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Eﬁzymatic Aspects of O-Glucosylation of Anthraquinones
and O-Methylation of Flavonoids in Plant Tissues . .

Henry E. Khouri, Ph.D. i .
Concordia University, 1988 - '

Cell susp'ension cultures of Cinchona sﬁccoirubra produce a number of

anthraquinone gluc051des The effect of nutritionmal and hormonal factors

on growth and anthraqumone production were investigated in order to

X

study the enzyrne-catalyzed glucosylatlon of these metabolites. Five
dnthraqumone-spemflc glucosyltransferases were resolved, . by
chromatofocusmg, with apparent pI values of 5.3, 4:8, 4 5 4.3 ana 4.1.
_ They acoepted emod:.n, - anthrapurpurin, quinizarin, 2,6-
dihydroxyéntk;requinone" ‘and 1,8~dihydroxyanthraguinoné as the xb;f"St

substrat‘es, © respectively.’ These enzymes exhibited _ similar
characteristics as to pH optimum (pH 7) in histidine/HCl buffer, M
50,000, had no cation requirement and were inhibited by various SH-group A

reag'enté ‘ The Km values o/f. the respective anthraquinones for either of
> . TN,
the five enzymes was 10 pM.

-

An isoflavone 5-O-methyltransferase fram Lupinué luteus and two,

position-specific flavonol O-methyltransferases (2°-/5°~ and 7-) from
- ; ' ‘
Chysosplenium americanum ' were partially purified and characterized.

These enZzymes ohatd pH optima between 7 and 8, M 55,000, no cation

-

. ) &
requirement_and were inhibited by various SH-group reagents. The steady -

-

state kinetic behav1or of the 5- and 7-0-nethy1transferases suggested
)

that these enzymes- -prooeeded by an ordered bl bi mechamsm w1th S-

Y
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x o ., ‘ ;
adenosyl-L-methioniné and S-adenosyl-L—hcmocysteiné as leading-;eaction
partners. \ i : N

The\ effect Yof various parameters on the Trecovery and enzyme

activit'y _of five, " position-specific O-methyltransferases of C. .

americanum, by chramatofocusing, was investigated using fast protein

liquid chromatography. These parameters included the nature and pH of
the starting buffer, the dilution and flow-rate of the Polybuffer and

the presence of zwitterions. O

*
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‘ Except for photésynﬁhesis, most organisms possess similar mej:albéﬂig
"pathways' by which they synthesize essential metabolites S\;Ch as aminé,
aciés, fatty acids, nucleotides and sugars (1). These metabolites serve
as starting material for the biosynthesis of proteins, l‘ipids, nucleic
ac‘i.ds and polyusacc:harideé, respeictively. Such —ccmpounds are inyolved in
the biochemical' processes that support growth, ‘ development  and
reproduction of ‘,the organism in which they occur and are, therefore, -
reg;'red to as ‘primary metabolites" (2). On the other hand, such
campounds as  alkaloids, flawonoids, phenylpropanaids, . quinanes, -

steroids, tannins and volatile oils are helieved to play no important
‘. - % N

Y N >

‘role in the maintenance of fundamental life processes in most organisms

and are, therefore, considered to be "secondary metabolites" (3).

However, the dividing line between primary and secondary metabolism'is
Y .

rather blurred; since primary metabolism provides a number of molécules

which are used as starting materidal in secondary metabolic éathways

.(Fig. 1). It is apparent that-there are three principal chemical spgcies

which serve as precursors of sé‘c&adary me‘t’:abolism (4): - S

(a) Acetate, thé precursor .of polyketides, polyacetylenes,

‘prostaglandins and isoprenoids (e.g. @ ter,pénes,‘ steroids, and

' carotenoids), as well as ring A of flavonoids. ~

———

(b). Amino acids which give rise to the alkaloids and the peptide
N Ky . / oo

-]

W 1. . [ .
antib\lotics.' . : / .

. ' - . .
(c)’ Shikimic acid, the precursor of many arcmatic campounds intluding

the aromatic amino acids, . phenylpropanoids, and the B~ring of

-

£ lévon’oids .
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metabolism (2). :
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- As eur ‘kﬁowlédge of biochemjcal ecology has increased, we have

Y

' st;arted to realize thé role and significance of some _secondar{z
mgtaboli‘tes (5). In plants,-same cdnpomds act as allelopathic agents or
ph‘ytoal-exins, 'others serve-as deterrents to potential predators or to
attract pollinators: Tr;erefore, secondary metabolites seem to be
essential for the plaft’s survival, alti':ough% they may not play a direct
role in i%s growth and developfﬁent. Ac%dingly, it n{ay be more
appropriate to refelr‘ tqf secondary‘ metabolites as ""x;a‘t‘:ural products”

N <

which seek specific functions! ‘) .
. Wherea§ a number of natural/products are found in fungi (6),
_— . " bacteria (_7) ‘and marihe animals (8), 1most are of plant origin‘ (19).
Despite advances in ‘the field of synthetic organic. chemistry, plants are
still the fr?jor’ source of natural products (10). 1In recegxt years
however, there has been incx;easing ?iffigulty‘in securing ample supply
a of commercially hseful plaﬁts ; rnz;linly because of a disturbance of thé

N

B natural environment, land expioitatior'l, increasing labéfr cost, and/pr
technical difficulties 'in " cultivating - wild 'p;;nts, Some -of 't;he'se
dif:fi?:ulgies can, and have been overcame by the ﬁse of cell/tissge
K ,' cultures as~a source of biochemicals (11). Plant cells, in cu‘lture, havé
o the potential to produce and accumulate chenucals‘ similar to, or

1dent1ca1 with, those produced by the plants from which ' they were
. xderived. Many natural products are lmportant cormerc1a11y and find
) ap'pllcations ‘as natural flavours and food colors -or dyes, perfume
: i’ngll'edients, antiwiral agents and par';ic;ularly as phama'ceﬁ{:icals (12)N

The' use of cell cultures for time production of useful natural prpd\ucts

1

has, therefore, gained increasing " attention recently by the

pharnaceut‘i'cal and agri-food industries.



. s .
. In order to upderstand the regulatory mechanlsms controlling *the

R bmsynthes:.s of secondary metabolltes and their accumulation, it is

i ' necessary to develop the detailed knowledge-, of their biosynthetic

R

s v pai:l'iways vas well as,their eénzymology. Among the various pathways of .
secondary metabollsm, the blosyn‘émesm of flavonoids (13) and qumones
(14) have gained increasing attention in recent years. ‘However, many

. : \
- . Ce
questions remain to be answered concerning the enzymatic ¢ynthesis of

these two classes of natural products. ¢« !
In the present study, some aspects of the enzymatic synthesm and ’
- accunulation of naturally. occurring phenolic canpopnds have  been
"investigated. This work is beirig@desc‘ribed. in two main parts. The first
. \ . part deals with tge pro'ductivity and' the enzymatic glucosylation of -

hydroxyanthraquinone glucosides in cell cultures of Cinchona succirubra.

‘The second part involves the enzymatic ‘mfethylation of the highly

methylated ‘fflavonoid glucosides in Chrysosplenium americamum, and’ OOf

" isoflavonoids in Lupinus luteus.

I

t;
S
I3

A\ ] -
A



W

B. REVIEW OF LITERATURE ' ‘ S

¢

B.l. Anthraquinones A

'B.l.l. Occurrence and distribution

ChemiCally,’ guinones  are ccmpounds with either a |, 1,4-
diketocyclohexa-Z,S—dienoild (_g-qumones) ora 1 2-d1ketocy€10hexa-3 5=
dienoid (g—éuinones) moiety /(/15). The structure of manya naturally
occurring quiqon'es is based ori* the benzoquinore . (1, 11,
riaphthoquinone (111, IV), or anthraquinone (V) ring systems (Fig 2).
Qulnmd natural products are rather unevenly dlstrlbuted in the plant

I

kmgdom. They occur in fungi, lichens, gymnosperms, and anglosperms

©(14). Qulnones have been enoountered in almost all parts of the plant

_amounts of anthraguinones in tissue/cell cultures (57). Many species_

(16). 'Thus, apthraquinpnes have been isolated ffram leaves -and stems

(17), pods (18), seed coats, and embryos (19), roots 120), fruits (21),"’)

flowers (22), tubers- (23), 1leaf glands (24), root bark (25) and heart
wood (26). " A smmnéry of same caru\on ‘naturally occurring anthraguinones

and the source fram which they were isolated’is given in Table 1.

B.1.2. Productivity in tissue culture .
Most species of the Rubi aceae hiave been shown to accumulate large

produce _even more anthraqulnones onh & dry welght ba515 in cultured
tlssues than does the parent pl‘ant. 'I‘able 2 summarizes the type and the

source of ~cu],tures used ‘to produce anthraquinones in  vitro. Although

anthraquinone ‘ groduc-:tion in cultured tissues seems to be feguiated by

’ o

nutritional and hormonal factors (57, 74), however, no 'generalization

could be mede regarding the optimum ‘conditions for the. production &f

I

- ’ ~
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Table 1: Some cammdn naturally oocurring anthraquinones.

K @

Compoundl Source R’e-ferencez,
Alizarin - Rubia tinctorum . 26
(1,2-dihydroxy AQ) R -,

< Galium spp. o 27

Xanthopurpurin
(1,3-dihydroxy BQ)

@&

Chrysophénol '
(1,8-dihydroxy-3-methyl AQ)

Aloe-emodin

(1,8-dihydroxy-3-hydroxymethyl AQ)

v

Morinda citrifolia 28

‘ Rhgum palmatum 29
. \
Rubia tinctorum 30
Rubia cordifolia 31
Galium $pp. 27

Morinaa umbellata 32 \

Rheum spp. 33,
Rumex spp. 34
Rham?us spp. 35
Cassia spp. 36
Aloe spp. ' 37
Aloe spp. + 38
Rheum 'spp. - 39
Rhamus spp. | - 40
Cassia spp. | 41

Contd. on p. 20°

- — “

19
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Table 1 (contd.)

-

—— i ——— . e e et e M i . —— . — — . = O — . e

- Rhein
* (1,8-dihydroxy-3-carboxy AQ)

- ’

Purpurin‘
(1,2,4-trihydroxy AQ)

¥

o . Morindone
(1,5,6-trihydroxy-3-methyl AQ)

Erodin -
! (1 ,6,8-\\€(rihydroxy-3—nethy1 AQ)

¢

Physcion
(1,8-dihroxy-6-methoxy-3-methyl AQ)

I " . -

N . N

Rheum spp.
Rumex spp.

Cassia spp.

Rubi} tinctorum

Rubia cordifolia

Galium spp.

" Morinda citrifolia

Morinda tinctoria

Morinda umbeflata

Rheum spp.

Ruméx Spp.
Py

Polygbnum SPP .
- L
Rhamnus spp. -

. Cassia spp. -

Rheum spp.

Rumex spp. .

Polygonum spp.

Rhamus ”‘sgg.

Cassia spp.

42 .

43.

44

O

26

45

27

46

47
48

x

1 AQ, a\nthraquinone.
.2 Representative references.

?




L

v,

Table 2: The type and source\ of anthraquinone-prodgcihg tissue .
| cuitures | T
o ’ . . L o

Type of culture ‘ Source ’ References
Cell suspension Morinda citrifolia 58-61
Cell susp?nsion »Galium mol lugo 62-6;
Cell susijension - Rubia cordifolia 65-67
Cell syspension Cinchona ledgeriana . 68‘

. Cell suspension Cinchona succirubra 69 )

. Callus Cinchona succirubra. . 70,71°
o - callus . o Cinchona -Succirubra . 72=-74 .




<@

these metabolites.

B.1.3. Biosynthesis

Anthraquinones in ‘ Higher plants are derived from a variety of

»

~ precurscir's and by different pathways (75-77).

B.i.3.1. The acetate~polymalonate pathway .
.+ One " of the most camon pathways leading to anthraquinone

biosynthesis is the polyacetate or acetate+polymalonate pathway.

Anthraquinones often exhibit a characteristic substitution pattern

reflecting theit, biosynthesis fram acetyl-coenzymeA ( CoAf'and malonyl

CoA. An'thraqui'nonés' which are substituted on both rings A gnd C ar"e‘

normally derived by this pathway. Bmodin for example, is der;ive'd from

e ‘acetate &nd seven malonate units- (Fig. 3).

Y

B.1.3.2. The shikimic acid-o-succinylbenzoic acid pathway

Anthraquinones which are substituted on ring A only are usually.

derived fram _Q_-succinylbenzoic acid . Alizarin, fonr example, hg:\s been

shown to be derived from shtkimic acid,' via o-succinyibenzoic acid, and

mevalonic acid “(Fig. 4). ShlklmlC acid gives Tise to o-succmylbenzmc

-

acid which, in turn, following cycllzatmn, prenylatlon and

—

decarboxylation gives rise to alizarin (Fiqg. 4).
,

B.1.4. Enzymatic synthesis'

f
;

.2‘2';

Studies of the enzymes which. ’ca‘talyze the biosynti'zesis of |

Yo - . B
anthraquinones have been hampered by -the fact :that cultm:red cells

[

. . .. ’ -
oontain high concentration of anthraquinones which, on hamogenization,

'mactlvate enzymes. A systenatlc study of the dlfferent nethod,s aimed at

. removal of anthraquinones and 1solat10n of qctlve enzyme preparatlons

" frcm Galium mollugo cells (79) led _to the detection of o-succinylbenzoic

’
o

~
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acid: CohA ligase (80) which mediates the farmation of o-succinylbenzoic

kY

acid-CoA fram o-succinylbenzoic acid. THis enzyme has been purified .

* G 2
approximately 1,200-fold from Mycobacterium phlei and has been shown to
require ATP and Mg2+ for optimal activity (81). Very recently, o=
sﬁccinylbenzoic mfacid synthase wh%ch catalyzes the \formation of o~

succinylbenzoic acid was purified f}:m E. coli (82) and was shown to

req{;ire . lvln?‘+ for activity. However, little is known of the enzymes
involved in the later steps of biosynthesis of anthraqiinones. _
B.1.5. Significance ' g

Many anthraquinone-oontainir&g plants, such as the Rubiaceae, have

been used for dyeing textiles in many parts of the world since ancient
times (14). For example, .Cassia (Legquminosae), Rhaxmus‘ (Rhamnaceae) and
Y Y L2 "

~ :
Rhgum (Polygonaceae) spp..are associated with the well known purgative

extracts obtained fraom the§e plants (senna, cascara and rhubarb,
respectively). Anthraquinone glucosides \n;hich are derived mainly from
Cassia "and Rheum spp., on the other-hand, are important cathartic
compounds  (83) .. They have been effectively used as purgatives and are
widely used in geriatric and pediatric medicine for their ‘unique
pr‘larmacological - effects.  Some  anthraqujnones have been used as
ar:tispasmodics, diuretics and rela;zants (84). Othe;s . have peen
commercially ﬁged as pntigungal and am;.iiaacterial agents (85): A number
of ant:h:aquJ'.n‘onaese isolated ;frcm Morinda were also shown to have
antileukemic effects (86). i?ecently, it was _suggested  that

anthra’quinones -in Cinchona may be stress campounds or phytoalexins,

\ »

.since  they exhibited antimitrobial activity towards a range: of

microorganisms, and that their occurrence was only observed in infected

<




plants 01/— in tlssue cultures (87). | " D

N . &

B 2. Flgvomlds

B.2.1. 00cu1;.rence‘and distribution

Flavonoid compounds constitute .one of the Most ‘characteristic.

classes of natural produci:S'in ﬁigher plants. Many flavonoids are easily
recogmzéd as flower and fruit pigments (the anthocyanms) and the
yellow plgments (flavones and flavonols) in all parts of the plant -(88).

The chemlcal structures of flavon01ds are based on the Cis skeleton of
flavope (Flg. 5). The wvarious ,groups of f lavon01ds are classified

according to the oxidation-state-of _the_heterocycllc ring. However,\the

-

substitution pattern of ring B further contributes to their: structural
yériation.‘ The major flavonoids occur mostly in higher plants, but not
\ . . “

excluding mosses and ferns. However, their levels may vary greatly

durlng " different stages of plant development, (89). Flavonoids usually

V4 ex1st in the plant as glyc051des mth dlfferent pattern of glycosylatlon
- A
(88).
‘ B.2.2. Biosynthesis ' .
! Earlier experiments with- radicactively labeled , Pprecursors

‘ . established that the carbon skeleton of. the flavonoid ring system is

derived fram acetate and phenylalanine (90). Ring A is formed fram three

£

c-2, C-3, and C-4 of -the heterocychc rmg C (Flg 6) A cammon ca.rbon

) ) mtennedlate in the fornatlon of all £ 1avon01ds is the chalcone or the
- . .
‘ 1somer1c flavanone.

!

acetate (malonate) units, whereas phenylalanine gives rise té ring B and

o
q



¥,

e
5,

¥y

N

Figure 5: Representatives of each of dix major subgroups of

flavonoids (85).
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B.2.3. Enzymatic synthesis

Recent work at the er:gymatic level has confirmed earlier isotopic
studies of the incorporation of acetate and phenylalanine - into
flavonoids, where cinnamoyl-CoA ester condepses with 3 melecules of
malonyl~CoA. N
B.2.3.1. Enzymes of general phenylpméamid‘ metabolism

The first two enzymes of the general phenxgropanoid mefabolism,

phenylalanine amwonia—-lyase and cinnamate 4-hydroxylase (Fig. 6) p_rovide
N .

precursors, not only for flavonoid biosynthesis , but also for most other .

phenylpropanoid compoa;xds such as the lignin Building blocks and
cinnamoyl esters (88). The third enzyme of this seguence, 4-
coumarate:CoA ligase catalyzes the conversion of trans-4-coumarate to

its CoA ester. The latter playssa central role as an intermediate at the

branching point between the general phenylpropanoid metabolism and the

various subsequent sbecific pathways .(Fig. 6). Another enzyme, acetyl--

CoA carboxylase, catalyzes the formation-of malonyl-CoA. The latter is

not only an important, buildihg block for the carbon skeleton of

flavonoids, but also a ~_substrate' for malonylation. of . flavenoid_

>

glycosides in a number of tissues (91).

B.2.3.2. Chalcone synthase

Chalcone synthasg, the key enzyme in the fonnatlon of the flavonoid

skeleton (Fig. 6), mediates theJ/ Stepwise condensatlon of 4~coumaroy1-CoA

with three molecules of malonyl ‘CoA (92,93). This enzyme has been .

