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Enzyme biocatalysis is reshaping pharmaceutical synthesis, offering sustainable and efficient pathways
for drug discovery and production. This paradigm shift towards eco-friendly methodologies addresses
concerns inherent in traditional chemical synthesis. Enzymes, celebrated for their precision and
adaptability to mild conditions, are poised as ideal candidates for pharmaceutical applications. Their
versatility facilitates the synthesis of diverse pharmaceutical compounds, ensuring precise drug design
and minimizing environmental impact. The integration of multidisciplinary approaches, including protein
engineering, computational biology, and nanoarchitectonics, holds the potential to propel enzyme
biocatalysis even further. Protein engineering utilizes directed evolution and rational design to customize
enzymes, enhancing their stability and efficacy. Computational biology aids in deciphering enzymatic

Received 2nd October 2023, mechanisms, while nanoarchitectonics introduces innovative enzyme integration strategies into
Accepted 27th October 2023 continuous flow systems. This comprehensive review explores how these multidisciplinary approaches
DOI: 10.1039/d3ey00239j can revolutionize pharmaceutical research and production. The synergy among these disciplines

promises to expedite pharmaceutical processes, promote sustainability, optimize efficiency, and elevate
rsc.li/eescatalysis precision—aligning perfectly with the evolving requirements of the pharmaceutical industry.

Broader context

Enzyme biocatalysis is propelling a significant revolution in pharmaceutical synthesis, offering eco-friendly and highly efficient pathways for drug discovery and
production. This departure from traditional chemical methods not only aligns with sustainability goals but also reflects a broader global trend towards greener
practices. Enzymes, renowned for their precision and adaptability under mild conditions, are poised to play a pivotal role in shaping the pharmaceutical industry’s
future. Their inherent versatility allows for the precise synthesis of a wide spectrum of pharmaceutical compounds, simultaneously reducing the environmental
impact—a critical consideration in contemporary research and development. In this evolving landscape, multidisciplinary approaches, reminiscent of recent
catalyst development strategies, hold the key to unlocking the full potential of enzyme biocatalysis. These approaches encompass protein engineering,
computational biology, and nanoarchitectonics, which collectively contribute to enhancing enzyme stability, deciphering complex enzymatic processes, and
introducing innovative integration methods within continuous flow systems. This comprehensive review not only underscores the remarkable impact of
multidisciplinary approaches but also highlights their potential to streamline pharmaceutical processes, promote sustainability, optimize efficiency, and elevate
precision—a paradigm shift aligned with the evolving demands of the pharmaceutical industry and broader environmental objectives.
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1. Introduction

Enzyme biocatalysis, encompassing the utilization of microor-
ganisms or enzyme preparations to catalyze chemical transfor-
mations, has arisen as a pivotal force in the field of
pharmaceutical synthesis, providing a sustainable and efficient
pathway for drug discovery and production.'™ In an era char-
acterized by unprecedented demands for speed, sustainability,
cost-efficiency, and precision in drug development, the phar-
maceutical industry is undergoing a profound shift catalyzed by
the rise of enzyme biocatalysis.®” This paradigm shift toward
environmentally friendly and more precise methodologies
addresses both environmental concerns and efficacy issues asso-
ciated with conventional chemical synthesis approaches.®>® His-
torically, the pharmaceutical industry heavily relied on chemical
synthesis methods to produce therapeutic compounds.'® While
these approaches undeniably accelerated drug development
and production, they also introduced inherent challenges.
For example, the employment of hazardous reagents, significant
energy consumption, and the generation of substantial
waste posed significant environmental and economic concerns."!
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The call for more sustainable alternatives has grown louder in
recent years, and in response, enzyme biocatalysis has emerged as a
compelling solution.

Enzymes, often referred to as the catalysts of life, have
evolved over millions of years to orchestrate precise chemical
transformations within living organisms.'” Their intrinsic
specificity, combined with compatibility with mild reaction
conditions, positions enzymes as ideal candidates for pharma-
ceutical applications.>'* Harnessing enzymes in drug develop-
ment and synthesis not only enhances the selectivity of
reactions but also aligns pharmaceutical processes with the
principles of green chemistry, mitigating their environmental
footprint."® Enzyme biocatalysis in pharmaceuticals is no
longer confined to the realm of theoretical promise, it has
evolved into a practical, advantageous reality with discernible
benefits. Globally, researchers have harnessed enzymes’ catalytic
potency to execute a diverse range of transformations, encom-
passing small-molecule drug synthesis and the production of
intricate biological therapeutics."* For example, enzymes such as
lipases and hydrolases have played a fundamental role in
optimizing the synthesis of enantiopure chiral intermediates-—-a
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formidable challenge frequently confronted in the pharmaceu-
tical chemistry.’® This progress underscores the central role of
enzyme biocatalysis in modern pharmaceutical research and
manufacturing.

Indeed, enzyme biocatalysis in pharmaceuticals has offered
a multitude of advantages that have an impact on various facets
of drug development and production. Firstly, enzymes have
played a crucial role in the assembly of complex peptide and
oligonucleotide therapeutics, elevating the precision of drug
design.'®™"® By selectively and efficiently catalyzing specific
chemical reactions, enzymes enable pharmaceutical scientists
to fine-tune the molecular structures of drugs, optimizing their
efficacy and safety profiles. This newfound precision in drug
synthesis carries profound implications, extending beyond the
creation of novel therapeutic agents to encompass the optimi-
zation of existing medications.”® The ability to finely mani-
pulate molecular structures through enzymatic catalysis not
only facilitates the design of innovative drugs but also opens
avenues for enhancing the efficacy, safety, and targeted delivery
of established pharmaceuticals.*

Additionally, one of the outstanding features that distin-
guishes enzyme biocatalysis in pharmaceuticals is its inherent
compatibility with aqueous environments and mild operational
conditions.”'*?*?3 Unlike conventional chemical catalysts,
enzymes thrive in water-based solutions and typically function
at relatively low temperatures. These favorable conditions not
only diminish the energy requirements of pharmaceutical
processes but also elevate safety standards by minimizing
potential hazards linked to high-temperature reactions and
the use of hazardous reagents.”** Furthermore, enzymes fre-
quently showcase an exceptional level of substrate versatility,
demonstrating the capacity to accommodate a wide range of
substrates.>>*>° This adaptability paves the way for innovative
approaches in synthesizing a wide spectrum of pharmaceutical
compounds. Such versatility has notable importance for
addressing the dynamic requirements of the pharmaceutical
sector, characterized by a continual demand for complex and
highly targeted drug molecules.

The evolutionary journey of enzyme biocatalysis from a
promising concept to an indispensable tool in pharmaceutical
research and production can further be driven by multidisci-
plinary approaches. This convergence of disciplines encom-
passes three central pillars: protein engineering, computational
biology, and nanoarchitectonics. Protein engineering, through
directed evolution and rational design, has empowered
researchers to tailor enzymes for specific reactions and enhance
their stability, paving the way to novel applications in pharma-
ceutical synthesis.'>*****” Computational biology has augmented
our understanding of enzymatic mechanisms and facilitated the
rational design of enzymes with enhanced catalytic activity.>® >
Additionally, computational tools have streamlined the prediction
of enzyme-substrate interactions, expediting the development
and optimization of enzymatic processes.**?* Meanwhile,
nanoarchitectonics has introduced innovative strategies for
enzyme immobilization and encapsulation within custom-
designed nanomaterials.*>” These advances not only enhance

16 | EES Catal, 2024, 2,14-48
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Fig. 1 Outline of the multidisciplinary approaches to advanced enzyme
biocatalysis for pharmaceutical applications.

enzyme stability and reusability but also enable their seamless
integration into continuous flow processes, a crucial require-
ment for large-scale pharmaceutical production.

This review paper presents a comprehensive examination of
enzyme biocatalysis within the realm of pharmaceutical appli-
cations, with a primary focus on introducing multidisciplinary
approaches to advance the field of enzyme biocatalysis (Fig. 1).
We begin by providing a concise overview of the background and
advantages of utilizing enzyme biocatalysis in pharmaceutical
contexts. Following this, we introduce the key factors enabling
the development of advanced enzymes for pharmaceutical appli-
cations. Within the context of multidisciplinary approaches, we
extensively explore the significant contributions made by disci-
plines such as protein engineering, computational biology, and
nanoarchitectonics in advancing the field of enzyme biocatalysis.
Additionally, we address the persistent challenges that remain
and offer insights into the prospects for these multidisciplinary
strategies. As we explore this transformative landscape, it becomes
evident that the synergy among these multidisciplinary facets
holds great potential to have a significant impact on the evolution
of pharmaceutical research and production. This potential con-
tribution revolves around the core principles of speed, sustain-
ability, efficiency, and precision, which are increasingly important
in today’s pharmaceutical landscape.

2. Enzyme biocatalysis as a potential
solution for pharmaceutical
applications

2.1 Definition of enzyme biocatalysis

Enzyme biocatalysis, situated at the crossroads of biology and
chemistry, represents a cutting-edge discipline with the power
to reshape how we approach chemical reactions and synthesis
processes.'>?® At its core, this transformative field harnesses
the remarkable catalytic properties of enzymes—biological
macromolecules finely honed by evolution over millions of
years to function as molecular machinery within living
organisms.®'” These enzymes exhibit an exceptional blend of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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specificity and efficiency, unrivalled in their capacity to orches-
trate complex chemical transformations.

Enzyme biocatalysis, in essence, can be defined as the
application of enzymes as catalysts to drive and accelerate
chemical reactions." These biological catalysts possess the
unique ability to enhance the speed and precision of chemical
transformations under mild conditions, making them invalu-
able tools in various scientific and industrial applications.**?
Central to the concept of enzyme biocatalysis is the idea of
catalysis itself. In chemical reactions, catalysts are substances
that facilitate the conversion of reactants into products without
undergoing any permanent change themselves.* Enzymes excel
in this role, lowering the activation energy required for reactions
and thus effectively expediting chemical transformations. Their
catalytic action is highly specific, with each enzyme tailored to
interact with a particular substrate or class of molecules, ensur-
ing precision in the reactions that they catalyze.>*°

Furthermore, enzyme biocatalysis offers a sustainable and
environmentally friendly approach to chemical processes.”’
Enzymes typically operate in aqueous environments and under
relatively mild temperatures and pH conditions, which reduces
energy consumption and minimizes the production of hazardous
byproducts.”® These characteristics align with the principles of
green chemistry, making enzyme biocatalysis an attractive choice
for industries seeking eco-conscious and economically viable
solutions.**? Ultimately, enzyme biocatalysis represents a con-
vergence of nature’s biochemical marvels with human ingenuity,
opening doors to a wide range of applications across fields
as diverse as pharmaceuticals, biotechnology, food production,
and more. It holds the potential to transform the way we approach
chemical synthesis and catalysis, offering a greener, more
efficient, and more precise alternative to traditional chemical
methods.

