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Abstract: The quantitative dependence of the intensities of the various multiplet lines arising from '3C-13C nuclear spin cou-
pling as a function of '3C enrichment is considered. Two cases are distinguished, depending on whether or not the enrich-
ment of the interacting carbons is statistically independent. For statistically independent labeling, the splitting is simply re-
lated to the enrichment of the various carbons, For cases in which this condition does not hold, the splitting provides a mea-
sure of the correlation in the enrichment of interacting carbons. The quantitative analysis of 13C-13C coupling is shown to
provide additional information in biosynthetic experiments in which a correlation in the labeling of the substrates is intro-
duced. In contrast to the information which is obtained by looking for the incorporation of a label into a specific position of a
biosynthesized molecule, a quantitative analysis of the correlation in the labeling of the product can give information about
the direct incorporation of more complex structural units. Three examples are discussed: the glycolysis of glucose to lactate,
the biosynthesis of galactosylglycerol by species of red algae, and the use of doubly labeled acetate to study the biosynthetic

incorporation of acetate units into more complex molecules.

I. Introduction

The interpretation of natural abundance 13C NMR spec-
tra is simplified by the negligible amount of carbon-carbon
coupling due to the low frequency of occurrence of adjacent
3C nuclei. Although the carbon-carbon splitting which
arises in studies of enriched compounds is usually consid-
ered to be an unwanted complicating factor,? analysis of the
multiplet structures of 13C resonances which arise from this
coupling can furnish useful quantitative information on the
distribution of the label in the compound being studied.
This has been noted by several authors;*>-1! however, quan-
titative analyses have usually not been attempted and the
dependence of the splitting pattern on the level of enrich-
ment has been considered only for specific cases. In particu-
lar, it is not generally appreciated that the 3C-13C cou-
pling pattern for a multiply bonded carbon atom in a 13C
enriched system is a more complex function of the level of
enrichment and of the number of carbon atoms bonded than
a consideration of pair-wise '*C-13C interactions alone
would suggest. In this work we present a general analysis of
the problem in the context of the use of 13C and NMR spec-
troscopy in the study of biosynthetic pathways and consider
two cases of importance in tracer studies. First, we show
that for compounds in which the labeling of each carbon is
statistically independent, the 13C enrichment can be readily
determined for each carbon atom. Specifically, the splitting

patterns expected for uniformly labeled compounds are an-
alyzed. Alternatively, if the statistically independent label-
ing condition is not met, the line splitting gives imformation
about how the !3C nuclei are distributed. Since coupling
arises only when nearby atoms in the same molecule are la-
beled, it can be used to determine the correlation in the la-
beling of interacting nuclei.

The use of 13C-13C coupling as a diagnostic tool extends
the value of 13C as a biosynthetic tracer in several ways.

(1) The 13C-13C splitting patterns of enriched products
can be used to assign the carbon resonances by the multiplet
pattern produced.’

(2) Quantitative analysis of the multiplet pattern indi-
cates any dilution of the labeled substrate by unlabeled ma-
terial which may be present in the medium or be derivable
from other nonlabeled sources.*10:11

(3) By introducing a correlation in the enrichment of the
interacting nuclei in the substrate and by examining the
correlation in the 13C enrichment of the product as reflect-
ed in the 13C spin-spin multiplet pattern observed in the
13C NMR spectrum, information can be obtained about
the intermediate steps in the biosynthetic pathway. Thus
far, this method has been exploited with mixtures of C-1.
and C-2 labeled acetate in which there is a low correlation
in the labeling of the substrate,® and doubly labeled acetate
diluted with unlabeled acetate, in which the enrichment
correlation is high.6-81911 The use of the technique ob-
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Figure 1. Rate of consumption of carbon dioxide by thalli: (—) carbon
dioxide consumed; (- - -) carbon dioxide added to chamber; and (A)
rate of carbon dioxide consumed per time interval.

viously is not restricted to acetate. A study employing a cor-
relation in the labeling of porphobilinogen was used to
study the biosynthesis of the porphyrin ring system.> A fur-
ther illustration of this technique with labeled carbohy-
drates as the substrate in a study of glycolysis is given here.

(4) Carbons which are equivalent and give rise to a single
resonance may not be labeled equivalently by a biological
system. The differential labeling of such carbons can be
studied by observing how the resonances of adjacent car-
bons are split.

II. Materials and Methods

The !3C labeled materials described herein were obtained from
this laboratory’s program of synthesis with stable isotopes which is
directed toward the development of methods for the efficient bio-
and organosynthetic incorporation of '3C and !*N into a variety of
substrates for use in biomedical research,'2!3

Fermentation of Glucose-13C to Lactate. Glucose-!3Cg was fer-
mented to L-lactate-!3C3 acid by Lactobacillus delbrueckii
(ATCC No. 11443). Lactic acid was removed from the concentrat-
ed acidified fermentation medium by extraction with ether and iso-
lated as crystalline zinc lactate which could be converted subse-
quently to sodium lactate solution by ion exchange methods, This
technique is a large scale modification of that described else-
where.'4

The lactic-!13C; acid used in these experiments was prepared
from a mixture of 15 g of glucose-13Cg uniformly enriched to the
73 atom % carbon-13 level and 15 g of glucose having natural
abundance levels of the carbon isotopes. The fermentation medium
was prepared by dissolving trypton (5 g), yeast extract (5 g),
Tween-80 (2 cm?), L-(+)-cysteine hydrochloride (100 mg), sodium
thioglycolate (50 mg), vitamin B> (10 ug), sodium acetate (10 g),
Brin’s inorganic salts solution (5 ¢cm?), and the two sugars in about
800 cm3 of water. After the pH of the fermentation medium was
adjusted to 6.8, the volume was increased to 1 dm® with water and
the solution was autoclaved. The inoculum of L. delbrueckii was
from 10 cm? of inoculated medium which had been kept at 37° for
16 hr. The large scale fermentation was done in an automatic
Micro Ferm Laboratory Fermentor (New Brunswick Scientific
Co.) and was continued until production of lactic acid ceased (~20
hr) as indicated by stable pH and glucose depletion.

