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The C;-C, metabolite interconversion at the anaple-
rotic node in many microorganisms involves a complex
set of reactions. C; carboxylation to oxaloacetate can
originate from phosphoenolpyruvate and pyruvate, and
at the same time multiple C,-decarboxylating enzymes
may be present. The functions of such parallel reactions
are not yet fully understood. Using a >*C NMR-based
strategy, we here quantify the individual fluxes at the
anaplerotic node of Corynebacterium glutamicum,
which is an example of a bacterium possessing multiple
carboxylation and decarboxylation reactions. C. glu-
tamicum was grown with a *C-labeled glucose isoto-
pomer mixture as the main carbon source and '3C-la-
beled lactate as a cosubstrate. 58 isotopomers as well as
15 positional labels of biomass compounds were quanti-
fied. Applying a generally applicable mathematical
model to include metabolite mass and carbon labeling
balances, it is shown that pyruvate carboxylase contrib-
uted 91 *+ 7% to C; carboxylation. The total irn vivo car-
boxylation rate of 1.28 = 0.14 mmol/g dry weight/h ex-
ceeds the demand of carboxylated metabolites for
biosyntheses 3-fold. Excess oxaloacetate was recycled to
phosphoenolpyruvate by phosphoenolpyruvate car-
boxykinase. This shows that the reactions at the anaple-
rotic node might serve additional purposes other than
only providing C, metabolites for biosynthesis.

The interconversions between the C; metabolism and the C,
metabolites of the tricarboxylic acid cycle function either as a
replenishment of tricarboxylic acid cycle intermediates
(anaplerosis) or as the initial steps of gluconeogenesis. These
carboxylation and decarboxylation reactions are catalyzed by a
number of enzymes (1, 2). Synthesis of oxaloacetate via carbox-
ylation of C; metabolites may be catalyzed by phosphoenol-
pyruvate (PEP)! carboxylase, PEP carboxytransphosphorylase,
or pyruvate carboxylase. The reverse reaction, decarboxylation
of oxaloacetate, may analogously lead to PEP or pyruvate,
catalyzed by PEP carboxykinase or oxaloacetate decarboxylase,
respectively. NAD*- or NADP"-dependent malic enzyme cata-
lyzes the reaction from malate to pyruvate. In some organisms,
this enzyme is also thought to act in a pyruvate-carboxylating
sense (3).
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To date, a full understanding of these enzymatic reactions
and their functions has been hindered by a lack of knowledge
about their activities in vivo. The occurrence of parallel reac-
tions and the involvement of a set of metabolites in activity
control of the enzymes prevents reliable estimations on the
actual enzyme use. Moreover, it is not possible to derive quan-
titative data on in vivo flux rates by enzyme characterizations
alone. Instead, carbon-13 labeling techniques, which employed
NMR spectroscopy (for an overview, see e.g. Refs. 4 and 5) or
mass spectrometry, as well as carbon-14 radiolabeling methods
have been used to quantify in vivo intracellular fluxes in cen-
tral metabolism including conversions between PEP, pyruvate,
and oxaloacetate/malate. However, although these studies
quantified the total Cg4 carboxylation and C, decarboxylation
rates, they either investigated cases in which only a single flux
in each direction had to be considered (e.g. 6-10), in which
parallel reactions were lumped together (11, 12), or in which
the resolution of parallel reactions required assumptions on
compartmentation (13, 14). For the parallel decarboxylating
reactions in Bacillus subtilis, it was possible to derive separate
upper bounds (15). One study estimated the relative carboxyl-
ation fluxes originating from PEP and pyruvate in Corynebac-
terium glutamicum based on comparison of deletion mutants
(16), an approach that, however, by itself does not represent the
natural situation, since fluxes are severely disturbed in mu-
tants and the cell may react very flexibly (17, 18).

In this study, we present and apply a strategy for the reso-
lution of the bidirectional as well as multiply parallel enzy-
matic conversions within anaplerosis that is generally applica-
ble to a variety of biological systems. The experimental
approach is based on '3C labeling techniques and NMR spec-
troscopy and makes full use of the recently found explicit math-
ematical solution of isotopomer balances (19) and the accom-
panying experimental design framework (20). The procedure
was applied to C. glutamicum, since this organism possesses
PEP and pyruvate carboxylases, PEP carboxykinase, oxaloac-
etate decarboxylase, and NADP"-dependent malic enzyme,
which are all shown to be active in vitro (21-30). Previous work
on flux distribution in this organism suggests that both car-
boxylation and decarboxylation might occur simultaneously in
vivo (17, 18).

EXPERIMENTAL PROCEDURES

Cultivation and ">C Stable Isotope Label Application—C. glutami-
cum wild type ATCC 13032 was pregrown overnight in 100 ml of 3.7%
brain-heart-glucose bouillon (Difco), washed twice with buffer of 50 mm
Tris-HCI and 50 mMm NaCl, pH set to 6.8 using NaOH, and inoculated
into the bioreactor containing unlabeled medium to result in an optical
density at 600 nm (Ag,,) of approximately 1.1.

Cultivation was carried out in a KLF2000 bioreactor (Bioengineer-
ing, Wald, Switzerland) equipped with an automatic medium feeding
system YFC 01Z (Sartorius, Gottingen, Germany) and a COI online
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Fic. 1. Simplified metabolic network and carbon atom transi-
tions used in anaplerotic flux estimation. The symbols a--i refer to
the derivation of central metabolic fluxes. The enzymatic correlations
are as follows: pyruvate kinase and phosphotransferase system for
glucose uptake (a); L-lactate dehydrogenase (b); oxaloacetate decarbox-
ylase and malic enzyme (c); PEP carboxylase (d); pyruvate carboxylase
(e); a-ketoglutarate dehydrogenase complex, succinyl coenzyme A syn-
thetase, succinate dehydrogenase, and fumarase (f); glyceraldehyde
3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycero-
mutase, and enolase (g and i); PEP carboxykinase (k). Precursor re-
quirements for biomass synthesis are denoted by bs. Metabolites that
do not represent branch points are left out for simplicity, and pools of
metabolites for which near equilibrium conditions are assumed (i.e. the
triose phosphates (dihydroxyacetone phosphate and glyceraldehyde
3-phosphate) (2), citrate/isocitrate, and oxaloacetate/malate (11)) are
each lumped together.

