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Cellular and Metabolic Engineering

An Overview
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ABSTRACT

Metabolic engineering is defined as the purposeful modification
of intermediary metabolism using recombinant DNA techniques.
Cellular engineering, a more inclusive term, is defined as the pur-
poseful modification of cell properties using the same techniques.
Examples of cellular and metabolic engineering are divided into five
categories:

1. Improved production of chemicals already produced by the
host organism;

2. Extended substrate range for growth and product formation;

3. Addition of new catabolic activities for degradation of toxic
chemicals;

4. Production of chemicals new to the host organism; and

5. Modification of cell properties.

Over 100 examples of cellular and metabolic engineering are summa-
rized. Several molecular biological, analytical chemistry, and mathe-
matical and computational tools of relevance to cellular and metabolic
engineering are reviewed. The importance of host selection and gene
selection is emphasized. Finally, some future directions and emerging
areas are presented.

Index Entries: Metabolic engineering; cellular engineering;
strain improvement.

*Author to whom all correspondence and reprint requests should be addressed.
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INTRODUCTION

Cellular engineering and metabolic engineering are interrelated fields
of broad practical and basic importance, made possible by the development
of recombinant DNA technology. Both fields are highly multidisciplinary,
drawing on information and techniques from biochemistry, genetics,
molecular biology, cell physiology, chemistry, chemical engineering, and
systems analysis.

Although cellular engineering, metabolic engineering, and related
terms are used widely in the scientific and technical literature, there are
currently no clear-cut definitions of these terms. Some of the more com-
monly used terms and their definitions are listed in Table 1. Metabolic
engineering is most often used for applications in industrial microbiology
and bioprocess engineering. The terms in vitro evolution and directed evo-
lution are used to describe both the directed modification of organisms
using recombinant DNA technology and the use of strong selective pres-
sures, such as can be obtained in a chemostat. The terms are primarily
used in the context of environmental microbiology. Molecular breeding
is synonymous with metabolic engineering, and is the favored term of
Japanese researchers. Cellular engineering is generally used to describe
work involving the modification of animal and plant cells, but is also used
for bacteria, and is the most inclusive of the terms. Other terms, such as
plasmid-assisted molecular breeding (6) and plasmid-based catalysis (9,10),
are overly restrictive in that much of the current work in cell modification
involves the integration of genes into the chromosome. A final, although
less glamorous, description of much of the work reviewed here is ‘‘rational
strain development.”’

For this article, metabolic engineering is defined as the purposeful
modification of intermediary metabolism using recombinant DNA tech-
niques. Cellular engineering is defined as the purposeful modification of
cell properties using such techniques. Cellular engineering encompasses
much of what is called metabolic engineering. However, it is not all-inclu-
sive, since metabolic pathways can be modified and used apart from the
cell or in artificial cells (e.g., in vitro multienzyme systems).

This article is divided into four parts. The first is a summary of ex-
amples of cellular and metabolic engineering. The purpose of this section
is primarily to demonstrate the scope of these areas. A detailed literature
search of almost any of the examples described in this section will reveal
numerous related papers and patents. In addition, the number of examples
of cellular and metabolic engineering is increasing rapidly. The second
part is a review of various tools of use to the cellular or metabolic engineer.
The third part is a discussion of guidelines and general considerations for
pathway and cell modification. The final part is a discussion of future
directions. Additional aspects of cellular and metabolic engineering have
recently been reviewed by Nerem (8) and Bailey (1).
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EXAMPLES OF CELLULAR
AND METABOLIC ENGINEERING

There are numerous applications of cellular and metabolic engineering
described in the scientific and patent literature. In this article, examples of
these applications are divided into the following categories:

1. Improved production of chemicals already produced by the
host organism;

2. Extended substrate range for growth and product formation;

3. Addition of new catabolic activities for degradation of toxic
chemicals;

4. Production of chemicals new to the host organism; and

5. Modification of cell properties.

The categories are somewhat arbitrary, and some examples fit into more
than one category; e.g., the work of Wood and Ingram (11) involves both
improving ethanol production by Klebsiella oxytoca and extending the sub-
strate range of the organism. In order to keep this article to a reasonable
size, only examples that demonstrate product formation or some clearly
altered cell property are presented. The scope of the article has been fur-
ther restricted by not considering the modification of cells for the produc-
tion of proteins or examples involving protoplast fusion.