After fermentation, the mixture was rapidly cooled to 10° and
acidified with cold 4 N sulfuric acid. The cells were then removed
by centrifugation and the cell-free medium was concentrated to a
semisolid mass by evaporation at 5° under reduced pressure. This
material was subsequently extracted with diethyl ether and the
combined extracts were concentrated to an oil and taken up in

water. The aqueous lactic acid solution was shaken several times
with ether and the combined ether layers were back-washed with
water. Solid zinc carbonate was added to the combined aqueous
phases until a constant pH of 6.5 was obtained. This suspension
was treated with decolorizing carbon and filtered, and the resulting
clear solution was concentrated, affording crystalline zinc lactate
dihydrate which was filtered and washed. Anhydrous material was
obtained by heating at 110° in a vacuum desiccator for 24 hr.
Product purity was determined by optical rotation and enzymatic
assay using Calbiochem’s Rapid Lactate Stat-Pack. Carbon-13 en-
richment of the lactic acid was determined by oxidation to carbon
dioxide followed by mass spectrometric analysis.

The carbon-13 enriched glucose was obtained from starch pro-
duced by the photosynthetic incubation of mature excised tobacco
leavezs in the presence of carbon-13 dioxide using published meth-
ods.!

Preparation of Galactose-13Cs and Glycerol-13C;. The carbohy-
drate 2-hydroxy-1-(hydroxymethylethyl) a-D-galactopyranoside
[galactosylglycerol] was prepared from the photosynthetic incuba-
tion of the marine red algae Gigartina in the presence of carbon-13
dioxide enriched to the 91.5 atom % level. The carbon-13 enriched
galactoside was extracted from the incubated thalli and acid hy-
drolyzed to galactose and glycerol. Pure compounds were obtained
by column chromatographic separation.

The three species of algae used in these experiments were Gigar-
tina corymbifera, Gigartina harveyana, and Gigartina californica.
The algae were obtained fresh in 5-kg quantities within 36 hr of
harvest. During shipment the algae were kept in the dark at 18-
20°. Photosynthetic incubation of about 4.5 kg of thalli was car-
ried out in three sealed polycarbonate chambers joined together on
a common oscillating mechanism and illuminated from the upper
and lower surfaces.'? Carbon-13 dioxide was added to the cham-
bers until the desired concentration was reached (Figure 1). As
needed, carbon dioxide was added during the incubation period.
Photosynthesis was continued for varying time intervals to 40 hr.
The decline in CO, uptake after 30 hr was accompanied by a no-
ticeable bleaching of the thalli with a consequent decrease in pho-
tosynthetic activity.

At the conclusion of the illumination period, the thalli were re-
moved from the chambers, washed free of salts, and extracted with
80% ethanol. The ethanolic extract was concentrated to a thick
syrup and the crude galactoside was purified by acetylation, deac-
etylation and crystallization from absolute ethanol. Purity of the
crystalline galactosylglycerol-13Cy was determined by melting
point (128-129°) and by its optical rotation in water [a]D +161°.

Galactosylglycerol-13Cy was hydrolyzed to a mixture of galac-
tose-'3Cg and glycerol-13C5 using 0.1 N trifluoroacetic acid. Acid
removal was by anion exchange followed by concentration of the
sugar mixture under reduced pressure to a thick syrup. The sugars
were separated on a 5 X 100 cm column of Dowex 50WX8 (200-
400 mesh, Ba2*) resin.!5 Solid galactose-!3Cy was obtained by
crystallization from alcohol; the glycerol-13C; was concentrated
and stored at —20°. Purity of the galactose was determined by op-
tical rotation measurements, melting point, and enzymatic assay.
Glycerol purity was established by enzymatic assay using Calbio-
chem’s Glycerol Stat-Pack and by 13C NMR spectroscopy. Aver-
age carbon-13 enrichment was determined by oxidation to CO,
followed by mass spectrometric analysis.

NMR Experiments. Proton decoupled '3C NMR Fourier Trans-
form spectra were obtained at 25.2 MHz with a Varian XL-100-15
spectrometer interfaced to a Data General Supernova using 4K
time domain data points. Glycerol samples were dissolved in H,O
and an external D,O capillary was used for the lock; acetylated
galactosylglycerol samples were dissolved in CDCls, which also
served as an internal lock. Peak intensities were determined by dig-
ital integration.

Sensitivity of the 13C NMR experiments depends on several fac-
tors, including: (1) the spin-lattice relaxation time (7)) for the
particular resonance; (2) the nuclear Overhauser enhancement for
the particular resonance; (3) the number of labeled carbon posi-
tions in the molecule contributing to the observed resonance; and
(4) the amount of 13C-13C coupling. The first effect reflects the
fact that for resonances with longer values of T it is necessary to
have a longer delay between pulses and, thus, less data can be ob-
tained in a given time period. The last effect listed above will cause
the total intensity of a particular labeled carbon position to be split
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into several peaks. This will decrease the sensitivity of the experi-
ment since the 13C concentration requirement for the individual
peaks must be considered. Using the apparatus described above,
the minimum quantity of 13C nuclei required to produce an observ-
able peak for carbons in small molecules with directly bonded pro-
tons is ~107® mol. In order to obtain reasonably accurate values
for the peak areas, the quantity of 13C nuclei contributing to each
peak should exceed this minimum value by at least a factor of 10.
Estimates of the '3C requirement for specific biosynthetic experi-
ments must therefore be based on the above factors, as well as on
the fraction of 13C in the precursor which will actually be incorpo-
rated into the product.

III. Theory

The results obtained below apply to systems in which the
following conditions hold: (1) proton decoupling is com-
plete; (2) contributions to T, by directly bonded *C nuclei
are negligible (as will be the case for carbons with directly
bonded protons);!623 (3) coupling with other nuclei is ab-
sent or of negligible magnitude; (4) the J/Av values (ratio
of coupling constants to chemical shifts) are sufficiently
small so that the resonance multiplets can be assigned to
separate nuclei. For systems of interacting nuclei in which
J/Av is not small, the assignment of the various peaks to
specific nuclei is only an approximation.!” Due to the large
range of chemical shifts for 13C nuclei, condition 4 will usu-
ally be met in practice.