exhaust gas '»CO,/*?CO, monitor (Fischer Analysen Instrumente,
Leipzig, Germany). The medium was based on an optimization de-
scribed (31) and consisted of 10 g/liter (NH,),SO,, 0.5 g/liter K,HPO,,
0.5 g/liter KH,PO,, 0.5 g/liter NaCl, 0.285 g/liter MgSO,-7TH,0, 0.05
g/liter CaCl,2H,0, 28.5 mg/liter FeSO,7H,0, 11.2 mg/liter
MnSO,H,0, 763 pg/liter CuSO,5H,0, 6.3 mg/liter ZnSO,7H,0, 130
pg/liter CoCl,-6H,0, 43 pg/liter NiCl,:6H,0, 65 ug/liter Na,MoO,-2
H,0, 28 pg/liter AIK(SO,),-12H,0, 20 ng/liter Na,SeO5-5H,0, 50 pg/
liter H,BO,, 0.85 mg/liter biotin, 0.1 g/liter EDTA-2Na-2H,0, and 0.02%
polypropylene glycol P1200 as antifoam agent. The medium was sup-
plemented with either unlabeled carbon sources (21 mm glucose and 4
mM sodium-L-lactate) or a mixture of isotopically enriched substrates
containing 4.2 mM [1-**Clglucose and 2.1 mMm [*3Cg4lglucose (both from
Cambridge Isotope Laboratories, Andover, MA), 14.7 mM unlabeled
glucose, and 4 mMm sodium 1-[3-'3C]lactate (Euriso-top, Gif-sur-Yvette,
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France). This optimal isotopomeric substrate composition was evalu-
ated by computer simulations using the metabolic flux model described
below and the experimental design procedures outlined in Ref. 20.

Culture pH was automatically maintained at 6.8 by a dosage of 2 N
NaOH. The culture volume was controlled at 600 ml by weight meas-
urement and culture broth withdrawal. Peristaltic pumps were used for
all liquid flows. Cultivation temperature was 30 °C. Aeration was
achieved by synthetic air (80% N, and 20% O,) at a flow rate of 46
liter/h and 1200 rpm stirrer speed. The oxygen partial pressure was
measured but not controlled.

Five hours after inoculation of the bioreactor, the carbon source was
consumed, as could be monitored via respiration activity, and the con-
tinuous chemostat mode was started with a dilution rate of 0.1 h™%, i.e.
60 ml/h feed of unlabeled medium. At a cultivation time of 55 h, the
respiration activity and Ag,, was stabilized and remained constant for
an additional 42 h. Oxygen partial pressure was constant at approxi-
mately 80% of air saturation. Metabolic steady-state conditions thus
established, the unlabeled feed was replaced by labeled medium as
described above. After 29 h of subsequent cultivation, the biomass was
harvested, washed twice, and freeze-dried.

Analytical Methods—The optical density (Agy,) of culture samples
was measured on a UV 160A spectrophotometer (Shimadzu, Tokyo,
Japan). Samples were diluted to a resulting Ag,, between 0.1 and 0.3
prior to measurements. Culture supernatants were analyzed for glu-
cose, L-lactate, and ammonia using enzymatic test kits (Roche Molecu-
lar Biochemicals). Carbon and nitrogen contents of freeze-dried biomass
were determined using a CHNS 932 element analyzer (Leco, St. Joseph,
MD).

NMR Spectroscopy—Carbon-13 labeling patterns of metabolites iso-
lated from labeled cell material (i.e. not from the cytoplasm) were
determined by NMR spectroscopy. To this end, 250 mg of freeze-dried
cells was hydrolyzed in 12 ml of 6.0 N HCI for 12 h at 105 °C. One half
of the hydrolysate was used for two-dimensional NMR measurements
(see below), the other half for fractionation of proteinogenic amino acids
by cation exchange chromatography as described previously (11, 32).
Amino acid fractions of alanine, aspartate, glutamate, glycine, lysine,
phenylalanine, serine, threonine, and valine as well as the remaining
cell hydrolysate were each lyophilized, redissolved in 700 ul of deute-
rium oxide (Deutero, Kastellaun, Germany) containing 2 mMm of sodium
trimethylsilylpropionate-2,2,3,3-d, (Aldrich), and filled into 5-mm NMR
sample tubes. All NMR measurements were carried out on a Bruker
AMX400-WB spectrometer system at 400.13 MHz for 'H and 100.61
MHz for *2C.

Isotopomer distributions in amino acids were determined from **C
spectra acquired under continuous composite pulse broadband decou-
pling using a 70° pulse, a sweep width of 26.3 kHz, and a repetition time
of 2 s. 25,600 scans of 32,768 complex points were accumulated per
spectrum. Fractional 3C enrichments of protonated carbon atoms were
determined by proton-'*C decoupling difference spectroscopy as previ-
ously published (11, 32, 33). To access labeling patterns in glycerol, a
heteronuclear single-quantum correlated two-dimensional spectrum
(34) was recorded from the sample containing the complete cell hydrol-
ysate. The acquisition parameters were ¢,,,... = 520 ms, ¢, = 231 ms,
data size before zero-filling 3072 points in ¢, and 2048 points in ¢,.
Sweep width was 4.42 kHz for 'H and 2.95 kHz for '*C; the carrier
position was 4.8 ppm for 'H and 63.1 ppm for **C. Total recording time
was 53.5 h.

RESULTS

Labeled Substrate Mixture for Optimal Resolution of the
Anaplerotic Fluxes—Fig. 1 depicts the subnetwork of central
metabolism relevant for resolution of the anaplerotic fluxes,
along with the carbon atom transitions. It essentially com-
prises the tricarboxylic acid cycle, anaplerotic reactions, and
the conversions of triose phosphates via PEP and pyruvate to
acetyl coenzyme A. The glyoxylate cycle is not considered, since
it is not active during growth of C. glutamicum on glucose as we
have shown in previous '3C labeling studies (11, 18, 35). 3C
fractional enrichments and isotopomer distributions of biomass
precursors from this part of central metabolism can be deter-
mined by NMR measurements of glycerol and the proteinogenic
amino acids alanine, aspartate, glutamate, phenylalanine, ser-
ine, and threonine from a biomass hydrolysate. Previous exper-
iments employing [1-'2Clglucose as the sole labeled substrate
enabled a detailed and accurate flux analysis in C. glutamicum
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TABLE I
Labeling patterns of central metabolites relevant to anaplerosis and tricarboxylic acid cycle flux estimation
Shown are NMR measurements and, in parentheses, simulated values based on the mathematical model solution outlined in the Appendix.
Biomass compounds from which '3C fine structures were determined are underlined (cf. the illustration of '*C signal fine structures in Fig. 2). See
Tables A-II and A-III in the Appendix for measurement accuracies. ND, not determinable.

