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the necessary genetic changes and/or environmental controls to 
improve such cells. This is also the goal and essence of metabolic 

s hardly a day passes recently without yet another biolog- engineering. 
ical breakthrough, you may have asked your microbiolo- Metabolic engineering was developed in the previous decade to A gist friend whether he or she knows of a microbe capable improve industrial strains using modern genetic tools. TO be sure, 

of producing the molecule of your choice. In the unlikely event that microorganisms were being systematically improved by random 
one is not readily available, he or she may suggest some other mutagenesia and strain screening for at least SO years before yield- 
microbe that makes a similar product convertible to the desired ing overproducing strains of antibiotics, amino acids, citric acid, 

In trod uct ion 

one, or, better 
yet, your micro- 
biologist friend 
will formulate 
some screen to 
select microbes 
and their mutants 
that can pro- 
duce a whole 
family of simi- 
lar products 
with potential- 
ly better prop- 
erties than the 
one initially 
sought. 

The problem 
with most such 
candidate or- 
ganisms is that 
they only make 
traces of the 
desired mole- 
cule and under 
conditions that 
may be diffi- 
cult to imple- 
ment on an 
industrial scale. 
These microbes 
must be im- 

Figure 1. Unanticipated outcomes following single gene overexpression in metabolic engi- 
neering. 
To increase the low yield of product Y in wild type cells, enzyme E3 is overex- 
pressed. However, due to  network interactions, this has minimal effect on the 
rates of product X and Y accumulation. Purple circles indicate pool size of 
metabolites in the network. Arrow thickness depicts relative flux magnitude of the 
corresponding reactions. Cell improvement is achieved by an iterative scheme that 
involves assessment of cell physiology at each step. 

acetone-butanol 
solvents, and 
many other fer- 
mentation prod- 
ucts. The devel- 
opment of recom- 
binant technol- 
ogies in the early 
1980s gave rise 
to the notion of 
directed strain 
m o d i f i c a t i o n  
through the in- 
troduction of 
specific genes 
conferring de- 
sirable proper- 
ties to cells for 
industrial, med- 
ical and envi- 
ronmental ap- 
plications. 

Metabolic en- 
gineering thus 
emerged as the 
scientific disci- 
pline occupied 
with the im- 
provement of 
cellular proper- 
ties through in- 

proved before their potential can be realized. If you are similarly 
concerned about a particular disease, you may want to know how 
a newly discovered gene, or some other gene(s) buried in the 
sequenced genome, can help discover a drug for the disease or 
define a strategy for gene therapy. The answer to these questions 
depends critically on how well we can characterize the physiolog- 
ical state of cells and tissues, and use this information to prescribe 

troduction to cells of specific transport, enzymatic or regulatory 
reactions using primarily recombinant technologies (Bailey, 1991). 
One should note the broader definition of metabolic engineering 
aiming at the improvement of cellularproperties in general instead 
of simply the improvement of the yield or productivity of an indus- 
trial product. This broadening reflected recognition of the fact that 
important microbial traits, such as resistance to product inhibition, 
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viability and growth of aerobic organisms under hypoxic condi- 
tions, resistance to toxicity or high osmotic pressure, depend on 
specific genes and, as such, they can be manipulated just as well as 
product yield. 

An impressive number of metabolic engineering applications 
have appeared in less than a decade along with a new conference 
series, a new journal, and several books on this subject. Research 
activity has yielded important results in diverse areas ranging from 
amino acid fermentations (Koffas, 2000) to polyketide and novel 
antibiotic synthesis (Pfeifer et a]., 2001), indigo and aromatic 
amino acid synthesis in Escherichia coli (Murdock et al., 1993), 
golden rice (Ye et al., ZOOO), ethanologenic E. coli (Ingram et al., 
1999), lycopene pathway for P-carotene synthesis (Farmer and 
Liao, 2000), indene biocatalysis for the synthesis of chiral phar- 
maceuticals (Stafford et al., 2002), tricistronic gene expression in 
Chinese Hamster Ovary cells for foreign protein overproduction 
under no growth and high viability conditions (Schlatter et al., 
2001 ), manipulation of the glycosylation pathway in mammalian 
cells (Weikert 
et al . .  1999), 
and many oth- 
ers (Ostergaard 
et al., 2000). In 
addition, a num- 
ber of applica- 
tions have ap- 
peared in the 
medical (Yar- 
mush et a]., 
1999)andenvhn- 
mental (Keas- 
ling et al., 
2000) areas. 

