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+ 137 '. Compounds active at the muscarinic receptor 
sites appear to require a (CH3)3N+ group and, in 
addition, an alkyl or NH2 group at the position of the 
acetoxy methyl in acetylcholine. For the nicotinic 
receptor sites, the groupings which appear to  be essen- 
tial for activity are a quaternary N+ moiety and ,a 
hydrogen bond receptor located approximately 5.9 A 
from the center of the positive charge. l7 

It may be instructive to examine whether there are 
geometrically similar groupings in the histrionicotoxins 
and cholinergic agonists and antagonists. In Figure 5 ,  
the geometry of isohistrionicotoxin is compared with 
muscarine, tropine, and the choline moiety in acetyl- 
or succinylcholine. Coordinates determined from 
crystal structure analyses20~21 were used to execute 

precise drawings of the configurations by computer.22 
Similar geometric, although not necessarily chemical, 
moieties are outlined with heavy lines. Although 
there is a group of atoms in the histrionicotoxins with a 
geometry resembling that of choline, the histrionico- 
toxin structure does not possess the requirements as 
mentioned above either for muscarinic or nicotinic 
activity. 
N+ atom with a hydrogen bond receptor only 2.71 A 
from the N+ apparently is sufficient for activity. 

(20) (a) M. E. Senko and D. H. Templeton, Acta Crystallogr., 13, 

(21) J. W. Visser, J. Manassen, and J. L. de Vries, Acta Crystallogr., 

(22) C. K. Johnson, ORTEP, ORNL-3794, Oak Ridge National 

For this potent inhibitor, the occurrence of 

281 (1960); (b) F. Jellinek, ibid., 10, 277 (1957). 

7, 288 (1954). 

Laboratory, Oak Ridge, Tenn., 1965. 
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Abstract: The configuration of a metabolic precursor is determined experimentally by comparison of the 3H/14C 
ratio of the metabolic product with that of a doubly labeled substrate. This new method for the determination 
of precursor stereochemistry in intact systems does not depend on a comparison of incorporation efficiencies. 
It is shown by this method that the alkaloids sedamine, N-methylpelletierine, and N-methylallosedridine from 
two Sedum species and anabasine from Nicotiana glauca are derived from L-lysine, whereas pipecolic acid, from 
each of these plants, is derived from D-lysine. 

n biosynthetic tracer studies in which specifically I I4C-labeled amino acids are used as substrates, the 
DL racemates are most frequently employed since they 
are more readily available and generally less expensive 
than correspondingly labeled samples of the L and D 
enantiomers. If nonrandom incorporation of label 
from a 14C-labeled DL-amino acid into a biosynthetic 
product is observed, the assumption tends to be made 
(in the absence of evidence to the contrary) that it is 
the L enantiomer which represents the normal metabolic 
substrate and serves as the actual precursor (e.g., ref 
2 and 3). 

Tracer experiments intended to establish, in intact 
systems, which one of the two enantiomers of an amino 
acid served as the actual precursor have, in general, led 
to results which were indicative rather than conclusive, 
and have on occasion yielded contradictory data. 
Inferences were based: 

(i) on a comparison of the efficiencie~,~ observed in 
(1) Presented as part of a Symposium lecture at the 23rd Inter- 

national Congress of Pure and Applied Chemistry, IUPAC, Boston, 
Mass., July 1971, Symposium 0-13, Abstract No. 91, p 36. 

(2) E. Leete, J.  Amer. Chem. Soc., 84, 55 (1962). 
(3) A. J. Birch and I<. R. Farrar, J .  Chem. SOC., 4277 (1963). 
(4 )  Incorporation efficiencies have been expressed in several ways: 

specific radiochemical yield (100 X molar specific activity of product/ 
molar specific activity of substrate) or its reciprocal, dilution value 

parallel experiments, of incorporation of radioactivity 
from the labeled DL racemate and the labeled L and D 
isomers of the substrate into the biosynthetic product,6 

(molar specific activity of substrate/molar specific activity of product), 
are expressions of tracer concentration within the isolated product. 
Such values depends not only on the rate of conversion of substrate 
to product, but also on the pool sizes, within the intact system, of the 
substrate and of the intermediates between substrate and product, as 
well as on the amount of product present in the system at the time of 
administration of tracer. Apart from demanding rigorous purification 
of end product, these values are independent of manipulative variables 
such as losses in the course of isolation of product. The per cent 
incorporation of activity into the product (100 X total activity recovered 
in product/total activity administered in substrate), on the other hand, 
depends on the chemical yield of product which, in turn, is a function 
of the skill of the experimenter. 

(5) J. E. Watkin and A. C .  Neish, Can. J .  Biochem. Physiol., 38, 
559 (1960). 

(6) E g . ,  incorporation of cystine into benzylpenicillin,' of trypto- 
phan into echinulin,* actinomycin,g and pyrrolnitrin,'O of valine and 
a-hydroxyvaleric acid into valinomycin, 1 1  of valine into benzylpeni- 
cillin,'2,13 into sporidesmolide 1.14 and into penicillin N and cephalo- 
sporin C,15 of a-aminoadipic acid into penicillin N and cephalosporin 
C,16 of ornithine into bacitracin, 17 of lysine into pipecolic acid, l a *  l9 
and of 5-hydroxylysine into 5-hydroxypipecolic acid.*O 

(7) H. R. V. Arnstein and P. T. Grant, Biochem. J. ,  57, 353 (1954). 
(8) J. C. MacDonald and G. P. Slater, Can. J .  Microbiol., 12, 455 

f9) A. Albertini. 0. Tiboni. and 0. Ciferri, J .  Label. Compounds, 2, 
(1966). 

90'(1966). 

Ag. Chemorher., 338 (1967). 
(10) R. Hamill, R. Elander, J. Mabe, and M. Gorman, Anfimicrob. 
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antiomer in a resolved amino acid sample are A 1% 
by optical methods and k0. 1 % by enzymic meth- 
o d ~ . ~ ~ - ~ ~  These limits are of a magnitude similar to  
the recovery of precursor activity in biosynthetic 
products generated in intact systems. Thus, about 1 
of the label of the amino acid substrate is recovered 
within the product in tracer studies on the biosynthesis 
of antibiotic peptides. 3 2  In investigations of alkaloid 
biosynthesis in intact plants, the recovery of label within 
the product, from amino acid substrates shown by 
degradation studies to  be incorporated specifically and 
nonrandomly, is usually less than 1%, often less than 
0.1 % and sometimes as low as 0.01 (e.g. ,  ref 33 and 
34). 

It is thus conceivable that in a given experiment with 
an intact system much or all of the activity which 
enters the product originates from an enantiomeric 
impurity present in the chiral substrate. Since chiral 
samples of tritium-labeled amino acids are prone to 
partial racemization, 3 5  and 14C-labeled samples also 
deteriorate with time, 36 enantiomeric impurities are 
quite likely to be present in labeled samples of chiral 
amino acids, supplied commercially. 

