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ABSTR ~ C T . - D L - [ ~ - ~ ~ C ,  2 ',3 '-13C?] Trypt ophan was prepared from [2-14C] indole, 
[13C]formaldehyde, and diethyl r2-13C]malonate. This  amino acid, labeled with 
contiguous 13C atoms in i ts  side chain, was fed to  the  plant Catharanthus roseus, resulting 
in the  formation of radioactive vindoline (0.19cc specific incorporation). An examina- 
tion of the  13C nmr spectrum of this alkaloid revealed the  presence of satellites located 
about the  signal of C-G, which &-ere due to  spin-spin coupling of the  contiguous 13C 
atoms located a t  C-5 and C-6 of vindoline. Since the  specific incorporation, deduced 
from the intensity of the  satellites relative t o  the  central singlet peak, was the  same 
as tha t  of the  14C located in the indole nucleus, t he  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 Ivith I4C, the radioactive isotope 
of carbon. Often quite lengthy and complicated degradations had to  be carried 
out to determine the location of the I4C in the ultimate natural product. It is 
non- possible to avoid these degradations by the use of I3C as a tracer. This 
isotope is not radioactive, however, its location in a natural product, derived 
from a precursor n-hich is enriched with I3C above the natural abundance (1.117G) 
is possible through the use of The use of precursors labeled with a 
single I3C 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 13C nmr spectrum. Since the intensity 
of nmr signals is somenhat variable, this method can only be used nhen the 
enhancement of the signal above the natural abundance is a t  least 30-40%. For 
example. a natural product m s  found to have 1.670 I3C a t  a certain position, 
and was derived from a precursor enriched 90% a t  the analogous carbon. The 
specific incorporation would be 0.557,, and the nmr signal for this carbon n-odd 
be enhanced 4576. I n  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 I3C atomc. The natural occurrence of such contiguous 
carbons is only 1.11% x 1.117, =0.012376. Furthermore, these contiguouq 
carbon-13 atoms give rise to satellites (due to spin-spin coupling) in the I3C nmr, 
located about the central singlet peaks, which arise from natural abundance I3C 
and the incorporation of singly labeled species. This method wis first used in 
biocynthetic studies by Set0 and com-orkers (10, l l),  who fed [1,2-13C2]acetic 
acid to variouc microbial systems. We have used [5,G-13C2]nicotinic acid for 
investigating the biosynthesis of the tobacco alkaloids (12) and dioscorine (13). 

nmr. 

'Contribution S o .  170 from this laboratory.  P a r t  of this m-ork was presented a t  the  
annual meeting of the  -4merican Society of Pharmacognosy, held a t  Purdue L-niversitj-, V e s t  
Lafayette, Indiana, Ju ly  29-August 3, 1979. 

2Specific excess in the  natural product:? excess in the  admin- 
istered precursor. For  radioactive compounds: dpm mXI of the  natural product/dpm/m?lf 
in the  precursor. 
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I t  has also been shown that [2,3-13C2]ornithine yields nicotine and nornicotine 
which are labeled symmetrically with contiguous atoms on either side of their 
pyrrolidine rings (14). 

In  the present article, 11-e describe the synthesis of tryptophan labeled n-ith 
contiguous 13C atoms in its side chain, and n-e hare  demonstrated its utility for 
investigating the biosynthesis of the indole alka1oid.s found in Catharmtlrzis roseus. 
The s>-ntliesis of DL-[2-l4, 2',3'-13C?]tryptoplia~i (5 )  is illustrated in figure 1: and 
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FIG. 1. S>-nthesis oi UL-:2--"C, 2',a'-13CS.Tr!ptop1~ar~. ( *  I4C, I3C) 

is based on the previously described preparation of unlabeled tryptophan (see 
Experimental). Tlie amino acid n-as labeled with at  C-2 of its indole nucleus 
o that its specific incorporation into the  ultimate alkaloids: and the rate of uptake 
nto the plants could be readily determined by radioactive assay. The 13C nmr 
spectruni of the IC-enriched trj-ptophan is illustrated in figure 2 .  The cheniical 
shifts were assigned by comparison with model compounds: indole and 3-methyl- 
indole (15). Our observed values 1%-ere in good agreement n-ith the previously 
published I3C nmr spectra of natural abundance tryptophan (16-18j. The 
enriched positions, C-2' and C-3': exhibit the expected satellites n-itli a coiipling 
constant of 33.2 Hz. The satellites are not symmetrically 
central peaks. This is due to an  approach to an ;1B spiii 
unenriched carbons which are adjacent to C-2' and C-3' n 
triplets: 1J112 1 = 53.5 Hz. 1,J3,31= 44 Hz. 

