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Abstract: In a previous paper (Klapa et al., 1999), we pre-
sented a model for the analysis of isotopomer distribu-
tions of the TCA cycle intermediates resulting from '3C
(or '*C) labeling experiments. Results allow the rigorous
determination of the degree of enrichment at specific
carbon atoms of metabolites, of the molecular weight
distribution of metabolite isotopomers, as well as of the
fine structure of NMR spectra in terms of a small number
of metabolic fluxes. In this paper we validate the model
by comparing model predictions with experimental data
and then apply it to the analysis of metabolic networks
that have been investigated in previous studies. The re-
sults have allowed us to conclude that: (1) there is no
evidence of propionyl-CoA carboxylase pathway in Esch-
erichia coli; and (2) the possibility that acetone utilization
in mammals occurs solely via the ‘“lactate/methyl-
glyoxal” pathway is consistent with available labeling
data. The presented modeling framework provides addi-
tional constraints that must be satisfied by experimental
data in a biochemical network structure and therefore
enhances the power of labeling methods for resolving in
vivo metabolic fluxes. © 1999 John Wiley & Sons, Inc. Bio-
technol Bioeng 62: 392-401, 1999.
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INTRODUCTION

butions and the fine structure of NMR spectra at specific
carbon positions, can be used to determine in vivo metabolic
fluxes and the role they play in meeting biosynthetic and
energetic requirements.

In this paper we validate our modeling results by com-
paring model predictions with experimental data. The
model is subsequently applied to the analysis of data from
several specific cases reported in the literature. Special em-
phasis is given to errors associated with the incorrect ac-
counting for possible label scrambling via the TCA cycle. In
a future publication the same approach is applied to the
analysis of the pentose phosphate pathway, although a nu-
merical approach was followed in the latter case since no
analytical expressions for isotopomer distributions could be
obtained.

MODEL VERIFICATION

Pyruvate Utilization in Mammals

The validity of our modeling concept can be tested by com-
paring the model predictions with experimental data.
Chance et al. (1983) perfused rat heart tissue with 90%
enriched [3¥3C]pyruvate and obtained £C NMR spec-

trum which shows resonances and line splittings at the C-2,

In a previous paper (Klapa et al., 1999), we presented &-3, and C-4 carbons of glutamate (Fig. 1). The glutamate
rigorous mathematical model for the determination of theC-2 resonance is split into nine lines (centered at 55.5 ppm),
relative populations of metabolite isotopomers resultingC-4 is split into three lines (centered at 34.2 ppm), and C-3
from pyruvate utilization via the tricarboxylic acid (TCA) is split into five lines (centered at 27.8 ppm). The line split-
cycle and the gluconeogenic pathway. In addition, isototings are caused b{?C-*3C spin coupling among carbon
pomer distributions for three different models of acetateatoms.
catabolism were presented. It was further shown how the with 90% enriched [3C]pyruvate as substrate, pyru-
results of this modeling approach can be used to upgrade thgite and acetyl-CoA may be either labeled at C-3 and C-2,
information obtainable from typical NMR spectroscopy respectively, or unlabeled. Oxaloacetate produced from la-
measurements. Specifically, it was noted that carbon enrictbeled pyruvate via the anaplerotic reaction will be labeled at
ment data, along with isotopomer molecular weight distri-carbon 3, if the bicarbonate is unlabeled, or at carbons 3 and
4, if the bicarbonate is labeled. However, in the oxaloacetate
pool will be present also unlabeled oxaloacetate (O) formed
Correspondence toG. Stephanopoulos from unlabeled pyruvate if the bicarbonate is unlabeled, and
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Figure 1. Observed multiplet pattern of glutamate with 90%'f&]pyruvate (Chance et al., 1983). The valuexd$ estimated to be equal to 0.35 (see
text). The numbers in parentheses are the relative populations of the corresponding isotopomers for thiscv@heerotiltiplet due to every isotopomer

at carbons 2, 3, and 4 of glutamate is also shown. The intensity of each line within the multiplet should be equal to the relative population dbitherisotop
normalized by the number of lines of the multiplet. Superposition of all the multiplets at each carbon atom generates the observed fine staukitMife of th
spectra.

tween carbons (2,3) and (1,4)), can condense with labeledotopomers in the glutamate pool: G,,G5,, G, Giou

(at carbon 2) and unlabeled AcCoA to produce citrate in theG, ,, Gs,, Gz, Gou Go, Goga Gog Gizw Giz Gioza Gioz

