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Abstract: Chiral amines are essential motifs in pharmaceuticals, agrochemicals, and specialty chemicals. While traditional chemical routes
to chiral amines often lack stereoselectivity and require harsh conditions, biocatalytic methods using engineered enzymes can offer high
efficiency and selectivity under sustainable conditions. This review discusses recent advances in protein engineering of transaminases,
oxidases, and other enzymes to improve catalytic performance. Strategies such as directed evolution, immobilization, and computational
redesign have expanded substrate scope and enhanced efficiency. Furthermore, process optimization guided by techno-economic assess-
ments has been crucial for establishing viable biomanufacturing routes. Combining state-of-the-art enzyme engineering with multifaceted
process development will enable scalable, economical enzymatic synthesis of diverse chiral amine targets.
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Introduction

Chiral amines are foundational building blocks in many high-value molecules, including over 40% of commercial
pharmaceuticals.' They have a high diversity in their structure and are involved in an array of biological activities due to
their tendency to form hydrogen bonds. Most biocatalysts synthesize primary amines. However, the motif in many chemicals
and pharmaceuticals comprises secondary and tertiary amines. Prominent examples are the anti-diabetic sitagliptin,? anti-
fungal Posaconazole, narcotic analgesic Methadone, hyperparathyroidism drug Cinacalcet, anti-Alzheimer’s Rivastigmine,’
anti-malarial drug Larium, anti-TB drug Ethambutol, HIV protease inhibitor Lopinavir, antiretroviral agent Maraviroc* and
anticancer agent Crizotinib (Figure 1). Applications also extend to agrochemicals, natural products, and specialty chemicals.
However, chemical synthesis of enantiopure chiral amines has remained an enduring challenge.’

Conventional routes rely heavily on resolution of racemates or transition metal catalysis, often necessitating harsh
conditions.® Resolution is capped at 50% theoretical yield for each enantiomer, while metal catalysis requires high-
pressure hydrogen gas, expensive catalysts, and extensive purification generating metal waste.” Such drawbacks motivate
developing alternative, sustainable processes.

Biocatalysis offers a promising solution, utilizing engineered enzymes to impart high chemo-, regio-, and stereo-
selectivity under mild, aqueous conditions.® Yet realizing industrial implementation requires expanding substrate scope,
improving catalytic efficiency, and ensuring process economic viability (Figure 2).

Computational tools like molecular docking and bioinformatics have become indispensable in guiding enzyme
engineering efforts. Molecular docking predicts the binding orientation and affinity of substrates or inhibitors with the
enzyme active site, providing valuable insights for rational design. Tools like AutoDock,” GOLD,' and Glide'' have

been widely used to study enzyme-substrate interactions and identify key residues for mutagenesis. Bioinformatics
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Figure | Enzymatic synthesis of pharmaceutical drugs containing chiral amines.

approaches, such as sequence alignment,'? homology modelling,'* and phylogenetic analysis,'* have also been crucial in
understanding structure-function relationships and identifying promising enzyme candidates from diverse sources.

Recent advancements in computational tools, particularly in the field of machine learning and artificial intelligence,
have revolutionized the way researchers approach protein structure prediction and enzyme engineering. The ability to
accurately predict protein structures from amino acid sequences has opened up new avenues for rational enzyme design
and optimization. Several patent applications highlight the potential of these cutting-edge technologies in determining
protein structures and guiding enzyme engineering efforts.

For instance, W0O2020058177A1 describes methods and systems for performing protein structure prediction using
a geometry neural network. The method involves iteratively determining alternative predicted structures of a given
protein and processing a network input comprising the amino acid sequence and structure parameters to generate an
output characterizing the similarity between the predicted and actual protein structures. Similarly, W02020058174A1
discloses methods for protein structure prediction and domain segmentation by generating multiple predicted structures
and iteratively updating structure parameters using gradient-based optimization of a quality score. Another patent
application, W0O2020058176, focuses on generating distance maps for a given protein by characterizing estimated
distances between amino acid residues in the structure using distance map crops.

These innovative computational approaches, combined with experimental methods, have the potential to accelerate
the discovery and engineering of enzymes with improved stability, activity, and specificity. By leveraging the power of
machine learning and Al researchers can explore vast sequence spaces, identify promising enzyme candidates, and guide
rational design efforts. As these technologies continue to advance, their integration into enzyme engineering workflows
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Figure 2 Different routes of chiral amine synthesis.

will undoubtedly lead to the development of highly efficient biocatalysts for diverse applications, including the synthesis
of chiral amines and other high-value compounds.

The advent of AlphaFold, a groundbreaking Al tool for protein structure prediction, has revolutionized the field of
enzyme engineering.'> By accurately predicting 3D structures from amino acid sequences, AlphaFold enables the rapid
characterization of novel enzymes and the design of improved variants. This is particularly valuable for exploring the
vast sequence space of uncharacterized enzymes from metagenomics and extremophile sources. Integration of AlphaFold
with docking and molecular dynamics simulations can provide unprecedented insights into enzyme-substrate interactions
and guide rational design.

