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Abstract. y-Methylaminobutyraldehyde (N-methylpyrroline) labeled with 14C was isolated
from tobacco roots which had metabolized ornithine-2-'4C. It was labeled most strongly 4
hours after adding ornithine-2-14C to the root, also labeled by putrescine-1,4-1 C and methionine-
4CH,, and observed in the root but not in the aerial portions of tobacco plants. y-Methyl-
aminobutyraldehyde when added back to the root was an efficient precursor of nicotine.
Identity of y-methylaminobutyraldehyde from tobacco roots was confirmed by comparison with
the authentic compound.

The existence of y-methylaminobutyraldehyde (N-methylpyrroline) in the biosynthetic
pathway of nicotine indicates that the methyl group must be introduced before condensation
of the pyridine moiety with the pyrrolidine moiety.

It has been Nvell establishedl that the pyridine
ring of nicotine is derived from nicotinic acid (4),
and the pyrrolid,ine ring from ornithine (7,16),
pltitrescine (17), glutamic acid, and proline (14).
'rhe mechanism of the condensation of the 2 rings
was dliscuissed by Bverrum and hi.s grouip (15),
Leete et al. (18), Dawson (5), and Mothes and
Schtitte (21). Byerruim and his co-workers (2,6)
demonstrated that the methyl group is introdui,ced
f,rom methionine anid labile C1-fragments. However,
intermediattes between these precuirsors and nicotine
anid the mechaniism of the reaction have remained
largely lunexI)lored.

Ladesic and Tso (13) and Schroter (22) have
reported that nornicotine canl serve as a precursor
of nicotine. However, ouir previous paper (11)
demonstrated that while nicotine always occulrs in
the pulre i-form in tobacco plants, nornicotine iso-
la,te(l from tobacco roots is predominantly d-form.
We a,lso reported that radioactive nicotine and
nornicotine isolated from sterile root cuiltuires of
Nicotiaina, ritstica fed DL-ornithine-2-1 4C d-iffered in
the di,strilbution of radioactivity between C-2 and
C-5 in the pyrrolidine ring, and that only small
amounts of 15N were incorporated into nicotiie by
administra,tion of 15N-labeled nornicotiine (20).
These findings led to the inference that the bio-
synthesis of nicotine occurs through a routte(s)
that does not involve nornicotine. Alworth and
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Rapoport (1) have also excluded inorxicotine as a
precursor of nicotine from experiments with 14CO.,
in Vlcotiwaii gllltinlos(a.

One of the problems in nicotine biosynthesis is
the step at which the methyl groulp is introdluced.
One aim of this work was to examine the possibility
that methylation takes place before con(lenisatioiu of
the pyridinie moiety with the pyrrolidine moiety.
IN ouir previous paper (12) y-methylamnin.obultyralldle-
hyde (N-methylpyrroline) was sho\wn to be involved
in nicotine biosynthesis by tobacco plants, and ill
this paper we describe a more detailedl accouit of
this investigation.

Materials and Methods

Plant MAI( teri(ils. An aseptic root culture of
Nicotiani(a rustica var. brasilia was maintained in a
100 ml Erlenmyer flask containing 30 ml of medliuim
prepared according to the method of Solt (24).
The cuIltures were grown for 3 weeks prior to
addition of labeled compotun(l. Plants of .icotia(na
ttib(acii in variety B right Yellow, Lycopcrsic iM
esculentumn (Fukijul, No. 2), Datutira stramiimiumi,
and Atropta belladonna were grow-n hydroponically
for abouit 4 weeks. Detached root segments and
leaf disks from each plant were used for the feedlilng
experiments with DL-ornithine-2-14C.

