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Carbon Flux Distributions at the Pyruvate Branch Point in
Corynebacterium glutamicum during Lysine Overproduction

Joseph J. Vallino' and Gregory Stephanopoul os*
Chemica Engineering Department, Massachusetts I nstitute of Technology, Cambridge, Massachusetts 02139

In order to achievethe theoretical maximum yield of lysine from glucose (75% molar),
flux partitioning at principal branch points (glucose6-phosphate, phosphoenol pyruvate,
and pyruvate) i ntheprimary metabolicnetwork of Corynebacteriumglutamicum must
be significantly altered from that observed during balanced growth, so that lysine
precursorsare synthesized in optimal stoichiometricratios. In thisarticle, weemploy
flux analysis, which providesasnapshot of metabolicflux distributionsfrom extracel lular
measurements, in conjunction with two metabolic perturbations of the pyruvate
dehydrogenase complex (PDC) to examinethe possibility that flux partitioning at the
pyruvate (Pyr) branch point (i.e., pyruvate availability) limitslysine yield. Thetwo
perturbation experimentsinvolved (1) isolation and flux analysis of a PDC-attenuated
mutant of C.glutamicum and (2) flux analysisfollowingtheaddition of fluoropyruvate
(FP)toastandard fermentation during theinitial period of lysine overproduction. No
significant alteration in flux partition was observed at any of the three principal nodes
in the PDC-attenuated strain. However, the PDC mutation did cause a 70% uniform
decrease in carbon flow throughout the network, which indicatesthat thelysineyield
isnot limited solely by a weakly rigid Pyr branch point. The addition of FP did not
affect thelysinesynthesisrate, but did temporarily redirect carbon flow away fromthe
TCA cycletoward pyruvate excretion, which further confirmsthat the lysineyield is

not pyruvate-limited and that the Pyr branch point is not weakly rigid.

Introduction

I t hasbeenshown (1) that theyield of lysine, produced
aerobically from glucose by deregulated strainsd Coryne-
bacteriumglutamicum (4), isgovernedby thepartitioning
d carbon at three principal metabolic branch points:
glucoseé-phosphate (Gle6P), phosphoenol pyruvate(PEP),
and pyruvate (Pyr). If flux partitioning at any o these
three branch points is suboptimal, then the maximum
theoretical lysineyield (75% molar) will not be realized.
Suboptimal flux partitioning at a branch point can be
caused by inequalitiesintheenzymeactivitiesin competing
branches—a weskly rigid branch point—or by enzyme
control architectures that actively control flux parti-
tioning—a strongly rigid branch point; otherwise, the
branch point isconsideredflexibleand will not limit yield
once the end-product regulation is removed (11). One
means to ascertain the characteristics o a branch point
isto perturb it and observethe transient flux alterations
that follow via flux analysis (13,14). In our previous
publications, we have applied this technique to establish
the basic metabolic flux distributions during lysine
synthesis(14) (thecontrol case) and toexaminethe Glc6P
branch point (15), which has been found to beflexible. In
this study, we will use similar techniquesto examine the
flexibility of the Pyr branch point.

Pyruvate represents the branch point between the
pyruvatedehydrogenasecomplex (PDC),whichleadsinto
the TCA cyde and CO; production, and dihydrodipicoli-
nate synthase, which catalyzesthe condensation d pyru-
vate with aspartic semialdehyde (ASA) to form lysine.
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This distribution ignores any pyruvate consumption by
an anaplerotic pathway, since no pyruvate carboxylase
activity wasdetected in crudecdll extractsof C. glutamic-

um. If suchactivity ispresent, then obviousythenetwork
structure around pyruvate will have to be modified to

include the additional pyruvate carboxylase enzyme. If

the Pyr branch point isweskly or strongly rigid, pyruvate
will preferentially enter the TCA cycle instead of con-

densing with ASA, and lysine yield will be limited by

pyruvate availability. If the lysine yidd suffers from a
weskly rigid Pyr branch point, then attenuation of PDC

should increasethe availability o pyruvate and improve
lysineyield. If poor lysineyield isdueto rigidity o the
PEP branch point or astrong rigidity of the Pyr branch

point, then PDC attenuation should result in either the
excretion o some intermediate metabolite or overall

network flux attenuation due to network structure (11).
Although several studies involving PDC attenuation in

Brevibacterium flavum (6)and B. lactofermenturn (12)

have been performed,conclusionsregardingtheflexibility
of the Pyr branch point remain uncertain for two primary

reasons. (Dthemutation-sel ectiontechniquesemployed

toattenuate PDC (5, 7, 9, 10, 17) oftenresult inalterations
of other primary metabolic enzymes, since final strain

selection is based on lysine yield improvements and not

PDC activity; and (2) the extent o the Pyr branch point

perturbation is unknown due to the lack of adequate
metabolic monitoring (i.e., often only the overal lysine
yield is reported).

