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Please note that the following plant fami-

lies are listed as indicated below:

Alsinaceae sub Caryophyllaceae
Apiaceae sub Umbelliferae
Arecaceae sub Palmae
Asteraceae sub Compositae
Brassicaceae sub Cruciferae
Clusiaceae sub Guttiferae

Fabaceae sub Leguminosae (including Mi-
mosoideae = Mimosaceae, Caesalpini-
oideae = Caesalpiniaceae and Papilion-
oideae = Papilionaceae = Fabaceae

sensu stricto)
Hypericaceae sub Guttiferae
Lamiaceae sub Labiatae
Oenotheraceae sub Onagraceae
Poaceae sub Gramineae

A

Acacia catechu 106
Acanthaceae 81, 246
Achyrocline satureioides 103
Aconitum carmichaeli 55, 67
Aconitum forrestii 55
Aconitum japonicum 67
Acronychia baueri 144, 263
Adhatoda vasica 81

Adina cordifolia 58
Alchemilla species 106
Alternaria solani 59
Amaryllidaceae 268
Anacardiaceae §
Annonaceae 234

Apocynaceae 20, 72, 221, 228, 280, 283

Araliaceae 83
Arctostaphylos uva-ursi 106
Aristolochiaceae 153
Artemisia coerulescens 178
Artemisia cretacea 178
Asarum europaeum 153
Asclepiadaceae 48
Ascomycetes 145
Aspergillus flavus 59
Aspergillus niger 59, 286
Aspidocarya species 278
Aspidosperma excelsum 283
Aspidosperma marcgravianum 283
Astragalus membranaceus 63

Bacillus subtilis 59, 283
Bacopa monniera 136
Baptisia australis 131, 253
Bellendena montana 56
Biomphalaria glabrata 105
Burseraceae 97

C

Calystegia hederacea 276
Camellia species 106

Candida albicans 59, 286
Cannabaceae 120

Cannabis sativa 17

Casimiroa edulis 77
Catharanthus roseus 20
Celastraceae 158

Centaurea jacea 182
Chlaenandra species 278
Chrysanthemum cinerariifolium 88
Chrysanthemum coccineum 88
Chrysanthemum morifolium 61
Chrysosplenium alternifolium 127
Cicer arietinum 131

Cinchona succirubra 106
Cirsium purpureum 61
Claviceps species 145
Clavicipitaceae 145
Codonopsis pilosula 63

Coffea arabica 259

Colubrina asiatica 136
Commiphora guidotti 97
Compositae 61, 88, 103, 178, 181
Convolvulaceae 276
Cornaceae 105

Cornus stolonifera 105
Corydalis species 273
Costaceae 64

Costus speciosus 64, 92

Croton tiglium 10

Cryptolepsis sanguinolenta 48
Cunninghamella echinulata 59
Curcuma aromatica 63
Curvularia lunata 59

Cytisus canariensis 254

Cytisus purpureus 254

Cytisus scoparius 253

D

Dalbergia nitidula 106
Daucus carota 92
Dioscorea deltoidea 92
Dioscorea composita 92
Dioscorea floribunda 92
Dioscoreaceae 92
Duguetia calycina 235

E

Emmenospermum alphitonioides 136

Ephedra species 108, 290
Ephedraceae 108, 290
Epidermophyton floccosum 59
Ericaceae 106

Escherichia coli 59, 286

Eschschoiltzia tenuifolia 212

Eucalyptus species 106
Euphorbia canariensis 10
Euphorbiaceae 10

Evodia xanthoxyloides 144

Exacum macranthum 61

F

Fagaceae 106

Fagara gilletii 31
Fagara lemairei 31
Fagara leprieurii 31
Fagara macrophylla 27
Fagara mayu 77

Fagara rigidifolia 31
Fagara xanthoxyloides 27
Fawcettia species 276
Fumaria vaillantii 273
Fumaria densiflora 272
Fumaria indica 273
Fumaria judaica 273
Fumaria kralikii 273
Fumaria micrantha 272
Fumaria microcarpa 273
Fumaria officinalis 273
Fumaria parviflora 273
Fumaria rostellata 273
Fumaria schleicheri 273
Fumaria schrammii 273
Fumariaceae 272
Fusarium roseum 59

G

Galium album 24
Galium mollugo 25
Garcinia mangostana 59
Genista pilosa 254
Gentiana scabra 169
Gentianaceae 61, 169
Glycosmis arborea 144
Glycyrrhiza glabra 38
Gonystylaceae 62
Gonystylus bancanus 62
Guatteria discolor 234
Guatteria melosma 234
Guatteria ouregou 234
Guatteria scandens 234
Guttiferae 59

H

Hamamelidaceae 106

Hamamelis virginiana 106

Hovenia dulcis 136
Humulus lupulus 120
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Isolona pilosa 235

K

Klebsiella species 59
Knightia strobilina 56
Kopsia longiflora 280
Kopsia officinalis 280
Krameria triandra 106
Krameriaceae 106

L

Labiatae 99

Laburnum alpinum 254
Lauraceae 52

Leguminosae 38, 61, 106, 131, 149, 253
Linaria vulgaris 61
Liriodendron tulipifera 235
Litsea wightiana 52
Lupinus hartwegii 254
Lupinus luteus 254
Lupinus polyphyllus 253
Lythraceae 105

