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Preface

Green chemistry is a goal and an approach to design safer, more efficient, and less expensive chemical processes. Many disciplines can contribute to green chemistry: organometallic chemists design new catalytic reactions and invent better ligands; others discover organocatalysts or safer solvents derived from biomass. Process chemists and engineers scale up reactions and find ways to carry out several steps in the same solvent, often water. Although this wide-ranging and multidisciplinary approach is essential for progress in green chemistry, it makes it hard for green chemists to exchange ideas and the tips and tricks that lead to progress in the field.

This book focuses on one important tool of green chemistry—biocatalysis. Though the focus is only on this one tool, this book explores more of the details, and exchanges some of these tips and tricks with others to spur further progress in this area. It shows how biocatalysis contributes to a wide range of industrial applications.

Biocatalysis is one of the most important tools for green chemistry. Biocatalysis is environmentally benign (often even edible!), and, because it can catalyze otherwise difficult transformations it can eliminate multiple steps involved in complex chemical syntheses. Eliminating the steps reduces waste and hazards, improves yields, and cuts costs.

This book describes recent progress in biocatalysis-driven green syntheses of industrially important molecules. The first three chapters introduce recent technological advances in enzymes and cell-based transformations, and green chemistry metrics for synthetic efficiency. The remaining chapters are case studies of biotechnological production of pharmaceuticals, including small molecules, natural products and biologics, flavor, fragrance and cosmetics, fine chemicals, value-added chemicals from glucose and biomass, and polymeric materials.

Currently, there are no books specifically devoted to a comprehensive overview of green chemistry applications of enzyme-driven transformations for a wide range of industries. There are a number of books that discuss green chemistry or biocatalysis, which mention these applications, but not in a comprehensive manner.

Saint Paul, Minnesota Romas Kazlauskas

Hangzhou, China Junhua (Alex) Tao





Contributors
                

Banner, Todd (Ph.D.)  Cargill Biotechnology Development Center (BioTDC), Minneapolis, MN

Barrett, John S. F. (Graduate Research Assistant) Department of Chemical Engineering and Material Science, University of Minnesota, Minneapolis, MN

Chen Zhenming (Ph.D.) Institute of Sustainability, Hangzhou Normal University, Hangzhou, China

De Souza, Mervyn (Ph.D.) Cargill Specialty Canola Oils, Fort Collins, CO

Dietrich, Jeffrey A. (Ph.D.) UCB-UCSF Joint Graduate Group in Bioengineering, UC-Berkeley, UC-San Francisco, Berkeley, CA

Farid, Suzanne S. (Professor) Advanced Centre for Biochemical Engineering, Dept. of Biochemical Engineering, University College London, Torrington Place, London, UK

Fortman, J.L. (Ph.D.) Fuels Synthesis Division, Joint BioEnergy Institute, Lawrence Berkeley, National Lab, Berkeley, CA

Fosmer, Arlene (Ph.D.) Cargill Biotechnology Development Center (BioTDC), Minneapolis, MN

Gordon, John (D.Phil.) LES R&D Evaluations and Business Process Excellence, Lonza AG, Visp., Switzerland

Ho, Sa (Ph.D.) Pfizer Biotherapeutics Pharmaceutical Sciences, Chesterfield, MO

Hu, Sean (Ph.D.) Novozymes, Davis, CA

Jackson, David A. (Ph.D.) Syngenta Crop Protection Muenchwilen AG., Muenchwilen, Switzerland

Jessen, Holly (Ph.D.) Cargill Biotechnology Development Center (BioTDC), Minneapolis, MN

Juminaga, Darmawi (Ph.D.) California Institute of Quantitative Biomedical Research (QB3), University of California-Berkeley, Berkeley, CA

Kazlauskas, Romas (Professor) Department of Biochemistry, Molecular Biology and Biophysics and The Biotechnology Institute, University of Minnesota, Saint Paul, MN

Keasling, Jay D. (Professor) Fuels Synthesis Division, Joint BioEnergy Institute, Lawrence Berkeley National Laboratory, Berkeley, CA

Kim, Byung Gee (Professor) Department of Chemical and Biological Engineering, Seoul National University, Seoul, South Korea

Marasco, Erin (Ph.D.) Cargill Biotechnology Development Center (BioTDC), Minneapolis, MN

McLaughlin, Joseph M. (Ph.D.) Pfizer Biotherapeutics Pharmaceutical Sciences, Chesterfield, MO

Meyer, Hans-Peter (Ph.D.) Lonza Innovation for Future Technologies (LIFT), Lonza AG, Visp, Switzerland

Patel, Ramesh (Ph.D.) SLRP Associates, Biotechnology Consultation, Bridgewater, NJ

Pollock, James (Professor) Department of Biochemical Engineering, University College London, London, UK

Robins, Karen (MSc. Applied Science) Senior Research Associate, Lonza AG, Switzerland

Rush, Brian (Ph.D.) Cargill Biotechnology Development Center (BioTDC), Minneapolis, MN

Schneider, Manfred P. (Professor) FB C–Organische Chemie, Bergische Universitaet Wuppertal, Wuppertal, Germany

Serra, Stefano (Professor) C.N.R., Istituto di Chimica del Riconoscimento Molecolare, Milano, Italy

Sheldon, Roger A. (Professor) Department of Biotechnology, Delft University of Technology, The Netherlands

Srienc, Friedrich (Professor) Department of Chemical Engineering and Material Science, University of Minnesota, Minneapolis, MN

Tao, Junhua (Alex) (Ph.D.) Institute of Sustainability, Hangzhou Normal University, Hangzhou, China

Veldhouse, Jon (Ph.D.) Cargill Biotechnology Development Center (BioTDC), Minneapolis, MN

Werbitzky, Oleg (Ph.D.) Lonza Innovation for Future Technologies (LIFT), Lonza AG, Visp, Switzerland

Wohlgemuth, Roland (Ph.D.) Sigma-Aldrich, Buchs, Switzerland

Xu, Feng (Ph.D.) Novozymes, Davis, CA

Yin, Yifeng (Ph.D.) Trinity Biosystems, Inc., Menlo Park, CA







Part I

INTRODUCTION CHAPTERS





Chapter 1

Biotechnology Tools for Green Synthesis: Enzymes, Metabolic Pathways, and their Improvement by Engineering

Romas J. Kazlauskas

Department of Biochemistry, Molecular Biology and Biophysics and The Biotechnology Institute, University of Minnesota , Saint Paul, Minnesota

Byung-Gee Kim

Department of Chemical and Biological Engineering, Seoul National University, Seoul, Korea

1.1 Introduction

Green chemistry is the design of products and processes that eliminate or reduce waste, toxic, and hazardous materials. Green chemistry is not a cleanup approach, but a prevention approach. Preventing problems is inevitably easier and less expensive than contending with difficulties after they occur.

The risk associated with a chemical depends both on how dangerous it is (hazard) and on one's contact with it (exposure) (Figure 1.1). In the past, governments and industry focused on reducing risk by minimizing exposure. Rules limit the exposure of workers to hazardous chemicals and the release of these chemicals into the environment. This approach is expensive; it is difficult to establish a safe level of hazardous chemicals, and currently, only a small fraction of the chemicals manufactured are regulated.


Figure 1.1 The risk associated with a chemical depends on both how dangerous it is (hazard) and one's contact with it (exposure). In the past, the focus was on minimizing exposure by rules that limit the amounts of hazardous chemicals in air and water. The green chemistry approach is to eliminate or reduce hazardous materials. This change requires redesigning of synthetic approaches.
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The green chemistry approach focuses on reducing risk by reducing or eliminating the hazard. Hazardous materials are eliminated by, for example, replacing them with nonhazardous ones. Hazardous materials are eliminated also by increasing the yield of a reaction, as higher yield eliminates some of the waste from that reaction. In addition, higher yield allows any preceding reactions to be carried out on a smaller scale, thus eliminating some of the waste from these steps as well. This prevention approach saves money, as fewer raw materials are needed and the cost of treatment of waste is reduced.

Reducing costs and being environmentally friendly are goals that everyone agrees on. Why has this not been done before? One reason is that environmental costs were ignored in the early days of the chemical industry. Now that more of the cleanup cost falls on the manufacturer, there is a big financial incentive to be greener. Another reason is that chemists in research and design laboratories did not view environmental hazards as their problems. It was something to be fixed later in the scale-up stage. The green chemistry approach changes this thinking. By thinking about hazards and environmental consequences at the research and design stage, many problems are prevented and do not need a fix later. The principles of green chemistry outlined by Anastas and Warner [1] provide specific guidelines for what to look for at the research and design stage to make a greener process. These principles are discussed below in the context of biocatalysis.

The first use of biochemical reactions for organic synthesis was probably in 1858, when Louis Pasteur resolved tartaric acid by using a microorganism to destroy one enantiomer [2]. In spite of this early demonstration, chemists have used biocatalysis only sporadically. Chemists gradually recognized the potential of biochemical reactions, but there were both practical and conceptual hurdles. Practical problems were how to get the enzymes and how to stabilize them. The conceptual problems were beliefs that enzymes accept only a narrow range of biochemical intermediates as substrates, and that enzymes are too complex to consider engineering them for key properties like stability, stereoselectivity, substrate range, and even reaction type. The recent advances in biotechnology have solved many of the practical problems, and the increased understanding of biochemical structures and mechanisms has made biocatalysts more understandable to chemists. This chapter surveys the state of the art for engineering biocatalysts for chemistry applications. If you find an enzyme that catalyzes your desired reaction, regardless of how poor the enzyme is, it is highly likely that it can be engineered into an enzyme suitable for industrial and large-scale use.

1.2 The Natural Fit of Biocatalysis with Green Chemistry

Biotechnology methods fit naturally to the goals and principles of green chemistry. Green chemistry, or sustainable chemistry, seeks to integrate industrial manufacturing practice with the natural world. This natural world is the biological world, where sustainability and recycling are integral parts. Use of the biological methods for industrial manufacturing is an excellent starting point to create a green process. In some cases, biotechnology tools, unlike chemical tools, are even edible. Baker's yeast, used to make bread, also catalyzes the reduction of various carbonyl compounds. Lipases are the most commonly used enzymes for biocatalysis. These enzymes are also eaten in multigram amounts by patients with pancreatic insufficiency and in smaller amounts when food-grade lipases are used in the manufacture of cheese.

Although the “bio” part of biocatalysis makes it environmentally friendly, it is the “catalysis” part that provides the green chemistry advantage. Catalysis, in place of reagents, converts many substrate molecules to products and eliminates the need for stoichiometric reagents. Catalysis is fast, so the reaction may not need to be heated. This saves energy and may eliminate side reactions that occur at higher temperatures. Catalysis is selective, eliminating the need to add and remove protective groups or use auxiliaries to control reactivity. Catalysis can enable complex and otherwise difficult reactions. This ability can eliminate steps and simplify syntheses.

The 12 principles of green chemistry outline the design goals for synthesis. Making progress toward any one of these goals will make a synthesis greener; progress toward several goals is of course better. Table 1.1 lists some suggestions on how biocatalysis can help a synthesis toward these goals.

