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Stable Isotope Tracers in t 
Life Sciences and Medici 

Increased supplies and improved detection methods ol 
and other stable isotopes permit their wider use as tra( 

N. A. Matwiyoff and D. G 

The separated stable isotopes of car- 
bon, oxygen, and nitrogen have been 
available in limited quantities for many 
years. These isotopes, some properties 
of which are listed in Table 1, are non- 
radioactive, naturally occurring forms 
of the elements. Since they are impor- 
tant components of all organic com- 
pounds which occur in nature, the iso- 
topes have a great potential utility in 
tracer and structural studies in the life 
sciences and medicine. Indeed, the use 
of 13C and 15N in physical and biolog- 
ical sciences predates the widespread 
use of the radioactive isotope 14C (1). 
Despite their great promise, little use 
has been made of the stable isotopes 
of these elements, for two main reasons. 
First, they were expensive because they 
were prepared and used in very limited 
amounts. Second, instruments neces- 
sary for the detection and assay of sta- 
ble isotopes were not widely available 
and were difficult to maintain. 

It now appears that not only can the 
difficulties associated with the methods 
of detection of stable isotopes be re- 
solved, but also the supplies of such 
isotopes and the technology for con- 
centrating them have improved dra- 
matically within the last several years. 
In this article we review the isotopes 
listed in Table 1, focusing in particular 
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will complement rather than replace 
radioisotopes as tracers. What then are 
their special characteristics that forecast 
an important role for them in the bio- 
logical sciences and medicine? First, 

Ihe they are not radioactive. With the in- 
lAe creasing concern about exposure to 

even small amounts of radioactivity, the 
ine use of stable isotopes is clearly advan- 

tageous in environmental studies and 
clinical medicine. Even in laboratory 

t13C research, the avoidance of radioactive 
tracers can be highly desirable because 

~ers~. of the possibility of radiochemical 
breakdown during the stockpiling of 

*Ott 1C-labeled compounds, for example. In 
addition, although the radioactive nu- 
clides of carbon and sulfur provide 
great sensitivity in tracing experiments, 
there are no long-lived radioactive iso- 

nt developments topes of nitrogen or oxygen. 
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Isotope Separation 

Isotopic substitution in a molecule 
is accompanied by many changes in the 
chemical and physical properties of the 
molecule. Such changes are small, es- 
pecially for the heavier elements, but 
some of them can be exploited in iso- 
tope separation schemes. In the equilib- 
rium between the vapor and liquid 
forms of carbon monoxide and nitric 
oxide, the effects of the isotopes on the 
vapor pressure partitions the heavy iso- 
topes preferentially into the liquid 
phase as summarized in the equilibrium 
constants, 1.027 and 1.008, for pro- 
cesses shown in Eqs. 1 and 2, respec- 
tively. Because the equilibrium con- 
stants are small, 

oN O + NNO + 1 4NO + "NO (1) 
liq. gas liq. gas 

"CO + "1CO -- 13CO + 12CO (2) 
liq. gas liq. gas 

the separation obtained in a single stage 
of distillation is slight and long distil- 
lation columns having a large number 
of theoretical plates are required to ef- 
fect high enrichments of the low abun- 
dance isotopes and depletion of these 
isotopes in the fraction containing the 
major isotope. The relatively large ef- 
fects of isotopes on the vapor pressure 
of NO together with the facile isotope 
exchange equilibrium (Eq. 3) which 
occurs in NO 

'4N'80 + 1N170 + 6Nl60O ~. 
N17'5802 + 14NI?O (3) 

allows the separation of oxygen isotopes 
during the distillation of NO. 

At the Los Alamos Scientific Labora- 
tory (LASL), the isotope separation 
facility produces 13C (90 percent) in 
two columns at a rate of 6 kilograms 
per year and the average production of 
12C (less than 50 parts per million of 
13C) in one column has been 12 kilo- 
grams per year. Smaller amounts of 
nitrogen and oxygen isotopes have been 
produced in a variety of column systems 
(3). An expanded facility for the sepa- 
ration of stable isotopes is now under 
construction at LASL and is expected 
to increase greatly the available amounts 
of the various isotopes (4, 5). 

Isotopes can also be separated by 
chemical exchange reactions. For ex- 
ample, the equilibrium constants for 
processes shown in Eqs. 4 and 5 

ONHa + "14N NH+ + 4NH3 + 5NHI+ (4) 
gas aq. gas aq. 

aCOa3- + 13COa "CO3- -+ 1'C02 (5) 
aq. gas aq. gas 
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Table 1. Some characteristics of nonradio- 
active isotopes. 

Natural Nuclear 
Isotope abundance ( % ) sp 

12~C ~ 98.9 
13C 1.1 1/2 
14N 99.6 1 
5N 0.4 1/2 
01O 99.8 
170 0.04 5/2 
180 0.2 

are 1.034 and 1.017, respectively (6), 
showing that the heavy isotope accumu- 
lates preferentially in the chemical form 
in which it is bound most strongly: 
NH4+ and C032-, respectively. This 
small but significant isotope effect is 
due to the mass effect on vibrational 
frequencies and zero point energies (7). 
The processes summarized in Eqs. 4 
and 5 have been used to concentrate 
15N and 13C by a countercurrent pro- 
cess in which the gas (NH3 or C02) 
and aqueous salt (NH4NO3 or Na2CO3) 
solutions were passed through long 
columns, the heavy isotope accumulat- 
ing in the salt solution and the light 
one in the gas stream (8). Other chemi- 
cal processes have been developed to 
concentrate significant amounts of car- 
bon, oxygen, and nitrogen. 

