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Abetnut-A crude enzyme system prepared from young castorbean see&ngs catalyzes the oxidation of l- 
methylnicotinotothacorrespondlngeanddpyridones. Theimplicationsofthisreactionforthebiosyn- 
thesis of the alkaloid ricbine are considered. Other pyridone alkaloids might be formed by similar reactions. 

INTRODUCTION 

IT HAS been well demonstrated by isotopic tracer experiments that the alkaloid ricinine of 
the castorbean plant (Ricinus communis L.) is biosynthetically derived from nicotinami&.’ 
However, the enzymatic details of this conversion remain obscure. Possible intermediates 
might be nucleotide or l-methyl derivatives of nicotinamide or nicotinonitrile. By testing a 
crude enzyme preparation from the castorbean plant for catalytic activity against several of 
these suggested precursors, it was hoped to find some support for their involvement. 
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RESULTS 

Since the enxymes required for ricinine synthesis are presumably most active at the time 
and in the part of the plant where the ricinine concentration is increasing most rapidly, 
analysis of plant parts for ricinine content was carried out by spectrophotometric assay, and 
results are summarized in Fig. 1. At the time of most rapid growth, ricinine content was 
increasing at the greatest rate. Dissection of the plant and analysis of separate organs revealed 
that little or no alkaloid was present in the root. The highest concentration was observed in 
endosperm, cotyledons and upper hypocotyl with intermediate amounts in the lower hypo- 
cotyl. These analytical results agree with findings of several other workers29 3 

1 G. R WALIZR and L. M. HENDERSON, 1. Bid. Chem. 236,1186 (1961). 
zG.RWuLeRandK.Nm WA, Pkmt Physiol. 38,318 (1%3). 
3 U. SCFUEDT, G. BOECKH-BEHRENS and A. M. DELLWA, 2. phydol. Chem. 330.46 (1962). 
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A crude, dialyzed enzyme preparation obtained from the aerial portions (hypocotyl, 
cotyledons, endosperm) of 6-IO-day-old castorbean plants was tested for dehydrogenase 
activity against several possible intermediates using methylene blue or triphenyltetrazolium 
chloride as hydrogen acceptors. The results are summarized in Table I. The only one of these 
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FIG. 1. VARIATIONIN ?KESH WEIWTANL) RICINI~!!CONTE?~T OFC~RB~NSE~~LING~WI~~ AG~OF 
PLANT 

compounds which served as a substrate at an appreciable rate was ~-methylnicotinonitrile 
(as iodide or perchforate salt). By a spectrophotometric assay procedure with this substmte 
the appearance of new absorption peaks at 255 rnp and 285 rnp was observed during the 
course of enzymatic reaction. Using either the quantitstivc tetrazolium procedure or the 

Substrate IO”; Dye reductwn time 
___-__. __.___- ---. _ _.-__ - -._-_ 

1 -Methylnicotinonitrile Within 30 mm 
I-Mcthylnicotinamide Within 4 hr 
NAD Within 4 hr 
Niwtintunide Not within 2-I hr 
Nicotinonitrilc Not within 24 hr 
~rigonellinc Not within 2-I hr 

spectrophotometric assay the relation of activity to pH was dctermincd as shown in Fig. 2. 
The drop in activity at high pH values resulted from irreversible inactivation of the enzyme 
so that the peak at 9.5 does not represent a pH optimum in the usuxl sense. The enzyme was 
also irreversibIy inactivated below pH 50. 

Enzyme preparations made at different stages of plant growth were tested for activity by 
the tetrazolium procedure. No activity was apparent up to 4 days after planting. Slight 
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activity appeared on the Gfth day, increased greatly on the sixth day, and reached a plateau 
on the seventh day. The activity then continued at about the same level up to 2 weeks. 
Preparations made from leaves of mature castorbean plants grown in the greenhouse showed 
little or no activity. Root homogenates were very dark colored so that it was not possible to 
measureenxymeactivityinthembyourmethods. Thereisnoreasontobelievethattheenzyme 
is particle bound. Centrifugation at 198,000 g for 2 hr left all activity in the supematant 
solution. Mitochondria prepared by the procedure of Beevers and Walk& showed no 
activity against l-methyticotinonitrile. 

