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Abstract

Despite enormous progress in protein engineering, complemented by bioprocess engineering, the
revolution awaiting the application of biocatalysis in the fine chemical industry has still not be fully
realized. In order to achieve that further research is required on rapid methods for protein
engineering using machine learning, mathematical modelling of multi-enzyme cascade processes,
process standardization, continuous process technology, identifying improvements required to
achieve industrial implementation, downstream processing, enzyme stability modelling and
prediction as well as new reactor technology. In this brief mini-review the status of each of these
topics will be briefly discussed.
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Introduction

In Nature, enzymes catalyze chemical reactions in a highly efficient manner, making them of great
interest to organic chemists as a complementary tool to conventional heterogeneous and
homogenous catalysts. Unsurprisingly, therefore for the last 30 years interest in the field of
biocatalysis has grown continuously. Examples of the many reaction types that can be catalyzed by
commercially available enzymes have been reported and reviewed extensively (e.g. Schmid et al.
2001; Nestl et al 2011; Nestl et al. 2014). In contrast therefore this work will instead focus on the
major limitations found with many of these examples, and solutions required to help wider
implementation. The reader is directed to more specialist literature as necessary.

In general biocatalytic reactions operate under mild conditions (e.g. neutral pH and ambient
temperature and pressure) at high rates and with exquisite selectivity, making them of great interest
in particular for the development of sustainable chemical processes (Ni et al. 2014; Sheldon and Brady
2018; Sheldon and Woodley 2018). Over the past few decades the high selectivity of enzymes has
been used to great effect in the pharmaceutical industry, in particular to simplify many syntheses of
small-molecule active pharmaceutical ingredients (APls), by cutting the number of reaction steps



(Pollard and Woodley 2007; Devine et al. 2018). Today, several hundred processes have been
implemented in industry and the range of drugs to which biocatalysis has been applied has been
extended (Valeur et al. 2017), as well as the application of biocatalysis to drug discovery (Devine et al.
2018). Likewise, in recent years the application of enzymes to lower-priced fine chemistry has also
been more extensively investigated, in the hope of converting a petroleum-based industry into one
based on sustainable (renewable, cheap and available) feedstocks (Sheldon 2014; Straathof 2014).

However, using enzymes to help synthesize the lowest-priced chemicals (with a few exceptions) is not
easy because in Nature enzymes work mostly in water, at low concentrations and with kinetic
constants such that reactions can be well controlled (Bar-Even et al. 2011). Likewise natural
substrates do not always yield the most useful and valuable products. These challenges also need to
be addressed in the pharmaceutical industry, especially as commercial pressures grow.

In order to solve such problems, enzymes need to be modified from their natural function and
environment, via protein engineering, using a combination of rational, semi-rational and directed
evolution approaches. Altering the size of active site pockets, swapping amino acids around the
entrance to the active site, as well as other amino acids (sometimes distal from the active site) can all
be used to tune enzyme activity to non-natural substrates and give improved stability under non-
natural conditions (Turner 2009; Strohmeier et al. 2011; Bornscheuer et al. 2012; Liszka et al, 2012;
Reetz 2016; Arnold 2018). Spectacular progress has been made in this field, but while such an
approach is a necessary prerequisite for effective implementation of a new biocatalytic reaction, it is
frequently not sufficient. In many cases bioprocess engineering is an essential complement to
biocatalyst modification. Here too significant progress has been made in recent years, briefly
summarized in Figure 1, where some of the major contributions in biocatalyst format design, reaction
and reactor design, as well as downstream process design, are listed.

Insert Figure 1 here

Nevertheless, many of these design methods still require further research and innovation. Indeed, the
revolution that awaits the fine chemical industry through the application of biocatalysis has still not
yet emerged. In order to achieve that, several bottlenecks need to be addressed and in this mini-
review, progress in each of these areas will be highlighted.

For reasons of clarity the challenges are divided between higher-priced products (such as
pharmaceuticals) and the lower-priced products (although not bulk chemicals, which is beyond the
scope here). The two groups have different implementation drivers and therefore different
requirements to ensure effective implementation in an industrial setting. A brief summary is given in
Table 1.



