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Network Rigidity and Metabolic Engineering
in Metabolite Overproduction

GREGORY STEPHANOPOULOS AND JOSEPH J. VALLINO*

In order to enhance the yield and productivity of metab-
olite production, researchers have focused almost exclu-
sively on enzyme amplification or other modifications of
the product pathway. However, overproduction of many
metabolites requires significant redirection of flux distri-
butions in the primary metabolism, which may not readily
occur following product deregulation because metabolic
pathways have evolved to exhibit control architectures
that resist flux alterations at branch points. This problem
can be addressed through the use of some general con-
cepts of metabolic rigidity, which include a means for
identifying and removing rigid branch points within an
experimental framework.

LL ORGANISMS USE PRIMARY METABOLIC PATHWAYS TO

supply precursor metabolites and energy to anabolic path-

ways that synthesize cellular constituents that are necessary
for growth and maintenance. In many industrial strains of microor-
ganisms (as well as tissue and plant cultures), these anabolic
pathways have been exploited for the overproduction of compounds
(such as amino and nucleic acids, antibiotics, vitamins, enzymes, and
proteins) that cannot be synthetically produced or for which it is not
economical to do so. In general, a particular metabolite is overpro-
duced by deregulating the pathway directly associated with the
synthesis of that metabolite, or, more recently, by transforming a
robust host organism (typically Escherichia coli) with the genes that
encode for the synthesis of the desired product (I, 2). This
approach, however, does not necessarily result in high product
yields (defined as the moles of product formed per mole of substrate
consumed) since carbon flux distributions at key branch points
(nodes) in the primary metabolism [such as glycolysis, tricarboxylic
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acid (TCA) cycle, and pentose phosphate pathway] must often be
radically redirected from the flux distributions that are normally
associated with balanced growth. Such metabolic flux alterations are
often directly opposed by mechanisms for controlling enzyme
activity that have evolved to maintain flux distributions that are
optimal for growth. We refer to this inherent resistance to flux
alterations as metabolic or network rigidity and to the genetic
modifications of specific nodes in the primary metabolism for the
purpose of enhancing yield and productivity as metabolic engineer-
ing (3). Although genetic manipulations can now be readily per-
formed, there are relatively few accounts of successful metabolic flux
alterations because of the complex, nonlinear nature of the metabol-
ic control architectures.

The nature and types of metabolic rigidity are reviewed in this
article along with methods to identify and possibly circumvent such
undesirable nodal controls. The overproduction of lysine by Coryne-
bacterium glutamicum [and related strains (4)] is used as a vehicle to
illustrate key points because of: (i) the lack of compartmentalization
in bacteria; (ii) the need for significant flux alterations to optimize
lysine biosynthesis; and (iii) the apparent marginal success of
mutation-selection (5, 6) or genetic engineering (7) techniques used
to that end. The concepts, however, are of general value, and the
methods are applicable to other metabolic products as well.

Basis of Metabolic Rigidity

Although intracellular metabolite concentrations can fluctuate
during growth, on average, the distributions of the major cellular

_ groups (proteins, RNA, DNA, lipids, and so forth) rémain relatively

proportional to one another throughout balanced growth (8). In
fact, metabolites and energy required to synthesize an E. coli cell
have been calculated on the basis of its known composition (9). In
order to preserve this regularity in cellular composition, the primary
metabolism has evolved coordination of pathway control, such that
building-block metabolites, energy [such as adenosine triphosphate
(ATP)], and biosynthetic reducing power [such as nicotinamide
adenine dinucleotide phosphate (NADPH)] are synthesized in
approximate stoichiometric ratios during balanced growth. Al-
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though cellular metabolism can support radically different flux
distributions in response to different environmental stimuli (10),
such flux alterations are a consequence of the metabolic feedbacks
that control the optimum synthesis of the major cellular groups
required for the survival of the cell.

