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Abstract-Evidence from feeding experiments with lysine-[2-‘4C] and from metabolism experiments published 
previously suggest the operation of a gridlike conversion of quinoli7idine alkaloids in Lugurninosar. Using these 
results and the taxonomical distribution of alkaloids a metabolic grid was devised to explain the conversion of 
lysine into lupin alkaloids and their interconversions. 

INTRODUCTION 

The quinolizidine alkaloids (lupin alkaloids) are 
mainly restricted to three closely related tribes of 
the Legurninosae; Sophoreae, Podalyrieae and 
Genisteae. In addition, they occur in a few unre- 
lated families, such as the Chenopodiaceae (Ana- 
basis aphylla), Papaveraceae (Chelidonim mqjus), 
Solanaceae (Solanuun lycocarpurn), and Berberida- 
ceae (Caulophyllum robusturn). While the distribu- 
tion outside the Legurninosae is apparently ran- 
dom, all three tribes of this family have lupin alka- 
loids in most species [l], although there are a few 
exceptions [2] (Podalyria which contains some 
tyramine derivatives [3] and Crotalaria, which 
have pyrrolizidine alkaloids). The three tribes are 
phylogenetically related and, besides having alka- 
loids with similar structure and biosynthetic origin, 
have species with similar proteins [4]. 

There is now sufficient evidence that all the 
quinolizidine alkaloids are synthesized from lysine 
[S], and that the alkaloids are converted from 
saturated, oxygen-free compounds into derivatives 
with various oxidation levels [IS]. 
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RESULTS AND DISCUSSION 

By combining the biosynthetic data obtained in 
our earlier studies [5,6] with published evidence 
from the work of others and the distribution of 
alkaloids in the Pupilionaceae (Schemes l-4), a 
computer program to outline the possible path- 
ways for the biosynthesis. conversion and ultimate 
degradation of quinolizidine alkaloids in plants 
was designed. The results are presented in the form 
of a “metabolic grid” of the type suggested by Bu 
Lock [7] (Table 1 and Figure 5). 

Clzernotuxorlor~zical considerations 
The “metabolic grid”, together with the avail- 

able data, permits some speculation on the origin 
of the alkaloids in species of Sophoreae, Podalyr- 
ieae and Genisteae. As mentioned earlier, these 
three tribes are closely related and all but a few 
species have lupin alkaloids. The absence of lupin 
alkaloids in Podaiyria and Crotalaria may be 
secondary in character; both genera actually pro- 
duce alkaloids but of different structures. While 
Podalyria has tyrosine derived amines, Crotalaria 
accumulates pyrrolizidine alkaloids which can be 
synthesized from ornithine on a pathway homolo- 
gous to the synthesis of lupinine from lysine [S]. 
With these exceptions, all other lupin alkaloids can 
be derived from lysine (A I I, Scheme 1). The next 
step in the biosynthesis must be a symmetrical 
compound since the distribution of radioactivity in 
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lupinine or a related compound. Since the distribu- 
tion of the main forms is quite well restricted to 
some taxonomical units, the conversion seems to 
be not only of taxonomical value but must reflect 
a very ancient branching of the pathways. Once 
the tetracyclic alkaloids are formed, they undergo 
a number of fates. some parallel. Both 11 and L 

sparteine are usually accompanied by correspond- 
ing lupanines, and x-isosparteinc is accompanied 
by x-isolupanine. The derivatives of I)-sparteine 
are readily transformed into dehydrogenated com- 
pounds which can lose the D ring. The conversion 
of L-sparteine to dehydrogenated compounds 
seems less common. The conversion of the cis- 
II’UIIS form into a cis-cis form can probably be 
achicvcd at all oxidation levels. i.c. sparteine, 
lupanine and anagirine (Scheme 4). The conversion 
of spartcine to lupanine involves a replacement of 
hydrogen by oxygen on C-2. When a replacement 
takes place on C-4 another series of alkaloids is 
formed, namely. the multiflorine derivatitcs. 