Isolation of products from large-scale enzymatic reaction mixtures by chloroform extras 
tion and column chromatography techniques gave two crystalline compounds with some 
indication of a small amount of a third compound which was more strongly absorbed on the 
cellulose-powder column. The spectra of the two crystalline compounds were very similar 
to each other and resembled those of the 4- and 6-pyridones of l-methylnicotinamide.5 

FIG. 2. ENZYME ~crnmr va pH, .SPECIROPH~C ASSAY. 

For detailed comparisons with the compounds isolated from the enzyme reaction mixture 
the three different pyridones and ricininic acid were ~ynthesized,6~~ and the two crystalline 
products shown to be identical to the 4- and 6-pyridones of 1-methylnicotinonitrile. Not 
enough of the third compound was available for detailed studies, but its U.V. absorption 
spectrum was very similar to that of ricininic acid (Fig. 3). Even smaller amounts of still 
other substances have been indicated by paper chromatography of extracts from the enxy- 
matic reaction mixture, but they have not been studied further. 

The specScity of the crude enzyme preparation was investigated using a number of other 
substrates, testing all of them by the tetrazolium assay and starred ones also by the spectro- 
photometric assay: I-methyhricotinamide iodide*, trigonelline, acetaldehyde, hypoxanthine, 
nicotinamide adenine dinucleotide* (NAD), nicotinamide adenine dinucleotide phosphate, 
pyridine methiodide, quinoline methodide, iso-quinoline methiodide, acridine methochloride, 
quinine sulfate, xanthine, berberine sulfate, sanguimuine sulfate*, lethyl-nicotinonitrile 
brOIli&*, I-benzyhricotinonitrile chloride*, l-methyl-3cyano4ptidone*, l-methyl-f 
cyarm-6pyridone*. Of these compounds the only ones found to react at an appreciable rate 
were the l-ethyl and 1-benxyl derivatives of nicotinonitrile. Assuming the molar extinction 

4 H. Bmiwm and D. A. WALKER, Biochem. J. 62,114 (1956). 
5 M. L W. C~~ANQ and B. C. JOHNSON, J. wbl. Chm. 234,1817 (1959). 
6 T. ROBINSON and C CXPURNFEK, Phytochem. 4,83 (l%S). 
7 L. ht.AQUENNE and L. I’HUPPE, Compt. rend. m m (1904). 



coefficients for the reaction products to be approximately the same for ail substrates of 
the enzyme, the reaction rates for the l-ethyl and I-benzyl compounds were estimated as 
respectively + and 3 the rates with l-methyinicot;nonitrile. By the tetrazolium assay I- 
methyinicotinamidc and NAD showed very slight activity. but no spectral changes were 
observed when they were used 3s substrates in the spectrophotomctric assay. None of the 
other compounds tested shwed any actMy. There uas no indication ofany cofactor require- 

---.- - Known ricinimc acid in water 
__ - -. - Unknown C in wrrtcr 
. , . . . . Known ncininic acid in N HCI 

I . __ . . _ . Unknown C in N I-ICI 

ments for enzyme activity. Prolonged dialysis (up to 120 hr) did not result in si~ni~cant loss 
of activity more than was lost in ordinary storage for this time. However, if the dialysate 
was concentrated irz ‘c’(1cu0 and added back to enzyme assay mixtures 3 small stimulati~~n of 
activity was sometimes noted by both assay procedures. Tetrazolium reduction proceeded 
more rapidly in evacuated tubes than in air; but if dye acceptor was omitted, the spectral 
changes noted above occurred only in the presence of air. Addition of NADH?. ascorbic 
acid. or boiled plant extracts to the tetrazolium assay increased the rate of reduction in air 
but had no effect under evacuated conditions. These additions arc presumed to produce their 
effect by removing oxygen from the system as a result of their enzymatic or non-enz~m~~tic 
oxidation. 