. purified ‘fram parSley (Petrosellm.m\ hortense) (94) and H_a_ﬂm;_am_

gracilis (95) cell cultures. Substltuted coumaroyl-CoA esters did not

’

serye as good subst;:ates for thls enzyme, thus suggesting that further
—

hydroxylatlon as well as methylatlon -may take place at a later stage of

33



flavonoid biosynthesis.,

B.2.3.3. cone isamerase

-

" This enzyme, . which ca;taiyzes the formation of “flavanones from
chaloqne's (Fig. 6), has been i.solated from a vgrié:y of plants including
parsley (96). Chalcone isomerase has no cofactor requirement and
" often occ.;urs in multiple forms which are isoenzymes. Usually, the
substrate 8pecificity of the isomerases corresponds with  the
subétitut_i'oﬁ pattern of the flavonoids found in plant tissues krom which
" the enzymas were isolated (90).

B.2:3.4. Hydroxyl‘ases‘ .

The hydroxyl groups located at\the 5+, 7- and 4 -fositions are
usually derived “from the assembly of flavonoid rings A and B (Fig.. 6).
Recently, however, a number of\f“ avonoid-specific enzymes have been

reported to igtroduce hydroxyl groups at the flavonoid ring system. The

3 “~hydroxylases of Matthiola incana (97) and of Antirrhinum majus flowers

(98) and of parsley cell culture (99) were shown to catlyze the: 3°-

hY

“Jroxylation of the B-riné of flavanones and dihydreflavonols. However,
. 4 *-\

the enzyme fram.Verbena hybrida (100) mediated the hydroxylétion of

positions 3° as well as 5° of flavanones and dihydroflavonolls,. These

» ™~

enzymed were found to be associatdd with the microsomal fraction ahgi

L

”requi'r'edn NADPH as cofactor. Two distinct -enzymes, an NADH-dependent
mnoéxygenase' (9{3) and a 2-oxoglutarate-dependent dioxygenase (99) wer;
reported to catalyze the oxidation of flavanones té flavonols. However,
nothing 1is known of the introduction of hydroxyl groups at positions 6,
8, and/of 2° of the flavonoid ring systems. Very recently, howe\?er; the

cytochra:re P450-dependant 2 “~hydroxylation of isoflavone has been

reported frem Cicer arietinum cell culture (101}. . .

NN T o/ I

[\




B.2.3.5. O-Methyltransgerases o

. Until recently, our knowledge of O-methylation of flavonoids has
been restricted to the formation of moncmethyl ether derivatives (102).
A humber of flavonoid-specific O-methyltransferases 1QMIs ) have been
réf)orptfdi_ to catalyze single methylation steps of positions 3° of
flavones or flavonols (10;’»:105), 3°/5° of anthocyanins (106), 4° of
isoflavones (107) and flavones (108), 7 of flavonols (109, 110) and .C-
glycof lavones (111_)’ anc?l 8 of flavonols (112). None of these ehzygres was
reported to ecoppt partial(\ly methylated substrates for further .0~
nethyiation. However, recent work ‘in this laberatory demonstra?:ed the
step-wise' O-methylation of a number of flavonoid substrates to varioim
methylated derivatives by‘/ partially purified preparations ef /Calamondin

orange (113,114). These enzyme preparations accepted ‘ partially

methylated flavbnoi}i substrates for further fnethylation, aluw{]gh they.

did not lend themselves for further purification. y 3

Very recently, a number of OMTs were isolated from Chrysosplenium

americanum ahd were shown to mediate the -step-wise me‘thylation of
flavonoids (115) .‘ These enzymes catalyzed the rrethylation of quercetin
—————> 3-methy1'quercetin ----- > 3\,7-dirrethquuercetin ————> 3,7,4"-
trimethquuercetin and‘of 3,7,4 '-trimethglquercetagetih to its, 6-me-thy1
derivative. These avrr; were partlally purlfled (116) and their kmetlcu
properties - determinedg\(llﬂ However, the 7~O-methyltransferase wa\s‘
unstable during purification and, therefore,  its characterizatioh was
not achieved (116). Furthemore, _nothing was- known, at the,time, of the
‘methylation of f lavon01ds at positions 2" and 5°. The characterizatidn

of the latter O—nethyltransferases will be the subject of a pa.rt of this
s:c.udy ' '



.. B.2.3.6. O-Glucosyltransferases
whereas_glucosyltransferases (GIs) were believed to possess a broad
recent reports tend to indicate their

_substrate epecificity + .however,

specificity towards the different classes of flavonoids (118, 119). A
number of enzymes have been reported to catalyze the glucosylation of
gositions 3 or 7 of flavonols (120), and 3 or 5 of anthocyanins (121).

*
a flavonol " 3=glucosylating system from Pisum sativum

Furthermore,

' seedlmgs was resolved 1nto three distinct enzymes (122), one of which

accepted the flavonol aglyooné whereas the other two, accepted the

mono™ and didlucosides as substrates—, respectively.
Prevmus studies in our laboratory (123) indicated the présence in

Chrysosplenlum amerlcanum of a ring B—spec:.flc O—glucosyltransferase

- which attacked‘,the .2°-or 5°- positions of partially methylated

flavonols. The fact that the 2°- and 5°-glucosylating activities could

o

not be separated by conventional chramatography (123), as well as tﬁeir

similarities in tﬁe kinetic constants and kinetic mechanism

suggested that both glucosylatlon steps may b catalyzed by- a single '

however, the Separatlon of these two O-

enzyme. Very recently,

gl‘ucosylatrarlusferases was achieved using‘ affinity chromato‘graphy (161).

4 . -~

4

B.2.4 Significance

\
Due to their bnght colom:s, flavonmds in higher plants may serve

attract insects jpvolved in the pollmatlon of 1flowers (88). Other

ion of plant tissues agalnst UV radlatlon (125) or infection by
ens (126). Some flavonoids have been shown @be ant1v1ra1 (127),
1

antm-mflaxmatory (128, 129) or anti-histaminic (

! -

' ~131),agents.,

~

.
" )
- . .. i’
L] . *
. .

(124),-

functlons have been attrlbuted to flavon01ds such as -

36
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‘weight) of fine cell suspension was transferred into fresh mediufn at 15-

C. MATERIALS AND METHODS

.-" S

C.l. Plant material" ’ -

c.l. l.\Cinchona succirubra

This plant is known to accumulate a variety of qumollne alkaloids

v O

"(132). However, it was brought to our attention that during the growth

of cell suspension ‘cultures of Cinchona succirubra (Rubiaceae) both

medium and cells turnmed yellow-orange in color (Fig.‘ 7) which was

~

. Q ’
suspected to be due to the production of phenolic/flavonoid campounds.
These * constituents girned out to be énthraquinone glucosides which

prompted us to investigate their ccmp031t10n and productlon by this

\

tissue culture.
aAn " inoculum. was obtained from Dr. M. Rideau (Univ. of Tours,
. . + Q&.
France) and. was .subcultured at 4-weekly. intervals on BS medium (133)

containing glucose (20 g/1); 2,4<D (lmg/1); ,‘k‘inetin (0.1 mg/l}; ‘mycr-

dnositol (0.1 g/1); coconut water (50'ml/1) and agar (7 g/l). A

suspension culturg, was initiated by transferring the'callus tissues to
a oS, Eis

one-liter nippled flasks, each containing 100 ml of liquid medium. The

o latter consisted of the same nutrientecanposition as.the solid medium

\\'with the amission o_f\ .agar. -The flasks were allowed to . rotate

centripetally around an axle connected by a uﬁiversal ‘joint to a

4

variabh?:gear motor at 2 rpm (Fig. 8). Free cells and small cell
ag_gregatés were separated fram the large clumps ‘by filtering the
suspension through a sterile nylon mesh. A 20% inoculum (ca. 1.5 g fresh

!

. . day intervals. CQulture growth was determlned by measuring fresh and dry

'we:Lghts as well. as protein content of cells. . . T

%
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Figure 7: Cinchona succirubra (lgqéell suspension and (2) callus

“

cultures.
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. C.1.2. Chrysosplenium americanum A , /

’

. E: americanum Schwein {fex Hooker, “(Sa.xifragaceae) accumulates a
variety og tri-to~penta-O-methylated flavonol glucosides (134) which lare
derived fram 2’-hydroxyguercetin and its 6-hydroxy "der,ivative, 27~
hydroxyquercetagetin (Fig. 9). This plaht material has been the ;subject
of bre\'/ious enzymatic stﬁdies, and was used as a source of the enzymes
reported in tbis work. It was collected from Valleyfield, Province of
Quebec, and its growg_h ‘was maintained in the greenhouse undel; canditions
simulaEing its natural habitat with respect to temperature,‘ light and
humidity. The plants were installed ir3 a separate compartment of the
greenhouse, equipped with a nettim_:} ceiling in order to decrease the

!

light intensity. The temperature was controlled by a refrigeration unit

 and was maintained at 15-18 °C. The plants were grown in flat plastic

[}

+ 42

e
I
!

. , \ i
containers (25 x 36 am) with a running water stream to near flooding at'

all times. .Shoot tips of this tissue were used as enzyme source in this

study ' .
&. -

"C.l. 3. Lupmus luteus

-

acctimulate a number of 5-O-methylisoflavones (135). Since the 5—hydroxy1
grouip of flavonoid campounds is considered to behe least reactive, due
to 1ts chelatlon with the carbonyl group of the heterocycllc r.mg' (Fig. '
5), it was con51dered mportant, therefore, to investigate the enzymatic
5"-9_:1rethylation of. isoflavones in this tissuve. L.  luteus seeds were
purchased from Barenbrug Holland B. V. (Netherlands). They were
germinated in vermiculite and subsequently.maintained in'a mixtufe of

potting soil under greenhouse conditions. Roots'of 4 to 6 wegéks old

A Y

| ~'seedlings were used as a source.of the 5-6-;reﬂ1y1transferase. ..

Roots of L. luteus L. cv. Barpine (Leguminosae) have been shown to
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Figure 9: Structural formalae of the six highly O-methylated flavonol

b - L] 1 [
glucosides of Chrysosplenium americanum (134).
. a & N .
- R = glucose. “
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,and reference campounds were generous gifts from Dr. S. Tahara (Hokkaido

_contained the anthraquinone glucosides and trace amounts of the
1

*

C.2. Chemicals )
S—Adenosil-L— [ngthy1-14C]n1ethi§nine (SAM) (42 Ci/mol) was purchased
. .
from ICN (Irvine, CA, U.S.A.). Uridine 5'-diphospho-[U-14C]glucose (278

Ci/mol') :vas purchased from Amersham (Arhngton Helghts, IL, U.S.A.).

Sephadex’ G-25 Superose 12 (prep grade) , prepacked Superose 12 HR 10/30, ,

Mono, P HR 5/20 Mono Q HR-5/5 colums; polybuffer (PB-74) and Polybuffer ' v
exchanger (PBE—94) as well as the FPLC system (section C.8.) were from

Pharmacia (Uppsala,f Sweden). Unlabelled SAM and S-aéenosyl-hmmysbeine '
(SAH)Jwere obtained from Boehringer, Mamrheim (Germany). Most flavonoid s

~ 3
ocompounds were from our laboratory collection. The isoflavone substrates

Univ., Sappora, Japan). Anthraquinones were. purchased fran Aldrich

(Milwaukee, WI, U.S.A.), Pfalz and Baver (Waterbury, CT, U. §.A.) and

. Sarsyntheslé (Bordeaux, France). Dowex 1X2 and BJ.o—Rad protein reagént

were: purchased from Bio-Rad Labs (Richmond, CA, U.S.A.). Camercial

Polyamide 6-MN TIC plates were from Brinkmann Intruments (Mississauga,
Fi '

* ONT). Imidazdle was recrystalized from ethylacetate. All other chemicals

were of analytical grade. N - .

C.3.-Extraction of anthraquinones s

The cells from several culture flasks (ca. 20 g) were filtered

[4

through a fritted glass funnel using suction. -‘The cake of cells was

- * Lo >
extracted- twice with hot 75% methanol (v/v). The combined alcoholic

extracts were filtered and reduced in Vacuo to an aqueous residue which

aglycones. An aliquat Jf this extract was saved for analysis' of the

anthraquinone glucosi,d:és, The‘remaining portion of the aqueous. extract

r



Q

' was hydrolyzed with 2N KC1 for 15 min at 80 % and the hydrolyzate was
eg;tra;:ted f.with chloroform. After evaporation of the gg:ganic layer, the
;.'ér\aining residie was dissolved in ether and partitioned against 1M
NaOH: The aqueous 1ayér° was acidified with HCl and extracted with

e

“diethyl ether. The latter contained’the anthraquinone aglycones. -

u

C.4. Estimation of anthraquinone content
' The absorbance of the methanolic extracts of either anthraqumone
glucos:.des or their- aglyoones was measured usmg an LKB (Ultrospec 4050)
spectrophotameter at 435 nm. The anthra?uinone content, relative to
alizarin 1 ,Z—Zihydroxyanthra’quinone), wr;l\s calculated - using a . molar

“extinction coefflclent of 5500, con51dermg that the differences in the

molar extlnctlon coefficient of different -anthraquinones did not exceed
1

. .+ 5% (60)y
C.5. Characterization of anthraquincnes
) . )
The major anthraqﬁj.nones were characterized by co-chromatography
with authentic samples on silica plates and by HPIC, as well as by their

. color in-visible and UV-light* befdre and after exposgré to ammonia

"5
N

benzene-MeOH~€thyl formate~formic acid (15:5:5:1) and (B) e't;hy-lacetate-

R MeOK-water (77:13:10); Whereas those for “the dglycones were: (C)

chloroform-MeOH-ammonia  (85:14:1); - (D) toluené—diethyl ether-EtOH',

T performed on ~a Waters-Millipore solvent deiivery system using a §
R Bondapac¢k C,, colum (3.9 mm x 30 cm), 436 nm filter and 1% AcOH in 70%

A Y

18
aqueous MeCH as solvent syst’em at a flow rate of 1 ml/min.

i .
b - - ]
.

. vapor. The TIC solvent - systems used for the, glucosides were: (A)"

(70:25:5) and (E) toluené-MeOH (9:1). HPIC of thé; aglycones was



C.6. Protein extraction

All extractiop steps were carried out at‘'4 ®c. “Tissues +(ca\ 15. q)
were frozen in liquid nitrogen, mixed with Polyclar AT (135, w/) and
ground to a fine powder . T{—l-e—latter was\honoqeniz’éd‘with 0.2 M Tris/HC1
(1:4, w/v) buffer (pH 7.6) containing 14 mM Zmercaol:oetlmanol, 5 mM EDTA
and 10 mM diethylammonium diethyldithiocarbamate. 'The hamgenete was
filtered through ;1ylon mesgx and the filtratepwas centrifuged at 10,000
Xg for 10 min. The suoernetant was stirred with Dowex 1x2 (10%, w/v)
which had prevmusly been equilibrated w1th the same buffer, then
filtered through glass wool. ' The flltrate was fractionated with solld
)

ammonium sulfate, and the protein that pretipitated between 35 and 80 %

.salt saturation was collected by centrifugation.

C.7. Enzyme purification .
'The enzyme protéin was purified using the Pharmacia Fast Protein
Liquid Chromatography (FPIC) system. The protein (35 - 80%) pellet was

suspended in the minimal amount of buffer A and chramatographed on

Superose 12 HR 10/30 (380 x 10 mm I.D.) column which had previously been

n~ 0 v

equilibrated with t“'

same buffer. 'Fhe column was developed with buffer
A at a flw " rate of 0. Sml/mln (2 5: MPa) and 1 ml - fractions were
collected and assayed for enzyme act1v1ty f;he active fractlon; were
pooled and subjected to further purification on either a Mono P HR 5/20
(chz‘anatofocusmgf or Mono Q\HR 5/5/ (anion-exchange), colums.
C.7.1. Buffers | s : .
T‘l';e following ‘buffers were ased: (A) 25 i Tris/HCL  (pH" 7.5) -
containing 14 nMZ-mei:captoeth?nol ano 10% glycerol ;‘ (B) 25 mM bis"

Tris/iminodigcetic acid (pH 7.1) containing 14 mM Zmermpt\oethanol and .



-

10% glycerol; (C) 25 mM imidazole (pH 6.4) containing ‘14 mM 2- .

mercaptoethanol; (D) same as bufnfer C containing 10% glycerol ad. (E)

0.2 M KCL in 25 mM imidazole (pH 8.0) containing 14 mM 2-mercaptoethanol

and 10% glycerol . ) J
C.7.2. Ion eichange chramatography _...//

Furthér purification of the enzyme protein was achieved by ion

N

exchange chronatogra;my on Mono Q HR 5/5 column (50 x 5mm I.D.). The
protein was aoplled to the column which had previously been equ:n.hbratgd
With - buffer A. The column was wa$hed with 5 bed volumes of the same -
buffer and the bound proteins were eluted usipg a linear salt gradient

“ .
(0 - 0.5 MKCl in buffer A) at a flow rate of 1 ml/min .(2.5 MPa). One-ml

(>}

fractions were collected and assayed.for enzyme, activity.

o o

C.7.3. Chramatofocusing

Chromatofocusing of  the enzyme protein was performed by
c> .
chromatography on a Mono P 5/20 colunn (200 x 5mn I1.D.). The Superose

N~

12 column was developed using buffer B and the active fractions were

%
poocled and applied to the Mono P column which® had prevlously been \\

equlllbrated with the\same buffer. The bound protelns were eluted with

50 ml of Polybuffer-94:water (1:10, /) (pH4 0) containing 14 - mM 2-

hlercaptoethanol and 10% glycerol at e flow rate of 0.7 ml/min (3.0 MPa).
: . . N <
This generated a linaer gradient of pH 7-4. One-ml fractions were

s . X . '
collected in tubes containing 0.25 ml of 0.2 M Tris/HCl buffer (pH 815)

»
and were assayed for enzyme activity. «

'+ C.8. Fast protein liquid éhrc"mato&_;raphy sjstén-
' 'I‘he Pharmacia FP1LC system consisted of two P-500 pumps, a GP-250

S 2 3
gradlent programrer, a V—7 injection valve, a 10 ml superlocp, a s:.ng‘le

“

~' ' .

B
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path UV-1 monitor with HR flow cell, “a pH monitor with flow-through °

electrode, a REC-482 two pen chart recorder and a Frac 100 fraction

Al

collector. !

C.9. O-Glucosyltransferase assay
The standard assay mixture consisted of 10 }JM of the phenolic

14 -

substrate (1n 10 )11 of 50% ‘dimethylsulfoxide, v/v), 3 PM/ {U-
C]UDPglucose (50 nCi), 25 mM Tris/HCl buffer (pH 7.5), mv.

