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Abstract—A double-isotope technique for simultaneously measuring the per cent mcorporation of
two precursors into a metabolite is described. The method has been used to show that ornithine
is a more efficient precursor than arginine for the biosynthesis of retronecine, the necine base com-

ponent of the pyrrohzidine alkalowd senecionine.

INTRODUCTION

Per cent incorporations of labelled compounds
have frequently been used as criteria of the rela-
tive efficiencies of the compounds tested as bio-
synthetic precursors of a metabolite. The uncer-
tamnties inherent in this approach have been
pointed out repeatedly [1-3]. Vanations in the
per cent incorporations of a precursor nto a
metabolite can vary markedly even in closely con-
trolled duplicate experiments. The use of raw per
cent incorporations are therefore often of little
value as a measure of the relative biosynthetic
efficiencies of two different precursors. However,
this does not mean that incorporation values are
never informative In our studies of pyrrolizidine
alkaloid biosynthesis, for example, we have found
that when an incorporation of >0-19, has been
observed the compound tested has almost -
vanably proved to be a specific precursor of
either the necic acid or necine base moiety of the
alkaloid. Under defined conditions, therefore, in-
corporation values by themselves can be informa-
tive. However, in general, some other criterion
must be applied before a judgment can be made
about the significance of relative per cent incorpor-
ations of two or more labelled compounds.

Spenser and his colleagues have recently
demonstrated the application of a double-1sotope
technique for the direct and simultaneous deter-
mination of the relative mcorporations of optical
antipodes and have applied this technique to a
demonstration of the roles of L- and D-lysine as
precursors of various plant metabolites contain-
g a piperidine nucleus [3]. In this procedure,
the *H:**C ratio of the metabolite was compared
with that of a doubly-labelled substrate, one
isomer of which was labelled with **C and the
other doubly-labelled with *H and #C. It 1s
essential for the success of this procedure that the
H label m the precursor should be retained dur-
ing conversion mnto the product.

We have investigated a method for the direct,
simultaneous measurement of the relative rates of
incorporation of two precursors which 1s of
general applicability and which does not depend
on the use of precursors in which a trittum label
1s fully retained during conversion into the prod-
uct.

If a doubly-fabelied compound consisting of a
mixture of *H- and !*C-labelled species were
admunistered to a series of plants, we considered
that the absolute per cent incorporations of the
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1sotopes might vary considerably from plant to
plant, as is frequently found 1n practice, but that
the relative incorporations of the 1sotopes would
be a function predominantly of the biosynthetic
pathway and would not be expected to vary
greatly from one plant to another and from one
mcorporation experiment to another If this
assumption were correct 1t would follow that the
*H:'*C ratio m the metabolite would be related
to the *H:'*C ratio in the precursor by some fac-
tor r to be determimed experimentally, 1¢

3 3H
(-, o

(p and m refer to precursor and metabolite respec-
tively).

Further, if. i a given incorporation experiment,
the *H activity fed were x disintegrations per
minute (dpm) and the *C activity y dpm. and
if 1n the 1solated metabolite the corresponding ac-
trvities were x' dpm and y' dpm respectively, then

3I1‘”~x-~r and 3H”’—*\—r
Tas =T =1 A = 7=
14CP y 14Cm 3

3y _ 14, 3 _ 14

H,="'"C,.r;, and °H, ="'*C,.r,
3H 14C ”z

m m
H,  *C,'r,

". % Incorporation *H

,
= %Incorporation '*C x -2
Fy

.. % Incorporation *H

= °¢ Incorporation '*C x r 2
where r = "2 — SH:'4C ratio in metabolite
ry  *H-'*Cratio in precursor

(equation (! )]

Thus, provided that the factor r could be shown
to be constant for a given precursor, the predicted
mncorporation of the **C-labelled precursor could
be calculated from the incorporation of the H-
labelled precursor alone. It 1s essential, of course,
that the *H- and '*C-labelled precursors used
should be constant m a given serics of exper-
iments.