This review will discuss advances in engineering key enzymes like transaminases and oxidases. It will also highlight
crucial process development factors including enzyme immobilization, cofactor recycling, and techno-economic assessments.

Engineering Amine Oxidases

Amine oxidases catalyze the oxidative deamination of amines into imines while generating hydrogen peroxide. They
have shown excellent potential for deracemization of chiral amines when coupled to non-selective chemical reducing
agents.'® However, most oxidases have narrow substrate scope limited to small aliphatic amines. Ghislieri et al employed
directed evolution to engineer monoamine oxidase from Aspergillus niger (MAO-N) for bulkier aromatic substrates.'’
Mutagenesis using rational design and directed evolution creates changes in the amino acid-enhancing catalytic pocket
and provides insight for creating novel variants of enzymes (Figure 3).

Wild-type MAO-N was only active on small amines like butylamine and pentylamine. Alexeeva et al used random
mutagenesis and screening to improve the activity of an enzyme toward methylbenzylamine. After several rounds, they
identified a mutant containing the mutation Asn336Ser which exhibited a 50-fold increase in catalytic turnover (kcat)
compared to the wild-type enzyme.'® Further directed evolution of the Asn336Ser mutant yielded a triple mutant,
Asn336Ser/Met348Lys/Ile246Met (designated MAO-3N), that exhibited expanded substrate scope.'” This variant
showed good general activity toward a range of chiral primary amines. Additionally, MAO-3N gained the ability to
accept S-o-methylbenzylamine as a substrate and displayed improved turnover of chiral secondary amines including
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Figure 3 Protein engineering tools employed for biocatalysis.

methyltetrahydroisoquinoline.'® Further directed evolution experiments by Dunsmore led to the development of mutant
MAO-5N, which was selected based on its acquired activity toward cyclic tertiary amines including N-methyl-
2-phenylpyrrolidine.®

Engineering Stereoselective Transaminases

Amine transaminases catalyze transfer of an amine group from a donor substrate to a prochiral ketone acceptor using
pyridoxal 5’-phosphate (PLP) as an essential cofactor. Their high stereoselectivity makes transaminases ideal for chiral
amine synthesis.>' However, wild-type enzymes are mostly limited to small aliphatic amines. Extensive protein
engineering has created transaminase variants capable of bulky, aromatic substrates. Transaminases have been applied
to prepare complex pharmaceutical intermediates.*

Bacterial transaminases continue to emerge as versatile biocatalysts for the production of enantiopure chiral amines.
An (R)-selective transaminase from Arthrobacter sp. KNKI168 was characterized for its ability to aminate prochiral
ketones using whole cells as an amine donor.”®> Optimization of culture conditions enhanced transaminase production
through inducer supplementation. In amination reactions, (R)-1-phenylethylamine served as an efficient amino donor,
converting 3,4-dimethoxyphenylacetone to (R)-3,4-dimethoxyamphetamine in 82% yield and >99% enantiomeric excess
(ee) under optimized conditions. Additionally, various substituted acetophenones underwent asymmetric amination to
give the corresponding (R)-amines with excellent stereoselectivity. Such transaminase-mediated syntheses highlight the
potential of biocatalysis for scalable and sustainable production of pharmaceutically relevant chiral amines.

A seminal example involved engineering Arthrobacter transaminases for asymmetric synthesis of sitagliptin

1?* first identified Arthrobacter strains with sitagliptin

(Figure 4), the active pharmaceutical in Januvia®. Savile et a
precursor activity by a substrate walking, modeling, and mutation approach to create a transaminase with marginal
activity for the synthesis of the chiral amine, which was then further engineered via directed evolution for practical
application in a manufacturing setting. Since wild-type yields were very low (<15%), the activity toward sitagliptin
ketone was established in the library designs by opening the small pocket to accommodate the trifluorophenyl group. The
starting transaminase (ATA-117) was modeled to have two binding pockets - a large pocket that accommodates the
tetrahydro-triazolo[4,3-a]pyrazine (THTP) group of the substrate, and a small pocket predicted to be too constrained to fit

the trifluorophenyl group. Four residues were predicted to line the small pocket of the binding site: V69, F122, T283, and
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Figure 4 o-Transaminase catalyzed reaction for the sitagliptin synthesis. Created by Paint S.

A284. All of these residues and adjacent F70 were subjected to saturation mutagenesis. Saturation mutagenesis of
residues in the large pocket, especially S223P, improved activity towards an intermediate methyl ketone substrate.
Mutations in the small pocket like V69G, F1221, and A284G were designed to open up space and reduce steric clashes
with the trifluorophenyl group. This enabled the enzyme to process the actual prositagliptin ketone substrate. Mutations
in the small pocket like V69G, F1221, and A284G were designed to open up space and reduce steric clashes with the
trifluorophenyl group. This enabled the enzyme to process the actual prositagliptin ketone substrate. The variant
identified with activity toward pro-sitagliptin ketone had three programmed mutations (V69G, F1221, and A284G) as
well as two random mutations (Y26H and V65A). After recombination of beneficial mutations from both binding
pockets, the best variant in round 2 contained 12 mutations and showed 75-fold increased activity over the parent.
Further rounds of directed evolution under increasingly harsh reaction conditions yielded a final variant with 27
mutations and ~27,000-fold total improvement in activity. The final enzyme variant enabled the amination of 200 g/L
prositagliptin ketone substrate with 92% isolated yield of sitagliptin product in >99.95% ee. No detectable formation of
the minor enantiomer was observed, indicating excellent stereocontrol and selectivity of the engineered transaminase.
These findings are further supported by patents from Codexis Inc. (US8293507B2 and US8921079B2), which describe
engineered transaminase variants from Arthrobacter sp. KNKI168 with improved activity and stereoselectivity for
sitagliptin synthesis.