Lythrum salicaria 105

M

Magnolia fargesii 43
Magnolia salicifolia 43
Magnoliaceae 43, 235
Melodinus australis 73
Melodinus reticulatus 72
Menispermaceae 237, 275
Microsporum canis 59
Mikania species 182
Momordica charantia 92
Moraceae 116

Morus indica 116

Mucor species 59
Myrtaceae 106

N-

Nigella damascaena 262

o

Ononis spinosa 131

P

Pachygone ovata 191
Paeonia obovata 63
Panax ginseng 83
Panax japonicum 142

Papaver acrochaetum 188
Papaver armeniacum 187
Papaver bracteatum 188, 193
Papaver curviscapum 188
Papaver cylindricum 187
Papaver decaisnei 193
Papaver fugax 187

Papaver glaucum 190
Papaver libanoticum 188
Papaver orientale 188, 193, 205
Papaver persicum 187
Papaver polychaetum 188
Papaver pseudo-orientale 188
Papaver rhoeas 190

Papaver setigerum 193
Papaver somniferum 187, 193,205,207,218
Papaver tauricolum 188
Papaver triniifolium 187
Papaveraceae 187, 193, 205, 207
Papilionaceae 131, 149, 253
Parabaena hirsuta 276
Parabaena megalocarpa 277
Parabaena sagitta 277
Parabaena species 277
Parabaena tuberculata 277
Paspalum dilatatum 145
Penicillium expansum 286
Penicillium species 59
Periplocaceae 48

Phytolacca dodecandra 105
Phytolaccaceae 105
Pimpinella serbica 60
Plectranthus rugosus 99
Polyalthia acuminata 235
Polygala tenuifolia 139
Polygonaceae 34, 164
Polygonatum sibiricum 63
Polygonum cuspidatum 164
Potentilla erecta 106
Proteaceac 56

Proteus species 59

Proteus vulgaris 286
Pseudomonas aeruginosa 59, 286

Q

Quercus species 106

R

Ranunculaceae 55, 67
Rauwolfia caffra 228
Rauwolfia cumminsii 228
Rauwolfia macrophylla 228
Rauwolfia mannii 228
Rauwolfia mombasiana 228
Rauwolfia obscura 228
Rauwolfia oreogiton 228
Rauwolfia rosea 228
Rauwolfia serpentina 221
Rauwolfia volkensii 228
Rauwolfia vomitoria 228

Rehmannia glutinosa 124
Reseda luteola 128
Resedaceae 128
Rhamnaceae 136

Rheum palmatum 34
Rhizopus species 59
Robinia pseudoacacia 61
Robinia species 260
Rosaceae 106

Rubiaceae 24, 58, 106
Ruspolia hypercrateriformis 246
Ruta graveolens 258
Rutaceae 27, 77, 258, 263

S

Saccharum officinarum 17
Salmonella typhimurium 59
Salvia miltiorrhiza 63
Sarothamnus scoparius 253
Schinus terebinthifolius 5
Scrophulariaceae 61, 124
Solanaceae 94

Solanum khasianum 94
Sophora japonica 254
Staphylococcus aureus 59, 286

T

Tagetes erecta 88

Tagetes minuta 88
Tanacetum cinerariifolium 90
Tanacetum vulgare 181
Telitoxicum peruvianum 237
Theaceae 106

Tinospora baenzigeri 275
Tinospora bakis 275
Tinospora capillipes 276
Tinospora cf. polygonoides 276
Tinospora cordifolia 275
Tinospora crispa 275
Tinospora dentata 276
Tinospora glabra 275
Tinospora hirsuta 276
Tinospora macrocarpa 276
Tinospora malabarica 275
Tinospora masteri 275
Tinospora merrilliana 277
Tinospora rumphii 275
Tinospora sinensis 275
Tinospora smilacina 277
Tinospora subcordata 276
Tinospora teijsmanniii 276
Tinospora tinosporoides 276
Tinospora tomentosa 275
Tinospora tuberculata 275
Trichophyton mentagrophytes 59
Trifolium incarnatum 133
Trifolium repens 133
Trifolium species 131
Trigonella foenum-graecum 92, 149
Tripterygium wildfordii 158
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U

Umbelliferae 60

v

Verbenaceae 126
Vibriio cholerae 59

Vitex agnus-castus 126
Vitex negundo 126
Vitex trifoliata 126

z

Zanthoxylum gilletii 27, 29
Zanthoxylum lemairei 29

Zanthoxylum rigidifolium 32
Zanthoxylum tessmannii 29
Zanthoxylum xanthoxyloides 27
Zingiberaceae 64

Zizyphus jujuba 136
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Pharmacology Index 48, 1983

Biological Systems Pharmacological Effects / Plant/ Constituent Page
Organs/ Diseases Effectson
Central nervous system antipyretic Morusindica; Moraceae 116
sedative Colubrina asiatica; Rhamnaceae 136
Humulus lupulus; Cannabaceae 120
Peripheral nervous system localanesthetic Asarum europaeum 153
muscle Magnolia salicifolia 43
Autonomous nervous system parasympathomimetic Isoquinoline alkaloids 111
smooth muscle Cryptolepine 48
Cardiovascular system bloodpressure Ephedra; Ephedraceae 290
Cardiovascular system coronary blood flow Anti-myocardial-infarction mixture 63
Blood antisickling activity Zanthoxylum xanthoxyloides 27
Gastrointestinal tract laxative Rheum palmatum 34
Inflammation antiinflammatory Morus indica; Moraceae 116
Infectious deseases antibacterial Aspidosperma excelsum 283




