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Abstract: Enzymes have the potential to catalyse complex chemical reactions with unprecedented selectivity,
under mild conditions in aqueous media. Accordingly, there is serious interest from the pharmaceutical industry
to utilize enzymes as biocatalysts to produce medicines in an environmentally sustainable and economic manner.
Prominent advances in the field of biotechnology have transformed this potential into a reality. Using modern
protein engineering techniques, in a matter of months it is possible to evolve an enzyme, which fits the demands
of a chemical process, or even to catalyse entirely novel chemistry. Consequently, biocatalysis is routinely ap-
plied throughout the pharmaceutical industry for a variety of applications, ranging from the manufacture of large
volumes of high value blockbuster drugs to expanding the chemical space available for drug discovery.
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1. Introduction - Biocatalysis in the Pharmaceutical
Industry

Over millennia, nature has evolved enzymes to control and
conduct chemical reactions with exquisite chemo-, regio- and
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enantioselectivity. In this regard, these biocatalysts rival and sur-
pass even the best manmade catalysts. Furthermore, enzymes are
nontoxic, constructed of readily available, renewable, inexpensive
materials and are specially adapted to function in water and under
mild conditions, making them highly attractive tools for industrial
application.[!]

Since the dawn of history, humankind has harnessed the ad-
vantageous properties of enzymes, albeit indirectly, in food and
beverage production, through the fermentative activity of micro-
organisms. However, enzymes themselves were not recognized
as the active agent of these biologically mediated chemical trans-
formations until the mid-19" century and isolated enzymes were
not used until the early 20™ century.!?! In the first half of the 20
century industrial applications of enzymes were limited; the food
industry made use of polysaccharide hydrolysing enzymes,
while proteases and lipases were utilized in laundry detergent
manufacture.l*l The development of molecular biology techniques
in the 1970s paved the way for a new era; an era of biotechnolo-
gy. It is now possible to wield DNA and thus produce proteins in
the laboratory. This facilitated enzyme production, expanding the
number of enzymes available to the chemical industry. However,
the available wild-type enzymes suffered from an overall poor sta-
bility, low activity and limited substrate tolerance, which hindered
their industrial applicability, particularly for the production of fine
chemicals and pharmaceutically relevant compounds.5! Over the
last 50 years, the fledgling field of biotechnology has grown ex-
ponentially and it shows no signs of slowing down. Numerous
improvements in this area, encompassing developments in molec-
ular biology, structural biology, biochemistry and computational
biology have contributed to heightened interest in the field of bio-
catalysis, as reflected by the growing number of publications and
patents.l01 Chiefly, advanced protein-engineering techniques,
utilizing both rational and stochastic approaches, have made it
possible to manipulate the properties of enzymes. Scientists can
alter the specificity of an enzyme towards a select substrate, im-
prove its stability under challenging, unnatural conditions, which
favours industrial processes, and are able to generate enzymes
capable of novel chemistry. Essentially it is possible to evolve
enzymes that are fit for a specific process, rather than trying to fit
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the process to the available enzymes;!”! an important distinction
that broadens the industrial scope of biocatalysis, especially in the
pharmaceutical industry. The dogma that biocatalysis is resigned
to a few selected, highly specialized transformations was lifted
and a huge variety of different enzymes from different families and
classes are presently being used to catalyse a growing number of
reactions en route to the production of single enantiomer APIs.[8]
Furthermore, the environmental need to reduce waste, use fewer
toxic chemicals and focus on greener, more sustainable chemis-
try is paramount; a need for which enzymes are ideally suited to
provide a solution.['91 Therefore, it is foreseen that biocatalysis
will be at the forefront of the pharmaceutical industry for years
to come.

This review article aims to highlight how biotechnological ad-
vancement — especially protein engineering — has been integral in
realizing the potential of biocatalysis, and discuss the state-of-the-
art developments in biocatalysis throughout the pharmaceutical
industry.

2. Advances in Biotechnology have Empowered
Industrial Biocatalysis

Numerous technological advances in recent years have con-
tributed to the implementation of a greater number of biocatalyt-
ic synthetic methodologies within the pharmaceutical industry.
These advances, primarily in the areas of molecular biology and
bioinformatics have not only deepened scientists’ understanding
of the relationship between an enzyme’s sequence, structure and
its function, which is an important prerequisite for the rational
design of bespoke catalysts but also provided tools to rapidly
access novel enzyme sequences in a cost-efficient manner. The
combination of these new technologies constitute an intricate and
effective toolkit for the modern protein engineer and will be brief-
ly discussed below.

Next-generation DNA sequencing technology enabled the se-
quencing of entire genomes of organisms from all domains of life
and from different environments all over the world, providing a
plethora of new enzyme sequences.[!0 In parallel, improvements
in bioinformatics allow scientists to harness this vast amount of
information, to mine and analyse these data in the hunt for new
biocatalysts.[!!] Access to these newly identified genes has been
simplified and expedited due to developments in DNA synthe-
sis techniques.l'2l Commercial DNA synthesis services offer
synthetic DNA in an optimized format (codon optimization for
different expression hosts, removal of restriction enzyme sites,
etc.) quickly and at low cost. As such, it is seen as the preferred
starting point when acquiring new enzymes, compared with the
more hands-on approach of isolating DNA from exotic organ-
isms and cloning the gene of interest from the obtained genomic
DNA. Complementing the upsurge in the availability of sequence
information, there has been a steady increase in the number of
protein structures available; the RCSB Protein Data Bank (http://
www.resb.org) contains over 150’000 protein structures to date.
Given the inherent relationship between an enzyme’s primary
sequence of amino acids, its three-dimensional structure and its
function, the accrual of sequence and structural information has
empowered computational tools, which can be used to predict and
model enzymatic reactions and guide scientists in their search for
suitable enzymes.[!13] Nevertheless, these predictions are not per-
fect and it is often necessary to screen large numbers of enzymes
to identify candidates which are capable of the desired chemis-
try. Historically, such a task was laborious and time consuming.
However, improvements in high-throughput robotics and automa-
tion of liquid handling, sample analytics and even data analysis
permit the rapid and robust identification of the most promising
enzyme candidates.l'* In some cases, the activity of these wild-
type enzymes is sufficient to be utilized at scale in the chemical
process. More often, the enzyme is challenged with substrates it

has never encountered in nature and under reaction conditions for
which it has not evolved. In these cases enzyme performance can
be optimized through protein engineering.