Toexaminethe possibilitythat flux partitioning at the
Pyr branch point limits lysine yield, two perturbation
experiments were conducted to elucidate the degree of
flexibility of the Pyr branch point. Thefirst experiment
involved the isolation, fermentation, and flux analysiscof
a PDC-attenuated (PDC4) mutant of C. glutamicum
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ATCC21253. Thesecondexperiment involved monitoring
flux alterationsat the Pyr branch point induced by PDC
inhibition caused by the addition of fluoropyruvate (FP)
following the start of lysine overproduction.

Materials and Methods

Microorganisms. Thecultivation of Corynebacterium
glutamicum ATCC 21253, which was used in the fluoro-
pyruvate perturbation study and served as the parent
strai nfor subsequentmutation-sel ection studies, hasbeen
previously described (14). This strain is a homoserine
and leucine auxotroph but has the native function of
aspartokinase, so that lysine overproduction only occurs
whenthreonine, whichissupplied inthemedium, becomes
exhausted. The mutant strain FPS009, whose selection
isdescribed below, was cultivated under the same condi-
tions as ATCC 21253, except where noted below.

Mutationand Selection. The preparation of mutant
strains o ATCC 21253 from exposure to N-methyl-IV'-
nitro-N-nitrosoguanidine (NTG) has been explained pre-
vioudy (15). Isolation of C. glutamicum ATCC 21253
mutants with attenuated activity of the pyruvate dehy-
drogenase complex (PDC) isbased onthework of Tosaka
etal. (12). Sincefluoropyruvate (FP) isastrong competi-
tive inhibitor of the PDC, mutant strains that have
attenuated activity of PDCareoften unabletogrowinthe
presencedf FP. Suchstrainsarereferred toasFP-sensitive
(FPS) and were isolated as follows.

After an NTG (Sigma Chemical Co., St. Louis, MO)
treated stock of C. glutamicum was cultured in 10 mL of
LB5G medium (14), the cultures were spun down and
resuspended in 10 mL of PMB medium (14) (adefined
glucose minimal medium) supplemented with-40 uM FP
and 500units/mL penicillin G (bothfrom Sigma) toenrich
FPS strains. These culture tubes were incubated under
agitation for 6 h, at which time 10 units of penicillinase
(Sigma) wereadded to each culturetube, whichwerethen
incubated for another 1/, h before resuspensionin 10 mL
o LB5G medium. These cultures werethen plated out
on LB5G platesto determine cell density and stored at 4
°C. After the cell density was determined, the cultures
wereplated on LB5G platestoadensity of 50-100 colonies
per plate and replica-plated with RepliPlate pads (FMC
BioProducts, Rockland, ME) onto PM B platesand PM B
plates supplemented with 50 uM FP. Colonies that
exhibited growth on PMB plates but not on the PMB
plates supplemented with FP were examined for PDC
activity.

Fer mentations. Fermentor instrumentation, general
operation, and sample analysis were the same as those
describedfor thecontrol fermentation, except that acetate
and fluoropyruvate were added to the FM4 medium (14)
(adefined glucoseand ammoniumsul fate medium) during
the FPS009 fermentation and the PDC inhibition study,
respectively. Cell-free extract preparation and the PDC
assay have also been previously described (14). All
fermentations were run in batch mode and exhibited
similar characteristics. The culturesgrow exponentially
during phase | o the fermentation until the supplied
threonine is exhausted, at which time lysine overproduc-
tion commences due to the loss of concerted feedback
inhibition of aspartokinase. 1f growthcontinuesa ongwith
lysineproduction, thenthecultureisdefined to beinphase
I1. PhaselIll of thecultureismarked by lysineproduction
but little to no growth, and phase 1V isthe death phase.