1983, Vol. 48, pp. 212-220, © Hippokrates Veriag GmbH

Journal of - Planta

Medicinal o
PlantResearch Medica

Partial Purification and Properties of (S)-Norlaudanosoline
Synthase from Eschscholtzia tenuifolia Cell Cultures

H.-M. Schumacher*, M. Ruffer*, N. Nagakura**, and M. H. Zenk*

* Lehrstuhl Pharmazeutische Biologie der Universitat Miinchen, Federal Republic of Germany

** Kobe Women's College of Pharmacy, Kobe, Japan

Received: March 31, 1983

Key Word Index:

Eschscholtzia tenuifolia; Papaveraceae; Cell Cul-
tures; Alkaloid Biosynthesis; (S)-Norlaudanosoline
Synthase.

Abstract

A new enzyme, (S)-norlaudanosoline synthase,
which catalyses the synthesis of (S)-norlaudanosoline
from dopamine and 3,4-dihydroxyphenylacetalde-
hyde was isolated from the soluble protein extract of
Eschscholtzia tenuifolia cell suspension cultures and
purified approximately 40-fold. The apparent mole-
cular weight of the enzyme is 15 500 Dalton. The pH
optimum is 7.8, temperature optimum 40° C, appa-
rent Ky values for dopamine and dihydroxyphenyl-
acetaldehyde are 1.5 mM and 0.7 mM respectively.
The synthase shows high substrate specificity in that
only the phenylacetaldehydes are transformed but
not the phenylpyruvates. No apparent cofactor re-
quirement could be demonstrated. By means of isoe-
lectric focusing and disc-gel electrophoresis evidence
was obtained for the existence of four norlaudanoso-
line synthase isoenzymes, none of which catalyses the
reaction of dopamine with 3,4-dihydroxyphenylpy-
ruvate. These enzymes are responsible for the syn-
thesis of (S)-norlaudanosoline, the key intermediate
in the formation of isoquinoline alkaloids occurring
in the plant kingdom.

Introduction

The largest group of alkaloids in the plant kingdom
is the one based on the tetrahydroisoquinoline nu-
cleus [1]. This nucleus occurs in a vast array of struc-
ture types, all derived from L-tyrosine. The nature of
the intermediates in the initial reaction of isoquinoli-
ne biosynthesis from tyrosine has, however, not been

fully established, neither at the in vivo nor at the in vi-
tro level. According to the scheme outlined in 1910 by
WinTERSTEIN and TRIER [2], the isoquinoline nucleus
arises in nature by condensation of dopamine and
3,4-dihydroxyphenylacetaldehyde (route I, Fig. 1).
As the first isoquinoline intermediate in the pathway,
norlaudanosoline was postulated as early as 1917 [3].
More than 40 years later, this compound was indeed
recognized by radioactive substrate feeding experi-
ments as an early precursor of papaver-alkaloids [4,
5].

However, above scheme was modified 6] in as far
as it was postulated that DOPA is converted into the
pyruvic acid, rather than the aldehyde, and that con-
densation with dopamine provides norlaudanosoli-
ne-1-carboxylic acid which subsequently undergoes
decarboxylation as shown in Fig. 1 (route II). The in-
termediary nature of norlaudanosoline-1-carboxylic-
acid was recently claimed to be supported by in vivo
[7-9] and in vitro [10, 11] experiments.

In order to distinguish between route I or II (Fig.
1) it was clearly necessary to study the early steps of
isoquinoline biosynthesis at the cell-free level. Expe-
riments, using crude enzyme preparations from cell
cultures of 10 different genera from 3 plant families
containing benzylisoquinoline alkaloids led to the
discovery of a novel enzyme which condenses dopa-
mine with 3,4-dihydroxypenylacetaldehyde to yield
(—)1-0-H-(S)-norlaudanosoline [12]. The enzyme
catalysing this reaction was named (S)-norlaudano-
soline synthase. No reaction was observed using cell-
free extracts of the above plant material with 3,4-di-
hydroxyphenylpyruvate as carbonylic substrate. Thus
it was demonstrated that route I of Fig. 1 is ope-
rative in isoquinoline alkaloid producing plants. The
first natural intermediate in this pathway is therefore
(S)-norlaudanosoline rather than norlaudanosoline-
1-carboxylic acid. In this report we present the partial
purification and properties of (S)-norlaudanosoline
synthase, a central enzyme of the isoquinoline path-
way.
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Fig. 1. Two putative biosynthetic routes to the benzylisoquinoline skeleton.

Material and Methods

Plant material

For this investigation a cell culture line of Eschscholtzia tenuifo-
lia was used which has been established and is growing in this labo-
ratory since 1975. The cells are cultivated on Linsmaier and Skoog
(LS)medium [13] in 1 litre Erlenmeyer flasks which contain 250 ml
of liquid medium and shaken at 23° C and 750 lux on a gyratory sha-
ker at 100 rpm. Maximal enzyme yield was observed after 8 to 10
days at which time cells were filtered, frozen in liquid nitrogen, and
stored at —20° C.

