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A comprehensive approach of metabolite balancing, >C tracer studies, gas chromatography-mass spectrom-
etry, matrix-assisted laser desorption ionization-time of flight mass spectrometry, and isotopomer modeling
was applied for comparative metabolic network analysis of a genealogy of five successive generations of
lysine-producing Corynebacterium glutamicum. The five strains examined (C. glutamicum ATCC 13032, 13287,
21253, 21526, and 21543) were previously obtained by random mutagenesis and selection. Throughout the
genealogy, the lysine yield in batch cultures increased markedly from 1.2 to 24.9% relative to the glucose uptake
flux. Strain optimization was accompanied by significant changes in intracellular flux distributions. The
relative pentose phosphate pathway (PPP) flux successively increased, clearly corresponding to the product
yield. Moreover, the anaplerotic net flux increased almost twofold as a consequence of concerted regulation of
C; carboxylation and C, decarboxylation fluxes to cover the increased demand for lysine formation; thus, the
overall increase was a consequence of concerted regulation of C; carboxylation and C, decarboxylation fluxes.
The relative flux through isocitrate dehydrogenase dropped from 82.7% in the wild type to 59.9% in the
lysine-producing mutants. In contrast to the NADPH demand, which increased from 109 to 172% due to the
increasing lysine yield, the overall NADPH supply remained constant between 185 and 196%, resulting in a
decrease in the apparent NADPH excess through strain optimization. Extrapolated to industrial lysine pro-
ducers, the NADPH supply might become a limiting factor. The relative contributions of PPP and the
tricarboxylic acid cycle to NADPH generation changed markedly, indicating that C. glutamicum is able to
maintain a constant supply of NADPH under completely different flux conditions. Statistical analysis by a
Monte Carlo approach revealed high precision for the estimated fluxes, underlining the fact that the observed

differences were clearly strain specific.

Amino acid production by Corynebacterium glutamicum is
one of the major processes in industrial biotechnology. The
world market for amino acids amounts to several billion dol-
lars, among which lysine, with a worldwide production of about
450,000 tons/year, is one of the most important products (17).
The progress made in recent years in the area of metabolic
engineering allows the optimization of amino acid-producing
strains in a targeted and effective way. The targeted optimiza-
tion of cellular processes requires a detailed understanding
and knowledge of intracellular carbon flux distributions and
their regulation. Knowledge of metabolic functioning and reg-
ulation is often limited, and its increase is still one of the major
bottlenecks in metabolic engineering (23). For lysine-produc-
ing C. glutamicum, different metabolic network studies by nu-
clear magnetic resonance (NMR) and labeling analysis of pro-
tein hydrolysates have been carried out in continuous culture
and have provided detailed insight into its metabolism (6, 7,
14). However these investigations are limited to selected cases
due to relatively high experimental effort. Therefore, the need
arises for novel approaches in metabolic network analysis that
(i) are applicable to industrially relevant batch or fed-batch
cultures, (ii) provide high precision of flux estimates, and (iii)
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allow comparative flux analysis on a broad scale with relatively
low experimental effort. In this context, mass spectrometric
techniques recently emerged as an alternative and complemen-
tary method to NMR in metabolic network analysis (34).
Development of amino acid overproducers is commonly car-
ried out by random mutagenesis and selection (16). The fact
that strain optimization is an iterative procedure of mutagen-
esis and selection results in whole genealogies ranging from
wild-type strains over various steps to industrially applied over-
producers. Such genealogies build a great reservoir of success-
ful cellular improvement. They are available in either public or
industrial strain collections. Due to the lack of effective meth-
ods allowing comparative network analysis with relatively low
experimental effort, physiological changes introduced in vari-
ous amino acid-producing mutants of C. glutamicum have re-
mained unknown (17). Analysis of strain improvement gene-
alogies on the level of metabolic fluxes, however, provides a
great chance to increase the knowledge of metabolic function-
ing and regulation and speed up the process of targeted strain
improvement. It enables us to identify the detailed conse-
quences of strain selection for properties such as increased
production rate, increased product yield, and decreased main-
tenance demand for the activity of intracellular pathways. By
comparing successive generations of a genealogy, one can trace
back the history of strain improvement and identify gradual
changes linked to gradual optimization, as well as key changes
linked to major improvements in production characteristics.
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Comparison of different producer strains with similar overall
behaviors on the level of metabolic fluxes might help to select
a certain strain as most promising for further targeted optimi-
zation. Combined with more and more powerful sequencing
techniques, it might eventually be possible to attribute ob-
served changes on the metabolic level to specific mutations in
the key enzymes involved. Since mutations introduced by ran-
dom mutagenesis are mainly point mutations, they could then
easily be applied to targeted strain improvement (13).

In this context, the present paper describes a novel approach
of genealogy profiling by comparative metabolic network anal-
ysis. Several consecutive generations of a genealogy of lysine-
producing Corynebacterium glutamicum previously obtained by
random mutagenesis are analyzed in batch cultures by a
straightforward and precise approach of metabolite balancing,
13C tracer studies using gas chromatography-mass spectrome-
try (GC-MS), and matrix-assisted laser desorption ionization—
time of flight (MALDI-TOF) MS and isotopomer modeling.
By this approach, significant changes of intracellular pathway
activities resulting from strain improvement are identified and
provide important information on the metabolism of lysine-
producing corynebacteria.

MATERIALS AND METHODS

Strains. In the present work, a genealogy of lysine-producing C. glutamicum
strains was studied. The genealogy comprised the five successive generations C.
glutamicum ATCC 13032 (wild type), ATCC 13287, ATCC 21253, ATCC 21526,
and ATCC 21543, previously obtained by sequential random mutagenesis by UV
irradiation or with chemical mutagens, such as nitrosoguanidine, and selection
(12). C. glutamicum ATCC 13287 has a requirement for homoserine. C. glutami-
cum ATCC 21253 has a requirement for homoserine and leucine. The strains C.
glutamicum ATCC 21526 and ATCC 21543 have a requirement for homoserine
and leucine and are resistant to the lysine analogue S-B-aminoethyl-cysteine.
They were selected via their resistance to the growth-inhibiting action of S-B-
aminoethyl-cysteine, which was supplied in the selection medium (12). C. glu-
tamicum ATCC 21253 was obtained from the American Type Culture Collection
(Manassas, Va.). The other strains were kindly donated by BASF AG (Ludwig-
shafen, Germany).

Cultivation and tracer experiments. Tracer experiments were carried out in
25-ml baffled shake flasks containing 5 ml of defined minimal medium with
reduced citrate concentration (32) and (i) 100 mM 99% [1-'3C]glucose or (ii) a
100 mM 1:1 mixture of naturally labeled and 99% ['*Cg]glucose, respectively. In
cultivations of C. glutamicum ATCC 21526 and ATCC 21543, the medium was
additionally amended with 1 mg of pantothenate liter !, due to the auxotrophic
demand identified for these strains. Five hundred microliters of cells grown
overnight on LB5G medium (26) and washed twice with minimal medium served
as the inoculum. The flasks were incubated on a rotary shaker at 150 rpm and
30°C. The pH was maintained at 6.5 to 7.0 by the addition of 3 N NaOH. Samples
taken during the cultivation were analyzed for concentrations of biomass, sub-
strates, and products. Additionally, culture supernatants taken at the end of the
lysine production phase were analyzed for labeling patterns of secreted products
by GC-MS (lysine, alanine, and valine) and MALDI-TOF MS (trehalose).

Analytics. The concentrations of trehalose and different organic acids were
measured by high-performance liquid chromatography (Bio-Tek, Neufahrn,
Germany) with an Aminex HPX 87-H column (300 by 7.8 mm; Bio-Rad, Her-
cules, Calif.) and 0.05 N H,SO, as an isocratic eluent with a flow rate of 0.8 ml
min~! at 45°C. Trehalose was quantified by refractive index detection (model
7515A; ERC, Alteglofsheim, Germany). Organic acids were quantified by UV
detection at 210 nm (Bio-Tek). Glucose, pyruvate, and glycerol were analyzed
enzymatically (Sigma-Aldrich, Deisenhofen, Germany). Amino acids were sep-
arated by high-performance liquid chromatography (Bio-Tek) after precolumn
derivatization (AccQ-Tag; Millipore, Milford, Mass.) on a Novapac C,g column
(150 by 3.9 mm; Millipore) and were quantified via UV detection at 250 nm
(Bio-Tek). Eluents, gradient, flow rate, and column temperature were as speci-
fied by the manufacturer (Acc Q-Tag instruction manual; Millipore). Cell density
was measured with a spectrophotometer as optical density at 660 nm (ODgg)
(Pharmacia, Freiburg, Germany) or by gravimetry as cell dry weight. The corre-
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lation factors between dry biomass and ODjg in units (grams of dry biomass unit
of ODg4o ') were determined to be 0.286 (C. glutamicum ATCC 13032), 0.288
(C. glutamicum ATCC 13287), 0.294 (C. glutamicum ATCC 21253), 0.291 (C.
glutamicum ATCC 21526), and 0.290 (C. glutamicum ATCC 21543).

GC-MS analysis. The labeling patterns of extracellular alanine, valine, and
lysine were determined by GC-MS after conversion into t-butyl-dimethylsilyl
(TBDMS) derivates with dimethyl-z-butyl-silyl-trifluroro-acetamide. For this pur-
pose, 100 wl of cultivation supernatant was lyophilized. The freeze-dried residue
was resuspended in 40 pl of dimethylformamide (0.1% pyridine) and 40 ul of
N-methyl-t-butyldimethylsilyltrifluoroacetamide (Macherey and Nagel, Easton,
Pa.) and incubated at 80°C for 1 h. GC-MS analysis was carried out on a
Hewlett-Packard 5890 series II gas chromatograph connected to a Hewlett-
Packard 5971 quadrupole mass selective detector (Agilent Technologies, Wald-
bronn, Germany) with electron impact ionization at 70 eV, and an RTX-5MS
column (95% dimethyl-5% diphenylpolysiloxane; 30 m; 320-um inside diameter;
Restek, Bellefonte, Pa.) was used with a column head pressure of 70 kPa and
helium as the carrier gas. The column temperature was initially kept at 120°C for
5 min, subsequently increased by 10°C/min up to 270°C, and maintained at that
temperature for 4 min. Other temperature settings were 270°C (inlet), 280°C
(interface), and 280°C (quadrupole). For analysis, 1 pl of sample was injected.
TBDMS-derivatized alanine, valine, and lysine eluted after 7, 12, and 22 min,
respectively. All compounds exhibited a high signal intensity for a fragment ion
obtained by a mass loss of m-57 from the parent radical due to release of a ¢-butyl
group from the derivatization residue. The fragment ions thus contain the entire
carbon skeleton of the corresponding analyte (5). In order to increase the
sensitivity, the mass isotopomer fractions m, m + 1, and m + 2 were quantified
by selective ion monitoring of the corresponding ion cluster at m/z 260 to 262
(TBDMS-alanine), m/z 288 to 290 (TBDMS-valine), and m/z 431 to 433 (TB-
DMS-lysine). All measurements were carried out in triplicate.

