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Carbon-13 as a Label 
Biosynthetic Studi, 

Carbon-13 nuclear magnetic resonance spectroscopy 
useful for the elucidation of biosynthetic pathwa 

Urs Sequin and A. Ian Sc 

In the elucidation of the biosynthetic 
pathways leading to secondary metabo- 
lites, one of the classical approaches 
consists of the feeding of precursors 
labeled in specific positions with car- 
bon-14 to the appropriate culture. The 
metabolite in question is then isolated 
and the labeling pattern of the carbon 
skeleton is established by careful and 
often tedious degradation procedures 
which should proceed with reasonable 
yield and lead to unambiguous products. 
In the ideal case, the level of radioac- 
tivity can be established for each car- 
bon atom of the metabolite. However, 
in most cases this is not possible, and 
only a few locations are usually checked 
for labeling. 

When carbon-13 labeled precursors 
are fed, labeling of the molecule may 
be detected by mass spectrometry (1) 
without the necessity of degradation. 
However, the exact location of the en- 
riched sites is problematic, since only 
the total enrichment of each fragment 
ion can be measured, and therefore the 
exact scheme of mass fragmentation 
must be established. 

Carbon-13, having a nuclear spin 
I = 1/2, lends itself to nuclear magnetic 
resonance (NMR) experiments (2, 3). 
Thus the advent of highly sensitive 
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nucleus. In the past 8 years since the 
classical publication of Tanabe and 
Detre on the biosynthesis of griseoful- 
vin with 13C-labeled acetate (7), some 

in~* larger precursors have been prepared 
1i~n1 and fed, including hutyrate (8), mevalo- 

nate (9-11), serine, proline (12), tryp- 
es tophan (13), phenylalanine (14), and 

four different valines (15), two of which 
contain a chiral 13C labeling at the iso- 

r is propyl group (16, 17). For tle elucida- 
tion of the biosynthesis of corrins and 

Ly8s porphyrins even more complicated 
substrates have proved necessary-for 

cott example, 8-aminolevulinic acids (18- 
21), porphobilinogens (21-23), pyrro- 
methanes (24), and uroporphyrinogens 
(22) with labels in different positions. 
Very recently [6-13C]glucose and [1-1SC]- 

fither equipped glucosamine were synthesized and suc- 
erage transients cessfully used in a study of the anti- 
le pulse Fourier biotic neomycin (25). 
(4), as well as 

it of data avail- 
ifts, H-l3C and Satellite Method 
ants, have pro- 
i two new and Since 13C has a nuclear spin I = 12, 
the detection of hydrogen atoms attached to a 13C atom 
>ms in biosyn- show spin coupling, the coupling con- 
rvation of 13CH stant usually being in the range of 100 
direct measure- to 250 hertz (3). Therefore in a regular 
netic resonance IH NMR spectrum each proton reso- 
ase with which nance is accompanied by two satellite 
be established bands (26), one at higher field and 
methods is re- one at lower field than the main signal, 

ltial increase in their spacing being equal to the coupling 
cations dealing constant JcH. Since the natural abun- 
reas Lukacs' re- dance of the nuclide 13C is 1.1 percent, 
listed only 12 the satellite signals in nonenriched mol- 

red before mid- ecules have very low intensity, each 
(6) about 20, about 0.55 percent of the parent signal. 
the literature They usually cannot be observed in a 

Le number has single sweep in the NMR experiment, 
an 60. and time averaging techniques must 
rnetic precursors be used. 
Lte, methionine, The feeding and subsequent incor- 
s are now com- poration of 3C-labeled precursors into 
nd contain as a metabolite will cause certain locations 
13C in specific in the carbon skeleton of the molecule 
:lection is still to contain more 13C than the 1.1 per- 
with 14C-labeled cent corresponding to the natural 

precursors us- abundance of this isotope. Accordingly 
ized by standard the 13CH satellite signals corresponding 
thesis of isotopi- to labeled sites will have increased in- 
ids, the advan- tensities as compared with those cor- 
ity of the 13C responding to unlabeled sites. Thus it 

101 



is possible to deduce from a 1H NMR 
spectrum which carbon atoms in the 
molecule have been labeled by the pre- 
cursor fed. 

However, several limitations of this 
method are as follows: 

1) Only carbon atoms that have hy- 
drogens attached can be checked for 
enrichment with 13C. It is sometimes 
necessary to convert the metabolite into 
a more suitable form; for example, the 
reduction of a carbonyl group will 
convert this carbon atom into one with 
a hydrogen attached. 

2) An unambiguous assignment of 
the proton NMR spectrum is manda- 
tory. In large molecules at least those 
segments where 13C labeling is to be 
detected must be rigorously assigned. 

3) In order to detect any enrichment 
at a specific site, one must be able to 
observe at least one of the two 13CH 
satellite bands. This requirement is 
often hard to fulfill. The satellites may 

overlap with the strong main signals 
of other protons, with signals of im- 
purities (27), or even with other satel- 
lite bands. Such an overlap interferes, 
of course, with the determination of 
the intensity of the satellites. Some 
advantage may be gained by using 
paramagnetic shift reagents to separate 
the overlapping bands (5). 

4) The incorporation of the precur- 
sors fed must be high enough to give 
a distinct enhancement of satellite in- 
tensity in order to decide whether a 
given carbon atom has been labeled, 
and to what extent. 

The different satellite bands are iden- 
t:fied by their shape and positions rela- 
tive to the respective main signals. In 
an ideal case both satellites can be 
observed. This, of course, helps their 
identification and allows a more ac- 
curate determination of their intensity 
by taking the average of the two. 

To investigate whether a satellite 
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Fig. 1. Two proposed biosynthetic pathways to the mold pigment mollisin. Carbon 
atoms originating from the same acetate unit are linked by heavy lines. 
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Fig. 2. (A) The structures of cobinamide and neocobinamide. (B) Proton noise de- 
coupled CMR spectra of ['3CH3lmethionine ( ), enriched dicyano cobinamide (top), 
and dicyano neocobinamide (bottom). [Redrawn from the Journal of the American 
Chemical Society (37)] 
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signal has increased intensity as com- 
pared with natural abundance, two 
methods may be used. The peak area 
of the satellite in question may be 
compared with the area of a satellite 
corresponding to protons attached to a 
carbon atom which has not been 
labeled, thus serving as an internal 
standard [see, for example, the study 
on piericidin A (28)]. A second pos- 
sibility is to compare peak areas of the 
same satellite in the spectrum of the 
labeled metabolite with those in the 
spectrum of the substance containing 
13C only in natural abundance. In this 
case the two NMR spectra must be 
recorded under rigorously identical con- 
ditions. This technique was used, for 
example, to determine the enrichment 
of some of the carbon atoms in labeled 
variotin (29). It is obvious, that the 
results from this second method will 
not be as accurate as those obtained 
from comparison with an internal 
standard. 

The satellite method was mainly used 
in the years before 1970. Seven out of 
eight papers reporting labeling patterns 
established in this manner, together 
with some of the early results with the 
direct CMR approach, were reviewed 
by Lukacs in early 1972 (5). An addi- 
tional application of the satellite method 
dealt with the biosynthesis of mollisin 
(see Fig. 1), a yellow naphthoquinone 
pigment isolated from cultures of the 
mold Mollisia caesia (30). Earlier radio- 
carbon experiments had shown that 
the methyl groups did not originate 
from methionine, but that acetate and 
malonate were good precursors. As a 
result of feeding of [1-14C]acetate, a 
Kuhn Roth degradation of mollisin 
showed that carbon atoms 2 or 7 con- 
tain one-third of the total radioactivity; 
however, the distribution of the label 
between these two could not be deter- 
mined. A biosynthetic pathway was 
proposed featuring two tetraacetate 
chains (pathway A in Fig. 1). In order 
to determine the relative extent of 
labeling of the two acetate chains, 
Tanabe and Seto (30) fed [2-13C]acetate. 
From Fig. 1 it can be seen that, as- 
suming pathway A to be true, the 
methyl carbon of acetate should label 
eight carbon atoms, that is, those at 
positions 1, 3, 6, 8, 10, 11, 12, and 14. 
Three of these (carbons 1, 8, and 10), 
however, cannot be checked for en- 
richment, since they have no hydro- 
gens attached. The proton NMR spec- 
trum of mollisin showed clearly sepa- 
rated signals, and both the satellites 
could be observed for the protons at- 
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tached to carbon atoms 3, 6, and 14, 
whereas only the downfield satellites 
belonging to the C( 1) and C(12) pro- 
tons were visible. The extent of labeling 
in mollisin was determined. by com- 
parison of the satellite peak areas with 
the corresponding peak areas in the 
spectrum of unlabeled material. All 
five carbon atoms examined proved to 
be labeled by [2-13C]acetate, and label- 
ing occurred in all positions to the 
same extent within experimental error. 
The overall 13C enrichment of the me- 
tabolite was determined by mass spec- 
trometry and found to be consistent 
with the NMR experiments. All these 
findings were in agreement with the 
proposed pathway A and show that the 
two acetate chains are labeled to the 
same extent. A more recent study by 
Seto, Cary, and Tanabe (31), however, 
with 13C NMR showed that probably 
a different pathway, pathway B in Fig. 
1, featuring a triketide and a penta- 
ketide is involved. 