Midelfort et al report the engineering of the Vibrio fluvialis aminotransferase (Vfat) enzyme for improved activity and
selectivity in the synthesis of (3S,5R)-ethyl 3-amino-5-methyloctanoate, a key intermediate in the production of the
investigative drug imagabalin for treating generalized anxiety disorder.> The engineered Vfat enzyme is S-selective for
the amination reaction to generate (3S,5R)-ethyl 3-amino-5-methyloctanoate. Through an integrated approach combining
homology modeling, bioinformatics, site saturation mutagenesis, and directed evolution, the authors identified beneficial
mutations including W57F, F85A, V153A, and 1259V. By recombining these mutations, they generated a variant containing
eight mutations (F19W/ W57F/ F85A/ R88K/ V153A/ K163F/ 1259V/ R415F) that improved the initial velocity of Vfat 60-
fold for the desired transamination reaction. X-ray crystal structures provided insights into how the mutations expanded the
binding pocket to better accommodate the substrate. This engineered Vfat enabled scalable enzymatic synthesis of the
imagabalin intermediate, demonstrating the power of protein engineering for pharmaceutical production.

Overall, recent advances demonstrate that laboratory evolution can substantially improve transaminase activity,
expand substrate scope, and even invert stereopreference. Combining computational modeling with high-throughput
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screening has accelerated generation of superior biocatalysts. Tailored enzyme engineering guided by structural insights
and process considerations will continue unlocking wider application of transaminases.

However, as reversible catalysts, transaminases can suffer from unfavorable equilibria limiting amine yields. Strategies
to enhance product formation include excess amine donor, sparging to remove acetone from isopropylamine processes, or
“smart” diamine donors that spontaneously cyclize upon deamination. Gomm et al report an effective strategy to overcome
reaction equilibria limitations in transaminase-catalyzed synthesis of chiral amines using diamine donors like 1,5-diamino-
pentane (cadaverine).”® With only 1-3 equivalents of these “smart” donors, an engineered transaminase achieved excellent
conversions and stereoselectivity for various prochiral ketones, significantly outperforming iso-propylamine. The diamine
by-products likely undergo irreversible cyclization and trimerization. The findings provide a promising biocatalytic
approach to displace challenging equilibria and enable scalable production of pharmaceutically relevant chiral amines
from inexpensive and readily available chemicals. Metabolic engineering to generate the diamine donors in situ further
offers the potential for self-sufficient fermentation processes for sustainable chiral amine synthesis.

Cascades that consume the amine product in situ also help overcome thermodynamic constraints. Transaminases have
been combined with various enzymes in cascades, including alanine dehydrogenase, lactate dehydrogenase, pyruvate
dehydrogenase, alcohol dehydrogenase, carboxylic acid reductase, monoamine oxidase, and imine reductase.”” Although
widely used industrially, transaminases now face competition from emerging amine dehydrogenases and imine reductases
that can generate secondary and tertiary amines.*®

Engineering Dehydrogenases
Amine dehydrogenases catalyze the synthesis of chiral amines from aldehyde or ketone using reductive amination.
Ammonia is an amino donor in this process, and NAD(P)H acts as a co-factor.”’

Enzyme engineering has enabled the development of amine dehydrogenases (AmDHs) for chiral amine synthesis.
Bommarius et al engineered phenylalanine dehydrogenase (BbPheDH) from Bacillus badius and leucine dehydrogenase
(BsLeuDH) from Bacillus stearothermophilus by mutating the carboxylate pockets of the enzymes.*® This allowed the
enzymes to accept ketones rather than o-keto acids as substrates, with excellent stereoselectivity. Substituting polar
residues with non-polar amino acids at positions 68 and 261 of LeuDH (K68S/N261L) altered substrate specificity from
keto acids to ketones. One engineered variant (K68T/N261L) synthesized (S)-ethambutol, an anti-tuberculosis drug
precursor. However, some ketones were still too bulky to bind properly.®’ Mutating two large residues (A113G/T134G)
along with K68S/N261L enabled conversion of a-hydroxy ketones to (S)-configured vicinal amino alcohols with 99% ee.
The most active variant (L-AmDH; K68S/E114V/N261L/V291C) converted 2-methylbutanone to (R)-2-methylbutyla-
mine with 92.5% conversion and 99.8% e.e. These AmDH variants displayed broad ketone substrate scope, although they
lost native leucine activity.*