- trercaptoethanol and the enzyme protein in a total volume of 100 }11. The

4\
»
L]

reaction was started by the addition of protein,, and the mixture was °

incybated for.30 min at 30 . Thi reaction was ' stopped by the additiénl

of 10 }.11 of 6N HCl and the glucosylated products were extracted ° using
250 }11 of ethylacetate. The mixture was snaken in an Eppendorf ‘rotary
shaker for 2 min and the organic phase containing the glucosylated
'products was separated fram the aqueous layer containing UDPglucose by a
*2. min centrifugation using an Eppendorf o°entrifuge. An aliquot (ca 100

pl) " of the organic phasg was transferred to a scintillation vial and

Ry

counted for rad10act1V1ty in a toluene-based sc1nt11 lation fluid (5qg

o

<«

2 5—d1phenyloxazole/l of toluene) - . -

<
C.10. O—Methyltransfe.rase assay

|53

'Ix‘Lhe assay for O-methyltransferase act&vn:y was perfomed as .

"described previously (115, 116) using S—ademsyl-L—[nethyl C]methiomne
<

(SAM) as methyl donor. The standard assay mixture consisted of 10 }JM of

the ph”enolic substrate (in 10 Pl of 50% dn?\ethylsulfoxa.de, v/V)y 6 P‘M of

C o
. SAM (containing: 25 nCl), 25mMTrls/HC1 buffer (pH 7.5), 14 m\ 2~

mercaptoetha'nol and tte enzyme protein in a ﬁotal volume of 100 Pl The

reactaon was started by the addition of enzyme protein and &e mxture

¢

. ° * w

2_:




i
was incubated at 306 C for 30 min. The reaction was terminated by the
addition of 10 }Jl of 6N HCl &nd the methylated products were separated

from unreacted SAM by extraction with 250 },11 of benzene-ethylacetate

(1:1, wv/v). The mixture was shaken in an Eppendorf shaker for 2 min and

- the organic phase cohtaining the methylated products was separated from

)

the aqueocus layer by a 2 min centrlfugatlon. An aliquot (ca 100 )ul) of \

the organic phase was transferred to a scintillation v1a1 and counted
for radioactivity' in a toluene-based scintillation fluid (5g !2,5—

iphenyloxazolée/l of toluene).

Swom

C.11. Identification of reaction products .

. a ,
T e The reaction products of the enzymes studied were subjected to

similar procedures fC’)l‘ %dc?ntification purposes. The organic phase from
several 'assayé was pooled, evaporated to dryness, and subseqt;entl Yy
dissolved in rpethariol. The latter was then chromatographed on camercial
N Polyamide-6 MN TIC plates in different solvent systems (as described in
thé Figure legends). The identity of the products was cohfirmedjby co‘;

chromatoéraphy wit':l_i reférence campounds, visualization in UV~light and

* by autéradiography on X-ray film.

C.12. Molecular weight determination
An estimate of the molecular wéight of-. the partially purified

enzymes was obtained by determining their elution volumes on gel

, fitration using molecular weight standards. ' . .
! < - ‘ " .
. & ° - I o
& €.13. Determination of pI values ..

'a‘)

pattern followmg chronatofocusmg on.a Mono P HR 5/20 column

The pI values of the enzynes were determ:.ned from their elution _ _,'



} ]
C.14. Analysis of kinetic data ‘ ‘ ' -
o’ > o ) A
Substrate interaction data was fitted to the following equations:
- vmax [A][B] :
VT e e e e e cm——— e
KB + [A]KB + [BIK, + [A][B] ‘
\Y [ \
or
Vmax [A][B]
v = -—— ———————— e e (2]}
[A) K + [B]K + [A][B] - . . ‘ -
. ' DN
Where A and B are the varied substrates, KA and K‘B are the respective
. > ?“
"Michaelis constants, Vmax is the maximum velocity and. KiaKg - is an —~-
interaction term (135-138). All data from inhibition studies was fitted
to the equation for, campetitive (Eq. [3]), ‘noncompetitive (Bq. [4]) or
. zmccmpetitive inhibition (Eq. [5]) as determined by inspection of the’
\ double-reciprocal plSts: o
‘ Vmax ) ’ .
v = --------—-—--~~'———~—-—~---«---—---j--—-~ " ) [3]
l1+K /[A] ¥ K [Il/KI[A] . . i
- N ‘ !
Vmax , C® .
V S e e e e e e e e e [4]

1 +K /[A] +RII/RGIA] + [Tl - . | !

“A

Vnax
¢ E e . B 5]

L+ K/[A] + [I}/KI




. generated data (140%.

» - .
v L]

Where A-is the variable substrate, I is the inhibitor (product); Ky and

- .

Vmax are the Michaelis constant and maximim velocity, respectively, in

the presence of inhibitor and K; is the inhibition constant (136-139).

The data is presented as, doubler-reciprocal plots which ‘were fitted by .

linear-regre'ssioh analysis
appropriate equation chosen. The kipetic constants K_, KB' K ip KiQ’ Ki A

-

and Vmax were calculated from inteféept and slope replots .of. the
\ o

The protein was determined atcording to Bradford (141) using ‘the

¥

C.15, Protein estimation\‘ '

Bio-Rad protein reagents and bovine serum albumin as standard protein.
C.16. Definition of enzyme units SR

Enzyme units ére‘expressed in'katals (kat) as recommended by the

Internaticnal Unidn of Biochemists, (142). One katal is defined as the’

amount of activity which converts one mole of substrate per second under.

~ 1

‘the assay conditions. - : N

.o
<

(method of least squares),‘ and ‘the,

52
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D. RESULTS

D.1. Arf&xraquinones

‘D.l.1. Growth of Cinchona succirubra cell . culture

_ Culture growth did gnot respand to conventional gyrotary shaki;ng and
required a large air-to-liquid ratio, as well as slow robation (ca 2
rpm) of flas'ics. These con\aitiof:s were satisfied by growiﬁg the cell
suspensmn cultures in nippled £ lasks usmg the set up descrlbed in the

NI

Methﬁ"s section {(section C.1.1.) (Fig. 8).

C. succirubra cells in culture grew as a homogeneaus suspension, .

_ yellow-orange in color (Fig. 7).‘\ Early exponent\ial—phasé' cells appeared

-

.

isodiametric . (Fig. 10R) which, on continued growth, became’ mostly
elongated and tarxi’enly joined at their narrow ends (Fig 10B). ’
E;rowth pdrameters (fresh and dry weights as well &s proteiﬁ cont:ant
sf' cells) and anthraquinone production of cehlls were determined Aazc daily ,
i.ﬁ'térvalsr The formation -of anthriaqu:'inorie paralleled cell growt':h ‘and’
reaéhed . it:.sf\maximmn after approximatelﬂ/ 11 day; in cult\:ure (Flg 11).
F\thhemoi:e, anthraquinone productlon » wWas concomltant; w1th maxlmmn N

protem content of cells.

s
D.1.2. C}"zaracte.rlzatlon of anthraqumone glucos1des

Acid hydroly51s of the anthraqumone gluc051des revealed the
“presence of alizarin (1, 2-d1hydroxyanthraqu1none) and emodin (1,6,8-
tr1hydroxy—3-methy1anthraqumone) as the major constituents of C.
succirubra; both of which amounted to 80% of the toi:al anthraqulnones.
The rer;a:mmg 208" consisted jf a nuber  of  di- to

tétrahydroxyanthraquinones. Hydrolysis of th’e anthraquinone glucoside’

!



+ Figure 10:

Early (A) and late’ (B) exponential phase cells of Cinchona

succirubra suspenéion cultured in B5 medium’ (Appendix I).

.







e

Changes in growth parameters and anthraquinone production of

& ¥ (3 ” . ;
Cinchona succirubrd suspens'lon culture. ®-—@ , fresh weight

(g/1); o-—-o', dry weight (g/l); A A,protein content

(mg/1); A— A , total anthraquinone content (}Jrnol/l) ; and

O—0O -« glucosyltransferase activity (pkat/mg).
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L4

i

L3
AN

f;actiorl with @-glucosid@sp, however, resul}:ed in the release of the:
sugar residue which was identified by TIC as D—gluc&se (143). All of the
anthraquifione constituents of this culture were found to be bound’ as
their correspond:i_.nlg O—-glucosides. |

4

\D.1.3. Separation of anthraquinone aglycones by HPLC .
’I’he se’zparation‘of anthraquinone aglycones by HPLC was optimized in
order to identify the anthraquinone conéﬁituents of C. " succirubra.
Figure 12 shows the HPLC profile of 12 reference anthragquinones whiéh
were separated on a F-Bondapack C18 column using 1% AcOH il:) aqueous ,MeOH
as' solvent system, at a flow rate of 1 ml/min (2000 psi)l".' This system
" was used to conpare the inthraquinone constituents of callus tissues a\nd
,cell suspension cultures and to determine any qualitative differ'ences
* that occur under different culture condit;ions - o

[ .

D.1.4. Anthraqiinone profiles of callps and cell:suspenion cultures

f 'Figure 13 shows an HPIC profile ‘of the ar‘ﬁ:hraquinom;> aglycones of
C. succirubra callus tissues. The major anthraquinones were. identified
as alizarin (8% of “total);  1,2,7-trihydroxyanthraquinone (14%); .emodin
(5%) and 1,4:gihydroxy§nthraqui'hone (22%). Those of the cell suspensioh
culture were identifiedas 2,6-dj ydroxyanthraquino_;me ‘(;1%); alizarin
(31%); 1‘,2,7—mhyarwm; S (9%); ‘rhein (168); ; 1,4~

dihydroxyanthraquinone (11) and emodin (24%) (Fig. 14).

D.1.5. Anthraquinone pmfiﬁe as a fm,'xction of day in culture

" The an‘thraquinone constituents of C. succirubra cell suspension

that - by = day 11, 2,6-dihydroxyanthraquinone; 1,2, 7-trihydroxy~

’

-
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" caltures were determined fas a function of growth in culture. Table 3 shows

I
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Figure 12: HPIC profile of ’12 reference anthraquinones. This was

performed or a Waters—Mllllpore solvent delivery system usmg

- . a p—Bondapack C18 column (3.9 tm x 30 cm), 436 nm filter amd |
' - . 1% acetic g.gld in*70% aqueous methanol as solvent at a flow
3

- ' s

rate.of 1 ml/min. /

fe

@ ' le¢ 2,6-dihydroxyanthraquinone;

: duinizarin (1 ,4-dihyd1;oxyanth1;aquinone); ) \

{

!

: anthrapurpurin (1,2,7-trihydroxyarnthraquinone); '
: alizarin (1,2-dihydroxyanthraquinone); !
: aloe-ermdfin (1,8-dihydroxy-3~hydroxymethyl anthraquinone) ;

: rhein (1, B-dihydi'oxy-3—carboxyanthraquinone) ;

purpurin (1, 2 4-tr1hydrc5xyantzhraqumone)

or qumallzarm (1,2,5, 8-tet;ahydroxyanth,raqumone) ;

¢

: anthrarufm (1, S-dlhydroxydnthraqumone)

or 1 8-dlhydroxyanthraqu1nme, ’ -

[

: emodin .(1\,6,8-trihydfoxy-3-niethy1anthraquinone);

: ch}ysbpha;ol (1, 8-dihydroxy-3-méthy1ar;i:h‘raquinon'e) .

!
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Figure 13: HPIC profile of Cinchona succirubra eallus culture.
e Coriditions are the same as in the legend of Figure'lz.
1: 3anthrapurpur1n (1, 2, 7~tr1hydroxyanthraqu1none)

2: alizarin (1, Z-dlhydroxyanthraqulnone), T

3: ‘aloe~emodin (1,8-dihydroxy-3-carboxyanthraquinone);

P 4: purpurin’(1l,2,4-trihydroxyanthraquinone) ;

5: anthrarufin (1,5-dihydroxyanthraquinone);

¢ - 6: quinizarin (1,4-dihydroxya quinone)?

MR
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Figure 14: HPLC profile of Cinchona succirubra. cell suspension culture.

L4

Conditions are the same as in the. legend of Figure 12.

1 1
.

1: 2,6-dihydroxyanthraquinone;

t

2: anthrapurpurin (1,2,7-1arihydroxyanthraquinone);

< ) ©

3: alizarin (1,2-dihydroxyanthracquinone); ~

4: aloe-emodin | 1 p 8-\dihyd‘1"oxy—3-hydroxymeth¥1anthraqui~none) ;
5: rhein (1,8—di'hydroxy-\-u3-carboxyanthraquinone); A’ [
6: purpurin (1,2,4-trihydroxyanthraquinoney;

3

7: 1,8-dihydroxyanthraquinone;
- > 7/
8: quinizarin (1,4-dihydroxyanthraquinone); o

. ‘ 9: emodin (L,6,8-trihydr9xy—3-methylanthraquipone).
6 v " ™ ¢, -
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Table 3: The anthraquinone content of C. succirubra cell suspension as

a functl:ion of growth in culture 1.. . ' .
. e ‘
S ' Anthraguinones?
Day 2,6~ 1,2,7- AE 1,2,4- 1,8~ Ul 1’,4— E Ul Ul
OH OH © O OH OH
> —_— — o e _—
- 1 5 3 2 2~ 1 2 30 a4 1
3 s 32, 2 12 -3 41 ] o
5 9 4 8 6 6 9 7016 4 .4
7 8 4 9 7 ¢ 6. 9 1 i7 4 4
9 9 4 9 2 7 9 6 22 4 5
u i 7 3 2 7 8 6 26 5 71—
13 "14 8 i 2 8 8 7 2% 3 4
\ 17 14 8 -' 2 2. 8 5 7° 24 3 5
S .‘14 9. 2 4 8 .5 8 \35 35
oA 15 9 2 5 9 s 8 26 3 5
2415 9 24 5 9 5 8 '_'34 5 6
P | ’ - + -
1 as percent of total. ' ' : ' ) ‘4
2

+ = AE, alee-emodin; E, emodin; UI, unideritified; OH, hydroxy-. Co

~ Valuesjare average of 3 determinations,‘{.E. < 10%.

v , \
1 \ N

C



-anthraquinone;  1,4-dihydroxyanthraquinore; 1, 8-dihygiroxyanﬂxfac§uinone

13

and emodin made up more than 60% of-the total

anthraquinone constituents.

D,1.6. Effect of nutritional factors .

The effect of nutrjtional factors on the growth and anthraquinohe
\ ' ' .

content of C. succirubra cells in culture were investigated. \//
D.1.6.1. Effect of sucrose

Various concentratiox;s of sucrose (2 to 8 %, w/v) were used\ to 1;est
their e?fect on growth énd anthraquinone prodgction of 7 C. succirubra
cel'ls curtﬁred in B5 medium. Optimum .grom;h was observed with 2% sucrose
(Tablé 44) . Increasing sugax_f co;xcentration, however, resﬁlted in “ a
progressive decrease in céil,yield,‘ although anthraquinone production
was 'increased. -The latter was more pm;xounced when’ anthraqL;inone
productivity was calculated on cell dry weit';ht? basis (206 %) than per

RS

liter of culture medium (33 %) ; since an increase in sugar concentration

above 2 % resulted in decreased cell growth.’ However, when ‘suctose \

«

concentration was raised above 8 % both parameters were sevgrly
inhibited. . s
D.1.6.2. Bffect of different media .

. ~ ‘ - h *
The .effect of the different nutrient media (B5, MS, White’s and

Heller 's), supplemented with 2% sucrose, 1 ppm 2,4-D and 0.1° ppm’

kinetin, was studied on growth and anthraquinoné production (see
Appendix for media camposition). Célls grown in Ms—o;' B5 media showed
similar-growth rates as well ;s anthraquinone content (Table 5). On the
. ,other harﬁ, those grown ’in\wirxit'e s or Heller s media exhibited a decline

in cell growth but an increase in anthraquinone production, whether the




N

a

¢

Table 4: Effect of sucrose E:on;:entrat;ion on growth and anthraquinone

broducpion.

L . Anthraquinbne content
Sucrose F.W. D.W. . _}_________‘ .
Concentration: g/l . g/l v pmol/l ° pmol/g D.W.
2% | 96.7 4.8 8.6 1.8 -

- ‘ -

4% ‘ . 79.2 4.2 . 11.4 . 2.7 \
6% - 68.9 . 3.8 11.4 3.0
8% - 64.9 3.1 11.2 3.6

et - —

F.W., fresh ws;j.ght; D.W., dry weight. °

", Values Qre average of 3.determinations; S. E. < 10%.

Cells were grown in B5 medium as described 'in the mwcﬁs section.

e

~
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Table 5: Effect of different media on growth and anthraquinocne

1 : " S ’
production™.
s Anthraquinoné content
)Mim I FoWi D.W.‘ -
gl - g/l : pmol/l ‘pmol /g D.W.
B5 95.0 4.2 8.4 2.0
172 B5  83.5 3.7 . 10.4 . 2.8 -
/1/4 BS ..67.5. 3.0 11.2 ‘ 3.7
o , ‘ A : ' OQ
MS 104.0 4.4 . 7.6 - 1.7 ‘
white 97.0 i6 .- 11.6 g 3.2
Heller  10%2 =+ 3.7 ° -  12.3 T 33
o PR «
See Appendix for camposition of different media. ' / e .
F.W..; fresh weight; D.W., dry weight.
Values are averages of 3 deﬁérminations; S. E. < 104.
.S ) ’
\ 4
A LY
| AV |
! .
S a?
} ’ 1 .
< '4’ 5
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D.1.7. Effect of growth régulators : _ : -

latper was détermined'p;zr cell dry weight or per liter of medium.

When th'e macro- and microelements of the BS medium were diluted 2=
and 4-fold, antk;raéuinone ‘ produétion was increased by 40% aond '85%;
although ceil yield was ‘dec'reaseé by 23% and 38%, respectively (Table

5). 4

The effect \c.)f d\iffe,rent concentrationg of growth regulators,
both indi_vidually and in corbination, ’ was tested on cell growth and
anthraﬁuinone production in ‘B5 medium. The cytokinins used-were kinetin
(K), benzyladenine (1‘31%) and zea}:i"n (Z);' whereas the auxins used were
2,4-dichlorophenoxyacetic acid (2,4-D), o ~indoleacetic acid (IAA) and

ol-naphthaleneacetic acid (NAA).