Labeled Compounds 

A major consideration in the design 
of tracer experiments is the availability 
of sufficient quantities of labeled mate- 
rial in the required chemical forms. The 
situation is reminiscent of that for 14C 
and :H before significant quantities of 
a variety of labeled compounds became 
available commercially. It is reason- 
able to expect that the number of cur- 
rently available compounds labeled with 
stable isotopes will soon be significantly 
increased. Lower costs will accompany 
increased demands that will, in turn, 
stimulate higher production levels (5, 
9). Many different combinations of 
labeling are required-some compounds 
must be uniformly labeled, some spe- 
cifically labeled in one or more par- 
ticular molecular positions, and some 
multiply labeled with more than one 
isotope, both uniformly and specifically. 
For some uses, high isotopic enrich- 
ment is required; for others, low en- 
richment is necessary or sufficient. The 
quantities of materials needed can vary 
from milligrams to kilograms. 

In the syntheses of isotopically la- 

beled compounds, standard methods of 
organic and biochemistry can be used 
but, because the economics of the pro- 
cesses and the availability of starting 
materials must be considered, different 
approaches are often required. In this 
regard there are many similarities be- 
tween the problems associated with 14C 
syntheses and those with 13C, but many 
of the schemes developed for the ra- 
dioactive isotopes are usually not ap- 
plicable to 13C, largely because of the 
difference in scale of the preparations. 
For example, although the 14C-labeled 
acetic acids can be readily prepared by 
way of the Grignard reaction, through 
acetonitrile, or from acetylene, prepara- 
tion on a larger scale with 13C is much 
more conveniently and efficiently based 
on catalytic methods with the most 
readily available starting materials (10, 
11): 

RhC13 
CHaOH + CO ----- CH3COOH (6) 

HI, 175?C 

The procedure can be used to prepare 
all four of the carbon isotope isomers 
of acetic acid, as well as to prepare 
compounds labeled with 2H, 170, or 
180. The isotopic methanols are also 
conveniently produced by catalysis (10, 
12): 

H2 
CO (or COa) ----- CHOH (+ H20) 

Cu-Zn-Cr 
(7) 

That efficient production methods 
must be available for the simple organic 
compounds, for example, methanol, 
acetic acid, cyanide, and methyl iodide, 
before the more complex materials can 
be produced is illustrated in Fig. 1. The 
selection of a particular synthetic pro- 
cedure (from among perhaps many pos- 
sibilities) depends in a large part on 
previously established capabilities, tech- 
niques, and a ready availability of 
starting materials. 

Biosynthesis is the preferred method 
for the preparation of uniformly la- 
beled complex natural products as well 
as for certain specifically labeled mate- 
rials; for example, hemoglobin labeled 
with [2-13C]histidine is obtained from 
mice fed a diet devoid of natural histi- 
dine but with a [2-13C]histidine additive 
(10). As encountered in organic syn- 
thesis, the efficacious biosynthetic meth- 
ods perfected for radioactive isotope 
labeling frequently are not applicable 
on the scale needed for stable isotope 
synthesis. The scaling up of a procedure 
in which tens of grams of product must 
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be isolated and purified by chromatog- 
raphy may not be practical or even 
feasible. In stable isotope labeling 
through biosynthesis one must find a 
system that not only produces the de- 
sired product, but one that also affords 
the isolation of the product in a reason- 
able manner. Simple carbohydrates la- 
beled with 14C have been obtained for 
many years by means of photosynthesis 
from isotopic carbon dioxide by ex- 
cised leaves of higher plants such as 
tobacco or Swiss chard. These proce- 
dures have been scaled up several thou- 
sandfold for preparations of the 13C 
analogs, kilogram amounts of leaves 
being used together with multimolar 
quantities of CO2 highly enriched with 
13C; endogenous (normal abundance) 
materials are depleted essentially to 
zero and no carriers are used-but 
these procedures have required consid- 
erable amounts of research and develop- 
ment (13). Isotopically labeled carbo- 
hydrates, amino acids, nucleosides, and 
lipids will probably be produced on a 
much larger scale by using large fer- 
mentors for the culture of microorga- 
nisms such as algae or photosynthetic 
bacteria. 

The hydroponic growth of plants in 
an atmosphere of CO2 is another ap- 
proach to the synthesis of labeled com- 
pounds. For example, potatoes have 
been grown in an atmosphere contain- 
ing 30 percent 13CO2 and the starch has 
been isolated (14). For complex organic 
compounds produced by plants this will 
surely be a method of choice, but for 
the common intermediates of metabo- 
lism, such as sugars and amino acids, 
algae and excised leaf systems appear 
simpler at present. 

Because the demand for materials 
labeled with stable isotopes will prob- 
ably increase considerably in the near 
future, methods are now being de- 
veloped which are capable of producing 
them on a scale resembling that on 
which deuterium labeled compounds are 
produced. 

