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Biosynthesis of Natural Products

Problems of substrate nonpermeability and location

of isotopic label are described.

Natural products, for many years the
touchstones of structural and synthetic
organic chemists, continue to be dis-
covered from various sources; and
1000 structures are added annually
to a storehouse of some 12,000
described molecules whose molecular
weights are between 20 and 2000.
These compounds are usually referred
to as ‘“‘secondary” metabolites because
their biochemical function in the host
organism is in most cases obscure. Yet
in the few cell-free systems that have
been developed to study the biosyn-
thesis of natural products, the enzymol-
ogy appears to follow the operation of
mechanisms identical or closely allied
to “primary” metabolism. In view of
the considerable practical difficulties in
the preparation of the enzymes of sec-
ondary metabolism, knowledge of this
field has mainly been derived from the
results of administration of 14C-, 2H-,
and “H-labeled substrates to the intact
plant or organism, with subsequent
appropriate degradative techniques to
locate the label, and, more recently,
from the use of isotope ratio techniques
to ensure nonrandomization. Although
great progress in expcrimental tech-
niques has been made, it seems to be
an intrinsic property of many higher
plant systems that specific incorpora-
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Sterling Chemistry Laboratory, Yale University,
New Haven, Connecticut 06520.
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tions of between 0.01 and 0.1 percent
represent an average level of success.
The purpose of this article is to suggest
that several techniques can be used to
improve a given situation which at first
sight might be indicative of negative
incorporation of a suspected precursor.
In addition, in systems where incorpo-
ration of 5 percent or more can be
achieved (usually in fungi or bacteria)
the use of 'C as biosynthetic label
offers unique advantages and can be
combined very successfully with the
results of other kinds of radioactive
labeling experiments.

Identification of Intermediates by
Short-Term Incubation in Vinca rosea

Of the plants in which indole alka-
loids occur, perhaps none holds more
interest for the chemist or the biochem-
ist than Vinca rosea in that the peri-
winkle produces a profuse array of
indole alkaloids including some 100
representatives of all the important
structural classes (I-3). It is also an
ideal plant with which to begin cell-free
studies, for the viable seeds are readily
available, easy to cultivate, and the
seedlings possess a remarkable capacity
for synthesizing alkaloids with a vigor
that is perhaps matched only by the
chemotaxonomists who have bestowed
such complex names on these com-
pounds.
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Earlier biosynthetic studies (2) with
V. rosea utilized either intact shoots or
seeds. After some experimentation it
was decided to use young seedlings (9
to 17 days from germination) grown
from a mixed strain (Burpee) at 33°C
in an environmental chamber with full
light. Intact seedlings were removed and
placed in groups of four (the average
weight was 16 milligrams) in %4 -dram
vials (1 dram = 1.8 grams). The seed-
lings remained healthy and continued to
develop root growth for about 9 to 10
days in water at 33°C. The range of
alkaloids present in the 9-day seedlings
approximated to that of mature V.
rosea, and the more predominant com-
pounds were easily detectable by thin-
layer chromatography (TLC) (4).
These were vindoline (13), coronari-
dine (12), catharanthine (11), akuam-
micine (5), and vinervine (6) (see chart
1). One of the main difficulties in car-
rying out cell-free studies with V. rosea
is the absence (or virtual absence) in
the mature plant of many alkaloids
which correspond to the intermediates
of the various pathways. In practical
terms this will probably require pre-
parative scale cell-free incubations to
isolate and characterize these dynamic
compounds. However, with the use of
short-term incubation techniques with
the above seedlings, some progress can
be made toward the solution of this
problem.

The main events of indole alkaloid
biosynthesis based on earlier incorpo-
ration data (2) are summarized in
chart 1. Here the structures marked
with an asterisk (*) correspond to
alkaloids identified below. The re-
maining alkaloids have already been
described from mature plants and ger-
minating seeds of V. rosea (2).