Improved Production of Chemicals
Already Produced by the Host Organism

Examples of metabolic engineering to improve chemical production
are listed in Table 2. The host organism refers to the organism (cell) that is
the recipient of the new genetic material or that has its genetic make-up
altered. The new genetic material can be from the host itself or from a
foreign organism. The examples are divided into catabolic end products,
antibiotics, vitamins and amino acids, polymers, and other chemicals.

In the area of catabolic end products, by far the most work has been
done on ethanol production. The primary host organisms of interest have
been Escherichia coli and Klebsiella species, primarily because of the wide
substrate range of these organisms and the powerful molecular biological
tools available for their manipulation. Both of these organisms naturally
ferment sugars to small amounts of ethanol, but with the addition of pyru-
vate decarboxylase (PDC) from Zymomonas mobilis or both PDC and alcohol
dehydrogenase from Z. mobilis, they are excellent ethanol producers, and
can utilize glucose, xylose, and lactose. In addition to the work described
in Table 2, much work has been done on the characterization and analysis
of metabolically engineered ethanol producers (53-58). Another active
area is butanol production by Clostridium acetobutylicum (26,59); however,
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since C. acetobutylicum is a more difficult organism to work with than E. coli,
and much less is known about its genetics and physiology, the progress
in metabolic engineering has been fairly slow. Once the technical barriers
are overcome, metabolic engineering of butanol production is likely to
develop rapidly. '

Metabolic engineering of antibiotic production is a huge area of great
practical importance and is just briefly touched on in this article. The work
has focused on improving the production of known antibiotics, the modi-
fication of known antibiotics to improve their properties, and the dis-
covery of new antibiotics (31). Some examples of improving the produc-
tion of antibiotics by their natural producer are summarized in Table 2.
(Examples of the production of modified or new antibiotics and of the
production of known antibiotics in an new host are summarized in Table
3). Two factors that make antibiotic production particularly attractive for
metabolic engineering are that antibiotic genes are generally clustered
and, thus, easier to clone than might be initially expected, and that the
genes are often positively regulated, so it is possible to improve produc-
tion by overexpressing the regulator (97).

One of the most impressive examples of metabolic engineering is
the improvement of phenylalanine production. Phenylalanine is of com-
mercial importance for the production of the sweetener aspartame. For
example, Backman et al. (42) have cloned and expressed multiple genes
in the host organism, altered the regulatory properties of the organism
at the genetic and enzymatic levels, and used a variety of special tech-
niques, such as excision vectors, to improve production. The engineered
strain produced over 50 g/L of phenylalanine.

The improvement of polymer production by organisms is of great
practical importance. The two examples listed in Table 2 are xanthan gum
and bacterial cellulose. Another polymer of interest is polyhydroxybuty-
rate (PHB) (66). However, the greatest potential in this area is the produc-
tion of novel polymers and polymers that are new to the host organism
(Table 3).

Metabolic engineering can be used to alter organisms so that they will
overproduce practically any metabolic intermediate. Several compounds
that have been overproduced using metabolic engineering techniques in-
clude peptides, lipids, and intermediates of aromatic amino acid synthe-
sis (Table 2). Clearly, the range of potential products is enormous.