Studies on other amino acid dehydrogenases like BbPheDH (48% sequence similarity to LeuDH) revealed conserved
active site residues amenable to homologous mutation. The BbPheDH variant K77M/N276V showed activity towards
aromatic ketones like p-fluorophenylacetone, converting it to (S)-1-(4-fluorophenyl)propylamine. Further mutagenesis
improved catalytic efficiency 15-fold (kcat 2.8 s ').*> The Rhodococcus sp. M4 PhDH variant K66Q/S149G/N262C
catalyzed 4-phenyl-2-butanone to (R)-1-methyl-3-phenylpropylamine with 98% e.e. Co-factor regeneration was achieved
by coupling with glucose/formate dehydrogenase.>* Immobilization of AmDHs on magnetic nanoparticles enabled
enzyme reuse up to three cycles with 81% residual activity.” Jiang et al engineered Bacillus halodurans PheAmDH
for activity towards benzylic and aliphatic ketones. The E113D/N276L variant showed 6-fold increased catalytic
efficiency via enhanced oxidative deamination and reductive amination. Thermostable AmDHs were developed using
Caldalkalibacilus thermarum PhDH as template, increasing melting temperature to 83.5°C.*°

Engineered amino acid dehydrogenases have enabled efficient biocatalytic synthesis of pharmaceutical intermediates.
An example is the production of (S)-N-boc-3-hydroxyadamantylglycine, a key intermediate in the synthesis of sax-
agliptin, an anti-diabetic drug.”” Phenylalanine dehydrogenase from Thermoactinomyces intermedius was modified by
altering two amino acids and adding a 12 amino acid C-terminal extension. The engineered enzyme catalyzed the
reductive amination of 2-(3-Hydroxy-1-Adamantyl)-2-Oxoethanoic acid to generate the desired amino acid product in
high yield. To regenerate the NAD(P)H cofactor, formate dehydrogenase was coupled to the system.*® For process

170 https: Biologics: Targets and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Vikhrankar et al

intensification, the modified phenylalanine dehydrogenase and formate dehydrogenase were co-expressed in recombinant
E. coli or Pichia pastoris. Scale-up using P. pastoris cell extracts gave nearly quantitative yields and 100% ee. Protection
of the amine as a boc derivative enabled efficient biotransformation. Overall, these studies demonstrate the utility of
engineered dehydrogenases to accomplish asymmetric synthesis of complex pharmaceutical intermediates at preparative
scale. Further optimization of enzyme activity, cofactor recycling, and process engineering will enable more sustainable
manufacture of chiral amine drugs.

Advanced Enzyme Immobilization

Enzyme immobilization onto heterogeneous solid materials can enhance stability, prevent aggregation, simplify product
separation, and enable reuse. Solid supports are crucial in stabilizing the enzymes’ three-dimensional structure, which
helps preserve their catalytic activity. One of the main objectives of immobilizing enzymes is to make it easier to retrieve
them from aqueous solutions efficiently. These advantages make immobilization strategies crucial, especially for
industrial-scale chiral amine synthesis. Enzyme immobilization consists of two methods, ie, physical and chemical
methods based on the enzyme and solid support nature (Figure 5).

Advancements such as directed evolution and rational design have expanded the substrate scope and thermostability
of o-transaminases (©-TAs). However, recovering soluble enzymes from the reaction mixture remains challenging,
necessitating multiple downstream processes.’” Fresh batches of enzymes are required for each Sitagliptin synthesis
cycle, hampering industrial application due to a lack of long-term operational stability and difficulties in enzyme
recovery and reuse. Immobilization techniques are necessary to improve stability, enable enzyme reuse, and facilitate
product recovery.*

Enzyme immobilization onto heterogeneous solid materials can enhance stability, prevent aggregation, simplify
product separation, and enable reuse.*’ Solid supports stabilize the three-dimensional structure of enzymes, preserving

their catalytic activity. Immobilization also facilitates efficient enzyme retrieval from aqueous solutions. These
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Figure 5 Enzyme Immobilization- An approach for improving enzyme efficiency for chiral amine synthesis.
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advantages make immobilization strategies crucial for industrial-scale chiral amine synthesis. Enzyme immobilization
can be achieved through physical methods, such as entrapment and encapsulation, or chemical methods involving
covalent binding to solid matrices.

Recent studies have demonstrated the benefits of immobilization. Immobilizing Burkholderia phytofirmans transa-
minase on agarose beads provided remarkable solvent stability, with the biocatalyst retaining >80% initial activity after
24 hours in 50% methanol or acetone.*' The agarose-bound transaminase catalyzed repeated amine synthesis cycles
without loss of enantioselectivity. Engineered Arthrobacter transaminase immobilized on cross-linked polystyrene resin
exhibited high activity in neat organic solvents, enabling 100 g/L substrate loading. Immobilization also increased
thermal stability, extending half-life at 45°C from 90 minutes for a soluble enzyme to nearly 7 days.** Patents from
Merck & Co. Inc. (US9587229B2 and US9523107B2) disclose immobilized engineered transaminases that retain activity
in organic solvents and exhibit improved stability, respectively. These advancements in enzyme immobilization techni-
ques contribute to the development of efficient and reusable biocatalysts for industrial-scale chiral amine production.

