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_ ABSTRACT

A STUDY OF Q-METHYLTRANSFERASE SYSTEM
1IN TOBACCO CELL CULTURE
Yun Fuk Tsang

s

_' An O-methyltransferaee system, mediating the methylation

of a number of phenollc cdmpounds, was 1solated and part-

.ially purlfled from tobacco cell culture by ammonium sulphate

fractlonatlon and chromatography on DEAE—sepharose, Seph-

acryl S-200 and: hydroxyapatlte. Differences An the degree

rs

of enzyme purification against various substrates (45--90-
fold) , variations in specific activity‘ratios, and results
of mixea—suostrate experimehts, seemed;to indioate the‘
presence of two forms of the enzyme. The latter were part—
-1ally resolved by chromatography on DEAE-cellulose and

" exhibited dlstlnct meta and E__E dlrectlng act1v1t1es

against caffeic acxd and quercetln, respectlvely, but not

to the exclusion of other substrates. The two forms.of the

_enzyme were guite similar in mblecular-weights (70—74 K)
and pI values (6. 1-6 3) but dlffered in pH optima (7 0- 7 5
and 8.0-8.5). L

The general.broperties,of tobacco culture OMT system

have been studied and comparedrwith those from other sources.

,

-

The role of this enzyme system has been discussed in

relation to secondary metabolite biosynthesis.

a
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JINTRODUCTION

O-methylatlon is an lmportant metabollc reaction in
both plaqt and animal tlssuee; Exte551§e studles have
been'carriedeouﬁ on thelenzyme O—methyltransferase (oMT)

.‘[E c.2.1. 1.6, ] from dlfferent tissues of a number of
mammalian specmes. The enzyme is respon51ble for_the
methylation of the hydroxyl groups of catechol, and is
believed to regulate the levels ef both adrenaline and
noradrenaline in animal tissues. In plants, however,';
O-methylation of‘secondary ﬁeﬁaboliteé has been sthdied'
less extensively. Tt was' first reported by Byer;um et
al. (1954) in connection with lignin formatlon. Since
then, OMT has been detected in a number of species in&olv—
ing the'b105yhthesis of simple phenolic substances,
lignins, alkaloids and flavonoids,

In the presence of a methyl;éroup donoé, such as
S-adenosyl-L-methionine, OMT can transfer the methyl-
group to o-dihydroxyphenolic substances, such as shown
in Figure 1. . »

Previous reports showed that some OMT preparations
catalyzed the selective methylation of phenolic compeounds

/

-— ,at &tther the para position (Mann et al., 1963 Wat and
Towers, 1975 Wengenmayer et gl.,-1974), or the meta
position (nguchl et al., 1967; Poulton et al., 1976a,
b); Legrand et al. (1976) suggeSted the presence of

three separate OMTs in tobacco leaves, based on their

different specificities-against various substrates and



different'meta/pare ratios. 'However, those enzyme fract-
u ¥ A . . .
ions have not been further characterlzed - Recently, two

dlstlnct OMTs have béen isolated from soybean cell suapens—

ion '‘culture LPoulton et aL., 1976a, by 19&7) -.one-was,’

-~ o !

specific for substltuted c1nnam1c aCldS (Poulton et*al.,
1976a, b) while the other for flavonoxds {Poulton et al.,
1976e;'1977).a Similar,xesults have been reported -with
‘tulip anthers (Satfeld”ahd.ﬁiermann;-ié?&).

Our preliminary work indicated that both caffeic acid
and eeculetin ﬁere methylated by a drude tobacco OMT
ﬁreparatr;n toltheir E:'and E}gfmerﬁﬁi'derivatives
(ferulic and iSOferulic:rscopeletin and isoscopoletin,
respectively). S@mllar observatlons have been previously
reported with yeast (Muller—Enoch et al., 1976b) , plant
(Shimada et al., 1972 Legrand et al.,’ 1976, Sutfeld and
Wiermann, 1978) and animal tlssuee. In none of these
reports, however, has the problemuqf diétinct'éhiymes
catalyrin§ the Eyiand g;gethylation'been unequivoca11¥ -
resolved. | ‘ ) |

Tobacco cell cul?ure’is known te syptﬁesize scopeletin
. and its glucosides, scoéolin as the mein phenolic met;—
belites. OMT activity of the cultured cells.wes found to
increase concomitantly wirh the accumulation of phenole
during culture'growth. .lp_wasgconsideredrof interest,
thexefore, to isolate-and purify bbacco culture OMT in
view of studying its cﬁaracterist cs and its:specifieity
towards m and_g}merhyiation_of phenolic»substretee:

- . L -
1 ] [y - -
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Figu;e 1. Meta and para gwmethylation;df various sﬁbstrates

‘by O-methyltransferase

I caffeic acid '
. Ia | ferulic acid
‘IP  + isoferulic acid :
IT ‘esculetin R e

I12 scopoletin
IIb  isoscopoletin
III quercetin
IT1I2 isorhamnetin
IIIb rhamnetin -
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Section A. LITERATURE REVIEW

A.l.: Significance of g;Methyltransferasenin Secondary
Metaboiism |
O-methflation is’a'very common reaction that involves

dlhydroxy phenolmc compounds in both animal and plant
tissues. The reaction is catalyzed by the enzyme catechol-_
O-methyltransferase [E.C.Z 1.1.6 ] which was first
demonstrated in rat llver, kldney and braln tissues
{Axelrod 1957; Axelrod and Tomchick, 1958). In the
" presence of a methyl group donor the enzyme Candgfmethylate
a number of naturally occurring catechols including‘
-adrenaline, noradfenaline, dcpa, dopanine'and 3,4-dihydr~
oxymandelic acid (Axelrod and Tomchick, .1958). /it was
suggested, therefcie, that this enzymelwas-important in
the metabolisn of catecholaminest 'Noradrenaline and
adrenaline present in the blood‘circulation are primarily
inactivated by liver and kidney OMT thus resulting in
the formation of phy51ologlcally inactive products —
normetaadrenallne and metaadrenallne, respectlvely

(Levin et al., 1970). Flohe et al (1970) clalmed that
this enzyne:might—also_regu%ate the levels of these:two
:hormones. | kB |

The eignifdcance of OMT in ptigt metabolism has been

correlated with the incorporation of the methyl groups of /
methionine into lignin (B&etrum.gt al., 1954). which paved
the way to numerpns studies of the O-methylating enzyme.in

higher,plants. OMT was Jlater reported. £from the cambial



L) 5. .

tissues of apple and of pampass grass (Finkle dnd Nelson,
1963a, b; Flnkle and Masrl, 1964) as well as several other
" plant specles {See section A.4.2). nguchl et al, (1967)
also found'that the 1ncreased anorporatlon of methyl g*oups
was coscomltant Wlth increased lignin formation in bamboo
shoots and suggested ‘the part1c1patlon of g-methyltrans—
ferase in the blosynthe51s of lignin; Furthermore, tﬁey
pointed out that OMT is a key enzyme whlch helped to explaln
the phylogenlc difference in the formation of gualacyl and
syrisgyl unitS/éz 1lgn1n in angiosperm. and gymnosperm
species (Higuchi et al., 1967; Shimada et al., 1970, 1972,
1973). Their results indicated that engiosperm OMT
catalysed the formation of both ferulic acid and sinapic
"acid from'caffeic acid'and:SHFA, reéspectively; whereas}only
caffeic acid was methylated by. gymnosperm OMT., It has also
been suggested that gymnosperm lignin lacks the syringyl
units that are present in angiosperms (Ibrahim et al.,
1962) . |

gfmethyltrensferase was also found to catalyze the
methylation of esculetin to form scopoletin (Hess, 1965a,b;
Legrand eteal., 1976; Mﬁller—Enoch et al' 1976a) O-

methyltransferase is also 1nvolved in the biosynthesis of

-

flavonoid compdunds. The enzyme has been’purified and its
properities studied in suspension~cultures of parsley (Ebel'
et-al., 1972), Cicer sp. (Wengenmayer et al., 1974),soybean

(Poulton et g;., 1976a, b, 1977) and Ruta sp. (Thompson et
al., 1978): '



. Figure 2,

A.2, The'Methy1 Group Donoxr
Borsook and Dubnoff (1945) réportéd_ﬁhét methionihe,
can serve as a methyl groué donor.in the enzymic Efﬁésé‘
methylation. Since then, this amina acid was'é6hﬁbni§-
used as the'methyl group donof.F . ) : .
Cantoni and Durell. (1957) pointed out that AT?:and
Mgtt were essential £o‘promote the effectiveness of -
méthionine as a methyl group donor, and §uggested thét
methionine is being activated in the presence of ATP and
_ Mg++._ Ié was ‘later shown ﬁhét:the active methionine was

actually S-adenosyl-L-methionine (Figure 2).

“O0CCHCHC
HOHOH;S-
NHo

OH . .OH

* Molecular structure qﬁ S—adenosyl-L-methionine,

Futhermore; the enzyme ATP:Efméthionine S-adenosyltrans-
ferase [E.C.2.5.1.6.] which is responsible for the
synthesis of §—adenésyl~methionine was detected in yeast
tells (Mudd and Canﬁﬁni,-lQSSi and liver tissues (Mudd and
Cantoni, 1962) . Tne mechanlsm of the enzymic reaction |

‘was establlshed as follows:



> | o gt
Mg KX
Ldmethlonlne + ATP ——-ﬂ—————b(*)s adenosﬁlrL—methmonine ’

.rf.'_ . S . _. . + PPi + Pl L . ’ N

. Mann e t‘ 1. (1963), in their studies of the steric

»

spec1f1C1ty of Nexrine OMT for: the dlastere01sqmers of

SAM (1), 1ndlcateﬁ’that the (+).SAM is only 10% as effective
as the-( )’ 1somer. HOWever, less spec1f1c1ty was Shown
‘w1th~regard to the conflguratlon of the G—amlno carbon,

4

since (%) - S-adenosyl D—methlonlne ‘was only. one-thlrd
as effective as the L—form. A - f‘ .
Haha et al, (1959) explained that the abllltY of
-/ SAM to release the methyl group was due to the exlstence
~of an,energy-rich'bond between the sulfonium and the
methyl group of the compound. | ' - .
As the. ATP L«methlonlne-adenosyl -transferase was
identified in bgmboo shoots (Higuchi et al., 1967) and
-parsley (Ebel ggfgl., 19?3); SAM was recognized as a
reasonable methyl groué goner of the tréﬂsfer reaction,
Since then, a number.of SAaM-dependent biological trans-

methylation réactions have also been deomonstrated in

plant tissues {See section A.4.2). .

A.3. Isolation of gfmethyltransferase

A.3.l. Extraction and purification, of OMT:
\ ' y
Oumethyltransferase is generally\assumed to be found

in the soluble proteln fraction of the cell (Pellerin and. -



.
D' Iorlp, 1958 Mollnoff ‘and Axelrod 1971), therefore. there
is ho special problem wmth its extractlon or SOlubllltY. by f
'Grlndlng with appropriate buffer solutlon le esSential for
complete‘extraction,-'OMT from ret liver is reedily soluble

| 4

in isotonic KCl (Axelrod and Tomchick; 1958). Toﬁg'and
‘ D'Iorio (1977) reported tgat thelminor 'particuiate'
‘enzfmé\uhich was bbunéfto the plasma membrane required-
‘acetone treatment for the release of its activity.

Partixl purlfiaatlon of OMT from ‘both animal and plant
tiesues-bas been achlevedrbyfu51ng the-c1a591cal techniques
" “including qifferentiel centrifugefion; ammonium-sulphate 'f»
fraetionation, ion—exdhenge.end Qel filtxation chroma to-"
graphy. While these-techpiéues are~time copsuhing, this
aiffieulty is further .ggravated by.ihe:faeﬁlthat OMT is a
relatively'labile.eanie. ' o

The,mere'ragid_and'efficiené purification techerque.“
‘appears to be-affinify'cﬁromategraphy. The latter wass
successfully used in combination with other classmcal

. '_r‘/;_\'\

technlques for the purlflcatlon of rat llver oMT (Borchardt
et g;.,-lQ?S) and resulted in 900-fold puriflcatlon. -

' Recently, two OMTE Wwere separated by affinity chromafography
into o~ and éﬁdirecring enzymes, though their purification
was as low as 50- eﬁd iG—fold, reépectively (Thompson et al,,

11978). Other worKers, however, reported no success with the

use of affinity chromatography (Darmenton et al., 1976;

L ]

Brunet and Ibrahim, personal communication). ' -

e
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A.3.20 Electropho:étic_bghavior and multipiicitj of OﬁT
In order to judge the homogenity of the'protein,

, polyacrylamide gel eiectrbphqresis {Davié, 1964) is

' generally used. By means of this techmique, Shimada \E*_
et gl.uf1973)‘obtained a single-band enzyme from baﬁboo
‘shoots. The mobility of the pine OMT onipolyacrylémide

.gels was smaller than that of thé bamboo OﬁT. "Kuroda et al.
(1975).asépmed that Pine OMT had a lower negativé.cha;ge

as cogPared with that of baﬁbod; | ) .\Lﬁ'

Caffeic: OMT‘(CMTf ﬁnd quercetin: OMT (QM&) of tulip
anthefs were re?orted'to ;ocate‘slighty apartlfrom‘each
other after gel electrophoresis (Sutfeld and Wiermann,
1978), an indication of be}ﬁg two proteins with different
mbleculér Weights but similar in eieétrophorétic_mObility

Multiplicity of OMT has been xeported with the ra£
liéér eﬁzymé based on electroéhoretic evidence (Axelrod
‘and Vesell, 1970).‘ Two separate forms of the enzymé were
found to differ in keatustabi;iff and kinét;c valuesv
though both had the same substrate SPégificity:

| Using iscelectric focussing (Wrigley, 1971) variqus
pl values were :eported'for‘aifferent OMTs._'It was found
that rat liﬁer OMT focuséea at pH 5.5 {Darmenton et al., 1976);
‘bamboo OﬁT at 4.1 (Shimada et al., 1973); CMT and'QMT of
tulip anthers at 4.8 and 5.0; reépectively (Sutfeld and

ﬂjermann, 1978). These data Seem tb indicate that the

enzyme is an acidic protein.
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"A.4. VDistribntion of O-Methyltransferase

OMT wag detected in many mammallan species (Axelrod.and

Tomchick, ' 1958) as well ‘as amphibian tlssues (Axelrod et al., ' -

LA

1965). Generally, the highest activity was found in both
liver-ano kidney tissues, where noradrenaline and aorenaline
were methylated to their correspondlng 3—0-methy1am1nes
{(Levin et al., 1970). The enzyme act1v1ty was also
present in the plneal gland (Axelrod and Weisshack, 1960)
and brain tissue (Insooe et al., lQGS). | |
Most of OMT activity was reported in the soluble‘
fraction of the oell,_tnougn small amounts of aotiﬁity
were assooiated with the microsomal traction (Inoscoe
iet al., 1965) an& ‘the plasma membrane (Tong and D'Iorio,_
1977) . It was‘also reported that mlcrosomal OMT dlffered
from soluble OMT in 1ts substrate spec1f1c1ty and pH
optimuit (Inscoe et al., 1965). .
meethyltransferase is w1de1y dlstrlbuted in almost

all- plant tlssues. The enzyme was partlally purlfled from

"'Nerlne bulbs (Mann et al., 1963); bamboo shoot (nguchl,

- 1967; Shlmada et al., 1972; Kuroda et al., 1975); tullp

anthers (Sutfeld and Wmermann, 1978); and a number of cell
suSpen51on cultures such as, parsley (Ebel, et al., 1972),

: g&gez'sp:{(Wengenmayer et‘al., 1974); soybean (Poulton et
"gl.; 1976a b)and. Ruta sp. (Thompson et al., 1978).