Flux distributions in the primary metabolism o C.
glutamicum, whose biochemistry has been previously
reviewed, are determined by flux analysis (13, 14). This
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Table 1. Activity of the Pyruvate Dehydrogenase Complex
(PDC)in Selected ¥P® Mutants of C.gl ut ami cumATCC
21253

strain PDC activity
ATCC 21253 2719
FPS002 179
FPS008 254
FPS009 045
FPS012 212
FPS013 328

@ In nmol min-! (mg of protein)-1.

technique utilizes measured rates of accumulation and
depletion o extracellular metabolites, stoichiometrically
derived mass balance constraints, and a pseudo-steady-
stateapproximationfor intracellular metabolitestoobtain
asnapshot of metabolic activity at the time of measure-
ment. A consistency index (16) is calculated to identify
the presence of gross errors in the measurements, the
pseudo-steady-state approximation, or the biochemistry.
Noalteration of themetabolicnetwork wasnecessary with
therecent detection of PEP carboxykinase (PPCK)in C.
glutamicum (6), asPPC and PPCK areindistinguishable
mathematically (i.e., PPCK islumped with PPC).

Results and Discussion

PDC Mutant. Out of 2900 colonies examined, 13
exhibited sensitivity to FP at 50 uM, o which 5 were
cultured onSL B medium (15)and assayedfor PDCactivity
(Table 1). Of these strains, FPS009 exhibited a 98%
attenuation of PDC activity and was selected for fermen-
tation studies.

Although FPS009 would grow on PM B plates, it did not
grow well in PM B liquid medium. However, the growth
inhibitionwassignificantly reduced, although attenuated
with respect to ATCC 21253, if 5 g/L potassium acetate
were added to the PMB suspension medium. Growth
stimulation by acetate addition supports the hypothesis
that PDC attenuation wasthe growth-limiting mutation.
Themutation isstablesincerevertantswerenot observed.

Fermentation of ¥PS009. Results of the FPS009
fermentation cultured on the FM4 medium are depicted
in Figure 1A-D. During thefirst 70 h of cultivation, the
strainexhibited linear growth (notshown). However, upon
theaddition of 60 g of potassium acetate (ca. 6 g/L), the
culture began exponential growth, which continued until
the biomass reached 8 g/L dry cell weight (DCW) at
approximately 124 h (Figure1A). Growth and accumula
tion—depletionratesfor all extracel lular metabolitesduring
this period were severely attenuated as compared to the
control fermentation (ca. 65-75% reduction), but followed
profilessimilar to those observed in the control fermenta-
tion (14). Attheendof theexponential growthstage (phase
1), lysine production commenced and biomass continued
toincreaset010.3g/L DCW (120-124h),whichresembles
the phase II (rapid growth and lysine production) char-
acteristicsof thecontrol fermentation. Attheendof phase
II, growth entered astationary period, duringwhichlysine
synthesis continued (phaseIII, 124-131 h). The culture
then progressed into a dow death phase, where lysine
synthesisdiminished with time (phasel V). Duringphase
III, 50 g of potassium acetate was added to stimulate
growth, but it had little effect other than on respiration
(Figure 1B). Although alysine hydrochloride titer only
reached 12.6 g/L, the lysine yield averaged 34% during
phases 11 and III (based on glucose), which is a slight
improvement over the control fermentation (see flux
analysishelow). Unlikethecontrol fermentation, trehal ose
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Figure 1 Lysinefermentation of C. glutamicum FPS009 cultured on glucose FM 4 medium. Thefirst 68 h of the fermentation are
not shown (linear growth). At 70 and 132 h, 60 and 50 g, respectively, of potassium acetate were added aseptically. (A) Glucose,
biomass, lysine hydrochloride, and potassium acetate concentrations; (B) oxygen uptakerate (OUR) and carbon dioxide evol ution rate
(CER); (C) medium wei ight (Ioad) and trehalose-2H,0; (D) available ammonium in medium, as (NH)zSO0s, and cumulative amount
o NH,OH (26% w/w NHj) added to maintain culture at pH 7.0 during the course o the fermentation.

wasthe only byproduct observedduring thefermentation
(Figure 1C).

