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Abstract-‘% NMR has been used to follow “C labeling in suspensions of yeast cells, and in perfused 
mouse livers. 

Using [I-“Cjglucose and [6-‘3c]glucose label scrambling can be observed to occur during yeast 
glycolysis, both in fructose-I$-diphosphate, and in trehalose. A quantitative analysis of the scrambling 
patterns allows one to obtain infbrmation about the kinetics of &e aldolase/TPI ;riangle, and of futile 
cycling through PFK and through Fru-l,6-P,-ase. It is shown that the scrambling of the “C label is 
different for aerobic and anaerobic glycolysis. This information can be used to study the effect of oxygen 
upon the kinetic rates of the TPI/aldolase part of the pathway. 

Gluconeogenesis has been studied in yeast, using [2-“Cjacetate as a substrate, and in perfused mouse 
liver by using [3-“Clalanine and [2-‘Qethanol. The appearance of the label could be followed in 
aminoacids. intermediates. and in the end-product of gluconeogenesis. From the labeling patterns 
information is obtained about the flow of the label through the various pathways. 

These experiments demonstrate that “C NMR is a valuable technique to study the rate of metabolic 
processes in ciao. 

Isotopic labeling has been used for a long time to 
quantitate metabolic pathways in vivo. An early 
application of this approach was the use of [l-‘4c] 
and [6-‘4C]glucose to determine the flow through the 
phosphogluconate pathway’-‘. These experiments 
were based upon the fact that if [I-‘4C]glucose enters 
this pathway 14C labeled CO, will be formed, whereas 
the CO2 formed from [6-14C] glucose will be un- 
labeled. In the glycolytic pathway the C, and C6 
carbons of glucose become indistinguishable below 
the triosephosphate isomerase (TPI) step, so that CO2 
formed in the TCA cycle from both [I-‘4C]glucose 
and [6-‘4c]glucose will be equally labeled. Therefore, 
the difference in radioactivity in CO, formed from 
[1-14C] and [6-‘4C]glucose provides a measure of the 
relative flux through the phosphogluconate pathway. 
An important application of these labeling techniques 
has been the study of gluconeogenesis in liver cell~.~~’ 
Here the appearance of the ‘“C label in the different 
carbons of glucose formed from 14C labeled sub- 
strates provides a measure of the disequilibrium of 
TPI, and of the contribution of the pentose shunt 
pathway. 

The experiments to measure the phosphogluconate 
pathway involyed the determination of radioactivity 
in CO2 formed, which is relatively straightforward. 
However, ih general these experiments require te- 
dious chemical procedures for the isolation and the 
breakdown of the metabolic end-product of interest, 
which has inhibited routine application of this experi- 
mental approach. 

During the last several years “C labeling has been 
applied increasingly. The availability of high-field 
NMR spectrometers, with a good sensitivity makes it 
feasible to utilize “C NMR for these studies”“. “C 
NMR provides a very convenient method to deter- 
mine the “C label distribution in intermediates and in 
end-products of metabolic processes. Moreover, “C 
NMR allows one to follow the 13C label in the intact 
biological system, thereby providing real-time infor- 
mation and avoiding possible artifacts of extraction 
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procedures. The possibility to measure simulta- 
neously the timecourse of substrate utilization and of 
product formation together with information about 
label distributions in intermediates and products 
makes “C NMR a powerful technique for these kind 
of studies. In addition, by using the ‘3C-‘3C splitting 
patterns in labeled compounds “C NMR has the 
unique ability to obtain information about non- 
random label distributions. While that kind of infor- 
mation can be obtained from the intact system it is 
more conveniently obtained in extracts, which allows 
one to use long term data aquisitions under optimal 
conditions. 