In contrast, very few reports have come from work w1thfr'

microorganasms, notably that of Lentlnus lepideus (Wat and |

Towers, 1975) and yeast (Miller-Enoch et al., 1976b).
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However, there are no reports of the presence of catechol-

; -OMT in bacterla. ' . N A

A.5. Properties of Q—Methyltransferase

‘A;S 1. Molecular weight

‘The molecular weight of OMT has been reported from
varlous plant tissues and was found to range from 48, 000
to 110,000- daltons (Table I). . Lower value’ has been

reported for the QMT of tulip anthers ca. 35 000 daltons

'(Sutfeld and Wlermann, 1978) On the other. hand, the

molecular weights of rat liver and kldney tlssue OMTs

ranged between 21,500 to 23,000 (Assicot and Bohuon, - 1970;

» Borchardt et al., 1975; Darmenton et al., 1976). The

M.W. of the membrane-bound'OMT rat liver was similar to

that of the soluble enzyme (Tong and D'Iorio, 1977}.

A.5.2. Substrate specificity and klnetlc constants

/

In general,- both the K values and substrate spec:.f:.c-~

ities were variable for the enzyme obtained from different

sources. The K values of the most common ubstrates are

:'jllsted in Table II

A purlfled OMT from.parsley cell culture had a‘greater
afflnlty for flavonoxd than that of phenylpropanOLd
compounds, even though caffelc acid was a better substrate
than luteolln or its 7—0—glucosmdes (Ebel et al., 1972).

Whereas most of the plant OMTs were reported to have no

4

.activity,with monohydroxy compounds, the enzyme £rom

”»

‘#‘:
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‘Table I. Molecular weights of OMT from different sources

e

Enzyme M.W. ‘Substrate Reference
Source Catalysed °*
Cicer arietinum 110,000 daidzein Wendeﬁmayer
et al. (1974)
Petroseli num 48,000  luteolin Ebel et al.
hortense - . y (r972Y
{(parsley)
Pinus thunbergii 67,000 caffeic " Ruroda et al.
o (1975)
Ruta graveoleus 85,000 . bergaptol Thompson et al.
: {ortho) . (1978)
110,000 xanﬁhotoxol
(meta)
Rat liver 24,000 3,4,3i-0OH~- Assicot and
phenylacetate Bohuon (1970)
no 23,000 3,4,di-0H~ ° Borchardt et al.
benzoic (1975)
" 21,100 . 3,4,di-0H-  Tong and D'Iorio
benzoic (1977)
Rat kidney 21,500 adrenaline Darmenton et al.

(1976)

*

P

-



Lentinus lepideus was found to- catalyze the selective

O-methylation of p-hydroxycinnate (wWat and.Towe;s;

_1975).

A.5.3, pH optimum and its effect

Tﬁe optimal pH for OMT activity was found to differ
in different systems and ranged'from pH 6.5 to 9.7 (Table
III). Flohe et al, f1972) peointed out that the pH
conditionlcould afféct-the'affipity of OMT'togérds adrenal-
ine. They foﬁﬁd that the Ky value for‘adreﬂalihe decreased
significantly with the increase of pH. That for SaM,
'howé;er, was not affected and remained cénstant‘within pH
6;5 to 9.5. : |
: £
. Changes "'in pH were alsoc reported to affect the'enzyme
stabilitf,as well as the ratio 6flgggg[é§£§ methylation,
Tﬁe latter is attributed to chaﬁées in the nucleophilidity

of hydroxyl groups (see below).

A.5.4. Meta and para methfiation

g-methylatiopRis known to occur in vivo at the ggﬁg
Vposition of o-dihydric acceptors by rat liver OMT (Axelrod
and Tomchick, 1958}, thoudﬁ the purified;enzyme from the
same tissue catalyzed the methylation at both the m- and p-
positions (Senon et al., 1959). As was mentioned, the pH
condition ‘could affect the nucleophilicity of hydroxyl
V_metﬁylation (Senon et al., 1959). .These authors foﬁnd that
catecﬁol:OMT normally éaéalyzed.ErgémEthylation at neutral

pH as a result of the stronger nucleophilic property of the
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Table II. K  values of the most common substrates for OMT

" Cicer

Substrate - Km(nﬁ) Source Reference
Adrenaline 194 rat Assicot and Bohuon,1970
Noradrenaline 25 rat Darmenton et al., 1976
Caffeic acid 16 parsley Ebel et al., 1972
133 ' soybean Poulton et al., 1976b
Daidzein (7,4'diOE- 80 ' Cicer’ Wengenmayer et al.,
‘isoflvone) 1974.
Eriodictyol (3',4', =~ 12 parsley Ebel et al., 1972
5,7-tetrapHflavanone) : ' |
5-Hydroxyferulic-acid 10 ‘bamboo  Shimada et al., 1972
27 - Pinus  Kuroda et al., 1975
55 soybeén“ Poultoﬂ'gg'gl., 1976b
Iuteolin (3',4', 46 parsley Ebel'nggl., 1972
5,7~-tetraOHflavone) ' _
't Luteolin-7-glucoside 31 parsleyi‘Ebel et al., 1972
‘Norbelladine . 100 " Nexrine Mann-et al., 1963
: Protocatechuté 50 soybean Poulton et al., 1976b
. (3,4,di0Hbenzoic) '
Quercetin 170 " tulip Sutfeld and Wiexmann,
1978 .
3,4,5,7riOH~ 100 soybean Poulton. et al., 1976p
cinnamic acid
- SAM 10 " Nerine Mann et al., 1963
150 Wengehmafér'gg al.,

197
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Table III. Optimat pH of OMTs in different enzyme sources
Enzyme - Optimal Substrates ‘References
' Sources pH Catalyzed .
Apple " 7.0- caffeic acid Finkle and Nelson,
8.0 1963 :
Beta vulgaris 6.5 caffeic acid Poulton and Butt,
1975
Cicer arietinum 9.0 daidzein Wengenmayer et al.,
1974 -
Glycine max’ 6.5- caffeic acid.. Poulton et al.,
(soybean) - 7.0 1976b :
Leutinus 7.0 - methyl-p- Wat and Towers,
lepideus - coumarate 1975 :
Nerine bowdenii 8.1 ‘norbelladine Mann et al.,1963
petroselinum 9.6~ luteolin Ebel et al.,1972
hortense 9.8 :
(parsley)
Phyllostachys 7.5- caffeic acid Higuchi et al.,1967
ubescens 8.0 S5HFA Shimada et al.,1972
ibamboo) : ; )
: . -
Pinus thunbergii 7.5 caffeic acid : Shimada et al.,1972
. ——
Ruta graveolens a) 7.5~ bergaptol Thompson et al.,
8.0 xanthotxol 1978
b) 8.5- 5-OH- " "
9.7 xanthotoxin
Rat liver 7.2 di-OH-phenyl~- ' Assicot and Bohuon,
' acetate 1970
Rat liver 7.8~ adrenaline Flohe et al.,1970
: 9.7
Rat kidney 7.9 adrenaline Darmenton et al.,

1976
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m-hydroxyl group. On the other hand, the ratio of E—[E—
methylation decreased with 1ncrea51ng pH due to increased
nuc1e0ph111c1ty of the p—hydroxyl grpup. ‘

Most of plant OMTs reported, so far, were found to be

meta dlrectlng. In contrast, the enzymes from Nerine

bulbs (Mann et al., 1963), Leéntinus lepideus (Wat and

Towers, 1975) and Cicer cell culture (Wengenmayer et al.,
. . oy

1974) were found to catalyze the methylation of para-

. hydroxyl groups. Recently, an ortho-directing OMT has been

reported from Ruta graveoleus cell culture tissue (Thompson

et al., .1978).

A.5.5. Cofactor fequirements

- Mgtt is generally required for maximum activity of
animal catechol:O0MT (Molineff and Axelred, 1971); Other
divalent metal ions, such as Cott, catt, zntt and nitt

have also been reported to substitute for Mgtt.

hypothetical oMr-MgHt complek (Fig.3.) has been proposed by
Senon et al. {1962). They realized that the complex of Mgtt
and dihydfoxyl phepolie compounds and SAM satigfies best

=&

the spatlal requlrement for the enzyme. Thé pfimary function
of this complex is assumed to bring the substrate and the.
enzyme together. However, higher concentratlon of Mg++ and
catt were repotted to inhibit OMT activity (Flohe et al.,
1972). |

In contrast to the animal enzyme, Mgt does not seem to

be required for the activity of plant OMTs, though Mnit+ and’



zntt were reported to inhibit the enzymes of parsley (Ebel .

‘et al., 1972) and pine (Kuroda et al., 1975). )

' N
NN
| N\N N
0 .OH
Vi |
| HaN \i) e
S—CH 0
3N 60 | .
HC (CH,),

 Figure3 . Hypothetical OMT-Mgtt-substrate complex
(adapted from Senon et al., 1962)

/

A.5.6. Inhibitors of O-Methyltransferase

A.5.6.1. Inhibition'by'§;adenosyl-homocy§teine

OMT activity was reported to be strongly inhibited by
the other product of the reaction, SAH. Its inhibition
was competitive for the methyl group donor (SA@) and its
Ki ranged from'0.4 to 30 aM for different OMTS. Generally,

the K; for SAH is smaller than the K, value for SAM.

-
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Poulton and Butt (1975) claimed that this relationship may

functlon as a regulatory mechanlsm of the enzyme activity. -
However, the deteg¢tion of S-adenosyl-homocysteine hydro+
lyase [E;C.B.B.l.l.] in plant tissue extracts suggests éhaf
SAH may not necessarily ihhibit the OMT activity in vivo
(Poulton and Butt, 1976) . ' -
Borchardt and Wu (19743, b, 1975) studied the SAH inhib~
ition of OMT using its 3tructural analogues and proposed the
binding sites for SAH shown in Flgure 4.. Accqrdmng to
their proposal, the terminal amino group (site b} ané the

a—amlno group of the adenine moiety (site £f) were . ..

considered particularly important for SAH 1nh1b1t10n.

Figure 4. Proposed blndlng sites for SAH {adopted from
Borchardt and Wu, 1975).



A,STE.Z; Oeher”inhibitors

Squhydryl‘grouPABinding reegents,hsucﬁ-ae p~chloro~
mercuribenzoate (pCMﬁ) or monoiodoacetate were reported as
OMT enzyme inhibitors, which tends to suggest that the engyme
requires -SH groups for activitf (Shimada et al., 1972).,

The inhibitory effect of £lavonoids on rat liver OMT hgs
been reported (Schwabe et al., 1972) Due to structural
considerations, kaempferol (a flavanol) which laoks vicinal
OHigroups'was found to inhibit the enzyme pronouncedly.
However, flavones and flavanones which lack the 3-0H group
exhibit a less distinct effect (Schwabe.et al., 1972).

Tropolones which are isosteric with catechols were
reported to act as competitlve lnhlbltors of liver OMT,

although they cannot be methylated by the enzyme in

presence of SAM (Belleau and Burba, 1961).

A.5.7. Eneyme stability B . ‘ .
' _Iﬁ_most cases, the animal OMTs have been reported to

be very"unstable (Assicot and Bohuon, 197050 Almost 70%

of activity was lost after 24 hours of storage at 4fC.

The half-life of the enzyme from kidney tiséﬁe was foﬁnd

to be 2 hours at -20°C (Darmenton et al., 1976). The enzyme

‘was extremely heat labile and its activity was lost

completely within a 15-minute incubation at 60° C (Assxcot

and/Bohuon, 1970) .
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SH-group reagents, such as ﬂumercaptoethanol and
dithiothreitol have been reported‘to serve as OMT stabli-
zers (Ebel et al., 1972). Assicot and Bohupn (1570) had.
shown that the loss in enzyme actiﬁity could be restored
by_the'addition of dithio%?reitol:f It was also reported.
that QMT activify could be maintainead over one month in
the form of ammonium sulphate precipitase (Tong and .
_ D‘Iorio, 1977). |
Relatively stable enzymes have been reported from
Nerine buibs (Mann et al., 1963), parsley (Ebel et al.,
1972), soybean (Poulton et al., 1976a, b) aﬁd Ruta cell
cultures (Thompson et al., 19;8). It is interesting to
" note tﬁaﬁ the caffeic:OMTs isolated.from soybean culture
(Poulton et. al., 1976a) and tulip anthers (Sutfeld and .
Wlermann, 1978) were more stable than the flavon01d :OMTs

from both tlssue systems.
A.6. Regulation of O-Methyltransferase Activity

A.6.1. Effest of illumination

Many enzymes involved in the secondary metabolism of
plants were found to be stimulatéd by illumination. Ebel
et El: (1972) demonstrated.that the flavone:OMT from
parsleylcell_culture was stfongly dependent on light treat-
ment. Similar&y, a Zd—fold increase in OMT activisf Qas

reported in potato slices exposed to light for 24 hours

(Camm and Towers, 1975). 1In contrast, illumination ) -
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appeared to have no significant effect on the isoflavone:

OMT from Cicer cell culture (Wengenmayer et al,, 1974).