In the absence of auxin, either benzyladenine or zeatin was more

S

. effective than kinetin for the production of anthraquihon'e's;. although

zeatin slightiy inhibited cell growth as compared with the two other
cytokinins (Table 6). Hgwever, 1n the ébsence <;f cytokinins, either IAA
or NAA increased the'productipn of ant.hraquinones as compared with 2,4-;
D, althouqh IAA slightly inhibited cell growth.

b}

[y

Increas:.ng concentrations of cytokinin, at a constant level of 2,4~

D (1.0 ppm) showed no differences in either cell growth or productlon of

anthraquinones (Table 7). On the other hand, increasing concentratlons‘

Y

of NAA (fram 1 25 to 12.5 ppm) or IAA (fram’2.5 to 25 ppm), in the

' presence of constant cosncentratlons of kinetim (1 ppm), enhanced both

’

cell grwth and anthraqumone production; whereas incréasing
concentrations of 2,4-D‘ (from 0.25 to 2.5 ppm) inhibited both parameters

(Table 8). _ These results show that in the presence of 1 ppm kinetin,

t

69
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Table, 6: Effect of drowth regulatbrs on cell growt}f‘and aqthraquimne

production of g_ succirubracultures.

I S
T

Addition Conoentfation F.W.

' . Anthraquinone content

D.W.

, ppm g/1 g/1 p{fPl/l. * jmol/g D.W.
. ) - - T — TV i N
none - - 130 5.7 12.0 ' ‘3.111
? K 0.1 174" 6.2 7.8 1.25
BA 0.1 161 6.5 . 12.7 1.95
2 0.1 115 5.6,  17.6 © . 3.15
«  2,4D 1 119 6.0 6.8 © 1.14
T e 5 Co92 S o4l T 2,80 7 5.53 ;
, NAA ' " 25¢ 124 5.7 12.0 2.117
' 3

2

acid; NAA, «(-naphthalene acetic acid.

Values are the mean of 3 detemdﬁat_:iéné; S. E. < 10%.

: %
» F.W., freskyweight; D.W., dry weight; K, kinetin; BA, benzyladenine; 2,

zeatin; 2,4-D; 2,4-dichlorophenoxy acetic acid; IAA, o-indoleacetic -
v - : . - ) :

70



' Table 7: Effect of increasihg concentrations of cytokinins on growth and

. 7
anthraquinone production’ (at 1 ppm 2,4-D).

o e e

o

\ Anthraquinone content: v
" * Addition Concentration F.W, D.W. ' e v
ppm g/1 g9/1 A }nnol/l- jmol/g D.W.
- i up—— G E— —— . - ———
: K < T 0.025 130 4.5 5.5 1.22 &
0.10 124 4.4 5.6 1.27
( 0.25 ~ 124 4.4 5.5 1.25
BA 0.025 103 4.2 8,9 2.12 :
. N .
0.10 115 - 4.6 9.1 1.98 :
' 0.25 111 4.5 9.0 12,00
Z 7 0.025 83 4.0 8.5 " 2.12
0.10 82 4‘.Q 8.6 2.15
0.25 82 4.1 8.5 2.07 -
i - = T . - s - ‘ ’ ¢ °
F.W., fresh weight; B.W., dry we%ght; K, kinetin; BA, benzylhdenine; 2, :
, zeatin. _ ' K )
- Values are the mean of 3 determinations; S. E. < 10%.
.
. N !
N ~ L3 AY
<’ 4 3
.'.‘ ) ) H | 0.
RO J L]
2 RS e
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Table 8: Effect of increasing concentrations of auxins on cell growth

.

? and anthraquinone production of C. succirubra cultures (at 0.1
‘ppm kinetin). . : ‘ a
r - a —

Anthraquinone content .

L]

Addition Concentration F.W. D.w. 4 — '
s ppm | g/l . g/l . pm?l/li jmol/g D.W.
* *2,4-D 0.25 . 131 4.5 8.1 - , 1.80.
' | 1.0 85 * 4.3 09 114
- D 2.5 . 57" 4.0 3.4 ' 0.8 k
' NAA 125 82 4.0 11.9 3.00 ,
Y . 5.0° e 4. | 12.6 320 :
, 125 T 128 4.3 12.4  2.88 )
" Ian 2.5 139 2.6 . 15.2 5.85
. + 10.0 ‘.65\ + 3.9 6.2 .  5.59,

e

re //;:) 25.0 64 2.8 19.7 ©7.04
f ’ . . b "

F.W., fresh weight; D.W., dry weigﬁt; 2,4-D, 2,4—dichloropheno>£y acetic
\ acid; NAA, «/-naphthalene acetic aéid; IAA, o{-indole acetic acid.
> B

Values are the mean of 3 deﬁerminations; S.E. < 10%. .




cell growth was stimulated by 2,4-D, whereas anthraquinone production

. , ! ™
" was enhanced by the presence of IAA, and to a lesser extent, by NAA,

!

D.1.8. Changes in glucosyltrahsferase activity during culture growth
In order to study the enzymatic glucosylation of anthraquinones, it
was essential to determine the peak of glucosyltransferase (GT) act;ivity
in relation to culture growth and the production ;>f anthraquinones by Q_
s . ¢ :

succirubra cells. Figure 11 shows that the enzymatic glucosylat’iod' of

anthraquinones *

alleled cell growth and was concamitant with maximum

protein content as well as anthraquinone production in Cinchona cells.

1

™~
D.1.9. Purification of GT activity ’ (w\
The GT activity of 10-day old cells of C. succirubra was purified

by fractional precipitation with-ammonium sulfate, gel filtration on

. Superose 12 HR 10/30 column (Fig. -15), fol—}eweé by chrc}natofocusing on"'

Mono P #R 5/20 column (Fig. 16). The latter purification step resulted
Pl

in the resolution of five peaks of GT activity with\apparent pl values

A

of 5.3, 4.8, 4.5, 4.3 and 4.1. These activities/ exhibited distinct
specificity towards different substituted anthraquinones. The cambined
purificationysteps resulted in an increase in specific activity of 202;-,

. * ) »
337-, 228-, 417- and 823-fold for peaks I, 1II, III, IV and V,
¥ T .

/ . .
‘respectively, as compared with the crude extract (Table 9).

D.1.10. Characterization of GT activities ,
b.1.10.1. St:lbstrate specificity ‘

The different‘ activity péaks (Fig. 16) exhibited prefg';'ence' for
different substrates, so that peak I accepted emodin (1,6,8-trihydroxy-

3-methylanthraquinone) ; peak II,  anthrapurpurin (1,2,7-
\
Y " '

1




s

’

1

. 'Figure‘ 15: Ell}tion profile of glucog,yltransferaseiactivit’y aftel; gfal
filtration on Supercse 12 HR 10/30'c91umn u%ng 'eIr\c;din as v
substrate. ‘Iheaamno'nium sulfate pe11e£ was ’suspgndeé in the
‘minimal amount of 25 mM Tris/HCl buffer (pH 7.2) dontaining

i

14 mM 2-merceptoethancl (ME)’and 10% glycerol. The protein

. _ was loaded on the column which had previoﬁsly been .
. ' ,eqtlilibrated witrlx ghe sa;tre_buffer. The column was developed N .
" r , using the same buffer at a flow-rate of O.S‘fnl/nﬁn (2.5 Mpa) :’
Co. : &nd 2-ml frpgtior'ls were collected and assayed for °
- ‘ ' glt;césylz:ransferase activity. " — .
P . F Y

9
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i

Figure 16:. Elution profile of glucosyltransferase activity after

*  chromatofocusing on a Mono P HR 5/20 oévlumn using emodin as
substrate. The acti\}e fractlon:S'frcm gel filtration were
pooled and apRlied on the column which had previous]y been
equlllbrated with 25 mM Trls/HCI buffer (pH 7.2) conta:mmg‘
¥4 mM Zﬂtercaptoethanol (ME) and 10% glycerol. -Elution: of the
| “'bound proteins was performed wit;h 40 m1 of Polybuffer (74):
water (1210, .v/v) (pH 4.0) cont$ini1:1'gd4 mM 2-ME and 10%
c_‘le‘cerol, at a-flpw-rate of 1.0/ml/min (.2‘0' MP-a) One-ml,

fractions were collécted mto 0.2 M Tris buffer (pH 8.0)

- contamlng 14 mM 2-ME and were ?sayed for ", ’
. . |

glucosyl transfergse“ activ;ty .

P
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Table 9: Purification of _C_:j succirubra glucosyltransferase acfivity.z . “

t
[}

— - wat -——— — -

\

Total ' Specific b :
Purification protein activity purification Recovery
. step (mg) (pkat/mg) (-fold) (%)
Crude extract’ 101 1.07 - " 100 ‘
Awonium Sulfate’ 92.7  1.21 1.1 1100
Gel Filtration® 7.4 12,0 - 1.2 82
‘ Chroma t:ofocu;.lTing4 ’ A
Peak I 0.138 216 202 éé ' .
peak II 0.102 361 37, 3
Peak III 0.087 244 228 2 ‘
Peak IV 0.078 446 | 417 . 32
peak V 0.054 881 823 . . 44
RS !
1‘ Dowex 1 X 2 ' o
/- 2 pesalted on Sephatiex G-25 ;
; \ )

-On Superose 12 HR 10/30 column -

4 on Moné P HR 5/20 colum
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Y

t'rihydroxyantr‘xrequinon.e) . peak . ';[II; quinizarin (1,4~
dihydroxyanthraquinone);  whereas beaks v and V accepted 2,6
dihydroxyanthraquinone and 1,8-dihydroxyantﬁrhaqu‘i.none as the best
substrates’, respectively (Table 10). Due to the difficulty: in the

separation of the anthraquinone glugpsides (144), the #ndividual

_ reaction - products oould not be <4identified. However, based on the

substitution - pattern of the different substrates used (Table 10), . it

seems that these GT's attack C-1 and C-2 of anthraquinones, or. their.

equivalent positioﬁs. Furthermore L all f ive enz'ymes accepted quercetin, ’

as well as 3,7,37,4 -tetramethquuercetm as substrates to varlous

extent (Table 10). This may be due to the fact that positions 5 and 7 of

a flavone are stucturally equlvalent to positions 1 and 2 of an

anthrécjuihone, respectively (Fig 17). However, it is interesting to note

that the least reactive S-hydrpxyl of quercetin could be subjected to

-enzymatic glucos_glation, despite the fact that it is chelated with the

carbonyl group, as is eV1dent from the reactivity of 3,7,3° ,4 -

’tetramethquuercetln (Table 10) . Other phenollc ccmpounds tested were

t

poor glucosyl acceptors.
D.1.10.2. Effect of pH

1

The pH optimum for the glucosylatlon reaction as determmed in

different buffers, was fowd to be pH 7. Maximm GT activity vwas’ |

observed in histidine/HCl buffer. A change of one pH unit resulted in a
loss of 60 % of enzyme activity (Fig. 18).
D.1.1.0.3. Linearity of the glucosylation reaction

At optimum pH and 10 M of substrate, the glucosylation of’

\anthraqumcws was 11near with time up to 60 min and w1th protem

concentration up to 50 pg.

79
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Table 10: Substrate spécificity of C. ‘succinibra glucosyltransferases.

. ——— o e e . s e St St -

Relative ;c@% !

- . 11 1z w /v
" Substrate . ) N
et —_—
Alizarin (1,2-diCH-AQ) , 44 50 46 59
Quinalizarin (1,2,5,68-tetra-OH-AQ) 3 2 14 55
Chrysophanol (1,8-diOH-3Me-AQ) "4 -s0- 86 80
Emodin (1,6, 8-triOH-3-Me-AQ) 100 80, 87 [ e
2,6-4iOH-AQ T 73 49 '§5 100 54
Purpurin (1,2, 4~triOH-AQ) J 322 0 29 .25 30 48
1,8-diOH-AQ ' | 3. 42 85 87 108
Quinizarin {1,4-diCH-AQ) ' 33 50 100 77 64
Anthrarufin (1,5-di0H-AQ) S11c 28 43 2 34
Anthrapurpurin 1(1_,2,7-triOH-AQI) 48 100 43 44 54
3,743 _,_@ '-:tet.ra—O—Me-QJercetin o 29 72 82 22 . 7L
Apigenin ' “ 35 32 29 \' 34 97
Kaempferol . 58 37 48. - 42 36
Quercetin , R 60 - 52 77 76 71
p~Coumaric acid ‘ © .35 30 32 29 30
Caffeic acid . v L 40 45 35 37 0 o4l

RN

\ .

1 1008 activity represents 216, 361, 244, 446, and 881 pkat/mg protein

for peaks I, II, III, IV and V, respectively using the standard enzyme . ’

assay described in thd Methods section (séction C.8.). -

L2
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Figure 17: -Formula of an anthraquinone ring system showing similarity of. °.

positions 1 and 2 to those of 5 and 7 in a flavonoid ring. ‘
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D.1.10.4. Enzyme stability | . ',.,

In the absence 'of sulfhydryl xgroup’ protectors, the partially
purified enzymes lost more than 50 % of their activity within 48 hr.
However, the addition of 14 mM 2-mexrcaptoethanol to Qeither of the
enzymes resulted in 50 % loss of activity afteri‘two' w@s. The partially
purified GTs were stored in 25 mM histidine/HC1 buffer pH 7.0 containing
10 & glycerol and 10 mM DIE at -;20 °C and were fairly stable for two
mpnthé. . '

D.l.}(;.s. ﬁffect of divalent cations and sulfhydryl éfoup reagents

The effect. of cations .and sulfhydryl group inhibitors oh the
glucosylation reactionnwas studied (Table 11). The fact that EDTA did
not inhibit the eﬁzyme activity seems to indicate that the glucosglation
of anthraquinores has no requirement for divalent cations. However, low

2 +2 2

concentrations of Co’ . Cu “ , and 2n*® inhibited the glucosylation

reaction by 50-75%. Furthermore, GT activity was inhibited by various
. !

, SH-group reagents, but the addition of DTE resulted in 100% recovery

from inhibition (Table 11). ,
' -

D.1.10.6. Other properties b

Thelfive Gfs had an apparent M~r o% 50,000 and an ai;;éarent Km value
for théir respective anthraquinone substrates o{.” 10 PM It is
interesting to note that :the aétivity of peaks III, IVand V following
c':lhrarai:ofocusing was recovered only when 1 ml fractions were collected

into 0.25 ml of 0.2 M Tris/HC1 buffer (pH 8.5). This is probably due to

their low pI values (Fig. 16) and their instability at that pH.
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Table 11: Effect of divalent cations and SH-group reagents on C.
=

/ - succirubra glucosyltransferase activity

" Additions

None

_DIE

Jodoacetamide
Iodoacetate
N-Ethylmaleimide
Phenyl mercuriécetatfe

Phenyl mercuriacetate + DIE

: Q-éh lorarercuribenzoate

p-Chloramercuribenzoate + DTE
\ -

- “ -~ - ~ -

a
Concentration - Felative activity
(mM)

(%)

—

100
110
105
105
55
110
40
' 50
23
. 136 - .
125
163 4
40
70

PR VS - - s =

!
|
!

ubstrate. N .

. - &

%

Enzymé pfeparation was used after gel filtration with errodm as
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D.2, Flavonoid O-methyltransferases

e

v
Chrysosplenium americanum accumulates a variety of tri=--to penta-O-

methylated flavonol glucosides (134) which are derived from 2°-
. i f o

hydroxyquercetin and its 6-hydroxy derivative, 2 '—hydroqiyqueroetagetin

(Fig 19). Previous studies on the O-methyltransferase system of

Chrysosplenium indicated the presence of -four distinct, position-

specific MTs which catalyzed the coordinated sequence of methylation of
quer'ce_tin —_— 3-methylquercetin '----> 3,7-dimethylquercetin —
3,7,4 ~trimethlquercetin; and of 3,7,4'-trinethy1é;ueroe_ztagetin to
3,6,7,4’-tetramethquuero'etagetin (115, 116). However, the instability
of the 7-OMT du;‘ing the previous purification scheme did not allow its
purification or its chara‘cterization (116). This enzyme’ catalyzes the

methylation of 3-methylquercetin to 3,7-dimethylquercetin (Fig. 19), an

essential earlf step in the enzymatic sequence -  of polymethylated

' flavonol - glucosides synthesis in C. americanum (Fig. 19). The later

steps of . methyl transfer in the biosynthesié of Chrysosplenium

flavonoids, _on the other hand, are cataly.?ed By yet another enzyme,
namely the '2 ‘=O-methyltransfefas¢. In contrast with the four previously
reported MTIs (115,116) whiCh gccepted aglycones as substrates, this
enzyme accepts onl‘y its natural glucosylated éubstraté,' 5,2 ‘~dihydroxy-
3,6,7,4 -tetramethoxyflavone-5 ‘~O-glucoside (Fig. 19). Earlier studies
with the 2°-OMI' preparation indicated that it catalyzed: the O-
rethylation of 5,5 -dihydroxy-3,7,4 -trimethoxyflavone-2 ‘-O-glucoside as

well, with the formation of its 5°-O-methyl dérivative. Our interest in

— = - — - - -

the characterization of the Chryscsplenium system made it inpera}:i{/e to

purify and characterize the 7-(MT with the aim to campare its properties

.and its kinetic mechanism to those of the 3~, - 6~ and 4°~0MIs of this -

87

—~ee
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Figure 19: Proposed pathway for the enzyxratlc synthe51s of .

'polymethylated flavonol glucos:Ldes in Chxysosplenlum

arer icanum. GT, O-glucosyltransferase; OH, hydroxylase; OMT,

O-methyltransferase. Dashed arrows are hypothetical steps. ‘ .
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tissue (115, 116). Furthermore, it was considered important  to

investigate whether both the 2°- and the 5'-methylation steps are

Y

'catalyz(ed by one or two distinct enzymes. This section will deal with

AN

. 1 ) )
the purification and characterization of the >‘- and 2°-/5/-0MI's of C.

.
L)

americanum.

D.2.1. purification of the )—cm' / \ : 1

:The enzyme was purified by fractional precipitation with ammonium

sulfate (35 to 70 % saturation), followed by successive gel f§ltration -

on'a Superose 12 HR 16/50 column (Fig. 20), chramatofocusing on a Mono P
HR 5/20 column (Fig. 2]) and ion-—exchange chromatography on a Mono Q HR
5/5 column (Flg 22) vsing“an FPLC system "The  carbined purification

steps resulted in an increase in spemflc act}v1ty of 700-fold of the
’

- partlally purified enzyme as compared with the crude extract w1th a 37%

yleld (Table 12). The use of a llnear pH gradlent between 7 and 4, in
chromatofocusing, reillt‘ed in canplete loss of enzyme aCthlty during
)

earlier studies ¢116, Howeyer, by resorting to a shallower  gradient

- . (pH 7-5), the 7-OMI‘ eluted in an “active state at pH of 6.0 (Fig. 21).

