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Preface |

My good colleague Professor Xue-Ming Zhao has kindly asked me to write a preface to this new text-
book on Metabolic Engineering and I am very happy to do so. A couple of years back Professor Xue-
Ming Zhao translated the textbook' I wrote together with Professor Stephanopoulos from English to
Chinese, but this textbook needs revision and I am therefore happy that there will now be a new up-
dated textbook on this important topic in Chinese.

Metabolic engineering is the enabling science for quantitative characterization of living cells and
the use of this for engineering cellular metabolism with the objective to improve their properties. We of-
ten talk about the Metabolic Engineering Cycle’ (see Fig. 1). This cycle involves several steps:
1) Mathematical models or quantitative analysis of metabolism are being used for identification of
metabolic engineering targets, i. e. specific genetic modifications that are introduced through ge-
nome editing. 2) Newly constructed strains are being characterized through well-controlled fermenta-
tion experiments or libraries of strains are being screened at well-defined conditions. 3) Advanced
analytics is used to quantify the performance of selected strains; 4) Results from the quantitative
analysis of cellular physiology are integrated with detailed mathematical models with the objective of

identifying the second round of genomic modifications required for further improving the cellular per-

Fig. 1 The Metabolic Engineering Cycle. In the process of genome editing the genome of the host
organism is engineered either through directed genetic modifications or through generation of strain
libraries. The resulting strain (s) are subsequently screened and characterized through well-con-
trolled fermentation experiments. In this process adaptive laboratory evolution ( ALE) may also be
used in order to select for strains with improved properties. Samples from the fermentation experi-
ments, ALE and screening are analyzed, and this may involve genome — sequencing and analysis of
the transcriptome, proteome, metabolome, lipidome etc. These high — throughput experimental data
may be analyzed in the context of genome — scale metabolic models and further improve the modeling
that can be used for design of new metabolic engineering targets that are then further pursued
through genome editing.



formance.

This textbook provides fundamental description of all four elements of the Metabolic Engineering
Cycle. Following an introduction to cellular metabolism ( Chapter 2) there is given an introduction
and description of macroscopic models that can be used to extract quantitative data from fermentation
experiments ( Chapter 3). This forms the fundament for any type of quantitative characterization of
living cells, and estimation of specific rates, volumetric rates and yield coefficients is the basic for
any discussion on strain performance in research and development. Furthermore, these data are es-
sential for further analysis of the metabolism, and through the use of metabolic flux analysis the rates
of substrate uptake and product secretion can be used to calculate intracellular fluxes ( Chapter 4).
A key assumption in metabolic flux analysis is the concept of flux balancing, where it is assumed that
there is balancing of fluxes around each of the intracellular metabolites, but this assumption has
proven to be reasonable at all cases, except for a few minutes following dramatic perturbation in cel-
lular metabolism.

Whereas the concept of metabolic flux analysis is valuable for quantification of the fluxes
through the different metabolic pathways, it does not provide any information about why the flux dis-
tribution takes the shape it does. This is of course due to extensive regulation of cellular metabolism.
This regulation takes place at both the transcriptional level, post-transcriptional level and at the met-
abolic level, i. e. through enzyme-metabolite interactions. This aspect is discussed in Chapter 2
and hence you will here get a brief introduction to the many different layers of regulation that are in-
volved in controlling fluxes. It is, however, difficult to translate all this information into a quantita-
tive analysis, but here the concept of metabolic control analysis is very useful ( Chapter 5). This
concept was coined in the early 1970es and it allows for assigning quantitative scores on the relative
control each enzyme in a pathway exert on the flux through the pathway. Metabolic control analysis
represents one of the first examples of the use of detailed mathematical analysis of biochemistry and
cellular metabolism, and hence is a prelude to systems biology, which today is a rapidly growing re-
search field with strong impact on metabolic engineering’.

Flux balance analysis is a ver}; powerful and useful tool, but it does have its limitation in terms
of given high resolution to some of the intracellular fluxes. However, through the use of tracers it is
possible to quantify specific fluxes in the metabolic network, and recently feeding of specifically la-
beled " C-labeled substrates followed by measurement of the labeling pattern in intracellular metabo-
lites has shown that it is possible to obtain very precise flux estimation of most key intracellular fluxes
( Chapter 6) . Despite the power of this technique it is, however, limited to the study of the central
carbon metabolism, and the trend is therefore today to build comprehensive metabolic models that
encompass all metabolic reactions in a metabolic network and at the same time link these reactions to
their associated enzymes and genes ( Chapter 7). These models are referred to as genome-scale met-
abolic models’ and they have become widely used, not only in metabolic engineering but also in sys-
tems medicine’.

As mentioned above a key component in the Metabolic Engineering Cycle is analytics. Here
Systems Biology has in particular impacted metabolic engineering as tools from high-throughput anal-

ysis such as transcriptome ( Chapter 8) and proteome ( Chapter 9) analysis have enabled genome-



wide analysis of mRNA and protein levels. Clearly information about the genome-wide transcriptional
response to a given perturbation or engineering strategy provides important information about the cel-
lular physiology, and when this can be supplemented with information about the protein levels it is
possible to get information about both transcriptional and translational control. Today proteomics can
be done at the genome-wide level and we can therefore expect to see more extensive use of proteomics
in Metabolic Engineering. For engineering of metabolism it is, however, important to have informa-
tion about the metabolite level (or the metabolome) ( Chapter 10) as this is directly linked to the
metabolic fluxes. It is, however, inherently difficult to measure the complete metabolome as there is
a large variation in chemical structure of the different metabolites®, i. e. a range of different lipids,
organic acids, amino acids, sugars etc. There is, however, rapid progress in this field and through
the advancement of mass spectrometry we may soon be able to routinely analyze > 100 key metabo-
lites involved in cellular metabolites by one single analytical technique.

As also mentioned above adaptive lahoratory evolution (or ALE) is a powerful technique for ac-
quiring new phenotypes ( Chapter 11) and with the advancement of next generation genome sequen-
cing it is possible to identify driving mutations, in particular if the evolved strains are characterized
using systems biology tools’. These driving mutants can subsequently be introduced as directed ge-
netic mutations, a concept referred to as inverse metabolic engineering’” , and ALE hereby becomes
a powerful screening tool in metabolic engineering.

The last component in the Metabolic Engineering Cycle is genome editing ( Chapter 12). This
is probably the fastest developing component of the field at the moment, as tools from Synthetic Biol-
ogy are being transferred, both in terms of components ( often referred to as bio-bricks) and methods
for directed engineering of the genome or for generation of strain libraries. Thus, the future is likely
to see an even closer interaction between synthetic biology and metabolic engineering'”""

In conclusion I am confident that by reading and studying the material in this book you will get
a very strong basis in all elements of the Metabolic Engineering Cycle and hereby be capable of con-
tributing to further advancement of the field. Metabolic Engineering has already evolved as a strong
scientific discipline with a strong societal support, but I will expect it to grow further in the future.
It was for this reason that we have founded the International Metabolic Engineering Society (http: //
www. aiche. org/sbe/community/imes/about) that besides organizing conferences drives two key
journals in the field, the high-impact journal Metabolic Engineering and the open access only journal
Metabolic Engineering Communication. I wish you much welcome to join this society and hope you

will enjoy reading and studying this book.
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