2.2 Beneficial properties of enzyme biocatalysis in
pharmaceutical applications

Enzyme biocatalysis has emerged as a game-changer in the
realm of pharmaceuticals, offering a plethora of highly advan-
tageous properties that are transforming the drug development
and manufacturing landscape. Within this section, we will
explore several key advantageous properties that define the
potential of enzyme biocatalysis, with a specific focus on its
applications in the pharmaceutical sector. These properties
encapsulate the versatility and sustainability that make enzyme
biocatalysis an indispensable tool in modern pharmaceutical
research and production.

2.2.1 Precise and selective. Enzymes, often referred to as
nature’s molecular machines, exert an unmatched degree of
precision and selectivity when catalyzing chemical reactions.*?
This excellent specificity ensures that enzymes interact exclu-
sively with their target substrates, minimizing the formation of
unwanted byproducts. In the pharmaceutical industry, where the
synthesis of complex and highly specific therapeutic molecules
is critical, this precision is invaluable. Enzyme biocatalysis
empowers researchers to fine-tune the synthesis of drugs and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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therapeutic compounds, significantly enhancing their purity
and efficacy.

2.2.2 Sustainable and compatible with mild conditions.
Enzyme biocatalysis seamlessly aligns with the principles
and metrics of green chemistry and sustainable development,
solidifying its status as a robust and environmentally respon-
sible technology.** Operating under mild reaction conditions,
typically at moderate temperatures and in aqueous environ-
ments, enzymes significantly reduce energy consumption
and curtail the generation of hazardous waste, establishing
themselves as a sustainable choice for pharmaceutical produc-
tion. As the global focus on environmental responsibility
intensifies, enzyme biocatalysis has emerged as a pivotal strat-
egy for shrinking the carbon footprint of the pharmaceutical
industry. In addition, the mild reaction conditions preserve the
structural integrity of delicate biomolecules and prevent
chemical degradation, guaranteeing the production of high-
quality pharmaceuticals.*® This capability to function under
such conditions facilitates the synthesis of intricate peptides,
oligonucleotides, and biologics with minimal risk of denatura-
tion or deterioration.

2.2.3 Fast and cost-effective. Enzyme biocatalysis offers
unique advantages in pharmaceutical applications, particularly
in terms of speed and cost-effectiveness.>* Compared to tradi-
tional chemical catalysts, enzymes demonstrate exceptional
efficiency and rapid catalytic activity while consuming less
energy. Their capacity to catalyze reactions at lower tempera-
tures not only conserves energy but also enhances safety by
minimizing the risk of high-temperature reactions. This rapid
and energy-efficient characteristic translates into substantial
cost savings in pharmaceutical manufacturing, reinforcing the
economic viability of enzyme biocatalysis.

2.2.4 Robust and biocompatible. Enzymes often exhibit
broad substrate tolerance, enabling them to work with a wide
range of molecules."® This versatility is particularly valuable in
pharmaceutical applications, where the synthesis of diverse
compounds is common. Enzymes can be adapted and tailored
to accept various substrates, making them versatile tools for
the production of a wide array of pharmaceuticals, ranging
from small-molecule drugs to complex biologics. Furthermore,
enzymes are inherently biocompatible, making them ideal for
applications involving biologics and biomolecules.** Their
compatibility with living organisms and biomimetic reactions
is pivotal in drug delivery systems, bioconjugation processes,
and the synthesis of biopharmaceuticals.”® Enzyme-based
approaches can facilitate the conjugation of therapeutic agents
with targeting ligands, enabling precise drug delivery to specific
cells or tissues.

2.2.5 Stereochemical control. Enzymes offer exquisite con-
trol over the stereochemistry of reactions, a critical factor in
pharmaceutical chemistry.®** Their application in biocatalysis
enables the synthesis of enantiomerically pure compounds,
meeting the exacting demands for chiral purity in drug devel-
opment. This proficiency simplifies subsequent purification
procedures and elevates the overall efficacy of pharmaceutical
compounds, streamlining the drug development process.

EES Catal., 2024, 2,14-48 | 17
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Fig. 2 Enzyme biocatalysis as a potential solution for pharmaceutical applications.

2.2.6 Productive and available. Enzyme biocatalysis often
leads to streamlined and more efficient processes. Enzymes
can catalyze complex reactions in a single step, reducing
the number of reaction stages and minimizing the need for
additional reagents. This efficiency translates to shorter production
times and reduced costs, making enzyme biocatalysis an eco-
nomically viable choice for pharmaceutical manufacturing.*®
Moreover, the specificity of enzymes ensures the production of
high-purity pharmaceutical compounds. Contaminants and
impurities are minimized, reducing the need for extensive
purification steps. The resulting purity enhances the safety
and efficacy of pharmaceutical products while simplifying
quality control processes.

In conclusion, enzyme biocatalysis in pharmaceuticals embo-
dies a host of advantageous properties that have positioned it at
the forefront of drug discovery and production (Fig. 2). The plot
(top right) highlights the most desirable characteristics of
enzyme biocatalysis. In harsh industrial settings, attributes
such as robustness and tolerance to mutations, which enhance
stability, often become imperative. Conversely, whether operat-
ing under mild or more challenging conditions, the pharmaceu-
tical industry consistently seeks biocatalyst properties that offer
flexibility and efficiency.'” These advantageous attributes can be
synergistically harnessed to yield high-value pharmaceutical
compounds, even in the most taxing industrial scenarios, while

18 | EES Catal, 2024, 2,14-48

concurrently achieving commendable economic and environ-
mental performance.

2.3 Main applications of enzyme biocatalysis in
pharmaceutical applications

Enzyme biocatalysis has become a significant factor behind
pharmaceutical advances, offering a diverse set of tools
and techniques that enhance speed, precision, efficiency, and
sustainability. As a result, it finds widespread utility in the
pharmaceutical industry, covering various applications, from
chiral synthesis to targeted drug delivery and cascade reactions
(Fig. 2). These applications leverage the exceptional catalytic
capabilities of enzymes, allowing pharmaceutical researchers to
address challenges, refine drug development processes, and
create innovative therapeutic solutions. In this section, we
explore the primary applications of enzyme biocatalysis in
pharmaceuticals, each representing a foundational step
towards greener, more effective, and more precisely tailored
pharmaceuticals.

2.3.1 Chiral synthesis. Enzyme biocatalysis has revolutio-
nized pharmaceutical chemistry, particularly in the field of
chiral synthesis.'®*”*® Chirality, or handedness, is a critical
aspect of many drugs, as different enantiomers (mirror-image
isomers) can exhibit distinct pharmacological effects, making
precise stereochemistry essential in drug development.*’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Enzymes such as lipases and hydrolases have emerged as
invaluable tools in this context. They catalyze asymmetric
reactions with remarkable selectivity, enabling the production
of enantiopure compounds.®® For example, lipase from Can-
dida antarctica is a valuable biocatalyst for kinetic resolution in
chiral synthesis due to its high enantioselectivity and ability to
selectively transform one enantiomer in a racemic mixture into
a pure, pharmaceutical-grade compound.®® This enzyme con-
tributes to the production of enantiomerically pure compounds
with high efficiency, thus enhancing the quality and efficacy of
pharmaceutical products. In addition, ketoreductases are
highly efficient biocatalysts for the asymmetric reduction in
chiral synthesis, leading to the production of chiral alcohols
with high selectivity and purity.”* Their role in the pharmaceu-
tical industry significantly contributes to the synthesis of key
intermediates and compounds required for drug development
and manufacturing.>”

This capability eliminates the need for cumbersome and
expensive separation methods, which are traditionally required
to isolate desired enantiomers from racemic mixtures.”® By
harnessing the power of enzyme biocatalysis, pharmaceutical
scientists can confidently synthesize single enantiomers, thus
ensuring both the safety and the efficacy of pharmaceutical
compounds. This transformative aspect of enzyme biocatalysis
has led to the development of safer and more effective chiral
pharmaceuticals, offering enhanced therapeutic outcomes.