Incorporation of tryptophan into the
alkaloids takes place in two distinct
phases. For the first 2 hours of incuba-
tion it is linear (Fig. 1), but after this
interval a rapid increase in the rate of
incorporation is observed. Between 12
and 48 hours, a maximum of 3 percent
is reached and this level is maintained
during the full time of the experiment
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Fig. 1 (left). Incorporation (percent) of

pL[*'Cltryptophan into alkaloids in V. rosea seedlings during 12 hours.

Total radioactivity in alkaloids (%)

20 40 60 80
Minutes

Fig. 2

(right). Relative radioactivities of geissoschizine (2) (triangles) and tabersonine (8)
(circles) during the first 80 minutes of pL["Cltryptophan feeding.

(up to 8 days). It is concluded from
these results that no large pool of
tryptophan is present and also that 8
days is insufficient time for the distri-
bution of radioactivity to approximate
to the “normal” percentage of alkaloid
distribution in the seedlings since after
8 days vindoline (13) (a major alka-
loid of Vinca) contains only 7 percent
of all the activity, Shoots of mature
Vinca which have been used for most
of the available feeding data incorpo-
rate tryptophan but at a reduced: initial
rate, and the final (constant) percent-
age is about 1.0. The latter observation
is of particular interest for compara-
tive studies with diversely aged biologi-
cal material.

As can be seen from Fig. 2, activity
is being incorporated into geissoschizine
(2) at eight times the rate of incorpo-
ration into tabersonine (8). This is
consistent with geissoschizine being a
precursor of tabersonine, and, although
the experiment does not demonstrate
this relationship, the necessary evidence
for the sequence has been secured in
another way (2). Further, the geisso-
schizine and tabersonine pools have not
in 80 minutes reached their maximum
value of radioactivity. In fact the taber-
sonine pool attains maximum radioac-
tivity after 9 hours (Fig. 3). At this time
[2-14C]tryptophan with a specific activ-
ity of 52 millicuries per millimole gives
rise to tabersonine of specific activity
of 15.6 mc/mmole (30 percent specific
incorporation), indicating the extreme-
ly small size of the tryptophan pool
available for alkaloid synthesis and of
tabersonine. Autoradiograms show that
tabersonine is metabolized almost as
rapidly as it is formed, and in fact its
activity falls (Fig. 3) from 12 to 2
percent in 3 days. Refeeding C-
labeled tabersonine isolated after tryp-
tophan had been fed for 9 hours gives
a number of labeled metabolites. After
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1 day when there is still a large amount
of unchanged tabersonine (8), it was
found that epoxytabersonine (9), me-
thoxytabersonine (10), and coronaridine
(12) are all labeled. After 6 days there
is almost no tabersonine remaining
while vindoline (13) has gained activity
(Fig. 3).

The role of epoxytabersonine [(—)-
lochnericine] (9) in the overall biosyn-
thetic map is at present obscure. It is
a minor constituent of the normal alka-
loid pattern of Vinca, but after 9 hours
it has 4.3 percent of all the activity and
a specific activity of 10 mc/mmole
(from tryptophan of specific activity
52 mc/mmole). It is formed from
tabersonine (8) as shown from refeed-
ing [1*C]tabersonine. It is not converted

2 (enol)
3 Al819 {somer

@ I
T

IS

Totol rodioactivity in alkaloids {%;]

>4

1 2 3 4 5
Days

Fig. 3. Comparison of radioactivity in
tabersonine (8) (circles) and vindoline (13)
(triangles) in V. rosea seedlings after ad-
ministration of bpL[*Cltryptophan during
6 days.

to tabersonine, nor is it transformed
to vindoline.