Analytical Techniques 

A number of analytical methods are 
available for the determination of the 
stable isotopes in organic compounds. 
Those most widely used depend on mass 
effects (rotation, vibrational, and mass 
spectrometry) or the presence of a nu- 
clear magnetic moment (NMR spectros- 
copy). The most common and con- 
venient techniques available for iso- 
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topic analysis are listed in Table 2. 
With a few exceptions, the infrared 
(15) and optical emission (16) meth- 
ods are restricted to simple molecules 
or gases which can be derived from the 
labeled ones by combustion (to CO2) 

or oxidation (to N2). Although the 
methods require simple, inexpensive in- 
strumentation they cannot, in general, 
provide direct information about the 
location of the isotope in the molecule. 
In contrast, the NMR and mass spec- 

Table 2. Some techniques used for isotope analysis. 

Spectroscopic Spectroscopic Minimum sample size Sample form 
technique 

Infrared Milligram-microgram Simple gases (CO2, NO) 
Optical emission Microgram Simple gases (N2) 
Mass Milligrams-picograms Simple gases to complex 

mixtures 
Nuclear magnetic Milligrams-micrograms Simple molecules to 

resonance complex mixtures 

Tryptophan 

I 
RCOOR' C6H5NH2 

I X 
CH3NH2 

\ 
HCOOR RCOOH C2H2 - C6H6 

1/ \/ 

CHC13 

\ 

C/ 

CH3CH2COOH 
-- 

CH3CH(NH2)COOH 

C3CH20H . CH3c1 CHoCHoOH -------1 CH3CHO 

CO - C - 
Co1 1-3011-, CH3COOH -- 

CH4 I xs \ / \ 
H2NCONH2 --- KCNO .--- HCON -- KCNS HCHlO BrCH2COOH --- (CH3CO)2O 

I / I /\I / 1 
Arginine CIH(COOR)2 Histidine Cystine Glycine - BrCH2COOR NTA EDTA 

Fig. 1. The centralized isotope synthesis facility at Los Alamos allows an impressive 
array of complex labeled compounds to be synthesized from the simple intermediates: 
CO; C02; CHsOH; and CHaCOOH. 

1A02 93o 13CH3 
11 i 11:;1/ n n 1 n n nn n 1 1 1 1/ /l1 , 1 9 90.7% 73.1% 

Frequency (cm-' ) 

Fig. 2 (left). Portion of the vibration- 
rotation lines in the infrared spectra of 
CO containing: (A) 1.1 atom percent "C and (B) 19.4 atom percent 3C. The shaded ^ 
peaks represent line 13 in the R branch 
which occur at 2193 cm-' for 2CO and 2144 cm' for "CO and are sufficiently free 
from interference to serve for the determination of the "C/"C ratio (15). Fig. 3 
(right). The 13C NMR spectra with noise-modulated proton decoupling for [1,2-13C]acetic acid enriched to 73 percent "3C at C-2 and 91 percent 13C at C-l. The central line for 
each set of resonances arises from molecules containing 1C adjacent to 2C, whereas 
the flanking doublets arise from 3C-3C nuclear spin-spin splitting in molecules con- 
taining adjacent 13C atoms. The intensity distribution within the doublet and singlet 
provide a quantitative measure of the concentration of 1C at the adjacent position (9). The integrated intensity of each set of resonances is also proportional to the "1C con- 
centration at that position. The two sets of resonances were recorded at different 
instrument gain settings. 
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trometric methods of isotope analysis 
require more complex and expensive in- 
strumentation but offer the advantage 
that the location of the label in a mo- 
lecule can usually be determined. It 
should be noted that 170 and 14N have 

quadrupole moments and their nuclear 
resonances are frequently so broad that 

analysis by NMR spectroscopy is an in- 
sensitive procedure. Typical spectra ob- 
tained by some of the methods out- 
lined are shown in Figs. 2 to 4. 

Other analytical techniques, such as 
electron paramagnetic resonance (17) 
and Raman spectroscopy (18), have 
been used for the detection of stable 
isotopes and, although not in wide- 

spread use, these techniques offer much 

promise. Of particular interest is proton 
reaction analysis (19) which has been 
used to determine 12C and 13C isotopic 
abundances and the ratios of nitrogen 
to carbon in biological samples includ- 

ing human tissues. The technique, which 
involves the counting of gamma (y) 
rays from the reactions 2C (p,y) 13N 
and "1C (p,y) 14N, offers the advantage 
of speed of analysis and the potential 
for accomplishing three-dimensional 

isotopic assays in complex specimens. 
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Fig. 4. Mass spectrum of an equimolar 
mixture of nitrogen and oxygen contain- 
ing: 28 atom percent "N; 3.3 atom per- 
cent 10O; and 6.9 atom percent O. [Cour- 
tesy Vandervoort and Gomez (61)] 
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Improved Instrumentation Adds a New 