Insert Table 1 here.
Higher-priced products

The synthesis and production of the higher-priced products, such as pharmaceuticals, represents the
industrial sector in which biocatalysis has had the greatest impact to date. Here the processes take
advantage of the superb selectivity of enzymes, as well as their ability to work under mild conditions,
meaning that many processes can eliminate molecular protection and de-protection steps. In this way
the number of reaction steps can be cut and thereby processes simplified. Indeed the elimination of
process steps in the synthesis of APIs is one of the major drivers for implementation of enzymatic
reaction steps. Several hundred processes have been implemented to date, with a trend shifting
increasingly from resolution reactions (with a maximum yield of 50%, although very effective for
producing optically pure products) to asymmetric synthesis (with a maximum yield of 100%) (Lalonde
2016). For the synthesis of chiral alcohols (de Wildeman et al. 2007; Moore et al. 2007) and chiral
amines (Hohne and Bornscheuer 2009; Kohls et al. 2014; Ghislieri and Turner, 2014) the application of
enzymes has even become the preferred method of choice. Examples such as the very well-known
enzymatic syntheses of Atorvastatin (Ma et al. 2010) and Sitagliptin (Savile et al. 2010) set excellent
benchmarks to demonstrate what is achievable. Nevertheless, some challenges remain, as indicated
in the following sections.

e Speeding-up enzyme development. The complexity of the molecules in the pharmaceutical
industry means that a significant part of the early development work needs to be focused on
enzyme improvement via protein engineering. Without such work, a given (wild-type) enzyme will
have little (or no) activity against large, non-natural substrates, meaning large amounts of protein
are required. In order to speed-up the enzyme improvement process it is necessary to use
structural knowledge to guide protein engineering (Wijma et al. 2013). The need for ever greater
speed is clear, and has always been a major driver in pharmaceutical process development, but a
significant challenge now lies ahead for biocatalysis (Truppo 2017). Nevertheless, it seems highly
likely that artificial intelligence and machine learning methods will be used to revolutionize this
process (Yang et al. 2018). Additionally, new equipment capable of high throughput workflows will
also be required such as the use of microfluidic droplet sorting (Kintses et al. 2010), also coupled
to advanced and generic analytical methods such as mass spectrometry (Diefenbach et al. 2018).

e Modelling cascades. A second key challenge concerns the need to address cascade processes in a
more systematic manner. Cascade processes, using multiple enzymes in sequential, parallel or
orthogonal networks are an excellent way to capitalize upon a special feature of biocatalysis: that
many enzymes function under mostly similar conditions of pH and temperature. In recent years
many cascades have been proposed and experimentally tested, as it becomes clear this is the way
to truly build novel synthetic schemes to existing or novel products (Simon et al. 2013; Tauber et



al. 2013; Wang and Reetz 2015; Sigrist et al. 2015; France et al. 2017; Schrittwieser et al. 2017;
Aalbers and Fraaije 2017; de M Silva et al. 2018). However, despite the excellent experimental
proofs-of-concept, the challenge remains how to operate such processes in an optimal way, to
minimize enzyme use, and maximize productivity. Here it is clear that the effect of an entire
cascade on kinetics and thermodynamics needs to be identified (Palacio et al. 2016). The use of
mathematical modelling tools is a powerful technique to assist here. A number of groups are
starting to address this problem (Findrik et al. 2014), although the selection of the objective
function itself remains difficult.

Process standardization. A characteristic of pharmaceutical process development is the high
attrition rate from initial molecular concept to launch. Indeed from several thousand molecules
initially of interest, just one will emerge as the final target. Therefore, at a very early stage the
synthetic methodology is largely irrelevant, whilst later a more robust strategy must be applied in
order to synthesize grams, and later kilograms of material for clinical trials. However, even at the
clinical trial stage the number of potential targets makes it hard to justify significant synthetic
development effort. One possible approach is therefore to standardize processes, while accepting
that not all molecules will fit the standard technology package. If 80% of molecules can be
processed then it is probably sufficient and will represent huge savings in scale-up time and
subsequent development efforts. This also matches with the need to use multi-purpose plant,
flexible enough to handle different substrates and enzymes.

