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Abstmct-Emyme systems contained in poppy plants (Pupaver somniferwn L.) at d&rent stages of develop- 
ment catalyst hydroxylations, oxidativc dcamiitions, tmmamimtions and dccarboxylations of premrsors 
of opium alkaloids. Activities of corresponding enxymm were demonstrated by both in vim and in vitro 
experiments. Hydroxylation of phcnylalanine could not be dcmonstratcd, but an active phemolase was 
present catalysing the hydroxylation of tyrosinc and the oxidation of 3&dihydroxyphenylalanii. These 
reactions were inhibited by sodium diethyldithiocarbamate and activated by ~-ascorbic acid. A direct relation 
was observed between phenoloxidase activity and the content of the main opium alkaloids (thebaine, codeii 
morphine) in poppy plants. Deamination of different amino acids, including aromatic amino acids, was 
demonstrated by in vitro experiments in the presence of catechol : corresponding oxo-derivatives were formed. 
Them substances may also arise in P. somn#bum plants by t ransaminations as was shown by in vitro experi- 
ments in the premncc of a-ketodutaric acid and pyridoxal phosphate. Aromatic amino acids were also 
decarboxylated by enxyme systems of P. somnferum; in these reactions correspondii amines were formed. 
The results described showed the importance of enxymic catalysis in the transformation of basic precursors 
in the Grst phase of biosynthesis of opium alkaloids where the l-benxylisoquinoline structure is formed. 

INTRODUCTION 

Tmg paper discusses results obtained by examination of certain enzyme systems in poppy 
plants (Papaver somnifenn L. “Vghovecky”) connected with the metabolism of the presumed 
precursors of opium alkaloids, as shown by experiments using labelkd substances. As in 
these latter experiments, the study of enzyme activities involved in the biosynthesis of 
alkaloids leads to several diicuhies; negative results may not be decisive proof that the 
activities studied are not important and on the contrary positive results are not absolute 
evidence that under normal conditions the activity is related to the biosynthesis of the 
alkaloids.1-3 It is important to remember that in vitro experiments inevitably mean that 
damage has been done to the organixation of plant tissues, and this may be followed either 
by the inactivation of normally active enzymes or by the activation of enzyme systems which 
are inactive under normal conditions. 

The aromatic amino acids phenylalanine, tyrosine and 3J-dihydroxyphenylalanine play 
a principal role in the biosynthesis of opium alkaloidsk7 and their formation and trans- 
formation are connected with the activities of transaminases, decarboxylases, deaminases 

l Dedicated to Professor Dr., Dr.h.c., Dr.h.c. K. Mothes at the occasion of the anniversary of his 65th 
birthday. 
1 K. Murms, HimptversammImg und wissentsch&iche Tm der Pharnmeut. Gessel. Leipzig (1961). 
2 A. R. BATERSBY, R. BINKS and J. T. HARPER, J. Chet?~ Sk. 3534 (1962). 
s R A. H. Romms, Adv. Ehzymol. 2,119 (1942). 
4 R L.El3r& &we?lce 147,looo (1%5). 
s IL Mm-rim and H. R. guitkm, Angcw. Cknz. 75265,357 (1%3). 
6 A R. BATIXRSEW, Proc. Chem. Sbc. 189 (1963). 
’ D. H. R. BARTON, h?c. C%m. tic. 293 (1963). 
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and phenoloxidases in the plant. These enzymes are involved not only in the fundamental 
metabolism of these amino acids but also in reactions resulting in the formation of precursors 
or intermediates important in the biosynthesis of opium alkaloids (Fig. I). Of all the assumed 
precursors of such intermediates only a few have been demonstrated in P. somttLjerunt 

plants : phenylalanine and tyrosine, ** 9 phenylpyruvic and p-hydroxyphenylpyruvic acids,‘O 
reticuline” and salutaridine .I1 It may be supposed that phenylalaninc and tyrosine originate 
from sugars via the shikimic acid pathway, but other reactions governing their presence are 
also important. I3 Their release from proteins as a result of the activity of proteolytic enzymes 
and their incorporation into these macromolecules is obviously of some interest. 