Central metabolite and Measured from biomass fr ac1t3i(c:J: nal Fine structure of '°C multiplet signal (%)
carbon atom position compound enrichment s d, d.; dd

Triose phosphates C-2 Glycerol C-2 ND (11.3) 14.5 (14.6) 15.6* (15.1) 69.9 (70.3)
Phosphoenolpyruvate C-2 Phe C-2 12.2 (12.3) 21.4 (22.5) 7.7(8.4) 10.9 (11.9) 60.0 (57.1)
Phosphoenolpyruvate C-3 Phe C-3 19.9 (20.0) 51.5(50.4) 35.7(37.3) 7.5(7.1) 5.3(5.2)
Pyruvate C-2 Ala C-2 11.6 (11.5) 22.3 (22.4) 8.6 (8.4) 12.2 (12.5) 56.9 (56.7)
Pyruvate C-3 Ala C-3, Glu C-4 26.2 (25.8) 67.2 (69.2) 32.8 (30.8)

Oxaloacetate C-2 Asp C-2, Glu C-3 15.4 (15.8) 41.2 (40.9) 18.4 (19.2) 13.8 (13.0) 26.6 (26.9)
Oxaloacetate C-3 Asp C-3, Thr C-3, Glu C-2 23.2(23.1) 56.4 (55.9) 21.0 (21.4) 16.5 (16.7) 6.1(6.0)
a-Ketoglutarate C-3 Glu C-3 15.4 (15.8) 43.7 (44.5) 46.0° (45.2) 10.3 (10.3)
a-Ketoglutarate C-4 Glu C-4, Ala C-3 26.1 (25.8) 58.4 (58.2) 11.9 (11.0) 24.6 (25.9) 5.1(4.9)

“ Since glycerol is a symmetrical molecule, only the sum of d_; and d ; is determinable.

® Due to overlapping peaks, the sum of d_, and d_, , is given.

but did not allow us to discriminate between PEP- and pyru-
vate-involving fluxes because fractional enrichments of PEP
and pyruvate were found to be identical (11). Therefore, in our
present experiment, [3-'3C]lactate was used as a labeled cosub-
strate to result in a differently labeled pyruvate pool. Further-
more, we additionally used uniformly labeled [*Cglglucose
against a background of unlabeled glucose, since this approach
allows to estimate the fractions of the PEP and pyruvate pools
that originate from oxaloacetate (15, 34). Thus, in this study,
an optimized substrate mixture of the four species [1-13Clglu-
cose, [1306] glucose, unlabeled glucose, and L- [3-13C]lactate was
employed in a single experiment.

Extracellular Flux Rates—Extracellular fluxes (i.e. between
the cells and the surrounding medium) were determined to
normalize the metabolic network and to check the consistency
of the cultivation data. From three samples taken during
steady state of the culture, the dry weight obtained was 1.86 =+
0.03 g/liter. The remaining concentrations of glucose and lac-
tate were 0.014 = 0.003 and 0.06 = 0.01 mwm, respectively.
Ammonia concentration was 139 = 1 mM. From these meas-
urements, feed concentrations, and the dilution rate, the spe-
cific uptake rates were calculated as 1.13 = 0.02 mmol of
glucose/g dry weight/h, 0.21 + 0.01 mmol/g/h lactate, and
0.65 = 0.05 mmol/g/h ammonia. Carbon dioxide concentrations
measured in the exhaust gas were 1726 + 38 ppm of 12CO, and
292 + 6 ppm of *CO, (molar fractions), corresponding to a
specific carbon dioxide production rate of 3.73 = 0.15 mmol/g/h.
Total carbon and nitrogen contents of dry biomass were 41.4 +
0.6 and 9.7 = 0.2%, respectively. Except for small amounts of
alanine and valine detected by NMR (<0.1 mwm, i.e. less than
0.5% of the carbon balance), no other products or compounds
(e.g. protein that could indicate cell lysis) were present in the
culture supernatant. Hence, the element balances for carbon
and nitrogen are closed within the experimental error margins
(97 = 4 and 106 * 8%, respectively).

NMR Quantifications—Fractional enrichments and/or 3C
spectral fine structures were determined from a total of 24
carbon atoms in the nine purified amino acids listed under
“Experimental Procedures.” Moreover, the 2C fine structures
of glycerol were evaluated from the two-dimensional spectrum
of the cell hydrolysate by means of cross-sections through the
maxima of the C signals. The metabolic and isotopic steady
state labeling data derived from these measurements for the
precursor metabolites triose phosphates, PEP, pyruvate, oxa-
loacetate, and a-ketoglutarate are summarized in Table I,
while Fig. 2 shows the relevant NMR spectra. In the following,
we will show how these data can be used in a simple and
intuitive approach employing basic carbon-13 and isotopomer

balances to analyze the network depicted in Fig. 1. The results
of the comprehensive computer-based flux analysis based on
the full set of NMR data, together with the description of the
metabolic model used, are given in the Appendix. Results of
this comprehensive analysis that are relevant for the network
of Fig. 1 are included in Table I for comparison.