Sparteine. lupanine and multiflorinc can be hyd- 
roxylated on C-l 3. Some of the hydroxy com- 
pounds can be esterificd with the same carboxylic 

A, Piperideine 

Cadaverine 

Sparteine type Matrine type 
Cl4 c44 

(a) 

acids which estcrify tetrahydroanabasine in the 
more primitive species. The hydroxamine esters 
are probably the intermediate steps in the degrada- 
tion of the D ring. An in vitro experiment by Bohl- 
mann [ICC] indicated that it is possible to obtain 
both the angustifoline and rhombifoline ring open- 
ing via a 13-acetyloxyhydramine or 13-cinamony- 
loxylupanine. This reaction is easier with cis-mm 
alkaloids than with cis-cis. Thus. thermopsinc 
should be more stable toward degradation of the 
D ring than anagirine and lupanine. In fact. only 
recently one 13-hydroxy derivative of isosparteine. 
argentamine was isolated [ 191. Thermopsine, 
when introduced into Buptisia, did give rise to cyti- 
sine [ 161. Introducing a second oxygen atom into 
a lupanine molecule at C-l 7 gives rise to oxolu- 

panine, a neutral compound, which does not react 
with most alkaloid detection reagents. Oxolu- 
panine was found, until recently, only in two spe- 
cies, L. urzgustijdius and L. polyphyllus 1201. It is 
possible that other alkaloids can be oxidized at C- 
17 following oxidation on C-2, and they will 
behave like oxolupanine and will thus escape 
attention. Oxidation of C-17 is very easy, at least. 
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Scheme 2. (a) Branch point “active lupinine” leading to tetracyclic sparteine and matrine alkaloids; (b) branch 
point of Lupinus and Ormsitr alkaloids. 
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Scheme 3. Metabolic grid patter11 l’or the conversion oi‘tetl-aqclic alkaloids. 
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also with compounds not oxidized at C-l 7. A simi- 
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lar effect can be achieved with oxidation on C- I5 
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and C- IO instead of C- 17 and C-3. 
These results which wert‘ based on ‘Y‘O, kinetics 
indicated that sparteinc‘ could be on ‘I side path in 

Sparteine Lupanine Anagirine 

iso-Sparteine is0 - Lupanine Thermopsine 

Scheme J. Convcrswn of sparteinc into r.-ivo-spartcine crlkal~id\. 
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the biosynLhe$ of the dehydrogenated and oxi- 
dized tetracyclic alkaloids. More direct evidence is 
thus needed to clarify-the role of sparteine which 
is efficiently transformed into more oxidized lupine 
alkaloids when introduced into L. angustifolius and 
L. nanus plants and is an end product in L. luteus 
plants. The true intermediate in lupanine biosyn- 
thesis might be 1,2_dehydrosparteine, and for mul- 
tiflorine 4,Sdehydrosparteine. Both predicted in- 
termediates may originate directly from an “active 
lupinine” and a A, piperidine condensation. All 
other results, i.e. the order of production of the tri- 
cyclic bases, rhombifoline, cytisine and N-methyl- 
cytisine are consistent with the evidence5*h.2 ‘. 

In the metabolic grid it should be noted that 
although lupinine and epilupinine have, until now, 
been isolated from only six species, they should be 
in all species with tetracyclic alkaloids, since 
lupinine is the only known route for the formation 
of these compounds. Furthermore, despite 
numerous experiments, the intermediates between 
cadaverine and lupinine are also unknown. Lusit- 
anine may be one of the possibilities, but this alka- 
loid has been found only once [22]. A clue may be 
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Scheme 5. Proposed metabolic grid for the biosynthesis and in- 
terconversions of auinolizidine alkaloids in papilionaceae. For 

definition of symbols, see Table I 

found in the Orrnosia alkaloids, which have the 
opposite stereochemistry for the C and D ring. In 
this case the tetracyclic alkaloids could originate 
from a condensation of a dehydro- or hydroxylu- 
pinine with piperidine. Lupinine would not be 
necessary. This still does not explain the biosyn- 
thesis of the simple quinolizidine ring. 

There exists the possibility that lupinine is a 
degradation product of a tetracyclic alkaloid. This 
reaction was suggested by Nowacki et al. [23] and 
by Klyschew [24]. The conversion of lupinine into 
sparteine [25] is, however, against this. 

Cyclic pathways are possible in other parts of 
the metabolic grid. e.g. lupanine, hydroxylupanine 
and hydroxylupanine esters. In most cases there is 
only circumstantial evidence, based on con- 
centration changes of alkaloids during plant 
growth, and from evidence of in citro chemical ex- 
periments. 

EXPERIMENTAL 

Coplsrructiorl oj’rhe rwtaholic grid qflupirw alkaloids. The data 
obtained in the experiments described previously [X6], as well 
as data from published experiments [l--28] on the various con- 
versions of the lupin alkaloids were used to construct short 
metabolic pathways. Data concerning the distribution of lupine 
alkaloids in Leguminoseae were drawn from Boit, Leonard, 
Steineger, Wiewi6rowski. Faugerast. Balcer-Skrzydlewska, 
Cranmer. Mabry and Adanow [26,28]. The pathways were con- 
nected when they overlapped. Tentative connections were 
drawn where no experimental data were available, but the 
structural formulas of the alkaloids enabled us to propose a 
conversion. In cases where the conversion of one substance to 
another was known to exist. but there were two possible inter- 
mediates and no proof was available that would permit us to 
choose one of the intermediates and disregard the other, both 
presumable intermediates were assigned the same probability. 
Each reported entry of an alkaloid was assigned a separate 
symbol (Table I) in the computer program. Tracing backward 
from the substance to the common precursor -lysirlr-each 
substance on the pathway was assigned a separate symbol. In 
case there were two or three similar possibilities, e.g. thermop- 
sine, which can arise theroretically from both anagyrine and 
isolupanine, and no data was available that indicated which of 
these alkaloids was the real substrate, both were assigned an 
equal chance for a symbol. To simplify the program, D and I. 
isomer\ were treated together and the Or,llosicr alkaloids were 
disregarded. 
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Table I, Metabolic grid symbols and extent of occurrcncc or pu/‘i/lolltr~c,tr~, a)hnioid\ 

Compound name 
____-_._ __. ._ 

Lqsmc 

Pipecolic acid 
Mcthylpipecollc acid 
Humostach!drine 
H>dl-o\)pipccolic acid 

c ada\~crlnc 
Pipcridine 
Tctrnh!droannbasine 
Ammodcndrine 

Dudaccrinc 
Amino lupinine 
Lupininc 
Spartcine and dchydrospartcinc 
Multillorine 
l)zh!~lt-om~illitlorinc 
Lusytanine 
H!il~-a\!illultltlorinc 

Alblnc 
N-mcthhl Iksine 
~~olnostachqdritlc 

N-mcth\il cadavxme 
N-mcthql pipcl-idinc 

0rcnsinc 
Lupaninc 
Anagirinr 
Hqstrine 
Hqdroxqspartcinc 
Hydroxvlupaninc 
Bnptifoiine 
:2ngustifoline 
Rhomhifoline 
Iwqxu-tclnc 
Isolupaninc 
Thermopsine 
I~oh~drox!lupanine 
laobapt~li~l~nc 
Tctrah>drorhomhifolinc 
Rhombfollne 
C‘!stiGrlc 
Mcth\lcqtlsinc 
Dcwx>mctl-me 
Matrinc 
Dcii~ drclrnatrinc 
Leontine 
~)-L<ont~nc derivative 
I,-Lcontlne derivative 

____-_ 
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