Dimension to Tracer Experiments 

There is a substantial volume of lit- 
erature on the applications of 15N and 
13C tracers in the life sciences. Indeed, 
a recent bibliography (20) for 1N lists 
no fewer than 1000 publications which 
appeared in the period 1935 to 1969. 
These applications generally depended 
on the spectrometric assay of excess 
15N or 13C in a sample of N2 or CO, 
obtained by careful separation and deg- 
radation of the molecule of interest. 
For example, in an early classic study 
of the use of stable isotopes, Shemin 
and Rittenberg (21) showed that gly- 
cine is a nitrogen precursor of the pro- 
toporphyrin of hemoglobin and used 
the result in the determination of the 
life-span of the red blood cell. [15N]- 
Glycine was fed to rats and human 
beings and the incorporation of excess 
15N into the protoporphyrin was deter- 
mined at intervals. The analysis was 
accomplished by mass spectrometry of 
N2 derived from the separated and de- 
graded porphyrin. Similarly, it has been 
shown (22) in a study of nucleated 
red cells of ducks fed [2-14C]glycine 
that the a-pyrrole and methine bridge 
carbon atoms (indicated by solid cir- 
cles in Fig. 5) of protoporphyrin-IX 
are derived from the a-carbon of gly- 
cine. In the same study, the location 
of the 14C label was determined after 
a stepwise degradation of the porphy- 
rin. A recent study of the incorporation 
of 1'C-labeled glycine into bacterial 
coproporphyrin-III (23) illustrates the 
power of NMR spectroscopy. Because 
the 1C resonances are extremely sensi- 
tive to the location of the atom in a 
molecule, the site of incorporation of 
'C can usually be identified readily 
without the time-consuming degrada- 
tions required in 14C tracer methods. 

Figure 6 shows the 13C NMR spec- 
trum with noise-modulated proton de- 
coupling of an aqueous (5 mM) solu- 
tion of coproporphyrin-III isolated from 
a culture of the purple bacterium, Rho- 
dopseudomonas spheroides, grown un- 
der conditions in which coproporphyrin- 
III synthesis is induced on a medium 

containing glycine, 93 percent of which 
is labeled in the a-position with 1"C. 
The set of high field signals (at the 

right in Fig. 6) which, in the proton 
coupled spectrum appear as doublets, 
can be assigned to the methine carbon 
atoms and the low field set (on the left 
in Fig. 6) to the pyrrole a-carbon atoms 
which are only remotely coupled to 

protons. The resonances of the other 
13C atoms which are present at natural 

abundance (- .05 mM) were not found 
in the spectrum. Because the tetrapyr- 
role synthesis proceeds via the inter- 
mediate formation of 8-aminolevulinic 
acid, porphobilinogen, and dipyrryl- 
methanes (24), these results also indi- 
cate the absence of much unlabeled 
glycine in the system. 

It is probable that the technique of 
tracing 13C by means of 13C NMR 
spectroscopy will be widely used in 
studies of biological systems in the 
very near future. A number of such 
studies have been completed already. 
Acetic acid labeled with 18C in the car- 
boxyl and methyl groups and traced 
by NMR spectroscopy has been used to 
confirm the polyacetate origin of the 
microbial metabolite radicinin (25) and 
to define the biosynthetic origin of cer- 
tain of the carbon atoms of sterigma- 
tocystin (26) and the antibiotic ceph- 
alosporin (27). NMR techniques also 
have shown that the methyl group on 
the carbon 1 of ring A of vitamin B12 
does not originate from the 8 carbon 
of 8-aminolevulinic acid (28). Under 
favorable conditions the presence of 
"1C attached to a hydrogen atom in a 
molecule can be determined indirectly 
by means of proton magnetic resonance 

spectroscopy; this technique has been 
used to elucidate the origin of some 
carbon atoms in a number of micro- 
bial metabolites (29). 

Because the nuclear relaxation rates 

H,N'CH2C02-- NH2eCH2-CO(CH2)2COaH 
Glycine 6-Aminolevulinic acid 

CO,H 

CH2 t (CH2)2 CO2H 

CH2 N 
I H 

H 
Porphobilinogen 

CH3 R / 

H,O - O CH, H3C /--3 wH 

NH HN 

HOOC-H,C-H2C - \ - R 

CH2 CH3 

CH, 

COOH 

R=-CH,CH2CO2H Coproporphyrin-I 
R=-CH=CH2 Protoporphyrin -M 

Fig. 5. Structure of protoporphyrin-IX, 
coproporphyrin-III, and the biosynthetic 
route to porphyrins. Solid circles indicate 
the location of the a-pyrrole and methine 
bridge carbon atoms. 
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Fig. 6. 13C spectrum with noise-modulated proton decoupling of coproporphyrin-III. 
The set of low field resonances of a-pyrrole consist of a doublet flanking a singlet, 
the former arising from those molecules containing 3C in the adjacent methine sites 
(see Fig. 3). The ratio of the intensities of the doublet to the singlet shows that about 
80 percent of the adjacent methine sites are occupied by '3C. Unlike the pyrrole 
a-carbon atoms which have identical '1C shifts, there are small chemical shift differ- 
ences among the methine carbon atoms which resonate at high field. In an expanded 
version of the spectrum, a triplet (T), doublet (D), and singlet (S) resonance are 
discernible, consistent with the labeling pattern expected (as indicated by the solid circles 
in Fig. 5) and the high degree of 13C incorporation: -- -@ (T); -- 0- (D); 
---- (S). 

