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Abstract-The administration of L-tryptophan-[3-‘4C] to Lapinus hurtwegii (3-day-old seedlings and S-week-old 
plants) resulted in the formation of gramine-[methylene-‘4C], indicating that gramine is produced by the same 
biosynthetic route in this species as in barley. Radioactive indole-3-aldehyde, labelled specifically on its aldehyde 
carbon, was isolated from the &week-old plants. However no significant amount of this compound was detected 
in 7-day-old seedlings, and it is suggested that indole-3-aldehyde is formed by the metabolism of gramine in the 
maturing plant. 

Gramine (2) was first isolated from the leaves of 
germinating barley (Hordeurn uulgare) [l] a 
member of the Gramineae. This simple indole 
alkaloid has also been found in other members of 
this family: the giant reed, Arundo donax [2], and 
reed canary grass Phalaris arundinacea [3,4]. The 
maples (Aceraceae): Acer saccharinurn [S] and A. 
ruhrum [6] also contain gramine. More recently it 
has been found along with the sparteine-type alka- 
loids in the lupins (Leguminosae): Lupinus luteus 
[7], L. hispanicus [S] and L. hartwegii [9]. 

(1) (2) 

Scheme 1. Bi&nthesis of gramine. 

All the investigations on the biosynthesis of gra- 
mine have been carried out in germinating barley. 
It was ofconsiderable interest to determine whether 
that tryptophan (1) is a precursor of the alkaloid. 
Later it was established that gramine formation 
takes place by cleavage of the tryptophan side 
chain between C-2 and C-3 with complete reten- 
tion of all the hydrogens attached to C-3 [ 11, 123. 
It was of considerable interest to determine whether 
gramine is produced in other species by the same 

* Contribution No. 132 from this Laboratory. 

biosynthetic mechanism as that which operates in 
barley. Comparatively little work has been carried 
out on the biosynthesis of a particular alkaloid 
which is occasionally found in unrelated species 

c131. 

RESULTS AND DISCUSSION 

Accordingly, L-tryptophan-[3-14C] was fed by 
the wick method to &week-old Lupinus hartwegii 
plants growing in soil. The plants were harvested 
after 5 days and the alkaloids isolated and separ- 
ated as previously described [9. 141. A radioactive 
assay of a thin layer chromatogram of the crude 
alkaloids indicated that activity was present at a 
zone corresponding to gramine. On extraction this 
zone yielded radioactive gramine which was 
diluted and degraded as illustrated in Scheme 2. 
Gramine methiodide (3) was treated with NaOH 
in the presence of ether yielding 3-hydroxy-methyl- 
indole (5) [lS]. 3,3’-Diindolylmethane (6) and for- 
maldehyde (derived from the methylene group of 
gramine) were obtained on refluxing the 3-hydroxy- 
methylindole in water. The results of this degrada- 
tion are recorded in Table 2, and it is apparent that 
the gramine was specifically labelled on its methy- 
lene group, indicating that tryptophan is indeed a 
direct precursor of this alkaloid in L. hartwegii. 
There was another zone of high radioactivity on 
the TLC of the crude alkaloids. This zone had the 
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Scheme 2. Degradation of gramine and indole-Saldehyde 

same Rr as indole-3-aldehyde (4) and extraction 
yielded material identical with this substance. 
Dilution and degradation (Scheme 2) established 
that all the activity of the indole-3-aldehyde was 
located on its aldehyde carbon. 

Indole-3-aldehyde has been detected in barley 
and tomato (Lycoprrsico77 c~,sc~~lentum) shoots [16]. 
corn (Zc% 777a~x) [ 171, cabbages (Brassicrx oler~cc~) 
[ 181. and a member of the Rutaceae: MUUY~J,U c>so- 
ticu [ 193. It has been suggested that indole-3-alde- 
hyde arises by an oxidation of indole-3-acetic acid 
or indole-3-acetonitrile 1161, both these com- 
pounds being derived from tryptophan. However 
the levels of indole-3-acetic acid which are nor- 

Table 7. Degradation products of gramlnc and indole-.J-aldc- 
hyde (activitlcs in dpm. mM calculated for non-diluted 

alkaloids) 

