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DEVELOPMENT OF BIOCATALYSTS BY DIRECTED
EVOLUTION FOR SUSTAINABLE PHARMACEUTICAL DRUG
PRODUCTION

SUMMARY

Drug development is an intricate process that requires the utilization of catalysts for the
synthesis of pharmaceutical intermediates. The pharmaceutical industry has long been
dependent on chemo-catalysts including transition metals for the production of active
pharmaceutical ingredients (APIs). Lately, biocatalysts have attracted attention following
the advances in the enzyme development through directed evolution and increasing
demand for more efficient and faster production. Increasing awareness towards
environment due to global warming also puts pressure on companies to aim to reduce their
carbon emissions. The advantages of biocatalysts over chemo-catalysts include high
selectivity, higher yield at a lower cost, milder reaction conditions and less waste
generation, allowing the industry to become much more sustainable and greener. For
biocatalysts to completely replace chemical catalysts used in the industry, we must
overcome current limitations of these methods. For a certain pharmaceutical process, it is
a challenge to screen and identify an enzyme that has all the necessary properties. Also,
enzymes are prone to denaturing at harsh environmental conditions that are commonly
encountered in industrial processes due to their weak hydrogen bonds in the folded
structure. The development of enzymes with precise properties, higher efficiency and
improved tolerance to overcome these challenges has been possible by the application of
directed evolution. Directed evolution utilizes random or focused mutagenesis to create
genetic variants which will then be screened for desired traits. For random mutagenesis,
the DNA is damaged with chemical agents and UV irradiation. Replication errors due to
DNA polymerases with low fidelity and deactivated proofreading mechanisms can also
be used to confer genes with mutations by carrying out error-prone PCR (epPCR).
Focused mutagenesis is based on the characterization and targeting of residues of the
enzyme involved in catalysis. This method usually involves the incorporation of DNA
oligonucleotides with degenerated codons. The genetic variations obtained by these
methods are used to generate a library of variants. Each member of the constructed library
is expressed in a model organism for screening and identifying a variant with desirable
properties. Several classes of proteins including redox proteins and hydrolytic enzymes
have been developed by protein engineering through guided evolution in the laboratory in
the last decades. For the development of APIs, redox proteins have been the primary focus
of directed evolution studies as key biological processes including respiration and
photosynthesis involve oxidation-reduction processes which require transfer of electrons.
C-type cytochromes are a family of redox proteins containing heme prosthetic group with
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iron center. The changes in its redox activity regulates many key cellular processes. One
of the members of this family, cytochrome c, is a vital protein for cell processes as it
functions in disposal of ROS, respiration and apoptosis depending on where it resides in
the cell. Due to its functions in the apoptotic pathway, cytochrome c is widely studied for
drug development against cancer. Another distinct member, cytochrome P450, functions
in cellular metabolism and detoxification of certain drugs. Due to their electron transfer
ability conferred by their heme prosthetic groups and functions in redox processes,
cytochrome ¢ and cytochrome P450 have gained considerable interest for drug
development. There have been several studies targeting these enzymes for protein
engineering through directed evolution for carbene and nitrene transfer reaction catalysis
during drug synthesis.

Key Words: Active pharmaceutical ingredient, biocatalysis, catalyst, cytochrome C,
cytochrome P450, directed evolution, redox proteins
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SURDURULEBILIR iLAC URETIMI iCiN YONLENDIRILMIS
EVRIM YAKLASIMIYLA BiYOKATALIZORLERIN
GELISTIRILMESI

OZET

llag gelistirme, farmasdtik ara diriinlerin sentezi igin katalizérlerin kullanilmasini
gerektiren karmasik bir siirectir. Farmasotik enddistrisi, aktif farmasotik bilesenlerin
(APT'ler) iiretimi i¢in gecis metalleri dahil olmak tizere uzun siiredir kemo-katalizorlere
bagimlidir. Son zamanlarda, biyokataliz yontemleri, yonlendirilmis evrim yoluyla enzim
gelisimindeki ilerlemeler ve daha verimli ve daha hizli {iretim i¢in artan talebin ardindan
dikkatleri tlizerine ¢ekmistir. Kiiresel 1sinma nedeniyle ¢evreye karsi artan farkindalik,
sirketlerin karbon emisyonlarim1 azaltmayir hedeflemeleri konusunda da baski
olusturmaktadir. Biyokatalizorlerin kemo-katalizorlere gore avantajlari arasinda yiiksek
secicilik, daha diisiitk maliyetle daha yiiksek verim, daha 1limli reaksiyon kosullari1 ve daha
az atik Uretimi sayilabilir; bu da endiistrinin ¢ok daha siirdiiriilebilir ve daha ¢evreci
olmasini saglar. Biyokatalizorlerin endiistride kullanilan kimyasal katalizorlerin tamamen
yerini almasi i¢in bu yontemlerin mevcut sinirlamalarinin tistesinden gelinmelidir. Belirli
bir farmasotik islem i¢in, gerekli tiim 6zelliklere sahip bir enzimi taramak ve tanimlamak
zorlu bir istir. Ayrica enzimler, katlanmis yapidaki zayif hidrojen baglar1 nedeniyle
endiistriyel proseslerde yaygin olarak karsilasilan zorlu ¢evre kosullarinda denatiire olma
egilimindedirler. Bu zorluklarin iistesinden gelmek icin daha yiiksek verimlilige ve
gelistirilmis toleransa sahip enzimlerin gelistirilmesi, yonlendirilmis evrim uygulamasiyla
miimkiin olmustur. Yonlendirilmis evrim, sonrasinda istenen Ozellikler i¢in taranacak
genetik varyantlar yaratmak i¢in rastgele veya odaklanmis mutagenez kullanir. Rastgele
mutagenez yontemlerinde DNA kimyasal ajanlar ve UV 1gimasi ile hasar gormektedir.
Diisiik verime sahip DNA polimerazlarindan kaynaklanan replikasyon hatalari1 ve devre
dist  birakilmig diizeltme okuma mekanizmalari, hataya ac¢ik PCR (epPCR)
gerceklestirerek mutasyonlu genleri tanitmak icin de kullanilabilir. Odaklanmis
mutagenez, Kkatalizde yer alan enzim domainlerinin karakterizasyonuna ve
hedeflenmesine dayanir. Bu yontem genellikle DNA oligoniikleotitlerinin dejenere
kodonlarla birlestirilmesini igerir. Bu yontemlerle elde edilen genetik varyasyonlar, bir
varyant kiitliphanesi olusturmak icin kullanilir. Olusturulan kitapligin her bir iiyesi, arzu
edilen oOzelliklere sahip bir varyantin taranmasi ve tanimlanmasi i¢in bir model
organizmada ekspres edilir. Redoks proteinleri ve hidrolitik enzimler de dahil olmak tizere
cesitli protein siniflari, son on yillarda laboratuvarda yonlendirilmis evrim yoluyla protein
miihendisligi metodlariyla gelistirilmistir. Redoks proteinleri, solunum ve fotosentez dahil
olmak iizere temel biyolojik siirecler elektron transferini gerektiren oksidasyon-indirgeme
siireclerini igerdiginden, yonlendirilmis evrim ¢alismalarinin birincil odak noktasi
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olmustur. C-tipi sitokromlar, demir iyonu merkezli heme prostetik grubu igeren bir redoks
proteini ailesidir. Redoks etkinligindeki degisiklikler, bircok O6nemli hiicresel islemi
diizenler. Bu ailenin liyelerinden biri olan sitokrom c, hiicrede bulundugu yere bagl olarak
reaktif oksijen tiirlerinin atilmasinda, solunumda ve apoptozda gorev yaptidi icin hiicre
stirecleri i¢in hayati bir proteindir. Apoptotik yoldaki islevleri nedeniyle sitokrom c,
kansere kars1 ilag gelistirme i¢in genis ¢apta ¢alisilmaktadir. Diger bir farkli liye, sitokrom
P450, hiicresel metabolizmada ve belirli ilaglarin detoksifikasyonunda islev goriir.
Sitokrom ¢ ve sitokrom P450, heme prostetik gruplari tarafindan saglanan elektron
transfer yetenekleri ve redoks siireglerindeki islevleri nedeniyle, ilag gelistirme i¢in biiytlik
ilgi gdrmiistiir. Ilag sentezi sirasinda karben ve nitren transfer reaksiyonu katalizi igin
yonlendirilmis evrim yoluyla protein miihendisligi i¢in bu enzimleri hedefleyen birkac
calisma yapilmistir.