A dominant 
element in the 
above applica- 
tions is the ex- 
tensive use of 
applied molec- 
ular biological 
methods for the 
introduction of 
genetic modifi- 

As chemical engineering research becomes increasingly molec- 
ular, I think that molecular biological applications should be 
encouraged to make this critically important area an important 
component of the portfolio of legitimate chemical engineering 
research. Manipulating genes, after all, is just another kind of 
chemistry and chemical engineers have demonstrated repeatedly 
that they can deploy these tools profitably in areas where no one 
ventured before them. As with all cutting-edge interdisciplinary 
research, rigorous training is a necessary element in metabolic 
engineering and most successful in an interdisciplinary environ- 
ment where specialized expertise is available at all times. 

Engineering Content of Metabolic Engineering 
Rigorous Determination of the Metabolic Phenotype. Beside 

the synthetic part of genetic engineering discussed above and being 
enabled by molecular biology, metabolic engineering also com- 
prises an equally important analytical part that is very rich in engi- 

Figure 2. Iterative scheme of flux determination using labeled substrates and isotopomer 
measurements by GC-MS and 13C NMR. 

neering content. 
This part deals 
with the rigor- 
ous evaluation 
of the physiolo- 
gy of cells or 
metabolic phem- 
type, as a means 
of assessing the 
impact of a 
genetic change 
in a recombi- 
nant strain rela- 
tively to the 
wild-type con- 
trol. This eval- 
uation was lim- 
ited in the past 
to the measure- 
ment of simple 
m a c r o s c o p i c  
variables such 
as cell growth 
and extracellu- 
lar metabolite 

cations and controls of cellular functions at the genetic level. A nat- exchange rates. 
ural question then is whether metabolic engineering is nothing 
more than an industrial variant of genetic engineering and, if so, 
what is its particular relevance to chemical engineers. I will present 
in the sequel a broader vision of metabolic engineering that 
extends beyond the simple transfer of genes and manipulation of 
genetic controls in cells. 

First, however, 1 would argue that even the transfer of genes, no 
matter how foreign to some, should not be excluded from the port- 
folio of research activities of chemical engineers. For one, gene 
transfer and manipulation are just steps in the construction of a bet- 
ter biocatalyst, typically carried out in simple operations using 
reagents available from commercial vendors. Additionally, the 
degree of sophistication of methods employed in molecular bio- 
logical research is comparable to those required for making new 
materials with detailed molecular structures for use as catalysts or 
other applications, all areas where chemical engineers excel. 

Such measurements, however, are often inadequate for assessing 
the true physiological state of a cell and directing the next round of 
genetic manipulations. Figure 1 shows the pathway in a wild type 
and a recombinant cell resulting from the amplification of enzyme 
E, deemed important for increasing the yield of extracellular 
metabolite product Y. However, unforeseen changes in the pools of 
intracellular metabolites (depicted by the diameter of correspond- 
ing circles) give rise to flux redistributions that minimize the over- 
all impact of the increase in the activity of %. As a result, many- 
fold increases in enzyme activity often have only marginal effect 
on the rates of metabolite production. Furthermore, measurement 
of the extracellular products X and Y alone contain inadequate 
information for revealing the new intracellular flux configuration 
shown in the recombinant cell. 

It has been suggested (Simpson et al., 1999) that a most accurate 
representation of the cellular physiological state is provided by the 
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pathway fluxes defined as the actual in vivo rates of pathway 
metabolite conversion. For a linear pathway at steady state, the 
pathway flux equals the reaction rates of the intermediate steps. 
The new fluxes in the recombinant cell, especially theflux changes 
relative to the wild type control, contain information about the dis- 
tribution of kinetic control in the bioreaction network, which could 
be used to direct successive rounds of genetic modifications. 

Fluxes are important determinants of cell physiology. The actu- 
al physiological state of a culture would be represented most accu- 
rately by variables describing what the cells do under a particular 
set of conditions rather than how the cells look, as is sometimes the 
practice. This information is provided most comprehensively by 
the vector of intracellular metabolic fluxes, ([v,, v2, ..., v8] for the 
network of Figure 1). These fluxes can be determined to varying 
extent depending on what measurements are available. For exam- 
ple, measurement of the extracellular rates rs, rx. and ry ,  along 
with the assumption of pseudo-steady state for the pools of intra- 
cellular metabolites A-F of Figure 1,  allows the determination of 
some combination of the fluxes, but not each of them individually. 
For this purpose, more measurements are needed, obtained typi- 
cally in combination with the introduction of a labeled substrate. 

