ky are the respective

~ -

limiting Michaelis constants, Vpayx 1s the maximum velocity and Kia Kp

is an interaction term,

Al data from inhibition studies were fitted to the equatioh for
non competitive inhibition (111). In addition, the data were fitted

to the'equation for competitive inhibition (IV) or uncompetitive

]
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inhibition (V) as determined by inspection of the double'reciprocal

]

plots, : <
vV = "V'max 111

1+ (K'a/LAT) + (KTaUTJ/Kis[AT) + TIT17Ks4)

v = V' max’ C v

T+ (K /TR]) + (KoL T1/K;sTAT) s

v = V'max -
1+ (K'a/LA]) + [1)1/K44

-

In these equations, A is the variable substrate, 1 is the inhibitor,
K'a and V'max are the Michaelis copstant and maximum velocity,
respectively, in the preﬁence of inhibitor, and Kjs and K4 are the
slope and intercept inhibition constanps, respectively.

The data from the kinetil studies of the 3-, 6-, B- and 4'-0MTs
are presented as double reciprocal plots which were fitted by linear
regression analysis (mgthod of least squares). However, all the data
(3-, 6-, 8- and 4'-OﬁTs) were also submitted to the above-mentioned
non-linear regression analysis and the appropriate model was chosen
usiﬁg the variance ratio tesf: .ln most cases the model formed by the
computer programme was identical to that generated by fitting the data
by the method of least squares. It should also be noted that the

kinetic constants given in Tables 15 to 20 were those given by the

computer programme of Duggleby and Dennis (111):
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In the method of data analysis described by Duggleby and Dennig
(111), replicates of individual rates were not performed since it
appeared to bg more advantageous to increase the number of data points
rather than perform replicates.' It was also a;sumed that the measured
velocity, v was normally distributed around the predicted velocity, v
and the variance in initial velocities was constant. Furthermore, the
errors in substrate and 1nhib1to{ concentra;ions were asummed to be
constant at all concentrations., Sin;e‘replicétes were not performed,
no esiimate of pure error could be made. However, the residual sum of
squares (RSS¢), yhich resulted when the data were fitted to equation§
I and III, gave~a measurement of the pﬁre error in the data. When the
d;ta were fitted to equations IT, IV, and V, the re;idua] sum of
squares (RSS,) was due both to pure error and lack of fit to the

equations, The residual sum of squares (ﬁsslf)'due to lack of fit to

the equation could.be estimated from
RSS1f = RSS, - RSS¢

The significance of the lack of fit to equations II, IV and V coulg
be determined by a variance ratio (F) test

RSS1¢ (n - p) . : VI

v RSS¢

oY
[{

where n was the number of assays and p {(the number of parameters in
the complete equation) was 4, 1In all cases, the null hypothesis was

used, 1.e, equation 11, IVor V is chosen if a significantly better
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fit is not found with equation 1 or IIT i.e. if the residual sum

as compared with the error in the data. Using this analysis, the
significance of the KjaKp, [1]/Kj4 and K',a[11/K;¢[A] terms in
equation 'l or III was evaluated by comparision of the experimentally

determined F value with tables of F values at a  probability of 0.99.

C.11. Protein determination
_Protein was determined according to Bradford (112) (Fig. 7) using
- A
the Bio-Rad protein reagent and bovine serum albumin as a standard

protein. ’ ‘ ,

A C.12. Definition of enzyme uhits .,
Enzyme units are’ express;d' in Katal; as recommended by the
" International Union of Biochemists (113). One Kat is define as the
amount of activity which converts g¢ne mole of substrate per second

under the assay con&itiorqs_.

squares due to lack ef fit to equation II, IV or V is not significant

-
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s Figure 7. Standard curve for the Bio~Rad protein
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D. RESULTS
D.1.¢ Stabilization of OMTs ,
Sincé 'p1ant f“[ssm‘x'es vary in their content of proteifn inactivating
phenols, no un)versal progedure for enzyme extraction has ga1ned
’genera1 acceptance However, methods des1gngd to remove phenolic
compounds during th preparation of tissue extracts are Sften ‘
esséntiaf’to the isolation of plant enzymes in an actfve state. y
Generally, the removal of polyphenols is achieved by the
inclusion of adsorbents such as the widely used ;olyclar AT (114) and
[Dowex 1 X 2 (115) in the homogenization mediumg/ In addition, the

presence of the éopper chel%tor,'DIECA (116) decreases the formation

of protein binding quinones via the copper-dependent polyphenol

.OXida 'Q ) ‘ : ’
? ‘§F ) ’ ‘
Pre11m1nary e;per1ments with C. americanum established that in .

the absence of DIECA Polyct¥r AT or Dowex 1 X 2, partially purified

preparations were brown in color (1ndicat1ve of phenol-bound protein)

~ instead of white and showed 1ittle or no methylating activity against

>

X
L 3

i

‘lavono1d sg/;\tgbbi‘~‘l2~additjon. loss of enzyme activity of
“ . !

. ~
partially purified preparation (C,3.1.) occurred within 24 hr in
absence of glycerol. On the other hand, no 1oss in oMT activit{ could
be observed for several days in the presenck of 10% glycerol and

storage at 4°C,
. 4 .
D.2. Enzymatic synthesis of methylated flavonoids in Chrysosplenium

preliminary studies qn the OMT system of Chrysosplenium were
conducted with partially purified enzyme preparations (C.3.1.).

r *
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Figure 8 is a photograph of the autoradiographéd reacfion'products of

a Sephadex G-25 OMT preparation that was assayed against a.numbér of’

-flavonoid substrates, Quercetin was readily accepted as 5ubstréte and

was mainly transformed to 3-methylguercetin, as-well as decreasipg
amounts of 3,7-di- and 3,7,4'-trinethyl derivatives (Fig. 8).
Furthermore, partially methylated flavonol 1ntermed%ates were readily
accepted (Table 4) and were transformed to the next higher order of

their methyl derivatives (Fig. 8).

D.?.&. Substrate specificity of partially purified preparations
Several flavonoid substrates were fésted for their methy? -
acceptor ability. The results (Table 4) indicate tﬁat, unlike -
quercetagetin, quercetin was the begt substrate uséd and may be - «
considered a possible précurson for the synthesis of po]ymethy]a;ed
f}avonols in ihis tissue. When partially methyl;ted quércefagetin .
derivatives (3,7-dimethyl- and 3,7,3'-trimethyl-) were used as '
s@bstrates, further methylation resulted in substit;tibn of positions’
6 and/or 3'.qr 4, réspectively. This activity was abéolhtely.
dépendent on Mg2* fons (Fig. 8). However, further O-me;hylation of .\
3,6,7-ur1methy1quefcetagetin broceedgd poorly and-did not requike M§2+
ions, - ' . ' ' 1 ' : N .
Commercial kaempferol, dihydroquercetin,-rhqmnetin\k?-methyl;..
quercetin) and myricetin ?5'-hydr0xyquercetin) afl contained vdryipg
amounts of quercetin as contamin;nt (Appendix Fig. 2). Tngce}ore, : ' :ﬁ'
these substrates were further purified prior to ufe for substrate

specificity studies (C.3.1,). Upon'removal of the quercetin

(AR
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Figure 8.

'

Photograph of an aﬁtorqdiograph of the
chromatographed reaction products (Solvent A,
Table 3) bf partially purifie& (désal%ed
ammonium sulfate pellet) OMT prepgration With
the indicated subst}ates, Numbers preceeding Q
(queréetin) and Qg (quercebaﬁéiin) indicate the
methylated positions of thése substrates. The
reaction product§ were identified by ‘
co-chromatography with reference compounds: (1)
3-methy1-Q; (2) 3,7-dimethy1-Q; (3) 3,7,4'-
trimethyl-Q; (4) 3,6,7-trimethy}-0g;

(5) 3,7,4' -trimethyl -0g (6) 3,6,7,4'-
tetramethyl-Qg;- (7) 3,6,7.3{-tetramethy1-og._

Columns a, b, ¢, e, f and h all contained 10 mM

'Mgc12 in the assay mixture (section C.6.),

whereas d and g did not contain “this diva1ent

.cation.
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Table 4. Methyl acceptor ability of partially phrifieQIOMT preparationa

Substrate " . Relative actigityb
(% of control)

+

Quercetin ' . e + 100
3,7-Dimethylquercetagetin- . h l80 s
3,7—Dimethquuer£etin : . 68
3,7,3'-Trimethylquercetagetin ' ’ ‘ 65.
3-Metpy1quercet%n o 32
3,6,7-Trimethylquercetagetin . ‘ | 15°
3,7,4' -Trimethylquercetin 9
Qéercétagetin . ‘ ' 6
Dihydroguercetin 3
Kagmpfero] 3
Luteolin 3.
Caffeic acid . . s . 3

. . ‘
2 partially purified enzyme preparation (Section:C.3.1.) desalted on
Sephadex G-25 and assayed as described {n Sec;ion C.6.1.

b Total methylating activity of quercetin (control = 100%) amounted
to 13,000 dpm/mg protein.
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A

contaminant, kaempferol and dihydroquercetin were not accepted for

" methylation by the OMT ‘system of Chrysosplenium, whereas rhamnetin andm

'myricetin were poorly accepted (25 and 5% of quercetin activity in

Table 4).
Phenylpropanoids such as caffeic or ferulic acids, and flavones
" such as luteolinr or its 7-glucoside were pot accepted as substrates
(Table 4) indicating the_specificity of this enzyme system towards

«

T]avonols. - -

\ N

D.3. The OMTs of C, americanum
~D.3.1. Separation of three distinct flavonol OMTs . }\
Preliminary experiments on'the.purification of the enzyme sy§tem
_ of C. americanum were described in sections C.3.1. to C.3.4., except
(;_‘ that 20 g of leaves were used in the extraction procedure, Sephade;
G-100 was used instead of‘Séphhcryl S-200 and there was no
hydroxyapatite step, '
Chromatography of the ammon%um sulphate pe1lef on Sephadex G-100
(Fig. 9A) resulted in the recovery of OMT activity against the five
different substrates (Fig. 6). AT{ activity was confined to a
discrete peak whose molecular weight was larger than ovalbumin and
which coincided with the molecular weigﬁt of BSA (65,000). ’ '
Further purification of‘the enzyme protein was achieved by
chromatofocusing on Palybuffer ion exchanger and }esulted in three
peaks with OMT activity (Fig. 9B). Activity peak I catalysed the
methylation of quercetin and gave'one product which was identified as
3-methylquercetin (Fig. 9C). The second peak (I1I1) catalysed further

O-methylation of 3,7-dimethylquercetin and 3,7-dimethylquercetagetin
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Figure 9.

A.
. B.
1,‘ '
4
L]
) ]
C.

.usin§ 3,7-dimethylquercetagetin (@~ ) and

69

<

Characterization of the 3-, 6- and 4'-0OMTs from

C. americanum \- o

Sephadex G-100 chromatography (1.5 x 70 cm) of

'_partially purjfied OMTs from a resuspended

30-70% (NHg)p S04 pellet (X ml). The sample
was applied and 2-m1'fr§ct ns were collected

at a rate of 9 ml/hr. OMT activity was assayed

rquercetin aS‘methyi_AGCeptoré.‘ The quercetin

methylating actiyif} ¢co-eluted with the 6- and
4'-OMTs and was 50% as active as the former .

activities,

Cﬁ}bﬁatog}aphy on Palybuffer ion éxchanger

(ljx 28 cm) of active.fractions (10 m1) from
Se&hadex G-100, as‘described,ﬁn section C.3.4.
OMT activity was assayed using quercetin (-ér )
and 3,7-dimethylquercetagetin ( - ) as

substrates.'

Contiriued on next page '
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Figure 9.

C.

Continued

Phoéograph'of an éutoradiﬁgrem of the
chromatographed reaction produ;ts of the 3-, 6-
éﬁd 4'-OMT peaks. Peak I was only active '
agaiﬁst qué;cetin aﬁd transformed this
substrate into 3-methylquercetin (3-methyl Q)
whereas peék IT accepted 3,7-dimethyl- |
quercetagétin for 0-methylation at the 4’
position of the A-ring. In addition, Peak 111
transformed 3,7,3'-trimethylquercetagetin to *

the 6-substituted tetramethylated derivative,

‘The reaction products were identified by

co-chromatography with reference compounds as .

described in Fig‘,B. -

.
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to their respective 4'-methyl qerivatives. Peak 111 O-methylated
3,7-dimethylquercetagetin and 3,7,3'-trimg}hylduercetagetin to their
fespective 3,6,7-tri- and 3,6,7,3'-tetramé§hy1 ethers (Fig. 98, C).
ittempts to detect the 7-OMT activity on chromatofocused fractions
(Fig. 9B) were unsucce§sful although périially purified enzyme

_ preparations (Fig. 9A) were active against 5-methy1quercetin.

D.3.2. Purification of individual OMTs from C. americanum

In order to purify larger amounts of f]avonoid OMYs for kinetic
studies, the previous procedure (D.3.) was modified as described in
section C.3. The‘e1ution profiles of enzyme activities’from
Sephécryl $-200, -hydroxyapatite and chromatofd%using on Polybuffer ion

'exchéﬁger are shown in F%gures 10, 11 and 12"respective1yi

Sephacryl 5-260 chromatography (Fig. 10) resulted in the‘elu;ion
of all OMTs as a single discrete peak similar to that obtained with
Sephadgx 6-100 (Fig. 9A). However, unlike Sephadex G-100, .this column
permitted the complete reﬁova1 of chlorophyll-containing protein,
Protein gractioﬁs with OMT.activity were pooled and chromatographed on
a hydroxyapatite column as described in section C.3.3. .

Fractions from hydroxyapatite were assayed against the five
diffefent,substrates resulting in the separation 6f two major peaks of
activit; (Fig. 11). Peak 1 was variably active against all five
substrates (Fig. 11B, C) whereas peak 2 was only active against
quercet{n, 3,7-dimethy1quercetin and 3,7-dimethyiqueccetagetin. This
purification step permitted the separation of the 6- and 7-0MTs from

the majority of the 3- and 4'-enzymes, Each hydroxyapatite peak was
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Figure 161

Sephacryl $-200 (2.5 x 118cm) chromatography of

of partially purified OMTs,
-~ ‘

As described ‘in section C.3.2., OMT activity

- was assayed using quercetin ( —@~ ), 3-methyl-

quercetin ( =aw ),.3,§-dimethy1quercét1n (=)
3,7-dimethylquercetagetin ( -o- ) and 8,7,3'-
trimethylquercetagetin ( -0= ) as substrates

(Fig. 6).
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Figure 11. . Hydroxyapatite chromatography o} partially '
J
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&
B
*

purified OMI fron Sepﬁacrx] 5-200.

The procedure was a§ described in section
C.3.3. Note that the high coh’d‘uc;"ivitj ( a )
was .initially due to 0.5 M NaCl p;esent in the
sample being app]ie& onto the co‘l umn. OMTs
were; assayed using quercetin (=p- ),
3-methylquercetin ( =&~ ), 03,7-d1rﬁethy]‘-
quercetin (m’." ), 3,7-dimethyl- quercetagetin ’
( «o- ) and 3,7,3'-trimethyl -quercetagetin

( =@~ ) as substrates (Fig. 6).

L st

B A AT

. et A




IV "Rt N

.

50

, 30
Fraction Number

-.

4

v

*

T
M

K

ke nw\
i

30 310 srag 1y

X Bt < e S SN
e N




~u

4

Figure 12.
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Chromatography on Polybuffer ion exchanger

(1 x .28 cm) of peaks 1 and 2 from hydroxy-
3 v

apatite,

' Chroma{ofocusing of 6~ and 7-0MTs on ﬁo]ybufﬁer .

