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Introduction

Toshiomi Yoshida

1.1
Introduction

The European Federation of Biotechnology proposed a definition of biotechnology
as “The integration of natural science and organisms, cells, parts thereof and
molecular analogs for products and services.” The Concise Oxford English Dictio-
nary states “biotechnology is the exploitation of biological processes for industrial
and other purposes especially the genetic manipulation of microorganisms for
the production of antibiotics, hormone, and so on” [1].

Biochemical engineering has developed as a branch of chemical engineering,
and deals with the design and construction of unit processes that involve biological
molecules or organisms. Biochemical engineering is often taught as a supplemen-
tary option to students of chemical engineering or biological engineering courses
because of the overlap in the curriculum and similarities in problem-solving tech-
niques used in both professions. Its contribution is widely found in the food, feed,
pharmaceutical, and biotechnological industries, and in water treatment plants.

Biological engineering or bioengineering is the application of the concepts,
principles, and methods of biology to solve real-world problems using engi-
neering methodologies and also its traditional sensitivity to the cost advantage
and practicality. In this context, while traditional engineering applies physical
and mathematical sciences to analyze, design, and manufacture inanimate tools,
structures, and processes, biological engineering primarily utilizes knowledge
of molecular biology to study, investigate, and develop applications of living
organisms. In summary, biological engineers principally focus on applying
engineering principles and the knowledge of molecular biology to study and
enhance biological systems for varied applications.

Referring to the above review and brief discussion, it is proposed to have a
section titled “Applied Bioengineering” be included in the Wiley Biotechnology
Series. This section will deal with recent progress in all subjects closely related to
“engineering and technologies” in the field of biotechnology; widening the cov-
erage beyond conventional biochemical engineering and bioprocess engineering

Applied Bioengineering: Innovations and Future Directions, First Edition. Edited by Toshiomi Yoshida.
© 2017 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2017 by Wiley-VCH Verlag GmbH & Co. KGaA.
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to include other biology-based engineering disciplines. The topics involved were
selected specifically from the perspective of practical applications.

The volume “Applied Bioengineering” comprises five topics: enzyme technol-
ogy, microbial process engineering, plant cell culture, animal cell culture, and
environmental bioengineering. Each topic is figured in several chapters, though
with more chapters pertaining to environmental bioengineering. This field
has seen an increase in active research as mentioned below because of growing
awareness and concern about conservation, remediation, and improvement of the
environment.

The later part of this chapter provides a brief overview on the developments in
bioengineering, referring to recent highly cited research.

1.2
Enzyme Technology

Recently, several attempts have been made to screen organic-solvent-tolerant
enzymes from various microorganisms [2]. The ligninolytic oxidoreductases
are being improved utilizing protein engineering by the application of different
“omics” technologies. Enzymatic delignification will soon come into practical
use in pulp mills [3]. Enzyme stabilization has been attempted using various
approaches such as protein engineering, chemical modification, and immobili-
zation [4].

Microbial glucose oxidase has garnered considerable interest because of its
wide applications in chemical, pharmaceutical, food, beverage, clinical chemistry,
biotechnology, and other industries. Novel applications of glucose oxidase in
biosensors have further increased its demand [5]. Numerous oxidative biotrans-
formation studies have demonstrated that enzymes have diverse characteristics
and wide range of potential, and established applications [6]. Multienzymatic
cascade reactions used in the asymmetric synthesis of chiral alcohols, amines,
and amino acids, as well as for C-C bond formation, have been extensively
studied [7].

1.3
Microbial Process Engineering

1.3.1
Bioreactor Development

Stirred-tank bioreactors are used in a large variety of bioprocesses because of their
high rates of mass and heat transfer and excellent mixing. Theoretical predictions
of the volumetric mass transfer coefficient have been recently proposed, and dif-
ferent criteria for bioreactor scale-up have been reported [8].



1.3 Microbial Process Engineering

Miniaturized bioreactor (MBR) systems have made great advances both in
function and in performance. The dissolved oxygen transfer performance of
submilliliter microbioreactors and 1-10ml mini-bioreactors has been well
examined. MBRs have achieved considerably high k; a4 values and offer flexible
instrumentation and functionality comparable to that of production systems at
high-throughput screening volumes; furthermore, the superior integration of
these bioreactors with automated fluid handling systems demonstrates that they
allow efficient scale-up [9].

The pharmaceutical and biotechnology industries face constant pressure
to reduce development costs and accelerate process development. A small
scale bioreactor system enabling multiple reactions in parallel (z>20) with
automated sampling would provide significant improvement in development
timelines. State-of-the-art equipment that facilitates high-throughput process
developments includes shake flasks, microfluidic reactors, microtiter plates, and
small-scale stirred reactors [10].

An expert panel organized by the M3C Working Group of the European Section
of Biochemical Engineering Science (ESBES) reviewed the prevailing methods of
monitoring of MBRs and identified the need for further development [11]. Their
recommendations includes combining online analytics such as chromatography
or mass spectrometry with bioreactors, preferably using noninvasive sensors such
as optical or electronic ones. The sensors to be used online in these bioreactors
should be selected on the basis of three criteria: (i) detection limits in relation to
analytes, (ii) stability in relation to the testing period, and (iii) the possibility for
miniaturization to the volume ranges and dimensions of the microfluidic system
applied in the bioreactors. In addition, mathematical models based on soft sensor
principles should be exploited to reduce the number of sensors.

13.2
Measurement and Monitoring

Biosensors for detection of cellobiose, lactose, and glucose based on vari-
ous cellobiose dehydrogenases from different fungal producers, which differ
with respect to their substrate specificity, optimum pH, electron transfer effi-
ciency, and surface-binding affinity; therefore, promising a wide range of new
applications [12].

Infrared sensors are ideal tools for bioprocess monitoring, because they are
noninvasive, of no-time-delay, and harmless on the bioprocess itself, and fur-
thermore, simultaneous analyses of several components are possible. Therefore,
directly monitoring of substrates, products, metabolites, and the biomass itself
is possible [13]. The panel of the M3C Working Group of ESBES recommended
the use of soft sensors in bioprocess engineering [14]. In the Food and Drug
Administration’s (FDA) proposed and promoted process analytical technology
(PAT) initiative, intending to collaborate with industry to promote the integration
of new manufacturing technologies with pharmaceutical production [15]. The

3
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program aimed to design, develop, and operate processes consistently ensuring
a predefined quality at the end of the manufacturing process [15]. An advanced
monitoring and control system has been developed, based on different inline,
online and at-line measurements for substrates and products. Observation of cell
viability by inline measurement of radio frequency impedance and online deter-
mination of intracellular recombinant target protein using the reporter protein
T-sapphire green fluorescent protein (GFP) could allow real-time monitoring of
critical process states [16].

133
Modeling and Control

Stoichiometric models of cell metabolism have been developed with the use
of information about reaction stoichiometry embedded in metabolic networks
and the assumption of a pseudo-steady state. Stoichiometric models have been
used to estimate the metabolic flux distribution under given circumstances in
the cell at some given moment (metabolic flux analysis) and to predict it on the
basis of some optimality hypothesis (flux balance analysis). Mechanistic models
based on deterministic principles, recently, have been interested in substantially.
Gernaey et al. [17] highlighted the utility of models with respect to the selection
of variables required for the measurement, control, and process design. In
the near future, mechanistic models will play key roles in the development of
next-generation fermentation, especially in the frame of multiobjective decision
making. One of the key issues in the process engineering of microbial production
processes is the control of culture conditions to maximize production. In a
repeated batch or fed-batch fermentation, optimizing the trajectory to maximize
productivity and yield is desired. For example, temperature profiles for a temper-
ature induction system, based on optimal control theory [18] or on past industrial
experience, should be monitored, and then a model predictive control (MPC)
system should be designed. Among the methodologies and practical application
of bioprocess controls, the online optimized control for continuous culture,
cascade control for mixed cultures, and supervision and fault detection have been
developed [19].

134
Solid-State Fermentation

Solid-state fermentation (SSF), which has long been used in fermented foods
production, ethanol fermentation, fungi cultivation, etc, is currently considered
superior to submerged fermentation for use in modern bioprocessing because of
the recent improvements in the design. Mathematical models based on mecha-
nistic equations give insight into how microscale processes like the interaction of
growth with intraparticle diffusion of enzymes, hydrolysis products, and oxygen
can potentially limit the overall performance of a bioreactor [20]. Bioremediation,
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bioleaching, biopulping, and so on, are the major applications of SSF in new
bioprocesses. Utilization of agroindustrial residues as substrates in SSF processes
open a way for efficient use of under- or unutilized residues. In future, SSF
technology will steadily develop if rationalization and standardization continue
as per the current trend [21].

14
Plant Cell Culture

Switchgrass is a promising natural feedstock for the production of biofuels and
other value-added materials from biomass due to its high productivity, low
requirements for agricultural inputs, and positive environmental impacts. Pre-
treatment of switchgrass is required to improve the yields of fermentable sugars.
Depending on the type of pretreatment, glucose yields range from 70% to 90%
and xylose yields from 70% to 100% after hydrolysis. Following pretreatment and
hydrolysis, ethanol yields range from 72% to 92% of the theoretical maximum [22].

Plant cell factories constitute an alternative source of high-value-added phyto-
chemicals such as the anticancer drug taxol (generic name paclitaxel), biosynthe-
sized in Taxus spp. The production of taxol and related taxanes in Taxus baccata,
(European yew), was investigated using cell suspension culture to develop mass
production technology [23]. Antioxidants are an important group of preventive
medicinal compounds as well as food additives that prevent the loss of easily oxi-
dizable nutrients. The efficiency of in vitro production of antioxidants has been
improved by media optimization, biotransformation, elicitation, Agrobacterium
transformation, and scale-up [24].

15
Animal Cell Culture

The gel-like endothelial glycocalyx layer (EGL) that coats the luminal surface
of blood vessels has garnered great interest recently. Among its, interesting
functions, EGL modulate oncotic forces that regulate the exchange of water in
microvessels [25].

Stem cells have emerged as the starting material of choice for bioprocesses to
produce cells and tissues to treat degenerative, genetic, and immunological dis-
eases. Fundamentals of bioprocess engineering, including bioreactor design and
process control, need to be combined with principles of cellular systems biology
to guide the development of next-generation technologies capable of producing
cell-based products in a safe, robust, and cost-effective manner [26].

The insect cell baculovirus expression vector system (IC-BEVS) has been
shown to be a powerful and convenient system for rapid and easy production
of a virus-like protein. A rotavirus-like particle was produced by culturing the
IC-BEVS using bioprocess engineering devices [27].

5
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1.6
Environmental Bioengineering

Adsorption techniques are widely used to remove certain classes of pollutants
from waters, especially those that are not easily biodegradable (e.g., biosorption
of Cr(Ill) and Cr(VI) onto the cell surface of Pseudomonas aeruginosa [28],
removal of Gryfalan Black RL metal complex dye by fungi [29], and methylene
blue remediation by use of agricultural waste [30]). Cyanide removal using
biological methods is more cost-effective than that using chemical and physical
methods. Several microbial species can effectively degrade cyanide into less toxic
products. Biological treatment of cyanide is possible under anaerobic and aerobic
conditions [31].

A combined solar photo-Fenton and biological treatment was proposed for the
decontamination of surface waters contaminated with pesticides and pharmaceu-
tical wastewater [32, 33]. Currently there are global efforts towards development
of water reuse technologies. Advanced oxidation processes (AOPs) with other
bioremediation technologies has been developed for the removal of organic pol-
lutants with high chemical stability and/or low biodegradability. Special emphasis
is also placed on large-scale combination schemes developed in Mediterranean
countries for treatment and reuse of nonbiodegradable wastewater [34]. “Pro-
duced water” is the largest waste stream generated in the oil and gas industries.
The effect of discharging produced water in the environment has become a
serious issue of environmental concern. Major research efforts in the future
could focus on optimizing current technologies and combining physicochemical
and/or biological methods of treatment [31]. Sewage contains various organic
compounds, which should be recycled. The approach involves concentration of
municipal effluents on its arrival at the water treatment plant, followed by anaero-
bic digestion of organics and maximum reuse of its mineral contents as nutrients.
Because of the increasing economic and ecological value of the recovered nutri-
ents, this new conceptual design for the treatment of “used water” will become a
reality in the next decade [35]. The feasibility of using biological hydrolysis and
the acidification for the treatment of different types of municipal sludge, from
six major treatment plants located in Denmark, was investigated by batch and
semicontinuous experiments. The results showed that fermentation of primary
sludge produced greater amount of volatile fatty acids (VFAs) and generated
significantly higher yield of COD- and VFAs than fermentation of other sludge
types [36].

Bioaugmentation-assisted phytoextraction is a promising method for decon-
taminating soil containing metals. The system is composed of bacteria mainly
plant-growth-promoting rhizobacteria, and fungi, mainly arbuscular mycorrhizal
fungi, associated with hyperaccumulating or non-hyperaccumulating plants. This
association was analyzed using a bioprocess engineering approach, and, in general,
bioaugmentation increased metal accumulation by shoots [37].
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1.7
Composition of the Volume

Chapters in the subsequent part of the volume of “Applied Bioengineering” pro-
vide reviews on the selected topics, outlining the progress of current researches
supplemented with unique perspectives and meaningful discussions. The volume
consists of five sections after the introduction. The first section, on enzyme
technology, presents an overview of the history and current trends, followed by
detailed discussion on the topics: molecular engineering of enzymes, development
of biocatalytic processes, and development of enzymatic reactions in miniatur-
ized reactors. The second section, microbial process engineering, presents an
overviews on bioreactor development and process analytical technology, omics-
integrated approach for metabolic state analysis of microbial processes, and
control of microbial processes. The third section, on plant culture and engineer-
ing, comprises three articles: one on contained molecular farming using plant cell
and tissue cultures, one on bioprocess engineering of plant cell culture, and one
on the role of bacteria in phytoremediation. The fourth section, on animal cell
culture, contains three articles one on cell line development for biomanufacturing
processes; medium design, culture management and the PAT initiative; and
advanced bioprocess engineering: fed-batch and perfusion processes. Finally, the
fifth section, on environmental bioengineering, contains five articles: treatment
of industrial and municipal wastewater, treatment of solid waste, energy recovery
from organic waste, microbial removal and recovery of metal resources from
wastewater, and sustainable use of phosphorus through bio-based recycling.
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Enzyme Technology: History and Current Trends

Klaus Buchholz and Uwe T. Bornscheuer

2.1
The Early Period up to 1890

2.1.1
Observations and Empirical Results

Applied biocatalysis has its roots in ancient Mesopotamia, China, and Japan, in
the manufacture of food and alcoholic drinks. Thus, about 3500 BC, brewers
in Mesopotamia manufactured beer following established recipes. Without
knowing, humans utilized microbial amylases and proteases, in particular for the
production of soy-derived foods. In Europe too, applied biocatalysis has a long
history. Cheese making has always involved the use of enzymes. Much material
on the scientific and technological development has been summarized in articles
by Neidleman [1], Sumner and Myrbéack [2], Sumner and Somers [3], Tauber [4],
and Buchholz and Poulson [5]. The history of enzyme technology is, of course, an
essential part of the history of biotechnology [6-9].

First scientific observations on enzyme activities in the late eighteenth century
were by Spallanzani and Scheele (Table 2.1). In 1814, Kirchhoff found that a gluti-
nous component of wheat is capable of converting starch into sugar and dextrin.
Then, in 1833, diastase was found to perform this hydrolysis [10]. Its isolation is
described, following Payen and Persoz, by Knapp [13]: it is precipitated from a malt
extract and can be further purified by repeated dissolution in water and precipi-
tation by the addition of alcohol. Diastase was the dominating object of research
throughout the century, with ~10-20% of the publications dealing with it during
decades, because of its economic importance (see below).

Claude Bernard was the first to show lipolytic activity in pancreas in 1856 [4],
and Dobell [12] found that an extract from pancreas hydrolyzed both fat and
starch. Further enzymatic conversions (ferment actions) observed in that early
period, summarized in Frankland’s list of soluble ferments (1885) and by Sumner
and Somers [3], are presented in Table 2.1.
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Table 2.1 Ferments (enzyme activities) known until 1880.

Enzyme Ferment source Catalyzed reaction References

Protease Gastric juice Meat liquefaction Spallanzani (1783)%

Tannase Gall nut Hydrolysis of tannin Scheele (1786)?

Cyanogen Plant roots Substrate: guaiacum Planche (1810)

Glutin comp. Wheat Starch hydrolysis Kirchhoff (1814)

Emulsin Bitter almonds Amygdalin hydrolysis Robiquet and Boutron
(1830)®} Chalard, Liebig
and Wéhler (1837)%

Diastatic activity Ptyalin Starch hydrolysis Leuchs (1831)%

Amylase Malt Starch hydrolysis Payen and Persoz [10]

Sinigrinase Faure (1835)

Pepsin Protein hydrolysis Schwann (1836)?

Trypsin Protein hydrolysis Corvisart (1856)%

Saccharase Yeast Sucrose hydrolysis Berthelot (1860)?

Pectase Plants Pectin hydrolysis Payen [11]

Pancreas Lipolytic activity Bernard (1856))

Pancreas extract Fatand starch hydrolysis Dobell [12]

Pancreatic ferment  Pancreas Fat hydrolysis Frankland (1885)

a) From: Sumner and Somers [3].

b) From: Tauber [4].

Technical application of diastase was a major issue in the 1840s and onwards.
The treatment of starch by acids or diastase yielded a gummy syrup, essentially
dextrins. Notably, French products seemed to have been produced enzymatically,
as was obvious by their smell of malt [13]. Sugar-containing dextrin was produced
following a process of Payen and Heuzé, by treating 100 parts of starch with 5-8
parts of malt in water at 60—70°C (Figure 2.1) [11, 14]. This product was used
mainly in France in bakeries, where it served as an additive in baking, and for the
production of beer, wines, and alcoholic beverages from fruits, all applications
with a big market. Lab products were used to produce cheese [13]. Berzelius is
cited with details stating that 1 part of lab ferment preparation coagulates 1800
parts of milk.

A remarkable process was developed by Schiitzenbach in 1823: an
acetic acid fermentation process known as “fast acetic acid manufacture”
(“Schnellessigfabrikation”). It worked with active acetic acid bacteria (of course,
not recognized at that time) immobilized spontaneously on beechwood chips.
The process was carried out in vessels made of wood, some 1-2m wide and
2—-4m high, and was aerated to oxidize the substrate alcohol (Figure 2.2).

2.1.2
Theoretical Approaches

A theoretical concept that is valid even today was developed by Berzelius as early
as 1835, who acknowledged the first enzymatic actions, notably starch hydrolysis
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Figure 2.1 Process for dextrin production, with reaction vessel for starch hydrolysis (a), filtra-
tion unit (b), reservoir for intermediate storage (c), concentration unit where water is evapo-
rated to give a concentrated syrup of dextrin solution (d) [11].

Figure 2.2 Acetic acid fermentation using
immobilized bacteria. The vessel was
equipped with sieve plates in positions D
and B. Space A was filled with beech wood
chips (on which the bacteria were immobi-
lized). A 6-10% alcohol solution was added
from the top to a solution containing 20%
acetic acid and beer (containing nutrients).
Air for oxidation was introduced through
holes in a position above B, and the tem-
perature was maintained at 20-25°C. The
product containing 4-10% acetic acid was
continuously removed via position E [15].

by diastase, as a catalytic effect. He interpreted also fermentation as caused by a
catalytic force. He postulated that a body by its mere presence could, by affinity
to the fermentable substance, cause its rearrangement to the products. About a
decade later, the book by Knapp [13] presented, when summarizing approaches
published by several authors, a rather distinct and even mysterious concept of the
action of ferments (mainly referring to diastase and the work by Payen and Persoz)
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speaking of “mighty chemical forces” and the ability, that one part (of the ferment)
can transform 2000 parts of starch into sugar, and that “even if one does not know
anything of the chemical composition,” one might assume a “hypothetical body,”
a “symbol,” and the most strange energy, by which the transformation (of starch)
occurs; he assumed that the nitrogen-containing parts (the “Kleber”) of the seed
are being transformed to a ferment, and that diastase is not a certain substance,
but rather a state or form (“Zustand”).

Again, a decade later the distinction of organized and unorganized ferments was
developed. Wagner [14] describes two types of ferments that can cause fermenta-
tion; one is an organized (obviously living) body;, like yeast, and the other a protein-
like body, which is in the state of decomposition (a term coined by Liebig; see [8],
pp. 20, 21). That segmentation is expressed more precisely by Payen [11]. Fer-
mentation is seen as a contact (catalytic) process of a degradation (“Spaltungs-”)
or addition process (with water). It can be performed by two substances or
bodies:

» A nitrogen-containing organic (unorganized) substance, such as protein
material undergoing degradation.

* An organized body, a lower class plant, or an infusorium, such as with alco-
holic fermentation.

Probably, the type of effect is the same insofar as the ferment of the second class
produces a body of the first class, possibly a big number of singular ferments. In
1877, Kithne termed the first class of substances enzymes (in yeast) [16].

2.2
The Period from 1890 to 1940

2.2.1
Scientific Progress

From about 1894 onwards, Emil Fischer investigated in a series of experiments
the action of different enzymes using several glycosides and oligosaccharides; the
results revealed specificity as one of the key characteristics of enzymes. In 1894, he
compared invertin and emulsin. He extracted invertin from yeast, a usual proce-
dure, and showed that it hydrolyzed a-, but not p-methyl-D-glucoside. In contrast,
emulsin, a commercial preparation from Merck, hydrolyzed p-, but not a-methyl-
D-glucoside [17]. Among a series of tests with different saccharides, he observed
that invertin hydrolyzed sucrose and maltose, but not lactose. An extract from
a “lactose-yeast,” however, was able to hydrolyze lactose but not maltose. These
observations are the most essential from a major range of which Fischer derived
his famous theory on specificity (see below) (summarized by Fischer [18]).

A few years after Fischer’s investigations, Eduard Buchner published a series
of papers (Refs [19, 20]; see also review by Florkin [21]), which signaled a
breakthrough in fermentation and enzymology. The experiments began in 1893.
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In his first paper on alcoholic fermentation without yeast cells (1897), Buchner
described, in a remarkably short and precise manner, the separation of the
(alcoholic) fermentation from the living yeast cells by an extract. He published
the experimental details for the preparation of a cell-free press juice from yeast
cells, with disruption, filtration under high pressure, and further filtration. He
then described the formation of carbon dioxide and alcohol from carbohydrates,
sucrose, glucose, fructose, and maltose. No microscopic organisms were present.
At elevated temperature, protein was precipitated, the activity reduced, and
finally destroyed. From these and further results, Buchner derived essential new
insights, both into the nature of alcoholic fermentation and enzymatic activity
governing the transformations observed (see Section 2.2.2). In subsequent
papers, he communicated further important experiments [22], which also led to
immediate objections of other scientists active in the field (see e.g., [23]). These
findings (with many more details published by Buchner et al.) deserve special
attention since they represent the demarcation of a breakthrough, which reduced
all reactions in physiological (or bio-) chemistry to chemistry.

Further findings relevant for the establishment of the chemical nature of enzy-
matic catalysis and technical application followed shortly thereafter. Croft and Hill
performed the first enzymatic synthesis, that of isomaltose, in 1898, allowing a
yeast extract (a-glycosidase) to act on a 40% glucose solution [3]. In 1900, Kas-
tle and Loevenhart found that the hydrolysis of fat and other esters by lipases is
a reversible reaction and that enzymatic synthesis can occur in a dilute mixture
of alcohol and acid [2]. This principle was utilized for the synthesis of numerous
glycosides by Fischer and coworkers in 1902.

Bertrand, in 1897, observed that certain enzymes required dialyzable sub-
stances to exert catalytic activity. He named these substances “coenzymes.”
Sorensen pointed out the dependence of enzyme activity on pH in 1909 [3]. An
important step entering physico-chemistry, and thereby extending the theoretical
basis of enzymology, was the kinetic investigations and their interpretation by
Michaelis and Menten. They postulated that enzymatic action is due to the
formation of an intermediate compound between the enzyme and the substrate,
and they presented a mathematical form that is still used today [2].

The definite establishment of the chemical paradigm was the crystallization of
urease by Sumner in 1926, and further enzymes (trypsin, etc.) by Northrup and
Kunitz in 1930/1931. In every known case, the pure enzyme turned out to be a
protein [2].

2.2.2
Theoretical Developments

Fischer [18] in his work elaborated the essential aspects of enzyme catalysis
during the 1890s. The first aspect is specificity. The agents of the living cell
(enzymes) are optically active, and therefore one might assume that the yeast
cells with their asymmetric agents can utilize only those sugars whose geometry
is not too far from that of glucose. From there, Fischer deduced the famous
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picture of lock and key; he assumed that the “geometrical form of the (enzyme)
molecule concerning its asymmetry, corresponds to that of the natural hexoses”
(sugars).

The second aspect refers to the protein nature of enzymes. In 1894, Fischer
[18] stated that among the agents that serve the living cell, the proteins are the
most important. He was convinced that enzymes are proteins. Controversies
on the nature of enzymes and proteins continued for long [5]. Proteins, such as
albumin and casein, were included in the group of colloids, which were attested
a dynamic state of matter. “...The colloid possesses ENERGIA, ...the probably
primary source of the force ... of vitality.” Protoplasm was given mystical and
even magical properties” To the contrary, Béchamp, also referring to his former
work in 1853-1857, had demonstrated that soluble ferments are a basic or
original principle (pure principei immediat) [24]. But Willstatter, still in 1927,
denied that enzymes were proteins [25].

Buchner initiated a new paradigm, which, in strict contrast to that of Pasteur,
stated that enzyme catalysis, including complex phenomena like that of alcoholic
fermentation, was a chemical process not necessarily linked to the presence
and action of living cells. In his first paper, he wrote that he presented the
proof that (alcoholic) fermentation does not require the presence of “such a
complex apparatus as is the yeast cell.” The agent is a soluble substance, without
doubt a protein body, which he called zymase [19]. Buchner’s findings marked
a new — biochemical — paradigm leading research and theory on enzymes. It
displaced an established paradigm which taught that processes in living organ-
isms — alcoholic fermentation being the most important example — were not of
pure chemical nature but required a vis vitalis, a vital force. Now, the chemical
paradigm, which reduced all reactions in physiology (or bio-)chemistry to the
laws of chemistry without further hidden forces, began to play the dominant role.
Technical development also got a new scientific basis on which to proceed in a
rational way.

223
Technological Developments

The industrial development of enzymes was very slow initially during the late
nineteenth century. An exception was the work of Christian Hansen, who started
a company in Copenhagen, Denmark, in 1874, the Chr. Hansen A/S to this day,
the first in the industrial market with a standardized enzyme preparation, rennet,
for cheese making. Takamine began isolating bacterial amylases in the 1890s,
based on “koji” mold cultures. In 1894, Takamine applied for, and was granted, a
patent entitled “Process of making diastatic enzyme” (U.S. Patent No. 525,823)
on his method of growing mold on bran and using aqueous alcohol to extract
amylase, the first patent on a microbial enzyme in the United States, for example,
for saccharifying starch for application in distilleries. Takamine licensed his
enzyme preparation under the brand name “Taka-diastase.” He subsequently
founded the International Ferment Company of New York, which later was sold
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to Miles Laboratories. Early applications and patents on enzymes in the food
industry have been collected by Neidleman [1]. Together with Effront, working on
enzymes for alcohol production since 1900, Boidin founded the SociétéRapidase
(later a part of DSM-Gist-Brocades) in 1920 ([26, p. 6]).

Plant lipases were utilized for the production of fatty acids from oils and fats.
It was also found that the reaction is reversible, and an enzymatic synthesis of fat
from glycerol and fatty acid was described by Welter in 1911 [27]. For the chill-
proofing of beer, proteolytic enzymes have been used successfully since 1911 in the
United States [4]. Lintner, as early as 1890, observed that wheat diastase interacts
in dough-making. This effect was extensively studied, the addition of malt extract
came into practice, and American bakers in 1922 used 30 million Ib (13 500 tons)
of malt extract valued at US$2.5 million [4].

In 1907, R6hm patented the application of a mixture of pancreatic extract and
ammonium salts as a bating agent [4]. His motivation as a chemist was to find an
alternative to the unpleasant bating practice using dung. First experiments with
aqueous ammonia were a failure. Since he knew Buchner’s work on enzymes,
he came to assume that enzymes could be the active component in dung, and
looked for sources that were technically feasible. Tests with pancreas were suc-
cessful, when he compared the results with those obtained with dung, whereas
amylase did not work. With this perspective, he founded his company in 1907,
which successfully entered the market; also a company in the United States, which
later became the Rohm and Haas company, was founded. In 1908, 10 tons of the
product — pancreas extract — with the trade name Oropon were sold, followed
by 53 and 150 tons in the subsequent years. In 1913, the company worked with
22 chemists, 30 other employees, and 48 workers [28]. Later enzyme preparations
were produced by fermentation using Bacillus or Aspergillus sp. [4]. The history of
the R6hm company makes obvious that the market for a new product providing
technical progress was an important factor, but that the background of scien-
tific knowledge on the principles of enzyme action was equally important, leading
experiments to a technically feasible solution. It was, however, only around 1955
that the development of enzyme production gained speed by the growing sales of
bacterial amylases and proteases.

23
A New Biocatalyst Concept - Immobilized Enzymes

2.3.1
Fundamental Research

One question — which is as old as industrial enzymes — was: “Can enzymes be
re-used?” Immobilization represents a key for the economic application of many
enzymes. It offers all advantages of classical heterogeneous catalysis. The most
obvious reason is the need to reuse enzymes in order to make their application
in industrial processes economical. Solutions critically depend on knowledge of
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the protein structure. Further aspects are convenient separation for reuse after
the reaction by filtration, centrifugation, and so on; and application in continu-
ous processes, in fixed-bed, or fluidized-bed and stirred-tank reactors provided
with a filter system for retention. Continuous processes combine the generally
simpler technical equipment with the potential for convenient process control,
automation, and coordination with upstream and downstream processing, includ-
ing product recovery and purification.