Substrates

As already described [12] dopamine (ring 2,6->H) was used as a
substrate. This compound was synthetized in the following way:
ring-2,6-°H-L-tyrosine (Amersham) 0.25 pmol (0.93 mCi) was dis-
solved in 1 M KPO,*-buffer pH 5.5 and tyrosine decarboxylase
(Sigma, 5 mg) was added. The reaction took place in a total volume
of 150 ul. Reaction time was 20 minutes at 37° C. The tyramine
(ring 2,6-*H), formed during this reaction period by action of the
decarboxylase, was oxidized to dopamine without further purifica-
tion: 0.5 mg tyrosinase (Sigma) in 100 ul KPO,>-buffer (1M, pH
6.1) and 100 pl Na*-ascorbate solution (1M) were added to this re-
action mixture to yield a total volume of 350 ul. The reaction mix-
ture was gassed with oxygen. Reaction time was 7 minutes at 37°C.
Optimal reaction time for this enzyme had to be determined prior
to the preparative synthesis involving the *H-labelled substrate.
Dopamine thus formed was purified by paper chromatography
(Whatman No. 1, solvent system: n-butanol : acetic acid : water =
4:1:5, upper phase). The labelled dopamine was eluted with water,
the overall yield of ring-2,6°H-dopamine was 51.5 %, spec. act.:
3.7 mCi/umol.

3,4-dihydroxyphenylpyruvate was the kind gift of Prof. Stec.
LicH (Bonn). 4-hydroxyphenylpyruvate was obtained from Sigma.
3,4-dihydroxyphenylacetaldehyde and 4-hydroxyacetaldehyde

were prepared from adrenaline and synephrine respectively by the
procedure of [15] as modified by [16]. In highly purified form both
aldehydes were surprisingly stable at —20° C.

Norlaudanosoline-synthase assay

Standard assay conditions were as in [12] except that final con-
centration of 0.4 mM >H-dopamine (1.4 x 40° cpm) was used in the
assay. Varying amounts of enzyme were used in a final volume of
0.25 ml. Sodium ascorbate had to be added to the incubation mix-
ture in order to assure protection from oxidation of the substrates.
Final concentration of 64 mM ascorbate in the assay has been
found to be optimal for the reaction rate. After incubation for 40
minutes at 30° C, 0.3 ml dextran coated charcoal (30 mg) suspen-
sion was added, the sample was agitated for 1 minute and subse-
quently centrifuged (9980 rpm) for 5 minutes (Eppendorf system).
0.2 ml of the aqueous phase was transferred to the scintillation vial,
mixed with 5 ml Quickszint scintillation fluid (Koch-Light-Zins-
ser) and counted for radioactivity (Bertold system). Controls with
either heat denatured enzyme or without carbonylic substrates
were always included in the tests. The amount of *H release by
non-enzymatic transformation of the substrate under these condi-
tions was subtracted from the sample containing active enzyme
[12]. The *H-release measured by these conditions (charcoal ab-
sorption) was chequed b;' a sublimation technique which proved
that all the nonabsorbed *H did appear in form of *HOH in the in-
cubation mixture. *H-dopamine solution on standing released
some *H in form of water. If this phenomenon was observed *H-
dopamine had to be rechromatographed and was used after purifi-
cation.

Enzyme purification

Step 1. 700 g tissue of frozen E. tenuifolia cells were crushed in
1.5 litres of phosphate buffer pH 7 containing 20 mM EtSH and
stirred for 20 minutes in an ice bath. The suspension was pressed
through cheese cloth and the filtrate was centrifuged at 48000 xg at
4°C.
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Step 2. A fractionated ammonium sulphate precipitation (0—
50 %, 50—70 %) was carried out with the supernatant, the centri-
fuged precipitate (10 min at 48000 xg) taken up in a minimum
amount of phosphate buffer (pH 7.5, 20 mM EtSH), and dialysed
for 18 hours at 4° C against 20 mM KPO,>-buffer pH 7.5 (20 mM
EtSH). The slightly turbid solution was centrifuged again as abo-
ve.

Step 3. The dialysed protein solution was added to a DEAE-cel-
lulose column (39.4ml, @ = 2.5cm, 1 = 8 cm) equilibrated with 20
mM KPO,>-buffer, pH 7.5 (20 mM EtSH). The protein solution
was absorbed, washed with equilibration buffer and a gradient
from 0-200 mM KCIl (400 ml) was applied. 80 Fractions of 5 ml
were collected and the enzyme activity was found in fractions 4—
15.

Step 4. The enzyme containing fractions of step 3 were pooled
and applied to a CM-cellulose column (vol. 15ml, @ =1.5cm, 1 =
8 cm) equilibrated with 20 mM KPO,*-buffer pH 6.0 (20 mM
EtSH). After absorption of the protein, the column was washed
with equilibration buffer and eluted with a gradient from 0-250
mM KCI (280 ml). 70 Fractions of 4 ml were collected and the enzy-
me activity was found in fractions 16—21.