Anahtar Kelimeler: API, biyokataliz, katalizor, sitokrom C, sitokrom P450, redox
proteinleri, yonlendirilmis evrim
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1. INTRODUCTION

1.1 Use of Catalysis In Drug Development

The primary component of any drug product is called the active pharmaceutical ingredient
(API) whose development consists of synthesis, extraction and separation steps that rely
heavily on catalysis. In basic terms, catalysis increases the rate of a reaction by decreasing
its activation energy through utilization of catalysts [1]. Commercial production of
pharmaceutical intermediates and APIs requires catalysts that have high reactivity and
selectivity which makes the process often costly and time-consuming. New and improved
catalysts which are faster, cost-efficient and also, environmentally friendly, are demanded

as the structure of APIs become more complex.

1.1.1 Transition metal catalysis and limitations

The pharmaceutical industry mostly relies on transition metal catalysts such as palladium
and rhodium, to carry out a variety of chemo- and enantioselective chemical
transformations for the production of APIs at industrial scale. The most commonly
employed chemical transformations include cross-coupling for C-C and C-X bond
formation, oxidation, asymmetric addition and hydrogenation. Buchwald-Hartwig
amination and Suzuki-Miyaura coupling comprise a large fraction of the cross-coupling
reactions used in the pharmaceutical industry for C-N and C-C bond formations,
respectively [2,3]. Their ability of tolerating functional groups and that they have a wide
range of substrates allows these reactions to be employed in the production of complex
pharmaceutical compounds [4]. These reactions and many others that are frequently
utilized in API production require palladium, a precious transition metal, as a catalyst.
Since its discovery in 1803 by William Hyde Wollaston, palladium has found many uses
for industrial applications including one of its earliest applications as a hydrogenation

catalyst due to its high capacity for absorbing hydrogen gas [5].



Although palladium is of great importance in chemical and pharmaceutical industries, its
use may have some disadvantages and challenges from a sustainability point of view. The
refining process of palladium involves the use of toxic chemicals and also heating cycles
at high temperatures which can go up to 1450 °C [6]. According to research by Nuss and
Eckelman (2014), global-warming potential (GWP) per kilogram for palladium is
approximately 3,880 kg CO2-eq/kg which indicates palladium refining can cause the
emission of 3,880 kg of CO2 equivalents for each kilogram of palladium. The GWP value
of palladium puts it in the group of industrial metals with highest environmental impact
along with many other platinum group elements including ruthenium, rhodium and
iridium, which are also commonly used catalysts in the pharmaceutical industry [7]. These
platinum group metals also face the danger of becoming depleted in the upcoming decades
due to their low earth abundance and high demand by the industry and are therefore,
becoming increasingly expensive [8]. All these aforementioned issues suggest that relying
on transition metals, especially platinum group metals, for the production of
pharmaceutical compounds and drugs can be highly unsustainable, both environmentally

and economically.

Additionally, there are also health concerns for using certain transition metals as a catalyst
due to the possibility of them being retained in the isolated pharmaceutical compound.
The presence of heavy metals in drugs exceeding certain concentrations can be an
enormous threat to human health. Palladium has been shown to hinder critical cellular
processes including biosynthesis of DNA and RNA. To overcome this problem, palladium
is often bound to other materials, or supports, such as charcoal and then removed by
filtration, but such applications cannot ensure the complete elimination of palladium from
the product [5].

These challenges of transition metal catalysts and increasing awareness towards the
environment by public and the governments pressurize pharmaceutical companies, and
many others in industrial sectors, to turn to greener, more sustainable options for carrying
out such catalytic reactions. Due to recent developments in protein engineering, either by
rational or irrational design techniques, biocatalysts have attracted attention for replacing
chemo-catalysts. Utilization of enzyme catalysis for production of pharmaceutical
compounds have many advantages over chemical catalysis. Arguably, most important
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characteristic of biocatalysts is their high-level specificity which allow for highly enantio-
, chemo- and regiospecific reactions and mediate synthesis of highly complex compounds
[9]. They allow for milder reaction conditions as they are biological compounds that
naturally operate under physiological conditions which decreases required energy when
compared to transition metal catalysts. As mentioned, one of the disadvantages of
transition metal catalysts is toxicity and waste generation which can also be eliminated by
use of biocatalysts [10]. In industrial biocatalyzed processes, wild-type or recombinant
enzymes, isolated from cultured microorganisms, are mainly utilized but whole-cell
catalysis can also be employed for more complex reactions that may require several
enzymes [11].