Further, if the relative mcorporations of two
different precursors were to be compared, the pre-
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cursor for which the ratio r had been determinced
(say precursor A) could be fed in *H-labelled fo1m
and the other precursor, B, m *C-labelled form
The retention of *H relative to '*C would then
be given by

3
Ui Ratio m metabolite
S
TS Ratio in precursors
=R

Since %, mcorporation of [*H]A = °, incorpora-
tion of ['*C]A x r (equation 2).
% Incorporation ['*CJA R

i AT
" 9, Incorporation [1*CIB  r )

9 Incorporation *H

¢, Incorporation '*C

We have tested the validity of this procedure
in experiments designed to mnvestigate the relative
efficiencies of ornithine (1) and arginine (2) as pre-
cursors of the necine base retronecine (3) of the
pyrrolizidine alkaloid senecionine (4) (Fig 1)
Ornithine (1) has been shown to be a specific pre-
cursor of retronecme (3) [4]. It 1s probable that
ornithine 1s mcorporated into retronecine after
decarboxylation to putrescine (5) since labelled
putrescine has also been shown to be specifically
mcorporated mnto retronecine [4c]

Arginine can be hydrolysed to ornithine by the
enzyme arginase, which has been detected m a
number of higher plants. However, putrescine can
also be formed {rom arginme via agmatine (6) and
N-carbamylputrescine (7). Arginine was shown to
be the major precursor of putrescine in potas-
sium-deficient barley [6]. Agmatine was accumu-
lated and labelled agmatine was converted into
N-carbamylputrescine and putrescine: ormthme
was only slowly converted mto putrescine
Arginine and agmatine were shown to be precur-
sors of putrescine m the halophyte Limonuwim vul-
gare and the presence m the plant of N-carbamyl-
putrescine was demonstrated [7]. Both arginme
and ornithine were incorporated efficiently nto
homospermidine m sandalwood [8].

The pyrrolidine nucleus present m a variety of
alkaloids has been shown to be derived from
ornithine. but the possible role of arginine as a
precursor has been lttle mvestigated However.
arginine, agmatine and N-carbamylputrescine
were mcorporated specifically into the pyrrohdine
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ring of nicotine [9]. Both arginine and ornithine
were shown to be precursors of putrescine in
tobacco plants; putrescine was probably derived
from arginine via agmatine [10].

RESULTS

In the first series of experiments (Tables 1 and
2), a mixture of L-[U-!*CJarginine and L-[3-
*H(N)]arginine CH:!*C = 4-84:1) was fed to six
Senecio magnificus plants growing i hydroponic
solution. After five days, 959 of the *C had been
taken up by the plants. The *H:'*C ratio in the
isolated senecionine (4) was determined (Table 1).
The incorporation of activity was very low and
in one experiment (plant 3) it was essentially zero,
However, the ratio r (equation 1) was fairly con-
stant at 0-63 + 0-09. Further, it can be seen (Table
1) that although the per cent incorporations of

2619

Table 1 Relative retention of *H and '*C on incorporation

of ©r-{U-"*Clargimine and r-[3-*H(N)Jargimine  1nto
senecionine

Expermment { 2 3 4 5 6
*H/'C ratio m 484 484 484 484 484 484
argmne fed
3H/'C ratio 1 344 343 330 261 238
seneciomne
r (ratio *H/'*C 071 070 068 053 049
incorporated
— 3H/*C fed)
% Rlcorporanon 00090009 00 0007 0001 0002
of **C

Mean ratio (r) = 063 + 009
Mean '*C ncorporation = 0-005%,

14C varied by a factor of nine (neglecting the
single zero value), the ratio r only varied by a
factor of 1-4. We next fed a mixture of L-[U-
'4Clornithine and L-[3-*H(N)]arginine to six S.
magnificus plants (Table 2). The ratio of the
amount of ornithine to the amount of arginine
fed was 10:1,1:1 and 1:10 for each of two pairs
of plants respectively. The *H:!*C ratio in the
isolated senecionine was determined and the ratio
per cent ncorporation L-[U-'*Clarginine (calcu-
lated): per cent wncorporation L-{U-'*CJornithine
(observed) was determined using equation 3 (Table
2). The ratios thus obtained were multiplied by
a factor of 6/5 to correct for the probable incor-
poration of only four of the six carbon atoms
of arginine and four of the five carbon atoms of

Table 2 Relative retention of *H and *C on incorporation

of L-[U-'*Clormthme and L-[3-*H(N)jargimne mto
senecionine

Experiment { 2 3 4 5 6
Arginine fed 25 25 025 025 0025 0025
(mg per plant)
Ormthine fed 025 025 025 025 025 025
(mg per plant)
SH/'C ratio fed 362 362 300 301 321 321
3H/**C ratio 1n 201 248 1:56 159 177 167
seneclonine
R (ratio 3H/**C 056 069 052 053 055 052
mcorporated
— 3H/'C fed)
% Incorporation 003 025 013 002 001 001
of 1*C
R/r [cf equation (3) 089 110 083 084 087 083
with r = 063 (Table
1]
R/r x 6/5 107 132 100 101 104 100

Mean '*C incorporation = 0 07%.
Mean relative incorporation = 107 + 013
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ornithine (Fig. 1). The final relative per cent incor-
porations of the precursors are given in Table 2,
from which it can be seen that arginine and
ornithine were incorporated with nearly identical
efficiencies.