Since primary metabolism is coordinated to synthesize a relatively
uniform distribution of building block metabolites and energy, it is
not well suited for the overproduction of any single metabolite.
Consequently, if overproduction of a particular metabolite demands
significant flux alterations in the primary metabolism compared to
the flux distributions observed under balanced growth, then simple
deregulation of product feedback inhibition frequently results in
product yields that are significantly less than theoretical. An example
of the effects that overproduction of a metabolite can elicit on
metabolic flux distributions is shown in the flux diagrams in Fig. 1,
which represent lysine overproduction by C. glutamicum ATCC
21253 under varying metabolic burdens. The flux distributions that
support lysine production at typically observed yields (30 to 40%
molar yield) (11) (Fig. 1B) do not deviate significantly from the flux
distributions that support balanced growth (Fig. 1A). However, the
flux distributions required to support maximum lysine yield (Fig.
1C) represent a significant divergence from the flux distributions
that occur during balanced growth or typical lysine production
conditions. ,

If primary metabolism could readily shift to match lysine synthesis
demands, then significant yield improvements could be obtained by
simply blocking pathways leading to by-products, such as the
pyruvate dehydrogenase complex (PDC) that leads into the TCA
cycle. However, such attempts have not resulted in significant yield
improvements (5, 6), which indicates that the metabolic network
does not respond readily to the demands of such perturbations.
Since modification of the primary metabolism in order to redirect
fluxes in support of maximum product yield is the objective of
metabolic engineering, the sources of metabolic rigidity must be
identified.

Principal Nodes

It is often assumed that poor product yield results from an enzyme
or enzymes in a reaction sequence that limit the throughput to the
product. Although overall enzymatic activity along the product
branch certainly governs product synthesis rate, product yield is
ultimately a function of flux partitioning that occurs at intermediate
branch points. The latter, also referred to as nodes, are points in a
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metabolic network where a reaction sequence bifurcates among two
or more different pathways. Since the pathways that synthesize
primary metabolites can typically support substantial fluxes, meta-
bolic engineering efforts should be directed toward altering flux
partitioning at selected metabolic branch points to enhance product
yield.

An important realization in the analysis of metabolic networks is
that product yield typically depends on the flux partitioning that
occurs at only a small subset of all possible nodes that comprise the
metabolic network. Identification of these nodes, referred to as the
principal nodes, is accomplished by searching for those nodes in the
metabolic network where significant changes in flux partitioning
occur as a function of product yield. Flux distributions required for
this analysis can be determined from metabolite balance constraints
with or without (as in Fig. 1) the use of experimental data (see
below). The lysine example illustrates the point. Of ~30 branch
points in the lysine biosynthetic network, significant changes in flux
partition occur at only three nodes, glucose-6-phosphate (G6P),
phosphoenolpyruvate (PEP), and pyruvate (Pyr), as lysine yield
increases from 35% (Fig. 1B) to 75% (Fig. 1C). Close inspection of
the oxaloacetate (OaA) branch point reveals that it is a trivial
principal node (12) since all of the OaA synthesized from PEP
condenses with Pyr to form lysine. The OaA synthesized through
malate dehydrogenase is consumed by citrate synthase, so that net
0aA production occurs only through the anaplerotic PEP carbox-
ylase reaction (10). The fructose-6-phosphate (F6P) node can also
be ruled out as a principal node. For a lysine yield of less than 60%,
the F6P node is simply a condensation point; however, for yields
greater than 60%, F6P becomes a principal node and G6P becomes
a condensation point (Fig. 1C). This change is due to the pentose
phosphate pathway, which must operate in a cyclic manner to fulfill
NADPH requitements when lysine yield exceeds 60%. Since typi-
cally observed lysine yields are 30 to 40%, metabolic modifications
need only target the G6P, PEP, and Pyr principal nodes. Hence
metabolic engineering efforts need only focus on these three nodes
and not on the entire network, which dramatically reduces problem
complexity. The duality of the G6P and F6P nodes also illustrates
the point that the location of the principal nodes depends on the
product under investigation, the substrate utilized, and the by-
products that are typically associated with the product. The connec-
tivity arrangement of the principal nodes in the network is also an
important consideration.