When studying the biochemical aspects of the biosynthesis of opium alkaloids it is 
necessary to elucidate not only the relations between the basic precursors and end-products, 
but also the exact sequence of reactions leading to the latter. This may he deduced first of all 

Phenylethylamine Phenylalaninc Phenylpy ru\ ic acid 

Tyramine Tyrosrne p-Hydroxyphenylp>ruvic acid 

Dopamine 3.4-Dihydroxyphenylalanine 3,4-Dthydroxyphenylpyrnvic acid 

FIG. 1. INTERRELATIONSHIPS BETWEEN AROMATIC AMINO ACIDS AND RELATED COMPOUNDS. 

by an examination of enzymic reactions catalysing the transformations in question.5s 14--16, r3 
The localization and distribution of individual enzymes and their substrates in the plant is 
also of great importance.‘-3*17 Further progress in such studies should add weight to the 

* P. Kovics, Habilitation Treatise, Comenius University, Bmtislava (1964). 
9 G. KLEINSCHMIDT, Pfantu Med. 8,114 (1960). 

*a A. JINDRA, Z. &PAL and V. HUDECOV& Experientiu 20,371 (1964). 
11 D. H. R. BARTON, G. W. KIRBY, W. STEGLICH, G. M. THOMAS, A. R. BAT~FR~BY. T. A. DOB~~N and 

H. RAMUZ, J. Chenz. Sec. 2423 (1965). 
12 A. R. BATTERSBY, R. BINKS, R. J. FRANLX, D. J. MCCALDIN and H. RAMUZ, .I. C%enz. Sot. 3600 (1964). 
l3 D. D. DAMLS. J. GIOVAN~LLI and T. A. P. REES, Plant Blochemrstry. Blackwell, Oxford (1964). 
1J E. LEETE, In Biogenesis oflVatrrral Compounds (Edited by P. BFRNTELD), p. 763. Pergamon Press. Oxford 

(1963). 
1s A. J. BIRCH. Proc. Chem. Sue. 3 (1961). 
16 G. KLEINSCHMIDT, Abhandl. Dew. Akad. W&S. Berlin KI. Chem. Geol. Biol. No. 4.165 (1963). 
17 N. A. BURGES, In Enzyme Chemivtrv of Phenolic Compormds (Edited by 5. B. PRIDII~M), p. 1. Pergamon 

Press, Oxford (1961). 
Is K. HASTE. 3rd Int. Symp. Biochcm. PhyJioI. Alkuloidc, Halle,‘Saale 1965. Rahmenvortrige, p. 2. 
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a~~~rn~tion~ schemes of opium alkaloid biosynthesis, which most probably represent 
the process in living plants* a s* 14 of course it must be realized that not all reactions ia plants 
are enxymaticaily eatalysed, some of them may proceed spon~eous~y. 

Trausamination in systems of both pyruvate to alanine and a-ketoglutarate to ghrtamic 
acid was demonstrated qualitatively in germiuating seeds of poppy plants with endogenous 
ammo acids as donors of ammo groups. These reactions were followed by detecting the 
corresponding amino acids by paper c~o~to~aphy. The ~~~~tion with a-keto- 
glutaric acid as acceptor was shown to be fsr stronger. These ~~~ experiments formed 
a basis for evaluation of trausaminase activities in P. .wmiferum by quantitative in v&a 
experiments. 

The results shown in Fig, 2 demonstrate that the activities are present in seedlings of P. 
8~~2~~ and vary during the germination period. The activity of phenylalauinti- 
ketoglutaric acid aminotrarrsferase reached its maximnm at the third day of germination and 
then slowly decreased. The activity of t~~~~-~to~~t~c acid ~o~nsf~ showed 
a similar course? but in the later stages busy increased again. The a&v&s of the 
~~s~n~ systems in different phases of development of poppy plants are shown in 
Table 1. The results show ~t~~~tiun of pheny~~n~ tyrosine and 3+dihydroxy- 
phenylahtnine can occur during the whole period of growth. The activity of the enzyme 
catalysing the transaminatiou in the system 3,~dihy~ox~henyl~~-~to~u~a~ 
was also examined on the fifth day of germination and was shown to be 2.6 pmoles of 
~u~ate~g~l20 min. The reactions were confinned by the identification of phenylpyruvic 
acid and ~-hy~ox~h~yl~~~c acid (as ~o~s~n~ng q~n~~nols~ which were formed 
from phenylalanine and tyrosine used as donors of the amino groups. 
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TABLE 1. TRAN~AMMASE ACTIVITIES IN ORGANS OF P. somnifirwn L. PLANTS 

Enzyme activity* 
r -- ------------, 

Stage of Stage of Stage of 
development development development 

1112 LVI V 
m I-- r----*----7 

Substrate Leaves Roots Leaves Roots Leaves Roots Capsules 

Phenylalanine @6 tk9 1.0 0.3 3.3 0.9 I.3 
Tyrosine 1.8 1.2 2.5 0.4 2.5 I.2 I.5 
DOPA 0.8 0.8 0.9 0.2 3.3 I 0 14 

* {rmoles glutamate formed,‘g: 120 min from z-ketoglutarate. 

