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A dynamic model of lactic acid fermentation using
Lactococcus lactis was constructed, and a metabolic flux
analysis (MFA) and metabolic control analysis (MCA) were
performed to reveal an intensive metabolic understanding
of lactic acid bacteria (LAB). The parameter estimation
was conducted with COPASI software to construct a more
accurate metabolic model. The experimental data used in
the parameter estimation were obtained from an LC-MS/
MS analysis and time-course simulation study. The MFA
results were a reasonable explanation of the experimental
data. Through the parameter estimation, the metabolic
system of lactic acid bacteria can be thoroughly understood
through comparisons with the original parameters. The
coefficients derived from the MCA indicated that the
reaction rate of L-lactate dehydrogenase was activated by
fructose 1,6-bisphosphate and pyruvate, and pyruvate
appeared to be a stronger activator of L-lactate dehydrogenase
than fructose 1,6-bisphosphate. Additionally, pyruvate
acted as an inhibitor to pyruvate Kkinase and the
phosphotransferase system. Glucose 6-phosphate and
phosphoenolpyruvate showed activation effects on pyruvate
kinase. Hexose transporter was the strongest effector on
the flux through L-lactate dehydrogenase. The concentration
control coefficient (CCC) showed similar results to the
flux control coefficient (FCC).

Keyword: Lactic acid, chemostat, intracellular metabolite
flux analysis, parameter estimation, metabolic control analysis,
LC-MS

Conventionally, lactic acid has generated interest as a
food additive, a component of health care supplies, and a
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preservative [26]. However, in recent years, lactic acid
generates interest as a substitution material of polymers
[3]- PLA (polylactic acid) is one of the famous examples of
a biodegradable polymer. Moreover, with the greenhouse
effect becoming more serious, recent research is mainly
focused on replacing the traditional oil industry with green
and clean bioindustries. In the same context, the lactic
acid fermentation process is being highly studied. If
biotechnology-produced PLA can become an alternate
material of fossil fuel-based chemicals, the amount of CO,
emissions can be significantly reduced to step towards the
goal of sustainable development. For these kinds of
studies, systems biotechnology is an essential tool for the
prediction and analysis of the fermentation mechanisms of
lactic acid metabolism.

Systems biotechnology is based on high-throughput
experimental instruments, which can produce enormous
amount of omics data. In systems biotechnology, the
computational modeling of metabolism, based on quantitative
data of cellular metabolites and specific mathematical
equations, can suggest predictive results of experiments or
novel approaches to perform better experiments [12].

Although there were several attempts to construct a
kinetic model of lactic acid bacteria [11, 14], most of these
models are extremely simplified or targeted for other
products. Additionally, almost none of them included
parameter estimation and a control analysis based on
experimental data with a detailed pathway model. In this
study, a full kinetic model of glycolysis in Lactococcus
lactis subsp. lactis (ATCC 19435) was constructed. Enzyme
kinetic parameters were estimated from in vivo intracellular
metabolite concentrations to construct a more accurate
kinetic model. Both metabolic flux analysis (MFA) and
metabolic control analysis (MCA) were performed for every
considered enzyme and metabolite. MATLAB COPASI
and Mathmatica software were used for the calculation and
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simulation of the kinetic metabolism of the lactic acid
bacteria Lactococcus lactis subsp. lactis.

MATERIALS AND METHODS

Organisms and Growth Media

Lactococcus lactis subsp. lactis (ATCC 19435) was obtained from
the Korean Collection for Type Cultures (KCTC). For the pre-
culture of the strain, commercial MRS broth (Difco, USA) was used.
For all other fermentation steps, the growth medium composition
was adopted from semidefined media proposed by van Niel ez al.
[25], except for glucose. The glucose concentration was reduced to
5 g/l for the establishment of a glucose-limited chemostat culture
condition. Every instrument and growth medium was autoclaved at
121°C for 15 min. Deionized water (DW) was obtained using a water
purification system (Human Power I*, Human Corporation, Korea).