Although vindoline can be detected
on autoradiograms after 1 day, its ac-
tivity does not begin to increase rapidly
until after 3 days (Fig. 3). At this
stage the amount of radioactivity in
the alkaloids has reached a maximum,
and the activity in vindoline will pre-
sumably increase rapidly to a maximum
value that will not alter unless vindo-
line is broken down. In contrast, the
amount of radioactivity in the Strych-
nos alkaloid akuammicine (5) (ap-
proximately 8 percent of the total) and
its phenolic derivative vinervine (6)
(14 percent!), remains unchanged
from 9 hours to 6 days, a fact which
suggests that these alkaloids are shunt

CH30 N OAc

1
CHj OH
CO,CH3

Chart 1. Structures of the monomeric alkaloids of V. rosea. 13
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products formed from a rapidly metab-
olizing key intermediate postulated (2)
to be preakuammicine (4) at a con-
stant rate during the early part of the
biosynthesis, that is, when the incor-
poration of label from tryptophan is
still increasing.

The precursor activity of tabersonine
(8) for both vindoline (13) (Aspido-
sperma) and coronaridine (12) (Iboga)
emerges from the above experiments
and confirms the earlier findings with
seeds and shoots. The pathway from
tabersonine to coronaridine (12) has
until recently been presumably via
catharanthine (11) and presents an
intriguing problem of sequence, for the
postulated acrylic ester (7) has been
invoked at two stages in the biosyn-
thesis (2), that is, after geissoschizine
(2) and again after tabersonine (8).
The obligatory role of latter alkaloid
Iboga synthesis may require reassess-
ment when the relative incorporation
data is available at the enzyme level.
However, the special place of taber-
sonine in the pattern of alkaloid syn-
thesis in Vinca is demonstrated by the
foregoing results because after 9 hours
this alkaloid is the dominantly labeled
species—yet it is almost undetectable
on the sixth day

In summary the technique of short-
term incubation has led to the discov-
ery of both static and dynamic constitu-
ents of the maturing seedling. The
specific incorporation of tryptophan
into the aikaloids is approaching a
more satisfactory value (25 to 30 per-
cent), and the profiles revealed for

tabersonine and geissoschizine are sug-
gestive that true intermediates can be
identified and subsequently confirmed
by extension of this easily applied tech-
nique to other species.

Biosynthesis of Strychnine in

Strychnos nux-vomica

In contrast to the relative ease of
incorporation of the building blocks
and indeed the Ilarger intermediate
substrates in V. rosea, species such as
Rauwolfia serpentina and Strychnos
nux-vomica have, from the outset of
the biosynthetic studies, displayed most
disappointing properties as far as pre-
cursor uptake has been concerned. In-
deed if these had been the only plants
available for study it might be sug-
gested that our knowledge of the intri-
cate mechanisms whereby mevalonate
and tryptophan are cometabolized to
the complex indole alkaloids of the
major structural types (for example,
the Strychnos alkaloids) would still be
in its infancy. Thus the administration
of geissoschizine (2) [a known pre-
cursor of the “Strychnos” alkaloid
akuammicine (5) in V. rosea] to S. nux-
vomica under “normal” feeding condi-
tions (5 to 7 days) led to insignificant
(<2 X 10—3 percent) incorporations
into strychnine (14). More surprisingly
the Wieland-Gumlich aldehyde (15)
and diaboline (16), which seem almost
certain candidates for intermediacy
(near the end of the pathway), failed
to incorporate over the same time

/' \

CH30,C

Geissoschizine

2

Z

l
N
H
HO

aldehyde

scale. Reinvestigation of the problem
involved the technique of replanting
young seedlings after 5 days incubation
with 2, 15, 16, and 17 labeled with 3H
in the aryl group. After a further 100
days strychnine was isolated from each
feeding, crystallized to constant radio-
activity, and (in the case of positive
incorporation) degraded to locate the
position of the tritium label. Reference
to Fig. 4 shows that indeed geissoschiz-
ine (2) fulfills the same pivotal role in
S. nux-vomica as it does in V. rosea,
but that the result would have been in
doubt without resource to the “pro-
longed contact” technique. Similarly the
anticipated but hitherto unrealized con-
version of Wieland-Gumlich aldehyde
(15) to strychnine (14) (1.6 percent)
could be demonstrated (5). Finally the
nonincorporation of diaboline (16)
after 70 days (6) suggests strongly that
the seventh ring of the complex strych-
nine molecule is built in a clockwise
carbon-to-carbon addition of the acetic
acid unit, rather than from the nitro-
gen-carbon condensation which would
have required diaboline as an inter-
mediate. The nonincorporation of geis-
soschizal (17) reveals that, by a hith-
erto undisclosed mechanism, a carbon
atom is lost somewhere between geisso-
schizine and Wieland-Gumlich alde-
hyde but not by -a simple decarbo-
methoxylation reaction (5).