MALDI-TOF MS analysis. The mass isotopomer distribution of trehalose in
the cultivation supernatant was determined in triplicate by MALDI-TOF MS
(Reflex IIT; Bruker Daltonics, Bremen, Germany) as previously described (32).

Chemicals. [1-'*C]glucose (99%) and [*Cg]glucose (99%) were purchased
from Euroisotope (Yf-Sur-Lavette, France). Yeast extract and tryptone con-
tained in the LB5SG medium were supplied by Difco Laboratories (Detroit,
Mich.). All other chemicals were obtained from Sigma-Aldrich and were of
analytical grade unless otherwise stated.

Simulations. All metabolic simulations were carried out on a personal com-
puter using Matlab version 6.1 and Simulink version 3.0 software (Mathworks
Inc., Nattick, Mass.).

RESULTS

Network topology. The topology of the central metabolism
of lysine-producing C. glutamicum is displayed in Fig. 1. The
metabolic network comprises 48 fluxes, including glycolysis,
the pentose phosphate pathway (PPP), the tricarboxylic acid
(TCA) cycle, the glyoxylate pathway, pyruvate carboxylation,
oxaloacetate decarboxylation, and biosynthesis and secretion
of lysine via the two alternative routes of diaminopimelate
dehydrogenase and succinylase, respectively. Additionally, bio-
synthesis and secretion of the by-products glycine, alanine,
valine, glutamate, trehalose, acetate, lactate, pyruvate, glyc-
erol, succinate, and a-ketoglutarate are considered (Fig. 1).
These compounds were observed in cultivations of the exam-
ined strains. A metabolite pool for CO, was implemented,
reflecting its mass isotopomer distribution as a result of the
CO,-producing and -consuming reactions in the network. The
integration of '*C labeling from CO, into oxaloacetate-malate
in the anaplerotic carboxylation is thus taken into account. The
network further contained anabolic fluxes from glucose
6-phosphate, fructose 6-phosphate, ribose 5S-phosphate,
erythrose 4-phosphate, glyceraldehyde 3-phosphate, 3-phos-
phoglycerate, the lumped pool of pyruvate-phosphoenolpyru-
vate, acetyl-coenzyme A (CoA), a-ketoglutarate, oxaloacetate,
and diaminopimelate into biomass. Diaminopimelate is con-
sidered a separate biomass precursor, because the anabolic
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FIG. 1. Metabolic network of C. glutamicum, including transport fluxes, fluxes between intermediary metabolite pools, and anabolic fluxes. The
following key flux parameters for the production of lysine are highlighted: the flux-partitioning ratios between the PPP and glycolysis ($ppp),
between anaplerosis and the TCA cycle (¢pc), between dehydrogenase and the succinylase branch in lysine biosynthesis ($py;), and between

glyoxylate and the TCA cycle (¢ ) and the reversibility of glucose 6-

phosphate isomerase ({pg;), of bidirectional fluxes between C, metabolites

of the TCA cycle and C; metabolites of glycolysis ({pc/pepck), and of bidirectional fluxes between the pools of oxaloacetate and succinate ({rcy)-
DH, diaminopimelate dehydrogenase branch in lysine biosynthesis; SC, succinylase branch in lysine biosynthesis; DAP, diaminopimelic acid; PGI,
phosphoglucose isomerase; PC, pyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxylase; ICL, isocitrate lyase; BM, biomass; APDC,
A'-piperidine-2,6-dicarboxylate. The subscript ex indicates extracellular pools of substrates and products.

fluxes from pyruvate and oxaloacetate into diaminopimelate
(cell wall) and lysine (protein) contribute, in addition to the
flux of lysine secretion, to the overall flux through the lysine
biosynthetic pathway (Fig. 1, v,,). The stoichiometric demand

for the different anabolic precursors in relation to the biomass
yield was calculated from the biomass composition of C. glu-
tamicum, previously determined by Marx et al. (6). Glucose
6-phosphate isomerase (6, 32), transaldolase and transketo-
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lases in the PPP (6), and fumarate hydratase and succinate
dehydrogenase in the TCA cycle (7) were previously found to
be reversible in C. glutamicum. Accordingly, these reactions
are regarded as reversible in the present network. As described
previously (32), data in the literature from previous flux mea-
surements for C. glutamicum were taken for the reversibilities
of transaldolase and transketolases in the PPP (6).

Model implementation. The metabolic network was imple-
mented in Matlab, including a graphical representation of the
network in the Simulink toolbox of Matlab and an interactive
routine in Matlab for flux estimation, as previously described
(31, 32). Additionally, the flux software comprises a novel tool
for statistical analysis of obtained metabolic flux distributions
using the statistics toolbox of Matlab and a direct link to Excel
(Microsoft, Redmond, Wash.), which allows the effective trans-
fer of measurement data from Excel into the flux estimation
software and of flux distributions or statistics obtained into
Excel for further processing. The metabolic model in Simulink
calculates the distribution of '>C labeling in the network for a
given set of fluxes and a given labeling of the input tracer
substrate using the isotopomer-mapping matrix approach of
Schmidt et al. (18). Thus, the corresponding positional isoto-
pomer labels of all metabolites of the network are calculated in
vector form by a relaxation method applying the ordinary dif-
ferential equation algorithm OdelSs. The positional isoto-
pomer distribution vectors calculated by the model are then
transformed into mass isotopomer distribution vectors by ap-
propriate transformation matrices and corrected for natural
isotopes as described below. The model has proven to be very
robust even for highly reversible reactions.

Correction for natural isotopes. The presence of naturally
occurring *C in the carbon skeleton of all metabolites of the
network is considered by appropriate definition of the sub-
strate isotopomer distribution used as input to the simulation
model. In the case of derivatized compounds, e.g., those used
for GC-MS analysis, naturally occurring '*C in added deriva-
tization residues also has to be taken into account. Moreover,
naturally occurring isotopes of oxygen, nitrogen, hydrogen, and
silicon in all of the MS analytes have to be considered. To this
end, mass isotopomer distribution vectors obtained from the
simulations are multiplied with suitable correction matrices
(27). The data on natural isotope abundance are taken from
Rosman and Taylor (15). By this approach, simulated mass
isotopomer distributions are corrected for the presence of nat-
ural isotopes and can thus be directly compared with experi-
mental mass isotopomer distributions in parameter estimation.

Parameter estimation. For parameter estimation, the isoto-
pomer model calculating the '*C label distribution in the net-
work was coupled with an iterative optimization algorithm, in
which the Matlab function fmincon for multidimensional con-
strained nonlinear minimization was applied as previously de-
scribed (32). In each optimization step, metabolite balancing
was automatically performed for all branch points of the net-
work. The algorithm involved two parallel metabolic networks
for calculation of the '*C label distribution in order to consider
the labeling data from the two parallel tracer experiments for
each strain with (i) [1-"*C]glucose and (ii) a mixture of natu-
rally labeled and 99% ["*Cg]glucose in the same parameter
optimization. Following previous procedures for metabolic flux
analysis from MS data (32), the different mass isotopomer
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labelings from the MS analysis of the two parallel experiments
were considered as experimental data in the parameter opti-
mization. As described in the appendix, the network was over-
determined. A least-squares approach was therefore possible.
A weighted sum of least squares (SLS) was used as the error

criterion (equation 1).
2
(ri,exp - ri,ca[c)
ri,exp
2

SLS = 27&!_ (1)

The differences between experimental (r,,) and calculated
(ra1c) mass isotopomer ratios were normalized, and the result-
ing relative experimental errors of the corresponding MS mea-
surements (s,.;) were used for weighting. By this approach, data
with relatively small errors contributed to a greater extent,
whereas data with a relatively high uncertainty had a minor
influence on the overall optimization result. Since the nonlin-
ear structure of isotopomer models potentially leads to local
minima (30), multiple parameter initialization was used to
investigate whether an obtained flux distribution represented a
global optimum. The lower and upper boundaries of free flux-
partitioning ratios (¢ ) were 0 (for 0% flux into branch A) and
1 (for 100% flux into branch A). For flux reversibilities (), the
boundaries were set at 0 (irreversible) and 25 (highly revers-
ible). Thus, a backflux can reach the 25-fold value compared to
the net flux of the reversible reaction under consideration.

Statistical evaluation. Statistical analysis aiming at the quan-
tification of accuracy and confidence for the intracellular flux
distributions obtained from the corresponding data sets for the
different strains was carried out using a Monte Carlo approach.
Monte Carlo approaches can provide precise information on
the error distribution of flux parameters (10, 19). For the
present work, statistical analysis is of great importance in order
to identify whether differences observed among intracellular
flux distributions for the examined mutants can really be at-
tributed to strain-specific differences. For each strain, the sta-
tistical analysis was carried out by multiple parameter estima-
tion runs, in which the experimental data, comprising
measured mass isotopomer ratios and measured fluxes, and
fixed flux parameters were varied statistically. The statistical
variation was done such that random errors were added to the
data sets, assuming a normal distribution of measurement er-
rors around previously obtained mean values. The normally
distributed random errors were generated using the statistics
toolbox of Matlab. The errors considered were the errors of
the triplicate measurements of the MS analysis and the devi-
ation observed between the two parallel incubations for each
strain. By this approach, the statistical analysis yields informa-
tion on accuracy and confidence directly related to the corre-
sponding tracer experiments performed. For the reversibilities
of the PPP enzymes, standard deviations of =20% were as-
sumed. Subsequently, 250 independent parameter estimations
were carried out for each strain, yielding 250 flux distributions
with a corresponding mean value and a standard deviation for
each intracellular flux parameter, from which 90% confidence
limits for the single parameters were calculated according to
the method of Wiechert et al. (30).