To achieve the limits of confidence in the deter- 
mination of the optical purity of a labeled sample of an 
amino acid substrate which are required to exclude such 
a possibility, enzymic assays may have to be carried 
out on more labeled material than is available to the 
experimenter. A single tracer experiment generally 
requires no more than 100p Ci of 14C or 1 mCi of 3H, and 
singly labeled compounds are now commercially 
available with nominal specific activities of 10 mCi of 14C 
or 5 Ci of per mmole or higher. A radiochemical tech- 
nique, reverse dilution analysis, is regarded as the most 
sensitive method available for determining impurities 
of one enantiomer in a radioactively labeled sample of its 
antipode. 37 The method depends on the determination 
of residual radioactivity in a sample obtained by re- 
peated fractional crystallization after addition of an 
excess of radioinactive optically pure carrier of the same 
configuration as the chiral impurity. The short- 
comings of this method have been repeatedly pointed 
o ~ t . ~ * - ~ O  It is not generally practicable for the in- 
vestigator himself to establish the degree of optical 
purity of his labeled substrate. It is also clearly un- 
wise to accept suppliers’ claims of optical purity in 
experiments in which optical purity is of the essence. 

(29) A. Meister, L. Levintow, R. B. Kingsley, and J. P. Greenstein, 

(30) J. P. Greenstein, Methods Enzymol., 3, 554 (1957). 
(31) J. H. Schmitt and M. H. Zenk, Proc. Int. Conf. Methods Prep. 

(32) D. Perlman and M. Bodanszky, Annu. Rev. Biochem., 40, 449 

(33) D. H. R. Barton, G. W. Kirby, J. B. Taylor, and G. M. Thomas, 

(34) A. R. Battersby, R. Binks, S. W. Brewer, H. M. Fales, W. C. 

(35) E. A. Evans, R. H. Green, and W. R. Waterfield, Proc. Int. 

(36) R. J. Bayly and E. A. Evans, J .  Label. Compounds, 2, 1 (1966); 
R.C.C. Review 7, Radiochemical Centre, 

(37) J. R. Catch, “Carbon-14 Compounds,” Butterworths, London, 

(38) H. R. V. Arnstein, G. D. Hunter, H. M. Muir, and A. Neu- 

(39) H. R. V. Arnstein and P. T. Grant, Progr. Biophys. Biophys. 

(40) J. P. Greenstein and M. Winitz, “Chemistry of the Amino 

J.  Biol. Chem., 192, 535  (1951). 

Stor. Label. Compounds, Ind, 1966, 305 (1968). 

(1971). 

J .  Chem. Soc., 4545 (1963). 

Wildman, and R. J. Highet, J .  Chem. SOC., 1595 (1964). 

Conf. Methods Prep. Stor. Label. Compounds, 2nd, 1966, 1019 (1968). 

3, 349 (Suppl. 1) (1967); 
Amersham, 1968. 

1961, p 85.  

berger, J .  Chem. SOC., 1329 (1952). 

Chem., 7, 165 (1957). 

Acids,” Vol. 1, Wiley, New York, N. Y.,  1961, p 716. 

(ii) on competition experiments, involving a com- 
parison of incorporation efficiencies of radioactivity 
from labeled DL racemate in the presence of excess 
inactive L or D enantiomer, or of activity from a 
labeled sample of one enantiomer in the presence of an 
unlabeled sample of the other, 

or (iii) on a comparison of the retention or loss, 
within the biosynthetic product, of a-tritium or a- 15N, 

relative to 14C, observed in parallel experiments with 
multiply labeled samples of the L enantiomer, of the 
D enantiomer, and of the DL racemate of an amino acid 
substrate. 2 4  

The results of such experiments do not permit an 
unequivocal choice to be made regarding the chirality, 
L or D, of the true precursor. Firstly, efficiency of 
incorporation of the label of the precursor into the 
product is the resultant of several factors,@ and is, 
therefore, not a reliable criterion for a direct precursor- 
product relationship. Thus, the D and the L isomers 
of an amino acid may be taken up by the system at 
different rates, and, in short-term experiments, a higher 
recovery of label within the product derived from one 
of the enantiomers may simply reflect faster uptake of 
that enantiomer (e.g. ,  ref 9). Secondly, a labeled 
enantiomer may be converted into its antipode prior to 
incorporation into a product, either directly if the 
requisite racemase is present in the system, or indirectly 
via the corresponding a-keto acid, by transamination or 
by oxidative deamination followed by stereospecific 
reamination. The level within the product of 14C from 
a singly labeled sample of substrate, or the loss, in the 
course of incorporation, of a-15N or CY-~H, relative to 
14C, from a multiply labeled specimen of an amino acid 
enantiomer are then not direct indicators of the chirality 
of the precursor. 

Since most chiral samples of specifically l4C-1abeled 
amino acids must be prepared by resolution of the 
DL racemates, a further methodological difficulty is 
related to the steric purity of the substrate. The lower 
limits in the detection of traces of the unwanted en- 

( 1 1 )  J. C. MacDonald and G. P. Slater, Can. J .  Biochem., 46, 573 

(12) H. R. V. Arnstein and M. E. Clubb, Biochem. J . ,  65, 618 (1957). 
(13) H. R. V. Arnstein and H. Margreiter, Biochem. J. ,  68, 339 

(14) G. W. Butler, D. W. Russell, and R. T. J. Clarke, Biochim. 

(1968). 

(1958). 

Biouhvs. Acta. 58. 507 f1962). 
( i5j  S. C. Warren, G.‘G. F. Newton, and E. P. Abraham, Biochem. 

(16) S. C. Warren, G. G. F. Newton, and E. P. Abraham, Biochem. 
J . ,  103,902 (1967). 

J., 103, 891 (1967). 
(17) R. W. Bernlohr and G. D. Novelli, Arch. Biochem. Biophys., 

103, 94 (1963). 
(18) J. A. Grove, T. J. Gilbertson, R. H. Hammerstedt, and L. M. 

Henderson, Biochim. Biophys. Acta, 184, 329 (1969). 
(19) T. J. Gilbertson, Phytochemistry, 11, 1737 (1972). 
(20) R. H. Hammerstedt, P. B. Swan, and L. M. Henderson, Arch. 

Biochem. Biophys., 128, 243 (1968). 
(21) E.g., incorporation of tryptophan into ergot alkaloids,2* of 

valine into penicillin N and cephalosporin C, 1 6  and of proline, leucine, 
valine, ornithine, and phenylalanine into gramicidin S.23 

(22) L. C. Vining and W. A. Taber, Can. J .  Microbiol., 9, 291 (1963). 
(23) K. J. Figenshou, L. 0. Frpholm, and S. G. Laland, Biochem. J . ,  

(24) E.g., incorporation of cystine into benzylpenicillin,26 of trypto- 

(25) H. R. V. Arnstein and P. T. Grant, Biochem. J., 57, 360 (1954), 
(26) H. G. Floss, U. Mothes, and H. Giinther, 2. Naturforsch. B.  

