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Recent advances in molecular biology techniques,
analytical methods and mathematical tools have led to a
growing interest in using metabolic engineering to
redirect metabolic fluxes for industrial and medical
purposes. Metabolic engineering is referred to as the
directed improvement of cellular properties through the
modification of specific biochemical reactions or the
introduction of new ones, with the use of recombinant
DNA technology (Stephanopoulos, 1999). This
multidisciplinary field draws principles from chemical
engineering, biochemistry, molecular and cell biology,
and computational sciences. The aim of this article is to
give an overview of the various strategies and tools
available for metabolic engineers and to review some of
the recent work that has been conducted in our
laboratories in the metabolic engineering area.

Metabolic engineering is generally referred to as the
targeted and purposeful alteration of metabolic pathways
found in an organism in order to better understand and
utilize cellular pathways for chemical transformation,
energy transduction, and supramolecular assembly
(Lessard, 1996).
This multidisciplinary field draws
principles from chemical engineering, computational
sciences, biochemistry, and molecular biology. In essence,
metabolic engineering is the application of engineering
principles of design and analysis to the metabolic pathways
in order to achieve a particular goal. This goal may be to
increase process productivity, as in the case in production
of antibiotics, biosynthetic precursors or polymers, or to
extend metabolic capability by the addition of extrinsic
activities for chemical production or degradation. Previous
strategies to attain these goals seem more of an art with
experimentation by trial-and-error. Two papers in the
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early 1990s advocated the switch from this artistic
approach to a more systematic and rational approach
(Bailey, 1991, Stephanopoulos and Vanillo, 1991). This
scientific approach would involve the use of recombinant
DNA technology and a better understanding of cellular
physiology to modify intermediary metabolism.
Several reviews on metabolic engineering cover general
(Cameron and Tong, 1993, Stephanopoulos and Sinskey,
1993, Farmer and Liao, 1996, Cameron and Chaplen,
1997) and specific areas (for example, yeast: Hansen and
Kiellandbrandt, 1996; plant: Dixon and Arntzen, 1997,
Cunningham and Gantt, 1998; Escherichia coli: Berry,
1996). The overview by Cameron and Tong (1993)
presents a thorough description of early metabolic
engineering endeavors. Also of special interest is the issue
of Biotechnology and Bioengineering (Vol. 58, 1998)
dedicated solely to the topic of metabolic engineering.
The interest in metabolic engineering is stimulated by
potential commercial applications where improved
methods for developing strains which can increase
production of useful metabolites. Recent endeavors have
focused on using biologically derived processes as
alternatives to chemical processes. Such manufacturing
processes pursue goals related to “sustainable
developments” and “green chemistry” as well as
positioning companies to exploit advances in the
biotechnology field. Some examples of these new processes
include the microbial production of indigo (Genencor) and
propylene glycol (DuPont) and others involve
improvements in the more traditional areas of antibiotic,
and amino acid production by a large number of firms.
The extension of metabolic engineering to production of
desired compounds in plant tissues and to provide better
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understanding of genetically determined human metabolic
disorders broadens the interest in this field beyond the
fermentation industry and bodes well for its future
importance.
Engineering Strategies
Physiological studies
The concept of network rigidity, flexible and rigid nodes,
was introduced by Stephanopoulos and Vallino (1991).
The rigidity of a network or its resistance to variations in
metabolic change is due to control mechanisms established
to ensure balanced growth. For a engineering strategy to
be successful, a better understanding of the host cell is
necessary to determine the types of genetic modifications
needed to achieve the final goal. Some of the physiological
considerations that should be examined include the effects
of genetic manipulation on growth and possible effects on
“unrelated” systems. These negative effects of genetic
manipulation are often attributed to the metabolic burden.
In the case of the over-expression of phosphoenol pyruvate
forming enzymes, the heat-shock response and nitrogen
regulation were both inhibited (Liao et al., 1996a).
Selection of the method of genetic modification
In terms of DNA techniques, several approaches have been
used for the modification of the host cell to achieve the
desired goal. These include: the removal of the enzyme or
its inhibition to eliminate a competitive pathway (Green et
al., 1996; Gasson et al., 1996; Shimada et al., 1998) or a
toxic byproduct (Aristidou et al., 1994; Cameron et al.,
1998, Chaplen at al., 1996); the amplification of a gene or
group of genes to improve the synthesis of existing
products (Pines et al., 1997; Shimada et al., 1998; Lu and
Liao; 1997); the expression of an heterologous enzyme(s)
to extend the substrate range (Prieto et al., 1996; Panke et
al., 1998; Sprenger, 1996), to produce novel product
(Chopra and Vageeshbabu, 1996; Hershberger, 1996;
Ingram et al., 1998; Misawa and Shimada, 1998; Poirier et
al., 1995; Stassi et al., 1998), to provide pathways for the
degradation of toxic compounds (Chen and Wilson, 1997;
Keasling et al., 1998; Xu et al., 1996), or to design a more
environmentally resistant plant (Smirnoff, 1998).
Alternatively, the deregulation of existing enzymes might
be necessary to overcome the existing control mechanisms
of a rigid node. A combination of modifications may be
needed to achieve the goal. Additional manipulation of the
central metabolic pathway may also be required to generate
the precursor, cofactors, and energy needed to sustain the
modified pathway (Stephanopoulos and Sinskey, 1993,
Farmer and Liao, 1996). The manipulation of central
metabolism has been exemplified in the production of
aromatic compounds in E. coli growing in glucose (Berry,
1996).