An essential point in the analysis of the spin-spin split-
ting data is that knowledge of the intensity distribution
within the multiplet pattern alone is insufficient to deter-
mine the labeling probabilities of the carbons unless addi-
tional information is known or can be obtained from other
data, such as the intensity ratios of the resonances of differ-
ent nuclei. In particular, the simplest case to treat theoreti-
cally, and the one which is usually assumed, is that the la-
beling of interacting carbons is known or assumed to be sta-
tistically independent. In this case, the probablity that sev-
eral interacting carbons are labeled is just the product of
the individual carbon labeling probabilities. Considering a
total of NV interacting carbons, C-/ (usually only adjacent
carbons need be considered), denoting the labeling proba-
bility of the C-i carbon by ar, and assuming in each case
that the C-1 resonance is being observed, the probability of
observing a singlet for the C-1 resonance, Ps, is given by

N
Py=a(1- a)(l-a)...=a [[01-a) (D
§z2

where (N — 1) is the total number of carbons which can
split C-1. The probability of obtaining a doublet from C-1
due to the labeling of the jth interacting carbon, C-j, P4/, is
given by

Pl = aal — )1l - a)... =
N
Gy Qg H (1 - ai) (2)
i#1,5

For a carbon with more than one interacting neighbor, the
total probability of obtaining a doublet due to the labeling
of any one of its neighbors is a sum of terms in the form of
eq 2.

N N
H(l—a,-)+akH(1—ai)+...>

i#1,5 il
(3)

For a carbon with (N — 1) neighbors which are coupled,
there will be (N — 1) terms in the sum. The labeling of C-1
and two interacting nuclei can produce a triplet (in the case
of an AX; spectrum) or, more generally, a quartet with
probability

by = a1<aj
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Figure 2. The probability of obtaining a singlet as a function of the in-
dividual carbon labeling probability for a uniformly labeled compound.
Results are shown for carbons with j = 1, 2, or 3 nearest neighbors.

N
Pq = oo, [1 (1- a) (4)

i#lydsk

As above, the total intensity of the observed quartet (or
triplet) may represent a sum of terms, each corresponding
to the labeling of C-1 and a pair of neighboring nuclei.

Since the total probability of obtaining a split or unsplit
resonance from C, is given by «;, the fractional intensity of
a given multiplet can be obtained by dividing the probabili-
ties given above by «;. Thus, for example, the fractional in-
tensity of the unsplit resonance is given by P;/a;. Similarly,
the intensity ratio of singlet to remaining multiplet will be
given by P¢/(a; — Ps).

A particularly simple case to treat is a uniformly labeled
compound, in which the labeling probabilities for all car-
bons are identical. In this case, the various multiplet inten-
sities are proportional to the terms in a binomial expansion.
Thus, for example, for a carbon having three nearest neigh-
bors, the singlet:doublet:quartet (triplet):octet ratio is given
by

S:D:Q:0 = (1 —a?:3a(1 — a)?:3a%1 — a):a?

where « is the labeling probability of each carbon. For a
carbon with j nearest neighbors, the probability of ob-
taining an unsplit resonance, P, is then a function of the
number of nearest neighbors which are coupled to the ob-
served carbon

P/ = ol — o {5)
where the superscripts j indicate the number of coupled
neighbors. The probabilities have the property of passing
through a maximum which occurs at & = 1/(j + 1). Thus,
the probability of obtaining an unsplit resonance increases
as the labeling probability «, until « is high enough to re-
duce the unsplit intensity. P¢ is shown in Figure 2 for j = 1,
2, and 3. It is interesting to note that at natural abundance
all of the P¢/ ~ «. However, even at relatively low labeling
percentages the splitting increases rapidly and is strongly

dependent on the number of nearest neighbors. This result
is not an obvious one and frequently has been overlooked.34
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Thus, for 20% enrichment, the ratios of unsplit to split reso-
nances are 4:1, 1.8:1, and 1.05:1 for carbons with one, two,
and three nearest neighbors. Most of the differences arise
from the increased probability of having a single neighbor
labeled, since the probability of having two neighbors la-
beled at 20% is relatively small, as is indicated by the rela-
tive sizes of «, a2, and o3.

Statistically Dependent Labeling. In many cases of inter-
est, including compounds which are labeled biosynthetical-
ly, the labeling of the various carbons cannot be assumed to
be statistically independent. That is, the labeling of the car-
bons may be a function of time, or a mixture of several sam-
ples of identical molecules with different labeling percent-
ages may be present. If the time course of labeling or the
composition of the mixture is known, the observed values of
the fractional intensities of the various multiplets can be
calculated by taking the appropriate averages. Thus, for ex-
ample, the fractional intensity of the singlet resonance, Fj,
will be given by

N

Fs = a1H(1_
i=2

o)/ a (6)

The simplest case to treat is a mixture of N components
of identical species, each of which is characterized by statis-
tically independent labeling. If each component is present at
fractional concentration f;, the observed fraction of the res-
onance intensity of C, which will be in the singlet is given
by

N

Fy = Zfi%i [Ta- ali)//Zfia1i (M

1=2

where all i subscripts and superscripts refer to the ith com-
ponent of the mixture. In the simplest case, for a two-com-
ponent mixture and a carbon split by only one neighbor, eq
7 becomes

_fo1 - @) + fra'(l = o) (8)
s foy + flay

where, in order to simplify the notation, the concentrations
and labeling probabilities of the two species are denoted by
primed and unprimed letters. If the nature of the various
components is unknown, the line splitting data alone are in-
sufficient to determine the average labeling percentages of
the different carbons.

A more complicated situation arises if there is a mixture
of multiply labeled compounds, as in the case of doubly en-
riched acetate (or porphobilinogen) and natural abundance
acetate. In this case, the probabilities of each multiplet
which arise from carbon-carbon coupling can be calculated
with a formula analogous to eq 7. However, the number of
components which must be considered depends on the num-
ber of carbons coupled to the one being observed. This anal-
ysis is discussed further in the following section.