The results just described were based on very
low incorporations in the calibration experiment
which were due in part to infection by a species
of Botrytis, which developed shortly after the
plants were placed i hydroponic solution. The
experiments were therefore repeated with plants
which had been treated with a systemic fungicide.
The fungicide was also added to the nutrient solu-
tion. This treatment resulted in a considerable in-
crease in the per cent incorporation of the
labelled precursors.

The results of the second series of experiments
are given in Tables 3 and 4. Uptake of the
labelled amino acids in this series was determined
by dilution analysis of the residual nutrient solu-
tions and was found to be >99% after 3 days.
(Much of the tritium label appeared as [*"HH,O,
which made it impossible to determine the uptake
of the [*H]Jarginine from the gross *H activity
in the nutrient solution). The ratio r determined
with doubly-labelled arginine in experiments with
six individual plants was very uniform at
090 + 0-01 (Table 3). The batches of labelled
arginine used in the first and second series of ex-
periments were different which may account for
the difference in the values of r for the two series.

The incorporation experiments with [*Hjar-
ginine and ['*CJornithine were carried out as
before except that, in each individual experiment,
two plants were used. The results given in Tables
3 and 4 reveal some interesting features. In sup-
port of the initial premise, it can be seen that
although the *H:'*C ratio remained very con-
stant at 090 + 001, the per cent incorporations
of ['*CJarginine varied over an order of magni-
tude. The constancy of the isotope ratio r indi-
cated that it could be used with confidence in
calculating predicted values for the incorporation
of ['*CJarginine from the observed incorporation
of [*H]arginine.

* These figures are derived by dividing the mean per cent
incorporation of [**CJornithine (0-07, Table 2) by the mean
per cent incorporation of ['*CJarginine (0-005, Table 1} and
multiplying by 5/6. and by treating the corresponding resuits
from the second series (Tables 3 and 4} in the same wav.
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Table 3. Relative retention of *H and '*C on incorporation

of L-[U-"*CJarginine and ©r-[3-°H(N)Jarginine into
senecionine

Experiment 1 2 3 4 5 6
'SH/‘“C ratio in 300 299 299 300 303 306
arginine fed
SH/MC ratio in 276 269 262 269 268 273
senecionine
r (ratio *H/'*C 092 090 089 096 088 (-89
incorporated
= 3HC fed)
4, Incorporation 002 010 018 022 002 003
of *C

Mean ratio (r) = 0:30 + 0-01.
Mean '*C incorporation = 0-09°,.

The vahdity of the double-labelling procedure
is clearly illustrated by comparing the results of
the two series of experiments. If the relative incor-
porations of arginine and ornithine were based
on raw '*C-per cent incorporation values it
would be concluded from the first series (Tables
I and 2) that ornithine was used. on average,
nearly 12 times more efficiently than arginine for
retronecine biosynthesis, whereas the results of
the second series indicate that arginine was incor-
porated nearly seven times more efficiently than
ornithine.* The results of the two series of exper-
iments therefore differ by a factor of ~ 75! How-
ever, if the results of the double-labelling pro-
cedure are compared it can be seen that they are
far more consistent, the relative mean efficiencies
of arginine and ornithine incorporation in the two
series being 07 + O-13 and 0-44 + (18 respect-
ively. Of these the former result is less reliable

Table 4. Relative retention of *H and '*C on incorporation

of -[U-"*CJornithine and ©-{3-*H{N)Jarginine into
senecionine
Expestment i 2 3 4 b 6

Arginine fed 25 N 023 023 025 0025
(mg per plant]

Oraithine fed 013 023 025 25 2% a2s
{me per plant)

*HC ratio fed 11-8 )-8 122 123 s s
*HAC ratio in 43 57 473 2301 164 20
senecionine

R (ratio *H/HC 047 4% 3% 32 014 019
meorporated

= THAC fed)
, Incorporation 011 018 022 0022 0017 0007
Or !J(«

Rir [ef. equation (3} 032 053 0-42 036 O16 022
with r = 090 (Table 231}

Rvr x &3 062 Q64 0-30 a4} [ 026

Mean *#C incorporation = 0-016%,
Mean relative incorporation = 044 + 0-18.
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than the latter as 1t is based on calibration exper-
imerits in which only low absolute incorporations
were obtained. It was therefore concluded that
arginine is a slightly less efficient precursor of
retronecine than ornithine. Further investigations
will be necessary to determine whether arginine
1s incorporated after hydrolysis to ornithine, by
the agmatine—N-carbamylputrescine pathway, or
by both routes simultaneously.