Once an enzyme exhibiting measurable activity for a desired
reaction has been identified, it is then possible to alter the prop-
erties of that enzyme via protein engineering. The methodology
aims to mimic natural evolution, whereby genetic mutations en-
gender changes in the amino acid sequence, and these new ami-
no acids can affect the functional properties of the enzyme. In
contrast to nature, where these adaptations occur over millennia,
scientists can accelerate the process by artificially installing mu-
tations and subjecting these mutants to a predefined measure of
fitness in the laboratory, in a process called directed evolution.[!3]
Those mutations, which confer an improvement compared with
their parent, are themselves used as parents in further rounds of
evolution. However, the strategy is not to create huge libraries
of random mutations and then conduct an exhaustive search for
the illusive needle in a haystack. Instead, by utilizing the afore-
mentioned advances in molecular biology, computational biology
and automated robotics, it is possible to expedite this process.
Evolution can be streamlined through the computationally guided
design of directed evolution libraries focused on the regions of the
enzyme most likely to bring the desired change, thus reducing the
screening burden of the campaign. Computational analysis of the
protein sequence, structure and activity relationships of all the
mutants screened in the library allow the identification of benefi-
cial and deleterious mutations, which in turn inform the design of
‘smart’ libraries with a high probability of introducing beneficial
mutations in subsequent rounds of evolution.['6! Following such
an iterative cycle, beneficial mutations accumulate over genera-
tions until the goal of the evolutionary campaign is accomplished.
In this way, in only a few rounds of evolution and a few months
of laboratory work, it is possible to improve the activity as well
as the chemo-, regio- and enantioselectivity of an enzyme for a
reaction of interest. Furthermore, protein engineering is routinely
employed to enhance the enzymes’ tolerance to organic solvents,
extremes of pH and elevated temperatures.

3. Engineered Enzymes Drive Drug Development
Forward

The speed and robustness of modern protein engineering ap-
proaches has elevated the technology from an academic exercise
to something that can bring real value to the pharmaceutical in-
dustry, in its quest to find selective, sustainable, and cost effective
routes to produce complex molecules. This last decade has seen
a number of high-profile success stories for the implementation
of biocatalytic steps, more often than not enabled by protein en-
gineering, in the synthesis of blockbuster drugs, for which some
examples are given below.

Sitagliptin (1) is the active pharmaceutical ingredient (API)
in Januvia, a leading drug for the treatment of type 2 diabetes
and the largest product by both volume and sales in Merck &
Co/MSD’s portfolio.['7! In the synthesis of sitagliptin, the cen-
tral chiral amine of the molecule was installed via asymmetric
hyodrogenation of an enamine using a rhodium-based chiral
catalyst.l'81 Merck & Co. sought to replace the rhodium-based
catalyst, which catalysed the reaction with suboptimal stereose-
lectivity and led to rhodium traces in the product, requiring ad-
ditional purification steps, with a transaminase biocatalyst (Fig.
1.). Native transaminases suffer from limited substrate prom-
iscuity and none of the commercially available transaminases
demonstrated measurable activity towards the bulky, prositaglib-
tin ketone substrate 2.1 Following extensive protein engineer-
ing over the course of a year, a transaminase variant, containing
27 mutations with respect to the inactive wild-type enzyme was
evolved, able to convert 200 g/l prositagliptin ketone to sitaglip-
tin with an assay yield of 92% and at >99.95% ee using enzyme
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loading of 3 wt%.!'91 Crystallographic studies of the initial en-
zyme, ATA-117 and its variant G136F revealed that the intro-
duced mutation modifies the conformation of a loop next to the
active site, which results in a significantly modified-substrate
binding site. The modification of the volume and pocket proper-
ties allows the accommodation of the large ketone substrate.[20]
Importantly, compared with the rhodium-catalysed process, the
biocatalytic process increased the overall yield of sitagliptin by
up to 13%, improved productivity by 53% and reduced overall
waste by 19%, as well as excluding the need for heavy metals
and reducing manufacturing costs.[19]
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Atorvastatin (3) is the active ingredient in Pfizer’s choles-
terol lowering drug Lipitor, the most commercially successful
drug of all time, generating peak sales of nearly $13 billion
in 2007. Not surprisingly there has been significant interest in
developing efficient, sustainable, cost-effective routes to syn-
thesize atorvastatin, and multiple routes involving biocatalysis
have been developed.[”:21l The focus of these methods has been
on the synthesis of the chiral 3,5-dihydroxy acid side chain,
a crucial element of atorvastatin and other statin-based drugs,
which is essential for activity.[2!2l One approach introduces
the two stereogenic centres in one reaction by utilising deoxy-
ribose-5-phosphate aldolase (DERA) to catalyse a one-pot
tandem aldol reaction of simple, achiral building blocks via a
six-membered lactol intermediate.[212221 An alternative synthet-
ic route proceeds via ethyl (R)-4-cyano-3-hydroxybutyrate (4)
(a.k.a. ‘hydroxynitrile’) as an intermediate, which is prepared
in a two-step, three-enzyme process (Scheme 1).[210] In the first
step, a ketoreductase (KRED) converts ethyl 4-chloro-acetoace-
tate (5) to ethyl (§)-4-chloro-3-hydroxybutyrate (6), introducing
one of the key stereocentres. The essential cofactor, NADPH is
recycled by the addition of a second enzyme, glucose dehydro-
genase (GDH) to the reaction mixture (Scheme 1). In a second
step, the key hydroxynitrile intermediate 4 is generated using a
halohydrin dehalogenase (HHDH). For all enzymes employed

in this synthesis, protein engineering was required to optimise
their performance. The activity of the KRED and the GDH were
improved by a factor of 7 and 13 respectively, while the per-
formance of the HHDH was improved ~4,000-fold.[1621b] This
led to a highly efficient final process where starting material
is converted to product with an isolated yield of >90%, with
>98% chemical purity and >99.9% enantiomeric purity.[2!®! In
addition, this enzymatic route is much greener than the previous
chemical syntheses, in accordance with the twelve principles of
green chemistry.[21b.23]

