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ApsTRACT,—DL-[{2-15C, 2',3'-13C,]Tryptophan was prepared from [2-1*Clindole,
[13Clformaldehyde, and diethyl [2-1*Clmalonate. This amino acid, labeled with
contiguous 13C atoms in its side chain, was fed to the plant Catharanthus roseus, resulting
in the formation of radioactive vindoline (0.199, specific incorporation). An examina-
tion of the 33C nmr spectrum of this alkaloid revealed the presence of satellites located
about the signal of C-6, which were due to spin-spin coupling of the contiguous 3C
atoms located at C-5 and C-6 of vindoline. Since the specific incorporation, deduced
from the intensity of the satellites relative to the central singlet peak, was the same
as that of the 1*C located in the indole nucleus, the intact incorporation of tryptophan
into vindoline is unequivocally established.

Most of the early work on the biosynthesis of secondary natural products
involved the use of putative precursors labeled with 14C, the radioactive isotope
of carbon. Often quite lengthy and complicated degradations had to be carried
out to determine the location of the *C in the ultimate natural product. It is
now possible to avoid these degradations by the use of 3¥C as a tracer. This
isotope is not radioactive, however, its location in a natural produet, derived
from a precursor which is enriched with C above the natural abundance (1.119%)
is possible through the use of BC nmr. The use of precursors labeled with a
single ¥C atom has been used extensively in the study of the biosynthesis of
microbial natural products (1-3), since one can usually expect high specific incor-
porations? in such systems. The labeled position in the natural product will
have an enhanced signal at that carbon in its *C nmr spectrum. Since the intensity
of nmr signals is somewhat variable, this method can only be used when the
enhancement of the signal above the natural abundance is at least 30-409%. For
example, a natural product was found to have 1.69%, ®¥C at a certain position,
and was derived from a precursor enriched 909 at the analogous carbon. The
specific incorporation would be 0.55%, and the nmr signal for this carbon would
be enhanced 459;. In higher plants the specific incorporation of precursors into
alkaloids and other natural products is usually quite low, and only a few examples
using this method have been reported (4-9).

A much greater dilution of the administered precursor can be tolerated if
one labels with contiguous #¥C atoms. The natural ocecurrence of such contiguous
carbons is only 1.119 x 1.119;=0.01239%,. Furthermore, these contiguous
carbon-13 atoms give rise to satellites (due to spin-spin coupling) in the *C nmr,
located about the central singlet peaks, which arise from natural abundance 3C
and the incorporation of singly labeled species. This method was first used in
biosynthetic studies by Seto and coworkers (10, 11), who fed [1,2-3C,]acetic
acid to various microbial systems. We have used [5,6-*C,Jnicotinic acid for
investigating the biosynthesis of the tobacco alkaloids (12) and dioscorine (13).

1Contribution No. 170 from this laboratory. Part of this work was presented at the
annual meeting of the American Society of Pharmacognosy, held at Purdue University, West
Lafayvette, Indiana, July 29-August 3, 1979.

f¥pecific incorporation=7 excess 13C in the natural product/% excess *C in the admin-
istered precursor. For radicactive compounds: dpm/mM of the natural product/dpm/mM
in the precursor.
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It has also been shown that [2,3-*C,]Jornithine vields nicotine and nornicotine
which are labeled symmetrically with contiguous ¥C atoms on either side of their
pyrrolidine rings (14).

In the present article, we describe the synthesis of tryptophan labeled with
contiguous ¥C atoms in its side chain, and we have demonstrated its utility for
investigating the biosynthesis of the indole alkaloids found in Catharantiius roseus.
The synthesis of DL-[2-14, 2!,3'-8C,]tryptophan (3) is illustrated in figure 1, and
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is based on the previously described preparation of unlabeled tryptophan (see
Experimental). The amino acid was labeled with #C at C-2 of its indole nucleus
so that its specific incorporation into the ultimate alkaloids, and the rate of uptake
into the plants could be readily determined by radioactive assay. The ®*C nmr
spectrum of the ®C-enriched tryptophan is illustrated in figure 2. The chemical
shifts were assigned by comparison with model compounds: indole and 3-methyl-
indole (15). Our observed values were in good agreement with the previously
published #C nmr spectra of natural abundance tryptophan (16-18). The
enriched positions, C-2' and C-3', exhibit the expected satellites with a coupling
constant of 33.2 Hz. The satellites are not symmetrically located abour the
central peaks. This is due to an approach to an AB spin svstem (19). The
unenriched carbons which are adjacent to C-2' and C-3' were also split into
triplets: WJ111=53.5 Hz, 1J; 5 =44 Hz.