There are a number of possible labeling experiments in
which the labeling probabilities of a given compound will
vary with time. For example, the incorporation of a label in
a biosynthetic experiment may be retarded if initially a
number of unlabeled intermediate metabolites in the syn-
thesis are present. Any realistic model for such effects be-
comes extremely complex and a description requires more
parameters than can reasonably be fit from the splitting
data unless a large number of samples extracted at different
times are analyzed. One general conclusion which can be
drawn is that if the labeling probabilities of the interacting
carbons increase with time, there will be a greater correla-
tion in the labeling than if it were statistically independent.
Thus, the same splitting can be obtained with a lower aver-

F

age enrichment. As a simple illustrative example of this
point, and one which may be a reasonable approximation if
very short times are considered, assuming a concerted syn-
thesis of an /V carbon product which is only created, but not
used as an intermediate for further synthesis, so that the
product concentration monotonically increases, the singlet
fraction will be given by

N
F, = ftF o¢® oo T 11— ey at/
0 i=2

T,
ftp 5l o ar (9)
0

at

where ¢(¢) is the product concentration and ac(t)/at is the
rate of product formation. Then further assuming a con-
stant rate of product formation, and assuming that the a;(¢)
increase linearly from 0 to «f as ¢ increases from 0 to ¢,
for a carbon with one nearest neighbor, Fj is given by
Fo=17 Y%af (10)
where «)/ is the final labeling probability of the nearest
neighbor. Thus, the singlet to doublet ratio will be the same
as that which would be obtained for a uniformly labeled
compound if the nearest neighbor carbon had a labeling
probability equal to % of the final value in the linear case.
The two cases can be distinguished, however, by noting that
the average labeling probability of the nearest neighbor is «
in the uniformly labeled case, but ay//2 = ¥« in the case
where the labeling probability is a linear function of time.
Intensities of 13C Resonances Within a Multiplet. From
the above discussion, it can be seen that the quantities of ex-
perimental interest are the total intensities of each 13C-13C
multiplet. In practice, direct measurements of some of the
intensities may be impossible due to overlapping peaks.
Thus, for example, the center line of a triplet may overlap
the singlet peak, or one of the doublet lines may overlap a
peak from another carbon resonance. These difficulties can
be circumvented if: (a) one peak of the multiplet is clearly
resolved and, (b) the intensity ratios of the peaks within the
multiplet are known. Thus, for example, for the A triplet in
an AX; spectrum, measurement of one of the outer lines of
the triplet is sufficient to determine the intensities of the
other outer line and of the center line if J and Ay are
known. It has recently been pointed out!'® that the relative
intensities of the multiplet lines may be altered in Fourier
transform experiments on nonequilibrium systems. In par-
ticular, an insufficient time delay between pulses will lead
to a nonequilibrium situation. Experimentally, we have
found that the slow passage intensity ratios within a multi-
plet appear to be maintained for cases in which the pulse
spacing is insufficient for the system to completely relax.
This may reflect the fact that for systems enriched in !3C
all of the lines within a multiplet and, in fact, all of the lines
corresponding to a particular labeled carbon with a directly
bonded proton, relax at approximately the same rate due to
the dominance of '13C-!H dipolar coupling over 13C-13C di-
polar coupling. Thus, the population differences between
the various energy levels which correspond to all of the reso-
nances of a particular carbon will be proportional to the
equilibrium values. Alternatively, for strongly coupled sys-
tems the Fourier transform experiment introduces mixing
of the intensities of the lines in different multiplets corre-
sponding to different carbons which may have different re-
laxation times. In this case, deviations from the slow pas-
sage intensity pattern may result for an incompletely re-
laxed system. We have, however, observed no significant
deviations from the slow passage intensity patterns for the
systems under study.
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Figure 3. Proton noise decoupled '3C NMR spectrum of zinc lactate
(23.7 mg/ml). The spectrum represents 1200 pulses accumulated over
a period of 8 min. The methyl (20.9 ppm) and carboxyl (182.6 ppm)
resonances are a combination of a singlet, corresponding to species in
which C-2 (68.5 ppm) is unlabeled, and a doublet, corresponding to
species in which C-2 is labeled. The C-2 resonance is a combination of
a singlet, two pairs of doublets, and a quartet for a total of 9 peaks.
Due to the differences between J) ; = 37.6 Hz and J,3 = 55.8 Hz, the
doublets arising from the labeling of C-2 and either the carboxyl or the
methyl carbon can be distinguished.

IV. Biosynthetic Applications

We have employed the theory developed in the previous
sections to study several systems about which varying
amounts of information are known. These applications are
discussed below.

The Formation of Lactate by Glycolysis. The technique of
using correlated enrichment to study a biosynthetic path-
way is illustrated by the fermentation of a mixture of 13C
enriched and natural abundance sugars to lactate by Lacto-
bacillus delbrueckii, a particularly simple example. Using
an equimolar mixture of glucose uniformly labled with car-
bon-13 to the 71.1% level and natural abundance glucose,
lactate was isolated and examined by mass spectrometry
and NMR. Mass spectrometry indicated that 36.2% of the
carbon atoms are '3C; however, the NMR spectrum (Fig-
ure 3), which exhibits small ratios of singlet to multiplet
resonances, can be fit well by assuming that the lactate is
uniformly enriched to 73% '3C. This disparity in the deter-
minations of the 13C enrichment indicates that the distribu-
tion of '3C is nonuniform. The results can be accounted for
by assuming that the lactate is an equimolar mixture of nat-
ural abundance and ~71% uniformly enriched components.
The application of eq 7 and 8 then indicates that the natural
abundance material will make a negligible contribution to
the NMR spectrum; however, the average enrichment will
be only about half that of the lactate derived from enriched
glucose. This result is consistent with the glycolysis path-
way in which lactate is formed by the direct breakdown of
the six-carbon sugars into two three-carbon units. If, for ex-
ample, the sugars were broken down into one-carbon units
and then randomly reassembled to form lactate, both the
NMR spectrum and the mass spectrometric analysis would
be consistent with 36% uniform enrichment. Alternatively,
if the sugars were broken down into one- and two-carbon
units and then reassembled to form lactate, the NMR spec-
trum would reflect this, and would indicate whether the
one-carbon unit formed the carboxyl or the methyl carbon.

