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for Isotopomer Balancing
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Gas chromatography—mass spectrometry (GC—MS) is a rapid method that provides
rich information on isotopomer distributions for metabolic flux analysis. First, we
established a fast and reliable experimental protocol for GC—MS analysis of amino
acids from total biomass hydrolyzates, and common experimental pitfalls are discussed.
Second, a suitable interface for the use of mass isotopomer data is presented. For this
purpose, a general, matrix-based correction procedure that accounts for naturally
occurring isotopes is introduced. Simulated and experimentally determined mass
distributions of unlabeled amino acids showed a deviation of less than 3% for 89% of
the analyzed fragments. Third, to investigate general properties of GC—MS-based
isotopomer balancing, altered flux ratios through glycolysis and pentose phosphate
pathway and/or exchange fluxes were simulated. Different fluxes were found to exert
specific and significant influence on the mass isotopomer distributions, thus indicating
that GC—MS data contain valuable information for metabolic flux analysis. Fourth,
comparison of different methods revealed that GC—MS analysis provides the largest
number of independent constraints on amino acid isotopomer abundance, followed by
correlation spectroscopy and fractional enrichment analysis by nuclear magnetic

resonance.

Introduction

Precise monitoring of metabolic flux responses to
genetic or environmental modifications provides mean-
ingful insights into the phenotype of an organism and
important information for rational metabolic engineering
strategies (1). Initial metabolic flux analysis was solely
based on metabolite balancing within the assumed or
known bioreaction network stoichiometry. To obtain
unambiguous solutions in the resulting, usually under-
determined linear equation systems, artificial or experi-
mentally unverified assumptions were necessary.

The availability of isotopic tracer data provides ad-
ditional, independent information that can be used as
constraints in flux calculations and thus offers an alter-
native to ad hoc assumptions. Most commonly, 3C-
labeled substrates are used to produce labeled metabo-
lites that are detectable by mass spectrometry (MS) or
nuclear magnetic resonance (NMR) spectroscopy (2).
Initial tracer experiments were based on the analysis of
selected metabolites and intuitive interpretation of the
obtained labeling pattern, condensed into analytically
deduced equations. Recent advances enable a more
comprehensive analysis of cellular metabolism by label-
ing pattern analysis in all proteinogenic amino acids (3,
4).

Similarly to metabolite balancing, balances can be set
up around all isotope isomers (isotopomers) of a particu-
lar metabolite. By extending metabolite to isotopomer
balances, a framework was introduced that allows math-
ematical description of flux relationships in complex
central metabolic networks and labeling properties at the

*Tel: +41-1-6333672. Fax: +41-1-6331051. Email: sauer@
biotech.biol.ethz.ch.

same time (5—7). This formalism guarantees maximum
information retrieval and permits the incorporation of
NMR data from fractional enrichment (8) or correlation
spectroscopy (9), as well as from mass distributions
determined by gas chromatography (GC)—MS analysis
(20).

Although experimentally simpler and cheaper, GC—
MS has attracted much less attention than NMR. One
reason may be that usually the isotopomer pool of a given
metabolite is only partly determined by either method.
However, GC—MS-derived constraints on isotopomer
pools are difficult to interpret intuitively and require an
abstract modeling framework. In contrast, NMR provides
information on the position of the label in the carbon
skeleton, which allows direct conclusions on the precursor
composition (2). Compared to NMR, however, GC—MS
analysis is much more sensitive (2) and involves simpler
sample handling with little manual work, thus opening
the door to miniaturization and high throughput analy-
sis.

The isotopomer composition of metabolic intermediates
is a function of the cell's flux state and depends on the
reaction network, the administered label, and the meta-
bolic state of the system (Figure 1). Isotopomer balancing
seeks to identify the inverse function to access the flux
state. If no analytical function is available, calculation
of the inverse function may be approached by iterative
fitting procedures. However, high turnover rates of
metabolites and low concentrations present a problem for
isotopomer analysis of central carbon pathways inter-
mediates (2). To avoid this problem, the imprinted
isotopomer composition of pathway intermediates is often
analyzed in the amino acids (Figure 1), which are
synthesized from these metabolites and are available at
high concentrations in cellular protein. Thus, the bio-
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Figure 1. Relationship between the isotopomer distribution
of amino acids, the isotopomer distribution of metabolites, and
the flux state of a biological system.

synthetic pathways of amino acids and their metabolic
state are underlying parameters if the inverse function
is sought by metabolite balancing with amino acid data.

