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Dturing the early period of the twentieth century,
it was generally thought that alkaloids were by-
p)roducts of a number of irreversible and physiologi-
cally useless reactions associated with nitrogen me-
tabolism (1-3). This idea was gradually discarded
as an increasing number of experiments showed that
alkaloids are metabolically active.

Indirect evidence for the decomposition of rici-
nine (II, fig 1) in the living plant was obtained by
several investigators in nonisotopic experiments.
Weevers (4) showed that the ricinine content de-
creased with increasing age of castor plants grown
on nitrogen-depleted soil. Bogdashevskaya (5)
showed that the content of ricinine was reduced in
leaves which were shaded from the light, while the
upper unshaded leaves of such1 plants prodtuced super-
normal levels of ricinine. Waller and Nakazawa (6)
reporte(d that ricinine wsas rapidly utilize(I by castor
cotvledlons in the (lark; however, the amount of
ricinine did not clecrease when nicotinic acid was
l)resent in the medium. A preliminary report (7)
has been made on the degradation of ricinine in a
cell-free system of young castor plants.

Tso and Jeffrey (8) were the first to use iso-
topic tracers to demonstrate that alkaloids are me-
tabolically active. They fed nitrogen-15 labeled ni-
cotine (III, fig 1), nornicotine and anabasine (IV,
fig 1) to tobacco plants and found that a major

1Received February 9, 1965.
2 Supported in part by a Research Grant (GM-

08624) from the National Institutes of Health, United
States Public Health Service, Bethesda, Maryland.

3 Taken in part from a Master of Science Thesis
submitted to the Oklahoma State University, November,
1963.

4National Science Foundation Undergraduate Re-
search Participant, 1961.

5 National Science Foundation Undergraduate Re-
search Participant, 1960.

6 In figure 7 of this review the direct conversion of
quinolinic acid to nicotinic acid is shown which is not
in agreement with the results which show that nicotinic
acid mononucleotide is an intermediate and that free
nicotinic acid is not formed directly by decarboxylation
of quinolinic acid; Hadwiger, L. A., S. E. Badei, G. R.
Wailer, and R. K. Gholson. 1963. Biochem. Biophys.
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7 Recovery of 96-99 % of the ricinine can be obtained
if the fresh tissue is ground in a mortar and pestle using
sand but the laboriousniess of this technique made it unde-
sirable for use in isolating ricinine in these experiments
where large quantities of plant material were irwolved.

portion of the alkaloids supplied was broken down.
Griffith et al. (9) indicated that nicotinic acid (I)
was a metabolite of nicotine. Griffith and Griffith
(10) showed that transmethylation of methionine to
nicotine and catabolism of the ring structures ot
nicotine occurs almost exclusively in root tissue of
Nicotiana rustica.

It is well known that nicotinic acid (I, fig 1) can
serve as a precursor of each of these alkaloids [fig
1; see Leete (11) for a recent review] ".

The experiments described herein were per-
formed to determine if ricinine could be degraded
by the castor plant and to observe the turnover of
ricinine in different organs.

Materials and Methods

CiJltroal Conditions. Ricinits cofltmllllifs L. planits
of the Cimarron variety wvere grown on Port clay
loam soil un(ler irrigation at either the Perkinis or
the Stillwater Agronomy farm. Water wvas sup-
plied when needed so that the plants were never
under moisture stress. These experiments were con-
ducted over a 3 year period. The rate of growth
varied considerably from year to year due to varying
climatic conditions.
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FIG. 1. Pyridinie alkaloids dlerived from nicotinic
acid.
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Adminiistration of Labeled( Co mnpolindls. A 22-
gauge hypodernic needle was inserted at the top
of the second internode of a castor plant to serve
as a vent. An aqueous solution of the compound
was injected at the bottoml of the internode using
a Hamilton nmicro syringe.