The most important disadvantage of the use of “C 
NMR compared with 14C labeling techniques is its 
relative insensitivity. In modern NMR spectrometers 
a ‘)C NMR spectrum can be obtained from about 
I pmole of a “C labeled compound in a few minutes 
accumulation time. Smaller amounts of material re- 
quire longer accumulations since the signal-to-noise 
ratio increases as the square root of the accumulation 
time. However, because of the increased interest in 
the application of stable isotopes, “C labeled com- 
pounds are expected to become cheaper in the future. 
This will make it possible to increase the scope of “C 
labeling experiments, extending these studies towards 
lower concentrations and to intact animals.” 

In this paper we wish lo discuss the results obtained 
by “C NMR about carbohydrate metabolism. Exam- 
ples discussed are taken from our studies of the in uiuo 
rates of glycolytic enzymes in Saccharomyces cere- 
visiue, and the gluconeogenic pathway in liver and 
yeast. 

The aldolose/TPI triangle. We have applied “C 
NMR to study the glycolytic pathway in Saccha- 
romyces cerevisiae. “J For these studies we intro- 
duced [I-“Cl or [6-‘3C]glucose into suspensions of 
yeast cells, and followed the metabolism of the 
labeled glucose in these suspensions by ‘)C NMR. 
Fig. I shows a typical “C NMR spectrum, represent- 
ing a I minute accumulation obtained about IO min 
after the addition of [I-“C]glucose up to 50 mM final 
concentration to a dense suspension of yeast cells. 
The yeast cells were obtained by harvesting them in 
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Fig. I. “C NMR Spectrum of a suspension of yeast cells, taken about IOmin after the addition of 
[I-“Cjghtcose. The spectrum was obtained by accumulating 200 FID’s in a total accumulation time of 
I min. Observed are the residual C, signals of glucose, C, of ethanol, C, of glycerol, and C, and C, of 

the intermediate fructose- I &diphosphate. 

the log-phase of growth in a rich medium with 
glucose as carbon source, so that they were glucose 
repressed at the beginning of the experiment. Broad 
band decoupling of protons was employed to obtain 
this spectrum. The signals at 93.0 and 96.8 ppm arise 
from the C, carbon of z and /I glucose.. It is clear from 
this spectrum that glucose was not in anomeric 
equilibrium while this spectrum was obtained, since 
in that case we would have expected the a and B 
ghco~e peaks in a ratio of 2: 3. Since glucose was in 
anomeric equilibrium at the moment glucose was 
added to the yeast suspension it is clear that the yeast 
cells have preferentially utilized the I anomer. In fact, 
by following the time course of glucose utilization in 
a series of 1 minute “C NMR spectra the utilization 
of glucose by yeast cells could be followed in detail. 
In this way we found that the ratio of the apparent 
Michaelis-Menten constants for a and for /I glucose 
utilization, K&K,,,, is 1.8. Furthermore, we observe 
in the 13C NMR spectrum the signals of the Cz carbon 
of labeled ethanol (at 17.6 ppm), and of C, of glycerol 
(63.3 ppm), the glycolytic end-products. 

In addition to these substrate and end-products we 
were able to observe in this 1 min spectrum the 
signals of the intermediate fructose- 1,6_bisphosphate 
(Fru- 1,6-P,). The spectrum shows that both the C, (at 
66.6 ppm) and the C6 carbons (65.4 ppm) of Fru-1,6- 
P2 are lamed with 13C. We performed series of 
parallel experiments, using samples from the same 
batch of yeast cells, with [I-‘3c] and [6-“Clglucose. 
The results of these experiments are shown in Fig. 2. 
The upper trace of Fig. 2 shows the Fru-1,6-P, 
portion of a 5 minute 13C NMR spectrum, obtained 
during steady state glycolysis of [I-‘3C]glucose in a 
suspension of glucose repressed yeast cells. The lower 
spectrum comes from a parallel experiment in which 
[6-“c] glucose was used. The spectra show that in the 
experiment with [ I-‘3C]gjucose Fru-1,6-P, is labeled 
both in the C, and the C, position. As expected the 
Cl signal is larger than the C6 signal; the ratio of C6 
to C’ is measured to be 0.7. In the experiment with 
[Q”C]glucose we find again that Fru- 1,6-P, is labeled 
both in the C6 and the C, position; here the ratio of 
C’ to C6 is measured to be 0.65. 
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Fig. 2. Fructose+l,6diphosphate region of the “C NMR 
spectrum of yeast suspensions, which were fed either 
[I -‘3c]glucose (upper spectrum), or [6-“C]glucose (lower 
spectrum). Each spectrum represents a 5 min accumulation 

obtained during steady state glycolysis. 

