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1.1 Introduction

Biocatalysis has had a significant impact on the synthesis of active pharmaceutical
ingredients (APIs) in recent years. The main driver for this is the ability to harness the
regio- and stereoselectivity of enzymes to improve the efficiency of synthetic routes.
For example, enzymes can offer direct access to enantiopure products, where traditional
organic synthesis would require either resolution or the use of auxiliary groups [1], whilst
enzymes applied in manufacture have improved syntheses or generated molecules that
would otherwise be either impossible or impractical to synthesise. Other factors supporting
the adoption of enzymes in the synthesis of APIs include:

e Reduced manufacturing costs: The selectivity of biocatalytic processes often results
in fewer overall processing and purification steps, reducing labour and material
requirements.
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e Environmental sustainability: Traditional organic solvents and reagents raise environ-
mental concerns. Enzymes often function in aqueous solutions using natural biochemical
co-factors as reagents, providing environmentally friendly and operationally safe alter-
natives to traditional chemical transformations.

o Sustainable supply: Enzymes fulfil sustainability principals [2]. They are produced
from microbial fermentation — a renewable feedstock requiring simple sugars to grow —
and are themselves biodegradable.

o Simplified drug manufacturing: The increasing complexity of APIs and the need to
implement new products has ramped up the pressure to find new synthetic strategies
to simplify the way drugs are made. Additionally, GlaxoSmithKline’s (GSK) focus on
making medicines broadly accessible across the globe requires economical manufacture
of APIs and contributes to the drive for simplification of manufacturing processes.

e Quality: Regulatory pressures from government agencies to maintain high API quality
standards whilst reducing carbon emissions drive the use of biocatalysis to harness the
high regio-, chemo- and stereoselectivity offered.

e Accessibility: Technology advances such as next-generation sequencing and directed
evolution have simplified biocatalysis adoption.

Early attempts to embrace biocatalysis relied on identification of native microorganisms
and enzymes capable of catalysing the desired transformation with exquisite selectivity
under the required process conditions. This represented a significant barrier, as an enzyme’s
natural sensitivity and substrate specificity often were not compatible with manufacturing
process conditions, where solvent concentration, temperature and pH, for example, are
often out of a typical physiological range. Early protein engineering attempts to overcome
these challenges largely involved generating structure-guided, rational mutations to an
enzyme’s primary sequence through site-directed mutagenesis.

Advances in the directed evolution of proteins, however, have facilitated, greatly
accelerated and enabled the wider-scale implementation of biocatalysis by providing an
accessible means of producing fit-for-purpose enzymes and increasing the overall speed
of enzyme engineering [3]. Directed evolution can be used to tailor multiple enzyme
properties that historically challenged the uptake of biocatalysis, rapidly alleviating
problems with properties such as activity, specificity, expression, thermostability and
tolerance to process conditions. This ability to engineer biocatalytic enzymes has been a
boon to all fields of chemical manufacture, including pharmaceuticals.

Despite all the technological advances and positive trends, adoption of industrial-scale
biocatalytic processes has been generally slower than expected. This is mainly due to the
fact that small-molecule drug manufacturing processes are far from simple and efficient;
development of a small-molecule screening hit to a commercial product takes around 10-15
years [4]. Recently, in GSK, there has been a focus on adopting biocatalysis by first intent,
rather than as a second- or third-generation process. This aids in the reduction of costs asso-
ciated with filing a new process post-approval, as well as reducing the resource requirement
over the lifecycle of the product [5]. As such, within GSK, we employ a unified technology
platform to deliver our portfolio [6].

In addition to flow chemistry (continuous primary) and chemical catalysis, biocatalysis
was identified as step-changer technology that would boost GSK’s ability to manufacture
APIs. To accelerate internal biocatalysis and enzyme engineering capability, in 2014,
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GSK in-licensed the CodeEvolver® platform from Codexis, a California, USA-based
biotechnology company. Internal investment in a team of scientists with expertise in
biocatalysis, directed evolution, molecular biology, sequencing and computational chem-
istry provided dedicated support and operation of this platform. In addition, specialised
theoretical and practical biocatalysis courses and workshops were organised for medicinal,
organic and process chemists, to increase awareness of biocatalysis and directed evolution
for synthetic chemistry applications. This training enabled scientists to identify potential
enzymatic opportunities in chemistry routes and creen available biotransformations.

This chapter highlights how the directed evolution of biocatalysts has delivered impact
for GSK, and contextualises this in the API manufacturing and drug development envi-
ronment, enabling understanding of the timelines required to deliver a robust and manu-
facturable biocatalytic process. The chapter also provides examples of success stories in
implementing directed evolution at GSK, and discusses the hurdles currently associated
with embedding biocatalysis and how the process may be further accelerated.