Photosynthetic Incorporation of CO; into Galactosylgly-
cerol by Red Algae. The use of red algae for obtaining large
quantities of '*C labeled a-D-galactosyl-2-glycerol was first
studied by Bean et al.'® and by Bean and Hassid.2? They
found that galactosylglycerol become radioactive very early
in the photosynthetic process, and that after 4 min of photo-
synthesis the galactose:glycerol activity ratio is approxi-
mately 2. Although, as was pointed out by Bean and Hass-
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Figure 4. Proton noise decoupled spectra of organically acetylated a-
D-galactosyl-2-glycerol dissolved in CDClI3 (the acetyl resonances are
not shown). The singlet resonances correspond to galactose C-1 (96.6
ppm), galactose C-2-C-5 (67.2-68.7 ppm), and galactose C-6 (62.3
ppm) and to glycerol C-2 (74.8 ppm) and glycerol C-1 and C-3 (64.0
and 64.2 ppm). The insert illustrates the region of the spectrum con-
taining the glycerol C-1 and C-3 resonances. In the glycerol spectrum
(Figure 5) these carbons are equivalent so that the pattern consists of
three lines: a singlet plus a doublet due to coupling with C-2. In the
galactosylglycerol spectrum, the C-1 and C-3 carbons are not equiva-
lent so that six lines are observed. The C-1 and C-3 lines of the upfield
doublet overlap one of the galactose C-6 peaks. The intensities for
these peaks were calculated from the intensities of the two lines of the
downfield doublet as described in the text. The spectra are for samples
taken after 1, 2, and 40 hr of photosynthetic activity. A noticeable
change is apparent in the singlet/doublet ratio of the C-1 and C-3 reso-
nances between | and 2 hr. The 1, 2, and 40-hr spectra were taken
using 90, 170, and 20 mg/ml concentrations using 11,000, 12,000, and
1500 pulses, respectively. The pulse repetition rate was 1.2 pulses/sec.

id, this result is consistent with the equivalent labeling of all
carbons, a number of inequivalent labeling schemes can
lead to the same ratio. We have applied this biosynthesis to
obtain 13C labeled galactosylglycerol, and the resulting
product can be analyzed using 13°C NMR.

The biosynthesized galactosylglycerol was extracted at 1,
2, and 40 hr as described in the methods section. NMR
spectra of the organically acetylated species, dissolved in
CDCls, are shown in Figure 4. Glycerol samples extracted
from galactosylglycerol samples obtained from different
runs after 12 and 24 hr of photosynthetic activity were also
analyzed (Figure 5). Peaks in the galactosylglycerol spec-
trum may be assigned to the galactose C-1 (96.6 ppm), the
glycerol C-2 (74.8 ppm), the galactose C-2-C-5 (67.2 to
68.7 ppm), glycerol C-1 and C-3 (64.0 and 64.2 ppm), and
galactose C-6 (62.3 ppm), where the peak positions are
given relative to external TMS. The fact that the glycerol
C-1 and C-3 resonances appear as distinct peaks reflects
nonequivalence of these carbon atoms due to the asymmetry

Matwiyoff et al. | C-C Coupling in '13C NMR Spectra of Biosynthesized Molecules
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Figure 5. Proton noise decoupled 3C spectrum of glycerol (600 pulses)
taken with a pulse rate of 1 pulse/6 sec on a sample containing S0
mg/ml of glycerol prepared from galactosylglycerol extracted after 12
hr of photosynthesis. The flip angle was x/4 radians. The C-2 reso-
nance (73.7 ppm) consists of a combination of a singlet, doublet, and
quartet, where the quartet structure is that calculated for an AB; spec-
trum. The central quartet peaks overlap the singlet resonance, but the
relative intensities can be separated, as described in the text. The C-1
and C-3 resonances (64.3 ppm) also consist of a combination of singlet,
doublet, and quartet peaks. The quartet structure is, however, not re-
solvable from the doublet structure, with the two downfield quartet
lines overlapping the downfield doublet, and the two upfield quartet
lines overlapping the upfield doublet. The intensity ratio of the down-
field doublet to the upfield doublet is approximately equal to the ratio
of the two downfield quartet lines to the two upfield quartet lines. (See
Appendix A.)

of the nearby galactose. In free glycerol (Figure 5) only a
single resonance is observed for carbons C-1 and C-3. In ad-
dition to the singlet peaks, the multiplets arising from
13C-13C coupling in multiply labeled compounds are also
present. A complete analysis of the galactose spectrum can-
not be performed due to the overlapping of the C-2-C-5
resonances; however, the multiplet structure of the glycerol
spectrum can be considered quantitatively. The C-1-C-3
resonance is a singlet if C-2 is unlabeled (neglecting the
small splitting in galactosylglycerol) or a doublet if C-2 is
labeled. The C-2 resonance can be either a singlet, doublet,
or quartet, as is characteristic of an AB; spectrum. The two
center lines of the quartet, which are separated by ~6.8 Hz,
overlap the singlet. Using values of J = 41.1 and Ay = 242
Hz for the glycerol carbon-carbon coupling constant and
peak separation between C-2 and C-1-C-3, the relative in-
tensities of the spectral lines can be calculated if the slow
passage relationships between peak intensities are assumed
to hold. Thus, the intensity ratio of the upfield to the down-
field doublet for C-2 should be 1.4, the intensity ratio of the
upfield quartet line (line 4) to the downfield quartet line
(line 1) for the C-2 quartet should be 1.95, the ratio of the
downfield doublet to the upfield doublet for the C-1-C-3
peaks should be 1.40, and the ratio of lines 5 + 6 to lines 7
+ 8 in the C-1-C-3 signal which arise when all carbons are
labeled to produce an AB; spectrum is also 1.4 (see Appen-
dix A). These values can be measured directly from the
glycerol spectrum and are in complete agreement with the
calculated results indicating that the AB and AB; intensity
pattern is valid in the present Fourier transform experi-
ments. Similar agreement was found for the peaks in the
acetylated galactosylglycerol spectrum. The intensity of the
center two lines of the C-2 quartet is calculated to be 0.917
of the intensity of the outer two lines. Thus, the intensity of
the center two lines of the quartet can be calculated and
subtracted from the intensity of the observed center reso-
nances to obtain the singlet intensity. An additional prob-
lem in the galactosylglycerol spectrum is the overlapping of
the upfield side bands of the glycerol C-1, C-3 and the
downfield side band of the galactose C-6. Using parameters
measured in the galactosyl glycerol spectrum, J = 43.5 Hz,