Although used rather infrequently 
today, the satellite method is by no 
means obsolete. It is still very valuable 
in those cases where only a minute 
amount of labeled metabolite is availa- 
ble for the NMR measurement. Here 
the more sensitive 'H NMR technique 
may be advantageous. This is shown in 
a study by Battersby, which resulted in 
an unambiguous assignment of the "bio- 
synthetic stereochemistry" at C(12) of 
vitamin B12 (20), a result which was in- 
dependently derived by the "direct" 
13C method. 

Direct CMR Method 

The first paper reporting the direct 
observation of biosynthetically labeled 
carbon atoms with the use of CMR 
spectroscopy was published by Tanabe 
and his co-workers (32). At that 
time (early 1970) most of the CMR 
spectra were still measured with the 
continuous wave technique. As a result 
of the low sensitivity of the 13C nucleus 
in an NMR experiment, the recording 
of natural abundance CMR spectra was 
not easy. Tanabe's study of radicinin 
(32), a metabolite isolated from the 
fungus Stemphyllium radicinum, ele- 
gantly avoided this difficulty. It had 
been suggested earlier that all the radi- 
cinin carbon atoms originated from 
acetate units. The 13C-labeled acetates 
fed by Tanabe et al. were so well in- 
corporated that the CMR spectra of 
the now highly enriched samples could 
easily be measured. However, only the 
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enriched carbon atoms could be de- 
tected in the spectrum, the resonances 
of those containing '1C at natural 
abundance were too weak to be ob- 
served. Yet the feeding of [1-13C]- and 
[2-1: C]acetate in different experiments 
gave two complementary spectra rep- 
resenting all the carbon atoms. 

Today the measurement of 13C reso- 
nances at natural abundance has be- 
come easier; highly sensitive NMR in- 
struments operating in the PFT rather 
than in the continuous wave mode 
are widely used. But the low sensitivity 
of the 13C nucleus relative to that of 
the proton still poses problems. In bio- 
synthetic studies very small samples of 
metabolite are usually obtained; in 
order to reach a reasonable concentra- 
tion (preferably 0.3M or more), the 
sample volume is kept small and there- 
fore has to be measured in a microcell 
or in a regular sample tube using vor- 
tex plugs. In some cases, however, the 
problem is not the absolute amount of 
material available but rather its low 
solubility. Here a good signal-to-noise 
ratio can be obtained by measuring the 
spectrum in sample tubes with much 
larger diameters (33) than the 8- to 13- 
mm tubes commonly used. 

In more recent biosynthetic studies it 
has become customary to record the 
natural abundance CMR spectrum of 
the unlabeled metabolite. In order to 
be able to locate the labeled sites, un- 
ambiguous assignment of all the car- 
bon resonances has been attempted, if 
possible on a one-to-one basis. Assign- 
ments are made by means of the well- 
established procedures common in 13C 
NMR spectroscopy (2, 3): comparison 
with derivatives, comparison with 
model compounds (34), and off-reso- 
nance and specific proton decoupling. 
However, assignments may also be 
made from biosynthetic evidence ob- 
tained from earlier studies. Thus the 
two carbonyl groups of the maleimide 
moiety in showdomycin (1) could easily 
be distinguished in the CMR spectrum 
after feeding [l-13C]acetate: 