Around 1950, several groups started to immobilize enzymes on solid supports.
After the early work by Micheel and Ewers [29] and Grubhofer and Schleith [30],
Manecke [31] recognized the potential of the method for industrial application,
and applied for a patent that was granted on his method; however, he could not
convince industry, notably, and ironically, the company Bayer, of the importance
of his invention. Subsequently, work on enzyme immobilization became an
important topic in research, reflected by international conferences, notably the
Enzyme Engineering Conferences by the Engineering Foundation, New York
[32]; however, the consideration of practical aspects was not yet established,
and research results were mostly not appropriate for application in technical
processes — such as low active enzyme yield and stability, high costs, poor
mechanical stability, poor sedimentation and filtration properties, low yields of
product, and so on. This is reflected in a major research project organized by
DECHEMA (Frankfurt), with a number of academic research groups as well
as scientists of companies participating, which aimed at solutions to aspects of
application. The results were published [33, 34], as well as monographs collecting
most of the relevant research results both by academic and industrial research
(e.g., [35]). Among the pioneer groups providing insight into fundamental aspects
and phenomena, including mass transfer and efficiency, was that of Katchalski
(see e.g., [36]).

The idea and concept of immobilizing proteins, and notably enzymes, was born
in academia, but the breakthrough, however, came with industrial development
and application. Thus the first industrial application of immobilized enzymes
was in the production of amino acids. Most important, however, until today, are
two processes, the hydrolysis of penicillin and the isomerization of glucose [37,
Chapter 8].

2.3.2
Examples of Industrial Development: The Case of Penicillin Amidase (PA) - Penicillin
Hydrolysis and Derivatives

Enzymatic penicillin hydrolysis by penicillin amidase (also named penicillin acy-
lase, PA) represents a landmark. After Chibata’s first modest scale process (amino
acid synthesis) [38], it was the first industrially and economically most important
process using immobilized biocatalysts.

One priority item in pharmaceutical research was the development of a pro-
cess for 6-aminopenicillanic acid (6-APA) production, serving for the synthesis
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of penicillin derivatives escaping resistance (Scheme 2.1).! Early in the 1950s, an
enzyme had been found that elegantly did the job; it could accomplish the hydrol-
ysis of penicillin in one step without requiring chemicals (other than water and
buffer). PAs from different organisms, for example, Escherichia coli, were found
at different institutions during the mid-1950s [39], including Bayer AG, Germany
[40], and early processes were applied in Germany and the United States, however
with poor yields [37(pp. 523—-531), 41, 42]. However, no solution was obvious to
accomplish the reaction on a technical scale, to produce the enzyme, to stabilize
it, and to apply it several times, or continuously, and an engineering concept for a
process to achieve high yields of 6-APA required for an economic process.

In the 1950s, the development of enzyme-catalyzed processes started in two
companies; first, at Beecham Pharma (UK), which had missed out on penicillin but
aimed at the development of new penicillin derivatives; and also at Hoechst AG
(Germany), a producer of penicillin, who, however, discontinued research on PA
and sold the know-how to Bayer (Germany). Screening for PA-producing strains
had begun around 1960 at Beecham and Bayer; strain development was performed
by conventional mutation of strains and subsequent screening; they applied for
patents in 1959, and published their work on the hydrolysis of penicillin G using
PA from E. coli in 1960 [40, 43].

At that time, all the main producers of penicillin had started to develop
enzymatic methods to produce 6-APA from penicillin G and V, using PA from
microorganisms other than E. coli [37(pp. 523—531), 41, 44]. The enzyme however
was very expensive, and thus initially not an economical solution; immobilization
was expected to solve the problem.

Among the first groups to develop PA immobilization processes for industrial
application by the end of the 1960s and early 1970s were those of G. Schmidt-
Kastner, at Bayer AG (Germany), and of M. D. Lilly, University College, London,
in close cooperation with Beecham Pharmaceuticals (UK). 6-APA, up to that
time, was produced chemically in a tedious process and used to synthesize
different semisynthetic penicillins of high added value, such as ampicillin. The
straight enzymatic process promised to be much easier and environmentally
favorable (as compared to the chemical manufacture).

Here, one example of this development, at Bayer, will be presented in more
detail, since it illustrates the achievement of solutions to problems of industrial
application of such a process, notably development of an immobilization method
for PA suitable for scale-up. This achievement includes the work required to solve

1 Resistance of pathogens to antibiotics, notably to penicillin, had become a major topic in pharmaceu-
tical research and development, thus the search for derivatives escaping resistance was a priority item.
The development of penicillin derivatives, such as amoxicillin — by laborious and complicated chemical
steps — enabled medical treatment of resistant strains and a wider range of pathogenic microorgan-
isms. These chemical methods, besides their complexity, required large amounts of toxic and expensive
reagents, including solvents to be regenerated, notably for the first step, penicillin hydrolysis to give
6-APA. This step furthermore was cost intensive. Nevertheless, the decision at Bayer for the industrial
production of 6-APA was in favor of a chemical process, not the enzyme process, probably due to high
cost of the enzyme.
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a series of bottlenecks and technical problems of large-scale application, as well
as problems of economy. Giinter Schmidt-Kastner decided, as head of the bio-
chemical engineering department (Biotechnikum), to develop the enzyme process
in preference to the established chemical process. He decided to devote the per-
sonal and technical capacities (a new biotechnical pilot plant) required for this
task. His decision to develop an enzymatic route implied struggling against the
“chemical hierarchy” — the management that relied on chemical synthesis as a
superior tool for many decades (Schmidt-Kastner, personal communication). His
motives might have been success and lead in experience and R&D performance of
the new field. Schmidt-Kastner knew about the scientific work of the Katchalski
group, with whom he started a collaboration; he knew Manecke, who had offered
his patent on immobilization to Bayer earlier, personally, but not his work and
publications (Schmidt-Kastner, personal communication).

The most relevant aspects for the industrial success of the process were
(according to Schmidt-Kastner) a PA-producing strain with high efficiency and
productivity obtained by classical mutation and screening methods, and an inter-
disciplinary group including biochemists, microbiologists, polymer chemists,
and chemical engineers to establish the know-how in order to solve the problems
arising from the previous state of the art. A support (a functional copolymer)
had to be designed specifically for covalent binding of proteins, with appropriate
properties providing for high binding yields of active enzyme, functional groups,
avoiding aggressive reactions but with sufficiently high density and mechanical
stability, high internal surface, particle density, and hydrophilic character.

Cephalosporin C ~ (ca. 4000 ton)

Penicillin G (ca. 30000 ton) —Chemical 5 Adipoyl-~ADCA __ (?)

Penicillin V (Ca. 10000 ton) Phenylacetyl-7—ADCA (3000 ton (1992))
Enzymatic (from 1975) Enzymatic (from 1990)
Chemical (now < 10%) Chemical (< ? %)
6-APA (12000 ton) 7-ACA (ca. 2000 ton)

7-ADCA (1200 ton (1992))

Chemical
wzmanc (from 2000)

Semisynthetic penicillins or cephalosporins

R R-6-APA R-7-ADCA R-7-ACA

(R)-Phenylglycyl Ampicillin Cephalexin Cephaloglycin
(R)-Hydroxy-phenylglycyl Amoxicillin ~ Cephadroxil

Scheme 2.1 Enzymatic and chemical pro- antibiotics. The by-products phenylacetate
duction of semisynthetic penicillins and and adipate can be recycled in the fermenta-
cephalosporins from the hydrolysis prod- tions. The amounts produced are estimated
ucts (6-APA, 7-ACA, 7-ADCA) of B-lactam from literature data [45].
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Patents by Bayer (which filed some nine patents in 1972 and 1973 on immobi-
lized PA) refer to known literature highlighting the shortcomings — common in
academic development [46, 47]. Catalyst design is given in detail, including excel-
lent binding yields (up to 92% of active enzyme), with high specific activities, high
stability (producing more than 30 batches), and yield of reaction product (91% of
PA) — much better than the data from the literature at that time. The immobilized
enzyme system allowed scale-up over several dimensions, up to industrial reactor
scale (several cubic meters), exhibiting low abrasion in such stirred-tank reactors.

The immobilization procedure is given in the patents, along with the ratio of
protein and the polymer carrier, temperature, pH, buffer, ionic strength, and reac-
tion time [47]. However, several specific results were kept secret, such as the dis-
tribution of the enzyme inside the carrier, providing for enhanced efficiency of
the biocatalyst (compare for parallel developments published by the group of Lilly
and Buchholz [48, 49]). The results reflect the performance required in a success-
ful industrial process. Most importantly, the costs for the biocatalyst finally were
marginal compared to the overall cost of the process (Scheme 2.1).

Production of 6-APA by PA began in 1972 in the Biotechnikum (pilot plant) of
Bayer, in a scale of 10001 up to 3000 I. Production was transferred subsequently to
the plant with production in three reactors, in the 10 m? scale, with several batches
per day of 6-APA. The product was also manufactured for another antibiotics pro-
ducer (Schmidt-Kastner, personal communication).

The development represents, even today, high-grade state of the art. The sec-
ond important development was by Lilly and his group (at the University College
London), working with PA from E. coli and developing an immobilized biocatalyst
as well as process technology (see e.g., [49]), in close cooperation with Beecham;
process scale-up was undertaken in the late 1970s.2 Today, the production of 6-
APA is over 10000 tpa (tons per annum) and that of 7-ACA some 4000 tpa, and
semisynthetic penicillins and cephalosporins represent a market value of over
US$20 billion per annum [37, p. 525].3

233
Examples of Industrial Development: The Case of Sugar Isomerization

The largest process with immobilized enzymes with respect to volume is that with
glucose isomerase. The first commercial enzymatic production of high-fructose
corn syrups (HFCS, with 53% glucose, 42% fructose, by isomerization of a

2 Development with immobilized PA comprised stirred-tank cascades, but application was restricted
to batch stirred tanks. Many graduates (including Carleysmith, who contributed to catalyst design) went
to Beecham to continue work on the industrial process. The group of Lilly represented, unconventional
in academia at the time, an integrated group (biochemistry, biochemical engineering, including down-
stream processing) in the early 1970s. The idea was possibly stimulated by an MIT group (Cooney,
Cambridge, MA, USA) (Fish, personal communication).

3 The development of the PA process also shows how much industrial interest has stimulated and
encouraged fundamental work, including recombinant technology, as is obvious from an increasing
number of papers (over 600) published subsequently on the subject. Remarkably, work on recombinant
PA did not meet the interest of the first companies active in the field (see Section 2.5).
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glucose syrup, with enhanced sweetness) took place in Japan in 1969 (Takasaki),
however with limited success. The sky-rocking sucrose price in 1973-1975
contributed to the interest in HFCS, and consequently immobilized glucose
isomerase, dramatically. Companies like Novo Industri (now Novozymes, AS,
DK) and Gist-Brocades (NL; now DSM) developed more stable enzyme products,
which were cheaper and easy to use. Resources were spent on optimizing the
production of glucose isomerase, its immobilization, and the engineering of the
processes [50]. As a result, productivities of the commercial process increased
from ~500 kg HFCS kg~! immobilized enzyme product (1975) to ~20 000 kg kg™
(2003). Currently about 12 million tpa of HFCS is produced worldwide [37,
Section 8.4].

2.4
Expanding Enzyme Application after the 1950s

During the late 1960s, with the development of detergent proteases, the use of
enzymes increased dramatically. At the same time, an enzyme process to produce
dextrose using glucoamylase was introduced for starch processing.

Non-immobilized (soluble) enzymes continue to dominate technical applica-
tions in economic terms. The areas are

+ food manufacturing, with starch hydrolysis (Figure 2.3), and further process-
ing (over 15 million tpa), bread, cheese, fruit juice manufacture, and so on
(estimated at 40—45% of enzyme sales)
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2.500 million € _5 6000 m
g -3 8

5 5000 - 3

2 ®

o (2]

o 4000 + %)

% L2

& 3000 S

£ g

@ 2000 - |, =

Detergent § T8
34% 2 1000 - 3,
§ Q)

Lu ~

O bl T T T T

(a) ( 1960 1970 1980 1990 2000 2010 2020

O
-

Figure 2.3 Market for enzymes used as bio-
catalysts for different purposes 2010 (a), and
the increase in the application of enzymes
reflected in the number of employees in the
industry producing enzymes for biocatalytic
purposes and their worldwide sales since
1970 (b). Number of Novozymes employ-
ees that has about 50% of the world mar-
ket for such enzymes (squares) and value

of their worldwide sales (filled circles) are
shown (Novozymes yearly reports, last one
from 2010). The value of the world produc-
tion of technical enzymes is much larger
than shown in (a), as many companies that
use enzymes as biocatalysts produce them
in-house in order to have a safe and stable
enzyme supply and/or protect their propri-
etary knowledge.



2.4 Expanding Enzyme Application after the 1950s

+ detergent formulations with proteases, lipases, and cellulases (35-40%)
+ bioethanol production based on starch (beverage and fuel ethanol
~42 million m® per year) [37, Chapter 12].

They represent the most important areas with respect to volume and turnover.
Application has extended into the areas of paper and pulp, textile manufacture,
degumming of oil, and many others. One-step reactions and hydrolytic enzymes
still are dominating. They are often offered at low price (5-20€/kg or €/1 of
concentrate, respectively). The hydrolysis of high-molecular-weight, insoluble, or
adsorbed substrates proceeds efficiently with soluble enzymes only.

+ Immobilized biocatalysts play an eminent role, with two of very large volume
and value, as has been described previously: glucose isomerase, and penicillin
amidase. They have been established even on a large scale for the manufacture
of basic chemicals and acrylamide by immobilized nitrilase (400 000 tpa) [37,
Chapter 8, 51].

Today, more than 15 processes of major importance are on stream, and sev-
eral hundred processes exist for further special applications. Selected examples of
industrial application are shown in Table 2.2, ranging from a production scale of
several million to some hundred tons per year, however with high added value.

The growth of applied biocatalysis has been remarkable in recent years. Thus
the turnover of the enzyme division of Novo Industri (DK), the leading enzyme
manufacturer, did not exceed $1 million annually until 1965. By 1969, within
only 4 years, Novo’s enzyme turnover exceeded US$50 million annually, and in
1997 Novo Nordisk’s enzyme division (today Novozymes AS) had a turnover of
~US$650 million. Data on enzyme sales from different sources are illustrated
in Figure 2.3. A nearly exponential increase over three orders of magnitude in
35 years is evident [37, Chapter 1]. Total sales were €2.5 billion in 2010; however,
the value of the world production of technical enzymes is considerably larger,
since many companies that use enzymes as biocatalysts produce them in-house in
order to have a safe and stable enzyme supply and/or to protect their proprietary
knowledge.

One development, with fashions following up and decrease of energy prices,
were Cellulases — a career beginning in the 1950s, with several boom cycles since
the 1970s following the first oil crisis. They represent the key to alcohol from lig-
nocellulosic material, which offers a huge potential for biofuel manufacture, pro-
viding new raw material sources, without competing with food production, and
the option for considerably reduced greenhouse gas emissions. Research on enzy-
matic cellulose degradation has been pursued with varying intensity during recent
decades. The pioneer was Elwin T. Reese, who investigated during the early 1950s
the deterioration of cotton tents at the U.S. Army Laboratories during World War
II. He identified fungi of the genus Trichoderma that produced major amounts
of cellulases, potent in hydrolyzing cellulose to glucose, including one, which was
then named Trichoderma reesei. Reese was joined in 1956 by Mary Mandels, and
the focus of cellulase research changed from preventing hydrolysis to enhancing
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Table 2.2 Industrial applications of enzymes: major selected areas [37, Chapter 7] -
Additional sector: diagnostic enzymes?.

Market Enzyme Purpose, application Membrane Immobilized
shareb) in solution systems systems
Hydrolases
Detergents: about  Proteases Detergents
30%
Cellulases Detergents
Lipases Textile, oil
Food (total):
40-45%
Rennin, chymosin ~ Cheese manufacture
Glycosidases
(Starch: 11-15%)°  Amylases, Starch hydrolysis, biofuel (Dextrin hydrolysis)
amyloglucosidases  production, detergents,
baking, brewing
Cellulases Pulp and paper
manufacture, textiles,
biofuels
Xylanases, Juice manufacture, feed
B3-glucanases, processing
pectinasesd)
Lactase Milk products Lactose hydrolysis
Esterases
Acylases Amino acid Amino acid synthesis
synthesis
Penicillin amidase Penicillin
hydrolysis/synthesis
Oxidoreductases
Glucose oxidase Drinks manufacture Glucose analyzer
Analytics
Lipoxygenase Baking
Transferases
Aminotransferase Amino acid
manufacture
Cyclodextrin Cyclodextrin
transferase manufacture
Isomerases
(12%)°) Glucose isomerase Manufacture of high
fructose corn syrup
(HECS)
Total turnover
2500 million €° Worldwide

a) Diagnostic enzymes; purpose, application: analysis of metabolites in medical care. Market estimated at over
10 billion €.

b) Technical enzymes, worldwide, estimates.

c) Included in food.

d) Including other activities.

e) 2010; however, the value of the world production of technical enzymes is much larger, since many companies
that use enzymes as biocatalysts produce them in house in order to have a safe and stable enzyme supply and/or
protect their proprietary knowledge.
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it for the production of glucose. Systematic classification and characterization, as
well as early research on reaction and synergism of cellulases, was pioneered by
the group of Henrissat since 1983 [52]. Among the early reviews and papers con-
cerning the kinetics and processing are those of Ladisch et al. [53], Ghose [54],
and Buchholz et al. [55]. Early advanced concepts were to be forgotten, such as
simultaneous cellulose hydrolysis and ethanol formation [56], and engineering
concepts, for example, a counter-current trickle bed tubular reactor [57]. Subse-
quent insights made new approaches possible, and necessary, and provided more
advanced concepts for better efficiency and much lower cost [52]. An overview
of the recent development is given by Bornscheuer et al. [52]. With respect to
application, a range of pilot studies, demonstration, and/or commercial produc-
tion facilities have been announced in recent years; however, only a few have been
in operation on a relevant scale, for example, by POET (USA) and Iogen Cor-
poration (Canada) which has been operating the first demonstration facility in
Ottawa (Canada) since 2004, by Renmatrix, Inbicon, in Denmark, and Abengoa in
Spain. Among the first commercial plants are Chemtex’s plant in Italy, and the Beta
Renewables biorefinery in Crescentino, with a capacity of 75 000 m? per year, using
enzymes from Novozymes. However, despite these recent innovations, “There is
an old joke in the energy business that advanced biofuels are the fuel of the future,
and always will be.” (The New York Times International/SZ StiddeutscheZeitung,
May 2, 2014, p. 8).

25
Recombinant Technology - A New Era in Biocatalysis and Enzyme Technology

Most relevant for enzyme research and technology were two basic accomplish-
ments: exploring and understanding the protein structure, and the establishment
of nucleic acids as hereditary units, the resolution of their structure and func-
tion as carriers of biological information. Knowledge of the protein structure is
critical for application in industrial processes, notably immobilization. Genetic
engineering furthermore provides the key tool to improve the properties required
for enzymes in industrial catalysis, such as appropriate stability.

2.5.1
New Enzymes - A Key to Genetic Engineering

Genetic engineering, along with recombinant techniques, has played a major
role in extending the field of biocatalysis since the 1980s. It was the discovery of
restriction enzymes in the second half of the 1970s, as well as the synthesis of
oligonucleotides, in about 1970, that promoted dynamics in the field, including
technological development, which in turn stimulated basic research. Restriction
enzymes made it possible to cut genes at defined positions and transfer them,
by appropriate methods, into other organisms, for example, for production
of the respective proteins in large-scale fermenters, or for the construction
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of recombinant or newly synthesized genes exhibiting modified properties
expressed in the proteins, notably enzymes, which they encode for (see [8,
Section 7]; [58, Sections 1.4 and 1.5]).

The discovery of DNA polymerases, restriction endonucleases, and further
enzymes that replicate, break, repair, and recombine DNA formed the basis of
recombinant DNA technologies. Kornberg, in 1955, discovered an enzyme of E.
coli that could replicate DNA from any microbial, plant, or animal source. He
later found further replication enzymes and characterized them. The splicing
techniques for generating recombinant DNA use enzymes that cut, fill, and seal
breaks in DNA [59, pp. 10, 25, 27, 180].

Arber, and Smith and Wilcox, during the late 1960s, reported that restriction
enzymes degraded DNA at particular nucleotide sequences. In 1971, Boyer
discovered EcoRI, which cleaves DNA site-specifically [60]. In subsequent exper-
iments, it was found that cleavage of duplex DNA by EcoRI generates fragments
that have complementary cohesive termini, “sticky” DNA ends, to allow for
enzymatic joining of DNA molecules, a finding published by three groups in
1972. Boyer had seen at once that it would be a much more precise operating
tool for use of plasmid construction, notably for Cohen’s early plasmids. Boyer
offered it to Berg and Cohen, with whom he immediately began to cooperate,
and to many others. By March 1973, Boyer and Cohen had demonstrated the
feasibility of the DNA cloning approach they had outlined a few months earlier
[61, 62, p. 649]. Subsequently, many different restriction enzymes were found
that cut DNA molecules at different places.

A prerequisite for cloning was the availability of such pure, well-characterized
enzymes (collected by Collins, [58, Section 1.5]). Important were restriction
endonucleases (notably EcoRI), further DNA ligases (for joining DNA fragments
with paired cohesive ends), DNA polymerase I (for efficient DNA synthesis on
a template (by Kornberg et al. [63]), and reverse transcriptase (for synthesis of
DNA from mRNA [64, 65]. A considerable number of these and further enzymes
have become available commercially since the 1980s (see following section).

A new tool, CRISPR, for genome editing of remarkable precision has been
invented (CRISPR means clustered regularly interspaced short palindromic
repeats and the associated Cas9 enzyme, Cas9 for CRISPR-associated protein9).
The technique is based on the research and development of two scientists,
Jennifer Doudna, University of California, Berkeley (USA), and Emmanuelle
Charpentier, at that time at the Umea University, Uppsala (S), who in 2012
developed CRISPR/Cas9.

“The result has been an explosion in research and commercial use.” The essen-
tials of this discovery are twofold, the precise direction of the enzyme complex to
the position to be split, by short guide RNA which can be readily synthesized, and
the general ability to hydrolyze DNA at any selected position. The guide RNA can
be paired with locations in any genomic DNA for use of CRISPR as an editing tool,
including animal and human DNA. The latest developments in this new enzymatic
tool for in vivo genetic engineering represent a great increase in the ability to accu-
rately manipulate genetic material by DNA replacement (recombination) directly
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in living cells or whole organisms, efficiently and with little or no unwanted genetic
side effects. If the cells edited are stem cells, the edit will persist, and if the cell is
a somatic, the edit will last only as long as that cell survives. As an example, one
company aims at creating anticancer cell therapies [66].

This technology is expected to revolutionize much of modern medicine and
biotechnology in the near future. One innovative example can be seen in the work
of, for example, George Church’s group, in which this new method was used to
destroy 69 retroviral copies in the genome of a pig in a single experiment. This is
the first step to generate pigs, as potential organ donors, which are free of retro-
viruses that might be harmful to humans [58].

Based on this development, recently a remarkable series of new companies, four
within 4 years, have been founded in order to explore this new technology for
genome editing tools of remarkable precision, two with the inventors Doudna and
Charpentier. These companies created an investment of $345 million within that
short time. However, some have raised ethical concerns with respect to germline
alterations (as opposed to somatic tissue alterations) [66, 67, 68].

252
Analytical and Diagnostic Enzymes

Basic findings for clinical enzymology at the beginning of the twentieth century
were the detection of activities of serum amylase in patients with pancreas dis-
eases and phosphatases and cholinesterase in patients with prostate cancer and
liver diseases, respectively. During 1954 —1956, the clinical significance of alanine
and aspartate aminotransferases and lactate dehydrogenase for liver deficiencies
and heart attack were reported, followed by others, such as creatine kinase and
y-glutamyltransferase a few years later. The measurement of enzyme activities as
well as the development of standardized test methods and biochemical reagents
and their use in medical laboratories became increasingly important in those years
(69, pp. 209-211].

In Germany, gene technology was difficult to establish in the 1970s and early
1980s due to political limitations and the conservative strategies of the big
chemical companies (the case of insulin in Hoechst). In contrast to the conser-
vative strategies of the big chemical companies, Boehringer Mannheim GmbH
(Germany) established biomolecular and recombinant technologies in Tutzing,
from 1977 onward. Galactose dehydrogenase for food analysis and a-galactosidase
for application in the sugar industry (hydrolysis of the trisaccharide raffinose
in molasses) were cloned from 1979 onward, resulting in higher yields, as well
as higher purity and quality, and in 1982 a series of recombinant enzymes for
food analysis were introduced [70]. When a leading scientist asked Herb Boyer
in 1979, at a meeting in Berlin, how to clone bacterial enzymes, his answer was
to use the — at that time — “super high tech” way using the protein sequence,
oligonucleotide synthesis, and hybridization for fishing of the gene — which is
routine today. In 1980, cloning of creatinase, the most important parameter for
kidney analysis, was started, which had been obtained in low amounts and at
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high price from Pseudomonas; it was then obtained in E. coli with 50% yield of
the total protein, and introduced in 1985 [71, 72].

The t-PA (tissue plasminogen activator) — the product expected to give a new
endogene human protein, a much more efficient thrombolytic for treatment of
cardial attacks) — story resembles a thriller: in 1983 Genentech had announced
the successful cloning of the gene, followed by a race for the best expression
yields — with Wall street ups and downs, with failure of approval by the FDA first,
then approval in 1987, great initial sales, followed by disillusion due to unrealistic
prices. Starting 3 years later than Genentech, Boehringer Mannheim succeeded,
with others, in a better product with superior quality and much lower cost. By
1988, Boehringer Mannheim had introduced some 90 commercial recombi-
nant biochemical products, including analytical and restriction enzymes and
antibodies [71]. In 1995, Roche Diagnostics offered 200 recombinant products
(Hoffman-La Roche AG — short: Roche — had taken over Boehringer Mannheim
GmbH) [69]. The market for diagnostics is currently dominated by Roche and
Abbot, the sales by Roche in this sector were €8.6 billion in 2013 (CHEManager
7-8/2014, p. 3).

Polymerase chain reaction (PCR) has been called the revolutionary molecu-
lar biology method of the twentieth century, enabling the amplification of tiny
amounts of DNA by as much as a billion-fold within a short or reasonable time
[59, pp. 236—241, 69, p. 280]. The principle of PCR was conceived in 1983 by Kary
Mullis, while working for Cetus Corporation, California, “during a late evening,
when driving, together with his girl friend, on a California Highway through the
mountains, by combining conventional, but independent ideas to that process
which he called later the PCR, all when a tropical flavor was in the air” [73]. In 1985,
a patent for PCR was granted to Mullis and assigned to Cetus Corporation. Despite
initial problems, for example, with contaminations, and initially high expenditure
of time, the first commercial test was introduced in 1990, and tests for the HIV-1-
provirus and Chlamydia trachomatis, a bacterium transferred by sexual contact,
were introduced in 1992 (by Roche with the trade name Amplicor). For imme-
diate application of the technique to the diagnosis of the disease, a license was
granted by Cetus to Roche AG [69]. The breakthrough was achieved in subse-
quent years, with different and multiple applications; among them are tests for
hepatitis C virus, hepatitis B, Mycobacterium tuberculosis, and numerous others.
Most important were tests for the confirmation of fatherhood, and for elucidation
in criminal cases, by testing for DNA in preserved traces of blood, or in human
history from a fossilized prehistoric creature. PCR is moreover well established
in genetics, basic studies on evolution, on inherited disease, and other biological
sciences, as well as in biotechnology [59, pp. 236—241, 69, pp. 280287, 337].

An additional hot story reported by Kornberg was discussed at a trial in the
U.S. District Court in San Francisco where Du Pont challenged the Cetus patent.
The group of Kornberg had discovered and characterized DNA polymerase over
the preceding decade; this and other prior findings were argued against the inven-
tion of PCR. The case involved a billion-dollar market at stake, where Cetus finally
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was the winner. Chiron subsequently purchased Cetus and sold the PCR patent
portfolio to Roche for $300 million [59, pp. 236—241].

253
Expanding Market of Industrial Enzymes

With recombinant technologies, a boost for enzymes occurred, from the 1980s
onward, extending the range of enzymes available. The new techniques consider-
ably improved vyields, lowered prices, and markedly extended applications, with
modified and/or improved selectivity, effectiveness, and stability (both at elevated
temperatures and pH). Boehringer Mannheim GmbH (Germany) had produced
the first recombinant enzyme, a-galactosidase, in the industrial scale (10 m?
fermenter) as early as 1982 [71, 74, 75]. In 1980, genetic engineering of amylase
production was a test case at Novo for food enzymes, going to the approval pro-
cess, and finally marketing in 1984. Over 50 % of market share for recombinant
enzymes was reached in 1992 (Poulsen, personal communication).

Work on recombinant penicillin G amidase (PA), one of the most important
industrial enzymes (see above), was initiated by F. Wagner in cooperation with
H. Mayer and J. Collins. The group cloned an E. coli strain that overexpressed PA
at a level much higher than publicly known strains [76], but not much exceeding
that of industrial strains. The enzyme was produced constitutively, in contrast to
conventional strains. Unexpected results were insights in the autocatalytic pro-
cessing of the enzyme after expression ([37, Chapter 12.3, 77]). Results were first
presented at the Enzyme Engineering Conference, Henniker (New Hampshire,
USA) 1979 [76]. Discussions with several companies had taken place in order
to check their interest, thus with Genentech and Pfizer before 1979. Remarkably,
most of the companies with established projects on PA were not interested. Indus-
trial development with the new strain would have required new scale-up with
unknown results, notably with respect to stability and product yield (Schmidt-
Kastner, personal communication). A cooperation was, however, established with
BiochemieKundl (Austria), which utilized the strain for the hydrolysis of penicillin
G, which was a by-product (with 10%) in their established process with penicillin
V as the main component (hydrolysis of both penicillins yields the same product,
penicillanic acid) (Mayer, personal communication).

Important factors for the success of recombinant enzymes were the following:
the productivities and/or yields improved by factors of up to 100, and prices for
recombinant enzymes now typically lower by a factor of 10 as compared to tradi-
tional (non-recombinant) enzymes. Thus the ratio of the amount of recombinant
and wild-type microorganism, respectively (E. coli or yeast), required for the pro-
duction of an enzyme is in the range of 1:25. The time required for the scale-up
procedure for recombinant detergent enzymes is in the range of 1year (tradi-
tionally 4 years) and for food enzymes 1.5 years (traditionally 68 years; Poulsen,
personal communication). Examples for recombinant enzymes used in major
industrial processes comprise amylases, glucoamylases, and glucose isomerases,
the protease subtilisin used in washing powders, and glutarylamidase and PA
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for the hydrolysis and synthesis of 3-lactam antibiotics. A range of successful
modifications have been summarized by Bommarius and Riebel [78] and by
Buchholz et al. [37]. Thus thermal stability could be improved significantly
by site-directed and random mutagenesis as well as by directed evolution
(see below) in amylases and glucose isomerase. Thermostable amylases from
hyperthermophilic microorganisms are active even up to 130 °C and are applied
industrially in the range 105—110 °C during starch processing. Other important
improvements concern the shift in the pH application range, which is relevant in
starch processing by amylases and glucoamylases.

2.6
Current Strategies for Biocatalyst Search and Tailor Design

2.6.1
Enzyme Discovery from the Metagenome or Protein Databases

Extending the range of enzymes for application as well as the search for new solu-
tions in synthesis, notably of chiral compounds, has been a continuing challenge.
The traditional method to identify new enzymes for such purposes is based on
screening of, for example, soil samples or strain collections by enrichment culture,
many impressive examples of which can be found in the literature [79]. Unfortu-
nately, only a tiny fraction of the biodiversity can be accessed by this means using
common cultivation technology. Indeed, the number of culturable microorgan-
isms from a sample has been estimated to 0.001—-1% depending on their origin
[80]. In turn, more than 99% of the biodiversity escaped our efforts to identify
them for biocatalytic applications. After the 1990s, two new strategies have been
developed to include the plethora of “non-culturable” biodiversity in biocatalysis:
(i) the metagenome approach [81, 82] and (ii) sequence-based discovery. Here, the
enormous progress in sequencing technology has led to an exponential increase
in the number of sequence data (currently ~40 million sequences in the UniProt
database). For instance, the metagenome sequencing of just the biological diver-
sity found in the Sargasso sea [83] and in the Global Ocean Survey project [84]
identified 7.3 million new gene sequences, including 1700 new protein families.
This rich source of information can be considered as a gold mine, as these genes
encode for a plethora of novel and mostly unexplored enzymes useful for bio-
catalysis for the production of fine chemicals and pharmaceutical building blocks
or metabolic engineering of new pathways to produce bulk chemicals or biofu-
els. In the metagenome approach, the entire genomic DNA from uncultivated
microbial consortia (i.e., soil samples) is directly extracted, cloned, and expressed.
Next, distinct enzymatic activities are identified by suitable assay methods [85,
86]. The major advantage of this approach is that a large number of new bio-
catalysts can be found. Phylogenetic analyses have revealed that new subclasses
of enzymes can be identified that show a very broad evolutionary diversity, and
thus the chance to identify biocatalysts with unique properties is substantially
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increased. In addition, the enzymes identified are already expressed by recom-
binant methods and thus in principle available at a large scale. One impressive
example was the discovery of >130 novel nitrilases from more than 600 biotope-
specific environmental DNA libraries [87] by Diversa Inc. (San Diego, USA), as
compared to less than 20 nitrilases known so far, which were isolated by classi-
cal cultivation methods. The application of these novel nitrilases in biocatalysis
revealed that 27 enzymes afforded mandelic acid in >90% ee in a dynamic kinetic
resolution and one nitrilase afforded (R)-mandelic acid in 86% yield and 98% ee. In
another example, a nitrilase from this discovery was used to make (R)-4-cyano-3-
hydroxybutyric acid from 3-hydroxyglutaronitrile, which served as building block
for atorvastatin, a major drug sold as Lipitor [88]. The wild-type enzyme was
then improved by directed evolution [89], and the process using 3 M substrate
(300 g17!) was up-scaled by researchers from Dow Chemicals to afford the chiral
building block in 98.5% ee in 82% isolated yield [90]. In a more recent contribution,
the company BRAINAG (Zwingenberg, Germany) identified a surprisingly large
molecular diversity for the well-known serine protease from Bacillus subtilis in
Carlsberg [91]. In only four soil samples they were able to find 94 sequences of this
protease bearing 38 mutations, equivalent to 2—8 amino acid exchanges per vari-
ant. Fifty-one unique protein variants could be functionally expressed in Bacillus
subtilis, which also differed in their functionality. Hence, their discovery of coex-
isting gene variants is a potent source for novel enzyme variants.

In case a novel protein sequence is discovered by the metagenome approach
or from genome sequencing, the annotation of a protein function is performed
automatically and consequently can lead to misleading interpretations. In a recent
example, we took advantage of these errors while trying to identify (R)-selective
amine transaminases (ATA) for which no protein sequence was reported in the lit-
erature at the time of our study. ATA are pyridoxal-5’-phosphate (PLP)-dependent
enzymes catalyzing the synthesis of chiral amines from ketones (in contrast to
amino acid transaminases that convert a-keto acid to a-amino acids), and only
(S)-selective ATA protein sequences were known at that time. Using a sophisti-
cated search algorithm — based on distinct amino acid motifs of known amino acid
transaminases — an alignment of >5000 protein sequences from public database
of PLP-dependent transaminases identified 21 new protein sequences (equivalent
to a hit rate of 0.5%) [92]. For 17 proteins, it could be confirmed that they all
were true ATAs having the predicted (R)-enantio preference and these were then
used in the asymmetric synthesis of a set of 12 chiral (R)-amines [93]. Another
(still only scarcely explored) source for novel enzymes is the Brookhaven protein
structure database (www.pdb.org), which contains numerous proteins whose the
3D structure has been deposited but where the proteins were never biochemi-
cally characterized. The advantage of this strategy is that the protein structure
is known and hence subsequent protein engineering by rational design is sub-
stantially facilitated; the disadvantage is that neither the substrates nor suitable
reaction conditions are known in such a case and need to be elucidated. Using this
approach, we recently identified four (S)-selective ATA in the Protein Database
(PDB) and could functionally assign them by biochemical characterization using
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a cocktail of potential amino donors and acceptors to identify suitable substrate
pairs and by performing the enzymatic reactions at different pH values [94, 95].

2.6.2
Protein Engineering of Enzymes

Once the enzymes are identified for a given application, they usually need to be
optimized to meet the requirements of a given process. Protein engineering tar-
gets include improved stability at high temperature, at extreme pH, as well as in
unconventional media such as organic solvents and at high substrate loadings. Fur-
ther aims are altered specific activity, selectivity, and broadened substrate scope.
For this, two major strategies for the improvement of an enzyme on the amino
acid sequence level can be followed: (i) rational protein design, which requires the
availability of the three-dimensional structure (or a homology model) necessary to
identify type and position for the introduction of appropriate amino acid changes
by site-directed mutagenesis, or (ii) directed evolution [96]. Directed evolution
emerged in the mid-1990s (also called in vitro or molecular evolution) and essen-
tially comprises two steps: first, random mutagenesis of the gene(s) encoding the
enzyme(s), and second identification of desired biocatalyst variants within these
mutant libraries by screening or selection. Prerequisites for in vitro evolution are
the availability of the gene(s) encoding the enzyme(s) of interest, a suitable (usu-
ally microbial) expression system, an effective method to create mutant libraries,
and a suitable screening or selection system. Many detailed protocols for this are
available from books [85, 97, 98], and updates are given in reviews [99, 100]. These
modern tools for protein engineering helped solve the various issues related to the
application of enzymes, which have been summarized in a recent review [101]
covering more than 40 examples in which enzymes were improved by protein
engineering to make pharmaceutical intermediates on a large scale. As stated in
that review, one can summarize the major technological achievements made in
the last decade: "in the past, an enzyme-based process was designed around the
limitations of the enzyme; today, the enzyme is engineered to fit the process spec-
ifications.”

Probably the most impressive recent example of successful protein engineering
is the expansion of the substrate scope of the transaminase ATA-117 to accept
ketones with two bulky substituents, as shown in a joint project by Codexis Inc.
(Redwood City, USA) and Merck & Co (Rahway, USA) to make the antidiabetic
drug sitagliptin (Scheme 2.2). Starting from ATA-117, a close homologue of the
wild-type enzyme, which had no detectable activity on the substrate, the first vari-
ant provided very low activity (0.2% conversion of 2 g1~} substrate using 10 g1~}
enzyme) towards prositagliptin; the final variant having a ~40 000-fold increased
activity converts 200 g1=! ketone to sitagliptin with 99.95% ee at 92% yield [102].
The biocatalytic process not only reduced the total wastage and eliminated all
transition metals but also increased the overall yield and the productivity (kilo-
gram per liter per day) by 53% compared to the metal-catalyzed process [103]. This
chemical process for asymmetric hydrogenation using a transition-metal catalyst
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Chemical route 98% yield, 95% ee
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Scheme 2.2 An engineered amine transaminase could replace the earlier chemical process
in the large-scale production of the drug sitagliptin [102, 103].

was developed earlier at Merck & Co. The enzyme engineering started with a small
ketone substrate, created more space in the active site, and used increasingly larger
ketones.

263
Enzyme Cascade Reactions

Enzymatic cascade reactions are comprised of several consecutive biocatalytic
steps toward the final product. Advantages are that no intermittent product isola-
tion is required, unstable intermediates are directly further converted, reversible
reactions can be driven to completion, inhibition is reduced or eliminated, invest-
ment costs can be lower, wastage is considerably reduced, and higher overall yields
can be achieved. This requires, however, the availability of suitable enzymes hav-
ing similar pH and temperature profiles and preferentially also similar specific
activities and stabilities. Usually, the enzymes are recombinantly expressed and
used either as whole cell systems or as crude cell extracts for which it must be
ensured that no undesired enzyme activities are present from the host’s back-
ground. Recent reviews provide excellent overviews about the status of this field
[104-108], so only a few selected examples are covered below.

One important area is the synthesis of o,m-dicarboxylic acids, o-
hydroxycarboxylic acids, or w-aminocarboxylic acids, as these are impor-
tant starting materials for the synthesis of a variety of chemical products and
intermediates such as nylons and other polyamides, polyesters, resins, hot-melt
adhesives, powder coatings, corrosion inhibitors, lubricants, plasticizers, greases,
and perfumes. For instance, several tens of thousands oftons of sebacic acid
(1,10-decanedioic acid), which is produced from ricinoleic acid, is used annually
for the preparation of Nylon-6,10. The majority of dicarboxylic acids are made
from petrochemical feedstock or fatty acids via chemical routes, although
whole-cell biotransformation routes for the preparation of dicarboxylic acids and
their precursors w-hydroxycarboxylic acids have been also reported [109]. For
instance, sebacic and azelaic acids can be produced via fermentation of Candida
tropicalis [110]. However, petrochemical feedstock such as decane and nonane,
respectively, are used here as starting materials. Further, the diversity of the
products is limited by the availability of the reactants used and the range of
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intermediates accepted by the metabolic pathways present in the microorganism
C. tropicalis. Recently, a biocatalytic cascade to produce o,m-dicarboxylic
acids and o-hydroxycarboxylic acids from renewable fatty acids obtained from
vegetable oils (e.g., oleic acid, ricinoleic acid) [111, 112] was described. The
cascade starts by hydration of the internal double bond of the fatty acid by
oleate hydratase followed by enzymatic oxidation of the hydroxyl group to the
ketone by an alcohol dehydrogenase (ADH). Based on our earlier discovery that
certain Baeyer— Villiger monooxygenases (BVMO) show distinct regioselectivity
in the formation of esters from ketones, two different BVMOs could be used
for the oxidation of the ketone into the two regioisomeric esters: the enzyme
from Pseudomonas putida provides access to w-hydroxy fatty acids, whereas the
BVMO from Pseudomonas fluorescens leads to the formation of an ester. Finally,
esterase-catalyzed hydrolysis yields the o,w-dicarboxylic acid (Scheme 2.3). This
made the cascade reaction much more versatile, as two different target products
can be easily produced as demonstrated for a variety of fatty acids as starting
materials. However, this process has not yet been commercialized. All enzymes
could be functionally expressed in E. coli, and the biocatalysis was performed
using crude cell extracts [111].

o
N N NN

lOIeate hydratase

OH
OH

lAIcohoI dehydrogenase

0,0 0,

WMOH

BVMO from P, putida | BVMO from P, flurescens

O, OH
/\/\/\/\ﬂ/ WM NN M OH
o) (¢}
l Esterase l Esterase o
(0]

H NN
Mro N HoerH OH + HOMOH
o O

(o}

Scheme 2.3 An enzyme cascade reaction to convert unsaturated fatty acids such as oleic
acid into w-hydroxycarboxylic acids or dicarboxylic acids. Cofactors are not shown for clarity
[111, 112].

More recently, this enzyme cascade was further extended to yield m-amino
carboxylic acids serving as precursors for polyamide synthesis. For this, the
o-hydroxy carboxylic acid is first oxidized to the corresponding aldehyde using
an ADH followed by the formation of the w-amino carboxylic acid using an
ATA [112]. Related concepts have been proposed by other groups: Schrewe
et al. started directly from fatty acids and used an alkane monooxygenase
in a recombinant E. coli strain to introduce the terminal aldehyde function,
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which is then converted to the amine by an ATA [113]. This process is cur-
rently performed on pilot scale to make w-aminolauric acid. As an alternative,
Otte et al. described the use of a lipoxygenase and a hydroperoxide lyase to convert
linoleic acid into 9-oxononanoic acid or the corresponding m-aminocarboxylic
acid [114]. However, best results were attained when the two enzymes were used
in a successive rather than in a one-pot manner. Very recently, we have des-
cribed a cascade reaction in which cyclohexanol is oxidized to cyclohexanone
and then transformed into e-caprolactone using a mutant of the cyclohexanone
monooxygenase from Acinetobacter calcoaceticus (expressed in E. coli). To
overcome severe product inhibition, the lactone could be directly oligomerized
in an aqueous phase owing to the unique acyltransferase activity of lipase A from
Candida antarctica. This allowed the conversion of 200 mM substrate quantita-
tively into the easy-to-separate oligomer [115] (Scheme 2.4), which then can be
used to make the polymer. In parallel, the Kroutil group reported the synthesis
of 6-amino-hexanoic acid, a precursor for Nylon 6, also using e-caprolactone as
key intermediate. Here, the lactone was first converted into 6-hydroxy-hexanoic
acid methylester using horse liver esterase (HLE) followed by oxidation with a
dehydrogenase to the aldehyde and finally transformation into the ®-amine using
a transaminase [116] (Scheme 2.4).

o
CAL-A HO (o) H
Oligomer

n

OH

ADH [ ioj } CHMO &oj
| +0,

in situ in situ HLE 0 1.ADH o
oH 2-ATA
Haco)kHs/y HgCO)J\Hg\/ N
Scheme 2.4 Enzyme cascade reactions to E. coli and whole cell extracts or lyophilized
afford e-caprolactone oligomers (top right, cells were used. ADH: alcohol dehydroge-
[115]) or 6-amino-hexanoic acid (bottom nase, CHMO: cyclohexanone monooxygenase,
right, [116]), a Nylon 6 precursor, starting CAL-A: lipase A from C. antarctica, HLE: horse

from cyclohexanol. In all cases, the required liver esterase, ATA: amine transaminase.
enzymes were recombinantly expressed in

26.4
Metabolic Engineering

Although there is a long history of the use of certain yeasts or fungi to produce
triglycerides as the so-called single cell oils (SCO or microbial lipids), the strains
studied often accumulated high amounts of lipids only in the presence of a
large excess of the carbon source and under nitrogen limitation [109, 117].
Nevertheless, microbial biotransformations are especially useful for multistep
conversion of triglycerides, fatty acids, or alkanes and the de novo synthesis of
lipid products. Modern metabolic engineering and synthetic biology tools now
allow the creation of recombinant microorganisms designed to synthesize a

37



38

2 Enzyme Technology: History and Current Trends

broad set of useful compounds [118]. As pointed out previously, these concepts
especially take advantage of the huge number of genome and protein sequences
available in public databases, and this vast source of information enables the
identification of novel enzymes with distinct function and selectivity required for
tailoring biosynthetic pathways. Numerous examples for successful metabolic
engineering can be found in literature, with the microbial synthesis of 1,3-propane
diol as one of the first successful large-scale productions [119]. In addition to this
diol for polymer synthesis, also the metabolic engineering of E. coli to produce
1,4-butane diol at up to 18 gl~! has been reported [120]. Also, the improvement
of the production of amino acids such as Glu, Lys, or Ser using engineered
Corynebacterium glutamicum strains has been reported [121].

More recently, scientists at DuPont (Wilmington, USA) have established a path-
way to produce eicosapentaenoic acid (EPA) in the oleaginous yeast Yarrowia
lipolytica [122]. This provides an alternative supply of this important w3-PUFA
(poly unsaturated fatty acid) simply by fermentation instead of extraction from
fish oil or other less abundant sources. The engineered strain produces EPA at
15% cell dry weight, and within the lipid fraction EPA accounts to 56.6% of the
total fatty acids, which contained only 5% saturated fatty acids. Key to success was
the introduction of nine different chimeric genes into the yeast and, of these, a
A17-desaturase showing high activity in the conversion of arachidonic acid into
EPA was the most important. Only a mutation of the peroxisome biogenesis gene
PEX10 resulted, however, in the extremely high EPA titers observed with the final
production strain [122].

Artemisinin is believed to be the most potent drug against malaria. This natural
compound is produced by the plant Artemisia annua, but this natural resource
does not provide sufficient amounts of the drug to treat the many million people
affected by malaria. The chemical total synthesis is highly complicated, requires
numerous steps, and results in low overall yields. Researchers of the Keasling
group have thus developed a highly impressive metabolic engineering approach
to establish the biosynthetic pathway to the advanced intermediate artemisinic
acid in the yeast Saccharomyces cerevisiae (Scheme 2.5). The current fermentation

°) H,C, OH . H.C

— : OPP H,C OPP
—> — 2 +3INZ
Hacksc:oA —_ Hooc\)\/\OH v~ o~
CH, CH,
Acetyl-CoA Mevalonate IPP DMAPP
H
g x X N"opp
H FPP
HoOC

Artemisinin Artemisinic acid Amorphadiene

Scheme 2.5 Artemisinic acid (box) production pathway in an engineered S. cerevisiae strain
[123]. The last step to the final product artemisinin is performed chemically. IPP, isopentyl
diphosphate; DMAPP, dimethylallyl diphosphate; FPP, farnesyl diphosphate.



2.7 Summary and Conclusions

process yields titers of 25 g1™! of artemisinic acid, which is then converted in an
efficient and scalable chemical process to artemisinin [123, 124].

These examples demonstrate that metabolic engineering has become mature
and enables cost-competitive production of compounds, which had been so far
only accessible from natural sources.

2.7
Summary and Conclusions

In early scientific approaches enzymes long remained mysterious things; never-
theless, Berzelius introduced the rational concept of catalysis including enzyme
reactions. In early pioneering work, Payen and Persoz isolated and characterized
diastase, and established the first industrial enzyme process for starch hydrolysis
to produce dextrins in the 1830s. Despite the unknown chemical nature, and even
mysterious properties assigned to enzymes and proteins, further practical appli-
cations were invented and introduced, for example, Hansen’s company producing
rennet for cheese making and Takamine being assigned a patent for microbial
amylases, applied for starch hydrolysis during the late nineteenth century.

Emil Fischer, from the 1890s onward, investigated in highly sophisticated exper-
iments the stereospecificity of enzymes, and he promoted the assumption of their
protein nature. Nevertheless, their chemical and structural nature were subjects
of controversial debates until Buchner (during the 1890s) ended the mysteries of
“vital forces” and laid the foundations of biochemistry. But even after Sumner’s
crystallization of urease in 1926, it took years for the acceptance of the protein
nature of enzymes.

Even so, technical application expanded, notably for food and beer manufacture.
Rohm, who was aware of Buchner’s work, pioneered the application of enzymes as
a bating agent in 1907, based on a strong market pull in Germany and the United
States, and later introduced enzymes for detergent preparations.

The final breakthrough for understanding mechanisms and structure was
the X-ray diffraction pattern of crystalline pepsin in 1934, followed by the
structural analysis of several enzymes in the 1950s. It provided the basis for a new
breakthrough for extended enzyme application, namely immobilization, which
was invented at the universities around 1950. Some 20 years later, around 1970,
the Bayer and Beecham companies developed the immobilization of PA for the
production of 6-APA, and semisynthetic penicillins; it was followed by other
highly important processes, such as glucose isomerization.

The continuous interplay between scientific insight, practical application, and
economics is obvious with the development of recombinant technologies. They
were established using restriction enzymes, which were critical to this technol-
ogy. In turn, it was these methods that opened the way to the much improved
and extended production of enzymes at significantly lower prices. Further, they
allowed the design of enzymes by rational approaches or by directed evolution
for scientific insight at the molecular level, and for improved properties, such

39



40

2 Enzyme Technology: History and Current Trends

as process stability and stereoselectivity. This further boosted the application of
biocatalysts into new markets, such as the synthesis of advanced pharmaceutical
intermediates and many other compounds. Modern biotechnological tools such
as metabolic engineering and synthetic biology go a step further and success-
fully combine many enzymes to make non-natural compounds in a microbial host
organism. The significant achievements made here in the last two decades not only
allow us to tailor design entire pathways but also, especially, reduce development
times substantially.

The role of scientific progress, pioneering technical developments, and eco-
nomics is obvious from early processes to the remarkable expansion of modern
enzyme technology, and the exponential growth of their application since 1950.
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PCR polymerase chain reaction
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3
Molecular Engineering of Enzymes

Maria Elena Ortiz-Soto and Jiirgen Seibel

3.1
Introduction

More than a half-century has passed by since the tertiary structure of the first
protein was unveiled. In 1958, Kendrew et al. obtained the three-dimensional (3D)
model of the sperm whale myoglobin by X-ray diffraction [1]: the extraordinary
journey into the protein’s structure —function relationship had begun.

Up to now, more than 600 genomes of cellular organisms have been fully
sequenced, which represents more than 5 million protein sequences added to
public databases [2], and structural genomics projects accumulate an increasing
number of protein structures. At the time of writing this chapter, more than
100 000 protein structures have been deposited in the Protein Data Bank (http://
www.rcsb.org/pdb/home/home.do) and ~53% correspond to proteins with
enzymatic activity. Proteins’ 3D structures become relevant since they provide
fundamental insights not only into protein functions but also into their evolu-
tionary relationships, improving in this way our understanding of how structure
and function relate to each other. Unfortunately, only the structure of less than
1% of known sequences has been elucidated either by X-ray crystallography or
nuclear magnetic resonance (NMR) techniques [2], and protein structure deter-
mination is still considered as a challenging, expensive, and time-consuming task.
Therefore, over the last decades several disciplines have converged attempting to
improve the predictive tools that may finally lead to the finding of the Holy Grail
of structural chemical biology, namely the accurate prediction of structure and
function from an amino acid sequence, although such goal may still be far from
being met [3].

Understanding the molecular bases that govern protein structure and how
structure associates with function is of highest importance for the design of
better and novel proteins that are required to expand the range of enzyme-based
biotechnological and biocatalytic processes [4, 5].

Enzymes are currently applied in paper and textile manufacturing, food and
beverage production [6], diagnosis, cleaning [7], and the synthesis of biological
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active compounds and fine chemicals [8]. However, the scope for potential
applications is enormous, and engineered enzymes may find application in fields
such as functional biohybrid nanomaterials and the catalysis of non-natural
reactions [9, 10].

The advantages offered by enzymes over their chemical counterparts are well
known; however, the widespread use of enzymes in the synthesis of organic com-
pounds is still prevented by insufficient substrate specificity, a limited substrate
range, lack of enantio-selectivity, low catalytic activity, low thermal stability, and
limited tolerance to organic solvents [11]. While the performance of an enzyme
under mild or harsh conditions is dependent on the particular case, natural bio-
catalysts are often not suitable for chemical transformations that are interesting
for biotechnological applications without undergoing redesign at different levels.
Furthermore, there are several reactions for which no enzymatic synthesis has yet
been reported. Engineered enzymes are then relevant for enzyme-based synthetic
processes aiming to obtain faster and more stable biocatalysts either to compete
with already established chemical transformations or to achieve efficient synthe-
sis of molecules that are difficult to produce by other means. Molecular evolution
has shown that modifying the amino acid sequence of a protein through mutation
or/and recombination may result in new folds and/or functions [12]. Thus, over
the last years a number of methods have been developed to generate protein vari-
ability, along with improved computational tools focused on protein design and
analysis. This chapter aims to provide an overview of the different approaches for
the design, redesign, and identification of enzymes with improved or new func-
tionalities. Among the vast number of enzymes that have been improved over the
last years, we chose industrially relevant biocatalysts such as lipases, cellulases,
and the cytochrome P450 to demonstrate the applicability of different protein
engineering approaches.

3.2
Protein Engineering: An Expanding Toolbox

Enzymes are attractive biocatalysts because of their inherent properties such
as reaction, substrate, and regio and stereo specificity. Although enzymes are
highly selective regarding their catalyzed reaction and the type of substrate they
recognize, secondary (often inefficient) or barely related reactions may also take
place because of the reactive nature of their catalytic sites [13, 14]. Secondary
reactions are frequently sought as the starting point to develop enzymes with
improved activity toward non-native substrates and are considered a key feature
for evolvability [14—16], as exemplified by the evolution of a weak, promiscuous
lactonase into an extremely efficient organophosphate hydrolase [17] and the
200-fold improved chlorohydrolase activity of a melamine deaminase [16, 18].
Catalytic activity may also emerge from noncatalytic protein scaffolds, and
new functions have been created combining in silico design and laboratory
evolution. The synthesis of sitagliptin (an antihyperglycemic drug) in the gram
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scale involving a transaminase bearing 27 mutations is a remarkable example
of such a strategy. Under optimal conditions, 200 g1~ prositagliptin ketone is
converted to sitagliptin of >99.95% ee, which exceeds by 10-13% the overall
yield and by 53% the productivity of the rhodium-catalyzed process, with a
concomitant 19% reduction in the total generated waste [19]. Over the last
years, a number of methods have been developed aiming to expand the enzyme’s
functional range, along with computational tools focused on protein design and
analysis. Some of these approaches will be described in the next sections.

3.2.1
From Sequence to Fold and Function

Assigning function to proteins from their sequence is still a challenge in the
post-genomic era. Genomic and metagenomics projects deliver a vast amount of
information as a resut of the fast development of high-throughput sequencing
technologies; however, biochemical characterization of proteins and elucidation
of their 3D structure generally proceed slower than the release of new protein
sequences. Bioinformatics tools are frequently used in parallel to experimental
methods for the prediction of protein structure, function, and target positions
for mutagenesis (“hotspots”), the most common approaches being those based
on sequence and structural similarity.

Bioinformatics tools aim to annotate function to genes and their products
based on sequence homology and non-homology methods. FASTA [20] and the
Basic Local Alignment and Search Tool (BLAST) [21], for instance, identify local
similarity between homologous sequences from nucleotide and protein databases.
However, assigning function to newly sequenced proteins that do not share appar-
ent sequence or structural similarity with already characterized ones requires
methods that use local structure similarity or distantly related proteins [22—24].

Structure prediction methods provide valuable information for proteins whose
structures are not available. Homology modeling is currently the most accurate
approach for obtaining all-atom models of proteins with unknown 3D structure.
According to the last biannual Critical Assessment of Protein Structure Prediction
(CASP) evaluation, some of the platforms that generate reliable protein models
are Iterative Threading ASSEmbly Refinement (I-TASSER) [25], Protein Homol-
ogy/AnalogY Recognition Engine (PHYRE2) [26], Rosetta [27], IntFOLD [28], and
SWISS-MODEL [29]. Rosetta was originally developed for de novo structure pre-
diction and, along with other programs, can be used to predict the structure of
proteins that do not have a known structural homologue or when determination
of their 3D structure is challenging, which is the case of transmembrane proteins,
for instance [30].

3.2.2
Improving Enzyme Properties by Rational Design and Directed Evolution

Protein engineering has proven successful in altering the properties of enzymes
either through rational design or directed evolution. Rational design relies on
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structure- and usually mechanistic-guided predictions about the mutations that
may be needed to modify a given enzyme property. In the absence of structural
information, such analyses are based on homology models. Although changes
at specific positions are easily introduced at the DNA level by site-directed
mutagenesis, they may result in protein variants that exhibit the sought property
but also show deleterious effects on the enzyme activity or stability. In those
cases, the change at one position may require additional fine-tuning at other
position(s) to compensate for the loss in activity, substrate affinity, or stability
derived from the first mutation. Unfortunately, prediction of additive and/or
cooperative effects resulting from simultaneous changes at two or more positions
is still difficult. Despite these limitations, the successful design of an impressive
number of enzymes through rational approaches is well documented, and some
computational tools that allow prediction of, for instance, stabilizing mutations
are continuously being developed, evaluated, and improved [31—34].