This “scrambling” of the label can be applied to 
determine the kinetics of the Fru- I ,6-P* aldolaseTP1 
triangle. In order for the label to appear in C, of 
Fru- 1,6-P, starting from [ l-‘3C]glucose it is necessary 
that the label goes down the pathway to dihydroxy- 
acetone phosphate (DHAP). From there the label 
appears in glyceraldehyde-3-phosphate (GAP). At 
that point there are 2 possibilities, depending upon 
the kinetics of this part of the pathway. If the rate of 
Fru-1,6-P, aldolase is relatively slow, then there will 
be only a small probability of the label reappearing 
in the C6 of Fru-1,6-P,. However, if the rate of 
aldolase is high the label can appear in the C, 
position. Therefore, the “scrambling” of the label 
from the Cl to the C, position reflects the kinetics of 
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aldolase. Similarly, the “scrambling” of the label 
from C, to C, in the [6-‘3c]glucose experiment de- 
pends both upon the rate of aldolase and of TPI. The 
[I-i3C] and [6-i3C]glucose experiments are com- 
plementary: the combination of these two experi- 
ments provides specific information about the rates of 
aldolase and of TPI. 

We approached this problem by solving a kinetic 
scheme for this part of the pathway in the steady state 
situation, which relates the “scrambling” of the label 
for the two experiments to the relative forward and 
reverse rates through the two enzymes. The kinetic 
scheme used is shown if Fig. 3. Defining the ratio 
R,, = (C&Z,) in Fru-1,6-P, in the [I-i3C]glucose ex- 
periment, and R,, = (C,/C,) in Fru-1,6-P, for the 
[6-“C]ghtcose experiment it can be shown that for the 
steady state solution of the kinetic scheme of Fig. 3 
the relative unidirectional rates for TPI and for 
aldolase are related to R,, and R,, as follows: 

TPI backward = k.dGAPl R,,(1 - R,,) 
TPI forward k,PHAPl = hi1 - f&d 

Aldolasebact_, k,[GAP][DHAP] 

Aldolase,,,, = k,[Fru-1,6-PJ 

2R,, = 
R,,(l - RI,). 

%I + h(1 - Rd 

Therefore, from our measurements of R,, = 0.7, and 
R,, = 0.65, we can calculate TPIhacLvnJTPIronv~rd = 
0.8, and aldolasebacl;rard/aldolase~~~~~ = 0.9. It follows 
that under these conditions both aldolase and TPI are 
close to being in equilibrium. It should be noted that 
in the present consideration possible contributions 
of the pentose shunt pathway to the “scrambling” in 
Fru-1,6-P, have been ignored. However, it can be 
demonstrated that including pentose shunt reactions 
will not appreciably change our conclusions about 
the TPI and aldolase reactions. This is because the 

FDP 

DHAP 

1 CHtwo,*- 

2 c=o 

3 CH~OH 

GAP 

4 HC=O 

k, 
- 5 HCOH 

k, 

Fig. 3. Kinetic scheme of the fructose-l,Gdiphosphate 
aldolase/triosephosphate isomerase part of the glycolytic 
pathway. The scheme illustrates the scrambling of the ‘)C 

label between C, and C, in fructose-l&diphosphate. 

pentose shunt, and in particular the transaldolase 
reaction, does provide a way for the label to “scram- 
ble” from the C, position of Fru-1,6-P, to the C6 
position, but not the other way around. Therefore, 
inclusion of this reaction into our scheme only leads 
to the conclusion that TPI might even be closer to 
being in equilibrium than we derived while ignoring 
transaldolase. 