1.2 Drug Development Stages

To understand how biocatalysis fits into the pipeline, knowledge of the drug development
process is required. The journey from small-molecule screening to commercialisation of
a medicine starts with target selection and validation (Figure 1.1). During this process,
scientists gather evidence to support the role of a target (e.g. an enzyme in a biochemical
pathway or a receptor) in a given disease, and the potential therapeutic benefit of modu-
lating its function. The second stage is lead discovery, where the scientists seek molecules
capable of interacting with the target (hits), which can then be used as a starting template for
further optimisation. These hits are derivatised into synthetic small substrates called lead
molecules, which interact with the target and have additional qualities that give the team
confidence that they can be optimised to deliver a medicine (e.g. favourable target bind-
ing strength and selectivity). This process, from target selection to identification of lead
molecules, can take between 4 and 24 months.

During the lead discovery and optimisation stages, the attrition rate is very high, with
most compounds being discarded because of poor biochemical or biophysical properties.
The focus, therefore, is on the quick delivery of a large number of diverse compounds
using whichever chemistry works — making the adoption of biocatalysis more difficult at
this stage. As only small quantities of compound are required (mgs), techniques like chro-
matography and chiral resolution are considered acceptable, meaning that the selectivity
and process advantages offered by biocatalysis are less likely to be harnessed. In the identi-
fication of compounds with the desired pharmacological properties, however, biocatalysis
can still be a powerful tool at this stage, as it enables the synthesis of drug entities inacces-
sible by other chemistries.

Once several pre-candidate molecules have been selected, medicinal chemists can begin
to focus their effort on identifying biocatalysts that may provide a more efficient synthetic
step. Quick read-outs and fast delivery are required, meaning that enzyme hits (those iden-
tified as capable of performing the desired chemistry) need to be easily scaled to deliver
grams of material and allow delivery of product for further toxicological studies. Reactions
utilising non-process-ready biocatalysts (having low activity, poor stability or suboptimal
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Figure 1.1 A general drug discovery path overlapped with biocatalytic opportunities.
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selectivity) do not pose a significant problem at this stage, provided that the biotransfor-
mation affords product that meets the minimal quality criteria (e.g. chiral purity), since the
quantity of product that must be prepared is small. Due to the relatively small scale, several
of the downsides of non-process-ready enzymes can be easily mitigated (e.g. purification
to meet quality requirements or centrifugation to deal with high enzyme loadings), afford-
ing some flexibility around the biocatalyst properties. However, if the catalyst presents
challenges at this small scale (e.g. very low activity that cannot be reproduced on gram
scale, or poor selectivity) that would require engineering to overcome, it is unlikely that
the enzymatic step will be pursued as the high attrition of compounds means the resource
commitment to enzyme evolution is difficult to justify. One solution to this problem is
to increase the quality of the enzyme panels (collections of enzymes from various trans-
formation classes that are initially screened for desired biotransformation), and therefore
the likelihood of success on scale-up, by expanding the number and diversity of enzymes
within the panels — either by acquisition of new enzymes or through panel expansion with
engineered enzyme variants.

Once the few promising candidates have been selected, the drug journey continues with
preclinical evaluation, where compounds are assessed for toxicity and efficacy using a com-
bination of in vitro and in vivo animal models. With this data in hand, a decision is made as
to whether or not a compound will progress to phase 1 clinical trials — also called ‘commit
to first time in human’. During phase 1, which typically takes between 12 and 18 months,
batches of API are prepared for later dosing. The challenges that occur during API prepara-
tion can have a knock-on effect on clinical trials, causing them to slow or halt if drug supply
is inadequate. Keeping these trials on time is key to timely assessment of drug candidates
and ultimately to the delivery of approved medicines to patients. At this point, an ideal pro-
cess for delivery of API is not required, provided that product quality is maintained. For
assets in phase 1, the route employed by the medicinal chemistry team is usually scaled up
to provide API for toxicology studies. Although these processes are usually not suitable or
scalable for commercial-scale manufacturing, the time-critical nature of compound deliv-
ery and the small quantities required mean significant time isn’t usually invested in process
development at this stage.

Whilst API is being supplied using a non-ideal manufacturing process, route scouting
activities are undertaken concurrently to identify more appropriate long-term syntheses.
This is often where biocatalysis opportunities are identified and screened. At this point, the
hits from enzyme panel screening must provide a significant advantage over the previous
chemistry and provide API compound on a reasonable scale. Enzyme engineering becomes
feasible at this stage and can play an important part in assessing a route’s feasibility, impact-
ing route scouting and selection.