Fig. 1 a) Enzymatic transamina-

tion of prositagliptin ketone to
E form sitagliptin (1). b) The phys-
iological homodimer of ATA-117
is displayed with one monomer
shown as a grey cartoon and the
other one as a blue surface rep-
resentation. The cofactor (PLP)
binding site is shown in magenta
to highlight the enzyme active
site, and the 27 positions mutat-
ed in ATA-117-Rdll to yield the
commercial target are highlighted
in yellow. Mutations cluster at
the active site, dimeric interface
and surface-exposed patches.
Noteworthy mutation G136F re-
sults in a conformational change
of the loop highlighted in dark grey
at the active site as described by
the recent crystallographic study
published by Guan et al.!?% ATA-
117 homology model was built us-
ing the crystallographic structure
3wwh (>99% sequence identity
to ATA-117) and ATA-117-Rd11
model was refined by extending
its N-terminus based on the crys-
tallographic structure 5fr9.

In a more recent example, the synthesis of sacubitril (7), one of
two APIs (the other being valsartan (8)) in Novartis’s blockbust-
er drug sacubitril/valsartan used in the treatment of heart failure,
also benefited from the implementation of biocatalysis (Scheme
2). In contrast to sitagliptin and atorvastatin, where biocatalytic
steps were introduced to replace chemocatalytic steps within the
existing synthetic routes, the synthetic route of 7 was completely
redesigned with the specific aim to incorporate biocatalysis, to
improve the manufacturing process and reduce the environmental
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Scheme 1. Three-enzyme, two-step process for the synthesis of a key
atorvastatin intermediate.
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footprint in anticipation of large production volumes. The synthe-
sis redesign focused on the production of key amino acid inter-
mediate 9. In this new route, the first chiral centre is established
by asymmetric hydrogenation of a readily available itaconic acid
monomethyl ester to form (R)-methyl succinic acid monomethyl
ester. The second chiral centre was introduced using a transam-
inase to convert the y-ketoacid 10 to the desired (25,4R)-amino
acid 9.1241 After screening a panel of transaminases, one transami-
nase that could process trace amounts of the ketone substrate, was
identified but delivering exclusively the undesired (R)-amine.[24a]
Therefore, a comprehensive protein engineering campaign was
required to enhance the performance of the enzyme to meet the
synthesis demands. In the first round of evolution, a variant with
a single point mutation was obtained and proved to be sufficient
to completely reverse the selectivity of the enzyme to produce
the desired (S)-amine and improve the activity 3-fold.[24a] A fur-
ther ten rounds of evolution and an additional 25 mutations were
required to improve the activity and the thermal stability of this
enzyme. The final enzyme, active up to 65 °C and tolerant of up
to 2 M isopropylamine, could convert more than 90% of the y-ke-
toacid substrate to the (25,4R)-amino acid product, at a substrate
concentration of 75 g/L with an enzyme loading of 1 wt%.[24]
The environmental impact of this new synthesis was ascertained
through measurement of the total carbon dioxide release, and
the new route, with solvent recycling employed reduced the total
carbon dioxide release 3-fold, with respect to the original syn-
thesis.[24b]
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Scheme 2. a) Sacubitril/valsartan contains LCZ696, which is a crystalline
supramolecular complex that combines the two APIs — sacubitril (7) and
valsartan (8) in their respective anionic forms in a 1:1 molar ratio, to-
gether with sodium and water. b) An evolved transaminase was used to
convert ketone 10 to key amino acid intermediate 9.

The implementation of biocatalysis within the synthesis of
blockbuster drugs such as sitagliptin, atorvastatin and sacubitril
illustrates the value that biocatalysis can bring to the pharmaceu-
tical industry. However, for all three examples described above,
a biocatalytic step was introduced after product launch. This re-
quires refiling of the new process with regulatory agencies around
the world, which is a time consuming and costly process.[!72] To
deliver the highest impact, biocatalysis should be incorporated in-
to the synthetic strategy as early in the drug development process
as possible so that the drug can be manufactured with the most
efficient chemistry by the time the product is ready for launch.
Efficient protein engineering technology is paramount to achieve
this goal and the importance of investing in such technology
is reflected by the fact that three major, global pharmaceutical
companies, (GSK, Merck and Co. and Novartis) have recently
internalized a dedicated protein-engineering platform, pioneered

by Codexis, who are leaders in the protein-engineering field.[23]
While advanced techniques in protein engineering are imperative,
biocatalytic process development is also a key step. One should
not wait for the perfect enzyme to be evolved before integrating it
into the synthetic strategy of a developmental compound. Instead,
process development should begin with a suboptimal biocatalyst,
while the enzyme is evolved in parallel. Lessons learned from
process development can guide the evolution campaign, while im-
proved enzyme variants in turn can shape the chemical process;
and so the iterative cycle continues until an optimum biocatalytic
process is developed. Importantly, if a compound under clinical
investigation is dropped from the portfolio then the investment in
biocatalysis development is not wasted. The evolved enzymes can
be used in future screening campaigns for new reactions, and the
increased diversity generated over multiple evolution programs
can increase the chances of rapidly finding a hit for a particular
reaction.