Despite their favorable properties, biocatalysts also have certain limitations that must be
overcome for them to completely replace transition metal catalysts. Although biocatalysts
allow for high specificity, the synthesis of any pharmaceutical compound is a complex,
multi-step process that requires very specific catalytic functions and it can be a challenge

to screen and identify enzymes with such properties.
1.2 Biocatalysis

The term "biocatalysis” describes the catalytic transformations performed
employing entire cells or isolated enzymes. The sources of biocatalysts can roughly be
divided into two which are growing cells (via fermentation) and dead cells [12]. In
fermentation catalysis, the aim is to continuously generate new microbial cells and the
metabolites necessary for their growth in order to produce the biocatalyst and its substrate.
The deactivated biocatalysts and the cofactors are restored by the cell’s machinery. Apart
from fermentation, biocatalytic transformation can also be carried out by using dead cells
or isolated biocatalysts. In contrast with fermentation, the two processes of biocatalyst
production and catalytic conversion are independent [12].

1.2.1 Use of biocatalysts for sustainable drug production

Due to increasing awareness towards the environment by public and new environmental
policies by governments force industrial companies to take action to reduce their carbon

emissions and move towards more sustainable methods. The pharmaceutical industry has



also adopted greener approaches for the production of APIs which causes the generation
of high levels of waste, mainly due to utilization of organic solvents, with the conventional
manufacturing approaches [13]. The need for greener processes for API production has
been addressed by biocatalysts which have many advantages over chemical catalysts.
Biocatalysts are biodegradable and non-toxic. They reduce environmental contamination
as they work under milder reaction conditions and their utilization reduces the amount of
organic solvents that is necessary for the reactions. Since they are from renewable
resources, they make for a much more sustainable catalysis both ecologically and
economically. Aside from the ecological aspects, biocatalysts are also preferrable due to
their high enantio-, stereo- and regioselectivity which is critical as chirality is a major
characteristic in APIs [14]. Also, the need of rare precious metals for the conversion and
the additional steps and costs related to their elimination to a tolerable level are avoided

by biocatalysis [15].

Biocatalysis can be carried out by using isolated wild-type or recombinant enzymes or by
whole-cell based systems. Whole-cell catalysis systems can be more cost-efficient
compared to cell-free catalysis since enzyme isolation is an intricate and costly process.
Also, cells can provide protection from environment and degrading conditions. However,
these systems require the transport of substrates across the cell membrane which is an
additional step and also, there is the possibility of side-reactions [16]. Therefore, the

proper system should be chosen according to the desired product, budget and timescale.

Any industrial biocatalytic process is enabled by reaction design, biocatalyst selection,
optimization by directed evolution or rational design and also bioprocess development.
Biosynthetic pathway for the target molecule should be designed first either manually or
by automatic design using available software programs [17]. One of the widely used
programs is called the RetroBioCat which is comprised of tools to automatically design a
biocatalytic cascade for any target molecule. While manual design of a cascade requires
expert knowledge, RetroBioCat uses the reaction rules that are programmed or readily
extracted from available resources to design a cascade starting from the target molecule
to the starting material [18]. Two methodologies are provided by RetroBioCat which are
network and pathway explorers. The retrosynthesis of such network of potential enzyme-
catalyzed reactions is the main emphasis of the network explorer. The pathway explorer
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automatically generates a number of alternative routes for the aimed conversion. A
weighted assessment is used to evaluate them, and the user is able to adjust it. The process
is started by entering the target compound which can easily be drawn in a sketch window
or entered as strings. Finally, the program outputs the potential cascades leading from the
starting material to the target compound [18]. An example cascade constructed via
RetroBioCat for the biocatalysis of an API, diazepam is demonstrated in Figure 1.

Decarboxylation

Secondary al:-hn:l oxidation

y
h

Am cﬁ: on I|'r.|'am-:|;|:/w4' imine formation

Figure 1.1: A diazepam biocatalysis cascade generated via pathway explorer of RetroBioCat [18].

Diazepam, a benzodiazepine class drug, is often used to overcome seizures, anxiety and
muscular spasms resulted by the irregularities in the y-aminobutyric acid (GABA) levels.
GABA, a unique substance with ability to transmit impulses throughout nervous system,
iIs made more active by benzodiazepines such diazepam [19]. The catalytic pathway for
the synthesis of diazepam via enzyme catalysis is generated by RetroBioCat after the entry
of the diazepam molecular structure which is encircled in yellow. The cascade is
comprised of four distinct reactions of amidation, secondary alcohol oxidation,

decarboxylation and intramolecular imine formation beginning from the starting material
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aminomalonic acid, a buyable compound, encircled in purple [18]. As proposed by the
software, amidation, secondary alcohol oxidation and decarboxylation reactions can be
catalyzed enzymatically by ANL-family amide synthetases, a keto reductase and a
decarboxylase, respectively [18]. Softwares such as RetroBioCat can speed up the cascade
design step and render the process much easier by providing buyable starting materials
and enzymes required for the biocatalytic conversions.

After a biosynthetic pathway is designed, a suitable biocatalyst should be chosen and
optimized for each step. Many enzymes are commercially available for direct purchase as
purified enzymes or crude cell lysates. Also, gene synthesis can be employed to obtain
any enzyme of choice if the amino acid sequence is known. Once the enzymes are
determined, their properties should be optimized since wild-type enzymes are often
limited in their operating conditions and not favorable for large-scale industrial processes
due to temperature levels and solvents. Optimization of any enzyme aims to improve its
stability, selectivity and substrate specificity [17]. Rational design and directed evolution
are the main approaches that can be utilized to improve and optimize an enzyme. Finally,
after design and experimentations, bioprocess development can be achieved with the

suitable physiological and environmental parameters.

1.2.2 Limitations of biocatalysis

Until the major breakthroughs in biotechnology, the quantity of commercially accessible
biocatalysts posed a significant barrier to their broad adoption in the industrial scale. Some
animal-sourced glycosidases, lipases and proteases were primarily those already in use
in detergent and food sectors. Now, recombinant DNA technology has advanced to the
point where the gene of a target enzyme can be synthesized and cloned into a host in a
short period of time at a minimal expense which enables the widespread use of enzymes
for catalytic conversions industrially [15]. Despite all the advantages mentioned,
biocatalysts also have some inadequacies that limit their use at the industrial level. In order
to be able to transform their biological substrates efficiently in vivo, wild-type enzymes
have undergone evolution millions of years. They are evolved to operate on natural

substrates in aqueous media and at physiological conditions. Therefore, it is expected that



they would struggle maintaining their biological function at harsher industrial conditions
and operate on non-natural substrates. In order to employ enzymatic conversions in the
pharmaceutical industry for the production of APIs, these limitations must be overcome.
The manufacturing of APIs and pharmaceutical intermediates from non-natural substrates
require better, more efficient biocatalysts with higher stability under non-physiological
conditions. The adoption of biocatalytic conversions in the pharmaceutical industry also
requires an enzyme recovery process and should be cost-efficient [12]. All of these
requirements have been made possible by directed evolution which is based on proteins’
ability to adjust and evolve depending on the selective pressure. The use of directed
evolution has made it feasible to create biocatalysts with greater efficiency, refined

characteristics and enhanced resistance to severe external conditions [20].