In another study, covalent immobilization of @-transaminase from Vibrio fluvialis JS17 on chitosan beads has been
reported to be an effective method for enhancing the stability and reusability of the enzyme.** Chitosan beads, prepared
by the emulsion method, were used as support for the immobilization process. The study reported a higher yield (54.3%)
and residual activity (17.8%) of the immobilized enzyme on chitosan beads compared to other commercial supports. The
optimal pH for the immobilized enzyme was found to be pH 9.0, similar to that of the free enzyme. The immobilized ®-
transaminase on chitosan beads retained ca. 77% of its conversion after five consecutive reactions with the 25 mM
substrate, demonstrating better stability and reusability compared to Eupergit® C. Additionally, the immobilized enzyme
retained 70% of its initial activity after storage at 4°C for 3.5 weeks, further highlighting the advantages of using chitosan
beads for enzyme immobilization. Gabor Koplanyi et al studied the simultaneous purification and immobilization of
recombinant transaminase using an advanced nano-composite system.** The Chromobacterium violaceum transaminase
was expressed in E. coli cells and affinity purified using silica nanoparticles with metal affinity linkers and within
polylactic acid nanofibers. This method enhanced the efficiency of enzyme isolation and purification compared to
classical methods. The study reported by Heinks et al*’ compared four immobilization strategies for four different
transaminases from diverse species: covalent binding via a unique formylglycine residue per subunit to amine beads,
multipoint attachment to glutaraldehyde-functionalized amine or epoxy beads, and cross-linking to form enzyme
aggregates (CLEAs). Immobilization effects were highly heterogeneous - optimal immobilization depended on the
specific transaminase and application. Multipoint binding to glutaraldehyde-amine beads provided highest activities up
to 62 U/g beads for dimeric ATA-Vfl, ATA-3FCR-5M and tetrameric ATA-Bmu. However, site-selective immobilization
via the aldehyde tag to amine beads enhanced stability and recyclability of hexameric ATA-Lsy. All immobilization
techniques improved operational stability compared to soluble enzymes, enabling reusability over at least 10 cycles while
maintaining full or high activity. Scaled-up kinetic resolutions using optimized immobilizates achieved full conversions
with retained enantioselectivity. This systematic study highlights the transaminase-specific impacts of immobilization
strategies on stability and catalytic properties.

Menegatti developed a microbioreactor using a porous hydrogel to immobilize a selected amine transaminase and its
cofactor pyridoxal phosphate (PLP).*® Immobilization efficiency exceeded 97%. After 10 days of continuous operation,
the reactor retained 92% of its initial productivity without any observable leaching of the enzyme or cofactor. Co-
immobilization of the enzyme and cofactor showed similar performance with or without additional PLP, suggesting
exogenous PLP was unnecessary. The reactor achieved high space-time yield of 19.91 g L™ h™" and enzyme productivity
of 5.4 mgenzym;1 h™'. Immobilization also improved the enzyme’s stability over a wider pH and temperature range
compared to the free enzyme. Given the efficient, time- and cost-effective immobilization and potential for capacity
expansion, this microbioreactor shows great promise for industrial application.

In summary, enzyme immobilization techniques improve stability, enable reuse, and facilitate product recovery in ®-
transaminase-catalyzed reactions. Recent studies have demonstrated the benefits of immobilization on various solid
supports, such as agarose, cross-linked polystyrene, and chitosan. Advanced immobilization strategies, such as transa-

minase-PLP co-immobilization, hold promise in addressing industrial bioprocess limitations.
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Cofactor Dependence and Regeneration

Since biocatalysts like transaminases rely on costly cofactors, developing efficient cofactor recycling methods is
imperative for viability.*” Enzymatic regeneration systems outperform direct supplementation and chemical reduction
by enabling turnover through multiple reaction cycles. Popular cofactor recycling enzymes include glucose dehydrogen-
ase (GDH), formate dehydrogenase (FDH), and phosphite dehydrogenase (PDH).

For example, Walton et al employed an engineered PDH to recycle NADPH during transamination. Using glucose as
the sacrificial substrate, just 1.5 mol% NADP+ was required relative to amine product. The cofactor recycling system
enabled gram-scale transaminase-catalyzed synthesis of the antilipidemic drug fenofibrate. Process modeling suggested
enzymatic cofactor recycling could reduce manufacturing costs up to 70% compared to chemical reduction.*®