Labeled Compounds. DL-Ornithine-2-14C mono-
hydrochloride (26 mc/m mole) was puirchased from
California Corporation for Biochemical Research.
Glutamic acid-U-14C (3.84 mc/m mole) was pulr-
chased from the Radiochemical Centre, Amersham,
Buchs. Ptu,trescine-1,4-14C hydrochloride (3.5 mic/m
mole), nicotinic acid-7-14C (2 mc/m mole), DI.-
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methionine-4CH13 (2.3 mc/m moile), anid y-amino-
butyric acid-1-_4C (1.3 mc/m mole) were puirchased
from Daiichi Chemical Company. Nicotiniic acid-3H
was prepared by the Wilzl)ach proceduire in Daiichi
Chemical Compainy. The purity of these chemicals
was re-examined by coluimn chromatograiphy before
use, and they proved to be entirely free of con-
taminants as shown amino acid analysis with an
amino ac.cd analyzer and by '4C flowN monitor of
the effluent.

Preparation of y-M ethyl(amin obiutral1dehVde.
y-Aminobutyraldehyde dielthylacetal was prepared
as described by Hasse et al. (9); b. p., 80 to 83°/6
mm. Formyl-y-aminobutyraldehyde diethylacetal
was prepared by letting a mix-ture of y-amiino-
butyralldehyde diethylacetal and ethyl formate stanld
for 2 days at room tem,peralture; b. p., 154 to
155°/2 mm. y-Methylaminobuityraldehyde (liethyl-
acetal was prepared according to the procedulre for
preparing a secondary aimine fro,m aniilide (8) as
foll,ow. To a solution of 0.4 g of lithium aluimintum
hydride in 15 ml ether was sloWly added a solution
of 2.0 g of formyl-y-aminobutyraldehyde (lietihyl-
acetal in 12 ml ether. Afterwards sufificient water
aidded dropwise to decomipose the excess lith tium
aluminutm hyclride and then 10 ml of 20 % sodium
carbolnate solution. The mixtture was extracted
wi,th ether. After drying over anhydlrotis potassitum
carbonate and filitering, the ether solultioni was
evaporated to a yelliow oil, which on distillation
gave a colorless oil; b. p., 85 to 86°/4mm. (yield,
90 %). y-Methylamino,h)ultyra'ldehyde was made by
treating its acetal with same volume of 2 N HCI
for 30 minuites at 600.

.4dmiiinistration of Labeled Comiipountds. For ex-
perimenits wiith excised root cuilituire, most of the
culture sollution from 3 flasks was aseptically with-
drawn by piipette, and 1 jc of the tracer in 1 ml of
sterile waiter was added back to each flask. After
incubaition at 300 for (lesignated periods, the root
mass and the media of each flask were analyzed
separaltely. Studies oIn ornithine metabolism in
'var.ous plants were also rtun with excised root
segments and leaf disks. Two g of root tissue from
each hydroponicaolly grown plant were transferredl
into Petri dishes and then 3,uc of DL-ornithine-2-14C
in 0.3 ml of sterile water was added. II experi-
ments wi'th leaf disks, on the flat bottom of a Petri
dish were pipetted 10 spots of 50 ,ul aliquiots o,f the
tracer solution each containing 0.1 ,tc of DL-orni-
thine-2-'4C. Leaf disks of 1 cm d:ameter were care-
ftully placed oni each spot in contact with the soltu-
tion without intervention of air buibbles so that the
solution was infilitrated into the disks uinider vacutum.
Tracer soluitions were almost completely ahsorbetd
into the dlisks within 60 minutes. After 5 hoturs
incubation at 300, the excised roolts and leaf disks
from each plant were analyzed.

Preparation of Sample for Analyses. The roots
and leaf disks, after incubation, were immediately

grotind in a mortar with 10 ml of 75 % aquieouts
alcohol conitaining 0.2 % acetic acid. The mixture
was filtered through a fritted glass filter. This
extraction was reipeated 4 times with 10 ml of 75 %
aqueouis alcohol containing 0.2 % acetic acid. The
alcohol extracts were combined and the volume was
reduiced in vacUo below 400. Insoluble matter,
which formed during concentration, waLs removed
by cen'trifugation. The supernatant was reduiced
i.n vacua to dryness belowu 400. The residue was
taken tip a small volume of 0.2 M citrate buiffer
((pH, 2.2) and the \voluime was adjusted to 5 ml.
Samples were stored in a deep-freezer untl analyzed.