A.6.2. Effect oflﬁlant hormones’ ’ '

There is very little informﬁtion on the effect of
growﬁh substances on OMT activity. Kinetin was'reéorted
to stimulate the tobgcco‘enzyme'in relati&n to lignifi-~
cation and_cluméing of cells in culture (Yamada and Kuboi,
1976; Kuboi and Yamada, 1976). These results seem to
concur with the findings of Bergamann (1964) on the effect.
of kinetin on the pathways leading to iignin biosynthesis.
On the other hand, Thomﬁson et al. (1978) reéorted an

inhibitory effect of kinetiﬁ on Ruta culture OMT,

r

BT



- B.,1.2. Initiation of callus culture
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Section B, MATERIALS AND METHODS.

- -
B.1. Initiation a Maintenance of Tobacco Cell ~

Suspension Culture

B.1.1. Plant material

Nicotiana tabacum L. (CV. Wisconsin #38) was used ‘for
the present study. Seeds were cbtained by courtesy of

br. T. A. Thorpe, University of Calgary, and were

germinated under greenhouse conditions. The stem pith

of two months old plants was_useé.to estéblish both callus

.and cell suspension cultures,

-

S{x-cm—long segments were excised from the middle
part'of the stem and were surface sterilized by soaking
for seven minutés in i:l agqueous solution of Javex (10%
available Clé) thenlrinsed thoroughly with_sferile water,
All tissue culture manipulations were carried out asepti-
cally under a laminar-flow transfer hood and using sterile'
instruments. The stem pith was removed using a Sﬁm/’
diameter cork borer and then sliced, Pith élices, Smm -
thick, were transferred on%o the surface of a solidified

) ‘

nutrient~culture'medium (Appendix I) in 20 x 5 x 5cm

culture bottles. The culture medium (Murashige and Skoog,

‘1962) was supplemented with 3% surcose, 2 nM indole-3-

acetic acid@, I nM 2,4-dichlorophenoxyaceti. acid and 0.1 uM

kinetin, and was solidified with .0.7% agar. The pH of the

3
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medium was adjusted to 5.7 before being éutoclaved-at

15 1b p.s.i. for 15 minutes. The cultures were maintained

under diffuse 1light (ca. 100 f.c.) at 249i1§c.

B.1.3." Initiation of cell suspension ¢

A suspensidn culture consisted of free cells

~and small;,cel-;]."‘"’é{ggre‘gates was initiated in the followiné
- ) . . . 3

R

' manner. Several pieces (ca. 10g) of actively growing,-

friable callus were transferred as aseptically to.one-liter

LS

nippled flasks, each containing 200 ml of the liquid

medium (Appendix I)/ The flasks were allowed to rotate

gently on a rotaﬁing wheel at 4-5 r.p.m. which was driven
by a motor with changeable gear (quel NSH-lZRG, Bodine
Electric Cé. Chicagot'Iil;)} The qalius maséeg Qére, g;
traﬂsformed'ihto a loose suspension witﬁin‘é’ﬁeeks. Free

cells and small cell aggregaﬁes were separated from the

“large clumps by passing'the suspension through a sterile

nylon wiré gauze. The fine cell suspension was used as
inoculum for batch cultures which were maintained in 250-

ml Erlenméye:iflasks}_éach containing 50 ml of the liquid

medium. The culture flasks were agitated on a gyrotary

shakex (Model G-10, New Brunswich Scientific, N.J.) at a

—

[

rate of 150 r.p.m. under the same light-temperature condit- -

ions mentioned above. - Growth of the cell suspension was

maintained by subculturing at 7-day intervals to the same
‘ ‘ . f ' ' . . .

nutrient‘medidm at a ratio.of 1l:10. Cell suspension was

plated at regular'inferals in agar medium and served a



“stock callus culthre; Botﬁ.Cell (Figures 5, 6) and~callus

, .

cultures were routinely examlned under the light mchOSCOpe

for any contamlnatlon.

B.'r Determination of Growth Parameters of Tobacco

Dupllcate-culture samples were taken at dally 1ntervals

S

_ Cell calture

for the determlnatlon of' the followlng growth parameters.

'B;2.l; Fresh"ﬁeight ’

. e
The contents-of 2 or more culture flasks were filtered

'through a frltted glass funnel (medlnm por051ty) using

;suctlon. Amr was allowed to pass through the fllter for
30 seconds and the cake of cells was welghed - The fresh
wemght of cells was expressed in terms of gram per

-

culture flask. . o ' | ..'

B. 2.f2 * Solible protein -
The soluble proteln content was. determlned on aliquots .
' of 0. l M phosPhate buffer {pH 7. 5) extracts of fresh cells
’ u51ng the Lowry method-(Lowry et al., 1951). Bovine serum
albumin, dissolved in the same buffer, was used as standard
to establish_a-ca;;tration curve. Soluble proteln content

/yas expressed in ‘mg per gram fresh welght of cells,

. |

B.2.3. Investigatibﬁ.othhe phenolic constituents of

tobacco cells ' . - %

-
~

i ;S known welght of fresh cells was extracted with 5
. L



Figure 6 (X400)

Figure 5 and 6. Prints of photomicrographs of tobacco

cells grown in M.S. medium.

25.
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volumes of boiling 85% Lthenoi_twiée by refluxing for one
hour. The combined alcoholic extractetwere filtered and
reduced to an agueous residue by flash evaporation (40°C)
under reduced pressuré, ‘Ah aliquot of this extract was
chromatographed on cellulose thin~layer pla&es using
n-butanol-acetic acid-water (G:I:Zﬁv/v/v) for the first
dimension and Zé'HOAc for the second. The dried TLC
plates were examined for the presence of phenollc gluco-
‘sides (see below)

0 “The remaining portionlgf ﬁhe agueous eitract was
acidified with 2 N HCl and then hydrolyzed for 30 min
at 95°C.(Ibrahim and Towers, 1960). The acid hydrolyzate
was theﬁ extracted with Qiethylethér using a continuous
_liqu§duliquid extractor for 6 hoﬁrs. The etherx extract,
: which contained the free phenbls, was evaporated and the
residue‘ﬁas taken. into a small,volume of B5% methanol for
ehromaeogrephy. The- latter wae carried out on TLC plates
.coated with cellulose ppwder 6r silicalgel. The TLC plaﬁes
T were devéloPed with benzene-acetic.aeid—water (2:2:1
organlc layer) for the first dimension and 2% HOAc for the
latter. .Both free and bound phenollc constituents were
v15uallzed in Ulelght and their 1dent1ty was confirmed by
co—chromatography_w1th reference compounds and by isclation

. r
and determination of their spectral characteristics using

the standard methods (Ibrahim, 1961).

. One,major pHenolic compound, scopoletin (6¥methoxy—7~

v -
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hydroxycoumarin) , was found to be the main constituent of

the hydrolyzed tobacco cell extracts, and its identity

"was rigorously confirmed by co~chromatography and UV- -

spectra.

B.2.4. Qﬁantitative.deiermiﬁation~of scopoletin

While small amounts of scopoletin were found free in
tobacco cells, the bulk of this'cdmpound occpﬁgd bound as
its 719-glucoéide, scopolin. Thé ﬁotaIAsc0poletin content
was, therefore, determined after acid hydrolysis of tobacco
cell extracts. Aliquots of the final ether extract were
chromatographed as described in section B.2.3. The_blde—

violet UV-florescent spot, corresponding to scopoletin,

'wggzéiféfu&iyhscraped off the TLC plate, eluted with 85%

ethanol and its absorbance was measured at 340 nm in a
spectrophotometer (Model Séectronic ?00, Bausch and Lomb).

The scopoletin content was determined using duplicate

tissue. A calibration curve was constructed using standard

scopoletin.

-

B.2.5. Q-méthyltransfe%ase activity
It was necegséry.to determine the peak of enzyme
aétivity during growth of tobéssfféultﬁre. OMT activiiy
was determined using a'standard enzyme assay which is
described in.a following section (B.4.1l). Crude eﬁzyme
extracts‘wefe'prepared at'daily intervals and were,éssayed

on duplicéte tissue.samples using caffeic acid and
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esculetin as substrateé. Enzyme units.wgre expressed as
pKatals(pmolvproduct formed per second, Internativonal

Union of Biochemistry, 1973).

B.3. 1Isoclation and Purificatiop of Tobacco Culture

O-Methyltransferase

- -
— K
“

An outline of “the procedure of extraction and purifi-

cation of OMT is illustrated in Figure 7.

B.3.,1. Enzyme extraction
The following potassium phoéphate buffers, pH 7.5
were used for the extraction and.purification of tobacco

OMT. Unless otherwise indicated, all buffers contained

'S5mM EDTA.

I 100 mM phosphate buffer

I1. 5 mM phosphate buffer

III. Linear gradient phosphate buffer (10-200 mM)

All extraction and purification steps were carried out

in a cold lahoratory'at 2-4°c, The filtered, waéhed cells

" were homogenized in .a chilled mortar with Polyclar

AT (0.1% w/v) (Serva, Germ.) and two volumes of ice-cold
buffer I. The hoﬁogenate vas filtered through a layer of
Nitex, po?e size 25n (Tober, Ernst & Traber Inc., Elmsford,
New York), and the filtrate was centrifﬁged at 20,000 g
for 15 minutes. The supernatant was gtirreq for 20 min

with Dowex 1 X 2 (Sigma, U.S.A.) which had previbugly been

-
N
~ -
. s
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Washed, filtered cells homo~-
genized with polyclar AT, and
2 volumes buffer I (pH 7.5):\
hombgenate filtered; filtrate
centrifuged (20,000g, 20 min)
' | .
v - | v
Pellet (discarded) ' Supernatant stirred
' with Dowex 1X2 (20 min)
filtered. (NHg)2S804
precipitation (50-60%
saturation), centrifuged
#€20,000g, 30min)

Pellet dissolved in ‘ Supernataht (discarded)
buffer XTI and de- '

salted on Sephadex
G-25*

DEAE&sepharose*
_ : Fractions assayed and those
Sephacryl S~200%* with highest OMT activity

: were combined and concentrated

Hydroxyapatite*

* Subjected to acrylamide gel electrophoresis &

Figure 7. Summary of enzyme extraction and purification

steps
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equilibrated with the same buffer and then filtered through
"glass wool. This filtrate was designated as the ‘crude

enzyme preparation’,

B.3.2. Ammonium sulphate fractionation

The use of graded con¢entrations of ammoniﬁm sﬁlphate
is a common procedure for fractionation of prgiein mixtures
based upon their solubility différences. a preliminary
investigation of the distribution of enzyme activity in
crude.preparation was carried out while increasing the
saturation of ammonium sulphate between 0 and 80% by 1l0-
boint incfeﬁenté at a time. ihe proééiniwhich precipitated
after each tfeatment was assayed with a number of phenolic
substrates. The results indicated that épproximately 60%
of the enzyme activity was found in ‘the protein fraction
which precipitated between 50-~60% saturation. Figqure 8
shows a typical experiment of ammonium sulphate fraction-
ation. The pfotein pellets 6btained after centrifugation
were dissolved in the minimal amount of buffer'II and were
directly assayed for OﬁT activity. It can be seen that the
highest specific activity of tobacco OMT was attained with
the protein whichlprecipitated between 50-60% saturation.

I .

Therefore, for enzyme purification the crude extract was
b

bfought to 50% saturation b§ the gradual addition of
crystalline ammonium sulphate and continuous stirring while
maintaining the pH at 7.5 using dilute KOH. The mixture

-

was allowed to stand for 30 minutes, then centrifuged at
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20,000g for 30 minutes and the pellet was discarded. The
shpernatant‘waé btought to 60% saturation as deéscribed
before and the proteln which prec191tated was pelleted by
centrifugation and dissolved in the minimal amount of

buffer II.

B.3.§. besalting on Sephadex G-25

A Sephadex G-25 (Pharmacia, Fine Chemicals, Uppsala,
Sweden) gel pow@e; was soaked et least three hours in |
buffer.II and the fine particles were eliminated by decaht—_
ation. The swollen gel was packed 1nto a column {2 x 50
‘cm) and then washed thoroughly with the same buffer for
~equilibration. The ammonlum-sulphate fraction (50-60%
satu;ation),.which was solubilized in buffer II, was
applied to.the.column and the protein was eiuted with the
same buffer solution at a.rate_ef 46 ml/hr. The UV- -
absorbance of the eluate was monitored at 280' nm using a
ﬁV?absorbance monitor (Model'lOO, Pharmacia, Fihe Chemicais,.
Uppsala, Sweden) and the protein was collected and concen-
trated by ulttafiltration (Amicon Corp., Mass._U.S.A.)
‘'using membrane filter No. XM 50. This fraction was
designated as the }partially—purified' enéyme-preperatien.
B.3.4. .Ion—exchanée chromatography

Diethylaminoethyl (DEAE) sepharose éL-GB (Phamacia,
Flne Chemlcals, Uppsala, Sweden) was prepared accoxdlng to g

’the manufacturer's 1nstructlons. The gel was flrst diluted

~{
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withlbuffgr II to a éonsistency which allowed air bubbles
to'escape easily. . The equilibration and washing process
were carried out in the chromatography column (1.5 x 30
cm). The desalted enzyme preparation was applied to the
backed column after the latter had been wéshed with at .
least three bed-volumes using the same buffer.

The protein was eluted first with 60 ml of buffer II
followed by a linear gradient (10-200mM) of Nacl.in
puffer II, at a flow rate of 15 ml/hr. The-e;uéte was
continuously monitored at 280 nm through the UV monitor.
The protein profile was recorded on a chart recorder - -~

(Servo-Riter II, Texas Inspf Incorp., Texas) at a speed of
1 in/hr. Fractions (4 ml) were collected by means of a
fraction collectof';nd were directly assayed against
cafféic acid, quercetin, esculetin and daphnétin, aé
substrates, using tﬁe standafd enzymé:assay aé described
in section.B.4.1l, ' The protein fractions whiich .exhibited
‘the highest enzyme activity were pooled and concentrated

»

‘by ultrafiltration.