In support of the idea that pharmaceutical companies should
be considering biocatalysis as a Plan A, GSK have implement-
ed an IRED-catalysed reductive amination into the synthesis of
GSK2879552 (11), a lysine-specific demethylase-1 (LSD1) in-
hibitor, currently undergoing Phase II clinical trials for the treat-
ment of acute leukaemia and small cell lung cancer.20! To identi-
fy enzymes capable of the desired transformation, GSK screened
their in-house panel of IREDs. Fortuitously, a number of enzymes
were identified with good activity, generating the correct enan-
tiomer with high enantiomeric excess.[20] Nevertheless, it was
determined that protein engineering was required to develop a
commercially viable process. In just three rounds of evolution,
an enzyme variant displaying nearly a 40,000-fold improvement
over the wild-type was identified, which was used to generate
kilogram quantities of a key intermediate to GSK2879552 in 84%
yield, at 99.9% purity and > 99.7% enantiomeric excess with a
concomitant benefit in process mass intensity (Scheme 3).126!

o ™
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Scheme 3. IRED catalysed conjugation to form GSK2879552 (11).
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Taking this one step further, scientists at Merck and Co. sought
to introduce a biocatalysis step into the synthesis of MK-7246
(12), a CRTH2 (chemo-attractant receptor expressed on Th2 cells)
antagonist for the potential treatment of respiratory disease, in
early stage development, in preparation for the upscaling required
for clinical trials.[?”! In search for a transaminase that could se-
lectively convert ketone 13 into the corresponding (R)-amine 14,
they screened a panel of (R)-selective transaminases that were
previously evolved for the sitagliptin project. Gratifyingly, they
identified an enzyme from this (R)-selective transaminase pan-
el that could convert ketone 13 with a yield of 81%, giving 14
with 99% ee (Scheme 4).127] This reemphasizes the advantage of
investing in protein engineering technology, where the fruits of
one project may accelerate the development of future projects.
The transaminase step was reproducible at scale in the pilot plant
(>100 Kg) leading to an isolated yield of 76%.[27]

The aforementioned examples highlight how the application
of biocatalysis in the manufacture of pharmaceuticals can result in
a streamlined synthesis, with measureable improvements towards
environmental sustainability, laboratory safety and appreciable
economic benefits. To maximise these benefits it may be wise to
introduce multiple biocatalytic steps into a single synthesis when
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Scheme 4. A transaminase step converting ketone 13 to amine 14 was
introduced en route to the synthesis of MK-7246 (12).

possible. Inspired by nature, where complex molecules are assem-
bled via multi-enzyme cascades in one cell, there is interest in de-
veloping one-pot biocatalytic cascades in vitro. In such cascades,
the selective nature of enzymes and their reactive compatibility
potentially negate the need to isolate intermediates.[?8] This has
the advantage of reducing the amount of chemicals required to
extract and purify the product from the reaction mixture, as well
as the time and cost associated with establishing such methodol-
ogy. Furthermore, for equilibrium-limited reactions, the addition
of a second enzyme, which utilises product 1 as a substrate and
converts it to product 2, can drive a reaction to completion, thus
improving the overall yield of the synthesis.[?8! Epitomising this
concept, Merck and Co. have developed a biocatalytic cascade for
the synthesis of islatravir (15), a nucleoside analogue currently
under investigation for the treatment of HIV.[2] The biocatalytic
cascade constructs islatravir from simple, achiral building blocks
using nine enzymes in just three steps with an overall yield of 51%
(Scheme 5).1291 Despite the need for extensive protein engineering
of multiple enzymes to enable such a cascade, the advantages are
clear: Firstly, the atom economy considerably surpasses that of
earlier syntheses, which required between twelve and eighteen
steps. Secondly, the entire synthesis occurs in aqueous media
under mild conditions, without the need to isolate intermediates,
supporting green chemistry initiatives and reducing the overall
cost of production.?!

These six examples demonstrate the potential of biocataly-
sis to shorten synthetic routes, catalyse chemical reactions with
precise selectivity in a way that is more environmentally friendly
and cost-effective compared with traditional chemical methods.

o /.
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Consequently, biocatalysis forms an essential part of the drug de-
velopment toolkit. As protein engineering technology continues
to advance, enabling more and more biocatalysts, it would appear
that the present utilisation of biocatalysis within the pharmaceu-
tical industry is just the tip of the iceberg.

4. Biocatalysis Broadens the Possibilities of Drug
Discovery

Beyond the role of biocatalysis in drug development and
manufacture as described above, enzymes are frequently applied
in multiple aspects of the drug discovery process. Enzymes are
used in the generation of an array of chiral building blocks, which
can be incorporated into the synthesis of new lead compounds.
Such chiral building blocks include non-proteinogenic amino ac-
ids,391 chiral amines3!l and enantiomerically pure inositol phos-
phates.[321 Furthermore, enzyme classes including cytochrome
P450 monooxygenases, xanthine oxidoreductases, flavin monoox-
ygenases, aldehyde oxidase and UDP-glucuronosyl transferases
are utilised in the synthesis of drug metabolites.[33] The synthesis
of these metabolites enable scientists to investigate the metabolic
pathway, and the corresponding biological activity and toxicity of
a drug candidate.[34l Moreover, the selective nature of enzymatic
transformations make them attractive tools in medicinal chemistry
and late stage functionalisation. In this regard, enzymes catalysing
oxidation, halogenation, phosphorylation and O-methylation have
gained the most attention, and with the aforementioned acceler-
ation in the discovery and characterisation of novel enzymes, it
is expected that medicinal chemists can make use of many more
enzymes in the future.> These three aspects (synthesis of chiral
building blocks, metabolism investigation and late stage function-
alisation) are thoroughly covered in a review by Schwarz et al.,
which is published in this issue of Chimia.3%! Instead, this review
looks at how the ability of enzymes to conduct delicate chemistry
in aqueous media can benefit the drug discovery process, focusing
on examples in peptide drug discovery and DNA encoded chemi-
cal libraries, which will be described in the next paragraphs.