of 13C in most molecules are relatively 
slow (30), 13C resonances are fre- 
quently narrow even in highly viscous 
systems and condensed phases. This is 
likely to be the case for 15N resonances. 
This fortunate circumstance, together 
with the wide range of 13C and 15N 
chemical shifts, allows high resolution 
NMR studies of many solid and multi- 
phase systems. Duch and Grant (31) 
have demonstrated that high resolution 
13C NMR spectra can be obtained 
from solid polymer samples and Stern- 
licht and co-workers (32), have ob- 
tained high resolution 13C NMR spectra 
of amino acids bound to rigid cation 
exchange resins. The ability to record 
high resolution 13C NMR spectra under 
these conditions suggests that 13C NMR 
spectroscopy in conjunction with 13C 
labeling could have a number of in- 
teresting applications ranging from the 
study of transport phenomena in multi- 
phase systems to the elucidation of 
metabolic pathways in vivo. For ex- 
ample, distinct 13C resonances of CO2 
bound in the form of dissolved CO2, 
HCO3- ion, and carbaminohemoglobin 
(CO2 bound to the terminal valine resi- 
dues of hemoglobin, O2C - N ~) have 
been distinguished in the '3C NMR 
spectra of human whole blood treated 
with 13CO2 (33). High resolution 13C 
NMR spectra have also been reported 
for 13C enriched yeast cell suspensions, 
and the anaerobic metabolism of [1- 
13C]glucose to [2-13C]ethanol by yeast 
has been followed by 13C NMR spectros- 
copy of the suspension of living cells 
(34). Although developments in 15N 
NMR spectroscopy have not been as 
rapid, activity in this promising area 
has been increasing in recent years 
(35). 

Substantial progress has been made 
in mass spectrometry instrumentation 
21 SEPTEMBER 1973 

(36) and in the correlations of mass 
spectra with molecular structures (37), 
and it is now possible to measure di- 
rectly the extent of incorporation, and 
the location, of a stable isotope label 
in a molecule. Frequently, the analysis 
of complex mixtures can be accom- 
plished without chemical separation of 
the individual components. Thus, in 
1961, the percent excess of S1N pres- 
ent in 11 of the common amino acids 
enriched with different amounts of 15N 
was determined by mass spectrometry 
of the esterified mixture of the amino 
acids (38). When ionized by an elec- 
tron beam of low energy, each of the 
acids exhibits an intense peak at the 
decarboxylated fragment (RCHNH2)+ 
which occurs one mass unit higher than 
normal if the fragment contains 15N. 
Since the R radicals present in all the 
common amino acids except leucine 
and isoleucine differ by more than 
one mass unit, each pair of peaks 
(RCH14NH2+; RCH15NH2+) repre- 
sents a specific amino acid whose 15N 
content can be calculated from the 
relative intensities of the peaks. 

Some interference was encountered 
with other fragment ions of the heavy 
amino acids which coincide with the 
RCHNH2+ peaks of glycine, alanine, 
and proline (38). However, such inter- 
ferences could probably be eliminated, 
or corrections made for them, by using 
modern techniques, such as the com- 
bination gas chromatography-mass spec- 
trometer-on-line computer. Indeed, it 
appears that this technique can be 
used for the direct determination of 
amino acid sequences in the mixtures 
of peptides resuiting from the degrada- 
tion of proteins (39) and for determin- 
ing the sequences of sugars (40). 

Because extensive fragmentation can 
occur in a mass spectrometer, fre- 

quently in predictable ways, one can 
assay not only the isotopic content of a 
molecule but also the specific location of 
the isotopic label. For example, the 
mass spectra (41) of 13C-labeled amino 
acids (12 to 15 percent) isolated from 
algae grown in an atmosphere of CO2 
(containing 15 percent 13C) suggests that 
there is a small isotopic preference for 
12C in the biosynthesis of the amino 
acid side chain groups. The isotopic 
analysis was possible because the fol- 
lowing fragmentation reaction of the 
trimethylsilyl derivatives of the amino 
acids occurred in the mass spec- 
trometer: 

Fragmentation 1 CO2Si(CH,)3 
I / 

R CH 

N-Si(CH8)S 
H 

These observations are consistent with 
the results of an earlier study (42) of 
the fixation of natural carbon dioxide 
by photosynthetic organisms in which 
it was found that serine, threonine, and 
glycine were somewhat more enriched 
in 13C than leucine, isoleucine, and 
aromatic amino acids. 

Conversely, one of the most power- 
ful tools in the elucidation of molecu- 
lar fragmentation patterns has been the 
stable isotope label (43). A simple 
example of the technique is the eluci- 
dation of the mechanism of loss of CO 
from the molecular ion of thionyl- 
aniline (44). The major fragmentation 
pathway of thionylaniline is 

- N-S-iO 

S-N 1 :>]^4 

.U 
1L 

+ 

[QJ Ere 
The loss of CO involves a major re- 
organization of the molecular ion. 
Which carbon atom is lost? The mass 
spectrum of [1-13C]thionylaniline dem- 
onstrated that C-1 was not elimi- 
nated as CO, for the fragment ions I, 
II, and III all retained the 13C label. 
With the aid of isotope labeling, the 
correlation of fragmentation patterns 
with molecular structure should be- 
come increasingly refined and the dem- 
onstrated power of mass spectrometry 
in structure determination (including 
the localization of functional groups 
and the specification of stereochem- 
istry) will be extended greatly (45). 
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Heavy Macromolecules 

Although we emphasize the use of 
stable isotopes as tracers, it is appro- 
priate to point out here that plentiful 
supplies of stable isotopes will allow 
novel studies to be accomplished with 
multiply labeled macromolecules. A pro- 
totype is the classic experiment of 
Meselson and Stahl (46) who were 
able to demonstrate that the DNA of 
Escherichia coli is semiconservatively 
replicated. By culturing E. coli in a 
medium containing first 15NH4CI, then 
14NH4C1, as the sole source of nitrogen 
and then separating "heavy" from 
"light" DNA by ultracentrifugation in 
a density gradient, they were able to 
show that after a single replication of 
DNA, the product molecules contained 
one strand of the original heavy ma- 
terial and one newly synthesized strand 
of light material. The use of stable iso- 
topes and isopycnic techniques to effect 
the separation of newly synthesized 
macromolecules should find wide ap- 
plication in molecular biology and 
immunology (46, 47). 