Isol(tioni of Nicotine. Nicotine was obtained by
siteam distillation wvith 10 mg of niicotine added to
the steam distillate as carrier (20). The s.team
disti.llate was cauight in an excess of hydrochloric
acid solultion and the hydrochloric acid solutioni was
concentrate(l to dryness. The res,(duie wvas dissolved
in a small volume of methanol. 'T'his solution was
stubjecitetd to gas chromaltography as descr'b?(ld by
Yasuimatsii and Aka,ike (25).

Isol(ationt of y-Mleth,l tiii in obatyr)(Ildehlv(lc. Five
,,1C of DL-ornith'ine-2-14C in a small amounit of water
was administered to either 5 flasks of siterile cul-
tuires of N. rusticai or 5 g of the roots excised from
hydroponically grown N. tobacoum. After 5 hours
incubation at 300, the ethanol solu,ble fraction was
obtained as describedl above. -\A[etabol ites of ornli-
thine were isolaited by a Amberl:te IR-120 column
equilibrated with citrate buiffer and detected by
14C flow monitor svsstem. The fractiou Y-2 cor-
resp,onding to Y-2 l)eak showni in figutre 1 was
separated on a 50 cm long coltumn with 0.38 M
c:trate bulffer ait pH 4.26 or a 15 cm columniii with
0.38 Mt c tralte buiffer at p1H 5.28. The fract:ons
were poo'ed and passed throuigh a column of Dowex
50 X 4 (H+ form, 2.0 X 13 cm). The columnn was
w!a-hed with water and eluted with N HCl. The
effluient was collecited in 60 fractions o,f 5 ml each.
Material in fraction 38 'to 45 was detected by radio-
activi;ty and by Dragendorff's reagent. These frac-
tions were combined and concentrated to dryness in
a partial vacuu,m below 400. 'I'he residuie was
d(l:.Iolved in a small volui,me of water and aIn aliquo-t
uised in subsequent tests: Preparation of 2,4-dinii-
trophenylhydrazone, paper chromatography, and
color test with variouis reageints such as Dragen-
(lorff's reagent, Koenig reagent, ninhydrin, o-amino-
benzaldehycde, ammoniacal AgNO. and KMnO,1
solution.

Prepare tion of 2,J-Din it rophenylhydra-one. An
aliquot of the radioactive Y-2 sample was added to
auithenitiic y-methylaminobultyraldehyde whic,h had
prepare(l bl hydrolyzing 100 mg of it's acetal with
N HCI. Trhe 2,4-dinitrophenylhydrazone was ob-
tained by the usual methods. Recrystallization was
repeated from 90 % ethanol tuntil constanit melting
point and constant specific aotivity were obtainled.

Analytical Procedu4res. Individual metabolites
were separated by aid of a Beckman/Spinco Moodel
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120 Amino Acid AAnalyzer and radioactivilty deter-
mined by Piackard Tri-Carb flow monitor system.
Two ml of the solution prepared from the extracts
was introdtuced oIn a coluimn eilther of 150- or 50 cm

length for measturement of neutral and acidic amino
acids or basic amino acids, respectively. Gas chro-
matogra)phy was performed wi,th a Shimazu Model
GC-1B.

Results

MlIcttcbolismii of Oriithiine. In order to examine
the possible prectursor of intermedliates in nicotinle
biosynthesis among the metaboli!tes of ornithine,
metabolism of DL-ornithine-2-14C in tobacco root
was studied first.

A typical flowgram of metabolite of Dr-orni-
thine-2-14C is shown in figulre 1. After 5 hours
inculbatioin radioactivi,ty was found in compounds
metabolically rela,ted to ornith,ine suich as giutanlmine,
proline, gluttamic acid, citrtllliie, y-aminobuityric
acid, and arginiine. Besides these compounds several
unknown radioactive stubstances were observed and
designated Y-1, A-1, A-2, A-3, and Y-2. Y-1, A-1,
A-2, and A-3 were eltited early from the ion-ex-

change coluimn of 150 cm length, and Y-2 wvas

eluted betweein histidine and arginine with the
column of 50 cm length. Y- 1 and Y-2 gave a