(S

Furthermore, enzyme activity was recévered only when eluted fractions

o . ..

were collected into 0.25 ml of 0.2 M Trls/HCI buffer (pH 8.5). This was
attributed tcif‘:he'instability of the 7-OMT at a pH near its pI value (pH
6.0). ‘

. } . @ .
D.2.2. Properties of the purified 7-OMT .
D.2.2.1. Substrate specificty o .

o "'I‘r;e partially purified enzyme preparation accepted 3-

methquuercetln as the only substrate -and gave rise ta 3,7-

‘_dnnethquuercetln as the sole product (115). Tt did no;t accept; any of

90
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Figure 20:

Elution profile of the 7-OMT activity after gel filtration on
Superose 12 HR 16/50 colum. The ammonium sulfate pellet was
suspended in the minimal amount of 25 mM bis Tris/ /
imnodiacetic acid buffer (pH 7.1) containing 14 mM 2-
mercaptoethanol (ME) ané 10% glycerol. The protein was lcaded
on the column which had previously been equilibrated with the
same buffer. The column was developed with the same buffer
and 3-ml fractions were collected and assayed for QMT

\

activity.

e ==

~

91



92

o

. - g -
R .
< ' ¢
L] .
\|\ ¢
P
y
f
L] ‘.
..
2
PR '
. - . R Y
- i . -
IR . .
. cEcc v o LU L cetesecereesneaa,,,
.
LR
wnl I'O.
. .
.
e
' \ .
\\. .
« .
! @ P _ o
_ s .
./ X . i
L -
.
, /O
) A /. -
|.tt'
- s ="
e :
. .
R
P
t
mr et aessasn Cerean s oo S B8 s eica e te s et a e ane v s an oo,
- - =
- - .
T
1 - .
: 2t
.
. o
i
- ©

| L - i | i

2

(-

[

<t () N -

i

0T X Wda) >F_»~ku< WO

20

10

.

FracTiON NUMBER

3

g



.

v

Figure 21: Elution profile of the 7-OMT activity after chromatofocusing

on a Mono P HR 5/20 célumn. The active f;;‘actions from gel
fi‘ltration were pooled and loaded on the column wﬁi_ch had

previously been equlllbrated with 25 mM blS Tris/HCl buffer

~(pH 7.1) contaning 14 mM 2-mercaptoethan"‘l (ME) anc 10%

glycerol The bound proteins were eluted with 30 ml of
Polybuffer (74)« water (1:10, v/v) (pH 5. O) containing 14 mM
. 2*ME and 10% glycerol at a flow-rate of \l 0 ml/min (2.0

MPa). Fractions §1 ml) were collected into 0.25 m1 of 0.2 M

Tris buffer (pH 8.5) and were assayed for (MT activity.

-
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Figure 22: Elution profile of the 7-OMT.activity after ion-exchange

o e mem—

ot chromatogr'a{p;i)y~ on Mono Q HR 5/5 column. The active fractions

| from chromatofocﬁsing were, pooled and applied to the column

Al

which had previously been equilibrated with 25 mM Tris/HC1
* . buffer (pH 7.5) containing 14 mM 2-mercaptoethanol (ME) angd

10% glycerol. The column was washed with the same buffer and
- > M

.the bound proteins were eluted using a linear salt gradient
. ) N .
of 0-0.5 M KCl in 25 mM Tris/HCl (pH 7.5) buffer containing .

14 mM 2-ME and 10% glycerol. E‘raictipns (1 ml) were collected

and assayed for OMT activity.
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Table 12 : purification data of the 7-OMI of C. americanuml.

¢

\

3

- A— - — e e

& : : ! © _ Total’.  Specific , -
Purification protein activity Purification Recovery
step tmg) (pkat/mg) (-fold) (%) ——
— T — -
. cruge? . 38 . 0.27 - 100
i Ammonium sulfate’ 30 0.31° 1.1 - 90
/ « -
/ s - \ )
/  Gel filtration™ 2 4.52 17 . 88
: Chromatofocusing®  0.25 31 115 75
Ton exchange® 0.02 - . 189 " 700 37
" Purification procedure was conducted wi g fresh tissue and t
J v ! purificati ed nducted with 20 g fresh ti nd the

standard enzyme assay was used as described in Section D.10.

.+ % Dowex 1x2. - .
. Desalted on Sephadex G-25, | o 1
* on superose 12 MR 15/60 colum.  * | .
. 5 cm Mono P IER 5/20 colum. . - T ’ ' . 4
e e .

On Mono Q HR /5 column. .‘ ‘ _
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the other mgno-, di- or .trimethyl derivatives tested .(Table 13)..

i‘urthermdreghthe 7-0MT exhibited no activity with pheﬁylpropanoids,

flavones, l Aydroflavonols or any of their glucosides; thus 1nd1c,;at1ng

1ts spe01f1731ty fgr 3-n‘ethy1quercetm, the product of the first enzyme

r ¢
in the -methylation sequence (Fig. 19). ' )

D.2.2.2. Effect of'dlva“lent cations and SH-group reagents .o

The effect of divalent cations and SH-group }eagents on the 7-0-
‘ kS

methylation was studied. The fact that EDTA did not inhibit the enzyme
&

~activity (Table 1}4) indicated~tft the methylation reaction has no

—EET

requirerent for divalent cations; alfhough it \Was slightly stimulated by

Mng':' by approx. 25% above control. ‘However, the 7-OMT' activity was

8 1nhm?1ted by caZt ’ Cu2+, Co2 and Zn (between 20 and.55 %). SH-group _ .-~

t IO . ©

reagents were found to inhibit O-rmethylatlon In contrast with other’.

readénts used (Table 14), the inhibition w1th Q-chlorarercuri_:benz_o'ate

<>
was partially prevented by. the addition of 10 mM DTE. - “\ . ’
.‘ . ) R \ ’ _ | . . /
- D.2.3. Kineticr analysis ‘of the 7-QMT ( ! S
D 2.3.1. Substrate interaction kinetics . T
| Double—re01procal plots with 3—met_hy1queroet1n as. the varlable - :

LoV

,substrate and several, fixed concentratlons of SAM gave 1ntersect1ng
. . . )

lines (Fig. 23). Int‘errc'ept and slope replots versus reciprocal fixed

substrate ccdiicentrations (insert of Fig. ‘23)'% generated gtraight lines.

On  the basié of the initial velocity' data thus obtained, the mecharusm

—

‘that best fit wds that of sequential bmgmg 'I’he experimental da

therefore represented by Eq. [1] f(sect )7 the rate equation for
: - . .-

ir ir{g mechanism (136).
1 | '

a sequential birea
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Table 13: Substrate specificity of the 7-OMT fram C. axnfai'icanmnl' 2
e \ ] :
S ) Subsﬁg:‘ate ) o VRela}:ive activity (%) '
N Quercetin (©) : 7 : 0 ‘
-~ \

. " Rhamnetin (7-methyl-Q) ° 0 ' "
JMethylQ - w . ‘
Quercetagetin (Qqg) ' 0 | ) { o
3,7-Dimethyl-0 . . 0
3 ,7‘-Dimethyl-Qg . ' ' 0

. 3,7,4"~Trimethyl -0 ‘ . 0
3,7,3 4 Trinethyl-0g . 0 \
o 1 Enzyme éreparation was used after chrcixn.;aﬁtofocusing.
X 2 The 'standard enzyme assay was u;ed as degsc.ribé’d ir} Sectior‘l. C.10.._ -

C .3 100% activiéy ‘amounted‘to 189 pkat/mg protein.
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Effect ‘of' divalent cations and SH-group reagents én the 7-OMTY

t

EDTA

EDTA
Iodoacetate ‘
Iodoacetamide #
N-Ethylxﬁaleimiéie .
p~Chloramercuribenzoate

Phenylmercuriacetate

DTE o '

EY . v

-

\

Cohcentration

(mM)

p~Chloramercuribenzoate + DTE

W1

10

10
1,10

—— — e - — —————

\Activity
R € )

———— e A

- 100
122 1
127
125
129
81
80 .
» .
67
16

107

k4]

14
25
22

94

S 76 .

) :

?

4

Enzyme .preparé\‘tior'x ‘ivas used after chramtofocusimj. .

i
b
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Figure 23: Double-reciprocal plots of initial velocities with the

flavonol, - 3-methylquercetin, as the variable substrate and
/ -
SAM as the changing fixed substrate at concen/t’rations of 150

o . M (0—0), 66 yM (A—a), 50 pM (a—a) and 40 pM (@—e).

i

23;{3 M of [14C—rr_ethyI]SAl\1 (0.1 pCi)i/ addition to varying '}
- amounts of unlabelled SAM were used.’ The velocities are

‘ expressed in pkat/mg. Insert: slope and intercept replots.

<
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D.2.3.2. Product inhibition studies

The order of -substrate binding and product release was pbtained

from product inhibition studies. The rate equations derived, from a bi bi

P

sequential mechanism (136-139), 'predict that each praduct is a
campetitive inhibitor with respect tto the substrate“that binds to the
same enzyme form. It _also predicts a non-caﬁpetitive pattern with
respect to the other substrate. The results obtainéd are in 'agreement
with the\ theoretical predictidns previously mentiored. SAH was found to

be a oompetltlve inhibitor with respect to SAM (Flg 24A) and a non-

competitive 1nh1b3.tor with respect to 3-methy1quercet1n (Flg 24B). On

the other hand, 3, 7—d1methy1quercet_1n was _a | non-canpetltlve inhibitor
w1th respect to either the co~substrate, / SAM (Fig. 24C) or the.flavonol

subst.rate, “3-methylquercetin (Fig. 24D). These kinetic patterns are

consistent with the predicted expectations of an ordered bi bi mechanism

h-3

where SAM is the first substrate to bind to the enzyme, followed by 3-

Yethylquercetin  (Fig. 25). The first product released is 3,7-

. [ Y -,
dinethquuer%etin, followed by SAH. . However, these resultg do not rule

. -

out the possibility of a * random binding mechanism involving the

formation of a dead-end camplex (140).

-
°

_JThe kinetic con?t:tants K, , KB' iP’ KiQ' ; iA and V }were"‘

A’
calculated from slcpe and.intercept replots of the generated data and

2\

are listed in Table 15 (140).

-
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Figure 24: Product inhibition kineties of the 7-OMT. The velociti@as are

expressed in pkat/mg.’ -
"{A) Inhibition by SAH with SAM as the variable SL;bStI'{:lte at
constant concentration of ‘3-methylquercetin (1 pM) . 23.8 pM
of [14C-methyl ]SAM (0.1 ).ICl) in addition to varying amounts
of unlabelled SAM were used at SAH concentrations of 40 PM
(a—p), 20 pM (a— )y 19 JM (o_—o’) or 0 M (0—0). .
(B) Inhibition by SAH with 3-methqu1je;ectin as the variable
substrate' at con;t-ant concentrations (23.8 }JM) of saM (0.1
pCi). The conog:nt,fation of SAH was varied at 50 pM (@ —m),
30, pM (A——2), 20 pM (@ —@) or 0 pM (0——0), |
(C)- Ith:.bition,by 3,7-dirneth.quueréctin with SAM as the
vg‘fiable substrate at constant concentl"ati_gns'of 3-
methquuercet'im("l jM). 23.8 pM of l14C—nethyl]SAM (0.1 )JCi)
in addltlon to varymg amounts of unlabelled SAM were used at
3 7-d1methy1quercetm conoentratlon of 70 M (W—m), 50 pM
(a=r—2a), 20).1M (6—@) or 0 pM (O—O)
(D) Inhibition lay 3,7-dimethylquercetin wlth 3-
nei‘:hquuercetin as the variable substrate at constant
concentrations (23.8 jM) of SAM (0.1 pCi). The concentration

LI

of SAH was varied at 70 PM'(I'_..._-), SO}J.M (a—a), 20 pM

o

(@——@) or 0 pM (0O=—=0) . .

1Y

Ny
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Figure 25: Proposed kinetic mechanism for the 7-0-methyitr£nsferase of

[}

. Chrysosplenium americanum. A, .S-adenosyl-L-methionine; B, 3-

2

' methylquerectin; iP, 3, 7-dimethylquercetin; Q, .S-adenosyl-L~

hanocysteine and E, £ lavonol =7-O-methyl transferase.’
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Table 15: Kinetic constants of .the 7-OMT

from C. americanum.

Parameter ' Value
KA (}JM) B | 65
KB ()JM) . 7
KiA (pM) . . 60
KiQ (PM) | 10 .
KiP (pM) ’ 15
Vmax (pkat/mg) \ 10

¥
- i

~ k4
o Y ™,
oy,
% -
»
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in earller attempts resulted in camplete loss of both the 2°-'and 5°-0- / )

R T | SR | 109

) . | ’ .
D.2.4. Purification of the 2"-/5"- QM fram C. americanum

'Ihe 2 =/5"=QMT which catalyzes the terminal steps of methyl transfer
“In the blosynthesm of C. americanum flavon01ds (Fig. 19) was purified
by .fractional prec1p1tat1,'(on ;v'ith ammonium sulfate, . gel - filtration on
Superose 12 column (Fid. 26A), and chromatof‘ocusing'on Mono P column
(Fi:} 26B). The purlfled enzyme preparation was equally active against -
both. 5, 2 -dJ.hydroxy-3 6 ,7)}} ‘~tetramethoxyflavone-5 ~O-glucoside (A) and

5,5 ’-dihydroxy-l’- + 7,4 ~trimethoxyflavone-2 '-O—glucoside (B); thus.

T - V‘ ’ ’ : .
xden.\onstrating the " methylation at the' 2°- and 5 -positions of the

J ) 3 : . . “ N
partially methylated flavomol glucosides A and B (Fig. 19). Thew

ocmbmgd purification~ steps described above resulted in an increase in
specific activity of 420-fold of the enzyme preparation as compared with

the crude extract (Table 16). In contrast with the enzyme purification

-~

by- conventlonal gel f11trat10n and chromatofocusmg technlques, the use

%

of FPLC almost quadrupled the extent of purlflcatlon of this enzyme

(Table 16). However, the recovery of total activity was canparable with /

those of the OMI's which were purified by conventlonal methods fram the /

same tissue (115) (Table 16). Using a lmear pH gradlent between 7 and 4 = /

)

' 'methylatmg activities. However, the use of a shal lmer gradient (pH 7

4

- 5) resulted in reoovery of both enzyme activities in the high salt ()7/19.

" 26B). S o . 4
.. : ik ,/
. /
. N " /
D.2.5. Characterization of the 2°-/5°~oMr : J - =
D.2.5.1. Substrate specificty o o //

The -enzyme preparatlon acoepted partlally O-methylated flavonol

glucosxdes as substrates, namely A or B, and gave rise to their

of
~
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Figure 26: Elution profile of the 27=/5-QMT activity after gel

substrate A (5,5 -dihydroxy-3,6,7,4 ‘~tetramethoxyf lavone=5 ‘O~

gluéogide) and B (5.,2'fdihydroxy-3,7,4'-'trimethox§f lavone-2 ‘- RN

V3

— . 4

filtration on Supérose_ 12 HR 10/30 column (A) and
chromatofocuding on Mono P HR 5/20 column (B). Substrates A
and B gave similar activity peaks. ’I‘he protein pellet was

suspended in the minimal amount of 25 mM imidazole (pH 7.2)

* buffer containing 14 2-mercaptoethanol (ME) and 10% glycerol;

and was chromatographed on a Superose column which had
prev1ously been eqmllbrated with the same buffer/ The ‘column
;Je; developed with the same ‘buffer at a flow-rate of 9.5
ml/ﬁun (2.5 MPa) and 1-ml fractions were collected and

assayed for the'2°- and 5 -O-methylating activity using

A ]
S . \

O-glucoside), respectively. The active fractions were pooled

and subjected to chraomatofoeusing. on a Mono P column which

had prevmusly been equlllbrated with 25 mM imidazole (pH

7. 2) buffer contammg ].leM 2-ME and 10% glycerol. Elutlon o
of the bound protems was first performed with 50 ml of |
Polybuffer (74) :water (1:10, v/v) (pH 5.0) contalmng 14 nM
2~ME and 10% glyoerol which generated a.linaer gradient
between pH 7 and 5; and subsequently with 10 ml of 1 M NaCl
in 25 mM mudazole (pH 7.2) coptaining 14 mM 2-ME and 10%
glycerol. The flow-rate was 0.4 ml/min (3.0 MPa) and one-ml
fractlons were collected and assayed for QMT actlv1t(¥v<using

substrates A anc} B. ,

)
™
- - . . , 1

/"“
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Table 16: Purification of Chrysosplenium 2’-/5’—O-me_thy1transferase1. -

%
L

Y
>

Total . Specific gL

Purification® protein activity Purification Recovery Pt.u:if:'Lcation2 '
. step (mg) (pkat/mg) . (-fold) (%) (=fold) T
Crude® 105 0.53 - 100 -
- ‘ .

Ammonium 4 R, ‘ -

sulfate 88 0.61 . 1.2 - 96 -
Gel filtration® 2.5 11.3 21.3 51 . 18.7

- T . K}

Chromatofocusing® 0.025 222 419 20 - 123

1 P"urification procedure was conducted with 15-g fresh tissue.

2 By conventional chromatography.
3 Dowex 1x2 ) .

4 Besalted on Sephadex G-:-ﬁf{. . o
5 On Superose 12 HR 10/30 column. ' . . SRR

6 On Mono P HR 5/20 colummn.



respectlve 2-or 5 -methyl derlvatlves, C and D (Fig.’ ail§9) On tte other

hand, nelther of the correspondmg aglycones of oompounds A or B nor any
of the hydroxylated or partially methylated f lavonol‘s tested acted as

0 meth);l acceptor.

D.2.5.2. Linearity of the methylation ﬁaction _

The 2°-/5 —O—n'ethylatlon reaction‘was linear with time up to 90 m.m

o——

" and with proteln concentratlon up to 30 ug, at 10 uM ‘of either substrate

>

/

Aor B.

