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Proteins as a biomolecule have been recognized as a “molecule with manifold biological functions”. The functions
not only include the structural, regulatory and transportation processes inside the body but also its capacity as an
extremely specific catalyst for various biochemical reactions. Nature has been quite admirably using proteins as
biocatalysts which are known as enzymes. Properties like higher reaction rate, good specificity, faster kinetics,
production of lesser by-products and their non-hazardous nature make enzymes the most suitable targets for a
process chemist to exploit. At the same time, limitations like a narrow range of substrates, requirement of
coenzymes, lesser stability, smaller shelf-life, along with difficulties in procuring these enzymes, make this biocatal-
ysis field quite challenging.

For exploiting a broad range of applications related to therapeutics, biosensors, biotechnology, nanotechnology
etc., de novo designing of proteins is of utmost importance. Enzymes with altered, specific and modified properties
might be designed by utilizing the prior knowledge of structure and function of a protein with the help of compu-
tational modeling. Various protein engineering techniques like directed evolution, rational designing and immobi-
lization strategies etc. have already been extensively used to address some of the issues. This review aims to update
the repertoire of the advancements in the field of protein engineering, which can help in laying some guiding
principles about designing, modifying and altering their usage for commercial industrial purposes. This possibility
of effective and novel designing of peptides and proteins might further facilitate our understanding about the struc-
ture, function and folding patterns along with their inter-relationships. Copyright © 2016 John Wiley & Sons, Ltd.

INTRODUCTION

Proteins play very significant biological roles, without which life
cannot be imagined. They are used as biocatalysts in almost all
biochemical reactions (for example macromolecules synthesis,
movement, reproduction, energy conversion, respiratory system,
circulatory system etc.) which take place inside a cell. Enzymes
have a specific mechanism of controlling the rate of a chemical
reaction, in which they decrease the activation energy of the
reaction. A catalyzed reaction will have much less activation
energy in comparison to a non-catalyzed reaction. These
enzymes are highly specific, selective and reusable in nature.
An enzyme can have absolute, group, linkage, or stereochemical
specificity, in which it recognizes a particular substrate/a group
of substrate and reaction/a bond or linkage/or a particular
isomer, respectively.

Enzymes as a biocatalyst have their extensive applications in
major industries (Figure 1) like food processing, brewing, deter-
gent, textile, cosmetics, leather, pharmaceutical, biotechnology
etc. (Kirk et al., 2002; Nestl et al., 2011; Reetz, 2013). The demand
for enzymes is increasing every day because of its specific
properties like faster reaction kinetics, higher activity towards
new and sometimes non-natural substrates and most impor-
tantly because of its biodegradable nature. Hence, designing of
enzymes with novel properties, their isolation, purification and
characterization using various molecular biological methods is
becoming a topic of great interest for researchers working in this
field. A large number of protein engineering methods have been
utilized for the de novo designing of peptides and proteins
following both experimental as well as computer-guided

approaches (Turanli-Yildiz et al, 2012; Swiderek et al, 2015;
Woolfson et al, 2015). This review aims to discuss properties
and limitations of a biocatalyst, along with some insights of the
designing and modification in the specific enzymatic properties
utilizing the recent advances of protein engineering techniques.

PROPERTIES AND LIMITATIONS OF A
BIOCATALYST

Quite interestingly, the biocatalysis field has been discussed to
carry out three specific waves of research, development and
innovations (Bornscheuer et al., 2012). In the early 19t century,
during the first wave, it was proved that certain components of
living cells can be used as enzymes for catalyzing the chemical
reactions. During this wave, the immobilization of enzymes was
started for addressing the stability related issues. In the 1980s
and 1990s, protein engineering techniques came into existence
to increase the repertoire of the substrate range of enzymes
and then this second wave extended the biocatalysis field to
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Applications in Industries  Commanly used enzymes

1 Animal feed stocks Glucanase. Phytase. Xylanase

2 Baking industry Glucose cxidase, Lipoxygenase, Protease

X Biofuels Cellulase, Ligninase

& Biopolymaer formation Laccase. Lipase. Peroxidase. Transglutaminase

5 Brewing industry Acetolactate decarbogylase, Glucanase, Protease

6 Biological detergents Armylase, Cellulase, Lipase, Mannanase, Protease

7 Charmical synthesis Acylase. Esterase, Lipase, Nitrilase, Peroxidase,

B8 Cosmetics Induwstry Bromelain, Catalase, Peroxidase. Superaxide dismutase
8 Dairy products Lipase. Lactase. Renin
10 Centact lens cleaners Protease, Lipase