Culture Method and Growth Conditions

A single glycerol stock was inoculated into 100 ml of MRS broth
and cultured for 15h in a shaking incubator (SI-600R; Jeiotech,
Korea). The culture condition was 33.5°C at 200 rpm, and the cell
growth was monitored with the optical density at 600 nm (ODg)
using a UV=Vis spectrophotometer (BioSpec-mini; SHIMADZU,
Japan). When the optical density reached around 1.2, 100 ml of
culture broth was centrifuged using a table-top centrifuge (VS-
550N; Vision Scientific Co., Ltd, Korea) for 10 min at 4,500 rpm.
Cells were washed once and inoculated into 11 of defined medium.
The temperature and agitation speed were the same as the preculture
step. The pH was maintained at a constant value of 6.0 with 2.5 N
NaOH solutions. Fermentation was performed in a 5-1 fermenter (Li-
Flux GX; Biotron, Korea) controlled automatically with a connected
controller.

The chemostat culture was started at the glucose exhaustion point
with a dilution ratio of 0.2 h™" using a periplastic pump (MasterFlex
L/S, Cole-Parmer Instrument Company, USA) and silicon tube
(MasterFlex, Cole-Parmer Instrument Company, USA). The steady-
state was established after flushing the working volume five times.

During the whole process, 4 ml of sample was taken every 2 h.
Then 2 ml of sample was used for the cell-growth monitoring, and
the rest of the sample was centrifuged for 10 min at 13,000 rpm
(Micro-12; Hanil Scientific Co., Korea). The supernatants of the
samples were stored at —40°C until further analysis.

Analysis of the Culture Products

The product (lactic acid) concentrations and carbon source concentrations
were monitored with a high-performance liquid chromatography
system (UV730D detector, RI750F monitor; Younglin, Korea). An
ion-exchange column (Aminex HPX-87H, 300 mmx7.8 mm; BioRad,
USA) was used with 0.01 N H,SO, as the mobile phase at 50°C and
a flow rate of 0.6 ml/min. Samples were transferred into a vial with
filtration (13 mm, 0.2 pm PVDF syringe filter; Whatman, UK).

Glucose Pulse and Rapid-Sampling Experiment

After the glucose-limited chemostat condition was established, the
glucose pulse experiment was conducted. The glucose pulse solution
was prepared to give a total 5mM of pulse. The glucose pulse
concentration was adopted from the literature [23]. Because the

steady-state concentration of glucose in the bioreactor was far less
than 5 mM (0.26+£0.07 g/l), 5 mM was a satisfactory concentration
for the pulse of the substrate.

To monitor the dynamics of cellular metabolism, a rapid sampling
experiment was followed with a sampling device (Foxy 200 X-Y
Fraction Collector; Teledyne Technologies Company, USA) connected
to the fermenter with a periplastic pump and refrigerating bath (RW-
2040G; Jeiotech, Korea). Five ml of pulsed culture broth samples
was mixed with the same volume of quenching solution in the tube,
which was precooled to -40°C. The quenching solution was adopted
from Faijes et al. [4], which is 0.85% (w/v) ammonium carbonate
in a methanol solution. During 300s, 100 pulsed samples were
attained. The quenched samples were centrifuged at -20°C (Supra
22K; Hanil Scientific Co., Korea). After centrifugation, cell pellets
were snapped frozen in liquid nitrogen and stored at —-80°C until
further processing.

Metabolite Extraction and LC-MS/MS Analysis

A modified cold methanol extraction method [4] was used for the
intracellular metabolite extraction. First, cell pellets were suspended
in 0.25ml of -80°C absolute methanol. Second, suspended cell
pellets were frozen in liquid nitrogen and thawed at -80°C. After the
three freeze-thaw cycles were completed, samples were centrifuged
at —10°C for 5 min at 13,000 rpm. The supernatants were stored at —
80°C, and another 0.25 ml of cold methanol was added to the cell
pellet. The same extraction cycle was conducted with the cell pellet,
and supernatants were combined with the first one for a total
volume of 0.5 ml.