The reactions studied are reversible; this was proved in a system where glutamic acid 
was used with phenylpyruvic and p-hydroxyphenylpyruvic acids as acceptors. The rate of 
formation of phenylalanine was found to be 4.2 E.cmoles!g/120 min, and of tyrosine 3.0 
pmoles/g/ 120 min. 

These experiments demonstrate the presence of active transaminases in P. sonw@erum 
plants catalysing the transformation of aromatic amino acids (phenylalanine. tyrosine 
3+dihydroxyphenylalanine) to the corresponding keto acids, and show the possible 
mechanism of the formation of direct precursors of 1-benzylisoquinoline\. The enzymic 
preparations inactivated by heat were all ineffective. 

Decarbosylase Actisitqr 

The results obtained in an examination of decarboxylase activities in seedlings of poppy 
plants are given in Table 2. The activities against the aromatic amino acids (phenylalanine, 
tyrosine, 3,4-dihydroxyphenylalanine) are lower than against glutamic acid.19 The corres- 
ponding amines formed in the reactions with tyrosine and glutamic acid as substrates were 
identified using paper chromatography. Heating the enzyme results in a complete inactiva- 
tion. The addition of hydroxylamine at 8 x lo+ M4’ resulted in a 50 per cent inhibition. 

TABLE 2. DECARBOXYLASE ACTIVITY IN GERMlNAnYG SEEDS OP 8'. .wfnnifcrw?z L. 

Enzyme activity (~1 COL;gjhr) 
Days of germination 

~-- 
Substrates 1 3 5 7 9 10 12 13 

Phenylalanine - 19.8 - - 24.0 62 12-7 9.4 31-o 
Tyrosine 12.0 -- 28.4 5,7 44.7 30.2 176 25.8 4.3 
DOPA - 14.5 5.4 26.0 * * * * 

Glutamic actd 77.6 120.2 202.8 1%9 143.2 136.5 145.3 67.3 - 

* Not analysed. 

19 R. P. SMITH, G. E. CWALINA and E. RAMSTAD, J. Am. Pharm. Assoc. Sci. Ed. 48,103 (1959). 
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On the basis of these results decarboxylases may be assumed to be present and catalyse 
the transformation of the aromatic amino acids to the corresponding amines which are 
important precursors of opium alkaloids. 

Phenoloxidzse Activity 

The importance of oxidative reactions catalysed by systems of phenoloxidases was 
stressed many years ago by RobinsonZo and Schopf and Thierfelder,21 when discussing 
biosynthetic processes concerning opium alkaloids; these authors showed for the first time 
the significance of the oxidation and condensation of phenolic compounds in the formation 
of opium alkaloids from their precursors. This hypothesis has been coni%ned by the work of 
Pummerer et uZ.,~~* 23 Barton and Cohen,24 Rrdtman and Wachtmeister,25 Olli~~~ and Prid- 
ham.27 Reactive intermediates formed by the oxidation of phenolic compounds may be 
transformed, under certain conditions, to substances containing several types of bonds: 
-C-C-, -C-O-, -C-N-: e.g. the intermediates resulting by oxidation of p-cresol 
are transformed to Rummerer’s ketone in addition to other substances. The relationship in 
structures of pcresol (l), tyrosine (2), Pummerer’s ketone (3) and morphine (4) shows the 
probable importance of such reactions in the biosynthesis of the latter compound. 

The best-known phenolic precursors in the biosynthesis of opium alkaloids, i.e. tyrosine, 
3&lihydroxyphenylalanine and reticuline, may be transformed by similar oxidative ream 
tions. We attempted therefore to show the phenoloxidase activity in different parts of P. 
somnifenrm plants by in vitro experiments using the substances in question as substrates. 

The results obtained in experiments with germinating seeds are shown in Fig. 3. It is 
interesting to note the large increase of o-diphenoloxidase activity during the second and 
third day of germination. The appearance of the main opium alkaloids (thebaine, codeine, 
morphine) in germinating seeds at the same stage of development was demonstrated in 
parallel experiments using thin-layer chromatography.28 

7~ R. Ronmso~ and S. SUCMSAWA, J. Ckm. Sot. 3163 (1931); 789 (1932); 280 (1933). 
21 C. ScHtlPF and K. T~~FELDER, I&& Ann. Chem. 497,22 (1932). 
=R.Pummux,D. M~AMED and H. P~~~FRACKEN, Ber. Deuf. Chem. Ges. 55,3116 (1922). 
2~ R. Pumomm, H. Pm-rm~crm~ and P. SCHB, Ber. Deut. Chem. Gee. 58,1808 (1925). 
a D. H. R. BARTON and T. COHEN, Festmkr@ A. SroIl, p. 117. BirkMuser, Base1 (1957). 
25 H. ERDTMAN and C. A. W~cm.mm~, Festschr@ A. Stall, p. 144. Birkhllusu, Base1 (1957). 
26 W. D. OLLIS, Recent Deveibpmeatts in the Chemistty of Natural Phenol&~ Compowuk Pcrgamon Press, 