Step 5. The enzyme containing fractions of the step above were
concentrated to 6 ml and put onto a Sephadex-G-100 column (150
ml, @ = 1.5 cm, 1 = 85 cm), equilibrated with 50 mM KPO,>-buf-
fer pH 7.0 (20 mM EtSH). 100 Fractions of 2 ml were collected and
the enzyme activity was found in fractions 43—-54. The 11 fractions
containing the enzyme were pooled, concentrated, and used for
subsequent experiments.

Protein was determined by a modified Lowry-test [17] or in mo-
re highly purified samples with optical methods [18].

Molecular weight determination

The molecular weight of the purified (S)-norlaudanosoline syn-
thase was carried out by gel filtration on a calibrated Sephadex-G-
100 superfine column. Although only the Stokes radius of a protein
can be determined by this method, it is often used for the determi-
nation of the molecular weight on the premise of a globular shape
of the protein tested. The column (150 ml, @ = 1.5cm, 1 =85cm),
equilibrated with 25 mM KPO,*-buffer (20 mM EtSH) pH 7.5,
was eluted with 15 ml/h in 100 fractions of 2 ml. The column was ca-
librated with proteins of known molecular weight: cytochrom C
(12500), chymotrypsinogen A (25000), ovalbumin (45000), and
bovine serumalbumin (67000). Ferritin (450000) was used for the
determination of the void volume of the column. The standards
were monitored by the absorbance at 280 nm. The results are given
as Stokes-radii.

Polyacrylamide gel electrophoresis, isoelectric focusing

In order to search for the existence of isoenzymes a disc gel elec-
trophoresis was performed. The system used was a 10 % polyacryl-
amide gel [19]. The electrophoresis was carried out at 4° C and 2
mA per gel using imidazol (0.68 mM) and D,L-asparagine (9.6
mM) pH 7 as electrode buffer. Protein of step 2 was used for this
electrophoresis. Gels were either stained with amido black or sli-
ced and the enzyme activity eluted in 200 pl of step 1 buffer for 24
hrs at 4° C. The enzyme activity was measured with a 50 ul aliquot
in the standard assay.

Isoelectric focusing (LKB system) was used according to [20].
The protein of step 2 dialysed against 10 % glycine was used for this
assay. The column was run for 36 hrs. The final parameters were
300 V, 0.4 mA, 0.12 watt. The column was fractionated into 60
fractions of 2 ml, with a flow rate of 120 ml/h. 50 ul of the fractions
were used for the standard assay. Dialysis of the fractions did not
increase the catalytic activity.

Both assay systems were accomplished using 3,4-dihydroxy-
phenylacetaldehyde or 3,4-dihydroxyphenylpyruvate as substra-
tes.

Results

The basis for the successful application of the ttest
principle was the fact that one of the tritium atomss of
ring-2,6-*H-dopamine was removed during the ennzy-
matically catalysed condensation with phenylacettal-
dehydes [12]. It had been known previously [21] tithat
incubation of dopamine and appropriate aldehyvdes
under so-called physiological conditions leads to t the
non-enzymatic formation of benzylisoquinoline dderi-
vatives. Both of these reactions, the nonenzymaatic
and the enzymatic condensation of the substrates,:, do
occur under standard conditions. Fig. 2 shows thee ki-
netic of norlaudanosoline formation under standdard
conditions with of without enzyme catalysis. As «can
be seen clearly, there is a high rate of nonenzymaatic
formation of norlaudanosoline which has to be ssub-
tracted from the gross conversion observed in : the
standard incubation mixture in the presence of : the
synthase enzyme. From this figure it also can be : de-
duced that proper enzymatic values can only be ¢ ob-
tained in relatively short periods of incubation tinme.
During later phases of the reaction the uncatalyysed
condensation of the reactants is larger than in: the
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Fig. 2. Kinetics of the reaction of dopamine with 3,4-dihyddroxy-
phenylacetaldehyde in the standard incubation mixture.:. The
graph designated “chemical reaction” (x — x) shows the time 2 cour-
se of the uncatalysed Pictet-Spengler reaction. The graph naamed
“overall reaction” (O — O) shows the dopamine transformatition in
the presence of enzyme (2.1 ug; 8.74 pkat). The kinetic of thhe net
enzymatic reaction (® — @) was obtained by subtraction.
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presence of the enzyme. Incubations were therefore
carried out only for 15 minutes and several controls
were run parallelly [12].

The enzyme under investigation was isolated from
E. tenuifolia suspension cells by extracting frozen cell
powder with phosphate buffer. Partial purification
was achieved by ammonium sulphate fractionation
(50-70% saturation). DEAE-cellulose- and CM-
cellulose, as well as gel chromatography on Sephadex
G-100. This procedure yielded a purification of ap-
proximately 40-fold with a recovery of only 3.3 %.

Table |

Purification of (s)-Norlaudanosoline Synthase from 700 g (wet wt) Suspen-
sion Cells

Step Protein  Total Specific  Yield Puri-

mg Activity  Activity (%) fication
(nkat) (pkat/mg) (-Fold)

Crude Extract 1000 53 52 100 0

Ammonium Sulfate

Factionation/ 330 49.5 150 92 2.8

Dialysis

DEAE-Cellulose 70 42 600 78 11.3

CM-Cellulose 57 6.3 1110 12 20.8

Gelchromatography

Sephadex G-100 0.4 1.7 2080 33 39

protein (mg/ml)
catal. activity (nkat/fract.)