The detection and quantification of intracellular metabolites were
conducted with an HPLC system (Agilent 1200 series; Agilent
Technologies, USA) coupled with an MS/MS system (API 3200
triple quadrupole mass spectrometer with turbo-ion spray source;
AB/MDS Sciex, Canada). The Analyst software (version 1.4.2; AB/
MDS Sciex, Canada) was used for the data manipulation. The
operation condition of the mass spectrometer was as follows:
negative ion and the selected reaction monitoring (SRM) mode. The
parameters of declustering potential (DP), collision energy (CE), and
collision cell exit potential (CXP) were optimized before the
analysis. The entrance potential (EP) was fixed at =10 V, and the
MS parameters were applied as follows: the ion spray voltage was
set to —4,500 V, the nebulizer gas (GS1) and the auxiliary gas (GS2)
were set to 20, the curtain gas (CUR) and the collision gas (CAD)
were 10 and 5, respectively, and the GS2 temperature was set to be
a constant value of 500°C. Synergi Hydro-RP (C18) 150 mmx2.1 mm
LD., 4 um 80 A particle columns (Phenomenex, USA) were used in
the HPLC system at room temperature. Eluents A and B were
10 mM tributylamine aqueous solutions with their pH adjusted to
4.95 using 15 mM acetic acid and methanol, respectively. A binary
gradient at a flow rate of 0.2 ml/min was applied using an HPLC
pump. The intracellular metabolite quantification method was adopted
from Luo et al. [13].

Metabolic Pathway Modeling

The metabolic pathway of Lactococcus lactis subsp. lactis (ATCC
19435) is depicted in Fig. 1. This metabolic model contains two
glucose transfer systems: the hexose transporter (PERM) and
phosphotransferase system (PTS). Most studies consider only one of
the two systems or describe one as single flux via lumping [7, 8, 14,
21]. Although most of the lactic acid-producing bacteria use the PTS
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Fig. 1. Metabolic pathway of Lactococcus lactis subsp. lactis
(ATCC 19435).

Uppercase letters, enzymes; circled letters, inhibitors; boxes, metabolic
fluxes; arrows, metabolic flux directions.

system as a major glucose transport system [16], the PERM system
is also activated as an alternative pathway [15, 16] and has to be
considered as a transport system.

During the model construction process, the pentose phosphate
pathway (PPP) system, the citrate cycle (TCA cycle), and some
pathways of pyruvate metabolism are lumped as several individual
fluxes (SYN1, SYN2, SYN3, SYN4, SYNS, PD, MA).

Previous research considered only the main streams of metabolic
fluxes and did not consider biomass synthesis pathways or lump all
synthesis pathways into a single flux [11, 14]. However, this model
considers the detailed fluxes of biosynthesis (SYN1~5). This makes
this model more reasonable than the other previously constructed
models. Moreover, the flux distributions of these metabolisms can
be calculated through a few assumptions: the pathways related to
the PPP system are considered as the synthesis of macromolecules,
such as nucleotides, proteins, lipids, and amino acids; all of these
metabolites are precursors.

With these assumptions, the fluxes of these pathways are calculated
through the macromolecular composition rate of biomass (g/g cell
dry weight, SYN1~5).

Lactococcus lactis subsp. lactis (ATCC 19435) is reported as a
homofermentative bacteria in glucose-rich conditions and also
shows a heterofermentative character in certain situations [11, 16].
However, because all of the fermentation experiments were
conducted in the homolactic fermentation condition, every pathway
related to mixed acids or ethanol is lumped into the pyruvate
dehydrogenase (PD) metabolism as various organic acids (vo).
Unknown metabolites (um) are inserted as side branches of pyruvate
metabolism to buffer the possible metabolic imbalances. (All of the
used abbreviations are listed in the Nomenclature section) Each
enzyme has its own reaction numbers for the convenience of further
calculations.

Kinetic Rate Equations

The kinetic reaction rate equations for each enzyme were adopted
from various studies, mainly Hoefnagel ez al. [7] and Rizzi et al.
[20]. These equations and initial values are shown in Tables 2 and 3.

For permease (PERM), the equation suggested by Rizzi et al.
[19] was used. Although this equation was developed from the
Saccharomyces cerevisiae strain, it is adopted as a generalized form
of the equation for permease. The next step, hexokinase, is activated
with the conversion of ATP into ADP (see Fromm and Zewe [5]).
The reaction step of phosphoglucose isomerase (PGI) is set to be a
reversible reaction because of the equilibrium assumption of this
equation suggested by Richter er al. [18]. In phosphofructokinase
(PFK), which is adopted from Hoefnagel et al. [8], pep acts as an
inhibitor of this step, and ATP is dephosphorylated similarly to PGI,
except that this step is reversible.

