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INTRODUCTION 

It has been shown that the morphine level decreases 
im _uqqu_Y ‘Ialex ‘m ‘the presence 01 aKwn. prda&$v 
due to the activity of enzymes [Il. Phenalase (cate- 
chol oxidase, EC 1.10.3.1 and/or monophenol mono- 
oxygenase, EC 1.14.18.1) activity was found in seed- 
lings of poppy [2] and active enzyme fractions were 
is&t& iTorn p0ppy p<ants 133 2i& Iatex 143. Posorphine 
is oxidized by phenolase to pseudomorphine in the 
presence of phenolcarboxylic acids [3]. Horseradish 
peroxidase (HRP; EC 1.11.1.7) and hydrogen perox- 
ide also form pseudomorphine [5,6], but no peroxi- 
dase activity was detectable with common donors 
either in the poppy plant [3] or the latex [7], despite 
numerous experiments. The transformation of mor- 
phine by poppy enzyme fraction in the presence of 
hydrogen peroxide, on which no report can be found 
in tie Y&eratore_, was one o* 1& aima o3 VXt in- 
v estigations . 

More recent evidence for morphine turnover in 
plant suggests that morphine undergoes N-demethyl- 
ation to normorphine (81. N-Oxides readily form 
noralkaloids and may, therefore., be involved in N- 
dealkylation processes [9]. N-Oxides of morphinane 
alkaloids are plant products. Both N-oxides of mor- 
phine (isomers at the assymetric nitrogen centre) as 
well as one of codeine have been isolated from poppy 
plants; bath N-oxide isomers af thebaine have also 
keen abtained &am a related species, Pagauer tkac- 
teatum [lo]. In vitro conversion of morphine to its 
N-oxides in poppy latex at a rate of l-3% was also 
dhele~eh~S$~. ‘r5 -Q&hes 0% mo&ilnane r&iGbs are 
general@ syn<hesized with t\ydrrogen peroxide <K?j. 
Ti\eti eummarii3 forma&n &as not rjeen liwesi&aced. 

We assumed the possibility of a common peroxi- 
dative formation of pseudomorphine and N-oxides of 

*Author to whom all correspondence should be ad- 
dressed. 

morphinane alkaloids and the determining role of 
cofactors in the rate of both alternative reactions. A 
Qti& pemdr&asq. XR?,. an& a c&e enzyme ^rrctm 

poppy seedling were used in these reactions in the 
presence of hydrogen peroxide and the formation of 
N-oxides and/or of pseudomorphine directed by 
several cofactors and reaction parameters was 
*eTv&. 

RESULTS AND DISCUSSION 

The oxidation of morphinane alkaloids was per- 
formed at pH 7 at room temperature. The reaction 
was stopped after 1 hr. The simplest system con- 
tained 4 x lo-” M HRP, 4 x low6 M alkaloid and 4 x 
lo-’ M Hz02. The formation of considerable amounts 
(l-2%) of N-oxides of morphine, codeine and the- 
baine were detected by TLC. The same compounds 
were synthesizes 5ot i&Mii~ation. 72%~ cktomalu- 
grams were developed in several solvents and the 
compounds were detected with different reagents (see 
Experimental). The enzymatically farmed N-oxides 
were completely identical with the synthetic 
products. The amount of N-oxide was determined 
semi-quantitatively by comparison of the intensities 
of alkaloid spots. 

Under certain canditians a dimer of marphine (i.e. 
pseudomorphine) was also formed. It was separated 
from the reaction mixture by extraction (see 
Ex~ecimenta~~ and camqared wit& synshetic materials 
[13] by mass, NMR and UV spectrometry and by 
TLC. The enzymatically formed pseudomorphine 
sboweb _DD~V~ rea&onS <ti ‘D&I &bG!&&b anh 

phew~t reagents [{4j. The mass spectrum &aws &at 
rtte !Sf+7’ of t&Z _urcs&cf &- c&e C&Y crif lmXuSTe. 
By NMR spectrometry it was detected that the-bind- 
ing between morphine molecules is in the 1, l’- or 
2, 2’-positions. The dime&&ion of morphine is an 
srt~o.*,rtho. sup&. r&ion. by- 3- free- radical. 
mechanism (the paru position is blocked) and the 
pseudomorphine formed is a 2,2’ -dimer. 