Pyruvate Formation from Oxaloacetate Is a Minor Route—As
can be seen from Fig. 34, fluxes leading to pyruvate originate
from PEP (a), the cosubstrate lactate (b), or oxaloacetate/
malate (c). For the fractional enrichments in carbon positions 2
and 3 of pyruvate, the label balances at metabolic and isotopic
steady state can be set up (Fig. 3A) as follows,

(@ +b+c)FEpy 0o =0 FEpgpcs + b FEpa 00 + ¢ FEopacs (Eq. D

(@+ b+ c)FEppcs=a FEpgpcs + b FEpacs+ ¢ FEoancs (Eq. 2)

where FE denotes the fractional enrichments in the specified
position (available from measurements (Table I) or known in
the case of the substrate lactate, which is fully labeled in C-3
and has natural *C abundance of 1.1% in the other carbons).
Fractional labeling in each of the carbon atoms of pyruvate is
therefore linearly dependent on the labels in the respective
carbons of three metabolites and their relative fluxes leading
into the pyruvate pool. The evaluation of Equations 1 and 2
with the data from Table I yields relative amounts of 85, 8, and
7% for a, b and c, respectively, as fractions of the total flux into
the pyruvate pool. Since flux b, lactate consumption, was meas-
ured as 0.21 mmol/g/h, the other two fluxes can be directly
assigned absolute values of @ = 2.23 mmol/g/h (pyruvate kinase
and phosphotransferase system for glucose uptake) and ¢ =
0.18 mmol/g/h (oxaloacetate decarboxylase and/or malic en-
zyme). Thus, the first finding is that oxaloacetate decarboxyla-
tion contributed only little to pyruvate formation.
Oxaloacetate Is Predominantly Synthesized from Pyru-
vate—A set of equations analogous to those for the pyruvate
node is obtained for the oxaloacetate/malate node (Fig. 3B),

(d +e+[)FEoaaco =

d FEpgpcs+ e FEpyco+ [+ Y2 (FExacs + FExecd) (Eq.3)
(d +e+)FEoaacs =

d-FEpgpcs + e FEpycs+ [+ Y2 (FExacs + FExecd (Eq.4)

where d represents PEP carboxylase, e represents pyruvate
carboxylase, and f represents tricarboxylic acid cycle activity,
and it is considered that both C-2 and C-3 of tricarboxylic acid
cycle-derived oxaloacetate originate with equal probability
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Fic. 2. '*C-NMR spectra of compounds most relevant to anaplerotic flux estimation. Signal fine structure composition is illustrated for
the C-2 of alanine. Only molecules with a '*C as the central carbon contribute to the multiplet signal. s, singlet peak of [2-'*Clalanine (no
neighboring labels); d_,, **C in the preceding position ([1,2-'*C,]lalanine) produces a doublet peak, split by scalar coupling; d, ;, **C in the following
position ([2,3-'*C,]alanine) yields another doublet split with a different coupling constant; dd, “doublet of doublet” signal of [**C,]alanine. Signals
of terminal carbons only split into a singlet and one doublet. Influx of [3-'*C]lactate into pyruvate adds to the singlet peak of alanine C-3 (i).
Because of pyruvate carboxylation, the label is also found in oxaloacetate, the precursor of aspartate (i7). In phenylalanine C-2, the dd fine structure
of intact **C, fragments is decreased (iii) in comparison with triose phosphates, measured through glycerol (iv). This is due to a back flux from
oxaloacetate (see aspartate C-2; v) to PEP, the precursor of the phenylalanine aliphatic moiety. Note that in the symmetrical molecule of glycerol
the '3C, isotopomer appears as a triplet instead of a doublet of doublets.
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Fic. 3. Metabolic nodes involved in anaplerotic flux distribu-
tion: pyruvate (A), oxaloacetate/malate (B), phosphoenolpyru-
vate (C). For each node, the ratio of incoming fluxes is determinable
from labeling data. Rectangular boxes represent measured '*C frac-
tional enrichments (in percent). Ovals indicate the intensities of the
doublet of doublets fine structures as percentages of the total respective
13C signals. See the legend to Fig. 1 for the enzymatic reactions corre-
sponding to fluxes a--g. Flux rate estimates are given in mmol/g dry
weight/h (italic numbers).

from C-3 and C-4 of a-ketoglutarate due to label scrambling at
the symmetrical molecule of succinate. Since the label in the
C-3 position of oxaloacetate is higher than that in C-3 of PEP
and 2-oxoglutarate (Fig. 3B), it can be seen beforehand that
oxaloacetate must have a high influx from pyruvate. With both
Equations 3 and 4, and using the data in Table I, the relative
fluxes d, e, and f are evaluated as 13, 47, and 40%, respectively,
stating the second major result of the present investigation
that the anaplerotic synthesis of oxaloacetate originates from
pyruvate rather than PEP. This conclusion is visually perceiv-
able from the 13C spectra of C-3 of phenylalanine, alanine, and
aspartate (Fig. 2), which show a high singlet contribution in
oxaloacetate-derived aspartate C-3 similar to that in pyruvate-
derived alanine C-3 rather than PEP-derived phenylalanine
C-3. This illustrates that the supplementation of C-3-labeled
lactate as cosubstrate enables the differentiation of PEP and
pyruvate as possible origins of oxaloacetate, since the ensuing
influx of [3-13C]pyruvate caused the elevated singlet contribu-
tion in the C-3 signal of alanine. Thus, our data indicate that
pyruvate carboxylase contributed at least 3-fold more to oxalo-
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acetate synthesis than PEP carboxylase in C. glutamicum.

The Tricarboxylic Acid Cycle Is Drained by Decarboxylation
of Oxaloacetate to Phosphoenolpyruvate—The phosphoenol-
pyruvate node, illustrated in Fig. 3C, involves PEP synthesis
from triose phosphates (g) and by the back reaction from oxa-
loacetate to PEP (k). To date, no PEP synthase activity has
been reported for C. glutamicum; hence, no influx to the PEP
pool from pyruvate was considered.

Following the amount of intact '*C, fragments by inspection
of the C-2 multiplet structure data of glycerol, phenylalanine,
and aspartate (Fig. 2) reveals that a significant back flux from
oxaloacetate to phosphoenolpyruvate must have been present.
These triply labeled fragments, which appear as characteristic
“doublet of doublet” (or as a triplet in the case of glycerol), fine
structures in the C-2 NMR signals (Fig. 2), emerge from the
portion of fully labeled glucose in the substrate mixture. Their
relative amount (Table I), as a fraction of the total *C signal,
is highest in triose phosphates (69.9%) and significantly lower
in PEP (60.0%), an observation that can only be explained by
an influx to PEP from the pool of oxaloacetate, in which the
amount of intact 'C, fragments is greatly reduced (26.6%) due
to the reactions of the tricarboxylic acid cycle. As with the other
nodes, a set of labeling equations is set up for the PEP node,
now including isotopomers,

(g + h)FEpgpcs =8 FEripco + b FEopa 00 (Eq. 5)
(g + W)FEpgp oo FSpepca =
& FEnipco FSmipca + h*FEopace FSoance (Eq. 6)

where FS denotes the relative intensity of a fine structure
within the 13C signal of the position specified. Hence, the prod-
uct of F'S and the corresponding fractional enrichment (FE) is
equal to an isotopomer fraction of a C; fragment. Using the
“doublet of doublets” fine structures (Table I), the evaluation of
Equations 5 and 6 yields a g:h flux ratio of 82:18 and an
estimate of 11.5% for the fractional label in C-2 of triose phos-
phates (FEq1,p o) that was not measured. Thus, the third
important result of this study is that the gluconeogenic enzyme
PEP carboxykinase is strongly active in C. glutamicum even
during growth on glucose.