19, 784 (1964). 
(27) H. G. Floss, P. E. Manni, R. L. Hamill, and J. A. Mabe, Eio- 

chem. Biophys. Res. Commun., 45, 781 (1971). 
(28) E. P. Abraham and G. G. F. Newton in “Antibiotics,” Vol. 2, 

D. Gottlieb and P. D. Shaw, Ed., Springer-Verlag, New York, N. Y., 
1967, p 4. 

105, 451 (1967). 

phan into ergot alkaloids26 and into pyrrolnitrin.27 
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A further source of uncertainty in the interpretation 
of results obtained by a comparison of data from 
parallel experiments is particularly prevalent in work 
with intact plants, in which a small number of indi- 
viduals are used in a given experiment. Individual 
variability becomes an important and unpredictable 
factor which is reflected in the level of incorporation of 
label. Many instances are recorded in which incor- 
poration efficiencies of ‘  a given labeled precursor 
differed by as much as an order of magnitude in 
duplicate experiments carried out under apparently 
comparable conditions (e .g . ,  phenylalanine into seda- 
mine4 l). Comparison of incorporation efficiencies of 
different substrates, whose rate of penetration across 
cell membranes can be quite different, is entirely un- 
reliable as an interpretable parameter (cf. ref 42). 

In connection with a problem related to current in- 
vestigations on the biosynthesis of the piperidine 
n~cleus ,~3  it was essential to establish whether both 
L- and D-lysine, or only one of them, served as a 
precursor of the piperidine alkaloids. Since, in our 
opinion, separate experiments with L- and D-lysine could 
not yield a conclusive result, we had to design a method 
which did not depend on a comparison of incorporation 
efficiencies obtained in separate experiments. 

The method here described yields data which, for a 
given experiment, are self-consistent and interpretable 
independently of the results of other experiments. 
By application of this method, it is demonstrated that 
whereas in several systems pipecolic acid is derived 
from D-lysine, other piperidine derivatives found in 
these systems originate from L-lysine. 

Experimental Section 
Radioactive Compounds. ~ ~ - [ 2 - ~ H ] L y s i n e ‘ ~  (nominal specific 

activity 35 mCi/mmol, Commissariat a l’gnergie Atomique, France), 
~~- [4 ,5 -~H~] lys ine  (nominal specific activity 5.4 Ci/mmol, New 
England Nuclear), ~-[4,5-3H*]lysine (nominal specific activity 0.25 
Ci/mmol, Radiochemical Centre), and DL-[6-14C]lySine (nominal 
specific activity 48 mCi/mmol, Commissariat b l’Energie Atomique, 
France) were commercial products. ~-[6-’~C]Lysine was prepared 
from the DL-[6-14c]lySine as described below. 

The intermolecularly doubly labeled samples of lysine which 
were used in experiments 1-6 were prepared by mixing suitable 
quantities of these tracers. The 3H/I4C ratios of the doubly 
labeled samples, determined by liquid scintillation counting, are 
given in Tables 1-111. Nominal total activities with respect to 14C 
which were used were 0.1 mCi (expt 3 and 4), 0.05 mCi (expt 5 and 
6), and 0.03 mCi (expt 1 and 2), respectively. 

~-[6-’~C]Lysine. L-Lysine decarboxylase (“type 11,” ex Bacillus 
cadaceris, Sigma Chemical Co.) (10 mg) was dissolved in phosphate 
buffer (0.2 M ,  pH 6.0, 3.5 ml) and mixed with a solution of ~ ~ - 1 6 -  
14C]lysine (as dihydrochloride in 0.4 ml of water, nominal total 
activity 0.1 mCi) in phosphate buffer (0.2 M ,  pH 6.0, 1.5 ml). The 
mixture was agitated gently at  37”. Samples of unlabeled L-lysine 
monohydrochloride were added after 15 min ( 2  mg) and again 
after 35 min (3 mg), and incubation was continued. 

The progress of the reaction was monitored by chromatography 
and chromatoscanning (Model 7201, Radiochromatography 
Scanner, Packard Instrument Co.). The scan of a paper chro- 
matogram (Whatman No. 1, 2-propanol4.880 M ammonia-water 
(8 : 1 : 1)) of a sample of the original solution revealed a single radio- 
active peak corresponding to lysine (Rf 0.1). After 1 min a second 
peak, corresponding to cadaverine (Rf 0.5), had appeared; after 
15 min equal peak areas associated with the lysine and cadaverine 
peaks indicated complete destruction of L-lysine. Complete 

(41) R.  N. Gupta and I. D. Spenser, Can. J .  Chem., 45, 1275 (1967). 
(42) T. Swain in “Biosynthetic Pathways in Higher Plants,” J. B. 

Pridham and T. Swain, Ed., Academic Press, New York, N. Y., 1965, 
pp 9-36. 

(43) R. N. Gupta and I. D. Spenser, Phytochemistry, 9, 2329 (1970). 

destruction of the labeled L-lysine was ensured further by con- 
tinuation of the incubation in the presence of unlabeled L-lysine. 

After 7 hr the incubation mixture was heated 10 min on the 
steam bath, the precipitate was removed by centrifugation, the 
pellet was resuspended in hot water, and centrifugation was re- 
peated. The combined supernatant solutions were applied to a 
column (0.5 X 10 cm) of Dowex 50W-X4 (mesh 50-100, H+ form), 
and lysine eluted with ammonia (1 M ,  ca. 50 ml). The eluate was 
evaporated, and the residue was chromatographed on paper as 
described above. The radioactive area, Rf 0.1, due to ~ - [ 6 - 1 4 c ] -  

lysine (25 pCi), was eluted with water. The stereochemical purity 
of the product was confirmed by incubation of a small sample 
(approximately 5000 dpm) with r-lysine decarboxylase. A 
chromatoscan (uide supra) failed to reveal activity at  Rf 0.5. 

Determination of the Enantiomeric Composition of a Commercial 
Sample of [4,5-3HzJLysine. A portion (approximately 1 pCi) of the 
sample of [4,5-3H~]lysine (nominal specific activity 18.8 Ci/mmol, 
nominal total activity 1 mCi, in sterile aqueous solution, Radio- 
chemical Centre) was mixed with a sample of ~ ~ - [ 6 - ~ ~ C ] l y s i n e  
(approximately 0.1 ,pCi) (nominal specific activity 48 mCi/mmol, 
Commissariat a l’Energie Atomique, France), inactive DL-lysine 
(5 mg) was added as carrier and the mixture was dissolved in phos- 
phate buffer (0.2 M ,  pH 6.0, 1.5 ml) (3H/14C ratio 8.3 f 0.2). 
L-Lysine decarboxylase (‘‘type 11,” ex Bacillus cadaveris, Sigma 
Chemical Co.) (10 mg) was added, and the mixture was incubated a t  
37”. 