1!33 
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The reaction was carried out at several pHs and 
N-oxide formation was detected at pH 7 and 8 but 
not at pH 5 and 6, so that only the basic form of the 
alkaloid is able to produce N-oxides. 

Phenols of natural origin as well as ascorbic and 
dihydroxyfumaric acids act under certain conditions 
as cofactors of peroxidase [3,12]. We observed an 
increased formation of N-oxides (up to 2-3%) caused 
by 4 X 10V6 M ascorbic acid. The addition of 4 x 
lo-’ M phenolic compounds strengthened this effect 
(p-coumaric or caffeic acid up to 4-5%, ferulic acid, 
3,4_dihydroxyphenylacetic acid or DOPA up to 3- 
4%). Using dihydroxyfumaric acid instead of phenols 
no N-oxide formation was detected. In control 
experiments without native or with boiled enzyme no 
reaction was recorded. 

The rate of reaction is controlled by the presence 
or absence of ascorbic acid and by the concentration 
of hydrogen peroxide. In the presence of ascorbic 
acid morphine, codeine and thebaine are oxidized by 
HRP, in the reaction mixture containing phenolic 
compound and 4 x IO-’ M hydrogen peroxide, pre- 
dominantly into the corresponding alkaloid N-oxide 
isomers. The optimal molar ratio of enzyme-alkaloid- 
ascorbic acid-phenolcarboxylic acid-hydrogen per- 
oxide in the reaction mixture was 1 X 1O-4 : 1 : 1 : 1 x 

10-l: 10. In the absence of ascorbic acid and with ten 
times less hydrogen peroxide, pseudomorphine is 
formed from morphine in the larger quantities (up to 
8-10%) with some N-oxides (0.5%). The optimal 
amounts of the components in the reaction forming 
pseudomorphine were HRP 4 X lo-” M, morphine 4 x 
10m6 M, phenolcarboxylic acid 4 X IO-’ M, hydrogen 
peroxide 1.3 X 10-6M; i.e. with the molar ratio of 
enzyme-morphine-phenolcarboxylic acid-hydrogen 
peroxide of 1x10-4:1:1:1~10-‘:3~10~‘. The 
quantity of hydrogen peroxide used in synthetic 
reactions was more than 77 and 230 times, respec- 
tively, greater than in the optimal enzymatic reactions. 
In the absence of hydrogen peroxide the reactions 
were not detectable and smaller quantities of com- 
pounds were formed when only one-third or one- 
tenth of the optimal amounts were added. 

The effect of the structure of phenolic compounds 
on the reaction was also examined. The largest 
amount of pseudomorphine (g-10%) was formed in 
the presence of p-coumaric, p-hydroxyphenylpyruvic 
or ferulic acids. We detected smaller quantities (4- 
5%) in the presence of 3,4-dihydroxyphenylacetic, o- 
and m-coumaric acids or DOPA. No pseudomorphine 
was formed in the presence of 3,4-dihydroxyben- 
zaldehyde. These results show that not only the 
presence of a free phenolic hydroxyl group, but also 
the ability to form radicals, is necessary for the 
reaction to occur. 

The reaction mixture in which pseudomorphine 
was detected, has a yellow colour. It is known that 
the stable radical of morphine prepared with SbCl, is 
yellow [IS]. This supports the assumption that the 
enzymic reaction proceeds by a free radical 
mechanism. No dimeric alkaloids were formed from 
codeine or thebaine and no yellow colour appeared. 
Thus dimerization depends on the presence of a 
phenolic hydroxyl group in the alkaloid. The reaction 
time for dimerization was very short as compared 
with the formation of N-oxides which took some 

minutes. Pseudomorphine formation was detectable 
in a few seconds by TLC. 