The sequential equation steps, which started from glyceraldehyde
3-phosphate to phosphoenolpyruvate (GPD, PGK, PGM, PPH), are
adopted from Hoefnagel er al. [8], as well as the pyruvate kinase
(PK) and lactate dehydrogenase (LDH). In the kinetic rate equation
of the phosphotransferase system (PTS) adopted from Chassagnole
et al. [1], there is the inhibition term of g6p. The generalized forms
of the enzyme kinetic rate equations, such as the Michaelis—Menten
equation (used in PD), and the reversible Michaelis—Menten equation
(used in MA) or empirical equations (used in SYN1~5), are used in
the lumped pathway.

Parameter Estimation and Metabolic Control Analysis (MCA)
Based on the measured intracellular metabolite concentration data
and the time-course simulation result, the estimation of kinetic
parameters and MCA were performed with the COPASI software
(http://www.copasi.org). Because all of the metabolites in the pathway
cannot be detected, the unmeasured metabolite concentrations were
attained from the time-course simulation result. An evolutionary
programming method was used for fitting the experimental data and
kinetic parameters. The MCA was conducted with steady-state
condition values and estimated parameters to verify the interactions
between enzymes and metabolites.

RESULTS AND DISCUSSION

Metabolic Flux Analysis (MFA)

Based on the metabolic pathway of Lactococcus lactis
subsp. lactis (ATCC 19435) as illustrated in Fig. 1, 11
mass balance equations were attained. As rearranged in
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matrix notation, the mass balance equations can be
described to have the form of Eq. (1):

=Gy (1)

To make this metabolic system determined, the assumption
is made that all biomass syntheses occur only with the
fluxes given in this model. With this assumption, all fluxes
of monomeric building blocks can be attained through
calculation.

In the chemostat condition, the final concentrations of
the substrate (glucose), product (lactic acid), and cell dry
weight were 0.26+0.07 g/1, 3.99+0.21 g/l, and 1.29+0.41 g/1,
respectively. All calculations followed the methods described
by Stephanopoulos et al. [22].

The composition ratio data were adopted from the
literature, and the synthesis ratio for each flux was
calculated from the stoichiometric balance equations of
related metabolites [22]. The calculation results are depicted
in Table 1. With the biomass synthesis rates, the reaction
rates of the measured fluxes can be calculated using the
equations given by Stephanopoulos et al. [22].

Because no other acids were detected during the
fermentation except lactic acid, the reaction rate of various
organic acids (r,;) was zero. We also consider two glucose
transport systems; as a result, the glucose uptake rate
should be expressed as the summation form of PTS (r,)
and PERM (7;). The result is shown in Fig. 1.

Table 1. Macromolecular synthesis rate for each flux.
Unit g/g CDW SYNI SYN2 SYN3 SYN4 SYN5 Sum®

Protein 0.024 - 0.090 0.023 0.38 0.52
RNA 0.080 - 0.043 - 0.037 0.16
DNA 0.015 - 0.0075 - 0.0075 0.030
Carbohydrate 0.17 - - - - 0.17
Ash 0.030 - - - - 0.030
Lipid - 0.023625 0.021 - 0.045 0.090
Total 032 0.024 0.16 0.023 047

Each column shows the macromolecular synthesis ratio for the selected
pathway (added in the table).

*Sum of the proportions accounted for by each macromolecule in the cell
dry weight. For example, there are 0.52 g/g CDW of protein in the cell
biomass.

The flux analysis result shows a reasonable value that
sufficiently supports the experimental result. The result
shows that the fluxes through the other pathways are
relatively small, except 7,,. The flux to unknown metabolites
was extremely large (0.71), almost the same as the glucose
uptake flux (total 0.79). This can be explained by several
reasons. First, the unconsidered biosynthesis fluxes appeared
as unknown fluxes. Although every macromolecule was
considered and calculated based on the composition ratio,
it is possible that unconsidered molecules exist, such as
SRNA. Second, fluxes to the TCA cycle may explain the
unknown flux. Because the TCA cycle fluxes are not
considered and are lumped as two fluxes (PD, SYN5), the

Table 2. Kinetic rate equations and parameters adopted in this study (equations taken from references are not given).