. B.3.5. Gel-filt?ation chromqtography ' R
Sephacfyl-Seéoo tsuperfine, Pharmaciav Fine Chemiqais,
Uppsala,_Sweéen) was éupplizd by the manufacturer in
swollen form as a thick suspension. It Qas first dilﬁted
. with gﬁffer II and then packed into the chromatographic

column (1.5 X 65cm).” The column was washed ‘and equili-

_brated with ag least three bed—volumns.of the same buffer.
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The concentrated DEAE-sepharose eluate {(Section B.3.4.)

was carefullf layered on' top of the gel and wés €luted

with buffer II at a rate of 16 ml/hr. fhe absorbance of
‘éfgtein was monitdred as described before. The fractions
collected were assayed against the foﬁr Rpenoiic substrages.
The most active fractions were combined and reduced in

‘volume by'ultrafiltration.

“B.3.6. Chromatography -on hydroxyapatite
Hydroxyapatite was used as the final step of purifi-
cation. A suspension of the absorbent was washed fhree
: . U . . © . )
times wit@ buffer IY, then poured intplg small column
Qox 7cm). After the column had been equilibrated with
three bed-volumns of the buffer, the enzyme protein was
applled and the latter was eluted -first with 10 ml of the
same buffer solution, followed by a llnear gradient (10-
200 mM) of buffe;‘III. Two-ml fractions were collected

and assayeé for OMT activity with each of the four majox

-

substrates.

. _ -
B.4. Assay of O-Methyltransferase aﬁd‘I&éntification of

the Methylation Products

B.4.1. Enzyme assay

In the preéeht study, OMT activity was determined.by
a radloactlve assay, using 14C-¢5ﬁhyl—s~adenosyl—L—‘
methlonlne (NEN Boston, Mass ) as the methyl donor. The

‘standard’ assay mixture con51sted of 50 nmoles of the
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phenolic substrate (dissolved in 10 hl of dimethyl- .
sulfbxide), 0.7 nmole of SAM (containing 55,000 ¢.p.m.),
1.4 nmole B—ﬁercaptoethanol and the enzymé protein. , The
mixture was added up to a final volume of 250 nl with 0.1M
phosphate buffer, pH 7.5. The reaction was carried out in
duplicates in 1.5-ml Eppendorff microceﬂtﬁifuge tubes. The
reaétiOn mixture‘was incubated at ﬁS'C for 30 minutes in al
consﬁant temperature water bath with continuous stirrihg.
The reaction was termihéted by the additioﬁ of 20 nl of

.6 N HC1 containing 0.25% methylviolet as an organic-

" aqueous phase indicator.

(A

The methylated broducts were extracfed twice with
diethylether by shaking vigorously in an Eppendorff
rotary.shakér'(Model‘3200, Brinkmann, N.Y.) for 5 minutes.

The organic phase was separatéd by centrifugation using

an Eppendorff microcentrifuge (Model 3300, Brinkmanh,

_ N.Y.) at top speed for 2 minutes. The ether layer was

transfer;ed into scintillation vials by means of a micro-
suction device and then evaporated. Ten ml of the scin-
tillation fluid (5g PPO/1 6f toluene) was added to each
vial a%d the total radioactivity of the reaction producté
was determined by liguid scintillation counting using a
" liquid scintillation spectrometer (Model Unilq; II, Nuﬁlear
Chicago Incf, I1l.). This reﬁresentéa the toﬁal methylat—
tng activity of the‘enzymét The radiocactivity of th
reaction products was calculated on the basis that -10°

c.p.m.'was equivalent to 1.27 nmoles of the product formed.

-~



B.4.2% Definition ‘of enzyme units

The enzyme unit used in the present studies was |
expressed in PKatals as recommended by the Internapiqnal'
‘Union of Biochemistry (IUB, 1973). One pKat is defined;és

the amount of activity which converts one pmol of substrate

rer second under the assay conditions..

B.h.3. Protein estimation

The protein content of crude preparation and most
p e
column eluates was estimated by the method of Lowry et al,

(1951) using bovine serum albumin as standard. The
protein content of the last.column eluate (hydroxyapatite)
was determined by thg;method of Warburg and Christiah

(1942) and was ,calculated using the following eduation:

mg protein/ml = 1,54 Aggp - 0.74 Asgg

B.4.4. Separation and identification of the reaction
products

'In order to separate and'identify the m~ and p-

T

methylatibn producté, the ether exﬁracﬁs of the enzyme
assays were sﬁbjected to thinélayer“chromatography using
a‘number of supports and solvent systems as shown in
Table IV. The develbped thin-iayer'chromatograms were -
then placed in_con%act with Kodak No-Screen X-ﬁay films
(8 x io in; Eastman Rodak'Co., Rochester, New York.f.for
3-10 days depending upon the aﬁopnt of radioactivity in
the prodﬁcts, and then deﬁélopéd. The identié& of m- and

4

LT
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Wont

Table IV, Rélvalues of m~ and E:methyiation products of

some substrates used with the tobacco OMT agsay?a)

Substrate Re values of products . ~Solvent -Supportc)
m— p- system

Caffeic acid Ferulic .  Isoferulic A MNC
0.25 .. 0.37

Quercetin Isorhamnetin Rhamnetin B VEKS
0.81 o 0.77

Esculetin Scopoletin . Isoscopoletin - C : MNS

-~ 0.47 . 0.63 '

Daphnetin Hydrangetin | : g
0.75 - D . . Ca
0.52 ’ - - C CA

5- Hydroxy— : Sihapic - ?d)

ferulic acid 0.27° 0.34. A CA

Y -
\ l

a)  Structures of substrates and products are shown in Figure 15-"
" b) Solvent systems‘ésed: A, n—BuOH—NH40H-Et0HLCGH6
(5:3:1: l), B, C6H6-pyr1d1ne—HC00H {36: 18 5); LrBQOH—

'NH4OH—EtOH C6H6—0C14 (5 3:5:4:1); D, CGHG-HOAc—Hzo

{(2:2:1, organic 1ayer) ) . _

¢) TLC supports used: MNC, MN-cellulose; EKS, Eastman Kodak
:siliqa plates; MNS, MN—sillca gel;” Ca, cellulose—Avxcel
[ (FMC Corp., Pa.). '

d) Unidentified product.
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'
t

- - * L . - '
E—methylation products was confirmed by-co?chromategraphy

'with:reference‘dqmpounds and visualization in valﬂght:
(366 nm) (Model C5, dltra—violet Product Inc;, calif.). -
The.labelled prodqéts'were-carefully‘scrapped off the’
-TLC'piates and transferred to the scintillation vials.
20 mg CabeO—Sii powder {Cabot éorp., Bostoﬂ, Mass.) and
10 ml‘scintillatieh f}uiq were added before being counted

-

'forzéadioactivity:

| é.S. 'Acrylamide Gel Electrophoresis §

B.5.1. Analytical disc gel electrophoresis
During‘thervarious steps of enzyme purification

{Sectiens B.3.3.-3.6.) the protein profiles were menitored

by the use of acryiamide-gel electrophoresis. Stapdard;

7.5% pbiYecrylamide gels (pH 8.9) were prepared acebrding

to fhe method of Davis j1964iﬂ but without sanple gel..

Excepe for ammonium persulphate, all essential stock

solutions we;e-stered in brown glaes.bottleé at 2~4fc

and‘solutioﬂs were.freshly preQared wheﬁ'required for use.
The glass columns were 7 cm,long with aﬁ inner

" diameter of'z mm, P?ior to userthy were soaked in

cleaning solution, then rinsed firsf in distilled wa?er'

. and then in. 0.5% solution of Kodak Photo—flo‘eelution.

For a run of 12 gels, 18 ml of the separating gel solution

was used, Each tube was filled with 1.5 ml of the solution.

Onta the top of the gel solutionfra;layer of distilled

water was placed éarefully-by'mEans of a micropi?et.' The



-trapped air bubbles were removed.
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gels weré allowed to polymerize under a déy-light fluores—

" cent tube for aboutxls—zo minutes. An interface could be

‘seen indicating that the gel had solidified. 200 ul of

the stacking gel (3.1%) was added and polymerized on the

top of thé separating gel. The gel columns wexre placed in

the electrophoretic.chamber and electrode buffer reservoirs

were filled with Tris-glycine buffer, pH 8.3 and the

) The enzyme preparation containing a known gquantity of. .
protein (100-200 ng) was desalted and freeze dried. It
was redis§qlved'in 100 nl of the sample buffer (10% sucrose
in buffer I1) and loaded underneath the buffer onto the
stacking éel.f One ml of 0.001% bromobhen#i blue was
stirreﬁ intaéﬁhe upper buffer and served as trac@ing dye. -

hh electric‘current from a power supplf (Buchler 7

Instruments Diviéion,rN.J. was connect d, the cathode (-)

to the upper reservoir Znd the anode (+)\to the lower one.
Electrophoresis.wﬁs cgdrried out at 5 mA/ge1 and\was, -
completed when the dyfk migrated to a.distance‘of appfo
mételjls mm from the bot£om of .gels, |
’Immediateiy_afte gtopping eleqtrophoresié, the gel
columns weré removed from the glass tubes and fix-stained
with 1% Amido-black (in 7% aqueouS‘;cetic acid) for a
minimum of one hdur. The gelé were then destained electro-
phoretically using 7% agqueous acetic acid for 2-4 hours.

They' were then removed from the columns and's;ored in 7%

acetic acid.
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B.5.2, Gellisoelectric focussing ;
The method for isoelectric focussing employed here
- was simjlar to that described by Vindogradov et g};
(L973). ’Cérrier ampholyte solution, pH 3-10 (40%'w/w)
was obtﬁined ffom iKB—produkter AB, Swéded? Gels C6htain—
ing 7.5% w/w écfylamide in 0.4 x 10 cﬁ columns were
prepared by mixing £he reagents in tﬁe féllowing proport—

ions:

a.. 8 ml distilled water
- b. 0.3‘m1-cérrier ampholyte solution
c. 3 ml.acrylamide solution (30g acrylamide and 1lg
N,N'—methYlene bisacrylamide in 100 ml water)

d. 0.7 ml_aﬁmonium persulphate (1%)

-All gels were preelegtiophofesed for_z‘houﬁs pfior
to application of the samples to remove ekcess pérsulphate;
Monoethanolémide (4% v/v}) was used as the éathode electro~
lyte (top) while the aqode elec;rélyte (bottom).was'z%
(v/v) phosphbric’acid. Protein samples, containing i%
ampﬁolytg iﬁ 20% suyrCose solution were applied on top of
..thé gels’éné we?e covered with;loo_nl of 10% surcose
solution containing 1% ampholyte. Electrofocussing was
carried out at 4fc at a constant voltage of 150Y_for about
16 hr. At the end of the run, focussed gels were fix-.
stained overnight in a solution coﬁéaining 0.5% CuSO,,
" 0.05% Coomassie blue, 10% of acetic acid and 27% ethanol

(Otavsky and Drysdale, 1955). They were then soaked in a

.
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- solution of 0.01%‘doonassie blue in 10% acetic acid and
25% ethanol;for 6 hi. The gels were destained in a
solution of 1b% acetic acid and 10% ethanol and stored
‘in 10% acetic acid.
For pH gradient determinetion, 0.5 cm-segments of the
gel-were‘cut, entracted with one ml of double distilled

~——

water and the pH was measured,

B.5.3. Sodium dodecylsulphate gel electrophcresis'

7.5%.SDS—poI§acrqumide_geis*(0;4 X 6cm) were prepared
as described by Weber and Osborn (196%). The gels were
polymefized in 0.1 M‘phosphete buffer pH 7.5, containing
.h:I% SDS. To ptepare the semple, each 50 nl of protein was
mixed.with 3 nl of 0.05% Bromphenol, 1 drop of'glyCerol;
5. of B—mercaptoethanol and 50 ul of SDS-phosphate ,
~buffer. After mlxlng for 10 mmn, the samples were applled
onto the gels. Electrophores;s was performed at a constant
current of 4 mA per gel for 4-5 hr. The gels were stained
for 6 hr with 0.25% Coomassae blue in 50% methanol, 10%
acetic acid, and were destained with 5% methanol in 7.5%
acetic acid._ Tne gels were then storec in 7.5%_Fcetic acid
sc;ution.

B.6. MoieculaxtWeight.@%termination
The molecular weight of the purified enzyme was.
determined by gel filtrati6tn.on a calibrated column of
rd

Sephacryl S-200 (Andrews, 1965) and by thin~layer gel.

filtration using Sephadek G~150 (Radola, 1968):
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B.6.1. Gel-filtration chromatpéraphy

'For‘gel filtration, a Sephacryl 5-200 (superfine)
column (1.5 x 65cm) w;s used that has been.calibrated‘
with a number of standard proteins‘(Table V). Thé voiq‘b
volume of the column was determined by elution of a
-sample of blue dextran:(Andrews, 1565){ The K, values
for the proteins used were plotted against their molecular
weigﬁts on a Iogaéithmic scale., The molecular weight of

the enzyme protein was then Ealculated using the equation .

. : : ;
- Ve - Vo _ ~ ' L
M . ) “‘qr‘

« K = -
vt - o,

where, Vt = total volume | .

Vo‘% void wvolume
Ve = elution volume
B.6.2. Thin-layer gel filtration . //

éephadex G-150 (sup%rfine) gel Suspension ﬁas prepared
according to the manufacturer's instructions. -The gel
- (4.8 grams) was soéﬁgd in 100 ml 0.1 M NaCl in 0.05 M
- phosphate buffer, pH 7.5. The slurry was degased briefly
before beiﬁg used to coat the plates. The‘glass plates
(20 x 40cm) were'coatgd with 0.8 mm Fﬂack—layer by means of.
a thin-léyer spreader. The poated'plates were transferred

immediately to the/moist chamber of TLG apparatus. Two

20 x 6cm strips of Whatman No. 3 filter paper were used to
establish contact between ﬁje buffer solution and the gel
layer at both ends. The ge was allowed to equilibrate

. <
. within the chamber overnight.