DISCUSSION 

The presence of an enzyme in castorbean seedlings which appears to orttalyze specifically 
the oxidation of I -alkyl-3-cyanopyridinjum salts to corresponding 3- and 6-pyridoncs is of 
interest because of the possible relationship of this reaction to the biosynthe& of ricinine. 
Although detailed purification and characterization of the enzyme hate not been completed, 
it is apparently different in activity from enzymes lvhich cntalyze similar reactions in other 
organisms8-11. In particular its lack of acti\ ity against acetaldchydc or quinine distinguishes 
it from the aldehyde ouidase or quinine oaidase of liver which appears to bc respnnsiblc for 
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synthesis of the 4 and 6pyridones of l-methylni&inamide.* Its association with the parts 
of the plant which are most actively accumulating ricinine is suggestive of its participation 

smcally in the ricinine pathway. 
If the enxymatic oxidation of i-methylnicotinonitrile is to be incorporated into the meta- 

bolic pathway leading from nicotinamide to ricinine, either ~~tino~~ or l-methyl- 
nicotinamide would appear to be likely intermediates. In some preliminary trials we have 
had no success in showing either enzymatic methylation of nicotinonitrile or conversion of 
nicotinamide to nicotinonitrile, so the choice between these two alternatives remains open. 
The possibility that more complex pyridine derivatives such as the nucleotides may be the 
real intermediates was first suggested by Leete and lL&G2 and implied in more recent work 
by Hadwiger et aZ. r3 It has not been possible to obtain a ~~nu~leotide of ~~~o~~e 
such as the 3-cyan0 analogue of NAD, but since our enzyme preparation does not seem 
highly specific for the I-alkyl group, such a nucleotide might well be oxidixed and, if so, 
could be the true intermediate. 

The formation of 6-pyridone raises other problems since from its structure it cannot lead 
to ricinine or to other compounds known to be present in the castorbean plant. If the 6- 
pyridone is not purely an in vitro artifact, it might be completely broken down to simple 
products in the plant while the rlpyridone goes on to ricinine. 

Since l-methyl-3-cyano4pyridone is stable for many hours in enzyme preparations 
which actively oxidize l-rn~y~~~o~~e, and since no 2-pyridone has ever been observed 
as a product of the enzymatic oxidation of 1-methylticotinonitrile, the introduction of oxygen 
at the 2-position of ricinine remains a mystery. Methylation of the 4pyridone at the oxygen to 
form a l-rne~yl-3~~~rn~o~~~~ salt might open the way to oxidation of the 
ring at the 2-position to form ricinine. This oxidation might even be non-enzymatic since 
attack at the 2-position seems to be preferred in chemical oxidation.6 We have attempted to 
synthesixe i-rne~yl-3~~o4rne~ox~~~~ iodide without success. As observed by 
Wieland et al.,‘* this compound readily decomposes to the 4-pyridone. However, it could 
still be a transient intermediate in v&o. Summarizing the above discussion, the following 
pathway is proposed tentatively for the biosynthesis of ricinine : 

CH3 

12 B him and P. H. B. Lzrrz, Gem. d5 hf. (Lmfh) $572 (1957). 
33 L A. Hmwms, S. E. BADIEI, CL R W&wit and R IL aHOWN, 3&&m. l&whys. Res. Cmnm 13,466 
Wm. 