{on exchanger. Fractions 41-50 from the
hydroxyapatite column uerg appj ied tq and ! -

eluted from this column as described in. section .

3.4

Chromatofocusing of 3- and 4'-OMTs on

Polybuffer ion exchanger, Fractions 51-63 from

. the hydroxyapatite column were applied to and

eluted from this column as described in section

, C.3;4.‘ OMTs were assayed using quercetin

A '¢?“); 3-methylquercetin (== ),

3,7-dimethy) - quercetin ( - ), 3,7-dimethyl-

.- quercetdgatin ( o< ) and 3,7,3"tr1met'hy1‘-

quercetagetini( -9~ ) as substrates.

Continued on next page '
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Continued

Photograph of an autoradiogram of the

chromatographed reaction products of purified

hat Y

3-, 6- and 4'-OMTs. The 3-OMT activity
transformed quercetin (Q) to 3-methyl-Q (3Q):
the 7-OMT from hydroxyapatite -(Fig. 11, pegk 1)
accepted 3Q to give.3;f-d1methy1quercetin |
(3,7Q); tﬁe'A:-OMT methylated either 5;50 or
3.7-d1meth&lquercetagetin (3,7Q9) to their
réspective trimeth&lateq derivétives t§.7.4'0
and 3,7,4'Qg); the 6-OMT transformed '

3,7,3' -trinethylquercetagetin'to the 6
methylated derivative (3,6,7,3'-0g). " The

. reaction products were identified by

co-chromatography with reference compounds as

described in Fig. 8.




F--

-

79

subsequently submitted to chromatofocusing on Polybuffer jon exchanger
using Polybuffer PB-74. The 6-OMT was eluted at its apparent

isoelectric point (pH 5.77) free from contaminating 3- or 4'-

" " activities (Fig, 12A). The 7-OMT activity was lost during

chromatofopusidg, possibly due to instability of ;he enzyme in the
purified form, or to:the 1bss of some factor required for its
ractivity. 'The 3- and 4'-0MTs were further separated on a second
Po]ybuffer'1on exchander and eluted at pH 4.8 and 5.4, respectively
(Fig. 12B). This procedure assured that the 6- and 4'-OMTs whose
apparent pf's differed only by 0.3°pH unit were not cross-
contamir;ated.i ’

The combined purifi;ation steps.described above resultgd in an
increase in specific activity pf thé three focused enzymes of 85;. 92-
.and isa-fold for the 3-, 6- and 4'-0OMTs, respectively, as compared .
with those of the crude enzyme preparation (Table 5). The 7-OMT which
co-purified with the 6-OMT on‘hydroxyapatite showed a 6-fold increase
in spesific activity.,

Eiaminat1on of énzyme preparations afterlSDS PAGE revealed that
the purified enzymes were coniamjnated with several bands of protein
(Appendix 1, Fig. 3A). Furthermore, partially purif enzyme
preparations (Sephadex G 100, Fig. 9A) were- active Ht:: extracteg from
nondenaéuring gels (Appendix I, Fig. 3B), whereas purified
preparations (after chromatofocusing) were inactivated b} this
procedure. OMT activity agajnst quercetin, 3,7-dimethylquercetin and
3,7-dimethylquercetagetin could be localized in the same region of the
gel, 1nd1cat1n§ that the 3-,6- and 4‘-0&Ts behaved s1mi\arfy under

'these electrophoreétic conditions,

'n‘f’i | .
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“Table 5. Pufificatioﬁ of Chrysosplenium O-methyiti‘ansferasesa

. {
Purification ° Total Specific Total Purification Recovery
protein activity activity (-fold) T

. step
(mg) (pkat/mg)  (pkat)
30MT : .
Crude extract? 103 0.62 64 100
Amm. sulphate® 80 o5 M © 0.9 69
Sephacryl $-200 20 1.5 31 © 2.4 48
Hydroxyapatited 5 . 5.9 " 29 9.5 \ 45
. PBE-94° 0.5 3. | 13.3 85, 21
o , |
Crude extract® 103 0.42 50 ) 100
Amn. ‘sulphate 80 0.55 44 1.1 88
Sephacryl §-200 20 1.66 3 3.4 66
Hydroxyapatite” 5 .o 3.1 15.5 6.4 31
PBE-949 025 4 n., 2 | 2
4'-OMT
‘Crude extract® 103 0.84 84 100
Ann. sulphatet 80 - . 0.94 74 1.2 88
Sephacryl $-200 20 1.06 53 1.3 - 63
Hydroxyapatited 5 6.1 3 © 7.6 37
PBE-94° 0.25 . 120 0 - 164 38

l

T

See following.page for footnotes a-g. ) .
. , -
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Footnotes for Table 5.

3 The purification process was performed with 86 g fresh material and '
the substrates used for the 3-, 6- and 4'-OMTs were quercetin, 3,7, 3 -
trimethylquercetagetin and 3,7- dimethquuercetin, respectively. The
7-0MT which co-eluted with 6-OMT until the hydroxyapatite step was
purified 6-fold. '

b Aftér treatment with Dowex 1X2 and desaiting én Sephadex G-25.
€ 30-70% salt saturatio&, then desalted on Se;hadex G-25. " .
d Peak 2 from hydroxyapatite column.

€ Chromatofocusing co]uma 12,

f peak 1 fro& hydroxyapatite column. L ,

9 Chromatofocusing column #1. .

»
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D.3.3. Substrate specificity of purified OMTs

The 3-OMT, whicq focused at pH 4.8, exhibited expressed
specificity towards the é-position of flavonols Qith 3',4'- (or
" 4',5'-) hyd}oxylation pattern such as quercetin, but not quercetagetin
(Table 6). Furthermore, the latter did not act as a substrate |
inhibitor when added at concentrations of up to 80uM to enzyme assays
(Fig. 13). Introduction of a hethyl group at the 7-position of
. quercetin (as in ‘ )

: ) o , \ . O
rhamnetin) resulted in a 70% drop in activity, whereas methyl
substitution at the 3'-position (as in isorhamnetin) or ;'-position'
(gs in tamarixetin) resulted in complete lo§; of activity,
Furthermore, the latter compounds were good product inhibitors wi&h
innibition constants of the same order of magnigpde as for
3-methylquercetin (Appendix I, Fig. 4). When myricetin was used as a
possible substrate, enzyme activity dropped by 90% (Table 6). Such
strict position spé&ificity indicates that quercgtin is the best
"substrate for this enzyme and that 3-meth§lation may be the first step
in the sequential ﬁethylation of these flavon&ls.

The 7-OMT, which was studied in the hydroxyapatite ffaction,
accepted 3-methylquercetin for furtﬁer methylation at. the 7-position
(Table 6). 3-Methylquercetagetin was not available as substrate,
however, the enz}me,was unable to methylate any of the mono-, di- or
. trimethyl quercetins tested. The expr;ssed specificity of this enzyme

towards the 7-position of quercetin suggests that 7-methylation is the

_ next step in-the sequeniial methyl transfers of Chrysosplenium

flavonoids.
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,Figure 13.

"concentrationd of quercetagetin (Qg). Each

84

I3

Inhibition of 3-OMT by‘alterhate substrate,

[ 4

1/v versus 1/Q (quercetin) at variouV fixed

incubation mixture containéd 6 g/ml enzyme
protein, 10 mM MgClp, 10mM 2-mercaptoethanol
and 10% DMSO (in 100 mM phosphate buffer, pH 8)
and the reaction was carried out $t 30°C for 30

min, . Velocities were expressed as M/s/mg

protein,
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TaBJe 6..Substrate specificity of Chrysosplenium OfmethyltransferHSesa

»

Substrate : Relativeé activity (%)°

' . 3-OMT  6-OMT  7-OMTS" _ 4'-OMT
Quercetin (Q) 100 o o 0
Rhamnetin -(7-Methy1-Q) 3. o0 0 0
3-Methy1-Q | Y 100 0
B-Hydroxykaemferol P 25 o 0
Quercetagetin (Qg) 0 5 0 0
3,7-Dimethy1-Q 0 0 0 > 100
3,7-Dimethy1-Qg 0 100 7 0 ' 95

; 0 a0 0 0

3,7,3'-Trimethyl-Qg

on,

a Enzyme preparations were used after chromatofocusing (for the

3-, 6- and 4'-0MTs) or after hédroxyapat{te (for 7-OMT).

b The standard enzyﬁe assay was used (Sectiéﬁ €.6.1.7) using 0.1 -

1.0 uM of the indicated substrates. i
—_— /‘\
€ The methylating.activities of these enzymes (100%)-amounted to

r

6500, 14000, 4500 and 9000 dpm/assay for'the 3-, 6-, 7- and 4'-

A
OMTs, respectively.

d The substrate specificity for the 7-OMT was generated considering
that this preparation was contaminated with 6-OMT; therefore, the
activities against 3,7-dimethyl- and 3,7,3'-trimethylquercetagetin

were deducted accordiﬁbly. . - &

“
. ot

b
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The two other protein fractions which focused at pH 5.4 and 5.8

accepted partially methylated flavonol intermediates for further

O-methylation at the 4'- and 6-positions, respectively, The 4'-OMT K

con&erted both '3, 7—dimetﬁy1quercetin and its 6-hydroxy analog equally
well to their respect1ve 4'-methy1 derlvatives, whereas 'the 6-0MT
accepted 3,7-dimethylquercetagetin and 3,7,3' -tr1methy1q ercetagetin
producing their respecplve 6-methyl derivatives at a rat?& of 2.1
(Table 6). The fact that the 4'-6MT did not react with tgimethy

substrates suggests that 4'.methylation may precede that at position

‘6; thus establishing the third aﬁd fourth steps in the sefuential

methylation of these flavonols. -

. None of the four enzymes described here exhibited agy activity

‘with pheny1propanoids,(f]avones, dihydroflavonols or any| of their

glucosides thus indicating their specificity towards hydroxylated and

pariia\ly‘methylated flavonols (Table 6),

D.3.4. Other enzyme properties
D.3.4.a. pr optima ) . /

The 0-methylating activity of each enzyme was measyred agaipst
its best substrate in the presence of histidine-HC1,‘1midazo1e-HC],
Tris-HC1, and glycine-NaOH, buffers over a pH radge\of 640-9.5. The

curves obtained (Fig. 14) show the relative activities of the four

OMTs as well as their pH optima which ranged between 7.8 and 9.0,
However, there was a gradual shift in optimal activity, from lower to
higher pH, with increasing methylation of the substrate used,
Thérefore,.3- and 7-OMTs which utilised quercetin and 3-wethyl.-

quercetin, respectively exhibited their optimal activities at

W Faimine W e
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Fiqure 14.

pH optima of purified OMTs after
chromatofocusing, except for the 7-OMT where:
the partially purified extract from
hydroxyapatite (Fig. 11, peak 1) was’used. The
substrates used were quercetin for the 3-OMT;

3-methylquercetin for the 7-OMT; 3,7-dimethyl-

quercetin for the 4'-OMT; and both 3,7-

dimethylquerctetagetin and 3,7,3'-trimethyl-

"quercetagetin for the 6-0MT,
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pH 7.8-8.2; whereas those of the 6- and 4'-OMTs, which accepted di- or

trimethyl substrates, were between pH 8.8 and 9.0 (Fig. 14). ( .

A ot
D.3.4.b. Requirement for cofactors
0f the three purified enzymes studied, the 6-OMT showed absolute

requirement for Mg2t (Table 7). The Tattér could not be replaced by

9
R

other catian tested. Further investigation of the effect of Mg2+
indicated that this activation was saturable (Fig. 15A). ﬁ
Linewedver-Burke plots (Fig. 15A inseri) were linear with 30 uM M§2+
required fof half maximal saturation. When the effect of EDTA was
investigated (Table 5, Fig. 1%?), it was found to inhibit the 6-OMT,
* whereas it had no effect on the activity of the 3- and 4'-OMTs.

The addition of 14 mM 2-mercaptBethanol in the ass;y mixture did
not increase any of the four enzyme activities, as.&omparéd with those
of the controls. However, SH-group imhibitors sucg as PCMB or NEM, |

were potent inhibitors of enzyme éctivity (Table 7). The former was

o WO e A R b s e

J’/yarticularly effektive at 1 mM in inhibiting thé three. OMTs, whereas

L

the addition of 14 mM 2-mercaptoethanol partially prevented this ' Lo

inhibition; '

D.3.4.c. Molecular weight
Partially purified enzyme preparations (C.3.1.) or.individual

" v
OMTs (C.3.5.) were chroiatographed oh Sephacryl 5-200 which had been
ca]ibrated with standard proteins. Both part1a11y purified eﬁzymes
o
and purified OMTs had the same elution volume !agyh corresponde&ito an

approximate molecular weight of 57,000 (Fig. 16).

l .
]
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Table 7. Effect of inorganic ions and other reagents on oMT activitya

4

Additions Concentration Relative activity (%)
(mM) 3-OMT 6-0MT 4" ~OMT
Mg2* (control) 1 ¢ 100 100 100
Mg2+ 0 . 95 5 140
Mn2* 1 110 15 150
Ca2* 1 100 5 150
K* 1. 15 .5 140
EDTA 1 100 110 150 -
EDTA 10 . 100 - 24 150
2-Mercaptoethanol 14 105 100 100
PCMB (mjnus ME) 1 33° 5 15
PCMB 1:}:M ME 1 90 60 75
N-Ethylmaleimide® 1 8 80 45
Iodoacetami de” 1, - 105 100 100

L

a,The standard enzyme assay was used (Section C.6.1.) using 0.5 uM
of querceiin, 3,7-dimethylquercetagetin and 3,7-dimethylquercetin

as. substrates for the 3-, 6- and 4'-OMTs, respectively.

‘b In absence of 2-mercaptoethanol. '
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Effect of Mg2t and the metal chelator EDTA on

OMT activity.

‘Mg2+ saturation curves .for the 3- (-~ ) 4'-
(=4 ) and 6- (—O— ) OMT activities. A
Lineweaver-Burke plot of the latter (inset)

gave an activation constant of 30 uM.

Effect of EDTA on the 6-OMT activity in the

“presence of 0.38 (~O~ ), 0.76 {0~ ) and 3.8

(-m~ ) M of Mg Cl,.
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Figure 16. Determination of Molecular Height.éf OMTs

Using a calibrated Sephacryl S-200 column

(2.5 x 118 cm)

Fe, s
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D.3.4.d. Stability of 3-, 6-, and 4'-OMTs

Except for the partially purified (C.3.1.) enzyme which lost 50%
of its activity after 15 days (Fig. 17A), the chromatofocysed
fractions were quite stable upon storage in 20% glyceroi, 5 mM DTT and

0.2M phosphate, pH 8 at -20°C for several months (Fig. 178).

D.3.5. Localisation studies: OMTs and Glucosyltransferases (GTs)

from Chrysosplenium : -

Preliminary studies on the lggglisation of the flavonoid specific
OMTs and GT were performed as‘desg;ibed in section C.9. These
experiments demonstrated that all of the OMT activity could\pe found
on top of the gradient indicating their presence in the cytosol
(Fig. 18). Herver, it should bé noted that in this system, we cannot
differentiate between %ytoplaSmic and vacuolar constituents, In
additioh, there seemed to be two GT activities, one cytoplasmic and
the other bound to some unidentified membrane fraction. The \
‘cytoplasmic activitg was present énly if a suitable flavonoid
substrate was added to the assay mixture, whereas the membrane-bound
activity could be“deéeéted even without the addition of flavonoid
substrate, indicating thg glucosylation gf some endogenous extractable
" acceptor. Furthermore, when radioactive prOQUcts from assays of thq
" respective fractions were submitted to TLC on Polyamide, followed by
autoradiography, the, cytoplasmic fraction gave products corresposa?ﬁg\*
to the glucosylated/ lavonoid substrate, whereas the membrane-bound
activity produced a single spot!which chromatographed with the solvent

front (Table 8).
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Time course of 3-, 6- and 4'-OMT inactivation

Partially purified OMT preparations (section

C.3.1.) were stored at 4°C and assayed several .

times over the course of 5 weeks,

Purified 3-, 6- and 4'-OMTs were stored at

<

-20°C and assayed over the course of several
months., This- represents the time course of

inactivation for the 3-OMT, and is

representative of the 6- and 4'-0MTs as well.