The majority of applications to date have used substrates with 
one or more carbon atoms labeled by C. However, a rich variety 
of isotopic substrates are potentiall available. "N may be useful 
to track nitrogen fluxes and I7O ' 0, as well as 2H labeled sub- 
strates, may be used in novel ways to reveal fluxes (Kelleher, 
2001). In some situations, radioisotopes may be more useful than 
stable isotopes and offer the potential to follow hosphorus fluxes. 
The introduction of a labeled atom, such as "C. in a metabolic 
pathway will label the molecules of the pathway metabolites to 
varying extents creating various metabolite positional isofopo- 
mers. The latter are defined as the fractions of molecules of a 
metabolite labeled in a specific manner. 

For example, for a three-carbon atom molecule M, there are 8 
3 (2 ) types of isotopomers arising from the presence of a I3C label 

at all possible combinations of the three carbon positions. Indicat- 
ing by * the presence of a label on a particular carbon atom, the 
eight isotopomers of the three-carbon atom metabolite M can be 
represented as: M( 1,2,3), M( 1 *,2,3), M( 1,2*,3), M( 1,2,3*), 
M(1*,2*,3), M(1*,2,3*), M(1,2*,3*), M(1*.2*,3*). These iso- 
topomers can be observed by two general measurement methods: 
NMR spectroscopy and gas chromatography-mass spectrometry 
(GC-MS). The former allows the measurement of total isotopic 
carbon enrichment of each of the metabolite carbons. For example, 
the measurement by NMR of the fraction of metabolite molecules 
labeled on carbon I ,  C( l), of the above metabolite M is related to 
the isotopomer fractions as follows: 

13 

I 

And similarly for other carbon atoms, 

C(2) = M(1,2*,3) + M(1*,2*,3) + M(1,2*,3*) + M(1*,2*.3*) (Ib) 
C(3) =M(1,2,3*) + M(1*,2,3*) + M(1,2*,3*) +M(1*,2*,3*) (Ic) 

GC-MS, on the other hand, provides measurements of muss iso- 
topomers, i.e., the fractions of M molecules with the same mass. 
Indicating by M the fraction of unlabeled molecules of the metabo- 
lite, M+I the fraction of molecules labeled on only one carbon, 
etc., mass isotopomer measurements are related to the positional 
isotopomers as follows: 

M = M(1,2.3) ( 2 4  
(2b) 
(2c) 

M+3 = M(1*,2*,3") ( 2 4  

M+ 1 = M(1*,2,3)+M( 1,2*,3)+M( 1,2,3*) 
M+2 = M(1*,2*,3)+M(1*,2,3*)+M(1,2*,3*) 

For a particular type of labeling substrate. intracellular fluxes 
determine the distribution of all positional isotopomers which, in 
turn, are mapped into the carbon enrichment and mass isotopomer 
measurements through Eqs. 1 and 2. The problem of flux determi- 
nation is then one of inverting the above relationship subject to the 
stoichiometric constraints of each isotopomer at a metabolic and 
isotopic steady state. For a typical metabolic network there may be 
of the order of several hundred to a few thousand such constraints 
combined with a few hundred measurements. The problem is one 
of nonlinear constraint minimization type with interesting issues of 
observahilir?; and solution multiplicir?;. This is a challenging class 
of problems whose solution, however. yields holistic results about 
the performance of metabolic networks in their entirety as opposed 
to specific results about individual reactions. It is noted that the 
available measurements provide substantial redundancy yielding 
an overdetermined system whose consistency and statistical prop- 
erties can be established. This approach is depicted in Figure 2 and 
has been fruitfully applied in the investigation of Corynebacterium 
glutamicurn (Klapa, 2001) and Penicillium chrysogenum physiolo- 
gy (Christensen and Nielsen, 2000) among others. 