It may take more than a few changes either to significantly enhance an enzyme’s
performance or to evolve an enzyme into a non-native function. In this context,
directed evolution emerges as a robust method to create enzymes with improved
or novel functionalities by mimicking natural selection. In directed evolution
experiments, DNA libraries of variants are produced by iterative cycles of diver-
sity generation. The gene of the most improved variant (best hit) of one round is
then used as a template for subsequent rounds of mutagenesis, expression, and
screening for the sought properties [35, 36], that is, specificity [37—41], activity
[42-44], and stability [45-50]. To date, rational and semirational approaches
have been followed in directed evolution experiments making use of methods
such as error-prone polymerase chain reaction (epPCR), DNA recombination,
saturation mutagenesis, and variations of these techniques [51].

Random mutagenesis generates variability by randomly introducing changes
over the whole gene, and does not require any prior structural knowledge of the
target protein. It has been traditionally used to generate large libraries by meth-
ods involving epPCR [52-55] and the use of mutator strains and chemical muta-
gens [56]. However, random mutagenesis has significant drawbacks, some of them
being the mutational and codon bias affecting the composition of the library, the
number of deleterious/neutral mutations that are introduced by this technique,
and the screening workload. The frequency of beneficial mutations introduced
by random mutagenesis is in the order of 1073, whereas deleterious mutations
account about 30% of all mutations [3].

It is imperative to navigate the protein sequence space (the number of variations
of that sequence that can possibly exist) efficiently, as the huge number of possi-
ble variations that can be generated is often impossible to sample thoroughly. For
instance, for a rather small protein of 300 amino acids (considering it only contains
the 20 canonical amino acids), the number of combinations that can possibly exist
is ~16 X 10° for only two substitutions [57]. When high-throughput screening is
not possible, random approaches may be inefficient.

The number of variants to be screened grows exponentially with the number of
modified positions, and very often only a small fraction of the theoretical protein
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sequence can be sampled in directed evolution experiments [36]. To circumvent
this drawback, different strategies have been proposed to generate “smart” or “fo-
cused” libraries over the last years. Semirational and rational approaches aim to
improve the libraries’ quality (a high frequency of improved enzyme variants and a
high degree of improvement of the sought parameter) and variability and to min-
imize the screening efforts [51]. Semirational or rational design is often assisted
by in silico analyses to identify a restricted number of “hotspots” to be modified.
Algorithms integrating evolutionary, structural, thermodynamic, and functional
data have been developed aiming to localize potential “hotspots” and to predict
the effects of such changes on the enzyme parameters. Computational toolboxes
and molecular methods developed to create focused libraries will be described in
the next sections.

323
Designing Smart Libraries

Saturation mutagenesis is a method that allows the creation of focused libraries
by randomizing amino acids at one position or simultaneously at two or more
positions in a protein, reducing by this means the sequence space to be explored
and the screening efforts [35].

Iterative saturation mutagenesis (ISM) is an approach that combines rational
design and combinatorial randomization by focusing on regions or posi-
tions that may have an effect on the sought catalytic property. Libraries are
designed by randomizing each chosen region (multi-residue sites) or posi-
tion independently from the other sites. Residues may be mutated by all the
standard amino acids (NNK codon degeneracy that involves 32 codons, N:
adenine/cytosine/guanine/thymine; K: guanine/thymine) or by a defined amino
acid set with desired characteristics (i.e., NDT codon degeneracy that involves 12
codons, D: adenine/guanine/thymine; T: thymine) [51, 58]. The best hit of a given
library is then used as a template for another round of saturation mutagenesis
at the other chosen sites, and so on. The iterative process continues until the
variant with the improved property arises [35, 59]. This approach maximizes the
probability of finding improved mutants due to the additive and/or cooperative
effects that can be introduced by new mutations in a defined region [26]. SwiftLib
is an algorithm reported recently for codon degeneracy optimization while
keeping the size of the library within a diversity limit [60].

Selection of the residues to be randomized will depend on the aimed catalytic
property. The B-factor iterative test (B-FIT), for instance, can be applied to
improve thermostability, thermoresistance to undesired aggregation, or robust-
ness toward hostile organic solvents by targeting highly flexible regions. The
approach is based on the B-factor values from a crystallographic structure:
the more flexible a region is, the larger will be the B-factor values. Residues
characterized by the highest B-factors are chosen for mutagenesis, and the
enzyme is then subjected to several rounds of ISM [61, 62].
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Framework for Rapid Enzyme Stabilization by Computational Libraries
(FRESCO) is another computational-aided approach that predicts a large number
of single stabilizing mutations. FRESCO uses the software packages FoldX [33]
and Rosettaddg [63] to predict the relative changes in folding free energy AAGF
resulting from point mutations and the 3D structures of the corresponding
enzyme variants. The Dynamic Disulfide Discovery tool designs disulfide bonds,
and the process is followed by in silico screening to remove chemically unreason-
able mutations and to select the best variants. The best hits are expressed and
characterized, and the most stabilizing mutations are combined to obtain highly
thermostable enzymes [64]. This process considerably reduces the number of
mutants to be experimentally screened, as demonstrated in the stabilization of
a limonene epoxide hydrolase [64] and a haloalkane dehalogenase [65], which
exhibit >250-fold and 200-fold longer half-lives than the parental enzymes,
respectively.

Prediction of Protein Mutant Stability Changes (PoPMuSiC) [31] and the
Cologne University Protein Stability Analysis Tool (CUPSAT) [34] are in silico
methods that allow predictions of the stability free energy changes resulting from
single point mutations in proteins on the basis of their 3D structures. PoPMuSiC
predicts stability in globular proteins by using a linear combination of statistical
potentials whose coefficients depend on the solvent accessibility of the mutated
residues. It has been used to identify mutations that stabilize enzymes such as
pyruvate formate lyase and feruloyl esterase, as well as other proteins without
enzymatic function [31, 66, 67]. CUPSAT uses structural-environment-specific
atom potentials and torsion angle potentials to predict the difference in free
energy of unfolding between the wild type and the variants and provides infor-
mation about changes in protein stability derived from 19 possible amino acid
substitutions at specific positions [37].

Another powerful and widely used method to enhance the stability of biocat-
alysts is the data-driven construction of synthetic consensus genes, which does
not require any knowledge of structural information [68]. The so-called consensus
approach is based on statistical information from homologous sequence align-
ments and identifies and substitutes specific amino acids at given positions by the
most prevalent ones in the consensus. It is thought that consensus mutations are
a reversion to ancestral amino acid residues [69], and the rationale behind the
method is the assumption that a high frequency of some amino acids at a given
position in a multiple alignment correlates with a higher stability, so that a syn-
thetic protein having the most frequent residue at each position should exhibit
maximum stability [70]. This method has been successfully applied to improve the
stability of several proteins either alone or in combination with other strategies,
and its success depends on the phylogenetic diversity of the analyzed sequence
data [70-73].

Methods combining computational design and bioinformatics have been
applied to control enzyme selectivity and to modify substrate scope, that is,
CAST [74], HotSpot Wizard [75], CASCO [76] (Figure 3.1), IPRO [77], and
3DM [78]. The Combinatorial Active-Site Saturation Test (CAST) requires
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Figure 3.1 The CASCO approach for designing enantioselective enzymes. Two rounds of in
silico screening HTMI-MD simulations are included to reduce the occurrence of variants with
low-energy structures that allow undesired substrate orientations (see also [76]).

structural 3D information of the target enzyme and can be applied to change
stereo/regioselectivity or to modify the substrate scope. It searches for synergistic
effects by simultaneously randomizing sets of two or three spatially close amino
acids at the catalytic center simultaneously, which generates variants with
different combinations of amino acids [74, 79—-82].

HotSpot Wizard [75] is a user-friendly bioinformatics tool developed to predict
key positions that may influence substrate specificity, activity, or enantioselectivity
of enzymes. It is based on structural and evolutionary information obtained from
different enzyme, protein, and genome databases, and uses some bioinformatics
tools such as CASTp, CAVER (a software tool used for the identification of tunnels
and channels in biomolecules [83, 84]), BLAST, and Rate4Site. HotSpot Wizard
targets the residues within the active site and those shaping the access tunnels,
providing a list of hotspot residues ranked by mutability [75, 85, 86].

CAtalytic Selectivity by COmputational design (CASCO) is a computational-
based strategy to design small mutant libraries for enantioselective enzymes,
and was recently published [76]. The method uses the RosettaDesign software
and high-throughput molecular dynamic simulations to identify and evalu-
ate the mutations needed to create an active site in which the substrate may
bind in the correct orientation to selectively produce only one enantiomer.
High-throughput—multiple independent MD (HTMI-MD) simulations screen
in silico for variants with low-energy structures that allow undesired substrate
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orientations and reduce their occurrence. The reactivity and selectivity of the
pro-RR and pro-SS attack are predicted and quantified by using geometric cri-
teria for conformations that approach the transition state structure (near attack
conformations, NACs) (Figure 3.1). When applied to identify enantioselective
epoxide hydrolases, only 37 variants were experimentally analyzed due to the
previous in silico screening, which accelerated the discovery of improved variants.

The Iterative Protein Redesign and Optimization (IPRO) approach uses energy-
based scoring functions to identify mutations in the parental sequences for the
redesign of combinatorial protein libraries [77]. Several computational tools made
use of the basic IPRO workflow, thus the IPRO suite was developed to share a
common modular core of code that allows full integration of such protein engi-
neering methods under a single interface [87]. The suite contains computational
tools for the design of binding sites into existing scaffolds [88], novel regions for
antigen-binding affinity [89], and improved enzymatic activity [90], as well as a
database for antibody structure prediction and a Mutator program for predicting
the properties of specific protein mutants [87].

The amount of data submitted to protein, enzyme, genome, and other databases
is continuously growing, so software packages that help to handle and analyze
such large amounts of information are needed. The bioinformatics tool 3DM (Bio-
Prodict), for instance, integrates, and organizes information retrieved from het-
erogeneous databases allowing pin-point conservation and correlated mutations
associated to specific subgroups within a superfamily. 3DM superfamilies group
structures with a common structural fold. Since 3DM performs structure-based
sequence alignments, it allows the comparison of proteins with sequence identity
as low as ~8% [91]. Within this platform, the correlated mutation tool analyzes the
coevolution of residues at different positions and creates networks of functionally
related residues to be mutated in a coordinated manner [78]. The analysis and use
of data retrieved from structure-based alignments restricts the protein sequence
space and facilitates the design of short and smart libraries. 3DM has been used to
enhance activity, enantioselectivity, and thermostability of different enzymes [92]
such as sucrose phosphorylases [93], transaminases [94], and esterases [95—98].
An overview of computational tools that can be utilized for identification and pre-
diction of hotspots is provided elsewhere [99].

3.24
In Vivo Continuous Directed Evolution

Continuous direct evolution allows a broader exploration of the sequence space
in considerably less time than traditional evolution techniques [100]. A few
years ago, Liu’s group developed a Phage-Assisted Continuous Evolution (PACE)
system that enables the evolution of the T7 RNA polymerase in Escherichia
coli with minimal human intervention [101]. This system integrates replication,
mutation, translation, and selection in a continuous and uninterrupted cycle
[100, 102]. The method has also been applied for evolution of proteases [102] and
has been modified to allow negative selection [103]. Although PACE results in
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more than 100 theoretical rounds of evolution per week [101], its application is
restricted to proteins related to expression. A review by Badran and Liu covering
in vivo continuous directed evolution in different systems such as bacterial and
eukaryotic cells discusses the advantages, drawbacks, and applicability of these
methods [100].

3.25
Diversification of Enzyme Functionalities by Recombination

In contrast to site-directed and random mutagenesis, genome rearrangements
by recombination and fusion generate hybrid proteins by combining secondary
structural elements, which produce enzymes with a range of properties that may
or may not be shared by the parents [104]. Engineering chimeric proteins in
the laboratory is possible by mimicking natural evolution either by homologous
[105, 106] or illegitimate recombination [12]. While the former involves closely
related sequences, the latter includes nonhomologous or very distant sequences
and is supported by model-building and computational design methodologies.
An example of how recombination can be used to synthesize custom molecules
is provided by modular polyketide synthases (PKS) [107]. A recent paper by
Chemler et al. [106] describes the generation of functional chimeric forms of
large multifunctional PKS enzymes, which were applied in the synthesis of
tailor-made macrolactones and macrolides. Although some of the chimeric
modular constructs were unstable, there are currently some available approaches
that could be applied to improve further designs.

The number of unfolded and nonfunctional chimeras in a library may be
reduced by minimizing the level of structural disruption, which is possible by
choosing the crossover sections (recombination sites) [108]. Computational
programs, such as SCHEMA [109-113] and the recently published Muta-
genic Organized Recombination Process by Homologous IN vivo Grouping
(MORPHING) [114], can be used to improve the design of functional protein
chimeras.

MORPHING is a random domain mutagenesis/recombination method for
segments of less than 30 amino acids. While E. coli is the most common host
for molecular biology experiments, MORPHING takes advantage of the high
frequency of homologous recombination in Saccharomyces cerevisiae, allowing
a one-pot construction of mutant libraries. Using this method, libraries can be
prepared with different mutational loads and can be assembled into the remaining
unaltered DNA regions in vivo with high fidelity. This strategy has been used for
evolution of peroxidases, peroxygenases, and an aryl-alcohol oxidase [114—116].

Another strategy to alter functional properties is circular permutation in which
the amino and carboxyl termini of a protein are covalently linked by a peptide
linker and new termini are relocated in the protein structure by disruption of a
peptide bond [117-120].

A different approach for the rational design of protein chimeras was proposed by
the Hocker lab, which is based on a combinatorial assembly of small, intrinsically
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stable structural subunits (the smallest stable blocks domains are built of) [121].
The group has developed several folded and functional proteins, which highlights
the potential of recombining natural protein subunits with unique properties to
create new scaffolds for enzyme design [121-123].

3.3
High-Throughput Screening Systems

Having an appropriate screening methodology is still the bottleneck of direct evo-
lution experiments, although novel and improved methods that explore a higher
number of variants have been reported over the last years, for example, microflu-
idic and flow cytometry screening formats. With such approaches, it is possible to
analyze up to 64 million variants (from six fully randomized amino acids) gener-
ated by targeted mutagenesis, which is sufficient to considerably change enzyme
properties such as activity and selectivity by reshaping the catalytic pocket [124].
Methods based on flow cytometry, such as fluorescence-activated droplet sorting
(FADS) [125] and fluorescence-activated cell sorting (FACS), have been exten-
sively used for screening in directed evolution experiments. They rely on the trans-
duction of a given biological property into quantifiable fluorescent signals by using
different proteins, dyes, or probes. Hence, mixtures of samples can thus be sorted
according their fluorescence output signal.

Two libraries of mutants of the horseradish peroxidase (HRP) were generated
by epPCR and active-site-targeted saturation mutagenesis starting from the wild-
type HRP gene that was C-terminally fused to the Aga2 gene. The fusion allowed
surface display of the HRP in yeast. Upon transformation of the libraries, sin-
gle yeast cells and a nonfluorescent substrate were co-encapsulated in emulsion
droplets and screened by FADS at the rate of thousands per second. The most
active clones from the first generation were mutated again to create a new library
of ~107 variants, finding a mutant 12 times faster than the wild type. In general,
~10% individual HRP reactions were screened in only 10 h, using <150 ul of total
reagent volume, which was 1000-fold faster than robotic based-screening systems
and 1 million times cheaper [126].

Recently, a screening method based on the detection of improved phospho-
triesterase mutants from a library containing 5x 10° epPCR generated clones
was reported. Single cell compartmentalization (gel-shell beads, GSBs) was
followed by FACS-based screening and selection of ~107 GSBs beads per hour
[127]. Briefly, single E. coli cells bearing the expressed phosphotriesterase and its
encoding plasmid are trapped into water-in-oil emulsion droplets (Figure 3.2a,b).
The aqueous solution contains agarose and polyanion alginate, so that a solid
bead forms inside the droplet when the temperature is dropped from 30 °C to
4°C. Droplets also contain the phosphotriesterase substrate and a lysis agent.
Once the cells are lysed, the released enzyme reacts with the substrate at 30 °C
and subsequently the enzyme is heat-inactivated at 90 °C (Figure 3.2c). After
de-emulsification of the system in the presence of the polycation PAH, the



3.3 High-Throughput Screening Systems

De-emulsification

(a) Expression in E. coli (d)  and GSB assemble

(b) Droplet formation (e) FACS based screening

(c) Celllysis and catalysis ) Shell removal and
genotype recovery

Sequencing/
characterization

\: Randomization

Figure 3.2 Directed evolution in biomimetic the enzyme, its encoding plasmid, and the

gel-shell beads (GSBs). Single E. coli cells reaction product (d). GBSs are sorted by flu-
expressing the phosphotriesterase (a) are orescence based on the variants’ activity (e),
trapped into water-in-oil emulsion droplets and the phosphotriesterase encoding plas-
that contain the phosphotriesterase sub- mid is recovered after removal of the poly-
strate and a lysis agent (b). The enzyme electrolyte shell by raising the pH (f). Iso-
reacts (if active) with the substrate at 30°C,  lated variants are characterized or subjected

releasing a fluorescent product (c). After de-  to further rounds of evolution.
emulsification, the GBSs are formed retaining

polyanion alginate diffuses at the opposite direction to PAH and a polyelectrolyte
complex surrounding the agarose beads is formed. GSBs retain the enzyme, its
encoding plasmid, and the reaction fluorescent product, which allows enzyme
variants to be selected by FACS based on their activity (Figure 3.2d-f) [127].

A protein-function-independent screening system (not based on activity or spe-
cific binding) named Hot-CoFi was applied to 10 proteins having different melting
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temperatures and functions, aiming at the identification of more thermostable
variants [128]. Hot-CoFi identifies temperature-induced aggregation and unfold-
ing of overexpressed proteins inside the cell. Transformed libraries are plated,
and after growth the colonies are transferred to a filter membrane and incubated
onto plates containing the inducer for protein expression. Following expression,
the plates are incubated at different temperatures (20—80°C) and the colonies
lysed afterwards. The filter membrane allows diffusion of soluble protein onto
a nitrocellulose membrane, enabling its detection using a HisProbe-HRP, which
specifically detects his-tagged proteins, with strong signals correlating with high
solubility. Ninety five percent of the selected clones showed improved stability
after one round of mutagenesis, with median stabilization of 9 °C (thermostability
was improved by 26.6 °C for the best mutant). Hot-CoFi allows evolution in paral-
lel of several targets with a throughput of up to 100 000 clones per experiment and
may be applicable to any protein expressed in colony-forming microorganisms.

Many high-throughput screening methods for catalytic asymmetric synthesis
have also been published, such as solid-phase assays [129] and mass spectrometry-
based methods [130].

3.4
Engineered Enzymes for Improved Stability and Asymmetric Catalysis

Molecular biology has been successfully applied in the case of a number of
enzymes aiming for activity, specificity, and stability improvements with remark-
able results in some cases. The thermal and solvent stability of the carbonic
anhydrase from Desulfovibrio vulgaris, for instance, was dramatically improved
by directed evolution, rendering variants that exhibit 4000 000-fold stability
improvement over the parental enzyme, finding thus potential application in
industrial carbon capture processes [131]. Among the vast number of enzymes
that have been improved over the last years, we chose industrially relevant
biocatalysts such as lipases, cellulases, and the monooxygenase cytochrome
P450 to demonstrate the applicability of the protein engineering approaches
mentioned above.

3.4.1
Stability

Enzyme stability and resistance to organic solvents are two of the most significant
parameters to take into consideration when tailoring an enzyme for industrial
application or bioremediation. Furthermore, thermostability is usually a desirable
parameter in directed evolution experiments since it correlates with mutational
robustness [132]. Operating enzymes at high temperatures offers many advan-
tages in bioconversion processes, such as faster reaction rates, higher substrate
solubility, increased solvent miscibility, lower solution viscosity, and reduced
risk of system contamination [133]. Methods for stabilization include insertion
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of protein domains into stable scaffolds [134], stabilization of flexible regions,
consensus-based approaches, introduction of stabilizing mutations in regions
that initiate unfolding, and identification and modification of the active site
access tunnels [84].

Cellulases and lipases are two of the most widely used groups of enzymes in
biotechnological transformations for which thermal stability is often a require-
ment. In this section, some examples involving these enzymes are presented.

34.1.1 Cellulases

Lignocellulosic materials have a huge potential for the production of biofuels
and other biomolecules from nonedible renewable sources. Despite current
drawbacks related to the costs, high energy input, and harsh pretreatments
required to break down the complex structure of the cell-wall polymers before
enzymatic conversion of the substrate into fermentable sugars [135], ethanol
production from lignocellulosic materials offers an opportunity to reduce green-
house gas emissions by 90% compared to gasoline [136]. Enzymatic hydrolysis
of cellulose involves the synergistic action of three main activities: chain-end-
cleaving cellobiohydrolases (CBH), internal chain cleaving endoglucanases, and
p-glucosidases, which hydrolyze soluble short-chain glucooligosaccharides to
glucose [136]. To be applied under non-natural industrial environments, these
enzymes have to be modified such that their activity and stability meet the process
requirements [137]. Thermostability of Cel8A, an endoglucanase produced by
the anaerobic thermophilic bacterium Clostridium thermocellum, was enhanced
via the consensus approach. A library combining multiple consensus mutations
in different combinations was designed following the alignment of sequences
from mesophilic bacteria sharing 30%—60% identity. The variant G283P showed
an increase in melting temperature (7',,) of 3.5 °C [71]. Introducing this change
to a previously reported triple mutant [68] increased the half-life of the enzyme
by 14-fold at 85°C.

In a different approach, the regions that initiate the partial unfolding (“weak
spots”) of the endoglucanase Cel7B from Trichoderma reesei were identified
by molecular dynamics (MD) simulation [138]. Local melting temperature
was assigned to individual residue pairs, and a total of eight disulfide bonds
were designed in the selected regions (lower T',), all of them enhancing the
endoglucanase thermostability. Disulfide bonds enhance the kinetic stability of
a protein by increasing the activation energy barrier of unfolding and can also
enhance stability by decreasing the entropy of the unfolded state [133]. The best
variant showed a T’5, (the temperature at which 50% of the activity is lost) of
62.8 °C, compared to 54.6 °C of the wild type [138].

Recently, Arnold’s group created a highly thermostable endoglucanase derived
from a class II endoglucanase Cel5A by combining 16 stabilizing mutations that
were identified by using the consensus approach, chimeragenesis (homologous
recombination), and various structure-based computational methods. The variant
has an optimal temperature 17 °C higher than that of the wild-type enzyme [72].
A synergistic mixture of this enzyme and the engineered thermostable variants of
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the fungal CBHs Cel6A and Cel7A [72, 73] hydrolyzes cellulose at 70 °C to produce
3 times more total sugar than the best mixture of the wild-type enzymes at its
optimum temperature (60 °C).

FoldX and the consensus approach were used to identify individual mutations
present in five homologous fungal CBH I (Cel7A) cellulases that were used as
parents to generate stable chimeras by SCHEMA structure guided recombina-
tion [73]. FoldX evaluates the effect of a mutation on protein stability (AAG,4x)
based on its high-resolution 3D structure using an atomic force field with empiri-
cally determined coefficients [33]. The most thermostable chimera hasa T that s
9.28 °C higher than that of the most stable parent (Talaromyces emersonii), which
resulted in a 10.8 °C increased optimal temperature and a 50% increased total
sugar production from crystalline cellulose.

The f-glucosidase A from Bacillus polymyxa was stabilized by introducing ion
pairs that were computationally and experimentally designed. The best variant has
a T, 15.7 °C higher than that of the mesophilic wild-type enzyme [139].

Xylanases also contribute to the biodegradation of lignocellulosic biomass and
are used in biofuels production, as well as in other industrial processes such as
pulp bleaching and baking. Based on a 3D model, PoPMuSic was used to iden-
tify potential hotspots to stabilize a xylanase from Aspergillus niger, and the most
flexible region (the first 87 residues of the protein) was randomized by epPCR.
Five single variants exhibited higher thermostability, thus these positions were tar-
geted for stepwise ISM evolution. A quintuple mutant showed a 30-fold increase
in half-life at 60 °C, and its T, increased by 17.4 °C due to the mutations’ synergis-
tic effects [140]. The thermal stability of other xylanases has also been improved
up to 10 times by using a combination of computational tools [141].

34.1.2 Lipases
Lipases are members of the a/f-hydrolase fold superfamily and constitute one of
the most important groups of enzymes for industrial applications. They catalyze
the hydrolysis of long-chain triglycerides at the interface between substrate and
water and are used in the food, pharmaceutical, chemical, and detergent indus-
tries. Rhizopus lipases are widely used in the food industry but they are generally
produced by mesophilic organisms and exhibit low thermal stability. The stabil-
ity of Rhizopus chinensis lipase (RCL) was improved after two rounds of epPCR
followed by two rounds of DNA shuffling. The mutant library was constructed in
Pichia pastoris based on the formation of a recombination cassette in vivo. The
most thermostable variant has a T’ that is 22 °C higher than the parental enzyme
and 46 and 23 times longer half-lives at 60 °C and 65 °C, respectively [142]. In a dif-
ferent approach, RCL was stabilized via disulfide bond design at the hinge region
of the lid domain based on predictions supported by the “Disulfide by Design”
algorithm and a 3D structural model. The variant’s half-life increased 11-fold at
60°C and its T, by 7°C [143].

Two hyperthermophilic lipases were designed by recombination of distant
sequences from three enzymes that belong to different families within the same
superfamily (a/f-hydrolase). The strategy focused on structural modules instead
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of flexible loops between domains. The hyperthermophilic carboxylesterase
AFEST from Archaeoglobus fulgidus, the hyperthermophilic peptidase apAPH
from Aeropyrum pernix K1, and the mesophilic lipase Lipl from Candida
rugosa, which share sequence identities of less than 21%, were used as parental
enzymes to create LAf and LAp, the chimeric versions of a lipase/esterase and a
lipase/peptidase, respectively. The crossover sections were identified by using the
MEME server and the PROMOTIF program. Both chimeras exhibited more than
100-fold increased thermostability at 50 °C when compared to the mesophilic
lipase [144].

Candida antarctica lipase B (CalB) is one of the most widely used enzymes
in biocatalytic processes. CalB saturation mutagenesis libraries were created for
six residues located within 10 A of its catalytic serine (Figure 3.3) that show high
B-factor values and screened for thermostability. L278M and D223G showed
higher thermal stability, and therefore the variant L278M was used as a template
for ISM at the other five positions. The double mutant L278 M/D223G showed the
highest thermostability, and ISM at the other four positions did not result in fur-
ther stabilization. Seven additional residues with the highest B-factor values were
also chosen for iterative ISM without any apparent thermostability improvement
(Figure 3.3). Analysis of the 3D structure of the double mutant and molecular
dynamic MD simulations showed that mutations D223G/L278M increased the
active site rigidity, which resulted in a 13-fold increase in half-life at 48 °C and a
12°C higher T, (after 15 min heat treatment) without affecting the enzyme cat-
alytic efficiency. L278M, D223G, and D223G/L278M also showed better chemical
stability than the wild type against urea inactivation. Interestingly, the variants
A281F and I285F showed a fivefold activity increase compared to wild-type
CalB [145].

Directed evolution has been also used to improve enzymes’ stability against pH
and solvents. For instance, lipases are promising biocatalysts for biodiesel produc-
tion by transesterification of triacylglyerol with methanol, but show low tolerance

Figure 3.3 CalB residues selected for iterative saturation mutagenesis (ISM).
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to high methanol concentration. A variant of the lipase from Proteus mirabilis
with a newly introduced disulfide bond was used as a template to create a library by
epPCR. After three rounds of random mutagenesis combined with site-directed
recombination, a variant that exhibited 30-fold increased thermal stability was
identified. When immobilized, the variant showed improved longevity over sev-
eral cycles of diesel production when compared to both the parental enzyme and
the industrially used Brukholderia cepacia lipase [146].

3.4.2
Asymmetric Biocatalysis

The conversion of an achiral substrate into a chiral product favoring the forma-
tion of one of the stereoisomers (asymmetric catalysis) [147] has a preponderant
role in synthetic organic chemistry for the production of fine chemicals and chiral
pharmaceuticals intermediates.

Aiming to obtain maximum benefit from the use of enzymes in organic syn-
thesis, Turner and O’Reilly proposed the concept of “biocatalytic retrosynthesis,”
in which the target molecules are disconnected into smaller building blocks
based on (i) the availability of biocatalysts, chemical catalysts, and reagents for
the bonding forming steps and (ii) the feasibility of enzymatic synthesis of the
identified building blocks [148]. The chemoenzymatic synthesis of perindo-
pril (angiotensin 1-conversion enzyme inhibitor) and atorvastatin (Lipitor,
a cholesterol-lowering drug with annual sales exceeding $10billion), which
includes engineered enzymes, illustrates this concept. Therefore, engineered
biocatalysts are ideal candidates both for the production of final products and
the synthesis of individual synthons to be later incorporated into new enzymatic
or chemoenzymatic synthetic routes. Modified enzymes have been applied for
asymmetric synthesis, kinetic resolution of racemates, and desymmetrization of
prostereogenic compounds [149].