;0

D.2.5.3. pH optimum
& ’! The gH optimum of both methylatlons was found to be PH-7.0 in Pi
b/uffer of both the 2°- and-5 ‘-methylatlon reactlons }(Flg. 27). A change
.Of one unit resulted in a loss of 50% of enzyme act1v1By. .
D.2.5:4.  Effect of metal jons and SH-group reagents
The effect of ciival;nt cations and SH~group inhibitors on the
—/5 —O-methylatlon was- studied. The results (Table 17) mdlcated that

the nethx_atlon reactlon had no requlrerent for Mg with “either
substrate. Furthermore, theke were no significant differences abserved
for the effect of other divalent cations on the methylation of either

substra‘te‘, except for variable inhibition by Ca2+, Coz+ and Cuz‘+ (Table

17). SH-group . reagénts, such as N-ethylmaleimide and

phenylngrcuriécetate, were found to inl]u'bit O-methylation of both

substrates to the same extent. However, "i_‘n contrast with other ‘reagents

~used, irhibition with NEM was partially prevented by the addition of 14
mM Zjefcaptoethanol. Neither -mercaptoetiuanol nor DI'E, when added to .

. the reaction n‘mixtur'e, had any effec¢t -on the methylatlpn of , elther

substrate {Table 17). - ’

-

e



. A » N .
O-glucoside) and B (5,2 “-dihydroxy=3,7,4 "~trimethoxyflavone- - .

o¢

T

pH optimum of the 2°-/5 -OMT after chromatofocusing using

substrates A (5,5 -dihydroxy-3,6,7,4 '-tetrametﬁoxyf\l avone-5 "=

2°-O—glucoside). Substrates A and B gave similar activities.
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Table 17: Effect of divalent, cations and SH-group 'reagents on the 2'-

and 5°-O-methylating activity.

/

Relative activity (%)

_ Conéen,tration _
Additions (mM) 2°-CMT 5 "=OMT
None ) = loo - 100
mget 1 " 100 92
2+‘ R

Mg 10 76 50 -
mn2? h 1 73 62
ant’“ ‘ 10 7 14 - 0
ca’® 1 10 . 88
S . 10 84 18
co?t 1 £ 27 87
cut 1 77 42 )
7n?* 1 .14 7
EDTA 1 99 87
EDTA 10 87 90
2-Mercaptoethano 14 95 89

“ DIE 10 102 To92
Iodoacetamide 1 59 39
Iodoacefate ‘ 1 95 86
N-Ethylmaleimide -1 * 7 4
N-Bthylraleimide + 2-ME 1,14 82 | 59
Phenyl'r‘tég:curiacetatd:e‘ . 1 31 3
p~Chloramercuribenzoate 1 100 84
\ . ? N

v
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D.2.5.5. Other properties .o
- - . J
The M_of the 2 “~/5 ~OMT was estimated to be 57,000 by its elution
profille on gel filtration using molecular weight standards, being

€similar in size to those of the 3-, 7-, 4’- and 6-OMIs.

D.2.6. Resolution of the Chrysosplemum OMI' system ,

*

Chramatofocusing is "an 1on-exchange technique used for the

separation of proteins according to differences in their ’isoelectric
points (pIs) (1145). -Negatively charg:ed proteins are adsorbed on the ion
- exchanger and ar'e subseguently aeluﬁed by a descending pH gradient which
is generated in the column as the 'Pol);buffer titrates tpe ion exchanger
(146-148). Proteins, therefore, elute at a pH near their pis.

Of the enyazmes invelved in the sequential methylation of flavonols
in _C_ ameriganum, only three OMl’s, namely the 3-, 6< arxi zi\'-, could be

A

recovered by onventional, two-step chromatofocusing, although with

substantial loss of activity (116). l"I‘hé inability to recover the 7- and
2"—/5 ‘~OMT activities is attributed t§ ‘the exposmie of the enzyme
i)rote'ins to low pH during the lengt}'ny chror'natoft;cusing procese (ca. 8-i0
h). I;aranreters which affect the resolution of :chrofnatography include the
nature and pH of .the starting buffer; dilution of the Polybuffer which
determines the iéngth of the migration; the preser;cé of counter-.and co-

i3

ions of salts; as well as the presence of zw1tter;.ons that reduce the
aggregation émed by charge 1nteractlons (149) ! P

The effect of the parameters mentioned above was 1nvestlgated ‘on
the recovery of activity and the resolution of the OMl‘s of C ameQ1

using a one-step chramtofocu51qg process.

117
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D.2.6.1. Nature and pH of starting buffer

Preliminary experiments indicated that all the OMTs 'examined
. focused at a fa‘n"ge between pH 4.2 and.5.5 (115). Optimum resolution of

 these enzymes was achieved when a gradient between pH 6 and 4 was uséd,
+

e .
regardless of the nature of the starting buffér. However, a substantial

loss of activity (ca. 75%) was observed with the 6-CMT, whereas the '7-

and 2°-/5'~(MT activities could not be detected when chromatofocused on
. ¢/

a conventional Polybuffer exchanger (PBE) (115). This was attributed to
long exposure.of these enzymes to low pH of the startmg buffer. Optimum
resclution and ‘recovery of activity of all the Q\:{I‘s was achieved on Mono
P using bis Tris buffer and a gradient between pH 6 and 4 (Table 18).
The pI values of the OMI's differed with the different buffers used,

suggesting that these were appEirent values. e,

D.2.6.2. Dilution and flow-rate of Polybuffer’

N

44

Investigation of both paraméters indicated that slow flow-rate (0.3

‘as compared with 1 ml/min), as well as the increasing dilution of

Polybuffer (1:20 instead of 1:10) resulted in-an improved resoluﬁion of
the. different OMIs. However, the latter conditions gave rise to

concamitant  broadening of the peaks and low recovery of enzyme
) 7/

- N
‘activities. These drawbacks were attributed to the low ionic strength of

‘other as indicated by their pI values (Table 18).

the Polybuffer and the lengthy. chramatographic process, and were
overcome by .the additjon of 10 mM potasssium chloride to the elutirg

buffer. A canpromise in flow-rate (0.5 ml/mir;) and ’ dilution of

% .

Polubuffer (1:15), together with -the addition"of 10 - rrM potassium
chlorlde to the eluti‘ricTBUffer—mnproved the resolution ‘and enzyme
activity, except far the 7 and 4 "~OMI's which did not separate from each-

&




Table 18: pI values of C. americanum OMTs determinéa)(nder different

experimental conditions.

o

oMT PBE PBE? - pBE> ‘ Mono ;33
3- 4.8 4.2 4.4 4.9
7- - NA 4.6 4.9 - _.5.4 4.8 "
° ‘ H
4= 5.4 4.6 4.9 5.4 5.0
6- - 5.8 5.0 5.2 5.6 5.2
2°=/5"- NA NA 4.6 4.8 » 4.6
"] 4 A
1 Using 25 mM imidazole, pH 7.3 as the starting-buffer. N
2 Using 25 mM bis Tris, E)H 7.1 as the starting buffe}. \
3 Using bis Tris, pH 6.3 containing 5% betaine (w/v) as the starting
buffer. r '
i’BE, Polybuf fer exchanger (conventional chromatofocusing); NA, no
activity. g : a
. o
S .
Eu - - = ‘ (Yt ¥
N \D v
| S ~a
¥
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D.2.6.3. Presence ‘of zﬁttaims

o

Zwitterions, such as bétai.ne, are known to reduce the ‘molecular

S

mteractlons whlch result in aggregatlon of. prote:m (150) The effett of

a range of con‘centratlons of betaine (0- 1@% w/v) on the resolution of
the CMTs of this sytem was studled Optimum resolution was achieved when
5y ¢ be{:alne was added to both the startlng buffer and Polybuffer (Table
)8 -and Flg 28), *The effect of betame on the resolutlon of dlfferent
protelns may be att.rlbuted to 1ts ab111ty to mininize the formatlon of

charge aggregates. Betaine is belleved to dlsperse the charge den51t1es

1

~ of charged proteins and minimize the microenvironmental pH effects close

-

te the s'ur‘fac‘e of the matrix, thus resulting }n decreased association of
protems with ore another. Therefore, the presence of beta:me allows the

dlfferent vprotems to be eluted from the column closer to their true- pI -

e .
values as detenmned by 1soelectr1c focusmg (149). . -

Since Jproteins are eluted during ‘chmmtofoq151ng at pH values near
their pIs, it is not unexpected that a loss of activity is encountered

with this technique. No activitﬂﬂfor the, 7-"and 2°-/5°~QMI's was
» .

' recovered unless the fractions eluted from Mono P weére collected into

'0.25 ml of 0.2 M Tris bufl"-fer pH (8.5) in order to im;.reas’e the pH of the
fractions. Furthermore, ' the speed and high resolving " power * of
chrgratqfocpsing <‘>n'Moﬁo P resulted in.high recovery of OQMT actj,vity as

compared wi%h converitional chromatofocusing (Table 19). .

o
L3
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Figuré 28: Profile of O-methyltransferase activity of the Ch_rxsoslepnimn

americnum OMT system, after chromatofocusing on Mono P HR
5/20 , under optimum cofjitions: The protein was loaded ‘on a
Mono P column which had previously been equilibrated with bis
: Tns/munodlacetlc aEnd (pH 6.3), containing 14 mM 2- _
. mercaptoethanol (ME), 10% glycerol and 5% betalne The bound
protems were eluted w1th 50 ml of Polybuffer (74)-water
(1:‘15, v/v) ‘(pH 4.0), containing 10% glycerol, 14 mM 2-ME and
b E 5.%\ubetai’ne. The flowrate was 0.5 ml/rhinﬂand 1-ml fractions
were collected inf:o 0:25 ml, of 0.2 M Tris (pH 8.0), and
assayed for OMT activity. Quercétin was used as a subs‘;rate s
for the 3-OMT; 3-methquu::-:‘rce1_sin for the 7-oMT; 3,7-
. dinethyl;;ueroetin for the 4 ~OMT; 3,\7,4'4trirre£hylv
: queregetage‘tin for the 6-OMT; 5',5'-di‘hydfoxy-3,6,;l,4é'- “
'tetramethoxyf 1a&¢né-s '-O—gluéoside for the 2 -QMT éqd 5,2°-
dihydrexy-3,7,3 -trmethoxyf lavone-2 -O-Qiucos:.de for the

5."~CMT (see Fig. 19 for structures)

A
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Table 19: Extent of purification of C, americanum OMTs.

Purification (-fold)

&

&

OMT ‘- Convertional  FPLC® ‘
3- ) 8sP - 650
7- ) - .6 . 460 ' R
47~ N 164® - 640 .
e-égtg ' 92P 400

- b b ’ 3
2°~/5"=" ‘ . 123 ‘ 420 '

By successive chromatog'raphy on Superose 12 and Mono P. ' C '

By successive chromatography on Sephacryl S-200 hydroXyapatlte and

’

PBE-94 (115). - ’ .
. Y . .
¢ By successive chromatogtaphy on Sephacryl "S-200 and hydroxyapatite
115). .- B L
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D.é.?. The Lupinus luteus system

‘Roots of the yellow lupin (Lupinus luteus) accumulate a number - of .

» ‘

5-0-methylisoflavone derivatives. These have been identified (135) as 5-

< 14

O-methylgenistein, -~ 5-O-methyllupiwighteone a(8-prenylgehistein), 5-0-
‘methylderrone, . barpisoflavone A (5—0-nethy1-2'-hydro$<ygenistein) '

barpisoflavone - B (5-O-methyl-8-pyenyl-2 '-hydroxygepiste‘in) and

®

barpisoflavone C (5-O-methyl-2 ~hydroxyderrone) iFig. '29).  Recent

reviews /(150,4 151) indicated the presence of more'than ,20 naturally.’

ocourring. S-O-n\ethyiisoflavones ' ‘most *of which possess methoxy or
nethylm groups elsewhere in the molecule. In L. luteﬁs, o-

methylation of isoflavores occurs spécifically at position 5, wheréas

_other hydroxyl groups on the flavonoid skeleton.are unaffected (135).

Smce the S—hydroxyl“group of flavonoid campounds is considered to be

-

the least reactivel, due to its chélation-with the carbonyl group of the.

. 9
heterocyclic ring, it was considered important therefore, to investigate

~

thenenzymatic' 5-O-methylation of isoflavones ‘in yellow lupin,

D.2.8. Tissue localization of the 5-OMP from Lupinus luteuse
The 5-CMT ivity was found to be restricted to the, roots of

Lupinus luteus (yellow lupin) seedlings, with little or no activity. in

the shoot or flower tissues (Table 20). Maximal 5-CMT activity was

obtained with roots of young plants just prior to flowering, c¢a. 4-6

-

LI
A

weeks old.

D.2.9. Purification of the 5-(1;1‘
The enzyme was purified by fractional précipitation w1th ammonium
sulfate, gel filtration on Superose 12 HR 10/30 column (Fi.ig. - 30A) and

ion exchange ‘chramatography on a Mono Q HR 5/5 colum (Fig. 30B) using

124 -

&
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Figure 29: Structural formalae of 5-O-methylgenistein (A) and 5-O~

_ §ethy1derron‘e (B).
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Table 20: Tissue localization of the 5-OMI‘1. . -
Tissue Specific activity (pkat/mq)
- o '\m,
Flower 0.034 i
Shoot ' O.‘038
Root ° 0.308 ' :
.‘ L .
- »
1 Enzyme was used after Dowex 1x2. '
)
’ .
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Figure 30: (A) Elution p;ofile of the 5-OMT gctivity after gel Filtratioh
on a Superose 12 HR 15/60 column using genistein as
substrate;m&he column was preequilibréted and developed .(at a
R ‘ flow-rate of 1 ml/min) with 25 mM Tr?s/HCL buffer (pH 7.5)
‘ containing 14 mM 2-mer¢aptethanol (ME) and 10%.glycerol; and
2-ml fractions were collected and éssayed for aMT g;tivity.
(B) Elution progile of the 5-OMT activity after ion-exchange
chronatoéraphy on a Mono Q HR 5/5 coluﬁn using genistein és
_substrate. The column was prééquilibrated with 25 mM Tris/HC1
— . (pH 7.5) Buffer containing 14 mM 2-ME and 10% glycerol. The
column was washed with the same buffer and the bohhd proteins
were eluted using a linear salt grgd}ent of 0-0.5:M kCl in 25
-~ - ~mM-Fris/HCl buffer (pH 7.5) containing 14 mM 2-ME and 10%
glycefol. Ope—nﬂ f;actions were oollected and assayed for\QMT

Sema

. - activity.
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an FPIC system. This resulted in an 810-fold increase in specific
activity of the enzyme preparation, with a 36% recovery, as- compared

xith the crude extract' ('I‘ab'l_e*21).

N

D.2.10. Enzyme properties : :
"2.10.1. Substrate specificity -

The partially purified enzyme preparation was assayed against a
number of methyl ac}:epto;s. The 5-OMT acceptéd several isoflavones, but
showed 1little or no activity with flavones, flavohb‘ls, ’coumarins or
phenylpropanoids (Table 22). The best isof lavone sqbstrates were found
to - bé” 2,3-dehydrokievitone (8-prenyl-2 ~hydroxygenistein) > | 2°-
hydroxygenistein > genistein (5,7,4'-trihydrox‘yisof1avone) (Fig. 31) as
demonstrated by their low K, values and high v ma)/K ratios. The enzyme
exhibited ar expressed /spe01f1c1ty for the 5-position of the latter
cempounds és shown by chromatography and autoradiography of the reaction
products (Fig. 31). This was further confirmed by the?fag@ that neither
5=hydroxy=-3,7,3 "4 "~tetramethoxyf lavone n'or thydroxyfla\;one was accepted
for methylation (Table 22).

D.2.10.2 Linearity of the methylatlon reaction . v '

o 'I‘he 5—O—methy1at10n greactlon_ was linear with time up to 90 min. and
with px:?teip conoentration up to 50 pg, at 1 pM "of the isoflavone
substrate and optin@ pH. ) S
D.2.10.3. pH optum’:l‘m

-The pH optimum of the methylation reaction was studied in several
buffers between pH 6 and 9.5. Optimum activity was found to be at pHY
in Pl buffer. Aichange of oné pH unit resulted in 50% loss of enzyme

activity (Fig. 32). . : *
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* Table 21: Purification of the 5-OMT from L. luteus'.
. Tatal |’ + Specific . .
Purification protein activity Purification Recovery
. , step . (mg) (pkat/mg) (-fold) (%)

Crude” 44.8 0.093 - © 100 —

Gel filtration® 1.8 1.768 20 76

Ion exchange?  ~0.02 75276 . 810 36

L4

1 Using genistein as substrate and 15 g fresh tissue..

2 Dowex 1x2. , ' , 8 A

3 On Superose 12 HR 10/30 column.

4 On Mono Q HR %/5 éolumn. "

. — 'y '
N
) iy
: ) [
N
b ' . H .
‘ A
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Table 22: Affinity of the S-OMT for the different isoflavones. C -

' >
1 Activity Km Vmax Vmax/Km
Substrate . (%) ( ).JM) (pkat/mg)  (pkat/mg/pM)
2,3-Dehydrokievitone L " -
( 8-p5eny1-2 “~hydroxygenistein), 100 1 10.0 10.0
{ -
2 -Hydroxygenisteih 62 1 - 9.2 " 10.0
. . [aY
Genistein 50 1 6.4 6.4
Lupiwighteone A .
(8=prenylgenistein) 26 10 4.5 0.45
Derrone . i 24 10 F.2 . 0‘:42
) [

The standard assay was used at substrate concentration$s of 1 pM és "
desribed in the methods section (Section C.10.). . . «©
1 The following substrates were also used as methyl accepto;rs with
activities relative F‘to the controi (100%): c;afféic acid (15%); 3=
prenyl=2 ’-/hydroxygenist*ein (14%); 3,7,37,4 -tetramethylquecetin (8%2; 6~
pfepylgénigtein (7%); S-hyd'roxyflavone\ (7%); 6-preny1:2-'-
hygroxygenistein (6%); 7,2°,4 -tri-O-methyl=-6-prenylgenistein . (5%);
quercetin (3%); kaar;pferol (2%); umbelliferonte (2%); scopoletir: (2%) and
ferulic acid (2%). « -

For structures of the isoflavones see Fig. 29.

o N .