Flux Analysisof FPS009. Althoughacetate wasadded
twice during the fermentation, flux distributions could
still be calculated without the complications associated
with the glyoxylate shunt, since glucose has been shown
to repress the glyoxylate shunt even in the presence o
acetate (14). To examine glucose catabolism uncompli-
cated by acetate consumption, metabolite accumulation
rateswere cal culated during phase II from measurements
takenat 124 and 131 h (t., = 127.5 h), during which time
acetatewasnot present. Themeasured ratesarelistedin
Table2adongwiththeestimated ratesand theconsistency
index. Specific ratesare reduced to approximately one-
haf to one-third of the magnitude of the control fermen-
tation. However, the resulting flux distribution map
(Figure 2) isvery similar to that observed in the control
fermentation during late phase II. Furthermore, flux
leading toward lysine synthesis at the Pyr branch point
(29% o thePyr synthesisflux)isthesameasthat observed
in the control fermentation. Therefore, the 98% attenu-
ation o PDC activity did not result in flux redistribution
at any of the three principal branch points, but it did
result in flux attenuation in the overall network.

If lysineyield werelimited solely by aweakly rigid Pyr
branch point ¢i.e., pyruvate preferentially entersthe TCA
cycle, so that lysine synthesis is, in essence, pyruvate-
limited), then PDC attenuation should have increased
pyruvate availability and lysine yield. As this was not
obser 2d,itcanbeconcludedthatlysineyieldisnotlimited
solely by a weakly rigid Pyr branch point.

Table2 Measured and Estimated Metabolite
Accumulation Rates and Standard Deviations for the
FPS009 Fermentation at 1275 h from Measurements Taken
at 1239 and 1310 h (Figure 1)

accumul ation rates mM/h)

metabolites measured estimated?

acetate 0+1 -0.04
danine 01 -0.07
biomass 3.09+09 300
CO, 275+ 28 288

glucose -948 + 1.8 -983
lactate 0+1 -0.05
lysine 341401 341
NH; -82 £6.1 -87

0O, -26.3 % 26 -250

pyruvate 041 004
trehalose 0321 0.10
vdine 01 -0.29

« Consistency index: h = 0.66. ¢ Estimated rates are those that
exactly satisfy mass balance constraints as governed by the bio-
chemistry (12).

Sinceeach principal branch pointinthelysinenetwork
(Gle6P, PEP, and Pyr) contributes a stoichiometrically
consumed component for thesynthesisd lysine (hamely,
NADPH, oxaloacetate, and pyruvate, respectively), the
network is considered dependent (11). In a dependent
network, theflux partition at all principal branch points
must vary in unison to prevent the excretion o interme-
diate metabolites or their intracellular accumulation. If
oneor mored the principal branch pointsinadependent
network is rigid, then flux partitioning at all principal
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Figure2. Fluxdistribution mapfor the C. glutamicum FPS009
lysine fermentation at 127.5 h. Fluxes were estimated from
measurements taken at 123.9 and 131.0 h (phase II, see Figure
1and Table 2) and normalized by the glucoseuptakerate (shown
in parentheses, mmol L k-Y).

branch points cannot vary in unison to meet the stoichio-
metric needs d the product. Furthermore, if metabolic
controls prevent the excretion or accumulation o inter-
mediate metabolites, then the attenuation of any branch
in arigid, dependent network will result in overall flux
attenuation in the network. Hence, the observed results
from the attenuation of PDC are consistent with a
dependent networkthat harborsarigidbranch point. Since
the Gle6P branch point has already been identified as
flexible, therigidity inthe network must be dueto either
astrongly or weakly rigid PEP branch point or astrongly
rigid Pyr branch point. This conclusion was confirmed
further by the following inhibition study.

Fluor opyruvatePertur bation. Fluoropyruvate(FP)
is a strong competitive inhibitor of PDC in B. lactofer-
mentum (12) and is also found to inhibit PDC in C.
glutamicum ATCC 21253, as illustrated in Figure 3.
Although 1 mM FPinhibits83% of PDC activity in the
crudeextract, itis not a perfect competitive inhibitor as
i tisdowly catabolized (12), whichmay explaintheresidual
PDCactivityat10mM FP (Figure3). Nevertheless, PDC
inhibition is certainly evident, and the specificity of the
inhibitor allowsfor preciseperturbation of thePyr branch
pointwithout alterationdf other enzymesthat oftenoccur
in mutation studies. The effects of attenuating PDC
activity duringlysine production were monitored viaflux
analysis following the addition of FP.

FP Fermentation. Astandard lysinefermentation of
ATCC 21253 cultured on minimal glucose (FM4) medium
wasconducted; however,at theonset of lysine production
(indicated by thetelltaledropin respiration), 20 mmol of
FP was added aseptically to inhibit PDC (Figure 4A-E).
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Figure3. Effectd fluoropyruvate ontheactivity of the pyruvate
dehydrogenase complex (PDC) in the crude cell extract of C.
glutamicum ATCC 21253. The activity of PDC at 100% was
275 nmol min-! (mgof protein)-l. ThePDC assay (12)contained
50 mM pyruvate and 2 mg/mL crude extract protein.