These experiments do not begin to
answer the question of genetic control
and evolution in a plant such as S.
nux-vomica, which, although producing
quite massive concentrations of strych-
nine and brucine by a process now
shown to emanate from geissoschizine,

does not elaborate the variety of rearranged structures of
the Aspidosperma and Ihoga families engendered by V. rosea
from the latter precursor.

0 Application of 13C-Labeling in the

1'60"1’/WielandvGumlich

Biosynthesis of Natural Products

15 Although 13C was used in the early studies of steroid

Geissoschizal

CHO

Diaboline

17 16
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Fig. 4. Biosynthesis of strychnine.

biosynthesis and its distribution was analyzed by mass spec-
trometry, it is only recently that the first reports of the
application of continuous wave and Fourier transform 13C
nuclear magnetic resonance (NMR) spectroscopy to the
solution (without recourse to degradation of the intact
metabolite) of a precursor relationship have appeared.
Several descriptions of the techniques are now available
(7) and, provided that successful assignment of the na-
tural abundance spectrum is made, enrichments above the
natural abundance (1.1 percent) of 13C can be used to
delineate the pathway with 60 to 90 percent enriched sub-
strates. A recent example from our own laboratory (8, 9)
may be used to illustrate the power of this tool (along with
14C labeling) in the study of the intermediary metabolism
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of one of the most complex of natural
products, vitamin B, (19; cyanocobal-
amin). Several other recent biosyn-
thetic studies with 13C have been made

(7).

Biosynthesis of Vitamin B,

Early experiments with 1*C in Pro-
pionibacterium shermanii had revealed
that the pathway succinate-glycine to
S-aminolevulinic acid (20) to cobyrinic
acid (21) obtains in corrin biosynthe-
sis. Thereafter by successive amidation
and addition of the aminoisopropa-
nol-phosphate - ribose - dimethylbenzimi-
dazole side chain and finally the cobalt
atom the full structure of the vitamin
and coenzyme are reached. First, Fou-
rier transform 13C NMR was used to
confirm that eight molecules of amino-
levulinic acid were utilized, and this
was borne out by feeding [2-13CJamino-
levulinic acid (240 mg) to P. sher-
manii (500 grams of wet cells) for 70
hours. The resultant cyanocobalamin
showed enrichment of seven methylene
and one methyl signal (Fig. 5a), a
result in full accord with this concept
(9). Similarly the intact incorporation
of 4 moles of [8-13C]porphobilinogen
(22) is revealed in Fig. 5b, where di-
cyanocobalamin was used to separate
the otherwise convergent signals in
cyanocobalamin (the monocyano form
of the vitamin). It has always seemed
an attractive possibility by analogy with
the magnesium (chlorophyll) and iron
(heme) pathways that the cobalt path-
way forms B,, from uroporphyrinogen
IIT (23) by a methylative ring-contrac-
tion sequence. This has now been
shown (8) to be correct by obtaining
the same pattern (Fig. 5) of labeling
as in the [8-13C]porphobilinogen ex-
periment by feeding 23 prepared in
turn from the [8-13C]porphobilinogen
specimen used to obtain the data in
Fig. 5b. All that remains is to account
for the so-called “extra” methyl groups
in By,, of which there seemed to be
either six or seven. The latter number
is shown to be correct by feeding ex-
periments with [5-13CJaminolevulinic
acid in which only seven enrichments
were obtained at sp? carbons but none
in the methyl region of corrin; and 13C-
enriched methionine which, in the de-
rived dicyanocobalamin (Fig. 5d),
shows the insertion of seven methio-
nine-derived methyl groups (9). Fur-
thermore, comparison of the Fourier
transform 13C NMR spectra of cobin-
amide and neocobinamide enriched
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Chart 2. Biosynthesis of B,..