ULy g iy

.
e
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-

Figure 18. Frationation of organelles from (. americanum ' .

leaf cells, R

Sucrose concentrations ( -O- ) are expressed on
a % w/w gasis and (----) is absorbance at '
280; The (M) represents the usual location of
mitochondria and, in this case, brok‘en‘
chloroplasts as well, The (C) represents
intact chloroplasts. Glucosyltransferése
P - activity ( -~ ) wa$ assayed using 2'-hydroxy-
«3,7,4' -trimethylquercetin as substrate., OMTs
( o ) were assayed with 3,7-dimethyl-

quercetagetin, a substrate for the 6~ and

4'.0MTs; 3,7-di.methquuercetin was 60% as

I

aétive (specific for the 4' OMT) and quercetin
specific for the 3-OMT was 25% as active. No
_OMT activity could be found beyoncf' 20% w/w

sucrose,

-

AP

jev)
" o ctewg
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Identification of reaction products of Chrysosplenium

Table 8.
0-g1ucosy1'transferases isolated on sucrose gradients.
Fraction Substrate Identification Relative Rf'd
number? 4 of productsC amount (%)
(1-10) + 2! 50 0.55
. 5! s 50 ‘ 0.45
. - . no products
(13-18) + unknown 100 0.95
- unknown 100 - 0.95

3 Fractions 1-10 and 13-18 were pooled (Fig. 8) and glucosyltransferase
activity was assayed as described by Bajaj (103). '
b 2'-hydroxy-3,7,4'-trimethylquercetin (#1, Fig. 3) was used as

substrate and the products’ formed.were 2'- and 5'-D-glucosylated
derivatives. , ) .

¢ The reaction products were identified by co-chromatography with
reference compounds, visualization in UV 1{ght and autoradiography.

d On Polyamide 6-MN TLC ;hqtes developed in toluene-ethyl formate-

ethanol-water (60:20:19:1).

o WLl o b ok
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[t is clear from these preliminary studies thdt neither the ONTs
nor tr{e GT appeared to be associated with eitr;er the chloroplasts or
mitochondria "of this tissue. However, more deta\led studies should ke
carried out in érder to confirm these results as.well as to exclude

other possible microcompartments (e.g. endoplasmic ret'iculum).

D.4. The OMTs of Lotus corniculatus

D.4.1. Comparative OMT activity of different organs of Lotus

The O-methylating activity of parjt'iaH); purified extracts
'(C.4.1.)‘of different organs of the plant was compared using fhree
flavonol substrates: quercetin, B8-hydroxyquercetin and 8-hydroxy-
kaempfgrol and one phenylpropanoid' substrate, caffeic acid. The
results, shown in Table 9, clearly indicate that the ﬂowering_buds
exhibited t.he highest methylating activity towards flavonol substrates
and thg lowest towards caffeic acid. Both apical buds and, mature

7
leaves $howed a similar degree of flavonoid O-methylation which was

50-80% lower than that of flowering buds, whereas activity towards ‘
caffeic aci‘d was greater in maturexleaves than apical buds. Three
week-old’ seed]ir{gs, on the other hand, exhibited the lowest degree of
flavonoid methylation which amounted to 15% of that of flower buds.

It 1is i'nterest%ng to note tr;at the paite:;n of methyfated produ'cts
formed from each flavonoid-substrate was s;',mﬂar for the different
plantﬂ organs used (Table 10). Both 8-hydro;cykaempferol and
8-hydroxyquercetin were methylated either at the 3- or 8- positions at
a ratio ofr-251. Quercetin on the‘othe;* hand, was equally methylated

at positions 3 and 3', with trace amount of label found in

~ s o e e

e s, ;
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Tab]Q 9. 0-Methylating activity of different organs of Lotus®

*

DPM / g fresh weight / min® i

Plant organ 8-Hydroxy- 8-Hydroxy- Que?%etin Caffeic

kaempferol quercetin ‘ acid
Three-wk-o1d ' ‘ 6‘5.
seedings , 2350 2150 2150 1100
Apical buds 4200 5760 . 8750 2800
Mature leaves - 4050 - ° 6020 6750 4900
Young flower buds 19750. ™ 15600 © 142007 1000

~ —-——

@ Buffer extracts of the indicated organs desalted on Sgphadex G-25.

b The standard enzyme ‘assay was used with thé indicated substrates
as wag described ‘in Section C.6.1. See.Table 10 for identif{cation

A Y

of reaction products.
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Table 10. Identification of the reaction products of Lotus OMTs?
. o 4

.

B Reaction productsb
Substrate > Methy] Relative R¢ valued
derivative amount (%)€
8-Hydroxy- 8- 30 0.65
’ S
kaempfero]l 3- 70 0.50
. * )
8-Hydroxy- , 8- 30 0.40 !
quercetin ‘ 3-, 70 . 0.30
Quercetin 3- 50 0.40
' 3'- 45 0.55
Dimethy'le 5 . 0.70
Caffeic acid - 3- 80 0.65

A
S

2 p1ant organswere used‘as source of enzyme as destribed in Table 9.
b Identified by'co-chromatogfaphy with reference compounds and auto-

g

radiography.
€ As % of total activity shown in Table 9.

d On Polyamid-6 using benzene-methyl ethyl ketone-methanol (70:15:15)

as solvent system.

€ 3,3'- or 3,7-Dimethylquercetin.

\

. ety
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-

dimethylated products (Table 10). These results clearly indicate the
presence of 8- and 3'-0OMT activities in the flower buds of Lotus,
together with another enzyme activity which attacks position 3 of

quercetin, 8-hydroxyquercetin or 8-hydroxykaempferol.

D.4.2. OMT activities in Lotus flower buds

Further characterization of OMT activity was carried out with
flower buds at different stages of development (C.4.2) (Table 11).
Enzyme activities which catalysed the methylation of positions 3, 8
and 3' of flavonols were assayed with 8-hydroxykaempferol and
quercetin whereas caffeic OMT activity was assayed with caffeic acid.
The results indicated that 8-OMT activity steadily increased until the
third stage of development and then decreased, whereas 3- and/or 3'-
OMT activity was already high at stage one and decreased rapidly after
stage two (Table 11). On the other hand, caffeic OMT remained
uniformly low throughout development, which corresponds to the- lack of

lignification in flower tissues,

D.4.3. Separation of 8- and 3'-OMTs in Lotus flower buds

OMTs from young flower buds were extpac}ed and purified as
described in sections C.4.2.-C.4.4.‘ Chromatography on Sephadex G-100
resulted in a single peak of activity (Fig. 19A) which catalysed the
met hylation of positions 8, 3 or 3' of different flavonoid substrates.
Further purificafion of thé latter by chromatofocusing on Polybuffer
ion exchanger.resulted in two peaks of OMT activity.which focused at

pH 5.5 and 5.1 (Fig. 19B). a
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Table 11. OMT activities of Lotus flower buds at different stages

" of deve1opmeﬁta

Substrate OMT activity (uM / mg / min)b

8-0H-kaempferol 1.88 1.61 2.15 1.73 0.80
Quercetin 1.81 1.18 0.60 0.52 0.36
Caffeic acid 0.26 0.14 0.18 0.3  0.38

OMT activity (uM / flower / min)

( 8-0H-kaempferol 0.06 0.08 0.14 0.03 0.0

" Quercetin 0.06  0.06 , 0.04 0.01  0.005
Caffeic acid " 0.005 0,01 0.01 0.005 0.005

-
4 Flower. buds at different stages of development were extracted as

described in Section C.4.2. without fractionation with ammonium
sulphate. Extracts were desalted on Sephadex G-25 and used as

the enzyme source.

b Enzyme assays were carried out as described in Section C.6.1.

Values represent -total Sctivity in reaction products.
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Figure 19.

The OMTs of Lotus flower buds

OMT activity was assayed using 8-hydroxy-

kaempferol (=& ) and quercetin ( -a= ) as

substrates.

4
Chromatography on Sephadex 6-100 (2 x 100 cm)

of partially purified OMTs as ‘described in

sections C.4.2. - C.4.3.

Chromatofocusing on Polybuffer jon exchanger

(1 x 28 cm) as described in section C.4.4,

Photograph of an autoradiograph of the

chromatographed reaction products of the 8- and

'3'-0MTs peaks from chromatofocusing. The 8-0OMT

was assayed againt 8-hydroxykaempferol (8-0OHK)
and gave 8-methoxfkaempferol-EB-MeK) as a major
reaction product. The 3'-0MT was assa}ed‘
against Quercetin (Q) and 3-methylquercetin
(3-Me0)'and gave 3'-methylquercetin (3'-MeQ)
and 3,3'-MeQ as the major reaction products.
The reaction products were identified by

co- chromatography on Polyamide 6-MN TLC plates

with reference compouhds, 8-MeK, 3'-MeQ and

3,3'-MeQ. The solvent system used was benzene-

methyl ethyl ketone-methanol (70:15:15).

107
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Whereas the Sephadex G-100 fraction catalysed the methylation of
a nu&ber of flavonoid substrates, the chromatofocused peak 1 exhibited
preferential affinity for 8-hydroxyflavonols and gave rise to their
8-methyl derivatives (Table 12). On the other hand, peak 2 methylated
8-hydroxyflavonols as well as luteolin, quercetin and 3-methyl-
quercetin. Examination of the autoradiographed reaction products
{Fig, 19C) clearly indicated that peak 1 contained predominantly an

8-0OMT activity; whereas peak 2 consisted mainly of 3- and 3'-OMTs.

®

D.4.4., Separation of OMT activities in Lotus shoots

The OMT profiles of shoot tips were studied using the methods
described in sections C.4.2.-C.4.4. A single OMT peak was obtéined
from Sephadex G-100 (Fig. 20A) similar to that of flower buds
(D.4.3.). However, chromatofocusing of active fractions from Sephadex
G-100 resolved two peaks of OMT activity at pH 6.1 and 5.2 (Fig. 20B)
instead of 5,5 and 5.1 (Fig. 19B). Furthermore, peak 1 (pH 6.1) was
very active against quercetin but not 8-hydroxykaempfero],whefeas peak
2 (pH 5.2) was more active against B-methylquercetin than either
8-hydroxykaempferol or quercetin, These results indicated t@pt the
flavonoid OMTs present in shoots represent a different groug‘of

enzymes from those present in flower buds.,

D.4.5. Purification of 8-OMT from Lotus flower buds
The purification procedure described in section C.5.-C.5.3. was
carried out in order to purify enough enz}me for kinetic studies,

Sephadex G-100 chromatography (Fig. 21A) resulted in a single peak of
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Table 12. Substrate specificity of Lotus OMTs at different stages’

¢

of purificationa

— )
Substrate® Relative activity (%)b

Sephadex G-100 Peak 1 Peak 2
8-0H-kaempFerol 100 100 88
8-0H-quercetin 80 84 100 ~
Quercetin 45 %0 57
8-MeO-quercetin 1b 7 23 :
Luteolin 32 0 56
3-Me-quercetin - 19 7 52 b
7-Me-quercetin 16 6 76
Quercetagetin 3 .0 0

g

) = -

Peaks 1 and 2 were recovered after chromatofocusing on Polybuffer

jon exchanger (PBE-94).

b Control activities (100%) amounted to 17500, 5500 and 2400 dpm/assay

for the Sephadex G-100, peak 1 and peak 2, respectively.

The fof]owing substrates were assayed and found to be poor methyl
acceptors (<5% activity): 3'-; 4'-; 3',4'-; 3,7-; 7,4'- and 3,3',4'-
methylquercetin, as well as 3,7- and 3,7,3'-methyquercetagetin;

kaempferol.
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Figure 20.

The OMTs of Lotus shoots -’
OMT activify was assayed using 8-hdeoxy-
kaempferol ( = "), quercetin ( =0~ ) and

3-methylquercetin ( =&~ ) as substrates.
‘s

; ¢

Chromatography on Sephadex G-100 (2 x 100 cm)
of partially purified OMTs as described in
SeCtionS Cc4020 - c.4.3'

Chromatofocusing on Polybuffer ion exchanger
(1 x 28 cm) as described in section C.4.4.

A}

—~)

111
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activity similar to the previous profile (Fig. 18A). Active fractions .

were applied to SAH-Agarose (Fig. 21B) which resulted in partial
separation of quercetin methylating actfvity from the 8-0OMT. | The "
enzyme was concentrated and further purified by chromatography on
hydroxyapatite (Fig. 21C) where the activities against quer;et%ﬁ and
8-hydroxykaempferol co-g]uted.' Final separation of these th
activities was,achieved by chromatofocusing on Po{ybuffer ion
exchanger (Fig. 210) where the 8-6MT activity was eluted at pH 5.6.
This purification procedure, described in Table 13, resulted in ca
1200-fold purification and a 4% yield of the total 8-OMT in the crude

enzyme preparation,

D.4.6. Properties of the purified 8-0OMT
D.4.6.a. Substrate specificity/

The extensively purified 8-OMT was shown to possess strict
position specificity for the 8-position of 8-hydroxykaempferol and
8-hydroxyquercetin and did not accept quercetin as substrate (Table
14). Furthermore, TLC of rad1oactive‘products on Polyamide (as
described in Table 7) fo]]oyed by autoradiography indicated that
B-ﬁethoxykaempfero1 was the'on1y reaction product formed when
8-hydroxykaempfero] was used as substrate, It is interesting to note
that quercetagetin, the G-Q}droxy derivative of quergetin was not
accepted for methylation at position 6, whereas the corresponding

flavone, 6-hydroxyapigeﬁin was a poor methyf acceptor. This is in

contrast with the 6 OMT found in Chrysospienium, wﬁgre 8-hydroxy-

kaempferol was a good methyl acceptor (Table 6).
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Figure 21.

~Purification of 8-0MT from Lotus flower buds

T

“=27

OMT activity was assayed using 8-hydroxy-
kaempferol ( -@ ), and querceétin ( o ) as

substrates,
T
A. Chromatography on Sephadex G-100 (2 x 100 cm)
as described in sectijon C.5,
B. Chromatography on SAH-Agarose (1 x 5 cm) as B,
described in section C.5.1,
C. Chromatography on hydroxyapatite as described
in section C.5.2.
D. Chromatofocusing on Polybuffer ion exchanger
as described in section C.5.3.
. A
v

#1

114
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Tab]e.13. Purification of Lg;gg_8-0—methy1transferasea

Purification © Total Specific Tota1~ Purification Recovery
step protein . activity activity (-fold) (%)

. (mg)  “(pkat/mg)  (pkat)

Dowex 1X2 B 0.27 26.46 . 100

Amn. sulphate® 52 0.42 21.85 1.5 82 -

Sephadex G-100 19 1.21 23 . 4.5 83

SAH-Agarose 0.17  43.98 7.48 163 ‘28

Hydroxyapatite 0.007 331.9 ) 2.32 1230 9 A

PBE-94°€ - - 4 1.03 - 4

b

3
a The purification procedure was performed with 20 g fresh matérial

- and the substrate used with~enzyme assays was 8-ONH-kaempferol.
-30-70% sélt saturation, after desalting on Sephadex G-25.