-
=

Food processing industry  Amylase, Fructosyl transferase. Protease

Fruit juices Cellulase, Pectinase

13 Leather Industry Alkaline protease. Lipase

 Meolecular biology DMA ligase. Palyrerase. Restriction enzymes

15 Paper Industry Armylase, Cellulase, Esterase, Ligninase. Xylanase
16 Pharmaceutical Industry  Lipase. Alcoholdehydrogenase, Monooxygenasa.
17 Rubber Industry Catalase

1| Starch Industry Armylases, armyloglucosideases. Clucose SOMerase
19 Textile Industry Amylase, Catalase. Cellulase, Laccasa, Protease

20 ‘Waste removal [Effluents) Bromelain, Papain

Figure 1. Enzymes used for various industrial applications.

pharmaceuticals for drug designing also. Third and the most
recent wave of biocatalysis has actually started with the
in vitro modification of enzyme and its properties, using the
processes like directed evolution and rational design. The third
wave has further extended this field for the exploration of
proteins/enzymes to various molecular biology and biotechnol-
ogy related techniques. Biocatalysis may be classified into three
different types (traditional, broad substrate range and multistep)
(Bornscheuer et al., 2012), depending upon the reactants used,
products formed and reactions catalyzed (Figure 2).

A large number of uses of enzymes for industrial commercial
purposes make them an extremely important target of research.
Although, these enzymes are highly specific, with very fast
reaction rates and selectivity for a particular substrate, there
are various issues which do need further exploration. Some lim-
itations of the enzymes as biocatalysts are related to their lesser
stability at extreme solution conditions (alterations in pH, tem-
perature, pressure etc.) and limited substrate range (Figure 3).
Difficulties in procuring enzymes/proteins make their usage in
industries a very costly affair. One of the most important proper-
ties of enzymes is their biodegradable nature, which classifies
their use as green and safe in process chemistry. Out of 12
principles of green chemistry, one discusses the importance of
catalysis in the chemical reactions (Anastas and Warner, 1998;
Anastas et al, 2011). This catalytic property of enzymes is
being exploited quite often for making the chemical reactions
faster, feasible, specific and environment-friendly for various
industrial uses.

Classification of types of Biocatalysis

1 Traditional Conversion of natural
Biocatalysis products into other
@>® natural products. Uses natural

reactions and

Conversicn of chemical
pathways.

intermediates (non-

2 Broad-substrate
range Biocatalysis

Wam natural preducts) into
other chemical
intermediates.
3  Multistep Natural products into Uses non-natural
Biocatalysis fuels, materials and reactions and
@20LD chemical feedstocks pathways.

{non-natural products).

Figure 2. Classification of biocatalysis.

Enzymes as Biocatalysts
(Usually proteins by nature)

0 @ Extremely specific ichemo-, regio- or stereo-
selective in nature).

© Faster reaction rates and catalytic efficiency,

© Reactive in aqueous media.

© Works in mild conditions, physiological pH,
temperature, optimum pressure etc.

8 Minimize energy use.
O Emironment friendly and hence promote green
chermistry.
© Bicdegradable
O @ Difficult to procure or produce, hence high in
cost
€ Lesser stability to pH, temperature and solvents.
© Narrow range of substrates.
O Requirement of coenzymes for activity.
O Gets denatured with heat and chermicals easily.
O Limited shelf-life
€ Limited turnover numbers.
O Limited enantio-selectivity.

Reasons for preferring
enzymes as catalysts

Limitations for the
usage of enzymes in
chemical reactions

@ @ Protein Engineering of Substrate, Reaction
system or even of Enzyme itselfl by altering either
the physical properties of a protein, or making

Advances in
alterations/madifications changes at DMA level.
of enzymes © Computational/Bioinformatics tools for assisting

in designing of proteins,
© Immaobilization strategies.

© Ssite specific and Non-specific chemical
maodification.

O Mutagenesis.
O Direct and Divergent evolution
€ High throughpait screening.

Figure 3. Properties, limitations and designing methods of a biocatalyst.

TARGETED APPROACHES FOR ADDRESSING
THE CHALLENGES RELATED TO A
BIOCATALYST

In spite of the ancient and wide usage of enzymes as biocatalyst,
a lot of limitations are still being encountered that need to be
worked out (Figure 3). New protein designing and engineering
techniques could be used for overcoming the difficulties associ-
ated with enzymes in research and development organizations.
Three of the most important approaches may be utilized to de-
velop the enzyme with desired properties to cater the needs of
the process chemist. They are as follows:

1. Properties of the widely known enzymes can be altered or
modified, as per the need of a variety of industrial
applications.

2. On the basis of computational/bioinformatics tools, new
enzymes can be searched for, which are still unknown to
the researchers.