yellow color with ninhydrin. Y-2 anid argininie were
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FIG. 1. Flowgram of the metabolites of DL-ornithine-
2-14C which had been fed to excised root culture of
N. rustica. Upper part of this figure is the elution
pattern for a 150 cm long column with 0.2 M citrate
buffer at pH 3.25 and the lower part for a 50 cm long
column eluted with 0.38 M citrate buffer at pH 4.26.
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FIG. 2. Time course of radioactive incorporation
of DL-ornithine-2-14C into individual metabolite in ex-

cised root culture of N. rustica.

labeled most strongly among these compotunds in
th,is time period.

Figulre 2 shows the resulit from time course
experimenut with DrL-ornithine-2-14C. As -the feeding
time increased, ornithine was rapidly metabolized
and Y-1, proline, gluitamic acid, citrulline, and the
acidic and neutral fractions gained ra-dioactivi'ty
slowly. On the other hand, Y-2 andl arginine
acqulired a marked amount of radioactivity in a few
houirs. Radioactivity of both substances reached
a maximum at 4 ho-urs, at which time radioactivity
of Y-2 was approximately 2.5 times as high a,s that
of arginine. Thereafter '4C in this unknown de-
creased very rapidly with ti'me. Such changes indi-
cated thait Y-2 was a very active metaboilite ancd had
a high turnover rate. Upon the administration of
the isolated Y-2 fraction to excised root cultures,
incorporation of 14C of Y-2 into nicotine was
examined. The result shown in table I indicated

Table I. Incorporationt of Y-2 into Nicotine
Isolated Y-2 fraction was added back to excised root

culture of N. rustica and incubated for 24 hours at 300.
Percentage of incorporation was determined by dividing
total activity of the nicotine by the activity of Y-2
fraction fed. Radioactivity of the Y-2 fraction fed
was 6 X 105 cpm.

Experiment Radioactivity incorporation

1 7.03
2 30.1
3 33.0
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that the substance w\as a v-ery effective precursor
of nicotille.

Ideni tif ic ti ot o f y-M1ctl il niiil ob 1 tAv^(il(ie_lyde.
II order to obtain some informat,ion abouit the
strtucture of Y-2, other various labeled compounds
were fe(d to excise(d root cuiltulre of N. rustic(i.
Y-2 was lalbele,d no,t only, by orinithiine-2-_ 4C but
also pu'trescine-1,4-' C or methionine-14CH, buit not
b) glutamic acid-U-1 4C or y-am'inobtityric a,cidj-1_1 4C
(table IT). Also, nieither niicotinic acidL-U-3H nlor
carboxyl-14C, the pyridine riiig of which serves as
a precursor of the pyridine ring of nicotinie. gave
rafldioactive Y-2. These oVFervations seem to ilndi-
cate that Y-2 shouild possess a bu-tane skeleton
lerived from ornithine or putrescine a(lel methyl
group (lerived from methionine, buit nei,ther a pyri-
(line ring- nor carboxyl grolup from nicotinic acid.

Table II. Incorporatioo of arious Labce1d Cooilpo nlIds
inlto Y-2, ArIginiic anid Nicotine

Duration of the experime1Cn1t wN-as 5 hours.

Tracer Y-2 Arginine Nicotine

Putresciie-1 4-14C
Gltltamlliw Il(1(i1 -'-l 4C
Nicotiniic acid-U-3H
Nicotiinic acid-7-14C
Do-MNethionnino- 14CH..
y-Arminobutitric acil-1-C
DL-Orinithinie-2-14C