Prepar-ation of Label cd C-o IpouInds. Tw,o hiun1-
(lre(l mig of ricinine wvere labeled wvith tritiumi accord-
inlg to the gaseous exclhange mletho(d of \Wilzbach
(12). The ricinine-H 3 was wvashed wvith water to
remiiove exchangeable tritiumll, (lilute(l with carrier
ricininie and crystallize(d fromii water ani(l chloroform
to constant specific activity. The radiochemical
purity wvas checked by spotting 50 to 100 yg of the
ricininie-H3 on 2.5 cm strips of \Whatnman No. 1
paper and developling with t-butyl alcohol: water:
acetic acid (4: 2: 1) or witlh 85 % isopropyl alcohol.
The RF of ricinine-H` agreed with that of a chemi-
cally syrnthesized sample ('13) in both systems.
After developing, the paper strip was driedl an(I cut
into 2.5 X 5 cm pieces. Radioactivity measurements
were made on each piece using a liquid scintillation
counter. Only the radioactive spot which corre-
sponded to ricinine was detectedl. The dlistribution
of tritium activity was 8.5 % in the 0-methyl, 24.9 %
in the N-methyl group and( the remainder was on
carbons 5 an(d 6 of ricinine. The activity in the
methyl carbons was determined according to the
method of Dubeck andI Kirkwood (14).

Nicotinic acid-7-CI4 was purchased fromii Califor-
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nica Bioclhelmiical Corporation and vas use(d without
furtlher purification. Ricinine-8-C14 w as prepared
biosvinthetically by isolating it froml young castor
plants to which nicotiniic acid-7-CI4 or nicotinamide-
7-C14 hiad beeni administered. Both of these comil-
poun(ls give rise to ricininie labeled solely in tlle
nitrile carbon (151). ts purity x-as checked in tlle
sailie mnanner as wvas outline(d for riciinine-H3.

Mcastrvnicudt of Radioactizvity. Radioactivity
measurements w-ere madle using a MAlodel 314 E Tri-
Carb liqjuid scintillation spectrometer. Tlhe scintilla-
tion sol-ent was comlposecl of 58.75 % toluene.
39.2'5 % a-bsolute etlhaniol and 2 % water. This solu-
tioln conitaine(l 0.5 % 2, 5-diphenyloxazole ancl 0.02 %
p-his-2- ( 5-phenyl-xazoly\1l) -benizene (PPO) as phos-
phors. This systemii had an efficiency of approxi-
mately 8.0 % for tritium anid 38 % for carbon-14
pyriliniUmll comiipoun(ls. The scinitillation solxvent
usedi for meeasuring- '4CO.. wvas mia(le of 3 ml of
ethalnolamiiine-miietllx-cellosol-e, 1: 2. which w-as uisedI
for CO. absorption. and 15 mil of methyvlcellosolve-
toluene (sulfur free), 1: 2. which contained 5.5g of
PPO per liter. Ethanolamine xvas used because it
wa-s less (luenche(l thani tlle socliutml hydroxide solu-
tion.

Stor;age of Plant MlWatcrial. WRhole castor plants
were harvested. place(d in polyethylene bags an(i
storedl at -18° until use(l.

Isolationi of Ricincie. The plroce(lure of \Valler
anid Henderson (15) w-as used.
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FIG. 2. Ricinine content of the castor plant at different states of developmiient. These plants were grown
at the Stillwater Agronomy farm in 1961. The physiological stages of development are noted onI the graph. The
entire plaits were used for the isolationi of ricininie. Tlle variatioin in analyses are indicated l) a vertical line.
The number of plantis used] in obtaining each point is: *, 2 lots of 20 plaints eacli; U, 2 lots of 5 plants each;
* 2 plaints.
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Results and Discussion

To determine the efficiency of recovery of ricin-
ine, 2 plants were harvested immediately after ad-
ministration of ricinine-H3. The amount of ricinine
recovered was 75 ± 2 %. Corrections for this loss
of ricinine were made for these experiments.,

Figure 2 shows the ricinine production by individ-
ual castor plants. An individual castor seed con-
tains about 0.1 ,umole of ricinine and its subsequently
developed plant was found to contain around 1.2
mmole at 17 weeks of age. The plant is not mature
at 17 weeks of age. The m,ature plant is usually
5 to 7 feet tall and weighs 2 to 4 times as much as
the 17 week plant. It has a woody stem which inter-
feres with efficient extraction of ricinine. Imme-
diately prior to flowering the observed rate of ricin-
ine synthesis was 36 umoles per day (fig 2; 5-6th
week) which represented the highest rate in the
nonflowering plants. Although this kind of experi-
ment was not repeated in 1962 and 1963, sufficient
numbers of plants were analyzed to verify the 1961
findings. There was a noticeable variation in the
chronological age of the plants at the same physio-
logical state of development during this 3-year period.
The plants grew most rapidly in 1961 as is indicated
by the 40 days of age required to reach the flowering
stage whereas in 1963, 49 days were required.
This might be expected to have an effect on the
synthesis and breakdown of ricinine and a compari-
son of the results obtained in 1961 and 1963 confirms
this hypothesis.