Table 1.1 How Biocatalysis Follows the Twelve Principles of Green Chemistry


	Prevent waste



	The high selectivity of enzymes and their ability to carry out difficult chemical reactions eliminate synthesis steps and the associated waste in multistep reactions. Reagents and solvents for eliminated steps are not needed; higher yield and selectivity in the remaining steps also eliminate waste. Biocatalysis usually uses water as the solvent, which eliminates organic solvent waste



	Design safer chemicals and products



	Biocatalysts are typically used only for manufacture and are not the product themselves. In some cases, a biocatalyst can be a product, such as an enzyme-based drain cleaner that replaces a drain cleaner based on a strong acid or base. Biocatalysis can enable the manufacture of new products, such as biodegradable polyesters, which is not practical to manufacture chemically



	Design less hazardous chemical syntheses



	Eliminating hazardous steps or replacing hazardous reagents with biocatalysts makes the manufacturing process safer



	Use renewable feedstock



	Biocatalysts are typically manufactured by growing microorganisms that secrete the biocatalysts. In other cases, the whole cells can be used as the catalysts. The feedstock to grow microorganisms are sugars and amino acids, which are renewable



	Use catalysts, not stoichiometric reagents



	Biocatalysts are highly efficient catalysts, that is, each enzyme molecule converts thousands to millions of substrate molecules to product. Thus, reactions are fast and the turnover number is high



	Avoid chemical derivatives



	The high selectivity of enzymes usually eliminates the need for protective groups and for resolutions involving chemical derivatives



	Maximize atom economy



	The high selectivity of enzymes and their ability to carry out difficult chemical reactions allow most of the starting material (including all reagents) atoms to be converted to the product. Eliminating synthesis steps, reagents, and derivatives reduces the number of atoms of the starting materials needed



	Use safer solvents and reaction conditions



	Biocatalysis typically uses water as the solvent, neutral pH, and room temperature. If needed for substrate solubility or faster reaction, biocatalysis can tolerate a wide range of reaction conditions, including organic solvents



	Increase energy efficiency



	Because biocatalysts are fast catalysts, one does not need to heat a reaction, thus saving energy. One also rarely needs to cool a reaction, which also requires energy, since the reaction rate can be reduced by adding less catalyst. The selectivity of biocatalysts is high, so there is no need to reduce the temperature to increase selectivity as there is with chemical reagents and catalysts



	Design for degradation



	Biocatalysts are biodegradable; some catalysts (e.g., baker's yeast and food-grade proteases) are even edible



	Analyze in real time to prevent pollution



	No special advantage of biocatalysis. Biocatalytic reactions can be monitored in real time by analyzing pH, oxygen, cofactor concentrations, and other parameters



	Minimize the potential for accidents



	Mild reaction conditions for biocatalysis typically minimize the potential for explosions, fire, and accidental release. Typical reaction conditions are near room temperature, atmospheric pressure, nonflammable solvent, and dilute solutions




Given the wide-ranging ways in which biocatalysis can contribute to green chemistry, it is no surprise that many recent winners of the US Environmental Protection Agency's Presidential Award in Green Chemistry have used biocatalysis as the key improvement technique (Table 1.2). Many other winners have also used biocatalysis; these examples were selected to show the range of techniques used.

Table 1.2 Select Recent Winners of the US Presidential Green Chemistry Awards That Use Biocatalysis
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ahttp://www.epa.gov/greenchemistry/pubs/pgcc/technology.html (accessed 21 September 2010).

The 2010 winner of the Greener Reaction Conditions Award was an improved synthesis of sitagliptin, the active ingredient in an oral type 2 diabetes drug. Merck and Codexis collaborated to develop the key step, which is a transaminase-catalyzed formation of a chiral amine (R form) [3]. The starting transaminase required 27 amino acid substitutions to fit the large substrate in the active site, to increase the reaction rate and to stabilize the enzyme to the reaction conditions. The previous synthesis of sitagliptin was already a good synthesis, which won a green chemistry award in 2006 [4]. The new synthesis, which added a biocatalysis step, eliminates four steps, including an asymmetric hydrogenation using a rhodium catalyst that requires a high-pressure reactor.

LS9, Inc., winners of the 2010 prize for a small business, engineered new metabolic pathways into microorganisms to make biofuels [5]. For example, to make Escherichia coli bacteria produce biodiesel, they added the genes for plant thioesterases to divert normal fatty acid biosynthesis into synthesis of several fatty acids suitable for biodiesel. Next, they added genes for enzymes to make ethanol and an enzyme to couple the ethanol and fatty acids to make fatty acid ethyl esters, which can be used for biodiesel. Finally, the researchers added genes for cellulases and xylanases to this E. coli bacteria so that instead of using glucose as the starting material for this synthesis, the E. coli could use inexpensive biomass. The amount of biodiesel produced is at least 10-fold too low for commercial use, but further engineering will likely increase this amount.

The 2009 prize winner, Eastman Kodak Company, used lipase B from Candida antarctica, the most widely used lipase for synthesis. This lipase is highly active in organic solvents and shows high stereoselectivity. The high activity in organic solvents was the key characteristic for this work. It allowed researchers to eliminate the solvent and directly react the starting acid (or an ethyl ester) and alcohol together [6]. The mild reaction conditions allow researchers to use delicate unsaturated fatty acids that would undergo side reactions if an acid or a base is used to catalyze the ester formation. In diols, the enzyme's regioselectivity ensured that only one alcohol group reacted.

The 2006 prize was for a synthesis of a key fragment of atorvastatin (active ingredient of Lipitor), a cholesterol-lowering drug [7]. Codexis engineered 180 variations of the ketoreductase. All variants are stable and highly active, but differ in their substrate specificity. Screening these ketoreductases toward a target substrate identifies which ones have the correct substrate specificity, and further protein engineering to improve the ketoreductases is possible. Codexis demonstrated this approach for the atorvastatin fragment, but a similar approach should work for other problems.

The 2005 prize was for engineering a metabolic pathway. Organisms that naturally produce bacterial polyesters grow slowly and are inconvenient to work with. Researchers at Metabolix transferred the entire pathway into E. coli to enable it to produce polyesters [8]. Optimization of the metabolism increased the yield to practical levels for manufacture.

The last example is a plant cell fermentation for a multistep synthesis of paclitaxel (Taxol), a complex anticancer drug containing eight stereocenters [9]. Chemical synthesis is impractical (40 steps,  ∼ 2% overall yield) as is its isolation from the yew tree, since the amounts are so low. The existing process isolated a precursor of paclitaxel from leaves and twigs followed by 11 chemical transformations to the product. The plant cell fermentation eliminates all of these steps because the specific cell line yields paclitaxel directly.

1.3 Why Biocatalysts Need to be Engineered

Three of the six examples in Table 1.2 involve unnatural substrates. The ability of the enzymes to accept these synthetic intermediates is due to good luck, not evolutionary pressure in nature. One reason to engineer enzymes is to better accommodate unnatural substrates. Enzymes involved in the uptake of nutrients (lipases, proteases) often have broad substrate specificity because they must act on a broad range of possible food sources. Similarly, enzymes involved in detoxification (P450 monooxygenases, glutathione S-transferases) also have a broad substrate range to accommodate many possible natural substrates. In contrast, enzymes involved in primary metabolism, such as glycolysis, typically have a narrow substrate range. The broad substrate range of many enzymes is critical to their usefulness because it allows chemists to use enzymes to catalyze reactions on their synthetic intermediates, and not just on biochemical intermediates.

It is also due to luck that these enzymes often show high enantioselectivity toward these synthetic intermediates. The ability of enzymes to both accept a wide range of substrates, which suggests an open active site, and show high selectivity, which suggests a restricted active site, is somewhat surprising. Protein engineering can reshape the active site to increase the selectivity of the enzyme.

Another common reason to engineer enzymes is to increase their stability under the reaction conditions. Reaction conditions can differ dramatically from those present in a cell. Reaction conditions may involve high temperatures, extremes of pH, high substrate and product concentrations, oxidants, and organic cosolvents. Sometimes an enzyme must tolerate these conditions for only a few minutes or hours, but in a continuous manufacturing process, an enzyme may need to tolerate them for months.

A third reason to engineer enzymes and metabolic pathways is to create new reactions or new biochemical pathways. For example, Ran and Frost expanded the substrate range of an aldolase and thus created a new metabolic pathway to make shikimic acid for an influenza drug synthesis (Section 1.5).

Combining enzymes from different organisms and biochemical pathways can create a new biochemical pathway. The artemisinin synthesis discussed in Chapter 7 is an excellent example of this type of protein engineering and several other examples are discussed later in this chapter (Section 1.5).

1.4 Strategies to Engineer Enzymes

The strategy chosen to engineer an enzyme depends on both the property being engineered and how much information is known about the enzyme, Table 1.3. Some engineering approaches require that the structure of the enzyme known, while others do not require any structural information, but require larger libraries and more screening. In some cases, typically for thermostability, screening is easy, while in other cases, for example, less product inhibition under process conditions, the screening can be slow and limited to several hundred variants.

Table 1.3 Examples of Protein Engineering of Biocatalysts
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1.4.1 Rational Design

Rational design requires structural information and a molecular level understanding of how the protein structure influences the property to be engineered. This requires answers to questions such as “What is the molecular basis of catalysis?” and “What determines efficient protein expression in different hosts?” These questions cannot be completely answered. This inability limits the success of rational protein engineering.

In spite of these difficulties, there are a number of examples where rational design has worked. For example, changing the pocket sizes in an organophosphorus hydrolase predictably altered the enantioselectivity (E) [10]. The wild-type enzyme favors the SP enantiomer of ethyl phenyl 4-nitrophenyl phosphate (E = 21). Decreasing the site of the small site using a Gly60Ala mutation increased enantioselectivity to E>100. Four other amino acid substitutions to reverse the relative sizes of the subsites reversed the enantiopreference.

Protein stability can also be engineered rationally in many cases. Protein stability depends on the equilibrium between the folded and unfolded states. The hydrophobic effect and inter-residue interactions stabilize the folded state, while the entropy associated with main chain flexibility favors the unfolded state. Rational strategies that reduce the flexibility of the unfolded state increase protein stability. In particular, introducing disulfide cross-links or proline residues (a less flexible residue) or removing glycine residues (the most flexible residue) all stabilized enzymes [11].

The most advanced rational design uses quantum mechanical models of the transition state and search strategies that test many possible conformations of the enzyme. Baker and collaborators designed enzymes that catalyzed an unnatural model reaction, the Kemp elimination [12], a retro-aldol cleavage [13], and a Diels–Alder cycloaddition [14] using this approach. These calculations modeled hundreds of thousands of possibilities and narrowed them to several dozen candidates. Synthesis of these predicted variants revealed a number with detectable catalytic activity.

1.4.2 Directed Evolution

Directed evolution needs no structure. One makes random changes in an enzyme to create many enzymes, and then screens these enzymes for the ones that show improvements. This has to be repeated until the enzyme is sufficiently improved. Chen and Arnold were the first to demonstrate that directed evolution can improve a biocatalyst [15]. They improved the stability of subtilisin in organic solvents. This problem was well suited to directed evolution because the molecular basis for enzyme stability in organic solvents is not well understood and therefore cannot be engineered rationally. Chen and Arnold created amino acid substitutions throughout the protein and screened to find the more solvent-stable variants. After three rounds of mutagenesis and screening, they had a subtilisin variant with 10 amino acid substitutions that was 250-fold more active in 60% dimethylformamide (DMF) than the wild type. Using a similar approach, Zhao and coworkers increased the stability of a dehydrogenase >7000-fold [16] and DeSantis and coworkers increased the enantioselectivity of a nitrilase [17]. In the last example, researchers did not have structural information for the nitrilase, so they could not use rational design.

If some structure information is available, it can speed up directed evolution by eliminating regions in the protein that are less likely to contain a solution. For example, residues close to substrate (either direct contact or the next sphere of residues) are more likely to yield big improvements in enantioselectivity than distant residues [18]. For example, Horsman et al. [19] increased the enantioselectivity of a Pseudomonas fluorescens esterase by targeting only four amino acid residues in the active site (4 × 19 = 76 possibilities). They found two variants with an enantioselectivity of  ∼ 60 toward 3-bromo-2-methyl propanoate esters, which was a dramatic increase over the wild-type enantioselectivity of 12. The focus on the active site is a good approach to changing enantioselectivity or substrate specificity, but mutations that improve thermal stability, catalytic activity, and probably stability toward organic solvents are scattered throughout the protein.

Amino acid substitutions are the most common way to create enzyme variants (review [20]). The most common methods to make these substitutions are error-prone polymerase chain reaction (epPCR) and saturation mutagenesis. The epPCR approach is simple and makes random single amino acid substitutions throughout the protein, but likely misses some substitutions because they require the statistically unlikely two nucleotide substitutions in a single codon [21]. Site saturation mutagenesis gives all possible substitutions at selected locations. Saturation mutagenesis at every position (one position at a time) is also possible, but is expensive and requires a large screening effort. Another approach to making protein variants is DNA shuffling, which exchanges longer sections of proteins between two or more parents. The sections will differ in several amino acid substitutions, but may also include insertions and deletions.

1.4.3 Bioinformatics Approaches

Bioinformatics compares the amino acid or DNA sequence of the biocatalyst with other known sequences. Genome sequencing projects, enabled by the rapid advances in DNA sequencing methods, have created vast amounts of sequence information. The amount of this information is much larger and broader than the amount of functional or structural information. Extracting information for protein engineering from these sequences relies on the hypothesis that biocatalyst with similar sequences are related in evolutionary history. This relatedness means that they will have similar function and similar structure.