In the second series of experiments the incor-
poration of ['*CJarginine relative to [**C]ornith-
e increased with the absolute amount of
arginine fed to each plant (Table 4). (A similar
effect has been noted in other incorporation
studies [11]). It is noteworthy that this trend was
evident even though the incorporation of ornith-
ine itself increased in the same direction (compare
lines 6 and &, Table 4) A similar trend, although
less marked, was noted 1n the experiments with
the older plants used for the first series (Table
2).
In the foregoing discussion 1t was assumed that
arginine, like ornithine, was specifically incorpor-
ated into the retronecine component of sene-
cionine. This was confirmed by hydrolysis of sene-
cionine from an incorporation experiment with
doubly-labelled arginine The activity of the alka-
loid (both isotopes) was found to be located
almost exclusively in the necine base (Table 5).

The double labelling technique described here
provides mformation only on the incorporation
of those atoms of the precursors which are
labelled with the isotope used for the comparative
incorporation experiments. Interpretation of the
results obtained depends on a knowledge of the
manner in which the atoms of the precursor are
incorporated into the metabolite; this information
must be provided by incorporation experiments
with specifically-labelled precursors in the usual
way. However, it is not necessary for the 1sotope

Table 5 Distribution of activity m senecionine® after
admimistration of L-[3-*H(N)]argimine and L-[U-'*CJarginine
to S magnificus

% Activity 1n

1sotope Retronecine (3) Senecic acid (8)
H 94 0
14C 99 1

* The labelled senecionine used was that isolated from expt
4, Table 4
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used for the calibration (*°H 1n the above experi-
ments) to be located at any specific point or
points in the precursor or even that the location
of the 1sotope should be precisely known. All that
is necessary is that some of the calibrating isotope
should be retained during conversion into the
metabolite and that the ratio r should be shown
by experiment to be constant.

The technique described here eliminates many
of the uncertamnties that tend to invalidate the
use of per cent incorporation values in assessing
the relative efficiencies with which two or more
precursors are used in a biosynthetic pathway. In
particular, 1t circumvents the problem of isolating
the labelled metabolite quantitatively, since the
final relative incorporations depend only on
measurements of 3H:'*C ratios However, the
method does not eliminate uncertainties due to
differences 1n the modes of absorption and trans-
port between different precursors; these factors
remain the major source of uncertainty in the in-
terpretation of relative incorporations in biosyn-
thetic mvestigations.

EXPERIMENTAL

General Radiochemicals were purchased from the New
England Nuclear Corp Radioactive samples were counted 1n
a Packard 2000 Series Liquid Scintillation Counter in Dioxan
Liquid Scintillatton Solution (BDH) Sufficient counts were
accumulated to give a standard error of <19 for each deter-
mination

Feeding methods Senecio magnificus plants were grown from
seed and then cultured 1in hydroponic soln as previously de-
scribed [12] The nutrient soln contained Phostrogen (06 g
dm~? for the first series of expts, increased to 21g dm™?
for the 2nd series) For the 2nd series of expts, the plants
were treated with Benlate (Dupont) at the seedling stage Ben-
late (25 mg dm™3) was also added to the hydroponic soln
4-Month-old and 3-month-old plants were used for the Ist
and 2nd series of feeding expts respectively

Determination of precursor uptake by dilution analysis A soln
of L-argimine (10 mg) and r-ornithme (10 mg) was added to
the residual nutrient soln which was filtered and passed down
a column of Dowex S0W-X8 cation exchange resin (H”, 10 g)
The column was washed with deiomized H,O, the amino acids
were eluted with NH,OH (2 mol dm ™3, 200 cm®) and counted
Residual activity (both 1sotopes) was always <03% of the
mitial activity

Isolation and purification of secenomne (4) Seneciomne (4)
was 1solated as previously described [12] The yield of sene-
cionne varied between 05 and 15% based on the dry wt
of the plant material After diln with mactive senecionine
purification was effected by chromatography on neutrat alu-
mina with CHCI, as eluant, and recrystalhzation from MeOH
to constant activity

Hydrolysis of senecionine (4) Senecionine (4) was hydrolysed
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to senecic acid (8) and retronecine (3) (isolated as the hydro-
chloride) as previously described [12].
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