The resulting fermentor FP concentration (ca. 2.1 mM)
was chosen on the basis of in uitro PDC inhibition by FP
(Figure 3).

Immediately following the addition of FP, a dramatic
dropinrespiration occurred (Figure4B), accompanied by
a decrease in the growth rate (Figure 4A) and the
accumulation of extracellular pyruvate (Figure4C). Lysine
synthesis and glucose consumption rates immediately
following FP addition were unaffected (Figure 4A).
However, a few hours after FP addition, respiration
resumed, excreted pyruvate wasreconsumed, and glucose
uptakeexhibited atransi ent decrease, whichwasprobably
due to pyruvate reconsumption. The temporary nature
of the perturbation isundoubtedly dueto the breakdown
o FP, as mentioned above. The remainder of the
fermentation exhibited characteristics similar to those of
the control fermentation, except that extracellular pyru-
vateaccumulation reached higher levels,and thestationary
period (phaselll) wasextended. Theexcretiondf pyruvate
alsoresulted in an elevated ammonium sulfate concentra-
tionduetotheincrease inammonium hydroxiderequired
tomaintain thecultureat pH 7.0 (Figure4E). Although
thelysinehydrochloridetiter increased by 25% compared
to the control fermentation (from 20 to 25 g/1), the
instantaneouslysinemolar yield duringthel3-19-h period
(phaseIl) was 30% , which is approximately the same as
the control fermentation. Hence, the increasein lysine
titer wasduetotheextension of lysine production (phase
ITI) and not to an increase in yield, which is similar to
what was observed in the fermentations conducted to

examine the glucose 6-phosphate branch point (15).

Consequently, theF P perturbationof thePyr branch point
did not result in lysine yield improvements.

FPFlux Analysis. Flux distributionswerecalculated
from measurements taken at 13.0 and 14.0 h (phaseIl,
during pyruvate accumulation) in order to capture the
flux perturbations induced by the addition of FP. The
measured and estimated metabolite accumulation rate
vectors and the associated consistency index at tay = 13.5
haredisplayedin Table 3, wherethehighrated pyruvate
accumulation should be noted. The resulting flux dis-
tribution map (Figure5) clearly illustrates the diversion
o pyruvate from the TCA cycle (which now supports a
reduced flux) to extracellular pyruvate excretion (Pyrg),
while the flux distributions in the remaining pathways
appear relatively unaffected as compared to the control
fermentation in late phase II. To highlight the effect of
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Figured4. Fluoropyruvate (FP)inhibited lysinefermentation of C. glutamicum ATCC 21253 cultured on glucose FM4 medium. At
12.3 h, 20 mmol of sodium fluoropyruvate, dissolvedin 30 mL of water, wasadded aseptically, asillustrated by the dashed lines. (A)
Glucose, biomass, and lysine hydrochloride concentrations; (B) oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER);
(C)concentrationsd pyruvate-derivedbyproducts; (D)fermentor |oad (mediumweight) trehal ose,and potassiumacetateconcentrations;
and (E) availableammonium in medium, as (NH)2S0., and cumul ative amount of NH,OH (26% w/w NH;) added to maintain culture

at pH 7.0 during the course of the fermentation.

FP, detailed flux distributions around the PEP and Pyr
branch points normalized by the PEP synthesis ratefor
the control fermentation during late phasell and the FP
perturbed fermentation at ¢, = 13.5h areillustrated in
Figure6 (A and B, respectively). Theinhibition o PDC
by FP caused an approximately 50% reduction in theflux
supported by PDC at the Pyr branch point, while flux
distributionsatthe PEP branch point remainedrel atively
unaffected.

Thefluoropyruvatei nhibitionexperimentcan beviewed
asthetransient analog o the more permanent disruption
d theTCA flux exhibited by the PD C-attenuated mutant.
Inthelatter, glucoseuptakeand glycolyticand TCA fluxes

were all reduced to one-third to one-haf the wild-type
magnitude, and no accumulation or secretion o inter-
mediateswasobserved. Under fluoropyruvateinhibition,
the normally high PDC flux was drastically reduced,
forcing the excretion o pyruvate as an outlet for the
glycolyticflux, which remained high evenin the presence
of fluoropyruvate. Changesin flux partitioning to favor
the anaplerotic pathway, and hence oxal oacetate forma-
tion, werenot observedineither perturbation. Asaresult,
the lysineyield was unaffected despite the significantly
higheravailability of pyruvatefor condensationwith ASA
inthedihydrodipicolinatesynthasereaction. Onecanthen
concludethat lysineyiedisnot limited by thepreferential
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UX.