Characteristics of growth and product formation. The cul-
tivation of all of the strains examined showed a typical two-
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FIG. 2. Cultivation profiles of C. glutamicum ATCC 13032 (A),
ATCC 13287 (B), and ATCC 21543 (C) in batch culture on defined
medium with 100 mM glucose as a carbon source. The concentrations
of glucose (glc), biomass (CDM), lysine (lys), and threonine (thr) are
shown. The data are mean values of two parallel cultivations.

phase profile with an initial phase of exponential growth from
about hours 0 to 7 and a phase of lysine production from hours
7 to 25. This is exemplified for C. glutamicum ATCC 13032,
ATCC 23287, and ATCC 21543 (Fig. 2). Drastic differences
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were observed in the formation of the main product, lysine,
and biomass. While the wild-type strain, C. glutamicum ATCC
13032, produced only 1 mM lysine in 25 h, much higher lysine
concentrations of 15 and 16 mM were observed for C. glutami-
cum ATCC 13287 and ATCC 21543, respectively (Fig. 2). The
beginning of lysine secretion coincided with the depletion of
threonine, known as an inhibitor of the aspartokinase in the
lysine biosynthetic pathway, from the medium (Fig. 2). The
wild-type strain, C. glutamicum ATCC 13032, continued to
grow until the glucose was completely consumed (Fig. 2A). In
contrast, all other strains, which are Asd-negative mutants and
therefore cannot grow in the absence of threonine, showed a
distinct reduction of growth and substrate uptake during the
phase of lysine production, as shown for C. glutamicum ATCC
13287 and ATCC 21543 (Fig. 2B and C). The observed dou-
bling of the biomasses of C. glutamicum ATCC 13287 and
ATCC 21543 after the depletion of threonine can be explained
by the utilization of endogenous threonine (26). The main
lysine formation activity of C. glutamicum ATCC 13287 was
observed from hours 7 to 15 (Fig. 2B). From hours 15 to 25,
lysine formation was weak for this strain. In contrast, C. glu-
tamicum ATCC 21543 showed a rather linear increase in lysine
concentration during the whole production phase. Cultivation
of C. glutamicum ATCC 21253 and 21526 revealed a typical
two-phase profile similar to that of C. glutamicum ATCC 21543
(data not shown). Accordingly, lysine production was charac-
terized by reduced substrate uptake and an almost linear in-
crease of the lysine concentration. The measured yields of all
strains during the lysine production phase from hours 7 to 25,
which was of central interest in the present work, are given in
Table 1. The data shown are mean values from two parallel
incubations, (i) on [1-'*C]glucose and (ii) on a mixture of
naturally labeled and ['*Cg]glucose, respectively. As shown,
the strains differed markedly in the stoichiometry of growth
and product formation. The biomass yield of the parent strain,
C. glutamicum ATCC 13032, was 60.7 mg (dry mass) of cells
mmol of glucose ™! and thus was significantly higher than the
values of the succeeding generations. This is mainly due to the
auxotrophy for homoserine introduced in the latter strains,
causing a growth reduction with the depletion of threonine and

TABLE 1. Stoichiometry of successive generations of a genealogy of lysine-producing C. glutamicum strains during lysine production phase

Yield for C. glutamicum®:

Product
ATCC 13032 ATCC 13287 ATCC 21253 ATCC 21526 ATCC 21543
Biomass 60.65 = 1.94 43.26 = 1.10 39.40 = 1.00 42.84 = 1.05 41.35 = 0.10
Lysine 11.84 = 0.09 173.13 £5.75 199.85 + 6.64 183.67 = 6.86 249.15 = 6.20
Valine 50.26 = 0.70 6.71 = 0.33 23.07 £ 1.12 19.96 = 0.49 19.90 = 0.68
Alanine 41.01 = 2.09 7.49 = 0.17 12.55 £0.29 16.72 = 0.66 10.57 = 0.67
Glycine 7.86 = 0.34 29.67 £ 1.25 31.45 £ 1.33 4.94 +0.21 48.37 = 3.98
Glutamate 0.32 £0.15 0.24 = 0.02 0.23 =£0.02 0.00 = 0.00 0.22 = 0.04
Glycerol 47.55 =234 31.23 £0.28 29.75 £ 0.27 56.91 = 3.70 31.51 £ 2.39
Trehalose 5.04 = 0.18 11.57 = 1.03 14.71 = 1.31 14.35 = 1.13 12.48 = 1.05
a-Ketoglutarate 7.50 = 0.68 3.12 +0.33 13.42 = 1.40 5.41 = 0.13 6.60 = 0.64
Succinate 25.15 = 3.60 5.44 =043 35.64 = 2.81 0.33 £0.00 16.56 = 1.06
Acetate 24.66 = 0.21 10.59 = 0.03 14.57 = 0.04 24.02 = 0.89 6.39 + 0.85
Lactate 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 35.34 = 4.87 1.21 = 0.18
Pyruvate 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 19.29 = 0.03 0.00 = 0.00

“ Experimental data are given as mean values of two parallel incubations on (i) [1-'3C]glucose and (ii) a 1:1 mixture of naturally labeled and ['*Cg]glucose with
corresponding deviations between the two incubations. All yields are given in millimoles of product moles of glucose ~! except the yield for biomass, which is given in

milligrams of dry biomass millimoles of glucose ™'



5848 WITTMANN AND HEINZLE

APPL. ENVIRON. MICROBIOL.

TABLE 2. '*C mass isotopomer ratios of secreted products alanine, valine, lysine, and trehalose in successive generations of a genealogy of
lysine-producing C. glutamicum strains cultivated on [1-'*C]glucose

Value for C. glutamicum®:

Mass isotopomer

Analyte ratio Source ATCC ATCC ATCC ATCC ATCC
13032 13287 21253 21526 21543

Alanine m+ 1/m Exp 0.75 = 0.02 0.73 = 0.02 0.70 = 0.02 0.70 = 0.02 0.67 = 0.02
Calc 0.74 0.69 0.72 0.68 0.64

m + 2/m Exp 0.24 = 0.01 0.22 = 0.01 0.20 = 0.01 0.20 = 0.00 0.19 = 0.01
Calc 0.23 0.21 0.22 0.21 0.20

m+2/m+1 Exp 0.32 = 0.00 0.30 = 0.01 0.28 = 0.00 0.29 = 0.01 0.29 = 0.01
Calc 0.31 0.31 0.31 0.31 0.31

Valine m+ 1/m Exp 1.24 = 0.01 1.16 = 0.01 1.19 = 0.00 1.18 = 0.04 1.06 = 0.04
Calc 1.24 1.14 1.19 1.12 1.04

m + 2/m Exp 0.62 = 0.01 0.56 = 0.01 0.57 = 0.01 0.57 =0.02 0.48 = 0.02
Calc 0.61 0.53 0.57 0.52 0.46

m+2m+1 Exp 0.50 = 0.01 0.48 = 0.01 0.48 = 0.01 0.48 = 0.01 0.45 = 0.01
Calc 0.49 0.47 0.48 0.46 0.44

Lysine m+ 1/m Exp 1.70 = 0.03 1.57 = 0.02 1.57 = 0.04 1.55 = 0.01 1.46 = 0.01
Calc 1.72 1.59 1.63 1.56 1.46

m + 2/m Exp 1.24 + 0.04 1.12 = 0.01 1.11 = 0.03 1.08 = 0.04 0.98 = 0.02
Calc 1.31 1.14 1.19 1.10 0.98

m+2/m+1 Exp 0.73 = 0.02 0.72 = 0.01 0.71 = 0.01 0.70 = 0.03 0.67 = 0.01
Calc 0.76 0.71 0.73 0.70 0.67

Trehalose m+2m+1 Exp 2.64 =0.13 239 +0.12 222 +0.11 236 = 0.12 223 +0.11
Calc 2.72 2.47 2.30 2.37 2.32

¢ Experimental data with standard deviation (Exp) obtained by GC-MS (for TBDMS-derivatized alanine, valine, and lysine) or MALDI-TOF MS (for trehalose) and
values predicted by the solution of the mathematical model corresponding to the optimized set of fluxes (Calc).

methionine in the medium. The biomass yields among the
different mutants were rather similar, with values between 39.4
and 43.3 mg (dry mass) of cells mmol of glucose ™ *. The most
remarkable difference between the parent strain, C. glutami-
cum ATCC 13032, and the succeeding mutants of the geneal-
ogy is the achieved increase in lysine yield from 11.8 mmol mol
of glucose ™' to values between 173.1 (for C. glutamicum
ATCC 13287) and 249.2 (for C. glutamicum ATCC 21543)
mmol mol of glucose ' related to strain optimization (Table
1). Thus, the product yield increased by >20-fold through five
cycles of random mutagenesis and selection. However, the
increase in yield was not equally distributed over the single
cycles but mainly showed two major steps, after the first and
fourth mutagenesis selection cycles, which were accompanied
by a 15-fold and a further 1.5-fold increase in yield, respec-
tively. In addition to lysine, different by-products, such as other
amino acids, organic acids, and the disaccharide trehalose,
were formed (Table 1). The by-products stemmed from differ-
ent parts of the central metabolism, such as glucose 6-phos-
phate (trehalose), the upper glycolysis (glycine and glycerol),
pyruvate (alanine, valine, lactate, and pyruvate), acetyl-CoA
(acetate), and the TCA cycle (glutamate, a-ketoglutarate, and
succinate). In comparison to the wild-type strain, the forma-
tion of by-products was decreased significantly in all succeed-
ing generations of lysine-producing mutants. This is reflected
in the amounts of carbon secreted in the form of by-products
during the phase of lysine production. Whereas C. glutamicum
ATCC 13032 secreted 62.3 mol carbon of by-product during
the lysine production phase, only 35.4 to 46.3 mol carbon of
by-product was produced by the other strains. This was mainly
due to a marked decrease in compounds originating from pyru-

vate and from the TCA cycle, while the formation of by-prod-
ucts from glyceraldehyde stayed relatively constant in all
strains. Interestingly, the mutants with increased lysine produc-
tion revealed >2-fold-higher trehalose secretion than C. glu-
tamicum ATCC 13032. Furthermore, in regard to the stoichi-
ometry, the measured yields in the parallel flasks for each
strain showed excellent agreement, as depicted by the devia-
tion between the two parallel flasks (Table 1). It can be con-
cluded that the cells were provided with comparable conditions
in parallel flasks and thus revealed comparable characteristics
of growth, substrate uptake, and product formation. There-
fore, the consideration of combined labeling data from the two
parallel experiments for the calculation of the intracellular flux
distribution is justified for each strain. The provision of iden-
tical conditions in the parallel flasks was aimed at in the ex-
perimental setup, where the only difference between two par-
allel flasks for a strain was the addition of the stock solution of
the corresponding tracer substrate.