We have used this approach to study the Pasteur 
Effect in Succhuromyces cerevisiae. In order to do 
these studies it was necessary to obtain respiratory 
competent yeast cells under well defined conditions. 
We approached this by growing the yeast cells using 
a medium with the weakly repressive carbohydrate 
raffinose as carbon source, and harvesting the cells in 
the log-phase of growth. Cells were resuspended to a 
density of 20% wet weight. Aerobic experiments were 
performed by bubbling a 95% 02/50/,C02 gas mixture 
through a sample of the yeast suspension; anaerobic 
experiments were done on parallel samples from the 
same batch of yeast cells while bubbling 95% N,!5”/, 
CO, at the same rate. At the beginning of the 
experiments 75 mM [I-‘3C]glucose was added to the 
yeast suspensions, and perchloric acid extracts were 
taken about 10min after glucose addition. It is 
known that the rate of glycolysis in respiratory 
competent yeast cells depends upon whether or not 
they are oxygenated. In agreement with earlier 
findings of Lynen” and of Stickland” we found, by 
“C NMR experiments that the rate of glucose utiliza- 
tion is reduced by about a factor 2 upon oxygenation. 
The label “scrambling” we have observed in Fru- 1,6- 
P> allows us to study the effect of this changing 
glycolytic rate upon the relative kinetics of the 
aldolase,jTPI triangle. 

Figure 4 shows the 13C NMR spectra which were 
obtained of extracts prepared of suspensions of dere- 
pressed yeast cells, during aerobic and anaerobic 
glycolysis of [ I-‘3C]ghrcose. It is clearly seen from the 
spectra that there has been a “scrambling” of the 13C 
label from C, to C6 in Fru- 1,6-P,, both during aerobic 
and anaerobic glycolysis. However, while the ratio of 
the C, to C, of Fru-1,6-P, is 0.84 during aerobic 
glycolysis, it is only 0.5 during anaerobic glycolysis. 
Furthermore, the spectra also show that the level of 
Fru-1,6-P, is very similar aerobically and anaer- 
obically. The fact that the “scrambling” changes 
indicates that the kinetics of the aldolase/TPt triangle 
is being influenced by the presence of oxygen. From 
determinations of the glycolytic flow we know that 
the rate of glycolysis has been slowed down in aerobic 
conditions. The fact that the level of Fru-1,6-P, did 
not change much upon oxygenation indicates the 
existence of a control point in the lower part of the 
pathway, below GAP. This is confirmed by our 
observation of higher “scrambling” in aerobic condi- 
tions. If the apparent rate constant of GAP dehy- 
drogenase has been reduced in aerobic conditions, 
there will be a higher probability that the label 
reappears in Fru- 1,6-P, through aldolase activity; this 
is indeed what is observed. 

Futile cycling of phosphofructokinase/Fru- 
I ,6- P,-use. Saccharomyces cerevisiae cells, when 
grown using a gluconeogenic carbon source such as 
ethanol or acetate will have an active Fru- I ,6-P,-ase. 
When such cells are exposed to glucose this enzyme 
will be inactivated over the period of about one 
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Fig. 4. “C NMR Spectra of extracts taken during aerobic and anaerobic glycolysis of [I-‘)clglucose. The 
insets show the fructose-1,Cdiphosphate part of the spectrum, to illustrate that the C&, ratio is higher 
during aerobic glycolysis than it is during anaerobic glycolysis. The amount of label which has appeared 
in the aminoacids glutamate (GLU) and aspartate (ASP) is higher in aerobic than in anaerobic glycolysis, 

reflecting more flow into the TCA cycle. 

hour.‘“.” However, during this initial period the yeast 
cells contain both the enzymes phosphofructokinase, 
and Fru- I ,6-P,-ase. It is interesting to note that under 
the experimental conditions of Pasteur Effect both en- 
zymes are usually present, since for those experiments 
it is necessary to utilize derepressed cells. Therefore, 
to understand the molecular basis of the Pasteur 
Effect one has to consider the effect of possible futile 
cycling of these two enzymes. 