The reaction mixture was monitored and protein was removed 
as described above. The supernatant solutions were combined and 
applied to Whatman No. 1 paper; the chromatogram was de- 
veloped with 2-propanol-0.880 ammonia-water (8: l : l),  and 
cadaverine (Rf 0.5) was eluted with methanol (3H/14C ratio 8.1 f 
0.1). 

Plant Material, and Methods of Infusing Labeled Compounds. 
Nicotiana glauca R. Grah. plants were grown from seed. Sedum 
acre L. and S .  sarmetitosum Bunge, perennials, were propagated 
from plant material collected in the Royal Botanical Gardens, 
Hamilton. 

In each of the two experiments with S. acre (expt 1 and 2), 
cuttings (8-10-cm long) (total fresh weight 40-50 g) of the aerial 
shoots of the plant were placed, cut surface downwards, into five 
30-ml beakers, The tracer solution was distributed among the 
beakers4‘ and kept in contact with the plant material for 24 hr. 
The experiments with S.  sarmentosum (expt 3 and 6) were carried 
out similarly, except that cuttings (12-15-cm long) (total fresh weight 
90 g)  were placed in ten 30-ml beakers. 

In each of the two experiments with N .  glauca (expt 4 and 5) ,  
tracer was applied over a period of 24 hr to 12 plants (total fresh 
weight, including loots, 16&170 g) ,  approximately 4 months old, by 
the wick technique. 

After 24 hr in contact with tracer 
solution, the plant material was homogenized and the pH was 
adjusted to 11 by addition of aqueous ammonia. The homogenate 
was transferred to a glass column (40 X 5 cm) and percolated first 
with ether, saturated with water (500 ml), and then with ether 
(U.S.P) until 1 1. of eluate had been collected. In the experiments 
with S. acre, (&)-sedamine (100 mg) was added to the ether (U.S.P) 
as a carrier. The ether layer of the eluate was separated from the 
aqueous layer, washed with water, and extracted with hydrochloric 
acid (5%,  4 x 20 ml). Alkaloids were isolated from this acid ex- 
tract (tide infra). The column was further percolated with hot 
water (1 1.) containing carrier DL-pipecolic acid (100 mg). The 
combined aqueous eluates and washings were evaporated to dryness 
on a steam bath. The residue was suspended in methanol (30 ml); 
the suspension was kept 24 hr at  room temperature with occasional 
stirring, a little charcoal was added, and the mixture was filtered 
through cotton wool. The methanol extract was evaporated, and 
the residue, dissolved in water, was applied to a column (1.5 X 30 
cm) of Dowex 50W-X4 (H+ form), which was washed with water. 
Amino acids were eluted from the washed column with 1 M am- 
monia. Eluate was collected until no further radioactivity 
emerged, The eluate was evaporated to dryness under reduced 
pressure, and the residue was dissolved in hydrochloric acid (6 M ,  
3 ml). Sodium nitrite (0.5 g,  dissolved in a little water) was added 
in small portions and the mixture was allowed to stand for 15 min, 
when a sample no longer gave a purple color with ninhydrin. The 
solution was extracted with ether ( 3  x 10 ml) and the ether extract 
was dried (NaeSOJ and evaporated. The yellow oily residue was 

Isolation of Pipecolic Acid. 

(44) R. N. Gupta and I. D. Spenser, J .  B id .  Chem., 241, 88 (1969). 
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Table I. Experiments with ~-[4,5-'HJ/~~-[6-'~C]Lysine 
Expt Specific activity (14C),a Z of product 
no. dpm/mmol 3H/14C ratio derived from L-LYS~ 

1 Sedum acre 
Feeding solution 
Sedamine 
Pipecolic acid 

4 Nicotiana gIauca 
Feeding solution 
Anabasine 
Pipecolic acid 

3 Sedum sarmentosum 
Feeding solution 
N-Methylpelletierine 
N-Methylallosedridhe 
Piuecolic acid 

6.8 f 0 . 3  
14.0 f 0 .2  2.52 f 0.15 X lo4 103 f 5 

2.41 f 0.03 X 106 0 .8  1 0.03 6 f 1  

11.3 k 0 . 4  
21.4 f 0 .2  1.17 f 0.01 X 106 

5.86 f. 0.06 X 106 
95 f 4 

0.1 f 0.03 0 .4  =!= 0 . 1  

9.1 1 0 . 1  
Not determined 18.4 f 0 . 4  101 f 3 
Not determined 1 8 . 3 1 0 . 3  101 f 2 
1.24 0.01 x 107 0 . 4  f 0.01 2 f 0 . 1  

After dilution with inactive carrier. Cf. Figure 1. 

dissolved in concentrated hydrochloric acid (2 ml) and heated on a 
steam bath for 10 min, when the solution had evaporated to dryness. 
The residue was dissolved in a little methanol. Addition of ether 
gave a crystalline precipitate. This was dissolved in water and the 
solution was applied to a column (10 X 1 cm) of Dowex 50W-X4 
(H+ form). The column was washed with water containing meth- 
anol (10% v/v), until the eluate was neutral, and was then eluted 
with 1 M ammonia. Eluate was collected until no further radio- 
activity emerged, The ammoniacal eluate was evaporated to dry- 
ness and the residue was sublimed at  180-190" and 1 X mm. 
The sublimate was dissolved in methanol (1 ml). Anhydrous ether 
was added to induce crystallization of pipecolic acid, melting at  
280-281 '. 

Sedamine and Methylpel- 
letierine. Sedamine was isolated from the ether extract (cide supra) 
of Sedum acre (expt 1 and 2), and N-methylpelletierine from that of 
S. sarmentosum (expt 3 and 6), and purified to constant radioac- 
tivity, as described in earlier papers (ref 44 and 45, respectively). 
Sedamine was purified to constant activity by sublimation and 
crystallization from hexane, mp 88-89", 4 1  N-Methylpelletierine 
hydrochloride was purified by sublimation and crystallization from 
methanol-ether, mp 156-157'.46 

Anabasine. The acid extract from Nicotiana glauca (cide supra) 
was washed with ether until colorless, basified with sodium hydroxide 
(5 N, 10 ml), and extracted with chloroform (3 X 20 ml). The 
chloroform layer was dried (anhydrous sodium sulfate) and evapo- 
rated. A small portion of the residue was subjected to glc bide 
infra) and the anabasine fraction collected and its 3H/14C ratio 
assayed. 

Inactive (-)-anabasine (100 mg) (Fluka A.G.) was added to the 
major portion of the residue, the mixture was dissolved in a little 
methanol, and perchloric acid (95 %, 0.5 ml) was added. Anabasine 
diperchlorate was precipitated by addition of ether and on recrys- 
tallization from methanol-ether was obtained as colorless needles, 
mp 168-170" (reported48 mp 154-155'). 