Oxford (1961). 
27 J. B. PRIDHAM, E&yme Chemistry of Phedic Cotqpoumi!~. Pcrgamon Press, Oxford (1%3). 
28 D. NEUBALIER and K. Mcmm, P&mta Med. 9,466 (1961). 
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The results given in Figs. 4 and 5 were obtained when the activities of the enzyme in both 
leaves (Fig. 4) and roots (Fig. 5) of P. sotmferm at different stages of development were 
examined.‘g The activities are obviously present during the whole period of gr0wth.j” ?’ In 

FIG. 3. PHFNOLOXIDW A(-TwrrIEs IN GERMINATING SF.EDS OF PCI~WV sottmt@tm L. 

t 1) Tyroslne, (2) p-cresol, (3) DOPA, (4) catechol. 

FIG. 4. PHEUOLOXIDASE ACTIVITIES IN LEAVER OF Papuser somttijer~tn L. PLANTS. 

Cl) Tyrosine, (2)p-eresol. (3) DOPA, (4) catechol. 

‘5 I$ Ib /y v VI STAGE 

FIG. 5. PHENOLOX~DA~E ACTIVITIES IN ROOTS 0~ Pupaver ~ottzniferwn L. PLANTS. 

(1) Tyrosine, (1)pcresol, (3) DOPA, (4) catechol. 

the developed leaves phase (II,) the oxidation ofp-cresol, catechol and 3,4_dihydroxyphenyl- 
alanine was relatively very strong, but older plants showed low enzyme activities (Figs. 4 

29 S. S.~RKLNY and B. DANNY, Am Boron. Acad. Sci. Hrtng. 3.293 (1957). 
30 P. Kovlics, M. P&&K and A. JINDRA, Herbu Hung. 2,145 (1963). 
31 P. KovAcs, M. PSEN~K and A. JINDRA, &I. Fmtmkiu 13.179 (1964). 
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and 5). only in the flowering phase and during the growth of capsules or) did the poly- 
phenoloxidase activity show a sudden increase. Tyrosine oxidase activity was very low in 
all parts during the whole period examined. 

In side roots, the enzyme activities were examined only in phases IV,, V and VI. In the 
phase IV, -01 oxidase and catechol oxidase were more active (Qo, 22.7 and 18.3 res- 
pectively) in comparison to 3,4dihydroxyphenylalauine oxidase activity, (Qo, 10.5); 
tyrosine oxidase even in these parts was practically undetectable. In older plants (phases V 
and VI) p-cresol oxidase and c&echo1 oxidase activities dropped considerably (to Qo, 14.7 
and 11.6, and Qo, 7-2 and 7.4 respectively); on the other hand the activity of the enzyme 
with 3,4dihydroxyphenylalanine increased (Qo, 14.4 and 13-l respectively). In the capsules 
the 3,4dihydroxyphenylalanine oxidase activity was also higher (in phase IV, QoS was 13.6 
and in V 18.9). In the rapid growth phase activities with all substrates were nearly the same, 
but declwrsed very rapidly towards the end. In the ripening phase (VI) the Qo, values for 
individual substrates were: for 3Jdihydroxyphenylalanine 6*l,p-cresol4*4 and c&echo1 53. 
Even in the capsules the activity of tyrosine oxidase was always very low. It should be noted 
that 3,4dihydroxyphenylalanine oxidase activity was found in side roots at all stages. 

T~arrr 3. Imumcm OF ~ANDACllVA?ORONPHENOb 

OXlDAsBA- 

Substrate Sodium dietbyldithiocarbamate IAscorbate 
% Inhibition % Activation 

Catechol 81 11 
pcresol 100 70 

The results obtained show the possible participation of phenoloxidases in the formation 
of derivatives of norlaudanosoline as a result of oxidative condensation of 3,4dihydroxy- 
phenylalanine or its biochemical equivalents. The intluence of phenoloxidases may thus lead 
to the formation of opium alkaloids. The inhibitory effect of sodium diethyldithiocarbamate 
and the effect of cascorbate, expressed in per cent of inhibition and activation respectively, 
calculated from differences of Qo, values obtained in experiments with and without inhibitor 
of activator added, are given in Table 3. At the concentrations used both substances strongly 
affected the activity of phenoloxidase, particularly against pcresoL The ina&vated enzyme 

preparations were completely ineffective in experiments with both model or natural sub- 
strates. 

Secondary oxidative deamination of amino acids as result of the action of phenoloxidases 
has been demonstrated in higher plants ;32s 33 the products of this reaction are ammonia and 
corresponding ketones or aldehydes. The results given in Table 4 were obtained with enzyme 
preparation from poppy plants and catechol; if these were absent no oxygen uptake took 
place and no ammonia was formed during incubation of the amino acids in question (3,4- 
dihydroxyphenylalanine being an exception). The most intensive deamination (under the 
conditions used) was when using glycine, 3,4dihydroxyphenylalanine or phenylalanine, the 

33 W. C. JAMES, E. A. H. ROBERTS, H. Bmms and P. C. DE KOCK, Bimkem. J. 43,626 (1948). 
33 v. R PoPov, Biowrimiyu 21,380 (1956). 

83 
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last two being important in the biosynthesis of the opium alkaloids. The products of the 
oxidative deamination of phenylalanine, tyrosine and 3,4_dihydroxyphenylalanine (phenyl- 
pyruvic, p-hydroxyphenylpyruvic and 3,4_dihydroxyphenyIpyruvic acids) are important 
intermediates in this biosynthesis. These ex~riments show that these derivatives may be 
formed in poppy plants by oxidative deamination34 in addition to the transamination 
reactions described earlier. 

One of the direct effects of phenoloxidase is the o-hydroxylation of monophenols to 
the corresponding o-diphenols. From the point of view of the biosynthesis of opium 
alkaloids, the most interesting reaction is the transformation of tyrosine to 3,4-dihydroxy- 
phenylalanine. This reaction was demonstrated by irk vitro experiments by determination of 
decreasing mounts of tyrosine in the incubation mixture and by identification of the 3,4- 
~hydroxyphenylal~ne formed as shown in Figs. 6 and 7. During the incubation, both in 
the presence and in the absence of L-ascorbic acid, a decrease in amounts of tyrosine could 
be demonstrated (see Fig. 7); at the same time the appearance of the spots corresponding to 
3,~dihydrox~henyl~anine was observed. The identification of 3.4”dihydro~yphenylalanine 
was confirmed by re-chromatography of the eluted substance. 

Substrate 
Amounts of deaminated substrates 

(in rg;g dry material) 

Glycine 
Alanine 
Glutamic acid 
Phenylalanine 
Tyrosine 
3,4-Dihy~ox~henylaIaniue 

w&b catechol added 
3,4-Dihydroxyphenylalanine 

wlthout catechol added 

615 
140 
‘1.5 
315 
17s 

360 

185 

In experiments with increased amounts of L-ascorbic acid (3.6 x lo-’ M final concentra- 
tion) other ninhydrin-positive spots were detected on chromato~~s; the corresponding 
substances could not be identified~ nevertheless some of them probably correspond to 
previous results.35 

3,4-Dihydroxyphenylalanine, which is a key-substance of all schemes suggested for the 
formation of opium alkaloids in plants could not, however. be demonstrated in a free form 
in the plant material in question. j* It might, however, be present in a giycosidic form, as 
found in other higher plants, and thus protected for certain steps involved in the bio- 
synthesis of the alkaloids.S7 

The effect of inhibitors and activators on plants in 51 riro experiments was then studied. 
The influence of these substances on enzyme activity was studied along with parallel deter- 
minations of the main opium alkaloids-thebaine, codeine and morphine. 

34 P. KovAcs and A. JINDKA, N~turwi~.~e~~~t~n 52,395 (1965). 
35 S. LLWTZKY and M. ROLLAND, Nattue 193,881(1962); Biochim. Bi~p~~s. Acta 56,83 (19&Z), 
36 P. KovAcs and A. JINDRA. Experienfia 21,18 (1965). 
37 R. S. ANOREWS and J. B. PRIDHAM, Nature 205,1213 ( 1965). 
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The inhibitor (sodium diethyldithiocarbamate) or the activator (L-ascorbate) were applied 
to germinating seeds. Both -01 and catechol oxidase activities were strongly influenced 
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FIO. 7. PAPER CHROMATQGRAPHIC PAlTERN OF l-HE FORMATION OF 3,4 
(l), (2), (3) Unidentifkd products; (4) 3,4-dihydroxyphenyManine; (5) tyrosine and L-ascorbic acid, 
Samples taken at (A) 0 min, (B) 20 min, (C) 40 min, CD) 60 min. Sample with inactivated enzyme; 

(E)atOmin,(F)after6omin;(G)standards. 

as shown in Table 5. It is interesting to note that the content of examined alkaloids also 
varied as shown in Fig. 8. The results obtained showed that the effect of diethyldithio- 
carbamate produced a decrease in content of morphine and thebaine; the content of codeine 
was not signScantly infknced. L-Ascorbate caused a noticeable increase in the content of 
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all alkaloids analysed. For analysis the same weights of plant material were used (the 
inhibitor and the activator influenced the morphology of the germinating seeds). The 
activities of phenol-oxidases appear to be directly related to the amounts of thebaine and 
morphine synthesized in the P. somn$wm plants. 

TABLE 5. INILU~NCE OF INI-IIBITOR AND ACIIVA~OR 0.u PH~~'~I.O~;IDASE 

ALTIVI TIES IN G~UNANT sms OF P. soimifirw~ L. I'~4ws 

Activities of phcnoloxidaacs in Qo: umts 
-1 

Control lnhibited (sodium Activated 
Substrates experiments diethyldithiocarhamate) fL-ascorbatel 

____._ __._._. _ .._ - _._ __ - . 

p-Cresol 164 62 11.1 
Catechol ‘4.0 9.7 30 5 

MOR!=WhW CCENE’ THE3AlE 

FIG. 8. INFLUENCEOFINHIBITOKAND ACTWATORONALKALOID CO!TI-E~~INGERMINATING SEEDS OF 

Pupaver sonmifemn. 

White: control; black: inhIbIted by sodium diethyldithiocarbaminate; dutted: acti\lted by 
r-ascorhate. 

Plant Material 
EXPERIMENTAL 

All the experiments were carried out with plants ofPapaser sormiferum L. “Vahovecky”. 
Individual enzyme activities were studied in seedlings and in fully grown plants. 

Germinating seeds. The seeds (1-2 g) were germinated in Petri dishes (14 cm) on moistened 
filter paper, Whatman No. 1, at 18-20’. The paper was moistened daily. The seeds were 
used for experiments on each day up to the 9th. 

Poppy plants injield-culture. The poppy plants were grown under normal conditions of 
soil and climate in the Botanical Garden of the University in Bratislava. During the vegeta- 
tion period samples were taken in each of the main phases of development as specified by 
%rk&ny and coworkers ? the phase of developed leaves (11s). the final stage of rosette 
(IHi. III& during the rapid growth phase (IVr, IV,), in the flowering phase and growth of 
capsules (V) and in the ripening phase (VI). Plants were collected at the same hour of the day 
(at 8-9 a.m.). Average samples from twenty plants were used and the following parts 
separated: main roots, side roots, stalks, leaves (from the upper third of the plant) and cap- 
sules. (Only at the first stage, 1 13, were the whole plants used.) The plant material was cooled 
immediately to - 5” and homogenized in a glass apparatus at 0 for 4 min in a suitable buffer 
solution. In some cases acetone powders were prepared from the plant material in the usual 
way3* (at -20’). The determination of the dry matter content was carried out at 105. 

38 P. Kovdcs and Z. NAGYOVA, CA%. Farmicia 12,32 ( 1963 L 
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Determination of l&zyme Activities 
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Transaminases. The presence of these enzymes were Grst proved qualitatively by in vivo 
experiments; it was shown that in germinant seeds pyruvic acid and a-ketoglutaric acid were 
efficient acceptors of amino groups from endogenous ammo acids. The acids, as sodium 
salts (3 ml, O-1 M), were applied to 5day-old seeds (0.3 g) by in vacua infiltration (4 min),3g 
and the seeds then left on wet Alter paper for 150 min. Distilled water was used in control 
experiments. Afterwards the germinant seeds were washed several times by distilled water 
and the content of free ammo acids was determined. The seeds were homogenized with 
several portions of 4 ml of 80 % ethanol. The combined extracts were evaporated to dryness 
in vacua and the residue extracted several times by 10 % isopropanol.40 The amino acids were 
analysed by paper chromatography (Whatman No. 1 with n-butanol-acetic acid-water 
(4:l: 5);41 detection: 0.5 % solution of ninhydrin in acetone with 10 % pyridine; Gxation 
of chromatograms using the solution of Cu(NO,), in acetone42). Alanine and glutamic acid 
were analysed against suitable standards. 