¢ protein content of the chromatofocused fraction was too low to be
)D - .
measured with the Bio-Rad method.
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‘ g
Table 14. Substrate specificity of purified Lotus 8-OMTa’b

a

' Substrate Relative activity (%)°
8-Hydroxyquerce£in 100
8-Hydroxykaempferol ' 61 )

) 6-Hydroxyapigenin . .13
Lute$1in 7 7
3,7-Dimethylquercetagetin h i 6
8-Methoxyquercetin 5 .
3;7-Dimethylquercetin 4
Que?éetin 4
3-Methylquercetin 4
3,7,3;-Trimethquuercetagetin 2
Quercetagetin 2

e enzyme preparation used was that recovered after the chromato-

folsing step (Table 13). ‘ :

" »

b The standard enzyme assay was used (Sectién €C.6.1.) with 1,5 uM

W

of the indicated substratesf .

C The total methylating activity with 8-OH-quercetin (cbntrol = 100%)
amounted to 1T005:dpm/assaf. : i i

-

L e e

e

-

§
i
f:}
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*
D.4.6.b., pH optimum
The 8-OMT activity was measured against 8-hydéoxykaempferol in
the presence of 0.1M phosphate buffér over a pH rang; of 6.1-8.4. The
curve obtained (Fig. 22A) showed an optimum bétween pH 7-8.4 with

maximal activity at pH 7.9. /

D.4.6.c. Requirements for cofactors

The activity of the 8-OMT was increased 4-fold upon the addition
of MgCl, to the reaction mixture (Fig. 22?). However, upon the

addition of 1 mM EDTA to the assay mixture, ihe enzyme activity was

completely abolished in the absence of-Mg2* -jons (Fig. 228).

D.4.7. Enzyme kinetics of the C. amerjcanum OMTs
Preliminary experiments (Appendix I, Fig. 5) established that the
reaction was linear with time at all concentrations of SAM and

flavonoid substrate d. ®

D.4.7.3. Inhibition by flavonoid substrate

¥

When the flavonoid substrate was varied at a éonstanf SAM

. concentration, Michaelis-Menten kinetics were observed below Ky,

whereas higher flavonoid concentrations resulted in substrate.
inhibition (Fig. 23). Above 10 WM flavonoid, substrate inhibition was
most notable with the 6-OMT whereas the other two enzymes were only
slightly inhibited. Such inhibitions may have resulted from the )
combination of the sqbstrate with the wrong énzyme form and/or from
decreased solubility of the flavonoid substrate at higher |

concentrationd, The binding of substrate with the wrong enzyme form

i R ’

- 3
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Figure 22.
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-«

pH optima and Mg2+* requirement for 8-OMT of o .

totus

pH optima of 8-OMT with 200 mM phosphate

buffer.

Mg2+ saturation curve for the 8~OMT in the

presence and absence of 1 mM EDTA.
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Figure 23.
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*

Substrate inhibition ﬁy flavono) subsfrate
1(v versus 1/F1avqno1 at constanf SAM
concentrations‘(7é.6 uM, of which 16.6 uM was
[14CH3]-SAM containing 220,000 dpm). Each
incubation mixturé contained 6 ug/ml of the
3-,4'- or 6-OMTs, 10 oM MgCl,, 14 mM
2-mercaptoethanol, 5% DMSO in 100 mM phosphate
buffer pH 8. The amount of 14CH; labelled
flavonol formed was determined after 30 min,
’ihcubatién at 30°C. Velocities are expressed

as uM/s/mg protein. Q; 3,7-Q; 3,7,3'Qg; and

© 3,7-Qg represent quercetin, 3,7-dimethyl-

.quercgtagetin and 3,7-~dimethylquercetagetin

respéqtive]y.
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uéually occurs at high substrate concentrations and/or wheﬁ the
‘reaction is studied in the non-physiological direction (117).

However, the substrate inhibition observed in Fig. 23 occurred neither
at high Substra;e concentrations nor was it in the non-physiological
qirection. When SAM was the variable substrate the reaction was

saturable without apparent substrate inhibition.

D.4.7.b. Substrate interaction kinetics
Since the 3-, 6- and 4'-0MTs showed Michaelis-Menten kinetics and
substrate inhibition was observed with flavonol, therefore, substrate
interaction kinetics were performed at flavonol concentrations below
10 M. o
Estimates of the-parameters derived“frdm nonlinear regression
analysis of the substrate interaction kinetic data are shown in Table
15: The variance ratio test indicated that for the 6-OMT, the Kja Kp
-+ term was significant for the interaction between SAM and
v( 3,7,3'-;rimethquuercetagetin,\i;e. the 1ines of the double reciprocal
’ Q?pt intersecﬁ (Fig. 24C and 25C). For the interaction between SAM
| ahd quercetin (3-0MT) (Fig. 24A and 25A) or 3,7-dime§hquuercetin
‘(Ffé. 248 and 258B) equation one did not give a statiétical]y better
~fit to the data, However, when the data was fitted by a 1ine
1ﬁtercept computer pﬁogranme (method of least squares), it was
apparent that the reciprocal plbts (Fig. 24 A-C and 25 A-C) were .
converging and not paralilel,

In a sequential mechanism, represented by equa€1on 1 (section

C.10.) where Kia is the dissociation constant of enzyme and A, double

\

e
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Figure 24,

14}

Initial velocity - 1/v versus 1/Flavonol at

various fixed concentrations of SAM for the

" 3-, 6-, and 4'-OMTs.

1/v versus 1/Q (quercetin) at’ various fixed

concentrations of SAM, Each incubation mixture

~

*contained 6 ng/ml of 3-OMT. OTher conditions

are as in Fig. 23.

1/v versus 1/3,7Q (3,7-dimethylquercetin) at
various fixed concentrations of SAM. Each
incubation mixture contained 6 ug/ml of

4'-OMT. Other conditions were as in, Fig. 23.

1/v versus 1/3,7,3'09 (3,7,3'-trimethyl-
quercetagetin at various fixed concentrations
of SAM. Each incubation mixture contained

6 ;g/ml of 6-0MT. Other conditions were as in

Fig. 23.

»
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Figure 25.
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Initial velocity - 1/v versus 1/SAM at various
fixed concentrations of SAM for the 3-, 6-, and

4' ‘OMTS»

1/v versus 1/SAM at various fixed
concentrations of quercetin (Q). The data are

the same as those shown 1n~Fig. 24A.,

/v versus 1/SAM at various fixed

concentrations of 3,7-dimethylquercetin (3,7Q).
The data are the same as those shown in Fig.

24B.

1/v versus 1[SAM at various fixed
concentrations of 3,7,3'-trimethyl-
quercetagetin (3,7,3'09). The data are the

same as those shown in Fig. 24C.
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reciprocal plots will yield a family of 1ines which intersect at a
point dependent on the ratio of Kja/Kz. As Kja/Ks decreases, the
intersection point becomes more negative, with minus infinity
corresponding to parallel lines (equation II). The possibility was,
therefore, considered that the mechanisms of the 3- and 4'- OMTs were
sequential aﬁd that failure of the computer programme to distinguish
between the two equations velocity was due to a small value for Kja/Ka
which was not resolved by this programme.

In order to determine the value of the Kja to Ky ratio, Kja was
calculated from the kinetic constants given in Table 15. If SAM was
assumed to be the first substrate to bind to the enzyme, then the
value of Kja, the dissociation constant for the Enzyme-SAM complex was
5, 7, and 12 uM for the 3-, 4'- and'6-OMTs, respectively. On the
other hand, the values of K, were 114, 130 and 50 yM for the 3-, 4'-

and 6-0MTs. Therefore, Kja was 23, 18 and 4 times smaller than Ka for

_the 3-, 4'- and 6-OMTs, respectively and could explain the tendency of

the former two enzymes to give parallel double reciprocal plots.
Another factor which favored a sequential binding mechanism for the
three enzymes was the fact that proQuct inhibition patterns (see
section D.4.7.c.) did not conform to those expected for a ping pong
mechanism. Therefore, the kinetic constants given in Table 15 for the
substrate interaction kinetics of the 3- and 4'-OMTs were generated
from equation I.

The following equation expresses the initial rate for the three

enzymes, assuming that SAM is the first substrate to bind, Kja has a
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Table 15. Estimates of parameters of substrate interaction kinetics

for Chrysospienium 3-, 6- and 4'-O-methyltransferases’

Enzyme Substrate Parameter value Kinetic
A B Term uM 5" pattern

3-0MT SAM Quercetin Ky 114 33  Intersetting
K']a 5 -
Ka/Kia 23 -
Kp 12 3.3
v 24 4.6

6-~0MT SAM 3,7,3'-Tri- Ky 5] 28  Intersecting
' methylquercet- Kia 12 )

agetin

Ka/Kia 4 -
Kb 18 6
KiaKp 214 55
~ v 20 6

4'-OMT SAM 3,7-Dimethyl- K 130 25 Intersectina\
' quercetin Kia 7 )

/

Ka/Kija 19 -
Kb 15 2.6
v 29 4
9

See following page for foornote
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Footnote for Table 15 . . .

2 The parameter values presentéd for the 6-OMT were tﬁbse for the
kinetic equation, as chosen by the variancé ratio test; whereas the
values for the 3- and 4'-OMTs were chosen‘ﬁﬁcause the postulated

sequential mechanism better fits the prodycf:inhibition data..
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S.D. is standard deviation ) :
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non zero value and the presence of more than one binding site for the
< [ ad *
flavonol substrate.

B VLAI[B] . Vit

V=, 4 . ] —
Kiakp + Kp[A] + Ki[B] + [AJ[B} + [AJ[BIZ/Kip

D.4.7.c. Product inhibitiom kinetics

3

Previous substrate interaction kinetics established that the 3-,

" 6- and 4'-OMTs fo]]owed;E sequential rather thén ping pong mechanism,

Further information on the order of substrate binding was obtained
from product inﬁibﬁtion studies. The rate equations derived for a

bi bi sequential mechanism (117, 118) prediét“that the last product
fe\eased is a competitive inhipitor with respect to the first !
substrate gince both bind to the same enzyme form, whﬁ?gas
non-competitive i;hiﬁition is e;pected with respéct to the. other
supstrate, v

- The results obtained for the 3-OMT (Fig{ 26 A-D) are in agreement

with a modified version of the theoretical predictions mentioned
AR N ,

above. SAH was a-cdmpetitive inhibitor with respect to SAM (Fig. 26A)

and uncompetitive with respect to quercetin (Fig 268).

3- Methquuercet1n was a noncompet1t1ve inhibitor w1th\respect to both
SAM (F1g. 26C) and quercet1n (Fig. ZED The kinetic patterns
obtawned‘(Table 16-18) exclude random add1tion of substrates\snd/or
release of products, in which case four compe;1t1ve inhibition
patterns would be gxpected.‘=Three (fig. 26 A, C, D) of the four

_(Fig.IZGB) kinetic patterns obtained are‘consisﬁent with an ordered
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Figure 26.
A.
B'

r.
C&D.

Product inhibition kinetics of the 3-OMT from

Chrysosplenium americanum

+

" Product inhibition by S-adenosyl-L-

hopocysteine: 1/v versus 1/SAM (16.6u Mof
[14CH3]-SAM, 0.1 \Ri in addition to vaﬁyiﬁg
amounts 6f untabelled SAM) at different fixed
concentrations of SAH and at a constant Q
concentration of quercetin (4 uM). Each
incubation mixture contained 6 wg/ml of the
3-0MT, 10 mM MgClp, 14 mM 2-mercaptoethanol, 5%
DMSO in 100 mM phosphate buffer, pH 8. The
amount of 14CH; 1abelled flavonol formed was

determined after 30 min incubation at 30°C.

velocities were expressed as uM/s/mg protein.

Product inhibition by S-adenosyl-L-
homocysteine: 1/v versus 1/Q
(quercetin) at different fixed concentrations

of SAH and at constant concentration of SAM

(8.3 wM of [14CH3]-SAM, 0.05 uCi). Other

conditions were as in (A).

Continued on next -page
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Figure 26.
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Continued

Product inhibition by 3-methylquercetin (3Q):

1/v versus 1/SAM at different fixed concentra-

trations of 3Q and at tonstant cbncentrations

of quercetin (4 uM). 'Other conditions were as )

in (A), except that DMSO was 10%.

Product inhibition by 3-methylquercetin (3Q\:
1/v versus 1/Q (quercetin) at different fixe -
concantration§ of 3¢ and at constant ~\\
concentration of SAM (8.3 uM of BP4CH3J-SAM,
0.05 uCi). OtﬁEF_EdﬁdeTﬁﬁS‘wereEas in (A).

.

except that DMSO was 10%. - ./ /
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Table 16. Estimates of parameters of product inhibitioq kinetics

for 3-0-methyltransferase’

™

134

8

\ Parameter value Kinetic
Substrate Product
o %erm uM SD pattern
SAM SAH K'a 25 5.7 Competitive
Kis 4.5 0.9
SAM  3-Methylquercetin K'y 44 4.5 Noncompetitive
Kis 29 5.3 ]
‘ Kij 65 9.0 .
14 e
Quercetin SAH K'a 1.3 ‘0.1 . Uncompetitive
K14 8.4 " 0.6
Quercetin  3-Methylquercetin K“a‘ 4.5 0.3 Noncompetitive -
n ‘ *
3 Kis .27 2.8 .
LKy 128 36 :

4

-

3. The parameter values were those'chosen for the kinetic equation by

4 variance ratio test. '

s B e e et
B

TR R o, ot



135
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bi bi mechanism where SAM and SAH were leading partners in the
;éaction. |

The results of the product inhibition studies for the 4'-OMT
(Fig. 27 A-D) were similar to those of the 3-OMT.. When SAM was the

variable substrate, SAH (Fig. ?7A) was a competitive inhibitor and

3,7,4'-trimethylquercetin (Fig., 27B) a noncompetiiive inhibitor. The

inhibition by both SAH (Fig. 27C) and 3,7,4'-trimethylquercetin (Fig.

27D) was uncompetitive and noncompetitive, respectively when
]

. 3,7-dimethylquercetin was the variable substrate. The presence of SAH

at higher concentrations (Fig. 27C inset) enhanced the substrate
iﬁhibition observed with 3,7-dimethylquercetin. The kinetic patterns
obtained were jdentical to those for the 3-0MT, indicating that this
enzyme a]so’binds substraﬁes and.releases products in a given order.

M <
The results obtained for the 6-OMT (Fig. 28 A-D) agree partly

.with the patterns observed for the 3-.and 4'-OMTs. Figure 28A shows

that SAH was ag:in a competitive inhibitor when SAM was the variable
substrate, whereas 3,6,7;3‘-tetramethylquercetageiin (Fig. 28B) was a
noncompetitivg inhibitor. However, figures 28C and 28D show thai both
SAH and 3,6,7,3‘-tetramethylq&ercetagétin, respectively, were

uncompetitive inhibitors of 3,7,3'-trimethylquercetagetin. However,

, considering the poor solubility of the tetramethylated product, the

results bbtqined should be interpreted with caution. In contrast with
the 4'-0MT.\which required higher SAH concentrations to observe
substrate inhibition (Fig. 27C inset), the 6-OMT did so at lower

concentrations of this inhibitor (Fig. 28D).

N
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Figure 27.
AO

B.