As development progresses and the asset heads towards phase 2, delivery of API for
clinical studies must occur concurrent with other process development activities. These
include:

e Discovery of new routes of synthesis and chemistries to facilitate this (route scouting)

e Optimisation and understanding of the chemical process

e Thorough understanding of parameters impacting drug substance and intermediates
quality
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Consideration of supply chain security for the process — that is, availability of starting
materials and reagents on the required scale

Transfer of the process to a full-scale manufacturing plant

Preparation of regulatory documentation to support file and launch

If found to be effective during phase 1, an asset reaches phase 2 trials — a process that can
take 2-3 years before commitment to medicine development. In addition to drug production
for future trials, it is also important that scale-up process strategy is considered during this
time. By now, the number of candidates has been reduced and route improvements driven
by introducing biocatalysis have been linked directly with API production. The biocatalyst
has been optimised to deliver a manufacturable process, but there is still room for further
improvement and fine tuning if certain criteria (such as cost of goods) have not yet been met.

In phase 3, extensive work is undertaken to identify the logistics surrounding the dis-
tribution of clinical supply to the investigator sites and to develop a robust commercial,
end-to-end supply chain to ensure continuity of both launch and long-term drug supply
to patients. By this time, in addition to optimisation of enzymes through engineering and
biocatalytic process development, a fermentation process for enzyme supply and the man-
ufacturing chain must be established.

Throughout the drug development phases, the aim is to generate a process that is safe,
operable and ultimately efficient. In this context, the decision to engineer an enzyme for
use in an API manufacturing route is complex, due to the time and resource commit-
ment required for protein engineering. It is often the case that either wild-type or panel
enzymes will satisfy the requirements of early, small-scale manufacturing campaigns of
nascent assets. However, once an asset is significantly advanced along the drug develop-
ment pipeline, it becomes increasingly difficult for enzymes to provide a manufacturable
process for larger-scale clinical supply campaigns. This is where directed evolution has a
large impact. As strategies and technologies develop to expedite the evolution process, it
becomes increasingly possible to adopt directed evolution earlier in the drug development
cycle. In the next section, we discuss how recent developments have helped with this aim,
and what future work is required to fully realise this vision.

1.3 Enzyme Panels

GSK has a significant number of panels, produced both internally and acquired from
external sources, which are continuously enhanced through evolution and addition of new
enzyme classes (Scheme 1.1).

A portfolio analysis reveals which transformations account for the most frequently used
chemistries within GSK [6]. Heteroatom alkylation and arylations, together with aromatic
heterocycle formations, make up approximately 40% of the portfolio. Functional group
interconversion, C-C bond formation and reductions, oxidations and protections are other
types of transformations frequently encountered. Focusing on enzymatic alternatives for
these transformations would have the most impact.

New enzyme panels are assembled using a diverse set of enzymes which have been iden-
tified through previously demonstrated activities or using predictive tools (Figure 1.2). In
some instances (e.g. lipases), a significant number of enzymes are already commercially
available, and therefore these panels comprise mostly enzymes from a commercial source.
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Although it is usually trivial to acquire larger quantities of commercial enzymes to facilitate
scale-up of any hits for a particular transformation, commercial enzymes can carry intel-
lectual property (IP) restrictions around their use for commercial-scale manufacture and
can cause supply-chain concerns as most are single-source. Additionally, it is not usually
possible to evolve a commercially-available enzyme without licensing agreements with the
source company.

For most other enzyme classes, there are very few, if any, commercially-available
enzymes available to screen. Although significant efforts are underway to change the situa-
tion, this often means that enzymes of the desired class must be identified by other means.
Panels are often assembled by acquisition of the genes encoding wild-type enzymes
reported to catalyse the reaction class of interest in the literature. In some cases, mutational
studies have also been conducted, and variants of these enzymes may also be acquired.

Bioinformatic tools are the key to the assembly of an enzyme panel, allowing identifica-
tion of additional putative enzymes from sequence databases based on similarity to known
enzymes of the desired class. The goal of a search is straightforward: to identify naturally
occurring enzymes that perform the same transformations but maximise their sequence and
structural diversity in hopes of maximising the substrate scope, as well as the pliability of
the enzymes to be evolved.