Calculation of Absolute Flux Rates—So far, the relative in-
flux distributions at the three nodes of the network (Fig. 1)
have been derived separately. Now, by metabolite balancing,
the absolute fluxes can be evaluated. First, a balance is formed
for the pyruvate node,

a+b+c=e+f+ bspy t bsaccon + bSakc (Eq. 7)

which takes into account the fact that all carbons leaving the
pyruvate pool eventually arrive at oxaloacetate/malate, di-
rectly (e) or via the tricarboxylic acid cycle (f), or leave central
metabolism as biosynthetic precursors, either directly from
pyruvate or via acetyl coenzyme A and a-ketoglutarate, de-
noted by bspy,, bSa.con, and bs,xg, respectively. A second bal-
ance considers that in steady state the anaplerotic net rate, i.e.
carboxylating minus decarboxylating reactions, must equal the
total anabolic demands of the tricarboxylic acid cycle interme-
diates oxaloacetate (bspa,) and a-ketoglutarate (bs kq)-

d+e—(c+h)=>bsoas + bsuka (Eq. 8)

Using the anabolic precursor demands at 0.1 h™! growth rate
(bsprp = 0.05, bspy, = 0.27, bsp.con = 0.29, bs kg = 0.13, and
bsoas = 0.17 mmol g * h™%; see Ref. 11 and Table A-I in the
Appendix), the absolute fluxes are evaluated from the foregoing
equations asd = 0.29,e = 1.04,f = 0.89,¢g = 3.87,and h = 0.85
mmol g~ ! h™!. Finally, a balance for the PEP node,
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TaBLE II
Fluxes in anaplerosis and adjoining parts of central metabolism in C.
glutamicum grown carbon-limited at 0.1 h™*

Comparison of estimates from a simplified metabolic subnetwork
(Fig. 1) and a comprehensive mathematical model (see Appendix). 90%
confidence intervals are shown for the results of the complete model.
TCA, tricarboxylic acid.

Flux estimates

Metabolic conversion From simplified From complete model

subnet (see Appendix)

mmol g1 h™!

Triose phosphates — PEP 3.87 4.1 +0.6*
PEP — triose phosphates 2.15 2.2 + 0.6
TCA cycle entry flux® 1.02 1.08 + 0.12
PEP — pyruvate 2.23 2.61 = 0.09
PEP — oxaloacetate 0.29 0.11 = 0.09
Pyruvate — oxaloacetate 1.04 1.17 = 0.11
Oxaloacetate — PEP 0.85 0.99 = 0.09
Oxaloacetate/malate — pyruvate 0.18 <0.10

Glyoxylate shunt <0.06

“The net rate from triose phosphates (via 3-phosphoglycerate) to
PEP is more precisely identified as 1.91 = 0.08 mmol g * h™ .
® Oxaloacetate + acetyl coenzyme A — citrate/isocitrate.

g+h=a+d+1i+ bspgp (Eq. 9)

reveals a back flux from PEP to triose phosphates (i) of 2.15
mmol/g/h that is due to near equilibrium conditions of the
reactions between these metabolites (2, 11).

In Table II, the estimated fluxes in the network of Fig. 1 are
summarized. Notably, these estimations were derived from a
small set of NMR measurements, yet they show good consis-
tency with the outcome of the complete mathematical model
presented in the Appendix. The estimated contribution of PEP
carboxylation to the total anaplerotic flux is higher using the
simplified approach (0.29 mmol g~ h™!) than it is calculated
based on the complete model (maximally 0.20 mmol g * h™1),
probably due to a partial exchange of oxaloacetate C-2 and C-3
labels by the reversible reactions between fumarate and oxa-
loacetate (36) that could only be properly considered in the
complete, computer-based analysis. Labeling patterns simu-
lated on the basis of the identified central metabolic fluxes
using the complete model are shown in Table I along with the
measured data. The modeled values are in very good agree-
ment with the measurements, indicating the correctness of our
modeling framework.

The validity of the results is further corroborated by the
consistency of redundant NMR information as demonstrated in
Table III for the anaplerotic reactions. Using the complete
mathematical model, all anaplerotic and decarboxylating
fluxes can be determined already, albeit with less precision,
from the labeling patterns of only phenylalanine, alanine, and
aspartate, which represent the three node metabolites phos-
phoenolpyruvate, pyruvate, and oxaloacetate, respectively.
Due to the redundancy of labels in oxaloacetate and a-ketogl-
utarate, NMR information from glutamate can substitute for
that from aspartate. Glycerol and serine substitute for pheny-
lalanine because of the exchange between triose phosphates
and phosphoenolpyruvate. Also, omission of alanine labeling
information can be partly compensated by valine and gluta-
mate. Even when the data from phenylalanine, alanine, and
asparate are omitted altogether, the remaining information
still suffices to reveal the principal findings that pyruvate
carboxylation is the more active anaplerotic route and that
PEP carboxykinase is simultaneously active in vivo. In neither
case, NMR information subsets produce results that are statis-
tically different from each other.

It should be noted that our results reflect overall fluxes in a
bacterial population, which as a whole is in dynamic steady
state, although its individual cells are growing and dividing.
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Thus, one may argue that, if different amino acids had been
predominantly synthesized during different phases of the cell
cycle with different flux situations, the flux estimates would
depend on the choice of amino acids for labeling information.
But this was clearly not the case (Table III). Moreover, if the
system was not in metabolic and isotopic steady state, error
ranges yielded by statistical analysis (20) would expand rather
than decrease with an increasing number of otherwise redun-
dant information, i.e. labeling data from different amino acids
that are derived from the same intermediate. Again, such in-
consistencies are not observed, and, as it is to be expected with
truly redundant data, the best-confined confidence regions are
in fact achieved with the full set of labeling data (Table II). This
is in accordance with the finding that bacterial metabolism in
balanced growth is practically unchanged throughout the cell
cycle, except for the processes directly involved in DNA repli-
cation and cell division (37, 38).