0 

5NH 

HOCH2 0O 

5H H0 

OH OH 
1 

Showdomycin 

it was known from a previous study 
that 14C from [1-14C]acetate was only 
incorporated into C(5) (35). Another 
method for the assignment of carbon 

resonances consists of the chemical syn- 
thesis of model compounds where the 
sites of interest have been specifically 
enriched with 13C. Thus Battersby and 
co-workers undertook the synthesis of 
three protoporphyrin-IX dimethyl 

NH NJ 

N CHN 

COOMe COOMe 
2 

Protoporphyrn -IX 
dimethyl ester 

esters (2), each labeled at a different 
meso carbon (36). From the CMR 
spectra of these compounds, the chem- 
ical shift of each of the four meso car- 
bons (designated in the formula by 
ac, p, y, 8) could easily be determined. 
These assignments were the basis for a 
study concerning the incorporation of 
porphobilinogen (23) and pyrro- 
methanes (24) into the porphyrin 
nucleus. 

A one-to-one assignment of all the 
carbon atoms in complex molecules is, 
however, not always possible. Yet in 
most of these cases valuable informa- 
tion about biosynthetic pathways can 
be obtained even if only a partial as- 
signment of the natural abundance 
spectrum is possible. This approach is 
illustrated in recent studies of vitamin 
B1,, (3) (19, 37). The natural abundance 
spectrum of vitamin B12 

OR 3 

H3C H 3 

Vitamin B12 
R = phosphate - ribose - 

dimethylbenzimidazole-*-Co 

was recorded by Doddrell and Aller- 
hand (38), and some assignments were 
made. However, in view of the com- 
plexity of the molecule (vitamin B12 
has the molecular formula CO,Hs8- 
CoNI4014P), a one-to-one assignment 
within certain groups of resonances was 
not possible. Yet, the question of 
whether six or seven of the "extra" 
methyl groups of vitamin B12 (des- 
ignated in the formula with *) origi- 
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Fig. 3. (A) Helicobasidin and its forma- 
tion from three isoprene units. (B, C, and 
D) Proton noise decoupled CMR spectra 
of helicobasidin diacetate. (B) Natural 
abundance; (C) natural abundance, 0.1M 
tris(acetylacetonato)chromium (III) add- 
ed; (D) [2-"'C]mevalonate enriched, 0.1M 
tris(acetylacetonato)chromium (III) added. 
[Redrawn from Tetrahedron Letters (9)] 

nated from methionine could easily be 
answered by feeding [13CH3]methionine 
to a culture of Propionibacterium sher- 
manii. The CMR spectrum of the re- 

sulting vitamin B12 (measured in the 

dicyano form) showed seven strongly 
enhanced signals (19). Another ques- 
tion still remained: which of the two 

geminal methyl groups at C(12) origi- 
nated from the decarboxylation of an 
acetate side chain and which from 
methionine. The specimen of vitamin 

B12 obtained from the feeding experi- 
ment with [13CH3]methionine was de- 

graded with trifluoroacetic acid to give 
cobinamide together with neocobina- 

mide, the two differing only in the 

stereochemistry at C(13) (Fig. 2). In 

the CMR spectrum of the neocobina- 
mide (measured in the dicyano form) 
one of the seven resonances correspond- 
ing to the labeled methyl groups was 
shifted 12 parts per million downfield 
as compared with cobinamide. This 
effect could be accounted for, if one 
assumes that the labeled (and thus 

methionine-derived) methyl group has 
the a configuration. Its resonance in 
the neocobinamide, where this methyl 
group is not in a synperiplanar rela- 
tion to the propionamide at C(13), 
would be expected to be at lower field 
than in the cobinamide, because of the 
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absence of the y effect (39). This is 
indeed, observed, and the stereochem- 
istry of the methionine-derived methyl 
at C(12) is thus truly established as 
being a (37). 

To determine whether a position of 
the carbon skeleton contains more 13C 

than that corresponding to natural 
abundance, the spectra of the unlabeled 
and labeled metabolites are compared. 
Enhanced signals in the spectrum of the 
labeled metabolite correspond to labeled 
carbon atoms. 