Enzyme Kinetic rate equations Parameter values
CmPoH rop =1.65
__ ,max pyr =
PD »p = Tep X CnpD_H Kop, py=1159
ppyr T Cpyr nPDH=3.68
max max
rP)’r CPY" Fam Cum r;;;f’,'\ZZO (random)
MA - Kuapyr — Kyiaum Fam =5 (random)
MA C, c,, Kyia py=3 (random)
g 20 Kyaun=6 (random)
MA,pyr MA,um
C 14 '5“3?;“:0. 19
SYNI __ . max g6p atp K =27
Tsynt = Tsyni K C K C SYNI.g6p %+
syntgep T Caop Bsyniap T Cap Koyni a=0-
T
Feyns=2 (random
SYN3 =y Coss Coy Ko (=1 5 (rar)ldom)
Tsyns = Tsyns % C. K C SYN3.p3g 1+
syNspsgid T Cpzg Bsynzapis T Cup Koyn3.ap=0.2 (random)
max
rsyna=1 (random
SYN4 = Coo 2 Kom (—3 d)
Tsyna = Tsyna K C K C SYN4pep (random)
SYN4,pep + pep SYN4,atp + atp KSYN4‘atp=8 (random)
T
Feyns=1.51
SYNS = T prr &P KSYN) =0.92
Tsyns = Tsyns % +C K +C SYNs,pyr V-
SYNS,pyr pyr SYNS,atp atp SYNS.alp:
max
_.max Cg3p Catp Fsyna=2 (Iandom)
SYN2 Tsyne = Tsyne K Kyna g,=2 (random)

SYN2,g3p + Cg3p KSYN2,atp + Catp

Kiyno.ap=6 (random)




DYNAMIC MODELING OF LACTIC ACID FERMENTATION WITH L. LACTIS 166

Table 3. Initial concentrations used in the metabolic modeling
with COPASI.

Metabolites Initial concentration (mM) Reference
glu(in) 0.00001 Empirical value
glu(ex) 1.443161634 Measured
g6p 3 [10]

fop 0.7 [10]

fop 0.0008 Measured
dhap 11 [10]

23p 0.1 Measured
pep 0.00067 Measured
dpg 0.1 [10]

p 5 [10]

p3g 20 [10]

p2g 1.8 [10]

lac 0.1 [10]
mbbsl 3.21 Calculated
mbbs2 0.24 Calculated
mbbs3 1.63 Calculated
mbbs4 0.23 Calculated
mbbs5 4.75 Calculated
pyr 4.16x107 Measured
atp 5 [10]

adp 5 [10]

amp 0.11 [10]

nad 5.2 [10]

nadh 0.35 [10]

rest of the TCA cycle fluxes are summed and illustrated as
unknown metabolites. Third, fluxes to the synthesis of
cometabolites may appear. Numerous co-metabolites exist
in cell metabolism, such as adenosine phosphate groups,
NADH, and NADPH. Metabolic fluxes related to these
metabolites were not considered in this model. Although
the metabolic fluxes of each of these metabolites might be
insignificant, because there are various cometabolites, the
sums of all these fluxes could be significant. Fourth, all
listed reasons could have occurred at the same time.

Intracellular Metabolite Measurement in the Pulsed
Sample

The intracellular metabolites of glucose-pulsed Lactococcus
lactis subsp. lactis (ATCC 19435) were measured. The
measured metabolites were fbp, g3p, pep, and pyr. The
results are depicted on Fig. 2. At time zero, a 5 mM
glucose pulse was given to the pool. All of the measured
metabolites showed a rapid increase in concentration right
after the pulse. The fbp concentration continuously increased
during the 30 s. The g3p also increased rapidly, and at 15 s
after the pulse, it reached its peak and rapidly decreased
and reached a steady-state value that was much higher than
the initial value. A fluctuation reaction appeared in the pep
concentration. Although this fluctuation did not reach its
steady-state value during the sampling time, a general

decreasing pattern was observed. The pyr concentration
reached its steady-state concentration most rapidly, only
three seconds after the pulse, and showed a generally
decreasing pattern as time went by. Although all of the
measured metabolites showed their own characteristic
reaction, the absolute concentration values were very
different. The g3p showed 200-fold higher values compared
with pyr and about 20-old higher than the others.