Regio- and stereoselective hydroxylation at a non-activated carbon atom still
remains a challenge in classical chemistry, and there are numerous reactions in
organic synthesis that cannot be performed by natural enzymes, that is, the iso-
electronic carbine transfer to olefins (C-C bond forming reaction) or intramolec-
ular C-H amination [150—153]. Engineered monooxygenases such as cytochrome
P450 are now able to perform such reactions, while the native enzymes often show
a limited substrate range and poor regio- and stereoselectivity [150]. Cytochrome
P450 enzymes catalyze oxidative transformations such as hydroxylation, epox-
idation, oxidative ring coupling, heteroatom release, and heteroatom oxygena-
tion [152], and are one of the most engineered systems for asymmetric synthesis
[151]. P450-BM3 was modified by CASTing/ISM to achieve regio- and enantios-
electivity in the oxidative hydroxylation of cyclohexene-1-carboxylic acid methyl
ester 1 (Scheme 3.1a) [154]. Twenty-four residues at and near the active site were
chosen for saturation mutagenesis, and the best variant was used as a template
in ISM experiments randomizing 3 of the 24 selected residues. While wild-type
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pyrrolidine. (c) P450pyr regio- and enantio-

selective subterminal hydroxylation of
alkanes. (d) P450-BM3 (A74G/L188Q) llylic
hydroxylation of w-alkenoic acids and esters.
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P450-BM3 is 84% regioselective for the allylic 3-position with 34% enantioselec-
tivity in favor of the R alcohol, several variants showed >95% ee (R or S, 2).

P450pyr hydroxylase from Sphingomonas sp. HXN-200, which requires ferre-
doxin (Fdx) and ferredoxin reductase (FdR) for electron transfer, was modified by
following a similar strategy. Twenty residues were subjected to saturation mutage-
nesis and the best mutant was used as template for the next round of evolution by
randomizing the other positions. A triple variant reached >98% ee in the hydrox-
ylation of N-benzyl pyrrolidine 3 to produce (S)-N-benzyl 3-hydroxypyrrolidine
4 using molecular oxygen as a green oxidant (Scheme 3.1b) and showed nearly the
same catalytic efficiency as wild-type P450pyr [151]. The native enzyme produces
4, which is a useful pharmaceutical intermediate, with only 53% ee.

ISM was also applied to evolve P450pyr for the sub-terminal hydroxylation of n-
octane 5 and propylbenzene 6 (Scheme 3.1c) [150]. The products (S)-2-octanol (7)
and (S)-1-phenyl-2-propanol 8 are useful as inhibitors of a lipoprotein-associated
phospholipase (treatment of heart disease) and as an intermediate in the prepara-
tion of amphetamine. A variant bearing six mutations, which was created after six
rounds of evolution, showed >99% sub-terminal selectivity and synthesized (S)-
2-octanol with 98% ee. This was the first enzyme reported to show highly selective
alkane hydroxylation. Another multiple mutant exhibited 98% sub-terminal selec-
tivity for the synthesis of 8 with 95% ee.

In another remarkable example, libraries of P450-BM3 carrying mutations at
five positions within the active site were constructed. Three of these positions
were subjected to saturation mutagenesis [155]. A double mutant catalyzes allylic
hydroxylation of w-alkenoic acids and their esters (9 and 10) to synthesize S-co-
2-hydroxy-w-alkenoic products (11 and 12) (Scheme 3.1d), which are building
blocks for the synthesis of biologically active compounds, with unprecedented
enantioselectivity of up to >99% ee.

P450 catalysts have also been successfully evolved for the hydroxylation of
molecules such as artemisinin [156], testosterone [157, 158], 1-tetralones [159],
and erythromycin intermediates [160]. In two excellent pieces of work, P450
was modified to catalyze the enantioselective intermolecular nitrene transfer
to olefines to produce aziridines [153] and the diastereo- and enantioselective
cyclopropanation of styrenes from diazoester reagents via putative carbine
transfer [152, 161]; both are synthetically important reactions with no natural
biological counterpart. A comprehensive look at P450 evolution and engineering
for catalysis of natural and non-natural chemistry is provided elsewhere [10, 162].

Besides P450 catalysts, a number of other engineered enzymes have been
applied in the production of enantiomerically pure compounds with impressive
results, for example, epoxide hydrolases [163], amine dehydrogenases [81],
monooxygenases [164], transketolases [82], lactonases [17], phosphotriesterases
[41] phenylalanine ammonia lyases [165], imine reductases [166], lipases[40], and
transaminases [94]. Variants of the amine monooxidases have been used in the
synthesis of pharmaceutical building blocks and alkaloid natural products on a
preparative scale [167—169]. Transaminases are an important biocatalytic tool in
the production of chiral amines precursors such as those involved in the synthesis
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of sitagliptin (antihyperglycemic drug for the treatment of diabetes), dilevalol
(antihypertensive), and (S)-rivastigmine (used for the treatment of Alzheimer’s
disease) [19, 94]. A recent review by O’Reilly and Turner provides an overview of
this topic [170].

3.5
De Novo Design of Catalysts: Novel Activities within Common Scaffolds

There are several reactions for which no enzymatic synthesis has yet been
reported. Efficient design of tailored activities remains a challenging test for
the current understanding of how proteins fold and function and defies current
knowledge of enzyme catalysis [171, 172].

Over the last two decades, different protein structural elements were designed
with increasing accuracy owing to the development of better molecular and com-
putational tools [173—-175]. The next challenge was the design of enzymes that
were able to catalyze new reactions. Enzymatic catalysis requires protein binding
sites able to accommodate the substrates in productive orientation, stabilize the
transition state, and finally release the products, enabling in this way the enzyme
for a new catalytic cycle [176]. Rosetta is a set of computational tools that has been
successfully used for protein—structure and protein—protein complex prediction
as well as for protein design [177] (Figure 3.4). Experimentally generated data
(often from protein engineering and structural experiments) provides feedback
to computational protein design and contributes to the identification of sequence
features that may have not been covered by computational approaches alone.

Kemp elimination, a model reaction for proton transfer from carbon (Scheme
3.2), is a well-studied reaction for which several attempts to generate an enzyme-
like catalyzed reaction have been reported. Quantum mechanics and the Rosetta
software were used to generate the first computationally designed enzymes for
Kemp elimination and retro-aldolase activity (Scheme 3.3) [172, 178]. Later on,
other enzymes able to catalyze Kemp elimination as well as other reactions were
created and their performance improved by directed evolution. Turnover num-
bers of the Kemp-elimination-catalyzing enzymes using 5-nitrobenzisoxazole 14
as substrate were enhanced from <1 to 700s7!, a value higher than that of some
natural enzymes and the highest Kemp elimination activity reported for a compu-
tationally designed enzyme so far [180—182].

The catalytic efficiency of the artificial retro-aldolase, which was reported to
be the most challenging de novo designed enzyme from the mechanistic point of
view, was improved from 0.02 to 850 p~! s7! for the synthesis of acetone 17 from
4-hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone 16. The catalytic efficiency of
the most active variant is close to that of some natural enzymes, and the turnover
number is higher than that of the commercially available aldolase antibody 38C2
(170 x 10 and 12 x 10® s~! respectively) [42, 178, 183].

The cycloaddition between a conjugated diene 18 and an alkene 19 to form
a substituted cyclohexene system 20 is known as the Diels—Alder reaction
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Figure 3.4 General scheme for computa-
tional enzyme design using Rosetta. (a) A
target reaction and its reaction mechanism
are chosen; (b) key intermediates and the
transition state (TS) are modeled in the con-
text of a given binding pocket; (c) mod-

els are overlaid based on the protein func-
tional group positions to create an ideal-
ized active site that can accommodate each
state (namely substrates, TS and product);
(d) active site models (theozymes) are com-
puted with catalytic residues placed around
the optimal geometry for the composite TS.
Large ensembles of different conformations

O,N m O,N QCN
o OH

Product

of these composite active sites are generated
by varying the degrees of freedom of the
composite TS, the orientation of the catalytic
side chains regarding the composite TS, and
the internal conformation of the catalytic
side chains; (e) protein backbone positions
able to hold such an idealized active site

are searched among high-resolution crys-

tal structures with ligand-binding pockets.
Matches are optimized, including neighbor
residues shaping the binding pocket; (f) best
ranked designs are chosen for experimental
validation [171, 172, 178, 179].
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Scheme 3.3 Retro-aldol reaction. The retro-  Fragmentation is followed by deprotonation
aldol reaction is initiated by a nucleophilic of the hydroxyl group with a base, and the
lysine, which forms with the substrate 16 a imine is then hydrolyzed to yield 17.
covalent enzyme-substrate imine complex.

(Scheme 3.4) and is considered one of the most versatile organic transformations
for the synthesis of a range of products such as therapeutic agents and several
kinds of synthetic materials [184]. Although several modified antibodies [184]
and RNA [185] were reported to catalyze Diels— Alder reactions, natural enzymes
able to catalyze such transformations are unknown. Following computational
refinement and laboratory evolution, the catalytic efficiency of the best artificial
Diels—Alderase was improved by ~9000-fold compared to the first designed
enzyme for the reaction between E-4-carboxybenzyl-1,3-butadiene-1-carbamate
and N,N-dimethylacrylamide [179, 186, 187].
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Scheme 3.4 Diels-Alder reaction. Diene (18) and dienophile (19) undergo a pericyclic
[4 + 2] cycloaddition to form a chiral cyclohexene ring (20).

Some enzymes with potential medical and therapeutic application were
also computationally designed. Organophosphates (OPs) are nerve agents that
continue to concern military personnel and civilians as potential battlefield and
terrorist threats [188]. OPs, which exert biological action by covalently binding a
serine residue in the catalytic site and inactivating acetylcholinesterase (AChE),
are used in agriculture and have been associated with several cases of intentional
and accidental misuse. The OPs known as G-agents (cyclosarin 21, tabun 22,
sarin 23, and soman 24) (Scheme 3.5) are among the most toxic chemical
warfare agents [189]. An enzyme for OP hydrolysis was designed within the
zinc-containing mouse adenosine deaminase scaffold using the Rosetta software.
After directed evolution, the best variant showed a 2440-fold increase in activity
compared to the originally designed enzyme.

F \ o 0 ﬁ
oy N g
Y /L ! ¢ >_é
21 22 23 24

Scheme 3.5 Chemical structures of the G-type nerve agents.

Although some computationally designed enzymes exhibit real catalytic effi-
ciencies that are close to those of natural enzymes, such activities are usually the
result of additional adjustments and refinements at the active sites by laboratory
evolution, since a precise design is still beyond the current capabilities of computa-
tional methods [182]. Continuous feedback between theoretical and experimental
work is imperative to improve the prediction capacities in the future [176, 178].
The reader is referred elsewhere for detailed reviews on computational protein
design [27, 190].
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3.6
Conclusions

Altering substrate specificity as well as enantioselectivity and regioselectivity is a
long-standing goal in protein engineering.

Here we reviewed different approaches for the design, redesign, and identifica-
tion of enzymes with improved or new functionalities, which include molecular,
computational, and combinatorial methods as well as wet-lab screening. Labo-
ratory evolution has shown to be the most successful approach to access better
biocatalysts, although many lessons remain to be learned from natural evolution.

The production of molecules for which no biological catalyst is known or those
that are produced inefficiently by naturally occurring enzymes represents even a
bigger challenge. A combination of computational design and directed evolution
has given place to a new generation of enzymes able to catalyze reactions for
which no enzymatic synthesis had been reported. These artificial enzymes exhibit
better catalytic efficiencies than those from previous designs, which opens the
door to a more amenable synthesis of difficult compounds. Although structural
biology is still far from getting the final answer to some critical interrogations
and faces computational and experimental challenges, the design of new folds
and functions from scratch opens new ways to explore functions that have not
yet been observed in nature.
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4
Biocatalytic Process Development

John M. Woodley

Biocatalysis uses the power of enzymes to catalyze chemical conversions. The
biocatalyst itself can potentially be used in several different formats, including
isolated enzyme, immobilized enzyme, or contained within microbial cells. The
enzymes can be used individually or as part of a network or pathway, in parallel or
sequentially. Despite the many options, the process concept itself is, nevertheless,
relatively simple, as shown in Figure 4.1.

Today, several hundred application examples of biocatalysis can be found in
numerous industrial chemical sectors, and the rationale used for its introduction
depends on the product value in a given sector (Table 4.1). The majority (by
number) of processes implemented to date have focused on the pharmaceutical
sector, in large part due to the high turnover of target molecules, as a result of
high attrition rates and patent-limited lifetimes, as well as the complex nature of
the synthetic routes and the target molecules [1]. Many of the target molecules
contain multiple chiral centers, where biocatalytic conversion is particularly
well suited. Nevertheless, today biocatalytic synthesis has developed to such
an extent that many new opportunities are forthcoming [2], and examples can
increasingly be found in the fine chemicals sector (in particular flavors and
fragrances).

The transfer of a given biocatalytic reaction from a synthetically valuable
laboratory tool into a commercially viable industrial process requires process
development, scale-up, and process implementation to be carried out in an effec-
tive and systematic manner. Compared to chemical processes, there has, to date,
been relatively little attention given to this aspect of biocatalysis [3]. Additionally,
the required process development and scale-up need to be carried out within a
regulatory and economic context appropriate for the given product and market.
In this chapter, a systematic approach to biocatalytic process development will
be discussed, and two examples are used to illustrate the methods and tools
employed.
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Figure 4.1 General biocatalytic process using (immobilized) enzymes for the production of
chemicals.

Table 4.1 Rationale for introduction of biocatalytic processes.

Industry sector Rationale for introduction of biocatalysis

Pharmaceuticals e Eliminate protection and deprotection steps in syntheses
o Synthesis of optically pure molecules containing multiple chiral centers

Fine chemicals e Replacement of hazardous and difficult syntheses
e “Natural” syntheses
Bulk chemicals o Use of alternative “greener” feedstock

o Add value to existing syntheses by forward and backward integration




4.2 Process Metrics

4.1
A Structured Approach to Biocatalytic Process Development

The implementation of any new process in industry is, of course, first and fore-
most dependent upon a suitable economic return on investment. This means that
even at an early stage of process development it is essential to consider the costs
of potential manufacturing. Clearly, this is also necessary to consider when imple-
menting a new biocatalytic process and can be used to establish a first basis for
scalability. However, for biocatalytic processes, the conditions used in a manu-
facturing plant (e.g., high concentrations of reagents in the molar range) are far
from those found in nature (e.g., low concentrations of reagents in the micromo-
lar range). This is not surprising since enzymes and microbial cells have evolved
to operate very efficiently at low concentrations. The consequence is that for any
new biocatalytic process it is necessary to develop the biocatalyst and adapt the
process such that they are matched to the requirements of the relevant industry
sector. This means that not only must the potential manufacturing cost of a prod-
uct be considered but also the cost of biocatalyst and process development must be
taken into account. Indeed, it is highly advantageous at an early stage to consider
whether such extensive development can even be justified. In some industry sec-
tors, the timeline required to deliver the product may also determine the outcome
of such a decision. One of the challenges of assessing potential development and
manufacturing costs at an early stage is that an estimate of the potential for process
improvement needs to be made, and for biocatalytic processes this is particu-
larly difficult because not only are process technologies available to improve the
process (and overcome biocatalyst limitations) but also a vast array of biological
techniques for improvement of the biocatalyst exist. Improvements to the biocat-
alyst can be very substantial, making an estimate of the potential improvement
difficult. For example, genetic engineering (involving improved expression of the
enzyme of interest or changing the host organism) as well as protein engineering
(involving improved properties to better match application conditions) offers the
opportunity to improve the biocatalyst and its associated production process. This
implies also that an assessment of the feasibility of a potential biocatalytic route
is more about assessing the feasibility of development than manufacturing itself.
In addition to the particular focus on biocatalyst modification and improvement,
there are some basic economic requirements that also need to be met to enable
implementation.

4.2
Process Metrics

The economic requirements are best described in terms of process metrics, and
can very helpfully be used to provide targets to meet given economic demands.
In this way, the metrics can be used either to exclude a route from further consid-
eration or help define a suitable development strategy. A potential development
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Reaction and biocatalyst characterization <—

Early development stage process evaluation

Biocatalyst engineering

Reaction engineering

Process engineering

Figure 4.2 Proposed methodology for the systematic development of biocatalytic
processes.

methodology is outlined in Figure 4.2. The metrics are determined by the main
economic and cost drivers and will be described in the following sections.

4.2.1
Reaction Yield

In order that the process itself is economically feasible, it is a primary require-
ment that the reaction step itself adds value to the starting material. The simplest
way to calculate this is to ensure that the value of the product exceeds the value
of the feedstock and other raw materials and reagents. However, while this is a
necessary condition, it is not sufficient because the value added by the reaction is
also dependent of the reaction yield (mass product/mass reactant). This implies
that the first process metric should be the reaction yield. For lower value prod-
ucts, where the cost of a process is often driven by the cost of the reactant (up to
70% of the production cost of the product), the yield needs to be high enough to
achieve an economical process. For higher value products (e.g., pharmaceuticals),
the required value of the reaction yield will be determined by the downstream
product recovery requirements. In some cases, the reaction yield will be deter-
mined by the thermodynamic equilibrium, emphasizing also the importance of



4.2 Process Metrics

determining this, especially under the conditions to be used in the process. The
value added by the reaction will ultimately determine the minimum value for the
contribution of the biocatalyst, reactor, and downstream processing.

4.2.2
Productivity

The space—time yield (gram of product/liter of the reactor/hour of operation),
often referred to as the “productivity,” in combination with knowledge of the
required demand for a given product (per time) will give information about the
required plant capacity. Frequently it is necessary to place biocatalytic processes
in an existing plant, since building a dedicated purpose-built plant is hard to
justify. Nevertheless, knowledge about the productivity is of vital importance
in assessing a given conversion, since it will form a first basis for knowledge of
plant sizing. For reactions not using growing cells, the space—time yield can
always be increased by adding more biocatalyst. Although reactor capacity may
be a limiting factor (especially with immobilized enzymes), more important is
that the biocatalyst yield (see below) will often be compromised when using very
high biocatalyst concentrations. In such cases, calculation of the space—time
yield can give a target for specific activity. For biocatalytic conversions using
growing whole cells, the space—time yield cannot be increased by adding more
biocatalyst. For this reason, it is a primary measure of the effectiveness of such a
system and an essential metric (typically values over 2 g1=' h~! are required).

423
Biocatalyst Yield

An essential issue in the evaluation of a new biocatalytic process concerns the cost
of the biocatalyst [4]. Despite the enormous improvements in fermentation tech-
nology, coupled with improved expression as a result of recombinant DNA tech-
nology, it is nevertheless essential to assess the cost contribution of the biocatalyst
to the product. Measuring the biocatalyst yield over the whole operational lifetime
of the catalyst will give the biocatalyst yield (gram of product produced/gram of
biocatalyst added). The necessity to measure this value over the whole lifetime
of the biocatalyst clearly makes practical measurement and estimation difficult.
However, this is important because expensive biocatalysts (i.e., enzymes requir-
ing recovery and isolation following fermentation, linked with immobilization)
will require recycling in order to make a low enough contribution to the over-
all cost of making a given product. No matter what the format of the biocatalyst,
development is required in order to express sufficient activity for a given reaction.

Larger markets will justify more development, reducing the cost of biocatalyst
production. Since the biocatalyst is contributing as a catalytic entity alone, its cost
should be evaluated in relation to the value of the product (and more accurately the
cost difference between the product and the reactant). Hence, knowledge about
the specific activity of a biocatalyst is insufficient. Stability (the dynamic change of
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Table 4.2 Examples of appropriate biocatalyst yield and product concentration for
scalable processes in different industrial sectors.

Industrial sector Product Biocatalyst Product
value yield? concentration®)
($kg™") (gg™) (g™

High value

(e.g., pharmaceuticals) 1000 50 100

Medium value

(e.g., flavors) 100 500 200

Low value

(e.g., biofuels) 1 10000 400

a) Values here are given for immobilized enzymes.
b) Precise values will depend upon the ease of product separation from other compounds
leaving the reactor.

rate with respect to time on account of denaturation) must also be known. Deter-
mination of specific activity and stability in a single batch can give the amount of
product that can be produced for a given charge of biocatalyst. Clearly, it is also
necessary to account for enzyme recovery or immobilization, depending upon the
biocatalyst format. Based upon acceptable contributions to the final product cost,
it is possible to calculate a reasonable biocatalyst yield (gram of product/gram of
biocatalyst) for a given product class. Some examples are given in Table 4.2. Such
information is invaluable to obtain since it gives a target for biocatalyst specific
activity and stability.

This information also allows an estimation of the total amount of biocatalyst
required for a given application, and also, even more critically, the fraction of total
enzyme (required to achieve the necessary biocatalyst yield) for a single batch.
Interestingly, if the cost of biocatalyst in a single batch is very high (implying mul-
tiple recycles to give a low enough biocatalyst yield for the overall process), it
becomes important to consider the risks that might be entailed by loss of that
batch, due to a processing problem. For example, if there is a risk of mistakenly
overfeeding an inhibitory reactant to the biocatalyst in the first batch, it could
make it hard to justify the use of an immobilized enzyme, where multiple reuses
(recycles) would be required.

424
Product Concentration

The product concentration leaving the reactor will determine the scale of the
downstream process, which will be sized according to the recovery of a given mass
of product from a given reactor volume. In general, since biocatalytic reactions
are carried out at ambient temperature, the energy required to evaporate water is
significant. Hence a high concentration leaving the reactor is required, depending
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upon the value of the product. As discussed previously, such conditions are
far from the natural environment of biocatalysts, making this a particularly
important development target. The precise values are, of course, dependent upon
the ease of separation of the product from the other compounds (unreacted
reactant(s) and by-products) leaving the reactor. See Table 4.2 for example values.

4.3
Technologies for Implementation of Biocatalytic Processes

The development of a biocatalytic process is an essential stage in implementation
and scale-up, and the main aim is to obtain the target values of the process metrics
described earlier in this chapter. A number of technologies are available to achieve
this objective. The investment each requires, and the gains in terms of productiv-
ity, have still not been fully benchmarked, but the technologies mentioned have
all been implemented in large-scale processes using biocatalysis.

431
Biocatalyst Engineering

Biocatalyst engineering is the part of process development, which is different from
conventional chemical process development. For this reason, it has often been left
as an afterthought when in reality it can be on the rate-limiting path to process
implementation and should therefore be implemented as early in process devel-
opment as it is known to be useful.

4.3.1.1 Protein and Genetic Engineering

Biocatalyst engineering involving either protein engineering or modification to
the host organism containing the biocatalyst is enormously powerful. Indeed,
many excellent reviews cover the field [5—14]. Although most are focused on
alteration of selectivity, reaction rate, and substrate scope, this is of course
the first step in implementing a new process. The field is developing a whole
range of technologies including the introduction of more computer-based and
semirational approaches [15]. In the context of this chapter, it is interesting also
to see that a start has been made to biocatalyst modifications focused on process
needs [16, 17].

4.3.1.2 Biocatalyst Immobilization
While an isolated enzyme-catalyzed reaction is easier to implement than a whole-
cell-catalyzed reaction due to its simplicity, the trade-off is higher upstream cost,
and therefore reuse of the enzyme is often necessary (potentially via immobiliza-
tion) to keep costs down. As a rule of thumb, the crudest possible form of the
enzyme acceptable to maintain product quality should be used [18, 19].
Immobilization is often the key to improving the operational performance of an
enzyme [20, 21]. Especially for use in a dry medium, such as an organic solvent,
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it is difficult to use biocatalysts without immobilization or cross-linking since the
enzymes are prone to aggregation. Other potential benefits of immobilization are
enhanced stability, the possibility of use in a packed-bed (or even fluidized-bed)
reactor, and prevention of protein contamination in the product stream [22]. Fast
and easy separation of the biocatalyst from the reaction medium is sometimes a
key factor for enzymatic resolutions where the reaction has to be stopped at a cer-
tain conversion in order to preserve high enantiomeric excess (ee) of the product.
Simpler downstream processing and easy biocatalyst recovery for immobilized
enzymes also lead to an improved process economy, which may be essential for
developing a competitive process. Enzyme immobilization is a particularly impor-
tant intensification method for obtaining adequate biocatalyst yield. In principle,
improvements in activity, stability, and selectivity are potentially possible [23, 24],
although improved stability and separation are the usual arguments for immobi-
lization. A general method of immobilization, that can be applied to any enzyme,
is not available, and therefore the typical approach is by trial and error. Efficient
immobilization protocols should take into account the physicochemical proper-
ties of the carrier (or matrix) as well as the enzyme to obtain the best compromise
between stability, activity, handling, and cost (see Refs [25, 26] for comprehensive
reviews). For large-scale production of the biocatalyst, the procedures should be
quick, robust, scalable, and reproducible and the enzyme should be stable during
each step.

432
Reaction Engineering

Reaction engineering refers to the ability to alter conditions in the reaction such
that optimal use can be made of the biocatalyst and reactant, which in many cases
help achieve the required metrics to enable implementation. The concentration
of biocatalyst and reactants to be used is of course dependent upon the kinet-
ics and thermodynamics of a given reaction. For many reactions, the choice of
media to be used also makes a very important difference to the reaction per-
formance. It has become well established that addition of an organic solvent to
an otherwise aqueous medium can have a great effect in biocatalytic reactions.
While an aqueous solution is highly compatible with the natural environment
of most enzymes, poorly water soluble compounds will not be converted effec-
tively — meaning limited product concentration (and expensive downstream pro-
cessing). Many attempts have been made to overcome the solubility limitation
by the addition of water-miscible organic solvents, but these tend to strip essen-
tial water from the enzyme, resulting in a loss of activity. For reactions that are
thermodynamically unfavorable in water (such as esterifications), it can be advan-
tageous to run the reactions in neat water-immiscible organic solvents. This also
enables enzymes to be immobilized simply by adsorption. Nevertheless, with-
out immobilization, aggregation is frequently a problem, as mentioned previously.
Finally, aqueous—organic biphasic mixtures can be used, which from an industrial
perspective are particularly interesting, although a balance is required between
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the necessary mixing to afford good mass transfer and subsequent separation to
recover the product from one or the other phase and allow recycle of the organic
solvent. Potentially, enzyme denaturation at the liquid—liquid interface can be a
challenge also, although it can be overcome by immobilization. In all cases, a ratio-
nal basis for organic solvent selection remains a significant challenge. Today, other
suggested and successfully tested biocatalytic reaction media such a supercritical
(sc)CO,, ionic liquids, and all gas-phase reactions remain primarily for application
in the laboratory, rather than at a large scale.

A variety of technologies can be introduced with the general objective of con-
trolling the reactant and product concentration. All involve changes to the reactor
operation, to ensure the local conditions for the biocatalyst are kept as optimal as
possible, while the overall process fulfills the necessary process metrics, as previ-
ously discussed.

4.3.2.1 Reactant Supply

In cases where the reactant is inhibitory or toxic to the biocatalyst, it is neces-
sary either to engineer tolerance to the reactant into the biocatalyst or to avoid
the issue. The latter approach is the most common and can be achieved simply
by feeding the reactant to the reactor to limit its concentration in solution. The
maximum feed concentration will determine the maximum achievable product
concentration. The maximum feed concentration will be limited by the water sol-
ubility of the compound, meaning more water-soluble compounds can always be
fed. Those with limited water solubility can be “fed” via a second phase, either an
organic (water immiscible) solvent or alternatively a porous resin.

4.3.2.2 Product Removal

Throughout the development of a process, it is essential to examine not only the
enzymatic reaction but also the preceding and following reaction steps as well as
the necessary separation steps. Changes to pH, temperature, pressure, and solvent
should be minimized. However, the need to address the problems of inhibitory or
toxic products is so common that it deserves special mention here. The common
approach is to use in situ product removal (ISPR) (see e.g., [27—-30]), where the
product is removed from the reaction mixture during conversion. ISPR has been
widely reported and studied, although more in-depth engineering studies are still
required to provide guidelines for implementation. The basic concept as imple-
mented in industrial processes uses a recycle loop in which biocatalyst is retained
in the reactor (Figure 4.3).

The loop passes through an ISPR unit in which product is selectively removed.
Common operations for the removal include the use of water-immiscible organic
solvents and also resins, and some details are given in the following. The system
can also be linked to chromatography for products that justify the cost [31]. In
principle, ISPR can also be used to shift the equilibrium of a thermodynamically
unfavorable reaction by means of selectively removing product over the substrate.
Using carbonyl reductases [32] this has proved very effective, but clearly it will not
work in all cases.
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Biocatalytic reactor

Biocatalyst recovery

!

ISPR

\

Downstream
processing Figure 4.3 Concept for ISPR in a biocatalytic

process with recycle stream.

4.3.2.3 Two-Phase Systems
Asdiscussed previously, the addition of an organic water-miscible solvent can help
solubilize poorly water soluble compounds. However, the solubility increases are
limited, and the water-miscible solvents are often harmful to the enzymes. In other
cases, two-liquid phase biocatalysis (TLPB) may be used to enhance solubility. In
addition, an established way to run some batch processes with biocatalysts is to
avoid the toxic and inhibitory concentrations by supplying the reactant via a sec-
ond (water-immiscible) liquid phase. In this case, the solvent acts as a reservoir.
Using such technology, order of magnitude improvements in product concentra-
tion can be achieved. In general, conventional equipment can be used, although
the extent of mixing and subsequent phase separation is critical. Extra parameters
to be evaluated are the phase ratio of the two liquid phases, mass transfer, and the
partition of the substrate and product between the phases. It remains difficult to
select the organic solvent — and this is a subject of ongoing research — although
much has been learnt for whole-cell biotransformation studies [33]. Several pro-
cesses have been scaled up using this technology, and indeed the use of two-liquid
phase systems is a common method of ISPR [34], although kinetics and selectiv-
ity need to be evaluated in each case [35]. Emulsification can also be a problem,
although the use of membrane technology is an interesting potential solution [36].
An alternative two-phase system to addition of water-immiscible organic sol-
vents is to introduce a porous resin to supply the reactant or to remove the product
[37]. Such an approach has several advantages because it avoids the difficulties
of organic solvent selection (both from an environmental perspective and the
problems frequently faced by enzyme in contact with organic solvents). Similar
parameters need to be investigated to organic solvent TLPB methods, but it is
clear that the capacity of the resin is particularly important. Indeed, the option
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of a recycle stream containing the resin to simultaneously supply the reactant and
remove the product looks particularly attractive. A few processes have been scaled
up using this technology [38].