2.3.2 Drug activation and modification. In the pharmaceu-
tical domain, enzyme biocatalysis assumes a crucial role in
drug activation and modification. Prodrugs, which are initially
inactive compounds that transform into their active forms
within the body, are extensively used to improve drug bioavail-
ability and mitigate side effects. Enzymes serve as the conduc-
tors of this precisely controlled activation, ensuring the
targeted delivery of drugs.”**> Moreover, enzymes exhibit
remarkable proficiency in the modification of existing drug
molecules.>® This capacity paves the way to the optimization of
drug pharmacokinetics, the enhancement of stability, and the
alteration of the drug’s mode of action.>” For example, glucur-
onosyltransferase contributes by conjugating drugs and xeno-
biotics with glucuronic acid, thereby increasing their water
solubility, facilitating elimination, and ensuring the safety
and efficacy of pharmaceutical products. Additionally, it plays
a critical role in the body’s defense against toxic substances.>®
In addition, sulfotransferases contribute to sulfation for drug
metabolism and bioactivation by conjugating drugs and xeno-
biotics with sulfate groups, thereby modifying their chemical
structures and properties.’® These modifications can lead to
the activation of prodrugs, modulation of drug activity,
enhancement of water solubility, and detoxification, all of
which are essential for ensuring the safety and efficacy of
pharmaceutical products. Utilizing enzyme biocatalysis for
these modifications empowers pharmaceutical scientists to
precisely tailor drug properties, leading to the attainment of
desired therapeutic outcomes. This capacity equips the phar-
maceutical industry with a versatile toolkit to enhance drug
effectiveness while mitigating undesirable side effects.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3.3 Bioconjugation and targeted delivery. The precision
inherent in enzyme biocatalysis finds another valuable applica-
tion in bioconjugation and targeted drug delivery.*>**® Through
the incorporation of specific enzyme recognition sites into drug
molecules, researchers can craft prodrugs that selectively acti-
vate in particular tissues or cells, a strategy known as targeted
drug delivery. This approach minimizes off-target effects and
amplifies the therapeutic potential of drugs, which is particu-
larly beneficial in fields such as oncology, where precision is
paramount. Moreover, enzymes facilitate the conjugation of
therapeutic compounds with targeting ligands, antibodies, or
nanoparticles, a process termed bioconjugation.”" This biocon-
jugation capability enables the development of precision med-
icine strategies that enhance drug localization while reducing
systemic toxicity. For example, sortases play a crucial role in
pharmaceutical applications by enabling site-specific protein
labeling and bioconjugation. This technology is instrumental
in bioconjugation for targeted drug delivery, allowing the
attachment of various molecules to specific proteins, thereby
enhancing the specificity and efficacy of drug delivery
systems.®' Additionally, lipoic acid ligase and similar lipidation
enzymes are instrumental in pharmaceutical applications by
enabling protein modification for targeted drug delivery.
Through the covalent attachment of lipid moieties to proteins,
these enzymes enhance membrane association, enable precise
targeting, and improve the stability of drug delivery systems,
ultimately enhancing the effectiveness of pharmaceutical pro-
ducts in targeted drug delivery and bioconjugation.®”

By harnessing enzyme biocatalysis for bioconjugation, phar-
maceutical scientists can tailor drug delivery systems to suit the
unique requirements of diverse diseases and patient popula-
tions, thus advancing the field of personalized medicine.

2.3.4 Derivation and modification. Enzyme biocatalysis
extends its influence to the derivation and modification of
pharmaceutical compounds.®® In this capacity, enzymes can
be strategically employed to introduce or remove specific func-
tional groups from drug molecules, thereby facilitating the
synthesis of derivatives with modified pharmacological
properties.®® This capability has proved instrumental in the
optimization of drug candidates and the development of ana-
logs characterized by enhanced efficacy or reduced toxicity.
Furthermore, enzymes serve as indispensable assets in phar-
maceutical manufacturing processes, where they execute spe-
cific modifications crucial for ensuring the consistency and
purity of drug products. For example, glycosyltransferases
enable enzymatic glycosylation to synthesize glycosylated com-
pounds with a wide range of derivatization and modification
options. The resulting glycosylated products find utility in
drug development, biotechnology, and other pharmaceutical
endeavors, contributing to the enhanced efficacy, stability, and
targeted delivery of pharmaceutical products.®® Additionally,
halogenases allow for the selective halogenation of organic
molecules. This process contributes to derivatization and
modification by introducing halogen atoms into substrates,
thereby enhancing their chemical properties for use in drug
development.®®
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By harnessing enzyme biocatalysis in these manufacturing
procedures, pharmaceutical manufacturers can attain a heigh-
tened level of control over drug production, yielding pharma-
ceuticals that are more dependable, uniform, and ultimately
beneficial for patients.

2.3.5 Cascade and multienzyme reactions. A notable char-
acteristic of enzyme biocatalysis in pharmaceutical synthesis
lies in its adept utilization of cascade and multienzyme reac-
tions. In cascades, enzymes are meticulously organized in a
sequential fashion, where each enzyme adeptly catalyzes a
specific step in a complex reaction sequence.’”®”°® This
approach significantly streamlines the synthesis of intricate
pharmaceutical compounds, effectively reducing the number of
intermediates required and minimizing the need for extensive
purification steps. The cascade strategy proves particularly
advantageous when crafting complex molecules adorned with
multiple functional groups.®®’® Representative examples
include taxadiene synthase, taxadiene-5-o-hydroxylase, and
acetyltransferase for taxol biosynthesis cascade,”* amorpha-
diene synthase, CYP71AV1, and ALDH1 for artemisinin bio-
synthesis multienzyme system,”> ACVS, IPNS, and IAT for
penicillin G biosynthesis cascade,”” and HMG-CoA synthase,
HMG-CoA reductase, and mevalonate kinase for statin synth-
esis multienzyme network.”*

Concurrently, multienzyme systems, often featuring engi-
neered enzymes, unlock the potential for highly customized
and efficient reactions that would present formidable chal-
lenges or even impossibilities, using traditional chemical
methods.”>”® These intricate enzymatic networks bestow upon
pharmaceutical scientists an unprecedented level of control
and precision. Consequently, they elevate the versatility and
efficiency of drug synthesis, ultimately culminating in more
streamlined and cost-effective pharmaceutical production
processes.

In summary, enzyme biocatalysis in pharmaceutical appli-
cations encompasses a broad range of vital functions, extend-
ing from chiral synthesis to drug activation, bioconjugation,
derivation, and cascade reactions. These applications collec-
tively empower pharmaceutical scientists to craft safer, more
effective, and more precisely targeted therapies, all while
streamlining drug synthesis and production processes. Enzyme
biocatalysis remains a driving force in the evolution of the
pharmaceutical industry, propelling innovation and extending
the boundaries of drug discovery and development. For a
detailed overview of various enzyme biocatalysis applications,
please refer to Table 1.51,52,58,59,61,62,65,66,71—74,77—93

3. Key factors enabling enzyme
biocatalysis in pharmaceutical
applications

Enzyme biocatalysis has emerged as a vital facet of contempor-
ary organic synthesis, exerting substantial influence across

academic research and the chemical and pharmaceutical
industries. Originally, during the early 2000s, its primary
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application lay in the production of optically active
intermediates.”® The field of biocatalysis has undergone a
transformative evolution, however, expanding its domain to
encompass a diverse array of applications, with profound
implications for the synthesis of chiral compounds integral to
pharmaceuticals. This transformation has engendered the
imperative adoption of a cyclical and iterative approach, char-
acterized by three pivotal phases: design, build, and optimize
(Fig. 3).* These phases have become indispensable in harnes-
sing the immense potential of enzyme biocatalysis, enabling
pharmaceutical scientists to judiciously engineer enzymes,
fabricate novel biocatalysts, and systematically refine their
performance.” In this manner, they drive innovation and
enhance efficiency in both drug discovery and production.

Design: the process commences with a rigorous design
phase, marked by the pursuit of high efficacy, enantioselec-
tivity, and specificity in enzyme biocatalysis tailored for phar-
maceutical applications. It necessitates the meticulous
selection of target substrates and the systematic delineation
of requisite enzyme engineering strategies essential for achiev-
ing precise substrate binding.

Build: following the design phase, the spotlight shifts to the
efficient production of biocatalysts. The fabrication of biocata-
lysts for industrial pharmaceutical use demands productivity,
practicality, and cost-effectiveness. This pivotal phase serves as
the bridge between conceptual enzyme design and its tangible
application.

Optimize: once biocatalysts are assembled, they undergo
comprehensive testing to ascertain their capacity for effective
biocatalysis. The development of a rigorous examination sys-
tem assumes paramount importance in the progression of
pharmaceutical biocatalysis, ensuring reliability and efficiency
in the synthesis of pharmaceutical compounds.

In this section, we embark on a comprehensive exploration
of these three critical phases that underpin the success of
enzyme biocatalysis in pharmaceutical applications. By explor-
ing the intricacies of design, production, and optimization, we
aim to provide a thorough scientific elucidation of the dynamic
field of enzymatic biocatalysis and its seminal role in shaping
the future of pharmaceutical science.

3.1 Design: precision at the molecular level

Protein design in the context of enzymes involves creating or
modifying proteins to enhance their catalytic activity, substrate
specificity, stability, and other properties for various biocataly-
tic applications.”® A comprehensive understanding of protein
structure and function to engineer enzymes makes it possible
to improve their performance. Designing enzymes for high
efficacy, enantioselectivity, and specificity is the starting point
in developing enzyme biocatalysis for pharmaceutical
applications.”” Selecting a target substrate and uncovering
which enzyme engineering is required for specific substrate
binding are fundamental aspects of this process.

Rational design particularly involves making specific
changes to an enzyme’s amino acid sequence or structure
based on our understanding of its catalytic mechanism. Unlike

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Key factors enabling the development of an advanced enzyme for
pharmaceutical applications.

random or empirical methods, rational design relies on
scientific principles, computational tools, and biochemical
knowledge to make precise changes to a protein’s amino acid
sequence or structure, with the goal of improving or customizing
its properties. Because rational design starts with knowledge of
the protein’s three-dimensional structure, technology such as
X-ray crystallography, nuclear magnetic resonance (NMR) spectro-
scopy, or cryogenic electron microscopy (cryo-EM) is important for
understanding the structure of the desired enzyme and provides
insights into its active site, substrate-binding regions, and overall
conformation.

Rational design focuses on the enzyme’s active site, where
chemical reactions take place. Researchers can introduce muta-
tions or structural alterations to optimize the active site’s
geometry, electrostatics, or binding affinity towards substrates.
Additionally, by altering key residues in the active site,
researchers can make the enzyme preferentially recognize
different substrates. Rational design can also enhance protein
stability and solubility, making the enzyme more robust under
varying conditions, and create enzymes with high specificity for
a particular substrate or to improve selectivity.

Furthermore, computational molecular modeling of enzymes
is a valuable tool for gaining insights into enzyme structure and
function, elucidating reaction mechanisms, and facilitating
the design of novel enzymes or engineered enzymes for various
applications in pharmaceuticals. Computational tools and
molecular modeling techniques can predict how changes to
the protein’s structure, such as mutations or structural mod-
ifications, will impact its function. Among these tools, mole-
cular dynamics (MD) simulations and energy calculations
provide dynamic information on enzyme behavior, including
conformational changes, flexibility, and the simulation of
enzyme-substrate interactions in a realistic environment.

The integration of rational design principles and computa-
tional techniques has revolutionized the field of enzyme bioca-
talysis, enabling the precise engineering of enzymes for
pharmaceutical applications. In the subsequent sections of this
review, we will explore the crucial phases of building and
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optimizing these designed enzymes, culminating in their
impactful role in pharmaceutical synthesis.