In general, network architectures fall into two basic classes:
dependent and independent. If each principal node of a network, or
subnetwork, contributes a stoichiometrically consumed component

Fig. 1. Flux distributions, normalizcd‘by glucose

Glucose uptake in the metabolic network of C. glutamicum
100 | 180 (illustrated in condensed form) during: (A) bal-
G6P ——Ribusp  anced growth (at a typically observed yield of 0.5

-s0 | grams of biomass per gram glucose) without
F6P lysine overproduction; (B) lysine overproduction

s | at 35% molar yield without growth; and (C)
PEP lysine overproduction at maximum molar yield of
-28] | 100 75%. Fluxes at the indicated yields were deter-
—Pyr mined solely from metabolic balance constraints

° (that is, experimental data were not required) (36,

‘AcCoA 37) for a network consisting of 34 reactions,
including a lumped reaction to account for biom-
OaA ° ass synthesis (9, 36, 37, 39) indicated by the

double arrows (). The two fluxes between PEP
and Pyr account for reactions catalyzed by pyru-
vate kinase (or PEP synthetase) (left) and the
glucose:PEP  phosphotransferase system (43)
(right). A negative flux indicates that flow is in the

co,

opposite direction to that indicated by the arrow. Abbreviations: G6P, glucose-6-phosphate; Ribu5P, ribulose-5-phosphate; F6P, fructose-6-phosphate;
PEP, phosphoenolpyruvate; Pyr, pyruvate; AcCoA, acetyl coenzyme A; and OaA, oxaloacetate.
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of the final product, then the network or subnetwork is considered
dependent (Fig. 2A), such as in the lysine network (NADPH, OaA,
and Pyr are all lysine precursors). In such networks, the flux in all
condensing branches must be stoichiometrically balanced to prevent
accumulation or excretion of intracellular components (for example,
flux partitioning at nodes 1 and 2 of Fig. 2A must be equal). Under
this restriction, flux partitioning at all principal nodes that comprise
a dependent network must be coordinated, and all principal nodes
must be considered of equal importance, regardless of their “remote-
ness” from the product of interest. Conversely, if the metabolites
produced from the principal nodes do not condense (Fig. 2B), then
the network is considered independent, and product yield may be
improved by altering the flux partitioning that occurs at a single
principal node. In the simple two-node network (Fig. 2B), the yield
of the desired product P can be enhanced if the flux partitioning at
either node 1 or 2 is altered to favor the synthesis of P, while in the
dependent network, flux partitioning at both nodes must be altered.

Although network architecture affects metabolic response to
enzyme modifications, in both dependent and independent net-
works the degree of metabolic rigidity ultimately resides with the
ease by which flux partitioning at the principal nodes may be altered
to obtain a flux distribution that is optimal for product formation.
Since the type of nodal rigidity dictates the types of metabolic
modifications required to render the rigid node flexible, factors that
influence nodal flux partitioning must be examined.

Branch Point Classifications

The metabolic control structures used by different orgarisms to
regulate pathway fluxes vary markedly (13). It is, nevertheless,
possible to classify these control structures into three general
categories on the basis of their branch point rigidity. In the
discussion that follows, branch kinetics refers to the lumped re-
sponse of all of the enzymes that constitute the branch, and the
branch split ratio refers to the carbon flux channeled through that
branch normalized by the flux into the node.

Nodes where flux partitioning into each branch readily changes to
meet metabolic demands are referred to as flexible nodes. In a
flexible node, enzymes participating in each branch show similar
affinity for the node metabolite, and reaction velocities of each
branch are of similar magnitude. The flux through each branch is
controlled by feedback inhibition by the corresponding terminal
metabolite (Fig. 3A). As a result, the branch split ratio can change
from zero to one to meet the demands placed on the terminal
metabolites. For example, if the feedback inhibition by metabolite P
(Fig. 3A) is removed, or if P (but not by-product B) is a precursor
to a desired product, the split-ratio of the P branch would approach
unity as the product yield is maximized. Many terminal branch
points in amino acid biosynthesis exhibit such flexibility (14). For
example, the flux into the aspartate semialdehyde branch point can
be completely redirected toward lysine synthesis by deregulating the
concerted feedback inhibition of aspartokinase by lysine plus thre-
onine (15). Flexible nodes are the most amenable to alterations of
branch flux distributions and seldom require modification. Perhaps
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because of this, many metabolic modifications intended to enhance
product yield assume the principal nodes (hence the network) to be
flexible, somethlng that cannot be expected to be gcncrally true.