Continuous process technology. Finally, in all areas of the pharmaceutical industry there has been
a major drive in recent years towards continuous processes. The motivations have been of
different types, but include the need to reduce the footprint of processes and improve on safety
concerns. Thereby it has been inevitable that interest has grown in the possibilities of using
biocatalysis in continuous processes (Tamborini et al. 2017; Britton et al. 2018). Unlike other areas
of biotechnology, where growing cells are used for the synthesis and molecular biology is used to
alter genes at the plasmid level, in biocatalysis since the synthetic machinery is used as a catalyst
(and therefore independent of cell growth (Klamt et al. 2018)), continuous operation looks very
attractive. Nevertheless, the prerequisite is sufficient enzyme stability (which will be discussed
further in the following section). In biocatalysis because temperature and pressure profiles are
rarely used in processes, the benefits of plug-flow are potentially not as obvious as for other
catalytic processes, although maintenance of a defined residence time still looks attractive and
operation in plug flow is also favored due to enzyme kinetics (which follow a mixed order rate
law). In general the supply of multiple phases (liquid-liquid or gas-liquid) in reaction tubes present
problems since channeling leading to imperfect plug-flow frequently occurs, resulting in poor
interphase mass transfer. Particular challenges arise with the supply of oxygen (which has an



especially low water-solubility) where a number of solutions have recently been proposed (Bolivar
et al. 2018).

Lower-priced products

For lower priced products, the drivers for industrial implementation are a little different, since the
economic potential of a given biocatalytic reaction becomes the major emphasis, rather than
development speed. This also means that it is necessary to understand the economic limitations, as
well as what it is possible to change in the process in order to make the reaction commercially viable.

Identifying what needs to be improved in a potential process. While the potential improvements
required (such as reaction rate or enzyme stability) of a given enzyme in a biocatalytic process can
be identified relatively easily, it is another thing to establish the extent of improvements required.
Preconceived notions about the importance of enzyme cost, frequently override the need for
improved product concentration, for example. Another misconception is that increasing space-
time yield (or productivity) is a limitation. In reality by adding a higher concentration of enzyme,
the rate can always be increased, up to a mass transfer limit. Two tools are very useful here to
help analyze the reaction. The first tool is to use a set of process performance metrics (economic
surrogates) in order to measure the process performance under given conditions. These metrics
(including reaction yield (gproduct/8substrate), Productivity (8product/ Lreactor-Nreaction time), Product
concentration (gproduct/ Lreactor) @and biocatalyst yield (gproduct/8biocatalyst)) €an be used to quickly assess
the performance of a laboratory process, and evaluate what improvements are required for
industrial implementation. The second tool is to benchmark these metrics against industry
standards. This helps establish to what extent improvements are required. Providing a target in
this way can enable a research and development plan to be designed to reach suitable metrics for
commercialization, prior to scale-up. Suitable software is still lacking to do this effectively and
indeed there could be significant value in building a database of economically feasible cases, to
assist benchmarking. The use of the process performance metrics also overcomes the often
unknown relationship between reaction performance and process economy. Especially when new
products are produced using biocatalytic methods, unknown product market and value make this
particularly difficult. Likewise sustainability assessments will increasingly be required in the future,
as more emphasis is placed on other implementation measures, aside from economics. This
becomes even more important for bigger volume (low-priced) products. Whilst some progress has
been made here using life cycle analysis (LCA)(Nielsen et al 2007; Kim et al. 2009; Ni et al. 2014), a
simplified (and standardized) approach agreed by all would assist enormously. In many cases the
feedstock, use of water and use of enzyme dominate such analyses, again emphasizing the
importance of the process performance metrics to measure reaction yield, productivity, product
concentration and biocatalyst yield, as a first indicator of sustainability.