The aim of this work was to establish a simple and
reliable GC—MS protocol for the determination of amino
acid mass isotopomers, as well as a formalism to incor-
porate such data into an isotopomer modeling framework.
The potential value of such mass isotopomer data for
metabolic flux analysis by isotopomer balancing was
investigated using model simulations. Moreover, unla-
beled bovine serum albumin (BSA) or total Escherichia
coli biomass were used to examine basic properties of the
analytical method detached from the peculiarities of a
biological system.

Material and Methods

Sample Preparation. BSA (Sigma) was dissolved in
water at different concentrations. E. coli cells were
disrupted by sonication for 5 min, and cell debris was
removed by centrifugation at 14 000 rpm for 5 min.
Aliquots of 0.5 mL and a protein concentration between
0.1 mg/L and 100 mg/L were mixed with 1.5 mL of 6 M
HCI in a 2.2 mL Eppendorf tube and incubated at 110
°C for 24 h. The hydrolyzates were dried under vacuum
in a speedvac at room temperature for 12 h. For deriva-
tization, the dried hydrolyzates were resuspended in 100
uL of tetrahydrofuran (Fluka), 100 uL of N-(tert-bu-
tyldimethylsilyl)-N-methyl-trifluoroacetamide (MTBST-
FA) (Fluka) was added, and the mixture was incubated
for 60 min at 60 °C. Protic sites of amino acids (OH-, NH-,
and SH-groups) were blocked by silylation to reduce
dipole—dipole interactions and to increase volatility for
GC separation (11). The use of MTBSTFA had the
advantage that mostly neutral and volatile byproducts
are formed that did not react with the column, hence
enabling direct GC—MS analysis (12).

Gas Chromatography—Mass Spectrometry. GC—
MS was carried out using a HRGC Mega2 gas chromato-
graph (Fisons) equipped with a SPB-1 column (Supelco,
30 m x 0.32 mm x 0.255 um) that was directly connected
to a MD800 quadrupole mass spectrometer (Fisons). The
injection volume was 1 uL at a carrier gas flow of 2 mL/
min helium with a split ratio of 1:20. The initial oven
temperature of 150 °C was maintained for 2 min and then
raised to 280 °C at 3 °C/min. Other settings were 250 °C
interface temperature, 200 °C ion source temperature,
and electron impact ionization (El) at 70 eV. Mass spectra
were analyzed in the range of 60—650 atom mass units
(amu) at a rate of 90 scans/min for a run time of 40 min.
MS data were processed using the program MassLab
from Fisons.

Results

Experimental Analysis. Using a single-step deriva-
tization of hydrolyzed BSA or total cellular biomass and
GC analysis, we were able to detect 16 of the 20
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Figure 2. Gas chromatogram of hydrolyzed, TBDMS-deriva-
tized BSA (250 mg/L). Detected amino acids are denoted with
their one-letter symbol.

proteinogenic amino acids (Figure 2). Cysteine and
tryptophane were oxidatively destroyed during acid hy-
drolysis, and asparagine and glutamine were deamidated
to aspartate and glutamate, respectively, (13).

During GC separation, an undesired isotope fraction-
ation of the derivatized amino acids was observed.
Depending on the total mass, molecules of higher masses
were eluted first from the capillary column. This mani-
fests itself in a constant decrease of heavier and increase
of lighter mass isotopomer over the scans for a particular
amino acid (Figure 3), as was described previously (14,
15). To obtain meaningful mass isotopomer ratios that
are not biased by this fractionation, every mass isoto-
pomer signal was integrated over the full peak range of
the corresponding amino acid. Compared to the deter-
mination of mass isotopomer ratios only at the peak of a
molecule’s signal, this integration of all signals results
in a much lower signal-to-noise ratio that disables the
use of low abundance fragments.

Theoretically expected mass fragments were examined,
and overlapping fragments were excluded from further
analysis. Typical cracking patterns of TBDMS-deriva-
tized amino acids are shown schematically in Figure 4.
None of the 16 detected amino acid exhibited a significant
molecular ion signal M* that represents the completely
derivatized amino acid. Loss of a methyl or a tert-butyl
group of the tert-butyldimethylsilyl (TBDMS) substituent
yielded the fragments (M — 15)* or (M — 57)*, which still
contain the complete amino acid. Another frequently
observed signal originated from the (M — 85)* fragment.
This ion is assumed to result from the fragments (M —
15)" and (M — 57)* by rearrangement under loss of CO
(16). Other occurring fragments were (M — 159)*, orig-
inating from the loss of C(0)-O-TBDMS, 302", resulting
from a broken bond between the o- and g-carbon atom
of the amino acid, and the corresponding side chain (sc)*
with varying masses for each amino acid.

Quantitative accuracy of the measurements is of
utmost importance for mass isotopomer analysis (17).
One potential cause of inaccuracy is incomplete resolution
of adjacent ions in the ion envelope, due to ion scattering
and peak tailing (18). Therefore the mass spectrometer
(lens system, quadrupole prefilters and main rods, detec-
tor) was tuned thoroughly at the beginning and during
the analysis using mass isotopomer standards to main-
tain optimum mass-resolving capacity. A second source
for inaccuracy may be nonlinearity of the detector
response at different mass isotopomer ratios or different
sample concentrations (17). While Bergner and Lee (19)
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Figure 3. Isotope fractionation during GC separation for the
example of the (M — 57)" fragment of glutamate. m0 denotes
the base mass fragment containing no isotopes, ml1 to m3
indicate mass isotopomer fractions that are 1 to 3 atom mass
units heavier, respectively.
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Figure 4. The most prominent detected fragments of TBDMS-
derivatized amino acids. The amino acid with the specific side
chain (R) is in gray. Cracking at the denoted positions yields
the following fragments: a, (M — 15)* and methyl group; b, (M
— 57)" and tert-butyl group; ¢, (M — 159)* and C(O)O-TBDMS
ion; d, (f302)* (the double silylated C,—C, fragment) and the
side chain (sc)*, consisting of R and possibly further TBDMS
groups.

reported mass isotopomer ratios of different deuterated
glucose that were invariant over a wide concentration
range, Fagerquist et al. (20) observed a disproportional
correlation between mass isotopomer ratios and sample
size of fatty acid methyl esters. Thus, we examined mass
isotopomer ratios of naturally labeled TBDMS-amino
acids in a concentration range of 3 orders of magnitude.
However, the mass isotopomer ratio was not effected by
the sample size, provided no significant overlap of the
mass isotopomer peaks occurred and the signal did not
exceed the upper detector limit.

Amino acid concentrations in hydrolyzates are difficult
to predict because they are a function of various factors,
including protein concentration, degree of hydrolysis,
stability, and probability of fragment occurrence. Thus,
sample concentrations cannot always be adjusted to meet
the optimum measurement conditions prior to analysis
and may exceed the detector limit. In such cases, the
measured signal remains at its maximum value and its
isotopomer fraction will, therefore, be underestimated
and yield false results. This effect is identified by an
inhomogeneous peak composition as exemplarily shown
in Figure 5. In our particular case, such detector overload
effects were seen at a measured ion current of about 3 x
10° ions/(amu-s). In such cases, samples were diluted
with THF to remain in the appropriate range and
analyzed again. During the first analysis step, deviations
caused by column bleeding were considered by subtract-
ing the signals of a THF sample without amino acids from
the fragment signals obtained. Additionally, every chro-
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Figure 5. Influence of the detector limit on the signal deter-
mination of mass fragments by MS at the maximum intensity.
The example shown here is the mass distribution of the (M —
159)* fragment of alanine.
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Figure 6. Correlation between isotopomer and mass isoto-
pomer distribution, represented by the IDV and MDV, il-
lustrated for the serine (M — 57)* fragment. The eight possible
isotopomers of the C3 carbon skeleton of serine constitute 4
mass istopomers. The skewing effects of additional elemental
isotopes must be considered by correction matrices. In our
procedure, the conversion between the IDV and the MDV is
achieved by a one-step matrix multiplication by MMMser,m-57).

matogram was examined for peak tailing, drifting base-
lines, and suboptimal integration, and if necessary,
integration was adjusted manually.