In the analysis of intracellular metabolites, gbp and fop
could not be detected. There are several explanations
for this result. The most reasonable explanation is the
conversion rate of the glycolysis pathway. Because glycolysis
is the fastest pathways in almost every microorganism [2],
during the sampling procedure these head metabolites of
glycolysis could be degraded to the next metabolites.
Moreover, because of their molecular similarity, metabolites
between g3p to pep cannot be distinguished by mass
spectrometry. These limited conditions caused large
deviations in the parameter estimation. Although only the
limited metabolites were identified, the tendencies of
detected metabolites were quite similar to previous studies.
Thompson [24] and Ramos ef al. [17] reported this during
the glycolysis process on fbp accumulation. The experiment
of this study shows exactly the same pattern. For the
attainment of a precise metabolic model, an accurate
intracellular detection method should be established further.

Parameter Estimation

Parameters throughout the whole metabolic pathway were
estimated using the COPASI software. Because there are
limited data for the parameters to fit, the deviations are
quite large (data not shown). However, through comparison
of the MCA results between the estimated parameters and
the original parameters, a more comprehensive understanding
of the metabolic system can be achieved.

Metabolic Control Analysis

Prior to the sensitivity analysis, the condition number
C(G") of the stoichiometric matrix was measured. The
result showed that this matrix had a condition number of
5.5, which implies that this system fulfilled the criteria of a
well-conditioned matrix given by Stephanopoulos et al.
[22].

As a result of MCA, the enzyme elasticity coefficients
(ECQ), flux control coefficients (FCC), and concentration
control coefficients (CCC) were derived. To enhance the
understanding of these results, the coefficients of the
enzymes (reaction rates) related to lactic acid (target
product), such as LDH, PK and PTS, are shown in Tables 4
to 6.

The elasticity coefficients with the original values show
that LDH is positively affected the most by pyr. Then fbp
is next to pyr in stimulating the reaction rate of LDH. Pyr
also shows an inhibition effect on the PK reaction rate.
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Fig. 2. Intracellular metabolite measurement data.
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Samples were taken every 3 s from a glucose-pulsed chemostat condition fermentor. Subsequently, the samples were analyzed and quantified with an LC—

MS/MS system.

Go6p is the most efficient stimulator of PK. Additionally,
pep is another good stimulator of PK aside from g6p. PTS
is mostly inhibited by pyr, similar to PK. G6p acts as an
inhibitor to PTS. Only pep stimulates the reaction rate of
PTS. The elasticity coefficients with the estimated
parameters show similar results with the original values,
although their magnitudes are different. The difference was
only significant for pep. With the estimated parameters,
pep shows an inhibition effect on PK.

Table 4. Elasticity coefficients.

. Metabolite
Reaction rate
pyr g6p pep fbp

Original LPH 1 - - 0.014
nemal pr 14x10” 1.6 1.4 0.028
value

PTS -1 -0.29 1 -
Estimateq LDH 0:000347 - - 0.000286
SUMAted pre 000181 0.036179  -0.00495 0.14449
value PTS

The original values show MCA results with the parameters in the
references, and the estimated values show the MCA results with the
parameters that were estimated in this paper.

The flux through LDH is mostly affected by PERM, and
PERM also affects the metabolic flux of PK. However,
PERM did not significantly affect PTS. The activity of PGI
mostly affects the flux of PTS.

Because of the steady-state condition, all start-point
metabolites and end-product metabolites are set to be
constant values and are input as fixed values in the
simulation software. Therefore, the CCC of pyr, right
before lactate, was concerned as a main coefficient. The
enzyme activity suggests that PERM has the greatest effect
on pyr. Additionally, PGI shows a large value of CCC on
pyr, next to PERM. Pep, the preceding step of pyr, is
shown as being mostly sensitive to PGI and PFK, and the

Table 5. Flux control coefficients.

Flux Enzyme

(enzyme) pERM  HK PGI PFK  ALD PK
LDH 0.38 0.12 0.23  0.041 0.0031 -0.12
PK 0.53 0.17 0.19 0.034 0.0023 -
PTS -0.43  -0.14 0.57 0.01 0.011 -0.51

These values indicate the effects of the enzyme activities (column) on the
steady-state flux through each enzyme (row).
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Table 6. Concentration control coefficients.