Downstream processing. A second major challenge is in the area of downstream processing. It is
widely recognized that the use of water as a reaction medium, means that recovery is particularly
problematic. First many of the most interesting products are poorly water-soluble so they are
present at low concentrations in the vicinity of the enzyme. Additionally the water in the reactor
eventually needs to be removed in order to concentrate the product. Without this concentration
step, the downstream process becomes too large and expensive to commercialize. The high
boiling point of water means that concentration by evaporation is expensive, especially since the
reactions usually take place at ambient conditions. Much more research is required into
downstream recovery to establish generic recovery approaches, especially since a further issue is
that in many cases product molecules are very similar to substrate molecules. For example, with a
single functional group change in a reaction it is hard to find properties to differentiate sufficiently
product form substrate to enable an efficient separation. A particular topic of importance includes
the avoidance of emulsification from two-liquid phase systems. Indeed the formation by soluble
enzyme acting as a surfactant at the liquid-liquid interface is common at high biocatalyst loadings,
and potentially leads to significant losses in the subsequent product recovery. Likewise systematic
methods for solvent selection for extraction are required as well as enzyme recovery for
subsequent recycle. Alternative reaction media should also be further investigated. The removal
of the product from the reaction site, as it is formed, termed in situ product recovery (ISPR),
comes with a number of benefits (van Hecke et al. 2014). ISPR involves the simultaneous removal
of product during the reaction, such that the reactor can operate in a semi-continuous mode.
Hence a lower product concentration can be used, resulting in a higher productivity (overcoming
inhibition effects). More complex options, incorporating substrate supply can also be considered
(Leis et al. 2017). Some excellent examples illustrate many of the requirements for ISPR, but still
systematic methods to guide implementation are missing.

Enzyme immobilization. The use of immobilized enzymes has been a topic of research for much of
the last 30 years in biocatalysis, and yet with a few notable exceptions it has proven much harder
to scale-up such technology. That is somewhat ironic, given that this was a technique developed
with scale-up in mind. The original motivation was to ensure a clean downstream process, later to
improve separation and later still to assist enzyme stabilization. Today the cost of enzymes is
much reduced thanks to recombinant DNA technology, improved enzyme expression, secretion
and improved recovery operations. Nevertheless for low-priced products the need remains for
higher levels of stability and enzyme recycle, to reduce the cost contribution of the enzyme. In
particular, immobilization has an important role in flow biocatalysis (Bolivar et al. 2017; Thompson
et al. 2018; Bohmer et al. 2018) so that packed beds in plug flow mode can be used. Likewise it is
important to understand how to operate such systems in an optimal way, including optimization
of the amount of protein that can be loaded (Fernandez-Lopez et al. 2017), whilst avoiding



diffusional limitations. Many challenges remain here, especially in choosing generic
immobilization methods, which are cheap and scalable, as well as evaluating reactor
configurations at larger scale (where pressure drop can be a limitation in packed beds).

e Enzyme stability modelling and prediction. Kinetics and thermodynamics can be measured
relatively easily in the laboratory and with sufficient data parameters can be fitted to
mechanistically-based equations. Such models are sufficiently well understood that they can be
used to predict process performance under different conditions, and therefore prove invaluable
for design of processes, based on laboratory data. However, achieving this is much harder for
enzyme stability measurements. Although progress has been made in the field, too few are
actively engaged in developing new technology to automate well-designed enzyme stability
measurements and thereby distinguish effectively between thermodynamic, kinetic and
operational stability (Polizzi et al. 2007; Bommarius and Paye 2013). Effective mathematical
models which describe enzyme stability under different conditions are of great importance to
predict the biocatalyst yield (total amount of product produced for a given loading of biocatalyst)
and thereby the cost contribution of the biocatalyst to the final operating costs. This is one of the
very important roles of mathematical modelling, especially in a field like bioprocess engineering.

e Enzyme reactor technology. For lower-priced products, process plant and equipment will be
mostly dedicated (to the production of a single product) and this can also provide an opportunity
for novel reactor design. One of the most important reactions in organic chemistry is oxidation.
Biologically mediated oxidation is a growing and important area of technology for the future
(Turner 2011; Tan et al. 2018; Dong et al. 2018; Liu et al 2018), due to the possibility of using a
harmless oxidant, renewable catalyst and with reduced waste. Nevertheless since oxygen has a
very low water-solubility (the likely medium for enzyme reactions), it presents several challenges
for effective operation. This represents an excellent example where reactor technology can help
with implementation (Bolivar et al. 2018).