Study of Kinetic Control in Metabolic Networks. Reaction net- 
works are complex systems, often ill-defined and poorly observed. 
The study of such systems has occupied a considerable fraction of 
chemical engineering research in the past and has been facilitated 
by the introduction of simplifying assumptions such as the pres- 
ence of a rate-limiting reaction step. The validity of this assump- 
tion for biological systems has been vigorously questioned. It has 
been argued instead that kinetic control in enzymatic reaction net- 
works, and, more generally, biological systems, is not concentrat- 
ed on a single step, but is rather distributed among several steps. 
This notion was first proposed by Kacser and Burns (1973). 
Kacser also introduced the concept of the , f z i ~ ~  control coeflicient 
C/ (FCC) as a measure of the degree of control exercised by a sin- 
gle enzyme E j  on a pathway flux J 

Thus, the (dimensionless) FCC can be thought of as the fractional 
change of the pathway flux divided by the fractional change in the 
amount or activity of a particular enzyme. In essence, this frame- 
work, known as metabolic control analysis (MCA), is a sensitivity 
analysis of system-wide properties such as the flux of a pathway or 
network of reactions, with respect to the various parameters affect- 
ing the pathway flux, such as enzymatic activity. Of the several 
theorems accompanying the MCA framework (see Fell (1997)), 
perhaps the most influential in terms of shaping a new mind frame 
of pathway understanding is the summation theorem stating that 
the sum of all FCCs of a flux with respect to all pathway enzymes 
equals unity 

(4) 

For a linear pathway, for example, all FCCs are positive and less 
than unity. Unless its FCC is very close to unity, an enzyme does 
not qualify as a rate-limiting step. Consequently, manyfold increas- 
es in the amount or activity of this enzyme will bring about only 

I El c; = 1 
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marginal changes in the pathway flux. This simple concept is at 
odds with persistent efforts to identify the “rate limiting enzyme” 
of a pathway, but it can explain the often-disappointing results 
obtained by the amplification of such enzymes. Furthermore, it 
questions the validity of the silver bullet-based approaches to many 
biotechnological applications ranging from drug development to 
industrial production. 

MCA was developed initially in the field of biochemistry where 
it is presently influencing the scientific thinking about enzymatic 
kinetics and their systemic effects on cellular function. It was 
embraced quickly by engineers seeking a better understanding of 
the behavior of entire bioreaction networks, who also further 
extended its concepts and applications. For larger systems, for 
example, reaction grouping is a very useful concept in identifying 
the relative importance of groups of reactions for a flux of interest. 
This is expressed by group f lux control coeflcients, gFCC, mea- 
suring the impact of introducing changes in the reactions of one 
group on the flux of another group. For the lysine biosynthetic net- 
work, for example, reactions can be organized in three groups: 
Group A comprising all glycolytic and pentose phosphate pathway 
reactions, group B comprising the citric acid cycle reactions, and 
group C of all reactions participating in the pathway of biosynthe- 
sis of aspartic acid family of aminoacids. 

Following the introduction of several perturbations (Simpson et 
al., 1998), whose effect was confined in the corresponding groups, 
the gFCCs were determined (Table 1) .  
Simple inspection of the table reveals that 
most of the kinetic control for lysine 
biosynthesis resides in the lysine pathway. 
This is a powerful result as it now directs 
attention to a specific area of a large net- 
work of reactions for further investigation. 
I should note that the results of Table 1 
were obtained from flux measurements 
alone in a set of experiments that lasted 
approximately six months. Of particular 
interest is the fact that an important 
enzyme in the lysine pathway (pyruvate 
carboxylase) had not been identified at the 
time that the above table was compiled, an 

individual genes and enzymes (Stephanopoulos and Sinskey, 
1993). As such, it has addressed questions of pathway synthesis 
(Mavrovouniotis et al., 1992), thermodynamic feasibility and prop- 
erties of pathways, distribution of kinetic control in metabolic net- 
works, metabolic flux, and flux control (see previous subsection), 
and metabolic reconstruction from individual enzymatic reactions 
(Stephanopoulos et al., 1998). This is an excellent foundation for 
furthering the goals of metabolic engineering as it seeks to devel- 
op understanding of the overall cellular system from the properties 
of its constituent elements. This integration will be accomplished 
through metabolite and isotopomer balances, as described earlier, 
but also by using pattern discovery methods aiming at establishing 
associations between classes of genomic and physiological data. 
Besides advancing its central goal of physiology determination, 
pattern discovery tools from metabolic engineering will have a 
very significant impact in structuring the intellectual content of the 
emerging field of Systems Biology. 