Anal. Calcd for Cl~H14N~(HC104)z: C, 33.07; H, 4.44; C1, 
19.53; N, 7.72. Found: C, 32.92; H, 4.45; C1, 19.23; N, 7.70. 

Isolation of Alkaloids by Gas Chromatography. The basic 
fraction obtained from the plant extract was chromatographed 
(Varian Aerograph 1840-1, equipped with a stream splitter which 
channeled 10% of column effluent into a flame ionization detector, 
allowing 90% to emerge through the collecting outlet) on a column 
of 20% Carbowax 20M on Chromosorb HMDS, coated with 5 %  
KOH (mesh 60-70; 4 ft X 0.125 in., stainless steel, helium, 40 
ml/mh, inlet and detector temp 220", initial column temp a", in- 
creasing (after 3 min) to 220" at 6"imin). The following retention 
times, identical with those of authentic specimens, were observed: 
N-methylpelletierine 18.3 min, N-methylall~sedridine~~ 19.8 min, 
anabasine 23.5 min, sedamine 31 min. 

Determination of Radioactivity. The radioactivity of all samples 
was determined by liquid scintillation counting (Mark 1, liquid 

Isolation of Radioactive Alkaloids. 

(45) R. N. Gupta and I. D .  Spenser, Phytochemistry, 8, 1937 (1969). 
(46) E. Leete, J .  Amer. Chem. Soc., 78,  3520 (1956). 
(47) We thank Dr. L. Maat, Technische Hogeschool, Delft, Nether- 

lands, for synthetic . samples of (*)-N-methyIsedridine and (*) -N-  
methylallosedridine. 

scintillation computer, Model 6860, Nuclear-Chicago). Activity 
due to 3H and 14C was determined simultaneously, by external 
standardization counting, with la3Ba. Samples, dissolved in water 
(lysine, pipecolic acid), were dispersed with the aid of methanol in a 
solution of Liquifluor (Nuclear-Chicago) diluted 25 times with 
toluene. The alkaloids were dissolved in the diluted Liquifluor 
solution. Duplicate samples of each compound were counted 
under comparable conditions of quenching. Confidence limits 
shown in the results are standard deviation of the mean. For 
highly quenched samples the confidence limits of the quench cor- 
rection curves were =k 5 %. 

Results 
The 3H/14C ratios of the samples of lysine admin- 

istered in each of the tracer experiments, and those of 
the products isolated from these experiments, are shown 
in Tables 1-111. When ~-[4,5-~H2]/~~-[6-'~C]Iysine was 
the substrate (Table I), the three samples of pipecolic 
acid which were isolated from different tissues were rich 
in 14C but contained little tritium. The alkaloids ob- 
tained from these sources, on the other hand, con- 
tained twice as much tritium, relative to 14C, as the 
substrate. When ~~-[4,5-~H~]/~-[6-~~C]lysine served 
as the substrate (Table II), the samples of pipecolic acid 
contained half as much tritium, relative to 14C, as the 
administered lysine, whereas the alkaloids were rich in 
tritium, but contained little 14C. 

With D L - [ ~ -  3H]/~~-[6-14C]lysine as the substrate 
(Table 111), the alkaloids, N-methylpelletierine and 
sedamine, maintained the 3H/14C ratio of the pre- 
cursor, whereas pipecolic acid had lost most of the 
tritium, relative to 14C. With DL-[~-~H]/DL-[~- '~C]-  
lysine, on the other hand, the alkaloids as well as the 
pipecolic acid maintained the 3H/14C ratio of the pre- 
cursor. 

Discussion 
Argument was marshaled in the introduction to show 

that conclusive evidence concerning the stereochemistry 
of a biosynthetic precursor cannot be obtained from a 
comparison of efficiencies of incorporation of radio- 
activity, from chiral 14C- o r  3H-labeled substrates, into 
biosynthetic products isolated from separate tracer 
experiments. It follows that if conclusive evidence is 
to be generated by tracer methods, it can only come 
from measurements which do not depend on a com- 
parison of the results of parallel experiments, but are 
independently self-consistent. To obtain such self- 
consistent measurements in a given experiment, an 
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Table II. Experiments with DL-[4,5-aH,]/D-[6-14C]Lysine 

Z of product 
Expt Specific activity (14C),4 derived from 
no. dpmlmmol aH/14C ratio D-LYS~ 

2 Sedum acre 
Feeding solution 9 .2  f 0 . 2  
Sedamine 293 k 21 2 i 0 . 1  
Pipecolic acid 1 . 0 3 & 0 . 0 1  X 1W 5 . 3 k 0 . 5  87 k 8 

Feeding solution 13.7 k 0.2 
Anabasine 665 zt 44 1 f O . l  
Pipecolic acid 1.20 * 0.01 x 1W 6 . 6 z t  0 . 1  

5 Nicotiana glauca 

1 0 4 f  8 

a After dilution with inactive carrier. * CJ Figure 2. 

Table 111. Experiments with DL-[~-*H]/DL.[~-~~C]L~S~~~, DL-[~-~HH]/DL-[~-~~C]L~S~~~, and DL-[~,~-~HZ]/DL-[~-~~C]LYS~~~ 
7 Substrate 
--DL-[2-aH]/DL-[6-14C]lySine- -~~-[6-~H]/~~-[6-~<]lysine-- ~~-[4,5-~Hz]/~~-[6-~~C]lysine x retention of % retention of x retention of 

aH relative to 3H relative to aH relative to 
3HP4C ratio 1 4c aHP4C ratio “C aHP4C ratio “C 

Sedum sarmentosum 
Expt no. or ref 
Substrate 
N-Methylpelletierine 
Pipecolic acid 

Sedum acre 
Reference 
Substrate 
Sed a mine 
Pipecolic acid 

Unpublished result. 

Expt 6--- 7- Ref 45 7- Ref 45- 
13.4 f 0 . 2  l O O i 2  18.3 f 0.4 7 . 4 f 0 . 1  loof 1 l o o k 2  
13.3 f 0.1  99 f 1 18.5 f 0 . 2  101 i 2 7 .5  i 0 . 2  101 f 3 
0 .3  f 0.01 2=tO0.1 18.3 k0.2 100 f 1 101 f 3a 

7- Ref 43 Ref 44------ -Ref 4- 
9 . 4  f 0.3  l o o k 3  13.2 f 0.4 1OOf 3 

12.6 f 0.1  95 f 1 15.5 f 0 . 1  99 i 1 9 .5  * 0.1  loo* 1 
15.6 f 0 . 3  l o o k 2  

0 . 6  i 0.01 5 f O . l  15.6 f 0 . 1  loo& 1 

internal standard is mandatory. Such an internal 
standard is potentially present, if a multiply labeled 
substrate is employed, e.g., a sample of an amino acid 
containing 14C- as well as aH-labeled material. 

Provided a number of conditions are fulfilled, in- 
vestigations employing such multiply labeled sub- 
strates can provide conclusive evidence on the stereo- 
chemistry of a precursor-product relationship. 