However, the comparison of spectra, 
even when recorded under identical 
conditions, or the comparison of peak 
intensities within one spectrum can pre- 
sent problems. Often the peak integral 
is not proportional to the 13C content 
of the site in question (2, 6) because of 
differences in nuclear Overhauser en- 
hancement from proton noise decou- 

pling, and in PFT experiments because 
of short recycling times as compared 
with the different relaxation times of 
the different carbon atoms involved. 
Uncertainties in peak intensities may, 
however, also arise from poor digitali- 
zation of data during accumulation or 
transformation. 

Fortunately small precursors are usu- 

ally well incorporated by microorga- 
nisms, and in many of the cases studied 
the enriched sites contained 4 percent 
or more 13C (including the 1.1 percent 
arising from natural abundance), thus 

facilitating the detection of the labels 
in the carbon skeleton. Where the ex- 
tent of enrichment could not be deter- 
mined with reliability, it was usually 
confirmed by mass spectrometry or by 
measuring 13CH satellite peak areas. 

Another method for obtaining more 
accurate intensity measurements is to 

equalize the differences in peak intensi- 
ties arising from various nuclear Over- 
hauser effects and relaxation times by 
adding a paramagnetic relaxation re- 

agent such as tris(acetylacetonato) chro- 
mium (III) (4) (40). 

H3C H3C 
HO CH3 

jCr3 
<2 

Cr/? HO-CH2 COOH 

H3C 4 5 
Tris (acetylacetonato) 
chromium (III) Mevalonic acid 

This paramagnetic complex will not 
induce shifts in the carbon resonances, 
but will quench the nuclear Overhauser 
effect and shorten the relaxation times. 
With careful selection of the pulse inter- 
val in the NMR experiment it is then 

possible to obtain natural abundance 
CMR spectra with nearly equalized 
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Fig. 4. (A) Dihydrolatumcidin and its 
formation from acetate. (B) Proton noise 
decoupled CMR spectrum of dihydrola- 
tumcidin obtained after feeding of [1,2- 

C_C2]acetate. (C) Proton noise decoupled 
CMR spectrum of dihydrolatumcidin ob- 
tained after feeding of a 1 :1 mixture of 
[1-13C]acetate and [2-'C]acetate. [From 
(49); courtesy of the American Chemical 
Society] 

peak intensities. It is obvious that with 
this technique, even relatively small en- 
richments can be determined with cer- 

tainty (41). Thus, when [2-13C]meva- 
lonate (5) was fed to Helicobasidium 
mompa (9), the isolated sesquiterpene 
helicobasidin was (compare Fig. 3) 
supposed to carry a label in positions 
4 and 12 and half a label at C(8) and 

C(10), the label arising from the third 

isoprene unit being equilibrated between 
the two positions because of tautomerism 
of the molecule. However, the spectrum 
of the enriched sample of helicobasidin 
showed very large variations in intensi- 
ties and no firm decision could be made 
whether C(8) and C(10) had been 
labeled. After bringing the sample so- 
lution to 0.1M in 4, however, an equal 
enrichment of C(8) and C(10) could 

easily be detected (9) (Fig. 3). 
Yet a further difficulty may occur 

when trying to assign the sites of en- 
richment from the CMR spectrum: two 
carbon resonances may overlap. It is of 
course not possible to determine merely 
from an increase of intensity of such 
a signal which of the itwo carbon atoms 

actually carries the label. However, it 

may be possible to separate the reso- 
nances by the addition of a paramagnetic 
shift reagent such as Eu(fod)3 (42). 
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This procedure was successfully applied 
to the biosynthetic study of the fungal 
metabolites hirsutic acid C and com- 
plicatic acid (43). 

Carbon-Carbon Coupling 

Two 13C nuclei may show coupled 
resonances (as is familiar from the 
proton NMR spectra), the C-C cou- 
pling through one bond being the larg- 
est and most important one. In natural 
abundance CMR spectra a coupling be- 
tween two 13C nuclei is usually not 
observed, since the probability of hav- 
ing two 13C atoms in adjacent positions 
is equal to the square of the natural 
abundance: the two signals correspond- 
ing to a 13C resonance split by coupling 
with a second 13C nucleus therefore 
have an intensity of only 0.55 percent 
of that of the main signal. However, in 
the spectra of some biosynthetically en- 
riched metabolites C-C coupling has 
been detected because of the higher 
level of 13C in the labeled positions. 