3.2 Build: crafting custom biocatalysis

Following the meticulous design phase, the focus shifts to the
efficient production of biocatalysts—a phase that stands as a
critical bridge between conceptual enzyme design and its
tangible application. While some well-known enzymes such
as oxidoreductases, transferases, and lyases are readily avail-
able through chemical vendors, the development of designed
enzymes requires a more tailored approach.

To obtain a designed enzyme with a known amino acid
sequence, researchers typically turn to gene synthesis. This
process entails the creation of a synthetic gene encoding the
enzyme engineered through rational design and computational
molecular modeling to enhance its catalytic activity. Once the
synthetic gene is prepared, it undergoes cloning using techni-
ques such as the polymerase chain reaction (PCR) to amplify
the gene. The cloned gene is subsequently inserted into a
suitable host organism or expressed using cell-free protein
synthesis systems.

The choice of expression system depends on various factors,
including the nature of the enzyme and the intended applica-
tion. Common expression hosts encompass bacteria, yeast,
mammalian cells, or even cell-free systems. For living organ-
isms, optimizing cultivation conditions, such as temperature
and nutrient supply, becomes essential to ensure efficient
enzyme production.

Upon successful expression, the next crucial step involves
the harvesting and purification of the protein from the expres-
sion system. This purification process typically commences
with cell lysis to release the protein, followed by various
purification techniques such as chromatography or filtration.
Importantly, the purified protein undergoes rigorous character-
ization to ensure it aligns with the desired specifications.
Techniques such as mass spectrometry and gel electrophoresis
are important in verifying the protein’s identity and purity.

Moreover, if necessary, the production process can be
further optimized to achieve higher yields and can be scaled
up to generate larger quantities of the protein suitable for
pharmaceutical applications. The specific details of each step
may vary based on the protein, the chosen host organism, and
the intended application. Genetic engineering, through the
precise control and manipulation of genes, offers the versatility
needed to produce a wide range of proteins for diverse
purposes.

In essence, the efficient production of biocatalysts repre-
sents a pivotal phase that culminates in the transformation of
conceptual enzyme design into tangible solutions for pharma-
ceutical applications. It is at this juncture that the engineered
enzymes become the tools of choice for driving innovation and
efficiency in drug discovery and production.

3.3 Optimize: continuous refinement and enhancement

Optimizing the engineered enzyme is a systematic approach
that involves testing numerous enzyme variants and making

© 2024 The Author(s). Published by the Royal Society of Chemistry
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incremental improvements through high-throughput screening
(HTS) and iterative design-build cycles. The goal of optimiza-
tion can encompass various aspects, such as improved activity,
substrate specificity, and improved stability, depending on the
defined purpose of enzyme enhancement. To assess enzymatic
activity efficiently and accurately, a robust screening method
is crucial.

HTS, a good example, serves as a valuable tool in this regard,
enabling the rapid and systematic testing of a large library of
enzyme variants.”® HTS, a method widely utilized across
various scientific and industrial disciplines, including drug dis-
covery, materials science, and enzyme engineering, automates the
screening process for enhanced efficiency. HTS allows researchers
to identify enzyme variants with improved properties, whether
they are enhanced catalytic activity, altered substrate specificity, or
increased stability. This method accelerates the identification of
promising enzyme candidates from the vast pool of variants.
Analysis of HTS screening data further refines the selection
process, pinpointing the most promising enzyme variants. These
selected variants often become the foundation for the next gen-
eration of enzyme enhancements, where targeted mutations or
modifications are introduced to fine-tune their performance to
meet specific application requirements.

The design-build-optimize process will not reach its con-
clusion in just one iteration. With each successive cycle,
enzymes become increasingly customized, more efficient, and
more sustainable. In practice, the iterative process described
here need not rigidly adhere to a predetermined sequence and
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exhaustively cover all three phases. Researchers, particularly
those with potent design strategies, can have the flexibility to
focus their efforts primarily on the build and optimize phases,
persisting until the most favourable candidate is identified.
However, it is worth noting that there are instances where, prior
to advancing to the optimize phase, a reassessment of the
design phase may be warranted, especially when certain
enzymes have not been adequately constructed or produced.

This iterative design-build—-optimize methodology, as eluci-
dated, underscores the key role of precision, adaptability, and
optimization in the quest for innovative pharmaceuticals and
therapeutic solutions. It emphasizes the dynamic nature of the
biocatalyst development process, acknowledging that the
sequence of phases may vary based on the unique requirements
and challenges of each biocatalyst design.

4. Multidisciplinary approaches for
advanced enzyme biocatalysis

The necessity of introducing multidisciplinary approaches in the
realm of enzyme biocatalysis for pharmaceutical applications is
intimately tied to the field’s continuous quest for optimization
and advancement (Fig. 4). Enzyme biocatalysis, while already a
transformative force in drug development and manufacturing, is
far from reaching its full potential. To harness the full power of
enzyme biocatalysis and overcome the multifaceted challenges
presented by modern pharmaceutical demands, a more defined
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Fig. 4 Multidisciplinary approaches to advanced enzyme biocatalysis in the pharmaceutical industry. DE: directed evolution; RD: rational design.
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and advanced approach is required. Enzymes, as Nature’s molecular
machines, possess remarkable catalytic capabilities, yet there is
room for improvement.®*>'% To tailor enzymes for specific phar-
maceutical reactions, enhance their stability, and broaden their
substrate scope, protein engineering emerges as a pivotal multi-
disciplinary approach.”*?*?%'%11% Directed evolution, semi-rational
design, and rational design techniques offer sophisticated strategies
for fine-tuning enzymes. These advances are not only driven by
biology, but are heavily reliant on computational biology."**™* The
marriage of computational modeling and biological understanding
empowers researchers to predict, manipulate, and optimize enzyme
behavior at a molecular level. Furthermore, the integration of
nanoarchitectonics into enzyme biocatalysis brings novel strategies
for enzyme immobilization, encapsulation, and deployment within
custom-designed nanomaterials.>> *”"'° These innovations enhance
enzyme stability, reusability, and their seamless integration into
continuous flow processes—critical requirements for large-scale
pharmaceutical production.

It will be the convergence of multidisciplinary approaches:
protein engineering, computational biology, and nanoarchitec-
tonics that promises to unlock the full potential of enzyme
biocatalysis, making it an indispensable tool in pharmaceutical
research and production (Fig. 4). This synergy not only enhances
efficiency but also facilitates more sustainable and precise phar-
maceutical processes, solidifying the significance of enzyme
biocatalysis in shaping the future of the pharmaceutical industry.

4.1 Protein engineering for advanced enzyme biocatalysis

In recent decades, the field of protein engineering has witnessed
significant advances, driven by breakthroughs in molecular
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biology, crystallography, and computational methods.'™ These
innovations have equipped researchers with powerful tools to
enhance existing biocatalysts and tailor them for novel sub-
strates. Beginning with the emergence of molecular biology in
the late 1970s, the discipline of protein engineering has seen
remarkable growth."'> In the context of biotechnology and
industrial applications, the exploitation of enzymes as biocata-
lysts holds immense promise. Enzymes, with their exquisite
specificity and catalytic efficiency, are the biological marvels at
the heart of this endeavor. To unlock their full potential,
scientists have developed a repertoire of protein engineering
techniques, prominently including directed evolution, semi-
rational design, and rational design (Fig. 5).>® Directed evolution
emulates the forces of natural selection in the laboratory,
enabling the creation of enzyme variants with enhanced
traits through controlled mutation and selection processes.
Semi-rational design integrates empirical methods with struc-
tural insights, allowing researchers to strategically introduce
mutations to improve enzyme properties. Rational design
leverages a deep understanding of enzyme structure-activity
relationships, enabling precise modification for targeted appli-
cations. These methodologies have ushered in a new era, open-
ing exciting possibilities for tailoring enzymes with augmented
catalytic activity, stability, and substrate specificity. These prop-
erties are of paramount significance, serving as the bedrock for
advances in enzyme biocatalysis, underpinning achievements in
biotechnology, pharmaceuticals, and green chemistry.'*®

4.1.1 Directed evolution. Directed evolution is a robust
and widely adopted approach in the field of protein engineer-
ing, enabling the systematic improvement of enzymes.''*

Protein engineering for advanced enzyme biocatalysis

Directed evolution Semi-rational design

Mutagenesis

Saturation Fixed area

Random Recombination

Rational design Key properties

- Catalytic activity

P . ili

w}} Stability and tolerance
- Substrate specificity

- Enantioselectivity

- Regioselectivity

¥

Major applications

Site directed

- Directed evolution
- Semi-rational design

- Rational design

Fig. 5 Protein engineering for advanced enzyme biocatalysis in pharmaceuticals. Reproduced with permission from ref. 95. Copyright 2023, Springer Nature.
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Fig. 6 Representative example of directed evolution for advanced enzyme biocatalysis. Directed evolution of P411-CIS for 1-methylindole C3-
alkylation. (A) Screening reaction of P411 variants for higher indole alkylation activity. (B) Domain structure of P450-BM3. Individual domain structures
with approximate domain boundaries were used to construct the P450-BM3 protein structure. (C) Evolutionary trajectory from P411-CIS to P411-HF
T327P A328S. (D) Evolving P411-HF for selective (hetero)cycle functionalization reactions. Schematic representation of the relation between protein
sequence and catalytic function. A given enzyme sequence may exhibit additional promiscuous functions that can be optimized by directed evolution.
Reproduced with permission from ref. 116. Copyright 2019, American Chemical Society.

This multifaceted strategy entails iterative cycles of random
mutagenesis and stringent selection to engender enzyme
variants with enhanced characteristics."*> It offers scientists
the means to traverse vast sequence spaces, thereby affording
enzymes the capacity to function optimally under specified
conditions. Directed evolution, via the application of selective
pressures, can yield enzymes boasting augmented catalytic
activity, bolstered stability, and an expanded repertoire of
substrates.

In a notable example, Brandenberg et al. directed their
attention towards cytochrome P450 variants, particularly
P411-CIS, employing the formidable tools of directed evolution
to enhance the selective functionalization of cyclic compounds
(Fig. 6)."*® The outcome was nothing short of astonishing, as
the engineered enzyme variant exhibited remarkable prowess,
catalyzing the C3-alkylation of 1-methylindole with a remark-
able 14% yield and an astonishing turnover number (TTN) of
690. The intrigue deepened as the resulting alkylated product
showcased a pronounced red-shift in ultraviolet (UV) absor-
bance compared to its parent compound (Fig. 6A). P411-CIS, an
intricate 1048-residue protein, comprises a heme domain
encompassing the active site (residues 1-470) and a reductase
domain responsible for electron transport from nicotinamide
adenine dinucleotide phosphate (NADPH) to the heme domain.
This electron-shuttling mechanism is essential for the native
oxo-transfer chemistry of P450-BM3, with residues 471-1048
subdivided into flavin mononucleotide (FMN) and flavin ade-
nine dinucleotide (FAD) domains (Fig. 6B). Through an iterative

© 2024 The Author(s). Published by the Royal Society of Chemistry

sequence of directed evolution rounds, the research team
culminated in the emergence of P411-HF (where HF stands
for heterocycle functionalization; Fig. 6C). The quest continued
with three compelling ‘case studies’ on P411-HF, delving into
regioselective pyrrole alkylation, enantioselective indole alkyla-
tion employing an o-disubstituted carbene precursor, and the
complex domain of cyclopropanetrione involving cyclic alkenes
(Fig. 6D). As the research unfolded, it became evident that
P411-HF bore more than its designated function. It exhibited
additional ‘promiscuous’ activities, thus revealing a gateway to
further evolutionary adaptations. This versatility was harnessed in
the context of regioselective 1-methylpyrrole alkylation, enantio-
selective 1-methylindole alkylation with ethyl 2-diazopropanoate,
and stereoselective cyclic alkene cyclopropanation. The signifi-
cance of this study lies in its profound demonstration of precise
control over regioselectivity, enantioselectivity, and catalytic activ-
ity. The remarkable adaptability and tunability of P411-HF under-
score its potential as a catalyst in a diverse array of challenging
reactions.

4.1.2 Semi-rational design. Semi-rational design combines
empirical methods with a deeper understanding of the target
enzyme’s structure and function.’”” In this strategy, specific
amino acids are strategically mutated based on insights
obtained from structural data or a comprehensive knowledge
of enzyme mechanisms."'® This approach allows for the precise
modulation of substrate specificity, enantioselectivity, and
regioselectivity, making it an efficient strategy, especially when
prior knowledge of the enzyme is available.
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Example 2.Semi-rational design
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Fig. 7 Representative example of semi-rational design for advanced enzyme biocatalysis. (A) Crystal structures of wild-type NADPH and mutant F12-
NADPH with or without 2a. (B) Conformational population analyses. The two most important principal components (PC1 and PC2) that are based on Ca
contacts for the RasADH wild-type enzyme and the F12 variant were analyzed. In the conformational landscape represented, the most populated
conformations are colored in blue, whereas the least populated are in red. Reproduced with permission from ref. 119. Copyright 2019, Springer Nature.

In the work by Chen et al., the application of semi-rational
design to the Ralstonia sp. alcohol dehydrogenase (RasADH)
was aimed at overcoming challenges associated with the reduc-
tive desymmetrization of cyclic diketones by engineering an
enzyme, designated as F12, which exhibited exceptional effi-
ciency in catalyzing the reductive desymmetrization of 1a, as well
as other 2,2-disubstituted-1,3-cyclopentanediones (Fig. 7)."*° To
gain a comprehensive understanding of the molecular basis
underlying the remarkable enhancements in catalytic activity
and stereocontrol achieved through semi-rational design, the
researchers conducted a combination of crystal structural
studies and MD simulations. These investigations involved a
detailed comparison of the wild-type and mutant enzymes in the
presence of the co-factor NADPH and the substrate, (13R,17S)-
ethyl secol (2a). While an overall structural similarity was
observed in the presence of NADPH for both the wild-type and
mutant enzymes, subtle but significant differences were noted in
the conformation of the a6-helix of the mutant enzyme when
bound to 2a (Fig. 7A).

A meticulous analysis of these structural findings unveiled
critical interactions that take a lead in enhancing the enzyme’s
activity and stereocontrol. For example, amino acid S187 was
found to interact indirectly with (13R,17S)-2a, forming a crucial
hydrogen bond with the phosphate group of NADPH. While the
precise influence of the a6-helix and the factors responsible for
the improved activity and stereoselectivity remained elusive
solely through structural analyses, computational assessments
were undertaken to provide valuable insights. MD simulations
unveiled dynamic transitions of the a6-helix, with the enzyme
switching between open, partially closed, and closed conforma-
tions at the entrance of the active site (Fig. 7B). Notably, these

26 | EES Catal, 2024, 2,14-48

conformational changes, especially the transition to an open
state, were notably more pronounced in the F12 variant com-
pared to the wild type. The combination of structural insights
and computational analyses clarifies the intricate conforma-
tional dynamics that govern enzyme-substrate interactions and
catalytic outcomes, providing valuable guidance for future
enzyme engineering endeavors. This resulted in high yields of
the desired (13R,17S)-stereoisomer of ketol products, along
with favorable diastereomeric ratio values.

4.1.3 Rational design. Rational design, on the other hand,
leverages a comprehensive understanding of the enzyme’s
structure-activity relationships.'®® By pinpointing critical resi-
dues and their roles in catalysis, stability, and substrate binding,
rational design enables the deliberate engineering of enzymes
with tailored properties. This approach is particularly valuable
when atomic-level details of the enzyme’s structure are known.

In a study conducted by Son et al., rational design was employed
to enhance the thermal stability of IsPETase (Fig. 8)."*'
Key structural issues affecting thermal stability were identified,
including a disrupted central p-sheet caused by an abnormal 6
strand conformation and the flexibility of the 6-B7 connecting
loop in the enzyme (Fig. 8A). To address these challenges, the
researchers developed the IsPETaseP181A variant to restore
the disrupted B-sheet. Furthermore, the flexibility of the p6-f7
connecting loop in IsPETase was found to be critical for stability, as
revealed through a comparison with the more stable TfCUT2
enzyme (Fig. 8B). To improve loop stability, the IsPETaseS121D/
D186H variant was created by introducing a hydrogen bond.

The impact of these mutations on thermal stability was
assessed by comparing the melting temperatures (7;,) that
IsPETaseP181A and IsPETaseS121D/D186H exhibited T}, values

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Representative example of rational design for advanced enzyme biocatalysis. (A) Structural comparison of IsPETaseWT with IsPETaseP181A
variant: the central mixed B-sheets of IsSPETaseWT and IsPETaseP181A variant; stereoview of superimposed structures of IsSPETaseWT and IsPETaseP181A
variant. (B) The B6-B7 connecting loops of IsPETaseWT, TFCUT2, IsPETaseS121D/D186H, and IsPETaseS121E/D186H. (C) Thermal stability comparison of
IsSPETaseWT and variants. Reproduced with permission from ref. 121. Copyright 2019, American Chemical Society.

of 49.25 °C and 54.85 °C, respectively, representing increases of
0.5 °C and 6 °C compared to IsPETaseWT at 48.81 °C (Fig. 8C).
The IsPETaseP181A variant successfully restored the disrupted
B-sheet, while the IsPETaseS121D/D186H variant mitigated
flexibility in the p6-B7 connecting loop (Fig. 8B). Remarkably,
the IsPETaseS121E/D186H variant displayed an impressive Ty,
of 56.02 °C, surpassing IsPETaseWT by 7.21 °C (Fig. 8C).
Unexpectedly, enhanced thermal stability in this variant was
attributed to a water-mediated hydrogen bond between Glu121
and Asn172. IsPETaseS121D and IsPETaseS121E variants exhib-
ited slightly increased polyethylene terephthalate (PET) degra-
dation ability at 30 °C, however, but demonstrated lower T,
values and decreased activity at 40 °C.

In summary, rational design has proven to be a potent
approach for enhancing enzyme properties, as demonstrated
in the context of improving thermal stability. Structural
insights and targeted mutations guided the development of
variants with enhanced thermal resilience, albeit with some
trade-offs in activity at higher temperatures.

The combination of directed evolution, semi-rational
design, and rational design represents an impact shift in the
field of enzyme biocatalysis. These methodologies have
emerged as indispensable tools for the precise tailoring of
enzymes, conferring upon them exceptional properties that
are paramount for pushing the boundaries of biocatalysis.
Further exemplification of enzyme engineering can be found
in Table 2, where additional instances are provided.'** '
Enhanced catalytic activity accelerates reactions, stability
ensures that enzymes can endure challenging environments,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and refined substrate specificity opens doors to a plethora of
novel applications. However, these methods still have several
limitations, for example, directed evolution can be time-
consuming and resource-intensive and may not always yield
enzymes with the desired properties. The accuracy of semi-
rational design heavily depends on the available structural
data and the quality of computational algorithms. Rational
design requires in-depth knowledge of protein structure and
biochemistry, which may not be available for all enzymes. While
these methods have undeniably pushed the boundaries of
enzyme biocatalysis, their full potential is yet to be realized.
Continued research to address their limitations will be crucial in
maximizing the practical benefits of directed evolution, semi-
rational design, and rational design in enzyme engineering.

4.2 Computational biology for advanced enzyme biocatalysis

Within the domain of advanced enzyme biocatalysis, computa-
tional biology emerges as a significant discipline, catalyzing
groundbreaking advances at the intersection of biology and
computation (Fig. 9).'*'*»1%2 Computational biology, broadly
defined, is the application of computational techniques and
mathematical modeling to complex Dbiological
problems.'**™** Its significance lies in its ability to harness
the power of algorithms and high-performance computing to
decipher intricate biological processes, predict molecular inter-
actions, and optimize enzymatic properties.'*®'?” Key among
these properties are the prediction of enzyme properties,
including catalytic activity and stability, substrate specificity,
docking and elucidation of binding mechanisms, and the

solve
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Fig. 9 Computational biology for advanced enzyme biocatalysis in pharmaceuticals. Reproduced with permission from ref. 173. Copyright 2023,

Springer Nature.

mapping of intricate metabolic pathways,?®3034106:141 Thege

predictive capabilities are indispensable in the rational design
and engineering of enzymes, ultimately driving the evolution of
enzyme biocatalysis.