4.1 Biocatalysis in Peptide Drug Discovery

Peptide-based drugs exist in a chemical space between small
molecules and biologics but display advantages of both classes of
molecules. Like biologics, their larger size favours the disruption

Scheme 5. Reaction scheme high-
lighting the biocatalytic cascade
HO, '//
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of protein—protein interactions, which are typified by a large sur-
face area and the lack of defined binding pockets, making them
challenging to target with small molecules.37] Furthermore, the
extended interface of a peptide-target interaction, increases selec-
tivity, reducing off-target toxicity and undesired side effects.[37238]
However, unlike biologics, drugs derived from peptides can po-
tentially to be taken orally sharing a major advantage with small
molecule drugs;*1 although it is important to note that the peptide
must often be significantly modified to be made more ‘drug-like’
to realize this potential. In particular, considerable alterations to
the peptide scaffold are required to increase the lipophilicity of
the molecule to facilitate passage across cell membranes to im-
prove their absorption properties. Furthermore, modification is
often required to enhance their stability against proteolytic degra-
dation.!% To decorate a synthetic peptide to such an extent, in a
site-selective and non-destructive way has proved a challenge to
synthetic chemists. As ever, nature is capable of such modification
and offers a vast number of bioactive peptide-based natural prod-
ucts, many having been exploited as therapeutic agents. Prominent
examples include the antibacterial agent vancomycin (16),1! the
immunosuppressant cyclosporine A (17),4?) and o-amanitin (18),
which is being explored as a cytotoxic warhead as part of antibody
drug conjugates (ADCs)[*3 (Fig. 2).

Fig. 2. Pharmaceutically relevant peptide-based natural products: van-
comycin (16), cyclosporine A (17) and a-amanitin (18).

There are two biosynthetic routes to peptide-based natural
products: Non-Ribosomal Peptide Synthesis (NRPS)[“4 and Post
Ribosomal Peptide Synthesis (PRPS).[451 The former involves
huge modular protein complexes (>1 MDa), where each mod-
ule, through its associated domains incorporates (and modifies if
necessary) a specific amino acid into a growing peptide chain.[44]
The immensity of these synthetases coupled with the observed
intractability of the individual domains in isolation has hindered
their applicability for the biotransformation of peptides in vitro.
In contrast, PRPS pathways are more malleable. Here, ribosomal-
ly-synthesized and post-translationally modified peptides (RiPPs)
are produced initially by the ribosome, which are post-translation-
ally modified to become the final product (Fig. 3).

These post-translational modification (PTM) enzymes cata-
lyse a variety of transformations including proteolysis, macrocy-
clisation, heterocyclisation, dehydration, methylation and preny-
lation, amongst others.[#¢l More often than not enzyme activity

RiPP gene cluster -

core peptide
Precursor peptide

PTM enzymes

hu

Highly modified peptide product

Fig. 3. Cartoon representation of a RiPP gene cluster encoding the pre-
cursor peptide (grey) and post-translational modification (PTM) enzymes.
The precursor peptide is composed of a core peptide, which is flanked
by recognition elements within the leader and follower peptides, which
direct PTMs to modify the core peptide to generate the highly modified
product.

can be attributed to an individual protein or even a single domain,
which retains activity in isolation; these smaller units are more
amenable to recombinant production and protein engineering
pipelines. Furthermore, these enzymes have evolved to segre-
gate substrate recognition from catalysis; they recognize short
amino acid sequences outside of the peptide sequence that they
modify. These recognition elements are ultimately disposed of
as the peptide matures to the final product.[#’! By including these
recognition sequences onto a peptide of interest, it is possible
to direct an enzymatic transformation to this peptide. In one
approach, for an enzyme that catalyses the cyclodehydration
reaction of cysteine residues to form thiazoline heterocycles,
scientists fused the enzyme’s recognition element to the enzyme
itself, creating a constituently active enzyme, capable of acting
on a variety of substrate peptides.[*8! Other enzymes achieve cat-
alytic promiscuity by recognising simple chemical motifs within
the context of the larger peptide, irrespective of the surrounding
amino acid residues.[46¢491 The relaxed substrate specificity of-
fered by these enzymes give rise to remarkable biotechnological
plasticity making them promising tools for the design of bespoke
peptide drugs.

4.2 Biocatalysis in DNA-encoded Libraries

In the search for novel small molecule drugs, pharmaceutical
companies frequently turn to high-throughput screening (HTS)
as a method to identify active compounds from large chemical
libraries. However, such campaigns are logistically challenging
and are often limited to screening fewer than one million com-
pounds, representing a tiny fraction of the possible chemical
space.% Moreover, the identified hits often lack the potency and
selectivity required to become a drug.l5! While it might be possi-
ble via medicinal chemistry to improve the properties of said hit,
scientists are left wondering “what if it were possible to screen
more compounds?” DNA-encoded libraries (DELs) may provide
the answer to this question. DELs contain pools of lower molecu-
lar weight fragments, each one tagged with a unique sequence of
DNA, encoding that fragment. Diversity of the library is expanded
via split and pool synthesis, whereby the fragment pool is split and
a second chemical fragment is connected to the first, then a second
sequence of DNA, uniquely identifying that second fragment is li-
gated to the end of the first DNA molecule (Fig. 4). The DNA tags
function as a barcode, tracking the synthesis of the compounds in
the library. The library is then pooled and the cycles repeated until
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a library of the desired size is created.5!) In general the library size
can be defined by x to the power of y (x*), where x is = the number
of unique fragments and y is = the number of cycles used to create
the library.521 In this way the split and pool libraries can grow
to contain huge numbers of compounds, with libraries contain-
ing greater than 800 million unique compounds reported.l52! Such
libraries are too vast to be screened by even the best-equipped
HTS labs. Instead, in DELs, ‘hits’ are identified via a selection
process. The most common selection strategy involves immobi-
lising a protein of interest (POI) onto a solid support, such as e.g.
magnetic beads. The immobilised protein is incubated with the
entire DEL in one test tube. Those compounds that bind the POI
are ‘captured’ as the immobilised protein is isolated from library
pool. Stringent washing procedures serve to remove compounds
that bind non-specifically and enrich for compounds that bind the
POI with the highest affinity. The DNA tags associated with the
‘hits’ are amplified and sequenced, and the sequence informs the
researcher on the exact identity of the small molecule ligand.5!