Summary

The award of one half the 2018 Nobel Prize for Chemistry to Frances Arnold, for developments in
enzyme engineering, is a fitting landmark in the development of the biocatalysis research field. We
have now learnt that improvements need to be made to the enzyme, such that it can fit the
requirements of a given process, rather than the other way round (see Figure 2).

Insert Figure 2 here

Nevertheless this is just the first step, since next we need to use structural knowledge (and potentially
machine learning) to speed-up this process. Likewise the design improvements required of
biocatalysts should be informed by process economic requirements.



Enormous progress has been made in the last decades, and with the help of further research, as well
as technology developments (See Table 2) the route to implementation will become clear.

Insert Table 2 here

Finally the major challenge ahead will lie in convincing others of the power of this technology. Hence
sustainability analyses, alongside economic analyses will be required, together with further published
benchmarking and demonstration examples.

While the targets suggested here are all important for the future, the increasing shift towards
sustainability, alongside economy will likely see an ever increasing part of the chemical industry
impacted by biocatalysis. This will raise one final issue, the need to integrate biocatalysis with chemo-
catalysis (Rudroff et al. 2018), as well as the need for retrosynthetic tools, building on already recently
proposed methods (Turner and O’Reilly 2013; Green and Turner 2016; Honig et al. 2017; de Souza et
al. 2017).
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Figure captions

Fig. 1 Bioprocess engineering developments in the field of biocatalysis. Example references: 1. Bolivar
et al. 2017, Bohmer et al. 2018, Thompson et al. 2018; 2. Hollmann et al. 2010, Truppo 2012, Paul and
Hollmann 2016; 3. France et al. 2017; de M Silva et al 2018; 4. Findrik et al 2014; 5. Britton et al 2018;
Tamborini et al 2018; 6. Cantone et al. 2007; 7. van Hecke et al. 2014.

Fig. 2 The new design paradigm by designing the biocatalyst to match the process, in order to ensure
process performance metrics can be reached. Figure based on concepts presented in Burton et al.
2002 and Woodley 2017.
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Table 1 Biocatalytic synthesis product classes and their characteristics.

Characteristic

Low-priced products

High-priced products

Example price range

3 to 20 USD/kg

100 to greater than 1000
USD/kg

Implementation driver

Economy

Speed of development

Plant

Dedicated

Multi-purpose

Biocatalysis implementation
driver

Sustainable feedstocks and
conversions

Reduced number of process
steps and sustainability of
conversions
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Table 2 Examples of potential future research and technology requirements to accelerate the

implementation of biocatalysis in industry.

Driver

Research
requirements

Technology requirements

e Speeding-up enzyme
development by better
protein engineering

e Increased use of structural
information guided by Al and
machine learning

e Integration with process
requirements

e Equipment for high
throughput workflows

e Systematic optimization of
enzymatic cascades

e Mathematical models of
thermodynamics and kinetics
of cascades

e Process standardization

e Standardized process
modules

e Continuous process
technology

e Optimization and scale-up
methods

e Multiphasic operation

e Identifying what needs to be
improved in a potential
process

e Software to facilitate
application of process
performance metrics

e Standardized methods for
sustainability analysis and
assessment

e Downstream processing

e Extraction and recovery
schemes

e Enzyme recovery and recycle

e |SPR

e Enzyme immobilization

e Immobilization protocols

e New immobilization
supports

e Enzyme stability modelling
and prediction

e Stability modelling

e Automated stability
measurement equipment

e Enzyme reactor technology

e Oxygen supply equipment
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Figure 1
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Figure 2

Process design to match biocatalyst

N

Process

properties
Biocata!yst (Reactor
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