TCA cycle. At steady-state, there are 12 isotopomers of The occurrence of multiple patterns in the NMR spec-
oxaloacetate in the oxaloacetate poo); O,, O, Oz, O;5,  trum, presented in Fig. 1, is consistent with the prediction of
O,3 O;3 O,4 0,55 and Qg, Accordingly, there are 16 different isotopomer species. The nine-lines splitting at C-2
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is the sum of a singlet (superposition of two different sin-  ©4

glets) due to G, and G, a doublet with coupling constant / K]
J;, due to G,, and G, a doublet with coupling constant £ o G4 L e
J,;due to Gy,and G, and a quartet due to,Gg,and G o5 }'§ 03 P Gy /*1/ —=—Ki
Two different doublets occur as a result of the difference & \ e T
between the coupling constarks, (53.5 Hz) andl,; (34.6 & ‘\\Gl234 Gs, e
Hz). Because of this difference, the line splitting at C-2 due g oz K24
to Gyp34and Gz is a quartet, whereas the line splitting at 2 / DE
C-3 due to Gyz,and G, is a triplet with an intensity ratio ¢ |G, o oK
1:2:1 due to the similar values d; andJs,. For the same = o 76 G, | [
reason Jp3 = Jag), the isotopomers Gy Gog Gigs and & | A E—m =t X GG, |00
Gs, provide the same doublet at C-3. Thus, the five-lines ”*f"‘iz?" G
splitting at C-3 is the sum of a singlet due tq énd G5, a o e == == =

doublet due to G,5 G, G;3,and G, and a triplet due to ° 02 04 L 08 08 !
Gyo34and G, Similarly, the line splitting should be three 12

lines at C-4, three-lines at C-1, and none at C-5. Thus, the 0.45
fine structure of NMR spectra at all glutamate resonances is 0.4+
consistent with the prediction of the different glutamate iso- )
topomer species. 0.35¢
The intensity of each line is proportional to the sum of the
isotopomer concentrations contributing to the correspond- 0.37
ing line-splitting (doublet, triplet or quartet), normalized by g 251
the number of lines. For example, the intensity of one of the>
two lines at the doublet at C-2 due to,£ and G, is 0.2+
proportional to ([G,4 + [G12])/2, where [G] is the con- 0.15
centration of the isotopomer;GJsing our model [Klapa et )
al., 1998], the relative distribution of glutamate isotopomer 0.1
species that determine the line intensity of the NMR spectra,

T

can be calculated uniquely from the valuex¢the fraction 0.057

of OAA entering the TCA cycle) ang (the fraction of 0 ‘ ; Y ‘
bicarbonate fixed in pyruvate, which is labeled witiC). 0 0.2 0.4 0.6 0.8 1
Assuming that there are no reactions that generatg CO ' ' ' '

other than those depicted in Fig. 1 of (Klapa et al., 1998), X

the Valu? O_f y can be determmed umqu_ely frartsee Elg. Figure 2. Distribution of a-ketoglutarate isotopomers as a functiorxof

2). Predictions of the relative populations of the sixteensy the case of 90% [33C]pyruvate. Sixteen species are present, sasd

glutamate isotopomers for different valuesxafre shown in  obtained exclusively as a function wby assuming that there are no other

Fig_ 2. reactions generating CQhan those depicted in Fig. 1 of Klapa et al.
Since the line intensities of the NMR spectra of Fig. 1 can(1998)-

be determined uniquely from the relative populations of

glutamate isotopomers which, in turn, are functions of theserved between the experimental data and the theoretical

flux ratio x, flux information can be extracted from the fine predictions at C-2 can be explained by the uncertainty in the

structure of NMR spectra. Any of the three resonances at thestimation of the line intensity ratios from the published

C-2, C-3, or C-4 carbons of glutamate can be used for th&®MR spectra of Fig. 1. It is noted that the line intensity

determination of x, while the other two can be used to

validate the estimate of x thus obtained. Table | shows th@&able I. Determination of flux ratiox from the line intensities of the

line intensities ratios as estimated from the NMR spectra of\MR spectra of Figure 1.

Fig. 1. The relative areas of the multiplets were measured c-2
manually from the published NMR spectra by triangulation: c-3 C-4
peak height x width at half height. The valuesxaibtained S/D12 S/D23 SIQ T/D S/D

when only one carbon resonance at a time is used is AR 420403 073501 195:03 13:01 05:02
proximately the same as the least-square estimate obtained,etym
when all three resonances are used in the calculation, and= 0.35 413 0.81 1.97 1.3 0.5
equal to 0.35 + 0.01. The corresponding value of y is 0.26 _ : —
+ 0.01. Table | shows the line intensities ratios calculated. the.Thg_ best gstlmate foris 0.35. The values in italics represent the
for these values of andv. The satisfactory agreement with line intensities ratios calculated for this value»f(S, D, and T are the

. y: yag intensities of the singlet, of the doublet (both lines) and of the triplet (all
the experimental data at all three carbon atoms supports thgee lines), respectivelyp; is the intensity of the doublet with coupling

validity of our modeling methodology. Differences ob- constanty).
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ratios at the other two carbon atoms calculatedkfer 0.35  isotope enrichment at specific metabolite carbon positions.
fall within the range of experimental error. Similar multiplet Even though the labeling diagram (Fig. 6 of Klapa et al.
patterns in glutamate and glutamine were also obtained ifL999]), shows the presence of up to sixketoglutarate
isolated livers of mice perfused with f8CJalanine by Hall  isotopomers, the results of Table Il of Klapa et al. (1998)
et al. (1988). show that, under steady state, only taxketoglutarate spe-
cies should be preser; ,5,(or G,,3,) with a relative popu-
L i lation of (1 —2)/2 and K5, (or G,5,) with a relative popu-
Acetate Utilization in E. coli lation (1 +2)/2. The multiple pattern can be analyzed in a

Our modeling results can be verified in another System_mannersimilar to the case of [SC]pyruvate of section 2.1.