Fig. 3. Elution profile of (S)-norlaudanosoline synthase activity
from a Sephadex G-100 gel filtration column. The applied protein
solution (9.6 mg protein, 5.45 nkat) had been prepurified by am-
monum sulphate fractionation, dialysis and DEAE cellulose co-

The data for a typical purification procedure are sum-
marized in Table 1. The protein solution at this stage
did not contain any other enzymes of the isoquinoli-
ne biosynthetic pathway thus far tested. A typical
elution profile of a gel chromatrography experiment
on Sephadex G-100 using a step 2 enzyme is shown in
Fig. 3. As can be noted there is a relatively sharp
peak between fractions 43 and 54 which contains the
catalytic activity. Disc gel electrophoresis of a step 2
enzyme under the conditions given in material and
methods gave a surprising result. As shown in Fig. 4
definite catalytic activity was found in 4 areas of the
gel. This was the first indication for the occurrence of
isoenzymes. Further evidence for the existence of 4
distinct proteins catalysing the formation of norlau-
danosoline was obtained by isoelectric focusing. As
shown in Fig. 5, a step 2 protein again separated into
4 distinct enzyme activities. Independent experi-
ments led to the assumption of multiple enzyme
forms at the isoelectric points pH 4.6; pH 5.3; pH 6.7;
pH 7.6. There is good evidence that the protein
which has been enriched as given in Table I is that
one with the IEP of pH 7.5 which also might explain
the relatively low yield (3.3 %) of the purification
procedure. It is noteworthy that these 4 forms of nor-
laudanosoline synthase can also be clearly distinguis-
hed during chromatography on hydroxy-apatite co-
lumns (data not shown). In E. tenuifolia there are un-
doubtedly 4 forms of norlaudanosoline synthase
which all condense dopamine with 3,4-dihydroxy-
phenylacetaldehyde, none of which works with the
phenylpyruvates.

60 70 80 90
fractlons (2ml)

100

lumn chromatography. The gel column was equilibrated and elu-
ted with 50 mM phosphate buffer at pH 7.0. Enzyme activity was
measured as mentioned in the text.
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Fig. 4. Migration of catalytic activity of (S)-norlaudanosoline syn-
thase in a 10 % polyacrylamide gel. A volume of 300 ul of a prepu-
rified enzyme solution (step 2) which contained about 3 mg protein
(272 pkat catal. activity) was applied to each gel. The figure shows
the protein bands and the profile of catalytic activity in the poly-
acrylamide gels.

Properties of the synthase

The partially purified enzyme was used to determi-
ne the protein dependence of the reaction. As shown
in Fig. 6 the reaction catalysed by the enzyme was ap-
proximately linear up to about 3 pug protein per stan-
dard incubation test. The 3,4-dihydroxy- and the 4-

0.9+

nkat / fraction
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-+

o

v (pmoal/s)
s

1 2 3 4 5 8
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Fig. 6. (S)-norlaudanosoline synthase activity as a function of the
protein amount added to the standard incubation mixture. Dopa-
mine transformation was tested with two different cosubstrates:
(@) reaction of dopamine with 3,4-dihydroxyphenylacetaldehyde
(X) reaction of dopamine with 4-hydroxyphenylacetaldehyde.

- o o
S >0 o=~
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Fig. 5. Partition of catalytic activity in a pH gradient after isoelec-
tric focusing. Isoelectric focusing was performed in a glass column
for preparative work containing a sucrose density gradient. After
purification by ammonium sulphate fractionation and dialysis

30
fractions (2ml )

oT

4 50

against a 10 % glycine solution, 7 ml of an enzyme solution (prot-
ein = 44 mg; catal. activity = 15.7 nkat) was applied to the column.
After the focusing the column was eluted and the catalytic activity
in different fractions determined by the standard assay procedure.
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monohydroxyphenylacetaldehydes as substrates were
equally well used by the enzyme. At none of the prot-
ein concentrations 3,4-dihydroxyphenylpyruvate or
4-hydroxyphenylpyruvate were used as reactants.
The activity of the enzyme was measured at a ran-
ge of pH 4 to 9 in different buffers as shown in Fig. 7.
The synthase from E. tenuifolia shows a pH optimum
at 7.8 for 3,4-dihydroxyphenylacetaldehyde as a sub-
strate. For 4-hydroxyphenylaldehyde a slightly mo-
re acid pH optimum at pH 7.4 was observed. The en-
zyme exhibits a temperature optimum at 40° C for the
dihydroxysubstituted aldehyde while for the mono-
hydroxylated aldehyde the temperature optimum
was found to be at 50° C. Under conditions of the
standard enzyme test the net enzymatically catalysed
condensation of aldehyde with dopamine could be
calculated. The *H-release by the enzymatically cata-
lysed Pictet-Spengler reaction served as a convenient
test. Under standard conditions the appearance of *H
in the ambient reaction water was linear for a period
of up to 15 minutes using 2.1 pg of the 40-fold purified
synthase. The effect of the substrate concentrations
on the activity of the norlaudanosoline synthase is
shown in Fig. 8. Double reciprocal plots of the activi-
ty with respect to substrate concentration gave a line-
ar relationship. The apparent Ky-values were 1.5
mM for dopamine and V,,, 37.4 pmol/s. For 3,4-di-
hydroxyphenylacetaldehyde as substrate an appa-
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Fig. 3. The effect of different initial concentrations of dopamine
(A) and 3,4-dihydroxyphenylacetaldehyde (B) on the reaction ve-
locity of the catalysed reaction. Assay conditions in the standard
incukation mixture: pH 7.8; reaction temperature 40° C; protein 2.1
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Fig. 7. The effect of pH on the (S)-norlaudanosoline synthase
activity. The assay was performed in the presence of (W) 0.24 M
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Fig. 9. Estimation of the molecular weight of (S)-norlaudanosoli-
ne synthase by gel filtration. For the gel filtration a Sephadex G-
100 column equilibrated with 50 mM phosphate buffer at pH 7.0
was used. The column was calibrated with globular proteins of
known molecular weight before and after gel filtration of the enzy-
me. The synthase preparation was 4 ml, containing 4 mg protein
(1.85 nkat). Estimated molecular weight assuming globular sha-
pe: 15 500 Dalton.