Extended Substrate Range
for Growth and Product Formation

A very practical aspect of metabolic engineering is the extension of
the substrate range that a host organism can use for growth and product
formation. Several examples of this work are given in Table 4. Most of
the work has focused on engineering organisms to use lactose, a major

Applied Biochemistry and Biotechnology Vol. 38, 1993
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byproduct of the cheese-making industry, and xylose, the primary five-
carbon sugar in biomass. Work has also focused on the utilization of cellu-
lose. For complex substrates, such as cellulose, the approach that has been
most often used is to clone hydrolytic enzymes into the cell. However, a
difficulty with this approach is that the enzymes must be secreted into the
medium to have access to the substrate. Wood and Ingram (11) have gotten
around this problem for ethanol production from cellulose by developing
a multistage process that involves lysing the cells to release the enzyme.
In the process, a temperature-stable cellulase gene from Clostridium ther-
mocellum cloned on a plasmid is added to Klebsiella oxytoca, which has the
Zymomonas mobilis ethanol production genes stably integrated into the
chromosome. In order to start up the process, the cells are grown on a
readily usable substrate, such as glucose. The cells from the first batch are
then lysed, and the cellulase is used to hydrolyze cellulose. The medium
is then inoculated with the same type of engineered cells, and the process
is repeated.

For simple sugars, such as lactose, the engineered cells need both the
proper sugar transport system and the necessary catabolic enzymes. The
importance of transport systems in metabolic engineering is discussed by
Romano (106). Lactose utilization is a relatively easy property to engineer
in an organism because much is known about the lactose operon. The
addition of xylose-utilizing ability to the yeast Saccharomyces cerevisiae is
of great interest, but has proven to be difficult (107). Much early work
focused on engineering xylose isomerase in yeast. Another potential
approach to xylose utilization in S. cerevisiae is to add genes for enzymes
that catalyze the reduction of xylose to xylitol and the oxidation of xylitol
to xylulose (108).

Addition of New Catabolic Activities
for the Degradation of Toxic Chemicals

The first example of metabolic engineering (in 1974) was the construc-
tion of several Pseudomonas strains able to catabolize a wide range of sub-
trates, including camphor and naphthalene (109). Some further examples
of the addition of new catabolic activities for the degradation of toxic chem-
icals are given in Table 5. Both the recombinant DNA approach (which in
the case of adding new catabolic activities is often called in vitro [or labor-
atory] evolution [4]) and other less precise approaches (such as inter-
genetic mating [114]) are used. Work in this area is difficult, partly because
of the lack of knowledge of the relevant biochemical pathways and partly
because of the unfavorable energetics of the utilization of some substrates,
problems with transport of sparingly soluble substrates, the generally
low substrate concentrations, and substrate toxicity (especially when the
substrate concentration is high).

Applied Biochemistry and Biotechnology Vol. 38, 1993
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Production of Chemicals
New to the Host Organism

This is one of the most exciting applications of metabolic engineering.
Several examples of the production of chemicals new to the host organism
are given in Table 3. The table is divided into sections on antibiotics, poly-
mers, and other chemicals. The area of greatest activity has been the pro-
duction of antibiotics, with the primary focus on the discovery of new
(hybrid) antibiotics. It is beyond the scope of this article to discuss the
vast amount of research on the discovery of new antibiotics (for reviews,
see 31,97,115,116). The finding that many antibiotics genes are clustered
and that some genes of related pathways show crosshybridization has
made such work somewhat easier (97). One consideration with hybrid
antibiotics is that the host organisms must be resistant to the antibiotic in
order to give good production.

The production of new polymers is another major application of meta-
bolic engineering. Peoples and Sinskey (66) have called this area biopoly-
mer engineering. One large area of biopolymer engineering, the use of
recombinant DNA technology for the production of protein-based mate-
rials, is not reviewed here. The genes for the polyhydroxybutyrate (PHB)
pathway in Alcaligenes eutrophus have been cloned by several research
groups, and there is a major worldwide thrust to develop metabolically
engineered cells to produce PHB and derivatives of this biodegradable
plastic. Recently, this pathway was cloned and expressed in a plant, al-
though very little PHB was produced (69). Another major area of oppor-
tunity is the genetic modification of polysaccharides. One example is the
genetic modification of xanthan gum (70). Another example is the cloning
of the xanthan gum biosynthetic pathway into an organism capable of
anaerobic respiration (Dohery, unpublished). One of the major costs in
polysaccharide production is the energy required for aeration. Organisms
capable of anaerobic respiration can use very soluble compounds, such as
nitrate, instead of oxygen (which has low water solubility), as the terminal
electron acceptor. Presumably the savings in aeration costs will make up
for the lower metabolic efficiency of anaerobic vs aerobic respiration.