Potential Medical Applications 
of Stable Isotopes 

The use of radioactive isotopes for 
medical, physiological, and pharmaco- 
logical investigations in human beings 
has a long history. Although many 
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clinical tests have been developed with 
radioactive isotopes, their use in rea- 
sonably healthy subjects, pregnant 
women, and children will probably re- 
main limited because of the radio- 
activity. That stable isotopes will find 
broad application in studies of human 
beings, particularly in investigations of 
metabolic disorders, drug metabolism, 
and nutritional disorders and deficien- 
cies, is suggested by the results of 
recent experiments. 

One manifestation of a metabolic 
disorder is an acceleration or diminu- 
tion in the rate of oxidation of a spe- 
cific substrate to CO2 by a diseased 
subject compared to a normal subject. 
As shown in Fig. 7, the rate of oxida- 
tion of a 13C-labeled substrate can be 
followed indirectly by the determina- 
tion of the rate of appearance of excess 
'3C in the CO2 exhaled in the breath 
(48). There is a large number of 
metabolic abnormalities that might be 
tested in this manner, two examples 
being lactase deficiency that might be 
tested with 13C-labeled lactose, and 
hyperglycinemia that might be tested 
with 13C-labeled glycine. The attractive 
features of the breath CO2 test are 
simplicity and adaptability to mass 
screening of the population: the subject 
orally ingests the 13C-labeled substrate, 
breathes into an evacuated bulb at 
intervals, and the excess 13C in the 
breath CO2 can be determined with 
inexpensive infrared or mass spec- 

Time (hours) 

Fig. 7 (left). The rate of appearance of excess "C C0O of the breath of a human being 
after oral ingestion of an aqueous solution of [1,2-1C]acetic acid (90 percent) con- 
taining 700 mg of excess 1C (48). (Atom percent excess "C, atoms of "C in excess 
of natural abundance, expressed as a percentage.) Fig. 8 (right). Concentrations of 
total glucose in the blood (mg/100 ml) and "C-labeled CO2 in the breath of subjects 
after oral administration of 40 g/m2 (of body area) of glucose uniformly labeled with 
"C at 1.0 atom percent excess "C: V, severe diabetic; A, mild diabetic; a and 0, 
control (nondiabetic) subjects. 
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trometers. The utility of such tests in 
studying metabolic disorders has been 
demonstrated with 14C. For example, is 
has been shown that patients with 
severe bile acid malabsorption excrete 
14CO, significantly more rapidly than 
normal patients after oral ingestion of 
20 mg cholyl[l-14C]glycine (49). The 
study is being repeated with 13C. The 
path traversed by the labeled substrate 
before labeled CO2 is exhaled is gen- 
erally complex and one can anticipate 
that the curves showing the appear- 
ance of excess labeled CO2 in the 
breath of diseased and normal subjects 
frequently will not be clearly separated. 
Figure 8 shows the rate of appearance 
of excess 13C in breath CO2 of diabetic 
and normal human subjects who in- 
gested a standard load of glucose uni- 
formly labeled with 13C (50). The data 
suggest that the metabolic defect in 
these diabetics is the inability to dis- 
continue gluconeogenesis after glucose 
ingestion, a possibility that can be 
evaluated with 13C-labeled pyruvate or 
lactate (50). 

The assay of metabolites other than 
CO2 for stable isotopes by sophisti- 
cated mass spectrometry and NMR 
techniques should have many applica- 
tions in biomedical research. Figure 9 
shows a sequence of 13C NMR spectra 
obtained from a suspension of live 
Candida utilis yeast cells treated with 
[1-3C]jglucose. The point of interest 
is that the metabolism of a substrate 
specifically labeled with 13C can be 
determined in vivo by direct measure- 
ment of the complex mixtures, no tedi- 
ous and time-consuming separations 
and degradations being required (34). 
The combined techniques of gas chro- 
matography and mass spectrometry 
show great promise in studies of the 
metabolism of substances labeled with 
stable isotopes. For example, it has 
been shown that the drug nortrypty- 
line, when administered as a mixture 
(ratio 1: 1) of the natural substance 
and the 2H- or 5N-labeled material, 
can be detected in crude urine extracts 
at the nanogram-picogram level (51). 