We obtained yeast cells, grown with acetate as 
carbon source, and used these cells to study aerobic 
and anaerobic glycolysis. [ I-l’C]glucose was added to 
an aerobic suspension of these yeast cells, and an 
extract was prepared after the exhaustion of the 13C 
labeled glucose. A parallel experiment was performed 
using [6-‘3d]glucose instead. ‘%Z NMR spectra were 
measured of the extracts thus prepared. 

The upper trace of Fig. 5 shows the ‘% NMR 
spectrum of an extract which was prepared after 
utilization of [ I-‘%]glucose. The spectrum shows, as 
expected, the appearance of the “C label in ethanol, 
and in the aminoacids glutamate and aspartate. In 
addition to these products we also observe that the 
label has appeared in the Cl position of the storage 
carbohydrate, trehalose. The Cl signal of trehalose is 
much more intense than ,the signals from the CZ, Cr, 
C, and C5 carbons. This shows that trehalose has 
been formed from the labeled glucose. In addition to 
the C, signal the signal from the C6 carbon is also 
much more intense than the other carbons. There- 
fore, not only Cl has been enriched with ‘C, but C6 
has also been enriched. Correcting for the natural 

abundance background (using the intensities of the 
unlabeled carbons of trehalose) we find that the 
relative intensity of C, to the Cl of trehalose to be 
0.22. 

The trehalose synthesizing pathway in yeast starts 
with the intermediate glucosed-phosphate (G6P).‘* 
Therefore, the labeling pattern in trehalose can be 
considered to reflect the label distribution in G6P 
during glycolysis of the “C labeled glucose. The label 
distribution in G6P in this period was not observed 
however, because of overlap with the peaks from 
[I-‘3C]glucose. There is more than one mechanism 
which might contribute to the “scrambling” of the 
label in G6P. We have already seen that there is a 
corresponding labeling pattern in Fru-I ,6-P,. There- 
fore, the most straightforward explanation of the 
labeling pattern in G6P is that under the present 
conditions the enzyme Fru- 1,6-P,-ase has been active; 
in that way the “scrambling” of the label we have 
observed previously in Fru-I ,6-P, can reappear in 
fructose-&phosphate (F6P), and then by the phos- 
phoglucoisomerase reaction in G6P. The other possi- 
bility would be that the pentose cycle enzyme, trans- 
aldolase would be responsible for the reappearance of 
the label in the C6 position of F6P. This explanation 
of “scrambling” of the label in G6P does not Seem to 
be very likely in view of the fact that we have already 
established that this pathway did not contribute 
appreciably to the “scrambling” in Fru- 1,6-P,. 

The uncertainty about the origin of the labeling 
pattern in trehalose can be resolved as before by 
performing a parallel experiment with [6-“Clglucose. 
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Fig 5 . “C NMR Spectra of perchloric acid extracts of aerobic suspensions of yeast cells prepared after 
the utilization of [I-“C]glucose (top spectrum) and of [6-“c]glucose (bottom spectrum). Spectra were 
collected with 2 s pulse intervals, with a total of 2500 accumulations. In the two spectra trehalose is seen 
to be labeled in both the C, and the C, positions. Glu-C4, GluC2, GluC3, glutamate-C,, -C, and C,; 
tre, trehalose; ala-C3, alanine-C,; EtOH-Cl, EtOH-C2, ethanol-C,, -Cr; mal-C2, maLC3, malateC,, -C,; 

imp, impurity. 