In summary, the present results unequivocally show that
pyruvate carboxylation is the main anaplerotic route with a
contribution of 83% or greater to total anaplerotic activity,
although in vitro data suggested pyruvate carboxylase is the
less active enzyme compared with phosphoenolpyruvate car-
boxylase (24, 29). Anaplerotic gross rate and C, decarboxyla-
tion activities are 1.28 = 0.14 and 0.99 * 0.09 mmol/g dry
weight/hour, respectively, with PEP carboxykinase catalyzing
at least 90% of the decarboxylation flux. Thus, the activities of
pyruvate kinase, pyruvate carboxylase, and PEP carboxyki-
nase in C. glutamicum constitute an apparently futile sub-
strate cycle via the metabolites PEP — pyruvate — oxaloace-
tate — PEP, with a net loss of one high energy phosphate bond
per turn.

DISCUSSION

In vivo flux quantification is aimed at determining the actual
flux through an enzyme-catalyzed reaction and reflects the flux
through this reaction as integrated in the entirety of the cellu-
lar fluxes. A particularly attractive subset of metabolism is the
interconversion of C; and C, units at the anaplerotic node.
Here, in many organisms a set of enzymes is present, which are
speculated to serve different purposes in linking glycolysis with
biosynthesis demands (1). We have repeatedly quantified that
in C. glutamicum in addition to a C5-carboxylating forward flux
a C,-decarboxylating flux is present (11, 17, 18), and this con-
dition is also found in B. subtilis (15).

In the present work, the resolution of forward, back, and
parallel fluxes was accomplished in a single experiment by
using a mixture of differently labeled carbon sources and sub-
sequently reading out the labeling patterns of metabolic inter-
mediates via amino acids from biomass protein. This approach
is valid for dynamic steady state cultures of organisms with a
virtually unchanged metabolism throughout the cell cycle, i.e.
mostly bacteria (37, 38). In the present case of C. glutamicum,
this key requirement is endorsed by the consistency of redun-
dant NMR information from different biomass compounds
leading back to the same central metabolite.

The results indicate that the reaction via pyruvate carboxyl-
ase constitutes the principal route of anaplerotic C5 carboxyl-
ation in C. glutamicum, with a small but significant contribu-
tion by phosphoenolpyruvate carboxylase operating in a
parallel sense. The pyruvate carboxylase is hard to detect in
vitro (29). The situation is thus comparable with the flux via
the a-ketoglutarate dehydrogenase, which based on in vitro
enzyme studies was originally thought to be absent in C. glu-
tamicum, but where NMR studies revealed its presence and
actual use in the organism (39). The existence of two carboxy-
lating enzymes is not limited to C. glutamicum alone, but
occurs also in other bacteria (e.g. Pseudomonas (40, 41)),
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TaBLE IIT
Consistency and redundancy of NMR information

Anaplerotic flux identification by the complete mathematical model is not dependent on the choice of amino acids as source of labeling
information as long as the relevant central metabolites are sufficiently represented. 90% confidence intervals are shown.

Flux estimates

NMR data from compounds

pEp oA Prate = oax — prp OAwmalse Gy
mmol g1 h™!
Phe, Ala, Asp <0.22 1.32 +0.20 1.02 = 0.22 <0.12 <0.15
Phe, Ala, Glu <0.29 1.21 = 0.26 0.82 = 0.30 <0.21 <0.23
Glycerol, Ser, Ala, Asp <0.24 1.27 = 0.31 0.95 = 0.24 <0.33 <0.07
Glycerol, Ser, Ala, Glu <0.34 1.18 = 0.36 0.74 = 0.28 <0.54 <0.14
Phe, Val, Asp, Glu <0.22 1.29 + 0.64 0.89 = 0.16 <0.79 <0.16
All except Phe <0.25 1.14 £ 0.19 0.97 = 0.14 <0.18 <0.06
All except Ala 0.16 = 0.11 1.10 = 0.36 0.96 = 0.11 <0.35 <0.09
All except Asp 0.18 = 0.13 1.12 £ 0.15 1.01 +£0.13 <0.11 <0.11
All except Phe, Ala, Asp 0.30 = 0.19 0.78 = 0.39 0.79 = 0.19 <0.37 <0.14

whereas B. subtilis has exclusively the pyruvate carboxylase
(42) and Escherichia coli the PEP carboxylase (43).

The presence of both enzymes might increase the flexibility
of the organism under different environmental conditions. In-
terestingly, both enzymes of C. glutamicum exhibit different
regulation properties. PEP carboxylase is inhibited by the ox-
aloacetate successor aspartate and activated by acetyl coen-
zyme A (44). For C. glutamicum ssp. flavum, an inhibition of
PEP carboxylase by the tricarboxylic acid metabolites a-keto-
glutarate, malate, and succinate has been shown (45). PEP
carboxylase does not require ATP, so that its function is not
directly dependent on the cell’s energy charge. In contrast,
pyruvate carboxylase needs ATP as a cosubstrate and is inhib-
ited by AMP and ADP as well as by acetyl coenzyme A (29).
Therefore, the presence and use of both reactions could be
correlated with the ATP balance of the cell. Another possible
reason for the existence of these parallel reactions might be
different affinities of the two carboxylases to carbon dioxide or,
more precisely, bicarbonate. In this case, anaplerotic fluxes
would be influenced by bicarbonate concentration. Further-
more, pyruvate carboxylase is dependent on biotin as a pros-
thetic group (46), a cofactor for which C. glutamicum is aux-
otrophic. A PEP carboxylase-deficient mutant of C. glutamicum
was shown to be considerably more dependent on biotin than
the wild type when grown on glucose (29). Hence, the in vivo
partitioning between PEP and pyruvate carboxylases might be
correlated to biotin availability. In excess of biotin, PEP car-
boxylase-deficient mutants of C. glutamicum strains showed no
significant alteration in growth and amino acid production
when compared with their parental strains (24).