The labeled trvptophan was fed to Catharanthus roseus plants by the wick
method. In order not to overload the plants with tryptophan, the feeding was
spread over 5 dayvs. The plants were harvested after two weeks, and the alkaloids
isolated and separated as previously described (20). Vindoline (see figure 3) is
the most abundant alkaloid in the plant, and radioactive assay indicated that
the specific incorporation of tryptophan into this alkaloid was 0.19%. Its ¥C
nmr spectrum has been previously determined (21), and we obtained essentially
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Proton noise-decoupled FT3#C NMR spectrum of [2',3'-13C,]tryptophan in DO as its

sodium salt. The upper spectrum is enhanced ten times in the vertical scale, so that
the natural abundance carbons can be observed.
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the same spectrum except that we found that C-5 (51.9 ppm from Me;Si) was
resolved from the ester OMe group (52.1 ppm). The previous work assigned
both these carbons to a signal at 51.9 ppm. The carbons which are expected to
be enriched in the vindoline are C-5 and C-6. Figure 3 illustrates that region
of the 13C spectrum of the enriched vindoline where these carbons resonate.
Satellites are readily observable at C—6 (1J;,=33.2 Hz), again asymmetrically
arranged in accord with theory. The specifie incorporation of *C into vindoline
was determined by measuring the intensity of these satellites relative to the
central peak, the calculation taking into aceount the contribution of singly labeled
species to the central peak (22). The satellites at C-5 are not observed since
they fall under the signals for C-7 and C-3. However, it is possible to detect
shoulders on these signals due to the presence of the satellite peaks.

The specific incorporation of try ptophan into vindoline determined from its
BC nmr spectrum was found to be 0.2197, in excellent agreement with the result
obtained by radioactive assay. Since the tryptophan was labeled with MC in
the indole nucleus, and with BC in the side chain, the present results clearly
demonstrate, for the first time, the incorporation of tryptophan as an intact unit
into the indole alkaloid vindoline. Previous results (20, 23) only showed that
the tryptophan side chain was incorporated into vindoline.

It should be pointed out that this method of studying the biosvnthesis of
natural produects, using *C labeled precursors, can vield information very rapidly.
In the present case, the whole experiment, including feeding, isolation of the
vindoline, and determination of its ®C nmr spectrum, was completed in less than
a month. Using radioactive tracers it took over a year to establish that [2'-1*C]
tryptophan yielded vindoline labeled at C-5 (20). A disadvantage of this method
of elucidating biosynthetic pathwayvs is that one needs relatively large amounts
of the ®C-labeled natural product for determination of its ¥C nmr spectrum,
especiallv when the specific incorporation is low. However, we can hope that
improvements in instrumentation will make this less of a problem in the future.

EXPERIMENTALS?

DL-[2-%C, 2',3'-33C,]TryPrOPHAN (5).—[2-1C]Indole (1) (25), dimethylamine, and [}3C]
formaldehyde (Merck Sharpe and Dohme of Canada) were condensed in dilute acetic amd
according to the literature method (26) to afford [2-14C, methylene-1*Clgramine (2). Itsproton
noise-decoupled 3C nmr spectrum (in dimethylsulfoxide-ds) was essentially the same as that
recorded by Wenkert e/ al. (27), except that the signal at 111.6 ppm (C-3) was split into a
triplet by the adjacent 3C enriched methylene carbon (:J=54 Hz). Carbon-2 (124.2 ppm)
was also split due to a geminal coupling with the enriched carbon (3J=4.8 Hz). No splitting
of the N-methyl groups at 44.7 ppm was observed. Mass spectrometry indicated that the
gramine was enriched 715 with 13C. Diethyl [2-*CJmalonate (4) (Merck Sharpe and Dohme
of Canada) was converted to ethyl [2—13C}acetam1domalonate (3) by reaction with nitrous
acid, followed by reduction of the resultant nitroso compound, dissolved in acetic anhydride,
with hydrogen in the presence of platinum on charcoal (28). Mass spectrometry indicated a
15C enrichment of 57<; in (3). The labeled gramine and (3) were condensed in absolute ethanol
in the presence of sodium ethoxide and dimethyl sulfate (29) to yield ethyl a-carboethovy-a-
acetamido-g-(3-indolyl)propancate (6). DL-[2-14C, 2',3'-13C,]Tryptophan acetate was ob-
tained from this ester as previously described (28). ance tr\ptophan does not yield a sub-