1.3 Directed Evolution of Proteins

Proteins have been the solution to many challenges that cellular life faces since their
existence for millions of years. All cellular processes including DNA replication and
repair, photosynthesis, metabolism, respiration and cell signaling involve complex
molecular mechanisms mediated by protein function. The ability of proteins to mediate
such complex processes involving biochemical and biophysical interactions is also
utilized by humans in the medical field, agriculture, waste-management and many
industries including pharmaceutical, food, chemical and textile. Since industrial
applications require very specific enzymatic functions and environmental conditions, it is

a challenge to screen and identify an enzyme that has all the necessary properties.

The development of enzymes with precise properties, higher efficiency and improved
tolerance to harsh environmental conditions has been possible by the applications of
directed evolution since proteins are able to evolve and adapt under selective pressure.
Directed evolution is a protein engineering technique that starts with identifying a starting
protein for the targeted application and creating genetic variants, by random or focused
mutagenesis, to be expressed in a model organism for screening. For the identification of
a variant with desired traits, a natural selection process is generated in the laboratory by
selective methodologies [20]. Directed evolution allows for protein functions, that nature



has given over millions of years, to be enhanced and optimized in the laboratory for certain
academic or industrial applications in much shorter periods of time.

The idea of mimicking the evolutionary process in the laboratory for production of
optimized enzymes was first proposed by Manfred Eigen and William Gardiner in 1984.
In their paper, Eigen and Gardiner indicated a procedure work flow of guided evolution
following the Darwinian logic based on RNA self-replication but also noted that finding
a variant of a single protein molecule with desired traits would be a challenge since
phenotypic advantages of translation products would not be expressed as replication
efficiency as in nature. Therefore, they proposed a controlled optimization procedure
based on iterative rounds of small gene library construction by mutagenesis, amplification,

expression and screening for optimal genotypes [21].

The first successful application of directed evolution of an enzyme was reported by
Frances H Arnold in 1993. In his paper, Arnold described a method for the directed
evolution of protease Subtilisin E to obtain a variant that can function in a highly-
denaturing environment containing high concentrations of dimethylformamide (DMF), a
polar organic solvent. After several rounds of mutagenesis, the PC3 subtilisin E variant
was obtained with a keat/Km that was 256 times of the wild type in a DMF concentration
of 60% [22]. In directed evolution, advantageous mutants are discovered by high-

throughput screening and/or selection in the constructed library of variants [20].

1.3.1 Library construction

The first step of directed evolution is the selection of a parent protein which exerts protein
functions related with the desired function. The chosen starting sequence is subjected to
mutagenesis in order to generate a library of enzyme variants. The genetic variations can
be random or focused and be created by computer-guided mutagenesis and homologous

or non-homologous recombination [20].
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Figure 1.2: The overview of the directed evolution process of a protein [23]

Random mutagenesis techniques for library diversification include chemical mutagenesis,
use of mutator strains and error-prone PCR (epPCR). Chemical mutagenesis is aided by
chemical and physical agents including UV irradiation, nitrous acid, ethyl
methanesulfonate (EMS), bisulfite and base analogues. In chemical mutagenesis methods,
the mutation rates are dose-dependent and thus, can be easily controlled. However, the
mutation rates can be low and these techniques may require the use of hazardous
chemicals [23]. Another approach to random mutagenesis is the use of mutator strains
such as the commonly used XL1-Red. XL1-Red is a strain of E. coli with high mutation
rates due to its defective DNA repair function which makes it a tool for introducing
mutations to parent sequence. In this technique, the gene of the interested protein is
inserted into a plasmid which is then propagated in the XL1-Red strain for a certain period.
For screening of a desired phenotype, the library of mutated plasmids is isolated and
transformed into a model organism. Although mutator strains are commonly preferred for
creating libraries of variants, their genetic instability and the risk of inducing undesired
mutations on host genome limit their use [24]. Another commonly used technique for
random mutagenesis is error-prone PCR (epPCR) which can help achieve high mutation
rates and an even mutational spectrum. epPCR utilizes DNA polymerases with low

fidelity and deactivated proofreading mechanisms to confer genes with mutations due



replication errors. In epPCR, unequal concentrations of dNTPs, mutagenic base
analogues, high concentrations of Mg?* and Mn?* are introduced to the PCR conditions to
reduce the fidelity of base-pairing [25, 26]. Cycle number can also be increased to achieve
high mutation rates since mutations will accumulate at each cycle [23]. Focused
mutagenesis techniques for library diversification include site-directed saturation
mutagenesis and computational design strategies. Site-directed saturation mutagenesis can
be used to generate high-quality focused libraries by randomization of one or more codons
in the sequence using mutagenic primers with degenerate codons [27]. Site-directed
mutagenesis allows for targeting only the residues relevant with the desired function but
requires the structural data and generates large libraries which may complicate the
selection process. Computational design techniques utilize tools such as RosettaDesign
and FoldX for molecular modelling to determine beneficial codon substitutions [28, 29].
Reconstructing evolutionary adaptive paths (REAP) analysis and SCHEMA algorithm are
also commonly used for designing libraries with variants that have high possibility of
exhibiting desired properties [30, 31].

Apart from random and focused mutagenesis techniques, library diversification can also
be achieved by homologous or non-homologous recombination methods. Homologous
recombination is a process contributing to genetic diversity and is evolutionarily
conserved. Utilization of homologous recombination for enzyme improvement was first
put into practice by William P Stemmer in 1994. Stemmer and colleagues developed a
method called DNA shuffling for homologous recombination of previously-mutated DNA

segments by fragmentation via DNase and PCR re-assembly [32].
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Figure 1.3: Overview of the DNA shuffling method [23]
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Other methods for homologous recombination include staggered extension process
(StEP), random chimeragenesis on transient templates (RACHITT) and nucleotide
exchange and excision technology (NEXT). Contrary to homologous recombination, non-
homologous recombination methods including ITCHY and NRR can be used for shuffling

of distantly related proteins [33, 34].