Walsh and Koshland (1984) obtained®¢ NMR spectrum O.f particular interestis the pattern at C.-2. Herﬁzgshould
of purified glutamate fromE. coli grown with 99% give rise to a quartet at C-2 with each line intensity (2)/8

[2-13C]acetate as the sole carbon source (Fig. 3). It shows a 0.1, and G, should give a doublet at C-2 with each line
doublet at C-1, a six-lines at C-2, a triplet at C-3, and antensity (1 +2/4 = 0.3. These predictions cannot be com-

doublet at C-4. This pattern is consistent with the operatiorPaer_directly with t_he_rt_asults of Fig. 3 due 1o lack of
of the glyoxylate shunt pathway (Model I) and exactly intensity data for the individual peaks of the C-2 resonance.

matches the predictions of Table 2 of Klapa et al. (1998)_Hr?wever, comlparlson of thtebhe;\lshts of the '.nd'v'?ulal pgaks
There is only one variable in this casg,that essentially shows general agreement between experimental and pre-

determines the relative intensity of each peak and each Iing'Cted va_lugs. The intensities at the C'.3 and_C—4 resonances
within each peakzis defined as the probability of isocitrate can be similarly analyzgd. They contain no mformatlon' for
utilized via the glyoxylate shunt pathway (or the fraction of the va_lue of the flux ratia, hOW?V?’“ they are very consis-
isocitrate utilized in the glyoxylate pathway, the balance®nt with the above patterns. Similar labeling patterns were

being converted in the TCA cycle). According to Walsh andObS’erVeOI in glutamate brevibacterium flavumWalker

Koshland, the relative enrichment at the five carbons O]and !_ondon, 1987) and proline, which a_lso reflects exact
intracellular glutamate was 0.4:1.0:0.9:1.0:0 for C_llabelmg pattern of-ketoglutarate byE. coli (Crawford et

through C-5, respectively. Our model predicts G=2C-3 al., 1987). . o .

— C-4 = 1and C-5= 0, which are in total agreement with Another experiment for _venfymgl the operation of th.e
the experimental results, whereas G=1(1 - 2)/2. Inserting glyoxyla}g shunt pathway in bacteria was performeq with
the experimental value of 0.4 for C-1js calculated equal 99% [1-"Clacetate. In this case too the glutamate isoto-

to 0.2. This is identical to the value estimated by Walsh andome’ species can be obtained in termszoDnly two )
Koshland using an involved method based on input—outpu pecies should be present (Table Il of Klapa et al. [1998]):

equations for each carbon on intermediary metabolites. pgvajléhtiﬁa(“lve g?;ulﬁlzﬁrr:af(olr:)/:nﬁrc]ﬁn%sn\?”gf] gellljzig\r/neate
Our model results can also explain exactly the fine struc e '
P y - should be (1 2)/2 at C-1, 1 at C-5, and 0 at C-2, C-3, and

ture of the obtained NMR spectra, since we consider all t e o : : . .
isotopomers of the intermediate metabolites and not jus 4 T.h's Is exactly what is observed in proline synth_eS|s by
. coli (Crawford et al., 1987) and glutamate synthesi8by
flavum (Walker and London, 1987). Since the system of
(Crawford et al., 1987) was similar to that of (Walsh and
Gosq Koshland_, 1984), one can assume the same va!ue for
0.2 that yields an estimate for glutamate C-1 enrichment of
0.4. From the spectra reported in (Crawford et al., 1987), the
C-1 glutamate enrichment can be estimated as 30%, in fair
agreement with the model estimates.

c3

G 1] o4

i u . APPLICATIONS

Pathway of Acetate Utilization in
Pseudomonas AM1

Narbad et al. (1989) concluded the absence of the glyox-
ylate shunt pathway in the methylotrophiRseudomonas
AML1 strains by examining the distribution &fC label in
trehalose formed from [23C]acetate. Their conclusion was
B 0 based on the labeling pattern of trehalose, which reflects
8, ppm glucose patterns: C-1:C-2:C-3:C-4:C-5:C=6 35.8:33.86:

_ _ o 24.15:24.43:37.58:37.0. They argued that since trehalose
Figure 3. Observed glutamate multiplet patterns with F@]acetgte_ derived from oxaloacetate via glyoxylate cycle activity only
(adopted from Walsh and Koshland [1984]). Peak at C2 is a six-lines .