rent Ky; of 0.7 mM and a V,,, of 34 pmol/s were de-
termined under standard conditions. The correspon-
ding values for 4-dihydroxyphenylacetaldehyde were
0.9 mM and V,,,, 27.9 pmol/s. Neither a substrate nor
a product inhibition was observed on the catalytic ac-
tivity of the enzyme. Also phenylacetaldehyde was
active as a substrate for this enzyme which proves
that for the reaction mechanism a phenolic hydroxy
group at the aromatic ring is unnecessary.
Estimation of the Stokes-radius of the norlaudano-
soline synthase of Eschscholtzia was carried out by
measuring the elution volume of a calibrated Sephad-
ex G-100 column using globular proteins of known

Stokes-radii as internal standards. The Stokes-radius
of the synthase was calculated from a plot of the Sto-
kes-radii of calibration proteins versus the migration
velocity in the gel as shown in Fig. 9. The relative mi-
gration velocity of the enzyme can be correlated to
that of a globular protein of a molecular weight of ab-
out 15500 + 10 %. A

The synthase was found to occur in a large number
of Papaveraceae, Berberidaceae, and Ranuncula-
ceae cell cultures [12]. Furthermore it was also found
in a variety of differentiated plants of the same fami-
lies which were tested for the occurrence of this enzy-
me, among these Papaver somniferum. However, al-
so in the case of P. somniferum only activity with the
phenylacetaldehydes was found and not the phenyl-
pyruvates. As already shown, the enzyme activity
was completely absent from those species which do
not contain isoquinoline alkaloids such as Nicotiana,
Catharanthus, or Daucus proving that this enzyme is
present and functioning only in specific plants con-
taining the benzylisoquinoline nucleus [12].

Discussion

Recent work in this laboratory [12] has led to the
discovery of a new enzyme, named (S)-norlaudano-
soline synthase, which catalyses the stereospecific
condensation of dopamine with 3,4-dihydroxypheny-
lacetaldehyde (Fig. 10) or related phenylacetaldehy-
des. The suggestion by Haun [6], proposed many
years ago, that the carbon atom at position 1 of benzyli-
soquinoline alkaloids is biogenetically derived from
an appropriate a-keto-acid via a Pictet-Spengler-ring
closure reaction which has received much recent
support, [7-11] is now ruled out in our opinion. (S)-
norlaudanosoline is the first intermediate in the
benzylisoquinoline pathway. No support for the en-
zymatic formation of norlaudanosoline-1-carboxylic
acid under cell-free conditions was found. This result
was made possible by using cell-free extracts of a va-
riety of plant cell suspension cultures which produced
substantial amounts of isoquinoline alkaloids [12]. In
a preliminary communication this novel enzyme was

Dopamine

T
HO_ 2

HO

Fig. 10. Scheme of reaction catalysed by
(S)-norlaudanosoline synthase indicating
also the assay principle.
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partly characterized, introducing also a new and con-
venient assay for this type of synthase [12]. Use was
made of the fact that, during a Pictet-Spengler-type
condensation of [ring-2,6->H] dopamine with an ap-
propriate ketonic intermediate, one hydrogen atom
of the phenylethylamine is removed and appears as
water in the ambient aqueous incubation mixture
[12]. There is an appreciable chemical, non-enzyma-
tically catalysed condensation reaction which has to
be subtracted from the gross HOT release in the pres-
ence of norlaudanosoline synthase. This assay, when
carefully standardized, allowed the purification and
characterisation of this enzyme which was the object
of the present study. The isolation and partial purifi-
cation of norlaudanosoline synthase from FEsch-
scholtzia tenuifolia was successfully attempted. At
the final stage of purification (40-fold) the enzyme
was in the presence of S-adenosylmethionine free of
other detectable enzyme activities responsible for the
formation of methylsubstituted benzylisoquinolines
or protoberberines, using norlaudanosoline as sub-
strate. The purified enzyme did not show any appa-
rent dependence on cofactors. The enzyme from E.
tenuifolia had an exceptionally small molecular
weight of about 15500 assuming globular shape of the
protein. Evidence was given by disc gel electrophore-
sis and isoelectric focusing for the existence of four
isoenzymes with isoelectric points at pH 4.6; 5.3; 6.7,
7.6. The enzyme purification procedure given in Ta-
ble I'leads to a purification of the enzyme species with
the IEP at pH 7.6, which also explains the small yield
obtained.