Calculation of Isotopomer Distributions from
Mass Data. The use of isotopomer balances in metabolic
flux analysis employs combinatorial probability analysis
and requires detailed knowledge on the fates of carbon
atoms. The production rate of a specific isotopomer
depends on the probability of its formation, which, in
turn, depends on the formation probabilites of its precur-
sor metabolites and on the actual metabolic flux ratios,
assuming the absence of isotopic effects (6). The resulting
complex equation systems are conveniently handled
using matrix calculus (7, 21), wherein an isotopomer
distribution vector (IDV) represents the isotopomer com-
position of each metabolite. This principle can simply be
extended to describe the isotopomer composition of each
amino acid (aa). The transformation of an IDV into the
corresponding mass distribution vector (MDV) of a frag-
ment o (Figure 6) can be achieved using mass mapping
matrices (MMM) (22) according to eq 1. A MMM, there-

MDV* .« = MMM*,, - IDV,, 1)

fore, contains information on the corresponding mass of
isotopomer fragments of each amino acid.

Additionally, naturally occurring elemental isotopes
must be considered (Figure 6). This can be achieved by
subsequent multiplication of the MMM* by correction
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matrices (CMs) for all relevant elements of number n,
with each CM representing the statistical skewing effect
of the fth element according to its isotope distribution:

n
MMMaa,a = MMM*aa,a' ﬂCMaa,a,ﬁ (2)

The CMs were constructed by simulating all elemental
isotopologues that are defined by an position-independent
isotopic composition. Thus, isotopologue have a unique
mass but may not have a unique structure. With the
number of all possible isotopes qq.s, the probability of
their occurrence was determined according to

prob(c, z) = .
g1 (Mg — Z)Ca,ﬁ(i))!
T R —— o

(Mas = Y Zapi) 12 pli + D!
B ; B B

with pg (i) being the natural abundance and y.z (i) the
number of atoms of the ith isotope of the gth element,
whereas m, g represents the total number of atoms of the
pth element. The probabilities of equal masses of different
isotope constitutions were then summed, resulting in the
overall probability of a certain mass shift.

Simulations. To demonstrate the potential of GC—
MS analysis for metabolic flux analysis and to examine
characteristic features of mass isotopomer analysis, we
constructed a simplified model consisting of glycolysis
and pentose phosphate pathway (PPP) (Figure 7). Ex-
change fluxes were allowed only in the reactions cata-
lyzed by transketolases (TK) and transaldolase (TA),
whereas all other reactions were considered unidirec-
tional. Linear reaction sequences were lumped into a
single reaction step. Ribulose 5-phosphate, ribose 5-phos-
phate, and xylulose 5-phosphate, as well as dihydroxy-
acetone phosphate and glyceraldehyde 3-phosphate, were
assumed to be in rapid equilibrium (23) and thus were
treated as homogeneous metabolite pools, C5 and T3P,
respectively. Additionally, precursor requirements for
biomass formation were also considered (24). For simplic-
ity, corrections for skewing effects of other natural
isotopes were not included. Using a mixture of 10%
uniformly, 40% C,, and 50% naturally labeled glucose as
the substrate, the mass isotopomer distribution of the
(M — 57)" and (f302)" fragments of serine were simulated
at different assumed split ratios of fluxes through gly-
colysis and PPP (1:0; 1:1; 0:1). At each split ratio,
individual or simultaneous activity of the TK and TA
reactions at the rate of glucose uptake was simulated.
For simplicity, serine was assumed to originate exclu-
sively from PGA.

Independent of the exchange fluxes, almost all mass
isotopomer fractions show significant variations depend-
ing on the glycolysis-to-PPP split ratio, most pronounced
for the m1 fraction of the (M — 57)" fragment of serine
(Figure 8). The lower proportion of this ml fraction at
higher PPP fluxes is explained by the loss of labeled C;
in the decarboxylation reaction of the oxidative PPP,
which, in this particular model, is the only reaction
through which labeled carbon atoms can exit the system.
With increasing PPP fluxes, the fraction of fully labeled
T3P molecules decreases and fragments labeled at posi-
tions C; and Cyy3 are formed by mixing of fully and
unlabeled C2 and C3 units in the non-oxidative PPC. This
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Figure 7. Simplified isotopomer model of glycolysis and pentose
phosphate pathway. Abbreviations: G6P, glucose-6-phosphate;
F6P, fructose-6-phosphate; T3P, triose-3-phosphate; C5, pentose-
5-phosphate pool; S7P, seduheptulose-7-phosphate; E4P, eryth-
rose-4-phosphate; PGA, 3-phosphoglyceric acid; SER, serine.
Gray arrows indicate reversible reactions.

manifests itself in a decreased m3 and an increased m2
fraction, as well as a decreased m2 and an increased m1l
fraction of the (M — 57) * and (f302)* fragments, respec-
tively.

While exchange fluxes in TK1 or TA have almost no
effects, the TK2 exchange fluxes generate increased m2
fractions of the (M — 57)" and m1 of the (f302)* fragments
if the PPP is not operating at 100%. This can be explained
by increased formation of C;-, Ci43-, and Cyis-labeled
molecules at the expense of Cz- and C;_3-labeled mol-
ecules. If all three exchange fluxes operate simulta-
neously, additional C,-labeled T3P molecules arise. Gen-
erally, compared to the (M — 57)* fragment, the m1 and
m2 mass isotopomer fractions of the (f302)* fragment
show the opposite trend in almost all cases. This is due
to the loss of the hydroxymethyl group that corresponds
to the C; carbon of glucose if metabolized via glycolysis.

These results allow for several conclusions: (i) The
mass distribution of isotopomers can change significantly
upon variations in the flux state of a metabolic system
and thus contains information on both net and exchange
fluxes. This information is not only contained in complete
mass isotopomer spectra but also in partial ones (in the
minimal case as the ratio of two mass isotopomers). (ii)
The generation of different fragments in the cracking
process is desirable because such fragments provide
further information on the mass isotopomer distribution
of a given metabolite and thus the flux state. Hence
electron impact ionization is an advantageous procedure
that generates complex mass spectra. Fragments yielding
independent, redundant labeling information are useful
for statistical data analysis. (iii) In most complex flux
systems, isotopomer/mass isotopomer analysis does not
allow the explicit resolution of all fluxes under all
conditions, because the mass isotopomer distribution of
a given set of fragments may be generated by different
combinations of fluxes.
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Figure 8. Mass isotopomer distribution of the (M — 57)* and (f302)* fragments of serine at glycolysis-to-PPP split ratios of 1:0, 1:1,
and 0:1, indicated by the white, gray, and black bars, respectively. Exchange fluxes equaling the glucose uptake rate were considered
to be absent (none), present in only one of the transketolase and transaldolase reactions (TK1, TK2, or TA), or present in all three
reactions (all). Mass isotopomer fractions (mx) of the carbon skeleton are given in percent without correction for skewing effects of

elemental isotope.

Correlation of Simulated and Experimentally
Determined Results. The signals of the 16 experimen-
tally detected amino acids in BSA labeled at natural
abundance (Figure 2) were simulated. To compare ex-
perimentally detected and computed results, the mass
isotopomers of each fragment were normalized to the mO
fraction. All experimentally determined signals with a
higher than 7% sum difference of the ml1 and m2
fractions compared to the mO fraction were discarded.
All fragments of histidine and threonine were omitted
because their signal-to-noise ratio was too low, probably
as a consequence of their low concentration, and arginine
was omitted because rearrangements obscured its crack-
ing patterns. Furthermore, analytical artifacts (17) due
to fragment ions, such as the extraction of H from the
parent ion, were identified by thorough inspection of
spectra and discarded. Thus, 38 fragments in the unla-
beled BSA example from a total of 75 detected fragments
were used for further analysis and are principally avail-
able for metabolic flux analysis (Table 1). Very similar
results were obtained with hydrolyzed total biomass of
unlabeled E. coli (data not shown). Generally, a good
agreement was found (Table 1) with more than 68% of
the accepted fragments (mO fragments not accounted for)
deviating less than 1% from the calculated signals, 89%
less than 3%, and more than 97% less than 5%.