34 T. WIEIAND, C. FEW and G. Pmmmum, Ann. 642,163 (1961). 
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There are further implications of the present findings for alkaloid biosynthesis in general. 
Very few investigations have been made of the enzyme systems specifically involved in 
formation of alkaloids---probably because it is not obvious how to look for such enzymes. 
The discovery of an enzyme which forms pyridones from pyridinium salts suggests that other 
pyridone alkaloids might be produced in the same way. For example, mimosine. lunine, 
eccnopsine, cdulein, and most of the ncridine alkaloids arc 4-pyridones. Flindersine. @sine, 
anagyrine and oxysanguinarine are 2-pyridones. The last example is particularly interesting 
since oxysanguinarine and sanguinarine occur together in Sanguirlaria spp. : and the latter 
is pyridinium salt which can bc chemically oxidized to the former.lS Although the castorbean 
enzyme does not catalyze this oxidation, it would be useful to cxomine Sattguhariu for the 
presence of an enzyme which does. Oxidation to a Spyridone might also be an intermediate 
step in the conversion of the pyridinium ulkaloid berberine to hydrastine.‘” Franck” has 
postulated the participation of quaternary bases as alkaloid precursors. and the present 
report suggests a specific example of such participation. 

Phi ts 
EXPERIMENTAL 

Castorbean seeds (Ricitzus communis var. Cimarron) were germinated in vermiculite kept 
moist with tap water. The trays in which they were grown were kept covered with aluminum 
foil but no special precautions were taken to exclude light all the time. 

Chemicals 
The various N-alkylated compounds used as substrates were synthesized by published 

methods with slight modifications. 1R-2o Preparation of the known pyridones of l-methyl- 
nicotinonitrile is described in the following paper. 6 Other compounds u erc obtained commer- 
cially. 

Ricittine Analysis 
Ricinine was determined spectrophotomctrically by extracting plant tissue \vith chloro- 

form as in the procedure of Waller and Nakazawa’ except that with the young. etiolated 
plants there was no interference by other substances. and direct mmsuremcnt of absorbance 
at 320 rnp in the chloroform extract wus possible. However. it appeared that the joungsr the 
plant was, the smaller the fraction of total ricinine that U;IS cxtractablc \\ith cold chloroform. 
Thus. the use of direct chloroform extraction. while indicating the time of grcutcst increase. 
exaggerates the percentage of increase. For a more accurate mensuremcnt of total ricinine, 
macerated plant tissue was extracted with boiling \vater and the ricininc then extracted from 
the aqueous extract with chloroform. In dormant seeds the boiling-water treatment released 
0.28 mg ricininc/plant (Fig. 1) whereas direct chloroform catraction \hoaed only 0.017 
mg:plant. By the time the plants were 6 days old, direct chloroform extraction showed 70 
per cent as much ricininc as did the boiling-water method. The nature of the “bound ricinine” 
is completely unknown. 

Preparation of Etqwie Solutioti 
Freshly harvested plant material was homogenized in a chilled Waring Blendor with an 

equal lbcight ofcold 0.1 M K~HPOJ for less than 30 sec. The homogenate u as strained through 

‘5 E SPAIH, F. SCHLE~IM~K. G. S(‘H~NC~: and A. GEMPP. Eer. 70. 1677 (1937) 
‘0 J.‘R. GEAR and 1. D. SPFSSER. Cm. J. C/tent. 41.783 (1963). 
I7 B. FRANCK. .4flKew. C/ICC. 74,724 (1962). 
Id J. W. HUFF and W. A. Pm ZWEIG, J. Bid. Chm. 150.395 (lY32). 
Iv P. KARRFR and F. J. ST wc. Hch. (‘him. .-lcru 20,418 (1937). 
x L. BENI).\. Et/.. 45. 17X7 f 1912). 
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two layers of cheesecloth and adjusted to pH 85 with NaOH. The homogenate was then 
centrifuged at 0” for 30 min at 24,000 g. The fatty top layer and sediment were removed and 
the supernatant solution dialyzed in the cold against O-01 M KsHPO4 (usually for 24-36 hr 
with several changes of medium). 