The crude extract, containing all the four isoenzy-
mes, and the partially purified isoenzyme (IEP: pH
7.6) catalysed the condensation exclusively with phe-
nylacetaldehydes but not with corresponding phenyl-
pyruvates. It has been previously determined by CD-
spectroscopy that the reaction product catalysed by
the unpurified enzyme is (S)-norlaudanosoline [12].
The measurement of the optical property of the pro-
duct is rather difficult in as far as a masking of the en-
zyme catalysed product occurs by racemic material
produced by the non-stereospecific chemical conden-
sation of the substrates in the incubation mixture
[12]. Up to now we have not obtained any experi-
mental evidence that (R)-norlaudanosoline could be
formed by the crude enzyme mixtures. This question
has to be reinvestigated however, when it will be pos-
sible to separate the 4 different isoenzymes in larger
quantities so that the stereochemistry can be measu-
red of the enzyme catalysed condensation products
of the individual isoenzymes.

Itis noteworthy that the Ky-values both for 3,4-di-
hydroxyphenylacetaldehyde (0.7 mM) and for 4-hy-
droxyphenylacetaldehyde (0.9 mM) are almost iden-
tical. This means that the synthase is also responsible
for the formation of demethylcoclaurine. This com-
pound is a precursor of coclaurine which has been

shown to be a common precursor for proaporphines
of the crotonosin type [22] and the aporphines roe-
merine and mecambroline [23, 24]. Again only (S)-
coclaurine and not the (R)-enantiomer was incorpo-
rated. There is, however, evidence for the natural oc-
currence of (R)-coclaurine [25]. If this compound is
enzymatically formed it is expected that there are al-
so norlaudanosoline synthases yielding either pure
(R)-enantiomers or (R, S)-racemates of which subse-
quently the “natural” (S)-form is further metabolized
while the “unnatural” (R)-enantiomer accumulates
within the plant similar to the situation depicted for
the formation of desacetylipecoside [26, 27]. Never-
theless we firmly believe that the predominant path-
way catalysed by these synthases leads to the (S)-en-
antiomers of norlaudanosoline and demethylcoclau-
rine which are the immediate precursors for the vast
majority of the benzylisoquinolines including the
morphinans with (R)-configuration [28].

In almost all isoquinoline systems studied so far L-
tyrosine has been shown to be incorporated almost
equally in both the “upper” (ring-A, B) and the “lo-
wer” (ring-C) portions of the molecule (Scheme I).
On the other hand DOPA labels only the upper half
(ring-A, B) of the isoquinoline which is difficult to
envisage if dopamine and 3,4-dihydroxyphenylpyru-
vate are the precursors, a problem which has master-
ly been discussed by HoLLanp et al. [29]. The findings
presented in this paper demonstrating 3,4-dihydro-
xyphenylacetaldehyde rather than 3,4-dihydroxy-
phenylpyruvate as the enzyme-substrate for the con-
densation reaction with dopamine explain this label-
ling pattern. The 3,4- or 4-hydroxylated phenylace-
taldehydes are produced by a yet to be discovered
branch of the tyrosine metabolism not involving DO-
PA, while DOPA gives rise to dopamine only. In our
opinion the DOPA-feeding experiments [cited in 29]
clearly rule out the proposed [6-11] role of phenyl-
pyruvate in benzylisoquinoline biosynthesis with the
intermediary formation of norlaudanosoline-1-car-
boxylic acid. Since DOPA is easily transaminated in
the plant [e.g. 7] and if the thus formed 3,4-dihydro-
xypyruvate would truly be a precursor for the “lo-
wer” half of the benzylisoquinoline molecule, the C-
ring (Scheme I) should contain an appreciable
amount of tracer in DOPA-feeding experiments
which is not the case. The observed formation of nor-
laudanosoline-1-carboxylic acid under in vivo and in
vitro conditions [7, 10, 11] can be explained by the ea-
se with which phenylethylamines react with phenyl-
pyruvates non-enzymatically [6]. It is regrettable that
neither the stereochemistry of norlaudanosoline-1-
carboxylic acid isolated from plants or cell-free pre-
parations has been determined [7, 10, 11] nor the
proposed [8] incorporation and trapping experiments
with resolved enantiomers of this amino acid have
been performed yet. Finally it should be noted that
the chemically synthetized norlaudanosoline-1-car-
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boxylic acid whose incorporation into several isoqui-
noline alkaloids has been observed [7, 8, 9, 30] easily
undergoes oxidative decarboxylation either in air un-
der slightly basic conditions or by enzymes which oc-
cur widely in the plant kingdom such as peroxidases
or laccases [31, 32].

On the basis of the results presented in this paper
we conclude that the major pathway to the benzyliso-
quinoline alkaloids involves (S)-norlaudanosoline
synthase which condenses dopamine and phenylace-
taldehydes in a stereospecific manner, (S)-norlauda-
nosoline and (S)-coclaurine thus formed being the
first intermediate in the pathway.
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