/‘,
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Figure 31: Autoradiogram of the chramatographed 5-OMT 'reaction proéucts
on silica plates in chloroform-acetone-ammbnia (70:60:1, v/v/V) -
with genistein (A); 2 ’-hydroxygenistein (B); of 8-prenyl=2 -

hydroxygenistein (C) as substrates showing their respective 5-

a

O-methyl derivatives. Arrow indicates origin.-

— —r e T
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D.2.10.4. Stability of the enzyme
In the absence of S'H-group protectors, the partially purified

" enzyme lost 70% of its activity within 48 hr. Hc'Jwever,' the addition of
,/14 mM 2-mercaptoethanol reé';ult;c'! in, 5'0% loss of‘activity afte;: one week.
The.' partially purified OMT was Stored in 20 mM Trjs xB\;ffer (pH 7)

containing 10% ’(\}/v) glycerol and 10"mM E’I‘E at =20 °C and was stable for

two months.
D.2.10.5. Effect of divalent cations and SH-group réagents . —

The effect of‘ncations and SH-group inhibitors on the methyYation of
genistein wes studied. The féct that EDTA did not inhibit the enzyme (_
agctiyityp indicated that the néthyl@fion reaction ‘had no requirement for

2+ 2 +

divalent catiofs (Tablé 23). However, Co2', ‘cu®t and zn®* (at 1mv)

inhibited the Sz-d\dT iactivity by 70-90%. Furthermore, the enzyme activity
was inhibited (80 to 90%) by .the™ SH-group reagents tested, N-
.ethylimleimide, iodoacetate. or iodocacetamide (af 1mM) . However,
inhibition by ,iodoacetété or iodoacetarpide' was partially prev:énted by -

’

the addition of DTE.

D.2.10.6. Other properties
The mfecglar weight of the S-QV_lT was .55,000 as estimated\from its

glution' volume, followi'hg gel filtratio.n.' The appareni: I ©f the

isoflavone-OMI, . as estimated from its elution pattern on
- o b

'chrcna_t':ofpcﬁsing,,‘ was 5.2 (Fig. 33).

[}

' D.2.11. Kinetic analysis

Since genistein was cavmercially available, it was used as the

isoflavone substrate in all the kinetic analyses performed.

-~
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Table 23: Effect of divalent cations and SH-group reagents on the 5-

o
— \ ———— — —— " i i o o
Additior;s Concentration (mM) Ac;tivity (%)
o e — ;.T_. .....
None . : =" : 100
mg?t I 107
. M92+ . 2 10 S ‘ 4 91
a mn2* ) 90
M2 ’ 10 o 65
caZ? ,, , 1 . 98
® 16 82
co?? . oo 3
u?t ’ 1 11
m?t | B , 3
EDTA - S § = 122
EDTA | - | 10 . .12
DTE e 7 10 13
N-Ethylmaleimide | " o 16
N-Ethylmaleimide + DTE 1,10 15
' Ibdoa;cetate = 1 : i " . 6‘
.Iodqjacetate' +“DTE 1,10 - < 53. | E .
Todoacetamide B g 1 ' o2 ji
" Iodcacetamide + DIE 1,10 _ 6T E

——
sl

. 1 Enzyﬁ\e preparation was used after ion=-exchange chromatography. a .




Figure 33: Elution profile of the isoflavone-5-OMI' after

'chz;on‘atofocus.,in}g on a Mono P HR 5/20 colum. The active

fractions from gel filtration were loaded on a column which-
had previously been equilibrated with bis Tris/iminodiacetic
acid (pH 7.1) containing 14 mM 2-mercaptoethanol (ME) and 10%

glycerol. The bound protéins were eluted with 40 ml of

' Pblybuffer (74)-water (1:10, v/v) (pH 4.0) containing 14 m

2-ME and 10% glycerol. Tuhe' flow-rate was 1.0'ml/min (2.0 MPa)
and 1-ml fractions were collected into 0.25 ml of 0.2 M
Tris/HC1 buffer (pH 8.0) and were assayed for OMT acfivitg .

using‘genisi;éin as substrate. - .
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are listed in Table 24.

D.2.11.1.Substrate interaction kinetics

\ .Double-reciprocal plots with genistein as the )ariable substrate
and several, fixed concentrations of SAM gave intersecting lines (Fig.

34). 1Intercept and slope replots versus reciprocal fixed . substrate

concentrations {insert of Fig. 34)‘ generated straight. lines. On the

E

basis of the initial velocity data thus obtained, the mechanism that
fit was that of sequential binding. The experimental data was therefore
ireprésented by Eq. (i, ~ the rate equation for a sequential bireactant

mechanism (Section C.14.) (136).

L]

D.2.11.2. Product- inhibition studies
The order of substrate binding and product release was obtained

from product inhibition studies. SAH was found to be a competitive.
e

inhibitor with respect to SAM ‘(Fig’35A) and non-competitive with respect

to genistein (Fig. 35C). 5-O-Methylgenistein was a non-campetitive-
o ' ! : N . ¢ '

inhibitor with respect to either the c?a—substrate, SAM (Fig. 35B) or the

i
isoflavone, genistein (Fig. 35D). These kinetic patterns are consistent

My

with the predicted elzvcpectations of an ordered bi bi mechanism where SAM
is the first substrate to bind to the enzyme, followed by the isoflavo}me

(Fig. 34). The first product released is the 5-0-methy1igc;flavone,

1

followed by SAH. H?«vever, these results do not rule out the possibiality

of a random binding mechanism involving-the formation of a dead-end

>

complex (140).

o —

A (136~139) were

uThe kmetlf: constants KA'" KB, KiP' KiQ and Ki

calculated from intercept and slope replots of the generated data and

. ° T~ -
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Figure. 34: Double—recip,rocéi Elots of initial velocities with SAM as thé ‘

. changing, fixed substrate at 60 M (m—m), 74 iJM (a—2a}),

' 107 pM (O—O.Lanq 274.pM (0 —0); and genistein as the:, .
variable substrate. 23.8 pM of [14C-meth91]SAM (0.1 pCi). in
addition to varying amounts of unla.belled SAM were used. The
velocities are expressed in pkat/mg. Ins'ert:. slope and <

. intercept replots.

™
3
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\

Figure 35: Product inhibition kinetics of the ixsof lavone 5-OMT. ‘The
¢ v velocities are expressed in pkat/mg. (A) Inhibition by SAH
. with SAM as the variable supstrate at constant concentration
of genistein (1 pM). 23.8 w of [Mc-methyl]sad (0.1 pci) in
addition to varyigg amounts of unlabelled SAM were used at .
“saH concentratlons og 40 M (m—am), 25 M (8 —a), 10 oM o
(0——0) or 0 M (0—o0). (B) Inhibition by 5-0~
" methylgenistein with SAM as the variable substrate at
» constant concentrations of genistein (1 pM). 23.8 pM of [14
methyl }SaM (0.1 PCi)\ in addition to varyincj amount s of
:muiabel,led SAM were used.at 5~-O-methylgenistein
concentrations of 80 }JM (l—-;- =), 50 )JM (6 —a), 20 ;.IM
- > (e—e@) or 0 pM(9—o0). (C) Inhibition by SAH with
genlsteln as the varlable substrate at. constant
concentratlons (23 8 jM) of saM (0.1 pCi). The concentration
. of SA)-Iwas varled at SO}JM (I——l), 20}.1M(A--—A),10}M
- (o—-o ) or VI (0— 3). (D) 1Inhibition by 5=-0-
methylgenlsteln with geinstein as the variable substrate at
constant concentratlon (23.8 —PM) of SAM (0’.1 PCl)' The -
'ooncentfation of 5-O-methylgenistein was varied.’at 80 pM

. e (m—m), 50 pM (& —8), 20 pM (06— @) or OI'PM (o—o0). ,
= —— ) I . o l % . . \ - ' ) 5 R ' ‘
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Figure 36: Proposed kinetic mechanism for the isoflavone 5-O-
methyltransferase of Lupinus luteus. ‘A, S-adenosyl-L-
- methionine; B, isoflavone substrate; F, 5-O-
. methylisoflavone product; Q, S-adeposyl ~L*
hamocysteine; E, isoflavone-5-O-methyltransferase.
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- Table 24: Kinetic parameters of the 5-OMT of L. luteus.
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E. DISCUSSION

E.l. Anthragquinones

€
Cell suspension cultures of Cinchona succirubra produce a number of

hydroxyanthraqulnone glucosldes. ,This is in contrast with pre\f’ious
reports of Cinchona spp. (69-73) where anthraquinones were reported to
be pro;]uced as aglycones. These contradictory results may be due to the
extraction procedure previously used, in which the anthraquinone

‘aglycones  were préferentially isolated and the glucosides were,

» therefore, overioocked (69-73). ) \

. The study of growth parameters (fresh and dry weights, protéin

*.content) of this culture, indicated a lag phasé and an exponential phase

Y
of* 3 days each, followed by a linear growth [iu):ase of 6 days before

entering the stationary phase.'. The formation of anthraquinones by C.
succirubra cells in culture paral leled cell’ growth and was , concomitant

with maximum protein content (Fig. 11). This parallelism between cell

-,

growth and metabollte productlon in C. succirubra is similar to that ‘of |

other cultured tissues -(11). The production of anthraqulnones is

1n1t1ated at _the end of the exponent1a1 phase and increases

exponentlally durmg the linear phase of the growth cycle (Flg 11).‘

'I'hls pattern indicates that the blosynthe515 o%5 anthraqulnones ig

maximally = induced during part of the growth cycle in which the rate of

‘ céll division has slowed down. It is ‘desirable, therefore, to shorten

the lag phase prior to the initiation of product synthesis. \This may be

achieved by decreasing the concentration of auxin in fhe culture medium

as was shown for anthocyanin (152) and shikonin *(153) productioch. _This'

appears to be the cage with C. su‘ccirubra-éélls, where anthraquinone
. ' . ) B



production seems to be regulated by the type and conbentration of auxin

used (Tables 6-8). Studies of the rates of cell growth and product

formation are .essential in order to obtain a basic understanding of

metabolite productién. However, little is known about the relationship -

between the rate of product formation and the age of individualJ cells in

plant cell culture, since the latter is formed of cells at different

%

stages of development.

The effect of various nutritional factors, such as sucrose as Cvell
as macro- and microelements, on growth and _anthfaquincme production: was
studied. Qiin*creasing sucrose concentration was found to increase

-

metabolite production, although it resulted in decreased cell growth

. K

' (Table 4). These results campare well with ‘t.ho\&se reported foi.f Cinchona

ledgeriana (74), Morinda citrifolia (60) and Rubia.cordifolia (66) where

medium (4%) and high (8%) sucrose concentrations were reported to
stimulate anthraquinone production. The use of nutrient-limited media
(Héller ‘s or White 's)', or dilutio;m of the macro-.and microelements of
nutrient-rich medla (MS or B5) resulted in stimulation of anthraqumone
-\ productlon (’{‘abl.e 5) . Meost studles have shcmn ‘that decreast'mg nltrogen
and/or . phoéphorus increased the production of phenollc metabolites (for
" review see ref. i54) . This is if contrast with the nutrlent-rlch media
’—whlch supported prollflC .cell growth and protein synthe51s (Table 5*)

The results obtained for the effect of growth regulators show that
whereas cell growth was stmulated}by 2,4-D, anthraquinone production
was enhanced in the presence.of IAA and, to a lesser extent, by NAA
{Table 6). It ' seems possmle that both processes may resgpond té
different foms ‘of auxin and may expl}m their ‘dual role in the

regulati f cell growth and roductivity of .s metabolites.
egulation o g p v Y S eoonary 1te:
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These results are in agreement with thos~e reported for other cultured
tissues where 2,4-D was shown to stimulate cell growth and NAA to
enhance anthraquinoné fomation (60,62,72,74). However, it |is
interesting to note ;hat further addition of a cytakinin to the auxin
did not affect either cell: growth or anthraquinone productian ’(Table 8).
This seems to indicate that anthraquinope production is regulated mainly

by the type and concentration of auxin, rather\than the cytokinin used.

-

Stress, due to nutritional, hormonal or other environmental,

-

factors, including microbial insult is known to cause decreased growth
rates. It is sug'gest':ed, however, that as growth rates decline, amino
acids, nucleotides and precufsors for phytochemicals accumlate. The
reduced metabolic flow is believed to impose a stress on .the cells which
resulj;s in declined gfowth and *specific enzyma}tic Qerturbations (1s5).
‘It was sugge;sted that secondary metabolite synthesis is greatest when
the growth rates‘ carbohydrate, mineral and oxygen uptake decline.
Recently, it was ' suggested that anthraquinone production in intact
tissue of Cinchona may act as, phytoalexins, since they exhibited

anti-microbial activity towards a number of microorganisms and their

t

.occurrence in Cinchona spp. was only observed in infected tissues (87).

Furthermore, their formation in cultured tissues may be the result of

‘ 7 -

changes in tissue metabolism due to in vivo culture. ‘'Very recently, it

!

was shown that the addition of heat-sterilized mycelia of the fungi

N .
Phytophthora cinnamami and ‘Aspergillus, niger elicited the production of

anthraquinones in Cinchona ledgeriana suspension cultures, (87). It would

be interesting, however, to detérmine the effect of fungal elicitors on

the enzymes involved in the biosynthesis of anthftaquinones in Cinchona

a

2
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'In order to 5tudy the enzyme catalyzed glucosylation of -

anthraquinones in C. Mccinbra it was essential to determine the stage

LR Y

at which glucosyltransferase (GT') activity was maximal with respect to

°

culture growth. Maximm GT activity was found \'*to parallel cell growth

(Fig. 11) and was concamitant with maximum protein content as well *as

anthraquinone production (day 10 in culture). Therefore, 10-day cells ’

were used in the purification and characterization of GT activity. The

latter was resolved by chromatofocusing into five distinct glycosylating

152

activities; peaks I, II, III, IVandV (Fig. 16). These enzymes '

‘expressed preference for different anthraquinones indicating specificity

towards their phenolic substrates (Table 10). The fact that the best

substrate for these GTs were emodin, anthrapurpurin, quiniza}rin, 1,8~

dihydroxyanthraquinone and 2,6-dihydroxyanthraquinone is consistent with - '

the accumulatic;n of their glucosides in C. succirubra cell suspension
cultures (Fig. 14). The properties of these enz;nes appear t<1> be similar
.to those reported for other phenol GTs with respecf', to' pH optimLJm,
molecular weight, requirement for SH-group and .inhib,i\i:ion by divalent
cations  (118,119).  Whereas it‘ may be difficult to suggest a

. physiological , role for, five eﬂzymes which catalyze the same reaction,

however,

\

it'is possible,that these GTs are merely charged isomers of the

same enzyme.

' o

E..L\F‘lavmoid O-methyltransferases-
‘The results presented in Section D.2, demonstrate the existence of

two nowvel O-nethyltraniqferase‘s 1(OMTs ), namelyk the 2°-/5°-(MT of

chrysosplenium americanum and the 5-OMT of Lupinus lutues. In addition,-

[ v

- (]

/ .
‘.‘k/ i -
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the previously reported 7-OMI of C. americanmn\(115,116n) was further

puri%ied using fast protein chromatofocusing which utilized a shallower
gradient (pH 7-5). Furthemore, the recovery of enziyme activity was

improved by collecting the eluted fractions into Tris buffer pH 8.5

.\“

which protected the enzyme from denaturation by increasing the pH.

The 7- and 2°-/5 ~CMTs of Chrysoslpenium and the 5-CMT of Lupinus

had pH optima similar to those reported for other f lavo\i‘\oid-specifi'c
enzymes (103-107, 109-116, 156),‘ whereas their molecular ‘weights were
intermediate between those of the fl.avone/flavonol (103-105) and
isof lavone OMi‘s (1’07). In contrast with the 6-OMI of C. americanum, the

8-OMT of Lotus corniculatus (112) and the 3°-OMT of parsley cell

suspension cultures (105), the 5-,,7- and 2°-/5°-OMTs showed no

requirement for Mgz+. L N
% . . .
'\_ The isoflavone OMT, which was purified 810-fold fram yellow lupin
roots, exhibited an expressed specificity for the 5-position of

2,3-dehydrokievitone > 2 ‘~hydroxygenistein > genistein. It showed no

appreciable activity with other flavonoid or phenylpropanoid compounds

(Table 22). Although the 5-hydroxyl group of flavonoid campounds is
believed -to be the least reactive position due to chelation with th-e
carbonyl group, however, it seen; possible that the activity of the

isoflavpne 5-OMT-imay be due to specific binding of the 'flavonoid
gubstrate and co-substrate in such .a geomej:rical arrangement, relative

to ‘each other, such that methylation at the 5-position is preferentially

 catalyzed. A similar situation has beén reported for the px:gnylation of ,

the * 4-position of tryptophan.as the first steb in the biosynthesis of
_ . ) ‘
lysergic acid (157). : . ' :

153
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The fact that the 5-O-methylation of different substituted
isoflavones in yellow lupin takes place with almost equal efficiency,
seems to indicate that O-methylatlon of isoflavones is not necessar:.ly a
later reaction (102). but may take place at different stages of
isoflavonoid biosynthesis in yellow lupind (Fig. 37). Based on the
substrate specifieity of the 5-MT (Table 22) and. on the nature of - the
isoflavones which accumulate in. this tissue (135), it seems likely that
genistein can either be methylated at position 5 or h).,’droxylated'at the
2"-p<‘>sition. Furthermore, 2'-hydro;cygenistein can either be prenylated
at position 8 followed by 5-O-methylation, - or methylated at position 5
followed by an 8-prenylation (Fig. 37). Therefore, the physiological
role of « the 5-CMT seems to catalyze the 5-O-methylation of a mumber of

\

isoflavones of yellow lupin roots: - ’

%

Since isoflavonoids are considered to be antimicrobial compounds

¢

(158), their predominance in root tissue may play a role in the defence
mechanism of yellow lupin against soil microroganisms. However, despit&ﬁl
the fact that same flavones and flavanones have recently been re;gorted

to indﬁoe Rhizobium nod genes (159), the isocflavones, genistein and

daidzein (7 ,4'-dihydro-xyisoflavme_)_. are beiievéd to be among lthe
antag?nists of nod gene transcription (160). Therefore, it woulé of
interest to find out whether» 5-O-ﬁethy1isof1avores play a role in the
regulatlon of root nodulation in the yellow lupin. '

The Chxvsos;alemum OMTs reported here mediated substrate- and

“,

p051t10n-spec1flc methylations, thus establlshmg the high specif 101ty4
for their flavonoid methyl aoceptors. In contrast Wlth the other OMTs of
C. americanum, which acoepted only hydroxylated or part1a1 ly methylated

—aglycones, the 2°-and 5’ -‘methylatlon steps ‘seeri to take place at the

-
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Figure 37: Proposed pathmy.for the biosynthesis of isoflavones in

k-] ? .
Lupinus luteus 5
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to catalyze the 2 ‘=O-methylation of A to C and the 5 -O—nethylatlon of B
to D (Figqg. 19), w1th almost equal efflc:.ency ’I'hese methylatlng
activities oould not be separated on a number of chrcmatc:graphlc
supports and showed similar properties as to their pH éptirpa; pI values,
molecular ﬁwei'ghts, requirexrént for SH group reagents and Kkinetic
constants ag-;owell as kinetic mechanism. This seeirs to indicate that both
the 2°~and the 5°-methylations are catalyzed by ane enzyme. Recently, a
'sj_milar " sitvation was ‘reported| for the 2= and 570~
glucosyltransferases of C. americanum (Fig 1‘9) which exhibited similar

chramatographic (123) and kinetic prgperties (124). However, the two

enzyme activities were 1a1£r separated using fast protein affinity--

chramatography on brown-dye .i‘igénd (161). In analogy with the ' 2°- and
5'—O—gldméy1transferases, and in'view of the strict position specificty
of the 3-, 6-, 7- and 4 '~OMI's of"g_._ americanum, it is reasonable to
assume that the 2"~ and 5 -OMTs are distinct .enzymes with identicall pI
vllues, which remam to be resolved. .