with [¥3C]methionine reveals (I0) a
downfield shift of its enriched methyl
group in ring C corresponding to a de-
shielding of 11.7 parts per million
(Fig. 6). Hence the stereochemistry of
methylation in ring C must be in the
a-configuration (/0). The second
methyl group of the gem-dimethyl
array in ring C comes from decar-
boxylation of an acetate side chain
of porphobilinogen; that is, it is de-
rived from carbon 2 of aminolevulinic
acid (see Fig. 5a). Thus the pathway

|
|
!
|
|
, Acetone

4 'N“.‘l' J /,VM‘
xr‘[ W«u'z’,".wﬁ \-,'/ln u‘}m W\w o W*"M\ x‘"”\ WW}‘ P

porphobilinogen to uroporphyrinogen
III, and the gain of seven methionine-
derived methyl groups can be used to
construct a mechanism for the process.

Such a mechanism embodying these
results has been suggested (/0) (Fig.
7). The stage is now set for the ap-
proach to the enzymology of the vari-
ous steps in corrin formation between
uroporphyrinogen III and cobyrinic
acid. To this end a cell-free system has
been developed (/) which converts
aminolevulinic acid to cobyrinic acid,

CONH2

it nb \V\ i \ ".w |

Fig. 5 (left). Proton-noise decoupled Fourier transform C NMR spectra of vitamin
Bi: as (a) cyanocobalamin enriched with [2-**Claminolevulinic acid; (b) and as dicyano-
cobalamin enriched with [8-"*C]porphobilinogen; (c) uroporphyrinogen III; and (d)
[methyl-**Clmethionine. Details of chemical shift data and experimental conditions are

described in (9). Fig. 6 (right).

Comparison of the proton-noise decoupled

Fourier transform C NMR spectra of dicyanocobinamide (top) and dicyanoneo-
cobinamide (bottom). Chemical shifts are downfield from hexamethyldisilazine.
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Fig. 7. Proposed mechanism for the biosynthesis of cobyrinic acid from uroporphy-

rinogen III.

and in addition utilizes uroporphyrino-
gen III as a precursor, thereby remov-
ing the permeability problems associ-
ated with larger precursors. Fractiona-
tion of the crude homogenate on a
large scale to permit 13C analysis of
the interactions between enzyme and
substrate is in progress.

Summary and Conclusions

The experimental verification of a
proposed biosynthetic pathway for a
given natural product is often difficult
to obtain with the use of the whole
organism (permeability factors) or, in
the case of higher plants, a cell-free
system. Until the purified enzyme for
each step of biosynthesis is available,
biosynthetic studies can, however, be
carried out, albeit with modest incor-
poration values, by means of either
hydroponic or injection methodology.
Where viable seed sources are available
it is suggested that improvements of
several orders of magnitude in incor-
poration can be achieved by a short-
term incubation (small pool size of
precursors; trapping of reactive inter-
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mediates) or a long-term feeding
(equilibration of precursor with the
compartmentalized or induced syn-
thetases). In bacterial, fungal, mam-
malian, and plant systems, where in-
corporation efficiencies provide the
opportunity to study ¥C enrichment
(at least equal to natural abundance
of the isotope), we can expect a rapid
expansion since the method removes
the tedium of carbon-by-carbon degra-
dation. For the next few years, how-
ever, the prognosis would seem to favor
parallel studies of 1*C and 2H, and of
14C/3H ratio techniques since the last-
mentioned method provides more in-
formation concerning the stereoselectiv-
ity of labeling processes on the micro-
gram scale.
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