C & Dl
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Product inhibition kinetics of the 4'-OMT from

Chrysosplienium americanum

Product inhibition by S-adenosyl-L-homo-
cysteine: 1/v versus 1/SAM at different fixed
concentrations of SAH and at a constant
concentration of 3,7-dimethylquercetin (3,7Q)"
(7 M). Other conditions were as Fig, 26A°
except'that 6 g/m} of the 4'-0MT as used for

assays.

" Product inhibition by 3,7,4'-trimethylquercetin ‘

£

(3,7,4'Q): 1/v versus 1/SAM at different
concentrations of 3,7,4'Q and at constant

concentration of 3,7-dimethylquercetin (7u M)

.Other conditions were as in (A) except that the

final DMSO concentration was 10%.

Continued on next page
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Continued

Product inhibition by S-adenosyl-L-homo-
cysteine: 1/v versus 1/3,7Q (3,7-dimethyl-
quer;etin) at different fixed concentra-

tions of SAH and at constant concentration of
SAM (8.3 yM of [14CH3]-SAM, 0.05 ,Ci). Other'
conditions were as in Fig. 26A. Inset, effect
of S-adenosyl-L-homocysteine on substrate
inhibition by 3,7Q: 1/v versus 1/3,7Q at
different fixed concentrations of SAH and at
constant concentration of SAM (8.3 uM of
[14CH3]-SAM, 0.051uCi). Other conditions were
as in Fig. 26A.
ﬁ}oduct inhibition by 3,7,4'-trimethylquercetin
(3,7,4'Q): 1/v versus 1/3,7Q (3,7-dimethyl-
quercetin) at different fixed concentrations of
3,7,4'Q and at’ constant co;centrat1ons of SAM
(8.3 uM of [14CH3]-SAM, 0.5uCi). Other
conditions were as in Fig. 26A, except that the

final DMSO concentrations was 10%.

it " i
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Figure 28.

A.
B.
C&D.

Product inhibition kinetics of the 6'-OMT from

Chrysosplenium americanum

Product inhibition by S-adenosyl-L-homo-
cysteine: 1/v versus 1/SAM at different fixed
concentrations of SAH and at a constant
concentration of 3,7,3'trimethyl-

quercetagetin (3,7,3'Qg) (5.8 M). Other
conditions were as Fig. 26A except ‘that 6 1g/ml
of the 6-OMT was used for assays.

Product inhibition of tﬁ;);iOMT by 3,6,7,3'-
trimethylquercetagetin: (3,6,7,3'Qg): 1/v
versus 1/SAM at different concentrations of
3,6,7,3'Qg and at constant concentration of
3,7,3'-trimethylquercetagetin (5.6 ). Other
conditions were as in Fig. 28A,.exce6t that the

final DMSO concentration was 10%.

Confinued on next page
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Figure 28.
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Continued

Product inhibition of 6-OMT by S-adenosyl-L-

homocysteine: 1/v versus 1/3,7,3'Qg

" (3,7,3'-triimethylquercetagetin) at different .

fixed concentrations of SAH. and at consfant

concentration of SAM (B.3uMof [14CH3]-SAM,
¢

0.05u,Ci). Other conditions were as in Fig,

26A.

Product inhibition of 6-OMT.by 3,6,7,3" tetra-
methylquercetagetin (3,6,7,3'Qg): 1/v versus
1/3,7,3'Qg (3,7,3'-trimethyl-quercetagetin) at
different fixed concentrations of 3,6,7,3'Qg
and at constant conéentration of SAM (8.3\JM‘of
[14CH3]-SAM, 0.5 uCi). Other conditions were
as in Fig, 26A, except that the final DMSO
concentration was I0%.

T
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Table 17. Estimates of parameters of product ‘inhibition kinetics

for 6—0—methy1transferasea

b ‘ Parameier value Kinetic

Substrate Product
Term uM SO pattern

SAM SAH K'a 26 2.3 Competitive
Kis 16 1.3

?
SAM . 3,6,7,3" 4
Tetra-Me-Qg K'a 36 2.2 Noncompetitive

Kis 74 14

Kis 81 6 ;
3,7,3'- \J
Tri-Me-Qg . SAH . n.d. n.d. Uncompetitive
. . -]
3,7,3'- 3,6,7,3'- -
Tri-Me-Qg Tetra-Me-Qqg K'a 10 0.6 Uncompetitive

Kii 167 16

2 The parameter values were those chosen for the kinetic equation by

a variance ratio test. ‘ .

b Qg, quercetagetin

n.d., not determined
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Table 18. Estimates of parametérs of product inhibition kinetics
for 4'-0-methy1transferas'ea
b . Parameter value Kinétic,
Substrate Product — 0t
Term uM SD pattern
SAM . SAH K'a 21 2.8 Competitive
Kis 4.4 0.4 .
SAM - 3,7,4'-
, Tri-Me-Q Ky 27 1.2 Noncompetitive
¢ Kis 23 0.8
Kij 140 32
\
3,7-Di-Me-Q' SAH > K'a 1,17 0.24 Uncompetitive
3,7-Di-Me-Q 3,7,4'-
' . Tri-Me-Q K'a 1.4 0.88 _ Noncompetitive
Kys 3 0.33
Kiy 10 0.09

L]

2 The parameter values were those‘chosen for the kinet1C'equati6n by -

a variance ratio test.

b Q, quercetin

S

o s gt
-




144

B.5. Enzyme kinetics of Lotus 8-OMT
D.5.1. Satdra%ion with substrate

Preliminary studies on the 8«QMT of Lotus established that

saturation with either 8-hydroxykaempferol or SAM gave Michaelis-

Menten kinetics (Fig. 29A, B), with no apparent substrate inhibition

by elther substrate.

D.5.2. Substrate interaction kinetics
Estimates of the parameters derived from non-linear-regression

analysis of the substraté interaction kinetic data are shown in

Table 19. The variance ratio test indicated that the Kip/Ky term was

significant for the interaction between SAM and 8-hydroxykaempferol,
implying that the lines of the dpﬁb1e reciprocal plots intersect
(Fig. 30A, B).

The initial velocity results are consistent with a sequenfia]

o

binding mechanism where both substrates must bind prior to any product

release, thus excluding a ping pong mechanism.  However product

inhibition studies are required in order to .distinguish between an

ordered and a random mechanism.

~, v
-
- ¢

D.5.3. Product inhibition kinetics
Further inforﬁation on the order of substrate binding was

oftained from product inhibition studjes. The results obiained for

- the 8-OMT (Fig. 31 A-D, Table 20) indicate an ordered binding of
' ,

substrates and release of products, SAH was a noncompetitive

inhibitor with respect to SAM (Fig. 31A) and noncompetitive with

respect to 8-hydroxykaempferol (Fig. 31B). 8-Methoxykaempferol was a

13
4]
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Figure 29.

A.

3

Saturation with 8-hydroxykaempferol ‘and SAM as

substrate for the 8-0OMT of Lotus corniculatus,

Effect of 8-hydroxykaempferol (8-OHK)
concentration on the reaction raté,of 8-0MT,
The concentration ofVSAM‘w@E 66 M (containiné
10 WM of [14CHy]-SAM, 0.061 4C1). Tnset.
double reciprocal plot of 1/v versus 1/8-0HK.

Each incubation mixture contained .05 ug/ml of

8-OMT, 10 mM MgC1,, 14 mM 2-mercaptoethano] and

. 5% DMSO in 100 mM phosphate, pH 8.

Effect of SAM concentratfon on the reaction .
rate of 8-OMT. (16.6 wM of [14CH3]-SAM,

0.1 uCi, in adgition"to\varying'amounts of
unlabelied SAM), fﬁe concentration 6f 8-0HK
was 10 M. Inset: double reciprocal plot of

1/v versus 1/SAM, Other conditions were as in

(A).

E
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Figure 30.

N

A.

B
0

Substrate interaction kinetics for the 8-0OMT of

Lotus.

Initial ve]bcity. 1/v versus 1/8-hydroxy-
kaempferol (8-OHK) at various fixed
concéntrations of SAM (16.6 uM of [14CH3]-SAM,
0.1 uCi), in addition to varying amounts of
unlabelled SAMYy. Each incubation mixture
contained .05 wg/ml of 8-OMT, 10 mM Mg@]g, 14
mM 2-mercaptoethanol  and 5% DMSO in 100 mM
phosphate buffer, pH 8. "The amount of l4CH3
labelTed flavonol forﬁed was determined after
30 min incubation at 30°C. Velocities are

expressed as yM/s/mg protein.

1/v versus 1/8-0HK fixed concentrations of

SAM, The data are the same as those shown #in

¥

Fig. 29A.
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Table 19. Estimates of parameters of substrate interaction kinetics

t

for Lotus 8-0-'methy1transferasea

Substrate Parameter value Kinetic
A ' B. Term WM SD pattern
1’ ) \
SAM 8-Hydroxykaempferol .  Ka 53 10.5 Intersecting
Kia 35 -
. \ -
K 1.3 0.3 B
. KiaKa 45 6.6
\-’ ¥
v 3.6 0.4

2 The parémeter values obtained were those for the kinetic equation

» as chosen by the variance ratio test.
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non-competitive inhibitor with respect to SAM (Fig. 31C) and
'competitive with respect to 8-hydroxykaempferol (Fig. 31D). Therefore,

"~

the kinetic patterns obtained (Table 20) exclude random: addition of

substrates and/or release of products.

v I 3
.
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Fiqure 31.
§

A.

B.

c &0D.

Product inhibition kinetics of the 8-OMT from

Lotus corniculatus.

Product inhibition by S-adenosyl-L-homo-

cysteine: 1/v versus 1/SAM (16.6 yM of ‘

"[14CH3]-SAM, 0.1 wCi, in addition to varying

amounts of unlabelled SAM) at different fixed
concentrations of SAH and at a constant
concentration of 8-hydroxykaempferol (8-0HK)
(0.66 M), Each incubation mixture contained
.05 ug7m1 of 8-O0MT, 10 mM MgClp, 14 mM
2-mercaptoethanol, 5% DMSO in 100 M
phosphate buffer, pH 8, The amount of 14CH;
Jabelled-labelled flavonol formed was
determined- after 30 min incubation at 30°C.

Velocities aré_expressed as uM/s/mé protein,

Product inhibition by S-adenosyl-L-

homocysteine: 1/v versus 1/8-0HK (8-hydroxy-

kaempferol) at different fixed concentrations
of SAH and at constant concentrations of SAM‘
(8.3 wM of [14CH3]-SAM, 0.05 \Ci). Other

conditions were as in (A).

Con;jnued on next page
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Figure 31.

D.

Continued «

Product inhibition by 8-methoxykaempferol
(8-MeK): 1/v versus 1/SAM at different fixed
concentrations of 8-MeK and at coﬁgtant
concentratio;s of 8-hydroxykaempferpl

(0.66 yM). Other conditions were as in (A)

except for DMSO which was 10%.

Product inhibition of 8-methoxykaempferol
(8-Mek): }/v versus 1/8-0HK (8-hydroxy-
kaempferol) at different fixed concentrations
of 8-MeK and-at constant concentrations of SAM

(8.3 uM, 0.05 wCi)., Other conditions were as

in (A) except for DMSO which was 10% .

153

- “W” .



154

Table 20. Estimates of parameters of product inhibition kinetics

for 8-0-methy1transferasea

Kinetic

Parameter value

‘Substrate Product -
Term M SD pattern

SAM SAH K'a 20 2.2 Noncompetitive
Kis 4 1.1
Kii 15 6.2

SAM - B-Methoxy-

kaempferol K'a 14 2.8  Noncompetitive

Ki g 28 7.6

8-Hydroxy-

kaempferaol © SAH K'a 1.7 0.14 Noncompetitive
Kig 3.8 0.8
Kig 3.7 0.4

8-Hydroxy- B-Methoxy-

kaempferol kaempferol K'a 1.3 0.13 Competitive
Kis 5.9 0.5

\

2 The parameter values were those chosen for the kinetic equation by

a variance ratio test.

St O e T -
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E. DISCUSSION

The results presented here clearly demonstrate the existence in
L. americanum of four, novel OMTs which exhibited strict position
specificity for the 3-, 6-, 7- and 4' -hydroxy) groups of flavonols.
In addition, L. corniculatus was shown‘to contain a novel 8-OMT. The
fact that none of these enzymes accepted any of the phenylpropanoid
compounds tested, or other intermediates of flavonol biosynthesis
clearly inéicates their expressed specificity for hydroxylated
flavonols and their partially methylated derivagives. In view of the
differential §pecificity of the five OMTs for their best substrates,
“we wigh to propose the following systematic names: S-adenosyl-
L-methionine:quercetin-3-0-methyltransferase; S-adenosyl-L-me£hionine:
3-methylquercetin 7-0-methyltransferase; S-adenosyl-L-methionine:
l3,7,3'-trimethyl-quercetagetin 6-0—methyTtransfera§e; S-adenosyl -
L-methionine:8-hydroxyk$empferoT/quercetin B8-0-methyltransferase aﬁd
’S-adenosyl-L-methionine:5,7-dimethylquercetin 4'-0-methyltransferase.
Therefore, except for the 5-, 2'- and 5'-positions,‘the 0-methylation
o% all other hydroxyls on the flavonoid ring system has been
demonstrated with these two plant tissues, _

Chrysosplenium OMTs are quite distinct from the much studied

flavonoid enzymes which exhibited a wide range of specificity towards
the 3‘'-position of flavones/flavonols or their glucosides (38-40).

The enzymes reportéd here mediatgg position-oriented methylations
which followed an orderly seéuence depicted in Figure 32, thus clearly
establishing that O-methylation of flavonoids occurs at the Cyg level

in Chrysosplenium as well as with the Lotus 8-OMT. However recent

-
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Figure 32.

Proposed pathway for the ,sequential

O-methylation of flavonoids in Chrysospienium

americanum.
amer thenum

Q and Qg are quercetin and quercetagetin
respectively, and the number s preceeding @ and
Qg indicate their methylated positionsf

The black arrows demonstrate reactions which |
have been shown in Chrysosplenium, whereas
the white arrows demonstrate potential enzyme

reactions which have not been demonstrated.
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work with the anthocyanin 3'-OMT of Petunia hybrida (119) and the

vitexin-2"-8-rahmnoside 7-OMT of Avena sativa (120) demonstrated that,

unlike Chrysosplenium and Lotus OMTs, these enzymes accepted only

glycosylated substrates. This swggests that the order of methylation

)
and glucosylation does not necessarily follow a set pattern, but is

determined by the specific tissue involved.

The fact that feruloyl-CoA (3-methyl-4-hydroxycinnamoy] CoA) was

~
not converted with any significant efficiency by the chalcone synthase

v <

of Chrysosptenium to the corresponding chalcone or flavanone (D,

Barron, unpublished) suggests that methylation takes place at a later

stage during flavonoid biosynthesis. It is Aot unexpected, therefore,

that a pd]yhydréxyflavoﬁol of common occurrence, such as quercetin,
’wou[q be the natural methyl acceptor in the multiple seéuence of

methyi transfers in Chrysosplenium. This is supported by the fact

that 3-OMT e;hibited‘its highest- affinity and strict position
specificity for this subsyrate.l These results are in agreement with
the findings of Brunet‘and Ibrahim (48) whq,peménstrated that a number
of 3-hydro§yf1avopes displayed- a high methy\\acceptor ability which
corre]&{ed with, the highest BucIéar eléctron deﬁsity for the
3-hydroxyl group of flavonols.
Quercetagetin, the 6-hydroxy derivative of quercetin, was néither
| accepted for O-methylation nor did it act as a substrate inhibitor.
This raises the question as to how do methylated def)vatives of

quercetagetin (Fig. 13) ar1§é in Chrysosp1en1um. Two possible routes

may be postulated, The first is that quercetin is methylated at

position 3 with subsequent divergence of the pathway into

+




" 159

-

polymethylated derivatives of quercetin or quercetagetin. Such a

hypothesis implies the introduction of a hydroxyl group at position 6

°bf'3-methy1queréetin, or of a later methylated intermediate, The

éécond.possibi1ity is that two specificp3-0MTs may be involved, one

* for quercetin and the other for quercetagetin. However, the latter

enzyme has yet to be found in this tissue.