The result of that experiment is shown in the lower 
trace of Fig. 5. Here it is seen that not only the C6 of 
trehalose is enriched with ‘%, but also the C,. The 
ratio of C, to C6 of trehalose, as determined in this 
experiment is found to be 0.20. This is indeed nearly 
the same as the corresponding ratio in the 
[I-“C]glucose experiment, which confirms that the 
transaldolase pathway makes only a minor con- 
tribution to the scrambling observed in G6P. There- 
fore, the scrambling of the label observed in trehalose 
depends upon Fru-1,6-P,-ase activity, and can actu- 
ally be used to determine the relative flows through 
PFK and through Fru-I ,6-P,-ase. 

In order to make a quantitative determination of 
the flow through Fru-I$-P,-ase consider a kinetic 
scheme which includes glucose phosphorylation, tre- 
halose synthesis (from glucose-&phosphate), phos- 
phoglucoisomerase (assumed to be rapid), PFK, and 
Fru-I ,6-P,-ase. This kinetic scheme can be solved for 
the steady state condition, which gives the following 
result: 

Lf, L-R 
V’ 

[ 1 r61 61 

where v is the rate of glucose phosphorylation, v’ is 
the rate of Fru-1,6-P,-ase, and f, is the fraction 
labeled of the Fru- I ,6-P&, carbon during the experi- 
ment with [6-“C]glucose. In this expression &, is 
defined as the ratio of C, to C, in Fru-1,6-P,, and r6, 
is the corresponding ratio for trehalose. From the 
observations presented here it follows that l/r,, = 5.9; 
in a separate experiment we found that under the 
present conditions the “scrambling” in Fru-1,6-P, is 

close to being complete (data not presented), from 
which it follows that R,, = 1, and f, = 0.5. Using 
these numbers we deduce that v’ = 0.44 v. From the 
“C NMR spectra versus time of the cellular sus- 
pension we estimate that 25% of the glucose ends up 
in the storage products trehalose and glycogen. From 
this we estimate that the flow through Fru-1,6-P,-ase 
is 37% of that through PFK. We therefore conclude 
that under these particular conditions there is a 
substantial amount of futile cycling. This cycling will 
enhance any control expressed at PFK in aerobic 
glycolysis and should therefore be taken into account 
in discussions of the Pasteur Effect. 

We note, in passing, that the same cells under 
anaerobic conditions have been shown by saturation 
transfer measurements to have a negligible amount of 
futile cycling (Alger, Campbell, den Hollander and 
Shulman, to be published). 

The TCA and the glyoxylate cycle in 
yeast. Intermediates of the TCA cycle can be labeled 
very efficiently by introducing “C labeled acetate into 
aerobic suspensions of yeast cells.‘930 There are two 
possible pathways for labeled acetate to enter into 
the metabolic pools of yeast: one is by way of the 
TCA cycle, and the other is through the glyoxylate 
cycle.*’ The labeling patterns expected for inter- 
mediates and products are expected to be different 
for the two pathways. If [2-“Clacetate enters through 
the glyoxylate cycle we expect the intermediate 
oxaloacetate to become labeled in the C2 and C, 
carbons, whereas the carboxyl carbons are expected 
to remain unlabeled. However, if [Z”C]acetate enters 
through the TCA cycle we expect a different labeling 
pattern for oxaloacetate. After several turns of the 
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TCA cycle we expect oxaloacetate to become labeled 
at the Cz and C, carbons, whereas the enrichment 
expected for the carboxyl carbons will increase 
towards 50%. Oxaloacetate is an intermediate of low 
concentration, and not readily observed by 13C 
NMR. However, oxaloacetate can be considered to 
be substrate for gluconeogenesis, and also for the 
formation of aspartate. Therefore, the labeling pat- 
tern in oxaloacetate is reflected in these products of 
metabolism. 