An alternative regeneration strategy involves coupling two biocatalytic reactions in a self-sufficient manner, eliminating
cofactor supplementation entirely.*>° Kroutil et al reported the first successful amination of primary alcohols via a self-
supporting redox biocatalytic network, though the end products were primary amines.”’ The first step of this artificial
multienzyme cascade oxidized primary alcohols using an NAD+-dependent alcohol dehydrogenase from Rhodococcus
ruber DSM 4454 (ADH-RR), generating the aldehyde and NADH. Next, ATA-CV, ATA-VF, or ATA-BM aminated the
aldehyde intermediate. L-alanine was the preferred amine donor due to in situ recycling of pyruvate. LDH maintained
cofactor regeneration by consuming NADH. The advantage of this artificial metabolic pathway is its self-sufficiency and
recycling capacity, enabling a redox-neutral system without requiring external hydride sources like glucose or formate.
Consequently, Kroutil et al designed a green, selective one-pot amination of alcohols via this biocatalytic network. A patent
from Codexis (US11193157B2) use of an amino acid dehydrogenase in combination with a cofactor regenerating system
comprising a ketoreductase, highlighting the importance of cofactor regeneration in these processes.

Process Development Guided by Technoeconomics

While protein engineering aims to enhance enzyme efficiency, economic feasibility assessments are equally crucial to
establish viable processes. Detailed process modeling provides key insights into cost drivers, constraints, and sensitivities.
These learnings guide targeted development to ensure commercial viability. Patents from Lek Pharmaceuticals
(EP2935205B1 and US9388188B2) focus on the use of penicillin amidase and hydrolytic enzymes for the synthesis of
sitagliptin intermediates, demonstrating the significance of process development in the enzymatic production of chiral amines.

Huo et al constructed process simulations for two multi-enzyme routes to chiral amines: transaminase vs amine
dehydrogenase.’ The analysis suggested enzyme cost accounted for >90% of raw materials costs in both processes.
Thus, enzyme efficiency improvements would significantly reduce overall production costs. With 4-5 fold increased
activity, the dehydrogenase route became cost competitive, motivating further enzyme engineering.

Characterization of immobilized enzymes enables evaluating the immobilization process itself and projecting the
performance of the immobilized enzyme under process conditions. Such characterization guides selecting strategies for
support functionalization and enzyme immobilization onto the activated support. It determines optimal conditions for
conducting immobilization based on the intended biocatalyst application, linking biocatalyst production to use.
Quantifying the catalytic potential of the immobilized enzyme under operational conditions provides invaluable insight
by accounting for both activity and stability. This includes effects of mass transfer limitations (diffusional restrictions)
and intrinsic enzyme inactivation from immobilization. Overall, comprehensive characterization of immobilized enzymes
informs immobilization strategies and projects real-world performance, optimizing the connection between immobilized
biocatalyst preparation and implementation.>®

Achieving economic viability with transaminase biocatalysis for industrial chiral amine production requires optimizing
various process parameters. Efficient cofactor recycling systems are crucial to reduce costs associated with the expensive
pyridoxal 5’-phosphate (PLP) cofactor. Strategies include coupling transaminase reactions with alanine dehydrogenase to
regenerate PLP from pyruvate, or using enzyme cascades with amine dehydrogenases or glucose dehydrogenase for
cofactor recycling. Immobilizing the transaminase and cofactor onto solid supports enhances stability and reuse, lowering
enzyme costs. Process modeling indicates that high substrate concentrations (>100 g/L) and minimal byproduct formation
are needed to obtain suitable product titers and yields at commercial scale. Furthermore, techno-economic analyses
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demonstrate the enzyme contribution should be <10% of overall production costs. Therefore, protein engineering to
improve transaminase activity and stability is recommended to decrease required enzyme loading. In summary, realizing
the industrial potential of transaminase biocatalysis requires integrated process development addressing cofactor recycling,

enzyme immobilization, and reaction optimization guided by techno-economic targets.

Environmental Sustainability of Chiral Amine Synthesis

The pharmaceutical industry faces growing pressure to develop more sustainable manufacturing processes with lower
environmental impacts. A key metric is the E factor, which measures waste generated per kilogram of product. In the late
1990s, Roger Sheldon highlighted the significantly higher E factors for pharmaceuticals (25-100) compared to other
chemical industries.>*>> This waste contributes to the industry’s negative environmental footprint. A major pharmaceu-
tical synthesis route involves chiral amine production using heavy metals and reducing agents, severely threatening
ecosystems.

In response, green chemistry techniques like biocatalysis are gaining traction. Biocatalysis utilizes engineered
enzymes to impart high chemo-, regio- and stereoselectivity under mild, aqueous conditions. While native enzymes
have limited scope, protein engineering over the past decade has expanded the toolbox. Key engineered enzymes include
monoamine oxidases, imine reductases, amine dehydrogenases and transaminases (Table 1). However, realizing bioca-
talysis’ full potential requires addressing hurdles like limited substrate scope, low catalytic efficiency and problematic
equilibria (Table 2).