One of these conditions is that incorporation of an 
intact multicarbon fragment of the substrate in ques- 
tion into the product under investigation has been 
established, Le., that it has been shown by unequivocal 
chemical degradation of the product that radioactivity 
from one or more specifically 14C-labeled radiomers of 
the m-amino acid substrate enters predictable carbon 
atoms of the product nonrandomly. Incorporation of 
activity from generally labeled samples of substrate, 
Le., multiply labeled samples whose distribution of 
activity has not been established, does not fulfill 
this condition. A second condition is the demon- 
stration that the 3H/14C ratio from a doubly labeled 
sample of Dr-amino acid substrate is preserved within 
the product. If the sites of labeling within the product 
are established by degradation to correspond to pre- 
diction and the ratio of labeling (e.g., 3H/14C) within 
the product is identical with that of the substrate, it can 
be concluded that the multicarbon chain of the sub- 
strate (or at least a segment of it) has been incorporated 
into the product as a unit. This conclusion rests on the 
conviction that the chances of a fortuitous preservation 
of the ratio of labels, after fragmentation and recom- 
bination, is statistically infinitesimal (but see ref 48). 

(48) D. J. Austin and M. B. Myers, Chem. Commun., 125 (1966). 

Conclusions based on preservation of tracer ratio 
without establishing the site of 14C labeling can be 
misleading (e.g., ref 49). 

Whereas preservation of the tracer ratio is, in general, 
interpretable without difficulty as indicating intact 
incorporation of substrate, a change in the ratio can be 
interpreted unequivocally only if it is known with 
certainty that loss of one tracer with respect to the 
other is the consequence of the process under investi- 
gation and none other. 

Thus, the success in the exploitation of substrates 
multiply labeled with tritium and 14C for studies of 
terpene and steroid biosynthesis and in the elucidation 
of the mechanism of cyclizations and rearrangements 
within these series, on the basis of the interpretation of 
changes in 3H/14C ratio~,5~151 rests on the understanding 
of the initial steps of the biochemical route emanating 
from mevalonic a ~ i d . 5 ~  

Unless it is known that the loss of one label (e.g., 3H) 
relative to the other (e.g., 14C) is the consequence of a 
transformation which is directly relevant to the reaction 
sequence under investigation and not the result of some 
other process which happens to take place within the 
experimental system, a change in the tracer ratio cannot 
be conclusively interpreted. Thus, even though activity 
from D-tryptophan enters pyrrolnitrin more readily than 
activity from L-tryptophan, a-tritium from doubly 

(49) M. Castillo, R. N. Gupta, Y. K. Ho, D. B. MacLean, and I. D. 
Spenser, J .  Amer. Chem. Soc., 92, 1074 (1970). 

(50) J. W. Cornforth, R. H. Cornforth, C. Donninger, G. Popjak, 
Y. Shimizu, S. Ichii, E. Forchielli, and E. Caspi, J .  Amer. Chem. SOC., 
87, 3224 (1965). 

(51) D. Arigoni, Pure Appl. Chem., 17, 331 (1968). 
(52) J. W. Cornforth, R. H. Cornforth, C. Donninger, and G. Popjak, 

Proc. Roy. Soc., Ser. B, 163, 492 (1966). 
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labeled ~-[a-3-H,P-~~C]tryptophan is retained within the 
product to  a much larger extent, relative to  14C, than 
a-tritium from DL-[cE~H,P-~~C]- or ~- [au-~H,P~~C]t rypto-  
phan (71, 26, and 3 %  retention, re~pectively).~~ Taken 
at face value, the results of these experiments appear to  
contradict one another, and evidently do not permit an 
unequivocal identification of the chirality of the bio- 
synthetic precursor. Since transaminases are widely 
distributed and transamination is a reversible process, 
the Q! hydrogen of most amino acids is labile in a bio- 
chemical environment. a-Tritiated amino acids are, 
therefore, unsuitable for the desired tracer determination 
of the stereochemistry of an amino acid precursor. 

To be of general utility a method is required which 
employs as the tracer a radiomer of the precursor 
labeled with tritium and 14C in such a manner that 
incorporation of its racemate into the product takes 
place without change of the 3H/14C ratio, and which 
does not depend on the presence of tritium at the center 
whose chirality is to be determined. 

Maintenance of the 3H/14C ratio of a doubly labeled 
sample of the DL racemate of a specific precursor within 
the biosynthetic product signifies that either the L 
isomer or the D isomer, or both, serves as a substrate. 

In principle, an experiment might be performed in 
which DL racemate was administered as the substrate 
such that one of the enantiomers, the L isomer, say, was 
labeled with tritium and the other isomer, the D, with 
I4C. Maintenance of the 3H/14C ratio of the precursor 
within the product would show that under the conditions 
of the experiment the two enantiomers are absorbed, 
metabolized, and incorporated into the product in 
identical fashion. A change in the 3H/14C ratio in such 
an experiment cannot be interpreted unequivocally, 
since the experiment is subject to several of the weak- 
nesses which were discussed in the introduction in rela- 
tion to the current approaches for determining precursor 
chirality (i and ii). Thus, a decreased 3H/14C ratio 
within the product does not necessarily mean that 
product is formed preferentially from the D isomer. It 
may simply indicate that under the experimental condi- 
tions the D isomer is taken up into the cell faster than 
the L isomer. Having entered the cell, the D isomer may 
have isomerized prior to incorporation. A study of the 
variation with time of the 3H/14C ratio within the prod- 
uct would be required in this case. 

These limitations do not arise if the doubly labeled 
substrate consists of one of the enantiomers labeled with 
tritium in admixture with DL racemate labeled with 14C, 
or, alternatively, one of the enantiomers labeled with 
14C in admixture with DL racemate labeled with tritium. 
In effect such a mixture represents a doubly labeled 
sample of one enantiomer (whose 3H/14C ratio may be 
set at will) in admixture with a singly labeled sample of 
the other.53 

As before, maintenance of the 3H/14C ratio of the 
substrate within the product shows that the two enantio- 
mers are absorbed, metabolized, and incorporated into 
the product with equal efficiency. Any change in the 
3H/14C ratio, on the other hand, must mean preferential 

(53) Attention is drawn to two recent investigations54~55 in which 
results based on experiments with multiply labeled substrates of this 
type are reported. 

(54) I. T. Bruce and G .  W. Kirby, Chimiu, 22, 314 (1968). 
( 5 5 )  M. Seiler, W. Acklin, and D. Arigoni, Chem. Commun., 1394 

(1970). 