Tetrazolium Assay 

Each assay tube contained: O-8 ml enzyme solution; O-2 ml sodium bicarbonate buffer 
O-5 M, pH 95; O-1 ml triphenyltetraxolium chloride O-01 M; 1 pmole desired substrate; and 
water to l-6 mL 

Blanks omitting enzyme and omitting substrate and standards with graded levels of 
triphenyhetraxohum chloride reduced with dithionite for visual comparison of color were 
run simultaneously. All tubes were covered with a layer of mineral oil to exclude air and the 
times for 10,2O, and 40 per cent reduction of the dye noted. In certain experiments the effect 
of other additions was noted by replacement of some of the water with the desired solution. 

Spectrophotometric Assay 

The Beckman DB double-beam spectrophotometer was used. This instrument permits 
placing two cuvettes each into the reference and sample beams. Additions were made to 
four 1 cm2 cuvettes as follows: 

A B 

Q5 M HOa- b&ix pH 9.5 Q2 @2 (ml) ,“, 

D 

5xlO-‘Mmbstmte 
Enzyme sohrtion 
Water to 3.0 ml 

After starting the reaction by adding enzyme to cuvette D, A and B were put in the reference 
beam, C and D in the sample beam; and the appearance of product was followed by observing 
increase in absorbance at 255 nq~ for 10&n intervals over a period of 3Omin. Alternatively, 
the complete difference spectra were plotted over the range 240-340 w at each time-interval. 
The amount of enzyme assayed was chosen to give a change in absorbance of less than O-15 
in 10 min. This amount gave a reaction linear with time up to 30 min. The average absorbance 
change in 10 min x 100 was detined as units of activity. For determination of the variation of 
activity with pH, the hydrogen ion concentration was adjusted in unbuffered solutions using 
HCl or NaOH. 

Isolation of products 

To 150 ml of enzyme solution was added 50 mg of I-methyhticotinonitrile iodide dissolved 
in a little water. The pH of the mixture was adjusted to 9-O and the solution swirled inter- 
mittently for 1 hr. At the end of this time enough anhydrous sodium sulfate was added to 
give a pasty mass which was extracted by grinding it with three 50 ml portions of chloroform. 
Chloroform was removed from the extract by distillation from the steam bath and traces of 
castor oil removed from the residue by extraction with warm cyclohexane. The dry residue 
was dissolved in 3 ml of 95 % ethanol, made into a slurry with cellulose pow&r (Whatman 
Standard), and the ethanol allowed to evaporate. A column 20 x 1.2 cm was prepared of 
cellulose powder slurried with water-saturated iso-amyl alcohol. The cellulose powder 
containing compounds to be separated was slur&d with some of the same solvent and packed 
on top of the column. The column was eluted with this solvent and 120drop fractions 
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collected. Measurement of absorbance at 255 rnp showed a concentration of material in 
fractions 6-8, 9-16 and 24-29. There was some overlapping in fractions 8 and 9 but clean 
separation nas achieved by the repassage of each group of fractions through the column. 
The first two peaks from the column, designated A and B in order of appearance. were 
separately evaporated to dryness at 60’ in a rotary evaporator and the residues crystallized 
from hot ethanol. By comparison with melting points, u.v. and i.r. spectra. and Rf values on 
paper chromatograms of knotvn compounds A ws found to be identical nith I-methyl-% 
cyano-6-pyridone and B wrth I-methyl-3-cyano+pyridonc (SW following paper for details 
of the constants). The third peak (Cl was present m much smaller amount and sho\\cd a 
single absorption peak at 278 1~1~ in water or basic soiution and shifts in acid. 

Note a&./eti irt proo$ R. Mukherjee and A. Chatterjcc” have shown that a new alkaloid 
found in Trewia ndijforu and named nudiflorinc is l-methyl-3-cyano-6-ptridone, one of our 
enzymatic products. This is especially interesting since Trewicr and Rimrzts are hath in the 
Euphorbiaceae. 
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