1.3.2 Screening and selection

Thanks to rapid developments in the directed evolution methodologies and sophisticated
computational techniques, large libraries consisting of more than a billion gene variants
can be constructed in a short period of time. Building a structured methodology for
thoroughly evaluating these gene libraries and efficiently identifying desired phenotypes
is a major issue in directed evolution. After the library of variants is constructed by
random, focused or recombination-based mutagenesis, the created library is then analyzed
by either screening or selection. Analytical methods, either biophysical or biochemical,
are used to individually test each variant in the gene library for the desired function in the
screening methods. Since experimental conditions such as the reaction environment and
substrates can easily be modified at an industrial scale, the screening methods are flexible
and adaptable for a variety of catalytic conversions. One of the drawbacks of this
approach, however, is the low throughput which is in the range of 10*-10° variants [35].
Another approach for analyzing a gene library is selection, which is desirable when the
function of the engineered enzyme is necessary for the host organism survival or growth.
An example of a protein function useful as a selection criteria is the detoxification of a
certain substance whose presence may prevent growth. During the selection process, the
nonfunctional proteins will be immediately eliminated only to select the functional
variants. Spectroscopic or colorimetric enzyme assays for the desired property or
improved activity can also be used in conjunction with the selection method. Proteins
exhibiting the desired features can be identified from ~10° variants in a given gene library
via selection [36]. Therefore, this approach can offer a high-throughput analysis of the

created variants in a short time.
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1.3.2.1 Screening methods

Screening-based analysis assesses every variant individually as opposed to the selection-
based approaches which significantly lowers the likelihood of missing a desirable variant
since the scope of candidates is extensive. In screening methods, 10* to 10° variants can
be individually analyzed and screened, therefore, the throughput and scale of the library
analysis are among the drawbacks of this approach [34]. The screening of a given variant
library can be by microtiter plate-based, fluorescence-activated cell sorting (FACS)-
based, mass spectrometry (MS)-based, microfluidics-based or by digital imaging. In
microplate-based methods, by using a plate reader to measure fluorescence or UV
absorbance, the substrates and products can be distinguished easily. A variety of enzyme
properties can be screened by coupling fluorometric and colorimetric assays using 96- to

9600-well containing microtiter plates [37].

FACS can also be used to assess each variant for the desired enzyme characteristic. Up to
10° cells/sec can be analyzed using FACS in combination with a of screening methods to
quantitatively investigate various enzyme properties [38]. A mix of cells can be separated
via FACS into different groups based on their unique fluorescence and light scattering
behaviors. In this method, a straight line of cells is passed across a laser beam to collect
data on the fluorescence and cell size via measurements of side scatter channel (SSC) and
forward scatter channel (FSC), respectively, by the detectors [37]. After cells pass through
the laser beam, positively- or negatively-charged cell droplets are produced as the cells
travel through a vibrating nozzle. An electromagnetic field directs the charged droplet

carrying the target cell into the appropriate container [38].

Screening of gene variants can also be carried out via MS-based methods. In order to
characterize complicated mixtures of engineered enzymes, MS can be used to carry out
high-throughput measurements using the suitable ligands and substrates. The MS-based
screening should be designed according to the nature and characteristics of the desired
enzyme product. The assays can be designed to be either surface-based or solution-based
[39, 40]. Microtiter plates are a popular tool for solution-based assays while microarrays
are frequently employed for assays designed to be surface-based. After designing the

assay, capillary electrophoresis or various chromatographic techniques can be utilized to
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separate the desired enzyme from a combination of variants. Then, the sample is ionized
by the ion source of the spectrometer and generated gas-phase ions are carried through a
magnet to be separated by their m/z ratio and then through the detector. Therefore, a mass

spectrum is generated by plotting the relative ion abundance against m/z ratios [41].

Droplet microfluidics can also be benefitted for high-throughput screening of gene
libraries. Operations including dilution, sorting and addition can be carried out by
microfluidic techniques after encapsulation of each variant within droplets where
enzymatic reactions occur. Various analytical methods such as fluorescence, absorbance,
FACS, MS and NMR can be coupled to microfluidic systems for obtaining readouts of
the samples [37].

1.3.2.2 Selection methods

As opposed to the aforementioned screening methods, selection methods are able to
rapidly eliminate the variants of no interest via application of a selective pressure which
enables the assessment of larger gene libraries up to ~10! in a shorter period of time.
Since, each variant is not assessed individually, the possibility of missing a desired variant
is more likely than the screening methods. Selection methods for the assessment of a
library can be carried out via display-based technologies or compartmentalization [37].

1.3.2.2.1 Display-based selection

The connection between the protein and the DNA molecule that it is synthesized from
determines how proteins are displayed on an organism’s surface. Given that the displayed
variant library is exposed to the external environment, the enzymes with the target
property and function can be subjected to selection. The selected variants can easily be
traced back to the complementary genes in the library which can then be amplified.
Display-based selection includes plasmid display, SNAP display, phage display, mRNA

display, ribosome display, cell surface display and retrovirus display [42].

A DNA-binding protein is linked to the encoded enzyme non-covalently in the plasmid

display method. Following cell expression, the fusion protein attaches to the plasmid that
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encodes it. Then, the formed complex of protein/plasmid is selected after cell lysis via the
binding of recognition sequences on the DNA-binding domain. GAL4 DBD is commonly
used for selection via plasmid display method which was constructed by Choi and
colleagues (2005) [43]. High affinity DNA-binding can be achieved for obtaining target
fusion proteins since the dissociation constant of the DBD is in nanomolar range and it
has been widely employed in the yeast two-hybrid systems as DNA-binding partner [43].
In another technique called SNAP display, each protein and its encoding sequence is
linked covalently via a SNAP-tag. While enzyme of interest is fused to the SNAP-tag, the
template DNA is linked to the its substrate which is benzylguanine [44]. After that, the
complex is enclosed in droplets of a water-in-oil emulsion, in which the protein is
expressed. Then, the SNAP-tag and its substrate is bound which results in the coupling of
the expressed protein and its encoding sequence [42].
POI
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Figure 1.4: The display of the variant library on surfaces such as phage, yeast and ribosome and

selective pressure for selection of variants [45].
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Most commonly used technique for the selection of protein of interest is the phage display
technique. The capability of filamentous phages such as M13 to infect bacterial hosts
without destroying them makes them useful for the phage display technique [42]. This
method involves the creation of a gene library based on phagemid DNA and its
transformation into the host cells. Expressed proteins are displayed on the surface of the
phage and available for selection. Similar to the phage display, in the cell display
technique, the encoded proteins are displayed on the surface of cells which are then
distinguished via a sorting instrument. Fluorescent molecules are useful for enzymes to
bind for the selection step. The aforementioned display methods are restricted by
transformation efficiency as they require an organism for the display of the target protein
[46]. The additional step of transformation also requires more time than the
mRNA/ribosome display methods. In the ribosome display method, in vitro transcription
and translation of the gene occurs and a complex forms with the mRNA, expressed protein
and the ribosome. Real-time PCR is used to recover the targeted gene [47]. In this method,

selection step is rather quick since there is no additional step for transformation.