The labeled tryptophan Tws fed to Catharauth i t s  roreiis plants by the wick 
I n  order not to  ovei oad the plants n-ith trJytuphan, the f2eding i n i s  

The plant T1-ei.e harvested after tn-o 11-eeks, and the al1;nloids 
isolated and separated as prev ousl?- described (2oj. Vindoline (see figure 3)  is 
the most abundant a l ldoid in the plant, and radioactive assay indicated that 
the Fpecific incorporation of tryptophan into this alkaloid u-as O.IO$.  
nnir spectrum has been previously determined (21)) and n-e obtained essentially 

ethod. 
pread over 5 da!-s. 

I ts  
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FIG. 2.  Proton nolse-decoupled FT13C XMR spectrum of [2',3'-13C2jtryptophan in D20 as  i t s  
sodium sa l t .  The  upper spectrum is enhanced ten times in the  vertical  scale, so t h a t  
the  natural abundance carbons can be observed. 
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FIG. 3. Proton noise-decoupled FT x3C XMR spectrum of enriched vindoline (aliphatic region) 
in CDC1,. 
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the same spectrum except that  we found that C-5 (51.9 ppm from 3IeBi) n-as 
resolved from the eqter O N e  gioup (52.1 ppm). The previous nork 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 u-here these carbons resonate. 
Satellites are readily observable at C-6 (1Jj,6 = 33.2 Hz), again asymmetrically 
arranged in accord with theory. into vindoliiie 
\\as determined by measuring the intensity of these satellites relative to the 
central peak, the calculation taking into account the contribution of singly labeled 
species to the central peak ( 2 2 ) .  The satellites at  C-5 are not observed m c e  
they fall under the signals for C-i  and C-3. Hou-ever, it is possible to detect 
qhoulders on these signal. due to the presence of the satellite peaks. 

The cpecific incorporation of tr) ptophan into vindoline determined from its 
13C nmr spectrum na. found to be 0 ?lac, in excellent agreement with the result 
obtained b?- radioactive abqay in 
the indole nucleus. and v i th  13C in the side chain, the present requltq clearly 
demonstrate, for the first time. the incorporation of tryptophan as an intact unit 
into the indole alkaloid vindoline. Previous results (20, 23) only shon ed that 
the tr) ptophan .ide chain n a i  incorporated into vindoline. 

natural products, using 13C labeled precur-or*, can J ield information ver? rapidly. 
In  the present caqe, the n-hole experiment. including feeding, isolation of the 
vindoline. and determination of i t+ 13C nnir spectrum, n a. completed in le-. than 
a month. Using radioactive tracer, it took over a year to eqtablish that [ 2 ' - ' T ]  
tryptophan yielded vindoline labeled at C-5 (20). A disadvantage of thiq method 
of elucidating biosynthetic patlin ays ib that one need, relatively large amount5 
of the 13C-labeled natural product for determination of its 13C nmr spectrum, 
especiall? nhen the specific incorporation is low. Houever, n e  can hope that 
improvement. in instrumentation nil1 make this less of a problem in the future. 

The specific incorporation of 

Since the tryptophan was labeled n i t h  

I t  should be pointed out that this method of stud) ing the bios) nthe 

EXPEK131ESThL3 
DL-[2-14C, 2',3'-'3Cz]TRrPTOPH.~s ( 5 )  .-[2-14C]Indole (1) (25), dimethylamine, and [13cc] 

formaldehyde (Merck Sharpe and Dohme of Canada) were condensed in dilute acetic acid 
according to  the l i terature method (26) to  afford [2-14C, nzeth~Zene-13C]gramine (2). I t s  proton 
noise-decoupled 13C nmr spectrum (in dimethylsulfoside-de) was essentially the  same a s  t ha t  
recorded by  Wenkert et  nl. ( 2 i ) ,  except tha t  the  signal a t  111.6 ppm (C-3) was split into a 
triplet by the  adjacent *3C enriched methylene carbon ('J=51 H z ) .  Carbon-2 (124.2 ppm) 
was also split due t o  a geminal coupling with the enriched carbon (*5=4.8 Hz). No splitting 
of the  S-methyl  groups a t  44 . i  ppm was observed. Mass spectrometry indicated tha t  the 
gramine was enriched 7 1 5  with I3C. Diethl-1 [2-13Cjmalonate 14) (hferck Sharpe and Dohme 
of Canada) was converted t o  ethyl [2-'3C]acetamidomalonate 13) by reaction with nit roils 
acid, followed by reduction of the  resultant nitroso compound, dissolved in acetic anhydride, 
with h?-drogen in the  presence of platinum on charcoal 128j. Mass spectrometry indicated a 