consisting of a doublet due to,G,with each line intensity 0.3 and a quartet Would not be labeled at C-3 and C-4 and operation of the
due to G s, with each line intensity 0.1 for a value afequal to 0.2. TCA cycle would label the C-3 and C-4 positions of treha-
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lose at 50% intensity of the other sites, the intensities of C-3listinguished from that of either Model | or Model 1l by
and C-4 of trehalose of 70% of the levels of the other fourfollowing the carbon enrichments of glutamate or glucose
carbon atoms rule out the operation of the glyoxylate shunt(Table Il of Klapa et al. (1999)). With Model Ill, all six
This conclusion is consistent with experimental observacarbons of glucose are expected to be labeled whereas with
tions indicating lack of isocitrate lyase activity (Dunstan etModel | or Model II, only C-3 of glucose is labeled. Simi-
al., 1972a,b). larly with Model 11l four carbons of glutamate, namely C-1,
Our model is consistent with the above conclusion. ConC-2, C-3, and C-5, are labeled, whereas with Model | or
sidering the network of Fig. 7 in Klapa et al. (1999), but Model Il label is present in only at C-1 and C-5. The data of
with 90% enriched acetate, the possible oxaloacetate isotcrable |1 excludes the possibility of Model 11l in mammals.
pomers are O, § Os, Oz3, Oy, Oy, O13 024 O12, O34 O123 It must be noted that with C-1 labeled, Gnetabolites,
and Qy, The relative intensity of O-1:0-2:0-3 and conse- podel | and Model Il cannot be differentiated.
quently of C-3:C-2:C-1 of glucose was calculated to be (1 = The same analysis can be applied with C-2 labeled ac-
2)/2:1:1, which is consistent with what is concluded by Nar-gtate based on Table 2 of Klapa et al. (1999). Qualitatively,
bad et al. The maximum value of the C-3/C-2 ratio is 50%.g)| three models lead to same labeling patterns in the car-
whenz = 0 or the glyoxylate shunt s inactive. The relative pons of glutamate and glucose. Quantitatively, Model | can
intensity of O-1:0-2:0-3 for 90% enriched acetate turns ouye gifferentiated from Model II. For example, the relative
to be the same with respect to the ratifor 100% enriched o ichments at C-2, C-3, and C-4 of glutamate are all equal
acetate (see Table Il, Model | of Klapa et al. (1999)). 5 1 with Model I. With Model II, only the enrichment at

On the other hand, introducing the relative intensity of~_, ¢ glutamate is equal to 1. According to Model I, C-2

C-1:C-2:C-3 of glucose, as determined experimentally: 1:1;, 4 ~_3 of glutamate and C-1 and C-2 of glucose should be

0.7, in the expressions of Model Il (Table Il of Klapa et al. |;paled with intensity (1 X)/(1 + x). The data in Table I
(1999)) (we consider that the formation of extra isotopom-Support the operation of Model II.

ers, because of 90% enriched acetate, is not affecting con- vt ¢.2 labeled acetate, the distinction between Model

siderably the relative intensity of the glucose carbons), W&, 54 Model 11l cannot be unequivocally established from

calculate the rati equal to 0.8. Thus, if we consider the gjiher the qualitative or quantitative analysis of the relative
pyruvate carboxylation reaction as the alternative anapléspjchment data. However, the multiple pattern structure in

rotic pathway, tI'_1e exper.imentally measured label pattern Oifhe 3C NMR spectrum should be different. If acetate is
glucose is consistent with low activity of the TCA cycle. | ii-aq solely via the acetyl-CoA conversion pathway

(Model 11), the resulting multiple pattern at glutamate
should appear as: three-lines at C-1 consisting of a singlet
due to G, and G, a doublet due to 5, seven-lines at
Many researchers have described acetate metabolism -2 consisting of a singlet due to,§ a doublet due to &,
mammals using labeled acetate under various conditionand a quartet due toG;, five-lines at C-3 consisting of a
(Table 11). Predominately monitored substrates are glutadoublet due to G, and G, and a triplet due to &, and
mate and/or glucose. Qualitatively, with C-1 labeled ac-G;,3, and three-lines at C-4 consisting of a singlet due to
etate, the possibility of the operation of Model Ill can be G,, G,,, and G, and a doublet due to & G;34 Go34 and

Pathway of Acetate Utilization in Mammals

Table Il.  Distribution of *“C in the carbons of glutamate or glucose Wifi€ labeled C-2 metabolites.

Carbon position

Substrate C-1 C-2 C-3 C-4 C-5 C-6 References
[1-**C]Acetaté 3 7 48 100 1 1 Antony and Landau, 1968
[1-*“C]Acetaté 1 2 65 100 2 1 Kam et al., 1978
[1-*“C]Ethanof 28.0 0.0 71.8 Schumann et al., 1991
[2-*“C]Acetaté 57 57 16 23 94 100 Antony and Landau, 1968
[2-*“C]Acetaté 12.1 21.3 22.7 42.9 1.0 Schumann et al., 1991
[2-*“C]Acetaté 18.5 18.8 114 11.9 19.3 20.4 Schumann et al., 1991
[2-*C]Acetaté 11.0 23.6 24.4 37.8 1.9 Hill et al., 1958
[2-*“C]Acetaté 73.7 68.3 15.3 16 100 92.3 Kam et al., 1978

al4C specific activity in glucose normalized by specific activity in C-4 of glucose from rat liver.

b14C specific activity in glycogen normalized by specific activity in C-4 of glucose from 72-h fasted monkey liver slices.

“% in carbons of glutamate from urinary phenylacetylglutamine. One sample at time 3-6 h.

d414C specific activity in glucose normalized by specific activity in C-6 of glucose from rat liver.

%% in carbons of glutamate from urinary phenylacetylglutamine. Average of four samples at time 4.5-6 h.

f9% in carbons of glucose in blood. Average of four samples at time 6 h.