As a surprising result of the present flux analysis, anaple-
rotic carboxylations in C. glutamicum synthesize an excess of
oxaloacetate, which is recycled by the reaction of phosphoenol-
pyruvate carboxykinase, effectively causing cycling between
the cellular metabolite pools of pyruvate, oxaloacetate, and
PEP. The cyclic flux is 3-fold in excess over the anaplerotic flux
required for biosynthesis demands. Pyruvate recycling at rates
of up to 3 times that of the tricarboxylic acid cycle has been
reported before in liver cells (13, 14, 47). However, the sub-
strate cycle detected in C. glutamicum stands in sharp contrast
to bacterial model organisms such as E. coli, in which strict
regulation keeps futile cycling at a minimum (48-50). In E.
coli, the overexpression of both PEP carboxylase and PEP
carboxykinase has a distinct negative effect on growth yield,
which was interpreted as an obtruded cycle, which in this case
would in fact be a futile cycle (50).

There is so far limited knowledge about anaplerotic cycling
in bacteria. The C, decarboxylation flux quantified in this
study may indeed be of fundamental physiological significance.
The cycle detected could thus serve as an energy-consuming

cycle (51). The inhibition of pyruvate carboxylase by ADP cor-
responds to this idea. We found during glutamate-producing
conditions of C. glutamicum alow cyclic flux between C; and C,
units of only half the anaplerotic net flux (17). This could
therefore be attributed to a low energy charge and increased
maintenance requirements due to the stress of biotin limitation
under which the organism was grown to induce glutamate
production. Another idea suggested is an assumed back flux
from oxaloacetate via malate to pyruvate involving malate
dehydrogenase and malic enzyme (26, 30). Together with pyru-
vate carboxylase, this cycle would constitute a transhydroge-
nase activity, generating NADPH from NADH and ATP. How-
ever, this cycle is definitely not operating under the conditions
we used. Thus, the physiological function of the excessive cy-
cling detected remains speculative unless a set of different flux
situations can be compared. Cycling between fructose 6-phos-
phate and fructose 1,6-bisphosphate via phosphofructokinase
and fructose 1,6-bisphosphatase is attributed a regulatory ad-
vantage, since a small effect on the rates of each of the two
opposing reactions can produce a large change in the net flux
(2). Thus, in general, the sum of the carboxylating and decar-
boxylating reactions apparently serves as a fine tuning within
the central metabolism to balance the replenishing reactions
with the catabolic reactions.
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APPENDIX
Central Metabolic Flux Model and Flux Identification

Flux Model and Mathematical Methods—The determination
of intracellular fluxes from labeling data was performed using
the mathematical solution of carbon labeling systems intro-
duced by Wiechert and co-workers (19, 20), which enables all
stationary net fluxes in the C. glutamicum central metabolic
carbon network to be quantified and at the same time quanti-
fies the order of magnitude of most bidirectional fluxes. Unlike
the original version (52, 53), which was exclusively based on
13C fractional enrichments, the current-extended approach
jointly processes both isotopomer spectral fine structure and
fractional enrichment data.

The reaction scheme of central metabolism applied to this
study is outlined in Fig. A-1. It is based on the framework
previously applied by Marx et al. (11, 17, 18), the present



In Vivo Quantification of Anaplerotic Fluxes

Glucose
113£0.02 i

Glucose G-phosphate

029013 ‘\, co,

Pentose 5-phosphates
0.82+0.13

008+004 | (0.0.18)
(nd.) ’
Sedoheptulose Triose

7-phosphate phosphates
008+004 | (nd)
Fructose 6-phosphate Erythrose 4-phosphate
0.94 +0.15 & 0.05+0.04

Triose phosphates
1912008 ¢ (16.29)

3-Phosphoglycerate

1.79+0.08 ¢ (4.4..12.0)

Phosphoenolpyruvate

l 2.61+0.09
0.88 CO,
+0.02 0.21 +0.01
(0.02 Pyruvate Lactate
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(0..0.10)
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Oxaloacetate / Malate Isocitrate
+0.04
0.96 Glyoxylate 1.08 | X g
+0.12 | (0.05 .. 0.36) +0.13 2
(n.d.)
Succinate 0.02 +0.04 a-Ketoglutarate
0.96+0.13 co,

Fic. A-1. Model framework of C. glutamicum central metabo-
lism and intracellular fluxes determined for carbon-limited
growth at 0.1 h™'. Uni- and bidirectional fluxes are represented by
single and double arrows, respectively, with solid arrows indicating net
directions. Net fluxes are shown as mean value + S.E., and exchange
fluxes (in parentheses) are shown as lower and upper bounds, both
representing 90% confidence regions as yielded by statistical analysis
(20). All fluxes are given in mmol/g dry weight/h. For clarity, the triose
phosphate pool appears twice in the figure, and the effluxes of central
metabolites for anabolic purposes (Table A-I) are not shown. n.d., not
determinable.

version taking into account multiple anaplerotic reactions. The
carbon atom transitions of the central metabolic reactions as
well as of the synthesis pathways of the amino acids that were
used for NMR measurements, except for lysine, were taken
from Refs. 34 and 53.

Assuming near equilibrium conditions, the various pentose
5-phosphate and the triose phosphate pools were each lumped
together (17). Also, oxaloacetate and malate were modeled as
one pool (11). Metabolites that do not represent branch points
in the carbon flux net were not included in the model. Conver-
sions that were treated as bidirectional included the transal-
dolase and transketolase reactions of the pentose phosphate
pathway, the reaction of phosphoglucose isomerase, the enzy-
matic steps between triose phosphates and PEP (2), and those
between succinate and malate (14, 36). The reaction of the
NADP"-dependent isocitrate dehydrogenase of C. glutamicum
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TABLE A-I
Precursor fluxes into biomass synthesis at a growth rate of 0.1 h™*
All anabolic fluxes are lumped together according to precursors in
central metabolism. These fluxes were modeled as effluxes from the
model network. Data were taken from Ref. 11.

Central metabolite Required flux for biomass synthesis

mmol g1 h™!

Acetyl-CoA 0.29
Erythrose 4-phosphate 0.03
Fructose 6-phosphate 0.01
Glucose 6-phosphate 0.02
Triose phosphates 0.01
a-Ketoglutarate 0.13
Oxaloacetate 0.17
Pentose 5-phosphates 0.09
Phosphoenolpyruvate 0.05
3-Phosphoglycerate 0.13
Pyruvate 0.27

TABLE A-II
13C fractional enrichments measured by proton-'C decoupling
difference spectroscopy
Experimentally, 94.5% of isotopic equilibrium was reached based on
first order wash-out kinetics and 2.9 residence times of cultivation on
labeled substrate. The corrected values are extrapolated to full isotopic
equilibrium as needed for mathematical modeling.