The effect of the nature and pH of startmg buffer, the “giilution

and flow-rate of Polybuffer and the presence of zwitterions was studied

on the resolution.and recovery of.activity of the Chrysosplenium " oMTs.
These factors were invesi:igated in order to separate the five position-
specific OMTs of C. americanum. in a one-step chr'onatofqéusing process

. (Fig. 28). The results obtained show that the pl values of proteins

obtained by- chromatofocusmg vary according to the experimentalf

RN
-conditions used (Table 18). 'I‘herefore, it is reccmnended that the latter

glucoside level. The partial 1‘y purified 2°~/5 “QMT preparation was found

157

a

conditions be stated when reporting\ pI values." Furthermore, it should be )

noted that these values are apparent pls, and unless certain measures

°
*
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are takem~ to overcome these discrepancies, then isoelectric focusing
S ® ‘ CT
remains the technique of choice for determining the true pl values of

proteins. ' '

Both the 7-OMI' of Chrysosplenium and: the 5-OMT of Lupinus

exhibited similar steady state kinetics. Substrate interaction kinetics

v
[ [

for both OMI's gave cohverging lines (Figs. 23 and 34) suggesting a'

o) .
sequential mechanism. The order of substrate binding and productrelease

v - K . o
was determined from product inhibition patterns. Reciprocal velocities ~

°

were plotted against reciproca'l concenttation of _the" variable substrate
at several fixed concentrations &f product. Cleland ’states that the
slope of a reciprocal t;lot is affected by a substarice (product or
inhibitor) whit:l; associages with an enzyme form that is the same as , or
is bennected by a series of reversible steps ,to‘, .the enzyme form with
which ‘the variable substrate canbineg (136-139). The.intercept of a

reciprocal plot, however, is affected by a substance which associates

¢ . °
“reversibly with an enzyme form other than the ohe with which the

variable substrate combines. Cleland ’f\%rther adds that a change in slope
]

W
N

indicates campetitive inhibition between a substance and the variable

substrate, whereas a change in intercept indicates- uncompatitive

inhibition. A change in both slope and intercept, - however, indicates

! noncampetitive inhibitien between a subs%nce and the vargable substrate

(136-—139). . ’
A sequentlal mechanism can either be random ‘or ordered bm%ng

Based on Cleland’s rules, in a randcm nechanism four competltlve product

',mhlbltlon patterns would be expected (140), except when dead-end

&

inhibition occurs. Whereas din an ordered binding rnechamsn, one‘

oanpetltlve and 'three noncampetitive product 1nh:|.b1tlon pattems would

L3

i
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ebe expected. The product inhibition patterns obtained for both QMTs in
this study suggest an crderec‘i binding mechansim. The fact‘ that SAH was a
competitive inhibitor of ®AM (Figs. 24 anrdb 35) sug'gests that SAM is the
first substrate to bind to the enzyme and that SAH is the final® pI_‘.-Oduét
released .(Figs. 25 and 36). This implies that SAM and SAH are the
leading reaction partners and bind to the same form of the enﬂrre (E).
The flavonoid substrate, therefore, binds second whereas_ the flavonoid
product is released pI'lOI‘ to the release of SAH (Figs. 25 and 36). Such
a mechanism predlctq one compet1t1Ve pattern (SAM v/s SAH) and three
noncanpetltlve patterns (SAM v/s £ 1avon01d product and flavonoid
substrate v/s elther SAH or flavonoid product) The results obtained for
P both the 7-/and the 5-OMT were in agreement with.try above. predictions.
Tt is interesting to note that the G»fr‘s(,of‘ this"study followed the same
“kinetic”’ mec'hani'sm as, that of the othe'r OMIs of C. americdnum (117)
. despite their distinct substrate and ;Sosition specifigity. |
The Km values for the flavonol substrate arii' SAM, the co-substrate
for the 7-OMT were similar to those of the 3-, 6- and 4°-OMIs of

Chiysosplenj;m ('i‘able 25). Fu:thermore, the 1nh1b1tlon constant for SAH

t

was the same order of rnagnltude as those for the other’ three OM'I‘s The

. -

’ 1nh1b1*glon constant for the flavonoid product, however, more closely

res‘enb~led that for the 4’-OMT than the 3 or: 6-CMT (Table 25). The fact
that the inhibition’ constan of thetf lavqnoid ;mduct fot'the 3- and the
6-OMIs °was cne order 6’fj&nag§f\ude hlgher than that.f'or the 7- 01; 4 '—QdT
indicates that the 7- and 4 —OM'\I'S are more sensitive for irhibition by
the flavonoid product. This\ could provide further 'suppcrt for the view
that both substrate and mtermedlate pmducts of the OMT sequenoe play_ )

an important role in the regulatlon of each enzyme and thus, the whole
\ :

> . N ’
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Table 25: Kinetic constants of Chrysosplenium OMIs. . . °
L + -Parameter
. ©° ) ‘“’_"""‘ ¢
Enzyme ' Substrate Product Kt (pM)  Ki (M)
LMt T sam | A 114 .
Q " 12
SAH . 4.5 .
i‘r ) ? 3b’EQ *128
7-0Mr | saM . L es
3MeQ - 7 o
) SAH ° . 10
3,7MeQ - 15
g-oMrt samM ) o130
' 3, ™™MeQ + 15
SAH ‘ 4.4
: 3,74 "MeQ , 10
" g-oMr SAM ! , 51 T
h 3,7,3 Mg - : 18 .
: SAH . " 16
a 3,6,7,3 MeQg 167
2°-MT ' SAM 5 s 100 , ' -
2 “~OH-substrate , 2 i B
' SAH - ) : 100
s 2'=Me-product 5
' M, »
5°-MT - SAM 3 ’ 100 -
5 ‘=OH~substrate o N 2 i
. &, A " SAH . . 100
K ! 5’-m-pIOduct - 5
e e e e e e e o e - : ——— —
SAM, S—-adenosyl-L-methionines - SAH, S-adenosyl—L-hanocysIteihe; Q,
'querc"etin,\ Qg, quercetagetin. o

From ref. 117.

2 5,2 “-Dihydroxy-3,6,7,4 -tetramethoxyf lavone-5 "~O~glucoside.

3 5,5 ~Dihydroxy-3,7,4 "~trimethoxyf lavone-2 “~O-glucosjde.

o 3
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.
pat;}huay af flavonoid _biosynthesis in this tissue.
Wh?reas tpe enzymes studied .in this pat'i'utzay were _found, after
tissue homogenization, cin the cytosolic fractio;'l, it is difficult to
determine whether they are acf%ually soluble, or easily sPIubi;ized
enzymes. This may be attributed to the loose association of the proteins
with eagh no:her or to an organelle, such that‘ this aasociat.ion may be
easily. destroyed upon cel} disintegration.' However, in view of the
coordinated sequence of O-methylation and O-glucosylation of this

pathway (Fig. 19), it is tempting to poatulaté that the synthesis of

polymethylated flavonol glucosides in Chrysosplenium may take place on

the surface of an aggregated, meombrane—associated,‘ rmlltienzyme system
(162). It is evident‘t.hat if such system exists in vivo, its ccm.ponent
enzymes would be loosely associated, or membrane bound by non-covalent
forces, unlike the membrane-bound pathway of cyanogenic glycoside
blosynthesis (163), or the multifunctional protein of.the aram camplex
( 16"4).. Such a canpartmenta%:ion model facilitates Ehe formation -o;
metabolic chains pof intermediates and allows for increased cata:lytic

-

activity. Further{nore, it permits the physical differences inherent to

* the microenviromments of the different enzymes of the pathway, such as

.?anges in pH, changes in solublllty of substrates and products,

especially »1f the last steps of blosynthe51s 1nvolve methylation and/or '

A

' glucosylatlon of relatlvely lipophilic intermediates'(165), as is the

¢Gase in Chryso Jlenlum. A multlenzyme Systan catalyzing the methylation-

%
glucosylation sequence in this tissue could not be 1591ated, since

a‘ttempts to fractionate tissue hamogenates resulted in the recovery of

both sets of enzymes from the supernatant fraction (166). However,

various lines of evidence tend to support the concept of a multienzyme



”

system; these are: (a) the incorporation of [14C]cinnamate into the

final products, after 510 min pulse, ‘without laﬁelling of the low

meth&lated intermediates (167); (b) the absence of low met.hylated
" intermediates anong the products Wthh accumulate in this tissue (134);
{c) the sequential rultistep O-methylation of positions 3,7, and 4° by
cell-free extracts, and of.other O%r\ethylated intermediates at'position
6,2% and 5° (115, 116); (d) the similarity of the kinetic mechanisms of
the enzymes studled (117, 124); (e) the regulation of these enzymes by .
very speelflc range of substrate and product concentratlons, (f) thé
varied microenvironment of the: different . O-methyltransferases with
respect to pH optima (1‘16) and utilization of acjlycones or glueosides as
substrates; and (g) inhibition of the O—zrethyltransferases and O-
glucosyltransferases studied by their flavonoiu substrates (117, ]124).

Whereas this indirect evidence does not unequivocally demonstrate the

existance of a multienzyme system, it is tempting to propose a'mod'el for -

v

the compartpentation of this pathway in which the 3=, 7- and 4°-QMIs
. are loogsely associated with the cis ‘forming” face (168) of the
endoplasmic reticulum (ER) membrane (Fig. 38). Partially O-methylated
intermediates could easily be hydroxylated“at position 6 and/ar 2”4 by
specific hydroxylases, which are embedde&in the inembrane (162, 16&5),
and further methylated at position 6. Since the 6-OMT is the only enzyme
of this”,pat‘huzay which requires Mg?* (115) and that  its substrate
scarZely accumulates "in the .flavonoid pool, it seems pussible,
therefore, that it may also be embedded .in the membrane. Partially O—
methylated J.ntermedlates could then be transported across the, msnbrane
for further glucosylation and methylahon at positions 2° and/or 5 .

The final products, ‘thus formed, may accumulate at the trans ‘maturing”’

162
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- Figure 38: Proposed model of the mGltienzyme, membrane-associated

canplex of Chysosplenium americanum.
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face, which in tumn, may form cistengl chanr{els or vesicles (169) suct;t

that the partially methylated gl'ﬁcosa‘.de"s are sequestered before being
secreted (170). Very recently, it Has been shown that the ei)idernal cell
. N i .

walls appear to, be the site of accumlation of flavondids in

MSogplenimn (171-173), which supports Athe above view. Despite the

attractive features of this proposed model, however, immnocytochemical
techniques usi‘ng antibodies against the individual enzymes, should
provide unequivocal evidence fpr the (cmpartnentation of the enzymes of

this pathway. . A : 0

[ 4
-
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F'.CI.AD&IOGQIGM’IYABDMIBUMCNTOW .

i
—— a4
’

?

1. A cell suspension culture of Cinchona succirubra was iniotiated'

and the” anthraquinone glucosides 'produ‘ced in vitro were:identified. The
conditions for optimal growth-and production of anthraquinones were

determined.

v L

v rd

7

2. Fii';e,,anthraqui‘none-spe‘cific gllucosyltransferases were resolved

anthraquinones as glucosyl :acceptors, indicating their -specificity

towards.- these substrates, and was consistent with the accumulation of

their glucosides in this tissue.

-

3. A novel enzyme‘, the 2°-/5 -CMI‘, was isélated and partially

purified from Chrysosplenium americanum. The 7-OMT was further purified

from the same tissue and its kinetic analysis was undertaken. A model

was proposed for the compar%:nentati‘on of the 'mult“i—step'pathway invqlv\ed

in flavonoid synthesis and accymulation in this @i‘ssue. o

-

s

-

4. BAnother novel OMI, which catalyzed the 'S5-O-methylation of
isoflavones was partialiy purified and %ts kinetic r;echanism studied - in
yellow lupin rm£s. The st;.udy of substrate sgecificty of this enzyme
i:eaétion‘ made 1t possible to propose a pathway ;for thé biosynthesi‘s of

*the isoflavone derivatives which accumulate in this tissue.

. -

- ‘ o

@

'by chramatofocusing. These ehzymes exp}egsed .preference for different -

2
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Since Cinchona succi}'ubra cell suspension culture produces -a

variety of énthraquinone glucosides in vitro, it would serve as an ideal
system for studying the elicitation of these métabolites by fungal cell

wall extracts (155). Furthermore, the fact that this culture produces

éu%noline alkaloids in vitro (132) makes it valuable in studying the

regulatory mechanisms involved in thevbiosynthesig, 6f both groups of
.hatu‘ralﬁ products. - ) E

Despite the scarcity of ample supply, C. ameﬁcanum has proven to
" be an ideal system for the enzynatif: studies of polymethylated £lavonol
yglucdsides (174). However, 'prel;’minary work by tf:is_éu&xor demonstrated

the difficulty in isolqting the’multienzy:;ue canplex of Chrysosplenium

despite the use of gél filtration qﬁ a number of supports with molecular
weight exclusion limits greater than 10° (H. E. Khouri, unpublished

're'sults). This may be attributed to the lopse association of these

enzymes with each other, and the organelles concerned in-vivo as was -

3 J

mentionéd earlier ?p.]5] ). However, evidence for the association of
these enzymes can be derived from isotopic studies using protoplaéts

prepared fram leaves of rChrysosplenimn‘. Catalytic facilitation of the

.enzymes may be demonstrated using [3H]’-queroe£in and [14C]-1abe1ed‘

intermediates such as 3,7, 4 -trimethylquercetin by one of the following
feeding experiments:

¢

(a) The overall rate of synthesis of polymethylated flavonol glucosides
:;.S greater than when starting with an intermediate sucl;l as 3,7,4°-
trimethylquercetin.

(b)  Addition of [ %C]3,7,4"~trirethylquercetin  to  limiting

167
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&

concentrations of ‘[3H]-quefcetin does not increase the rate of the

reaction. (
(c) Comparison of 3H/MC ratios of product and intermediate after

incubation with substrate limiting amounts  of 3

H-quercgetin . and
{14C]3,7,4'-trimethquuercetin. Ratios greater <than 1;0 are usually

taken as evidence for catalytic facilitation (162). .

[y

<2

This will dndicate that only intermediates which are derived from

quercetin can be channel led for further methylation and glucosylation to-

give rise’ to polymethylated flavono]l glucosides in‘ Chrysosplenium

americanum. However, unequivocal evidence for the compartmentation of

" the enzymes -of this1:ccxnplex should be derived from immunocytochemical

-

studies. Antibodies raised against individual enzymes of- this pathway

can be used to localize the enzﬁes involved in the biosynthesis of this

pathway. Since the O—glucosyltransférases and O-methyltransferases of

'this tissue have different molecular wéights, tﬁey may be separated by ‘

gel filtration. The one-step chromatofocusing process of OMI's described

in this study (Fig. 28) may ‘'serve as an ideal procedire for the

separation of individual enzymes of this pathway. Poiyclonal antibodies
can then be raised in rabbits for their use in in vivo localization of
these enzymes by immunocytochemical rnethods and to verify the model

proposed for their campartmentation (E“ig. 38).

-
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N + Appendix I: Inorganic maci-qnutrlent ccmponents of selected culture
Lo ; . media (mg/1) ~. \' . ~ .
~ e : - T
‘ Constituents °MS . B5 . White’s Heller '8
LN R ~ i
S T T T =T T
. "KC1 ';( - s P - . 65 - 750
NaNo, T T oS- 600
) . " MgS0,.7H,0 370 250 720 250
- NaH2P04.H20 - ’ 150 . 16.5 12?
CaCl.,.2H O 440 150 - - , 75
2°°72 . . - /
S om0, 1900 2500 80 . o~ -
AT Na2804 s ¢ - ‘ - 200 .-
- . 3 - ’ N e L - “\
.80, | . |
NH,NO, o leso -, - Lo
ot KI12P04 ’ . . ”3l 170 . - ! > - “ .
Cé(m3').4H20 ' - ' '1 . 300 -

e . Sttt G G et Pt o G S
-

1 Adapted frcm Yeoman, M. M. & Macleod, A. J. (1972) ‘In Plant Tissue and o0

Cell Culture (Street, H. E., ed.); Vol 11, p. 31 University-of .

California Press, Berkeley and Los Angeles.
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Appendix IJ: Inorganic micronutrient components of selected culture

media (mg/1) 1

Constituents / MS B5 White ‘s Heller s

Sy UL | A

- ——— -

. 74
FeS0,. TH.,0 27.8 27.3 - . - ;
g "% ST

MnSO,.H,0 . - 10.0 - -
MnSO,.. 4H,0 22.3 - 7 0.01
KI 0.83 0.75 0.75 0.01
NiCl,.6H,0 - .- - - 0.03
CoCl, . 6H,0 0.025 0.025 - -
ZnS0, . 7H,0 8.6 2.0 3 1.0
CuS0,.5H,0 0.025 0.025 ~ - 0.03
H,BO, : 6.2 - 3.0 1.5 1.0 ‘
FeCl,.6H,0 - - - . 1.0
ya?_Moo‘l.szo R 0.025 0.025 - -

AICL; -, = " 0.03°

. Fe(80,), - - - 2.5 - s
1 See foot note of Appendix I. _ S

) _ ) {
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Appendix III: Organic constituents of selected culture media (mg/1) 1

- -
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Constituents MS ’l Bs Zs)hite ‘s Heller ‘s

Glycine ' 2 - 3 ) -

Myo=inositol 100 100 - . -

Cysteine "= - 1.0 - A
Vitamine B, 0.1 10 0.1 -

Vitamine B, 0.5 1.0 0.1 1.0 ‘
Nicotinic a.cid ) 0.5 - 0.5 - -

Ei)TA (di@im salt) | 37.3 37.3 - -

‘Ca D—pantotheﬁic acid - - 1.0 -

1 L J

See foot note of Appendix I.




