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Recent advances in biocatalyst development
in the pharmaceutical industry

Biocatalysts are increasingly employed as more efficient and environmentally safer
alternatives to traditional chemical catalysts in the manufacturing of fine chemicals.
This is driven by advances in recombinant DNA technology, protein engineering and
bioinformatics, all of which are critical in the discovery, tailoring and optimization of
enzymes for industrial processes. In this article we review these key technological in-
novations, as well as highlight the strategic application of these tools in the develop-
ment of biocatalysts in the production of advanced pharmaceutical intermediates.

The synthesis of pharmaceutical products
and therapeutic agents using biological sys-
tems is becoming increasingly important for
the healthcare industry. Integral to pharma-
ceutical bioprocessing is the development
of biocatalysts for synthesis of desired com-
pounds. While biocatalysts are capable of ac-
cepting a wide range of substrates with high
enantioselectivity and regioselectivity [1], they
are often not very active or stable under the
process conditions frequently required for
commercial-scale production, making many
biocatalytic processes unscalable. However,
technical advances have enabled biocatalysis
to become economically feasible and a green-
er alternative to traditional chemical synthe-
sis routes, especially in the pharmaceutical
sector [2].

One of the key technological break-
throughs that aided the development of
many industrial biocatalytic processes is the
introduction of directed evolution strategies
in the mid to late 1990s [3-5]. Since then, di-
rected evolution has found many applications
in the healthcare industry including areas
such as therapeutic protein development|6,7],
and active pharmaceutical ingredient synthe-
sis [2]. In recent years, state-of-the-art gene
discovery tools and DNA synthesis technolo-
gies have further accelerated biocatalyst dis-

covery and development for pharmaceutical
processes. For a comprehensive summary of
recent examples of biocatalyst application
in the pharmaceutical industry, readers can
refer to the article by Bornscheuer ez al. [2].

This review focuses on the recent techno-
logical innovations for biocatalyst discovery
and engineering (Figure 1). Selected case stud-
ies highlight how these methods were inte-
grated and applied to develop enzyme-based
and whole-cell biocatalysts for the production
of active pharmaceutical ingredients. Emerg-
ing trends that promise to shape the future of
biocatalyst development are also presented in
this review.

Tools employed in biocatalyst
discovery & engineering

» Biocatalyst discovery tools

DNA sequencing & genomics/
metagenomics

The biocatalysts used for pharmaceutical
purposes can be individual or a combina-
tion of enzymes. Alternatively, whole cells
can also be used as a biocatalyst, in which
several enzymes coordinate to bring about
chemical transformations. In any case, en-
zymes are the core of biocatalysis and there
is a huge demand in the pharmaceutical in-
dustry for novel enzymes with more desirable
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Enantioselectivity: Preference of a
chemical reaction for one enanti-
omer over the other. Enantiomers
are two molecules with non-
superimposable chemical
structures that are mirror images
of each other.

Regioselectivity: Preference of a
chemical reaction (bond breaking
or formation) for a single isomer
over the other products in the
reaction.

Metagenome: Genetic

material directly extracted

from environmental samples.
Metagenomics is the study of
metagenomes. This approach is
useful for identifying genes from
unculturable microorganisms,
which represent the vast majority
(>99%) of microbial diversity.

characteristics in terms of substrate
specificity, and regio- and enantio-
selectivities. The exponentially in-
creasing genome and metagenome
sequencing datasets allow access to
vast biodiversity, providing an in-
valuable resource for such novel bio-
catalysts.

For two decades, the Sanger meth-
od has been a workhorse technology
for DNA sequencing before the ap-
pearance of next-generation sequenc-
ing (NGS), which is widely employed
in recent genomic, metagenomic and
transcriptomics endeavors [8]. Three
of the most popular methods include
the 454™ Genome Sequencer FLX
instrument from Roche Applied Sci-
ence (Germany), the Solexa™ from

[lumina (CA, USA), and SOLiD™
from Applied Biosystems (CA, USA). The 454 DNA
sequencing method and the Illumina Solexa method are
sequencing-by-synthesis methods. The 454 method is
based on emulsion polymerase chain reaction (PCR) [9]
to amplify the DNA followed by pyrosequencing tech-
nique [10] and can acquire over 1 million reads with
read lengths of up to 1000 base pairs (bp) in 23 h [201].
For the [llumina Solexa method, the HiSeq2500/1500
system can acquire a maximum of 600 gigabase (Gb)
of sequences with 6 billion reads with a read length
of 2 x 100 bp in paired-end reads [202]. The SOLiD
system involves sequencing by ligation instead of syn-
thesis and can obtain sequence data above 20 Gb per
day with a 50 bp average read length [203]. While these
methods use clonally amplified templates, other meth-
ods, such as those developed by Helicos BioSciences
(MA, USA) (111 and Pacific Biosciences (CA, USA)
(12], utilize single-molecule templates, which are more
demanding in image sensing. These technologies are
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called third-generation DNA sequencing. The Nano-
pore DNA sequencing technology also belongs to the
third-generation DNA sequencing, but it does not
require fluorescent labeling and the expensive charge-
coupled device cameras [13]. The Helicos BioSciences
HeliScope Single Molecule Sequencer can obtain over
1 Gb of usable nucleotide sequence per day [204].

Genome mining based on the rapidly evolving DNA
sequencing technologies mentioned above uncovers
novel enzymes with alternative characteristics, such
as different substrate specificity, regio- and enantio-
selectivities. For example, cytochrome P450 enzymes
(P450s) are a large and highly diverse superfamily of
heme-containing enzymes that can transfer an oxygen
atom from molecular oxygen to an organic molecule.
P450s have two prominent characteristics that make
them attractive candidates for pharmaceutical biocat-
alysts. First, they catalyze insertion of oxygen in less
reactive carbon—hydrogen bonds under mild condi-
tions. Second, they act on diverse substrates, including
fatty acids, terpenes, steroids, prostaglandins, polyaro-
matic and heteroaromatic compounds[14]. Since many
drugs or their intermediates are also P450 substrates,
there have been efforts in mining sequenced genomes
for novel P450s. For example, 18 putative P450 genes
were identified from the genome of Streptomyces coeli-
color A3 (15], 21 from Sorangium cellulosum, 18 from
Stigmatella aurantiaca, 17 from Haliangium ochraceum,
7 from Myxococcus xanthus (16) and a total of 12,456
putative P450 genes were predicted from all kingdoms
of life [17]. Prediction of the functions of P450s can be
difficult because of their diversity. The genome mining
method also presents a way of prediction by researching
into the genome context of the P450s [16].

The plant and microbial genomes also encode a vast
number of non-ribosomal peptide synthetases (NRPSs)
and polyketide synthases (PKSs), two important fami-
lies of enzymes involved in producing pharmaceuti-
cally important non-ribosomal peptide natural prod-
ucts and polyketides. Many of these
natural products, such as erythro-
mycin and vancomycin, are useful
in antibiotic, anticancer and immu-
nosuppressant treatments. Similar
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Figure 1. Tools for biocatalyst discovery and engineering in pharmaceutical bioprocessing.

to P450s, elucidation of the exact
roles of putative NRPSs or PKSs
is not easy and is often time-con-
suming. Lautru ¢t al. described the
prediction of substrates recognized
by the adenylation domains that are
commonly present in NRPS. The
prediction guided the identification
of a tris-hydroxamatetetrapeptide
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Recent advances in biocatalyst development in the pharmaceutical industry

by the Streptomyces coelicolor CchH [18]. Functional as-
signment to a putative NRPS or PKS is also hindered
by silencing of the corresponding genes under standard
fermentation conditions. In Aspergillus nidulans, no
PKS—NPRS metabolites could be detected in the ex-
tracts from 40 different culture conditions. Bergmann
et al. noted that, in this microorganism, one PKS—
NPRS hybrid gene apdA is clustered with a putative
transcription activator gene apdR[19]. Induced overex-
pression of ApdR drives expression of the silent ApdA
metabolic pathway components, which allows them to
identify new metabolites — aspyridones A and B. High-
throughput selection, such as a phage-display selec-
tion method [20], takes advantage of post-translational
modification of peptidyl carrier protein or acyl carrier
proteins within NRPS or PKS, or screening such as a
mass spectrometry-guided method, facilitated genome
mining of NRPS and PKS enzymes with unprecedent-
ed high efficiency [21].

Transaminases are a family of enzymes that revers-
ibly transfer amino and keto groups between two sub-
strates. Transaminases are of interest to the pharma-
ceutical industry because they can be used to generate
optically pure amines by either asymmetric synthesis 22]
or kinetic resolution of racemic amines|[22], and to syn-
thesize non-proteinogenic amino acids [23], which can
be used for synthesis of peptidomimetic pharmaceu-
ticals. For example, transaminases have been coupled
with pyruvate decarboxylase for asymmetric synthesis
of chiral amines [24] or with amino acid oxidase for res-
olution of racemic amines [22]. Hohne ¢z a/. developed
an algorithm that recognizes key amino acid residues
indicating enantiopreference. An #n silico screen em-
ploying this algorithm of a protein library composed
of 5700 r-branched chain amino acid aminotransfer-
ases and 280 pyridoxal-5’-phosphate-dependent fold
class IV proteins from NCBI protein database iden-
tified 21 proteins with putative (R)-selective amine
transaminase activity [25]. The prokaryotic expression,
purification and characterization of these enzymes in-
dicated that 17 of them are true (R)-selective amine
transaminases. Seven of these enzymes show potential
in asymmetric synthesis of aliphatic, aromatic and ary-
laliphatic (R)-amines starting from the corresponding
ketones [2¢].

Nitrilases catalyze conversion of organonitriles di-
rectly to the corresponding carboxylic acids, which are
important intermediates in the production of pharma-
ceuticals and fine chemicals. Screening of metagenom-
ic libraries from varying global environmental habitats
yielded over 200 nitrilases that selectively hydrolyze
organonitriles to carboxylic acid derivatives, including
four enzymes with the ability to catalyze the desymme-
trization of prochiral 3-hydroxyglutaryl nitrile to form

(R)-4-cyano-3-hydroxybutyric acid, a key intermedi-
ate of atorvastatin [27]. Similarly, 137 nitrilases were
identified from screening over 600 biotope-specific
environmental DNA libraries [28]. By mining of pub-
lished genomes, various nitrilases targeting different
substrates have been identified from bacteria [29-31] and
filamentous fungi [32.33].

Other -omics tools
Transcriptomics
The transcriptome of an organism is more dynamic
than its genome and differential expression patterns
of genes often provide insight into their function and
associated regulatory networks. Analysis of the tran-
scriptome of an organism can help identify putative
biocatalysts that are components of a certain meta-
bolic pathway and guide the metabolic engineering of
a whole-cell biocatalyst. Traditionally, global analysis
of a transcriptome employed the DNA microarrays 34],
however, the emergence of NGS-based RNA-seq revo-
lutionized transcriptomics, providing deep coverage
and base-level resolution. In addition, RNA-seq does
not need the genomic information and can be used to
quantitatively analyze the transcript levels. In theory,
any high-throughput DNA sequencing method can be
used in RNA-seq. The Illumina system has been used to
sequence the transcriptomes of Saccharomyces cerevisiae
(351, Schizosaccharomyces pombe 36), Arabidopsis thaliana
(37) and mouse [38], while the 454 system has been ap-
plied in maize 39), butterfly [40] and coral larval 41], and
the SOLID system has been applied to mouse [42].
Transcriptomics can be a powerful tool in identifying
novel enzymes with potential as industrial biocatalysts.
Geu-Flores ¢t al. applied a co-regulation criterion to
search for an iridoid synthase from the transcriptomic
data of Catharanthus roseus (Apocynaceae), based on
the assumption that expression profile of the unidenti-
fied enzyme would be similar to geraniol 10-hydroxylase
(G10H), a known enzyme upstream in the iridiod bio-
synthesis pathway. This allowed them to narrow down
candidate genes to 20, among which they found two
NADPH-using enzymes. One of these two enzymes
shares high similarity to progesterone-5p-reductase
(P5BR) and was proven to be a new iridoid synthase [43].

Proteomics

Currently, both gel-based techniques, 2D sodium-
dodecyl-sulfate polyacrylamide gel electrophoresis and
high-throughput shotgun proteomics, by combining
high-resolution liquid chromatography and mass spec-
trometry, are widely used [44]. Proteomics can be used
in the identification of the amino acid sequences and
even the de novo sequencing of target pharmaceutical
biocatalysts, such as polyhydroxyalkanoate depolymer-
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Screen and selection: Compared
with selections that can be
easily used to assay libraries of
approximately 108-10'° variants,
screens tend to be limited to
library sizes of approximately
10%-10¢ since all variants have to
be characterized. In both cases,
assay design is the key and
usually determines the choice
between the strategies.

ases [45]. Proteomic analysis is also
useful in engineering the whole-cell
biocatalysts because the protein lev-
els are also dynamic in addition to
transcript levels within a cell.
Furthermore, functional pro-
teomics is used for the discovery of
carbohydrate-related enzymatic ac-
tivities, which has been extensively

reviewed [46]. Activity-based pro-
teomics is another specialized meth-
od developed for global analysis of
protein function in native biological systems [47]. Al-
though it is widely used for comparative enzyme pro-
filing, it can also be used for novel biocatalyst discov-
ery. For example, 9-O-acetyl-esterase was identified
as a candidate serine hydrolase by using an activity-
based fluorophopsphonate probe 48]. This method
relies on a specially designed probe that recognizes
and covalently binds to the active site of specific en-
zymes with its reactive group and can be detected
by radioactivity, fluorescence or color development
with the reporter tag. Activity-based proteomics has
been applied to study a variety of enzymes such as
serine proteases, cysteine proteases, threonine prote-
ases, lipases, glycosidases, tyrosine phosphatases and
kinases [47,49].

The advent of gene discovery tools from the ge-
nomic to the proteomic level is critical for generating
starting points for biocatalysts development. Novel
enzymes identified through these methods may have
new sequences not claimed in patents, which is useful
when developing a bioprocess in an area with an estab-
lished intellectual property landscape (so]. The diver-
sity can also be combined into a screening kit for rapid
identification of starting enzymes [s1]. To effectively
tap into this diversity, the biggest challenge is to syn-
thesize and express the genes in heterologous systems.
Following functional expression, promising enzymes
will most likely need to be engineered to fit process
requirements. The following section will focus on re-
cent developments in DNA synthesis and protein engi-
neering, which has provided much promise in bringing
these enzymes into industrial applications.

» Biocatalyst engineering tools

DNA synthesis

Engineering of individual enzymes, metabolic path-
ways and whole-cell biocatalysts require manipula-
tion of genes. Although PCR is routinely used to
clone or evolve gene(s) of interest, the cost—competi-
tiveness and productivity of gene synthesis are con-
tinually improving [s2], impacting our way of working
with genes, genetic pathways and networks. De novo
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synthesis of individual genes has been implemented for
the Bacillus thuringiensis vip3A gene (53], human pro-
tein kinase genes PKB2, S6K1 and PDKI [54]. At the
same time, chemical synthesis has also been applied to
synthetic pathways such as a polyketide synthase gene
cluster (55] and complex whole genomes including a
poliovirus cDNA [s6] and a ¥X174 bacteriophage [57].
Groundbreaking progress took place when ] Craig
Venter’s group synthesized the entire 1.08 Mbp Mpy-
coplasma mycoides genome and showed it governed the
regenerated cell as an ‘operating system’ [s8]. While
these syntheses utilize different strategies to assemble
intermediate fragments into larger and the ultimate
DNA constructs, all of them involve assembly of short
oligonucleotides with overlapping termini sequences
into intermediate DNA fragments. In these endeavors,
the high-throughput synthesis of DNA on a microar-
ray chip, which can be controlled by methods such as
inkjet printing and photolithography [s9-61], proved to
be a promising gene synthesis method. This method
can be used in massive parallel synthesis of high-densi-
ty oligonucleotide arrays. The unpurified pooled mix-
ture of oligonucleotides can be used to synthesize genes
of interest by the same assembly methods in other tra-
ditional gene synthesis methods. Softwares such as
GeMS [62] have been developed to guide and facilitate
experimental design. Although traditional chemical
synthesis of oligonucleotides does not exceed 100 bp,
by optimization of reagent flows, the commonly ob-
served depurination in DNA synthesis is minimized,
thereby allowing up to 150 bp oligonucleotides to be
synthesized on microchips(63). Compared with the oli-
gonucleotides synthesized on columns, DNA synthesis
on microchips is more prone to errors. By application
of the state-of-the-art NGS to control the integrity
of DNA synthesized on microchips, Matzas et al. re-
duced the error rate by a factor of 500 compared with
one error in 40 bp in the starting oligonucleotides [64].
More recently, direct gene synthesis chips have been
established with an error rate of 0.19 error per kb [65].
Since most, if not all, of these methods are automated,
engineering the genes encoding the biocatalysts can be
easily integrated with DNA synthesis. The pharmaceu-
tical industry can benefit from cost-effective, accurate
and high-throughput gene synthesis.

Protein engineering

Most naturally existing enzymes are unsuitable for
practical applications in various aspects, such as sub-
strate specificity, stability, activity and enantioselec-
tivity. Protein engineering, involving rational design,
directed evolution and semi-rational design tools,
is critical for the development and optimization of
biocatalysts for industrial processes.
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Rational design

Rational design is based on our knowledge of the
enzymes, particularly of their 3D structures. Nature
has evolved diverse enzymes with different biochemical
characteristics but similar 3D structures, which can be
learned for rational design of biocatalysts. For example,
gain-of-function mutants of isocitrate dehydrogenase
(IDH) in cancer cell are able to convert 2-oxogluta-
rate to (R)-2-hydroxyglutarate. Structural superposi-
tion and amino acid sequence alignment to S. pombe
homo IDH (HIDH) analogues of human cytoplasmic
IDHs revealed residues homologous to the human mu-
tational hotspots. Based on this, four mutants, R114Q,
R143C, R143H and R143K of the S. cerevisiae HIDH
(ScHIDH) were produced and biochemical character-
ization indicated that SCHIDHR'H ScHIDHR3¢ and
ScHIDHR®*X are (R)-2-hydroxyadipate dehydrogenases
with excellent enantioselectivity [66].

Amino acid residues in the substrate binding pock-
ets of enzymes are well-known for their importance in
substrate selectivity and are good engineering targets.
Transketolases are a family of enzymes that catalyze
the transfer of a two-carbon keto group from a ketose
sugar to aldose. To improve the acceptance of aromatic
aldehydes by transketolases for biosynthesis of novel an-
tibiotics, a series of mutants focusing in the phosphate
binding pocket of Escherichia coli transketolase were de-
signed, characterized and computationally docked with
3-formylbenzoic acid and 4-formylbenzoic acid. One of
the mutants exhibited 250-fold higher specific activity
in producing a.,0-dihydroxyketone, showcasing how an
understanding of a substrate binding pocket facilitates
redesigning of enzyme substrate specificity [67].

Enzymes with high amino acid sequence similarity
but distinct enzymatic activities are good candidates for
rational design. Human aldo-keto 1D1 (AKR1D1) and
AKRIC are such highly similar enzymes: AKR1D1 cata-
lyzes the 5B-reduction of A*3-ketosteroids, AKRIC is a
hydroxysteroid dehydrogenase. Changing a single amino
120 in AKR1D1 with glutamate converted
this enzyme into a 3B-hydroxysteroid dehydrogenase (68].

acid residue His

Directed evolution

Directed evolution has been developed as a strategy to
improve biocatalysts by combining the generation of a
mutant protein library with identification of a mutated
protein with desirable function [69). Although initially
designed for individual enzymes, the same strategy has
been adapted for metabolic pathways [70], which makes
engineering whole-cell biocatalysts possible. In princi-
ple, the directed evolution strategy involves four steps:
choosing a parent protein, creating a mutant library
from the parent protein, screening or selecting for pro-
teins with desired properties and repeating steps 1-3 [71].

To generate diversity, either random mutagenesis
or DNA recombination can be utilized. Currently,
error-prone PCR  (epPCR) employing low-fidelity
DNA polymerases is still widely used for random muta-
genesis of biocatalysts used in pharmaceutical process-
es. In addition, other modifications of routine PCR,
such as replacing Mg?** with varying concentrations
of Mn?* and using an uneven mixture of the four de-
oxynucleotide triphosphates, are adopted to fine-tune
the mutation rate of the target gene. epPCR is limited
to creating small numbers of mutations through the
genes. DNA shuffling, a method developed for in vitro
DNA recombination, is able to generate multiple mu-
tations within a gene and is, therefore, also employed
for diversity generation [72]. The DNA from the gene of
interest and its random mutants or from homologous
genes are fragmented by DNasel. The DNA fragments
are combined and homologous regions allow annealing
to take place between these fragments, which will be
assembled into full-length genes. Variations are report-
ed for both random mutagenesis and DNA shuffling,
such as sequence saturation mutagenesis [73] and stag-
gered extension process [74], respectively. DNA shuf-
fling methodologies that are able to assemble DNA
fragments independent of homology are also available,
such as incremental truncation for the creation of hy-
brid enzymes [75], random multi-recombinant PCR
(76) and non-homologous random recombination [77].
Complementary to these i vitro evolution techniques,
in vivo evolution methods, such as Heritable Recombi-
nation in yeast (78] and phage-assisted continuous evo-
lution in E. coli[79], may also be adapted for engineer-
ing of single enzymes, or even whole-cell biocatalysts,
for pharmaceutical processes.

The key to successful identification of improved
mutants by directed evolution includes the generation
of a library of high-quality, as well as efficient screen
and selection. A traditional screening method employ-
ing 96-well microplates is still used currently, but is
limited by its capacity to analyze the mutants (less than
a few thousand mutants per round [80]). However, there
is already tremendous progress in high-throughput or
even ultra high-throughput screening methods, which
greatly augment directed evolution approaches. By
labeling each of the two enantiomers with a differ-
ent fluorescent dye, Becker e# al. established a single-
cell high-throughput screening method to identify
enantioselective hydrolytic enzymes(s1]. A drop-based
microfluidics screening method in combination with
fluorescence-activated cell sorting gains ultra high-
throughput efficiency by dispersing aqueous drops in
oil at picoliter-volume [82]. This versatile method has
been applied to screening of yeast cells displaying a
horseradish peroxidase [82] or single genes of 30,000
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Saturation mutagenesis:

A strategy involving the gen-
eration of all (or most) possible
mutations at a specific site or
narrow region of a gene.

copies expressing a [-galactosidase
(83]. Compared with traditional mi-
croplate-based screening, selection
appears to be more favorable, featur-
ing a higher throughput of 10°-10°
clones assessed each round [s0]. The
selection strategy, however, generally
requires coupling the enzymatic reaction of interest
with cell viability. Fernandez-Alvaro linked one enan-
tiomer of 3-phenyl butyric acid to glycerol and the oth-
er to 2,3-dibromopropanol (80]. Esterase mutants that
release glycerol will support the growth of the E. coli
host, and those that release the toxic 2,3-dibromopro-
panol will kill the cells. By coupling this iz vive selec-
tion method with flow cytometry, they obtained ultra
high-throughput identification of esterase mutants
with altered enantioselectivity.

Semi-rational design

Rational design saves benchwork time because it only
requires dealing with small numbers of mutants. How-
ever, the mutants may not be completely desirable. On
the other hand, directed evolution has the power to
create desirable mutants but suffers from time-con-
suming library screening. Semi-rational design, also
known as combinational rational design, integrates
rational design with directed evolution to reduce li-
brary size while maintaining diversity of functional
mutants. Several semi-rational design methods have
been successfully employed for engineering enzyme
biocatalysts. The Arnold group developed a SCHEMA
algorithm that can be used to guide the construction
of mutant library with reduced size [84]. Traditionally,
the DNA shuffling creates libraries containing a large
number of incorrectly folded and non-functional pro-
tein mutants. SCHEMA uses structural information
to identify interacting amino acid residue pairs and
interactions that are broken during recombination [ss],
thereby increasing the proportion of properly folded
proteins in the library. It is successfully applied to gen-
erate libraries from distantly [85] to moderately related
proteins and recover enzyme mutants with improved
biochemical properties such as thermostability [86.87].
Library sizes are reduced due to increased efficiency in
obtaining functional mutants.

The PROtein Sequence Activity Relationships
(PROSAR) method analyzes mutations from different
sources including homology guided mutagenesis, ran-
dom mutagenesis, saturation mutagenesis and rational
design (88]. The method defines mutations as ‘benefi-
cial’, ‘potentially beneficial’, ‘neutral’ and ‘deleterious’
by computer-aided statistics. Beneficial mutations are
combined, potentially beneficial mutants are re-tested,
while neutral and deleterious mutations are discarded.

Zhang, Su, Ang & Zhao

The PROSAR method stresses the accumulation of
multiple mutations in improving an enzyme. Notably,
mutations that appear to harm enzyme activity but
contribute to the overall improved enzyme activity can
be selected using this method [ss].

The third widely used strategy of semi-rational de-
sign is iterative saturation mutagenesis. In this method,
only amino acid residues that are critical for the bio-
logical functions of an enzyme, such as ligand-binding
(89] or thermostability [90], are selected and saturation
mutagenesis is carried out for each of these residues.
For example, Hoffmann ez al. focused on the active
site of a P450cam monooxygenase when generating
mutant libraries. Of the 13 key amino acid residues in
the active site, nine were manually selected for mutant
library construction. For each residue, three to six ami-
no acid changes were made, yielding a focused library
of 291,600 variants. Monitoring NADH depletion,
they found five mutants that were able to transform
diphenylmethane and one mutant that could convert
diphenylmethane into 4-hydroxydiphenylmethane [91].

Deep sequencing can be combined with computer-
aided protein design [92]. Iterative directed evolution
of enzymes may not always improve enzymes because
the method can reach a plateau after certain rounds.
For example, a hemaglutinin influenza virus binding
inhibitor can be artificially evolved by epPCR to have
an affinity at the nanomolar level. However, further
directed evolution failed to discover mutants of higher
affinity. Whitehead ez a/. hypothesized that small but
combined contributions from mutations should allow
further improvement [92]. For this purpose, they gen-
erated libraries containing approximately 1000 unique
single point mutations, displayed the mutants on yeast
and collected the mutants that were able to bind to
hemagglutinin epitopes with different stringencies
by cell sorting. The plasmids in collected yeast cells
were extracted and subjected to deep-sequencing. Se-
quence—function landscapes were drawn and used to
guide the design of mutants with combined enriched
substitutions. The resulting mutants have higher
subnanomolar binding affinities.

De novo design

In addition to the engineering methods mentioned
above, there are also endeavors to design enzymes
de novo 93]. A Rosetta method has been successfully
and widely used to construct novel retro-aldol enzymes
[94], Kemp elimination catalysts [94], an enzyme cata-
lyzing a stereoselective Diels-Alder reaction [95] and a
triosephosphate isomerase [96]. As described by Richter
et al., enzyme design using the Rosetta method essen-
tially includes four stages: choice of a catalytic mecha-
nism and corresponding minimal model active site;

184

Pharm. Bioprocess. (2013) 1(2)

fsg

future science group



Recent advances in biocatalyst development in the pharmaceutical industry

identification of sites in a set of scaffold proteins where
this minimal active site can be realized; optimization
of the identities of the surrounding residues for stabi-
lizing interactions with the transition state and pri-
mary catalytic residues; and evaluation and ranking
the resulting designed sequences [96]. The model with
the best overall score, the best ligand score, or the best
constraint score is be chosen for experimental valida-
tion. The Rosetta method has been used for the design
of a homodimer starting from a 5 kDa helical hairpin
(97]. In this de novo design of zinc-mediated protein—
protein interaction, Der ez a/. found that the protein—
protein interface may form clefts that can hydrolyze
carboxyesters and phosphoesters and are, therefore,
candidates for enzyme engineering [98]. Notably, al-
though the newly generated enzymes may be able to
catalyze the reactions as expected, the activities may
not be high enough for industrial applications. There-
fore, a directed evolution method is often coupled with
such de novo enzyme design for improvement.

Theadvantagesand disadvantages of each protein en-
gineering strategy are summarized in Table 1. Although
each strategy is suited for different circumstances, they
are by no means exclusive in their application. Semi-
rational design, which is thus far the most successful
protein engineering approach for developing industrial
biocatalysts, is a combination of rational design and di-
rected evolution. The following section highlights how
these methods were integrated to successfully develop
biocatalysts for industrial applications.

Selected examples of biocatalysts in the
pharmaceutical industry

Driven by the research and innovations described
above, the last decade witnessed a surge in the number
of biocatalysts developed for industrial-scale produc-
tion of pharmaceutical intermediates. In the form of
purified enzymes or engineered microorganisms, bio-
catalysts are shaping the future of the pharmaceutical
industry by providing cost-effective and green alterna-

tives to organic chemistry methodologies. The exam-
ples in this section are selected to highlight the combi-
nation of technologies used by academic and industrial
laboratories for adapting enzymes to pharmaceutical
manufacturing, as well as the potential of biocatalysts
to transform the industry. A comprehensive list of re-
cently developed biocatalysts in the pharmaceutical
industry using similar technologies is available in a
separate review [2].

» Enzyme-based biocatalysts

The manufacture of sitagliptin, the active compound
of leading antidiabetic drug Januvia™, showcases the
immense potential of engineered enzyme-based bio-
catalysts in the pharmaceutical industry in both cost—
competitiveness and environmental sustainability.
Conventional chemical synthesis of sitagliptin involves
the asymmetric hydrogenation of prositagliptin at
high-pressure with a rhodium-based catalyst, followed
by carbon treatment for rhodium-removal and subse-
quent crystallization to isolate the desired product (99].
While enantioselective, this chemocatalytic route is
circuitous and costly due to the need for specialized
high-pressure vessels, as well as the use and removal of
precious transition metal catalysts. These limitations
are circumvented with the development of a trans-
aminase biocatalyst, which enables efficient one-step
conversion of prositagliptin to stereopure sitagliptin
at substantially higher yields and volumetric produc-
tivities (Figure 2). Starting from a transaminase scaf-
fold with no apparent activity towards prositagliptin
ketone, Hughes and co-workers obtained an enzyme
with marginal activity by combining rational 77 silico
design with saturation mutagenesis of amino acid resi-
dues in the small and large catalytic pockets [100,101].
Subsequent rounds of directed evolution and screen-
ing improved enzyme activity and simultaneously
optimized the enzyme for performance criteria that
are important for large-scale industrial applications
such as dimethyl sulfoxide tolerance, stability at high

Table 1. Comparison of the different protein engineering strategies.

Review

Strategy Advantages
Rational design ~ Small set of mutants to test

Disadvantages
Knowledge about the enzyme, particularly the structural
information, is required. A limited sequence space is
explored and beneficial mutations may be consequently
missed
Directed Knowledge of the enzyme is not Can be labor-intensive. Throughput is highly dependent
evolution required on the screening or selection method used
Semi-rational Less labor-intensive than directed  Structural information of enzyme or several rounds of
design evolution, more diversity than screening is required
rational design
De novo design  Can be used to create novel
biocatalysts not found in nature

The designed biocatalysts usually have relatively low
activity and need further optimization/improvement
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Figure 2. Improved biocatalytic asymmetric synthesis of sitagliptin. The
one-step biocatalytic route involving an engineered transaminase results in a
higher yield of optically pure sitagliptin compared with the chemocatalytic route
involving chemical asymmetric hydrogenation at high pressure in the presence
of a transitional metal catalyst.

e.e.: Enantiomeric excess.

Adapted with permission from [2] © Macmillan Publishers Ltd (2012).

temperatures and substrate concentrations, as well as
expression in E. coli[100]. Beyond sitagliptin manufac-
ture, the broad substrate range of these evolved trans-
aminases also provides the framework for synthesis of
chiral amines from prochiral ketones, complementing
the more established approach of synthesizing chi-
ral alcohols with biocatalysts such as ketoreductases
(KREDs) in the manufacturing of key pharmaceutical
intermediates. As scientific and technological advances
in protein engineering and design drives the develop-
ment and optimization of enzymes with broad utility,
the expanding biocatalytic toolbox will be invaluable
to the pharmaceutical industry [2].

When it comes to designing biocatalytic routes for
pharmaceutical production, all roads lead to Rome,
as epitomized by atorvastatin — the active ingredient
of the top-selling cholesterol-lowering drug Lipitor®.
The (3R,5S)-dihydroxyhexanoate side chain of ator-
vastatin, with its two chiral centers, is challenging to
make by traditional chemical means. Driven by high
market demand as well as the need for high chemical
and stereochemical purity, a variety of chemozymatic
routes involving different classes of enzymes and start-
ing materials have been developed for enantioselective
synthesis of the homochiral dihydrohexanoate phar-
macophore common to many statins, including ator-
vastatin [102]. These chemoenzymatic approaches may
be broadly grouped into two main strategies. The first
strategy involves synthesis of the key chiral build-
ing block, ethyl (R)-4-cyano-3-hydroxybutyrate, on
which the second stereocenter can be introduced at a

Zhang, Su, Ang & Zhao

later step. Most proposed biocatalytic routes, includ-
ing the use of nitrilases to desymmetrize prochiral
3-hydroxyglutaryl nitrile (Figure 3) [27.103], fall under
this category but are yet to be commercialized be-
cause of the high enzyme load needed, which com-
plicates product recovery and increases production
costs [102]. Leveraging directed evolution technologies,
Codexis (CA, USA) scientists developed a two-step,
three-enzyme process that is efficient, economical and
environmentally friendly for industrial-scale produc-
tion of ethyl (R)-4-cyano-3-hydroxybutyrate (Figure 3)
(23.104]. Notably, this two-step process has been shown
to proceed as a one-pot process on a laboratory scale
(23]. In the first step, enantioselective reduction of
ethyl 4-chloroacetate is performed using a KRED
while an NADP-dependent glucose dehydrogenase
regenerates the NADPH cofactor pool using glucose
as a reductant. A halohydrin dehydrogenase (HHDH)
then replaces the chloro group with a cyano substitu-
ent in the second step to form the desired product. For
this biocatalytic process to be commercially relevant,
gene shuffling was used to improve the stability and
activity of KRED and glucose dehydrogenase under
industrial conditions while maintaining their remark-
able enantioselectivity (>99.5% enantiomeric excess)
(104]. For HHDH, a semi-rational approach integrat-
ing multivariate optimization with semisynthetic gene
shuffling yielded an enzyme with an impressive 4000-
fold increase in volumetric productivity and near per-
fect enantioselectivity (>99.9% enantiomeric excess)
(88]. Altogether, the combination of bioinformatics
and directed evolution of individual biocatalysts in a
multienzyme cascade enabled striking improvements
in substrate and biocatalyst loading, volumetric pro-
ductivity as well as overall yield, which in turn en-
abled industrial-scale enzymatic reactions that would
otherwise be economically unfeasible.

The second strategy involves the generation of both
chiral centers in a single step using enzyme-catalyzed
aldol condensation of choloracetaldehyde and acetal-
dehyde to produce a more advanced six-carbon atorvas-
tatin intermediate (Figure 3). The cross-aldolreaction was
first described by Wong and co-workers, who showed
that 2-deoxyribose-5-phosphate aldolase (DERA) has
substrate specificity towards acetaldehyde as a donor al-
dehyde substrate in asymmetric aldol condensations(10s-
107]. Low production capacity, low resistance to aldehyde
levels and poor acceptance of non-phosphorylated alde-
hyde substrates, however, limited the industrial practi-
cality of the wild-type E. coli DERA enzyme [106]. As
such, a wide range of strategies have been employed to
develop and optimize DERA as an industrial biocatalyst
in atorvastatin production. By screening environmen-
tal genomic libraries to isolate natural aldolase variants
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Figure 3. Multiple biocatalytic routes towards key intermediates of atorvastatin. The different
processes can be classified into two main strategies. They differ not only in class of enzyme,

(inexpensive) starting material, activity and selectivity of the biocatalyst,

downstream processing, and yield and purity of final product. Strategy one creates one stereocenter

of the homochiral atorvastatin side chain (shaded) and the second stereocenter in a subsequent
step, while strategy two creates both stereocenters required for the advanced pharmaceutical
intermediate. Identities of the biocatalysts are as indicated.

Adapted with permission [2] © Macmillan Publishers Ltd (2012).

carbon—carbon bonds to give an
advanced atorvastatin intermediate
with both stereocenters in one step

from cheap bulk chemicals, thereby
dramatically enhancing the cost—competitiveness of this
biocatalytic route.

Advances in protein engineering enable the con-
version of naturally occurring enzymes into practical
industrial biocatalysts with dramatically improved
catalytic properties and tolerance to harsh processing
conditions. Engineered biocatalysts with broad sub-
strate ranges provide the framework for core enzymatic
transformations and can be evolved to accept unnatu-
ral substrates, fit process specifications, or be integrated
into multienzyme cascade processes, thereby acceler-
ating biocatalyst and process development. Successful

implementation of a biocatalytic manufacturing pro-
cess will be determined by its overall economic vi-
ability, which takes into account factors such as scale,
product yield and purity, starting material costs and
follow-up steps.

» Whole-cell biocatalysts

Whole-cell biocatalysts represent the next logical step
in biocatalysis: iz vivo multienzyme cascade processes.
Using a combination of metabolic and protein engi-
neering tools to engineer and redirect biosynthetic
pathways, complicated combinatorial reactions can
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be carried out in a microbial host to overproduce a
multitude of chemicals from cheap renewable raw
materials [67.68]. This is particularly advantageous for
the production of natural products, a major pharma-
ceutical source, whose structural complexity has hin-
dered industrial production since chemical syntheses
are challenging while extraction from natural sources
is often plagued by meager yields. In particular, many
plant terpenoids, such as artemisinin and paclitaxel
have pharmaceutical properties, but chemical synthesis
of these complex molecules is impractical and avail-
ability of the petroleum-derived starting materials is
limited [111]. Biological production of natural product
precursors or derivatives from renewable feedstocks us-
ing whole-cell biocatalysts, in these cases, may be more
cost effective and sustainable.

Jay Keasling’s semisynthetic anti-malarial artemis-
inin has been Exhibit A for the promise of whole-cell
biocatalysts in the pharmaceutical industry. The cur-
rent supply and affordability of artemisinin extracted
from sweet wormwood Artemisia annua are inadequate
to address the global burden of malaria, especially in
the developing world. In comparison, the semi-synthe-
sis of artemisinin from microbially produced precursors
offers a more steady and cost—effective source. By trans-
planting biosynthetic genes from A. annua into yeast
and re-directing of carbon flux to increase production,
Keasling and co-workers showed that up to 1 g/l of ar-
temisinic acid, an immediate precursor of artemisinin,
may be produced from simple sugars (Figure 4) [112,113].
Another yeast strain was engineered to produce up to
40 g/l of amorphadiene, another artemisinin precur-
sor(114]. Further bolstering this semi-synthetic approach
is the development of the continuous-flow conversion of
artemisinic acid to artemisinin, which has been a chem-
ically challenging step. Since purification of intermedi-
ates is not needed, continuous-flow synthesis of arte-
misinin is efficient, scalable and inexpensive, ensuring a
reliable industrial supply of the drug from yeast-derived
artemisinic acid at lower costs[115].

In addition to rewiring metabolic pathways, protein
engineering is also indispensable in the development
and optimization of whole-cell biocatalysts. In the
native semisynthetic route, the A. annua cytochrome
P450 monooxygenase catalyzes the three-step oxida-
tion of amorpha-4,11-diene to artemisinic acid [112].
A semi-rational approach integrating computer mod-
eling and saturation mutagenesis to increase the sub-
strate promiscuity of P450 from Bacillus megaterium
yielded an enzyme that is capable of selective oxida-
tion of amorpha-4,11-diene to artemisinic-11S,12-
epoxide in cells, providing an alternative semisyn-
thetic route for artemesinin production (Figure 4) [116].
Directed evolution involving active site mutagenesis,
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high-throughput P450 fingerprinting and multivariate
analysis generated P450 variants with different regiose-
lectivities, capable of hydroxylating artemisinin deriva-
tives at inaccessible parts of the complex molecule at
high yields (>90%) and preparative scales iz vitro[117).

A similar approach was employed to overproduce
the precursor of the widely used antineoplastic drug
paclitaxel (Taxol®) in E. coli (118]. By introducing a
heterologous terpenoid biosynthetic pathway coupled
with multivariate-modular optimization of meta-
bolic flux through the upstream isoprenoid pathway,
Stephanopoulos’ group obtained an engineered E. coli
strain that produces taxadiene at approximately 1 g/l
an impressive 15,000-fold improvement over the par-
ent strain before optimization (Figure 4). Another key
step in the development involves protein engineering
of Taxus cytochrome P450 for regioselective hydroxyl-
ation of taxadiene to taxadien-5a-ol; transmembrane
engineering and translational fusions with cognate
redox partners yielded chimeric enzymes with im-
proved solubilities and efficiencies. Nonetheless, be-
fore the identities of genes in the Taxol biosynthetic
pathway are fully elucidated and engineered into in-
dustrial microorganisms with optimized metabolic
flux, it will be difficult for biosynthetic or semisyn-
thetic Taxol to compete with the current production
method involving plant cell fermentation and direct
extraction [119].

In addition to transplanting biosynthetic pathways
and enzymes into heterologous industrial hosts, meta-
bolic engineering also involves the redirection and bal-
ancing of metabolic flux to maximize yield and pro-
ductivity [120,121]. Protein engineering of enzymes, such
as P450s, remains relevant for generating new enzyme
functions and expanding the scope and utility of these
cellular factories in producing structurally diverse natu-
ral product precursors and derivatives [122]. Continued
development of metabolic and protein engineering strat-
egies, aided by bioinformatics, will be needed to fully
realize the industrial potential of cell-based biocatalysts.

Moving forward: new enzymes, new
chemistries

Directed evolution has been shown to dramatically im-
prove desired enzyme properties such as stability and
activity and in some cases, laboratory evolution has
yielded biocatalysts from non-catalytic scaffolds[123,124].
Nonetheless, directed evolution generally requires, and
is most effective, when starting with an enzyme with
an existing, albeit marginal, activity of interest. While
nature remains a rich and important source for new en-
zymes and chemistries 43], the development of bioinfor-
matics tools backed by extensive empirical knowledge
and/or technologies for strategic introduction of new
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Figure 4. Biosynthetic strategies of artemisinin and paclitaxel using whole-cell biocatalysts. On the left are

the semi-synthetic strategies for artemisinin. Introduction of Artemisia annua genes encoding the amorphadiene
synthase, amorphodiene and cytochrome P450 monooxygenase resulted in microbial strains that produce artemisinic
acid, which can be chemically converted to artemisinin [112]. In an alternative route, an engineered P450 produces
artemisinic epoxide that can also be transformed into artemisinin by established chemical means [116]. On the right is
the biosynthetic strategy for paclitaxel (Taxol®). Introduction of the taxadiene synthase and an engineered taxadiene
5a-hydroxylase from the Taxus host allowed the production of key Taxol intermediates, taxadiene and taxadien-5a-ol, in

Escherichia coli[118].

chemical functionalities paves the way for the creation
of artificial enzymes for novel functions.

With an improved structural and mechanistic under-
standing of how naturally occurring enzymes work,
de novo design of enzymes is now possible. David Baker’s
laboratory has made notable progress in computational
design of novel enzyme catalysts, generating enzymes

from existing protein scaffolds whose backbone posi-
tions in the binding pockets align with the geometries
of the ideal active site for a given reaction [12s]. This ap-
proach has been successfully used to create enzymes for
reactions for which no naturally occurring enzyme ex-
ists, including the Kemp elimination [94], retro-aldol [94]
and Diels—Alder [95] reactions. For organometallic
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catalysis, an Rh(III) metalloenzyme with high reactiv-
ity and selectivity was fashioned from a non-catalytic
streptavidin scaffold by precise positioning of a carboxy-
late side chain close to the metallocenter in the active
site [126]. In fact, the enantioselectivity of the artificial
Rh(ITI) metalloenzyme in directed carbon-hydrogen
bond functionalization is comparable to that of chiral
cyclopentadienyl ligands[126,127], offering new opportu-
nities for late transition metal asymmetric catalysis in
industrial biotechnology, including compatibility with
biocatalysts in concurrent cascade reactions [128]. For
designed enzymes however, the resulting proteins are
often less than ideal as strategic placement of catalytic
residues is likely to compromise substrate and transition-
state binding affinity, leading to low catalytic efficiency.
These limitations can be overcome by directed evolu-
tion, which can be further guided by bioinformatics. For
example, directed evolution of the rationally designed
KE59 Kemp eliminase led to a >2000-fold increase in
its catalytic efficiency, approaching that of naturally oc-
curring enzymes [129]. Until the day we fully understand
the principles of designing an ideal enzyme [130], the
marriage of computational design and molecular evolu-
tion will be invaluable towards developing customized
biocatalysts for a wide range of existing and novel
chemical transformations.
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Chemical modifications of specific amino acid
residues can lead to enzymes with enhanced or novel
physicochemical and biological properties. In fact, en-
zymes found in nature often require chemistries beyond
those offered by the side chains of the twenty canoni-
cal proteinogenic amino acids for function in the form
of cofactors or post-translational modifications [131-133].
Propelled by technological advances in protein ligation
(134-136] and genetic code reprogramming [137,138], con-
siderable progress has been made towards site-specific in-
corporation of unnatural building blocks into proteins.
Pioneered by Tom Muir, expressed protein ligation and
protein trans-splicing are intein-based methods that
allow traceless ligation of recombinant and synthetic
polypeptides, the latter fragment harboring almost any
chemical modification(s) at the site of interest (Figure 5)
(134,135). This semisynthetic approach circumvents the
size limitation associated with total chemical synthesis
and allows chemical manipulation of the protein back-
bone, which is crucial for protein structure and func-
tion but inaccessible by standard mutagenesis[136]. In a
complementary approach pioneered by Peter Schultz, a
myriad of unnatural amino acids with distinct structures
and chemistries are genetically encoded in response to
‘blank’ nonsense and frameshift quadruplet codons and
introduced into proteins by engineered translational ma-
chinery in bacterial, yeast and mam-
malian systems (Figure 6) [137138]. The
use of genetically encoded unnatural
amino acids expands the protein

H function space that can then be
AN~ E sampled and selected for by directed
evolution [119.139,140].  Collectively,

Nu

these emerging technologies advance
Tag the concept of protein engineer-
ing beyond nature’s genetic code,
expanding the catalytic capacities
of enzymes or microorganisms and
promising new biocatalytic solutions
o) to the plethora of synthetic chemi-
cal transformations inaccessible to
naturally occurring enzymes.
SPPS
Future perspective
We envision a future where bio-
catalytic and chemocatalytic pro-
cesses are seamlessly integrated in
pharmaceutical manufacturing

with biocatalysts being made-to-

reaction in which trans-thioesterification of the protein a-thioester by the N-terminal Cys polypeptide  grder: enzymes or microorgan-

is followed by an S to N acyl shift to generate a new peptide bond linking the two polypeptides.
a-thioesters can be obtained recombinantly, using engineered inteins, or by chemical synthesis.
N-terminal Cys polypeptides can also be produced recombinantly or made using SPPS.

SPPS: Solid-phase peptide synthesis methods.
Reproduced with permission from [136].

isms are designed and optimized
for specified chemical conversions.
Considerations to be made dur-
ing the computer-aided design
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process include choice of possible biocatalytic routes,
compatibility of the biocatalysts with the manufac- .

. . X Engineered
turing process as well as the costs of starting materi- tRNA synthetase
als and downstream processing. In addition, the de-

sired properties and target performance criteria of the X‘>_//O
biocatalyst will also be defined at the drawing board.

cell biocatalysts, entire pathways or genomes will be

Review

H,N
Advanced low-cost high-throughput DNA synthesis Engineered
will empower biocatalyst development by facilitating tRNA
the creation of customized genes or gene libraries for
directed evolution and screening. In the case of whole-
/

synthesized and directly transplanted into industrial

microorganisms, reprogramming them into microbial Unique
cell factories with desired metabolic characteristics to codon-anticodon pair
manufacture desired molecules from designated re-
newable feedstocks, aided by advanced genome and
metabolic engineering tools. There may be a day when
we can design and engineer industrial enzymes or mi-
croorganisms satisfying specified performance criteria mRNA
without having to go through iterative cycles of opti-
mization. Until then, a semi-rational approach involv-

ing directed evolution and multivariate optimization

Figure 6. Genetically encoded unnatural amino acids.
position of unnatural amino acid is genetically encoded by ‘blank’ nonsense

Protein

The incorporation

algorithms remains indispensable and key to biocata-  or frameshift quadruplet codons that are recognized during translation by
lyst development. Continued advances in computing the engineered tRNA with complementary anticodons. Charging of the tRNA
as well as protein and metabolic engineering capabili- with the unnatural amino acid is specifically carried out by an orthogonal

ties will be critical to harness nature’s diverse catalytic =, : X ) ) i
ki d i he full ial of bi ly side chains, that is, beyond the 20 canonical amino acids

toolkit and to realize the Iull potential of blocatalysts  aioms, photocrosslinkers, chemical handles such as keto

for chemical synthesis in the pharmaceutical industry.  moieties and other novel chemical functionalities [137,13s).

Executive summary

Biocatalyst discovery

» With unprecedented ability to sequence genomes, metagenomes and RNA libraries, the process of
discovering novel biocatalysts has been greatly enhanced, offering researchers access to a vast number
of potential starting enzymes for biocatalytic processes.

» The advent of powerful gene synthesis technologies has enabled researchers to tap into the diverse
candidate genes generated from DNA sequencing and test for feasible starting enzymes.

Biocatalyst development by protein & pathway engineering

» Semi-rational design, which is an integration of rational protein design and directed evolution, is, to date,

the most successful method in engineering biocatalysts for pharmaceutical processes.

The biosynthesis of sitagliptin and key intermediates of atorvastatin are successful examples of the

combination of bioinformatics and directed evolution to enable striking improvements in substrate and

biocatalyst loading, volumetric productivity as weell as overall yield, which in turn enable industrial-scale

enzymatic reactions.

Whole-cell biocatalysis involving in vivo multienzyme catalytic processes is particularly advantageous

for the production of natural products, which are often difficult to synthesize chemically or extract from

natural sources. The biosynthetic routes to artemisinin and paclitaxel are promising examples of whole-cell

biocatalytic processes developed through enzyme and pathway engineering.

Creating biocatalysts with novel functions

» De novo design of enzymes, which can create enzymes with novel functions, is now achievable
with improved structural and mechanistic understanding of how natural enzymes work. However,
as we currently do not fully understand the principles of designing an ideal enzyme, the coupling of
computational design and molecular evolution will still be required for developing customized biocatalysts
for a wide range of existing and novel chemical transformations.

» Continued advances in computing as well as protein and metabolic engineering capabilities will be critical
to realize the full potential of biocatalysts for chemical synthesis in the pharmaceutical industry.

engineered aminoacyl tRNA synthetase. ‘X’ represents unnatural amino acid

, including heavy
, azide, thioester
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