4.4
Industrial Development Examples

In the following section, two examples of process development for industrial bio-
catalytic processes are presented, both in the pharmaceutical sector. They have
been chosen to illustrate the integration required between process and biocatalyst
development. The examples are presented in order of increasing complexity.

441
Development of a Biocatalytic Route to Atorvastatin (Developed by Codexis Inc., USA)

+ Background
Atorvastatin is the active ingredient in the drug Lipitor®, which is a
cholesterol-lowering drug. It is one of the largest selling drugs of all time; for
example, in 2010 the annual sales exceeded USD10 billion. The molecule con-
tains two chiral centers and therefore biocatalytic routes have always been of
interest to help synthesize the product in an efficient way. This, coupled with
the high demand for the drug, makes it a particularly interesting process
development case. Early work to synthesize Atorvastatin by biocatalytic
methods focused on kinetic resolutions using whole cells as well as chemo-
enzymatic routes using nitrilases and lipases. Nevertheless, these routes
failed to meet the requirements for a scalable, commercial process, and
were therefore not implemented. At Codexis Inc. (Redwood City, CA, USA),
scientists began work on another route, using a ketoreductase (KRED),
linked with glucose dehydrogenase (GDH) to recycle the NADPH, followed
in a second enzymatic step, by use of an halohydrin dehalogenase (HHDH).

+ Step 1: Engineer improvements in enzyme activity (GDH, KRED)
Having identified a suitable route (see Scheme 4.1; details can be found in [39]
and two patents to Codexis: US 7,125,693 and US 7,132,267), initial experi-
ments were carried out with the two reactions separately.
In the first reaction, while the selectivity was found to be suitably high
(ee>99.5%), the reaction rate was very low, implying a large amount of
enzyme was required. Both the KRED and GDH protein were improved
using several rounds of DNA shuffling. GDH activity was improved 13-fold,
and KRED activity 7-fold. This meant that less enzyme could be used,
resulting not only in a better biocatalyst yield (gram of product/gram of
biocatalyst), but also in improvements for the downstream product recovery.
The GDH recycle reaction produced gluconate, implying the pH would drop
unless neutralized, and this therefore demanded the use of a stirred-tank
reactor with pH measurement and control.
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Scheme 4.1 Biocatalytic synthesis of atorvastatin.

Table 4.3 Process metrics for biocatalytic atorvastatin process.

Metric Laboratory Process
Space—time yield (gl~' h~1) 3.3 20
Biocatalyst yield (gg™') 9 178
Product concentration (gl~!) 85 152

Data derived from Ma et al. [39].

+ Step 2: Engineer improvement in enzyme activity and stability (HHDH)
In the subsequent step, HHDH was used. In initial experiments, the activity
and stability were found to be low, and this was improved via DNA shuffling.

+ Step 3: Engineer out product inhibition (HHDH)

A particular feature of the kinetics of the HHDH reaction is strong prod-
uct inhibition. Although attempts were made to overcome this by ISPR, ulti-
mately a better solution in this case was found by improving the enzyme. The
activity was increased 2500-fold over the wild type.

+ Step 4: Implementation
Today, the process is run at a large scale with process metrics as indicated in
Table 4.3.

4.4.2
Development of a Biocatalytic Route to Sitagliptin (Developed by Codexis Inc., USA and
Merck and Co., USA)

+ Background
Sitagliptin is an anti-diabetic compound, and as the phosphate salt it is
the active ingredient in a pharmaceutical product marketed as Januvia™
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Scheme 4.2 Biocatalytic synthesis of sitagliptin.

by Merck and Co. (Rahway, NJ, USA). It is a highly complicated molecule
and for some time was manufactured using asymmetric hydrogenation
of an enamine. The reaction takes place at high pressure (17 bar) using a
rhodium-based chiral catalyst [40]. However, the application of pressure
and the use of the metal-based catalyst, potentially contaminating the
product, are not ideal. Likewise, the stereoselectivity is limited. For these
reasons, scientists at Merck and Co. (Rahway, NJ, USA) considered using an
aminotransferase (o-transaminase) to asymmetrically synthesize the chiral
center with a suitable amine donor (see Scheme 4.2).

Step 1: Engineer enzyme activity for a new substrate

Although in the last decade there has been significant research focus on the
application of o-transaminases [41 —44], the molecule to be converted to syn-
thesize sitagliptin was without precedent, given the size of the large sub-
stituent adjacent to the ketone. Hence, initially in silico design techniques
were applied to provide a suitable starting point to engineer the enzyme.
Using substrate walking (in which the substrate is altered in steps, so as to
allow the enzyme to be altered and screened in stages), the large binding
pocket of the enzyme was altered and subsequently evolved for activity. This
enabled a 75-fold improvement of activity on the first mutated enzyme. This
provided the starting point for fine-tuning the enzyme and is the basis of the
data given in Table 4.4.

Table 4.4 Example process metrics for biocatalytic sitagliptin process.

Metric Laboratory? Process®
Space—time yield (gl~' h~1) 0.033 12
Biocatalyst yield (gg™1) 0.08 5.3-6.6
Product concentration (gl™1) 0.8 160

Derived from Refs [45, 46].

a)

b)

Data for the laboratory benchmark were taken from the point at which
activity was detected and tuning began — meaning the variant from the
Round 2 as detailed in Table 1 of Savile et al. [45].

Process with immobilized enzyme.
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¢ Step 2: Engineer the enzyme for industrial reaction conditions

Although an active enzyme was created, it could only work at concentra-
tions of 2g 171, clearly too low for commercial operation of a reactor. The
problem was made worse since the water solubility of the compound was
low, and therefore various solvents were assessed. Both methanol and DMSO
proved effective solvents. In addition, the equilibrium of the reaction needed
to be pushed toward the product, meaning an excess of the amine donor was
required [47]. Indeed, despite the reasonable thermodynamic favorability of
this reaction, still 1 molar concentration (fourfold excess) of amine donor
was required. Since Isopropylamine (IPA) is converted to acetone during the
reaction, clearly the enzyme must also be tolerant to high concentrations of
acetone. In an evolution program, the enzyme tolerance was improved to
convert substrate concentrations from 2 to 100 gl~!, IPA from 0.5 to 1 M,
DMSO from 5% to 50%, pH from 7.5 to 8.5, and temperature from 22 to 45 °C.
A selectivity of >99.99% was achieved. Simultaneous optimization included
improving the stability and expression levels in Escherichia coli so as to reduce
the biocatalyst cost. The optimal process at this point converted 200 g 1! with
>99.5% conversion at 92% yield with 6 g1=! enzyme in 50% DMSO. Compared
to the rhodium-based process, this gives at 10—13% increase in yield, 53%
increase in space—time yield (gl h™!), and 19% reduction in total waste.
Additionally, the process can operate in a nonspecialized plant at ambient
pressure.

Step 3: Introduction of immobilized enzyme process

In a further development [46], a second generation of biocatalytic process
has been developed to operate in a neat organic solvent using immobilized
o-transaminase, to afford further benefits to the product recovery and
potentially allow continuous operation. Indeed, operation could be now
achieved for 200 h, which means that the biocatalyst yield was improved to
manageable levels. This is important for the final implemented industrial
process.

Step 4: Process implementation

Today, the process is implemented at a large scale. Examples of the process
metrics are given in Table 4.4. In this rather special case, it is hard to give a
starting point, but a defined point has been identified based on the point at
which tuning of the enzyme was started (Step 2 above). Likewise, an example
of the process metrics is given to illustrate what is achievable. This still
requires fine-tuning for the final implementation to balance the individual
metrics based on process economics. It is perhaps worth mentioning that
space—time yields based on initial rates alone are not accurate because the
real space—time yield should be determined over the entire reaction time,
since this is the time the reactor is occupied. Likewise, a direct comparison
of the metrics for the laboratory and process should be treated with care,
since a different format of biocatalyst was used whereas for true comparison
immobilized enzyme loading data would also be required.
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4.5
Future Outlook

The metrics discussed earlier are not often reported in the scientific literature, and
it requires effort to develop fed-batch, continuous, or recycle-based processes,
all of which require significant experimental work. Hence, achieving the metrics
requires process intensification prior to scaling up. This is a basic philosophy to
help develop the process with greater reliability. The philosophy of implemen-
tation proposed in this chapter is that intensification of the process should take
priority over scaling up. Nevertheless, the subsequent scaling up needs to address
issues such a mass transfer (liquid—-liquid or gas—liquid) as well as mixing. The
increased mixing time due to the increase in scale can bring limitations for addi-
tion of reagents and control of pH (via acid or alkali for neutralization) in many
systems. Mixing requires attention, and in recent years alternative mixing con-
cepts such as the rotary jet head system have been applied with success [48].
Reactants will most normally be added in the batch mode at the start of the reac-
tion. However, in cases where the solubility is limited, alternative methods must
be used. Reactants can also be used above saturation concentration in the form of
a slurry reactor or a two-liquid phase reactor. In other cases, if the reactants are
toxic or inhibitory, it may be essential to feed the reactant to the reactor, which can
be done directly (if the solubility in the reaction medium is high) or via another
phase (water-immiscible organic solvent or porous resin).

Clearly, for many reactions it is essential to intensify a reaction or process in
order that it can be applied in an industrial context. This is not surprising given
that the conditions required in a biocatalytic reactor are very different to those
found in nature. Protein engineering offers the engineer involved in scale-up and
implementation of a biocatalytic process fantastic opportunities [17]. Although we
may search for the ideal biocatalyst [49], in reality it is a combined effort of protein
and process engineering that is required to achieve successful industrial imple-
mentation. The approach discussed here can be complemented by protein and
enzyme engineering efforts. Indeed, in reality it is the integration of these (pro-
cess and biological) technologies together that leads to the most effective solution
for development. Several studies have already shown the integration of multiple
technologies to achieve the required degree of intensification [50]. For instance,
in the synthesis of optically pure chiral amines using w-transaminases, protein
engineering, reaction engineering, and process engineering were all used to sig-
nificant effect in the final industrial process for the synthesis of sitagliptin [45, 46],
and likewise in other industrial work using ®-transaminase for the synthesis of a
JAK2 kinase inhibitor [51].

The methodology proposed here is to initially set targets, characterize, then
compare the difference to develop a strategy for different technologies involving
biocatalyst engineering, reaction engineering, and finally process engineering.
In a recent review, the approach was further outlined and the integration
emphasized [52].
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4.6

Concluding Remarks

The implementation and development of new biocatalytic processes require con-
siderable investment in a variety of technologies from ISPR to protein engineering.
Nevertheless, it is clear that as knowledge is built in each of these areas (in partic-
ular to identify limits for application) and a suitable methodology for implemen-
tation is built, the necessary tools will become available. This will be important
not only to implement single-step biocatalytic reactions but, in the future, also
to address multistep biocatalytic reactions (both multi-enzymatic and chemo-
enzymatic) such that processes can be designed (both by engineers and chemists)
in such a way as to capitalize upon the best features of both conventional and
biological catalysis.

References

1

10

11

12

13

14

15

Davies, LW. and Welch, C.J. (2009)
Science, 325, 701.

Wohlgemuth, R. (2010) Curr. Opin.
Biotechnol., 21, 713.

Tufvesson, P.,, Lima-Ramos, J., Al-Haque,
N., Gernaey, K.V,, and Woodley, ].M.
(2013) Org. Process Res. Dev., 17, 1233.
Tufvesson, P, Lima-Ramos, J., Nordblad,
M., and Woodley, ].M. (2011a) Org.
Process Res. Dev., 15, 266.

Arnold, F.H. (2001) Nature, 409, 253.
Bommarius, A.S., Blum, J.K., and
Abrahamson, M.J. (2011) Curr. Opin.
Chem. Biol., 15, 194.

Bornscheuer, U.T., Huisman, G.W.,
Kazlauskas, R.J., Lutz, S., Moore, J.C.,
and Robins, K. (2012) Nature, 485, 185.
Chen, R. (2001) Trends Biotechnol.,

18, 13.

Cobb, R.E., Chao, R., and Zhao, H.
(2013) AICKE J., 59, 1432.

Jackel, C. and Hilvert, D. (2010) Curr.
Opin. Biotechnol., 21, 753.

Li, Y. and Cirono, P.C. (2014) Biotechnol.
Bioeng., 111, 1273.

Strohmeier, G.A., Pichler, H., May, O,
and Gruber-Khadjawi, M. (2011) Chem.
Rev., 111, 4141.

Turner, N.J. (2003) Trends Biotechnol.,
21, 474.

Turner, N.J. (2009) Nat. Chem. Biol., 5,
567.

Lutz, S. (2010) Curr. Opin. Biotechnol.,
21, 734.

20

21

22

23

24

25

26

27

28

29

Huisman, G.W., Liang, J., and Krebber, A.
(2010) Curr. Opin. Chem. Biol., 14, 122.
Woodley, ].M. (2013) Curr. Opin. Chem.
Biol., 17, 310.

Liese, A. and Hilterhaus, L. (2013) Chem.
Soc. Rev., 42, 6236.

Pollard, D.J. and Woodley, J.M. (2007)
Trends Biotechnol., 25, 66.

DiCosimo, R., McAuliffe, J., Poulose, A.].,
and Bohlmann, G. (2013) Chem. Soc.
Rev., 42, 6437.

Sheldon, R.A. (2007) Adv. Synth. Catal.,
349, 1289.

Bornscheuer, U.T. (2003) Angew. Chem.
Int. Ed., 43, 3336.

Mateo, C., Palomo, .M.,
Fernandez-Lorente, G., Guisan, J.M., and
Fenandez-Lafuente, R. (2007) Enzyme
Microb. Technol., 40, 1451.

Rodrigues, R.C., Berenguer-Murcia, A.,
and Fernandez-Lafuente, R. (2011) Adv.
Synth. Catal., 353, 2216.

Cao, L., van Langen, L., and Sheldon, R.
(2003) Curr. Opin. Biotechnol., 14, 387.
Hanefeld, U., Gardossi, L., and Magner,
E. (2009) Chem. Soc. Rev., 38, 453.
Chauhan, R.P. and Woodley, ].M. (1997)
Chem. Tech., 27, 26.

Lye, G.J. and Woodley, J.M. (1999)
Trends Biotechnol., 17, 395.

Van Hecke, W., Kaur, G., and DE Wever,
H. (2014) Biotechnol. Adv., 32, 1245.



30

31

32

33

34

35

36

37

38

39

40

4

Woodley, J.M., Bisschops, M., Straathof,
A.]J., and Ottens, M. (2008) J. Chem.
Technol. Biotechnol., 83, 121.

Wagner, N., Fuereder, M., Bosshart, A.,
Panke, S., and Bechtold, M. (2012) Org.
Process Res. Dev., 16, 323.

Calvin, S.J.,, Mangan, D., Miskelly, L,
Moody, T.S., and Stevenson, P.J. (2012)
Org. Process Res. Dev., 16, 82.

Straathof, A.J.J. (2003) Biotechnol. Prog.,
19, 755.

Woodley, J.M. and Lilly, M.D. (1990)
Chem. Eng. Sci., 45, 2391.

Woodley, J.M., Brazier, A.J., and Lilly,
M.D. (1991) Biotechnol. Bioeng., 37, 133.
Schroen, C.G.P.H. and Woodley, ].M.
(1997) Biotechnol. Prog., 13, 276.

Kim, P.-Y,, Pollard, D.J., and Woodley,
J.M. (2001) Biotechnol. Prog., 23, 74.
Vicenzi, ].T., Zmijewski, M.J., Reinhard,
M.R., Landen, B.E., Muth, W., and
Marler, P.G. (1997) Enzyme Microb.
Technol., 20, 494.

Ma, S.K., Gruber, J., Davis, C., Newman,
L., Gray, D., Wang, A., Grate, J.,
Huisman, G.W., and Sheldon, R.A. (2010)
Green Chem., 12, 81.

Hansen, K.B., Hsiao, Y., Xu, E, Rivera,
N., Clausen, A., Kubryk, M., Krska, S.,
Rosner, T., Simmons, B., Balsells, J.,
Ikemoto, N., Sun, Y., Spindler, F., Malan,
C., Gradowski, E.J.J., and Armstrong,
]1.D. 111, (2009) J. Am. Chem. Soc., 131,
8798.

Seo, J.-H., Kyung, D., Joo, K., Lee, J., and
Kim, B.-G. (2010) Biotechnol. Bioeng.,
108, 253.

42

43

44

45

46

47

48

49

50

51

52

References

Truppo, M.D., Rozzell, ].D., Moore, ].C.,
and Turner, N.J. (2009) Org. Biomol.
Chem., 7, 395.

Truppo, M.D., Rozell, ].D., and Turner,
N.J. (2010) Org. Process Res. Dev., 14,
234.

Tufvesson, P, Lima-Ramos, J., Jensen,
].S., Al-Haque, N., Neto, W., and
Woodley, ].M. (2011b) Biotechnol. Bio-
eng., 108, 1479.

Savile, C.K., Janey, ].M., Mundorff,

E.C., Moore, J.C., Tam, S., Jarvis, W.R.,
Colbeck, J.C., Krebber, A., Fleitz, EJ.,
Brands, J., Devine, P.N., Huisman, G.W.,
and Hughes, G.J. (2010) Science, 329,
305.

Truppo, M.D., Strotman, H., and Hughes,
G. (2012) ChemCatChem, 4, 1071.
Casimjee, K.E., Branneby, C., Abedi, V.,
Wells, A., and Berglund, P. (2010) Chem.
Commun., 46, 5569.

Hua, L., Nordkvist, M., Nielsen, P.M., and
Villadsen, J. (2006) Biotechnol. Bioeng.,
97, 842.

Burton, S.G., Cowan, D.A., and Woodley,
J.M. (2002) Nat. Biotechnol., 20, 37.
Brenna, E., Gatti, F.G., Monti, D.,
Parmeggiani, F,, and Sacchetti, A. (2012)
Chem. Commun., 48, 79.

Frodsham, L., Golden, M., Hand, S.,
Kenworth, M.N., Klauber, D.]., Leslie, K.,
Macleod, C., Meadows, R.E., Mulholland,
K.R., Reilly, J., Squire, C., Tomasi, S.,
Watt, D., and Wells, A.S. (2013) Org.
Process Res. Dev., 17, 1123.

Lima-Ramos, J., Neto, W., and Woodley,
J.M. (2014) Top. Catal., 57, 301.

97






5
Development of Enzymatic Reactions
in Miniaturized Reactors

Takeshi Honda, Hiroshi Yamaguchi, and Masaya Miyazaki

5.1
Introduction

Enzymatic reactions proceed with high regio and stereoselectivity. In general,
enzymatic processes generate less waste than conventional chemical synthetic
processes and provide products of high purity. Therefore, during the last two
decades, the application of enzymes has been continuously increasing across
various industries. For industrial use, the catalytic and biophysical properties of
enzymes, such as catalytic efficiency, substrate specificity, and stability, need to
be improved. A variety of approaches, such as screening of enzymes from natural
sources or random mutations, have been attempted for these purposes [1].

Modern protein engineering techniques have improved the catalytic and
biophysical properties of some enzymes. However, many enzymes that have
a great deal of potential in industry require a higher level of improvement for
industrial use. In addition, enzymes often lack operational and storage stability.
Because enzymes are proteins with unique conformations (three-dimensional
structure), which are required for their catalytic activity, they can easily be
denatured at high temperature and in organic solvents. The stability of enzymes
in organic solvents and enhancing the thermostability are usually considered in
an industrial process. Moreover, the enzymes require to be efficiently separated
from other molecules such as the products in the reaction system. The ability to
recover and reuse enzymes is also important in industry.

To overcome these obstacles, the immobilization of enzymes has been stud-
ied [2]. Immobilized enzymes provide several advantages for the use as catalysts
in industry. A high concentration of enzymes can be immobilized on the sub-
strates, resulting in a high enzyme to substrate ratio, thus allowing the immobi-
lized enzyme reactor to perform rapid catalytic reactions. Furthermore, enzymes
that are immobilized on the substrate walls or surfaces of microparticles can be
isolated and removed easily from the reaction systems. Moreover, in comparison
to free enzymes in solution, immobilized enzymes are reportedly stable and highly

Applied Bioengineering: Innovations and Future Directions, First Edition. Edited by Toshiomi Yoshida.
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resistant to environmental changes such as high temperatures or organic solvents.
The enzymes are also reusable.

Recently, a variety of enzyme-immobilized reactors have been developed for
highly efficient catalytic reactions [3]. The immobilized enzyme can be packed
into microchannels in a microfluidic device. The combination of immobilized
enzymes with microfluidics provides several advantages, such as the realization
of automated and high-throughput catalytic systems. Enzymatic reactors can
be classified into two types: chip-type reactors and microtube-type reactors.
Chip-type reactors offer several advantages, including easy control of microfluidic
reactions and the integration of many processes into one reaction device. The
manufacturing processes of chip-type reactors are adaptations mainly from
the microelectronics industry. Dry- or wet-etching processes have been used
for creating microchannels on silicon or glass plates. Polymer-based materials
can be used for the preparation of enzyme reactors because enzyme reactions
are often performed in aqueous solutions. Poly(dimethyl siloxane) (PDMS),
poly(methyl methacrylate) (PMMA), polycarbonate, polystyrene, poly(ethylene
terephthalate), poly(ether ether ketone), and polytetrafluoroethylene (known by
the name of Teflon®) have been used for preparation of the devices. Various
microchannel shapes have been developed in chip-type reactors, which could
be processed by photolithography, soft lithography, injection molding, emboss-
ing and micromachining with laser, or microdrilling. A combined process of
lithography, electrochemical technology, and molding has also been used for the
production of reactors.

The key processes in enzymatic reactions are molecular mixing and separa-
tion. The large liquid interface-to-volume ratio in microscale reactors generates
rapid mass transfer, which enables efficient molecular mixing and separation in
enzymatic microreactors [4]. Miniaturized structures in microreactors provide
excellent controllability in the formation of turbulent and laminar flows; as such,
they are utilized for rapid mixing and ix situ product removal/extraction in enzy-
matic reactions. A detailed discussion is beyond the scope of this chapter, but we
refer readers to some excellent reviews [5—10].

In this chapter, we will introduce the immobilization of enzymes for applica-
tion in a variety of fields, including industrial applications. The following section
focuses on the fundamental techniques of immobilized enzymes, novel and inter-
esting immobilization techniques, and their applications, including miniaturiza-
tion of reactors. As the field of immobilized enzyme systems is extensive, each
section presents an introductory overview of ongoing research.

52
Fundamental Techniques for Enzyme Immobilization

Enzyme immobilization technologies have been applied to various enzymatic
transformation systems. The immobilized catalyst in the reaction systems allows
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Figure 5.1 Enzyme immobilization techniques.

easy separation of the catalyst and product, resulting in simplified microfluidic
handling. Therefore, enormous effort has been directed toward the development
of enzyme immobilization methods and utilization of enzymatic reactors.

Enzyme immobilization can be achieved by covalent linking, affinity labeling,
physical adsorption, enzyme polymerization, and entrapment (Figure 5.1).
Enzyme polymerization, which covalently connects enzymes to each other
with a cross-linker, can be partly categorized as covalent linking. It enables the
formation of miniature structures made of the polymerized enzymes in a reactor.
To prepare immobilized enzymes, they are attached to solid materials, such as
microspheres/beads, membranes, fibers, monoliths, or microchannel/capillary
walls. In this section, recent trends in the development of enzyme immobilizing
methods are discussed comprehensively.

5.2.1
Enzyme Immobilization by Adsorption

Adsorption is the simplest method for enzyme immobilization, involving
reversible surface interactions between the enzyme and the support material.
Adsorption is achieved by incubating enzymes with support materials under
suitable conditions, including pH and ionic strength. Enzyme immobilization
using the adsorption technique has a number of disadvantages, such as steric
hindrance by the support, nonspecific bonding, overloading on the support,
contamination of the product, and leakage of the enzymes from the carriers
owing to the weak interaction between the enzyme and the carrier, which can be
destroyed by desorption forces such as high ionic strength and pH. Therefore, a
number of variations to counter these drawbacks have been developed, including
adsorption—cross-linking, modification—adsorption, adsorption—coating, and
selective adsorption—covalent attachment. A detailed discussion of these vari-
ations is presented in the book by Cao and Schmid [11]. Enzyme adsorption is
carried out on a solid support, including the channel wall, monolith, particle, and
membrane. Table 5.1 presents a summary of enzyme immobilization methods
using the adsorption technique.
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5.2.1.1 Monoliths and Particles

He et al. reported the polyethyleneimine (PEI)-coated silica-monolithic grass
microchip [18]. Glucose oxidase and choline oxidase were immobilized on the
PEI layer through electrostatic adsorption between electronegative enzymes and
electropositive PEI polymer.

Liang et al. developed a graphene oxide (GO)/magnetite nanocomposite-based
on-chip enzymatic microreactor [24]. Nanoparticles (NPs) of magnetic iron oxide
such as magnetite y-Fe,O5 and magnetite Fe;O, show not only a powerful mag-
netic force but also low toxicity and biocompatibility in physiological environ-
ments. They inferred that the introduction of Fe;O, NPs into graphene could
combine the high adsorption capacity of graphene and the manipulation conve-
nience of the magnetic materials, which is favorable for further immobilization of
the enzyme and easy retrieval and separation of graphene from the dispersion.

The use of folded-sheet mesoporous materials (FSM) as an enzyme-
immobilized support was described by Matsuura et al. [25]. FSM is a silica-based
particle with controlled pore size and a uniform pore structure. The developed
microchip with enzyme-adsorbed FSM enabled the evaluation of the effect of
pore size on the reaction efficiency of the enzyme microreactor.

Gold nanoparticles (AuNPs) have often been used as a support material for pas-
sive adsorption of the enzyme in reactor systems. Enzyme-adsorbed AuNPs have
been immobilized in reactors using the following approaches: AuNPs were coor-
dinatively bonded to thiol groups functionalized on a capillary surface [26]; nega-
tively charged enzyme-adsorbed AuNPs were immobilized on a positively charged
PEI-coated capillary surface through electrostatic interactions [27]; AuNPs were
attached to a copolymer monolith possessing thiol groups through coordinative
Au-—thiol bonding [26]; and AuNPs were adsorbed on the layer of poly(diallyl
dimethyl ammonium chloride) assembled on a microchannel surface [29].

5.2.1.2 Synthetic Polymer Membranes and Papers

Nitrocellulose (NC) and poly(vinylidene fluoride) (PVDF) can strongly adsorb
proteins. NC and PVDF membranes have been heavily used in biotechnological
processes for protein capture such as western blot. Several groups have developed
enzyme microreactors in which NC or PVDF membranes have been grafted for
enzyme immobilization [20-22, 31].

Ferrer et al. developed a microfluidic paper-based analytical device (uPAD)
wherein two enzymes are arranged on the “paper-based” microchannel. The two
enzymes were adsorbed in the microchannel by spotting the enzyme solutions at
the disk-shaped area on a paper-channel line. This device is inexpensive and easy
to fabricate and effects the reaction based solely on buffer capillary action [30]
(Figure 5.2). There have been considerable efforts to speed up the development of
a pPAD system for diagnostics [32].

5.2.1.3 Adsorption to Channel Walls
Kataoka et al. described direct adsorption of lipase on a mesoporous silica film
that was coated on the microchannel inner wall [12]. A similar approach was also
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Detection spot

Sample

DI

LDH

Sample

(b) —— s vatomy

Figure 5.2 (a) Schematic representation of double microreactor pPAD using a range (0.0,
the double microreactor pPAD. The figure 0.5, 0.8, 1.2, 1.6, and 2.0 mM) of concentra-
shows an eight-channel double microreactor tions of resazurin. Running buffer is 0.2 mM
RPAD. Diaphorase (DI), lactate dehydrogenase Tris at pH 7.4. (From [30] with permission
(LDH), and the sample are spotted on the ©2008 American Chemical Society.)

pPAD prior to analysis. (b) Photograph of the

reported in which the enzyme was directly adsorbed on the copper-functionalized
surface of a capillary [13].

Enzyme immobilization based on layer-by-layer (LBL) assembly technology
has been developed by several groups. The LBL structure on a microchannel
surface was prepared from various charged polymers such as hexadimethrine
[16], poly(diallyldimethylammonium chloride) (PDDA)/silica sol—gel matrix
[14], PDDA/B-zeolite nanocrystals [15], and chitosan/hyaluronic acid [17].
Trypsin and tyrosinase were strongly and efficiently immobilized on the LBLs
assembled on the microchannel surfaces through passive adsorption (Figure 5.3).