I:xp. I E:up. 2 
----___ 

Gramine I.07 * IK 2.-10 x IO” 
Ciraminc methiodide IN * IO- 2.10 x 10” 
3-Hydroxymethylindolc I.08 n 10; ?.20 x IO” 
Form31Jehyde-dimedonc IW Y IO- 7.-&o x 10” 
j.~‘-Diindol!lmeth~Ine 1.10 Y io- 2.35 x IO” 
Indole-?-aldehydc 6.0 x lo- 
3-Hydroxym~thylindole 5s5 x IO‘ 
Formaldehyde-dimedone h.Ix) x I o- 
.:.3’-Diindolylmcthane 5.70 x IO- 

-__-- _ 

mally found in plants (0~0005 0.1 ,Llg/.g fr. wt) [ 161 
are much lower than the amount of indole-3-alde- 
hyde (4.7 pg:g fr. wt) which we found in the X- 
week-old L. /zur.t\\wqii plants. Wt: suggest that in- 
dole-3-aldehyde is a metabolitc of graminc in L. 
hurh~ryii plants. 

Evidence supporting this hypothesis was 
obtained by feeding L-tryptophan-[3-‘“(‘1 to i- 
day-old seedlings of L. hw.fMvqii. Extraction of 
these seedlings 4 days later yielded radioactive gra- 
mine which was specifically labclled on its methy- 
lene group (see Table 2). However no indole-3-alde- 
hyde was detected in these young seedlings, and no 
significant radioactivity was located on a TLC of 
the crude alkaloids at the position where indole-3- 
aldehyde was expected to occur. The amount of 
gramine (71 ,Llg/g fr. wt) in the young seedlings was 
much larger than the amount found in the X-wcck- 
old plants (5.5 pg/g fr. wt). This result clcarlq indi- 
cates that the gramine is being metabolized as the 

Table I. Activitxs of the tryptophan-[S’“C] fed to Lupirus hnr~tw~q~i and the isolated graminc and indolc-i-~tldeh!de 

L-Trqptophan-r?-LSC‘] 
wt (mg) 
total act. (dpm) 

.4gc of plants 

Duration of fecdlng 
Fresh wt of plants (g) 
Activity not absorbed by plants 
MeOH extract of plants (dpm) 
Crude alkaloids (dpm) 
Gramine 

wt (mg) 
spcc. act. (dpm/mM) 
incorporation (I’,,) 

Indole-Saldchyde 
wt (mg) 
spec. act. (dpm!mM) 
incorporation (“,) 

Exp. I 

I .?O 
7.97 x IO” 

8 weeks 
5 days 

137 
I.1 x IOZ 
9.7 x 10; 
2.5 x IO” 

0.76 
I.07 x IO’ 

0~0 I 6 

0.64 
6.0 x IO7 

0.09 
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plant develops. A similar change in gramine con- 
tent takes place in barley as it matures [20]. The 
metabolism of radioactive gramine in L. hartwegii 
is being studied. 

EXPERIMENTAL 

Geneva/ methods. A Nuclear Chicago Mark II Liquid Scintil- 
lation Counter was used for assay of the radioactive com- 
pounds using dioxane-EtOH with the usual scintillators [21]. 

L-Tlyptophurl-[3-‘4C]. A small amount of the commercial 
material (New England Nuclear Co. Boston, Mass.) was sub- 
jected to TLC on Silica Gel PF-254 (Merck AC) developing 
with MeZCO-cone NH3 (100: 1) along with gramine and tryp- 
tamine as standards. More than 99.8P:, of the activity was 
located at a spot coincident with tryptophan (Rf 0.1). However 
significant activity was found at the spots coincident with tryp- 
tamine (0.13’!:,, R, 0.65) and gramine (0,045:6. R, 0.4). 
Accordingly the tryptophan-[3-‘“C] which was used in the 
feeding experiments was dissolved in dil. NH, and extracted 
with Et,0 for 24 hr in a continuous liquid-liquid extractor. The 
aq. soln was then lyophilized and the residue assayed by TLC.’ 
Negligible activity (<O.OOl”/,) was detected in the regions of the 
chromatogram where gramine or tryptamine would occur. 