Table I. Multiplet Intensity Ratios for Glycerol and Acetylated
Galactosylglycerol Samples

Photo- C-1 Av%
synthetic and 13C
period, C-1 C-6 C-2 C-3  (mass
Sample  hr d/s d/s d/s q/d d/s  spec)
Galactosyt 1 0.469 0478 0.883 0.650 0.652 5.0
glycerol
Galactosyt 2 0.640 0.615 1.101 0.938 1.090 5.1
glycerol
Glycerol 12 3909 1.366 2436 24.1
Glycerol 24 3.320 1.248 2301 28.0
Galactosyl- 40 1.408 1.652 6.035 1.859 3.810 43.8

glycerol

and Ay = 268.3 Hz, the intensity of the upfield side band is
calculated to be 0.724 times the intensity of the downfield
glycerol C-1-C-3 side band (see Appendix A). Three inde-
pendent ratios can be measured for the glycerol spectrum.
These have been arbitrarily chosen as the doublet/singlet
ratio (d/s) for C-2 and C-1-C-3 and the quartet/doublet
ratio (q/d) for C-2. Measured values, along with some
values obtained for C-1 and C-6 for galactose, are summa-
rized in Table I. In addition, the average enrichment of the
various samples, as determined by mass spectrometric anal-
ysis of samples burned to CO», is also shown.

A comparison of the average enrichment with the ob-
served multiplet splitting indicates that the sample is not
uniformly enriched. The data can most readily be explained
by assuming that a large concentration of natural abun-
dance galactosylglycerol is present initially, and to this pool
newly synthesized and highly labeled material is added as
photosynthesis progresses. Thus, the gradual increase in the
doublet/singlet ratios indicated in Table I corresponds to a
decreasing fraction of natural abundance galactosylglycerol
which contributes, to a good approximation, only to the ob-
served singlet. Bean and Hassid have characterized the
galactosylglycerol of red algae as the main reserve carbohy-
drate, analogous to sucrose in the higher plants.?® The pres-
ence of a large pool even after 36 hr in the dark indicates
that it is not rapidly converted into energy and CO,, consis-
tent with the fact that galactose, unlike glucose, is not im-
mediately fermentable. The function of the galactosylgly-
cerol in the red algae may therefore be primarily as a re-
serve for structural material, particularly since a galactose
polymer is known to be a main structural component of the
organism.20

Another interesting feature of the spin splitting ratios is
the gradual increase in the quartet/doublet ratio of C-2.
Since the natural abundance galactosylglycerol does not
contribute appreciably to these multiplets, this increase in-
dicates a slow change which is occurring in the labeling
probabilities of the newly synthesized material. There are
several possible causes for this. (1) At the time when the la-
beling begins, all of the photosynthetic metabolites, e.g., ri-
bulose diphosphate, seduheptulose 7-phosphate, etc., are
not labeled. Therefore, the metabolic products of the pho-
tosynthetic process will not be labeled with the probability
of the input CO; until all of the intermediates have been la-
beled to this level. Although the rate at which this occurs
will be a function of the experimental conditions, most ex-
periments reported the labeling is nearly complete after sev-
eral minutes.?! (2) The respiration process will produce un-
labeled COs, thus decreasing the labeling probability of the
CO; which is being fixed relative to that supplied external-
ly. As time progresses, newly synthesized metabolites will
increasingly contribute to the respired CO; and the dilution
effect will decrease. (3) As a result of the long period in the
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Table I1I. Labeling Probabilities of Compounds Synthesized from

Table II. Results of Uniform Labeling Model
Doubly Labeled Acetate and Natural Abundance Acetate
Photo- Calculated ratios ) i iliti
syn- Frac- % enrich- Fractional Labeling probabilities
thetic tion ment of c-2 Species concn C-1 C-2 C-3
period, labeled, labeled C-1,C-3 - -
Sample hr %  material d/s q/d d/s (a) Carbons with Two Nearest Neighbors
C---C---C---C (1-ne 0.01 0.01 0.01
Galactosyk 1 4.9 56% 0.881 0.647 0.660 31 2
glycerol C---Cen-C¥---C fa-n « « 0.01
Galactosyk 2 5.4 66% 1.098 0.945 1.081 C*---C*--e C---C a-n 0.01 0.01 o
glycerol C¥*---C*- o C*---C* r? @ & &
Glycerol 12 34.5 73% 3.908 1.352 2.448
Glycerol 24 26.0 72% 3.313 1.253 2.328 li biliti
GalactosyF 40  51.0  80%  6.047  2.000  3.755 Fractional, Labeling probabilities
glycerol concn C-1 C-2 C-3 C-4
(b) Carbons with Three Nearest Neighbors
N
dark, the algae probably develop catabolic enzymes which ¢ 1-n: 0.01 0.01 0.01 0.01
may continue to function for varying lengths of time after o= b
the light is turned on. Therefore, catabolic processes may be CoerC
producing unlabeled CO; at the beginning of the experi- >c*---~c* fa -ne a @ 0.01 0.01
ment. C-—C
As discussed in the previous section, the carbon-carbon C*""C*\
coupling data alone are insufficient to completely determine LC fa-n*= 001 00l o« 0.01
the labeling probabilities of the individual carbon atoms. C'C'"LC
However, information can be obtained by considering vari- N )
: ot - 01 001 0.0l
ous reasonable models and fitting the observed data. The C*____C*/C ¢ fa-n 0.0 *
simplest model is that the sample is a mixture of natural —
abundance and newly synthesized, uniformly labeled galac- \c*----c* 70 - ) N N N 0.01
tosylglycerol. The results obtained with this model, summa- c”
rized in Table II, indicate that a very good fit to the ob- CoC
served splitting ratios (Table I) can be obtained, most of the *>c* —C* A1 -1f) o @ 0.01 @
errors being <5%. Of the three possibilities suggested above c*-C
for the gradual increase in the labeling of the newly synthe- C*""C*\
sized material, only the first would be expected to result in Lt (1= 0.01 0.01 a a
substantial differences in the labeling probabilities of the ¢ *C )
different carbons. Since a uniform labeling model provides SIS e s o
such a good fit to the data, it is unlikely that this effect is c*—--»c*/c e 7 o ¢ *

important. Nevertheless, the labeling probabilities calculat-
ed for the 1- and 2-hr samples probably represent an aver-
age of gradually increasing probabilities. For example, for
the C-1 and C-3 carbons, the same splitting ratios for the
1-hr sample would be obtained if the labeling probability of
C-2 increased linearly to 35(56%) = 84%. In fact, the entire
l-hr period cannot reasonably be approximated by a linear
increase, since the labeling probabilities appear to level off
at ~73%. The model also gives rough agreement with the
average labeling data, as determined by mass spectrometry,
although the NMR values obtained, assuming that the ga-
lactose and glycerol are labeled equivalently, are somewhat
lower. Determinations of the fraction of natural abundance
product become more inaccurate as the fraction of highly
labeled product increases; thus estimations of the average
labeling based on these fractions are worse for the later
samples.