Figure 6 gives the ‘)C NMR spectra obtained of 
a suspension of yeast cells, after the introduction of 
[2-“CJacetate. For this experiment the cells were 
grown in a medium with acetate as a carbon source, 
and resuspended to a density of 20% wet weight. The 
cells were oxygenated by bubbling oxygen through 
the suspension, and the 13C NMR spectra obtained 
by accumulation for 4 min periods, starting immedi- 
ately after the addition of the labeled acetate. The 
spectra of Fig. 6 show the appearance of the ‘V label 
in the aminoacids aspartate and glutamate, and in 
the storage carbohydrate, trehalose. The splitting 
patterns observed in these spectra are due to iso- 
tropic ‘3C-‘3C spin-spin couplings. In the upper 

spectrum the C., of glutamate appears at a singlet, 
reflecting the fact that the 13C label has appeared in 
C, of glutamate while the neighboring C3 carbons of 
glutamate are not yet labeled. The initial appearance 
of the label in C, of glutamate is in accord it being 
derived from the T’CA-cycle intermediate 
r-ketoglutarate, which was directly labeled from the 
entry of “C labeled acetyl-CoA into the TCA cycle. 
In time we observe the appearance of a doublet in 
the C., region of glutamate, in addition to the 
originally observed singlet. This doublet is due to 
glutamate, doubly labeled in the C,, and the C3 
carbons. The series of spectra show that in time 
singly labeled glutamate is being replaced by multiply 
labeled glutamate; this observation indicates that 
glutamate is continuously being turned Over and in 
time becomes highly labeled in the Cr, C, and C1 
carbons. 

Under the present conditions we observe the 
formation of of the storage carbohydrate trehalose. 
Trehalose is an end-product of gluconeogenesis in 
yeast. From ‘)C NMR taken of extracts prepared of 
these yeast cells we found that the trehalose is highly 
and equally labeled at the Cl, C,, C5 and C, 
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Fig. 6. Series of “C NMR spcctra’of an aerobic suspension of yeast cells (20”/, wet weight). At time zero 
100 mM [2-“C]acctate was added to the suspension, after which “C NMR spectra were collected in 250 s. 
blocks. Pulse intervals used were 0.5 s. The first peaks to appear are due to glutamate (GLU); these are 

followed by trehalose (TRE), and after acetate exhaustion, aspartate (ASP). 





3536 J. A. DEN HOLLANDER and R. G. SHCLMAN 

low. It can however, be inferred, with considerable 
certainty, from the label distribution observed in 
glucose, formed from PEP. From this it is possible to 
calculate the flow through pyruvate kinase, and to see 
how this flow is altered by different conditions. 

The competition between alanine and ethanol can 
be followed from this kind of NMR measurement. 
Results have been reported about this competition in 
both hepatocytes and perfused liver, both of which 
we discuss, showing how similarly the two prepara- 
tions behave. Figure 8 compares the spectra of per- 
fused mouse livers with [3-‘3C]alanine and with un- 
labeled ethanol (top spectrum) and with labeled 
[2-‘3C]ethanol (bottom). The glucose labeling is very 
similar in the two spectra, and closely resembles the 
pattern seen when labeled alanine alone was present 
(data not shown), i.e. C, and Cd are weakly labeled 
relative to the other four sites. The main difference 
between Figs. 8(a) and 8(b) is the absence of labeled 
amino acids in the spectrum of Fig. 8a. The labeled 
glutamate and aspartate peaks do appear in the 
spectrum of Fig. 8b, where labeled ethanol was used. 
It can be shown from these results that in the presence 
of ethanol alanine is almost completely confined to 
the anaplerotic path, entering as OAA, while ethanol 
dominates the acetyl CoA pathway. In other studies 
on the perfused liver (not shown), where alanine 
alone was the substrate, it has been observed that 
alanine flows almost equally through the two path- 
ways into the TCA cycle. 