'For application of the samples, a starting mark-line

- was drawn on the back of the glass plate at a distance of

3 ¢cm from the upper end. The enzyme and reference proteins
(1-2%) including cytochrome ¢, which served as marker
protein, were applied as S5-nl spots directly along the
marker line on the plate. The anglé of the apparatus wa;

. adjusted at 1of and the run was comp;eted within a period
of 5-6 hours;

At" the end of thé.run, the piate %as removed from the
chamber immediately and a piece (20 x 37cm) of filter
paper (Whatman‘No.3) was rollea onto the gel layer for
30—30 second in order to absorb the liquid phase contain=
ing the proteins. Thisﬁpaper chrométégram was - fix-stained
w%th 0.25% Coomassié biue (in 9:1 v/v methanol-=glacial
acetic acid) for 10 minutes, rinsed with tap water until no
dye could bé washed off, then destained with almixture ofx
methanol-acetic acid-water (5:1:5 v/v/v). oo

For the calculation of méiecular weight, the distance
travélled from the starting line to the middle of each |
spot was accurately measured. The resulfsAGere,expressed
‘in’terms of the R, value which is defined as the ratio of
.the migration distance of cytochrome ¢ (dec) to that of the
test pro£eip (dp). Tﬂerefaré, ’ .
Re = dc / dp |

In qrder to cﬁnétruct a calibration curve, thé Rc-

values of the reference proteins were plotted against

their molecular weights on a logarithmic scale.



Table V. Standard proteins used in the calibration of

gél filtration column and TLG for M.W.

determination.

)
Proteins M.W. '~ Source
: . - (dalton)
A
. . | \
1 Cytochrome ¢ 11,700 Sigma
2 Ribonuclease .13,700_ Pharmacia
3 Chymotrysinogen A - 25,700 "
4 Ovalbumin "' 45,000 "
.5 BSA (monomer) 68,000 Calbiochem
6 BSA' (dimer) 136,000 - "
7 Aldolase ' . 158,000  Pharmacia




B.6.3. Separation of subecellular fractions
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Subcellular fractionation of tobacco cell homogenates

was carried out using the method of Russel et al, (1971),

v

after some modification as illustrated in Figure 9.
Filtered cells weée grouné in a cgilled mortar with 2
volumes of extréction buffer‘I. Tﬁe homogenate was

filtered through a layer of Nitex and the résiﬁue wés
washed twice with 2 volumes of the same buffer. . The

combined filtrates were centrifuged at 500g for 10

.minutes and the residue was combined with the original
.cell debris. Both were'designatédlasfthe "cell wall

fraction', ‘The supernatant was further centrifuged at

12,0009 in an ultracentrifuge for 10 minutes to obtain

a particulate fraction which was 'designated as 'the

12,0009 residue' and was mainly made up of mitochondria.

The 12,0009 supernatant was again centrifuged at 105,000g

- for one hour whereby the 'soluble fraction' and a high-

speed 'particulate fréction'lwefe qptained. The parti-

culate fractions were washed twice with buffer T and then

resuspensed in measured aliquots of the same buffer for
enzyme assay using the standard method described before

(Section B.4.1).



Filtered cells

homogenized,

- E filtered and .o

!

centrifuged

Supernatant .
centrifuged at
.+ 12,000g (10 min)

{

\ 4 v

residue residue
(wall (mitochondrial
fraction) fraction)

Supernatant
centrifuged at
105,000g (1 hr)

residye supernatant

{microsomal <« (soluble
fraction) fraction)

Figure 9, Outline d@ the procedure for subcellular

fractionation of .cell homogenate*

[

* ‘Adapted from Russel et al.,1971
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Section C. RESULTS.

C.1l. Growth of.Tobacco Suspension Cultupe

The growth of tobacco culture, which was maintained,
on a defi?ed‘nutrient-medium, appeared -as a fine sﬁépens—
ion consisting of a mixture of free cells and small céll
clumps as shown in Figure 5 and 6, the £Xesh weight growth

. curve . (Figure 10) exhibited an initial lag phase which lasted

for 2-3 days. The lag phase was charaqterlzed by actlve

protein syhthesis and low OMT activity~against both caffeic

»
[}

acid and esculetin as subst{ates. This was followed by a
perlod of rapld growth that was assoc1ated w1th 1ncrea51ng
OMT activity. The latter reached a.maxlmum after 7 days
culture growth. It is interesting to note that the activity
of OMT was concomitant with the accumulation of scopoletin -

and iﬁs glucoside, scopolin (shown combined in Figure 10).

c.2. Optimization of O-Methyltransferase Assay
' Préliminary expgriments were carried out to optimize

the . .conditions of the enzfme assay using crude and part-

ially purified (Sephadex G;25 fraction) enzyme preparat-

ions which were prepared as. previously described in

" Section B.3.1.

s
C.2.1. Choice of the form of L-methionine as a methyl

group donor

v

The results given in Table VI show that despite.the

pIESehce of ATP, methionine was a poor donor of methyl

/



Figure. 10.

Growth parameters of tobacco cell suspension‘
culture. Time course of the change in O~
methylﬁransferase‘activity ﬁith caffeic acid.
(a) andg esguletin (A) as substrates, and the
accumulation of scopoletin (O) during growth
of toﬁagcd cell culture as meagured by fresh

weight (®) and soluble protein content (Q)
. : =)

©of the cells, Free and glucoside-bound

scopoletin were determined after acid hydro-

lysis of cell extracts, partition in diethyl .

ether and chromatography. The amouné of total
- .

scopoletin was determined colorimetrically

using the Folin reagent and a calibration curve.
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Table Vi. Effects of different methyl groué doqors'on

tobacéo OMT

s

Assay conditions®) . oMT activifyd) (c.p.m./assay)

4.
Crude Partially

enzymeP) purified enzyhme¢)
. . “
14cH3-methionine (0.7 nmol} 2142 . 4003
l4cHymethionine + 4748 5367
ATP ( 0.7 nmol)
l4cHy-5AM, ( 0.7 nmol) 17629 © 20284

a) The enzyme assay described in section B.4.1. was used.
b) Prepared as described. in section B.3.1.
¢} Sephadex G-25 eluate of theAammonium'sulphate (50~-60%

saturation) protein fraction.

. d) Assayed againstfcaﬁﬁg;gmapid as substrate, C.p.m.

-

represents total methylatigh as means of duplicate

determinations.

=
o
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groups as.compared with S-~adenosyl-L-methionine which .

resulted in 4-folad increase of aotivity.
' c.é.z.' Effect oi;ﬁ—mercaptoethanol*

The effect of‘B—mercaptoethanol on OMT activity lS
. "\

o shown in Table VII. When 1.4 nmole (5.6 mM) of freshly
prepared B-mercaptoethanol was added to the reactlon _' '
mlxture, a considerable 1ncrease in enzyme act1v1ty was
detected w1th both the crude and partlally purlfled enzyme

hY
preparatlons. The reaction* rate was found to lncrease by \ff

. "

. /approximately 75 to 90% above that of the control.

‘

;C.2.3; Effect of substrate condentratlon _
A freshly prepared enzyme preparatlon (lnphosphate
.buffer, pH 7.5) conteining approximately 100ug protein
;pernassay was usedfror;therstudy of the effect of substrate
-concentration on OMT activity. The standard assay
described in Section BZ411: ﬁes used except that varying
aﬁounts of caffeic or escdletih‘were added, while maintain-
ing the same cohceqtretion of 14CH3-SAM.’ The results’
(Figure 11) shoe a linear relationship between'the concen-
tretion'of'either substrate and the rate of reactron up to "
0.1 mM,  While, the reaction was saturated at 0.2 MM
esculetin, however}”the.saturation point was-oot reached at

.

. that concentration with caffeio‘acid.

C.2.4. Effect of temperature

The temperature tested on enzyme activity ranged from

-
+
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Table VII.
| activity?®)
Enzyme. °  Substrates Enzyme activity % ,
preparation. (c.p. m.)P) | increase .
' _ above
y Control Plus 1.4 control
. nmole fB- -
. mercapto-
. ethanol '
Crude , esculetin - 2127 3807 79
caffeic . 5320 10267 93 . )
acid : . !
Sephadex~ esculetin 2352. 4116 75, -
G-25 | : ‘ . ‘ - - 7
fraction. caffeic g012 | | 14292 -, 78 -

'poss;blllty of mathylatlon of!3—mercaptoethano;

L]
+

Using the:standard agsay déscrlbed in section B.4. 1

: 4
COunts are the net dlf%erences between assays with and

..

W1thout added. substrates, in order-to ellmlnat? the

SRR S

. 1;7‘..:;13l- Lo

PR Y

y

S

i

g
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Figure 1l.

—— T - | T
021 . 02 ' . G3 _ ‘0.4
Substrate concentration (mM ) -

Effect of substrate concentratlon on O,M T.
act1v1ty~aga1nst caffelc -acid  {(o-0) and esculetln

{(a-A). Thé reaction mlxture contalned approxln

" mately 100 ung proteln in 200 ‘nl phosphate buffer,

pH 7. 5,‘14CH3—SAM and 1.4 umole B-mercaptoethanol
The enzyme, act1v1ty was measured as descrlbed in

the Methods sectlon.

Sy
o
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~

25-50° Cy with 5 1ncrements. The results, presenteé in ..

+ Figure 12. show. that the rate of reaction increased w1th
1ncrea51ng temperatures between 25-35° C, after whlch the
activity declined rapidly.‘ Therefore, the optimal o -

v
emperature for the assay of'tobacco OMT was consmdered

-

Ll

to be 35°C, apd was routlnely used in further expermments._

C.2.5. : Time course of the reaction catalyzed by
gfﬁetﬁyltransferase
In this ekperiment, the concentration of substrates
(caffelc acid and esculetin) was leEd at 0.2 mM per
assay and the reactlon mlxtufes Were 1ncubated at 35° C
for different periods of time. The|resu1ts, presented
in Figure 13, show a‘linear relationship between the

reaction rate and time of incubation up to 45 minutes.

For further assays, 30-min incubation time was used.

C.2.6. éH optimum

Usmng ‘the standerd assay with.caffeic’ acid and
esculetin as substrates the results, shown in Flgure l4a, b,
respectivély,;indicated that the pH optimum for the methyl~ |
-ation of both substtates was 7-7.5 when aseayed in 0.1 M

phosphate buffer.

c.3. Purificatioh of Tobacco Culture O-Methyltransferase
Tobacco culture OMT was 1solated from 7-day-old cells.

The procedure ‘outlined 1n Flgure 7 for the purification

bf the enzyme consisted malnly<of :



54.

Caffeic ' \ Esculetin
‘1 30

A

T activity (pKat)

om

Daphnatin

310 T ) 4-0 T 15'0 g 5 3-0 Y Py o " 0: 510
TEMP (C%) - | - - TEMP (C7) .
Figure 12.. Effe_ct of température on 0.M.T. ‘activity

against four substrates: caffeic acid (O),

-

esculetin (A), quercetin (@) and daphnetin-:

(A). The reaction mixtures were incubated at .

different temperatures for 30 minutes. - The

enzyme activities were measured as described

in the Methods section.
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]

OMT activity (pKat)

L) ‘ | | — I . T
0 20 40 60 80 100 = 120
Incubation time (min)

Figure 13. Time course of the reaction catalyzed by

tobacco gfmethylt:édsfeiase, incubationfat_

35°C, O-O caffeic acid,. a-A esculetin.
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a) PFractional precipitétion of the prqéein using solid
amﬁonium sulphate {50-50% saturation) (See Fiéuye 8).:_

b) Desalting the protein fraction by'chromatographf on
a Seph;dex G-25 column. . |

¢) Further éurification of the désalted protein by
successive chromatography on DERE-sepharose,

Sephacryl S-200 and hydroxyapétité columns.

Preliminary work indicatéd that the additon of 5 mM
EDTA to the buffers used in enzyme extraction, eﬁuili-
bration of chromatogfaphic columns and elution of proteins
helped to stabilize the enzyme and.improved its activity
-during the assays. .

Throughout the diffeﬁgnt steps of purification, fract-
iong from column eluatés were,routinély assayed against
“four major substrates.-~ caffeic acid, esculetin, daphnetin
and quercetin; using the standard assay previously described
in Section B.4.1. The choice of substrates was meant to
represent a cinnamic acid {(caffeic), two coumarins (esculetin
and daphnetin) and a flavonol (qﬁercetin), all Jdf which
‘share the common property of having o-dihydroxy grqupings
(Figure 15). -

?urthermore,-the protein profiles of the active fractions,
obtained from cqlumn eluates, were monitored for purity by

acylamide gel electrophoresis.

»
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c.3.1. Elution profiles and purificatiqn_data

The elution profiles of the epéymé protein from DEAE-
gepharose, Sephacxryl-S200 and hydroxyapatite columns are
'showﬂ in Figures 16; 17.and 18, Most o{_the enzyme
activitylwas eluted from the DEAE-sepharose with b.lw0.14 M
NaCl in buffer II (Figure 16). It is interesting to note
that the enzyme activities againét the four subs;rates.feli
withiﬂ“one pronouﬁced peak during:.the purification process |
though an;ther minor peak of activity was obsexved after ‘
eluti;n ffom pydroxyapatite. Furthermore, there was né
significant cﬁange in- the :elétivé activify of the'eﬁzyme-
towards these substrates.#f. ‘

‘The data presented in fable VIII show that the
procedure used for enzyme purification'resultea in 80-,
90- and 45-fold increase in.enzyme activity against
_caffeic acid, esculetin and gquercetin, respehtively. This
was made possible by using a narrow range {50-60% saturation)
of ammonium sulphate précipitation (Figufe 8) which resulted
in the eliminaﬁion of approximately 95% of the other protein
contaminations and a 6-~12 fold increase in ﬁhe specific
aétivit; as compared with that of cfude extract. - The highl¥
purified enzyme protein ﬁad a specific acitivty of 4.07, }.5'
and 4.4 nKat/mg for caffeic acid, esculetin and qﬁercetin,
respectively (Table VIII). Furthermore, the specific
activity ratios of_gsculetin to caffeic.acid did not change

appreciahly during the different steps of enzyme purification.



Figure 16.

Chromatography of tobacco culture O-methyl-
transferase on a DEAE-sepharose column.(30 x

1.5 cm). Proteiﬁ {

) fractions,'4 ml each,
were eluted at 15 ml/hr—with a.linear gradient
{10-200 mM) of NaCl in '0.05M phosphate buffer,
bH 75 (e ) and assayed with four substrates

as described in the Methods section.
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Figure 17.

\

Chrqmafogréphy of tobacco culture O-methyl~

' transferase oh Sephacryl S-200 column (1.5 x

€5 cm}). Protein ({ ) fractions, 4 ml each,

were eluted at 15 ml/hr with 0.05M phosphite
buffer, PH 7.5 and assayed with four substrates

¢
as described in the Methods section.

-
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"Figure 18,

Chromatography of tobacco culture O-methyl-

' “transferase on a hydroxyapatite column (7 x 1.