One straightforward application of bioinformatics is to search for additional variants of an enzyme in the sequence databases. Starting from one or a few enzymes that catalyze the desired reaction, one searches for similar amino acid sequences. These sequences likely correspond to enzymes that also catalyze the desired reaction, but may have altered substrate specificity, stability to reaction conditions, or thermostability. For example, Fraaije et al. identified a thermostable Baeyer–Villiger monooxygenase enzymes by searching for a sequence characteristic of Baeyer–Villiger monooxygenases in the genome of a thermophile [22].

When the current variant of an enzyme already has many desirable characteristics, it is preferable to engineer the remaining characteristics instead of discovering new enzymes that may be lacking in other ways. Bioinformatics can also guide the engineering of more stable enzymes in two ways. First, sequence comparison can identify similar enzymes in thermophilic organisms. Some of the sequence differences account for the different stability. If one can identify which differences are most likely to lead to increase stability, then making these changes in the less stable enzyme can increase its stability. For example, Bae and Phillips stabilized adenylate kinase (Tm increased by 5°C.) by adding three salt bridges that they identified in the adenylate kinase from a thermophile [23].

The second approach to using bioinformatics to engineer more stable enzymes is the consensus sequence concept. The underlying hypothesis is that conserved amino acids contribute most to stability. If an amino acid substitution yields an unstable protein, the organism will not survive, so the conserved amino acids are more likely to contribute to stability than the nonconserved amino acids. The stabilization strategy is to compare the related sequences and to engineer the target protein to resemble the consensus sequence, that is, the most abundant amino acid at each position. Lehman and coworkers dramatically increased the thermostability of phytase using this approach; Tm increased up to 35°C from 55 to 90°C. The new enzyme contained >10 amino acid substitutions, where each substitution contributed slightly to the stability [24].

Bioinformatics is also the basis for homology modeling—the extrapolation of three-dimensional structures to proteins that have similar amino acid sequences (>35% identical amino acids). These three-dimensional structures are less accurate than experimentally derived structures, but can be a good starting point for rational design. A homology model can identify the active site of an enzyme, so saturation mutagenesis to change the shape of the active site can be attempted. For example, Keasling and coworkers made a homology model of γ-humulene synthase, and then targeted the residues predicted to be in the active site for mutagenesis [25]. More details about this experiment are in the next section.

1.4.4 Statistical Correlation Approaches

Unlike rational design, which uses molecular design principles to improve a desired property, statistical correlation approaches take a more empirical approach. A set of enzyme variants are tested, and then statistics are used to correlate the changes with the improvements. Replacement of changes that degrade the property with neutral or beneficial changes improves the enzyme.

The best example is the ProSAR (protein structure activity relationship) approach used by Codexis researchers to improve the reaction rate of a halohydrin dehalogenase >4000-fold [4]. Researchers made random amino acid substitutions (an average of 10) in the dehalogenase and measured catalysis by the variants. Then, they made a statistical correlation whether a particular substitution was beneficial. For example, variants that contained a F186Y substitution were, on average, better than those that did not. Some variants that contained F186Y were poor because of the detrimental effects of other mutations, but the statistical analysis identified that, on average, it was a beneficial mutation. The final improved enzyme contained 35 amino acid substitutions among its 254 amino acids. Combining beneficial mutations and removing deleterious ones yields an improved enzyme.

γ-Humulene synthase catalyzes the cyclization of farnesyl diphosphate via cationic intermediates to γ-humulene in 45% yield, but forms 51 other sesquiterpenes in smaller amounts. Keasling and coworkers substituted amino acid residues in the active site and identified the contribution of each one to the product distribution [25]. Substitutions were combined to favor formation of one of the other sesquiterpenes. For example, a triple substitution created an enzyme that formed 78% sibirene. The contribution of each substitution was additive.

In another example, Arnold and coworkers improved the thermal stability of cellulases [26]. Instead of single amino acid substitutions, they recombined peptide fragments from three parents to make the variants that contained several substitutions as a group. They divided three parent cellulases into eight blocks and then recombined these blocks to make new cellulases. They made a set of 24 variants, measured their thermal stability, and identified the contribution of each block. For example, block 6 from parent 3 tended to stabilize the cellulases. Combining the stabilizing blocks and removing the destabilizing blocks yielded more stable cellulases.

Although this is an empirical approach that focuses on what works rather than why it works, it does not preclude the use of molecular design principles in choosing which changes to make. For example, the Codexis researchers hypothesized that changes nearest the active site would likely change the substrate fit for the halohydrin dehalogenase and therefore directed many of the amino acid substitutions to this region. Finally, by carefully examining the changes in protein structure that work, researchers may learn the molecular basis for the improvements.

1.4.5 Multiple Criteria

Practical applications require that the biocatalysts should meet multiple criteria: they must be stable at the temperature for the reaction, they must tolerate the pH and solvent of the reaction, they must tolerate high concentration of the starting material and product, they must show high selectivity, and they must react quickly with the substrate even when it is an unnatural compound. Often, one starts with a catalyst that meets some of these criteria and tries to engineer in the missing properties. These multiple requirements make engineering more difficult than engineering a single property because engineering to improve one property must not destroy other properties in the process. For rational engineering, this means that you must understand the molecular basis of all of them, which is currently not possible. For methods that rely on screening, this means that you must screen for all the important properties.

For example, Schmidt and coworkers identified an esterase variant with three amino acid substitutions that showed higher enantioselectivity (E) toward the synthetic building block (S)-but-3-yn-2-ol (E = 89 as against E = 3 in wild type). Unfortunately, these substitutions degraded protein expression. Bacteria produced high amounts of the soluble starting esterase, but only small amounts of the variant, and most of it was in an unfolded insoluble form [27]. Additional experimentation revealed a variant with only two amino acid substitutions from wild type that was both highly enantioselective and efficiently produced in soluble form.

1.5 Engineering of Metabolic Pathways

Multistep metabolic pathways offer the opportunity for complex syntheses, but require use of whole cells. Examples of multistep processes on commercial scales are fermentation of glucose to ethanol by yeast, fermentation of glucose to citric acid by Aspergillus fungi, and production of penicillin G by Penicillium fungi. Although isolated enzymes can be used much like chemical catalysts in a wide range of temperatures, solvents, and reactors, whole cells are more limited in the reaction conditions they tolerate. In addition, they require the ability to work with microorganisms and typically use dilute aqueous solutions. The key advantages of whole cells are that they can stabilize enzymes that are difficult to isolate and that they can contain multiple enzymes. An isolated enzyme approach with multiple enzymes would require multiple enzyme isolations and optimization, which would eliminate the advantages of isolated enzymes.

Metabolic pathways are not limited to those existing in nature; the sections below highlight current strategies to create new metabolic pathways [28]. These pathways may be more efficient routes to existing products, or they may be new routes to create new products, Table 1.4.

Table 1.4 Examples of Engineering Metabolic Pathways


	Product/Substrate
	Microorganism
	Details



	1,3-propanediol from glucose
	Recombinant E. coli
	The natural glycerol to 1,3-propandiol pathway is combined with a glucose to glycerol pathway. Glucose as a carbon source is less expensive than fermentation grade glycerol. 1,3-Propanediol is used for synthesis of a polyester (poly(trimethylene terephthalate)). This biocatalytic process uses 40% less energy than conventional processes, and reduces greenhouse gas emissions by 20%



	Shikimate from glucose
	Recombinant E. coli
	Shikimate, used for the synthesis of oseltamivir phosphate (Tamiflu®), is made by the aromatic amino acid biosynthetic pathway. The natural pathway uses phosphoenolpyruvate as a starting compound, but the engineered pathway uses the more abundant pyruvate and gives larger amounts of product



	Copolymer of β-hydroxybutyrate and β-hydroxyvalerate from glucose and propionic acid
	Rastonia eutrophus
	Excess glucose is converted to poly(β-hydroxybutyrate) via acetyl-CoA. Co-feeding with propionic acid makes propionyl-CoA, which results in a copolymer that is more flexible and useful than the natural homopolymer



	Higher alcohols from glucose
	Recombinant E. coli
	An added decarboxylase diverts 2-keto acids from the normal amino acid biosynthesis to form aldehydes. Reduction of the aldehydes yields alcohols, which may be useful as biofuels




1.5.1 New Pathways To Increase Yields

Combining existing pathways from different organisms created a pathway that yielded high concentrations of 1,3-propanediol used in polymers on a multi-ton scale. Several microorganisms convert glycerol to 1,3-propandiol, but Dupont and Genencor engineered a new pathway that allows use of glucose, a less expensive carbon source [29], Figure 1.2a. The pathway combines three different pathways from three different organisms in an E. coli strain. The first pathway is the naturally occurring glycolysis pathway in E. coli, which converts glucose to dihydroxyacetone phosphate. The second pathway consists of two enzymes added from the yeast Saccharomyces cerevisiae, which convert the dihydroxyacetone phosphate to glycerol. The final pathway consists of several enzymes from Klebsiella pneumonia, which convert the glycerol to 1,3-propandiol. Surprisingly, researchers found that an uncharacterized oxidoreductase in E. coli worked better than 1,3-propandiol dehydrogenase from Klebsiella, so the production strain uses this E. coli oxidoreductase in this pathway. The production strain also incorporates gene deletions that eliminate nonproductive reactions. Another reason to move a pathway from one organism to another is to circumvent native regulation and thus make higher concentrations of product.


Figure 1.2 Two examples of strategies to engineer more efficient metabolic pathways to existing products. (a) Combining existing pathways from different organisms creates new pathways. Three pathways—conversion of glucose to dihydroxyacetone phosphate, conversion of dihydroxyacetone phosphate to glycerol, and glycerol to 1,3-propandiol—are combined in a strain of E. coli for the manufacture of 1,3-propandiol. (b) The amount of phosphoenolpyruvate limits the yield of shikimic acid from the natural pathway. A new pathway, created by expanding the substrate range of an aldolase, uses the more abundant pyruvate and generates higher amounts of shikimic acid.
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Ran and Frost designed a new pathway to shikimic acid by inventing a new step [30], Figure 1.2b. Shikimic acid is a precursor of oseltamivir phosphate (Tamiflu®), an influenza drug. The normal pathway to shikimic acid uses phosphoenol pyruvate as a starting compound. Unfortunately, low levels of phosphoenol pyruvate limit the amount of shikimic acid that can be produced. The solution was introducing a new enzyme, an aldolase that can use the more abundant pyruvate as the starting compound. The new enzyme was created by changing the substrate specificity of an existing aldolase by directed evolution. The new pathway gave higher yields of the desired compound on glucose.

1.5.2 New Pathways To Make Different Products

One way to get a new product from a metabolic pathway is to add a new intermediate that can enter the pathway. One example is the production of a mixed bacterial polyester, Figure 1.3a. Many bacteria, such as Rastonia eutropha, store excess carbon as granules of poly(β-hydroxybutyrate). This polyester is a potential biodegradable, renewable replacement for polypropylene. However, this natural polyester is crystalline and too brittle for most applications. A solution is to feed propionic acid along with the normal carbon source [31]. The acetyl-CoA intermediate forms from the normal carbon source, while propionyl-CoA forms from the propionic acid. Both enter the polyester synthesis pathway resulting in a copolymer of 4-carbon (β-hydroxybutyrate) and 5-carbon (β-hydroxyvalerate) subunits. This mixed polymer is less crystalline, more flexible, and more useful for application. This unnatural polymer does not form naturally because acyl-CoA intermediates with an odd number of carbon atoms are rare in natural biosynthetic pathways.


Figure 1.3 Two examples of strategies to engineer new metabolic pathways that create new products. (a) Adding propionic acid to the bacteria (Rastonia eutropha) making poly(β-hydroxybutyrate) leads to a mixed copolymer of β-hydroxyvalerate and β-hydroxybutyrate. This polymer is more flexible and useful than the natural poly(β-hydroxybutyrate). (b) Adding two new enzymes to E. coli diverts the 2-keto acids from amino acid biosynthesis to the synthesis of alcohols. The 2-keto acids are decarboxylated to the aldehyde and then reduced to the alcohol. The alcohols with five to eight carbons are potential replacements for ethanol as a biofuel
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Another way to get new products from a metabolic pathway is to add new steps that divert an intermediate to the newly added pathway. One example is the diversion of 2-ketoacids from amino acid biosynthesis to the synthesis of alcohols for biofuels [32], Figure 1.3b. Adding a 2-keto acid decarboxylase converts these acids to aldehydes, which are reduced to alcohols. The higher alcohols (five to eight carbon atoms) are potential second generation biofuels to replace ethanol.

1.6 Outlook

Biocatalysis tools have improved dramatically in the last 10 years and continuing advances in biology indicate that there will be additional improvements. Biocatalysis will be an increasingly important strategy and will become one of the key core technologies for chemical manufacturing in the next decade. It is a green chemistry technology that works perfectly with the emerging trend of bio-based sustainable feedstocks (biorefinery). The subsequent chapters detail additional examples where biocatalysis enables greener organic syntheses.
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Chapter 2

How Green Can The Industry Become With Biotechnology?

Hans-Peter Meyer and Oleg Werbitzky

Lonza Innovation for Future Technologies (LIFT), Lonza AG Visp, Switzerland

2.1 Introduction

There is a general consensus that the perspectives of white or industrial biotechnology are very good. It represents one of the largest, if not the largest, business opportunities in biotechnology for the future. New developments in technology and methods, changing ecological and economic conditions, recent policies and political commitments have led to a renaissance in industrial biotechnology. It is not only believed that the share of biotechnologically produced fine chemicals could increase several fold over the next 10–20 years, but even a switch from a petro-based economy to a biobased economy is expected to be complete within the next 30–80 years.

The global chemistry market is estimated at $2.292 billion and is expected to grow to $3.235 billion by 2015 and to $4.012 billion by 2020. Of the $2.292 billion, the global industrial biotechnology market is believed to represent only about $50 billion [1] (not including biofuels). The global white (or industrial) biotechnology market of approximately $50 billion is smaller than the red biotechnology (large-molecule biopharmaceuticals) market (Table 2.1). Needless to say there is a lot of overlap, for example, between the white or industrial biotechnology and the pharmaceutical or red biotechnology. However, industrial biotechnology represents a larger long-term business potential than red biotechnology. Of the $50 billion biotechnology products mentioned above, about 25% are fine chemicals and the share of biotechnologically produced fine chemicals is expected to grow rapidly. It is estimated that  > 20% of all chemicals could be produced by biotechnological means in 2020! This potential is spread over diverse markets and various product/molecule classes; moreover, in order to meet the expectations of the industry and investors, we have to overcome many technical challenges, some of which are described in this chapter.

Table 2.1 Summary of the Different Biotechnology Markets and the Market Volumes in Billion US Dollars, the Compounded Annual Growth Rate (CAGR), and the Approximate Number of Companies Globally Active in the Area

[image: NumberTable]


aAbbreviation: NA, not available.

Why are we not able to better exploit nature's toolbox as our ancestors in Mesopotamia, Egypt, Mexico, and Sudan were when using, for example, Acetobacter and yeast concomitantly for the production of chemicals? We are still not able to cultivate most microorganisms nor are we able to exploit them for synthetic or biocatalytic purposes. It is clear that, in order to realize the expectations of society, investors, and other stakeholders, not only may the industry concerned have to realize enormous structural changes to introduce more and more biological processes into production but it may also have to develop the necessary toolbox.

2.2 How Green (Sustainable) Can The Industry Become?

Green chemistry is a concept and guiding principle to encourage the development of manufacturing processes and products with the lowest possible environmental impact or footprint. The goal of the green chemistry concept and principles is to prevent pollution and reduce resource consumption, instead of merely eliminating them. The 12 principles of green chemistry formulated by Anastas and Warner [2] in 1998 are summarized in Table 2.2. These principles have been followed consciously or subconsciously by synthetic and process organic chemists for a long time for one simple reason: these principles also make a lot of sense from an economical point of view.

Table 2.2 The 12 Principles of Green Chemistry Are Summarized Below, Published by Anastas and Warner


	
                 
1. Prevent waste

2. Design safer chemicals and products

3. Design less hazardous chemical syntheses

4. Use renewable feedstocks: Use raw materials and feedstocks

5. Use catalysts, not stoichiometric reagents

6. Avoid chemical derivatives

7. Maximize atom economy

8. Use safer solvents and reaction conditions

9. Increase energy efficiency

10. Minimize the potential for accidents

11. Design chemicals and products to degrade after use

12. Analyze in real time to prevent pollution







Considering these 12 principles, it is clear that biotechnology should be able to make a much bigger contribution to green chemistry than is presently the case. The potential contribution of biotechnology is discussed also under synonymously used terms, such as third-wave biotechnology, suschem, greenchem, or white biotechnology. The common denominator is sustainability, which always includes three dimensions: ecological sustainability, economic sustainability, and social sustainability [3].

“Green chemistry” principles should be considered during the very early design phase of building blocks, intermediates, and new chemical entities. As the structures of small-molecule active ingredients and drugs become more and more complex, chemical synthesis becomes more and more tedious and wasteful. Biotransformation and biosynthesis will become an ecological and economic necessity for their production. Table 2.3 reminds us why biotransformation should have a preeminent role for synthetic organic chemists [2].

Table 2.3 Why will Biotransformation Play a Preeminent Role in Organic Chemistry?


	Specificity and yield
	High chemo-, regio-, and stereoselectivity

	Usually high yields

	Enzymes can be adapted to organic solvents






	Working safety and ecology
	Mild reaction conditions and biodegradable catalyst

	No runaway reactions possible

	Reduced health hazards for technical staff






	Economic advantages
	No protection deprotection groups needed

	Heterologous protein expression allows competitive production of enzymes

	Low corrosive reaction media result in longer life-span of multipurpose installations







aThere are three main reasons to use enzymes. However, they must be commercially available for large-scale applications.

Unfortunately, the commercially available enzyme toolbox for organic chemical synthesis does not correspond to the commercial potential of the fine chemical and pharmaceutical industry. Considering the theoretical options and today's reality, one can say that the commercial enzyme toolbox is more or less still empty. This situation is aggravated by the prevailing interest and flow of funds toward biofuels. This is regrettable, as the fine chemical and small-molecule chemical industry could drastically and immediately increase its sustainability by applying biotechnological principles [4].

There are several in vitro and in vivo methods available for the manufacture of chemicals and proteins on an industrial scale by biotechnological means [5] (Table 2.4). These include reactions with enzymes in chemical reactors, microbial fermentation, plant cell culture, or manufacturing products with transgenic plants (“pharming”).

Table 2.4 Summary of Existing In Vivo Biotechnological Manufacturing Options


		Enzymatic conversion for small molecules

	Bacterial, yeast, and fungal fermentation for proteins and small molecules

	Microalgae fermentation for proteins and small molecules

	Plant cell culture for proteins and small molecules

	Protozoa fermentation for proteins

	Transgenic plants proteins and small molecules

	Mammalian cell culture for glycosylated proteins

	Transgenic animals for glycosylated proteins

	Insect cell culture (transient) for proteins







The buzzword “biotechnology” is connected with high expectations of being able to provide green and sustainable solutions for manufacturing and greenhouse gas reduction. But how realistic are these expectations regarding biotechnology? Biofuels are used to give a green touch to different administrations without, however, considering socioeconomic costs. We believe that with respect to energy, biotechnology will play only a minor role in very specific fields because of the limited availability of arable land and water, and because of the very low efficiency of natural photosynthesis.

On the other hand, biotechnology should have an especially high impact in the production of complex chemicals used for pharmaceuticals, fine chemicals and specialties (Table 2.5). In addition, the so-called “bioplastics,” derived from renewable agricultural feedstocks are another meaningful application of biotechnology.

Table 2.5 Waste Generated per Kilogram of Product Produced in the Chemical Industry


	Bulk chemicals (kg)
	 > 0.1



	Fine chemicals (kg)
	5–50



	Pharmaceuticals (kg)
	25–100



	Oligonucleotides (kg)
	 < 1000



	Peptides (kg)
	 < 1000



	Oligosaccharides (kg)
	 < 1000





However, with respect to renewable feedstocks from agriculture, forestry, or marine sources, we have to consider that ours is a feedstock-limited world. Although ample renewable energy resources are available, we remain focused on cheap oil, of which we use over 80 million barrels a day. Yet, only about 5%–7% of all that oil is used for chemical manufacturing such as plastics, chemicals, pharmaceuticals, and other products. The rest is burned! Thus, the sooner we are able to replace oil as energy carrier by alternatives such as solar, wind, hydroelectric, and geothermal, the more oil will be left for use as a feedstock for chemistry. While we must expect radical changes with an uncertain outcome in many areas, there is too much focus on bioconversion to biofuels and commodity products, leaving the toolbox for biotechnological options for more complex chemicals largely empty. Lonza, for example, has started a global corporate initiative called Lonza Innovation for Future Technologies (LIFT), which is funding long-term, innovative ideas with great potential. This program also includes the search for radically new approaches to improve chemical manufacturing and products, and the LIFT program is open to any institution or organization with interesting new ideas.

The trend to ever more complex molecules makes the situation even worse than described by John M. Woodley, who did not include “tides” and oligosaccharide synthesis [6]. Why this is a problem is described in the sections below.

2.3 Fine Chemicals and Small-Molecule Pharmaceuticals

The pharmaceutical market remains the most important driver for innovation, also for industrial biotechnology. Global pharmaceutical sales more than doubled between 1998 and 2006. Of the 252 drugs that entered clinical trials in 2007, 135 were still small molecules, but 61 were already monoclonal antibodies. We will also see a change from a block-buster mentality to a chemically more differentiated therapeutic approach. Chemical diversity will follow the genetic diversity and genetic profiles of patients. Thus, novel small molecules will be of much greater diversity, almost exclusively chiral and highly functionalized. Examples of novel bioreaction tools needed include peptide biosynthesis, glycosylation of small molecules and peptides, functionalization of biopolymers as well, and the production and derivatization of highly active compounds. The challenge is that biotransformation processes are far more diverse than therapeutic protein production processes. The desired products are often toxic, poorly soluble, or instable novel small molecules. Timeline compressions in the development cycle of pharmaceuticals, in combination with a missing broad strain and enzyme choice, results in the fact that bioprocesses typically represent the second-generation process choice in the manufacture of a small-molecule pharmaceutical or intermediate. To make things worse, academic research and development does not yet follow these needs, as the majority of the academic work is still on hydrolytic bioprocesses (Table 2.6).

Table 2.6 summarizes an analysis of the last four “International Symposium on Biocatalysis and Biotransformations” [7]. Of the 365 lectures and posters that were analyzed in 2007, less than 70 papers dealt with new enzymes. Lipases and esterases still represent 64% of all papers dealing with hydrolytic enzymes, and 26% of all papers. On the other hand, there are “biotransformation” territories to be conquered and radical innovation is needed. In our opinion, both aspects can be best dealt with in an academic environment where “risky” and more long-term projects can be performed better than in industry. However, hydrolytic enzymes no longer really represent a prime academic topic, in particular, as there are small companies specialized in improving and adapting biocatalysts to industrial needs.

Table 2.6 An Overview of the Enzyme Classes Presented as Oral or Poster Presentations at the Last Three Biotrans Symposia
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aAn example of the percentage calculation: 34% of all presentations in 2007 dealt with oxidoreductases. The sum does not add up to 100% because some of the presented papers did not deal with biotransformations.

2.4 Oligopeptides

The name peptide corresponds to a broad group of very different compounds of various sizes and various derivations, as it is a general term for a polymeric chain of two or more amino acids linked by an amide bond. This definition is pretty clear for short, synthetic peptides, for example, aspartame, which is the methyl ester of a dipeptide, but becomes more ambiguous for longer peptides, for example, insulin, which also might be considered a short protein. Taking into account the recent progress achieved in the development of new methods for the chemical synthesis of longer peptides [8], let us consider amino acid chains of  < 100 acids as peptides. Peptides are ubiquitous and widely represented in nature, they are involved in numerous biochemical and physiological processes, and therefore of high relevance for the pharmaceutical industry, but they also have a great potential in other attractive applications such as food additives [9], cosmetics (e.g., Argireline), or antimicrobial peptides.

Pharma applications still represent the largest group of industrially relevant peptides, with about 50 peptide drugs approved currently on the market; in addition, 400 compounds are in different phases of clinical development [10]. The size of the pharmaceutical peptide market in 2008 was estimated at $8.5 billion (excluding insulin), with an annual demand approaching 1500 kg. These numbers illustrate the importance of economically and ecologically sound peptide synthesis processes! In principle, therapeutic peptides can be made using a number of different technologies. Besides solid- and liquid-phase chemical synthesis, recombinant and semisynthetic methodologies are also utilized. In the meantime, all these strategies have been successfully scaled up to industrial scale and can in principle be regarded as viable options. However, as each of the current methods still has its particular strengths and limitations, there is no single technology that offers a universal and competitive solution for the manufacturing of all the different peptide drug candidates in clinical development. The selection of the route of choice for a specific product is generally made considering not only the structural characteristics of the target compound, but also a number of other important aspects. Product specifications, targeted peak quantities and related manufacturing costs, time to market, potential investment needed for the implementation of specific technologies in relation to the overall risk of a clinical failure of the corresponding product—all these different factors build the framework for the decision process during route selection (Table 2.7).

Figure 2.1 gives an overview of technologies currently applied in the manufacturing of the commercial peptide Active Pharmaceutical Ingredients (APIs) grouped according to the length of the peptide chain.


Figure 2.1 Technologies currently applied in the manufacturing of the commercial products grouped according to the length of the peptide chain.
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Historically, liquid-phase peptide synthesis was the first technique to have been developed (Nobel prize for V. du Vigneaud in 1955) for the synthesis of Oxytocin [11], and remained for a long time the only solution for the synthesis of peptides. The concept of liquid-phase synthesis is typically convergent; single amino acids, bearing protecting groups, are reacted with other amino acids to give dipeptides, and then smaller peptides are extended by attaching additional amino acids. Finally, the different building blocks are combined to the desired product. Even highly complex targets such as calcitonin (32 amino acids) used to be produced in liquid phase. The main characteristic of this approach is its similarity to other classical organic synthesis. Liquid-phase chemistry can be run in standard equipment and on a large scale. On the other hand, there are also a number of drawbacks: the technology is very laborious since many different steps have to run separately leading to a great number of intermediates, which have to be isolated, dried, characterized, and stored. The process development times and the cycle times during production are generally rather long. Owing to the large number of isolation steps, it is also clear that the ecological footprint of such a liquid-phase peptide process is considerable, as it corresponds to the footprint of a standard organic synthesis, with the corresponding number of chemical steps.

It is also important to mention that the overall peptide manufacturing process can be rather complex and always includes other critical steps in addition to the elongation of the peptide chain. These steps can be additional chemical reactions (e.g., removal of potential protecting groups after chemical syntheses), or separation steps, such as the separation of different cell components (membranes, DNA, host cell proteins, etc.) in case of recombinant processes. Generally, a peptide manufacturing process also includes final purification and isolation steps. The purification is usually a chromatographic process, whereas the isolation of the target compound, is generally accomplished using lyophilization, spray drying, or in single cases, precipitation/filtration/drying sequences.

One of the biggest challenges in chemical peptide synthesis remains the enantiomerization of activated amino acids via formation of oxazolones during the coupling reactions. One possibility to overcome this issue is the design of strategies in which the fragments are joined at glycine, which is achiral, or proline, which does not form oxazolones. Depending on the desired sequence, this is not always possible, and other fragment condensations should be carefully optimized. During a solid-phase synthesis, the oxazolone issue is less critical, as N-urethane-protected amino acids only form oxazolones when they are strongly activated. In addition, they are quite resistant to deprotonation, so that racemization during Solid-Phase Peptide Synthesis (SPPS) remains typically low.

Chemical solid-phase synthesis using the Fmoc/tBu strategy is currently the most utilized approach for the synthesis of mid-sized and longer peptides. In a typical process, the desired peptide is elongated stepwise on a solid support, to which all intermediates up to the desired product remain covalently attached until the end of the elongation. The elongation of the desired peptide chain starts with the attachment of the α − N- and side-chain-protected C-terminal amino acids to the solid support (initial loading), and then each of the following amino acids is attached successively to the growing chain, using a sequence of two reactions: (i) cleavage of the α − N-protecting group from the product on the solid support and (ii) coupling the next protected amino acid to the product on the solid support. The usage of the base-labile Fmoc group for amino-protecting group was first proposed by Carpino [12] in the early 1970s, as an extension of Merrifield's Nobel price winning SPPS methodology [13]. Characterized by milder reaction conditions in general, this methodology has a number of additional advantages. Owing to the orthogonal cleavage properties of the side-chain-protecting groups, it is possible to prepare intermediates with protected side-chain functionalities. This allows hybrid approaches in convergent synthesis routes, using solid-phase synthesis for making protected peptide fragments, and liquid-phase peptide chemistries for coupling two of these fragments to give longer peptides [14]. The major advantages of SPPS and hybrid concepts are the straightforward approach to longer peptides, and the excellent scalability up to ton scale. However, a considerable drawback is the high material flow, and as a consequence, the environmental impact. Table 2.8 shows an example of the material flow for 20 kg of a 10-mer and 100 kg of a 35-mer peptide manufactured by SPPS.

Table 2.7 Overview of the Different Technologies for Peptide Production
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Table 2.8 Two Examples of Material Flow for 20 kg of a 10-mer and 100 kg of a 35-mer Peptide Manufactured by SPPS Subdivided in API Demand (top) and Subsequent Needs for Amino Acids, Reagents and Solvents


	
	Peptide/API versus Raw Materials



	Raw Material
	20 kg 10-mer
	100 kg 35-mer



	Amino acids
	0.4 to
	3.5 to



	Coupling reagents
	0.3 to
	4.0 to



	Piperidine
	6.5 to
	11.0 to



	NMP/DMF
	100 to
	300 to



	DCM
	80 to
	60 to



	ACN
	35 to
	110 to



	United States Pharmacopeia (USP) water
	300 to
	375 to




Manufacture of peptides by recombinant technologies is a highly promising approach to the environmental problem. However, despite a successful history for specific cases (e.g., insulin) and a growing number of new processes, the development of a recombinant process for peptides remains a difficult task, which is considered viable only when high volumes are required. One reason is certainly the low productivity of the established recombinant systems when used for peptides. Owing to their smaller size and also to the lack of tertiary structure, peptides generally remain dissolved in the cytoplasm of the host cell, and are therefore rapidly degraded. Several approaches have been proposed to overcome this productivity issue: (i) synthesis of peptides as parts of fusion proteins, (ii) synthesis of large multicopy constructs (concatemers), and (iii) use of secretion processes. However, each of theses concepts still has considerable drawbacks. The fusion protein approach, in which the target peptide is expressed as a synthetic construct with a larger protein, overcomes the degradation issue; however, the cell has also to produce large amounts of an undesired product (protein part of the fusion protein, which is often significantly larger than the desired peptide); in this case, the overall metabolic burden creates another type of limitation for productivity. The second setback of the fusion protein approach is related to the liberation of the desired peptide from the rest of the fusion construct. Depending on the sequence, this additional step can be performed chemically or enzymatically. Both methods can show selectivity problems; in addition, the enzymatic method requires the corresponding enzyme, which might be expensive or even not available on a commercial scale.

Another related technology for recombinant peptide production is the concatemer approach, in which the concatemer corresponds to an artificial protein constructed from multiple copies of the desired peptide separated from one another by a specific spacer. With regard to expression, the concatemer approach is certainly more elegant than the fusion protein concept, as most of the overexpressed product corresponds to the desired product. However, this approach usually requires two different enzymes, one for cutting the concatemer into single pieces and one for trimming the C-terminus in order to obtain the desired product. Here again the availability and the cost of the enzymes become critical.

The secretion technology is, in principle, free of these problems; however, the productivity for secreted peptides reported until today remains on the low side [[15, 16]].

Two additional limitations, valid for all recombinant approaches, should be mentioned here. The first is that, currently peptides with an amide function at the C-terminus, as required for many APIs, cannot be obtained directly by recombinant synthesis. This difficulty is generally overcome, either by using an enzymatic approach, starting from a recombinant product extended by an additional C-terminal glycine [15] or by chemical synthesis [17]. The second constraint is that until now only peptides containing natural peptides can be made efficiently in recombinant systems. All efforts to include unnatural or modified amino acids in recombinant products are still in early development [18].

2.5 Oligonucleotides

Oligonucleotides are a class of biomacromolecules with an enormous potential as therapeutic agents for a number of different applications. The era of antisense research started in 1978, when Paul Zamecnik and Mary Stephenson reported on the inhibition of virus replication in cell culture by a DNA oligonucleotide complementary to the target RNA [19]. This was the beginning of a remarkable development in nucleotide research, leading to the discovery of several other mechanisms of action for oligonucleotides (e.g., the 1989 Nobel Prize awarded to Sidney Altman and Thomas Cech for the discovery of Ribozymes and the 2006 Nobel Prize awarded to Andrew Fire and Craig Mello for the discovery of siRNA) and to the development of a whole range of interesting candidate compounds.

Therapeutic oligonucleotides are typically a linear chain composed of around 20 DNA or RNA monomers or chemically modified analogs thereof. For some of the applications, oligonucleotides are used as single-chain products (antisense compounds, immunomodulators, aptamers, enzyme inhibitors, and ribozymes), whereas for others double-stranded oligonucleotides are needed (siRNA, molecular decoy DNA). In order to overcome the general problem of the enzymatic degradation of natural oligonucleotides, numerous concepts for modification of the natural oligonucleotide structure have been developed, mainly to the sugar-phosphate backbone of the oligonucleotide chain (e.g., phosphorthioates, introduction of modified substituents in the 2′-position of the ribose, phosphorthioamidates, LNAs (locked nucleic acid), morpholino compounds, and gapmers).

Despite the significant differences in their respective chemical structures, all different types of oligonucleotides are currently produced by rather similar processes based on the same generic scheme. This standard manufacturing process for oligonucleotides comprises four steps: (i) synthesis, (ii) cleavage/deprotection, (iii) purification, and (iv) isolation.


1. Today, all oligonucleotides are synthesized chemically on a solid support, using the same type of nucleoside phosphoramidite chemistry for the elongation of oligonucleotide chain. During this step, monomeric phosphoramidite derivatives of the corresponding nucleosides are sequentially coupled to the elongating oligonucleotide chain, which is covalently bound to a solid support.

2. The elongation process is followed by a cleavage/deprotection step, in which the product is cleaved from the solid support, and at the same time, the protecting groups are also cleaved from the molecule (backbone, bases, 2′-deprotection). Depending on the type of 2′-protecting group for RNA, the deprotection of the product is performed in two separated reactions in some cases (e.g., 2′-tert-Butyldimethylsilyl (2′-TBDMS), or 2′-Triisopropylsilyloxymethyl (2′-TOM)).

3. The previous cleavage/deprotection step leads to a solution of the crude oligonucleotide, which is then purified by chromatography, either HPLC (high performance liquid chromatography) on reverse phase resin or ion exchange chromatography. After the chromatographic purification, the solution of the desired purified product undergoes some additional operations depending on the specific requirements of the product and the process. This can be desalting, removal of 5′-DMT (N, N-dimethyltryptamine) protecting group, removal of organic solvent, concentration, precipitation, or annealing. The result of this step is typically an aqueous solution of the desired final product in purified form.

4. Finally, the desired oligonucleotide product is generally isolated as a solid, which is normally obtained via direct lyophilization of the product solution from the previous step.



The key part of this process is certainly the chemical synthesis of the oligonucleotide chain. The concept of the synthesis process is still based on the four-step solid-phase phosphoramidite approach first described by Beaucage and Caruthers [20] in 1981. Optimized in different aspects (reagents, solid supports, and synthesizer design) over the years, this remarkable chemistry turns out to be highly efficient in terms of overall and step yields and process times (about 80 chemical reactions in less than 24 h), and it is very robust and highly generic to all different types of target oligonucleotides. In the meantime, two additional important characteristics have underlined the value of this technology: the degree of automation and the scalability of the process. Currently, this synthesis process can be run fully automatically under cGMP-compliant conditions on scales delivering between 1 g and 3 kg (corresponds to 900 mMol initial loading) of isolated oligonucleotide per batch. The present process technology has been demonstrated for the manufacture of oligonucleotides on a multi-100 kg scale. On the basis of the present market requirements, with only two minor oligonucleotide-based drugs on the market and a limited number of late stage candidates in the clinical pipeline, these synthesis capabilities are certainly sufficient.

However, if the expected breakthrough in drug delivery technologies can be achieved, solving the related issue of efficient delivery of oligonucleotide drugs, the required quantities of oligonucleotides could increase dramatically. This would immediately lead to a major sustainability issue. Table 2.9 outlines the mass-balance for the synthesis step for the production of an oligonucleotide. Without considering the requirements for the purification of the product, the presented figures indicate a E-factor of about 4700 kg/kg.

Table 2.9 E-Factor in Oligonucleotide Manufacture: Yogesh S. Sanghvi, Presentation Eurotides Conference 2006, Hamburg, Germany


	Deprotection reagent and solvent (L)
	8000



	Amidites (L)
	315



	Coupling reagent (L)
	577



	Thiolation reagent (L)
	448



	Capping reagent solutions (L)
	780



	Acetonitrile (L)
	18,250



	Total
	28,370



	Oligonucleotide product (kg)
	6




From this perspective, it would be interesting to understand whether biological methods for the production of large quantities of oligonucleotides could be envisaged in the future. In principle, concepts for enzymatic amplification of DNA exist and are widely utilized in analytical applications such as PCR. A limitation of the PCR approach for preparative applications is that in addition to the template sequence, a primer is required. An interesting technology working on the same principle as PCR, but without the requirement of a primer, has recently been reported by the German start-up company Riboxx, which claims to be able to amplify RNA using a viral RNA-dependant RNA polymerase. According to the inventors, the technology even tolerates some modifications in the structures of the sugar moieties [21].

2.6 Oligosaccharides

“Ordinary” sugar, first used in the seventh century AD, and for which the first (industrial) sugar mills were established in the early seventeenth century, is a commodity with an annual consumption of  ∼ 150 million tons per annum. Besides use in the kitchen and in the fermentation industry, sugars have numerous biological roles and play a vital function in various fundamental metabolic and physiological processes. It is no wonder that there is an increasing interest in sugar-based products, as they play a role in almost all areas of human activity. In addition, a wide range of very potent and bioactive natural products, such as anticancer compounds or antimicrobial compounds, are often glycosylated peptides, polyketides, indolocarbazols, and other chemical structures. The potential applications of glycocompounds range from the better known pharmaceuticals to industrial applications of which the world is much less aware. To give just one example: for 50 years, it has been known that the opportunistic human pathogen Pseudomonas aeruginosa produces potent glycolipid biosurfactants, so-called rhamnolipids [22]. The University of Arizona developed and patented an industrial production process, and a small company (Jeneil Biosurfactants Co, Milwaukee, Wisconsin USA) produces the so-called “Zonix.” Table 2.10 gives an overview of some applications of sugar-based products.

Although glycocomponds have many potential applications, they are rarely used in the pharmaceutical and other industries; mainly, it is difficult to produce adequate quantities at competitive prices. Moreover, the number of possible structures for oligosaccharides is orders of magnitude higher than that for peptides and oligonucleotides. This problem is somewhat alleviated as mammalian or plant glycosides seem to be derived from a rather small pool of monomers [[23, 24]].

Table 2.10 Examples of Sugar-Based Products and Applications


	Pharma, fine chemicals, and building blocks: Oligosaccharide antibiotics (everninomycins, ziracins, dalbavancin, vancomycin, and teicoplanin), antiparasitic compounds (natamycin and avermectins), antitumor compounds (calicheamycin, rebeccamyn, staurosporin, mithramycin, and aureolic acids), antiviral compounds (deoxysugars), Alzheimers disease (scyllo-inositol), thiosugars (thiolactomin, 1,6-thioanhydrosugars, and mycothiol), iminosugars (deoxynojirimycin and derivates, and imminocylcitols), vaccines (gylcoconjugates), and excipients and drug formulations (d-tagatose, d-gulose).



	Food additifs: Sweeteners (tagatose, stevioside, d-glucose, palatinose, and sugar alcohols), health food (β-glucans), prebiotics (fructooligosaccharides, lactosucros, inulin, galactooligosacharides, and arabinogalactans), and additives (d-ribose)



	Agrochemicals: Plant growth regulators. blight control (validoxylamine)



	Cosmetics: Skin products (hyaluronic acid)



	Industrial applications: Surfactants (rhamnilipid, mannosylerythritollipid, and glycosphingolipid)




2.6.1 Production of Glycocompounds

Well-developed synthetic methods are available for all the four major classes of biological compounds (proteins, oligonucleotides, lipids, and carbohydrates) except for the last one. Chemical synthesis of peptides and nucleotides has been well established for several decades as shown in the previous two chapters. Although glycobiology is a rapidly expanding field, with a growing need for access to large quantities of oligosaccharides, their production remains unresolved, although several approaches are possible as summarized in Table 2.11.

Table 2.11 Options for the Synthesis of Oligosaccharides


	Chemical synthesis: Solid-phase and liquid-phase chemical synthesis



	Biotransformation: Using enzymes such as glycosyltransferases, gylcosidases, and glycosynthases to convert biologically or chemically derived precursors



	Biosynthesis: De novo synthesis of glycocompound or their building blocks by fermentation



	Extraction: Extraction from natural sources, for example, plant material




aMethods can of course be combined.

2.6.1.1 Chemical Synthesis of Oligosaccharides

As in many other areas where chemical and biotechnological production methods are possible in principle, chemistry has delivered the first-generation process, while biotechnology often provides only a second-generation option, since the necessary toolbox is not available. Almost any oligosaccharide can be prepared by classic organic chemical methods, but the methods are tedious, have low yields, and are wasteful and expensive. Synthesis of the monosaccharide building blocks, if they are not available from natural sources, requires extensive protecting group manipulations.

Nevertheless, a first fully automated oligosaccharide synthesis has been described by the group of Peter H Seeberger at the Swiss Federal Institute in Zürich, Switzerland [23]. The procedure as summarized in Table 2.12 gives an idea of the unparalleled complications encountered in carbohydrate synthesis.

Table 2.12 Steps in the Automated Chemical Solid-Phase Oligosaccharide Synthesis of Oligosaccharide Developed by the Group of Peter H Seeberger, Switzerland


	

1. Attachment of first building block

2. Coupling and deprotection

3. Capping of nonreacted–OH groups

4. Cleavage of linker

5. Removal of protecting groups

6. Purification







aThe table assumes that the stable sugar building blocks, the resin with a linker, and the needed hardware (synthesizer) including real-time monitoring are readily available. The process is an iterative one, the number of steps depending on the length of the oligosaccharide or monomers to be coupled.

This short description shows that a large-scale chemical synthesis of an oligosaccharide would be prohibitively expensive and an ecological disaster!

At this place, a short note on an interesting observation called “glycation”: So-called “glycation” can improve the thermostability of nonglycosylated proteases such as trypsin and chymotrypsin [25]. It is interesting that the nonenzymatic attachment of carbohydrates to the amino groups of proteins, called glycation, was carried out in vacuo on lyophilized proteins.

2.6.1.2 Enzymatic Synthesis

As no tedious protection/deprotection steps are necessary, enzymatic oligosaccharide synthesis is an attractive alternative to chemical oligosaccharide synthesis. Moreover, because of the high selectivity of the enzyme-catalyzed reactions, side products typically need not be removed after the reaction. However, the donor substrates (sugar nucleotides, sugar phosphates) and the mono-, di-, or oligosaccahride acceptors must be produced separately and cost efficiently. Table 2.13 summarizes the options offered by enzymes for oligosaccharide synthesis.

Table 2.13 Strategies for the Biocatalytic Oligosaccharide Synthesis


	

1. Leloir glycosyltransferases: stereo- and regio-slective transfer of activated monosaccharides (glucose, galactose, and xylose nucleotides as donors)

2. Non-Leloir glycosyltransferases: transfer of sugar phosphates as donors

3. Glycosidases: glycosidation or transglycosylation reaction (reverse reaction of hydrolysis) using glycosydases

4. Glycosynthases: mutant glycosidases forming glycosidic linkages







aThere are two basic methods for enzymatic oligosaccharide synthesis, glycosylatransferases or the reverse reaction of glycosyl hydrolases. All the methods should can of course be combined.

Leloir glycosyltransferases require expensive nucleotide-activated sugar donors. The advantage of non-Leloir glycosyltransferases are the cheaper substrates and starting materials such as sucrose [26] and sucrose analogs. Unfortunately, oligosaccharide synthesis in general is still very restricted owing to a lack of commercially available glycosyltransferases of both types as well as to the high cost of some of their substrates. Fortunately, interest in this enzyme class has been increasing as shown in Table 2.6, but much more effort is needed to make the oligosaccharide toolbox available to the synthetic chemist.

Glycosidases, which are used in reversed reactions (equilibrium or kinetically controlled), can also be used for the synthesis of carbohydrates. Table 2.6 shows that hydrolytic enzymes are the best investigated enzyme class, although this is mainly due to lipases and esterases. The number of available glycosidase enzymes for catalysis is higher and more scientific and technical data can be obtained than on glycosyltransferases.

Glycosidases are also robust biocatalysts, and several are commercially available. The same can be said about proteases, which can be applied in a similar manner as hydrolytic enzymes for peptide synthesis.

Glycosynthases are specifically engineered glycosidases that catalyze the formation of glycosidic bonds from a glycosyl donor and an acceptor alcohol. This powerful method, first reported in 1998, uses site-directed mutation of exo-glucosidase to generate an enzyme that is hydrolytically inert. New and improved glycosynthases act more rapidly and transfer to a much wider array of acceptors [27]. Thanks to this development, the above-mentioned lack of a wide range of glycosyltransferases can be addressed. Isomerases are an important addition to the enzyme arsenal, as they allow access to the needed monomer.

Solid-phase synthesis can be combined with enzymatic methods in which substrates are bound (immobilized) to solid surfaces for the synthesis of natural biopolymers: peptides, oligonucleotides, and oligosaccharides [28].

In conclusion, the enzymatic toolbox for oligosaccharide synthesis is far from being well established, and chemical synthesis remains the method of choice for oligosaccharide synthesis. Thus, carbohydrate biotechnology remains a true frontier for biocatalysis with a lot of research work remaining to be done.

2.6.1.3 Extraction

Many products in nature are glycosylated. For example, bacterial secondary metabolites contain a vast repertoire of unusual sugars. These products represent a natural pool for the sourcing of complex mono-, di-, or oligosaccharides.

2.6.2 Examples of Glycosynthesis

2.6.2.1 Fondaparinux—A Synthetic Heparin Substitute

Heparin (Figure 2.2) is a heavily O- and N-sulfated glycocompound. Isolated from animal organs, for example, porcine mucosal tissue, it has been used as an anticoagulant drug since the 1940s.


Figure 2.2 The chemical structure of heparin.
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It was found that specific pentasaccharide sequence (antithrombin-binding domain) was responsible for the anticoagulation activity of heparin. Fully synthetic pentasaccharide analogs have been developed and tested to overcome the clinical problems of heparin as well as the issue of animal-derived injectable pentasaccharides (heparin is injected subcutaneously). These efforts led to the pentasaccharides Fondaparinux and Idraparinux, both of which display higher activity and bioavailability than heparin.

Fondaparinux is the active ingredient of Arixtra® marketed by GSK (Glaxo Smith Kline). Patent protection has expired, and the Australian company Alchemia has developed a generic product, which will be marketed with the Indian partner Dr. Reddy's. Fondaparinux is a typical example of how chemistry, with a broad and applicable toolbox developed over the last 200 years, was able to deliver the first-generation process. Heparin and its derivatives could possibly be synthesized enzymatically [29]. Biotechnology has, however, failed to deliver a cheaper and more ecological alternative, although the development of alternative pentasaccharides began in the early 1980s.

The first chemical synthesis of the Fondaparinux consisted of over 60 steps, but has been reduced to 55 steps from naturally occurring carbohydrates. The pentasaccharide idraparinux needs only 25 chemical synthetic steps from naturally occurring carbohydrates [30]. Consideration of the yields after 55 or 25 chemicals steps, the raw material requirements, and waste production show that oligosaccharide synthesis is in real need of more ecological biotechnology approaches.

2.6.2.2 Phosphomannopentaose

PI-88 (phosphomannopentaose sulfate) is an example of a combination of fermentation and biocatalysis [31]. PI-88 is a mix of sulfated oligosaccharides and heparanase inhibitor, prepared by the hydrolysis of the extracellular phosphomannan produced with the yeast Pichia holstii.

2.6.2.3 NANA

N-acetyl-d-neuraminic acid (NANA) is a ubiquitous sialic acid, which is an important building block for antiviral drugs. NANA can be produced by a number of methods, for example, by recombinant fermentation using Escherichia coli via colominic acid, or by a variety of enzymatic processes, or starting from the polymer chitin, an unbranched β(1–4) polymer of NAG (N-acetyl-glucosamine). The unbranched biopolymer chitin is degraded to NAG. In the next step, NAG can be chemically epimerized under alkaline conditions to NAM (N-acetyl-d-mannosamine) and finally, NAM can be further converted to NANA.

2.6.2.4 Hyaluronic Acid, Chondrotin Sulphate, and Rhamnan Sulphate

All the three compounds are polysaccharide compounds that can nowadays be produced by fermentation. Hyaluronic acid, which is used as an ingredient not only in skin care, but also in ophthalmology, has been traditionally isolated from rooster combs. Animal-derived material is being replaced gradually by material produced by microbial fermentation. The molecular weight distribution of hyaluronic acid for pharmaceutical products should fulfill stringent quality requirements, which is not the case for cosmetic applications. This is an opportunity for hyaluronic acid fermentation, to avoid fractionation of the wasteful animal products.

Chondroitin sulfate is a mucopolysaccharide that is used in cartilage repair in arthritis. The material is mostly extracted but fermentative options are in development. Rhamnan sulphate is presently extracted from seaweeds, and alternatives are being sought.

2.6.2.5 Conjugated Vaccines

Conjugated vaccines represent 25% of the current $4.5 billion vaccine market. These therapeutic glycoconjugates are highly complex and expensive, and require biological as well as chemical steps. GlycoVaxyn [GlycoVaxyn AG, 8008 Zürich, Switzerland. www.glycovaxy.com], a small spin-off of the Swiss Federal Institute of Technology in Zürich, has developed technologies that enable the manufacture of bioconjugate vaccines and other complex polysaccharide structures, using the genetic information that is located on an operon in Campylobacter jejuni, which encodes the metabolic apparatus capable of carrying out glycosylation of recombinant proteins in E. coli. These bioconjugates are directly synthesized in vivo using these appropriately engineered bacterial cells.

This work signifies another interesting development. Until recently, biology textbooks taught that prokaryotes are not able to N-glycosylate proteins. Today we know not only that there are bacterial glycosylation processes, but also that glycosylation in bacteria leads to a much greater diversity of glycan composition, linkage units, and glycosylation sequences on polypeptides than in eukaryotes [[32, 33]]. Bacterial N- and O-linkages are formed with a wider range of sugars than those observed in eukaryotic proteins.

Japanese scientists have been at the forefront of developing biotechnological strategies for rare sugars. The strategy named “Izumoring” lays down the principle of producing all of the 59 different terose, pentose, and hexose sugars. In principle, the discovery of some key isomerases, epimerases, and microbial oxidative pathways now makes it possible to manufacture any of these sugars from cheap starting materials such as starch and lignocellulose. The  International Society of Rare Sugars (ISRS) [34] has published several excellent reviews that describe the production of rare sugars and oligosaccharides.

The European Project NEPSA, which focuses on the production of novel monosaccharides, is another valuable initiative [35] for the production of carbohydrate-based building blocks.

2.7 Summary and Outlook

The potential of biotechnology in industry is far from being fully realized, even in established areas such as biocatalysis for fine chemicals. With the argument of sustainability, various biofuel projects have triggered an interest, which by far exceeds their real economic and ecological potential. Industrial biotechnology covers a broad range of products and services ranging from a biobased economy with biomass-derived basic chemicals and enzymes in the food, paper, and textile industries to high-value fine chemicals and pharmaceuticals. It is in fine chemicals and pharmaceuticals that sustainable solutions are badly needed. These, however, are not low-hanging fruits, as shown by the examples of oligopeptide, oligonucleotide, and oligosaccharide synthesis.

Development of a toolbox containing commercially available biocatalysts of the six different enzyme classes is required to meet the ever increasing degree of sophistication of the molecules to be produced. What is most important, however, is to reach an agreement between chemists and biologists on a roadmap and on priorities, that is, where to focus development, where to reduce priorities, and where to choose which feedstocks for which value chain.
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Chapter 3

Emerging Enzymes and Their Synthetic Applications

Zhenming Chen and Junhua (Alex) Tao

Institute of Sustainability, Hangzhou Normal University, Hangzhou, China

3.1 Emerging Enzymes

Nature essentially makes all types of molecules by enzymes. As a result of recent technology breakthrough in large-scale DNA sequencing, there is an exponential growth in GenBank. This section focuses on biocatalyst libraries developed recently.

3.1.1 Enzymes for Reduction

3.1.1.1 Ketoreductases

As a result of the commercial availability of a large library of diversified ketoreductase (KREDs), these enzymes have been demonstrated on an industrial scale to catalyze regio- and stereoselective conversion of a wide range of ketones to chiral alcohols through cost-effective cofactor regeneration using either formate dehydrogenases or glucose dehydrogenases (Scheme 3.1) [[13]].


Scheme 3.1 Enzymatic reduction of ketones.
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3.1.1.2 Enoate (Ene) Reductases

Enoate (Ene) reductase catalyzes reduction of carbon–carbon double bonds of α, β-unsaturated aldehydes, ketones, nitros, and nitriles (Scheme 3.2, EWG = electron withdrawing group). Therefore, compounds with up to two chiral centers can be generated in one step [4].


Scheme 3.2 Enzymatic reduction of double bonds.

[image: 3.2]


3.1.1.3 Transaminases

ω-Transaminases catalyze direct conversion of ketones to chiral amines (Scheme 3.3). Both the (R)- and (S)- enantiomers can be obtained in one step [[58]]. The potential of the transformation is still underexplored because of the limited commercial availability of these enzymes.


Scheme 3.3 Enzymatic amination of ketones.
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3.1.2 Enzymes for Oxidation

3.1.2.1 Alcohol Oxidases

Alcohol oxidases catalyze oxidation of alcohols to aldehydes or ketones in the presence of oxygen. In contrast to chemical oxidation, enzymatic oxidation does not require toxic solvents or metal oxidants. Some of the industrialized alcohol oxidases include sugar oxidases, aromatic alcohol oxidases, and cholesterol oxidases (Scheme 3.4) [[911]].


Scheme 3.4 Enzymatic oxidation by alcohol oxidases.

[image: 3.4]


3.1.2.2 Halogenases

For electron-rich substrates, nature usually uses flavin-dependent halogenases or haloperoxidases for chlorination, bromination, or iodination [(1 and 2), Scheme 3.5]. For electron-deficient molecules such as alkanes, mononuclear iron halogenases are often applied for halogenation [(3), Scheme 3.5] [[1215]]. On the other hand, fluorination relies on a nucleophilic substitution mechanism [[16, 17]].


Scheme 3.5 Enzymatic halogenation.
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3.1.2.3 Oxidation by Oxygenases

Oxygenases are categorized as either monooxygenases or dioxygenases, depending upon the insertion of one or both atoms of dioxygen into a substrate (Scheme 3.1) [[1820]]. For example, aromatic dioxygenases are important pathways in the degradation of aromatics into cis-dihydrodiols (Scheme 3.6) [[21, 22]]. However, dioxygenation may also take place in the absence of cofactors [[2325]].


Scheme 3.6 C–H activation by oxygenases.
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3.1.2.4 Peroxidases

The active site of peroxidases may involve a heme unit, selenium, vanadium, and manganese. These enzymes catalyze a wide range of oxidations using H2O2 as the oxidant for hydroxylation of arenes, oligomerization of phenols and aromatic amines, epoxidation of olefins, and so on (Scheme 3.7) [[2628]].


Scheme 3.7 Enzymatic oxidation by H2O2.
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3.1.3 Enzymes for C–C Formation

3.1.3.1 Aldolases

Aldolases catalyze C–C bond forming reactions with simultaneous creation of multiple functional groups and chiral centers, which have been used to prepare a wide range of carbohydrates such as azasugars, cyclitols, and densely functionalized chiral molecules (Scheme 3.8) [29].


Scheme 3.8 C–C bond formation catalyzed by aldoalses.
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3.1.3.2 Oxynitrilases (Hydroxynitrile Lyases)

Hydroxynitrile lyases or oxynitrilases catalyze C–C bond formation between aldehydes and a cyanide source to produce optically active (R)- or (S)-cyanohydrins (Scheme 3.9), versatile building blocks for chiral compounds [[30, 31]].


Scheme 3.9 Enzymatic synthesis of chiral cyanohydrins.
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3.1.4 C–X (X = O, N, etc.) Bond Formation or Cleavage

3.1.4.1 Glycosyltransferases

Glycosyltransferases accept activated sugars such as uridine diphosphate (UDP) or glycosyl phosphates as monosaccharide donors under either retention or inversion of the configuration at the anomeric center (Scheme 3.10, only inversion scenario shown). Many promiscuous glycosyltransferases have been discovered to prepare oligosaccharides and glycosylated natural products, which are otherwise difficult to obtain [[3235]]. For large-scale production, several methods have been developed to recycle released nucleotide monophosphate (NMP) or nucleotide diphosphate (NDP) [[36, 37]].


Scheme 3.10 Enzymatic glycosylation.
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3.1.4.2 Glycosidases

Glycosidases catalyze the cleavage of glycosidic linkages via an oxonium intermediate or transition state similar to acid-catalyzed hydrolysis of glycosides under either retention or inversion of the configuration at the anomeric center (Scheme 3.11) [38]. Glycosidases catalyze synthesis of glycosides under either equilibrium-controlled conditions or kinetic-controlled conditions [[3941]]. In the former case, the reaction is designed to shift the equilibrium toward the product, for example, by adding organic solvents. In the latter case, activated glycosyl donors, such as di- or oligosaccharides, aryl glycosides, or glycosyl fluorides are used.


Scheme 3.11 Hydrolysis of carbohydrates.
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3.1.4.3 Nitrilases

Nitrilases catalyze the conversion of nitriles to carboxylic acids and NH3 through a cysteine residue in the active site [42]. Nitrilases are “green” catalysts for the synthesis of a variety of carboxylic acids and derivatives (Scheme 3.12) [[4345]].


Scheme 3.12 Enzymatic hydrolysis of nitriles.
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3.1.4.4 Nitrile Hydratases

Nitrile hydratase (NHase) catalyzes the hydration of nitriles to produce amides (Scheme 3.13) and have been used in the industrial production of acrylamide and nicotinamide. They are roughly classified into iron and cobalt types on the basis of the metal ions in the active site [[4648]].


Scheme 3.13 Hydration of nitriles to give amides.

[image: 3.13]


3.1.4.5 Epoxide Hydrolases

Epoxide hydrolases catalyze the hydrolysis of epoxides to give chiral diols or triols (Scheme 3.14) [[4952]].


Scheme 3.14 Enzymatic hydrolysis of epoxides.
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3.1.4.6 Cyclases (Acyltransferases)

Macrocyclic motifs are often essential for a natural product's biological properties. Macrocyclization is usually carried out by cyclases toward the end of chain elongation. For example, in the biosynthesis of antibiotic tyrocidine A, a linear enzyme-bound decapeptide is cyclized via an intramolecular SN2 reaction between the N-terminal amine nucleophile and the C-terminal thioester [(1), Scheme 3.15] [53]. This cyclase has great versatility. Not only does it catalyze the formation of macrolactams of ring sizes from 18 to 42 atoms with excellent catalytic efficiency, but also four amino acids [Asn, Gln, Tyr, Val, (2), Scheme 3.15] can be replaced by polyketide (PK) moieties, leading to the production of hybrid peptide/polyketide (PP/PK) cyclic molecules [[54, 55]]. In contrast to chemical macrocyclization, no protection was required for the linear precursors.


Scheme 3.15 Enzymatic macrocyclization.

[image: 3.15]


Cyclases are also responsible for formation of macrocyclic depsipeptides and lactones scyclization. For example, a di-domain excised from fengycin synthase was able to catalyze the formation of a macrolactone through the formation of a C–O bond [56]. Several cyclases have also been characterized to be functional including the epothilone D cyclase [[57, 58]] (Scheme 3.16).


Scheme 3.16 Enzymatic hydrolysis of epothilone D.
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3.1.4.7 Enzymatic Heterocyclization

Heterocycles are common in natural products and may occur as single, tandem, and multiple moieties (Scheme 3.17) [[5961]]. An oxazoline was usually formed from a dipeptide containing serine in the second position upon dehydration (Scheme 3.17) [62]. Biosynthesis of a thiazoline from cysteine and a 2-methyl oxazoline from threonine follows a similar mechanism. These heterocycles can be further modified to form thiazolidines/oxazolidines upon reduction or thiazoles/oxazoles upon oxidation.

A different mechanism was adopted in the biosynthesis of cyclic polyethers such as momensin, where the cascade polyether formation is triggered by epoxidation of a polyene template (Scheme 3.18) [63]. Similar mechanisms are probably used to make other polyether antibiotics containing tetrahydrofurans and tetrahydropyrans [64].


Scheme 3.17 Biosynthesis of N-heterocycles.

[image: 3.17]



Scheme 3.18 Biosynthesis of heterocyclic polyethers.
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3.1.4.8 Methyl Transferases

Methyl transferases accept a wide range of nucleophiles such as halides, amines, hydroxyls, and enolates [(1 and 2), Scheme 3.17] [[6567]]. For example, in the biosynthesis of novobiocin, methylation takes place at only one phenolic carbon and not at the remaining three hydroxyl groups [[68, 69]]. On the other hand, methyl transfer to electron-deficient substrates often occurs under radical mechanisms requiring methylcobalamin as the cofactor as shown in the biosynthesis of fosfomycin, where only one of the two enantiotopic hydrogen atoms was replaced by the methyl group (Scheme 3.19) [70].


Scheme 3.19 Enzymatic methylation.
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3.2 Strategic Synthetic Applications

3.2.1 Retrosynthetic Biocatalysis

In order to claim new intellectual properties, cut steps, and increase greenness, it is essential to integrate biotransformations into chemical transformations at the retrosynthetic level [71]. For example, chemically, atorvastatin, the API of Lipitor®, can be prepared from a diol (“side chain”) and a diketone precursor by Paal–Knorr reaction (Scheme 3.20). The side chain is the most expensive piece because of two chiral centers. The first-generation chemical manufacturing process is lengthy requiring two cryogenic steps. On the other hand, this piece can be prepared by either an aldoalse-catalyzed sequential aldol reaction from two aldehydes (pathway a, Scheme 3.20) [[7274]] or a potentially KRED-catalyzed reduction of a 3-ketoester (pathway b, Scheme 3.06) obtainable chemically from a 3-hydroxyester, which can be synthesized from a bis-nitrile under nitrilase or 3-ketoester under KREDs [[7577]].


Scheme 3.20 Retrosynthetic analysis of atorvastatin.
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In another example, pregabalin can be prepared from a number of biocatalytic routes (Scheme 3.21) [[7880]]. In pathway a and b, the amino group is derived from a nitrile precursor, which can be prepared highly stereoselectively from either a diester using a lipase or a bis-nitrile using a nitrilase. Alternatively, the amino group can be obtained under Hoffman degradation from an amide, which can be obtained enzymatically from a diester by enzymatic desymmetrization.


Scheme 3.21 Retrosynthetic analysis of pregabalin.
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3.2.2 Optimization of Biotransformations

Once a biocatalytic route is designed and leading biocatalysts are selected from comprehensive screening of a diverse enzyme library, it is often essential to optimize the biotransformation step, where reactivity, selectivity, inhibition, and deactivation have to be thoroughly studied [81]. In some cases, substrates can be redesigned to accommodate the function of enzymes without sacrificing process efficiency, while in other reactions, engineering can be applied or enzymes need to be immobilized. In many cases, the biocatalysts have to be evolved to improve reactivity, selectivity, or stability.

3.2.2.1 Substrate Modulation

One strategy to improve process efficiency is to modify substrates not ideal for biocatalysis without sacrificing the overall process efficiency. For example, a different protecting group may significantly change the reactivity, solubility, and lipophilicity of a molecule leading to high selectivity or reactivity during biotransformations. To optimize biocatalytic reactions, substrate modulation can be a much faster and economic approach to the enzyme-directed evolution approach. For example, in the synthesis of 3,3-difluoro-4,4-dimethylproline, a key precursor for an HIV protease inhibitor, only Subtilisin carlsberg was identified to be active from a library of over 150 hydrolases if the nitrogen is protected by a Boc group (Scheme 3.22) [82]. The reaction was slow requiring 4–5 days even under a low substrate loading of 10 g/L. However, by replacing the Boc group with benzyl, pig liver esterase was selected from the same enzyme library, which catalyzes the kinetic resolution with excellent resolution efficiency: substrate loading 100 g/L, 44% yield, >99% ee, 24 h.


Scheme 3.22 Enzymatic resolution of an ester with different protecting groups.
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3.2.2.2 Solvent Tuning

For enzymatic catalysis, reaction media including pH, solvent types and contents, and other additives often have a profound effect on protein conformation. Therefore, it is often crucial to apply this principle for biotransformation process optimization. For example, in the resolution of a racemic mixture of the cis- and trans-diastereomers, initial screening of a large library of hydrolases produced only one hit: Candida antarctica lipase B with a poor E-value of 10 [83]. Through extensive solvent screening and pH optimization, the E-value was improved to >100 in the presence of 40% acetone (Scheme 3.23). Preliminary 2D-TROSY NMR study using N15-labeled C. antarctica lipase B indicated that the dramatic solvent effect was probably caused by a global conformational change of the enzyme [83].


Scheme 3.23 Solvent effect in enzymatic resolution.
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3.2.2.3 Enzyme Inhibition and Deactivation

At high substrate or product concentration, enzymes can often be inhibited or deactivated. In some cases, substrate inhibition can be overcome by substrate absorption or a continuous process, where a substrate is converted to its corresponding product under a short residence time [[8486]]. On the other hand, product inhibition is often more challenging. For example, a careful study showed that a catalytic amount of calcium acetate can be added to remove product inhibition in a process to produce pregabalin [79].

3.2.2.4 Directed Evolution

Directed evolution is an important part of the integrated solution when the best wild-type enzyme cannot deliver process metrics after comprehensive screening and optimization. Over the past five years, directed evolution has proved to be a robust technology to improve enzyme function. As more and more practical and high-throughput enzymatic assays are established, the time required to implement this technology has been shortened significantly and often, more than 10–30-fold improvement in reactivity and enantioselectivity can be achieved within 6–12 months. While this timeline may not fit well for drug molecules at preclinical or early clinical stages where time is often a constraint, directed evolution can be integrated efficiently to process development for compounds in late stages or on the market. For example, in the development of a nitrilase-catalyzed synthesis of (R)-4-cyano-3-hydroxybutyric acid, a key intermediate in the current manufacturing process of Atorvastatin (Scheme 3.24), the wild-type nitrilase identified from the initial screening has an enantioselectivity (ee) of 88% under a loading of 3 M of the substrate [87]. Directed evolution using gene site saturation mutagenesis (GSSM) was used to improve the stereoselectivity of the lead enzyme and a Ala190His single mutation resulted in an excellent enantioselectivity of 99% under the same substrate loading [76].


Scheme 3.24 Engineering nitrilase for synthesis of atorvastatin side chain.
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In addition to random mutagenesis, where it is often time consuming to screen a large library of enzyme mutants generated from directed evolution, semirational approaches can also be used to build a high-quality, focused library. If two enzymes have high sequence homology, a homologous 3D model for an enzyme, whose structure is unknown, can be constructed from protein structures solved by either crystallography or NMR. Docking programs can then be used to guide a subset of amino acids for mutations [[28, 88, 89]].

3.2.2.5 Metabolic Engineering

Recent advances in metabolic engineering, combinatorial biosynthesis, system biology, and synthetic biology has led to the development of cells suitable, with engineered pathways, for industrial-scale applications in the energy, chemical, and pharmaceutical industries. For example, shikimic acid is a key intermediate for the production oseltamivir phosphate, the API of Tamiflu® (Scheme 3.25), used as part of the prevention plan against an influenza pandemic. Through metabolic engineering, a genetically engineered Escherichia coli strain was developed to produce shikimic acid in 33% yield with a titer of 84 g/L from glucose [[90, 91]].


Scheme 3.25 Synthesis of shikimic acid through metabolic engineering.
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3.3 Case Studies: “Green” Synthesis of Pregabalin, API of Lyrica

Enzymatic catalysis can achieve high regio- and stereoselectivity under mild conditions in water, allowing green processes to be developed with significant cost advantages over chemical approaches. For example, pregabalin was developed by Pfizer to be a more potent successor to gabapentin and was launched first under the brand name Lyrica® in 2004. The compound is used in the treatment of peripheral neuropathic pain as adjunctive therapy for partial seizures resulting from epilepsy and fibromyalgia. It is one of the fastest growing drugs with a worldwide sale of over $2.0 billion in 2008. The first-generation route for the production of pregabalin involves diastereomeric resolution of a racemic γ-amino acid, which was prepared from a racemic cyanodiester (CNDE) after hydrolytive decarboxylation followed by hydrogenation under Raney-Ni (Scheme 3.26) [92]. In order to achieve high optical purity (>99.5%) for the final API, (S)-mandelic acid resolution was followed by another step of recrystallization in THF/H2O, which has a combined two-step yield of only 25–29%. As a result, the total yield for this process is only 18–21%. Since the undesired enantiomer could not be recycled, poor process efficiency leads to high usage of raw materials, solvents, and energy. For example, over 70% of all process materials before the resolution were ultimately turned into wastes.


Scheme 3.26 Synthesis of pregabalin by chemicla resolution.
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To overcome these issues, several alternative rotues were developed. For example, a two metal-catalyzed process was developed where the key transformation involves asymmetric hydrogenation of a t-butylamine salt, which was prepared from a Baylis–Hillman adduct followed by Pd-catlyzed carbonylation under high pressure (Scheme 3.27) [93]. Though the overall yield is much higher, the process requires special high-pressure reactor. Moreover, since the homogeneous catalyst is expensive, its loading usually cannot be higher than 0.1%, which often leads to issues related to process robustness as a result of catalyst poisoning due to impurities in the substrates, reactor, or air (oxygen, water, etc.).


Scheme 3.27 Synthesis of pregabalin under asymmetric hydrogenation.
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Another process was developed using enzymatic resolution, which took place in the first step and the undesired enantiomer could be easily recycled (Scheme 3.28) [[79, 94]]. Regio- and stereospecific hydrolysis of CNDE led to a mono acid with 45% conversion and >98% ee. After decarboxylation, the resulting mono ester was telescopically hydrolyzed to give the final product upon hydrogenation.


Scheme 3.28 Biocatalytic synthesis of pregabalin.
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In comparison with the first chemical resolution process, it is projected that, between 2007 and 2020, the enzymatic synthesis is expected to eliminate [[94, 95]]:


	185,000 tons of solvent, an 88% reduction

	4800 tons of mandelic acid, a 100% reduction

	1890 tons of Raney nickel catalyst, an 85% reduction

	10,000 tons of starting material, a 39% reduction



3.4 Conclusion

Biocatalysis is well suited for the development of green chemical processes as a result of ready access to GenBank and enzymes capable of catalyzing a wide range of reactions, and a wide range of strategies for imporving enzyme functions. The key is to integrate biotransformations into the toolboxes of chemical transformations at the retrosynthetic level to reduce the consumption of solvents, raw materials, and energy.
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Lipase Abbreviation M (kDa) Specificity
Porcine pancreatic lipase PPL 50 sn-13
Candida rugosa CRL 60 Nonspecific
Candida antarctica B CAL 60 sn-13
Geotrichum candidum GCL 60 Cis-9,10-
Humicula lanuginosa HLL 30 Nonspecific
Rhizomucor mihei RML 30 sn-1,3
Aspergillus oryzae AOL

Penicillium camemberti PEL 30 sn-1,3
Rhizopus delemar RDL 41 sn-1.3
Rhizopus oryzae ROL 41 sn-13
Rhizopus arrhizus RAL 41 sn-1,3
Pseudomonas glumae PGL 33 Nonspecific
Burkholderia cepacia PCL/BCL 33 Nonspecific
Chromobacterium viscosum CVL 33 sn-1,3-

M = molecular weight.
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Typical Operating Range

Chromatography Column®

Resin loading, g protein/L resin 10 20 50 100

kg water/kg product 1000 500 200 100
Ultrafiltration/diafiltration”

Protein concentration, g/L 10 20 50 100

kg water/kg product 1000 500 200 100

“Chromatography column: number of column volumes (CV) of buffer solution used is assumed to
be 10; typical range is 10-20 CVs.

PUltrafiltration/diafiltration: number of turn-over volume (TOVs) of buffer solution used is assumed
to be 10: typical range is 5-20 TOVs.
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Enzyme Class 2009 2007 2005 2003

1. Oxidoreductases (%) 32 34 2% 28
2. Transferases (%) 10 8 6 3
3. Hydrolases (%) 46 41 55 58
4. Lyases (%) 9 12 12 10
Isomerases (%) 3 2 2 1

6. Ligases (%) 0 1 0 0

An example of the percentage calculation: 34 of all presentations in 2007 dealt with oxidoreduc-
tases. The sum does not add up to 100% because some of the presented papers did not deal with
Bictrenafmation,.
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