5.2.2
Enzyme Immobilization by Entrapment

Another approach for the immobilization of enzymes is entrapment, which
consists in physically trapping enzymes into a film, polymer coating, gel, or
monolith, or by microencapsulation [33]. The method involves a physical step,
namely confining enzymes within the lattices of polymerized gels. This allows
the free diffusion of low-molecular-weight substrates and reaction products.
During the process, the enzymes are incorporated into a matrix network. The
usual method is to polymerize the hydrophilic polymer and/or silica sol—gel
matrix in an aqueous solution of the enzyme. This method basically contains no



5.2 Fundamental Techniques for Enzyme Immobilization

¢ Detection

(a) Pretreatment by 0.1 M NaOH solution

@® HDB (b) Creation of a positively charged coating with HDB

O TRs (c) Immobilization of TRS by ionic binding method

(e) Injection, incubation, and application of voltage for activity
assay and inhibition study

COOH HO COOH
% e %
HO NH, Tyrosinase HO NH,

Figure 5.3 Schematic representation of the immobilized capillary enzyme reactor prepared
by the layer-by-layer assembly. (From [16] with permission ©2013 Elsevier.)

covalent linkage between the enzyme and the polymer matrix, avoiding enzyme
inactivation often caused by chemical modifications. Other advantages of this
immobilization technique include the extremely large surface area between the
substrate and the enzyme, within a relatively small volume, and the real possibility
of simultaneous immobilization [34]. Table 5.2 presents a summary of enzyme
immobilization methods using the entrapment technique.

5.2.2.1 Silica-Based Matrices

Simple entrapment in silica sol-gel monolithic supports, which were pre-
pared by polymerization of tetramethoxysilane or by photopolymerization
of methacryloxypropyl trimethoxysilane, was reported for the preparation of
protease-immobilized microchips or capillaries [35, 36]. Enzymes are immobi-
lized in the silica sol—gel matrix with a stable gel network through a Si—O-Si
bridge by tethering to the silanol groups. Qu et al. developed a PMMA microre-
actor with trypsin-entrapped tetraethoxysilane (TEOS) polymer, wherein the
TEOS sol-gel polymer was tethered to the microchannel surface that was coated
with silanol-grafted polyacrylate [41] (Figure 5.4). TEOS polymerization was per-
formed in the presence of the enzyme and polyethylene glycol (PEG). In a similar
fashion, the developed enzyme-entrapped silica matrices were often assisted
by hydrophilic and biocompatible polymers such as PEG [39, 40], polyethylene
oxide (corresponding to PEG with long chains) [38], and dextrin [37]. Such
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Figure 5.4 Process of functional PMMA surface modification followed by enzyme
immobilization using silica sol-gel entrapment. (From [41] with permission ©2004 American
Chemical Society.)

polymers are known to have a favorable effect on the stability of the enzymes.
Naik et al. developed an interesting method for enzyme entrapment in a silica-
based matrix using biosilicification [42]. The authors demonstrated that the
biosilicification reaction could serve as an alternative method for the entrapment
of enzymes using more biologically compatible reaction conditions and applied
it to the entrapment of a variety of enzymes.

A novel and facile method for enzyme immobilization using an organosilicon
thin film was developed by Elagli et al. Organosilicon thin films deposited by
remote plasma-enhanced chemical vapor deposition (RPECVD) system have
been used in various applications including protein immobilization [43, 50].
Cold plasma polymerization by RPECVD enabled the deposition of 1,1,3,3-
tetramethyldisiloxane (TMDSO) monomer containing an enzyme on the
substrate, resulting in the stable formation of enzyme-entrapped organosilicon
film. B-Galactosidase was entrapped in the growing polymer network of the
plasma-polymerized TMDSO (ppTMDSO) as carrier matrix or was coated by
the ppTMDSO layer [51].

5.2.2.2 Non-Silica-based Matrices

Alumina and titania are metallic-oxide-based biocompatible materials and are
able to form sol—gel polymers in a manner similar to silica sol—gel. Microchips
with trypsin-entrapping metallic oxide sol—gel matrices have been developed
to provide stable and efficient proteolysis in a biocompatible microenvironment
[44, 52] (Figure 5.5).

Min et al. described an enzyme immobilization method combining electro-
static interaction and film overlay [45]. A complex of acetylcholinesterase (AChE)
and the negatively charged alginate polymer was electrostatically adsorbed on the
positively charged PEI-coated capillary surface, followed by entrapment of AChE
through the formation of a chitosan thin film over the adsorbed enzyme.

Several groups have applied acrylic polymer-based hydrogels as support
materials for enzyme entrapment. Mersal et al. developed a one-step procedure
for enzyme entrapment in a polyacrylamide gel-based monolithic capillary [46].
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Figure 5.5 Process of forming enzyme-encapsulated sol-gel inside microchannel of PDMS
functionalized by oxidation in oxygen plasma. (From [44] with permission ©2004 American
Chemical Society.)

Enzyme entrapment was achieved by in situ polymerization in the presence of
the enzyme, poly(ethylene glycol) (PEG), and negatively charged poly(acrylic
acid). The authors optimized the composition of the polymers to maintain the
enzymatic activity and to prevent the formation of bubbles and allow liquid
transportation by electroosmotic flow.

Particle dispersion- and shape-controlled hydrogel microstructures, in which
enzymes were entrapped for enzymatic microreactions, were prepared by UV-
initiated cross-linking of PEG diacrylate in continuous microfluids [47, 48].

Aqueous polyvinyl alcohol (PVA) solutions are well known to form a “cryogel”,
which is a hydrogel formed upon freezing. Proteins are automatically entrapped
in the PVA matrix by freeze-drying a PVA solution mixed with the protein. There-
fore, PVA cryogels were successfully applied to the immobilization and/or encap-
sulation of biomaterials [53]. This simple method was applied to protease- and
a-amylase-immobilized microreactors [49, 54] (Figure 5.6).

Immobilized lipase is a commonly used biocatalyst in organic synthesis in
microreaction systems [55]. Using immobilized lipase on a polymer support
allowed the enzymatic resolution of a key intermediate for the synthesis of
odanacatib, which is a potent and selective cathepsin K inhibitor currently
being evaluated in clinical trials [56]. The immobilized lipase was more active
and 15 times more stable than the free enzyme. This permitted a continuous
dynamic kinetic resolution process that was significantly less expensive than
the original batch process, and with a threefold reduction in the E-factor of the
process [56].
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Figure 5.6 SEM images of bulk freeze-dried  slow cooling. (d) PTFE sample holder, rapid
foams. (a) Specimen prepared in copper sam- cooling. (From [54] with permission ©2014
ple holder, slow cooling. (b) Copper sample  Elsevier B.V.)

holder, rapid cooling. (c) PTFE sample holder,

523
Enzyme Immobilization by Affinity Labeling

Noncovalent biological interactions such as His-tag/nickel ion-coordinated
nitrilotriacetic acid (Ni-NTA), biotin/avidin, glutathione S-transferase (GST)/
glutathione, and hybridization of complementary DNA strands show high
binding affinity and specificity. These interaction systems have been essential in
techniques for various biotechnological processes because they enable highly
specific and orientational enzyme immobilization, reversible/repeatable immo-
bilizations, and avoidance of enzyme inactivation. Therefore, affinity labeling
systems have been used for the preparation of enzymatic reactors. Table 5.3
presents a summary of enzyme immobilization methods using affinity labeling.

5.2.3.1 His-Tag/Ni-NTA System

The simple preparation of an enzyme reactor utilizing a His-tag/Ni-NTA system
was reported by Miyazaki et al. and Matosevic et al., wherein the His-tagged
enzymes were immobilized to Ni-NTA introduced on the capillary inner walls
modified with silane reagents [57, 70]. The commercially available Ni-NTA-
conjugated agarose beads have been utilized by several groups by simply packing
them in microreactors [58, 59, 71]. Muiioz et al. developed a glass microchip
possessing Ni-NTA agarose beads trapped on the PEI/dextran sulfate LBL deposit
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5.2 Fundamental Techniques for Enzyme Immobilization

on a microchannel surface [61]. Drager et al. prepared an enzyme-immobilizing
support from a Merrifield resin having NTA groups that were synthesized based
on tyrosine or lysine [60].

5.2.3.2 GST-Tag/Glutathione System

Proteins fused with GST (i.e., GST-tagged proteins) often have higher specificity
and solubility than His-tagged proteins. A glutathione-modified monolithic cap-
illary was developed by Krenkova et al. [66]. Glutathione was covalently attached
to the polymer monolith with the iodoacetyl group using a thiol/iodoacetate reac-
tion. The GST-fused enzyme was immobilized on the polymer monolith through
glutathione/GST binding.

5.2.3.3 Avidin/Biotin System

Rusmini et al. inferred that the His-tag/Ni-NTA interaction is relatively weak
(K4=~10"M) and not too specific, thus a gradual loss of the enzyme is a
considerable risk [72]. The avidin/biotin system is the strongest noncovalent
biological interaction known (Ky=~10"1*M), and is one of the most widely
used affinity pairs owing to the high affinity and specificity of the interaction.
A simple immobilization method using streptavidin-coated microbeads was
developed for a sequential enzymatic reaction by two enzymes [62, 73]. Seong
et al. conjugated biotin-labeled glucose oxidase and horseradish peroxidase onto
streptavidin-coated microbeads. These microbeads were subsequently packed
into each of the two discreet reaction zones. Boehm et al. attached biotin-labeled
enzymes to the avidin-modified microchannel surface of a PDMS microchip [63].

An interesting biotin attachment method for patterning avidin-linked enzymes
inside microchannels was developed by Holden et al. [64]. Biotin-4-fluorescein
was photo-attached to the fibrinogen thin layer coated on the microchannel using
a laser beam. Streptavidin-linked enzymes such as glucose oxidase, horseradish
peroxidase, and alkaline phosphatase were immobilized on the microchannel sur-
face at the laser-illuminated site through avidin/biotin binding. Furthermore, the
authors demonstrated that fibrinogen was more suitable for a passivating the thin-
film coating than lysozyme, bovine serum albumin (BSA), and immunoglobulin G.
The fibrinogen coating generated the greatest density of specifically bound strep-
tavidin molecules and the lowest nonspecific adsorption (Figure 5.7).

A unique technique using phospholipid small unilamellar vesicles (SUVs) was
developed to functionalize a microchannel surface with biotin [65]. The contact
of the phospholipid vesicles with the surfaces of the plasma-oxidized PDMS
and borosilicate substrates triggers the vesicle fusion, resulting in the formation
of a single planer supported membrane on the substrate surfaces [65]. Biotiny-
lation of the microchannel surface for immobilization of avidin-conjugated
enzymes was achieved by using SUVs doped with biotinylated phosphatidyl-
ethanolamine.
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Figure 5.7 Schematic diagram of the pho- is accomplished by photobleaching with
toimmobilization process. Enzyme patches 488-nm laser light. (3) Next, the binding of
are formed on the top and bottom of a streptavidin-linked enzymes can be exploited
microchannel using the following proce- to immobilize catalysts and (4) to moni-
dure. (1) Passivation of the surface with tor reaction processes on-chip. (From [64]

a fibrinogen monolayer is followed by (2) with permission ©2004, American Chemical

biotin-4-fluorescein surface attachment. This ~ Society.)

5.2.3.4 DNA Hybridization System

DNA/RNA oligonucleotides hybridize to its complementary strands with high
specificity and affinity (K;=10""-10""M in a 21-base oligonucleotide with a
random sequence) [74]. The unique molecular recognition property has led to
several researchers attempting to convert DNA microarrays into protein arrays
using a DNA-directed immobilization strategy [75]. Schroder et al. also applied
the DNA recognition property to the addressable enzyme immobilization for
multiple enzymatic cascade reaction in a continuous flow reactor [67]. A “target”
oligonucleotide and its complementary “capture” oligonucleotide were covalently
attached to an enzyme and a microchannel surface, respectively. The captured
DNA microarray surface inside the microfluidic channels was configured through
conventional spotting, and the resulting DNA patches could be conveniently
addressed with enzymes containing complementary target DNA tags. Vong
et al. also described a DNA-based method for dynamic positional enzyme
immobilization inside silica microchannels [68].

5.2.3.5 Other Techniques Using Nucleotides for Enzyme Immobilization

An alternative oligonucleotide-based method was reported by Xiao et al. They
applied a DNA aptamer, which is a 40-mer oligonucleotide that shows highly spe-
cific recognition and binding to the target molecule [69]. Enzyme immobilization
was achieved by packing microbeads that are modified with a DNA aptamer spe-
cific to chymotrypsin in the microreactor.
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Enzyme Immobilization by Covalent Linking

This technique of immobilization involves the formation of a covalent bond
between the enzyme and the support material. Covalent bonds usually provide
the strongest linkages between the enzyme and the carrier. Leakage of enzyme
is often minimized with covalently bound immobilized enzymes. Moreover,
immobilization of proteolytic enzymes on solid supports eliminates unwanted
enzyme autodigestion and interfering fragments, and an extremely high local
concentration of proteolytic enzymes provides rapid catalytic turnover. Table 5.4
presents a summary of enzyme immobilization methods using covalent linking.

5.2.4.1 Immobilization to Solid Supports

Various enzyme reactors have been prepared by packing enzyme-immobilized
solid supports such as monoliths, beads, fibers, and nanotubes into microchan-
nels or capillaries. An optimal support should be structurally stable, be chemically
inert, and present a very large, solvent-accessible surface area. It should also offer
low resistance to fluid flow and the ability to be patterned within microdevices.

Immobilization to Embedded Monolith Almost all polymer monoliths used as
enzyme-immobilizing supports in reactors have been prepared by in situ
polymerization in the microchannels and capillaries. The functionalization of
monolith supports for enzyme attachment is mainly done by two methods:
polymerization of monomer molecules possessing functional groups that enable
enzyme immobilization, or generation of such functional groups by additional
chemical treatment after monolith formation in the microreactors.

Several groups have reported enzyme microreactors with inorganic and
organic hybrid silica monoliths such as silica sol—gel polymers containing fatty
amine, PEG, and poly(glycidyl methacrylate-co-acrylamide-co-ethylene glycol
dimethacrylate). As examples of the former, PEG-based hydrophilic mono-
liths containing the amino-reactive succinimide groups were prepared using
N-acryloxysuccinimide as the active monomer to form trypsin-immobilized
support in a microchip and a capillary [98, 99]. Also, Peterson et al. utilized a
polymer possessing azlactone groups for the preparation of trypsin-immobilized
monoliths in a capillary [100]. The azlactone group is reactive toward amino and
thiol groups of enzymes.

Silica-containing monoliths are tightly packed in glass- and/or PDMS-based
reactors through covalent linkage of the monolith to the microchannel surfaces.
Anuar et al. employed a hybrid monolithic capillary prepared by a simple mixing
of PEG and tetraethoxysilane [101]. The embedded monolith was functionalized
with 3-aminopropyl triethoxysilane (APTES), and then lipase was covalently
linked to the monolith through Schiff’s base reaction using glutaraldehyde.
Similarly, in order to immobilize enzymes, the hybrid monoliths formed in the
microreactors were functionalized by additional modifications by glutaralde-
hyde [102-104] and trimethoxysilyl butyraldehyde [105]. Lin et al. developed
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\
Empty capillary /
1)

<UV< Polymerize < UV< Polymerize
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=
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Trypsin (5cm) Open section (10cm) Glu-C (5cm)
Figure 5.8 Scheme for the preparation exposure. (d) Trypsin immobilized onto
of enzyme reactors with two proteases. the GMA grafted monolith. (e) The second
(a) Empty Teflon-coated capillary (100 pm section of monolith photografted with GMA.
id/365 um od). (b) Fabrication of the mono-  (f) V-8 protease (Glu-C) immobilized onto
lith column. (c) One section of monolith the second GMA grafted monolith. (From
photografted with glycidyl methacrylate [106] with permission ©2009, John Wiley and

(GMA) by masking the other section during ~ Sons.)

a tandem-type dual-enzyme-immobilized capillary using a glycidyl group-
containing hybrid monolith. The amino groups of the enzyme were activated by
carbonyldiimidazole and immobilized through the reaction with glycidyl groups
of the monoliths [106] (Figure 5.8).

Immobilization to Beads (Micro/Nanoparticles and Nanotubes) Magnetic beads have
been often used as solid support for covalently linked enzymes, which could be
easily packed at the desired positions in the microchannel using a magnetic field.
Aldehyde-modified magnetic NPs that were prepared by treating the amine-
functionalized NPs with glutaraldehyde were developed as a glass microchip for
trypsin digestion [108]. Direct attachment of the enzyme on the surface of the
magnetic beads was achieved by activation of the carboxyl-functionalized beads
using the carbodiimide technique [109, 115]. This immobilization method was
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adapted for the preparation of a replaceable dual-enzyme capillary microreactor
[116].

Tibhe et al. developed an enzymatic microreactor using Eupergit® oxirane
acrylic beads, which provide a rapid and simple support for protein immobiliza-
tion [111]. Eupergit has a high density of epoxy groups that can covalently link to
the nucleophilic groups of the protein, such as amino, hydroxyl, and thiol groups,
without any additional reagents. Therefore, Eupergit enables efficient enzyme
immobilization because of the multipoint attachment of the enzyme.

A simple method for the fixation of nonmagnetic beads on a microchannel
was reported by Liuni et al. They showed the adhesion of pepsin-immobilized
agarose beads onto the PMMA surface, which was adhesive owing to treatment
with dichloromethane in a microchannel [110]. Carbon nanotubes (CNTs)
are of interest to many researchers because of their high tensile strength,
high resilience, flexibility, and other unique structural, mechanical, electrical,
and physicochemical properties [117]. The use of two types of CNTs, namely
single-walled carbon nanotubes (SWNTs) and multiwalled carbon nanotubes
(MWNTs), in a PDMS microchip for enzyme immobilization was described by
Song et al. [113]. To introduce the functional group on the CNTs and increase
the water solubility, the SWNTs were wrapped with DNA and the MWNTs were
oxidized by strong oxidants. Such modifications enabled the generation of a
high density of carboxylic groups on the MWNTs and amino groups on SWNTs
(Figure 5.9).

Immobilization to Other Supports A stainless steel microchip with alumina-coated
microchannels was developed as an enzyme-immobilized microreactor [90].
Alumina (y-aluminum oxide) is attachable with silane coupling reagents. There-
fore, B-glucosidase was immobilized on a layer of alumina (y-aluminum oxide)
modified with APTES using glutaraldehyde.

Malecha et al. developed ceramic-based enzyme-immobilized reactors [91].
Modern low-temperature cofired ceramic (LTCC) technology is much cheaper

OHC OHCOHC

o L L ot - (@)

Glutaraldehyde (|  p-Galactosidase
Flow rate 50 pl min™' Flow rate 5 pl min™'
o o
C-OHE-0H
NHy NH; NH; sempdn )
OH OH OH 3-APTES ) MWNTs + f-Galactosidase A (b)

— -
Flow rate 75 pl min™! EDGHCI  Flow rate 5 pl min™'

OHCOHCOHC
NH, NH, NH,

Glutaraldehyde SWNTs-DNA + f-Galactosidase i (c)
3 —_—
Flow rate 50 ul min™' EDC-HCI Flow rate 5 pl min™*

Figure 5.9 Scheme of f-galactosidase immobilization on a microchannel surface. (a) Glu-
taraldehyde (GA)-microreactor. (b) MWNTs-microreactor. (c) SWNTs-DNA-microreactor. (From
[113] with permission ©2012 Elsevier B.V.)
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than silicon/glass technology, and the process of developing a new device is much
easier and faster. The LTCC material is more chemical- and temperature-resistant
than silicon and polymers. Hydration of the ceramics enables the generation of
hydroxyl groups linkable to APTES [91].

Non-silica methods have been developed by several groups, wherein the
wall surfaces of microchannels and capillaries were covalently coated with
the functionalized synthetic polymers. Wu et al utilized poly(acrylic acid)
graft-polymerized onto the surface of a PDMS microchannel [93]. Cerdeira et al.
reported PEI-mediated enzyme immobilization in a PMMA microchip. Glucose
oxidase was immobilized by cross-linking the carboxylated PMMA surface, the
surface-coated PEL and the enzymes using a glutaraldehyde cross-linker [94].

As a surface-modification method using non-polymer molecules, Rahman
et al. proposed a method for enzyme immobilization mediated by self-assembled
monolayers (SAMs) with a functional group [96]. Cholesterol oxidase was
covalently attached to thioglycolic acid SAM coated on the gold (Au)-electrode
in a microchip using the 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide
(EDC)/NHS (N-hydroxysuccinimide) technique, which is discussed in Section
52.4.2.

A study by Schilke et al. demonstrated the application of nanosprings as novel
and highly efficient carriers for immobilized enzymes in microreactors [97]
(Figure 5.10). Nanosprings are formed from helical silicon dioxide, which can
be grown by a chemical vapor deposition process on a wide variety of surfaces.

Before silanization

. % = - e
1’ . > _‘__ﬁter silanization

| Hv | mago| WD  7/22/2009, —————— 4 m
1000 kV | 30000x | 10.6 mm 3:31:37 PM Quanta FEG

Figure 5.10 Morphology of silicon dioxide nanosprings before (top) and after (bottom)
vapor-phase silanization with APTES. (From [97] with permission ©2010 John Wiley and
Sons.)
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The unique properties of nanosprings are their mechanical flexibility and ability
to store potential energy when stretched or compressed, which enables low
brittleness and resistance to fluid flow [118].

Silica-based nanospring mats grown on the gold-coated area of a silicon wafer
were functionalized with APTES, followed by the introduction of free thiol
groups through the amino groups on the nanospring surface. f-Galactosidase
modified with a thiol-reactive pyridyl disulfide group was immobilized through
covalent disulfide linkages with the surface of nanosprings. The enzyme-
coated nanospring mat was placed into a microchannel, with the mat partially
occluding the channel. A similar method was adapted for the preparation
of a threonine aldolase-immobilized microreactor by Fu et al, in which
3-mercaptopropyltrimethoxysilane was used instead of APTES [119].

5.2.42 Direct Immobilization to a Channel Wall

The simplest approach for immobilization is direct attachment of the enzyme to
the “wall” itself of the microchannel or the capillary. The direct wall modification
with enzymes was achieved by generating functional groups on the channel sur-
face of the polymer-based microreactors using UV irradiation or chemical hydrol-
ysis methods [76-78].

A variety of surface coating methods have been developed for enzyme immo-
bilization on the inner wall of microchannels and capillaries. Silanization of the
channel surface by sol—gel polymerization is the most commonly used technique
for the preparation of microreactors made of silanol-containing materials such
as glass and PDMS (Figure 5.11). In particular, the use of APTES is convenient

>I< >I< )|( Functional groups Modification examples

—Si—0=—Si—0—S8i—
| | | APTES Induction of aldehyde group
(e} o o by for example, glutaraldehyde
ﬁ NH - Coupling to carboxyl group
l /\/\ 2 by , for example, EDC/NHS
Hydrolysis Polymerization - Induction of aldehyde group
m by hydrolysis and oxidization
X ) /\/\o/\<\ - Induction of amino group
| e} by, for example, ammonium
RO — Si — OR hydroxide
oR MAPTS o
+ - Polymerization with
l /\/\O)k( acrylate monomers
- SI|I.C§, alumina, titania MPTES ~ Disulfide bond
- Oxidized PDMS _— - Linking via thiol-reactive group,
i ifi for example, iodo-and maleimide-
l /\/\ SH - Coordinate bond to, for example,
gold

Figure 5.11 Functional silanization techniques.
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for introducing a functional group (amino group) on the channel surface as a
base for surface modification. Enzymes have been immobilized to the amino-
functionalized surface of microchannels and capillaries using activation reagents.
The combination of N-hydroxysuccinimide (NHS) and a carbodiimide reagent,
such as EDC, has been used for the formation of an amide bond between the
carboxyl group of the enzyme and the amino group of the microchannel surface
[81]. Glutaraldehyde is frequently used for enzyme immobilization as an amine-
reactive homo-bifunctional cross-linker. Cross-linking of the enzyme’s amino
group and the surface amino group of the microchannel wall by glutaraldehyde
using a Schiff’s base reaction has been reported as a simple enzyme-immobilizing
technique [79, 82]. This method has been applied to the preparation of an enzyme
microreactor utilizing photonic crystal fibers [80, 120]. This fiber has a micro
structured arrangement of air channels within a flexible acrylate polymer-coated
silica tube (Figure 5.12).

Tang et al. reported the carboxylation of PDMS surface aminated using APTES
sol—gel by treatment with succinic anhydride. Immobilization was achieved
through bonding between the amino group of urease and carboxyl group on
the microchannel surface by using the EDC/NHS technique [84]. An alternative
simple method using y-glycidoxypropyltrimethoxysilane (GPTES) was pro-
posed by Krenkova et al. GPTES could generate aldehyde groups for enzyme
immobilization by hydrolysis/oxidation of glycidoxy groups [83].

(a) Reactants (b)

SMOF microreactor

()

Capillary microreactor

Thermostated oven —>»| GC-MS

=
Products
Figure 5.12 (a) Schematic setup of the flow-through silica microstructured optical fiber

(SMOF) microreactor. (b) SEM image of a cross-section of the SMOF microreactor. (c) Micro-
graph of the SMOF microreactor. (From [80] with permission ©2010 Elsevier B.V.)
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5.2.4.3 Enzyme Polymerization

An enzyme polymerization method that covalently connects enzymes to each
other by using a cross-linker, partly categorized as covalent linking, enables the
formation of miniature structures made of the polymerized enzymes in a reactor.

Enzyme immobilization methods depend on the formation of enzymatic
microstructures by the polymerization of enzyme molecules. The enzymatic
microstructures basically do not require any solid supports and are composed of
highly condensed enzyme molecules. Table 5.5 presents a summary of enzyme
immobilization methods using enzyme polymerization.

Our group has developed a facile and inexpensive preparation method
for an enzyme-immobilized reactor using the enzyme cross-linking reaction
[121]. The immobilization of enzymes can be achieved by the formation of
an enzyme-polymeric membrane on the inner wall of a PTFE tube through
cross-linking polymerization in laminar flow [121] (Figure 5.13). The formation of
a protein-based cylindrical microstructure is unique to microfluidic systems. The
enzyme-polymerized membrane was based on a cross-linked enzyme aggregate
(CLEA) prepared by using a cross-linker with aldehyde groups, which react
with the amino groups of the enzyme. Preparation of a CLEA-based enzyme
microreactor (CEM) using electronegative enzymes is not possible because of
the relative scarcity of amino groups, which results in inefficient formation of
CLEA. To expand the generality of CEM preparation, we developed an improved
method using poly-L-lysine (poly-Lys) as an aggregation booster/adjunct for the
effective polymerization of electronegative enzymes [122] (Figure 5.14). The CEM
preparation could be expanded to microreactors with a broad range of functional
proteins. Utilizing this method, several enzymatic microfluidic systems have
been developed [128-131].

Ghafourifar et al. developed a microreactor with chymotrypsin-CLEA that
covalently attaches on the surface of amine-functionalized fused-silica capillaries
[125]. Modified CLEA-based microreactors have been reported in which packed
aminoacylase- or y-lactamase-CLEA have been combined with pore-glass
particles [123, 124]. Han et al. have described a CLEA-based bienzyme microchip

(@) . bp ¥ B (©)
Enzyme Membrane EIEEitUbe i Velocity profile
- formation : \
. region Enzyme ¥
Cross-linker + ~——. Cross-
— g linker
Enzyme
Enzme i * Cross-linker
> Enzyme
Figure 5.13 Preparation of enzyme- tube, which forms on the inner wall of the
membrane on the inner wall of a PTFE tube. tube. (c) Possible mechanism of polymer-
(a) Enzyme and aldehyde solutions were ization process of enzyme and cross-linker
each charged into a 1-ml syringe, and the reagent in a microchannel. (From [121] with
solutions were supplied to a PTFE tube using permission ©2005 Royal Society of Chem-
a syringe pump. (b) Cylindrical enzyme- istry.)

membrane (dry state) exposed from PTFE



5.2 Fundamental Techniques for Enzyme Immobilization

Water-soluble
aggregate

Formation of insoluble CLEA-based
membrane on the inner wall

Acylase

—

T-shape connector

\., PTFE tube
as CEM substrate

Silica capillary

Poly(Lys)

Cross-linker

Enzyme-membrane

o\
R LA R S A R

PTFE tube ™

Figure 5.14 Schematic illustration of the pro-
cedure used to prepare an acylase-CEM (top).
The cross-linking polymerization was per-
formed in a concentric laminar flow. A silica
capillary was fitted to the outer diameter

of the T-shaped connector by attaching to

a PTFE tube using heat-shrink tubing. The
capillary was set in the connector located

at the concentric position of the CEM tube.
The cross-linker solution was supplied to

the substrate PTFE tube through the silica

in the concentric laminar flow. A solution of
acylase-poly-Lys mixture was poured from
the other inlet of the T-shaped connector,
and formed an outer stream of the laminar
flow. Charge-coupled device (CCD) images
(bottom) of cylindrical enzyme-membrane
(dry state) exposed from the PTFE tube,
which forms on the inner wall of the tube
and a sectional view of the obtained CEM.
(From [122] with permission ©2006, John
Wiley and Sons.)

capillary, corresponding to a central stream

[126]. The bio-electrocatalytic microreactor has the two distinct interlaced
enzyme systems that were immobilized by cross-linking and beads modification.
Choline oxidase (ChOx), the signaling redox enzyme, was polymerized with
poly-Lys through cross-linking and then attached on the electrode surface. AChE
conjugated to magnetic microparticles was deposited in proximity to the ChOx
electrode surface to obtain a strong electrochemical signal from the AChE/ChOx
reaction.