It is interesting to note that’ neither quercetagetin nor its

:3,7-d1methy1- or 3,7,3'-trimethyl derivatives were accepted as

substrates by Lotus 8-OMT (Tables 12, 14) whereas the 6-OMT of

Chrysosplenium did methylate the 8-position (being meta ‘to the side

chain) of 8-hyaroxykaempfer'{. The fact that quercetaget%n was not

accébted for O-methylation by the 3-, 6- or 8-0MTs, indicates that

_hydroxylation of positioh 6 may weilétgke place after quercetin has .

undergone partial methylation, contrary to earlier. proposals (14,
121). Furthermore, the same hypothesis may be true for the

hydroxylation at the 2'-position of Chrysosplenium flavonoids

(Fig. 3), sin any change in the substitution of ring B of quercetin
" resulted in a:::gt‘txm*ﬂete Toss of activity (Tables 4 & 6). The

validity of the lgttér hypothesis could be tested if a sample of

2'-hydroxyquercetin was available. for use as 3 substrate.

Different OMTs were*&hown‘to occur in Lotus flowers (Fig. 19B) as
compared with shoq; tips (Fig. 20B). 8-OMT activity was found
primarily in the flowering stage which coincided with the presence of

g-methexyquercetin, B8-methoxykaempferol and 8-methoxyisorhamnetin in

"this tissue (106). Furthermore, the vegetative parts of Lotus

contained only the pethy\ated product isorhamnetin (106) and displayed

I ‘ ’

e



i

. 160

Tow B-OMT activity as compared with the quercetin methylating

activities (3- and 3'-OMTs) (Fig. 20B). These results indicate a

‘tissue-specific control of OMT expression in Lotus as a function of

morphological differentiation. Therefore, the 8-OMT is expresséd
during flowering for the production of 8-O-methylated flavonols that

are responsible for the intense yellow color of flower petals in this

'species (106).

The five OMTg reported here had pH optima similar to thosg
reported for other flavonoid-specific enzymes (38-44, 119, 120), ‘
whereas their molecular weights were intérmed%ate between those of the' &
flavone/flavono) (38-40) and the isoflavone OMTs (41). The 3-, and
4'-0MT% displayed no Mg2+ requirement and were not inhibited by EDTA.

Similar results were reported for the.isoflavone 4'-OMT of Cicer.

a

- arietinum (41) and the vitexin-2"-0-rahmnoside 7-6MT of Avena (120).

On the other hand, the 6- and 8-QMTs showed absolute requirement for
Mgl* and their éctivigy was inhibited by EDTA. §im§1ar results were
reported for_the 3'-0MT of parsley cell suspension cu]tureg,(38). .
Véry recently, two distinct N-methyltraﬁsferases involved in the
stepwise methylation of phosphatidylethanolamine tp phosphatidy}-
choline were isolated from rat liver microsomes. Thd first enzyme{ had
an abso]u;e requirement for Mg2* jons and was shown tp,be‘limiting the
rate of synthesis of thgse*phospho]ipids (49). It is not certain
whether the absolute rgquirement for Mg2* by the 6- and 8-OMTs has any
significance in the regulation of O-methylation in4otus and

Chrysosplenium, . o ( . .

Preliminary studies on the subcellular localisation of OMTs and

GT in Ehrysogp]enium (Fig. 18) seem to indicatd that none of these

SRR,
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enzymes could be localised within any of the ce]% organelles,
. Instead, these reactions seem to take place in the cytpsol. Similarly, N
it was postulated that the enéymes‘of the latter part of fhe pathway

of flavonol synthesis (70, 71) as well ag‘methipnine sjnthase and
methionine adenosyltransferase (65), the enzymes catalysing the

¢

syntﬁesis of SAM, were localised in the cytoplasm. These results are
in sharp contrast with those of Charrigre-ladreix et al. (12) who
claimed that the stepwise methylation of flavonols takes place on the

chloroplast membrane, The cytoplasmic 1oca1isat{on of the anthocyanin

3'-OMT from the flowers of Petgnia hybrida (122) and the demonstration
_tha% u]tracentrifugation‘caused qon-specificJadhésion of this OMT to
mehbraﬁes, confirﬁ that flavonol QMTs are probably not associated with
organelles such as mitochondria or chlordp]asts. ‘

A cytoplasmic lopalisation’of OMTs adﬁ GT raises .the qugstion as
to the assembly and accumulation of the f{nal products in ‘
Q, americanum. Many of the partial}y methylated intermédiates.and end
products'of this pathway are mostly 11pophj1jq and thus, sparingly
soluble ;; the aquegus‘gﬁvironmeﬁt of the cytoplasm. Therefore, both d
in‘ermediates and end-products could be compartmenped within a~loosel
protein aggregate where these'inteémédiates could be channeled rapidly ‘
tﬁrough the bfosyntheti; sequence (123), without coﬁing in contact
with'tﬁe cytoplasmic pool. furthermore, it ‘may ‘be suggested that the
enzymes'gf flavonol synthesis are associated with a membrane s}stem
where the final hydrophobic 5roductsAcoqu bé sequestered and/or l

shuttled towards the site of accumulation, The fact that

polymethylated flavonol glucosides of Chrysosplenium were found on top

’
\
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of sucrose gradients (Fig. 18), which may contain cytoplasmic as well R
as vacuolar contents, seems to indicate that the ﬁ\ant\vacuole could‘“r’B
be the site of accumulation of these cdmpounds. This hypothesis is
supported by the fact fHat a numbér‘Bf secondary products of plant
metabolism accumulate in the-central vacuole of the plant cell (122,
124, 125). However, ‘a more rigorous approach is required to provide E

conclusive evidence for the localisation of these enzymes and théir
methylated end-products in this tissue, <

The purifiéation procedures utilized for the QMTs of bothln

Chrysosplenium and Lotus were successful in separating a number of

flavonoid-specific OMTs. The isolation of these OMTs would not have
been achieved without the use of chromatofocusing on Polybuffer ion
exchanger (Fig. 14 & 25C). Furthermore, the availability of specific
flavonoid substraiés made it possible to purify these enzymes and

study their substrate specificity. These facts may explain why such o
enzymes could not be studied previously.

It should be noted that purified Chrysosplenium OMTxpreparationé.,

were extensively contaminated with other proteins (Appendix 1, Fig. . -
38)¢ This problém is related to the fact that, unlike the enzymes of
primary metabolism, those of secondary’metabolism are low jn

abundance, Furthermore, the amount of progein found in plants is
extremé]y low as compared with that in aﬁ%mal tissues., Gulliver and
Tipton (126) 1solatéd 55 mg of pure catechol OMT (with a 25% yield)

from 1 Kg of porcine,livér containing 703 g of protein, Assuming that

the abundance of Chrysosplenium OMTs was similar to that of the

porcine 1iver, then 72 Kg of plant material would be required to

g
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isolate similar amounts of flayonoid OMTs from Chrysosplenium! - This :

comparison iilustyates one of the mén} diffigu]ties involved in
obtaining pufified énzymes from plant materials. !

The 3-, 6-, and 4'-OMTs of C. americanum exhibited simi];F—;teady‘
state kinetic characteristics. One noticeable difference with respect
to substrate inhibitiom was observed; namely that the 6-0MT was 4
severely inhibited by substrate concentrations close to. Ky whereas the

other two enzymes, though 1qhib1ted, were less affected by their

respective flavonoid substrates. In view of the substrate inhibition

" observed with these three enzymes, substrate interaction kinetics were

carried out at flavonoid substrate concentrations below Ky.

Substrate interaction kinetics were performed with the 3-, 4'-"
and .6-0MTs. For the 6-OMT, both the computer -programme (Téb]e 15) and
the plotting of data by the method of 1east'squares (Fig. 24C)
indﬁgated converging Lineweaver-Burke plots, suggesting a sequential
reaction mechanism. For the 3- and 4'-0OMTs, the computer programme
indicatgd thai the equation for a sequential mechanism (equation 1)
did not give a significantly better‘fit than the equatiop for a ping
pong mechanism (eqhation I1) (Appendix 11, Table VI), whereas the data
plotted by the methpd of least squares gave 91ear1y converging 1ines
(Fig. 24A, B). Therefore, the data suggest either a ping pong
mechanism giving a series of parallel 1ines or a/sequential'mechanism
giving a series of quasi-parallel lines (79). As stated in the
reSu]ts, the degﬁée‘of convergence will depehd on the value of Kiy,,
the dissociation constants for the first substrate to bind. Assuming e

’
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that SAM was the first substrate to bind, the apparent dissociation
congtantg‘(Kia) for the enzyme-SAM comp]ex were calculated from the
values of Kig Kp and Ky given in Table 15. It is remarkable that the
values so obtained were similar for each OMT, and might be identical
given that Kja was derived from kinetic constants with standard
deviations. qlose to 20%. Assuming an average Kja value of

B uM for all three OMfs (as calculated from Table 15), this value
would be 14, 16 and 6 times smaller than K, for the 3-, 4'- and
6-0MTs, resbectively.' The fact that the Kj; values were small
relative to Ky may explain why the computer péogramme could not better
fit the data for the 3- and 4'-OMTs to equation I than }I.\

Since the substrate interaction kinetics provided equivocal

results for two of the three Chrysosplenium OMTs, more information was

obtained from product inhibition studies, 1In a p%ng pong mechanism,
SAM must bind first and SAH be released prior to binding of flavonol
substrate. Therefore, a methylated enzyme intermgdiate is produced in
which case SAM and SAH will bind to differeﬁt forms of the enzyme that
are reversibly conne;ted. Slope andfintercebt effgcts would be
expected resulting in noncompetitive inhibition between SAM and SAH.
However, thx inhibitions observed for the 3-, 6- and 4'-OMTs were
competitive (Fig. 26A, 27A & 28A). Similarly, the inhibition by the
flavonol product with SAM as variable substrate should be competitive
for a ping pong mechanism, whereas the inhibition observed.for the"
three enzymes was .noncompetitive (Fig. 26C, 278 & 288). Furthermore,
the fact that three out of four inhibition patterns cbuld not be

- fitted to those expected for a pjng pong mechanism suggests that the -

|
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3-, 6- and 4‘—6MT5 followed a sequential bifling mechanism where both
substrates had to bind prior to any product release,

Assuming that the mechanisﬁ for the 3-, 6- and 4'- OMTs of C.
- americanﬁm is sequential, the binding of substrates and the release of
éroducts could be random or ordered. In a random mechanism four
competitive product inhibition patterns would be expected (79); except
when dead-end inhibition occurs, a]ternative‘patterns are possible..
. Coward et al. (34), studying rat liver catechol-OMT, proposed fhat
this reacfion proceeds by random binding of substrates and products
with the formation of a dead-end complex between SAM and the -~

- methylated products; metanephrine or paranephrine. This mechanism was

°

prgposed because these two products were noncompetitive inhibitors
against SAM as the variable substrate, ratﬁer than giving the expected
competitive inhibitién. ﬁowever, SAH was a competitive inhibitor
against either SAM or epinephrine (methyl acceptor) as the variable
substrate and suggested that this inhibitor was‘competing with both
substrates for the 'same en;yme form. The results obtained from our _
studies with the 3-, 6- and 4'-OMTs indicated that competitive
’inhigition was observed only between SAM and SAH (Fig. 26A, 27A and
.28A), whereas uncompetitive i;hjbition was observed between the

flavonoid substrate and SAH (Fig. 26B, 27C & ZQC). Therefore, most

product inhibition patterns obtained for Chrysospienium OMTs could not

be fitted to those expected for a random mechanism, \
In an ordered mechanism one competitive and three noncompetitive

product inhibition patterns would be expected (79). In the case of

the 3- and 4'-OMTs of Chrysosplenium, three out of four kinetic
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patterns obtained fit this mechanism whereas in the case of the 6-OMT,

two out of four patterns are consistent with ordered binding of
substrates and release of products. The 'simplest' mechanism that
fits the kinetic data for substrate interaction and product inhibition

of C. americanum OMTs is that shown in Figure 33. 1In this reaction

“sequence, A represenfs SAM: B, the flavonoid substrate; P, the

flavonoid product and Q, SAH. All three enzymes exhibited the common

-kinetic behavior that SAH was a competitive inhibitor of SAM. This

observation is conéistent with the hypothesis that SAM and SAH are
leading reaction partners in the catalytic cycle, with the flavonoid
substrate or product binding only when the SAMQSAH,site is bccupied.

Similarly, the other data would fit this reaction mechanism if the

effect of substrate inhibition was taken into account.

At high concentrations, substrates will often act as dead-end

' inhibitors‘particularly when the reaction is being studied in the

non-physiological direction (117, 118). We found that each of these
enzymes was 1nhibited by its respective flavonoid §ubstrate at
;oncéntrations near Ky values aﬁd occurring in the physiological
direction (Fig. 23), Furfhermore, inhibition by the flavonoid
substrate at concentrations below Ky was observed when SAH was added
to‘enzyme assa}s (Fig. 27C inset and Fig. 28C). Thus, in‘two cdses
(6- and 4'-OMTs) the abortive.complex EQB .could be distinguished
kinetically and might explain why SAH was an;uncompetitive inhibitor
when flavonoid was the variable substrate (Fig. 26B, 27C &28C).
Uncompetitive substrate inhibition is characteristic of ordered
systems and occurs when B reacts in dead-end fashion with EQ (Fig. 33)

(79, page 824).

R
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_Figure 33,

Proposed kinetic mechanism for the 3-, 6- and

4'-0MTs of Chrysospienium americanum: A,

S-adenosyl-L-methionine; B, flavonol substrate:
P, methylated flavonol product; Q, S-adenosyl-

L-homocysteine,
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A dead-end inhibitor will affect the slope of the double o
r;ciprocal plot if (a) it and the varied substrate combine'with the
same enzyme form or (b) it compines before the varied substrate with
an enzyme form that is reversibly connected to the form combining with
the varied substrate (79). A dead-end inhibitor affects the intercept

of a reciprocal plot if it and the varied substrate combine with

different enzyme forms (79). In the case of Chrysospienium OMTs, the

flavonol (B, Fig. 335 would act both as a substrate and as a dead-end
inhibitor; the substrate combines with E-SAM (EA) and the dead-end
inhibitor combines with E~-SAH (EQ). Fuéthermore, the reversible
connection between these two enéyme forms is broken since there is a
product release step (P) and free £ is removed to form
E-SAH-Flavonol. Thereforé, inhibition by SAH against flavonol as
variable substrate gives only the‘intercept effects seen in Figures "\
26B, 27C and 28C. All other inhibitions were noncompetitive (Figures
26C, D; 278, D 2831 except for the 6-OMT where the flavonol product
was uncompet{tive with the flavonol substrate (28D). The latter
Ainﬁibitioh is difficult to explain in terms of an ordered binding
mechanism, since an abortive EAP or EP complex would give

noncompet itive inhibition patterns. However, as stated before, the
problems encountered with the solubility of the tetramethylated
product may 1imit the value of the latter results (Fig. 28D). Given
the overall similarity in ihhibition patterns for the three enzymes,
it is reasﬁnab1e to suggest that they follow the same reaction

sequence (Fig.'33).
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1
Similar substrate interaction and product inhibition kinetics

were observed for the five chdrge isozymes of rabbit adrenal glands

(76, 77) which catalyze the N-methylation of norepinephrine, Several

isozymes gave quasi-parallel dpuble reciprocal plots when the

v
¥

interaction of substrates was jmvestigated, and in the case of isozyme
3, SAH was an uncompetitive inhibitor of norepinephrine. The only
characteristic that was common to all isozymes was the competitive
inhibition observed between SAM and>SAH: Therefore, a model sjmi]ar
-to‘thaf shown in Figure 33 was proposed which also included a number

of abortive complexes, .