The labeling of the galactosyl glycerol appears to follow
three stages. (1) Initially, the labeling percentages of the
glycerol carbons increase, eventually leveling off at about
73%. (2) Between 12 and 24 hr there is relatively little
change in the net '3C content and 3C NMR spectrum of
the galactosylglycerol pool. During this period, the orga-
nism may be drawing on the pool to some extent but not
synthesizing much highly labeled new material thus leaving
the labeling percentages relatively stable. (3) Between 24
and 40 hr there is a further apparent increase in the label-
ing probability of the newly synthesized material (i.e., not
considering the natural abundance pool) to 80%. It is inter-
esting to note that this increase occurs despite a marked de-
crease in the uptake of CO; after 24 hr (Figure 1). The de-
crease in CO; uptake is accompanied by a bleaching of the

cells indicating a decline in photosynthetic activity which
may reflect a loss in viability of the cells. The quantity of
galactosylglycerol extractable per unit cell mass also drops
from 3.8 to 2.7 gm/kg between 24 and 40 hr, indicating
that the organism may be drawing on its galactosylglycerol
reserve, perhaps for the synthesis of the structural galactose
polymer. Since any output from the galactosylglycerol pool
reflects the average labeling of the pool while the input is of
highly labeled material, these effects will increase the label-
ing percentages as observed, but at the expense of galactos-
ylglycerol labeled to lower levels.

Finally, we note that a comparison of the doublet/singlet
ratios of the glycerol and galactose carbons given in Table I
indicates that there may be a lag in the labeling of the C-2
and C-5 carbons. These carbons are among the last to be-
come labeled as photosynthesis progresses. The data for ga-
lactose are subject to some inaccuracy, however, since the
labeling of C-1 and C-6 cannot be determined from the C-2
and C-5 splitting, and since there is a considerable overlap
between the doublet and singlet resonances, especially for
C-1.

Analysis of Biosynthetic Experiments with Doubly La-
beled Acetate. A number of experiments have recently been
reported in which doubly labeled acetate was used to study
the biosynthesis of products derived from acetate.6-8.10.11
With the exception of one study,!! the results have not been
analyzed quantitatively. An approximate expression for the
percent enrichment at each carbon position of a compound
synthesized from a mixture of doubly labeled and natural
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abundance acetate was given by MclInnes et al.1! A similar,
but not identical, expression can be derived using the entries
in Table III, assuming that f <« 1 (equivalent to the
Mclnnes et al. assumption that the probability of doubly la-
beled acetate units being adjacent is small) and « > 0.01,
so that only the first two entries in either table need be con-
sidered. The result for the percent enrichment of each car-
bon, given by 100 times the fraction of doubly labeled ace-
tate units in the product times « differs from the Mclnnes
et al. result by a factor of 1/a. The spectra can, however, be
described using the mixture equations such as eq 7 for the
singlet fraction of a multiplet. The number of components
of the mixture which must be considered depends on the
number of nearest neighbors of the carbon under observa-
tion; for a carbon with n nearest neighbors, 2" components
of the mixture must be considered. Thus, for a carbon in the
product with only one nearest neighbor, only two compo-
nents, corresponding to the labeled and unlabeled acetate
species from which it might have been derived, must be
used in the mixture equation. For carbons in the product
with two or three nearest neighbors, the four and eight
species which must be considered, respectively, are listed in
Table 1II. The concentration of each species is given as a
function of f, the fraction of the acetate in the medium
which was doubly labeled from which the product was syn-
thesized; « is the uniform labeling probability of the doubly
labeled acetate. Of course, each of the components given in
these tables can make more than one contribution to a given
multiplet. Thus, for example, the total doublet probability
for a carbon with two nearest neighbors (Table Illa) is
given by

P,=(1- £¥0.01)[(0.01)(0.99) + (0.99)(0.01)] +
(1= N([()(0.99) + (1 - a)(0.01)] +
F(1 = H0.0D[(0.01)(1 - &) + (0.99)(a)] +
()1 — &) + (1 - a)(w)]

The additional information which can be obtained from a
quantitative analysis can be illustrated by considering the
spectra obtained for the antibiotic dihydrolatumcidin in ref
6. The antibiotic was synthesized by Streptomyces reticuli
var. latumcidicus from an exogenous acetate pool consist-
ing of a mixture of 90% uniformly enriched acetate,
13CH,4!'3CO5Na, combined with 2.5 times the concentra-
tion of natural abundance acetate. The latter was added to
reduce the amount of 13C-13C spin-spin coupling and sim-
plify the NMR spectrum of the natural product.