Thus the detection of resonances 
corresponding to coupled 13C nuclei is 
usually proof that two labels have been 
incorporated into adjacent positions of 
the carbon skeleton of the metabolite 
under investigation. This can occur 
when an acetate derived chain is cy- 
clized to give a five-membered carbo- 
cyclic ring, as in dihydrolatumcidin (44) 
or helicobasidin (9). Other metabolites, 
where C-C coupling was detected after 
a feeding experiment are sterigmatocys- 
tin (45), protoporphyrin-IX (23), vit- 
amin B12 (18, 19), and fusidic acid 
(46). 

Labeling of adjacent positions may 
also occur when the precursor is meta- 
bolically transformed in a primary se- 
quence before incorporation into the 
secondary metabolite in question. This 
was observed when feeding [2-13C]gly- 
cine to Serratia marcescens (12) in the 
presence of serine and recording the 
CMR spectrum of the prodigiosin (6) 

4 3OCH 

Al 
--5N^N-CH C 

N-2 5 N-2 V, 6 
H H 

Prodigiosin 

produced. The carbon in the 2 position 
in the B ring and the carbon at 1" were 
strongly enriched and showed coupling. 
Glycine was obviously transformed to 
doubly labeled [2,3-13C2]serine by the 
known glycine-serine interconversion 
[all the acetate derived carbons (47) 
were also labeled]. In the case of avena- 
ciolide, a metabolite of Aspergillus 
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Fig. 5. Double labeling of acetate derived 
chains. (A) Pattern obtained after feeding 
[1,2-13C2]acetate [note that coupling be- 
tween C(2) and C(3) will only occur 
when two labeled acetate units are incor- 
porated simultaneously]. (B and C) Patterns 
obtained from feeding a 1: 1 mixture of 
[1-3C]- and [2-l8C]acetate, pattern B giv- 
ing rise to 1,2-coupling and pattern C to 
1,3- or 1,4-coupling. 

avenaceus, acetate was transformed in 
the citric acid cycle to doubly labeled 
succinate, which was then incorporated. 
The corresponding C-C coupling could 
be observed (48). 

Double Labeling Experiments 

A very useful method for the investi- 
gation of acetate-derived compounds 
was introduced in late 1973 by Seto and 
co-workers (49), using dihydrolatumci- 
din as an example (compare Fig. 4). 
The experiment consists of either feed- 
ing [1,2-13C,]acetate or a 1 : 1 mixture 
of [1-'3C]acetate and [2-13C]acetate. 
When the doubly labeled precursor is 
used, all the carbon atoms derived from 
acetate will become labeled. Further- 
more each acetate incorporated as a 
whole unit will give rise to two doublets 
due to C-C coupling, both doublets 
showing the same splitting correspond- 
ing to the coupling constant Jc, (50). 
Thus from the CMR spectrum, conclu- 
sions can be drawn whether acetate 
units were broken up prior to incorpora- 
tion or during subsequent transforma- 
tions leading to the isolated metabolite. 
A nice example, where the breaking of 
an acetate unit could be observed, is 
the study of mollisin (31), which sug- 
gested that this metabolite was formed 
through pathway B in Fig. 1. Tanabe 
and Suzuki recently reported on the bio- 

synthesis of ascochlorin (51). This is 
an additional example where the loss of 
C-C coupling suggested that an acetate 
unit was broken up during biosynthetic 
transformation. 

When administering [1,2-13C2]ace- 
tate, the feeding conditions have to be 
carefully adjusted by eventually diluting 
the precursor with unlabeled material. 
The goal is to get enough incorporation 
to see the two doublets arising from 
each acetate unit but to avoid a too 
high level of incorporation, which 
would lead to an appreciable amount of 
metabolite molecules containing more 
than one labeled acetate unit simul- 
taneously (see Fig. 5A). This of course 
would give rise to coupling between 
carbon atoms originating from different 
acetate units and would unnecessarily 
complicate the spectrum (52). 