1.3.2.2.2 Compartmentalization-based selection

In this method, the gene and enzyme are spatially restricted to exist in a certain single
compartment through compartmentalization. Existing cells and phage particles can be
used for this method which is called in vivo compartmentalization (IVVC), or synthetic
compartments can be produced such as emulsion droplets which is called in vitro
compartmentalization (IVTC). While 1VVC-based selection is restricted by the
transformation efficiency, IVTC-based selection is not. A major drawback of the IVTC
applications is the lack of post-translational modifications (PTM), which most enzymes
require to be functional, therefore, IVVC is commonly preferred over IVTC [42]. One of
the selection methods based on IVVC is called the growth complementation. In this
method, the selection of enzymes engineered via directed evolution can only be selected
by using living cells. Only the cells possessing the target enzyme variants survive when a
selective pressure is applied since the assessed enzyme characteristic is associated with

the survival of the host cell. In vivo compartmentalization has certain drawbacks one of
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which is extreme temperatures or pH levels limit the use for detecting the desired enzyme
property [48].

A reporter can also be utilized for selection in in vivo compartmentalization (IVVC). The
target enzyme activity is intended to regulate the reporter activity which enables the
selection of variants since cells harboring the desired enzymes will show reporter activity
[49]. Commonly used reporters include LacZ which shows colorimetric activity and green
fluorescent protein (GFP) which shows fluorescence activity [50, 51]. Lux operons such
as luxCDABE can also be used as reporters to monitor bioluminescent activity of the cells
[52]. Several strategies can be employed for reporter-based selection of the desired
variants. These strategies can utilize transcriptional or translational activities of the
reporter via indirect activity of the desired enzyme. For example, the desired variant can
activate reporter transcription by binding to the transcriptional regulator or desired variant
can directly modify the transcriptional regulator which can also result in the reporter
transcription. The activity can also be translational as mentioned above and in this case,
the desired variant can bind to a riboswitch/ribozyme and cause reporter gene to be
translated [49].

1.4 Directed Evolution of Biocatalysts

The applications of directed evolution to produce biocatalysts for pharmaceutical industry
aims high catalytic efficiency, stability, substrate specificity and necessarily
enantioselectivity. Since understanding the pharmacological significance of
stereoisomerism, the testing of chiral drugs for pure enantiomers has been made
mandatory by the relevant authorities [13]. Protein engineering methods have been widely
employed for creating biocatalysts suitable for pharmaceutical applications aiming to
manufacture pure enantiomers. In an earlier study by Reetz and colleagues (1997), epPCR
was conducted by altering reaction conditions to subject a lipase enzyme to random
mutagenesis. The aim was to obtain a mutant clone of the 933 base-paired lipase gene to
enhance the enantioselectivity of the enzyme. The reaction conditions were adjusted to
introduce up to two amino acid changes per enzyme. The mutant enzymes were tested for

their enantioselectivity and 12 out of 1000 mutants showed improvement in their
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enantioselectivity and a mutant named PIBOI-E4 demonstrated an enantioselectivity of
31% for S-configuration which is 2% for the wild-type lipase [53]. By the developments
in the directed evolution methodologies over the years, the enhancement of
enantioselectivity of enzymes become more successful and engineered novel enzymes

emerged with enantioselectivity up to >98% ee.

In a more recent study, a phenylalanine dehydrogenase enzyme was engineered via
saturation mutagenesis to improve its substrate specificity and enantioselectivity for the
asymmetric reductive amination of phenyl-2-butanone and phenylacetone. The reductive
amination of these ketones are important reactions for producing precursors and
intermediates used in the manufacturing of active pharmaceutical ingredients [54, 55].
Target products were (R)-1-methyl-3-phenylpropylamine and (R)-amphetamine with high
enantiopurity via reductive aminations of phenyl-2-butanone and phenylacetone,
respectively, by the engineered enzyme. Rhodococcus sp. M4 was chosen as the source
organism for the phenylalanine dehydrogenase and double-site saturation mutagenesis
was performed via PCR at the residues Lys66 and Asn262. Two mutants with improved
specific activities were selected as starting proteins for directed evolution via single-site
saturation mutagenesis to further improve the enantioselectivity and amination activity of
the enzyme. A mutant named K66Q/ S149G/N262C showed even more enhanced
amination activity and all three mutants showed >98% ee for both (R)-1-methyl-3-
phenylpropylamine and (R)-amphetamine [56]. More and more enzymes with higher
enantioselectivity have been developed via directed evolution as suitable biocatalysts for
the production of pharmaceutical ingredients over the years. The diverse class of proteins
being engineered through directed evolution and their enhanced catalytic functions can

revolutionize the pharmaceutical industry and render it much more sustainable.

Another notable enzyme that has been engineered to enhance enantioselectivity is a
hemoprotein derived from wild-type Rma cytochrome c¢ for the catalyzation of alkenes
into amino alcohols in a single step [57]. Numerous bioactive substances and
pharmaceutical drugs including antibiotics, anti-HIV and anti-malarial drugs and also

neurotransmitters contain amino alcohol motifs that are optically active [58].
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2. REDOX PROTEINS

Key biological processes including cell signaling, photosynthesis, metabolism and
respiration involve oxidation-reduction processes which require transfer of electrons.
These processes are catalyzed by a class of proteins called redox enzymes whose catalytic
sites function as electron donors or acceptors [59]. Redox activity of redox enzymes is
largely conferred by the metal ions that are redox-active. Proteins that accommodate a
metal ion are called metalloproteins which are the predominant ET centers for cell

processes [60].