While natural isotope abundances may slightly deviate
from literature values, for example for '3C by less than
0.05% in mammalian systems (25), variations in this
range are negligible for isotopomer balancing because the
influence on mass isotopomer distribution is much less
than the influence of different flux regimes. Moreover,
the final flux estimates result from balancing of all
available isotopomer data, and a deviating isotope abun-
dance would not affect all mass isotopomer distributions
in the same fashion. Thus, the fitting procedure would
very likely account for this influence. An artificial enrich-
ment of isotopes that exceeds the negligible natural
deviations may be caused, for example, by the manufac-
turing process of the derivatizing agent. This, however,
can easily be identified using naturally labeled samples
as a standard.

Accessible Constraints on Isotopomer Abun-
dance. Unless applied to the identical case, the resolu-
tion of fluxes by different labeling pattern analyses is

difficult to assess or compare. Moreover, when applied
to a particular biological system, the conclusions are valid
only for the particular case and may not be generalized.
The number of independent constraints on the isotopomer
distribution, on the other hand, provides a rough indica-
tion for the information content of different methods and
is used here for comparison of GC—MS analysis with
other, NMR-based isotopomer analyses (3, 8). To resolve
the abundance of all 2" isotopomers of an amino acid with
n carbons from a linear equation system, 2" independent
constraints are required. To deduce the number of
independent constraints from experimentally detected
fragment mass spectra, two aspects have to be consid-
ered: (i) An amino acid fragment comprising n carbon
atoms may be labeled with up to n '3C nuclei, i.e., the
molecular mass detected in MS may range from mO (only
12C atoms) to mO + n (only *3C atoms). Depending on the
isotope composition of the other contained elements and
the additional carbon atoms of the derivatizing agent,
even m0 + m mass isotopomer distributions can be
observed, with m > n. If all m mass isotopomers are
detected, still only n + 1 constraints on the carbon
isotopomer pool of the amino acids can be extracted,
whereas the other m — n measurements provide redun-
dant information that may be used to estimate the
natural abundance of other elemental isotopes. (ii) Dur-
ing mass isotopomer detection, amino acids often break
into several fragments that yield additional information
on labeled carbon positions. However, the independent
constraints on these different fragments cannot simply
be summed, because some of them are linearly depend-
ent.

To extract the number of independent constraints on
the isotopomer distribution of the amino acids that can
be extracted from the experimental GC—MS fragments
(Table 1), the single linear equation systems of all
measured fragments a;—a,, of the amino acid aa (eq 1)
were combined to yield a single equation system

MDV,, .. MMM, .
MDVeo, |  [MMMq,, oV @
- . : aa

MDV,.. | MMM,
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or in short terminology

MDV = MMM, orar* 1DV o (5)

aa,total
The number of independent constraints (NIC) on the
isotopomer distribution of amino acid aa was identified
by inspection of the resulting total MMM totai @nd was
equal to its rank:

N ICaa =ran k(MM Maa,total) (6)

The isotopomer constitution of two amino acids, serine
and glycine, was resolved completely, and for alanine only
two degrees of freedom remained. In total, 125 indepen-
dent constraints on the 1508 isotopomers of the 16
considered amino acids were accessible by our analysis
(Table 2).

Discussion

Tracer experiments represent a powerful tool for the
investigation of metabolic reaction networks (2, 8, 26, 27).
For the analysis of such experiments, the isotopomer
balancing framework (5—7) enables a comprehensive
mathematical description of labeling pattern in complex
metabolic systems. Hence, it constitutes a conceptual
extension of tracer analysis and the call is now open for
experimental methods—analytical techniques (28) and
optimized mixtures of labeled tracer molecule (29)—that
rapidly provide a maximum of information. Instead of
using single, analytical equations for labeling data
interpretation, these massive data sets require fitting
procedures and statistical analysis (30). Although many
publications report on the use of NMR data (3, 8, 9), an
experimental GC—MS method was reported for the
comprehensive use of mass isotopomer data was reported
only very recently (10). This particular GC—MS method
has a faster amino acid separation procedure but requires
a higher experimental effort because three derivatization
methods were used. For metabolic flux analysis, this
method yields a total of 91 constraints on the amino acid
isotopomer pool, compared to 125 constraints in our
analysis. While the lower number of constraints may be
compensated by a higher precision of the selected ion
monitoring mode that was selected for MS detection, our
simulations show sufficient accuracy of the electron
impact ionization mode. Thus, we present a fast and
reliable GC—MS procedure for metabolic flux analysis
that generates many independent constraints in a single
experiment.