Fig. 4. Schematic showing the
split and pool synthesis proce-
dure of DELs over two cycles. In
cycle 1, small molecule building
blocks are covalently attached to
a unique piece of DNA. In cycle 2,
a second small molecule fragment
is connected to the first and a
DNA corresponding with that frag-
ment is ligated to the end of the

Cycle 1

O
O
@

} Cycle 1 building blocks

architecture containing multiple stereocentres, which requires
highly selective chemistry. In a paper by Thomas et al., the
authors demonstrate that enzymes can be used to perform the
site selective transglycosylation of sialic acid onto variety of
mono- and disaccharides (Scheme 6). The conversions of these
enzymatic reactions are modest, yielding 42—-78% product but
importantly the reactions were highly specific with no unde-
sired side products observed.l"*l In addition, the authors use
galactose oxidase (GOase) to selectively oxidize the C(6) alco-
hol of a variety of sugars with excellent conversions (82-94%)
(Scheme 6).541 The resulting aldehyde was used as a handle for
chemical reductive amination for the site-specific introduction
of orthogonal functionality.

Importantly the authors note that the DNA remained un-
modified by the biotransformations.l>#! It should be noted that
the enzymes used in this study were not optimised for the pur-
pose, and it should be possible to improve the conversion of the
transformations through protein engineering. Nevertheless, this

Cycle 2

} Cycle 2 building blocks

initial DNA molecule, allowing the
synthesis to be tracked.
RAARRRGY®E | el
Well 1
Well 2
Well 3 ;: S":ﬁ't
3. Attach 2% building block JOTNNININPNWOM | Well2
4. Ligate DNA tag e
5. Repeat A\ \\\/ \‘\f \\\f \\\f \\\ O
AN ANANNANN{(@m
Well 3

The main advantage of DEL technology is the ability to
explore a chemical space containing a huge variety of struc-
tural diversity. However to create such a library the chemistry
must be compatible with DNA. If the chemistry is destructive
to DNA then the ability to identify compounds of interest is
lost.[521 While the fragment scaffolds can be synthesised prior
to attachment to DNA and so can be manufactured without re-
striction, many standard methods to assemble two fragments
together asymmetrically may be at least partly destructive to
DNA.[531In general reactions which require harsh acidic or basic
conditions, photoredox reactions and reactions involving rad-
ical intermediates cannot be employed.[521 One solution could
be to combine DEL technology with biocatalysis; the ability
of enzymes to conduct selective chemistry in aqueous media
under mild conditions could expand the synthetic repertoire
of DELs, while maintaining DNA integrity. In one example,
scientists at GSK and the University of Manchester expanded
the chemical space of their DELs by using enzymes to create
a carbohydrate-based DEL.34 Carbohydrates are highly func-
tional molecules in biology but carbohydrate moieties are of-
ten underexplored in drug molecules because of their complex

study nicely highlights that enzymatic transformations can be em-
ployed in conjunction with chemical transformations to enhance
the structural diversity obtainable in DELs. Given the power of
DELs to accelerate the drug discovery process, and the plethora
of enzymes available to the scientific community, it seems highly
likely that more examples of biocatalysis in DELs will arrive in
the coming years.

OH _OH OH __OH
o [31.4-galactosyltransferase - CH OH HO,C o
- - =
HO - 0 o}
OH AcHN OH
HO
OH 20
galactose oxidase HO OH OH HO.C o]
; o o
AcHN OH
HO

Scheme 6. Reaction scheme highlighting the use of biocatalysis in the
generation of carbohydrate-based DELs.
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5. Biocatalysis Beyond Small Molecule APIs

For most pharmaceutical companies small molecule drugs still
constitute the major part of their portfolio, and this is expected to
remain the case for years to come. Consequently, much of this re-
view has focused on the use of biocatalysis in the manufacture of
small molecule APIs. In addition to small molecule drugs, there is
growing interest in biological-based drugs, including monoclonal
antibodies (mAbs), antibody—drug conjugates (ADCs), therapeu-
tic oligonucleotides, cell therapies and gene therapies. Typically,
the production costs for biologics are high and development is of-
ten hindered by challenges in homogeneous sample preparation.
In some cases, biocatalysis may provide a solution, and although
in its infancy compared with the biocatalytic repertoire on offer
for small molecule manufacture, examples highlighting the po-
tential of enzymes in the preparation of ADCs and therapeutic
oligonucleotides are discussed in the following sections.

5.1 Site-selective Conjugation in ADC Manufacture

The excitement surrounding ADCs as a therapeutic modali-
ty stems from the fact that they combine the targeted specificity
of mAbs with the cytotoxic potency of small molecule drugs.[54
The benefit of this combination is exemplified by Kadcyla (tras-
tuzumab-DM1), a conjugation of the human epidermal growth
factor receptor 2 (HER?2) targeting mAb trastuzumab and DM,
an antimitotic agent derived from a maytansinoid natural prod-
uct, used in the treatment of breast cancer.l5¢! Trastuzumab-DM1
widened the therapeutic window of DM1 and exhibited increased
efficacy compared with the unconjugated mAb.15¢! The drug to
antibody ratio (DAR) of ADCs is a key parameter in defining the
therapeutic window: Too little drug and the ADC will lack po-
tency; too high and the payload may perturb the properties of the
antibody.57 In general, a DAR between 2 and 4 is considered
optimal.[53-571 Traditional coupling strategies rely on stochastic,
unspecific chemical modification of surface exposed lysine and/or
cysteine residues, which results in heterogeneous mixtures with a
broad distribution of DARs. In contrast, enzyme based strategies
have the power to create homogeneous ADCs with precise control
over the location and distribution of the chemical warhead on the
antibody scaffold, allowing scientists to better tune the therapeutic
window (Fig. 5). Multiple strategies towards biocatalytic conju-
gation exist57-581 and a few key approaches are highlighted in this
review.