Inverse metabolic engineering
The classical approach of metabolic engineering, as
discussed above, requires detailed knowledge of the
enzyme kinetics, the system network, and intermediate
pools involved, and on such bases, a genetic manipulation
is proposed for some presumed benefits. In contrast, the
concept of inverse metabolic engineering is first to identify
the desired phenotype, then to determine environmental or
genetic conditions that confer this phenotype, and finally
to alter the phenotype of the selected host by genetic
manipulation (Bailey et al., 1996, Delgado and Liao,
1997). As in the case of expression of the oxygen binding
protein, VHb, in E. coli, the observed phenotype of high
heme cofactor levels in an obligate aerobe Vitreoscilla
under oxygen limitation suggested that synthesis of the
hemoglobin could improve growth of other organisms
under similar limitations (Bailey et al., 1996).
Mathematical Tools for Analysis
Metabolic flux analysis
Metabolic flux analysis (MFA) is based on a known
biochemistry framework.
A
linearly independent
metabolic matrix is constructed based on the law of mass
conservation and on the pseudo-steady state hypothesis
(PSSH) on the intracellular metabolites. The formulation
resulted in a set of linear equations that can be expressed
as a stoichiometric matrix A of dimension m by n with
vectors for net accumulation, r (mx1), and metabolic flux,
υ (nx1). No kinetic data is required. Dynamic fluxbalance analysis can be obtained from the same derivation
as shown in the following equation with b as the transport
term.

r=

dX
= A⋅ν −b
dt

Typically, the system that results is under-determined
system where m>n. However under certain conditions,
some pathways are inoperative and can be neglected. The
system may become completely determined or overdetermined and can be solved along with the
measurements of external or internal fluxes (Delgado and
Liao, 1997, Chen et al., 1997). Non-invasive methods of
analysis such as nuclear magnetic resonance (NMR) can
also provide information on the structure of the
biochemical network as well as flux measurements (Alam
and Clark, 1989; Follstad and Stephanopoulos, 1998; Park
et al., 1997; Schmidt et al., 1998). Holms (1996) has
calculated the metabolic fluxes of E. coli on various carbon
substrates and this serves as a useful database.
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Metabolic Control Theory (MCT)
Metabolic Control Theory was independently developed by
Kacser and Burns (Kacser and Burns, 1973) and Heinrich
et al. (1997) to identify the kinetic constraints in a
biochemical network.
A similar approach, that of
Biochemical Systems Theory (BST), was developed by
Savageau et al. (1987a; 1987b). A more structural
approach to MCT has been developed (Fell, 1992). Based
upon the kinetic data, the control coefficients can be
calculated. This approach is used to determine the ratelimiting reaction in a network. However, a single ratelimiting step may not exist and several steps may share
the control of the metabolic network. Three commonly
used normalized sensitivity measures, which quantify how
the control of steady state fluxes and concentrations is
distributed between different reactions in a metabolic
network, have been defined as:
Flux Control Coefficient (FCC):

dJ E
dE J

C EJ =

Concentration Control Coefficient (CCC):

C EX =

dX E
dE X

Elasticity:

ε Xv A =

∂v A X
∂X ν A

The flux control coefficient is a measure of how a change
in the concentration of the enzyme E affects the steadystate flux through that particular enzyme. That is, it is
measure of the degree of control exerted by enzyme E on
this steady-state flux. The concentration control coefficient
is a measure of the extent of control exerted by the enzyme
E on the steady-state concentration X, while the elasticity
is a measure of the response of the reaction rate upon
changes in the concentration X.
The extension of MCT to be applicable under large
changes in enzyme activities and effector concentration has
recently been published (Small and Cacser, 1993a, 1993b).
This extension would allow for experimental calculations
of the deviation index from MFA data. Several articles
dealing with various aspects of metabolic control analysis
have also appeared recently (Ehlde and Zacchi, 1997;
Mauch et al., 1997; Stephanopoulos and Simpson, 1997).
A top-down approach for the determination of control
coefficients was developed by Brown et al. (1990), which
allows for the determination of control coefficients based
on relative flux alone and avoids the need for values of

enzyme activities. In addition, more information is
obtained from a single application of the top-down method.
There are certain limitations to this method. The method
is invalid if more than one kinetic link exist between the
two ends of a pathway (i.e., more than one enzyme
catalyzes the same reaction). In addition, an small overall
flux control coefficient(FCC) does not necessarily mean
the individual FCCs are small (Brown et al., 1990).
However, it can be used in certain limited situations
(Brown et al., 1990).
An Example of Metabolic Engineering
Metabolic engineering of the central metabolic
pathways of E. coli - Strategies for acetate
reduction to achieve high recombinant protein
production
In the past several years the work in our laboratories has
been focusing on the various aspects of manipulating the
central metabolic pathways in E. coli. Specifically, we are
interested in the effect of precise genetic manipulations on
the metabolic activities of E. coli. A potential application
is to address the problem of acetate accumulation in an E.
coli culture. One of the major technical challenges in
recombinant protein production processes is to achieve
high expression level of the cloned gene and high cell
density. Unfortunately, under these demanding conditions,
the amount of acetate accumulated in the reactor increases
enormously, often to a level that has a detrimental effect on
both cell and protein yields.
Various operational strategies have been proposed and
tested in the past to reduce the extent of acetate
accumulation (Chen and McDonald, 1990; Curless et al.,
1991). Most of these approaches fall into one of the
following three major categories: 1) avoidance of dissolved
oxygen limitation by increasing the agitation speed or
enrichment with pure oxygen; 2) restricting the quantity of
nutrient available for cell growth by adjusting the medium
feed rate using sophisticated control algorithms during fedbatch operation; 3) removal of toxic wastes, especially
acetate from spent medium, from the reactor using in situ
devices, such as a perfusion system. Although these
strategies can lead to an improved process performance,
their implementation is very difficult in practice since the
operating window to achieve optimal results requires
extremely tight control as well as being expensive to
implement.
It is our goal to reduce the level of acetate accumulation
through the manipulation of cellular activities. Figure1
depicts a simplified scheme of glucose metabolic pathways
of E. coli. One of the major pathways leading to the
formation of acetate is also shown. Several potential points
of attack leading to a lower rate of acetate production can
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be envisioned upon close inspection of the pathways
involved. One obvious approach is the destruction or
complete elimination of the portion of the reaction pathway
leading to acetate formation at the acetyl-CoA node. Other
approach include a better regulation of carbon source
uptake and therefore reducing the accumulation of
excessive pyruvate or acetyl-CoA. Another possibility is
.

the creation of a new reaction pathway that will fit into the
existing glycolysis pathways by introducing foreign genes
encoding an appropriately chosen enzyme system(s). It is
argued that a properly designed new reaction pathway will
perturb the existing pathway networks positively and will
result in a better strain with the desired cellular
characteristics

Figure 1. Schematic of the central metabolic pathways of E. coli.

Two different approaches have been investigated to
modulate the glucose uptake rate in E. coli (Chou et al.,
1994a; Chou et al., 1994b). In the first study, methyl αglucoside (α-MG), a glucose analog, which shares the
same phosphotransferase system (PTS) was used to
modulate the glucose uptake rate. This compound is a
nontoxic, metabolically inert, competitive inhibitor to
enzyme IIglc of the PTS. The glucose analog addition
resulted in a reduced acetate accumulation in the reactor
and subsequently led to a significant enhancement in
recombinant protein production (Chou et al., 1994a).
Based on the results from this study, a metabolically
engineered E coli strain with reduced acetate synthesis rate
was constructed through the modification of glucose
uptake rate (Chou et al., 1994b). It is argued that glucose