Peptides composed of <10 amino acid residues are of interest because
they can be utilized either as a therapeutic or as a prodrug [132]. Therefore,
chemo-enzymatic peptide synthesis is a potentially cost-efficient technology
for the synthesis of short and medium-sized peptides. However, there are still
some limitations in synthesizing challenging peptides (e.g., peptides containing
sterically demanding acyl donors, non-proteinogenic amino acids, or proline
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residues). Recently, immobilized proteases such as lipase-CLEA- and alcalase®-
CLEA-mediated peptide synthesis have been reported [133]. In that case,
special ester moieties were used that are specifically recognized by the enzyme
(e.g., guanidinophenyl, carboxamidomethyl, or trifluoroethyl (Tfe) esters). The
carboxamidomethyl and Tfe esters are very useful for alcalase®-CLEA mediated
peptide synthesis using sterically demanding and non-proteinogenic acyl donors
as well as poor nucleophiles, and combinations thereof. In addition, these esters,
which are difficult to synthesize chemically, can be efficiently synthesized by using
lipase-CLEA or alcalase®-CLEA. In turn, ester synthesis by lipase-CLEA and sub-
sequent peptide synthesis by alcalase®-CLEA can be performed simultaneously
using a two-enzyme, one-pot approach (Scheme 5.1).

L-3,4-Dihydroxyphenylalanine (L-DOPA) is the drug of choice for the treatment
of Parkinson’s disease. Tyrosinase-CLEA was used as the catalyst for the produc-
tion of L-DOPA from L-tyrosine (Scheme 5.2) [134]. Using tyrosinase-CLEA, a
conversion of 53% was obtained after 2 h with a productivity of 209 mgl=' h™1,
which is much superior to other batch processes catalyzed by the enzyme immo-
bilized with traditional carrier-bound immobilization methods. The effects of pH,
temperature, and L-ascorbic acid as the reducing agent on the L-DOPA production
were examined to improve the production yield. In the continuous synthetic pro-
cesses carried out in a continuously stirred tank reactor and a packed-bed reactor,
a productivity of 103 and 49 mg 1~} h™! was obtained, respectively. The operational
stability of the tyrosinase-CLEA could be improved by entrapment into calcium
alginate gels. The CLEA/alginate beads in the continuously stirred tank reactor
achieved a long life time of >104h, producing L-DOPA with a productivity of
57mgl-th-L.

(@] ; (0] O R
H Lipase-CLEA H Alcalase-CLEA H 2
bz’N\;)J\OH AR CbZ/N\:)J\O/R g CbZ/N\;/U\ﬂ/Hf NH,

R-OH Ry R

HZN/S(NH2

(0]

R: }{\[gNHz :%\Fg:z

Scheme 5.1 Simultaneous esterification and peptide synthesis using a two-enzyme, one-pot
approach.

Tyrosinase-CLEA Tyrosinase-CLEA

L-Tyrosine L-DOPA L-DOPA quinone

N

L-Ascorbic acid (reducing reagent)

Scheme 5.2 Synthesis of L-DOPA from L-tyrosine by tyrosinase-CLEA.
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A unique enzyme polymerization method for enzyme immobilization was
developed by Zhou et al. [127], which utilizes an enzyme modified with an amyloid
fibril-forming module. This method is different from traditional technique such as
adsorption, covalent attachment of enzymes to carriers, entrapment, and chemi-
cal cross-linking. Ure2 protein has the ability to form amyloid fibrils through its
own N-terminal domain, the prion domain, and the fibrils propagate in a manner
analogous to mammalian prions [135]. The extraordinary stability and tunable
assembly of amyloid fibrils make them attractive targets as nanomaterials. Zhou
et al. applied the prion domain-fused enzyme to an enzymatic microreactor and
showed that the prion domain is an ideal scaffold for the immobilization of active
enzymes in enzymatic reactor systems [127].

5.2.5
Enzyme Immobilization by Other Techniques Using Organisms

A cell is a protein production plant. Cells expressing enzymes of interest are able
to act as biocatalysts. Therefore, various cell-integrated bioreactors, including
microreactors, have been developed. Immobilization of the cells is one of the
techniques used to improve the productivity of the bioreactors. Adherent cells
that possess a functionality that adheres onto a suitable solid support enable facile
immobilization of the cells in bioreactors. Akay et al. developed microreactors
with immobilized bacteria using PolyHIPE polymer as a monolithic support
for cell attachment [136]. Several groups have applied covalent coupling for
immobilizing the cells on the surfaces of solid supports, including the inner walls
of microreactors and microbeads in miniaturized reactors [137—140].

5.2.6
Application of Immobilized Enzymes in Microfluidics

The advantages of enzymes in industries are pertinent when combined with
microfluidics. Microfluidic systems are employed to provide an integrated
environment in which sample preparation and fluid control measurement take
place in a confined space with volumes in the nanoliter to milliliter range [141]. In
addition, they offer the possibility to be used with automation systems in industry.
When combining enzymes with microfluidic systems, enzymes can be integrated
into the system by immobilization techniques on supporting surfaces such as
microfluidic channels or microparticles, as described previously. A variety of
methods ranging from simple adsorption to covalent binding or bio-affinity bind-
ing are available. All of them have their advantages and drawbacks, depending on
the specific application.

Caffeic acid phenethyl ester (CAPE) is a rare natural ingredient with several
biological activities, but the industrial production of CAPE using lipase-catalyzed
esterification of caffeic acid and 2-phenylethanol in organic solvents and ionic liq-
uids is hindered by low substrate concentrations and a long reaction time [142].
A novel continuous flow enzymatic synthesis of CAPE in an ionic liquid using a
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0
W ©/\/OH Lipase-CLEA Hoj@/\)J\ &/@
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Alkyl caffeate Phenylethanol CAPE

Scheme 5.3 Synthesis of CAPE using lipase-catalyzed esterification of caffeic acid and
2-phenylethanol.

packed-bed microreactor has been reported (Scheme 5.3) [143]. Novozyme 435®,
which is a commercially available immobilized lipase, was used in the microreac-
tor. Under the optimum conditions, a 93% CAPE yield was achieved in 2.5 h using
an immobilized lipase microreactor, compared with 24 h using a batch reactor.
The reuse of Novozyme 435 for 20 cycles and continuous reaction for 9 days did
not result in any decrease in activity.

Continuous-flow, lipase-catalyzed, ring-opening polymerization of e-capro-
lactone to polycaprolactone in a microreactor has been reported [144]. Although
similar polymerization reactions by free protease have been studied well, this is
the first report of a solid-supported, enzyme-catalyzed polymerization reaction
in the continuous mode. Lipase was immobilized on macroporous poly(methyl
methacrylate). A microreactor was designed to perform these heterogeneous
reactions in the continuous mode in organic media at elevated temperatures.
Faster polymerization and higher molecular mass were achieved using microre-
actors compared to using batch reactors. Although this study focused on
polymerization reactions, it is evident that similar microreactor-based platforms
can readily be extended to other enzyme-based systems in industries.

Biosynthesis of a variety of important compounds has been achieved by
multi-enzymatic processes. Recently, a flow microreactor with a three-step
enzyme pathway was developed as a reference platform for in vitro synthetic
biology [63]. Biotin-modified enzymes, namely B-galactosidase, glucose oxidase,
and horseradish peroxidase, were individually immobilized on streptavidin-
coated microbeads. A packed-bed microreactor was shown to be optimal for
enzyme compartmentalization. The specific substrate conversion efficiency could
significantly be improved by an optimized parameter set. Thus, the designed
microreactor provides a platform to explore new in vitro synthetic biology
solutions for industrial biosynthesis.

53
Novel Techniques for Enzyme Immobilization

In addition to the fundamental techniques for enzyme immobilization that were
described in Section 5.2, several new techniques have been reported recently. In
this section, we introduce recent examples of enzyme mobilization using various
methods, including noncovalent and covalent linking methods. These new tech-
niques may provide a variety of bioreactor designs.
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5.3.1
Polyketone Polymer: Enzyme Immobilization by Hydrogen Bonds

A polyketone polymer has been reported as a new support for direct enzyme
immobilization [145]. The polyketone polymer, prepared by the copolymerization
of ethene and carbon monoxide, was utilized for the immobilization of three dif-
ferent enzymes, namely one peroxidase and two amine oxidases. The immobi-
lization procedure was carried out in diluted buffer, at pH 7.0 and 3 °C, by gently
mixing the proteins with the polymer. A large number of hydrogen bonds between
the carbonyl groups of the polymer and the — NH groups of the polypeptidic chain
were formed. Therefore, this technique represents an easy immobilization pro-
cedure because bifunctional reagents were not required as a cross-linker. High
immobilization yields were obtained for peroxidase and two different types of
amine oxidases. The apparent concentration of the immobilized enzyme on the
polyketone was >2.36 mg ml~! [145]. Moreover, activity measurements demon-
strated that immobilized amine oxidase from lentil seedlings totally retained the
catalytic characteristics of the free enzyme. A slight increase in the K, value was
observed, suggesting that restricted mobility of the linked enzyme also occurred.
The peroxidase-immobilized polymer was used as an active packed bed of an enzy-
matic reactor for continuous-flow conversion and flow-injection analysis. Fur-
thermore, the immobilized enzymes retained their catalytic activity for several
months.

53.2
Thermoresponsive Hydrogels

Environmentally responsive hydrogels, which have the ability to turn from
solution to gel under specific conditions, have been applied for enzyme immo-
bilization. Thermoresponsive hydrogels transition from solution to gel upon a
change in temperature [146]. Typically, aqueous solutions of hydrogels used in
enzyme immobilization are liquid at ambient temperature and a gel at physiolog-
ical temperature. Poly(N-isopropylacrylamide) hydrogel has been widely studied
in biochemical applications [146]. This polymer is biocompatible and exhibits
a sharp phase transition. The lower critical solution temperature (LCST) of
poly(N-isopropylacrylamide) is about 32 °C [147]. Below the LCST, the polymer
assumes a flexible state and dissolves in aqueous solutions. In contrast, it becomes
hydrophobic above the LCST and the polymer chains seem to collapse prior to
aggregation (insoluble form) [148]. Because the transformation of the polymer
between solution and gel is carried out under very mild conditions (temperature
or pH), the catalytic activities of the entrapped enzymes are retained because
there are no conformational changes when the hydrogels are formed [146].
Laccase was immobilized on a conductive support prepared by attaching the
poly(N-isopropylacrylamide) hydrogel to an indium-tin oxide electrode [149]. The
entrapped laccase in the gel matrix remained enzymatically active longer than in
the solution. The laccase enzymatic activity in the gel matrix depended on the
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reaction temperature. Reversible swelling/shrinking of the matrix was studied at
30 and 35 °C (around the LCST). Shrinking of the gel at higher temperature con-
siderably decreased the efficiency of the catalytic reaction; however, it did not lead
to irreversible changes in the enzyme conformation. At temperatures below LCST,
the catalytic properties of the electrode were fully restored.

The thermal properties of a copolymer composed of poly(N-isopropylacryl-
amide) and different amounts of polyethylene oxide were studied in a buffer
solution [150]. The number of polyethylene oxide grafts affected the LCST and
viscosity of the solutions. Because enzymatic activity depends on an optimum
temperature, the ability to control the LCST of the support material may be
advantageous for the immobilization of different enzymes.

533
Immobilization Methods Using Azide Chemistry

Classical covalent immobilization methods utilize amino groups, carboxyl groups,
or thiol groups that expose the enzyme surface. These methods are not site-
specific chemical reactions. Recently, site-specific (selective) immobilization
methods have been developed and carried out under mild physical conditions.
Among them, the chemical reaction using azide compounds is of wide interest
for the immobilization of biomolecules including enzymes [151].

53.3.1 Staudinger Ligation

The reaction between an azide with a phosphinothioester forms a stable amide
bond [152]. This reaction is known as a traceless version of Staudinger ligation
[153, 154]. Recently, Staudinger ligation was applied for enzyme immobilization
[155]. An azido group was installed at the C-terminus of ribonuclease by using the
method of expressed protein ligation and a synthetic bifunctional reagent. This
azido protein was immobilized by Staudinger ligation to a phosphinothioester-
displaying SAM on a gold surface. Immobilization proceeded rapidly and selec-
tively via the azido group. The immobilized enzyme retained its catalytic activity
and was able to bind to its natural ligand [155]. Although the method involves the
introduction of an azide moiety on the enzyme of interest, this method results
in site-specific immobilization in high yield at room temperature in an aqueous
solution or an organic solution containing water.

53.3.2 Click Chemistry

The copper(I)-catalyzed 1,2,3-triazole-forming reaction between azides and ter-
minal alkynes is called Click chemistry [156, 157]. Click chemistry has been used
not only for enzyme immobilization but also for a variety of applications to enable
the attachment of biomolecules bearing either the azide group or alkyne group
with various fluorophores, polymers, or other biochemical compounds. A large
number of its application can be found in nearly all areas of modern chemistry
from drug discovery to materials science [157].



5.3 Novel Techniques for Enzyme Immobilization

Another related cross-linking reactions is photoclick chemistry, whereby
the formation of pyrazoline between tetrazoles and alkenes is carried out by
UV irradiation. In the first literature report on photoclick chemistry [158],
the selective functionalization of O-allyl-tyrosine was genetically encoded in
a Z-domain protein in Escherichia coli. The obtained E. coli that expressed
mutant Z-domains was suspended in a buffer containing a tetrazole compound.
The bacterial cell suspensions were irradiated with light at 302 nm for 4 min,
indicating that the cross-linking reaction was carried out in living bacteria cells.
This reaction procedure was simple and nontoxic to E. coli cells, with only
tetrazole and photons required as external reagents. The same research group
also reported a p-(2-tetrazole)phenylalanine-containing protein for photoclick
reactions [159]. Although these interesting methods have not been applied for
enzyme immobilization yet, further development will allow the preparation of
novel bioreactors.

534
Graphene-Based Nanomaterial as an Immobilization Support

More recent studies have reported that graphene-based nanomaterials are
suitable for use in various applications, including enzyme immobilization [160].
The large surface area and exceptional physicochemical properties of graphene-
or GO-based nanomaterials create an ideal immobilization support for enzymes.
Graphene-based nanomaterials interact with enzymes mostly through physico-
chemical properties such as electrostatic interactions or hydrophobic interactions
[160]. GO is one of the most widely studied materials because of its unique struc-
tural features and chemical, electrical, and mechanical properties [160, 161] and
has been applied in many fields [160-162]. GO can be grafted with desirable
functional groups such as epoxide and carboxylic and hydroxyl groups [160].
These functional groups provide a negative surface charge to the materials [162].
Enzymes can be immobilized on GO through covalent or noncovalent binding
using the functional groups on the GO surface [160].

Early studies on the binding of enzymes to GO have reported that enzyme
immobilization on the GO surface could take place readily without the use of
any cross-linking reagents or additional surface modification. The binding of
peroxidase or lysozyme as model enzymes to GO is mainly through electrostatic
interaction [163]. However, electrostatic interactions as the driving force for
enzyme binding to GO severely affected the catalytic activity owing to the con-
formational change of the enzyme induced by its binding to GO [163]. In similar
results, significant structural changes often lead to lower catalytic activity [164,
165]. It is known that multiple interactions between the immobilization substrate
and the enzyme molecule could change the enzyme conformation [166]. These
immobilization studies suggest that the effect of graphene-based nanomaterials
on the catalytic activity and conformation of the enzyme is difficult to predict and
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depends on the nature of the enzyme (hydrophobicity, hydrophilicity, tertiary
structure, or quaternary structure). Therefore, to retain the conformation and
catalytic activity of the enzyme, the number and properties of the functional
groups on the GO surface must be optimized.

To improve the catalytic activity of immobilized enzymes on a GO surface, a
chemically reduced graphene oxide (CRGO) was utilized for immobilization of
peroxidase and oxalate oxidase [167]. The enzymes can bind on the CRGO surface
directly with 10 times the enzyme loading capacity of GO. In this case, hydropho-
bic interactions play a major role [168]. Interestingly, immobilized enzymes on
CRGO exhibited higher catalytic activity and stability than those on GO. The
results indicate that CRGO is a potential substrate for efficient enzyme immo-
bilization. Similar results on improved catalytic activity of immobilized enzymes
were also observed for the interaction of hydrolases with amine-functionalized
GO [168]. Enzymes were covalently immobilized on GO using glutaraldehyde
as a cross-linking reagent between the enzyme and amino groups on GO. The
covalently immobilized enzymes exhibited comparable or even higher catalytic
activity compared to the enzymes that were prepared by electrostatic interaction
[168]. More recent reports suggest that covalently immobilized lipase shows high
thermal and solvent stability [169, 170]. Enhanced thermal stability and solvent
tolerance of the immobilized enzyme on graphene-based materials will be useful
for industrial-scale use.

The application of immobilized enzyme systems for the degradation of pol-
lutants and wastewater treatment has been reported. The removal of phenolic
compounds from aqueous solution using GO-immobilized horseradish peroxi-
dase was explored with seven phenolic compounds as model substrates [171].
The GO immobilized horseradish peroxidase exhibited high removal efficiency
of several phenolic compounds in comparison to the free enzyme, especially for
2,4-dimetheoxyphenol and 2-chlorphenol, the latter being a major component of
industrial wastewater.
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Silica is one of the most frequently used support materials for enzyme immo-
bilization in a wide range of biotechnological and biomedical analytical appli-
cations. However, the unmodified silica surface is unsuitable for attachment of
proteins because it induces denaturation of the proteins. Bolivar et al. developed
a novel and facile method for the direct immobilization of enzymes on an under-
ivatized silica surface [172]. They prepared chimeras of target enzymes, which
possess a small module that binds efficiently and tightly to solid silica at physi-
ological pH conditions. The module, called Z, ;. ,, forms a three-a-helix bundle
mini-protein of 7 kDa size that exposes clustered positive charges from multiple
arginine residues on one side.
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Conclusions and Future Perspectives

Immobilized enzymes are more robust and more resistant to environmental
changes such as reaction temperature and organic solvents than free enzymes in
solution. The storage stability depends on the immobilization method. In addi-
tion, immobilization results in heterogeneity of the catalyst. This heterogeneity
enables ease of separation of both the enzyme and the product, as well as reuse
of the enzymes. Thus, applications of immobilized enzymes are of wide interest
across various industries.

Immobilization techniques have been successfully applied to a broad range of
enzymes. Enzymes that catalyze hydrolysis reaction, such as lipases and proteases,
have been widely applied in industrial processing. However, there are many useful
enzymes that catalyze other important reaction in cells and/or organs that have
yet to be applied in industry. In most cases, enzyme activity needs to improve the
catalytic performance and enantio- and/or regioselectivity. For such a purpose,
modifications of enzyme molecules are essential tool to obtain better catalytic
activity. The current trend in protein engineering based on directed evolution,
combined with computational algorithms such as ProSAR [173], may overcome
these obstacles. Directed evolution with ProSAR was used in the development of
ketoredactase and R-selective transamidase to enhance the catalytic activity and
enantioselectivity [174, 175]. These studies show that the combination of different
technologies is a promising approach and could improve the results of current
enzyme immobilization techniques.

Oxidation and reduction are two of the most important chemical reactions
in chemical and pharmaceutical industries; the development of immobilized
enzymes with redox activity is still in its primitive stage. Most oxidoreductases
need a coenzyme, such as NADH or NADPH, for their catalytic activities. This is
a serious drawback because coenzymes increase the cost of processing. To reduce
the cost caused by coenzymes, efforts to establish a co-immobilization technique
of enzyme and coenzyme, or a regeneration technique of the coenzyme, are
under way. Recently, the regeneration of NADH in a microreactor by alcohol
dehydrogenase immobilized on magnetic NPs has been reported [176]. Like
multiple enzymatic steps such as oxidoreductase and alcohol dehydrogenase, the
combination of the different immobilized enzymes in a microreactor sytem could
provide good results for industrial use.

There are still obstacles that need to be overcome for the development of useful
immobilized enzymes as biocatalysts. As noted in this chapter, miniaturized reac-
tors are useful for the development of novel enzymatic reaction technique. With
the developed new technologies, immobilized enzymes will see more industrial
applications.
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Abbreviations

AChE acetylcholinesterase

APTES 3-aminopropyl triethoxysilane

AuNPs gold nanoparticles

CAPE caffeic acid phenethyl ester

CEM CLEA-based enzyme microreactor

ChOx choline oxidase

CLEA cross-linked enzyme aggregate

CNTs carbon nanotubes

CRGO chemically reduced graphene oxide
L-DOPA L-3,4-dihydroxyphenylalanine

EDC 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide
FSM folded-sheet mesoporous materials

GO graphene oxide

GPTES y-glycidoxypropyltrimethoxysilane

GST glutathione S-transferase

LBL layer-by-layer

LCST lower critical solution temperature

LTCC low-temperature co-fired ceramics
MWNT multi-walled carbon nanotube

NC nitrocellulose

NHS N-hydroxysuccinimide

Ni-NTA nickel ion-coordinated nitrilotriacetic acid
NPs nanoparticles

uPAD microfluidic paper-based analytical device
PDDA polycarbonate polydiallyldimethylammonium chloride
PDMS polydimethylsiloxane

PEI polyethyleneimine

PEG polyethylene glycol

PMMA polymethyl methacrylate

ppTMDSO  plasma-polymerized tetramethyldisiloxane
PVA polyvinyl alcohol

PVDF polyvinylidene fluoride

RPECVD remote plasma enhanced chemical vapor deposition
SAM self-assembled monolayer

SUVs small unilamellar vesicles

SWNT single-walled carbon nanotube

TEOS tetraethoxysilane

Tfe trifluoroethyl

TMDSO 1,1,3,3-tetramethyldisiloxane
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6
Bioreactor Development and Process Analytical Technology

Toshiomi Yoshida

6.1
Introduction

The contribution of microorganisms to modern human society is immense. It
includes the industrial manufacturing of materials that are important for human-
ity. The processes of industrial manufacturing that use microorganisms must be
optimized to survive economically in a highly competitive society. Appropriate
control of a microbial process for industrial application can be accomplished by
accurate, near-real-time monitoring of the state of the process. The bioreactor
was developed as a key component of bioprocessing for industrial manufactur-
ing, which must provide appropriate conditions for the organisms to grow and
produce the target products under optimal conditions.

A remarkable development was made during the last two decades: the
scaling-down of bioreactors. Small-scale bioreactors comprise a group of micro-
bioreactors with sub-milliliter volumes and a group of mini-bioreactors with a
volume above 1 ml. These reactors have been utilized in high-throughput biopro-
cessing for the design of large-scale bioreactors in industrial-scale manufacturing
and the optimization of operational conditions in production plants.

Conventional stainless steel fermentors can be used repeatedly with clean-up
after cultivation and sterilization before inoculations for other batches. Those
procedures are complicated, requiring special care to prevent contamination
with foreign organisms, and the capital cost of devices is high. To overcome such
difficulties, there is a demand for simpler and more flexible devices for microbial
cultivation. Single-use disposable bioreactors, in particular, have received much
attention as one of the most promising alternatives, and their popularity has
rapidly risen.

Bioprocess engineers have worked on developing technologies to obtain infor-
mation on microbial cultivation by analyzing microbial physiology in relation to
its environment and manipulating operational conditions to control the microbial
cultivation. The demand for real-time and near-real-time monitoring has led to
significant innovation of analytical technologies and automation systems in the
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field of the process monitoring. In 2004, the U.S. Food and Drug Administration
(FDA) issued [1] “Guidance for Industry PAT (Process Analytical Technology)” as
a framework to assist innovative development of pharmaceutical manufacturing
and quality assurance processes. In the PAT initiative, FDA identified the poten-
tial for continuous improvement in the fermentation and downstream processing
technologies. FDA has promoted the PAT initiative as implementing process
controls so that quality by design (QbD) approaches can “build quality into”
manufacturing processes. In the last decade, the understanding and adoption of
the PAT initiative has increased remarkably, and its implementation has become
widespread, especially in the pharmaceutical industry.

This chapter will review the development of technologies for (i) parallel bioreac-
tor systems for high-throughput processing, (ii) single-use disposable bioreactor
systems, (iii) sensor and monitoring technologies, and (iv) process analytical tech-
nology. Validation and practical implementation of these technologies and future
perspectives are discussed.

6.2
Bioreactor Development

The bioreactor is a main constituent of the bioprocess in industrial manufacturing.
Various biological catalysts, including enzymes, bacteria, fungi, plant cells, animal
cells, and other means, have been used to produce various chemicals, biochem-
icals, foods, proteins, biologics, and other biological materials. The bioreactors,
which is the heart of the bioprocess, should have various functions based on their
purpose, including containment of the materials to ensure sterility, introduction
of oxygen into the medium, removal of carbon dioxide and other gaseous by-
products, introduction of nutrients for the organisms to utilize, control of the
physiological environment such as pH, temperature, shear rate, and suspension
of cells and dispersion of solid materials or other nonaqueous liquids [2].

Oxygen supply to the medium is a crucially important issue in the cultivation of
aerobically growing organisms. The amount of oxygen dissolved in the medium is
at any time quite limited because of its low solubility, so oxygen must be continu-
ously supplied. Thus, the oxygen supply rate to the medium is one of the important
parameters in the configuration design of a bioreactor and the optimization of
its operational conditions. Consequently, oxygen transfer performance is consid-
ered the first priority in selecting a bioreactor and its scale-up. There have been
many investigations on the design of bioreactors, such as continuously stirred tank
reactors (STRs), and bubble column reactors or air-lift fermenters to increase the
oxygen transfer rate (OTR). In transferring oxygen from air bubbles to cells, the
rate-limiting step is the bubble-to-bulk transfer and diffusion at the surface of
the air bubble, and the OTR absolutely depends on the surface area and oxygen
transfer coefficient. These characteristics are strongly affected by the hydrody-
namic conditions of the gas and liquid dispersion in the medium. It is widely
accepted that the speed of the impeller tip as a parameter representing the shear
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rate in the bioreactor is a good and representative engineering parameter that
governs the mass transport phenomenon between immiscible phases in the biore-
actor. During the cultivation, operational conditions including the agitation and
aeration rates should be manipulated for an oxygen supply rate that will meet the
oxygen uptake rate (OUR) by the respiration of the organisms involved. Therefore,
the volumetric mass transfer coefficient, k; a, of oxygen is a key parameter in the
design, scale-up, and operation of bioreactors [3, 4].

Regions of low oxygen concentrations may occur in a large bioreactor. This
heterogeneity results from the flow conditions and reaction kinetics of cellular
metabolism. From an engineering perspective, it is necessary to understand what
biochemical engineers have learned about the design of bioreactors, such as
mixing, rheology, and process optimization, that ties engineering to microbial
kinetics [5—10]. A computational fluid dynamics (CFD) model was applied to
analyze the hydrodynamics within a bubble column [11], and application of
an airlift bioreactor in the large-scale production of a biofuel using oleaginous
Rhodotorula mucilaginosa growing on glycerol and yeast extract in a sea water
medium was investigated as an economically competitive process [12].

6.2.1
Parallel Bioreactor Systems for High-Throughput Processing

There have been remarkable developments in the scale-down of various types
of bioreactors. As an example of small-scale bioreactors, so called micro-/mini-
bioreactors (MBRs) can be divided in two groups: one is a micro-bioreactor
with a volume below 1 ml, and the other is a miniature bioreactor with a volume
of 1-100ml, as suggested by Lattermann and Biichs [13]. Biichs’ group has
extensively investigated the effective utilization of microtiter plates (MTPs) in the
development of high-throughput technology (HTPT), as described in the follow-
ing. MTPs have been utilized for microbial cultivation in laboratories for many
years; it came into practical use in the 1990s. MTPs have 6, 24, 48, 98, or even 9600
wells per plate, and they have been utilized for screening microbial strains. In the
biotechnology industry, it is especially useful at an early stage of the process devel-
opment in order to screen promising clones with the potential to produce certain
physiologically active chemicals or proteins. For this purpose, researchers have to
examine a large number of samples, for example, several thousands or more. To
increase the speed of screening, many larger MTPs that can handle many samples
at a time must be utilized. Nevertheless, several technical developments are
required to establish the basis of a production plant, starting from strain screen-
ing and moving to characterizing strains for efficient cultivation, determining
operational conditions for cultivation, designing a fermentor, and scaling up
to industrial manufacturing. HTPTs have been developed for quick scale-
up. A parallel bioreactor system could be helpful and should be considered
in HTPTs.

As illustrated in Figure 6.1, several types of MBRs have been utilized in the
process of scaling up. A shake flask is one of the most common devices used for
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Figure 6.1 Development of micro-/miniature bioreactors in parallel use for high-throughput
processing.

the cultivation of various microorganisms and other cells in the laboratory. MTPs
have been utilized to screen strains and to incorporate various inputs from other
disciplines, such as microfluidics, monitoring, and robotic technologies, which
has facilitated miniaturization and automation of more sophisticated cultures.
Parallel use of many STRs can lead to powerful systems for quick scale-up of culti-
vation. Furthermore, the automation of manufacturing plants will be accelerated
by introducing modern sensing and robotic technologies, as shown in Figure 6.1.

Two prototype 24-unit MBRs, a standard 24-well plate and 24 discrete units of
MBRs, were compared in the cultivation of Escherichia coli. Continuously moni-
toring and controlling the dissolved oxygen (DO) concentration was successfully
achieved in the system of milliliter-scale MBRs, and it was claimed that HTPT
could provide important insights into the dynamics of operational parameters at
such a small scale [14]. Some drawbacks of conventional MTPs or shake flaks,
such as low density of data due to the simple end-point measurements, could be
circumvented in new MBRs using continuous monitoring technologies. The par-
allel use of MBRs offers the flexibility and controllability of bench-scale reactors
and provides results that are directly comparable to those of large-scale fermenta-
tions. Practical experience in the manufacturing section utilizing MBR technology
with automated sampling has indicated a significant improvement in developing
timelines and close integration with the purification section [15].

6.2.1.1 Microtiter Plate Systems

Miniaturization allows a reduction in use of reagents, and quick optimization is
possible by use of a large number of wells on MTPs in parallel and use of liquid
handling robotics, thereby greatly increasing the throughput capabilities in a lab-
oratory. Table 6.1 shows progress on MTP-type MBRs that has been made in the
last 15 years.
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