In hepatocyte suspensions a more complete study 
of the ethanol and alanine competition has been 
reported23 and Fig. 9(a) shows the results of feeding 
alanine alone. There are approximately equal concen- 
trations of the “C label at C,, C, and C, of glutamate 

showing that both paths into the TCA cycle are taken 
by alanine. In Fig. 9(b) the competition between 
alanine and unlabeled ethanol causes a decrease in 
the ketone body peaks (from acetoacetate C,) and 
also eliminates the glutamate C, peak-all of which 
is consistent with unlabeled ethanol having reduced 
the flow of alanine into the acetyl CoA pathway. It 
has been mentioned that two well known control 
mechanisms are expected to work in a com- 
plementary way to cause this flux change. First the 
increased mitochondrial ratios of NADH : NAD + 
and acetyl-CoA: CoA brought about by ethanol 
both serve to convert the pyruvate dehydrogenase 
complex to its inactive form2’ thereby inhibiting 
further formation of acetyl CoA from pyruvate. 
Second, in a complementary way, acetyl CoA will 
activate pyruvate carboxylaseZn thereby increasing the 
flux into oxaloacetate. Returning to Fig. 9 trace c and 
d show the results obtained with labeled ethanol and 
labeled alanine (c) and with labeled ethanol and 
unlabeled alanine (d). The last spectrum shows very 
directly the metabolism of ethanol by the hepa- 
tocytes. The acetate formed from ethanol is present 
at high concentrations, as well as the ketone bodies 
/I hydroxybutyrate (B-HB) and acetoacetate (AA) 
which are formed from acetyl CoA. Glutamate C, is 
strongly labeled, as expected by its formation 
through the TCA cycle from acetyl CoA, while Glu 
C2 and C, peaks are weakly labeled compared to Fig. 
9(c), where the alanine has labeled them almost as 
strongly as ethanol has labeled C,. The label distribu- 
tion in glucose is very similar in all four spectra of 
Fig. 9. It shows high labeling at C,, C,, C5 and C6 and 
much lower labeling at C, and C,. The lower C, and 
C, intensities reflect that labeling of these carbons 
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Fig 8 “C NMR Spectra of perfused mouse livers at 35’. Spectrum (a) is part of a sequence and was 
aa&ulated during the period 9&120 min. The substrate, here 8 mM (3-“C]alanine and 8 mM unlabeled 
ethanol, was added at 0 min and again at 90 min. Spectrum (b), which also covers the period 90-120 min. 
was taken from a similar series of spectra taken of another perfused mouse liver: this liver was treated 
exactly the same as the liver shown in (a): however in this sequence the substrate was 8 mM [3-‘clalanine 

and 8 mM [2-‘3Cjethanol. 
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Fig. 9. ‘%Z NMR Spectra at 2.5” of hepatocytes from euthyroid rats, One spectrum from a sequence is 
shown for each of four different cell samples. Substrates are: (a) [3-r3C]alanine; (b) [3-%]alanine: (b) 
[3-“Galanine and unlabeled ethanol; (c) (3.“Clalanine and [2-l’~thanol; and (d) unla~l~ alanine and 
(2-‘%Zjethanol. Bach spectrum was taken 145-375 min after addition of substrate. Alanine was adminis- 
tered at 28 mM and ethanol at 20 mM. AAC,, acetoacetate Cr; j3-HB Cr, D-~-hydroxybutymte G; b-HB 
Cy, D-fi-hydroxybutyrate C,, ETOH C,, ethanol CH,; T is due to the buffer, and AA is acetoacetate C,. 

depends upon additional turning of the TCA cycle, in 
which glutamate C2 and Cs become C, and C, of 
OAA. Since C, of glu~mate is not directly labeled, 
labeling in these carbons of QAA comes only from C, 
of glu~mate. Labeling at C, and C, of glucose is 
lowered if the C, of glutamate is not strongly labeled, 
as is the case in Fig. 9(d) where only labeled ethanol 
was introduced. This is consistent with the very weak 
C, and C, glucose peaks observed. 

Hence it is clear from these illustrations that the 
label from ethanol is distributed amongst the inter- 
mediates of the TCA cycle and that the flow of the 
label from ethanol into glucose can be followed 
directly by ‘%.Z NMR. 
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