) was .eluted in‘

cm) . The enzyme protein (
1.5 ml fractions éi_lo ﬁl/hr using a linear
gradient (10~200 mM) éhosphate‘buffer, pPH 7.5
foverrenns) Fractions.werelgssayeé'ﬁith,two"

substrates as described in the Methods segtion,
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However, that of qﬁercetin/caffgic acid fluctuated signifi-~
'canply during the purificationﬂ?rocess.-.The éurification
éata for the'enéjme against daphnetin.(not shown) was 'quite
.similar to that of caffeic acid and attained appro#imateiy-
90-fold purification.

e

C.3.2, Acrylamide gel profiiés )
Figure 19 shoﬁs the electrophoretic protein patterns
of the enzyme preéarétion durimg the different steps of
purification, ‘Examination of the gel profiies shows.a‘
major protein band (Aj) constiguting ébout 25% of the
partially purifiea preparation. During the purification
process, there was parallel disappearance‘of this major
érotein and appéarance of 2 other p:oteip.bands (2 and 3,
gels B-D). When tested for OMT activitf, the three protein
bands were active against caffeic‘acid and quercetin, as
substrates. It was considered, therefore, thit the major
protein (peak I) eluted from hydroxyapatite column (Figure
18); represents the dissociated ﬁorﬁ of the énzyme, whereés
peak Ii and band E4 (Figufe 19) répresentfihe rem?ining
'unﬁiséociatéd form of the enzyme. Up to ‘this stége of
?nvestigagion, tﬁe significénce of both protein bands could
ndt be determined. 'Thprefore, ﬁhe poo;éd fraétions‘of peak

. f
I were used for the study of enzyme cHaracteristics.
. ) . . . r '

‘ A .. ®
’ - * N . L
C.4. Subcellular Distribution &f QJMethyltransferase‘
Activitf : '{

Figure 20 shows the subcellular distributidn of OMT



65.

Figure 19. Acrylamide gel electro?horéSis of tobacco culture
g;methyltransferase‘dgring purification gteps.
Pfotein sambles (50-100 ng in 30 nl of 10% surcége)
were applied directly to standard 7.5%_acrylamide
gels prepared\aécording to the method of Davis
(1964), but without sample gel. Eleétropho;esis
was conducted in Tris-glycine puffer, pH 8.3 using
5 mA)tube for 45-60 min and‘bromOPhenol blue as
masker. The gels were stained with 1% Amido
Schwartz in ag. 7% acetic acid and destained elect~ %
rophoretically. A. (NH4)2504 (50-60% sat.) fract- h
| ion after Qeing desalted on Sephadex G-25; B. DEAE-.
sepharose eluate; C. Sephécryl 5-200 eluate; D.
Hydroxyapatite eluate (peak I); E; Hydroxyaﬁatite
‘/eluQFe (beak‘II); F. Hydroxyabatite eluate (ﬁeak

I). on SDS gel electrophoresis.

-
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Figure 20. Subéellular distri..'bution‘ of tobacco culture OMT !
~ activity against five substrates. The method
was described in Section B.6. 3: Fractions 1,
cell wall; 2, mitochondrial; 3, microsomal;

4 soluble’ protein.
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activity in cultured tobacco cells. The ﬁuffe;réxffact
of the cell wall fraction was foundlto contain approx{—
mately 3.5 to 16.7% of total enzyme activity when various
substrates were used. The supernaﬁant, which ;épresents
the soluble fréction, contained most of the activity
(75-85%). Approximately.B to’ 5% -of the‘total activity
was associated with the mitochondrial and microsomal
fractiohs. The results obtained conform well with the

-

observaéions of Tong and D'Iorio (1977) on the distribution

of rat liver enzyme,
C.5. Propertigs of the Purified Enzyme

C.5.1. Stability

Stability of the partially purified preparation was

studied by mixing equal volumes of the enzyme preparation

with solutions of test stabilizers dissolveéed in buffer II.

-~

The effect of a numbexr of stabilia?pg agenté on the
stability of the enzyme was studiéa. The mixtures were
stored a£ 2—€fc and the enzyme“activity was assayed
immediately after mixingiiaftgr 48 hours and after 120

hours of storage.

As shown in Table IX, storage of the enzyme'preparation

-

in phosphate buffer, pH 7.5 at 2-4°C resulted in a 50% loss
of activity within 48 hours. The stability of the enzyme

improved slightly in the presence of 5% ethylenerglycol; but

-

not with 5% glycerol. Most éf.these)substances have been

reported to stabilize many enzymes ( Stqrme: 1967; Byrne,
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:1974). In sharp.contrast with other OMTs.(Kurqda, 1975;
Poulton and Butt, 1975) the addition of SmM EDTA to tobacco
culture enzyme was found to stabilize and improve ifs
activity. {J-mercaptoethanol (5 mM)#dithiothreitol (5 mM)
and bovine serum albumin (0.5%) were found to have some -
ﬁrotectiﬁe‘effect on enzyme activity (Table IX). However,
since both SH-group reagents and albumin markeély affect’
protein determination by the Lowry method, the;r use was
discardeﬁ and was replaged by 5 mM EDTA.

The thermostabllltziof the purlfled enzyme was studied,
at 50° C for different perlods of tlme. " After - rapid -cooling,
‘the enzyme act1V1;y was assayed against the four major
substrates. The results (Figure 21) show thg; about 90% of
OMT activity was lost in one minute and the enzyme was

completely inactivated after 20-25min incubation at 50°C.

1]
o

C.5.2. Substrate concentration and kinetic constants

In order to evaluate the relative-affinities of OMT

. I

"activity towards the mgjor-eubstrates, the methylation rates
were determined using a constant amount of the purified
enzyme pregeration_andzlne;easing substrate cqnceptrations
(407800 JaM). The maximum velociﬁies obtaihed with ther

' substrates used- aré shown in Table X. The aéperent K, -
Valges were plottedqeccording to t?e method of Lineweaver-

Burk ' as ehown in Figure 22.‘ Vmax #alues and the.cdrres—

pondiné ¥m vaiues are given in Table X. Based on the V/K_'
ratio, £he efficieneﬁ;qﬁ mémethylatioh appears to follow



Table fx. Stability of the partially purified OMT £from

a) -

- tobacco cell

-

‘ Relative acti%ity (%)b)
Addition .
After 48 hr - After 120 hr

Néne ' 52 ’ | 20
5 mM ﬁ—mércaptoethanol 104 76
5 mM dithiothreitol 82 78
5 mM EDTA o8 79
0.5% bovine sefuﬁ ablumin _ _50 | IBS
5% ethylene glycobl oo 67 55
5% glycerol . - 52 - 23

a) ‘Sephadex G~-25 eluate was prepared as previously
described in the Methods section. \

b) Compared with contrél assays ﬁsinglcaffeiﬁ aci@ as
substréte at zero time = 100%, after 48 and 120 hr

storage at 2-4°C.

A
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Figure 21. Thermal.stability of tobacco culture O-methyltransferase.

. Enzyme activities were measured after-heéting at 50°C .for

different periods in the absence of qubstrates.

’
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Table X. Some characteristics of tobacco culture O-

methyltransferase against five different

'subsfrétesa)- '
Characteristic Caffeic 5HFA Esculetin Daphnetin Quercetin
acid. _ : _

Vtotal methy- 169.9 230.6 33.1  60.0 190.5

lation (pkat) : -

Vm-methylation 153.3 153.3 18,7 60.0 . 37.7

{pkat) o .

m/p-methy- 9.4 1.9 1.3 - © 0.33
- lationad) C o '

Ky, substrate - 100.0 100.0 45.0 45.0 45.0

(M) b) : '

10-6x v/ 1.53  1.53 0.42  1.33 0.84

(pkat M~1y .

K, 8aM (mM)¢) 4.0  n.d. 4.0 4.0 4.4

. : ' R :
Kj SAH (nM)4d) 2.5 n.d. 2.5 2.5 - 2.8

a) The reaction products were chromatographed in different
| solvent systems as described in Taﬁle ;V'andithe autoradio-

activity in m- and p-methylation proﬁucts was determined
~as described in the Methods section. Daphnetin was |
@etﬁylatéd in the E—position only. Tﬂe methylation-of
quercgtin reéulted in isorhamnetin, rhaﬁneéin (Figu;g
25) and five other minor products in 1:3:1:1 ratio,
respecﬁively.

b) Va%pes calculated from Linéweaver-Bﬁrk'plots_(Figure 22}.

-c),d) Vaiges calculated from Lineweaver-Burk plots in

absence of SAH and in presence of 10 uM SaH, rgspectivély.

n.d. Not defermineé.
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o - : ‘

oQuercetin
eCaffeic acid
obHFA -

aFsculetin
aDaphnetin

. . ) I -l I . f
. '0 5 10 15 20 25
— 1 ISl mM

Figure 22. Lineweaver—Burk plots of enzyme activity (V) and

substrdte concentration (S). °‘ The standard assay,
‘descrlbed in the Methods sectlon was used eigept

¢ the substrate concentratlon was varled as indicated.
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the order:- _

caffeic acid ~> 5HFA > daphnetin > quercetin > esculetin. '
The apparent K, for SAM was determlned in the presence

of saturating concentration of the major substrates. - The

Lineweaver—Bu;k plots of the data obtained shgw Kmlvalugs

which varied between 4 and 4.4 M. . .

. C€.5.3. Effect of inhibitors

C.5.3i1. Inhibition by products of phenolic substraéés
Ferulic acid, scoéoletin, sinapic acid and rhamnetin -
‘the methylated products of caffeic acid, esculetin, SHFA
and quercetin, respectiﬁély, were chosed to investigate the
possible inhibition of the enzyme reﬁction by its products.
. The results (Table XI) show that the rate of methylation
of éll substates used was inhibited by 23-55% in_th;

. presence of the methylated compounds tested.

C.5.3.2.. Inhibition by §radenosylﬁgwhomoc;%teine

{

The second product of the reaction SAﬁ'(g—adenogylf
L-homocysteine) was found to be a potent competitive
Ainhibitor of  the enzyme reaction, as has been shown with
other OMTsJ(Fiohe et al., 1972; Poulton -et al., 1976P).

l Tﬁe Lineweaver;Burk plots of the data obtﬁ%hed with the

-

major substrates gaveuapparent‘K- values of 2.3-2;8 uM"

(Figuré 23)." These values compare well

ith;fhose'obtaiPed,
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£

Table XI. Inhibitory effects of products of pﬂénolic
s SEbREEh )
substrates?*

Inhibkitors .~ _ Percentage inhibition

Caffeic acid SHFA Esculetin Daphnetin Quercetin

‘Ferulic 30.8 27.3 23,6 26.3 25.1
acid ‘ ' : : -
Scopoletin 30.2 33.1 34.3 26.3 - 21,6
Sinapic 35,0 43.0  47.7 55,7 40.7
acid . ‘

Rhamnetin . . 37.8 26.0 42.0 - 43.0 25.5

* The réée of reaction was measured with addition of .

50 nmole inhibitors, using the standard assay described

1

in section B.4.l.
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C.5.3.3. Effect of divalent-metal ions

Mg*%} Mn+4 and Zn++ were tested for Fheir effect on
the rate of methylation. The reéuits shown in Table XI;
indicate that both the Mn+% and Zn4+ inhibited the rate of
methylation of the 3 substrates tested but to different
extents. .In thg absence of.EDTA, MnCl2 (1 mM) inhibited
the rate of methylation of the above substrates by 87-96%
(Table XII). However, this inhibitory effect waslnot
significant with Mg4+, except at a high concentration (10 mM).
This result is in cﬁntrast with those reported for
other OMTs which were slightly stimﬁlated kShimada et gl.;
'1970; 1972; Ebel et al., 1972; Thompson et al., 1978) or
required Mg* (Molinoff and Axelrod, 1971; Poulton et al.,
1977) for maximal aé;ivity. Mn** ang zrt¥ , however were
reported to inhibit the parsley (Ebel et al., 1972) and

pine (Shimada et al., 1972; Kuroda et al., 1975) enzymes.
) ‘

C.5.3.4. %?hibitbry effect of sulfhydryl-binding reagents

In vie% of the effect of [J-mercaptoethanol on enzyme
‘stability and reactivity (see.Sections C.2.2..and 2.3.),
it was considered important to.invesﬁifi;g’fﬂe effect of
'sulfhydryl~bindiﬁg reagents on -tobacct—dulture OMT. The
data given in Table XII sﬁow that p-chloromercuribenzoate
- {1 mM) markedly inhibited the rate of methylation of caffeic
acid; esculetin and quercetin. However, almost 50$-°f
this inhibition was mitigiated by the addition of 5 mM

'J-mercaptoethanocl. These results strongly suggest that an
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Table XII. 'Effect of divalent ions and other reagents on

tobacco culture O-methyltransferase

Reagent and

Relative OMT activity (% of control)*

30 28

concentration T . -

- Caffeic acid ‘Esculetin Quercetin

Divalent ions:’

MgClsy. (1.0 mM) 94. 98 S0
(10.0 mM) 82 86 76
MnCl, (1.0 mM) 13 8. 4
2nCl, (0-5 mM) 67 60 50
. EDTA {10 mM) 127 121 117 -
. é-chloromercuribenzoate _

T (1 mM) = 22 27 68
(L mM + 5mM {3- 67 g 62 85
mercaptoethanol o :

Iodoacetate (20 mM) ** 73 . 59 20

Tropolone {1 mM) 98 ° 77 97

(10 mM) 56

* The standard énzyme assay was used as described in the

Methods section.

effect was_studied.

EDTA was not included when metal ion

Control activities (lOO%)_were

15,500 c.p.m. with caffeic acid, 3,940.c.p.m. with

esculetin and:18,700 C.p.m. with quercetin, as substrates

** f# ~mercaptoethanol was not added.




SH-group was essential for the enzyme activity;"Iodq-
-acetate (20 mM), on thie other hand‘,l inhibited the methyl-
ation of quercetin;ﬁere effectivel& (By 80%) than that
of caffeic” acid or esculetin which were 1nh1b1ted by 27%

and 41%, respectmvely (Table XII).

C.5.3.5. Inhibitory effect of tropolone

. Tropolone is a 7—carbon.ring etructure with two .
g-&ihydroxyl groups and has been considered as isosteric
inhibi%or of rat liver OMT (Belleau and Burba, 1961).