Some Important Probiems 
The great promise of and initial excitement about genetic engi- 

neering was that superior cells could be constructed that would be 
sustained at high viability under no or minimal growth, utilize an 
inexpensive substrate and secrete the product of interest at high 
rates, and make little or no other side product for maximal yield. It 

Table 1. Perturbed Reaction Group* 

1 1 1 0.07 1 1 0.42 
B e  0.09 -0.31 
2 O  0.02 4 . 3 4  1.32 

*gFCC for three reaction groups formed around the 
branch point of Pbosphoenolpyruvate and Pyruvate for the 
lysine biosynthetic network. Group A comprises all gly- 
colytic and pentose phosphate pathway reactions, group B 
reactions in the citric acid cycle and group C anaplerotic 
and other reactions in the pathway of aspartic acid family 
aminoacids biosynthesis. Table entries describe the rela- 
tive change in the flux of the affected group per unit of rel- 
ative change in the enzymatic activities of the perturbed 
reaction group. 

also that the predic- 
tions of Table I were recently validated experimentally in a quali- 
tative sense (Koffas, 2000). 

Framework of Integration for the Study of Cellular Function. 
Metabolic engineering is concerned with the dual task of changing 
cells so that they are more effective for the intended industrial or 
medical application, as well as rigorously evaluating the resulting 
cellular physiology. Genes and gene regulation are essential for the 
first task, along with experimental methods from molecular biolo- 
gy. Cell physiology, on the other hand, is a multivariable concept 
that needs to be defined and articulated in a holistic manner. This 
was illustrated earlier by the methods aiming at the determination 
of intracellular fluxes. As more methods are developed for the par- 
allel measurement of various classes of important intracellular 
molecules and increasing amounts of data related to the cellular 
phenotype accumulate, the need for a framework of integration of 
this information will become more pronounced. 

Integration has been all along a distinguishing characteristic of 
metabolic engineering. From the very beginning, metabolic engi- 
neering has been interested in the properties of cellular systems 
and metabolic bioreaction networks in their entirety rather than 

was soon realized, however, that to 
accomplish this goal, more is needed than 
the simple introduction of product form- 
ing genes in a host production cell. The 
reason is that gene products interact in 
intricate, nonlinear, and unpredictable 
ways so that simple genetic transforma- 
tions are accompanied by unanticipated 
and often undesirable results. 

This is not surprising in light of the dis- 
tribution of kinetic control discussed earli- 
er and the structural and regulatory com- 
plexity of cellular systems. The implica- 
tion for metabolic engineering is that, to 

achieve the above goal of a superior cell, one would have to 
attempt the coordinated expression of several genes. Similar to 
microbial metabolite overproduction, strategies for restoration of 
normal human cell function or screening for new drugs will have a 
higher probability of success if they target multiple reaction steps. 
Although single gene modification of substrate transport or prod- 
uct forming pathway produced interesting results in early studies, 
genetic modification of several steps will be key to altering truly 
systemic cellular properties. Identibing such genes and controlling 
them effectively is a core problem of metabolic engineering. For 
small (product forming or biocatalytic) pathways, rational 
approaches can be applied whereby the properties of the pathway 
are expressed and optimized as functions of the individual 
enzymes with well-defined and reliable kinetics (Stafford et al., 
2002). Fundamental aspects of flux determination and flux control, 
as presented in the previous section, are instrumental to this end. 

On the other hand, complex metabolic networks are initially bet- 
ter handled by combinatorial methods testing large numbers of ran- 
dom sets of genes as to their impact on the targeted cellular prop- 
erties and industrial figures of merit. Combinatorial approaches 
will benefit from good molecular biological techniques for the con- 
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struction of the libraries of random gene sets, and high throughput 
technologies for the efficient evaluation of the large number of 
resulting mutants. This mind-frame of research is exemplified in 
recent developments of single enzyme and pathway optimization 
using methods like directed evolution (Kuchner and Arnold, 1997) 
and gene shuffling (Stemmer, 2000). Once a satisfactory biocata- 
lyst has been obtained by such combinatorial approaches, it can be 
further optimized by methods involving rational pathway flux 
analysis and elucidation of flux control. 