The reversible activity of transaminases was further studied by in vitro experiments. 
a-Ketoglutaric acid and an amino acid (phenylalanine, tyrosine, 3JdihydroxyphenyL 
alanine) were incubated at 40” with a homogenate of germinating seeds prepared from 2 g 
of plant material and 12.5 ml of a O-2 M phosphate buffer (pH 8.0) and dialysed against the 
same buffer solution for 24 or 48 hr at &2”. The incubation mixtures contained 3 ml of plant 
homogenate, O-5 ml of a solution of amino acid (20 qoles), O-5 ml of a solution of a-keto- 
glutaric acid (20 ,umoles) neutralized by addition of O-1 N NaOH to pH 6%7-O and O-5 ml 
of a solution of pyridoxal phosphate (1 pmole). As a control experiments were carried out 
without the amino acid. 

The rate of transamination reaction between a-ketoglutaric acid and the aromatic amino 
acids used was studied by determination of the amount of glutamic acid formed and by 
characterization of the aromatic a-keto acids formed. At suitable intervals O-1 ml of the 
incubation mixture was taken and separated by paper chromatography as described above 
except when examining 3J-dihydroxyphenylalanine when n-propanol-water (3 : 1) was used.38 
After detection by ninhydrin the spots corresponding to glutamic acid were cut out, and 
eluted with 4 ml of methanol and the intensity measured photometrically at 495 run, and 
compared with a standard curve prepared in the same way. The results are given in pmoles 
of glutamic acid formed after 120 min incubation. The transamination was not observed 
heatdenaturated preparations (10 min at 100°) were used. The aromatic a-keto acids 
formed during the incubation were identified by paper chromatography of condensation 
products of these substances with o-phenylenediamine.43 

The reversibility of the transaminase activity was studied in the system formed by glutamic 
acid and an aromatic a-keto acid (phenylpyruvic or phydroxyphenylpyruvic acid). The 
experiments were carried out with homogenates of 8day germinated seeds. The incubation 
mixtures contained: 3 ml of plant homogenate, O-5 ml of the solution of the corresponding 
a-keto acid (40 pmoles), O-5 ml of the solution of glutamic acid (20 pmoles) and O-5 ml of the 
solution of pyridoxal phosphate (1 pmole). The conditions of incubation were the same as 
described above. 

39 V. L. Kmrovmi and 0. L. Po~ymvmy, Biokhimipa 24,995 (1959). 
4a L. GRACZA, Acta Pharm. Hung. 35,20 (1965). 
4l S. M. Pmmmtm, Biochem. J. 42,238 (1948). 
42T. -9, Bk&gia 12,118 (1957). 
43 K. H. N-, J. Chromarog. 10,463 (1%3). 
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The rate of transamination between the aromatic a-keto acids and glutamic acid was 
followed by identification and determination of the aromatic amino acids formed as described 
before. The results are given in pmoles of phenylalanine or tyrosine formed respectively. 

Decar&oxy~ase~. The activity of phenylala~ne, tyrosine, 3,4dihydroxyphenylalanine 
and glutamic acid decarboxylases were determined using a modified manometric method.44 
The evolution of CO2 was measured in the atmosphere of nitrogen at 37” during 60 min. The 
homogenates were prepared in the way described above using 4 g of fresh plant material and 
20 ml of a 0.15 M phosphate buffer solution, pH 5.6. The mixture contained 2 ml of plant 
homogenate, 0.3 ml of a 25 mM solution of corresponding amino acid and 0.2 ml of O-04 mM 
pyridoxaf phosphate. For comparison, experiments were carried out without the corres- 
ponding amino acids. The amount of evolved COz without exogenous substrates was 
subtracted from that found in experiments with added substrate. The results are given in 
~1 COz/g fresh plant materialjhr. 

Preparations denaturated by heat (10 min at loo”) were completely without activity either 
with or without added substrates. Hydroxylamine in 8 x IO-” M concentrationj” was used 
in ~bition experiments. 

The amines resulting from the decarboxylation of the amino acids were identified by 
paper chromatography as before only the samples with tyrosine and glutamic acid were used. 

Phenoloxidases. Phenoloxidases were demonstrated using both monophenolic and 
o-diphenolic substrates (tyrosine, 3,4_dihydroxyphenylalanine, p-cresol and catechol) by the 
manometric method.30 The consumption of O2 was measured in the atmosphere of air at 
26” during 60 min. The ~omo~nates were prepared from 4 g of fresh plant material and 
14.0 ml of 0.2 M phosphate buffer solution, pH 6.5. The activities of phenoloxidases are given 
in standard Qo, units &I Oz[mg of dry substance,‘hr). 

The activities of phenoloxidases were also examined in the presence of sodium diethyl- 
dithiocarbamate (final concentration, 3 x 10e4 M) and L-ascorbate (final concentration, 
5 x 10e2 M).45 (The solutions were always freshly prepared.) The effect of heat denaturation 
(10 min at 100”) was also examined. 