Two ““classical’” examples of metabolic engineering are the production
of indigo and the vitamin C precursor, 2-keto-L-gluconic acid (2-KLG).
The production of indigo by E. coli containing a genetically engineered
naphthalene dioxygenase gene was a serendipitous discovery (72,73).
Indigo may be one of the first commercial products of a metabolically
engineered organism (117). Since these original developments, alternate
metabolic engineering approaches for both 2-KLG (82) and indigo (74-78)
have been reported.

A growing number of other chemicals have been produced by meta-
bolically engineered organisms. Draths and Frost (88) reported the pro-
duction of catechol in an engineered strain of E. coli (the strain was not
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engineered to produce catechol, but the presence of the engineered genes
evidently caused the induction of silent genes or, in some other way, redi-
rected the metabolic flux). Tong et al. (3) recently constructed a metabolic
pathway for 1,3-propanediol (1,3-PD) in E. coli. The pathway was con-
structed as a model system for the investigation of metabolic engineering
and also as the initial step in the development of a process for the produc-
tion of 1,3-PD, a polymer intermediate, from glycerol and other renew-
able resources.

Modification of Cell Properties

Examples of the modification of cell properties are given in Table 6.
Some of these are not examples of metabolic engineering because they do
not involve the manipulation of intermediary metabolism; they are, how-
ever, examples of cellular engineering as defined in the Introduction. The
examples involve a wide range of organisms, from bacteria to animal cells,
and include a diverse set of properties, from improved growth rate to glu-
cose-stimulated insulin secretion.

The replacement of the energetically less efficient GOGAT ammonia
uptake system with the GDS in Methylophilis methylotrophus (119) in order
to improve the efficiency of the large-scale production of bacterial protein
is one of the first industrial examples of cellular engineering (and perhaps
the first large-scale use of a genetically engineered microorganism). This
work exemplifies the principle that properties of organisms that are nec-
essary for survival in nature are not necessarily desirable in the controlled
environment of a bioreactor.

Another significant development in cellular engineering is the expres-
sion of the Vitreoscilla hemoglobin gene in bacteria (120,122) and other
organisms, to improve growth and product formation under oxygen-
limiting conditions common in industrial bioreactors with high cell den-
sities. The expression of the hemoglobin gene has potential commercial
applications in processes for the production of proteins, antibiotics, and
amino acids (142).

Another class of examples involves the improvement of the ““hardi-
ness’’ of the cell or organism. Various genes for salt tolerance, drought
tolerance, pathogen resistance, and resistance to toxic metabolic inter-
mediates have been identified and expressed in cells. Two related areas of
great practical importance that are not included in Table 6 are antibiotic
resistance and phage resistance.

Cells have recently been engineered for use in bioassays of toxic chem-
icals. Buchholz et al. (131) have developed a cell line that can be used for
the detection of promutagenic chemicals. Previous systems have required
the use of liver homogenates. Rosson has developed a whole-cell biotu-
minescence-based system for detecting toxic heavy metals (130).

Applied Biochemistry and Biotechnology Vol. 38, 1993
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Several examples given in Table 6 are of biomedical significance and
fit the notion of cellular engineering as described by Nerem (8). One is
the modification of the epidermal growth factor receptors on mammalian
cells in order to modify the proliferation response. An implication of
modifying regulatory receptor/ligand interactions is that it may be possible
to reduce the requirement for growth factor by mammalian cells grown in
culture (139). A second example is the engineering of a human pituitary
cell line to have the properties of an insulin-secreting (3 cell (141).