1.1
0
0
0
0.1
0
0.9

0 24.3
0 3.2
0 9.5
0 0

3 0 5.5
0 0

)0 0.36 14.5

The latter fact was fuirther confirmedc by its nega-
tive reaction with Koenig reagent and(l byr the
absence of ulltraviolet absorption correspolnding to
a pyridline moiety. Y-2 also ha(d the following
proIperties: a po,s,:tive react:oni with Dragendorff's
reagen!t; instantly (lecolorizedl KM\'TnO, solutiion re-
dilce(d ammoniacal AgNO, in cokl A-ith mirror
formation: reactedl with 2,4-(dinitrop)heinylhydraziine
in 2 N HCI: did Iolt reacit with o-aminobenzaldehvde;
gave a ye]llow color witih ninhydrin. These proper-
ties of Y-2 indicated that this comipound had car-
bonyl and1 amino grouIps. Since purification of Y-2
appeare(d to be difficullt (dule to i,ts ulnstable char-
acter, the isolated fracti,on Y-2 was comparedl w:tth
authentic material for chemical behavior. Y-2 wvas
chromatographically in(listinguishable fromn auithen-
tic y-methylam'inlobtu,tyrad](ehyde in 4 diifferenXt sol-
ven,t systems: n-buityl alcohol-acetic acid-water
(4:1:5, RF = 0.28), ter-butyl alcohol-formic acid-
waiter (5:1 :1 :, RF = 0.59), 1t-butyl alcoh,ol-n-propyl
alcohol-0.1 Nx HCI (1 :1 :1, RF = 0.48), n-butyl
alcohol satturated with water (RF = 0.13). The
ra(iioactivity of Y-2 cochromatograpbhed with
y-methylamino,butyraldehyde. Constant specific ac-
ttivity persisted through several recrystallizations of
the 2,4-dlinitrophenylhydrazonie of a m:xtire of Y-2
anid the atuthentic aldehyde.

Anl., Found: C, 41.44 H, 5.05 N, 21.03
Calcl: for C1 110 N,

Cl1; C, 41.53 H, 5.08 N, 21.13
The elutioi positionis of Y-2 and the authentic
compoln(d onl the amiino acid analyzer \verC identical.
On the basis of these observationis, it Xwls concluded
that Y-2 was y-methylaminolbtity-raldehd-(le or its
cyclized form, N-methiylpyrrolilme.

Ocecinecce of y-Icth yin ni I abut\'r (ieli vde. In
order to (leterminlie a site of y-methylaminobutvral-
dehyde Il)iosynthesis in the tol)acco pllant and to
examllne whether othler plalnts besides tobacco couil(l
synithesize it from ornliithinie, DrI-ornithine-2-'4C wvas
fed( to the (letache(i root and(I leaf (ldsk of tobacco
planit and(I some othler solanacecous plants. Soluible
fraction from each material was analyzed wvith anl
aiminio atci(d analyzer and flo\\ monlitor- Sy Stelm. In
all cases, there wkas a considerable incorporation of
'4C into arginine, indCticat':ing thlat the added orni-
thinle penetrate(l inlto an active site of metabolism
(table III). Only the root bult nlot the leaf of

Table ITI. L hoh()to11tio tlof no- 0j-ii ituj e-2- I4C inlto
y-.3Iethl An'(iii i}obntvr,i-aldehlvtde (y-i11A BA) nd Aryilinine

iI SOnIeI Solanacconus Plants
Radioactivity of tilc DL-oriiithine-2-14C fed was 5.79

X 10', cp)i. The (Iiircatioln (f the experiment was 5
hiotirs.

Plant Illaterial

Sterile root cuiltul-
o f .\ . I iistie

Root of hydroponically
grow%n\n. t(ib(atenu

Leaf of A.. tbabcn iii

Root of 11h(lropon cally groN
Lveoer.ien}ini}ZfSesclelf iond,

Root of hydroponically growi
Da t sri(.too((((ioinii

Leaf of f)otnra sta'a mooinoill1
Root of hddropoinically grown

Atrop/' ldleldonnali
Leaf of .-Itiropu bella(loiiiia

RadioactivitY incorplorated
A- ABA Arginine

(-Pill X 10-4 -p 11iX I(-
3.35 0.49

6.44

0

0

0.29

0

6.30

1.21

3.16

3.90

7.85

7.76 0.92

0 5.00

tobacco plants had the ability to synllthesize y-methyl-
aminol)lityraldehyde frojm ornithine. Since the site
of nicotine hiosynthesis is located mainly in the
root, it is consiis,tent thait this compound is (letected
in the root bltut no,t in the aerial portions of tobacco
planit. For the roots of Dattira and -tropa pllants,
which produced tropane alkalolid, a radioact.ve peak
was observetd in the same eltition position as
y-methylaminobtutyraldehy(le. Buit no radioactivity
correspond-ing to y-methy1aminobtityraldehyde was
observed in both the root and leaf oif the tomato
plant and the leaf of Datura and Atrop.(.
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Discussion