Similarly, 13C-labeled glycine and gas 
chromatography-mass spectrometry are 
being used in a detailed study of pa- 
tients exhibiting hyperglycinemia and 
the Lesch-Nyhan syndrome, the latter 
being manifested by an abnormal 
metabolism of purine (52, 53). Pa- 
tients exhibiting hyperglycinemia con- 
vert [1-13C]glycine and [1-14C]glycine 
to CO2 much more slowly than normal 
individuals. Patients with the Lesch- 
Nyhan syndrome vastly overproduce 
[14C]purine (and uric acid) from uni- 
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formly labeled [14C]glycine. In Fig. 10, 
data are compared for the incorpora- 
tion of '3C-labeled glycine and 14C- 
labeled glycine into urinary uric acid 

by a diseased patient (52). Two aspects 
of the data are especially noteworthy. 
First, there is a close correspondence 
between the incorporation of a single 
13C atom and the incorporation of 
radioactive 14C. Second, the mass spec- 
trometric measurements of 13C allow 
one to distinguish uric acid labeling re- 
sulting from incorporation of the intact 
C-C unit of glycine as opposed to 
labeling by one carbon unit. In addi- 
tion, these studies emphasize the impor- 
tance of experiments being conducted 
in vivo with human beings; the non- 
radioactive [l3C]nuclide is especially 
suited to such experiments. Experi- 
ments in vitro with fibrinoplasts and 

erythrocytes failed to reveal differences 
between hyperglycinemics and normal 
subjects (53). 

Biological Effects of Stable Isotopes 

The occurrence of carbon-13 isotope 
effects in biological systems has been 
recognized for some time. For exam- 
ple, the ratios of 13C to 12C in marine 

limestones are larger by about 25 parts 
per thousand than those in marine 
petroleums (54). This small isotopic 
fractionation is the result of cumulative 

isotope effects on a number of pro- 
cesses, for example, 

CO2 COo 0 CO2o ~ intracellular 
gas aq. intracell. reduced carbon 

| I oils 
HCOa3- ;- solid carbonates 

aq. 

Several workers found that algae, like 
other green plants, discriminate between 
the isotopes of carbon during photo- 
synthesis (42, 55), assimilating 12CO0 
about 3 percent more rapidly than 
13CO2. This isotope effect is, at least 
in part, a manifestation of events at 
the enzyme level. It has been estab- 
lished that plants which incorporate 
CO2 through ribulose-1,5 diphosphate 
carboxylase and other enzymes of the 
Calvin cycle are enriched in 12C with 
respect to atmospheric CO2 and that 
the ratios of 13C to 12C in tropical 
grasses are somewhat higher than 
those in plants possessing only a 
Calvin cycle (56). In addition, small 
:C isotope effects (<2 percent) have 
been found in the enzymatic decarbox- 
ylation of oxaloacetic acids in vitro (57). 

On this basis one would not antici- 
pate adverse biological effects being 
caused by stable isotopes used in small 
amounts. Even so, the biological effects 
of the incorporation of large amounts 
of stable isotopes in biological systems 
are of importance in medical and envi- 
ronmental studies. When large quan- 
tities (> 1 kg) of the alga Chlorella 
pyrenoidosa (58) and the yeast Candida 
utilis (59) were grown in the presence of 
CO2 and acetate, both labeled more 
than 90 percent with 13C, no adverse 
effects of the heavy isotope were de- 
tectable in growth rates, generation 
times, or gross cell morphology. With 
each organism, the cells rapidly at- 
tained about 98 percent of isotopic 
equilibrium with the substrate; the ap- 
proximate 2 percent disparity might 
have been due to analytical errors but 
is well within the range of biological 
effects observed with 13C. However, in 
an earlier study, the detailed cytologi- 
cal examination of Chlorella vulgaris 
cells enriched with 13C on a smaller 
scale (about 90 percent) suggested 
that 13C in large amounts does affect 
cells biologically, and in particular may 
affect the thickness of cell walls and 
the cellular carbohydrate content (60). 
The results of this study also suggested 

E 

u 

u 
x 

- One carbon labeling 

1.0 an Two carbon labeling 
One and two carbon labeling 

.LUi L 

1) 

600 

500 

400 n 

cL 

300 

20 

100 

0 1 2 3 4 5 6 7 
Time (days) 

t i e 1 /M1I IPil Fig. 9 (left). ''C NMR spectra of a live suspension of Candida 
utilis with noise-modulated proton decoupling during the me- 
tabolism of [l-3C]glucose: (a) 3 to 7 minutes after the initia- 
tion of metabolism; (b) 12 to 16 minutes; (c) 28 to 42 minutes; 
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+30 +40 (d) 56 to 70 minutes; (e) 83 to 99 minutes. The spectra ob- 
6Shift from methano-4l 

30 20o0 0 4 
tained during the initial time period show only the signals of 
the C-1 carbon atoms of the a- and fl-anomers of extracellular 

glucose. The signal at about 32 ppm is due to the C-2 carbon atom of product ethanol enriched with 13C whereas that at about 
45 ppm is probably due to intracellular glucose or [1-13C]glucose 6-phosphate. Signals in the region between -12 and -28 ppm 
arise from natural abundance 1aC in glucose carbon other than C-l. [Courtesy FEBS Lett. (34)] Fig. 10 (right). Excretion isotopes 
in urinary uric acid following administration of [1,2-!3C]glycine (50 mg/kg) (90 atom percent excess) and uniformly labeled 
[1,2-lC]glycine (2 c)) ) to a patient with Lesch-Nyhan syndrome (52). Urine was collected every 12 hours and uric acid 
was isolated by crystallization, and was purified by chromatography on Sephadex G-10. Isotope ratio measurements were made at 
M+l/M (225/224), M+2/M (226/224) and M+3/M (227/224) with the use of the gas chromatograph, mass spectrometer, al- 
ternating voltage accelerator system previously described (62); M represents the mass of the parent ion and (M+1), (M+2), and 
(M+3) represent ions in which one, two, or three 1C are replaced by one, two, or three 3C. [Courtesy Nyhan and Klein (63)] 
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that a complex pattern of cellular effects 
may accompany multiple substitution 
with 13C, 15N, 180, and especially 2H. 