Foremost among these applications is enzyme discovery and
screening.'*®'*® By employing computational tools, researchers
can efficiently sift through vast databases of potential enzymes,
identifying candidates with the desired catalytic properties for
specific reactions. This accelerates the process of enzyme selection,
streamlining the search for novel biocatalysts. Another notable
application lies in computational enzyme design,>®3*10%108,109,149
Here, computational biology enables the tailored engineering of
enzymes with enhanced catalytic activity and selectivity. Researchers
can iteratively model enzyme structures and interactions to predict
the effects of mutations, ultimately guiding the development of
enzymes optimized for specific reactions. This approach revolutio-
nizes the field by expediting the creation of tailor-made biocatalysts
for pharmaceutical applications. Molecular modelling and simula-
tion constitute yet another critical facet of computational biology in
enzyme biocatalysis."*>'**'*' These techniques enable researchers
to simulate enzyme-substrate interactions, providing essential
insights into reaction mechanisms, binding affinities, and confor-
mational changes. By unraveling these intricacies at the molecular
level, computational biology empowers scientists to fine-tune enzy-
matic reactions with unparalleled precision, ensuring the develop-
ment of efficient and sustainable bioprocesses.

In summary, computational biology serves as an indispen-
sable partner in the pursuit of advanced enzyme biocatalysis.
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Its predictive prowess in property assessment, combined with
its major applications in enzyme discovery, design, and mole-
cular modeling, shapes a landscape of innovation that con-
tinues to redefine the boundaries of biocatalytic research and
applications (Fig. 9).

4.2.1 Enzyme discovery and screening. Enzyme discovery and
screening have been revolutionized by computational biology.
Traditional methods for enzyme discovery were often laborious
and time-consuming, involving extensive experimentation.'>*'>?
Computational approaches now play a critical role in accelerating
this process. By leveraging computational tools and databases,
researchers can predict potential enzymes with desired properties,
shortening the time required to identify promising candidates for
biocatalysis.

In a study conducted by Vanacek et al, computational
methodologies proved highly effective in facilitating the
exploration of a vast pool of protein sequences (Fig. 10).">*
This capability addressed a critical need in the postgenomic
era, characterized by an exponential surge in available protein
sequences, representing an untapped source of diverse enzyme
catalysts. Despite the immense potential for biological and
biotechnological discoveries, only a small fraction of these
sequences has undergone experimental characterization.'®®
To efficiently harness this genomic wealth stored in public
databases, the research team devised an integrated system
comprising an automated in silico screening protocol and
experimental procedures. This system aimed to unlock the
structural and functional diversity of entire enzyme families

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Example 1. Enzyme discovery and screening
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Fig. 10 Representative example of enzyme discovery and screening for advanced enzyme biocatalysis. (A) Workflow of an integrated system for the
exploitation of enzyme structural and functional diversity. (B) Overview of putative haloalkane dehalogenases (HLDs) identified. (C) Comparison of the
substrate specificities and overall catalytic activities of novel HLDs with previously characterized enzymes using multivariate statistics. (D) The loading
plot p1/p, and the corresponding score plot t;/t, from principal component analysis (PCA) of the transformed data set. Reproduced with permission from

ref. 154. Copyright 2023, Springer Nature.

(Fig. 10A). As a proof of concept, the study focused on exploring
the diversity within the microbial enzyme group known as
haloalkane dehalogenases (EC 3.8.1.5, HLDs).

The workflow of this integrated system encompassed three
distinct phases: (1) automated sequence and structural bioin-
formatics, (2) protein production and robotic activity screening,
and (3) biochemical characterization. Beginning with a stagger-
ing 5661 sequences, the researchers successfully entified 20
sequences corresponding to putative HLDs. These sequences
provided valuable information about their source organisms,
catalytic pentads, and domain compositions (Fig. 10B). Follow-
ing expression analysis and robotic activity screening, a mere
eight proteins emerged as candidates for comprehensive bio-
chemical and biophysical characterization. By comparing the
substrate specificities and overall catalytic activities of these
novel HLDs with previously characterized enzymes using

© 2024 The Author(s). Published by the Royal Society of Chemistry

advanced multivariate statistics (Fig. 10C and D), the team
achieved significant milestones. These included the discovery
of the most catalytically proficient native HLD to date (kcat/Ko.5 =
96.8 mM ' 5!, where k., is the catalytic constant and K, 5 is
the substrate concentration that leads to half of the maximal
velocity), the identification of the most thermostable enzyme
boasting a melting temperature of 71 °C, the characterization of
three distinct cold-adapted enzymes exhibiting dehalogenase
activity at near-zero temperatures, and the development of a
biocatalyst capable of degrading the warfare chemical sulfur
mustard. This study exemplifies the vast potential of computa-
tional approaches in addressing the big data challenge pre-
sented by the postgenomics era.

4.2.2 Computational design. Computational design, or
computation-aided enzyme engineering, has emerged as
a transformative approach for precisely tailoring enzymes
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to specific tasks. This method involves the in silico manipula-
tion of enzyme structures and active sites to enhance their
catalytic efficiency or expand their substrate specificity.
By harnessing computational insights, researchers can predict
with remarkable accuracy how modifications at the molecular
level will impact enzyme function. This enables the creation of
customized biocatalysts with greatly improved properties, exem-
plifying the power of computational biology in advancing enzyme
biocatalysis for pharmaceutical applications.%>>%*”

In a groundbreaking study led by Lu et al., computational
methodologies emerged as a potent tool for the engineering of
PET hydrolases, enabling them to exhibit robustness across a
wide pH and temperature range, accelerated reaction rates, and
the unique ability to directly degrade untreated postconsumer
plastics (Fig. 11).">® To achieve this remarkable feat, the research
team harnessed the power of a structure-based machine learning
algorithm, applying it to engineer a highly robust and active PET
hydrolase. Specifically, the researchers employed a cutting-edge
three-dimensional self-supervised convolutional neural network,
known as MutCompute,® to pinpoint stabilizing mutations
within the enzyme (Fig. 11A). This innovative approach allowed
them to identify positions within the enzyme’s crystal structure
where the original amino acid residues were suboptimal
compared to potential substitutions, and these positions were
ranked based on predicted probabilities (Fig. 11B). Subse-
quently, the team uncovered four pivotal mutations (S121E,
T140D, R224Q, and N233K) that held the key to enhancing
the PET-hydrolytic activity and expanding its operational tem-
perature range. Notably, the machine-learning-guided predic-
tions led to a significant enhancement in enzymatic activity
across all tested conditions, spanning temperatures from 30 to
60 °C (Fig. 11C).

To gain further insights into the enhanced stability and
catalytic prowess of the engineered enzyme, crystal structure
analysis was conducted on the top-performing variant, aptly
named FAST-PETase (PDB 7SH6, where PDB stands for Protein
Data Bank), which contained a total of five mutations, including
those identified through predictions (N233K/R224Q/S121E) and
scaffold-derived mutations (D186H/R280A). The structural ana-
lysis revealed the formation of favorable residue interactions that
contributed to FAST-PETase’s superior PET-hydrolytic activity
compared to both the wild-type enzyme and previously engi-
neered variants (Fig. 11D).

This groundbreaking study illustrates how the integration of
computational biology can revolutionize enzyme engineering,
resulting in enzymes with enhanced functionalities that were
previously unattainable through traditional experimental meth-
ods. Such an approach holds immense promise not only in the
realm of sustainable plastic degradation but also in diverse
practical applications, including the pharmaceutical industry.
The ability to tailor enzymes with precision and efficiency
opens new avenues for addressing complex challenges in drug
discovery, development, and manufacturing.

4.2.3 Molecular modelling and simulation. Molecular
modeling and simulation have become indispensable tools
for gaining insights into enzyme behavior at the atomic level.
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These techniques allow researchers to visualize enzyme-sub-
strate interactions, study reaction mechanisms, and predict
enzyme stability under different conditions.**»*¢**¢* MD simu-
lations provide a particularly dynamic view of enzyme dynamics
and conformational changes during catalysis, offering valuable
information for enzyme engineering and optimization.'®>'®* In
a study conducted by Chen et al., computational methodologies
emerged as powerful tools for unraveling the molecular
mechanisms underpinning enzyme promiscuity (Fig. 12)."®*
The research focused on the aromatic prenyltransferase
(aPTase) AtaPT, which displayed an unprecedented level of
substrate promiscuity, accommodating a wide range of aro-
matic acceptors and prenyl donors (Cs-C,), including dimethy-
lallyl, geranyl, farnesyl, geranylgeranyl, and phytyl
pyrophosphates. To decipher the molecular basis of AtaPT’s
remarkable promiscuity, the team embarked on a multifaceted
investigation, including three-dimensional (3D) molecular
structure determination through crystallography (Fig. 12A,
PDB 4LD7). Their comparative analysis of the apo structure
with substrate-binding pocket complex structures revealed
dynamic conformational changes in the tyrosine shield and
various acceptor binding sites of AtaPT (Fig. 12B). These
insights, combined with molecular simulation studies, shed
light on the enzyme’s multiple states and substantial fluctua-
tions, particularly in the loop 1 and tyrosine shield regions,
offering valuable clues regarding its promiscuous enzymatic
activity.

Furthermore, the research team conducted mutagenesis
experiments to pinpoint the residues responsible for prenyla-
tion promiscuity (Fig. 12C). Armed with a profound under-
standing of AtaPT’s molecular mechanisms governing
prenylations, it became feasible to employ structure-guided
mutagenesis to fine-tune both the prenyl donor and the pre-
nylation selectivity of this enzyme. Such precision engineering
has the potential to enhance the utility of AtaPT by synthesizing
novel prenylated derivatives, opening new avenues in drug
discovery programs and beyond. This study exemplifies how
computational methodologies can provide invaluable insights
into enzyme behavior, offering a strategic advantage in various
scientific and industrial applications.