The engineering part of metabolic engineering emphasizes 
physiology and cell function, described primarily by the vector of 
intracellular metabolic fluxes (referred to as the metabolic phenn- 
type). An important recent development is the introduction of 
DNA microar- 
rays for the rou- 
tine, genome- 
wide measure- 
ment of gene 
e x p r e s s i o n  
(Schena et al., 
1995). These 
microarrays are 
glass micro- 
scope slides 
c o n t a i n i n g  
thousands of 
specific probes 
for individual 
genes whose 
expression can 
be detected in 
parallel through 
hybridization 
of the microar- 
ray probes with 
the correspond- 
ing cDNA 
strands of the 
sample proper- 
ly  labeled by 
fluorescent dyes. 

tions leading to the activation of a transcription factor that initiates 
transcription of one or more genes. Thus, genes are activated to gen- 
erate mRNA templates (transcripts) that in turn provide the code for 
the formation of proteins responsible for vital cellular functions, such 
as metabolic conversions or transmission of signals, among many oth- 
ers. The individual small metabolite molecules thus affected by ruch 
reactions modulate the activity of enzymes and, along with other reg- 
ulatory factors, regulate the activity of genes. These processes can be 
conceptualized as occumng at four distinct, but interacting, layers of 
hierarchy: genes, transcripts ( M A ) ,  proteins, and small metabo- 
lites. While this organization is useful in describing the dominant hier- 
archical structure of cellular reactions, it is important to note that there 
is extensive interaction among the classes of molecules at all levels, 

Figure 3. Cellular functions by distinct groups of molecules (e.g.. genes, mRNA, proteins, 
storage compounds, and small metabolites), hierarchically organized and regu- 
lated by molecular interactions involving molecules from all organizational 
levels. 

DNA microarrays can thus yield data on the expression levels of a 
large number of genes from cellular and tissue samples, and these 
data collectively define the expression phenotype. 

A central problem in the quest for understanding the relationship 
between gene expression and cellular function is the linkage 
between the expression and metabolic phenotypes. It is not clear 
how this linkage will be most efficiently accomplished. Multivari- 
ate analysis and methods of pattern discovery will certainly play 
important roles. The importance of this endeavor stems from the 
fact that it will allow, for the first time, the derivation of relation- 
ships between aspects of cellular function (exemplified by the 
metabolic phenotype, among other parameters) and a specific set 
of genes whose activity is reflected in the expression phenotype. 
Elucidation of such linkages will provide important information 
about gene function especially in relationship to desirable cellular 
phenotypes and yield candidate genes for conferring to cells desir- 
able industrial or medical traits. 

Figure 3 shows the main intracellular processes. It shows how a 
ligand-receptor binding event initiates a cascade of signaling reac- 

p r i m a r i l y  
through modu- 
lation of the 
processes of 
gene expres- 
sion, transla- 
tion, and pro- 
tein activity by 
gene products 
and small 
metabol i tes .  
Until recently, 
no means were 
available to 
probe the di- 
verse interac- 
tions shown in 
the figure. 

The advent 
of microarray 
technology and 
the use of sta- 
ble isotopes in 
c o n j u n c t i o n  
with NMR and/ 
or GC-MS allow 
q u a n t i t a t i v e  
measurements 

of two important groups of variables, the pool of mRNA tran- 
scripts, and the rates (fluxes) of metabolic reactions, respec- 
tively. Proteomics promises to provide measures of protein profiles 
and fractions of activated molecules in signal transduction. 
Although we are some distance from realizing this vision, one can 
foresee the time when sufficient measurements will be available to 
allow the detailed modeling of a simple unicellular organism such 
as Escherichia coli. From a conceptual standpoint, this is a realis- 
tic, albeit immense, undertaking that could be materialized with a 
coherent and directed effort of several laboratories with partially 
overlapping expertise in the measurement and mathematical analy- 
sis of complex reacting systems. The chemical engineering para- 
digm has been applied successfully to similar systems in the past. 

Future Outlook 
Metabolic engineering, along with the broader biological sci- 

ences, has entered a period of rapid change. Changes are precipi- 
tated by a number of driving forces. 
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1. The rapid sequencing of whole genomes (genomics) is gen- 
erating fundamental data of immense value in cataloguing the 
basic blueprint of life. Genomics thus is supplying information 
about genes and gene regulation, both important ingredients of 
metabolic engineering. 

2. Applied molecular biological methods have reached a point 
of maturity where they can be applied on a routine basis in imple- 
menting biological constructions that introduce controls of meta- 
bolic processes at the genetic level. 