The  labeled gramine and 13) were condensed in absoliite ethanol 
in the presence of sodium etlioside and dimethyl sulfate (29) t o  yield e thyl  a-carboethosy-a- 
acetamido-$-i3-indolyljpropanoate (6).  DL-[P4C,  2',3'-l3C2!Tryptcphan acetate was ob- 
tained from this ester as previously described (283. Since tryptophan does not yield a si!b- 
stantial  molecular ion in the  mass spectrometer, the distribution of the 13C labeled species 
was deduced by mass spectrometery on the  ester 16) which affords a good molecular ion with 
no hl- -1 peak. and 135  unenriched. 
Since the enrichment of the gramine and ethyl acetamidomalonate were i1 and si5 respec- 

enrichment of sic; in (33. 

This material was found to  contain 4CC;; l3Cz, 4 i 5  

3The l3C nmr spectra were determined by Dr. Robert  11. Riddle on a 1-arian SL-160-15 
spectrometer (25 .2  NHz)  equipped with a YFT-100 Fonrier-transform accessory. 1Iass 
spectra were determined by Dr.  Roger L-pham on an AEI-30 spectrometer. Radioactive 
materials &-ere assayed in duplicate in a Siiclear Chicago Mark I1 liquid scintillation counter 
using diorane-ethanol as solvent with the  usual scintillators (24). 
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tively, the composition of the  13C1 species are calculated t o  be: 16.57, [2'-13C]- and 30.5% 
[3'-I3C] tryptophan. 

ADMISISTRATIOS OF THE DL-[~-'%, 2',3'-'3C2j~p,i,p~op~.is TO Catiiaraniiius roseus ASD ISOLA- 
TIOS OF THE .ix.iLoms.-The plants were growing in soil in a greenhouse and were three months 
old a t  the time of feeding (.J;ily). The  plants were grown from seeds purchased a t  the  local 
supermarket labeled: Vinca (Periwinkle), mixed colors. The  DL-[2-14CI 2t,3t-13C2]tryptophan 
acetate (0.33 m11, 4.7G x 1 C 6  dpm(m11) was fed t o  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 
da>- an additional quant i ty  of the  tryptophan acetate dissolved in x-ater x-as added t o  the  
beakers in which the  wicks ivere placed. Thus  each plant received 3.3 p l f  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 lo3 dpm (0.3yG of the  to ta l  amount fed).  The  
alkaloids were extracted and separated as previously described (20). T-indoline R-as finally 
purified by tlc on Silica gel PF-254 (Merck) developing with a mixture of chloroform, benzene, 
methanol, and ammonium hydroxide solution (100:200:30:1). The  zone (Rf 0.6) corresponding 
to  vindoline was extracted with chloroform, affording after crystallization from e ther ,  colorless 
needles of vindoline (75 mg),  9.1 x lo3 dpni/mM (0 .195  specific incorporation). Catharanthine 
(12 mg),  8.3 s lo3 dpni!nihI (0.17yo specific incorporation) was also isolated, but the amount 
was insufficient for observation of satellites in i t s  13C nmr. 

in 0.4 ml of D20, containing an equivalent amount of NaOH, in a 5 mm tube) was run for 13 K 
transients, 0.73 see acquisition time, 1.47 Hz/da ta  point. The  chemical shifts, ppm from 
i\lerSi (carbon S o . )  were: 186.3 ( l ' ) ]  60.3 (2l), 34.5 @ I ) ,  127.8 (2), 114.5 (3), 131.0 (3a), 122.4 (4),  
125.3 (5) ,  122.7 ( G ) ,  115.4 ( 7 ) ,  139.8 (7a). The  average distance of the  inner satellites t o  the  
central peaks of C-2' and C-3' was 16.1 Hz.  The  theoretical distance, calculated from the  
formula: ~ ( 1 - A B + J A B - ~ 1 - A B 2 + J * ~ 2 )  (30) where l-AB=difference in chemical shift between 
the  coupled carbons (651 Hz for C-2' and C-3'), and JAB=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 CDC1, in a 5 mm tube) --as 
run for 20 K transients, 1.6 see acquisition time, 0.7 Hz/da ta  point. The  inner satellite of 
C-6 n-as 15.4 Hz from the  central peak, in excellent agreement with the calculated value (15.3 
Hz), where lTj,s=199 Hz, and J5,6=33.2 Hz. 
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