TOOLS FOR CELLULAR
AND METABOLIC ENGINEERING

Cellular engineering and metabolic engineering as defined in the
Introduction and as illustrated by the examples in Tables 2-6 draw on a
wide range of disciplines and technologies. It is probably impossible to
summarize all the tools needed to engineer a cell or an organism success-
fully. However, there are some broad classes of tools that are needed for
this work and that will become more important as these fields develop.
They include molecular biology tools needed to construct genes and modify
organisms, analytical chemistry and measurement tools needed to char-
acterize modified cells, and mathematical and computation tools needed
to model, design, and predict the properties of modified organisms. Each
of these areas has a vast literature. Highlights and key developments will
be presented here.

Molecular Biological Tools

Nearly all of the tools and techniques of genetic engineering are needed
for cellular and metabolic engineering. Some tools that have been specifi-
cally developed for metabolic engineering are:

1. Transformation systems for industrially important chemical-
producing microorganisms, such as Corynebacterium, C. aceto-
butylicum (59), and Micromonospora (30).

2. Special vectors and promoters, such as the excision vector
used in the Backman phenylalanine process for the excision of
the tyrosine biosynthetic gene to create a tyrosine auxotroph
during the final stages of the phenylalanine fermentation (40,42)
and the regulated promoter used in the 2-KLG process (81).

3. Methods for stabilizing cloned genes, such as the integration
of the genes into the chromosome of Pseudomonas aeruginosa
(99), cyanobacteria (in a wide-ranging patent on metabolic
engineering by Szalay and Williams [143]), and E. coli (23).

4. Markers for the tracing and analysis of metabolic pathways,
such as the blue-black markers for Streptomycetes (144).
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Many additional tools will be developed as more of the work in genetic
engineering moves from the overproduction of proteins to the engineering
of new pathways and new cell properties.

Analytical Chemistry
and Measurement Tools

As with the molecular biological tools, any of existing analytical tech-
niques are of critical importance for cellular and metabolic engineering.
Metabolic engineering is leading to a resurgence of interest in metabolic
pathways; many of the classical techniques for studying pathways, includ-
ing mass balancing, isotope labeling, and analysis of blocked mutants, are
needed. Also, the traditional enzyme assay will continue to be important.
However, noninvasive real-time analyses, such as NMR (54,145) and flow
cytometry, will increase in importance, and new methods will be needed.

Mathematical and Computational Tools

Most of the few existing mathematical and computational tools for
metabolic engineering involve information management and systems
analysis. Metabolic engineering requires both genetic information, and
information on the biochemistry of the pathways and the physiology of
the host organism. DNA data bases and computer programs are widely
available, but currently do not link DNA data bases with information on
metabolism. Recently, Mavrovouniotis (146 ) has developed a group con-
tribution method for estimating standard Gibbs energies of biochemical
compounds in aqueous solution, and Karp (147) has constructed a com-
puter knowledge base of 981 biochemical compounds, which may help to
close this gap.

Cells and organisms are complex integrated systems. Even relatively
simple analyses, such as the calculation of the maximum theoretical yield
of a metabolite, are difficult. The structure or topology of the pathway
greatly influences the yield. Cooney and Acevedo (148) have shown how
various differences in metabolism (and topological constraints) influence
the theoretical yield of penicillin. Papoutsakis (149) later outlined the theo-
retical background of yield analysis and applied it to the acetone-butanol
fermentation.

Seressiotis and Bailey (150,151) developed an artificial intelligence (AI)
program, Metabolic Pathway Synthesis (MPS), for the systematic synthesis
of biochemical pathways. MPS generates all the possible pathways from a
substrate to a product, but does not balance cofactors. Mavrovouniotis et
al. (152) developed an Al program for computer-aided synthesis of bio-
chemical pathways that combines elements of pathway synthesis with the
calculation of maximum theoretical yields. The program gives all potential
routes from the substrate to the product, given a set of appropriate stoi-
chiometric constraints.