The effect oé tropolone (1 mM ana 10 mM) on OMT, shown

in Table XII, indicates that our enzyme ie less susceptible
to tropolone inhibition as compared with that of the rat

liver enzyme.

C.5.4. pH optimam
Tﬁe effect of pH on the rate of ﬁethylation of caffeic
acid, esculetin and quercetin was studied using four
-different buffer systems: tris-maleate, phoSéhate, tris-
HC1 and glycine-NaOH buffers, and caffeic acid or esculetin
as substrates, The pH optimum of purified OMT was foﬁnd to
'bej7—f.5 in tris-HCl and phosphate buffers, respectively
~ (Figures 24a, b). However, the pH optimum for quercetin
was 8.0 in Tris-HC1 buffer (Figure 24c). Almost 80% of

the maximum act1V1ty was reallzed in the ranges between

pH 6~ 8 5 and 7 9 for both types of sugStrates, respectively.

’

/



_Figt}re 24a, b, c. The pH optimum of the most purified
tobacco OMT (peak I of _O—H;apat.) aséayed against
ﬁhe three sul‘astrates. Reaction mixtures were
-adjusted to different pH using 100mM KH,PO,-NaOH
( oQ ), tris-HC1l ( 8 ), tris-maleate (.6—A )
and glycin-NaOH ( A—A ), |

\
\
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C.5. 5. Substrate speecificity

. Table XIII lists the various phenollc substrates that -
were used for their methyl acceptor ablllty by tobacco
culture OMT. The relative‘activ1t1es shown here represent
the total (m— ‘and Ef) methylatlon of these compounds. The
results show that SHFA, cafﬁelc and’ quercetln have the
highest rate of methylation. 3, 4, S-Trlhydroxy01pnam1c ac1d,
daphnetln, esculetin and luteolin were also methylated but
to a lesser exte* The monohydroxyphenylpropano1ds (p-
and E—coumaric acids and umbelliferone) ,were pooOX methyl
acceptors. Furthermore,‘there was no significant methy-
lation of.Eerulio acid, 1soferu11c acid, scopoletin, or
isoscopoletin, indicating that an o-dlhydroxy substltution
is requlred for the enzyme activity. However, unllke the
pine OMT (Kuroda et El-: 197S), it is surprlzlng to note
that none of the dihydroxybenzoic acids or 3,4-dihydroxy-
phenylacetic acid were methylated to any 51gnif1cant
_extent'(Table XII). Other flavan01d compounds, such as
cyanidin, génistein, kaempferol,~aplgen1n,"narlngenln, were
also found to be poor methyi‘acceptors.

Tt is interesting' to note that the caffeoyl ester-
~chlorogenic acid - aﬁd the'two'glucosides,- oaffeic—4v
glucoside and esculin, were very poor substrates as
compared with their pareht phenols. Similar results have
been* reported for the 'poor methylation of caffeoyl CoA
ester (Poultdn et al., 1977) and chlorogenlc acid . (Legrand

et al.,1976), whereas, the methylation of the latter -
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- ' _ @)
Table XIII. Substrate specificity of tobacag’ culture O @O

O-methyltransferase

Substrate . . Relative
. ; activitya) {2)

Y

]

*“Esculin (esculetin-7-0~glucoside)

caffeic (3,4-diOH-cinnamic) acid ©100.0

5- Hydroxyferullc (3- Meo 4,5-di0OH-cinnamic) 122.0
acid

-9

3,4,5-TriOH~cinnamic acid
.Caffeic-4-g-glucoside

Chlorogenic (3-0G-caffeoylquinic) acid
Ferulic (3-MeO-4-OH-cinnamic);acid
Isoferulic (3-OH-4MeO-cinnamic) acid
B—COumarlc acid

m~Coumaric acid

Daphnetin (7,8- leH—coumarln)
Esculetin (6,7-diOH-coumarin)
Scopoletin (6-Me0-7—0H—coumarin)
Isoscopoletin (6~0H-7-MeO-coumarin)

N W

W ~JORWHIVOOAALAUNMOUINAN~)OWY &

3,4~Dihydroxyphenylacetic acid
Protocatechulc ¢3,4-di0OH-benzoic) acid
o«Pyrocatechulci(z 3-diOH-benzoic) acid
‘Gallic (3,4, 5—tr10H-ben201c)ac1&
Quercetin {3 3',4',5,7- pentaoq—flavone)
Luteolin (3',4?,5 7-tetraOH-flavone)
Cyanidin (3,3',4',5,7-pentaOBE-flavylium)
Genistein (4° 5 T-triOH-~isoflavone)
Kaempferol (3 4',5 7-tetraOH-£flavohe)-
Apigenin (4',5 7-triQH-flavone)
Naringenin (4',5,7—triOH~flavanone)

-
=N =
. . »

i

a) The potentlal substrates were supplied at 0.2 mM final
| concentratlon (dlssolved-ln 10 nl of dimethyl sulphox1de)
with 0.1 ml enzyme in phosphate buffer, pH 7.5 and the
reaction was terminated after 30 min at 35°C Radio- -
act1V1ty of the products was determlned as descrlbed in

the Methods sectlon, except for gluc051des, which was

determlned after acid hydrolysis,
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substrate has been demonstrated with the bamboo enzyme

(Shimada et al., 2970). . .

C.5.6. m~ and ETMethblating activity

The partially purified'tobacco OMT was found to
catalyze both'gf and éfmethylation of caffeic acid, S5HFA,
escu;etin and qurecetin with m/p ratios 05“9.4, 1.9, 1.3

and 0.33, respeétively (Table X). However, daphnetin (7,8-

dihYdroxycoumarin) was methylated exclusively. at the'g*

position. The isomeric products of the major substrates

used were sucessfully separated by various TLC systems
used (Table IV) and were identified by co-chromafbgraphy

with reference compounds as previously discussed in section

“

“B.4.4. The autoradiograms of the reaction products are

shown in Fig.25. caffeic acid gave ferulic and isoferﬁlic
écids; esculetin gave scopoletin and isoscopoletin; S5SHFA -
gave sinapic acid and another unidentified producp;_
quercetin gave mainly.rhampetin and isorhamnetin.

Since no’éfg-methyl derivatives (isoferulic acid,
isoscopoletin) are known to occur in cultured tobacco cells,

it appears, théreforel that p-methylation occurs exclusively

in vivo.

P

C.5.7. Further purification of QrmethyltransferaSe

At this stage of investigation, however, it became
evident that tobacco.cuiture OMT system apparently consisted
of two 'forms' of the enzyme: one qatalyzed the Qfmethyl-

ation of caffeic acid and daphnetin almost predominantly
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Figure 25.

The . combined autoradiogram of methylation
érpducts of different substrates: A,

acid; B. esculetin; C. quercetin;

\

caffeic’

D. daphnetin;’

E. 5HFA. The solvent systems and T;C supports,-

and Rg values were described in Table IV.

P

Al: ferulic acid A2:
Bl: scopoletin " B2:
Cl: rhamnetin C2:

D1l: « hydrangetin’

El:  sinapic acid

isoferulic acid
sisoscopoletin

isorhamnetin
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.34.
at the metaéposition, and the other methylated gquercetin
.Eo a large extent at the para-position (Table X). A

éartial,-but fair sééaration of the twpnformé of thé

enziﬁe was fufther achieved by chromatoé}aphy of the
Sebhadex G-25 fraction on a DEAE-cellulose column. The

. latter, when used with a shallow gradient of the eluent
bgféep, had¢dbuble the ion-exchange capacity as that of
DEAE—éebharose (Pharmacia Co., persoﬁal communication).

The elution profile of the OMT system and its éctivity =
against caffeic_acid and quercetin are shown in Figure 26,

The purest fractions of both forms of the enzyme .
were analyzed for m—- and pF activity against,cafféic acid,
eéculetin and quercetin, The results given in Table XIV

clearly show the m~- and Efdirecting abilitiés of the two

forms of the enéyme; though the latter appeared to be less

5

»
L]

specific than the‘former form.

C.5.8. Molecular weight _

The molecular weight of the partially purifiedhOMT was
:determined by gel filtration on a calibrated Sephacryl
S-200 ({superfine) column’ (not shown) and by thin-layer gei
filtration on Sephadex G-150 (superfine)'(Figure_27) using
:protein standards. The resuits indicate that.the enzyne
had a K, and R; values corresponding to a molecular weight
of 75,000 dalton. This molecular size appears to be
intermediate between those reported for OMTs oflgiggg

(Wengenmayer et al., 1974) and parsley (Ebel et al., 1972)
N _ ==

-
<



./

Figure 26.

Chromatography of tobacce culture OM¢ on a
DEAE-cellulose " column (30 x 2 cm). DEAE-
cellulose was pretreated‘with 1 M NaOH aﬁé’
0.1M HCI, It waszfﬁen suspended ih- - ’
extraction buffer and equilibrated for 24
hr priér to packiné into the columh.
Protein (-;——-) fractions, 5 ml eacp, were
eluted at 15 ml/hr witﬁié lipearlgradient
(10-150 mM) of ‘NaCl in 0.05 M phosphate
buffer, pH 7;5.(———-):and assa}ed with 2

substrates as described in the Methods

section.
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Figure 27.

Molecular weight of purified OMT (OH-apatite
eluate) as determined by TLG on Sephadex
G-150 (superfine). The method was described

in Section B.6.2.



3.chymotrysinogen
&.ovalbumin ,
BBSA( monomer)
"8B S A (dimer)
- 7.aldolase

87.
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cell cultures and that of pine seedlings (Kuroda et al
1975).
The molecular weight of the two formsg of the enéyme

(Figure 25 and Section C.5.7) was détermined'by TLG

using standard proteins and found to be 74 000 and 70, 000

(+7%) for the m~ and p-dlrectlng forms, respectively.

Isoelectrlc focussing of the two separated fractlons

of OMT was carried out as described in Section B. 5.2. The
pI values for the m- and p- forms were 6,1 and 6.3,
respectively (Table XV).

/



DISCUSSION

" The experiments described here have dgmpnstr;led the
presence of an enzyme system in tobacco cell suspensioﬁ )
culture that mediated‘the transfer of;the methyl:gfoups of
§¢adenosyl-57methidﬁine to the metd and para hydroiyls"of
al dihydroxy phenolic comp?undsl° Tobacco culture OMT';
urified bg ammonium sulpﬂate precipitation and
chromatography on DEAE~sepharose 6B, sephacryl S-200 and
hydroxyapatite columns. The enzyme activity was increased
by 80-fold agéinst caffeic écid, QOjfoid ;éainst'esculetin
and 45-fold against quercetin as .substrates. Furthermore,
acrylamide gel électrophoresis of the different fractions
indiqéted that the native eﬁzyme {Band l,-Figuie 192), which
iexhibited OMT activity (Figure 28}, has dissociated into two
prbtein bands (Bands 2 and 3, Figure 19 B-D) du;ing the
purification process; both of which were-active against <@
caffeic acid and guercetin (Figure 29}). _ToBEEco OMT was
.partiallylseparated, by chromatography on DEAE-cellulose,
into two fractions which exhibited distinct meta and para
O-methylation against caffeip acid and guercetin, respect-
iveiy; but not to the exclusion of other substrates., For
unknown .reasons, the DﬁAEuceliulose eluates were unstable
and did not lend themselves to further purification. That
was the reason why DEAE-~sepharose was chosen, despite its
poor ion-exchange capacity.

Despite the small differences observed in molecular

weights and pl values of the two forms of tobacco OMT, there
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Figure 28.
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a

Polyacrylamide gel electrophoresis of OMT

activity (G-25 eluate). Following'electro-

" phoresis, the reglons of the gel corres-—

pong&hg to Band 1 and 2+3 were sliced and oMT
vas eluted by incubating the sections for 1 hr
in 200 ml 0.1 M phosphate buffer, pH 7.5.

The eluate was used-directly for eniyme assay

against caffeic acid.
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se »,',r‘.“f

Rela;ive OMT activity ————,

Figuré 29; Polyacrylamide gel eleptrophoresis of bMT
activity (OHQapatite eluate; peak I). ’After
eleétrophoresis, gels were sliced into'l.Omm
thick~sections. The enzyme protein was

eluted and the reiative.acﬁi#ities agéinét
caffeic acid ( ® ) and guercetin ( O ) were .
.me#sured using standard assay method described

in Section B.4.l,
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are several propertigs ihdicativeﬂof the e#istence of tﬁo.
distidct enzymes acting at the meta and EEEE bositioﬁs:

a) The elution ﬁrQTiie of OMT'system from DEAE;
cellulose was . resolved into two activity ﬁeaks: "One of

whiqh catalyzed, almost exclusively, the O-methylation of

caffeic acid at the meta position, and the other, quercetihx

‘at the EEEE poSitiqp; though thé‘iétter was less substrate-.
specific-than its meta coﬁnterpart, to.tﬁe extenf of bging
able to catalyze significant methylation of.boéh‘escﬁletin
and caffeic acid (Table XIV).

b) The diffErences_in the degree of énzyme purification
against caffeic acid, daphnetin and esculetin (80-90-fold)
on the one hand, and thatlof quercetin (45—#01&) on the
other, tends to sugéesflﬁhat the para directing énzyme is
less stable than its EEEE counterpart; théughlboth forms
were heat labile. This result concurs withlthe relative
activities of bgth protéin bands after acrylamide gel elect-

ophoresis against caffeic acid and guercetin (Figure 27).
Is ¢) = The failure of‘thé specific activi£y ratios of
quercetin/caffeic to remain constant during purification,
as compared with thaﬁ of esculetih/caffeic (Table VIII),
may also be taken to indicate ﬁhé existence of twd.distinct
'forﬁs of the enzyme. -

| ay SDS-acrylamide gel electrophoresis of protein bands
2 and 3 (Figure 19F) seems to indicate that .the lattéf aré
not charge-isomers or isoenzymes; but two distinct ﬁroteins

with similég molecular weights, each of which appears‘

e n—
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as a single unit, with an electrophoretic mobility corres-
ponding to the 70-75 K range. Tﬁe ﬁaint bands with higber
mobility.seem to be polypeptide degredation_prodqcts that
may have resultedlfrom:SDS treatment. -

e) The differences observed in the effects'of divalent
cations and SH-group inhibiters_dn enzyme ectivity,-as well
as  the differences in pH optima against caffeic acid and
quereetin (Table XIV} also support this view;

f) More conclusive evidence for the existence of two .