Insights from Patent Literature

The patent literature reveals significant innovation in developing biocatalytic routes for efficient and sustainable
production of the important antidiabetic drug sitagliptin. Transaminase enzymes have emerged as promising biocatalysts
due to their high stereoselectivity. Several patents describe engineering Arthrobacter and other transaminases to expand
substrate scope and enhance catalysis of bulky chiral amine intermediates like sitagliptin. Other patents disclose
immobilization techniques to improve transaminase stability and reuse, while mutations target enhanced performance
under industrial conditions. Beyond transaminases, diverse enzymes including amidases, reductases, and hydrolases have
been applied for specific sitagliptin intermediate steps. Overall, the patents exemplify a shift from traditional chemical
synthesis to more efficient biocatalytic platforms. Key innovations involve re-engineering natural enzymes for non-native
substrates; integrating computational modeling, directed evolution, and high-throughput screening to rapidly optimize
biocatalysts; and immobilization/process engineering to realize advantages at manufacturing scale (Table 3). As growing
diabetes prevalence increases demand, these patents suggest biocatalysis can offer green, economically viable production
of essential medicines like sitagliptin. Realizing this potential requires continued enzyme and process engineering guided

Table | Selective Examples of Biocatalysts in Synthesizing Chiral Amine-Containing Pharmaceuticals and Their Therapeutic
Importance

Sr. No. Biocatalyst Source Source Mutant Active Pharmaceutical Therapeutic Importance
Ingredients (APIs)
I Monoamine oxidase | Aspergillus niger and MAO-N401 Boceprevir Used to treat Chronic Hepatitis
(MAO)®**7 A. oryzae C (HQV) infection
2. Imine Reductase Streptomyces pRedAm-R3-Vé Abrocitinib JAK-1 inhibitor used against
(IRED)*® purpureus atopic dermatitis
3. Amine Dehydrogenase | Thermoactinomyces Modified Saxagliptin DPP-4 Inhibitor in Diabetes
(AmDH)3":38 intermedius PheDHs
4. ® — Transaminase Arthrobacter sp ATA-117 Sitagliptin Anti-diabetic drug inhibiting
(o-TAY* DPP-4
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Table 2 Represents Different Enzymes and Reaction Parameters Used in Biocatalysis

Sr. No. Enzyme Enzyme Reaction Protein Substrate Amine Co-
Family Engineering Scope Donor Product
Strategy (Co-Factor)
1. Amine Oxidase®®~ Flavin Amine Oxidative Directed Benzhydrylamine, Molecular H,O,
ol Oxidoreductase deracemization and Evolution MBAs, THNs, O, as
desymmetrisation of I-amino indanes oxidant
primary, secondary, and (FAD)
tertiary chiral amines
2. Imine Reductase®®” | Oxidoreductase | Reductive amination and Structure N-Boc- Methyl
64 amine reduction of pro- Guided Semi pyrrolidone, amine, Butyl
chiral imines to amines Rational design Benzylamine, amine,
acetophenone, Ammonia
2-hexanone
(NADP)
3. Amine Oxidoreductase | Asymmetric reductive Genome and 4-phenyl- Ammonia H,O
Dehydrogenase®®>° amination of ketones to metagenome 2-butanone, MIBK
corresponding chiral mining, error- (NADP)
amines prone PCR,
DNA shuffling
4. - Transferase Transfer of amine group Random Pro-sitagliptin L-alanine, Pyruvate
Transaminase*¢? from donor to amine mutagenesis and Ketone (PLP) Isopropyl Acetone
acceptor Directed Amine,
Evolution a-Methyl
benzylamine
Table 3 Overview of Sitagliptin Biocatalysis Patents
Patent (Applicant) Key Points

US8293507B2 (Codexis Inc)

Engineered Arthrobacter (Arthrobacter sp KNK168) transaminase variants with improved
activity and stereoselectivity for sitagliptin synthesis. The engineered transaminase enzyme of
SEQ ID NO: 4 was obtained by mutating the transaminase of SEQ ID NO:2.

US8921079B2 (Codexis Inc)

Engineered transaminase variant (from Arthrobacter sp KNK168) with improved activity for
diverse chiral amines. Amino acid: SEQ ID NO: 58, 72, 74, 80, 86, 96, 98, 100, or 102.

US9587229B2 (MERCK & CO INC)

Immobilized engineered transaminase retaining activity in organic solvents. Multiple SEQ IDs.
(SEQ ID NO: 16, 18, 20, 22, 24 etc)

US9523107B2 (MERCK SHARP &
DOHME (US))

Immobilized wild type transaminase with improved stability. SEQ ID NO: I.

US10017749B2 (HOFFMANN LA
ROCHE (US))

Transaminase mutants (from various sources Ruegeria sp, Mesorhizobium loti, Oceanicola
granulosus, Xanthobacteraceae, Rhodobacteraceae bacterium, Martelella mediterranea,
Ruegeria pomeroyi, Sagittula stellata) with increased activity for chiral amines. SEQ ID NOs: 30—
38, SEQ ID NOS:43, 44, 46-51, SEQ ID NO:53, SEQ ID NO:55 and SEQ ID NOS:57-64.

EP3486324B| (ENZYMICALS AG (DE);
UNIV ROSTOCK (DE))

Method of using transaminase for chiral amines; discloses Bacillus transaminase (Aspergillus

fumigatus: SEQ ID NO: |
Gibberella zeae: SEQ ID NO: 2
Neosartorya fischeri: SEQ ID NO: 3
Aspergillus oryzae: SEQ ID NO: 4)

(Continued)
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Table 3 (Continued).