In summary, computational biology has revolutionized
enzyme biocatalysis in pharmaceutical applications by
enabling efficient enzyme discovery and screening, precise
computational design, and insightful molecular modeling
and simulation. These computational approaches have accel-
erated the identification of novel enzymes, facilitated tailored
biocatalyst engineering, and deepened our understanding of
enzymatic behaviour. Further exemplification of enzyme engi-
neering can be found in Table 3, where additional instances are
provided.’>'%31657180 Ag the pharmaceutical industry seeks
sustainable, efficient, and precise solutions, computational
biology emerges as a transformative tool, bridging the gap
between theory and experiment and propelling innovation in
drug development and production.

The critical point for computational biology is that the
validation of computational predictions through rigorous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Representative example of computational design for advanced enzyme biocatalysis. (A) WT PETase protein structure rendered by the output of
MutCompute. (B) Predictions based on both WT PETase and ThermoPETase were ranked by the fold change in the probabilities between the predicted

and the WT amino acid. (C) The red heatmap shows the PET-hydrolytic activit
activity over their respective scaffolds based on the total PET monomers from

y of the resulting variants, and the blue heatmap shows the fold change of
the hydrolysis of circular gf-PET films by the PETase variants. (D) Predicted

mutations from the neural network algorithm to stabilize FAST-PETase. Reproduced with permission from ref. 158. Copyright 2022, Springer Nature.

experimental testing is imperative to establish the trustworthi-
ness of designed enzymes. Reliable experimental validation not
only verifies the accuracy of computational models but also
provides valuable feedback loops for refining these models. As

© 2024 The Author(s). Published by the Royal Society of Chemistry

the complexity of biological systems increases, it becomes
crucial to address the limitations of current computational
methodologies. Factors such as protein dynamics, solvent
effects, and long-range interactions pose significant challenges
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Example 3. Molecular modeling and simulation
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Fig. 12 Representative example of molecular modeling and simulation for advanced enzyme biocatalysis. (A) Crystal structure of AtaPT and its catalytic
chamber. (B) Conformational dynamics of the tyrosine shield and various acceptor binding sites of AtaPT. (C) Structure-guided mutagenesis of AtaPT to
alter its substrate promiscuity. Reproduced with permission from ref. 164. Copyright 2017, Springer Nature.

to accurate predictions. Understanding these complexities and
developing computational approaches that can capture them
will be essential for advancing the field.

4.3 Nanoarchitectonics for advanced enzyme biocatalysis

Nanoarchitectonics is an interdisciplinary technological para-
digm, initially proposed by Masakazu Aono."®" This innovative
concept revolves around the meticulous design and construc-
tion of structures and materials on the nanoscale, where
precision and organization are important. Nanoarchitectonics
is driven by synthesis techniques, such as chemical synthesis,
molecule manipulation, chemical nano-manipulation, self-
assembly, and self-organization, to craft functional materials
from fundamental building blocks at the nanoscale.'®*"?
This versatile concept extends its range into various fields
and applications. Notably, it has been employed in the design
and synthesis of catalysts spanning a diverse spectrum, includ-
ing photocatalysts, environmental catalysts, electrochemical
catalysts, and biocatalysts. Beyond catalysis, the applications
of nanoarchitectonics extend to material production, structural
regulation, device fabrication, sensor development, energy

34 | EES Catal, 2024, 2,14-48

harnessing, environmental science, and even the biological
and biomedical realms.?”

In particular, nanoarchitectonics is widely considered for
sensing various biomolecules. Recently, microRNA (miRNA)
has emerged as prominent biomolecule for next generation of
diagnostic and prognostic biomarkers. Numerous RNA detec-
tion techniques based on engineered nanomaterials-based
electrochemical biosensing strategies, such as gold nanoparti-
cle, carbon-based nanomaterials, quantum dots (QDs), metal-
organic frameworks (MOF) show huge potential for cancer
management.'*

One of the distinguishing facets of the nanoarchitectonics
concept is its dynamic and harmonized nature.'*>'*® At the nano-
scale, there are uncertainties, including thermal fluctuations, static
distributions, and quantum effects, so a balanced harmonization
incorporating dynamism becomes crucial within the framework of
nanoarchitectonics. The dynamics bears a striking similarity to the
intricacies observed in biological systems, where functional compo-
nents dynamically cooperate and harmonize their operations.'®”
Consequently, nanoarchitectonics appears exceptionally promising
in catalyst design that is tailored for biological functions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Nanoarchitectonics for advanced enzyme biocatalysis
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- Enzyme encapsulation
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Fig. 13 Illustration of the nanoarchitectonics concept for advanced enzyme biocatalysis. Reproduced with permission from ref. 35. Copyright 2019, Elsevier.

Example 1. Enzyme encapsulation
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Fig. 14 Representative example of enzyme encapsulation for advanced enzyme biocatalysis. (A) Schematic illustration of the technique for modulating
the conformation of an enzyme by H-bonded cage encapsulation. (B) Structure of the heme macrocycle of Cyt c@HOF-101 based on MD simulation and
its catalase-like biocatalysis performance. Reproduced with permission from ref. 190. Copyright 2022, Springer Nature.
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For instance, in nanoarchitectonics, integration of hydrogel
into common biosensing platforms creates soft structures that
are both physically and chemically regulated. These structures
boast superior biocompatibility, improved immobilization of
biomolecules, and the ability to design biosensors that are
specific and highly sensitive. The physical and chemical proper-
ties of 3D hydrogel structures can be modified by integrating
with nanostructures, increasing their sensitivity to various
stimuli like mechanical, optical, thermal, magnetic, and elec-
tric forces.'®®

Porous materials derived from coordination compounds like
metal-organic frameworks (MOFs) and porous coordination
polymers (PCPs) possess well-defined pore structures and pro-
mising properties. As these coordination compounds, Prussian
blue (PB) and its analogues (PBA) exhibit excellent physical and
chemical properties, making them versatile nanoarchitectonics
for a wide range of applications including sensing, batteries,
biomedicine, and imaging."®’

In the context of enhancing enzyme biocatalysis, nanoarch-
itectonics has emerged as a dynamic fusion of nanotechnology,

View Article Online

Review

materials science, and enzymology (Fig. 13).>> It offers a com-
pelling route to not only amplify catalytic activity but also
strengthen enzyme stability, bolster reusability, and enhance
versatility. In this part, we will describe in more detail the three
central strategies encompassed by nanoarchitectonics for
advanced enzyme biocatalysis: enzyme encapsulation, enzyme
immobilization, and nanozymes. These strategies harness the
principles of nanoarchitectonics to revolutionize the world of
biocatalysis and hold immense promise for a multitude of
applications across diverse industries.

4.3.1 Enzyme encapsulation. Enzyme encapsulation for
advanced enzyme biocatalysis refers to the process of enclosing
or trapping enzymes within protective materials, typically on
the nanoscale, to enhance their stability, activity, and suitability
for various catalytic applications. This technique offers several
advantages for enzyme-based applications in various fields
such as pharmaceuticals, the food industry, and diagnostics.

Chen et al. designed an external hydrogen-bonded organic
framework that could modulate the shape of the enzyme
cytochrome ¢ (Cyt ¢) (Fig. 14)."°° This structural alteration

Example 2. Enzyme immobilization
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8 c
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Fig. 15 Representative example of enzyme immobilization for advanced biocatalysis. (A) Schematic illustration of enzyme assembled hydrogel (EAG)
preparation using 1H-3-methyl-1,2,4-triazole (Hmtz) and Mg?*. (B) Overlay of the 7XY9 (salmon) and 1YKF (gray) structure showing the coordination of
the Mg?* ion with the adjacent residues. (C) Specific activity and chiral selectivity values of the free enzyme and EAG when catalyzing the conversion of
acetophenone with concentrations of 5-20 nM. Reproduced with permission from ref. 191. Copyright 2019, Springer Nature.
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enables the enzyme to exhibit functions that it could not
naturally perform. A hydrogen-bonded organic framework,
which is sturdy and has carboxylate molecules arranged in a
specific way, is introduced onto the native Cyt ¢ (Fig. 14A). The
resultant hydrogen bonded nano-biointerface causes Cyt ¢ to
adopt a catalase-like conformation, which it typically could not
take on when interacting with porous organic frameworks. The
heme macrocycle of the Cyt ¢ nanosystem in this paper is more
structurally stable than those in other heme enzymes such as
catalase (CAT). Also, this hydrogen-bonded organic framework
continues to stabilize the enzyme, ensuring its structural
integrity and activity (Fig. 14B).

This research introduces a novel nanotechnological concept,
which involves controlling the flexible shapes of enzymes. It
demonstrates how artificial hydrogen-bonded frameworks can

View Article Online
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be used to modify enzyme activity, highlighting the benefits of
using such scaffolds to modulate enzyme behavior. In essence,
the study explores a new way to manipulate the structure and
function of enzymes for various practical applications.

4.3.2 Enzyme immobilization. Enzyme immobilization
for advanced enzyme biocatalysis is a technique that
involves fixing or anchoring enzymes to a solid support or within
a matrix to enhance their stability, activity, and reusability
in various catalytic processes. This method plays an essential
role in biotechnology, pharmaceuticals, and industrial
applications where enzymes are used as catalysts for specific
reactions.

In an important example, Chen et al. presented a feasible
approach that leverages the combined action of triazoles
and metal ions to trigger the creation of porous hydrogels

Example 3. Nanozyme
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Fig. 16 Representative example of nanozyme for advanced enzyme biocatalysis. (A) Schematic illustration of the preparation process for FeNzP-
SAzyme. (B) Reaction—time curves of the colorimetric reaction and comparison of the specific activities of FeNzP-SAzyme, FeN3-SAzyme, and FezO4
nanozyme. (C) Density functional theory (DFT) studies and energy profile of FeNsP-SAzyme, FeN4-SAzyme and FesO4 nanozyme. Reproduced with

permission from ref. 192. Copyright 2021, Springer Nature.
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assembled with enzymes (Fig. 15)."°" They developed an
enzyme-assembled hydrogel (EAG) by adding 1H-3-methyl-
1,2,4-triazole (Hmtz) and Mg>" ions to the enzyme solution
before the pre-gelation and gelation processes, respectively
(Fig. 15A). Specifically, when they tested the catalytic efficiency
of EAG in reducing acetophenone, it was an impressive
6.3 times higher than that of the free enzyme. Furthermore,
they showed the reusability of this hydrogel by demonstrating
its sustained high catalytic activity even after undergoing 12
cycles of use. To gain a deeper understanding of the structure of
the enzyme within the hydrogel, they employed cryo-EM,
achieving a near-atomic resolution of 2.1 A (PDB: 7XY9). With
these results, they analyzed the differences in enzyme activity
and stability, before (1YKF) and after (7XY9) gelation. An over-
lay of the 7XY9 (salmon) and 1YKF (gray) structures shows the
coordination of the Mg?" ion with the adjacent residues
(Fig. 15B). Also, EAG exhibited a higher specific activity than
that of the free enzyme in various concentrations of acetophe-
none, and its enantioselectivity remained above 99% without
any decrease (Fig. 15C).