Feeding q~~-rr~ptophan-[3-‘~C] to L. hartwegii and isolution 
ofthe alkaloids. Details of the amount and activity of the trypto- 
phan [3-r4C] fed are recorded in Table 1. Seeds of L. hurtwegii 
(Giant-flowered mixture) were purchased from Herbst Bros. 
Seedsmen, Brewster, N.Y. In exp. 1. the plants were growing in 
soil in a greenhouse, and the tracer was administered by means 
of cotton wicks inserted into the stems of the plants (8) near to 
ground level. In exp. 2 the seeds were germinated in glass trays 
containing vermiculite. After 3 days the small seedlings were 
removed, individually washed free of vermiculite with H,O and 
placed in 30 ml beakers containing tap H,O. About 500 seed- 
lings were fed in this experiment. These seedlings were exposed 
to a bank of fluorescent lights for 16 hr/day. At the time of har- 
vesting the plants were, on average, about 10 cm in length. The 
plants-were- macerated with MebH (500 ml) containing cone 
HCI (6 ml) in a Waring blendor. After 1 dav the mixture was 
filtered and the filtrate-evaporated to small bulk (80 ml). This 
brown soln was made basic with NaOH and extracted with 
CHCl, (4 x 100 ml). Evaporation of the dried (MgSO,) extract 
yielded the crude alkaloids. This extract was subjected to TLC 
on several preparative plates of Silica Gel PF-254, developing 
with CHCl,-MeOH-cont. NH, (93:7: 1). In this system gra- 
mine and indole-3-aldehyde have Rrs of 0.2 and 0.6 respectively. 
These substances were detected as dark zones when the plates 
were observed under short wave (254 nm) UV light. Since gra- 
mine and tryptamine (a potential metabolite of tryptophan) 
have almost the same R,s in this solvent mixture, the plates 
were developed in a second solvent mixture: Me,CC&conc 
NH, (100: I) when the tryptamine moves faster than gramine. 
However no tryptamine was detected in the extracts from L. 
hurtwrgii. In exp. I there was a dark zone coincident with in- 
dole-3-aldehyde, but none in the crude extract from the second 
experiment. The zones were extracted in a Soxhlet with MeOH, 
the amount of gramine or indole-3-aldehyde in the extracts 
being estimated by UV spectroscopy. Indole-3-aldehyde has a 
characteristic UV absorption max (in 95% EtOH) at 243. 260 
and 296 nm. Gramine (in 95% EtOH) has maxima at 273, 280 
and 289 nm. The extract containing gramine was diluted with 
inactive material, evaporated, sublimed (1 lo”, 10m3 mm) and 

crystallized to constant activity from 50% aq. Me,CO. The in- 
dole-3-aldehyde extract was also diluted with inactive material, 
evaporated, sublimed (170”, 10m3 mm), and crystallized from a 
mixture of benzene and hexane. 

Degradation of’gruminr and indolu-3-aldehyde. Gramine (244 
mg) was added to Me1 (10 ml) and shaken for 12 hr at 0”. The 
solid which separated was crystallised from MeOH affording 
gramine methiodide (422 mg). This methiodide (400 mg) was 
dissolved in Hz0 (50 ml) and added to a mixture of loo/, NaOH 
(50 ml) and Et,0 (50 ml) rapidly stirred at room temp. in a 
Waring blendor. After 15 min the Et,0 layer was separated and 
dried over Na2S0,. The residue obtained on evaporation was 
crystallised from C,H,-hexane affording colorless plates of 3- 
hydroxymethylindole (75 mg). This hydroxymethylindole (70 
mg) was remixed in H,O (20 ml) for 10 hr, cooled, filtered and 
the filtrate added to a solution of dimedone (100 mg) in HZO. 
On the standing overnight formaldehyde-dimedone (53 mg) 
separated and was crystallised from MeOH. The residue from 
the above filtration was dried and crystallized from C,H, 
affording 3,3’-diindolymethane (35 mg). The radioactive indole- 
3-aldehyde (200 mg) was dissolved in EtOH (20 ml) and ref- 
luxed for I min with NaBH, (200 mg). After cooling for 1 hr, 
the soln was evaporated to dryness, the residue suspended in 
I”6 NaOH. and extracted with Et*O. The dried (Na,SO,) 
extract was evaporated and the residue crystallized from ben- 
zene affording 3-hydroxymethyhndole (153 mg) which was 
degraded further as described under the degradation of gra- 
mine. The activities of the degradation products are recorded 
in Table 2. 
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