Substrate inhibition which does not normally occur at
physiological concentrations may be of interest in that it may.set
upper 1imits to the in vivo levels o% these flavonoid substrates. For
example, the different sensitivities of muscle and heart isozymes of
lactate dehydrogenase to substrate inhibition by p}ruvate reflect the
different pyruyate Tevels in these two organs (127, .128). Simflarly,-
the five norepinephrine N-methyltransferase isozymes of rabbit adrenal
glands had different sensitivities to substrate inhibition.and were
postulated to appear at various stages of géowth 9f the animal C
-‘\Hspending on the requirements for epinedhrine‘(TG,.f7). fhe fggt that .

CAF1§05p1enium OMTs were inhibited by concenfratjdns above 10 uM of

the flavonoid substrate indicates that their in vivo levels may be |
substantially lower than this value. Furthermore, fhe Tow 1évels of
éAH effective in enhancing inhibition éf flavqnofd substrate miéht be
‘pq?5101091ca11y significant, Alternatively, these\gata may .indicate a’
very tight control of the levels of all substrates and products which

'~wou1d serve to regulate the methylation sequence in this‘p1aht.

A
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The kinetic parameters (Table 15) showed that the three eniymes
displayed similar affinities for their respective flavonoid substrates
as indicated by their apparent K, values. However, the affinity for
SAM (Ka) was similar for the 3- and 4'-OMTs whereas {t was at least 2
times greater for the 6-OMT. The numerical value of Kn is of interest
(79, page 34) since this may establish a measure for the intracellular
level of the substrate. For pxamplg, if the intracellular
concentration of SAM was much smaller than Km» then the reaction rate
would be very sensitive to changes in total SAM concentration, but
mosthf the catalytic potential of the enzyme would be wasted since v
would be much smaller than Vpay. Previous studies with plant tissues
(55, 56) have established the levels of SAM at 16 uM whereas in anima)

tissues (53) this level was 40 uM, Assuming that>Chrysosp]enium’

contained levels of SAM corresponding to 16 uM, that Vma; was similar
for all three enzymes and that the levels of other substrates were
saturaéiﬁg, then the in vivo velocity for the 3-, 4' and 6-OMTs would
be 12, 11 and 24% of Vpax, ;espectively. These calculations reflect
the higher affinity of the 6-0MT for SAM and suggest that these
enzymes would only be operating at a fraction of their maximal
effiéfencﬁes under such conditions whilé being very sensitive to

- changes in SAM cancentration. Such predictions, however, may not take
into account other known or unknown variables which may affect the
rates of these enzyme-cata}ysed reacfidns. It would be of interest to

,‘Q&?ﬁermine the actual concentra;ions of substrates and products which

occur in Chrysosplenium in order to better evaluate the former

. predictions, )
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Whereas the 3-, 6- and 4'-0OMTs of Chrysosplenium showed similar

types of product iphibition, tﬁfre were marked differences in the
magnitude of their apparent inhibition constants (fable 16-18). These
observations coutd provide further support for the.view that the
reactangs, both substrates and intermediate products; of the OMT
sequence play an important role in the regulation of each enzyme and
thus, the whole patﬁway. '

Poulton et al. (54) suggested that transmethylatioﬁ reactions in
plants might be controlied by thedintracellular SAM/SAH ratio and ‘
Cantoni (53) found that some methyltransferases were more sensitive to
this ratio than others, It can Se seen in Jable 21 that when the Ky
for SAM is high relative to the apparent K;i for SAH, as demonstrated

for the 3- and &'-OMTs of Chrysosplenium, the percent relative

activity decreases. However, when the Ky for SAM approaches the
apparent Ki for SAH (6-OMT) the percent relative activity increases.
Therefore, the 3- and 4'-OMTs were more, sensitive to inhibition than
thé 6-0MT. These characteristics suggest that-OMTs ear]%er in the
sequence of O-methylation may regulate the rate of O,meihy]ation in

Chrysosplenium. It is interesting to note that the isoflavone 4'-OMT

from EEEEE (41), the two anthocyanin‘3‘/5'-0MTs from Petunia (129) and
the ;;ffeic OMT from soyabean (130), which catalyse final methylation
steps, showed a behavior similar to that of the 6-OMT rather than the
3- or 4'-OMTs (Table 21). Whether these findings wi]l correlate with

B
the behavior of these enzymes in vivo remains to be estab]1shed

However, we believe that the Chrysosplenium system demonstrates how
the SAM/SAH.ratio could serve to regu]até‘the overall pathway of

methylation in this tissue,
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Table 21. Effect of SAM/SAH ratio on O-methyltransferase activity

173

. K ‘e
Enzyme¢ Source Kinetic 'S“ SA': )~i SAH % Relative activity
d uM /K .
. pattern 'Sn i 42 st
3-OMT  C. americahum ¢ M4 . 4.5 253 24.6 18.6
4'-OMT"C. americanum €130 4.4 295 231 7.7
- 6-OMT. C. americanum C 51 16 3.2 65 51.7
., A4'-OMT Cicer arietinum C 160 30 5.3 652 58.5
" 3'/5'-OMT.Petunfa hybrida C 50 70 0.7 8 82
3'/5'-OMT Petunia hybrida C 95 70  -1.35 8 79
: \
Caffeic OMT Glycine max - c 15 6.9 2.2 68 49
8-oMtT L. corniculatus N® s34 132 13 3¢
‘Q T : N N ¢ 1
7-OMT  Avena sativa - N 1.6 2.5 0.64 8.6  B.6

& GAM  42.4 yM, SAH  10.6 M {55)

bsaM 16 M, SAH  10.6 iM (55)
. \

¢ The enzymes .grom C. americanum were: quercetin 3-OMT, 3,7-dtmethy)

§

quorc;tin 4'-0MT, 3.7.3‘-triutﬁﬁquercetagetin 6-0MT; €. !.'.’J.tﬂm-
fsof1avone 4'-OMT (41%; P. hybrida, anthocyanin 3'/5'-OMT (129);

See fo'ilow1ng page for footnotes b-g
. -
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Footnotes to Table 21 (contd.) »S

*

[}

€ contd. G. max, caffeic acid 3-OMT (130); L.'COrniculatus, 8-hydroxy-

kaempferol/8-hydroxyquercetifi 8-OMT; A. sativa, v1tex16=2";0-rhamnoside

[}

7-OMT (120).

q C, competitive; NC, noncompetitive

L]

€ When the kinetic pattern for product inhibition was competitive the
following equation was used to determine % relativeactivity -

\ ‘Inhibition = NE\ X 100 L
' [1) + K; (1+]S])
"’ M

f Assuming that SAM and SAH are_ leading reaction paftners (Fig. 34b§(

9 When the kiretic pattern for product.inh1b1tion was noncompetitive,

the following equation was used to determine the percentage

relativeact1Vf£y=

A. Inhibition = 1
) Ky + (2]

In both e and g the ¥ "el. activity was obtained from 100% minus

% inhibition. -
Also, the effects of other groduc{s has-not been considered in this
determination. ’
« L4
s .
¢ 7
Co € - ]

PRSI




175

Our studies with Chrysosplenium OMTs indicate that flavonoid

products were good inhibitors of the reaction (Table 16-18). In
general, flavonaid product concentrations in the same range of Ky for
flavonoi were required to inhibit the reaction (Fig. 26D, 27D & 28D).
It is interesting to note that the Michaelis constant for the
glucosylation of the flavbnoid substrate (104), the last’ step in the
biosynthesis of polymethylated flavénols, was id‘theﬁsame
concentration range (10 uM) as those found for the on%é Studied here.
On the other hand, the~apparent inhibition constant for tﬁé
glucosylated product was in the mM range (104) jndicatipg that
glucosylation was not inhibited by high concentratioms of products
formed. The fact that mono- and dimethylated flavonol intermediates
do not accumulate in vivo (102), suggest that only catalytic amounts
of each intermediate would be synthesized for its utilization by ;he
| next enzyme in the biosynthetic seouence, until final produccs are
formed. Therefore, inh1b1t10n by flavonol product may not be .
important :in regulation of methylation if methylated incermed1ates do
not accumulate. .

The product inhibition patterns which were observed for the 8-OMT
from L. corniculatus could be expected for a steady-state ordered bi
bi mechanismvwith 8-hydroxykaempfero] binding before SAM, followed by
the release of SAH and 8-methoxykaempferol (Fig., 34a). An alternative
mechanism which may also fit the data is the mono iso Theore11 Chance
mechanism with the inverse binding sequence proposed above and an

isomerization of the free enzyme (92) (Fig. 34b). The latter
¢ . .
hypothg8is is attractive in that SAM and SAH would be leading reaction
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Figure 34.
A.
B.
[}
o

Proposed kinetic mechanisms for.the 8-OMT of

Lotus corniculatus

]

A, 8-hydroxykaempferol; B, S-adenosyl-L-
methionine; P, S-adenosyl-L-homocysteine: (,

8-methoxykaempferol.

Order of substrate binding and release of

i

products is the inverse of (A),

-
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partners, as was found in most other methyltransferase 'systems studied
(41, 51, 77, 78). However, a distinction between both mechanisms can
only be obtained by binding studies,

Very recently, a.vi;exin 2"-0-;hamnoside 7-0MT from A!ggg_gggi!g
(oat) was purified and characterized kinetically (120). The kinetic
patterns generated for substrate interaction and product inhibition
were identical to those of the Lotus 8-OMT. The aJthors favored the
mechanism shown in Figure 34b, based on the efficient Sinding of tﬁe.
Avena enzyme to SAH-Sepharose: Unlike the 7-OMT from oat whigh was
eluted from SAH-Sepharose only in the presence of SAM,.the Lotus 8-QMT
did not bind as tightly to SAH-Agarose (Fig. 21B) and was eluted from
this column with 0-1M NaCl gradient., Furthermore, both enzymes were
inhibited noncompetitively by ;AH when SAM was the variable substrate
and competitively by the flavonoid product when the flavonoid was the
variable substrate. Therefore, these two enzymes differ from those of A

Chrysospleniun as well as other OMTs (Table 21) since the inhibition

A

between SAM and SAH for the latter was competitive.

It is in%eresting to note that the degree of inhibition caused by
a competitive inhibitor depends on the concentration of the substrate,
that of the inhibitor, the K and the Ki.’ However, in the case of a
noncompetitive 1;hibitor the degree of inhibition depends only upon
the concentration of 1phibitor and the Kj. Therefore, in the latter
case, when the conqgntration of inhibitor is equal to Ky, 50%
inhibition will be observed at all substrate concentFations.
Thus, the 7-OMT of Avena and the 8-OMT of Lotus require that the level

of SAH be'kept very low for the continuation of these reactions (Table

v
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21). On the other hand, the 3-, 6- and 4'-OMTs of Chrysosplenium

were variably active at SAH concentrations similar in magnitude to ‘
those of SAM, These examples illustrate how the mechanism of the
reaction could determinq the requirements for regulation of different
methyltransferases. HTﬁe}efore, the regulation of methyltransferase
activity may not a1w§ys be controlled by the intracellular SAM/SAH
ratio, but by the congentration of SAH only. k

The kinetic data obta%neq‘for the four OMTs reported here cannot,
however exclude other uncommon reaction hechanisms..\?or.example, a
covalent enzyme-methylated intermed;;é! cannop be totally excluded,
If;the methyl gro;p from SAM was tq'l!ferrgd to the enzyme, but SAH
could not dissociate before the binding of flavonoid substrate,
sequgntia1 kinetics are obtained’(lal). o

The sterig course of the’one-carboé transfer to nucleophilic 0,
N, Sor C atoms of gifferent acceptor‘molecules has been investigated
for several SAM-dependent methyltransferases. All transfer reactions
.examined so far resuated in an inversion of configuration of the ‘
transferred methyl group, Therefore, a direct transfer of the ‘methyl
group from SAM to the acceptor substrate via an SNp-type mechanism
appears :; be involved (81;86). Based on the results from binding

studies with different affinity gels, the ordered mechanism was a)so

\
postulated for three OMTs from cell cultures of Ruta graveolens; two

different furanocoumarin OMTs and a caffeic OMT, respectively (51).
It is tempting to postulate that the synthesis of polymethylated

flavonols in Chrysosplenium may occur on the surface of a proteiﬁ

aggregate (123). It is evident from our work that if such an
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aggregate exists in vivo, the various components appear to be loosely

Oassociated, unlike the membrane-bound pathway of cyanogenic glucoside

biosynthesis {132) or the multifunctional protein of the arom complex

. (133). One of the problems associated with the latter systems (132,

133) was the difficulty in studying the individual énzyme reactions

yinvolved. 1In contrast, we have not been able to isolate a protein

aggregate catalysing the sequence of methylation in this tissue.

Whereas the results reported here do not establish the existence of an

OMT aggregate in Chrysospienium, however, the following lines of

evidence tend to support this concept: (a) incorporation of

14c.cinnamate into end-products after 5-10 min pulse, without

labelling of low methylated intermediates, (b) sequential muitistep

‘methylation of quercetin at positions 3, 7 and 4' by cell free

extracfs, (c) absence of mono- and dimethylated intermediates among :

the products which accumulate in vivo, (d) similarity of the kinetic

‘mechanism of the enzymes studied, (e) regulation of all enzymes

studied by a very specific range of substrate and product

concentrations as shown by kinetic constants, (f) the presence of

inhibition by flavonoid substrate in the three OMTs studied. This

~

indirect evidence, howevér, does not” unequivocally demonstrate the

existence ‘of a protein aggregate,'and presents a major challenge to be

investigated in future research on.the OMT system of Chrysosplenium.

.
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Appendix 1.

Figure 1.

Fal
. and remain to\be\identified.
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Incorporation of 2-]4C- cinnamic acid into

methy1ateq flavonol glucosides of Chrysosplenium.

LS

The Yabelled products are numbergd as in figure 3.
It should be noted that except for number 2, aTl
the flavonols which accumulate in this tissue
were readily labelled. The other major spots

of raéioactivity do not correspond .to flavonoids

(102) followed by autoradiography.
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Appendix 1.
Figure 2. Effect of impure substrates in the study of
substrate spetificity for the 3-OMT.

Myricetin (M) (5'-hydroxyquercetin) and rhamnetin

(Ri (7-methylquercetin) both contained quercetin .

(Q) impurities which accounts for the major
incorporation of radioactivity into 3-ﬁethy1-
quercetin.~

Products were chromatographed with re?ergnce ' ‘a:
compounds on Polyamide GTMN TLC plates fn“'

solvent A (Table 3) followed by autor&diography. .
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“Appendix I. — \
Figure 3A. Photograph of Coomasie Blue stained proteins -
submitted to SDS-PAGE as described in section
€.3.7.1." ’
N Lane 1 is desa]téd (NH4)5504 pellet (120 u'g)‘;

lane 2 is after Sephacryl S-200 (28 ug) (Fig. 10);
#  lane 3 is hydroxyapatite peak 1 (30 yg) (Fig. 11);
lane 4 is hydroxyapatite«peak 2 (20 pg) (Fig. 11);

lane 5 is protéin standards: bovine serum albumin(a) .