2.1 Cytochrome C

Cytochrome c is a type of metalloprotein as it contains a heme prosthetic group with heme
iron at the center. The F atom of the heme group confers the cytochrome ¢ with its ability
of electron transfer as it switches between its Fe?* and Fe3* states [61]. Cytochrome c is a
vital redox center for cell processes as it functions in disposal of ROS, respiration and cell
apoptosis depending on where it resides in the cell [62]. The structural similarity of cyt ¢
among many species of organisms is one of its distinguishing features. Since there haven't
been many significant changes to this protein's sequence during evolution, the domains
and residues that are essential to its stability and function have been maintained [63]. It
has different roles according to its localization in the cell including being a redox agent in
the ETC, triggering apoptosis and maintaining the levels of ROS [64]. The relatively high
redox potential required for cyt ¢ to act in the respiratory chain is provided by the axial
bond between the heme-iron and one of its axial ligands Met80. Due to its extremely poor
stability, the Met80-containing region is one among the first to unfold which makes the
linkage between the Met80 and heme-iron rather weak [63]. The weakness of this axial
bond allows the substitution of Met80 with other residues. This property of cyt ¢ confers
its different functions according to the residue which Met80 is switched to [62]. Apart
from its role as a redox protein, another important function of cyt c is its role in the caspase
cascade activation due to the interactions with Apaf-1 in the cytoplasm. The activation of

these apoptosis precursors by the activities of cyt ¢ makes it essential for the apoptotic
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intrinsic pathway. For the apoptotic pathway to begin, the cyt c has to be released from
mitochondria to the cytosol which is enabled by the permeabilization of the membrane.
The permeabilization of the mitochondrial membrane occurs via the peroxidase activity
of cyt ¢ which is exerted after cyt ¢ is bound to a phospholipid called cardiolipin. The
interactions between cyt ¢ and cardiolipin disrupts the bond between Met80 and heme iron
and confers cyt c its peroxidase activity. In the cardiolipin-bound cyt c, the Met80 residue
is replaced with a histidine residue which alters the redox potential of the protein. The
newly gained function of cyt c enables the peroxidation of cardiolipin and causes the
permeability of the mitochondrial membrane [65, 66]. After cyt c diffuses into the cytosol,
Apaf-1 goes through oligomerization in the presence of dATP and forms an apoptosome
of a heptameric nature which can activate caspase-9. When caspase-9 is activated, a
protease cascade that includes caspases 3 and 7 is also initiated, causing target proteins to
be disintegrated and the cell to die in a controlled manner [67]. Although many residues
in the cyt ¢ is known to be interacting with Apaf-1, the knock-out studies show that the
lysine residue at the 72 position is mainly responsible for the relation between cyt ¢ and
the WD40 region of Apaf-1 [68].

Another important function of cyt ¢ in the eukaryotic cells is the scavenging of reactive
oxygen species (ROS). When present in low quantities, ROS like H2O, and superoxide
anion are known to have significant signaling functions. But they can significantly harm
the cell and its constituents such as DNA and lipids when present above certain
concentration and lead to death, particularly when hydroxyl radicals are produced. As the
primary sources of intracellular ROS, mitochondria are known to produce superoxide
anions in both the intermembrane space and the matrix [69]. Experimental evidence
demonstrates the cyt c's detoxifying role in the clearance of H2O2 and superoxide anion in

mitochondria and its function in the regulation of ROS levels [70].

2.2 Cytochrome P450

Nearly all genomes include the CYP gene family which code for one of the major
superfamilies of enzymes called cytochrome P450s, or formally hemethiolate

monooxygenases. There are 57 functional P450 genes in the human genome whose
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upregulation is promoted via various compounds such as environmental pollutants, steroid
hormones, their byproducts and xenobiotics [71]. Their primary function is the
metabolism of xenobiotics including environmental toxins and drugs which is executed
by xenobiotic-metabolizing enzymes (XMES) via functionalization and conjugation, also
called phases I and 11, respectively. P450 enzymes make up the majority of phase | XMEs
[72]. Metabolic activation and detoxification of foreign compounds are carried out upon
increase in the gene expressions of phase | and Il XMEs due to the interactions of
xenobiotics with XME receptors. The metabolic activation is performed by phase | XMEs
via addition of a functional group to the substrate. The substrates turn into electrophilic
intermediates after being acted on by phase | XMEs. These electrophilic intermediates are
then conjugated with certain moieties by the phase Il XMEs in order to create easily

excretable hydrophilic compounds [73].

The fifth coordination site of P450 is where the heme iron is bound, and there exists a
conserved cysteine residue which is involved in oxygen insertion to the substrate. The
oxygenated product is then released which can become stable or stay as an unstable
reactive oxygenated intermediate (ROM). These may bind covalently to DNA due to
being extremely reactive and cause oxidative stress, mutations and toxicity [72]. A diverse
range of substrates, both endo- and exogenous, are catalyzed by P450s into toxic
metabolites in the liver. The accumulation of these metabolites due to the catalytic
activities of P450 enzymes increase oxidative stress and cause toxicity to the cell which
may lead to tumorigenesis, even though P450 enzymes’ main objective is to facilitate the
clearance of xenobiotics from the system by converting them into hydrophilic, easily
excretable molecules [74]. The generation of toxic load in the cell via catalytic activities
of P450s affects cell signaling pathways. Some other eicosanoid-mediated
mechanisms and inflammation are additional ways whereby P450s contribute to the

development and spread of tumors [72, 74].

Apart from drug metabolism in the liver, CYP enzymes have other endogenous functions
worth mentioning. Cellular processes including the biosynthesis of vitamin D3, steroids,

cholesterol, bile acids and their metabolism all require CYP enzymes [72]. The reactions
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that can be catalyzed via P450s include sulfoxidation, oxidative deamination, aromatic
epoxidation and hydroxylation, both aromatic and aliphatic [71].

2.3 Biomedical Applications of Cytochromes

Due to their involvement in vital biological processes in the body, therapeutic proteins
have attracted a lot of interest for their potential clinical applications. There are currently
hundreds of therapeutic proteins approved for use and also many are in clinical trials for
the treatment of diseases including infections, immune disorders, diabetes, anemia and
cancer [75]. Since proteins are extremely selective and specific, they can target particular
stages in the pathophysiology of a disease. Therefore, the beneficial immune reactions can
be maintained since protein therapeutics target only the key cellular and molecular
mechanisms associated with disease as opposed to small-molecule drugs that suppress
both harmful and beneficial immune reactions [76]. Depending on the disease,
recombinantly produced interleukins, interferons, hormones, enzymes, thrombolytics,
blood factors and antibodies are among most used protein therapeutics [75]. Using protein
therapeutics against cancer is especially prominent since current cancer drugs have
detrimental side-effects due to their off-target activities. Cytochrome c has the potential
to be exploited as an anticancer therapeutic protein because of its proapoptotic activities.
A cyt c-transferrin conjugate was developed by Saxena and colleagues (2018) to be used
against lung cancer [77]. The conjugation of the enzyme to transferrin was shown to
enable the cancer cells to be actively targeted due to the overexpression of transferrin
receptor on their surface. It was demonstrated that the cyt c-transferrin conjugate was
taken up by the cancer cells that show transferrin receptor overexpression which then
underwent apoptosis due to caspase-3 activation [77]. The results indicate that cytochrome
¢ has a promising potential to be used as an anticancer drug via utilizing active drug

delivery systems.