Figure 3 shows the rate of disappearance of
ricinine-H3, ricinine-8-C'4 and total ricinine found
in castor plants grown in 1961. A plot of the
specific activity recovered (not shown) gave a curve
with a similar shape to the one shown which repre-
sents the total radioactive ricinine recovered. From
these results it is clear that destruction of ricinine
occurred while rapid synthesis was in progress.
From the ricinine-CG-4 curve it is evident that nico-
tinic acid is converted to ricinine and that the ricin-
ine thus formed is degraded to the extent of about
90 % during the ensuing 11.5 weeks. The ricinine-
H3 was degraded to the extent of about 95 % during
a 10-week experiment. The highest rate of metabo-
lism occurred during the fi,rst 3 weeks following ad-
ministration of ricinine-H3 and nicotinic acid-7-C14.
At this stage the plants started to flower and the
rate of disappearance of radioactivity from the ricin-
ine fraction was considerably slower than before
flowering.

To gain a better understanding of the breakdown
of labeled ricinine in the flowering plant, an experi-
ment was conducted using plants which had just
begun to flower when the ricinine-H3 was injected.
During the first week 20 % of the ricinine-H3 was
utilize(l. At the end of the first week, immature
seeds began to appear; therefore, the plants were
divided into seeds. flowers and leaf-stem portions
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FI(. 3. Rate of disappearance of ricinine-H3 and
ricinine-8-C14 in castor plants. These plants were grown
at the same location and time as those described in
figure 2. They were 26 days of age and were at the
fifth to sixth nodal stage when the labeled compounds
were injected. Ricinine-H3, 9.7 moles, with a specific
activity of 17.0 ,uc/mmole was dissolved in 200 ,l of
distilled water and injected in a single plant. Nicotinic
acid-7-C14, 0.108 umole, with a specific activity of 9.2
mc/mmole was dissolved in 10 ,ul of distilled water and
injected in a different single plant. 0, Ricinine-H3;
*,ricinine-C'L; A, ricinine content per plant. The
entire plant was usedl for ricinine isola,tion.

for ricinine analysis. A comparison of the total
ricinine-H3 recovered is shown in figure 4A and
of the total ricinine is shown in figure 4B for these
parts of the plant. The roots were not analyzed in
this experiment since it was determined that they
containedl less than 2 % of the ricinine present in
the plant. In figure 4B it is shown that the increase
in ricinine formation by the plant as a whole paral-
lels that in the seed. The flowers and leaf-stem
sections contribute about 5 % and 20 %, respectively,
of the to,tal ricinine at the end of the 13 wveeks (actu-
al plant age was 20 weeks since the ricinine-H3 was
administe!red to 7-week-old plants). Ricinine pro-
duction by the flowers remained constant. The
flowers were found to contain 1.07 % of the alkaloid
(10.7 ± 2.0 mlg/g dry wt), which was the richest
source of the alkaloid in the castor plant. The ricin-
mne content of the seed was relatively constant at
a value of 7.7 ± 0.65 mg/g (0.77 % dry wt). The
amount of ricinine in the leaf-stem fraction showed
a slight decrease up to the ninth week and increased
gradually to the end of the experiment. When the
leaf-stem data are replotted to show the ricinine
conltent per g of tissue it is evident that a marked
decrease in the alkaloid per g of tissue occurred (fig
5). The decrease was from 3.8 mg/g to 1.6 mg/g
and represented a net decrease of about 60 %.

The overall rate of ricinine synthesis between the
twelfth and thirteenth week (actual plant age was
19 and 20 w-eeks) was about 2.1 mmoles or 300
,unoles per day. Although this is aboult 8 times as
fast as the fifth to sixth week period Of the pre-
flowering plant most of the synthesis occurred in
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the see(d and(l wvas due simply- to the fact that larger
numbers of seed were forme(l. These castor plants
have been xvidely use(i colmimercially because of their
higlh production of castor oil, hence, a high nunmber of
seeds per plant is desirable because the oil vield
is increase(l corresponcdingly.