One of the most frequently investigated enzymes for this task
is Sortase A (SrtA), a transpeptidase, which attaches surface pro-
teins to the peptidoglycan cell wall of gram-positive bacteria. SrtA
hydrolyses the peptide bond between a threonine and glycine of a
C-terminal LPXTG (where X can be any amino acid) tag, creating

Fig. 5. Cartoon highlighting dif-
ferent strategies to make ADCs.
Nonspecific, chemical conjugation
of a drug molecule to a mAb re-
sults in a heterogeneous popula-
tion of ADCs with a broad distribu-
tion of DARs. In contrast, enzymes
enable site selective conjugation
with precise control of the DAR
giving rise to homogenous popu-
lation of ADCs, simplified down-
stream processing.

Nonspecific, chemical conjugation:

an acyl-enzyme intermediate. Nucleophilic attack of this interme-
diate by the N-terminal amine of an incoming peptide regenerates
a native peptide bond.!5% SrtA-mediated ligation is most effective
when the incoming nucleophile is fronted by a di- or tri-glycine
motif.[3%1 However, the transpeptidase reaction is limited by slow
reaction kinetics and a reversible reaction (the glycine leaving
group can function as a competing nucleophile) requiring a large
excess of the desired nucleophile.[38]

A transpeptidase offering vastly improved reaction kinetics is
butelase-1. Butelase-1 efficiently catalyses inter- and intramolec-
ular peptide ligation with a catalytic efficiency up to 3’000 fold
higher than SrtA, generating product with 95% conversion with
enzyme loadings <1 wt%, requiring only the simple, three amino
acid recognition element, NHV, making it an attractive enzyme for
bioconjugation.[0] Despite the promising characteristics of bute-
lase-1, application of this enzyme was hindered by limited avail-
ability as it needed to be isolated from plants. Recently, scientists
achieved to produce this enzyme recombinantly.lo'l OaAEPI, a
related enzyme that was recently described offers a similar cat-
alytic efficiency to butelase-1 and can be readily produced in E.
coli and so arises as a promising alternative.l62!

Bacterial transglutaminases, which catalyse the y-acyl-transfer
of glutamine to the e-amino group of lysine, are another promising
class of enzyme with the potential for biocatalytic ADC manufac-
ture.57:581 Scientists at Rinat/Pfizer identified a ‘glutamine tag or
Q tag’, which is defined by the amino acid sequence LLQGA and
permits site-selective modification by a transglutaminase from
Streptomyces mobaraensis (mTG).[63] This combination was used
to introduce payloads to the C-terminus of the heavy chain, the
C-terminus of the light chain and both the C-termini of the heavy
and light chains of an antibody.[63]

In an alternative approach, formylglycine-generating enzymes
(FGE) convert cysteine residues to formylglycine, introducing a
unique aldehyde moiety, which can function as a bio-orthogonal
handle for coupling reactions.57! Introduction of the FGE recog-
nition motif, CXPXR into different regions of the antibody se-
quence, allows the site-selective modification and thus drug con-
jugation at different locations on an antibody scaffold.[64]

The examples herewith demonstrate that biocatalysis presents
multiple solutions for site-selective bioconjugation, and these ap-
proaches offer the same potential benefits in terms of environ-
mental sustainability and cost-effective manufacturing as for the
synthesis of small molecule APIs. However, these are not the only
benefits of biocatalysis in ADCs preparation. The orthogonali-
ty of enzyme reactions makes it possible to conjugate multiple
different payloads to the same mAb adding flexibility to ADCs
design. Furthermore, by co-expressing the enzyme alongside the

Enzymatic conjugation:

No control over DARs Precise control over DARs

ADC DAR 2 ADC DAR 4

Heterogeneous ADCs
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biologic or by adding the enzyme to a crude preparation of the
biologic (e.g. cell lysate or secretion media) it should be possible
to perform the conjugation prior to the isolation of the biolog-
ic, resulting in a conjugated biologic from a single purification,
which saves time, effort and cost.

5.2 Enzymatic Assembly of Oligonucleotide
Therapeutics

Oligonucleotide therapeutics is an umbrella term for synthet-
ic polymers of nucleic acids encompassing antisense oligonu-
cleotides (ASOs), small interfering RNA (siRNAs), microRNAs
(miRNAs) and gapmers amongst others.[%5] These state-of-the-art
molecules modulate disease pathways with unrivalled precision
by targeting cellular DNA and RNA. Early generations of syn-
thetic oligonucleotides suffered from poor pharmacokinetics and
pharmacodynamics, but these properties have been significantly
improved, thanks in part to advances in chemical modification
strategies of synthetic nucleotides.[®0] Some of the chemically
modified nucleotides routinely used in therapeutic oligonucleo-
tides can be seen in Fig. 6. 2'-O-MOE, the last example displayed
in Fig. 6a, was the focus of some of Oreste Ghisalba’s biocatalytic
work. 2'-O-methoxyethyl ribonucleosides were synthesised using
a short chemo-enzymatic strategy.[®! Shortly, adenosine triphos-

phate (ATP) is cyclised to cyclic adenosine monophosphate
(cAMP) using adenylate cyclase. A chemical alkylation results
in the O-methoxylation of cAMP to yield 2'-O-cAMP. Marais
and Ghisalba identified a phosphodiesterase from Serratia marc-
escens that is able to perform the decyclisation step of 2'-O-cAMP
to 2'-O-methoxyethyl adenosine 5'-monophosphate (2'-O-MOE
AMP).I7] The phosphate moiety of the modified nucleotide can
then be cleaved off using a phosphatase to form the modified nu-
cleoside (2'-O-methoxyethyl adenosine). This chemo-enzymatic
synthesis leads to the formation of the building block 2'-O-MOE
used in amongst others, antisense oliogonucleotides. Exemplars
of oligonucleotide therapeutics are nusinersen (Spinraza), an anti-
sense oligonucleotide approved for the treatment of spinal muscu-
lar atrophy!¢8! and givosiran (Givlaari), a GalNAc-modified siR-
NA, which has been approved for the treatment of acute hepatic
porphyria (Fig. 6).169]