All the above reactions were carried out with a 
crude poppy enzyme fraction. This enzyme pre- 
paration contained all the soluble protein extracted by 
buffers from an acetone powder which precipitated 
with ammonium sulphate to 80% saturation, but was 
free of alkaloids, phenolic compounds, amines and 
amino acids. Poppy enzyme has negligible peroxidase 
activity with common donors (i.e. o-dianisidine, 
DOPA) in accordance with previously cited results 
[3,7]. In spite of this, the crude poppy enzyme 
showed a peroxidase-like activity in the transfor- 
mation of morphinane alkaloids in the presence of 
hydrogen peroxide to N-oxides and in that of mor- 
phine to pseudomorphine in the same way as HRP. 
On the other hand, crude poppy enzyme has a high 
phenolase activity, but in the absence of hydrogen 
peroxide neither N-oxides nor pseudomorphine were 
formed. These unexpected results suggest the need to 
further investigate the oxidases of poppy. The in vitro 
formation of pseudomorphine by crude poppy 
enzyme suggests that this alkaloid isolated from 
opium [16] may be not an artefact, but a natural 
product. Thus it may be concluded that the formation 
of morphine N-oxides and pseudomorphine are con- 
nected alternative enzymatic processes showing an 
analogy with the non-enzymatic transformation of 
morphine into N-oxides and pseudomorphine in 
aqueous solution [17]. The direction of the reaction is 
controlled by the concentration of hydrogen peroxide 
and by the presence of ascorbic acid (Table 1). 

For the enzymatic oxidation of morphine we pro- 
pose the following mechanism (Fig. 1). Route a: in 
the presence of hydrogen peroxide the enzyme 
transforms the phenolcarboxylic acids into free radi- 
cals and the latter generate morphine radicals 
dimerizing to pseudomorphine. Route b: the presence 
of ascorbic acid inhibits the first step and morphine 
N-oxides without any pseudomorphine are formed. 
This is in accord with the fact that ascorbic acid 
inhibits the oxidation of p-coumaric acid by hydrogen 
peroxide and peroxidase [ 181. 

p-Coummc acid 

;cordbc ac!d 
Morphine ’ ’ -[Mar hme] 

P 
Pseudomorphine 

Morphtne N-oxides 

Codeine N-oxldes 

Thebame L HZ02 

Thebake N-oxides 

Fig. 1. Proposed pathways of enzymatic oxidation of mor- 
phinane alkaloids. 



Enzymatic transformations of morphinane alkaloids 

Table 1. Enzymatic oxidative transformations of morphine into its N-oxides and 
pseudomorphine in the simplest reaction mixtures 
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Components 
Enzyme* 
4 x lo-’ M HzOz 
1.3 x 1O-6 M Hz02 
1.3 x lo-’ M H202 
4 x 10e6 M morphine 
4 x lo-’ M p-coumaric acid 
4 x 10m6 M ascorbic acid 

+ + + 
+ + + 

- - 

+ + + 
- + 
+ + 

Productst 
Morphine N-oxides 
Pseudomorphine 

l-2% 2-3% 4-5% 
- 

+ + 
- - 
+ - 
- + 
+ + 
+ + 
- 

0.5% trS 
8-10% 2-3% 

*4 x lo-” M HRP or 0.5 mg crude poppy enzyme. 
t 100% is 4 x 10e6 M morphine. 
*Traces (O.l-0.2%). 

EXPERIMENTAL 

Synthetic preparations. Alkaloid N-oxides were prepared 
a5 b.~.ch& 0-u %B$son 8) al 29) anr) p~&0~~7ph>~ by 

the method of Bentley and Dyke [13]. 
Enzymatic transformation of alkaloids to N-oxides. The 

re?&tin mix&~ cQ&&e& I mg a<ka&X (nrorphirre, &z- 
b&e, .x&&~ in 1 m> pi &&KY, pH 3; 0.03 mg &e&ii 
compound in 0.1 ml H,O; 0.1 ml 0.1% HzOz; 1.4 mg ascorbic 
acid in 0.2 ml HZ0 and 0.025 mg HRP (or 0.5 mg poppy 
enzyme) in 0.1 ml phosphate buffer. The reaction was star- 
ted by addition of cnzyrne and stopped by adding Q&ml 
EtOH and boiling. The mixture was evaporated in vucuo. 
The dry residue was dissolved in 1 ml EtOH and identified 
by TLC. 