Studies of the effects of incorpora- 
tion of large amounts of 13C in more 
complex biological systems are now in 
progress. A potato plant grown in a 
closed chamber with CO2 (in which 
31 percent of the carbon atoms were 
13C) as the sole source of carbon has 
produced 1.7 kg of tubers with carbo- 
hydrates in which 29 percent of the 
carbon atoms are 13C (14). It is sig- 
nificant that the distribution of the 
13C label among the six carbon atoms 
of starch is uniform and that the plant 
and tubers were indistinguishable on 
gross examination from those grown 
with normal isotopic CO2. Two wean- 
ling mice were kept on a diet of C. 
utilis yeast containing about 90 percent 
1:C, supplemented with small amounts 
of natural vitamins, minerals, sulfur 
amino acids, and roughage for approxi- 
mately 6 months (10). During this 
time their weight gain was normal and 
their body carbon content increased to 
about 60 percent 13C. Unfortunately, 
one of the mice died after 4 months 
because of accidental asphyxiation. 
The study on the other mouse was 
terminated voluntarily at 6 months; 
no adverse effects of the 13C incorpora- 
tion were apparent from gross patho- 
logical examination of tissue samples 
of either animal. The ratios of 13C to 
12C in body fluids and tissue samples 
are being determined and the results 
should be of some significance because 
the 13C enrichment data, when com- 

pared with the known turnover rates 
for carbon in various tissues, may per- 
mit an evaluation of the metabolic 
rates in situ of the major organs and 
tissues. We hope that more detailed 
and quantitative work in this interest- 

ing area of biological effects of heavy 
isotopes will be conducted, particularly 
with regard to the effects of such iso- 

topes upon the physiology and repro- 
ductive potential of higher plants and 
animals. 

Conclusions 

Within the last few years, the quan- 
tities of the separated stable isotopes of 

carbon, oxygen, and nitrogen in a 
variety of chemical forms have been 
increased dramatically. The analytical 
techniques for the detection and assay 
of stable isotopes have also become in- 

creasingly refined and more widely 
available. Both these developments 
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have led to a sharp increase in research 
with stable isotopes in the life sciences 
and medicine. As production of stable 

isotopes increases and instrument de- 

velopment continues, this trend can be 

expected to accelerate. 
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A fully responsive immunologic sys- 
tem is essential for survival against 
encounter with infectious, oncogenic, 
and toxic agents; however, in particular 
instances, an immune response may be 
disadvantageous. Allergy to a common 
pollen, maternal antibody that causes 
erythroblastosis in the fetus, and im- 
munologic rejection of a life support- 
ing organ transplant are familiar 
examples of undesirable responses. 
Immune reactions, abnormal in magni- 
tude or kind to certain infectious or 
other agents, apparently are involved 
in various "autoimmune" diseases af- 

21 SEPTEMBER 1973 

A fully responsive immunologic sys- 
tem is essential for survival against 
encounter with infectious, oncogenic, 
and toxic agents; however, in particular 
instances, an immune response may be 
disadvantageous. Allergy to a common 
pollen, maternal antibody that causes 
erythroblastosis in the fetus, and im- 
munologic rejection of a life support- 
ing organ transplant are familiar 
examples of undesirable responses. 
Immune reactions, abnormal in magni- 
tude or kind to certain infectious or 
other agents, apparently are involved 
in various "autoimmune" diseases af- 

21 SEPTEMBER 1973 

fecting diverse tissues or organs (1). 
Antigen-antibody complexes may local- 
ize in the kidney causing renal injury 
(2). Furthermore, antibody to tumor 
antigens may prevent cell mediated 
immunologic injury to the tumor; thus, 
suppression of the antibody response 
to a tumor may be desirable (3). 

The general approach for preventing 
or controlling life threatening immune 
reactions has been to reduce the total 
number of lymphoid cells, usually by 
administering cytotoxic drugs or ir- 
radiation or, by giving heterologous 
antibody directed against lymphoid 
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cells (4). These procedures, which 
nonspecifically suppress responses to 
all antigens, are sometimes remarkably 
effective in promoting graft survival or 
controlling autoimmune processes. 
However, the complications of im- 
munosuppressive therapy are frequent 
and often severe; they include over- 
whelming infection, increased risk of 
malignancy, and injury to nonlymphoid 
tissue (5). 

Ideally, immunosuppressive therapy 
should selectively suppress either the 
antibody or the cell mediated response 
to a specific antigen without altering 
responses to other agents. This ideal 
has been achieved clinically in one 
instance. Immunization by fetal Rh 
antigen is prevented by giving the Rh 
negative mother antibody against Rh 
antigen immediately after she has 
given birth to an Rh positive child 
(6). The mechanism of specific sup- 
pression achieved by giving antibody 
passively has been studied extensively 
(7). Other studies demonstrate that 
specific regulation can be achieved by 
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