3. There is increased emphasis on renewable resource utiliza- 
tion, an area that has traditionally benefited from advanced 
biotechnological processes. 

4. An enormous array of opportunities in the medical, specialty 
chemicals, materials, fuels and environmental areas are being 
revisited as the capabilities of enzymes and cells continue to 
expand. In this regard it is important to note that there is no mole- 
cule of commercial interest that some microbe under some condi- 
tions is not able to produce and many novel molecules can be syn- 
thesized to meet present and future needs. 

The issue with all such applications has been one of economics, 
and this is precisely the area that metabolic engineering is address- 
ing through its focus on the construction of better biocatalysts. 
Finally, one should not lose sight of the fact that all this activity is 
fueled by an enormous public investment in the life sciences which 
is conservatively estimated to approximately one-quarter of a tril- 
lion U S .  dollars over the past 10 years in the U.S. alone. Such a 
concentration of R&D.funding is bound to create enormous oppor- 
tunities for new products and processes and valuable intellectual 
property centered around biology as enabling science. 

So, why might chemical engineers be interested in metabolic 
engineering? First, I believe that metabolic engineering combines 
the intellectual framework and implementation tools required to 
capture the enormous potential of biology for industrial and med- 
ical applications. Its concepts and tools should be familiar to 
chemical engineers as metabolic engineering borrows heavily 
from chemical reaction engineering. The importance of metabolic 
engineering in materials, fuels, and specialty chemicals (pharma- 
ceuticals and chiral compounds) is undeniable as evidenced by a 
growing number of applications in these areas. The greatest impact 
of metabolic engineering in the medical field will be in the devel- 
opment of methods for the rigorous assessment of the physiologi- 
cal state and determination of reasonable enzymatic targets for the 
treatment of disease. This will be implemented either by direct 
therapeutic intervention or screening programs for the discovery of 
new drugs. 

In addition to the above rather obvious applications of metabol- 
ic engineering, the second reason that justifies the continuing inter- 
est of chemical engineers in this area is that it is an excellent entry 
for them into a very rich field of scientific inquiry. Think for a 
minute of one of the simplest systems of transcriptional regulation, 
that of the luc operon, that regulates the expression of the two 
genes whose enzyme products are responsible for the transport of 
lactose into the cell and its breakdown into the two simple catabo- 
lizable sugars of glucose and galactose. When there is no lactose 
present, the transcription of these two genes is blocked by a con- 
stitutively expressed protein that prevents attachment of the RNA 
polymerase by binding on an operator binding site just upstream of 
the above two structural genes. When lactose is present, it inter- 
cepts this binding protein thus freeing the operator and allowing 
the transcription process to proceed unimpeded. 

There are very few nonbiological systems possessing anything 
that remotely resembles the efficiency and beauty of the lac oper- 
on. Yet, all biological systems owe their exceptional properties to 
specific chemical reactions catalyzed by enzymes that, in a grow- 
ing number of cases, can be uniquely prescribed from genomic 
information. In other words, genomics provide the means to define 
the specific steps of the chemical reaction system that can be sub- 
sequently analyzed using the tools of metabolic engineering. This 
is a profound difference from typical chemical reacting systems 
where defining the actual reaction steps is a major challenge. 
Obviously, chemical engineers are in a unique position to help elu- 
cidate such systems and realize the vision of a comprehensive cell 
model presented in the previous section. The vision of a single cell 
model that accurately simulates all cellular functions and predicts 
its responses to all environmental stimuli is a challenge that is 
commensurate in importance and magnitude to genome sequenc- 
ing. Just the same, it represents a noble and feasible goal in which 
chemical engineers can play a central role. 

Chemical reactions are, for the most part, responsible for the 
wonders of biology. Metabolic engineering combines the tools and 
concepts of reaction engineering and molecular biology for the 
analysis and purposeful modification of bioreaction networks. It 
also provides a framework for integrating and quantifying genom- 
ic information and cell-wide data generated from modem technolo- 
gies. As such, it is the natural vehicle for capturing the enormous 
potential of biology and transforming it into the enabling science of 
many new industrial and medical applications. Chemical engineers 
are in a unique position to extend their educational and research 
paradigm into the most exciting field of scientific inquiry. This will 
require that they embrace biology as a foundational science equal 
to chemistry and modify the curriculum such as to reflect this fun- 
damental change into chemical and biological engineering. 
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