Another possible biomedical application of cyt ¢ comes from its presence in the
extracellular space upon release from cells due to structural damage which enables cyt ¢
to be useful as a damage-associated molecular pattern (DAMP). Since released cyt c
eventually enters bloodstream, its levels in the blood serum can be monitored to serve as

a biomarker for significant mitochondrial and cellular damage. The high levels of cyt ¢
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may be the indicator of many diseases including multiple organ failure, autoimmune

diseases and cancer [78].

CYP family of cytochromes also has many possible applications in the biomedical field
due their biocatalytic properties and significance in drug metabolism. The biomedical
implications of human CYPs often focus on their involvement in drug clearance, despite
the fact that they are also crucial for the production of steroidal compounds and
cholesterol. More and more clinical studies are utilizing P450-based systems to conduct
drug testing and investigate drug—drug interactions [79]. Screening the P450 substrates of
a drug enables one to identify potentially hazardous drug-food or drug-drug interactions,
which are frequently brought on by the altering of P450 metabolism via inhibition or
induction [80]. Therefore, P450-based biosensors might be helpful for screening
pharmaceutical compounds. Their ability to carry out a wide range of biocatalytic
transformations also makes them potential tools for drug discovery and synthesis.
Dehalogenation, nitration, sulfoxidation and hydroxylation are among the biocatalytic
processes that can be conducted by wild-type and evolutionarily engineered CYPs [79].
Due to their significant regio- and chemoselectivity and capacity of adding oxygen to a
wide range of molecules, P450s are often subjected to protein engineering in order to be
repurposed in industrial synthesis of chemicals and pharmaceutical compounds in a
sustainable fashion. The engineering of P450s evolutionarily mainly aims improving their

stability, efficiency and also substrate specificity [81].

2.4 Directed Evolution Of Cytochrome Proteins For Pharmaceutical

Applications

Cytochrome proteins have been a focus in the directed evolution studies for the last two
decades because of their ability of carrying complex catalytic conversions and operating
on a wide range of substrates. They are able to work under mild conditions and act with
high regio- and chemo-selectivity which are critical factors in the pharmaceutical
applications. The majority function as monooxygenases, inserting an oxygen atom to
a substrate while reducing the second to water by presence of O, and a cofactor [82].

When O2 attaches to their heme iron site, the O-O linkage is enzymatically disrupted,
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incorporating one O to product while reducing other to H20. The critical intermediate
which allows this transformation to occur is the Fe(IV)- oxo-porphyrin cation radical. The
P450s are able to oxidize C-H bonds that are typically inert [83]. They have similar
limitations in solvent compatibility and stability as other mesophilic catalysts. In an
industrial setting, the process calls for enzymes to be active for prolonged periods of time
at a wide range of temperature to accomplish maximum productivity. Therefore,
enhancement of thermostability has been a goal of protein engineering studies involving
P450s as well as improvement of solvent compatibility, turnover rates and enabling
operation with preferred cofactors. In an earlier study by Kumar and colleagues (2005),
for the purpose of creating more potent P450s for the processing of cancer
prodrugs ifosfamide and cyclophosphamide in the body, P450 2B1 was exposed to
engineering via random mutagenesis. With cyclophosphamide, the mutants L209A/S334P
exhibited a 2.8-fold rise in k(cat)/K(m), while V183L/L209A showed a 3.5-fold
improvement with ifosfamide in their metabolism via the clinically favorable 4-
hydroxylation mechanism [84]. Random mutagenesis was used to further enhance these
mutants which were later screened for improved tolerance dimethyl sulfoxide (DMSO)
and temperature. Industrial applications will be made significantly more efficient by
improving wild-type P450s' resistance to industrial solvents and temperature in addition
to successfully substituting expensive redox partners with alternative oxidant such H20..
Eight mutants with >2-fold improvements in reaction rates were identified after screening
more than 150 distinct mutants at the Tso (temperature at which 50% of parental activity
is retained) and [DMSO]so (DMSO concentration at which 50% of parental activity is
retained). These mutants were also able operate with the H,O> as the redox partner [85].
In another study, P450 BM3 was engineered at a single residue to catalyze synthetic
conversions which often require transition metals. A P450 BM3 mutant was obtained that,
through a putative carbene transfer reaction, can catalyze the remarkably enantio- and
diastereoselective olefin cyclopropanation of double bond. The carbene transfer via P450
BM3 mutant with the co-substrate diazoester was achieved with the mutation of
Thrl68Ala [86]. The research focused on engineering cytochrome proteins for

enantioselective synthetic catalyzations that normally require transition metals can
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revolutionize the pharmaceutical industry and render is more sustainable both

environmentally and economically.

Cytochrome c has also been engineered as it has many critical functions at cellular scale
and is able to carry out a wide range of catalytic conversions. Thanks to protein’ ability to
adapt, they can be rendered competent of transformations unrelated to their native roles
such as generating carbon-silicon linkages. A revolutionary study presented a cyt ¢ mutant
that is able insert carbene to silicon-hydrogen bonds to catalyze the synthesis of
organosilicon compounds. Using chiral transition metal compounds based on iridium,
rhodium and some other metals, synthetic conversions like carbene integration to silanes
can be made enantioselective. Although enantioselectivity is achieved by these
methodologies, their turnover rate is limited and require specific solvents which makes
engineered enzymes desired for these conversions [87]. Biocatalysis via enzymes
is increasingly desired as substitute for conventional synthesis techniques due to

their specificity and selectivity in chemical conversions.

3. CONCLUSIONS

The manufacturing of pharmaceutical intermediates is a delicate multistep process that
demands the use of catalysts. The pharma industry has relied on chemo-catalysts such as
transition metals for the production of APIs for a long time. Following the advancements
in the directed evolution, biocatalysis have gained interest for a more efficient process of
API manufacturing. The benefits of biocatalysts over chemo-catalysts include excellent
selectivity, low-cost process, sustainability and reduced waste output. Growing
environmental consciousness as a result of global warming also puts pressure on the
industry to seek to cut their carbon footprints. Biocatalysis enables the industry to become
significantly more sustainable and eco-friendlier. For the widespread adoption of
biocatalysis in the pharmaceutical sector, its limitations such as low stability and narrow
substrate range should be improved which can be achieved via protein engineering. A
family of redox proteins known as C-type cytochromes has heme prosthetic groups with

iron centers. Their multifunctional nature and abundance in the genomes of almost all
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species make them suitable candidates for improvement via directed evolution. Numerous
research has focused on using cyt ¢ and P450 proteins to create functional variants through
mutagenesis and there have been excellent advancements in their functionality and
efficiency of catalytic transformations. The functionalization of these novel cytochrome
variants in the catalytic conversions for the synthesis of APIs can revolutionize the
pharmaceutical industry and help render it more sustainable and greener.
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