Another aim of this study was to deliver a suitable
interface for the use of mass isotopomer data within an
isotopomer balancing framework. In this context, it is a
prerequisite to account for the skewing effects of natural
isotopes. This can be achieved by two approaches. The
first makes use of experimental data and requires the
construction of a series of enrichment calibration curves
(31), which requires experimental efforts and suffers from
the limited availability of increasingly labeled standards.
The second is based on simulating the reported or
estimated natural occurrence of elemental isotopes.
Fernandez and co-workers (32) described the correction
of di-TBDMS-derivatized pyruvate mass distributions by
a computed correction matrix. However, no information
on matrix construction was given. Wittmann and Heinzle
(22) developed a method to correct simulated carbon
skeleton mass distributions for the natural isotope
abundances of the other contained elements. In addition
to this correction, however, skewing effects of elements
with more than two major isotopes (e.g., O and Si) cannot
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Table 2. Accessible Independent Constraints on the
Isotopomer Distribution by Different 13C Amino Acid
Analysis Methods

constraints on isotopomer pool

amino no. of

acid isotopomers Ms2 COSY®b FE®
Ala 8 6 4 2
Arg 64 5

Asx 16 10 6 2
Glx 32 12 8 3
Gly 4 4 1 2
His 64 7

lle 64 6 7 3
Leu 64 6 7 5
Lys 64 14 7 5
Met 32 10 3

Phe 512 18 6 2
Pro 32 10 8

Ser 8 8 4 2
Thr 16 6 3
Tyr 512 11 10

Val 16 10 5 2

aBased on the accepted fragments in Table 1. Correlation
spectroscopy; data taken from ref 3. ¢ Fractional enrichment; data
taken from ref 8.

be treated independently. Here we developed a general,
matrix-based method that allows automatic generation
of mass mapping matrices. Moreover, in contrast to
similar GC—MS methods (10, 22, 33), we calculate the
mass isotopomer distributions from the isotopomer dis-
tributions in one step. This reduces computation and thus
improves the performance of the computation-intensive
iterative fitting procedure for metabolic flux analysis.

The good agreement between experimentally deter-
mined and simulated results (Table 1) proves the capa-
bility of the presented method to accurately describe
experimental and literature data on natural isotope
abundances. The influence of altered isotope abundances
in the range observed in nature (25) are negligible,
compared to the changes that arise from different flux
conditions. Thus, the natural isotope abundance does not
need to be adjusted/estimated for flux analysis, provided
acceptable results are obtained with samples that are
labeled at natural abundance.

Simulations with a simplified metabolic isotopomer
model indicate that the proposed GC—MS procedure
provides valuable information for metabolic flux analysis
by isotopomer balancing. However, a definite answer on
whether a particular flux can be quantified by a particu-
lar procedure can only be given for a defined network
and a defined operating region after extended analysis
(6, 30). General properties of an analytical procedure are,
nevertheless, important to provide a rough impression
on its potential and to compare it to other methods. In
this context, the number of independent constraints on
the isotopomer distribution is very important. In the case
of NMR-detected 3C enrichments, an amino acid with n
13C nuclei, m of them being measured, yields m con-
straints on its isotopomer pool, with m < n. The situation
is more complex for COSY NMR analysis of amino acids,
where proton-bound carbon atoms can either be centrally
or peripherally located. Peripheral carbon atoms provide
one linear constraint on the amino acid isotopomer pool,
because two isotopomeric patterns are observable. Two
to three constraints can be deduced for centrally located
carbon atoms, depending on whether different scalar
coupling constants exist (3). Of all three analyses, only
GC—MS analysis is theoretically capable to resolve all
amino acid isotopomers. As illustrated in Table 2, the
GC—MS methodology presented here yields more inde-
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pendent constraints than either of the two NMR methods
and even resolves the complete isotopomer composition
of two amino acids, serine and glycine. The complete
isotopomer constitution of additional amino acids may
be accessible by GC—MS if additional derivatization
methods with alternative cracking patterns are used (10,
34).
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