Figure 1. Variation of the 3H/14C ratio in a biosynthetic product 
as a function of the fraction of the product derived from the L 
enantiomer of a substrate, when L-[~H]/DL-[~~C] labeled substance 
serves as the tracer (3H/14C in tracer = n; of product derived 
from L substrate = x ;  3H/14C in product = nx/50). 

absorption and/or incorporation into the product of 
one of the two enantiomers. From the value of the 
3H/14C ratio of the product compared to that of the 
substrate, the contribution which each of the enantio- 
mers of the labeled substrate makes to the product may 
be deduced.5e 

Figure 1 illustrates the predicted variation of the 
3H/14C ratio (nx/50)  of a product as a function of the 
fraction of the product (xjl00) which is derived from 
the L enantiomer of the substrate, when L-[ 3H]/~L-[ 14C] 
labeled substance (3H/14C ratio = n) serves as the 
tracer, and enantiomeric purity of the L-[~H] labeled 
substrate is assumed. 

Similarly, the predicted variation of the 3H/14C ratio 
(50n/y) of the product as a function of the fraction of 
the product (y/lOO) which is derived from the D enantio- 
mer of the substrate, when DL-[ 3H] /~ - [  14C] labeled 
substance (3H/14C ratio = n)  serves as the tracer, is 
shown in Figure 2. 

Thus, assuming enantiomeric purity of the resolved 
labeled substance (Le., of the L-[~H] compound in the 
former case and the D-['*C] compound in the latter), 
the fraction of the product which is derived from each 
of the enantiomers of a substrate can be deduced, if the 
3H/14C ratio of the doubly labeled substrate is known 
and the 3H/14C ratio of the product has been determined. 

Alternatively, assuming stereospecificity of a given 
biochemical process, the per cent enantiomeric im- 
purity within a resolved labeled substrate can be de- 
termined. 

The application of the method for each of these 
purposes will be illustrated in the sequel. 

(56) Even though the contributions made to the product by each 
of the L and D enantiomer of the administered labeled substrate are 
thus established, it does not necessarily follow that these contributions 
represent the enantiomeric state of the actual endogenous precursor 
from which the product is formed. This would be true only if the 
system did not contain a mechanism for interconverting the enantiomers 
in question. If such a mechanism were available, and if the rate of 
interconversion of the enantiomers were fast relative to the rate of 
incorporation of precursor into the product, the result would be a 
measure of the relative rates of absorption of the L and D enantiomers 
of the administered labeled substrate into the system, and not of the 
relative contribution of L and D enantiomers of the endogenous pre- 
cursor into the product. Precursor chirality could then be established 
by the present method only if interconversion of the enantiomers were 
inhibited, e.g., by the use of antimetabolites.57 

(57) D. L. Miller and V. W. Rodwell, J .  B i d .  Chem., 246, 2758 
(1971). 
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Figure 2. Variation of the aH/14C ratio in a biosynthetic product as 
a function of the fraction of the product derived from the D enantio- 
mer of a substrate, when DL-[aH]/D-[14c] labeled substance serves 
as the tracer (sH/l4C in tracer = n; of product derived from 
D substrate = y; aH/14C in product = 50n/y). 

Determination of the Enantiomeric Purity of a Labeled 
Substance. In connection with another investigation, 
it was necessary to determine the enantiomeric purity 
of a sample of [4,5-3Hz]lysine monohydrochloride 
(nominal specific activity 18.8 Ci/mmol) which was 
claimed by the suppliers to contain 96% of the L 
isomer.58 A small portion of this material was mixed 
with DL- [~ -  14C]lysine to yield’ a doubly labeled sample 
(3H/14C ratio = n = 8.3 f 0.2) (cy Figure l), which 
was subjected to enzymic decarboxylation in the pres- 
ence of L-lysine decarboxylase [EC No. 4.1.1.18, L-lysine 
carboxylyase] from Bacillus cadaveris, an enzyme known 
to catalyse the decarboxylation of L-lysine, but not of 
D-lysine, to c a d a ~ e r i n e . ~ ~  If the sample of [4,5-3H2]- 
lysine consisted of the pure L species (i.e., x = 100, cy. 
Figure l), then the cadaverine resulting in the course of 
this reaction from the doubly labeled substrate can be 
predicted (Figure 1) to show a 3H/14C ratio of 16.6 f 
0.4 (Le., nx/50 = (8.3 f 0.2)100j50). In fact, the 
cadaverine which was isolated showed the 3H/14C ratio 
8.1 f 0.1, Le., a ratio identical with that of the sub- 
strate, within experimental error. The percentage 
( x ,  cf. Figure 1) of the L species contained in the com- 
mercial sample of “~-[4,5-~H,]lysine” under investiga- 
tion can then be calculated from the expression nx/50 = 
8.1 f 0.1. It follows (Figure 1) that the commercial 
sample of “~-[4,5-~H2]lysine” in fact contained 49 f 1 % 
L-lysine (Le., x = 50(8.1 i 0.1)/(8.3 d= 0.2)) and 51 f 
1% of D-lysine. It is clear that, contrary to the claim 
of the supplier, the commercial sample was ~ ~ - [ 4 , 5 -  
3Hz]lysine and not ~-[4,5- 3Hz]lysine. 

The Chirality of Lysine Serving as a Precursor of 
Pipecolic Acid and of Other Naturally Occurring 

Batch analysis sheet 9602, September 3,  1971. 
(58) TRK 232, Batch 4, The Radiochemical Centre, Amersham. 

(59) E. F. Gale and H. M. R. Epps, Biochem. J . ,  38, 232 (1944). 

Piperidine Derivatives. Lysine has been shown, by 
means of tracer experiments, to serve as the precursor 
of many naturally occurring piperidine derivatives.60 
Among these are simple a-substituted piperidine bases 
such as the plant alkaloids N-methylpelletierine (I), 4 5 j 6  

sedamine (11),410 3 ,  *( and anabasine (111), 463 2-64 whose 
hetero ring has been shown to be derived from a C5N 
unit representing C-2 to -6 together with the e-nitrogen 
of lysine. More complex polycyclic bases, e.g. ,  some 
belonging to the lupin,60 lobelia,6lI6j and lycopodium 
 alkaloid^,^^^^^ originate from more than one lysine 
derived C5N unit. 

A cyclic amino acid, pipecolic acid (IV), retains the 

IV V 

intact carbon skeleton as well as the e-nitrogen atom of 

Conversion of lysine into the piperidine nucleus has 
been most extensively studied in the case of the simple 
piperidine bases 1-111. It has been demonstrated that 
activity from ~~-[2-’~C]lysine is restricted to C-2 of the 
piperidine nucleus of N-methylpelletierine (I),6 seda- 
mine (11),41 and anabasine (111)48852-64 and that label 
from ~L-[6-W]lysine is confined to C-6 of N-methyl- 
pelletierine (I)45 and sedamine (II).41 

Further, it has been shown by tracer experiments with 
multiply labeled substrates that the nitrogen atom of 
the piperidine nucleus of anabasine (111) is supplied by 
the e but not by the a-amino group of lysine.63 That 
the nitrogen atom of I and I1 also originates from the 
e-amino group of lysine can be inferred from the tracer 
experiments with DL-[ 14C]- and with DL-[ 3H]/DL-[ I4C]- 
lysines as the substrate.43-45 

Since the 3H/14C ratio of N-methylpelletierine (I) and 
sedamine (11), isolated from tracer experiments with 
D L - [ ~ - ~ H ] / D L - [ ~ ~ ~ C ] - ,  with D L - [ ~ , ~ - ~ H ~ ] / D L - [ ~ -  14C]-, and 
with DL-[~-~H]/DL-[~-  14C]lysine, corresponds, in every 
case, to that of the doubly labeled substrate (Table 111), 
it must be concluded that the intact chain NCH2CH2CH2- 
CH2CH, arising by loss of the carboxyl group and the 
a-amino group, either from L-lysine, or from D-lysine, 
but not from both, serves as the precursor of the piperi- 
dine nucleus of the bases. 