Table3 Measured and Estimated Metabalite
Accumulation Rates and Standard Deviationsfor the
FP-Perturbed Fermentation at 135 h from Measurements
Taken at 130and 140 h (Figure4)s

accumulaion rates (mM/h)
metabolites mesaured esimated
acetate of2 0.02
danine of 2 0.04
biomass 5081 4.70
CO, 410f 41 42.2
Fjuoosa -322f 20 -25.0
actate 20F 2 2.0
lysne 686 0.2 6.86
NH; 177 £ 44 -17.1
0 414 f 41 -40.3
pyruvae 118F 2 12.0
trehdose 06 2 0.7
valine 0.1f 2 -0.1

« Congdancy index: h = 0.3L

consumption of pyruvate by the TCA cycle, that is, the
Pyr branch point is not weakly rigid.

Summary

Flux analysisof FPS009 (PDCA mutant) indicatesthat
lysine yield is not limited by pyruvate preferentially
enteringtheTCA cycleover condensation with ASA,since
the 98% reduction in PDC activity did not alter flux
partitioning at the Pyr branch point. However, the
observed reduction of all metabolicfluxesresulting from
PDCactivity attenuati onisconsistent withthehypothesis
governingadependent network that harbors one or more
rigid branch points. Pyruvate excretion induced by PDC
inhibition by FP aso indicates that the lysine yield in
ATCC 21253 is not limited by pyruvate availability and
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solid rectangle notes the sites d FP inhibition, and PYR.y
representsextracellular pyruvate. Not al fluxesinvolving PEP,
oxaloacetate (0AA), and/or Pyr areillustrated.

supportsthe hypothesisthat the Pyr branch point is not
weakly rigid.

Perturbations of the Gle6P branch point, previously
described (15), indicate that lysineyield isnot limited by
NADPH availability which,inconjunction withtheresults
from this manuscript, indicates that oxal oacetate (OAA)
isinadequately synthesized with respect to NADPH and
Pyr availability. Net OAA synthesis is governed by
anaplerotic reactions, of which only PEP carboxylase
(PPC)wasoriginallydetectedin C. glutamicum. However,
in addition to PPC, the presence of PEP carboxykinase
(PPCK) has recently been detected (3), and one could
speculate about the possible existence of a membrane-
associated Pyr carboxylase (PC), a malic enzyme, or a
glyoxylate pathway among the possible mechanisms
supplyingOAA. Atthistime,itisunknownwhichdf these
anapl erotic enzymes supportsthe dominant flux to OAA
during lysine overproduction, sothat it is not possibleto
associate a particular branch point (PEP or Pyr) or
mechanism to OAA synthesis or its regulation. But we
can speculate. Although we have also recently detected
PPCK in C. glutamicumATCC 21253 (3), it isfound to
beactiveonly near theend of afermentation, whichisto
be expected for an enzyme typically associated with the
gluconeogenesis pathway. Thisistrue even for astrain
in which PPC isdeleted from thegenome (2, 6). If PCis
present and supports a significant flux during lysine
synthesis, then our results would indicate that it should
have a control architecture similar to that of PPC (11),
since attenuation of PDC would otherwise result in
increased PCflux andlysineyield. Of course, restrictions
in lysine excretion (1) can enhance metabolic rigidity if
intracellular metabolitesaccumul ateand feed back onthe
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primary metabolism, and such restrictions will certainly
cap the lysine production rate.

We emphasize that the methodology of flux analysis
coupled with metabolic perturbation, exemplifiedin both
this article and its companion (I5), isintended as a tool
tofacilitatetherational identificationof enzymes, branch
points, or subnetworks that may limit product synthesis.
Due to the inherent complexity of metabolic networks
and their incomplete and changing knowledge base, this
approach, by itself, cannot identify metabolic limitations
with 100% certainty. Nevertheless, it has beenfound by
the authors to be quite useful as a tool to guide more
detailed studies of flux partitioning at metabolic branch
points.
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