The encouraging potential of these molecules necessitates
the need for the development of an economical and sustainable
synthesis. The present synthesis is divided into three steps: 1) A
nucleotide is fixed to a solid support; 2) nucleotides are added
sequentially in a cycle of chemical steps, first a coupling step and
then the growing chain is deprotected ready for the next cycle; 3)
the final oligonucleotide is then released from the solid support.[70]

a) Fig. 6. a) Chemical structures of
o ad o chemically modified nucleotide
Oi 0 0 Ni H analogues, routinely employed
! £ L ! in the synthesis of therapeutic
iy Base 0=P-0 Base (=p-0 Base =i Base n Y p
- Fil " 0 ('3 o é o o Ft' e oligonucleotides where X = H, OH,
9 Q - Qo 1, i 8- F, 2'-O-Me, 2'-O-MOE and Y =
O H NH X 0.S.
oo rdun b) Cartoon showing the structure
DNA RNA Phosphorothioate (PS) Thio-phosphoramidate  of givosiran.
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This synthesis method is well established but suffers from several
limitations, particularly when large quantities need to be synthe-
sised, as is necessary for oligonucleotide therapeutics. Errors in
the coupling reaction, while small (typically <1%) accumulate as
the length of the oligonucleotide increases. For example, assum-
ing the yield of each coupling reaction is 99% then the overall
yield for a 20mer would be 83%. Consequently, the crude oligo-
nucleotide that is released from the resin requires purification via
column chromatography, which is a costly and time-consuming
process involving large volumes of solvent.

In routine molecular biology, a wide range of enzymes is
used to manipulate DNA, albeit usually at a small scale. It makes
sense therefore that an enzymatic synthesis of oligonucleotides is
feasible. DNA polymerase may seem like an obvious candidate;
however, it requires a primer of approximately 15 complimentary
nucleotides to initiate polymerisation, which makes it unsuitable
in the synthesis of therapeutic oligonucleotides, which typically
consist of 20-25 nucleotides. Furthermore, the polymerisation
reaction occurs in a pool of all the nucleotides that are to be in-
corporated and while DNA polymerase can align the appropriate
nucleotide via Watson-Crick base pairing, it is unable to discrim-
inate between deoxyribose and ribose modifications, which are
common features of many therapeutic oligonucleotides. As an
alternative, scientists at GSK disclosed a patented synthesis of
therapeutic oligonucleotides using DNA ligase.[79 Their process
starts from short oligonucleotide fragments, which can be synthe-
sised accurately and with high yields. The fragments are assem-
bled in the correct order using a biotinylated template strand of
DNA and the fragments are ligated together by T4 DNA ligase. By
immobilising the template strand hybridised to the ligated prod-
uct using streptavidin-coated beads, it is possible to wash away
impurities. A simple change in temperature releases the ligated
product from the template strand providing an easy separation
of the product.l’ Crucially, the invention describes the use of an
evolved DNA ligase, which accepts chemically modified nucleo-
tides as substrates, either side of the ligation junction,/”"! making
it a suitable biocatalyst for the synthesis of a variety of complex
therapeutic oligonucleotides.

6. Concluding Remarks

Biocatalysis in the pharmaceutical industry has progressed
enormously in the last 10-15 years, transforming from a fringe
technology with limited application to one which is routinely
applied in the synthesis of APIs, replacing established chemical
methods. This growth in the application of biocatalysis mirrors the
advancement of biotechnology, particularly in the field of protein
engineering, which enables the development of biocatalysts that
are optimised for the desired manufacturing process. Importantly,
modern protein engineering techniques combining both directed
evolution and computationally guided rational design are robust
and rapid enough to be compatible with the time pressure of drug
development. Further improvements in protein engineering tech-
nology will likely engender increased use of biocatalysis through-
out the pharmaceutical industry.

The benefits of incorporating biocatalysis are numerous: 1)
Enzymes offer precise control over the enantioselectivity and di-
astereoselectivity of a reaction. 2) Enzymes can simplify the man-
ufacturing process by shortening synthetic routes and minimising
the number of purification steps. 3) Biocatalysis confers environ-
mental sustainability to the manufacturing process by replacing
stoichiometric reactions with catalytic reactions, reducing organic
solvent waste and removal of rare and toxic metals. 4) Enzymes
operate under mild conditions, reducing safety hazards associated
with many chemical approaches. Furthermore, this preference for
aqueous media and mild reactions make them suitable as catalysts
of transformations on delicate, water-soluble scaffolds, such as
peptides and DNA tagged molecules in DELs. 5) Enzymes are ca-

pable of novel chemistry allowing exploration of chemical space
that was previously not accessible to synthetic chemists.

These benefits have been recognised by the pharmaceutical in-
dustry and there is a consensus to consider biocatalysis, whenever
possible, as the primary means of transformation, rather than as
an afterthought. Moreover, there is much interest in the develop-
ment of enzymatic cascade reactions, which have the potential to
maximise the impact of biocatalysis. Of course, this commitment
to redefine chemical synthesis does require investment in biotech-
nology; however, the burgeoning evidence coming from the phar-
maceutical industry is that this investment is easily recompensed.
After all, the application of enzyme catalysts in the synthesis of
intricate pharmaceutical compounds makes bio-logical sense!
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