Enzyme activity

Metabolite
ERM HK PGI PFK LDH
pyr 0.34 0.12 0.23 0.040 -0.83
pep 0.023  0.0073 0.66 0.66 -0.096
23p 0.32 0.10 0.35 0.35 0.11
fbp 0.55 0.18 0.34 0.34 0.24
g6p 031 0.10 -0.47  -0.081 0.14

These values indicate the metabolite’s concentration (row) sensitivity due to
certain enzyme (column) activities.

concentration change of pep is mostly unsensitive to the
activity of LDH.

The metabolic control analysis shows remarkable results.
As the ECC indicates, the activation effect of fbp on LDH
was reported previously [24]. However, pyr appears to
have much larger ECC values on LDH. This indicates that
the reaction rate of LDH is more affected by the pyr
concentration change, and obviously pyr has much more
regulatory effects on LDH. Additionally, pyr acts as the
most powerful inhibitor of PK and PTS. Although these
regulatory effects of pyr on important enzymes may not be
significant in the in vivo metabolism owing to its low
concentration, this result could be used as a key strategy
for the gene modification or further metabolic engineering.
Moreover gb6p, along with pep, shows a strong activation
effect on PK. Because PK is considered the main enzyme
for homolactic fermentation [16, 24], this result is important
for researchers who intend to redirect the metabolic flux of
lactic acid production. Unexpectedly, the FCC results
showed that flux through LDH was mostly affected by the
activity of PERM. Normally, PERM is considered as an
alternative glucose transporter to PTS in LAB [15, 16], and
therefore the enzyme activity of PERM has not been
considered seriously. Further experimental data are required
to verify this flux control effect. If this result stands, one
could improve the lactic acid production rate by blocking
the PTS pathway and increasing PERM activity. Based on
FCC, PERM shows a strong activation effect on PK also.
There were several attempts to produce other useful
materials (besides lactic acid) [7, 11], and consequently this
can be a guideline toward pyruvate metabolism enhancement.
The CCC showed similar results to the FCC. The
concentration change of pyr is most sensitive to the activity
change of PERM, and the pep concentration is most
sensitive to the activity change of PGI.

To construct an accurate metabolic model and to deepen
the understanding of Lactococcus lactis subsp. lactis
(ATCC 19435), a substrate pulse experiment was conducted
with chemostat steady-state conditioned Lactococcus lactis.
With experimental data and published results, we were
able to perform kinetic modeling and estimate the
parameters. Additionally, the results of the MFA and MCA

gave insight into metabolism and its regulation effect of
Lactococcus lactis.

These results are an important step towards the
construction of complete metabolic modeling the in
laboratory. Additionally, these results give key information
about gene modifications and suggest the most efficient
metabolic engineering strategy.

In the following steps, more detailed pathways should
be considered, such as the TCA cycle or PPP system. To
give more reliability to the MCA results, they should next
be experimentally confirmed. Additionally, more accurate
and global detection methods of intracellular metabolites
must be established, not only for the metabolic engineering,
but also for the enlargement of the metabolomics area.
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Abbreviations

glu(ex) glucose external

glu(in) glucose internal

g6p glucose 6-phosphate

fop fructose 6-phosphate

fbp fructose 1,6-bisphosphate
dhap dihydroxyacetone phosphate
23p glyceraldehyde 3-phosphate
dpg 2,3-biphosphate

p3g 3-phosphoglycerate

p2g 2-phosphoglycerate

pep phosphoenolpyruvate

pyr pyruvate

mbbs monomeric building blocks
nad NAD"

nadh reduced form of NAD', NADH
p phosphate

lac lactic acid

Vo various organics

um unknown metabolites

PERM hexose transporter

PTS phosphotransferase system
HK hexokinase

PGI phosphoglucose isomerase
PFK phosphofructokinase

ALD fructose bisphosphate aldolase
TIS triose phosphate isomerase
GPD glyceraldehyde 3-phosphate dehydrogenase
PGK phosphoglycerate kinase
PGM phosphoglycerate mutase

PPH phosphopyruvate hydratase
PK pyruvate kinase

LDH lactate dehydrogenase

SYN synthesis of monomeric building blocks
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PD pyruvate dehydrogenase
MA mass action
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