9% in carbons of glutamate from rat carcuss.

h14C specific activity in glycogen normalized by specific activity in C-4 of glucose from 72-h fasted monkey liver slices. Average of three samples.
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G123+ A nearly identical multiple structure is expected in and C-3 of glutamate should be labeled. However, since C-2
Model lll. The major difference is at C-2 which should be and C-3 were also significantly labeled, it was concluded
a nine-lines peak with an additional doublet due tp,/5 that a propionate carboxylation pathway must be operative
These candidate pathways can be differentiated using oun this bacterium, which they supported to be the propionyl-
model due to its enumeration of the possible metabolitaCoA carboxylase pathway. Clearly this is incorrect as the
isotopomers. argument is made on the model that describes the label
distribution, when pyruvate enters the TCA cycle only
through acetyl-CoA and the pyruvate carboxylase activity is
ignored. Considering the action of both pyruvate dehydro-
genase and pyruvate carboxylase, the labeling pattern of
glutamate is consistent with the sole operation of the pyru-

NMR with [2-13C]propionate and [33C]propionate as the vate pathway_(TabIe I, Colum_n 2 of P_(Iapa et al._ (1999)).
sole carbon substrate. B. coli, propionate is oxidized to urthermore, in another experiment with &]propionate
pyruvate which then enters the TCA cycle either as acetyl(F19- 4). & labeling pattern consistent with a multiple pattern
COA via the action of pyruvate dehydrogenase or as O aApassociated with the sole operation of the pyruvate pathway

via the sequential actions of PEP synthetase and PEP cdr.@ble I, Column 1 of Klapa et al. (1999)) was found.
boxylase. However, in several systems including higher or- Nerefore, the operation of the propionyl-CoA carboxylase

ganisms and a number of microorganisms suctPapi- pathway inE. coli cannot be substantiated with tHéC

onibacterium(Wood and Stjernholm, 1961Dchromonas NMR study.

(Arstein et al., 1962), antRhizobium(De Hertogh et al.,

1964), the major pathway of.propionate metabolism is ViaPathway of Acetone Utilization in Mammals

the propionyl-CoA carboxylation pathway. In such systems,

propionate is converted to propionyl-CoA, which is then The metabolic pathways of acetone utilization in mammals
carboxylated to methylmalonyl-CoA via propionyl-CoA remains unclear despite its presumed importance in diabetic
carboxylase, which is finally isomerized to succinyl-CoA ketoacidosis where large amounts of acetone, along with
via methylmalonyl-CoA mutase. With [2C]propionate, acetoacetate and 3-hydroxybutyrate, accumulate in the body
Evans et al. obtained #C NMR spectrum (Fig. 4) which fluids (Sulway and Malins, 1970; Owen et al., 1982). An-
shows a singlet at all five carbons of glutamate with rela-other important question associated with acetone metabo-
tively high enrichment at C-1 and C-5 positions, and lowlism is how much energy can be derived from acetone dur-
enrichment at C-4 position. They argued that if'f&]pro-  ing fasting in order to prolong survival. Reichard et al.
pionate is solely utilized via the pyruvate pathway, no C-2(1979) calculated that up to 11% of the glucose can be

Pathway of Propionate Utilization in E. coli

Evans et al. (1993) attempted to establish the operation
dual pathways for propionate utilization i coli using**C

G5

Gt
cx ]
G2
Gé
I ‘ Aa b ,
| 4 L] L 4 L] ' »I L § 1 § L ' v v ' hJ L v v ' v ¥ v v r L ¥ LA v ‘ v v L 20 o l v v v v 1 B BN NN San
180 173 55 50 45 40 35 0
Chemical shift {(p.p.m.)

Figure 4. Glutamate multiplet pattern observeddncoli with [2-1°C]propionate (top) and [23C]propionate (bottom) (adopted from Evans et al. [1993]).
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derived from acetone during starvation in humans. Prevition in C-1 of free acetate, Gavino et al. (1987) claimed that
ously acetone was considered a non-metabolizable end perfused rat livers, acetone metabolism proceeds mainly
product of lipid metabolism that accumulates when there argia the “acetate” pathway. Kosugi et al. (1986), based on a
insufficient glycolytic intermediates to effect the complete study with [23“C]acetone in humans, concluded the simul-
oxidation of the acetyl-CoA generated in the metabolism oftaneous operation of both “lactate/methylglyoxal” and
fatty acid. Sakami and Lafaye (1951) proposed two path+acetate” pathways. They also claimed that the extent to
ways for acetone metabolism in mammalian systems (Figwhich either pathway is utilized is based on the concentra-
5). One pathway involves the conversion of acetone to 1,2tion of acetone infused, not the dietary state or the prior
propanediol which is then cleaved into acetatg if@tabo-  exposure to acetone. They found that when trace quantities
lite) and formate. Acetate is then further oxidized via thewere administered, only small equal percentages“6f
pathway in Model Il (Fig. 2. of Klapa et al. (1999)). The \yere found in C-3 and C-4 of glucose and large percentages
other pathway allows for acetone conversion intpre-  were distributed equally in C-1, C-2, C-5, and C-6 of glu-
tabolites, namely pyruvate, hydroxyacetone, propanediolggse. However, upon infusion of large quantities of
hydroxypyruvate, lactaldehyde, lactate, or their phosphorypp_14c)acetone, the reverse effect was found: large percent-
lated derivatives as possible intermediates. _ages were found in C-3 and C-4 and small percentages were
To delineate which of the two acetone pathways (Fig. Skgynd in C-1, C-2, C-5, and C-6 of glucose. Since the con-
is active in acetone metabolism, many researchers Usefh sion of [23Clacetone to [1X‘Clacetate will label exclu-
[**C]acetone and followed label incorporation in glucosesive|y C-3 and C-4 of glucose (Table 11, Model Il of Klapa
and glutamate. Casazza et al. (1984) proposed the CONVEL; 5" (1999)) whereas the conversion to{Z]lactate will
sion of acetone into methylglyoxal and 1,2-propanediolze) 4if six carbons of glucose (Table II of Klapa et al.