Acetone powders of leaves from plants in the development phase 11s caused the deamina- 
tion of certain amino acids (glycine, phenylalanine, tyrosine, 3+dihydroxyphenylalanine). 
For this reaction the presence of the catechol system was necessary. Enzymic preparations 
(acetone powders) were prepared from homogenates of leaves as described elsewhereSs4 
The incubation mixtures contained 2-5 ml of enzyme preparation, O-5 m1 of a solution of 
catechol (final concen~a~on, 0.002 M), 05 ml of the solution of the different amino acids 
(final concentration, O-02 M) and O-2 ml of 2 N KOH. The individual samples were incubated 
at 30” for 60 min in Warburg vessels in an atmosphere of air and the consumption of 0, was 
measured. The ammonia released at the end ofthe incubation was determined by the Conway 
microdiffusion technique.46 

The hydroxyIation of tyrosine to 3,4-~hydroxyphenylalanine catalysed by tyrosine 
oxidase was demons~ated by in vitro experiments. As enzyme preparations. solutions of 
acetone powders from plants in phase IIS were used (l-2 g of acetone powder was dissolved 
in 15-O ml of O-2 M phosphate buffer, pH 7,05), dialysed at O-2‘ for 24 hr against the same 
buffer. The incubation mixture contained 5 ml of enzyme preparation, I.0 ml of tyrosine 

44 S. P. COLOWICK and N. 0. KAPLAN (Eds.), Metbds in Ettpmoiogy, Vol. 2, p. 190. Academic Press, New 
York f 1955). 

45 P. KovAcs, Dissertation, Charles University, Prague (1961). 
46 B. KEIL and Z. ?iORMOV& Laborutotni techniku biochemic, p. 256. i?SAV. Praha ( 1959). 
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(final concentration, 7.8 x 1W3 M) and O-5 ml of water. In other experiments 05 ml of a 
solution of bascorbic acid as an activator (final concentration, 1.8 x 1W3 M and 3.6 x 10s3 M 
respectively) were used. 

The incubation was carried out at 30” for 60 min. At different time-intervals the samples 
of incubation mixtures were analysed both by det ermination of tyrosine and by chromato- 
graphic identification of 3,4dihydroxyphenylalanine formed.36 

3,4-Dihydroxyphenylalanine formed during a 4@min incubation was characterixed by 
chromatography as described above; the 80 % ethanolic eluate of the spots was concentrated 
in nitrogen and aliquots were re-chromatographied in the usual way using Partridge’s 
solvent 41 and a mixture of n-propanol-water (3 : 1) 38 respectively. 

Analysis of Opium Akaloidr 

The main alkaloids (thebaine, codeine and morphine) contained in germinating seeds and 
plants were identified by thin-layer chromatography. 

The alkaloids were extracted from plant material (3 g of plant material ground with 
purified sea sand) by shaking them with 60 ml of 1 N HCl for 1 hr.47 After filtration the 
solution was made alkaline with ammonia to pH 84-&5 and immediately extracted three 
times with chloroform. The combined extracts were washed with water, dried (NazS04) and 
evaporated to dryness. The residue was dissolved in a known volume of chloroform and the 
aliquots analysed by thin-layer chromatography. ** For detection Dragendorff’s reagent 
was used. Semiquantitative determination of alkaloids was carried out by comparing the 
size of the spots of known amounts of alkaloids. The results are given in relative units. 

InpUence of Activators and Inhibitors on Phenoloxihse Activity and Opium Akaloid Content 
in in vivo Experiments 

The seeds were germinated as before, the Glter paper being moistened with 9 ml of the 
solution of inhibitor or activator respectively. After 2 min excess solution was decanted. 
In the inhibition experiments the paper was moistened with a solution of sodium diethyl- 
dithiocarbamate trihydrate (20 mg in 9.0 ml H20); the second day only distilled water was 
used and the third day the inhibitor (10 mg in 9-O ml H20). The treatment was continued on 
alternate days till the seventhday, when the seeds were washed three times with distilled water 
and used for determination of enzyme activities and alkaloid content. 

In the activation experiments, germination was carried out as above using 50 mg of 
Gascorbic acid in 9-O ml of distilled water on the first day, and a solution of 40 mg in the same 
volume every other day. 

47 A. JINLXU, M. FmcovA, V. Jm4&x and J. B&SWART, Planta Med. 12,305 (1964). 
48 I. M. HAIS and K. MACEK, i%ma%uch der Paphmhrotnatographie, Band I. Fischer Verlag, Jcna (1958). 