Applied Biochernistry and Biotechnology Vol. 38, 1993



130 Cameron and Tong

The identification of kinetic constraints has been investigated exten-
sively over the last 20 years. Savageau and colleagues (153-155) developed
Biochemical Systems Theory (BST) to represent the kinetics of biochemical
networks in a power law formulation. Kacser and Burns (156 ) and Heinrich
et al. (157) independently developed Metabolic Control Theory (MCT) to
handle similar problems. Although Savageau and his colleagues have
shown BST and MCT are mathematically equivalent (158), there is still
debate about which theory is better for the description of in vivo dynamics
(159). In both approaches, the kinetic data of a given biochemical network
are transformed into a mathematical model, and control coefficients are
determined. Control coefficients are an index of the relative importance
of a given enzyme to the desired flux around a steady state. The enzyme
with the highest control coefficient in a given biochemical network is the
rate-limiting step. The concept of control coefficients has been extended
to the sensitivity, which is not restricted around a steady state and is a
function of time. Malmberg and Hu (160) have applied the concept of
sensitivity to identify the rate-limiting step in cephalosporin biosynthesis.

Although the above approaches are mathematically sound, the utility
of these approaches in metabolic engineering is still limited. This is because
the accuracy of the prediction depends heavily on the accuracy of the kin-
etic rate expressions and the experimental data. Palsson and Lee (161)
have pointed out that the analysis of an incomplete metabolic model can
be misleading and is not indicative of the behavior of the full model. Since
most biochemical networks are extremely complicated and most kinetic
data are obtained in vitro, the accuracy of sensitivity analysis is doubtful.
Liao and Lightfoot (162) have proposed the concept of the characteristic
reaction path (CPR) to estimate the in vivo kinetics. Recently, Delgado
and Liao (163) have proposed a method to identify rate-limiting steps
without kinetic parameters. Stephanopoulos and Vallino (164) have pro-
posed the concept of network rigidity to determine the in vivo metabolic
control in a semiempirical way. All these methods await testing in a real
metabolic engineering model system. Many of issues relating to metabolic
control analysis have recently been reviewed by Liao and Delgado (165).

The above theories and analyses are directed toward metabolic engi-
neering. Additional tools and approaches are needed for the analysis of
aspects of cellular engineering. An example is the analysis of receptor/
ligand interactions developed by Starbuck and Lauffenburger (140).

GUIDELINES
AND GENERAL CONSIDERATIONS

The development of better analytical techniques and mathematical
and computational tools is important for the future of cellular and meta-
bolic engineering. As stated by Bailey (1), we need to move ““toward a
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science of metabolic engineering.”” The need for more science is supported
by the results of some of the best examples of metabolic engineering. For
example, in 2-KLG production, the use of a regulatable promoter system
gives better results than a constitutive system (81). For phenylalanine,
the overproduction of some enzymes in the pathway is detrimental to
product formation (42). However, the successful practitioner also needs
to understand the “‘art’’ of cellular and metabolic engineering. A number
of guidelines for the selection of the host organism and the selection of
the pathway are given below. The fact that cellular and metabolic engin-
eering are iterative processes, drawing on many disciplines, must be
reemphasized.

One of the first decisions that needs to be made in metabolic engi-
neering is host selection. Many factors must be considered in making this
decision. These include the availability of cloning vectors and the ease of
cloning (15), pathogenicity (16), substrate range (15,16,18), environmental
““hardiness’’ (20,22), the presence of key intermediates (79,81), the avail-
ability of information on the physiology and genetics of the organism
(42), the availability of regulatory mutants (44,68), the presence of defi-
ciencies in intraplasmid recombination (97), and the ability to utilize inex-
pensive sources of nutritional supplements. For production of food or food
additives, the use of generally recognized as safe (GRAS) organisms is
desirable. E. coli meets many of the above requirements and is the organ-
ism of choice for at least the initial stages of many metabolic engineering
projects (42). One of the most extensive published investigations of host
properties is the analysis of lactobacilli as potential hosts for ethanol-pro-
ducing genes (166). In this work, 31 strains were tested for ethanol toler-
ance and carbohydrate metabolism.