In the reverse experiment, however, 
where a 1: 1 mixture of [1-13C]- and 
[2-13C]acetates is fed, the highest pos- 
sible incorporation is required. Then 
the probability of having simultaneous 
labeling of the metabolites by two 
labeled acetate units will be reasonably 
high, and the resulting coupling can be 
observed. The coupling through one 
bond (Fig. 5B) being large (about 30 
to 80 hertz), it is easily distinguished 
from coupling through two or three 
bonds (1 to 10 hertz) arising from 
incorporation patterns of the labeled 
acetates according to Fig. 5C, which 
are equally probable. This experiment 
thus enables the investigator to assign 
pairs of adjacent carbon atoms derived 
from the linkage of two acetate units. 
This set of pairs is complementary to 
the one obtained from the incorporation 
of doubly labeled acetate (Fig. 4). 

Double labeling experiments also 
prove useful in the structural elucida- 
tion of natural products since they pro- 
vide information on the sequence of 
the atoms in the carbon skeleton of the 
molecule under investigation. There 
are two recent reports on the use of 
this technique in combined studies of 
structure and biosynthesis. The com- 
pounds investigated were the fungal 
metabolite ochrephilone (53) and the 
pigments tenellin and bassianin (14, 54). 

Conclusion and Outlook 

Without any doubt, the use of 1sC- 
labeled precursors makes an excellent 
addition to the tools already used in 
the elucidation of biosynthetic path- 
ways. Besides the examples cited so 
far, a wide variety of secondary metab- 
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olites have already been investigated 
with the use of '3C-labeled precursors, 
the antibiotics being by far the most 
numerous. Molecules studied include 
penicillins (16, 17) and cephalosporins 
(15-17, 55), ansamycins (56), the nu- 
cleoside antibiotic maleimycin (57), the 
lactones asperlin (58) and ochratoxin A 
(59), the antibiotics nybomycin (60), 
neomycin (25), thermozymocidin (61), 
and lasalocid A (formerly X-537A) (8), 
the antitumor metabolite epoxydon (62) 
and even two nitro-containing metab- 
olites: pyrrolnitrin (13) and auerothin 
(63). Besides the examples already men- 
tioned, that is, helicobasidin, fusidic 
acid, hirsutic acid, and ascochlorin, four 
other groups of terpenoids were in- 
vestigated: the virescenosides (64), 
growth regulators from an Acrostalag- 
mus species (65), trichothecolone (11), 
and the coriolins (10), the latter by the 
double labeling technique. Further- 
more, reports can be found on the 
fungal tropolone, sepedonin (66); the 
benzoquinone pigment, shanorellin 
(67); and methyl palmitoleate (68) ob- 
tained after saponification of yeast 
lipids. 

We believe that in the future novel 
metabolites will be studied more and 
more with 13C as a biosynthetic label. 
The double labeling experiments are 
especially promising since they give 
simultaneously information on the bio- 
synthesis as well as on structural prop- 
erties of the molecule investigated. 
Thus, the era, where the structure of a 
secondary metabolite is first deter- 
mined and only then its biogenetic ori- 
gin, might well be over. 

In contrast to the signal success of 
'3C enrichment experiments with micro- 
organisms, the application of this 
method to a study of higher plant 
biosynthesis is fraught with the difficulty 
of achieving greater incorporation than 
0.5 to 1.0 percent (69), which precludes 
observation of enrichment via labeled 
precursor above the natural abundance 
of 13C. A logical solution to this 
dilemma has, however, been discovered 
in our laboratory, and although the ex- 
perimental work is somewhat tedious 
and as yet incomplete, the methodology 
merits description as a technique which 
holds great promise. 

Thus, by using biological material 
whose carbon isotope composition is 
almost entirely (99.9 percent) 12C, en- 
richments (from 90 to 95 percent 
13C precursors) of 0.3 percent or more 
can, in principle, be observed. The 
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simple expedient of growing tissue cul- 
tures, or germinating seeds in an en- 
vironment containing only 12CO2 as the 
carbon source for several weeks en- 
sures a very low (0.1 to 0.2 percent) 
13C content of the various pools of 
organic intermediates, cofactors, and 
protein. At the end of the 12CO2 feed- 

ing experiments, the 13C precursor is 
added; and after the appropriate time, 
usually 5 to 7 days, the metabolite is 
isolated and examined by 13C FT NMR. 
In this way the "background" of "'C 
natural abundance is lowered by an 
order of magnitude and for the first 
time it becomes possible to enter the 
domain of higher plant biochemistry 
with this powerful technique. 