Using « = 0.90, f = 1/3.5,and 1 — f = 2.5/3.5, the vari-
ous multiplet intensities can be calculated. For carbons C-2
and C-9, which have only one nearest neighbor, the singlet
to doublet ratio expected is 0.142. For carbons C-3, C-4,
C-6, C-7, C-7a, and C-8, which have two nearest neighbors,
the singlet/doublet/quartet ratios would be 9%/68%/23%.
For carbons C-4a and C-5 which have three nearest neigh-
bors, the singlet/doublet/quartet/octet ratios calculated

AB spectrum

3 _C+ (/2 1+ [x/(1 + x)1/7

using the eight components in Table IIIb are 6.7%/52.2%/
34.9%/6.1%. Assuming the signal heights of the completely
resolved resonances to be roughly proportional to the peak
areas, as we have found to be generally true, the spectra
given in ref 6 are inconsistent-with the above calculations.
The apparent singlet/doublet ratios for C-2 and C-9 are
about 0.57, and there is no visible higher order splitting for
the carbons with more than one nearest neighbor although,
for example, for carbons with two nearest neighbors 23% of
the resonance intensity should be in a quartet for « = 0.90
and f = 1/3.5. The observed singlet/doublet ratios of C-2
and C-9 are consistent with the presence of an acetate pool
having a ratio of unlabeled to labeled acetate of about 45:1.
If, as in the case of galactosylglycerol, there were a combi-
nation of highly labeled and natural abundance dihydro-
latumicidin present, the quartet/doublet ratios for the car-
bons with two nearest neighbors would be approximately
1:3 as calculated above. However, this is not observed, so
the large dilution of the acetate is probably a steady state
process. This discrepancy can be explained by assuming
that there is a relatively large pool of derivable acetate units
present in the growth medium. Thus, acetate must be
charged as acetyl CoA in an energy consuming process,
prior to incorporation, whereas glucose present in the medi-
um and containing natural abundance 13C, for example, can
be metabolized directly into charged acetate without re-
quiring the additional expenditure of energy. In particular,
acetate units derived from glucose have been found to be
much more effectively incorporated into the fatty acids of
mammalian cells than exogenous acetate.’> We conclude,
therefore, that the dilution of the labeled acetate by 2.5
times with exogenous, natural abundance acetate had rela-
tively little effect on the spectrum since a much larger dilu-
tion apparently occurred as the antibiotic was biosynthes-
ized.

The technique of diluting a multiply labeled substrate
with natural abundance substrate introduces a correlation
in the labeling which can be used to determine whether the
substrate is incorporated as a unit into the isolated product.
In systems where such a dilution occurs in vivo due to the
availability of a derivable natural abundance substrate, ad-
ditional dilution is unnecessary.
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Appendix A

In the analysis of the glycerol and galactosylglycerol
spectra, use was made of the expected intensity ratio of the
downfield to the upfield doublet of C-1 and C-3. These res-
onances are actually a superposition of the B parts of an AB
and an AB; spectrum. In the latter, the B resonances are
actually a quartet which appears, however, as a doublet

~ 1+ 2x + 242 + ... (12)

4 - C-W/ T 1-x/(1+ x5

AB, spectrum
5+ 6 [2'/%cos a8 + cos 0, sin 8_]°

[21/2 cos 6, + sin 0,)% _

+
7+ 8 [21/2cos A9 — sin 6, cos 0_]° +

2772 cos 6. — sin 8.7 —

[1 + 2 cos?Aaf + cos?8,(1 + sin?9) + 2272 cos H,(cos Afsin §_ + sin 6)] _

[1 + 2cos?ab + cos?6_(1 + sin® 0,) — 2 2177 cos 6_(cos &6 sin 6, + sin 6)]

4+ 4x + O(xh)

~ ~1+ 2x + 2x% + ...
i dr T oy LAt

(13)
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with the two downfield peaks and the two upfield peaks
coinciding with the downfield and upfield doublet lines of
the AB spectrum, respectively (see Figure 5). Using the
notation of ref 17, the intensity ratio of line 3 to line 4 for
the AB spectrum and the ratio of lines 5 + 6 to lines 7 + 8
for the AB, spectrum are identical to order (J/A»)? (eq 12
and 13).

For the spectra considered, J/Av = 0.16 so that the error
is £0.4% and we can treat the doublet as arising from near-
est neighbor coupling only with very little error. (Note:
these ratios are the inverse of the ratios given in the text.)
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Abstract: Carbon-13 shieldings were measured for 25 chlorinated biphenyls. For 13 of these, the '3C assignments of the pro-
tonated carbons were confirmed by selective proton decoupling. The effects of chlorine substitution on the '3C shieldings
could be approximately predicted using additive parameters obtained from chlorobenzene and 2-, 3- and 4-chlorobiphenyl
data. Marked deviations from the predicted substituent effects occur when chlorines are ortho on the same ring or in 2 and/
or 6 positions on both rings. The effects of a chlorine substituent are significantly transmitted through eight covalent bonds.
Spin-lattice relaxation times were measured for the protonated carbons in several biphenyls. The relaxation is dominated by
the carbon-hydrogen dipole-dipole interaction, which results in maximum nuclear Overhauser enhancements. The relaxa-
tion times are related to the rotational barriers about the interring bond.

Polychlorinated biphenyls (PCBs) are of considerable
current interest because of their ubiquitous distribution and
their remarkable persistence in the natural environment. In-
vestigations centering about their identification in complex
mixtures and their biological interactions have been numer-
ous.! Several biological studies have indicated that certain
PCB isomers are preferentially concentrated in living orga-
nisms. Evaluation of the potential health hazards associated
with this class of compounds therefore clearly requires
knowledge of the characteristics of specific PCB isomers.

Nuclear magnetic resonance, as an analytical tool sensi-
tive to molecular structure, electronic charge distributions,
and molecular interactions, is useful for discrimination be-
tween the many PCB isomers? and for study of the differ-
ent potentials of these isomers for interactions in biological
systems. Certain NMR parameters such as !3C spin-lattice
relaxation times can be interpreted in terms of molecular
motion™® and stereochemistry. Knowledge of the NMR pa-

rameters may thus allow more meaningful examinations of
the biological effects of PCBs.

Proton NMR data at 220 MHz for a large number of
PCBs have been reported,® as well as some data at 60
MHz.# Detailed analyses of the 'H spectra of symmetrical-
ly substituted dihalobiphenyls” as well as several earlier
studies of proton chemical shifts and substituent effects on
these in halobiphenyls® are in the literature. Proton NMR
in nematic liquid crystalline solvents has been used to inves-
tigate the conformation of 3,5,3/,5'-tetrachlorobiphenyl®
and of 4,4’-dichlorobiphenyl,!0 but the first of these studies
unrealistically predicts a single rigid conformation at room
temperature. Fewer '3C NMR studies of biphenyls have
been published. Carbon-13 data for ten symmetrically sub-
stituted chlorinated biphenyls have been reported and relat-
ed to trends in charge density distributions calculated by
the CNDO/2 method.?

Recently, 1*C NMR data for some halobiphenyls includ-
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