Y MW, 66000) , ‘(/walbumin(b) (MW, 45000), pepsin(c)

(MW, 34700), trypsinogen(d) (MW, 24000), B-lacto-~
globulin(e) (MW, "8400) and lysozyme(f) (MW, 14300);
lane 6 is 6-0MT from Polybuffer i’on exchanger’ (28 ug)\
(Fig. 12A); lanes 7 and 8 are 4'- and 3—6MTS.
respectively, from Polybuffer ion exchanger (10 Wa)
(Fig. 12B).

* Figure 3B. Activity profile of OMTs 1solated.frgm native

polyacrylamide gels (section C.7.).

OMT activity was assayed using quercetin (=),
3,7-dimethylquercetin ( -0~ ) and 3,7-dimethyl-
quercetagetin { = ) for the 3- 4'- and 6-OMTs,

respectively.
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Appendix 1.

Figure 4.
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+ \ -

Product inhibition by 20 uM 3-methylquercetin
(=), 3'-methylquercetin (~0- ) or 4')7methy1-
quercetin (-a-)::‘i-om activity. (=&=)) 1s‘

the controTl without f"lavon_o] product 1r;h1bitor.

“1/v versus 1/Quér'cétin‘ with assay conditions

as described in figure 26D.
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Appendix I.
Figure 5.

Linearity with time for the 3-, 6- and 4'-OMT

assays.

In A, C and £ the concentration of SAM was constant

198

4

at 8.3 yM (0.05 uCi); whereas for A the concentration

of quercetin was 0.5, 1, 3, and 10 uM; for C the
concentration of'3;7-dimethy1quercetin was 0.6 and
6 uM; for E the concentration of 3,7,3'-trimethy1-
quercetagetin was 0.6 and 6 pﬁ. |

In B, D and F the concentration of SAM waé constant

at 116.6 uM (0.1 uCi), whereas the concentrations

of flavonol substrates were identical to A, C and

E, respectively.
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G.2. Appendix II: Statistical Tables. .
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Table 1. Substrate interaction kinetics; estimation of kinetic parameters

for the 3-, 6-, 8- and 4'-OMTs. '

Varied Substrates ) o Parameter

Value (standard deviation) (uM)

A B Term ' Complete Model Reduced Model
(Equation I:.intersecting) (Equyation II: parallel)

’

SAM Q 1N4. (33) - 195 (52)
‘ 127 °(3.3) 19 (5.3)
Ks 1K 85 (34) A - -
24 (4.6) 38 (8)
SAM 3,7,3'0g K, 51 ' (27) 411 - (478)
: Ky 18 (6) : 87  (103)
Kk 214 (55) - -
Sy 20 (5.5) 82  (93)
S 3,70 K 130 . (25) 176 (29)
Ky’ 15 (2.6) 19 (3.2)
Kigko . - 73 (33) | . - -
v ‘ 29 (3.9) 36" (5)
CSAM B-OHK K 53° (100 . 142 (41)
K 1.33 (0.27) " o 3.68 (1.1)
K: oK .45 (6.6) ' - -
! v 3.6 (0.8) | 6.3 (1.5).

b 4 .

4

a q, 3,7,3'Qqg, 3,(0 and 8-5&& r%present quercetin, 3,7,3'~trimethy]-
tagetin, 3,7-dimethylquercetin and 8-hydroxykaempferol, respectively,
and were used for the 3-, 6-, 4'- and 8-0MTs;as the respective flav-

' onoid substrate.. . .

.
.
N 13
1
. 4
‘
.
'




Table II. Product inhibition

for the 3-0MT.
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kinetics; estimation of kinetic parameters

Substrate Inhibitor Parameter
‘ Value (standard deviation) (uM)
A I Term Complete Model Reduced Model
(Equation IIl:non- (Eq. IV or V Competitive(C)
competitive) or uncompetitive{U))
b P e
Q SAH Ky ..D (U) 1.25  (0.12)
Kis - - T
Kii -- 8.4 (0.6)
v -- 1.8 (0.08)
Q 3Q Kb . 4.5 (0.31) (C) 4. (0.36)
K 27 (2.8) 20 (1.5).
i 128 (36) - -
v 2.5 (0.09) 6 (0.4)
SAM 3Q K, a8 (4.5) @60 (10)
Kis 29 (5.3 haind c--
RE 65  (9) 32 (3.6)
y 5.5 (0.18) 6 (0.38)
SAM SAH K, e 25 (5.7)
Kis -- 4.5  (0.9)
K{i - - -
) - 4.7

(0.23)

a Q and 3Q represent quercetin and 3-methylquercetin .

b The data could not be fitted to this equation.
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Table 1II. Product inhibition kinetics;-estimation of kinetic parameters

for the 6-0MT.

Substrate Inhibitor Parameter - -

Value (standard deviation) (uM)

A 1 Term Complete Model Reduced Model
(Equation IIl:non- (Eq. IV or V Competitive(C)
, competitive) or uncompetitive(U))
SAM  3,6,7,3'0° K, 36 (2.2) V) 4 (3.7)
SR T 74 (13.5) - -
i 8] (6) 56 (3.5)
v 5  (0.09) 5.2 (0.15)
SAM SAH K. L (C) 26 (2.3)
Kis - - 16 (1.3)
Ky - . " -
v -~ - -- 2.4 (0.08)
3,7,3'09 3,6,7,3'09 K 9.4  (0.7) (V) 10.3 (0.64)
Kis 1413 (820) -- -
Ki 204 (31) 167 (16)
v 3.1 (0.14) - 3.2 - (0.13)

3,3,3'Qg SAH -- - -- - _—

a 3,6,7,3'Qg and 3,7,3{09 reqresent 3,6,7,3'-tetramethylated and 3,7,3'-tri-
methylated quercetagei%n‘derivat?ves.

b The data could not be fitted to this equation.

C The data did not give linear double reciprocal plots and -could not ge
fitted to any of the equations. ‘

Q)\\ /

v
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Table IV. Product inhibition kinetics; estimationof kinetic parameters

for the 4'-0MT.

.
Substrate Inhith tor ‘ Parameter
Value (standard deviation) (uM)
A 1 Term Complete Model Reduced Model
' (Equation III:non- (Eq. IV or V Competitive(C)
competitive) or uncompetitive(U))
SAM 3,740 K, 27 (1.2)  (€) 25 (2.2)
Kis 23 (0.8) 16 (1.2)
K.i,i 140 (32) ' - -
v 5.5 (0.14) 5.3 (0.15)
SAM SAH K, S R ) 21 (2.8)
Kis | - - 4-4 (0-44)
Ky 0 T -
v -- - 5.3 {0.21)
3,70 37,40 K 1.4 (0.08) (C) 1.3 - (0.14)
K}.S ‘ 3 (0.33) 1.5 {0.15)
Kii 10 (1.4) -- --
vV 4 (0.09) 4 (0.16)
3,70 SAH K, b - Uy 1.1 (0.24)
Kis | - -- - -—
K_ii - .- . 10 (1.9)
i v - - 1.4 (0.13)

a 3,7,4'Q and 3,7Q represent 3,7,4'-trimethyl and 3,7-dimethylated quercetin.
b The data could not be fitted to this equation.
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Table V. Product inhibition kinetics; estimation of kinetic parangE:F

for thq 8-0MT.

Pl

— Substrate Inhibitor

1

. A \\\\\ 1 Term

q

Parameter

Value (standard deviation) {uM)

Complete Model

Reduced Model’

(Equation IIl:non- (Eq. IV or V Competitive(C)
competitive) or uncompetitive(U))

SAM 8Mek?® K, 14, (3) (c) 7.5 (2.7)

i 14 (6) 3.9 (1.4)

Ky 28 (7.5) - --
‘ v 0.47  (0.03) 0.4  (0.03)
SAM SAH K, 20 (2.2) (c) 16 (2.7)

Kig 4 (1.1) 2.5 (0.8)

Kis 15 (6.2) -- --

v 0.72  (0.03) 0.07  (0.02)
8OHK © 8MeK Ky 1.3¢  (0,15) (€) 1.31 (0.3)

Ky 6.2  (0.96) 5.9 (0.53)

Ks 215 (518) -- --

v 1 (0.05) 1 (0.05)
80HK ¢ SAH K, 1.7 (0.14) (c) 1.2 (0.16)

~ Ki *3.8 (0.82) 1.3 (0.21)
Ki 2.7 (0.42) -- -~ .
v 0.84 (0.04) 7170.04)

N
4 8MeK and 8OHK represent 8-methoxykaempferol and 8-hydroxykaempferol.

- e

P e .
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Table VI. Variance ratio test. Evaluation of the KiaKb and Kii terms in

the complete model for the 3-, 6-, 8- and 4'-0MTs.

Ve i
- Enzyme Experiment Residual Sum of
Squares ( .
Complete Reduced Calculated (Degrees of Tables
Model Model . freedom (a=99)
3-OMT  SAM/Q? 0.4207 0.5237 4.76 (1;20) 8.1
SAM/SAH -- 0.8007 - (1,16) -
SAM/3Q 0.2334  1.0053 53 (1,16) 8.53
Q/SAH -- 0.0362 -- ~ (1,16) -
. Q/3Q - 0.0144 0.2765 14.8 (1,16) 8.53
6-0MT  SAM/3,7,3'Qg 0.2432 - 0.4005 13.3 (1,20) 8.1
SAM/SAH -- 0.0505 -- (1,16) --
SAM/3,6,7,3'0g 0.0623 0.2262 58 (1,16) 8.53
3.7,3'Qg/SAH - - 0.0505 -- (1,16) --
3,7,3,Q9/3,6,7,3'Qg 0.0182 0.0213 3.4 (1,20) 8.1
4'-OMT  SAM/37Q . 0.447 0.5392 4 (1,20) 8.1
SAM/SAH - -- 0.4943 -- (1,26) --
“SAM/3,7,4'Q  0.0421 0.2352 92 (1,20) 8.1
3,70/SAH , . -- 0.2013 -- (1,200  --
3,7Q/3,7,4'Q 0.0574 0.2110 53 (1,20) 8.1
8-0MT  SAM/BOHK 0.0574 0.1706 39.3 (1,21) 8.01
SAM/SAH 0.0045 0.0091 17 (1,16) 8.53
SAM/8MeK 0.0041 0.01M 17 (1,12) 9.93
80HK/SAH 0.0034 0.0139 64 (1,21) 8.01
80HK/8MeK 0.0069 ‘momg .0.16 (1,16) 8.53

!

a

Tables I to V havé the abbreviations for the substrates and products.

Tt ot G A e i 5
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G.3. Appendix IIl: Perspectives for future work.
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111. Perspective for future work,

The OMT system of C. americanum has proven to be ideal in the
study of closely related enzymes involved in the sequential
O0-methylation of f\avono{ds. There}ore, this tissue unlike that of
spinach (72) should prove to be ideal fpr studies on the in situ
localisation ofithese enzymes. Apart from the localisation studies
describéd earlier in phis thesis, a more direc: approach would
involve the 1oca1isatioq of OMT antigens at the electron microscope
level using specific.OMT antibodies. The methodology for the latter
technique is well” established in plant systems (134), given that th '
antibody used ﬁs prepared from puré antigen. '

The procedures reported in this thesis involved the partial

purification and isolatioﬁ of separate OMTs from Chrysosplenium,

Affinity chromatography with SAH-Agarose could be useful in further
.

purifying these enzymes. Preliminary work by this author demonstrated

v

that the 3-, 6-, 7- and 4'-0MTs of Chrysosplenium did bind to

SAH-Agarose and were not eluted with SAM (1 mM) Appendix, Fig. 6).

However it was found that the 3-, 6-, 7- and 4'-OMTs could be

partially separated from each other by a 0-100 mM NaCl gradient. This

demonstrates the potential use of affinity chromatography on
SAH-Agarose in the purification of individual OMTs. Hopefully, the

refinement of this technique may allow the preparation of pure OMTs

~for antibody production,

Another potential use of Chrysosplenium could involve studies on

the in vivo regulation of o-methylation‘in this tissue. It has been

shown that the levéls of SAM can be modified in plant tissues by
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Appendix III.
Figure 6. Chromatography on SAH Agarose (1 x 4 cm) of .
| “active fractiohs from Sephadex G-100 (as o
described in figure 9).
' v

OMT activity was assayed ﬁsing quercetin (=O=J,
3-methylquercetin (-t ), 3,7-d1"methy1q-uercetin
(-m) and 3,7,3'-trimethylquercetagetin (=a= )
as substrates for the 3-, 7-, 4'- and G;OMTs,

respectively. ‘

l —-— e
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simply placing the latter in a solution containing methionine. It was
' ”

shown that addition of methionine to the growth medium of Lemna

113

paucicostata (56) increased the steady state concentration of SAM
between lb- to 20-fold. Similarly, turnip discs-incubated with
methionine accumulated SAM to approximately 200 yM (135). It would be

interesting, therefore, to raise the levels of SAM in Chrysosplenium

before the administration of [2-14C]-cinnamic acid and determine if

. . h
the rate of partially methylated flavonoid synthesis could be enhanced

f

(Appendix, Fig. 1). This may provide indinect evidence for the effect

of SAM/SAH ratio on the biosynthesis of such compounds.

1 in ‘the further

\
as delonstrated with the
S/

* catechol OMT of porcine liver®(136). It was shown that in the absence

Photoaffinity labelling can be used

N . ;/Z{
characterization of Chrysosplenium QMT

of UV light, the 8-Azido analog of’S-adenosyl-L-[3SS]—methion1ne
could serve as a methyl donor for porcine catechol -OMT, whereas
phatolysis of this analog in the presence of the enzyme resulted in
covalent binding. The specificity of the iqcorporatjon indicated that
it occurred at the SAM binding site on the éatechol-OﬁT.
Pre]iﬁinary work by this adthor demonstrated that in the absence

of light 8-Azido-s-adenosyl~g-[C3H3]-methioqine (80 €i/mmol, New

f') England Nuclear) also served as a metﬁ}l donor with the 3-, 6- %nqx

©
4'-OMTs of Chrysosplenium., The rate of methylation when B-Azido-SAM .

was the methyl donor was similar for the 3- and 6-OMTs whereas the
raté of incorporation with the 4' OMT was very iow. ~However, the rate .
" of incorporation from [14CH3]-SAM was highest with the 4'-OMT followed

by the 3-OMT and the 6-0MT. This demonstrates different efficiency

N N -
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of incorporation of this analog for each of the Chrysosplenium QMTg as
" well as a possible tool for'further characterization of these

enzymes., The fact that this analog acted as a methyl donor with the
three OMTs, indicates that these enzymes could aiso be sdbjected to
photoaffinity labelling for coval;ht bind%ng to their FESsttive
active sites. Radioactively labelled enzymes could be subjected to
SDS-PAGE followed by fluorography and'identification of the 3-, 6- or
4‘-OMIs. The latter could be submitted go'prote61ytic digestion in

order to isolate the polypeptide fragment containing the active site

» and subsequent amino acid analysis. The ‘finger prints' of each

b .
fragment could ‘be compared and perhaps determine which differences may
confer specﬁficit}ﬁtq these enzymes,

These are only a féw of the pdfentia] studies which could be

carriéd out with the OMT system of Chrysosplenium. - However, these

examples serve to illustrate the fundamentally interesting

»

biochemistry whfggitan be carried out with the advent of technological

1nno§at10ns and the knowledge that plants like Chrybdsg]enium do

exist, ' ' T ' )
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