Another key decision is the source of the enzymes for pathway con-
struction. For example, a variety of organisms possess pyruvate decarbo-
xylase, but the Z. mobilis enzyme was selected for the ethanol pathway
engineering work (22). Factors that influence gene selection include the
availability of the gene, the kinetic properties of the enzyme (21), the
temperature stability of the enzyme (11), and the need to have unique
technology for patent purposes (e.g., compare [81] with [82]). Other fac-
tors of potential importance, but that have only been addressed peripher-
ally in the examples cited in this article, are the complexity of the enzyme,
specific cofactor requirements, the regulatory properties of the enzymes
(42), and enzyme-enzyme interactions.

Many authors have pointed out the iterative and multidisciplinary
nature of cellular and metabolic engineering. Bailey describes some of the
"‘potential and perils of rational design’’ in completing the metabolic engi-
neering cycle (I1). The perils include use of industrial strains rather than
laboratory strains, the lack of good analytical methods, the lack of design
principles, and the high probability of unanticipated cell responses to
modifications. McCue and Hanson (132) summarize the iterative approach
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in a flow chart that is specifically aimed at modifying plant stress resis-
tance, but that is generally applicable to cellular and metabolic engineering.
Mathematical models and computer simulations are also important steps
in the iterative process (87). The importance of combining the knowledge
of areas such as genetic engineering, microbiology, chemical engineering,
fermentation, and processing, is emphasized by Murata and Kimura (48)
and Backman et al. (42).

FUTURE DIRECTIONS AND CONCLUSIONS

The fields of cellular and metabolic engineering are less than 20 years
old (dating from the 1974 patent of Chakrabarty et al. [109]). Although
much has been accomplished during this time, the technology is far from
mature. One area that is likely to have a great impact on metabolic engi-
neering is the use of catalytic antibodies to create novel metabolic activities.
A catalytic antibody was recently used to complement an insertion muta-
tion in the structural gene for chorismate mutase in yeast (167). Another
area is the use of fusion proteins for the catalysis of sequential or coupled
metabolic reactions. E. coli-containing 8-galactosidase-galactokinase fusion
proteins with short linkers grew faster on lactose in the presence of galac-
tose dehydrogenase than cells containing the same fusion protein, but
with longer linkers (168). This indicates that the proximity of enzymes to
one another has an effect on metabolism. Fused enzymes have also been
used in S. cerevisiae for the whole-cell hydroxylation of progesterone to 17
a-hydroxyprogesterone (169). The ‘‘programming’’ of polyketide syn-
thases to make hybrid complexes capable of catalyzing the synthesis of
“hybrid’’ polyketide-derived carbon chains (170) is a further extension of
metabolic engineering. Some novel aspects of cellular engineering have
been suggested for the improvement of cells for the degradation of toxic
wastes. They include the design of transport systems for toxic compounds
and the construction of cells with the ability to move toward poorly dif-
fusible compounds (4).

An understanding of cells as integrated systems will become increas-
ingly important. Mittenthal et al. (171) have recently described a theory
of organization for the bacterium E. coli in a paper entitled “‘Designing
bacteria.”” Savageau (172) has called for the development of integrative
biology. The needs of cellular and metabolic engineering may well be the
driving force for such a development.

The purpose of this article has been to provide a broad overview of
cellular end metabolic engineering. These fields will continue to expand
and to be important in their own right. They will also provide an important
foundation for the development of even more complex technologies, such
as tissue engineering, gene therapy, and whole-organism engineering.
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