Enzymatic transformation of morphine to pseudomor- 
phine. The same as that for the N-oxides, but the reaction 
mixture did not contain ascorbic acid. 

Enzymatic preparation of pseudomorphine. To obtain 
larger amounts of product, 200 times greater quantities of 
compounds were used in the reaction mixture. 

200 mg morphine was dissolved in 400 ml Pi buffer (pH 7); 
10mg p-coumaric acid in 20ml H20; 20ml 0.1% H202 and 
5 mg HRP in 20ml HZ0 was added. After 60 min. 
280 ml EtOH was added, the reaction was stopped by boiling 
and evaporated in vacua. The dry residue was dissolved in 
10 ml Hz0 and extracted with 3 x 20 ml CHIClz at pH 10 and 
the same was done at pH 11. The pH of the aq. phase was 
brought to 9 and extracted with CHC&-iso-PrOH (3: 1) 
(YX,ZWm<j. lRis fraction was evaporated I‘n vacua. The died 
fra&on was dissolved in 5Q?& ErOH and pseudomorphine 
was crystallized. The remaining pseudomorphine was ppted 
by cont. HCl from the mother liquor. 

77-C identification of reaction products. Alkaloid N- 
oxides were identified in four solvent systems [9]. Separa- 
titan of pseu&omorpXtne an& morphine was carried out in 
Me#O-H@-NH,OH (80: 15:4.5), using Si gel GFw 
(Merck\ with 4 va&s (I.60 and 0.68 respectively. The spots 
were located in UV light, by detection with Dragendorff’s 
and potassium iodoplatinate alkaloid reagents. Morphine and 
i(ts N-oxides as well as pseudomorphiie reacted with Folin- 
Ciocalteu and the FeCls-K,Fe(CN)6 phenolic reagents [14]. 

Spectral data of pseudomorphine. UV spectra in pH 9 
IPi buffer: pseudomo~hine &- = 239 nm. 4~ =-ZiYU run 
(morphine h~,jm.x = 214 nm, hcz)max = 290 nm). MS data: 

70eV, 568 [Ml+ (lOO), (M = 568.2612; CuH36N206), 285 [M/2] 
(20), 550 [M- 18]+ (20), 275 [550]2’ (20). NMR data: ‘H 
XMR j2Z& 2 X&, ZX+E&&~&, 2 : 2); ~.F&XXJXY- 
phine: 6.38 (lH, s, H-l), 5.62 (lH, m, J7.,*. =9.6Hz, H-7), 
5.28 (lH, m, J8a.7n =9.6Hz, H-8), 4.79 (IH, dd, J5a,6_ = 
6.% Hz, &,,. = iXHz, H-5$, 4.12 {IK, m, H-4$, 2.37 {3K, s, 
H-17). 

Isolation of crude poppy enzyme. 2-Week-old poppy seed- 
lings were homogenized at O-5” in the presence of Na&O, 
and Polyclar AT in Me&O. After filtration the homogeniza- 
tion was repeated IKIJ. The dried b&CO mwdcr was 
homogenized x3 in borate buffer (pH 7.6) and centrifuged 
18 min at 12000 g. The proteins were ppted from the super- 
natant with (NH&SO, to 80% satn. The ppt was dissolved in 
borate buffer (pH = 7.6) and dialysed. The soln containing 
soluble proteins was freeze-dried and used as crude poppy 
enzyme. 

Peroxidase activity of crude poppy enzyme. 0.05 ml 1% 
o-dianizidine in HZ0 + 6 ml 0.003% Hz02 in Pi buffer (pH 6); 
2.9 ml of this mixture was put in a 1 cm3 cuvette, the 
remaining soln in the blank control. The reaction was started 
with 0.1 g enzyme in 0.1 ml H20. The poppy enzyme showed 
1000 times lower activity at 460nm than HRP with 500 
unitslmg from commercial source. 
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