In figure 4A it is slhoxnv that the total radlio-
activity of riciniiie-H3 (lecreased by 75 % (luring the
13-week period. Of the alkaloid remaining 20 %
wvas foundl in the seecls. The accumulation of ricin-
ine-H3 in the see(d clearly in(licates that the alkaloid
was transported fromi other tissues to the seed. It
seemiedl unlikely that ricininie accumulate(d in the seed
(lue only to translocationi (see fig 4B). To establislh
that its synthesis also couldl occur in the seed the
following experimenlt w'vas condlucted:

Excise(d immature castor seeds wvere dipped into
100 jul of dlistilledl x-ater containing 3.3 ,unmoles of
nicotinic acidl-7-C144vith a specific activity of 130

uc/mnmole. Uptake xvas complete in 1 to 2 hours.
Thirty hours later the experiment w\as terminated.
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Fifty-four /utmoles of ricinine-8-C'4 wvith a specific
activity of 246 mnLc immole xvas obtained.

This represenited 3.9 % inlcorporation of nicotinic
acid-7-C14 into ricininie. It is lnot clear as to the
amounts that xx-ere sylnthesized and tranislocated.

The loss of riciinine-H rici_in_e--C 4 clearly
ini(licatedl that this alkaloid wvas metabolized by- the
castor plant. The loss of activity of ricinine-H
miglt be clue in part to an exchange of tritium fromii
the ricinine-H3 With yivdrogeii in plant cells; lhow-
ever, this appears to be unlikely since the disap-
pearance of ricinine-8-C'4 provided conclusive evi-
(lence that the alkaloidl was degraded,l. Several at-
temiipts were miad(le to obtain ricininie from the soil
that surroundedl pottedl castor plants xvhich had ricin-
ine labeled writh either tritium or C14. No ricininie
could be recovered; however, 0.2 % of the adminis-
tered radioactivity xx'as recovered in an aqueous ex-
tract of the soil. The products excreted have not
been identified.

To cletermine if riciniine coul(d be de-raded to
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FIG. 4. A., Comparison of the rate of disappearance of ricinine-H3 in different parts of the castor plant. B,
Comparison of the rate of ricinine formation in differenit parts of the castor plant. These plants were grown at
the Perkins Agronomy farm in the summer of 1963. Forty-nine day old plants Nvere injected with 18.2 amoles of
ricinine-H"xwhich had a specific activity of 48.5 uc/mniole. The plants were floxserinig and( were at the tenth to
eleventh nodal stage. 4A: D, leaf stem; 0, floower; O, seed; £\, tothl. 4B: , leaf stem; *, seed; O, flower;
A, total.
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The ricinine content of I
formation. These were th
for figure 4.

CO, 5 luc of ricinine-8-Cl4 was injec
plant which was immediately placed
system to prevent photosynthesis
catabolism. Carbon dioxide-free
through the system and the respii
trapped in ethanolamine-methylcel
hours. The results showed that app

of the radioactivity from ricinine-8
respiratory 14CO.). The route of for
is not known. A plausible iinterm
N-methyl-4-methoxy-2-pyridone wI

formed if a direct cleavage of the a
curred. In vitro experiments wit
(7) failed to yield any N-methyl-4
(lone and attempts to isolate this
castor plants have been unsucces

graphic examinations of aqueous

tracts failed to show any formatio
nicotinic aci(l. It is possible that
broken clown into small molecules b
cluding nicotinic acid. Further woi

fication of the metabolic breakdowi
progress.

Summary

Ricinine-H3 -and ricinine-8-C"4
olized by castor plants (Ricinus com
extent of degradation of the alkal
75 to 95 %. Synthesis of ricinin

tinually during these experiments. It was shown
that ricinine could be transported to the seeds and
that in situ synthesis also occurred. The results in-
dicated that no net destruction of ricinine-H3 oC-
curred in the seed. At 20 weeks of age the ricinine
in the seed accounted for about 75 % of the total
alkaloid in the plant. In post-flowering plants there
was a 60 % decrease in the amount of ricinine per
g of leaves and stems but the ricinine content of the
flowers and seeds remained relatively constant.
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