All the necessary conditions have been met to settle 

lysine. 1Q,4  3 , 4  4 

(60) I .  D. Spenser, Compr. Biochem., 20, 231 (1968). 
(61) M. K. Keogh and D. G.  O’Donovan, J. Chem. SOC. C, 1792 

(62) E. Leete, J. Amer. Chem. Soc., 80, 4393 (1958). 
(63) E. Leete, E. G. Gros, and T. J. Gilbertson, J .  Amer. Chem. Soc., 

(1970). 

86, 3907 (1964). 
(64) T. Griffith and G. D. Griffith, Phytochemistry, 5, 1175 (1966). 
(65) R. N. Gupta and I .  D. Spenser, Can. J .  Chem., 49, 384 (1971). 
(66) M. Castillo. R. N. Gupta, D. B. MacLean, and 1. D. Spenser, 

Can. >.-Chem., 48,.1893 (1970j. 

Can. J .  Chem., 49, 3352 (1971). 
(67) Y. K. Ho, R. N. Gupta, D. B. MacLean, and I. D. Spenser, 
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dilution from the plant material from each feeding 
experiment. The 3H/14C ratio of the samples of 
pipecolic acid isolated from Nicotiana glauca indicates 
(Tables I and 11) that all activity is supplied by D-lySine. 
In the case of the pipecolic acid samples from Sedum 
acre and S.  sarmentosum the 3H/14C ratios which were 
observed show that most of the activity (-90%) is 
supplied by D-lysine, but that the L-lysine component of 
the substrate does make a contribution. 

Since in each of the three plant species simultaneous 
formation is demonstrated of a compound which derives 
its activity from D-lysine and one which derives its 
activity from L-lysine, it is clear that both enantiomers 
of the substrate enter the system. 

It follows that the alkaloids are derived from L-lysine 
and that pipecolic acid is derived largely, if not entirely, 
from ~ - 1 y s i n e . ~ ~  It is not possible to decide on the 
basis of the present evidence whether the contribution 
of label from the L isomer of the substrate to the samples 
of pipecolic acid from the two Sedum species is due to  
direct conversion of a portion of the L-lysine into 
pipecolic acid, or due to the availability of a mechanism 
for the epimerization of L- into D-lysine within the plant. 
We tend to favor the second alternativeag4 

Evidence has accumulated recently that, contrary to 
earlier reports,68-75,96,97 L-pipecolic acid is derived from 
D-lysine in the rat,18'86,g8 in several higher plants,l9J'9 
and in some m i c r o ~ r g a n i s m s . ~ ~ ~ ~ ~ ~  The conversion of 
D-lysine into pipecolic acid in an anaerobic reaction 
catalyzed by hog kidney D-amino acid oxidase [EC No. 
1.4.3.3, D-amino acid : oxygen oxidoreductase (deaminat- 
ing)] has also been demonstrated. lol  

Our results provide independent proof. 
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(88) A. Meister and S .  D. Buckley, Biochim. Biophys. Acta, 23, 202 
(1957). 

(89) J. H. Martin and W. K. Hausmann, J .  Amer. Chem. Soc., 82,  
2079 (1960). 

(90) M. Inoue, H. Hitomi, K. Mizuno, M. Fujino, A. Miyake, K. 
Nakazawa, M. Shibata, and T. Kanzaki, Bull. Chem. SOC. Jap., 33, 
1014 (1960). 

(91) I(. A. Kvenvolden, J. G. Lawless, and C. Ponnamperuma, 
Proc. Nut. Acad. Sci. U. S., 68, 486 (1971). 

(92) The finding93 that pipecolic acid does not serve as a precursor 
of N-methylpelletierine (I) and pseudopelletierine in Punica granatum 
is consistent with this result. 

the question of the chirality of the precursor by means 
of the tracer method outlined above. 

The results of the experiments with L-[ W]/DL-[ 14C]- 
lysine (Table I) and the complementary results of those 
with DL-[ 3H]/~- [  14C]lysine (Table 11) clearly indicate 
that, within experimental error, only the L-enantiomeric 
component of the substrate supplies activity which is 
incorporated into the alkaloids. 

The simplest interpretation of this result is that the 
alkaloids are derived entirely from L-lysine. 

An alternative interpretation is possible, however. 
If it is assumed that only the L enantiomer of the sub- 
strate enters the plant system, whereas the D enantiomer 
does not penetrate, no information can be obtained on 
the stereochemistry of the precursor molecules which 
enter the product, since penetration of L-lysine into the 
system could be followed by epimerization to the D 
isomer, prior to incorporation into the product. This 
alternative interpretation of the results would be 
eliminated if it could be shown that D-lysine enters the 
system. Evidence that D-lysine does enter the plant 
will now be presented. 

Pipecolic acid (IV), a cyclic amino acid which contains 
a lysine-derived piperidine nucleus4 3 ,  44,68-75 and is 
widely distributed in was isolated by carrier 

(68) P. H. Lowy, Arch. Biochem. Biophys., 47, 228 (1953). 
(69) N. Grobbelaar and F. C. Steward, J .  Amer. Chem. SOC., 75, 

(70) M. Rothstein and L. L. Miller, J .  Amer. Chem. Soc., 75, 4371 

(71) R. S. Schweet, J. T. Holden, and P. W. Lowy, J .  B i d .  Chem., 211, 

(72) P. Boulanger and R. Osteux, C. R .  Acad. Sci., 239, 458 (1954). 
(73) L. Fowden, J .  Exp. Bot., 11, 302 (1960). 
(74) S. N. Nigam and W. B. McConnell, Can. J .  Biochem. Physiol., 

4341 (1953). 

(1953); 76, 1459 (1954); J .  B i d .  Chem., 211, 851 (1954). 

517 (1954). 

41, 1367 (1963). 
(75) S. Lindstedt, G. Lindstedt, and C. Mitoma, Arch. Biochem. 

Biophys., 119, 336 (1967). 
(76) The chirality of naturally occurring pipecolic acid has been 

established in few instances only, however. Samples from a number 
of plant species (green beans (Phaseolus uulgaris),77178 hyacynth beans 
(Dolichos lablab),ig garden peas (Pisum satiuum),aO white clover (Tri- 
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