with lactate as an intermediate, since he found that cyan 5 e o
' 1999)), Kosugi's data clearly eliminate the possibility of
mide (an aldehyde dehydrogenase inhibitor) prevents corf}(: ) ual y eim poSSbILy

letelv the conversion by hepatocvies of 1. 2-oropanediol t he sole utilization of acetone via the “acetate” pathway.
P y Versl y hep y ,£-Prop : ?(osugi et al. concluded that at high concentrations the con-
glucose, but inhibits the conversion of f4€]acetone to

. version to acetate predominates whereas at low concentra-
glucose only by 20-40%. Based on findings that there wa P

no carbon label incorporation from [#C]acetone into lac- Tions the conversion to lactate/methylglyoxal predominates.

e . Their conclusion was based also upon experiments intro-
tate and 3-hydroxybutyrate but significant label incorpora-, . .
ducing simultaneously lactate and acetone or lactate only to

the organisms. Assuming that metabolism reacts similarly

CH;COCH; in both cases, they eliminate the possibility of the sole uti-
Acctone lization of “lactate/methylglyoxal” pathway because the
i results from the two experiments were different.
However, the conditions under which the activation of
CH,;COCH,OH “acetate” pathway is taking place have to be very carefully
Acetol examined because the larger percentage of label in C-3 and

C-4 than in C-1, C-2, C-5, and C-6 of glucose can be in-
/ \ terpreted on the basis of the sole operation of “lactate/

methylglyoxal” pathway. As shown in Fig. 6, at a low value

CH,COCHO CH,CHOHCH,OH of x which corresponds to high TCA cycle activity, the label
Methylgyloxal L-1,2-Propanediol incorporation at C-1 and C-2 of glucose should be lower
than that of C-3 of glucose, whereas the reverse is true at

/ high value ofx. A high TCA cycle activity may be invoked
CH,CHOHCHO HCOOH as a detoxification mechanism at high levels of acetone
L-Lactaldehyde Formate whereas at low concentrations of acetone, a low TCA cycle
+ is needed.
i Reichard et al. (1986) who perfused small amount of
CH;COOH 14 ; NG e

CH,CHOHCOOH \ CH;CHOHCOOH Acetate [2-""C]acetone into human with diabetic ketoacidosis ob-

D-Lactate L-Lactate tained results similar to those of Kosugi et al. At low ac-
/ etone infusion, they found that in six of seven patients, 70%

to 90% of*“C resides in C-1, C-2, C-5, and C-6 positions.

x l / However, in one patient they found ma¥C incorporation
in C-3 and C-4 than in C-1, C-2, C-5, and C-6 of glucose.
D-Glucose This led them to suggest that other pathways of acetone
. . . metabolism may exist among subclasses of diabetic pa-
Figure 5. Postulated pathways in the conversion of acetone to glucos&?ients However. it is verv likelv that the source of variation
(adopted from Kosugi et al. (1986)), (1) involving, @etabolites such as ' ! y y

methylglyoxal p-lactate  -lactate, and-lactaldehyde and (2) involvingc ~ Was the rate of the acetone utilization via the TCA cycle, not
metabolite, acetate. that an alternate pathway was involved. This particular pa-
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0.5

............ - lar weights differentiated by one atomic mass unit, can be
used. In the example of Walsh and Koshland (1984), GC—

____________________ MS should produce two peaks for glutamate, one corre-

oad T sponding to molecular weight{ + 3), and another corre-

sponding to M + 4), whereM represents the molecular

weight of glutamate with all its carbons beifgC. The

glutamate species, &3, has a molecular weight oM + 3)

and G ,3, has a molecular weight ol + 4). Therefore the

ratio of the M + 3) to (M + 4) species isNl + 3)/(M + 4)

= (1 +2/(1 - 2.