‘discrete ehzymes acting at the meta and para positioﬁs was

obtained from mlxed-substrate experlments using a purlfied
yet unresolved OMT system (peak I, Figure 18) The results
“are shown in Table XV. The additive effect obser#ed when
quercetln was added to caffeic acid is. in’ sharp contrast
with the decreased activity obtalned after the addition of
elther esculetin or daphnetin. This result is in agreement

L]

- with the klnetlc theory (Dixon and Webb, 1964) which

demonstrates that, t near saturating substrate concentrat—
ions, a ﬁigher activity is cbservable in' the presenee of
. two supstrates than with either one a;ene, if the.system.
contains separate enzymes mediating the reactions of both
substrates. . - _ b

To'd?r knbwledge, this is the first reported ingtance-
where meta and para directing OMTs have been isolated.and
characterized. Several  workers have observed OMT activity

[N

at both meta and para hydroxyls of dihydroxy phenolic

&+

compounds in tobacco leaves (Legrand et al., 1976), in rat.
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Table XV. Activity of purified OMT (OH-apatite, peak I)-
s - . “

. against mixed substrates*

.ffiiﬁfiEEff“” Relative activity (c:p.m./assay)
' Concentration . 0.0 mM 0.08 mM 0.2 mM
Quercetin 16,484 1123,540 34,150
(100%) = . “~(1433). (207%)
Esculetin 16,660 . 11,640 . 9,636‘\\‘
) - {100%) ( 70%) ( 58%) \
Daphnetin 16,850 13,650 10,750
' (100%) ( 833)  ( 64%) | \

. D ] -

* Staﬁﬂérd assay contained 0.2 mM caffeic acid (control =
100%) to which the indicated substrate concentrations

were added.

-
o

[N



¥ - . - .. 95,

iiVer'tissue (Mﬁller—Enoch et al., 197éa),in yeast (Mﬁller-
Enoch et al., l976b) and iu pampas grass (Finkle and Kelly,
1974).. In none of these caees, however, does the question
.of whether dlscrete enzymes medlate %he reaction at the
meta and para hydroxyls to have been unequlvocaily resolved

Very recently, Thompson’ et al. (1978) reported on the occur-‘

ance, in Ruta graveolens cell culture, of two dlstfgct

enzymes which meélated the O-methylation of linear furano-
coumarins,at the meta and ortho hydroxyls. ' The latter
reoort,_toéether with our finding add to our. knowledge of
QfmethylationVof different hydroxyls of phenolic compounds.
As to the role of tobacco culture OMT, the eff1c1ency
with which it catalyzed the O-methylatlon "of caffeic acid
and S5HFA, espec1ally the former substrate by a hlghly
spe01£1c meta dlrectlng enzyme, suggests-that-thls ‘enzyme -
is 1nvolyed_injthe sequence of reactions leading'to 1ignin"'
formatioa; as has peen shown with other OMTs (Shimada et al.,
1973; Poulton-g§ al,, 1976b ). The methylated‘prcducts-of
the above substrates{ ferulic and sinapic acide, respectively,.\
- have been shown to be efficieutkeubstrates for the other
enzymes involved in lignin Biosyntﬂesis, namely.gecoumarate:
Co ligase (Knobloch and Hahlbrock, 1975), cinnamyl Coa
reductase (Weugenmayer et al., 1976), cinnamyl alcohol.
dehydrogenase (Wyrambik and Grieebach, 1975) and coniferyl
alcohol glucosyltransferase (Ibrahim and Grisebach' 1976)l
The act1v1ty of the latter enzyme has been demonstrated in

tobacco callus and sboots (Ibrahlm, 1977). An 1ncrease in
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) . ¢ I
§

OMT ‘activity, that was concomitant. w1th lxgnlflcatlon, has
also been reported in both tobacco callus and cell cultures
(Kuboi and Yamada, 1976).

Tobacco culture OMT also catalyzed the o-methyflation of
two dihfdroxycoumarins, namely esculetin and daphnétin.
Despite ite_low Km vaiue,‘the rate of‘methylafion of -

esculetin was lower than that of caffeic acid or daphnetin,

(

' Wthh may be related to the dlfferences in nucleoPh;11c1ty
of the hydroxyl grbnpg on the phenolic ring system (Senon ‘ fe;
et al., 1959). However, the.;g vitro O-methylation of |
esculetin. suggests that'fhis enzynme is involved in ooumardn
blosynthesis. (Substltuted cotmarins were thought to'be
formed by lactonlzatlon of their correspondlng cinnamic aC1ds
(Towers, 1964; Brown, 1966). Reznik and vrban. {1957} showed
that ECopoletin may be formed from ferulic acid, and Steck
(1967a, b) using tobacco leaves and a number of labelled
precursors, gave isotopical evidence to suggest that scopoletin
was formed'es scopoletin glucoside (scopolin) through. the
methylation of caffeic gcid to glucosidoferulic acid as
follows: caffeic—» ferulic———+v4—0H=§lucosidoferulic———>

scopolin —p scopoletin. A similar pathway has been demon-—

strated by Fritig eg‘g}.'(1970), except that scopoletin was

- .“;“\

formedVdireotly from free ferulic acid and not from its
qucosidic form. In both proposed pathweys, the O-methylation
step was ooﬁ§ideredqto.pfeoede.}aofoee_xfng formation. Boto_
the in vitro methylation'of esculetin and the accumulation of

its methylated products, scopoletip and scopolin, tend to
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suggest an al&ernative pathway for scopoletln blOsynthe51s

where;. Caffeic esculet1n———+-scopoletln-——-bscopolln.
' The poor methylatlon of caffeoyl esters and glucosides by
fobacco culture OMT‘(Table XIII) strongly supports-thls
view. Esdﬂletinihés been reported-to occur in the tobacco-
plant (Dietérman et al., 1959). Although it could not‘be
detected in tosacco celliculture, however, its presence ;n
- catalytic amounts cannot be excluded. The recent discovery,
.in tobacco cell culture, éf é‘gluCQSyltransferase which
mediates the transfer of glucose érom UDP-~glucecse to
scopolet%p with the formation of scopo}in (fséng and Ibrahiﬁ,
unpubl;shed results),-supports fﬁ: proPOSea pathway-for
scoéoléﬁin formatioh and is in agreement W;tﬁ_the hypothesis
tﬁat'glucosylation is a final step in phenolic biosynthesis
‘(Hahlbrock and Grisebach, 1975).

Although tobacco culture "OMT cata%yzéd the efficient
methylatlon of querCetln by a spec;flc para-directing enzyme,
the in vivo physiological roie of thlS reactxon is yet
unclear, since neither the substrate or product(s) is a
‘metabolite of tobacco céll culture, The qpercetip glycoside,
. rutin, is aiﬂaturai conséituent of the tébacco plantJFCouch,
1944; Griffith, 1955) and it is_éoncgiypble that tobacco

cells may preserve the ‘ability to methylate quercefin in in

vitré culture. Howeﬁer"the extent to which tobacco OMT

catalyzed the para methylation of ring—A of quercetin is

remarkable,” especially in view of the absence of vicinal

L]

hydroxyls -on the‘phenblic ring. Recently, Poulton gﬁ al.

-
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(1977) reported ring-A methylation of texasin (6,7-dihydroxy-

4'-methoxyisoflavone) by a purified soybean OMT, though the

v

exact position of methylation still remains to be determined.

Whereas tobacco culture O—methyltranSferase appears

¢

similar to other plant OMTs 1n its general proPertles, it

differs, howeVer, in many respects. Tobacco OMT system
exhibited a fairly wide range of Substrate specificity. It

catalyzed the efficient O—methylatlon of caffelc acid, 5HFA,

and‘quercetln, but not to the excluSLOn of the coumarlns,

P--‘

daphnetin and escilletin. The two forms of the enzyme,-

hoﬁeve?, exhibitédrdistinct meta and para—d1rect1ng'activit~

Uies towards caffeic acid and. quercetin, respectively. The
results obtaihea.bith the studies of substrate specificity
'1nd1cate that the substrates must satisfy certaln structural

rrequlfements for max1mal act&VLty of the tobacco enzyme,

amohg which are:

a) vicinal dihydroxy-substituted phenelic compounds ;
though the para-dlrectlng enzyme could methylate efflc;ently
the 7-0H group of ring—A of quercetln, but not monohydrOxy
cinnamic acids or coumarins. -

b) «afd-catbos side chain attacheéﬁto the phenclic ring
and‘containing a double\hond, since neither dihydroxyphenyl—
acetlc or benzoic gcids nor dihydrocaffeic aCld ox dlhydro—f
quercetin were methylated to\ any 51gn1flcant extent. -

L} TN )

c), a free carboxyl group for phenylpropan01d compounds,

estexlflcatlon of that group (as in chlorogenlc ac1d)

o,

- or lactonization (as in coumarlns) 51gn1f1cantly reduced the -



enzyme activity.

d) a-gggé pyrpne ring with flavonoid substrates having
a free 3~0H group, siﬁce an anthocyanin and a flavone were
poor methyl acceptors. '

e) finally, it was observed/that phenolic gluco-/
glycosides were very pooxr me yl acceptors ae compared with
their aglycones; this has been shown with esculin,xcaffEic—
4-glucoside and rutin.

A’ number of O-methyltransferases, on the other hand have
been reported to exhlblt high spec1flclty towards certain
substrates. The pine seedling enzyme_had highest affinity
for caffeic acid (Kuroda et al., 1975), whi¥e that of bamboo
shoots.patalyzed the.methylation;ef both caffeic acid and
S5HFA (Shimada et al., 1973); thus establishing the ability
of thé latter tissue to synthesize both guaiacyl and syringyl
residues of lignin. Among other OMTs reported from cell
suspen51on cultures, the parsley enzyme was specific to
flavones (Ebel et al., 1972); Cicer to 1soflavones (Wengen—-
. mayer et al., 1974), two distinct enzymes from soybean were
speC1flc to phenylpropanOLds (caffelc OMT) and flavonoids
(quercetin:OMT) (Poulton et al., 1976a, b), as were those of
“tulip anthers (sutfeld and Wlermann, 1978). Very recently,
a novel substrate specificity towards ortho and meta |
hydroxyls of linear, dihydrb%ffuranocoumarips was' reported

for two distinct OMTs in Ruta graveolens cell suspenéion

culture (Thompson et al., 1978). The discovery of an ortho

directing OMT, in the latter culture, and a para directing

o —
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enzyme in tobacco cells, completes the knowledge of O~
methylatlon at the different posmtlons of the phenollc ring
structure. The only fungal enzyme purlfled from Lent;nus
lepidus (Wat and iowers, 1975), which was found to be
specific for-gfcoumaraté,‘that is, methylation BEEE to the
side chain, has no counterpart in highex plants.

As to the molecular weight of tobacco culture OMT, the’
two forms of the enzyme had very similar Gelues, 70-74 K
daltons for the meta and para directiné forms, reepeccively;
This molecular size is similar to that reported for che pine
enzyme (67 K) and is intermediate between those of parsley
(48 K) and Cicer (110 K) encymes. Apparently, there exists
a large variation in the molecular weights of OMTs isolated
from different soufces. Whereas, the M,Ws. of caffeic:OMT
and quercetin-OMT of culip anthers were reported to be 35 K
and 50 K, respectlvely (sutfeld and Wiermann, 1978), those
of Ruta OMT system were 85~110 K (Thompson et al., 1978).

Except for the parsley enzyme (Ebel et al., 1972},
there is no‘sufficient information; in'the.literathre,-on:'
thd extent of OMT inhihition by its methylated products.
‘Toe activity of tobacco culture OMT, however, was inhibited °
by 22-50% in the-presence of ferulic acid, sinapic acid,
scopoletin and rhamnetin (0.2 mM finel conceﬁtration) the
methylatlon products of caffeic acgid, S5HFA, esculefin and
quercetin, respectively. This end-product lnhlbltlon may

act as a mechahism for the regulation of enzyme activity

in vivo and hence the biosynthesis of lignin precursors
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- and other pheholic metaboliﬁes. The poten£ competitive
'inhibitioh of tobacéo culture OMT by its other reaction‘
product, SAH, apbears similar to those reported for the
- sugar beet (Poulton and Butt, 1975) and soybeaﬁ culturé
(Poulton et al., 1976a, b, 1977) enzymes.

Mgt was not necessarily required for the activity of
tobacco culture OMT. Furthermore} it had an inhibitory
effect on enzyme activity at a higher conc¢entration (up
to 10 mM). This result is in sharp contrast with those
réported for other OMTs, which were stimulated (Shimada
et al., 1972; Ebel et al., 1972; Poulton et al., 1977;
Thompson et al., 1978) by'Mg++. _Theiinhibition of oMT
activity by other dévélent cations, Mntt and zntt was
similar to that observed with the parsley (Ebel et al.,
1972) and pine (Shimada et al., 1972; Kuroda et al., 1975)

enzymes,
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Appendix I. Components of culture medium {Murashige and.

L

Skoog, 1962)., = -
Macxo-elements‘ S ‘ mg/1
CaCl, . 2H,0 | ~ © 440.0,
.KHoPOg ) . . 170.0
KNO3 - o ) - 1900-0 -
MgS04.7H20 *© ‘ 370.0 . L
NH4NO3 L 1650.0 - - :
. g ' . R &>

.Microfelehents _ S : mg/1 - 1 .
CoCljy. 6H20 oo . 0.025
CuS04.5H20 | | - 0.025
FeS04.7H20 . _ 27.800 Sy
H3BO3 . © 6,200 e
KI ) . 0.830 v 2
MnS04.4H20 ‘ 22,300 d°
Na-EDTA ~ : i 37.300
NasMo0O4.2H20 - ' ¢.250.
ZnS0y4, 7TH20 SR : 8.600

. < b . .
Vitamins _ . mg/1l ﬁ‘\g\& .
glycin B ‘ ' -. 2,0 .
nicotinic acid 0.5
pyridoxine~HC1 ‘ - 0.5
thiamin-HC1 . 0.1
Growth hormones M -
2I4“D . - loo
IAA 2.0
Kinetin * 0.1
Others - g/l
myo-inositol 0.1
casein-hydrolysate. - _ 1.0
surcose 4 30.0
agar—agar* 7.0
pH | : 5.840.1

* oniy for solid culture médiumﬂ
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