13C labeling analysis by MS. To elucidate intracellular flux
distributions in the different strains, mass spectrometric anal-
ysis of the secreted products alanine, valine, lysine, and treha-
lose was carried out. The labeling patterns of alanine, valine,
and lysine were analyzed in selective ion-monitoring mode by
GC-MS after conversion into the corresponding TBDMS de-
rivates, whereas labeling analysis of trehalose was carried out
by MALDI-TOF MS. The results for the tracer experiments
with (i) [1-">C]glucose and (ii) a mixture of naturally labeled
and ["*Cq]glucose are given in Tables 2 and 3. A manual in-
spection of the mass isotopomer ratios obtained allows inter-
esting conclusions about the metabolic profiles of the strain
genealogy examined. For example, the mass isotopomer frac-
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TABLE 3. '*C mass isotopomer ratios of secreted products alanine, valine, and lysine in successive generations of a genealogy of lysine-
producing C. glutamicum strains cultivated on a 1:1 mixture of naturally labeled and ['*C]glucose

Value for C. glutamicum®:

Mass isotopomer

Analyte ratio Source ATCC ATCC ATCC ATCC ATCC
13032 13287 21253 21526 21543
Alanine m+ 1/m Exp 0.43 = 0.02 0.43 = 0.01 0.41 = 0.00 0.41 = 0.01 0.40 = 0.02
Calc 0.41 0.40 0.40 0.41 0.40
m + 2/m Exp 0.35 = 0.01 0.35 = 0.01 0.35 = 0.01 0.34 = 0.01 0.33 = 0.01
Calc 0.33 0.32 0.32 0.33 0.32
m+2/m+1 Exp 0.81 = 0.01 0.81 = 0.03 0.86 = 0.02 0.86 = 0.03 0.84 = 0.02
Calc 0.80 0.80 0.80 0.81 0.80
Valine m+ 1/m Exp 0.59 = 0.01 0.55 = 0.01 0.57 = 0.01 0.56 = 0.02 0.55 = 0.01
Calc 0.60 0.59 0.58 0.59 0.57
m+ 2/m Exp 1.29 = 0.01 1.29 = 0.03 1.24 = 0.01 1.27 £ 0.04 1.33 = 0.02
Calc 1.28 1.27 1.27 1.32 1.27
m+2m+1 Exp 2.20 = 0.02 2.34 = 0.04 2.18 = 0.05 2.24 = 0.05 2.41 = 0.04
Calc 2.15 2.17 2.18 223 224
Lysine m+ 1/m Exp 1.61 = 0.05 1.58 = 0.01 1.46 = 0.02 1.50 £ 0.03 1.43 = 0.02
Calc 1.55 1.58 1.48 1.52 1.42
m+ 2m Exp 2.44 + 0.04 2.41 = 0.01 2.25 + 0.04 232 + 0.03 2.14 + 0.06
Calc 2.38 2.41 2.24 2.30 2.13
m+2m+1 Exp 1.51 = 0.02 1.53 £ 0.00 1.54 = 0.04 1.54 +£0.03 1.50 = 0.02
Calc 1.53 1.53 1.51 1.51 1.50

¢ Experimental data with standard deviation (Exp) obtained after TBDMS derivatization by GC-MS and values predicted by the solution of the mathematical model

corresponding to the optimized set of fluxes (Calc).

tions of alanine clearly differ in the wild-type strain, C. glutami-
cum ATCC 13032, and C. glutamicum ATCC 21543 grown on
[1-*C]glucose (Table 2). Compared to C. glutamicum ATCC
13032, the singly and doubly labeled fractions of alanine were
clearly decreased in C. glutamicum ATCC 21543. Based on the
fact that, from the entry point of glucose into the metabolism
to the secretion point of alanine, the '>C label of the applied
tracer substrate [1-*C]glucose is specifically lost in the decar-
boxylation reaction of the PPP, an increase of flux through the
PPP results in a decrease of '*C-labeled mass isotopomer frac-
tions (34). The labeling patterns of alanine thus shed light on
the increased fluxes through the PPP in lysine-producing C.
glutamicum ATCC 21543 compared to the wild type. This is

confirmed by the corresponding labeling patterns of valine and
lysine from the tracer experiment with [1-**C]glucose. In com-
parison, the data for the other strains range between those for
the wild-type strain and C. glutamicum ATCC 21543. For the
observed lysine yields (Table 1), this shows that the flux
through the PPP might be coupled to the flux through the
lysine biosynthetic pathways. Measurement of the trehalose
labeling from the tracer experiment with [1-*C]glucose as the
tracer substrate revealed the clear presence of the m + 1
fraction of single-labeled trehalose (Table 1). For all strains,
the m + 1 fraction amounted to ~30% of the fraction of
double-labeled trehalose. As described previously, m + 1 mass
isotopomers of trehalose are exclusively formed by the revers-

TABLE 4. Anabolic demand for intracellular metabolites in successive generations of a genealogy of lysine-producing C. glutamicum strains
during lysine production phase

Precursor demand (mmol mol of glucose ™!)*

Metabolite
ATCC 13032 ATCC 13287 ATCC 21253 ATCC 21526 ATCC 21543
Glucose 6-phosphate 12.43 = 0.40 8.87 £0.23 8.08 = 0.10 8.78 = 0.10 8.48 = 0.02
Fructose 6-phosphate 431 +0.14 3.07 = 0.08 2.80 = 0.04 3.04 = 0.07 2.94 = 0.01
Pentose 5-phosphate 5331171 38.03 £0.97 34.63 = 0.44 37.66 = 0.92 36.35 = 0.09
Erythrose 4-phosphate 16.25 + 0.52 11.59 = 0.30 10.56 = 0.13 11.48 = 0.28 11.08 = 0.03
Glyceraldehyde 3-phosphate 7.82 £ 0.25 558 £0.14 5.08 = 0.06 553 £0.14 5.33 £0.01
3-Phosphoglycerate 78.42 = 2.51 55.94 + 1.42 50.94 = 0.65 55.40 = 1.35 53.47+0.13
Pyruvate/phosphoenolpyruvate 120.88 = 3.88 86.22 = 2.19 78.52 = 0.99 85.39 = 2.09 82.42 = 0.20
a-Ketoglutarate 103.71 = 3.33 73.98 = 1.88 67.37 = 0.85 73.26 = 1.79 70.71 = 0.17
Oxaloacetate 54.83 = 1.76 39.11 £ 1.00 35.62 = 0.45 38.73 =0.95 37.38 = 0.09
Acetyl-CoA 151.63 = 4.86 108.16 = 2.75 98.50 = 1.25 107.11 = 2.62 103.38 + 0.25
Diaminopimelate® 8.86 = 0.28 6.32 £0.16 5.75 = 0.07 6.26 = 0.15 6.04 = 0.01
Lysine” 12.25 £ 0.39 8.74 = 0.22 7.96 = 0.10 8.65 = 0.21 8.35 = 0.02

@ Experimental data are given as mean values of two parallel incubations on (i) [1-'3C]glucose and (ii) a 1:1 mixture of naturally labeled and ['*C4]glucose with
deviations between the two incubations. The estimation of precursor demands was based on the experimental biomass yield obtained for each strain (Table 1) and the
biomass composition previously measured for C. glutamicum (6).

® Diaminopimelate and lysine are regarded as separate anabolic precursors. This is due to the fact that anabolic fluxes from pyruvate and oxaloacetate into
diaminopimelate (cell wall) and lysine (protein) contribute, in addition to the flux of lysine secretion, to the overall flux through the lysine biosynthetic pathway.
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ible action of glucose 6-phosphate isomerase (33). Thus, glu-
cose 6-phosphate isomerase seemed to be highly reversible in
all of the strains examined. As shown by the small deviations
resulting from the triplicate measurements performed, the
GC-MS analysis of TBDMS-derivatized alanine, valine, and
lysine allowed a rather precise estimation of the mass isoto-
pomer ratios. In comparison, slightly higher deviations resulted
for the labeling analysis of trehalose by MALDI-TOF MS.

Estimation of intracellular flux distributions. A central is-
sue of the present work was the comparison of the lysine-
producing C. glutamicum genealogy on the level of intracellu-
lar fluxes through the central metabolism. For this purpose, the
experimental data obtained were used to calculate metabolic
flux distributions for each strain by applying the flux estimation
software implemented in Matlab as described above. The pa-
rameter estimation was carried out by minimizing the deviation
between experimental and calculated mass isotopomer ratios.
The approach utilized metabolite balancing during each step of
the optimization, including (i) stoichiometric data on product
secretion (Table 1) and (ii) stoichiometric data on the anabolic
demand for biomass precursors (Table 4). The set of intracel-
lular fluxes that gave the minimum deviation between experi-
mental and simulated labeling patterns was taken as the best
estimate for the intracellular flux distribution. For all strains
examined, identical flux distributions were obtained with mul-
tiple initialization values for the flux parameters, suggesting
that global minima were identified in all cases. Obviously,
excellent agreement between experimentally determined and
calculated mass isotopomer ratios was achieved for all five
strains examined (Tables 2 and 3). The sum of the squares of
the weighted relative deviations between experimental and cal-
culated mass isotopomer ratios (equation 1) were 0.020 (for C.
glutamicum ATCC 13032), 0.029 (for C. glutamicum ATCC
13287), 0.040 (for C. glutamicum ATCC 21253), 0.027 (for C.
glutamicum ATCC 21526), and 0.022 (for C. glutamicum
ATCC 21543). The intracellular flux distributions obtained for
all strains are shown in Fig. 3. For all strains, the glucose
uptake flux during lysine production was set to 100%, and the
other fluxes in the network are given as relative molar fluxes
normalized to the glucose uptake flux.

DISCUSSION

Fluxes at the G6P node into glycolysis and PPP. As shown in
Fig. 3, the wild-type strain, C. glutamicum ATCC 13032, ex-
hibited a relative flux of 51.2% into the PPP, which is equal to
a flux-partitioning ratio between PPP and glycolysis (¢bppp) Of
0.52. In comparison, all lysine-producing mutants exhibited an
increased relative flux into the PPP (Fig. 3). Accordingly, bppp
was significantly higher, showing values of 0.59 (for C. glutami-
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cum ATCC 13287), 0.58 (for C. glutamicum ATCC 21253),
0.61 (for C. glutamicum ATCC 21526), and 0.66 (for C. glu-
tamicum ATCC 21543). In all five strains, the carbon flux into
the PPP was much higher than the flux required for the ana-
bolic demands of the PPP intermediates ribose 5-phosphate
and erythrose 4-phosphate (Table 4). Thus, the major portion
of carbon was redirected into glycolysis at the levels of fructose
6-phosphate and glyceraldehyde 3-phosphate. Major carbon
fluxes through the PPP were previously quantified for lysine-
producing C. glutamicum using NMR spectroscopy (6, 7) and
MALDI-TOF MS (32). Interestingly, a strong correlation be-
tween the flux through the PPP and the flux through the lysine
biosynthetic pathway for product formation and anabolic de-
mand resulted (Fig. 4A). An increased flux into lysine biosyn-
thesis was directly coupled to an enhanced flux through the
PPP. The increased NADPH demand in the lysine-producing
mutants thus seemed to be compensated for by an increased
NADPH supply in the PPP. The overall contribution of the
PPP to the NADPH balance in the different strains is discussed
in a description of the functioning and regulation of the
NADPH metabolism below. As indicated by the small confi-
dence intervals of the fluxes into PPP and glycolysis in all
strains (Table 5), an extremely precise determination of the
flux partitioning at this node was possible by the chosen com-
prehensive approach of MS and metabolite balancing. The
different flux-partitioning ratios in PPP and glycolysis observed
for the different C. glutamicum strains of the genealogy can
therefore be clearly described as strain specific. Glucose
6-phosphate isomerase, catalyzing the interconversion of glu-
cose 6-phosphate and fructose 6-phosphate, was found to be
highly reversible in all of the strains examined. For the wild-
type strain, C. glutamicum ATCC 13032, the anabolic demand
for precursors in the PPP and the upper glycolysis was equal to
7.5% of the total glucose entering the cell, while the corre-
sponding demand in the lysine-producing mutants C. glutami-
cum ATCC 13287, ATCC 21253, ATCC 21526, and ATCC
21543 was only between 5.0 and 5.5% (Table 4). Additionally,
these strains, which all exhibited significantly reduced growth,
showed a significantly higher trehalose secretion of up to 2.9%
of the glucose uptake flux. In contrast, only 1.0% of the glucose
was converted into trehalose in C. glutamicum ATCC 13032.
Therefore, the decreased amount of carbon, withdrawn from
upper glycolysis and the PPP for growth in the lysine-produc-
ing mutants, was accompanied by an increased amount of
carbon withdrawn from these metabolic reactions in the form
of by-products. As a consequence, all five strains revealed very
similar fluxes through the reactions of the lower glycolysis
between 2-phosphoglycerate and pyruvate. The fluxes through
glyceraldehyde 3-phosphate were 160.9 (for C. glutamicum

FIG. 3. In vivo carbon flux distributions in the central metabolisms of C. glutamicum ATCC 13032, ATCC 13287, ATCC 21253, ATCC 21526,
and ATCC 21543 (displayed in that order from top to bottom for each reaction) during the phase of lysine production in batch culture estimated
from the best fit to the experimental results using a comprehensive approach of combined metabolite balancing and *C tracer experiments with
labeling measurement of the secreted products lysine, alanine, valine, and trehalose by GC-MS and MALDI-TOF MS, respectively. Net fluxes are
given in square boxes; the numbers in hexagonal boxes represent flux reversibilities, and for reversible reactions, the direction of the net flux is
indicated by a dashed arrow. All fluxes are expressed as molar percentages of the mean specific glucose uptake rate during lysine production (1.08
mmol g~' h™! for ATCC 13032, 1.13 mmol g ' h™! for ATCC 13287, 1.13 mmol g~! h™! for ATCC 21253, 1.05 mmol g~ ! h~! for ATCC 21526,

and 1.19 mmol g~ ! h™! for ATCC 21543).
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FIG. 4. Impact of strain optimization on metabolic key flux parameters in the central metabolisms of five successive generations of lysine-
producing C. glutamicum. (A) Flux through the PPP related to flux through the lysine pathway. (B) Flux-partitioning ratio at the pyruvate (PYR)
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TABLE 5. Statistical evaluation of comparative metabolic flux analysis of a genealogy of lysine-producing C. glutamicum strains by '*C tracer
studies with MS and metabolite balancing

Value for C. glutamicum®:

Flux parameter

ATCC 13032 ATCC 13287 ATCC 21253 ATCC 21526 ATCC 21543
Fluxes
Glucose 6-phosphate dehydrogenase (vs) [49.6 52.9] [55.3 58.7] [53.4 57.5] [56.6 61.0] [61.6 65.8]
Glucose 6-phosphate isomerase (vs — vy) [44.8 48.2] [38.1 41.5] [38.8 42.8] [35.2 39.7] [30.9 35.1]
Aldolase [75.5 76.8] [73.9 75.2] [74.1 75.6] [72.6  74.3] [71.6  73.1]
Pyruvate kinase (v,) [151.0 153.6] [152.8 154.9] [153.0 155.9] [150.8 153.6] [148.8 151.4]
Pyruvate dehydrogenase (v,g) [97.0 104.8] [90.8 96.0] [81.1 84.7] [782 84.4] [68.4 73.4]
Pyruvate carboxylase (v5,) [45.6  55.7] [52.7 62.1] [58.1 65.6] [54.1 64.8] [55.4 64.5]
Phosphoenolpyruvate carboxykinase (vs;) [25.7 31.8] [22.3 30.7] [25.1 32.6] [22.9 33.1] [22.9 33.1]
Isocitrate dehydrogenase (v33) [77.0 87.2] [78.4 84.5] [69.6 73.6] [64.3 71.7] [57.2 62.4]
Isocitrate lyase (vs,) [0.0 3.6] [0.0 0.4] [0.0 0.0] [0.0 0.9] [0.0 0.9]
Lysine synthetic pathway (v,,) [3.2 34] [17.8 19.8] [21.0 21.7] [18.6 21.0] [25.4 27.4]
Succinylase branch of lysine synthesis (vs) [1.1 1.5] [14.2 15.7] [14.9 19.4] [13.0 18.7] [19.0 18.7]
Dehydrogenase branch of lysine synthesis (v,4) [0.2 1.1] [3.3 44] [1.9 6.5] [1.1 6.9] [1.0 7.5]
Flux partitioning ratios
Dppp [va/(vs + vs — vg)] [0.51 0.54] [0.57 0.61] [0.56 0.60] [0.59 0.63] [0.64 0.68]
pe [(Vso = v3)/(v3o — V31 + vag)] [0.15 0.20] [0.24 0.26] [0.28 0.29] [0.26  0.29] [0.34 0.37]
Dy (Vag/(Vas + v4e [0.07 0.33] [0.18 0.23] [0.09 0.30] [0.06 0.34] [0.04 0.28]
Flux reversibilities
Cpcil(ve/(vs — ve)] [3.5 11.7] [42 9.7] [5.7 23.7] [3.4 11.8] [41 8.6]
Cpepepck [(V31/ (V30 — v31)] [1.1 1.6] [0.7 1.0] [0.8 1.0] [0.7 1.0] [0.4 0.6]
Crea [(vaa/vay — van)] [10.2 25.0] [0.7 3.1] [0.3 25.0] [0.0 18.8] [71 25.0]

“ Mean values and 90% confidence intervals of flux parameters obtained by a Monte Carlo approach, including 250 independent parameter estimation runs with
varied experimental data for each strain. The flux numbers according to Fig. 1 are given for the examined reactions.

ATCC 13032), 162.5 (for C. glutamicum ATCC 13287), 162.7
(for C. glutamicum ATCC 21253), 158.2 (for C. glutamicum
ATCC 21526), and 160.2% (for C. glutamicum ATCC 21543).
In summary, the flux through the lower glycolysis showed com-
parable values in all strains. It cannot be concluded from the
given data that the increase of trehalose formation is a direct
consequence of the decreased anabolic demands of glucose
6-phosphate, fructose 6-phosphate, and glyceraldehyde
3-phosphate (in the upper glycolysis) and of pentose 5-phos-
phate and erythrose 4-phosphate (in the PPP). However, it
seems possible—assuming a constant capacity of the lower
glycolytic reaction chain—that strains of C. glutamicum may
secrete excess carbon as by-products such as trehalose under
conditions of reduced growth.

Fluxes at the pyruvate node: connection among glycolysis,
the TCA cycle, and lysine formation. Pyruvate is one of the key
metabolites of the intermediary metabolism of C. glutamicum.
It is the connection among glycolysis, the TCA cycle, anaple-
rosis, lysine synthesis, and the pathways of different by-prod-
ucts (Fig. 1). The flux distributions obtained reveal drastic
changes of the fluxes around the pyruvate node through strain
optimization (Fig. 3). The fraction of carbon entering the ly-
sine biosynthetic pathway from the pyruvate node exhibited a
marked increase in the lysine-producing mutants. Thus, the
lysine pathway comprises the anabolic flux toward diami-
nopimelate and proteinogenic lysine plus the flux of secreted
lysine. Whereas a relative flux of 3.3% into the lysine pathway
resulted for the wild-type strain, C. glutamicum ATCC 13032,
an eightfold-higher value of 26.5% was observed for C. glu-
tamicum ATCC 21543. Due to their lower lysine yields and
similar anabolic demands compared to C. glutamicum ATCC
21543, the strains C. glutamicum ATCC 13287, ATCC 21253,

and ATCC 21526 showed slightly lower fluxes of 18.8, 21.4, and
19.9%, respectively. Related to the demand for oxaloacetate,
mainly for lysine production but also for anabolic purposes, a
strong increase in the anaplerotic net flux from 22.4% for C.
glutamicum ATCC 13032 to 39.5% for C. glutamicum ATCC
12543 resulted. Since the fluxes entering the pyruvate node
from the lower glycolysis were rather similar in all five strains,
the increased fluxes into (i) the lysine biosynthetic pathway and
(ii) anaplerotic carboxylation caused a significantly decreased
flux toward the TCA cycle through pyruvate dehydrogenase.
This is exemplified by the flux of 70.8% observed for lysine-
producing C. glutamicum ATCC 21543, which was about 30%
lower than the value of 100.4% for the wild-type strain, C.
glutamicum ATCC 13032 (Fig. 3). The different flux distribu-
tions at the pyruvate node in the five generations of the C.
glutamicum genealogy examined are depicted by the flux par-
titioning between pyruvate carboxylase and pyruvate dehydro-
genase (bpc) in Fig. 4B. Here, a tight correlation of ¢pe with
the demand for oxaloacetate for lysine production and anab-
olism becomes obvious. Strain optimization thus resulted in a
dramatic redirection of the carbon flux from pyruvate dehy-
drogenase toward anaplerosis. It is known that C. glutamicum
has several enzymes, such as phosphoenolpyruvate carboxyki-
nase and oxaloacetate decarboxylase, that catalyze a C,-decar-
boxylating backflux from the TCA cycle to glycolysis (14). The
anaplerotic net flux in C. glutamicum, therefore, is in fact the
result of the concerted action of C; carboxylation and C, de-
carboxylation. This directly raises the question of how forward
and backward fluxes contribute to the markedly increased
anaplerotic net flux observed. The data clearly show that both
forward and backward reactions are involved. The increase of
the anaplerotic net flux through the strain genealogy was the
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combined result of (i) an increased C; carboxylation flux from
pyruvate to oxaloacetate and (ii) a decreased C, decarboxyl-
ation flux in the opposite direction. For example, the 17%-
increased net flux in C. glutamicum ATCC 21543 in compari-
son to C. glutamicum ATCC 13032 is composed of a 9%
increase of the forward flux (from 51.0 to 59.9%) and an 8%
decrease of the backward flux (28.6 to 20.4%). Accordingly,
the reversibility at the pyruvate node, {pcprpck, decreased
significantly with increasing flux through the lysine biosynthetic
pathway (Fig. 4C). Isogenic strains of C. glutamicum grown in
continuous culture showed a strong correlation between lysine
production on one hand and Cs-carboxylating and C,-decar-
boxylating fluxes on the other hand (2). These observed
changes in C; carboxylation and C, decarboxylation fluxes in
relation to lysine production seem to reflect an important reg-
ulating phenomenon in C. glutamicum which is active both in
batch culture and in continuous culture. Moreover, these find-
ings underline the fact that enzymes catalyzing the fluxes
around the pyruvate node are promising candidates for tar-
geted strain optimization. In C. glutamicum, multiple enzymes
can catalyze the reactions of C; carboxylation and C, decar-
boxylation (14). Due to the fact that (i) the pools of malate and
oxaloacetate in the TCA cycle and (ii) the pools of pyruvate
and phosphoenolpyruvate in glycolysis were lumped together,
we cannot differentiate on the basis of the present work to
which extent the different enzymes contribute to these reac-
tions. With regard to the fact that the flux of anaplerotic
carboxylation and the corresponding back reactions exhibit
great differences among the strains in the C. glutamicum ge-
nealogy, it could be that these flux differences are accompanied
by changes in the relative contributions of the different en-
zymes involved. The previous finding, for lysine-producing C.
glutamicum ATCC 21253 grown in chemostat culture, that the
ratio of anaplerotic carboxylation to the flux through the lower
glycolysis is constant at different lysine yields (4) was not ob-
served in the present work. In contrast, the anaplerotic flux
markedly increased through strain optimization, whereas the
flux through the lower glycolysis stayed almost constant. This
resulted in an increasing ratio of anaplerotic to glycolytic flux.
This observation might be due to the facts (i) that metabolic
regulation in C. glutamicum might be different under condi-
tions of reduced growth during lysine production in batch
culture compared to continuous cultivation and (ii) that mu-
tations affecting the metabolic regulation at the pyruvate node
were introduced during random mutagenesis. The statistical
analysis of fluxes at the pyruvate node (pyruvate carboxylase,
pyruvate dehydrogenase, phosphoenolpyruvate carboxykinase,
and the lysine pathway) and the flux parameters calculated
from them (¢ppc and {pepepek) showed that the flux param-
eters at the pyruvate node were determined with high accuracy
by the applied MS approach in all of the strains examined,
which clearly justifies the conclusions drawn above (Table 5).

TCA cycle. The wild-type strain, C. glutamicum ATCC
13032, exhibited a high flux of 82.7% through the TCA cycle
(Fig. 3). Significantly lower values were found for C. glutami-
cum ATCC 21253 (71.5%), C. glutamicum ATCC 21526
(68.0%), and C. glutamicum ATCC 21543 (59.9%) (Fig. 3).
The reduced growth during lysine production observed for
these strains due to the depletion of essential amino acids is
therefore directly reflected by a reduced flux through the TCA
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cycle, thus adapting ATP formation to the reduced demand.
Moreover, the obviously reduced TCA cycle flux during lysine
production results in a decreased flux catalyzed by isocitrate
dehydrogenase with NADPH as a cofactor. Therefore, the
TCA cycle cannot be the source responsible for an increased
NADPH supply. The 90% confidence intervals for the flux
through the TCA cycle are exemplified by isocitrate dehydro-
genase (Table 5). The intervals obtained were rather small,
underlining the fact that the observed differences were due to
the different metabolic properties of the studied strains. The
strain C. glutamicum ATCC 13287 showed slightly different
characteristics (Fig. 4D). It had a lysine yield similar to those of
C. glutamicum ATCC 21253, ATCC 21526, and ATCC 21543
but exhibited a higher flux through the TCA cycle. This might
be due to the fact that this strain produced a major part of the
lysine during the initial hours of the production phase (Fig. 2
B). This initial production phase is linked to certain growth
due to the availability of intracellular threonine and methio-
nine and therefore probably also to an increased TCA cycle
flux. The reactions of fumarate hydratase and succinate dehy-
drogenase were found to be reversible in all of the strains
studied (Fig. 3). This is in accordance with previous NMR
approaches for C. glutamicum (6, 7). In the present work, {rea
was limited to values between 0 and 25, because the sensitivity
of the determination of this flux parameter was rather low. The
relatively large confidence intervals for (-, show that the
determined values are linked to relatively high uncertainty
(Table 5). Taking this into account, at least the following ten-
dency can be extracted from the data. The differences for {rca
observed for the examined strains could be the result of dif-
ferent intracellular levels of the involved intermediates around
the oxaloacetate node. The lowest backflux of {1c4, 1.8, was
for C. glutamicum ATCC 13287, which also had the highest net
flux through the TCA cycle toward oxaloacetate. Comparing
this strain with the other lysine-producing mutants, C. glutami-
cum ATCC 21253, ATCC 21526, and ATCC 21543, a correla-
tion between the net flux through the TCA cycle toward ox-
aloacetate and {14 can be seen (Fig. 4E). Previously, Kiss and
Stephanopoulos observed a rigid regulation of the carbon flux
at the oxaloacetate node in lysine-producing C. glutamicum
ATCC 21253, demanding a higher TCA cycle flux under con-
ditions of higher demand for oxaloacetate for lysine biosynthe-
sis and anabolism (4). As shown in Fig. 4F, no rigid regulation
was identified at this node when the different strains were
compared. The flux partitioning at the oxaloacetate node,
boans relating the demand for and supply of oxaloacetate, was
not constant but became larger with an increasing requirement
for oxaloacetate. A higher demand for oxaloacetate was there-
fore not linked to a higher overall supply. The value of boaa
(26%) obtained for C. glutamicum ATCC 21253 in the present
work was slightly lower than the ¢4 4 (30 to 40%) observed in
continuous culture for the same strain (4). As described above
for regulation at the pyruvate node, there are two possible
explanations for the fact that the oxaloacetate node was not
rigid among the strains in the genealogy. First, metabolic reg-
ulation in C. glutamicum might be different under the condi-
tions of reduced growth during lysine production in batch
culture compared to that under continuous cultivation. Sec-
ond, it also seems possible that mutations affecting metabolic
regulation at the oxaloacetate node were introduced during
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random mutagenesis. For all five strains, the TCA cycle flux
from succinyl CoA to succinate was much higher than the flux
through the succinylase branch of lysine biosynthesis (Fig. 3),
which indicates that (i) the succinylase branch is not limited by
a restricted availability of succinyl CoA and (ii) the conversion
of succinyl CoA into succinate is mainly carried out by succinyl
CoA synthetase in the TCA cycle and thus is used for energy
formation by the cells.

Glyoxylate pathway. The key enzymes of the glyoxylate cycle
for the utilization of acetate have been previously found in C.
glutamicum (20). The glyoxylate cycle was found to be active in
C. glutamicum during the utilization of acetate and coutiliza-
tion of glucose and acetate in continuous culture (29). In the
present work, all of the C. glutamicum strains examined
showed inactive glyoxylate pathways (Fig. 3). Considering the
90% confidence intervals for isocitrate lyase, a small flux
through this pathway might be possible (Table 5). The upper
limit for the wild-type strain of 3.6% and for the other strains
of <1%, however, shows that a significant glyoxylic flux can be
excluded. During batch cultivation on glucose, the replenish-
ment of the TCA cycle is therefore mainly carried out via
anaplerotic carboxylation. Even under conditions of a high
demand for TCA metabolites for lysine secretion in C. glutami-
cum ATCC 13287, ATCC 21253, ATCC 21526, and ATCC
21543, no replenishment of the TCA cycle via the glyoxylate
pathway occurred; instead, a marked increase in the anaple-
rotic carboxylation of pyruvate was observed (Fig. 3). Recy-
cling of acetate, which was secreted by all strains (Table 1) and
accumulated in concentrations up to ~3 mM in the medium,
obviously did not take place. As shown previously for the
wild-type strain, C. glutamicum ATCC 13032, isocitrate lyase
and malate synthase are drastically suppressed when glucose is
used as a primary carbon source (28). The presence of high
concentrations of glucose during the batch cultivations per-
formed in the present work is therefore a probable explanation
for the observed inactivity of the glyoxylate cycle. Under the
conditions chosen, the role of the glyoxylate pathway in refill-
ing of the TCA cycle seems negligible. In continuous culture of
different lysine-producing strains of C. glutamicum at low con-
centrations of glucose, the glyoxylate cycle was found to be
inactive (7) or present only at a very low flux of 0.2% (6).

Lysine biosynthesis. C. glutamicum ATCC 13032 exhibited a
flux-partitioning ratio (épyy) of 0.22 (Fig. 3). The two alterna-
tive routes were therefore both active in the wild-type strain.
As previously observed for this strain in NMR studies, the
participation of the two branches in lysine synthesis is a natural
phenomenon and not introduced only in overproducing mu-
tants (21). The flux-partitioning ratios between the dehydro-
genase and the succinylase pathways were relatively similar in
the lysine-producing mutants C. glutamicum ATCC 13287
(bpy = 0.20), ATCC 21253 (épyy = 0.21), and ATCC 21543
(bprr = 0.17). A slightly lower value of ¢y, 0.10, was found
for C. glutamicum ATCC 21526. In contrast to the overall flux
into the lysine pathway, which could be quantified with good
accuracy, the flux-partitioning ratio revealed a larger confi-
dence interval, indicating that no significant differences among
the different strains were identified (Table 5). In summary, the
succinylase pathway was the dominant branch for lysine for-
mation in all strains. The drastically increased relative flux
through the lysine biosynthetic pathway in C. glutamicum
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FIG. 5. Statistical analysis for estimates of fluxes into the PPP and
through isocitrate (ICI) dehydrogenase for C. glutamicum ATCC
13032 (strain 1), ATCC 21253 (strain 2), and ATCC 21543 (strain 3).
The data shown for each strain are the results of 250 flux-independent
flux estimations by a Monte-Carlo approach.

ATCC 21543, which was about eightfold higher than in the
wild type, was not linked to significant changes in the relative
contributions of the two branches. Similar flux-partitioning
ratios in lysine biosynthesis in the wild-type strain, C. glutami-
cum ATCC 13032, and two lysine-accumulating mutants were
previously found by Sonntag et al. (21).

NADPH metabolism. The following calculations of demand
for and supply of NADPH for the investigated strain genealogy
provide an outstanding insight into the NADPH metabolism of
lysine-producing C. glutamicum. As previously shown for C.
glutamicum, the reactions of glucose 6-phosphate dehydroge-
nase (24), 6-phosphogluconate dehydrogenase (25), and isocit-
rate dehydrogenase (3) are coupled to the reduction of
NADPH. The overall supply of NADPH can therefore be
calculated from the estimated fluxes into the PPP and through
isocitrate dehydrogenase in the TCA cycle. Due to the high
precision for the determination of these flux parameters in the
present work, which are revealed by the statistical analysis
(Table 5), a precise estimate of the NADPH supply can be
given. The excellent accuracy of the estimates of the fluxes
involved in NADPH supply is visualized by a phase plane plot
of the fluxes through the PPP and through isocitrate dehydro-
genase obtained by the Monte Carlo analysis for C. glutamicum
ATCC 13032, ATCC 21253, and ATCC 21543 (Fig. 5). Each
ellipsoidal zone obtained includes all 250 independent flux
estimates for each strain from the Monte Carlo analysis. Al-
though the three strains differ only gradually in the corre-
sponding fluxes, they can be clearly differentiated. The results
for C. glutamicum ATCC 13287 and ATCC 21526 revealed
similar small ellipsoids in between the displayed strains (data
not shown). The achieved high precision is a great advantage of
the present MS approach compared (i) to metabolite balancing
alone, which provides no information on NADPH but assumes
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a closed NADPH balance (26), and (ii) to NMR approaches,
which result in much higher uncertainty for fluxes into PPP and
glycolysis (7, 19).

NADPH is required for the growth and formation of lysine
and by-products, such as alanine, valine, and glycine. The
NADPH requirement for growth was estimated from the pre-
viously determined NADPH demand of 15.5 mmol of NAPDH
g of biomass™' (7) and the biomass yields for the different
strains measured in the present work (Table 1). The amount of
NADPH needed for product synthesis was determined from
the estimated fluxes into lysine, alanine, valine, and glycine
(Table 1) and the corresponding stoichiometric NADPH de-
mand of 4 mol mol ! for lysine and 1 mol mol~" for alanine,
valine, and glycine (9). The calculated NADPH demand and
supply for the examined strain genealogy of lysine-producing
corynebacteria is shown in Fig. 6A. Surprisingly, all five strains
revealed rather similar fluxes for the NADPH supply of about
190%. Despite the great differences on the level of intracellu-
lar metabolic fluxes, all of the strains studied seemed to main-
tain a constant flux into the supply of NADPH. Interestingly,
values similar to the data of the genealogy studied here were
previously obtained for batch cultures of C. glutamicum by
Sonntag et al. (22), who estimated a molar NADPH supply of
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188% during exponential growth of C. glutamicum ATCC
13032 and of 200% during lysine production by an overpro-
ducing strain, and by Wittmann and Heinzle (32), who deter-
mined a molar NADPH supply of 193% during maximum
lysine production for C. glutamicum ATCC 21253. In contrast
to the rather constant NADPH supply, a marked increase of
the NADPH demand resulted through strain optimization
(Fig. 6A). The values ranged from 109% for the wild-type
strain, C. glutamicum ATCC 13032, up to 172% for C. glutami-
cum ATCC 21543, the mutant with the highest lysine yield
among the strains studied. All five strains showed an apparent
excess of NADPH. In the wild-type strain, C. glutamicum
ATCC 13032, there was an enormous apparent NADPH ex-
cess of 80%. Moreover, it can be stated that the increased
demand for NADPH did not cause an increase in the NADPH
supply. The NADPH potential, in fact, became smaller
through strain optimization. In contrast to the wild-type strain,
the apparent NADPH excess was only 15% in C. glutamicum
ATCC 21543. Extrapolating Fig. 6A, it can be speculated that
NADPH might indeed become a limiting factor in batch or
fed-batch cultures of industrially relevant lysine producers with
product yields higher than those of the strains examined here.
Despite the relatively constant NADPH supply in all of the
different strains, the relative contributions of the PPP and the
TCA cycle to NADPH reduction changed significantly during
strain optimization, as shown in Fig. 6B. The TCA cycle sup-
plied the major part of the NADPH in the wild-type strain,
whereas its contribution to the NADPH supply decreased
gradually in the succeeding generations. The opposite effect
resulted for the NADPH supply by the PPP. The relative con-
tribution of the PPP thus increased from 55.3 (for C. glutami-
cum ATCC 13032) to 58.0 (for C. glutamicum ATCC 13287),
61.1 (for C. glutamicum ATCC 21253), 63.3 (for C. glutamicum
ATCC 21526), and 68.1% (for C. glutamicum ATCC 21543). In
comparison, exponentially growing C. glutamicum ATCC
13032 revealed a higher TCA cycle flux of 108% and a reduced
flux of 40% through the PPP (22). Here, the relative contri-
bution of the PPP to the NADPH supply was only 27%. Inter-
estingly, the concerted action of both pathways provided a total
NADPH supply of 188%, rather similar to that of the studied
genealogy. On the other hand, C. glutamicum ATCC 21253
showed an increased PPP flux of 71% and a decreased flux
through isocitrate dehydrogenase of 51% during maximum
lysine production (32), resulting in an overall flux of the
NADPH supply of 193%, to which the PPP contributed 73.6%.
In summary, C. glutamicum seems to be able to compensate for
decreased fluxes through isocitrate dehydrogenase due to (i)
reduced growth caused by the shortage of essential amino acids
and (ii) increased carbon flux into competing fluxes at the
pyruvate node for lysine synthesis and for anaplerotic carbox-
ylation by a marked increase of the flux through the PPP. As
shown, the relative contributions of the PPP and isocitrate
dehydrogenase vary drastically. The decreased apparent
NADPH excess, probably linked to decreasing intracellular
concentrations of NADPH, might be a reason for the en-
hanced PPP flux observed, since NADPH is a strong inhibitor
of glucose 6-phosphate dehydrogenase and 6-phosphoglu-
conate dehydrogenase in C. glutamicum (11). For the depletion
of the excess NADPH in C. glutamicum, Marx et al. (6) pre-
viously suggested in vivo NADPH regeneration by an oxidase
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or by malic enzyme. In this context, a potential route for
NADPH regeneration was recently identified by Matsushita et
al. (8), who showed that the respiratory chain in C. glutamicum
is able to oxidize NADPH. Under conditions of normal
growth, excess NADPH might therefore be channeled into the
respiratory chain. This makes sense, given that isocitrate de-
hydrogenase, one of the NADPH-producing enzymes, is lo-
cated in the TCA cycle. The large NADPH potential of 80%
for the wild-type strain, C. glutamicum ATCC 13032, could be
a key feature to explain the high capacity for amino acid pro-
duction achieved in mutants derived from this parent strain.
Under conditions of reduced growth, as observed for lysine-
producing Asd-negative mutants of C. glutamicum in the ab-
sence of threonine and methionine linked to decreased respi-
ration activity (26), the enhanced production of NADPH-
consuming products such as lysine could act as a valve for the
cell to get rid of the large amount of NAPDH.