0.2 - Similarly, in the case of [£2Clacetate, the value afcan

be obtained in two different ways: One from tH NMR

measurement of relative enrichment at each carbon and the

01 GC-MS measurement of the ratio dfl(+ 2) to (M + 1).

0.3 H

Relative enrichment

Determination of Flux of Pyruvate Carboxylase
0.0 | : : : versus Flux of Citrate Synthase

0.0 0.2 04 0.6 0.8 1.0
x, proportion of OAA exiting the TCA cycle

Cohen (1987) proposed the following formula to estimate
the ratio of pyruvate carboxylase (PC) activity to pyruvate
Figure 6. Carbon enrichment in glutamate and glucose as a function ofdehydmgenase (PDH) activity with a C-3 labeled three-
x with [2-23C]pyruvate as substrate. The enrichments at C-1 and C-2 ofcarbon substrate:

glucose and C-2 and C-3 efketoglutarate are equal and represented as a
solid line. The enrichments at C-3 of glucose and C-hdfetoglutarate Vpc _ C-2 of glutamater C-3 of glutamate

are equal and represented as a dotted line. Veou - C-4 of glutamate

With a C-2 labeled three-carbon substrate, the formula was
tient carried a hypertensive cardiovascular disease which imodified by Jans and Willem [1989] as:
normally associated with high TCA cycle activity.
Thus on the basis of the acetone labeling study in mam- Vec _ C-2 of glutamater C-3 of glutamate
mals, (1) the possibility of acetone utilization sole via the VeoH C-5 of glutamate
“acetate” pathway can be eliminated, (2) the possibility

These formulas were adopted by Jans and Willem (1988,

that acetone utilization occurs solely via the “lactate/ : : : .
methylglyoxal” pathway and that the concentration of aC_1989) in studies of rabbit and rat renal cells of proximal
convoluted tubules, Jans and Leibfritz (1988) in renal epi-

etone determines the rate OT conversion by_ effecting dlﬁcertheIiaI cell lines, Tran-Dinh et al. (1991) iBaccharomyces
ent rates of the TCA cycle is consistent with carbon label - . :

. o ._cerevisiaeand Brand et al. (1992) in rat neuronal and glial
experimental data, and thus (3) the conditions under whicky

N o . tumor and primary cell lines. However, these formulas are
acetate” pathway becomes active should be very carefully .
: . based on the assumption that C-2 and C-3 of glutamate can
examined in every system.

be derived only from the C-2 and C-3 of OAA, and C-4 and
C-5 of glutamate can be derived only from C-2 and C-1 of
Glyoxylate Shunt Pathway versus TCA Cycle acetyl-CoA. This assumption is true only if all metabolites
in Bacteria undergo the TCA cycle once. As can be seen in many of our
labeling diagrams, carbon labels can move from C-4 and
The value ofz,indicating the fraction of isocitrate converted C-5 of glutamate to C-1, C-2, and C-3 of glutamate.
via the glyoxylate shunt pathway, can be determined by |t should be clear how these relationships should be
three independent methods involving the use of GC-MS anghodified to account for multiple cycle turns following our
*3C NMR. First, as done by Walsh and Koshland (1984), themethodology. We lek be the proportion of OAA entering
relative enrichment at glutamate C-1 can be used. This aghe TCA cycle via citrate synthase and (Ix}-as the pro-
proach requires additional measurement of known standargsortion of OAA exiting the TCA cycle. It should be noted
in order to establish the calibration required for convertingthat under the steady state assumption, the flux via citrate
the absolute peak intensity into relative enrichment. Secsynthase is equal to the flux via the pyruvate dehydroge-
ondly, within the C-2 peak, the ratio of quartet (Q) to dou- nase, and the flux via the PEP carboxykinase is equal to the

blet (D) can be used to find the valuefQ/D = (1 -2)/(1  flux of pyruvate carboxylase. The above ratio can be rep-
+ 2). From Fig. 3, this ratio is estimated to be equabt resented as

giving a value ofz equal to 0.2, which is the same result
obtained with the first method. Thirdly, GC-MS, measuring Vec _ X 3)
the fractions of the same metabolite with different molecu- Vepy 1-X
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The expression fox can be obtained exclusively as a func- Vppy as a function ok based on the Cohen’s (Egs. (1) and
tion of enrichment. For the C-3 labeled substrate from Tabl€2)) and our formulas (Egs. (5) and (7)) for C-2 and C-3

1 of Klapa et al. (1999), this is equal to

1
C-2(or C-3) of glutamate= T+x 4)

Hence,

Vec  1-C-2(or C-3 of glutamate .
Vppy 2 % C-2 (or C-3) of glutamate- 1 )

Similarly, for the C-2 labeled substrate, this is related to:

X
C-2(or C-3) of glutamate= T+x (6)

(T C-2(or C-3 of glutamate ;
Vppy 1-2x(C-2(or C-3) of glutamatg (7)

Figure 7a and b compare the predictions of the réftig/

100
I -
5 10
0.
>
[} [ — ——
o e e —
> 1A —_—— e ]
0.1 T T T T
0 0.2 04 0.6 0.8 1
X
(@)
100
I o
Pt 10
0.
>
6]
o
> 11
0.1
0 1

(b)

Present work

Cohen’s Formula = = =

Figure 7. Predictions of the ratio 0¥J/Vppy @s a function ok accord-
ing to Cohen’s and our formulas for (a) 8€]pyruvate and (b) [2°C]py-

ruvate as substrate.

labeled substrates. It can be seen that the two predictions are
exactly opposite for C-3 labeled substrates, but are qualita-
tively similar for C-2 labeled substrates for valuescaip to
approximately 0.4.