Orni,thine is converted to glutamic acid and pro-
line via glutamic-y-semialdehyde, and citrulline and
arginin,e by the orniithine cycle in higher plants
(3, 10). Moreover, in tobacco plan.t ornithine enters
the biosynthetic route of nicotine whioh involves
y-methylaminobutyraldehyde as an intermediate.
y-Methyla,miinobu'tyraldehyde, which is considered to
exist in equilibrium with ilts cyclic form, N-methyl-
pyrrolline, has now for the first time been identified
as an effective precursor of nicotine.

It has been established that the C-2 of ornithine
is incorporated equally into C-2 and C-5 orf nicotine
(7,16). Putrescine and mesomeric anion of Al-
pyrroline as possible symmetric intermediates have
been proposed to explain the pattern of 'GC-labeling
resulting from incorporation of ornitthine-2-14C into
the pyrrolidine ring of nicotine (15, 17). From the
data on the administration of 15N-labeled ornithine-
2-l'C to excised root of N. tabacurt, it was sug-
gested by Leete et al. (18) that as the first step in
nicotine biosvn,thesis from oriiithine, a-deamination
takes place yielding a-keto-b-aminovaleric acid
(Al-pyrroline-2-carboxylic acid). However, it does
not seem likely that a-keto-b-aminovaleric acid is
an important intermediate in the biosynthesis of
nlicotine since in the present experiments putrescine
was more efficient precursor of y-amethyla,mino-
butyraldehyde and nicotine than ornithine (table
III). The main route of y-methylaminobutyralde-
hyde and nicotine synthesis fromn orniithine would
probably be by way of putrescine. Recently, Leete
(19) proposed that putrescine is the symmetrical
intermediate between ornith!ine and the pyrrolidline
ring.

Schroter and Neuma,n (23) reported that
a-methylornithine can serve as a precuirsor of nico-
tine; this compound may give y-methylam'inobutyr-

HOOCI;' NH2 N NH2 NH2NHCH3

HOOCZ JH2 CICHO kNH2 CHO NHCH3

1t ~~~~~~~~~11

CC13

FIG,. 3. Hypothetical biosynthetic pathway for nico-
tine.

aldehyde by. deamination and decarboxylation.
However, it would be impossible for C-2 in a-meth-
ylornithiiie to distribute equall'ly in C-2 and C-5 of
the pyrrolidine ring of nicotine by such a reaction.
Accordin.Aly, for the metabolic sequence from orni-
thine to y-methylaminobutyraldehynde at least 3
routes are possible as pictured in figuire 3. As
mentioned before, it woulld be more probable that
ornith-ine is converted to y-met1hylaminobutyralde-
hyde via putrescine and methylation of y-amino-
butyraldebyde (A'-pyrroline) or putrescine takes
place.

The occurrence of y-methylaminobutyraldehyde
as an effective prectursor of the nicotine hiosyn-
thesis su,pports ouir previouis conclusion (12, 20) that
nicotine is synthesized throuigh a rouite( s) which
does not involve nornicotine. Dawson and cowork-
ers (4) have shown that the tritium la,beled oi-n
C-6 of nicotinic acid was less eefficiently incor-
porated into nicotine than the hydrogens labeled on
the other carbon of nicotinic acid and the active
intermediate may be a 1,6-dihydronicotinic acid
derivative. Ilt is now proposed that N-methyl-Al-
pyrroline wotl4d conndense with 1,6-dihydronicotinic
acid deriivative to yield an intermediate, which un-
dergoes decarboxylation and hydride abstraction to
zive nicotine.
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