A node is said to be weakly rigid if the flux partitioning at the
node is dominated by the kinetics of one of its branches. This can be
the result of high enzymatic activity or high enzymatic affinity for
the node metabolite and lack of feedback inhibition i the dominant
branch. (Fig. 3B). Even if the subordinate (product) branch is
deregulated (or a high demand is placed on P), a significant fraction
of the flux still enters the dominant branch and limits product yield.
Product yield may still be enhanced, however, by attenuating the
activity of the dominant branch. This may have to be accompanied
by activity amplification of the subordinate branch or end product
deregulation in order to preverit accumulation of the branch point
intermediate (N). Nevertheless, weakly rigid nodes are typically
amenable to mutation-selection techniques.

Weakly rigid nodes are often found in catabolic pathways leading
to CO, formation. One example is the isocitrate branch point in E.
coli between the glyoxylate shunt and the TCA cycle. When glucose
is added to an E. coli culture grown on acetate, the flux supported by
isocitrate lyase (ICL), the first enzyme of the glyoxylate shunt, drops
to zero even though the glyoxylate shunt is completely active (16).
Under these conditions, TCA cycle isocitrate dehydrogenase
(ICDH) exhibits complete dominance over ICL since the Michaelis
constant K, of ICDH for isocitrate is 1/75 that of ICL, ahd both
enzymes exhibit similar activity (16-18). However, if the activity of
ICDH is attenuated by 60% or more, a significant fraction of the
isocitrate synthesized is diverted into the glyoxylate shunt (16-19).
In E. coli, ICDH activity is attenuated by phosphorylation, so that
growth on acetate can be sustained.

A node is said to be strongly rigid if the split ratio of one or more
of its branches is tightly controlled. This is commonly achieved by a
combination of feedback control and enzyme trans-activation by a
metabolite in an opposite branch (Fig. 3C). In this particular case,
besides inhibiting their own synthesis, metabolites P and B also act
as positive effectors of the opposite branch, a property exhibited by
many allosteric enzymes (20). This architecture effectively stabilizes
the flux partitioning at the node, provided the steady-state concen-
trations of P and B are sufficiently high to inhibit their own synthesis
in the absence of their corresponding branch activators, B and P,
respectively (21). For example, if the flux through the B branch is
attenuated as means of increasing the split ratio of the P branch, the
synthesis rate of P would also be attenuated because of the loss of
activation by B and dominance of the remaining end product
inhibition by P, leaving the split ratios of each branch relatively
unaffected. Interestingly, simulations indicate that other nodal mod-
ifications, such as increasing the demand for P (by either affinity or
activity modulation), removing the feedback inhibition of P, or
blocking the demand for B, have little effect on the split ratio of the
P branch as well. Because of the hypothetical nature of this example,
the details of these modifications are not discussed. However,
several examples of rigid nodes have been previously documented.

In Bacillus subtilis, histidine activates anthranilate synthetase, an
enzyme required for tryptophan synthesis (22). This activation by

histidine allows B. subtilis to grow in the presence of 5-methyltryp-

tophan, an anti-metabolite of tryptophan. Furthermore, the addi-
tion of histidine increases tryptophan excretion by a factor of 4 in
mutant strains that express anthranilate synthictase constitutively. It
is hypothesized that this trans-activation, which the investigators
referred to as “metabolic interlock,” has evolved to control the level
of 5-phosphoribosyl-1-pyrophosphate, a metabolite that is common
to the synthesis of both amino acids. This type of pathway interac-
tion has also been referred to as compensatory control or activation
(14, 23, 24). Remote effectors also influence phenylalanine biosyn-
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Fig. 3. Control architectures that would render the illustrated branch point
(A) flexible, (B) weakly rigid, or (C) strongly rigid to modifications in flux
partitioning (see text for details). Dashed lines indicate negative ([) or
positive () feedback from the corresponding metabolite.

thesis by modulating prephenate dehydratase in both coryneform
bacteria and B. subtilis (25). In regard to primary metabolism,
significant coupling interactions have been identified between ana-
plerotic pathways—PEP and Pyr carboxylases—and the catabolic
pathways of glycolysis and the TCA cycle (24, 26). In general, flux
partitioning at strongly rigid nodes cannot be easily modified since
the kinetics of the enzymes associated with the branch point may
require specific modifications, such as alterations in effector and
substrate affinities.