Additionally, this paper was able to shed light on the
mechanism behind the formation of these hydrogels."”" The
team discovered that both triazoles and metal ions play essential
roles in this process. Armed with this knowledge, they extended
our approach to utilize two other enzymes to create enzyme-
assembled hydrogels, ensuring their excellent reusability. In
conclusion, the strategy that they have described holds signifi-
cant promise for advancing the development of practical cataly-
tic biomaterials and immobilized biocatalysts. This approach

Perspective 1
Integration of approaches

« Mutidisciplinary combination
of three approaches

« Mutual feedback-guided
optimization of each approach

Perspective 2

Multifunctional systems

Enzyme
Biocatalysis

+ Multiple enzymes engineered
in a sequential manner

- Systems or cascades mimicking
natural metabolic pathways

View Article Online

Review

represents a notable step forward in creating efficient and
reusable biocatalytic materials with potential applications in
various industries and processes.

4.3.3 Nanozymes. Nanozymes are nanomaterials with
intrinsic enzyme-like catalytic activity. These nanomaterials
mimic the catalytic functions of natural enzymes and can be
tailored for specific applications in biocatalysis and other
fields. Nanozymes have gained significant attention for their
potential to enhance the efficiency, stability, and versatility of
enzymatic reactions. One approach to achieving this goal is by
developing single-atom catalysts with precisely defined atomic
structures and electronic coordination, allowing them to closely
mimic the behavior of natural enzymes.

In 2021, Ji et al. published their results on their single-atom
iron nanozyme (Fig. 16).'*> They prepared their FeN;P-single-
atom nanozyme (SAzyme) based on zeolitic imidazolate
framework-8 (ZIF-8) as a raw material followed by a coating
process that involved polymerization and pyrolysis at 950 °C for
3 hours under flowing nitrogen (Fig. 16A). The engineered
FeN;P-SAzyme exhibited peroxidase-like catalytic activity that
is comparable to that of natural enzymes. In this study, they
quantitatively determined the specific activity values by mea-
suring the absorption intensity of the nanozyme-catalyzed
colorimetric reactions. FeN3;P-SAzyme showed much higher
catalytic activity compared to the most widely used Fe;O,
nanozyme or FeN,-SAzyme without P coordination. The mea-
sured specific activity of the FeN;P-SAzyme was more than
30-fold higher than that of the Fe;O, nanozyme and almost
10-fold higher than that of the FeN,-SAzyme (Fig. 16B). Among

Advanced
Biocatalysis

Perspective 3

Bioprocess optimization
- Utilization of advanced bioprocess
engineering techniques

+ Continuous flow systems, in situ
separation, enzyme recycling, etc.

Fig. 17 Perspectives on advanced enzyme biocatalysis for optimal pharmaceutical applications.
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these three catalysts, adsorbed H,0, will be easily dissociated
into two surface OH species (H,O, — 20H) with very low
barriers of 0.07, 0.17, and 0.10 eV on the three models of
FeN;P-SAzyme, FeN,-SAzyme, and Fe;0, (Fig. 16C).

To understand the basis for its high enzyme-like activity,
they conducted density functional theory (DFT) calculations,
providing insights into the underlying mechanisms. Impor-
tantly, they demonstrated that FeN;P-SAzyme with its superior
peroxidase-like activity can serve as an effective therapeutic
strategy for inhibiting the growth of tumor cells both in
laboratory experiments and within living organisms. This
shows the promising potential of SAzymes, such as FeN;P-
SAzyme, for creating artificial enzymes that replicate the cata-
lytic kinetics of natural enzymes. In summary, this research
presents a significant step forward in the quest to develop
artificial enzymes that rival the catalytic capabilities of their
natural counterparts. The precise coordination of single atoms,
as demonstrated by FeN;P-SAzyme, offers exciting prospects for
future applications in biomedicine.

In summary, nanoarchitectonics for advanced enzyme bio-
catalysis is a cutting-edge field that harnesses nanotechnology
to optimize the performance of enzymes in various applica-
tions. This multidisciplinary approach involves the precise
design and construction of nanoscale structures and materials
to enhance catalytic activity, enzyme stability, reusability, and
versatility. Three primary strategies within this field are enzyme
encapsulation, enzyme immobilization, and the development
of nanozymes. However, these three strategies are not fully
separated, for example, enzyme encapsulation and enzyme
immobilization within hydrogel could be considered as both
strategies. Also, when nanozymes, nanomaterials with intrinsic
enzyme-like catalytic activity, are immobilized or encapsulated,
several challenges such as loss of activity and specificity could
be solved."®* So, by leveraging nanoscale structures and materi-
als, researchers can optimize enzymes for a wide range of
applications, including pharmaceuticals, biocatalysis, environ-
mental remediation, and diagnostics. More research examples
of nanoarchitectonics for advanced enzyme biocatalysis are
described in Table 4."%4*"

In conclusion, multidisciplinary approaches in enzyme bio-
catalysis mark a critical moment in the evolution of pharma-
ceutical research and production. By the precision of protein
engineering, the computational prowess of computational biol-
ogy, and the innovative strategies of nanoarchitectonics, scien-
tists are poised to unlock the full potential of enzymes as
molecular tools. These methods not only promise to address
the challenges posed by modern pharmaceutical demands but
also lay the groundwork for a more sustainable and efficient
future in drug development and manufacturing. As stated in
the following sections, the intricate interplay of these multi-
disciplinary techniques will shed light on the transformative
impact they have on enzyme biocatalysis. Through collabora-
tive efforts and continuous advancements, the pharmaceutical
industry is on the brink of a new era, one where enzyme
biocatalysis stands as an indispensable cornerstone, shaping
the landscape of pharmaceutical innovation for years to come.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Looking ahead, for industrial applications, further exploration,
and consideration of additional modifications in biocatalysis
for long-term use, such as enzyme cross-linking,>**> chemical
modification,?** and formulation environment control,?** hold
the potential to revolutionize the efficiency and scalability of
enzyme-driven processes.

5. Conclusions
5.1 Summary

In the ever-evolving realm of pharmaceutical research and
production, the utilization of enzyme biocatalysis stands as a
beacon of innovation and sustainability. Throughout this com-
prehensive exploration, we have emphasized the significance of
enzyme biocatalysis in advancing pharmaceutical applications,
with particular attention to the introduction of multidisciplin-
ary approaches as catalysts for progress. The convergence of
multidisciplinary approaches, encompassing protein engineering,
computational biology, and nanoarchitectonics, has heralded a
new era for enzyme biocatalysis. This interdisciplinary synergy has
proven to be greater than the sum of its parts, unlocking novel
opportunities and redefining the boundaries of what is achievable
in pharmaceutical research and production.

This transformative technology offers a wealth of advan-
tages, from the precision and selectivity of enzyme-catalyzed
reactions to their eco-friendly and sustainable attributes. Sig-
nificant progress lies in the field of computational biology. This
burgeoning field has emerged as a groundbreaking approach
for optimizing enzyme biocatalysis, and its computational
prowess empowers pharmaceutical scientists to optimize drug
candidates, improve pharmacokinetics, and reduce toxicity, all
with a level of precision that was once unimaginable. In the
field of nanoarchitectonics, innovative strategies for enzyme
encapsulation and immobilization within tailor-designed nano-
materials have enhanced enzyme stability and reusability.

5.2 Perspectives

As we conclude this comprehensive review, it is crucial to cast
our gaze towards the future of advanced enzyme biocatalysis in
pharmaceutical applications. There are three key perspectives
that hold immense promise (Fig. 17):

5.2.1 Integration of multiple approaches. The integration
of multidisciplinary approaches, including protein engineer-
ing, computational biology, and nanoarchitectonics, stands as
a fundamental imperative. The multidisciplinary combination
of these approaches, coupled with mutual-feedback-guided
optimization of each facet, will create a synergistic environment
that propels enzyme biocatalysis to unprecedented heights.

5.2.2 Multifunctional integrated systems. The trajectory of
progress in enzyme biocatalysis is expected to include the
emergence of multifunctional systems as a defining feature.
This evolution encompasses the strategic engineering of multi-
ple enzymes in a sequential fashion, mirroring the intricacy of
natural metabolic pathways. Furthermore, the establishment of
systems or cascades that emulate these inherent pathways will
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play a pivotal role in attaining multifunctional enzymatic
capabilities.

5.2.3 Bioprocess optimization. Future strides in enzyme
biocatalysis will prominently feature bioprocess optimization
as a central pillar. Leveraging cutting-edge bioprocess engineering
techniques and embracing continuous flow systems, in situ
separation, enzyme recycling, and other avant-garde methodolo-
gies will fortify the position of enzyme biocatalysis as a vanguard
in sustainable and efficient pharmaceutical production.

In summary, the evolution of enzyme biocatalysis in phar-
maceutical applications continues to unfold. The integration of
multidisciplinary approaches, the advancement of multifunc-
tional systems, and the continued pursuit of bioprocess opti-
mization beckon as uncharted territories brimming with
untapped potential. As researchers embark on this next phase,
their vision encompasses a pharmaceutical domain marked by
heightened speed, sustainability, efficiency, and precision.
Through collaborative efforts and innovative strides, research-
ers are poised to expand the boundaries of what can be
accomplished, confirming enzyme biocatalysis as an indispen-
sable cornerstone of pharmaceutical research and production
for the foreseeable future.
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