The conclusions based on the use of Cohen’s formula
should be reexamined. For example, Tran-Dinh et al. (1991)
observed much smaller enrichment in C-2 of glutamate but
the same enrichment in C-4 of glutamate wiSrcerevisiae
is incubated with amphotericin B, a polyene fungal antibi-
otics, and [1}*C]glucose which leads to the formation of
[3-13C]pyruvate. Based on the use of the Cohen’s formula,
Tran-Dinh et al. concluded that amphotericin B induces a
reduction in the pyruvate carboxylase activity in the mito-
chondria and therefore the effect of amphotericin B should
be mitochondrial. However, with our formula, the data can
be interpreted as a reduction in either citrate synthase or
pyruvate dehydrogenase activity which means that the ef-
fect of amphotericin B should be cytosolic. A similar mis-
interpretation was made by Brand et al. (1992) who ob-
served a higher@-2 + C-3)/C-4 ratio in primary glial cells
than neurons and concluded that there was a higher pyruvate
carboxylase activity in primary glial cells than neurons. In
fact, the exact opposite could be true.

CONCLUSION

It must be apparent thafC or “C labeling data provides
unique information about cellular metabolism in a continu-
ous, noninvasive manner. This potential, however, can be
realized only if the data is analyzed and interpreted within a
proper framework. We have constructed a mathematical
model to describe the isotopomer distribution via the TCA
cycle and gluconeogenic pathway. Our present modeling
approach is similar to earlier models in that each isotopomer
species is treated as distinct, independent variable con-
strained by the topology of enzymatic reactions. In addition,
metabolite labeling resulting from multiple TCA cycle turns
has been accounted for. Steady state expressions for the
distribution of isotopomer species are obtained exclusively
in terms of flux variables. Based on isotopomer analysis, we
have illustrated several ways to extract the relevant and
useful information from the labeling studies. In the case of
monitoring with*3*C NMR, we have shown how our results
can be used in interpreting the complex multiplet patterns of
NMR spectra. Alternatively, we have shown a rigorous way
of determining flux values from*C NMR and GC-MS
measurements.

Our modeling results are compared to several published
experimental data involving different labeled substrates in
order to validate our modeling methodology and shown to
fit well with the data. These results were extended to inves-
tigate the validity of conclusions which were built upon the
simplified model that does not properly account for all pos-
sible effects of label scrambling via the TCA cycle. Those
comparisons led us to confirm that the glyoxylate shunt
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pathway does not operate FseudomonadM1 strain, and pionate oxidation in wild type and citrate synthase mutant Escherichia
to conclude that (1) there is no evidence of propionyI-CoA coli: Evidence for multiple pathways of propionate utilization. Bio-
carboxylase pathway i&. coli, and (2) acetone utilization chem J 291:927-932.

. | lelv via the “| / hvial I h Gavino VC, Sommas J, Philberts L, David F, Garneau M, Belair J, Brunen-
In mammals solely via the “lactate/methylglyoxal™ path- graber H. 1987. Production of acetone and conversion of acetone to

way is consistent with published labeling data. acetate in the perfused rat liver. J Biol Chem 262:6735-6740.
Hall JD, Mackenzie NE, Mansfield JM, McCloskey DE, Scotts Al. 1988.
13C-NMR analysis of alanine metabolism by isolated perfused livers
NOMENCLATURE from C3HeB/FeJ mice infected with African trypanosomes. Comp
Biochem Physiol 89B:679-685.

gl g:utamate Hill RJ, Hobbs DC, Koeppe RE. 1958. The incorporation of noncarboxyl
K u 9 lIiC(tjsel tarat carbon into glutamic acid, alanine, and aspartic acid by the rat. J Biol
0.0 o ? o9 “tatra € Chem 230:169-178.
' oxajoacetate Jans AWH, Leibfritz D. 1988. A*C-NMR study on the influxes into the
PC pyruvate carboxylase . . . o .
tricarboxylic acid cycle of a renal epithelial cell line, LLC-Pk14CI
PDH pyruvate dehydrogenase ) 3 . 13 .
The metabolism of [2*C]glycine, L-[3-**C]alanine andL-[3-
PEP phosphoenolpyruvate N . L oo Lo . .
. ; g 3Claspartic acid in renal epithelial cells. Biochim Biophys Acta 970:
TCA tricarboxylic acid cycle 241-250
Vi flux through enzyme Jans AWH, Willem R. 19881 C-NMR study of glycerol metabolism i
X probability of oxaloacetate to exit the TCA cycle ans bbit ’ II em" .E J B ) h 571_%/70 72 ycerol metabolism in
(1 -x) probability of oxaloacetate to enter the TCA cycle rabbi reng cells. kur A’:gg em fRime )
y probability of bicarbonate to be labeled withc Jans AWH, W|Ilgm R 1989. -.NMR investigation of the metabolism
Z probability of isocitrate to be utilized via the GS pathway of amino acids in renal proximal convoluted tubules of normal and

streptozotocin-treated rats and rabbits. Biochem J 263:231-241.
Kam W, Kumaran K, Landau BR. 1978. Contribution @foxidation to
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