Conclusions. The results of the present work providing pre-
cise data on the NADPH metabolism in C. glutamicum clearly
show that the demand for and supply of NADPH can differ by
more than 80% in relation to the glucose uptake flux. It can be
stated that metabolic flux analysis by metabolite balancing re-
lying on a closed balance for NADPH should be treated with
great care. Due to the fact that no genomic information is
available for the genealogy of lysine-producing corynebacteria
examined in the present work, no answer can be given as to
which mutations are probably responsible for the observed
differences in intracellular fluxes. It can be expected that in
addition to the desired mutations, a couple of further muta-
tions are introduced during the various cycles of random mu-
tagenesis performed in strain optimization. The accumulation
of side mutations can be clearly deduced from the phenotype
of the examined genealogy, where (i) in contrast to preceding
generations, C. glutamicum ATCC 21526 and ATCC 21543
were found to be auxotrophic for pantothenic acid and (ii) only
the wild-type strain, C. glutamicum ATCC 13032, exhibited
yellow pigmentation when grown on agar plates or in liquid
culture, whereas cells of the successive generations appeared
white to fawn color, which might be linked to a defect in the
corresponding biosynthetic pathway. It would be of great in-
terest to investigate whether the observed differences on the
metabolic flux level are directly linked to mutations of corre-
sponding enzymes, e.g., in the PPP or at the pyruvate node, or
are part of an overall cellular response to only selected key
mutations. The impact of the accuracy of '*C labeling analysis
by MS on the accuracy of metabolic flux analysis has been
shown in this work. For all of the strains, a precise estimation
of most intracellular fluxes was achieved. Among the revers-
ibilities, a good quantification of {pprpck Was achieved. Only
{1ca and {pg; showed larger confidence intervals. In this con-
text, Wiechert et al. (30) reported that the degree of revers-
ibility can be quantified only with higher uncertainty. It has to
be stated that one important factor determining precision in
metabolic network analysis is the choice of the tracer sub-
strates. As previously shown, optimal quantification of specific
flux parameters demands an appropriate choice of tracer sub-
strates (10, 33). Simulation studies of the experimental design
of tracer experiments for C. glutamicum revealed that
[1-*C]glucose is optimal for the determination of dppp and
{pg1, Whereas the substrate of choice for measuring fluxes at
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the pyruvate node, such as ¢pe and {pepepeks, 1S @ mixture of
naturally labeled glucose and ["*Cg]glucose (33). In the present
case, the combination of two parallel experiments, each with a
tracer substrate optimal for a different subset of flux parame-
ters, can be regarded as a useful approach. The larger uncer-
tainty for flux partitioning in lysine biosynthesis could be over-
come by the additional choice of, e.g., [4-'*C]glucose (33). MS
seems to be a favorable method for the determination of flux
partitioning between glycolysis and PPP, a key flux parameter
in the central metabolism, especially during lysine production
by C. glutamicum. This is exemplified by the narrow confidence
intervals for fluxes into PPP and glycolysis of <4%. Using
NMR, the 90% confidence intervals for these fluxes were sub-
stantially (up to 10-fold) larger, even in cases where much
more data providing enhanced redundancy were applied, as
described for various biological systems (1, 7, 19). Thus, MS
offers significantly increased precision for the determination of
flux partitioning between glycolysis and PPP compared to
NMR. Generally, accuracy and sensitivity make MS a valuable
technique in metabolic network analysis. Clearly, metabolic
network analysis attains its full potential when applied as a tool
for the comparison of different strains or different growth
conditions. Taking into account the fact that differences in
metabolic fluxes due to mutation or changed environment
might be relatively small and that metabolic fluxes can change
gradually rather than drastically during repeated improvement
of a production strain, precision of flux analysis is of great
importance. Moreover, the broad application of metabolic flux
analysis on a screening level demands small cultivation and
sampling volumes and requires a sensitive method for '*C
labeling analysis. The GC-MS and MALDI-TOF MS methods
applied in the present work require only about 1 pl of culti-
vation supernatant for analysis.

The specific glucose uptake rates during lysine production
from hours 7 to 25 were rather similar for all strains. Thus,
absolute intracellular fluxes calculated on the basis of the cor-
responding specific glucose uptake rates give a picture similar
to the relative flux distributions shown above for the different
strains. Therefore, the conclusions drawn above do not signif-
icantly change with regard to the overall rates in the different
mutants. The approach presented is an integral investigation of
the lysine production phase. It provides quantitative informa-
tion on overall yields, rates, and selectivities, which are impor-
tant parameters in industrial production processes. For a
further elucidation of the optimization potentials of lysine-
producing strains, it might be of interest to elucidate time-
dependent changes of metabolic flux distributions during pro-
duction processes, for which experimental strategies and
methods have to be developed and refined. In this context, the
high specific glucose uptake rate of the wild-type strain, C.
glutamicum ATCC 13032, of 2.4 mmol g~* h™! in comparison
to those of the lysine-producing mutants (1.5 to 1.6 mmol g~*
h™') during the initial phase of lysine production (approci-
mately from hours 7 to 16) might indicate a high capacity of
metabolic pathways in the central metabolism of the wild-type
strain and a potential for a future increase of the correspond-
ing fluxes in the lysine-producing mutants examined.

In summary, the straightforward approach presented here,
describing genealogy profiling by metabolic network analysis,
can be valuable for exploiting the various strain genealogies
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deposited in public or industrial strain collections and for trac-
ing the history of strain development in order to increase the
standard of knowledge of metabolic functioning and regulation
in different biological systems.

APPENDIX

Flux-partitioning ratios (¢) and reversibilities ({) were de-
fined as relative fluxes into one of the two branches and as
ratios of backward or exchange flux to the net flux in the
forward direction, respectively. Fluxes are represented by v;
the indexing refers to Fig. 1. The following abbreviations and
subscripts are used: DH, diaminopimelate dehydrogenase
branch in lysine biosynthesis; ICD, isocitrate dehydrogenase;
ICL, isocitrate lyase; PGI, glucose 6-phosphate isomerase; PC,
lumped reaction of pyruvate and phosphoenolpyruvate carbox-
ylase; PDH, pyruvate dehydrogenase; PEPCK, lumped reac-
tion of phosphoenolpyruvate carboxykinase, oxaloacetate de-
carboxylase, and malic enzyme; DAP, diaminopimelic acid;
OAA, oxaloacetate.

Vppp V3
Dppp = + = + _ (2)
Vppp T Vglyeolysis V3 T Vs = Vg
b, = Vpc - V3o = V31 (3)
PC = =
Vpc T Vppu Vg T V3 — Vi
® - VicL - V34 ( 4)
IcL = =
Viece t Vieco Vit ovss
@ _ VoaAdemand Vg3 T vy (5)
0AA = =
VOAA supply V3p — V3 T vy T vy
o VpH . Vae ( 6)
DH = =
Vsc T Vpu  Vas T Vg4
¢ o VPEPCK V3 7
PO/PERCK Vpc — VpEpck V3o — V31
VTCA backward Vap
lrea = _ = _ (8)
VTCA forward VTCA backward Vy Vi
VPGl backward Vs
lrar = = )

VpGLtorward — VPGI,backward Vs — Vg

The following balances around intracellular metabolite
pools were formulated for the network of lysine-producing C.
glutamicum examined, applying the numbering of fluxes given
in Fig. 1.

Glucose 6-P:v; —2v, —v; — v, —vs + v, =0 (10)

Fructose 6-P: vs — vg — v, —vg+ vy —vp +vis — v =0
(11)

Pentose 5-P: vy —vg — vy + vy — 2v3 + 20, =0
(12)
Erythrose 4-P: —vyy — vy +vp +vis — v =0 (13)

Seduheptulose 7-P: vz — vy —vis + v =0  (14)

Glyceraldehyde 3-P: 2vg + v, — vy,
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TV TV T VstV v g — v =0
(15)
3-Phosphoglycerate: vi; — vy — vy — v =0 (16)
Pyruvate: vyy — vy — vo3 — vy
= 2055 =y~ Vg V3t vy — vy =0 (17)

ACetyl-COA: Vg = Vo9 — V3p — V33 — V3q = 0 (18)

Isocitrate: V33 — V3 — V35 = 0 (19)
a-Ketoglutarate: vss — v3g — v37 — v3g — v30 = 0 (20)
Succinate: vy + v — vy — Vg + v = 0 (21)

Oxaloacetate: vy) — vy — V33 + Vgy — Vg — Va3 — Vs = 0

(22)
A-PDC: vy —vys —v4s =0 (23)
DAP: vy5 + vyg — vy — vy = 0 (24)

The rank of the stoichiometric matrix formulated for equa-
tions 10 to 24 was 15, as determined with Matlab, indicating
that the 15 balance equations were linearly independent. Ad-
ditional constraints resulted from the fixation of the reversibili-
ties of transaldolase and transketolases in the PPP and from
stoichiometric data on the anabolic demand of glucose 6-phos-
phate (v,), fructose 6-phosphate (v,), pentose 5-phosphate
(vo), erythrose 4-phosphate (v,,), glyceraldehyde 3-phosphate
(v19), 3-phosphoglycerate (v,¢), pyruvate (v,,), acetyl-CoA
(va9), oxaloacetate (v,;), a-ketoglutarate (vs;4), and diami-
nopimelate (v,,) (Table 4). In total, 29 constraints were ob-
tained (i) from stoichiometric balancing (15 constraints), (ii)
from the fixation of the PPP reversibilities (3 constraints), and
(iii) from stoichiometric constraints on biomass composition
(11 constraints). Accordingly, 19 pieces of information had to
be provided by experimental measurements. Fourteen pieces
of information were gained from experimental determination
of substrate uptake (v,), product secretion (v, V1, Vo1, Vo, Vo3,
Vo, Vas, V3p, Vaz, Vag, Vaos Vag), and cell growth (Table 1).
Therefore, five additional pieces of information were required
from mass spectrometric labeling measurements to calculate
the entire distribution of 48 intracellular fluxes. The relative
measurement of three mass isotopomer fractions of a com-
pound provides two independent pieces of information on
mass isotopomer ratios. Thus, the quantification of the mass
isotopomer fractions m, m + 1, and m + 2 for alanine, valine,
and lysine in the tracer experiment with (i) [1-"*C]glucose and
(ii) a mixture of naturally labeled and [**Cg]glucose yields 12
additional pieces of information. With the additional estima-
tion of the mass isotopomer ratio m + 2/m + 1 for trehalose in
the tracer experiment with a mixture of naturally labeled and
[*Cs]glucose, a total of 13 pieces of information obtained from
the labeling analysis compared to five pieces of information
required for the flux calculation. A least-square approach was
therefore possible in the parameter optimization.
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