Network Responses

The presence of a rigid node (either strong or weak) in a
metabolic network can have profound implications with regard to
the outcome of perturbations intended to enhance product yield.
Consider again the simple independent network (Fig. 2B), where
increasing the yield of P is the desired goal. It is further assumed that
node 1 is flexible, node 2 is strongly rigid, and that B, does not
inhibit its own synthesis. If the B, branch is blocked, the yield of P
would be increased; however, if the B, branch is blocked, the yield
of P would actually decrease because of the rigidity of node 2. This
occurs because attenuation of the flux through the B, branch causes
a decrease in the flux to the product branch (due to node 2 rigidity).
Since node 1 is flexible, the flux to node 2 would be diverted to B,
thereby decreasing the yield of P. If the architecture is reversed, so
that node 1 is rigid but node 2 is flexible, then blocking B, synthesis
would improve the yield of P. However, if B, synthesis is blocked,
the yield of P would not be affected while the rate of P synthesis
would be severely attenuated.

Nodal rigidity in dependent networks presents even greater
problems in metabolic engineering. For example, if either node 1 or
node 2 in the simple dependent network (Fig. 2A) is rigid, then
attenuation of B, synthesis would not affect the yield of P, but
would cause its synthesis rate to be diminished by the same extent as
B, synthesis. Hence, modifications intended to improve flux distri-
butions in dependent networks often result in overall metabolic
collapse (or excretion of intermediate metabolites). In a dependent
network, flux distribution response is independent of the location of
the rigidity since alterations in flux partitioning at all principal nodes
must be coordinated if product yield is to be enhanced.

Metabolic networks may not always exhibit the binary response to
flux perturbations implied by the above classifications because of the
diverse control architectures and enzyme kinetics that are associated
with branch points. Thus, attenuation of one branch of a strongly
rigid node may only result in partial attenuation of the competing
branch, so that some improvement in product yield may be attained
in a dependent network that harbors a rigid node. Also, attenuating
nondesirable pathways may cause excretion of intermediate metab-
olites instead of metabolic flux collapse or flux redirection. Finally,
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as with the location of the principal nodes, the status of a branch
point (that is, whether flexible or rigid) may depend on the product
under investigation. For instance, if a node consists of the two
branches, A - B + C and A — D, where B and D (but not C)
inhibit their own synthesis, then the node would appear to be
flexible to products that consume B or D, but weakly rigid to
products that require only C. In any event, the extent of rigidity of
principal nodes in a network must first be assessed before any
metabolic modifications can be suggested.

Assessment of Principal Node Rigidity

Once the principal nodes for the product of interest have been
identified in the metabolic network, their degree of rigidity must be
assessed. Several techniques are available to analyze metabolic
networks, all with their own advantages and disadvantages but none
completely comprehensive. If detailed kinetic expressions are avail-
able for all of the enzymes included in the network representation of
the organism’s biochemistry, then a mathematical model of the
metabolism can be constructed, such as those developed for glyco-
lysis and respiration (27, 28) and for erythrocytes (29). With the aid
of such models, simulations of the metabolic network, or subnet-
work, are conducted to assess the rigidity of the principal nodes by
comparing the steady-state flux distributions for the nominal case to
those generated from the same network following a perturbation
intended to enhance product yield (that is, alteration of a principal
node’s split-ratio), such as enzyme deletion or deregulation. Sug-
gestions for metabolic alterations are then based on the type of
principal nodes identified (Fig. 3). Although these perturbation
techniques are governed by trial and error, they are quite informa-
tive since the models incorporate the full nonlinear nature of
metabolic networks. The obvious disadvantage of simulation-based
assessment techniques is that detailed kinetic information is limited
and, when available, its applicability to in vivo situations not readily
established.