uptake is not well regulated in E. coli and that an
imbalance between catabolism and anabolism can result in
excess carbon flux; the cell subsequently shunts this excess
flux through the acetate pathway. It is further argued that
the modification of ptsG, which encodes the PEP: glucose
phosphotransferase system, will reduce glucose uptake and
thus will lower the acetate synthesis rate. An E. coli strain
bearing a mutation in ptsG was thus constructed and
characterized. It was shown that the growth rate of the
mutant strain was slower than its parent in glucose defined
medium but was not affected in complex medium.
Furthermore, experimental results using this mutant strain
showed significant improvement in culture performance
due to reduced acetate excretion. Both biomass and
recombinant protein production, using β-galactosidase as a
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model protein, increased by more than 50%. Recombinant
protein productivity at a level of more than 1.6 g/l using
this mutant strain was reported (Chou et al., 1994b).
The redirection of carbon flux toward less inhibitory
byproducts was also investigated. This approach for acetate
reduction involved the heterologous expression of the
Bacillus subtilis acetolactate synthase (ALS) gene in E.
coli (Aristidou et al., 1994, Aristidou et al., 1995); the
ALS enzyme converts pyruvate to acetoin. The choice of
this particular gene was based on the low acetate
production pattern of organisms that naturally contain this
enzyme. The pyruvate branchpoint was chosen as the point
of flux redirection due to its central position in the
metabolic network. The critical node in this case is thus
the pyruvate branch point where carbon flux partitioning
between lactate, acetyl-CoA and acetoin occurs. Figure 2
shows a modified schematic diagram, which includes the
newly added reaction pathway. The heterologous
expression of the ALS catabolic enzyme in E. coli
drastically modified the cellular glycolytic fluxes.
Specifically, acetate excretion into the broth was
minimized and always maintained at a level well below the

toxic threshold. It was also shown that acetoin, the
byproduct from the newly added pathway, was about 50
times less harmful than acetate. Moreover, the expression
of the biologically active ALS enzyme in E. coli has been
shown to have a negligible effect on cell physiology; both
specific growth rate and cell yields were not affected
(Aristidou et al, 1994). Chemostat experiments and
subsequent metabolic flux analysis further revealed that the
ALS bearing cells were capable of maintaining a reduced
specific acetate production rate at dilution rates ranging
from 0.1 to 0.4 hr-1. In addition, the ALS strain was shown
to have a higher ATP yield and lower maintenance
coefficient (Aristidou et al., 1998). Using this genetically
engineered strain as the host for recombinant protein
production led to a significant increase in culture
performance. The expression of a model recombinant
CadA/β-galactosidase fusion protein under the control of a
strong pH-regulated promoter showed an increase of about
60% for the specific protein activity (to a level of 30% of
total cellular protein) and 50% in terms of the volumetric
activity in batch cultures (Aristidou et al., 1995).

Figure 2. Modified schematic of the central metabolic pathways of E. coli to include the newly added ALS pathway.
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The final examples are related to the manipulation of
pathways at the pyruvate and acetyl-CoA nodes. In
particular, we have investigated the effect of the
elimination of critical enzymes that are involved directly in
the formation of acetate, specifically the acetate kinase phosphotransacetylase (ack-pta) pathway, on cellular
behavior and culture performance (San et al., 1994; Yang
et al., 1998). The destruction of this pathway resulted in
low acetate levels at the expense of cell fitness. The mutant
strain had a much-lowered specific ethanol synthesis rate;
excess carbon flux was channeled through the lactate
synthesis pathway instead (Yang et al., 1998). In other
words, the LDH pathway from pyruvate becomes much
more competitive in this ack-pta mutant strain. In another
related study, reduction of acetate accumulation through
the isolation of mutant strains that are deficient in one of
the major acetate synthesis pathways was examined (San et
al., 1995). The behavior and performance of two isolated
fluoroacetate resistant mutants were then evaluated with
different medium composition under various growth
environments.
Particularly, the performance of the
fluoroacetate resistant mutants under strong recombinant
gene expression and relatively high cell density was
studied using a strong pH-inducible promoter system. It
was reported that the fluoroacetate-resistant mutant
AAA-1 (ack-) consistently out-performed its parent strain,
GJT-1. The AAA-1 strain accumulated less acetate and
produced significantly more recombinant protein. Using a
previously reported pH-inducible promoter system, the
production of β-galactosidase at a level as high as 40 % of
the total cellular soluble proteins while achieving an
optical density higher than 25 could be routinely obtained.
In addition, the performance of the AAA-1 mutant was
found to be less sensitive to the reactor dissolved oxygen
level (San et al., 1995).
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