Carbon atom 13C enrichment

Amino acid

position Measured  Corrected  Accuracy
% % %

Alanine 2 11.0 11.6 +0.3
3 24.0 25.3 +0.4
Aspartate 3 21.5 22.7 +0.4
Glutamate 2 22.1 23.3 +0.2
3 14.6 15.4 +0.3
4 25.3 26.7 +0.4
Lysine 3 19.2 20.3 +0.8
6 12.1 12.8 +0.8
Phenylalanine 2 11.6 12.2 +0.4
3 18.9 19.9 +1.6
5,9 16.8 17.8 +0.4
6,7, 8 9.0 9.5 +1.0
Serine 2 114 12.0 +0.4
Threonine 3 22.2 23.4 +1.4
4 14.5 15.3 +0.4

¢ Average enrichment of specified carbon atoms.

(54) may also be reversible (8). The anaplerotic forward and
back reactions were mathematically handled as two bidirec-
tional steps: one between phosphoenolpyruvate and oxaloace-
tate/malate and the other between pyruvate and oxaloacetate/
malate. The conversion of phosphoenolpyruvate to pyruvate
was treated as unidirectional, since so far no PEP synthase
activity has been found in C. glutamicum (44). Substrate up-
take and all central metabolite precursor effluxes into biomass
polymers were also set as unidirectional.

The model takes into account the fact that lysine biosynthe-
sis in C. glutamicum is split into two branches, commonly
called dehydrogenase and succinylase pathways (55). Label
scrambling by implication of symmetric molecules had to be
considered for the conversion of succinate via fumarate to
malate, the synthesis of phenylalanine (2), and the succinylase
pathway of lysine synthesis (32). Scrambling reactions were
modeled as two parallel fluxes of equal size.

Fluxes for Biomass Synthesis—The data about precursor re-
quirements for anabolic pathways (Table A-I) were originally
obtained with a lysine-producing strain of C. glutamicum (11)
that was derived from the wild type used in the present study
by two mutagenesis steps (56). Their cellular compositions are
thus comparable.

Labeling Data—The full sets of proton NMR (for '3C frac-
tional enrichments) and 3C-NMR (for isotopomers) measure-
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TaBLE A-IIT
13C NMR measurements

Total multiplet intensities for each specified carbon atom position are normalized as 100%. See Fig. 2 for signal components (s, d_,, d. ,, and dd).

Signals of terminal carbon atoms only split into s and d_; or d_ ;.

Carbon atom Signal
Compound position s i, . ud
% % % %
Alanine 2 223 *+0.3 8.6 = 0.3 122+ 04 56.9 = 0.4
3 67.2 +1.0 32.8 £ 0.8
Aspartate 2 41.2 = 0.6 184 = 0.5 13.8 £ 04 26.6 = 0.7
3 56.4 £ 0.3 21.0 £ 0.4 16.5 + 0.3 6.1 +0.3
Glutamate 2 57.7+14 16.9 = 0.5 20.3 £ 0.5 5.1 +0.7
3 43.7 1.5 46.0 = 1.4 10.3 = 1.0
4 58.4 £ 0.6 119+ 05 24.6 = 0.4 51+04
Glycerol 1° 41.0 = 0.7 59.0 + 0.8
2 14.5 £ 0.7 15.6 = 0.4* 699 = 1.1
Glycine 2 314 +0.3 68.6 = 0.3
Lysine 3 53.3 £ 0.6 43.1 = 0.9¢ 3.6 +1.1
4 435+ 25 40.5 = 2.2¢ 16.0 = 3.2
5 57.2 £1.9° 42.8 + 3.6¢ n.d.c
6 41.7 = 0.3 58.4 £ 0.7
Phenylalanine 2 21.4 +0.8 7.7 +0.7 109 £ 0.9 60.0 = 1.7
3 51.5 £ 0.9 35.7 = 0.7 7.5+0.6 5.3+ 0.6
Serine 2 20.2 = 0.7 17.6 = 0.7 111+ 0.9 51.1+2.1
Threonine 4 66.6 = 0.3 33.4*+0.3
Valine 4 68.5 = 0.3 31.6 £ 0.5
5 88.0 = 0.4 12.0 = 0.6%

“Sum of d_; and d, ; peaks overlap because of equal or nearly equal coupling constants.
® Values given for glycerol C-1 equal those of glycerol C-3 (symmetrical molecule).
¢ Sum of s and dd/2; dd was not determinable due to an insufficient signal to noise ratio.

< Coupling to carbon atom 3.

ments used in this work are presented in Tables A-II and A-III,
respectively. The 13C content determined in the bioreactor ex-
haust carbon dioxide of 14.5 + 0.6% was taken as a fractional
enrichment measurement of the culture CO, pool and fully
integrated in the model.

Determination of Intracellular Fluxes—Using the mathemat-
ical framework described (19), fluxes in the central metabolism
of C. glutamicum were identified by the best fit of simulated
labeling data to the NMR measurements, i.e. by minimizing the
sum of squared deviations between simulation and NMR data.
These deviations were weighted according to measurement
accuracy, so that equal ratios of model deviation to experimen-
tal error resulted in equal contributions to the sum of squares.

The directly determined specific rates of glucose and lactate
uptake (1.13 and 0.21 mmol g ! h™!, respectively) as well as
the anabolic effluxes of Table A-I were specified as constraints
for flux fitting. Also, flux from PEP to pyruvate was con-
strained not to fall short of the glucose consumption rate, since
this constitutes the minimum conversion dictated by glucose
uptake via the phosphotransferase system (28, 57). The third
carbon atom of serine was not considered for the least squares
approach, since this position showed strong inconsistencies
with the model, probably because of a back flux from glycine to
serine via serine hydroxymethyl transferase (2).

The final outcome of the identified central metabolic fluxes,
which was independent of starting values in the fitting process,
is presented in Fig. A-I. The split ratio of lysine biosynthesis
was 40 * 5% dehydrogenase and 60 = 5% succinylase path-
ways. The statistical analysis methods used to derive the spec-
ified error margins of the determined fluxes have been de-
scribed elsewhere (20).
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