Other related approaches, such as metabolic control theory
(MCT) (30) or biochemical systems theory (BST) (31), have
received extensive attention (2, 32); however, their value in direct-
ing metabolic engineering efforts remains questionable (33). Both
techniques rely on approximating the actual metabolic system
(assuming enzyme kinetics are available) around a particular oper-
ating point, so that the sensitivity of steady-state fluxes can be
evaluated with respect to perturbations in enzyme velocities. The
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Fig. 4. Flux partitioning at the glucose-6-phosphate (G6P) branch point
during lysine fermentations of C. glutamicum ATCC 21253 with (A) glucose
(control) or (B) gluconate at the primary carbon source. Fermentations were
conducted aerobically in a 10-liter fermentor in which the consumption of
glucose (or gluconate), oxygen, and ammonium and the production of
lysine, biomass, carbon dioxide, and by-products (trehalose, acetate, pyru-
vate, alanine, valine, and lactate) were frequently monitored (37). Accumu-
lation or consumption rates of extracellular metabolites were determined
following the termination of exponential growth and the commencement of
lysine overproduction. These rates were then used with the metabolite
balance constraints to estimate the metabolic flux distributions. Absolute
fluxes (in parentheses) are in units of millimoles per hour per gram of cells.
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results of this sensitivity analysis in turn provide the basis for
suggesting various metabolic modifications. A major drawback of
these methods is that they are valid only in the local neighborhood
of the operating point evaluated. Yet, the objective in metabolic
engineering is to modify primary metabolism such that the resulting
flux distributions (as in Fig. 1C) differ radically from those observed
during growth (as in Fig. 1A). Furthermore, enzymes with large
flux control coefficients (30) are not always the ones to be modified,
especially if they are involved in feedback control loops. For
example, in a sequence of reactions with a simple feedback loop, the
enzyme that consumes the feedback metabolite strongly controls the
flux. However, it is usually the removal of the feedback loop that
should be considered, not activity amplification of the enzymes that
consume the feedback metabolite. Nevertheless, MCT, BST, and
related analysis techniques (34) are still useful tools in the analysis of
metabolic networks.

When enzyme kinetics are unavailable or incomplete, metabolic
flux distributions can be obtained by applying stoichiometrically
derived mass balance constraints to experimental data on the rates of
accumulation or depletion of extracellular metabolites. We (35-37),
as well as others (19, 38, 39), have used this method to determine
metabolic fluxes under different conditions and during different
phases of culture. There is obviously a limit to the extent that the
structure of a biochemical network can be delineated by using
extracellular measurements only (40), and the use of radioactive (16,
41) or stable (42) isotope tracers can enhance the power of this
approach. However, such tracer measurements should be made in
addition to the usual extracellular measurements taken in the course
of a fermentation if the metabolic network and its flux distributions
are to be further elucidated. Application of mass balances can also
yield flux distributions for a specified metabolic burden (such as in
Fig. 1, A and B) as well as estimate the maximum theoretical yield
for a product (such as in Fig. 1C) but cannot be used to predict flux
responses to metabolic perturbations. However, in conjunction with
experimental perturbations, flux distribution estimates can often be
used to identify the source or sources of metabolic rigidity, as
described below.

,The degree by which flux partitioning at a principal node limits
product yield can be assessed by experimentally perturbing a branch
that is proximal to the principal node under investigation and
comparing the resulting local flux distributions to.those observed
under nominal conditions. If the flux partitioning at the node can be
clearly redirected in a manner consistent with the perturbation, then
the node is either flexible or weakly rigid; otherwise, the node may
be strongly rigid. It is not possible to provide a comprehensive map
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Fig. 5. Flux partitioning at the PEP and Pyr branch points during (A) the
control lysine fermentation and (B) an identical fermentation following the
addition of 2 mM fluoropyruvate (FP) at the termination of exponential
growth and at the start of lysine overproduction (37). The addition of FP
resulted in the extracellular accumulation of pyruvate (Pyrgyr) and dimin-
ished the flux into the TCA cycle; however, lysine yield remained unaffected
at 30% molar. Absolute fluxes (in parentheses) are in units of millimoles per
hour per gram of cells, and fluxes to biosynthesis are not shown. See caption
of Fig. 4 for measurements taken to construct flux diagrams.
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relating metabolic response to nodal type since metabolic responses
are case-specific due to the variability of network structure (depen-
dent versus independent), control architecture, and perturbation
used. For this same reason, the types of perturbations used to assess
nodal rigidity are also case specific, but can be classified into four
general categories: (i) attenuation of enzyme activity through the
addition of a specific inhibitor; (ii) amplification or attenuation of
enzyme activity through genetic modifications; (iii) environmental
perturbation, such as a change in carbon source; and (iv) deregula-
tion of a different metabolite to increase metabolic burden. These
types of perturbations were applied to investigate the rigidity of the
G6P, Pyr, and PEP principal nodes in the lysine biosynthetic
network (Fig. 1) (37).

In order to examine the possibility that lysine synthesis is limited
by NADPH availability (that is, the rigidity of the G6P node), C
glutamicum was cultivated on gluconate instead of glucose since the
former is known to bypass the G6P node by directly entering the
pentose phosphate pathway (43). Flux partitioning at the G6P node
(Fig. 4) calculated from the fermentation data reveals that 50%
more NADP was reduced per mole of substrate consumed in the
gluconate fermentation than in the glucose fermentation (a result of
the higher flux supported by the second dehydrogenase in the
oxidative branch of the pentose phosphate pathway). Lysine yield in
both fermentations, however, was ~30% molar, which indicates
that lysine yield is not limited by flux partitioning at the G6P node.
In support of these findings, a second perturbation of the G6P node
was conducted in which a strain of C. glutamicum was isolated that
expressed GOP isomerase at only 10% of its native activity. Inter-
estingly, the mutation did not affect lysine yield or flux partitioning
but.did result in a 75% attenuation of all metabolic fluxes (37), a
response consistent with a dependent network that harbors a rigid
node. These results, along with the efficiency by which flux distri-
butions at the G6P node shifted in response to an increased demand
for NADPH during lysine synthesis in the control fermentation
(37), established the G6P node as flexible and imply that either the
Pyr or PEP nodes must be rigid.

The possibility that lysine yield is limited by the flux partitioning
at the Pyr principal node was examined by perturbing this node (37)
by adding fluoropyruvate [a competitive inhibitor of PDC (6)]
during normal lysine fermentation. Flux distributions estimated
from the fermentation data (Fig. 5) demonstrate that pyruvate was
diverted from the TCA cycle, but the increase in pyruvate availability
did not enhance lysine yield. In a second perturbation experiment
(37), flux distributions were determined for a strain of C. glutamicum
that expressed only 1% of nominal PDC activity. This mutation did
not effect instantaneous lysine yield or flux partitioning but did
result in reducing metabolic fluxes by 75% in an analogous manner
as the GOP isomerase mutation. These two perturbation experi-
ments indicate that lysine yield is not limited by pyruvate availability
(that is, Pyr node is flexible), which implies, in conjunction with the
previous results, that the PEP node must be the source of the
network rigidity. However, the control architecture underlying the
cause of the PEP node rigidity cannot be determined from the
perturbation flux analysis technique; therefore, the kinetics of the
enzymes associated with the PEP node were examined in detail.

From inspection, the PEP node control architecture in C. glu-
tamicum exhibits characteristics of a strongly rigid node since PEP
carboxylase (PPC) is inhibited strongly by aspartate, but this
inhibition is alleviated by activation by acetyl coenzyme A (AcCoA)
(44). To further examine the rigidity of the PEP branch point, a
kinetic model of the node was constructed utilizing enzyme kinetics
available from glutamic acid bacteria (37). The model consists of
kinetic expressions for enolase (ENO), PPC, Pyr kinase (PK) (45 )
aspartate aminotransferase, PDC, aspartate kinase (AK), and citrate
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synthase (CS). The flux supported by the glucose:PEP phospho-
transferase system (43) was assumed to be one-half the enolase flux,
and all of the aspartyl phosphate synthesized was assumed to
condense with pyruvate to produce lysine (kinetics of dihydrodipi-
colinate synthase were not included in the model).