The use of 12C as a "negative" 
label-that is, one which produces a 
spectrum lacking a particular signal- 
has already been used to study mech- 
anisms of reactions in organic chemistry 
(70), and it has been pointed out by 
Roeder (71) that labeling with 12C (> 
99.9 percent) could be used in the same 
biosynthetic work. However, the re- 
quirement for relatively high incorpora- 
tions (> 2 percent) would still have to 
be met, and this methodology, although 
important for microbial metabolism 
studies, cannot be used at present for 
biotransformation in higher plants. 

A final and very important applica- 
tion which is now on the horizon is 
the utilization of 13C enriched precur- 
sors for the study of human metabo- 
lism. The complication of radiation 
damage by 14C and 3H is of course 
absent in work with 13C and we can 
look forward to a vigorous program 
of metabolic studies with mammalian 
and especially human biochemistry 
both in vitro and in vivo. 

To summarize, in the few years 
since the introduction of 13C NMR a 
revolution in biosynthetic methodology 
has taken place, and the ramifications 
will no doubt extend to the study of 
all types of biological material as well 
as the obvious applications with labeled 
drugs in medical and pharmacological 
research, first in animals and very soon 
in man. 
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"The stable, warm temperature for 
early avian development is common to 
all climates, and is maintained through 
an equally common prescription for 
temperature regulation by parental be- 
havior" (1). We will consider herein 
the nature of some major ingredients 
which are formulated into this "com- 
mon prescription" for incubation of 
the avian egg. 

The importance of regulating the 
thermal environment of the developing 
embryo has been emphasized by studies 
on the domestic fowl by Lundy (2). 
He found that the optimal temperature 
for embryonic development in tempera- 
ture-controlled cabinets was between 
37? and 38?C, and that no embryos 
survived continuous incubation above 
40.5?C or below 35?C. Similar results 
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for domestic fowl, pheasant, duck, and 
quail were reported by Romanoff and 
Romanoff (3). It is generally recog- 
nized that 25? to 27?C is a tempera- 
ture range below which no develop- 
ment occurs, this being the so-called 
physiological zero temperature. Incu- 
bation for any protracted period be- 
tween physiological zero and the 
optimum range results in various de- 
velopmental anomalies. However, main- 
tenance in suspended development 
below physiological zero for moderate 
periods is compatible with later devel- 
opment at appropriate temperatures. 
This correlates with the observed delay 
in incubation which may occur be- 
tween the laying of the first egg and 
the completion of the full clutch. 
These results emphasize the scope of 
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tween the laying of the first egg and 
the completion of the full clutch. 
These results emphasize the scope of 

the task faced by incubating parents 
in providing a thermal environment 
that will ensure successful embryonic 
development and hatching. 

With rare exceptions (4, 5), the 
avian embryo is incubated by an at- 
tending adult transferring its body heat 
to the egg. The mean egg temperature is 
an approximation of the proper develop- 
mental temperature. Huggins (6) report- 
ed a mean egg temperature of 34.0?C 
+ 2.38? standard deviation (S.D.) 
for 37 species representing 11 orders. 
An extensive study of the house wren, 
Troglodytes aedon, revealed mean egg 
temperatures well within this range 
(7) while other reports have indicated 
a range of 34? to 36?C for various spe- 
cies (8, 9). The narrow range of mean 
egg temperatures achieved by diverse 
species suggests that the thermal re- 
quirements for successful development 
are similar for most if not all birds. 
This requirement must be met through 
incubation strategies that compensate 
for fluctuations in environmental tem- 
perature and that allow the attending 
parents to acquire sufficient food to 
support metabolism. 

The relative responsibilities of par- 
ent birds varies from mutualistic shar- 
ing of the task to total involvement by 
one parent for the entire incubation 
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Interactions among behavior, environment, nest, 
and eggs result in regulation of egg temperature. 
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