Patent (Applicant)

Key Points

CN109402188B (JIANGNAN UNIV)

Method of using transaminase for chiral amines/acids (from Bacillus pumilus, SEQ ID NO: 1)

US20200332321A1 (ENZYMASTER NINGBO
BIO ENG CO LTD (CN))

Engineered transaminase polypeptides; discloses 400+ sequences

CN110982801B (SUZHOU INST
BIOMEDICAL ENG & TECH CAS)

Transaminase mutants with improved thermal stability (wild type WP _0532423951.1 SEQ ID
NO: 1)

EP2935205B1 (LEK PHARMACEUTICALS)

Penicillin amidase for sitagliptin intermediate resolution (Chiral y-aryl-B-aminobutyric acid)

CN104893989BI (Zhejiang University of
Technology)

Rhizopus mutant for asymmetric reduction in sitagliptin synthesis (Rhizopus microspores; SEQ
ID NO: 1): Sitagliptin chiral intermediate (S) —3- hydroxyls —1- [3- (trifluoromethyl) —5,6-
dihydros-[1,2,4] triazol [4,3-a] Pyrazine —7- (8H)-yl

CN105925506A (Zhejiang University of
Technology)

Pseudomonas mutant for asymmetric reduction in sitagliptin synthesis (Pseudomonas aeruginosa
ZJPH1504; chiral intermediate (S)-3-hydroxyl-|-[3-(trifluoromethyl)-5,6-dihydro-[1,2,4] triazol
[4,3-a] pyrazine-7-(8H)-yl]-4-(2,4,5-trifluoro Phenyl) butyl-|-ketone)

CNI11041019B (ABIOCHEM
BIOTECHNOLOGY CO LTD)

Aspartase mutants for sitagliptin intermediate synthesis (AspB enzyme derived from Bacillus sp.

YM55-1; Sitagliptin intermediate (R) —3- amino —4- (2,4,5- trifluorophenyl) butyric acid))

US9388188B2 (LEK PHARMACEUTICALS)

Enzymatic hydrolysis for single enantiomer intermediate (Hydrolytic enzyme - lipases
immobilised; intermediate B-aminobutyryl substituted 5,6,7,8-tetrahydro[ |,4]diazolo[4,3-alpha]

pyrazin-7-yl compounds)

CNI109957586A (ZHEJIANG JIUZHOU
PHARM CO LTD)

Multi-enzyme one-pot method for sitagliptin intermediates (Saccharomyces cerevisiae, bacillus
sp, Enterobacter cloacae Enterobacter cloacae; SEQ ID NO: [, SEQ ID NO: 2, SEQ ID NO: 3)

by techno-economic assessments. The patent literature provides a promising outlook for establishing enzymatic synthesis
as a scalable and sustainable manufacturing platform for pharmaceuticals.

Conclusions

The enzymatic synthesis of chiral amines has made remarkable progress in recent years, driven by advances in protein
engineering and process optimization. By re-engineering key enzymes like transaminases, amine oxidases, and amine
dehydrogenases, researchers have significantly expanded the substrate scope and enhanced the catalytic efficiency of
these biocatalysts. Directed evolution, rational design, and high-throughput screening have been instrumental in creating
enzyme variants capable of selectively producing complex chiral amine pharmaceuticals, such as sitagliptin, saxagliptin,
and abrocitinib. Moreover, immobilization techniques have improved enzyme stability and reusability, while cofactor
recycling strategies have reduced process costs.

However, realizing the full potential of enzymatic chiral amine synthesis at an industrial scale requires further
optimization guided by techno-economic assessments. Process modeling and detailed cost analyses are crucial for
identifying key cost drivers, constraints, and sensitivities. These insights can guide targeted enzyme and process
development to ensure commercial viability. Additionally, integrating state-of-the-art protein engineering with advanced
process intensification strategies, such as cascade reactions and in situ product removal, will be essential for achieving
economically competitive and sustainable biomanufacturing.

The patent literature highlights the growing interest in biocatalytic routes for chiral amine synthesis, particularly for
high-value pharmaceuticals like sitagliptin. Numerous patents disclose engineered transaminases, amine dehydrogenases,
and other enzymes with improved activity, stability, and stereoselectivity. These innovations, combined with immobiliza-
tion techniques and process optimization, demonstrate the potential for enzymatic synthesis to replace traditional
chemical methods.

176 https: Biologics: Targets and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Vikhrankar et al

In conclusion, recent advances in enzyme engineering and process development have positioned biocatalysis as
a promising alternative to chemical synthesis for the production of chiral amines. By combining cutting-edge protein
engineering with integrated process optimization, guided by techno-economic considerations, the pharmaceutical indus-
try can harness the power of enzymes to establish scalable, sustainable, and economically viable routes to these essential
building blocks. The future of chiral amine synthesis lies in the synergy between biocatalysis and process engineering,
driving the development of green and efficient manufacturing processes.
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