As with hit expansion for small molecules, enzymes identified in the literature are often
used as seeds for subsequent similarity searching against large annotated sequence datasets,
including those from Interpro [7], Uniprot [8], NCBI, PDB [9], CATH [10] and some
metagenomics collections [11]. In a standard approach, homologous sequences are iden-
tified and clustered, and each cluster’s functional annotations are examined. Homologous
protein structures are often included in the clustering step as they help in the identification
of the relevant clusters from which to sample. Selecting exemplars from the various clusters
is often the most challenging part of the process. In a typical scenario, candidates are
prioritised based on the availability of experimental annotations, starting with those with
experimental data or structures or coming from extremophile organisms. In the absence of
additional data, the remaining exemplars are chosen from a diverse set of clades that
maximise coverage of each cluster’s diversity. The HH-Suite toolset [12], maintained
by the Soeding group, provides great tools for identifying homologues, as well as
Mmseqs2 [11] and CLANS [13] for clustering. Phylogenetic reconstruction can be
performed using MEGA [14] or ETE3 [15] and their corresponding tree-reconstruction
and evolutionary-analysis workflows.

One way to improve this approach is to select for enzymes that exhibit similar active sites,
and thereby maintain activity and selectivity, by developing ‘fingerprints’ or protein-based
pharmacophores, sometimes referred to as PLIFs, which describe the residue composition
and positionality within the active site and the interactions with bound ligands [16]. Once
a fingerprint is created, it can be used to identify clusters of sequences that exhibit sim-
ilar active site makeups, which can then be prioritised for acquisition. The goal of this
approach is often to acquire enzymes that minimally perturb the active site but which sam-
ple diversity throughout the remainder of the enzyme. The method can also be extended to
sample diversity at specific positions within the active site. The success of this approach
hinges on the availability of experimentally determined structures from the structural fam-
ilies of interest. The approach also assumes that the active site can be unambiguously
identified.
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Beyond the acquisition of wild-type enzymes, it is also possible to leverage variants
produced in previous enzyme evolution campaigns to enrich a panel. As these evolved
enzymes are likely to have generally improved properties (e.g. activity, stability and expres-
sion) compared to wild-type enzymes, they can often provide hits more amenable to imme-
diate scale-up. These enzymes can be the result of in-house evolution, in-licensing of other
companies’ enzyme panels or from collaborations.

As these panels are used for the initial assessment of a biocatalytic transformation, it is
important to maintain a significant amount of sequence diversity within them, in order to
increase the likelihood that enzymes with the desired activity and selectivity can be identi-
fied for a wide range of substrates.

One example is the GSK IRED panel, where 85 IREDs were assembled from different
sources [17]. These wild-type variants were tested under industrially relevant conditions
using equimolar loadings of amine. Screening a diverse set of substrates, selected to cover
a broad chemical space, showed most enzymes were capable of driving reactions to com-
pletion (Scheme 1.2). Enzyme-dependent stereoselectivity was observed for many products
and successful scale-up was performed for several enzymes and substrates.

Reductive amination of keto acids represents another area where we focused our efforts
and successfully generated a small collection of enzymes that are very promising for the
synthesis of N-alkylated amino acids [18, 19]. Enzyme such as N-methylamino acid dehy-
drogenases (NMAADHSs, EC 1.5.1.1 and EC 1.5.1.21), ketimine reductases (KIREDs, EC
1.5.1.25) and A!-pyrroline-5-carboxylate reductases (PSCR, EC 1.5.1.2) have been shown
to deliver highly enantioselective alkylated products, further extending the scope of these
substrates (Scheme 1.3).

Following several successful in-house enzyme evolution campaigns, we have also con-
structed enzyme panels incorporating the best variants produced therein. One of the drivers
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Scheme 1.2 Reductive amination of ketones performed by imine reductases.
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Scheme 1.3  Successful synthesis of alkylation products via enzymatic reductive amination of
keto acids.

for this practice is that, by creating panels of robust enzymes with diverse activities, it
becomes more likely that a panel can be used directly without the need for further enzyme
engineering — greatly increasing the speed at which the biocatalytic process can be imple-
mented, and therefore increasing uptake across the portfolio.

GSK is also collaborating with various academics in the field with the purpose of contin-
uously expanding its portfolio of enzymes (e.g. halogenases, nitration enzymes, unspecific
peroxygenases, etc).

1.4 Enzyme Engineering

With high-quality enzyme panels in hand, it becomes possible to develop a manufacturable
process for an API using the hit from panel screening without the need for further enzyme
optimisation by either engineering or evolution. The definition of a manufacturable process
changes throughout the drug development cycle and becomes more stringent as the asset
matures and the quantity of API required increases — making it more likely that engineering
of a panel enzyme will be necessary to meet these needs. The specific process parameters
required for assets at each stage of development are complex, but the following list sum-
marises some key aspects that must be considered before committing to the evolution of an
enzyme:



