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C -13 NMR data for linamarin and lotaustralin, obtained after feeding of either Zygaena 

Jilipendulae or Heliconius melpomone (Lepidoptera) with C-13 enriched valine and isoleucine 
respectively, indicate that intact units of amino acid with loss of the carboxyl group are 
incorporated during the biosynthesis of these cyanogenic glycosides.

Introduction

The moth Zygaena jilipendulae and several 
related species (Zygaenidae: Lepidoptera), as well 
as the butterfly Heliconius melpomone and several 
related species (N ym phalidae: Lepidoptera), have 
been shown to contain the cyanogenic glucosides 
linamarin (2-/?-D-glucopyranosyloxy-2-methylpropio- 
nitrile, 1) and lotaustralin  (2-/?-D-glucopyranosyl- 
oxy-2/?-m ethyl-butyronitrile, 2) in all life stages
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[1—4], Incorporation experim ents with carbon-14 
labelled valine and isoleucine, known to be p re­
cursors for linam arin and lotaustralin  respectively 
from plant biosynthesis [5], resulted in incorporation  
rates of 2 — 6% when fed to larvae o f Zygaena fili- 
pendulae and Heliconius melpomone [4, 6], In plant 
biosynthesis valine and isoleucine are incorporated  
into linam arin and lo taustralin  via the correspond­
ing N -hydroxyam ino acid, the aldoxim e, the nitrile 
and the a-hydroxynitrile as shown in schem e 1; thus 
only the carboxyle carbon o f the am ino acid pre­
cursor is lost during plant biosynthesis w hereas the 
residual carbon skeleton is totally incorporated  into 
the cyanoglucosides [5]. The question arises w hether 
during biosynthesis by these L epidoptera both 
am ino acids are incorporated in the sam e m anner. 
Therefore, U -13C labelled valine and U -13C labelled 
isoleucine have been fed to the larvae o f Zygaena  
filipendulae and Heliconius melpomone together with 
their normal food source and the localization o f the 
carbon-13 label w ithin the cyanoglucosides has been 
studied by carbon-13-N M R spectroscopy.

Experimental
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L-[U-l3C]valine and L-[U-l3C]isoleucine, 85% 
enriched with ca rb o n -13, were supplied by CEA
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(G if sur Yvette, France). 20 mg of each am ino acid 
was adm inistered to sets o f penultim ate and final 
instar larvae in small portions on their natural food 
source; 32 Z. filipendulae larvae on Lotus corni- 
culatus and 40 H. melpomone larvae on Passiflora 
coerulea. A solution o f 20 mg o f each am ino acid 
was dissolved in 0.1 ml HC1 (25%), 0.1 ml H 20  and
3.8 ml MeOH. Small am ounts o f this solution were 
dropped on to leaves which were accepted by the 
larvae after evaporation o f the solvents.

After the feeding period the larvae were deep 
frozen with liquid  nitrogen, then m inced and freeze 
dried yielding 605 mg of H. melpomone containing 
ca. 5 mg linam arin  and 3 mg lotaustralin , and 
1718 mg of Z. filipendulae containing ca. 70 mg lina­
marin and 50 mg lotaustralin  (for quantitative 
evaluation see [1, 2]). The dry material was extracted 
as described [1, 2] and the concentrated extract was 
chrom atographed on a silica gel colum n (2 x 25 cm) 
using C H 2C l2/M eO H  80:20 as the solvent. The 
cyanide positive fractions [1] were collected and 
separated into linam arin and lo taustralin  by HPLC 
on RP-18 (1 .6 x 2 5  cm) using H 20 /M e C N  95:5  as 
the solvent (flow: 5 m l/m in, RI detector; tK lina­
marin: 19 min, / R lotaustralin  47 min). Both gluco- 
sides were collected separately, evaporated to dry­
ness and prepared for N M R  spectroscopy by dis­
solving in 0.5 ml D 20 . The yield of both glucosides 
was about 50 — 60% of the am ount in the larvae.

Proton decoupled l3C-spectra were recorded at 
100 MHz on a Bruker W M 400 N M R  spectrom eter 
using sweep w idths of 25 000 Hz, pulse repetition 
rates of 0.655 s, a pulse angle o f 23° and data 
lengths of 32 K. F ourier transform s o f 128 K were 
performed with zero filling to im prove line shape 
and precision. Spectral sim ulations were perform ed 
using a m odified LA OCOON III program  on a 
DEC-2020 com puter. The experim ental spectra 
shown in Figs. 1 to 3 have had G aussian  m ultip lica­
tion perform ed on their free induction decays in 
order to im prove resolution, except in those cases 
indicated.

Results and Discussion

In the proton decoupled C-13 spectrum  o f lina­
marin isolated from the larvae of both species only 
the aglycone m oiety shows additional signals from 
carbon-carbon couplings [7], Thus the coupling be­

tween C-l and C-2 of 60 Hz appears on both signals 
and is characteristic o f such bonds [8]. Sim ilarly the 
coupling between C-2 and C-3, and C-2 and C-4 of 
39 Hz is characteristic o f this bond type [7], As ex­
pected only one bond couplings are observed as 
couplings over two bonds are known to be small, 
less than 3 Hz [9], for this system and hence are 
unobservable with the linew idths o f 3.8 Hz found 
here. The splitting arising from  the one bond 
coupling, o f course, appears on both carbon signals 
and thus the signal for C-2 appears as a com plex 
pattern the appearance of which depends on the 
num ber of enriched carbon atom s present per agly­
cone moiety.

If only one carbon per aglycone m oiety is en­
riched then the signal o f C-2 would appear as an 
intense singlet with signals arising from carbon- 
carbon coupling appearing alm ost sym m etrically 
around the main signal with the ou ter lines being 
60 Hz apart and the inner lines 39 Hz apart. The 
intensities of these satellite lines are small as doubly 
enriched molecules only have the natural abundance 
of 1. 1% no m atter what the am ount o f single carbon 
enrichment. Thus if each carbon was equally en­
riched then each outer line has an intensity of 0.55% 
and each inner line 1.1% (i.e. two couplings o f 
39 Hz) of the central singlet. C learly this is not com ­
patible with the observed spectrum  for C-2 (Fig. 1). 
Similar considerations can be used to show that the 
experimental spectrum  is not com patib le with the 
presence of a single aglycone species consisting o f 
two, three or four enriched carbon atoms per 
molecule.

However, as only 85% universally labelled valine 
was used in the feeding experim ent this will also 
correspond to the m axim um  enrichm ent o f the agly­
cone moiety. Thus for random ly labelled 85% C-13 
enriched aglycone the proportions o f each species 
involving C-2 are as shown in Table I. A com posite 
theoretical spectrum, taking into account the frac­
tional content o f each species and their isotope 
shifts, is shown in Fig. 1, together w ith the experi­
mental spectra o f C-2 of linam arin from  Heliconius 
and Zygaena larvae.

The excellent correspondence betw een the theo­
retical and experim ental spectra with regard to line 
positions and relative intensities is d irect evidence 
that only intact molecules of valine w ith loss o f the 
carboxyl carbon were incorporated into the agly­
cone of linamarin. Any break down o f valine during
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Fig. 1. Comparison of the experimental proton-decoupled 
C-13 NMR spectra of C-2 of linamarin from Zygaena (B) 
and Heliconius (C) with that calculated (A) for 85% uni­
versally enriched aglycone moiety, containing species 
a (•), b  (o), c (x ), d  (■) and e ( a ) .

the inco rpo ra tion  process w ould  lead  to an  increase 
in the  p ro p o rtio n  o f  species b to f  and  hence to  the  
correspond ing  increase  in in tensity  o f  th e ir  signals 
in th e  spectra. T h is is c learly  no t th e  case.

T he degree o f  in co rp o ra tio n  o f  labelled  valine  can 
be ca lcu lated  from  th e  signals he igh ts in  th e  m ulti-

plets fo r each p e rip h e ra l c a rb o n  a to m  o f  th e  ag ly ­
cone m oiety  by tak in g  in to  acco u n t th e  va rio u s 
species p resen t (T ab le  I) th a t arise  from  th e  use o f  
85% universally  lab e lled  am in o  acid .

T hus, w ith in  th e  ex p erim en ta l e rro r all lines o f  
the aglycone m o ie ty  have  been  en rich ed  to  th e  sam e

Table I. Proportions of each species involving C-2 of 85% 
universally C-13 enriched aglycone moiety of linamarin. 
For lotaustralin the similarity of the couplings to C-2 of 
C-3 and C-4 does not allow distinction between species 
involving labelled C-3 or C-4 with labelled C-2. For ex­
ample species b  in fact includes both G lue—0 -C * (C * N ), 
(C*Ft3)CH2CH3 and G lu c -0 -C * (C * N ) (CH3) C*U2CU3.

Species No. of 
labels

Fractional
content

♦
CN 

* /  *
a G lu c -O —C -C H 3

V
c h 3

4 0.5220

*
CN

b  G 1 u c -0 -C -C H 3
\

c h 3

3 0.1842

CN

c G 1 u c -0 -C -C H 3 
\ *

c h 3

3 0.0921

CN
* /

d  Glue—0 - C - C H 3
\

c h 3

2 0.0163

CN
* / *

e G 1 u c -0 -C -C H 3

x c h 3

2 0.0325

* / CN
f  G 1 u c -0 -C -C H 3

c h 3

1 0.0029

CN
/

g G 1 u c -0 -C -C H 3s  \  3
c h 3

- * 0 0.1500
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Fig. 2. Comparison of the experimental proton-decoupled 
C-13 NMR spectra of C-2 of lotaustralin from Zygaena (B) 
and Heliconius (C, without Gaussian multiplication), with 
that calculated (A) for an aglycone moiety containing all 
five carbon atoms enriched to 85%. Assignments see Fig. 1.

extent o f 3.1 ±0 .2%  for linam arin  from  larvae of 
Z. filipendulae and o f 2.4 ±  0.2% for linam arin  from 
larvae of H. melpomone while those o f the glucose 
moiety did not show any evidence o f double or 
multiple labelling.

The same considerations apply to the spectrum  of 
lotaustralin obtained from the sam e larvae. As the 
magnitude of the couplings o f C-2 to C-3 and C-4 
are very sim ilar the form of the theoretical spec-

Fig. 3. Comparison of the experimental proton-decoupled 
C-13 NMR spectra of C-4 of lotaustralin from Zygaena (B) 
and Heliconius (C, without Gaussian multiplication) with 
that calculated (A) for an aglycone moiety containing all 
five carbons enriched to 85%. For C-4 the species are

G 1uc-0 -C * (C N )(C H 3)C *H 2CH3 (* ) ,
G lu c -0 -C * (C N )(C H 3)C *H 2C*H3 (+) and
G lu c -0 -C (C N )(C H 3)C *H 2C*H3 (p ) .

trum for C-2 is sim ilar to tha t for linam arin. Thus 
for lotaustralin the various species involving C-2 in 
Table I are also present with no distinction being 
possible between the labelled methyl group C-3 or 
the ethyl group with a label at C-4. A lthough the 
signal for C-2 of the aglycone m oiety is overlapped 
by those for C-5' and C-3' o f the glucose m oiety 
(Fig. 2) the signal shows the sam e general pattern  as 
that for linam arin (Fig. 2) at least for C-2 o f lot-
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Table II. C -l3 chemical shifts, carbon-carbon constants and isotope shifts for linamarin and 
lotaustralin from Z. Jilipendulae (similar results were obtained for both glucosides from H. mel- 
pomone).

Chemical shifts [ppm] of unenriched species:
Glucose moiety 
CT C2' C 3 'a 
99.92 73.86 76.55 
99.60 73.87 76.64

Linamarin
Lotaustralin

C4' C 5 'a C6' 
70.52 77.10 61.66 
70.54 77.11 61.64

Aglycone moiety
Cl C2b C3 C4 C5

Linamarin 122.51 73.30 27.83 27.19
Lotaustralin 122.14 76.82 24.21 34.00 8.82

Carbon-carbon coupling constants [Hz]:

( 1- 2) (2 -3 ) (2 -4 ) (4 -5 )
Linamarin 60.1 39.2 39.7
Lotaustralin 59.6 39.9 38.4 34.7

Isotope shifts [Hz]:
Cl C2a C2b C2c C 2e C3 C4 C5

Linamarin —0.1 -3.1 - 2.8 -0 .5 0.0 - 1.6 -1 .5
Lotaustralin 0.0 -3 .5 -3 .3 n ac n a c —1.5 * - 1.0

* -2 .2 , -1 .7  and -0 .7  for species with carbons 2 — 4 —5, 2 — 4 and 4 —5
enriched, respectively

a Assignments interchangeable.
b In reference [10] the shift for C2 should be 72.92 ppm for linamarin. 
c na =  not available.

australin from Zygaena larvae. The intensities o f the 
lines o f C-2 of lotaustralin from  Heliconius larvae 
are visible but not as easily identifiable due to 
poorer signal to noise arising from the low yield of 
lotaustralin in this experiment. This is again d irect 
evidence for incorporation o f the intact 85% en­
riched amino acid with loss o f only the carboxyl 
carbon. Further evidence is afforded by the ex­
cellent correspondence of the experim ental and 
theoretical spectra for C-4 of the aglycone m oiety of 
lotaustralin (Fig. 3). Again account was taken o f the 
fractional content o f each species and its isotope 
shift to give the com posite spectrum . In this case the 
degree of enrichment was 1.5 ±  0.2% for lotaustralin  
from larvae of Z. Jilipendulae w hereas the value of 
that from larvae o f H. melpomone was not calcu­
lated in view of the low intensity spectrum . The 
C - l3 data for linam arin and lotaustralin  from  the 
feeding experiments with Z. Jilipendulae are re­
ported in Table II. Sim ilar results were obtained for
H. melpomone.

These results clearly show that both, larvae o f 
Zygaena Jilipendulae as well as those o f Heliconius 
melpomone incorporate valine into linam arin  and 
isoleucine into lotaustralin specifically w ithout any 
disruption o f the carbon bonds except for loss o f the 
carboxyl group. In this aspect the biosynthesis is 
sim ilar to that occurring in plants indicating that 
the pathway used by plants and these L epidoptera 
may be very sim ilar, if  not the same. S im ilar results 
were obtained for some m illipeds (A rthropoda: Di- 
plopoda) which synthesize m andelonitrile after 
feeding with l4C-labelled phenylalanine [11, 12]. 
Further studies, however, are necessary using d iffer­
ent interm ediates such as the corresponding nitrile 
in order to establish the suspected identity  in the 
biosynthesis o f cyanogenic glucosides by plants and 
Lepidoptera.
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