The rigidity of the PEP node is illustrated by the steady-state flux
distributions obtained from the model following attenuation of PK
activity (Fig. 6). For the nominal system (Fig 6, solid lines),
attenuation of PK activity results in a decrease of PPC flux and a
general collapse of flux through the PEP node. If the effects of Asp
and AcCoA are removed from the kinetics of PPC, the PEP node
reverts to a weakly rigid node since attenuation of PK activity results
in a diversion of flux into the PPC branch (Fig. 6, dashed lines). The
strong rigidity of the PEP node is enhanced by (i) the high activity
of PK and its strong affinity for PEP and (ii) the low activity of AK
and its poor affinity for Asp, which maintains the high intracellular
pool of Asp. On the basis of these simulations, it appears that flux
partitioning at the PEP node can be made favorable for lysine
synthesis by transforming C. glutamicum with a deregulated PPC
enzyme at approximately tenfold its native activity (amplification of
the native PPC activity did not result in significant flux partitioning
enhancement in simulations).

The analysis of the PEP node brings up an important point
regarding mitigation of strong rigidity. Although genetic engineer-
ing techniques can be used to modify a rigid node and render it
flexible (such as changing substrate or inhibitor affinity), at this time
such modifications are still quite difficult to achieve. Another
procedure that may prove more advantageous is to use enzymes
from organisms that have different control architectures for the same
biochemical pathway. A good example is the regulation of the PPC
flux in photoautotrophs. Since C, plants and some cyanobacteria use
PPC in CO, fixation (46), the control architecture of the PEP node
in many photoautotrophs differs from heterotrophs in that PPC is
not inhibited (or not inhibited as strongly) by Asp nor does it
require activation by AcCoA (47, 48). Consequently, flux partition
at the PEP node in C. glutamicum may be improved by transforming
this strain with PPC from a cyanobacterium, such as Anacystis
nidulans (48), although other possibilities exist (49). It is important
to realize that flux distributions that are optimal for product
synthesis may not support growth. Consequently, such modifica-

aor A

Fig. 6. Simulated steady-
state fluxes (in milli-
moles per hour per gram
of cells) supported by
(A) enolase (ENO), (B)
PEP carboxylase (PPC),
and (C) pyruvate kinase
(PK) following attenua-

5 . tion of PK activity in the
. PEP branch point model
Qo4 with either native PPC
o2 kinetics (solid lines) or
deregulated PPC kinet-
0 ics (dashed lines) (37).
15 Concentrations of  2-
1.2 phosphoglycerate (2PG),
x ATP, and AMP were held
3 09
i constant at 4, 7, and 1

mM, respectively. These
parameters were adjusted
such that the steady-state

0.0 L 1 1 1 ! ] fluxes matched those ob-
0 20 40 60 80 100 orved in a typical lysine
Attenuation of PK activity (%) fermentation.
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tions should be constructed so that they may be “turned on” after
sufficient biomass has accumulated.

Conclusions

Relatively few examples have been offered in strain improvement
through alterations of primary metabolism. This lack of significant
progress in the field is partly attributed to the complex interactions
of metabolic networks but also to the lack of a general, practical
approach to metabolic engineering. To address this problem, we
have proposed a working hypothesis regarding metabolic rigidity
and have developed an approach to identify the source or sources of
rigidity that should foster attempts to optimize metabolic flux
distributions for metabolite overproduction. We have proposed that
the control architecture of primary metabolism, which is optimized
for the synthesis of cellular components, prevents radical alterations
of metabolic flux distributions that would allow certain metabolites
to be overproduced near maximum yield. Analysis of metabolic flux
distributions that are optimal for product synthesis reveals that
modifications in flux partitioning need occur only at the principal
nodes of the network. Control architecture or the kinetics of a
principal node may limit the extent to which flux partitioning would
occur following product deregulation. Flux mapping coupled with
metabolic perturbations can be used to assess the flexibility of the
principal nodes. Since the alteration or bypass of a strongly rigid
node may require significant alterations of enzyme kinetics, we
propose that nodal rigidity may be alleviated by tapping into the
diversity of control architectures that are found in other organisms.
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