stantial molecular ion in the mass spectrometer, the distribution of the 13C labeled species
was deduced by mass spectrometery on the ester (6) which affords a good molecular ion with
no M~ —1 peak. This material was found to contain 409, 13C,, 47% ¥C,; and 139 unenrlched
Since the 13C enrichment of the gramine and ethyl acetamidomalonate were 71 and 37¢; respec-

3The 3C nmr spectra were determined by Dr. Robert M. Riddle on a Varian XL-100-15
spectrometer (25.2 MHz) equipped with a VEFT-100 Fourier-transform accessory. Mass
spectra were determined by Dr. Roger Upham on an AEI-30 spectrometer. Radioactive
materials were assayed in duplicate in a Nuclear Chicago Mark II liquid scintillation counter
using dioxane-ethanol as solvent with the usual seintillators (24).
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tively, the composition of the 13C; species are calculated to be: 16.59 [2'-13C]- and 30.59;
[3'-13C]tryptophan.

ADMINISTRATION OF THE pL~[2-1C, 2',3'-13C,]TRYPTOPHAN TO Catharanthus roseus AND 1SOLA-
TION OF THE ALKALOIDS.—The plants were growing in soil in a greenhouse and were three months
old at the time of feeding (July). The plants were grown from seeds purchased at the local
supermarket labeled: Vinca (Permmkle) mixed colors. The DL-[2-1C, 2",3'-13C,]tryptophan
acetate (0.33 mM, 4.76 x 10° dpm/mM) was fed to 20 plants via cotton wicks inserted into the
stems of the plants near to ground level. The feeding was carried out over 5 days, on each
day an additional quantity of the tryptophan acetate dissolved in water was added to the
beakers in which the wicks were placed. Thus each plant received 3.3 uM of tryptophan per
day. Two weeks after the initial feeding, the plants (fresh weight 2.3 kg) were harvested.
The residual activity in the beakers was 4.5 x 103 dpm (0.39, of the total amount fed). The
alkaloids were extracted and separated as previously described (20). Vindoline was finally
purified by tle on Silica gel PF-254 (Merck) developing with a mixture of chloroform, benzene,
methanol, and ammonium hydroxide solution (100:200:30:1). The zone (R;0.6) correspondmg
to vindoline was extracted with chloroform, affordlng after erystallization from ether, colorless
needles of vindoline (75 mg), 9.1 x 10¢ dpm/m\l (0.199; specific incorporation). Catharanthine
(12 mg), 8.3 x 103 dp'n/mM (0.17%, specific 1ncorporat10n) was also isolated, but the amount
was insufficient for observation of satellites in its 13C nmr.

DETERMINATION OF THE '‘c NMR SPECTRA.—The DL-[2-1C, 2',3'-13C,Jtryptophan (64 mg
in 0.4 ml of D;O, containing an equivalent amount of NaOH, in a 5 mm tube) was run for 13 K
transients, 0.73 sec acquisition time, 1.47 Hz/data point. The chemical shifts, ppm from
Me.Si (carbon No.) were: 186.3 (1), 60.3 (2'), 34.5 (31), 127.8 (2), 114.5 (3), 131.0 (3a), 122.4 (4),
125.3 (5), 122.7 (6), 115.4 (7), 139.8 (7a). The average distance of the inner satellites to the
central peaks of C-2' and C-3' was 16.1 Hz. The theoretical distance, calculated from the
formula: Y4(Vapg+Jas—+/Vap?+Jan?) (30) where Vaip=difference in chemical shift between
the coupled carbons (651 Hz for C-2' and C-3'"), and Jag=the coupling constant (33.2 Hz for
C-2' and C-3"), was 16.2 Hz. The vindoline (72 mg in 0.4 ml of CDCl; in a 5 mm tube) was
run for 20 K transients, 1.6 sec acquisition time, 0.7 Hz/data point. The inner satellite of
C-6 was 15.4 Hz from the central peak, in excellent agreement with the calculated value (15.3
Hz), where V5 :=199 Hz, and J5,=33.2 Hz.
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