3. New enzymes that have the desired properties can be
designed by keeping the existing theoretical and experimen-
tal data in mind.

Various research groups have been working to get the enzyme
with the desired properties on the basis of the above-mentioned
approaches. These recent advances have been discussed in the
following section.

RECENT ADVANCES IN PROTEIN ENGINEERING
FIELD

During late 17™ and early 18t century, enzymes were described
to digest meat by stomach secretions and saliva/plant extracts
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were used for the conversion of sugar and starch. To increase the
specificity, usage and functions of an enzyme, various modifica-
tions/alterations in the structure of an enzyme have been
designed, proposed and worked out around the world by vari-
ous research laboratories. Some of them include non-specific
or specific chemical modifications, immobilization strategies
and use of non-natural amino acids etc. (Diaz-Rodriguez and
Davis, 2011). A combination of all these strategies may be used
to gain further insights into the novel biotechnological and
industrial applications of these enzymes, which can further be
utilized for carrying out new biotransformations, leading to the
formation of new synthetic molecules of industrial importance.
Biotransformation is the name given to those chemical reactions
which finally result into the synthesis of chiral or asymmetric
molecules, using enzymes as biocatalysts. Woodley (2013)
discussed most of the challenges involved in enzyme modifica-
tions, especially focusing on extending the substrate repertoire,
altering selectivity and specificity of enzymes, with desired
kinetic and thermodynamic requirements. With the recent
advanced knowledge of DNA sequencing, human genome
project and designing of artificial genes for desired functions,
protein engineering has become quite common and advanta-
geous for getting the tailored biocatalysts with desired functions.

Various computer-aided and structure-aided approaches have
been exploited for screening the enzymes with the desired prop-
erties. Very recently, protein engineering techniques are being
utilized at a faster rate because of the latest developments in

computational modeling/analysis of larger datasets of proteins
(Smith et al., 2014; Zanghellini, 2014; Damborsky and Brezovsky,
2014) and the advancements in determining the effect of even a
single amino acid mutation on the function of protein/enzyme
(Dang, 2012; Steiner and Schwab, 2012; Jemli et al,, 2016; Yang
et al, 2014; Otte and Hauer, 2015). Protein engineering and
medium engineering of biocatalysts have been used to increase
thermodynamic and kinetic stability, immobilization etc., which is
based on three main approaches: rational, combinatorial and
data-driven design (Bommarius et al,, 2011; Bommarius and Paye,
2013). Directed evolution and rational protein design are two
rather contradictory methods which have been used on a molecu-
lar level to create tailor-made biocatalysts (Bornscheuer and Pohl,
2001). Other examples include novel chemical modifications of
protein, lyophilization in the presence of additives, physical immo-
bilization on novel supports etc. (Quin and Schmidt-Dannert, 2011;
Narancic et al., 2015). Some of the recently used protein engineer-
ing techniques (Figure 4) have been discussed in the following
section:

+ Directed evolution (using random mutagenesis): It is a tech-
nique in which the natural evolution is mimicked in the lab
and random genetic mutations are introduced into the
genetic code of the enzyme (Arnold et al,, 2001; Chica et al.,,
2005; Rubin-Pitel and Zhao, 2006; Dalby, 2011; Kumar and
Singh, 2011; Lane and Seelig, 2014; Denard et al., 2015; Packer
and Liu, 2015; Porter et al, 2015). Some of the commonly
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Figure 4. Designed patterns illustrating protein engineering techniques.
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used tools for directed evolution include error-prone PCR,
DNA shuffling and StEP (staggered extension process) etc.
The major advantage of directed evolution is that it does
not require any prior knowledge of the three-dimensional
structures or function of a protein/enzyme, and it also does
not need the information on the effect of any mutation on
the function of the enzyme. Directed evolution is actually
based on developing molecular diversity by random muta-
genesis and in vitro recombination followed by performing
high-throughput screening for improvements in desired phe-
notypes (Chica et al., 2005). This approach still has problems
of a very limited datasets of protein libraries.

- Rational protein design (using site-directed mutagenesis):
This technique is useful only for those enzymes whose three-
dimensional structures have already been determined, and
their biophysical data along with some of the known functions
of the enzyme, is also available. This technique is usually very
easy and less expensive, as it works on the basis of site-
directed mutagenesis, which is already very well developed.
Site-directed mutagenesis is based on the analysis of structure,
function and catalytic sites of an enzyme and is used to intro-
duce specific and intentional mutations on the enzyme sites.
Generally, one amino acid is replaced with any of the other
19 naturally occurring amino acids in this technique, which is
a common example of saturation mutagenesis.

- Semi-rational protein design: Because both directed evolu-
tion and rational protein design have certain limitations, a
combined approach has recently been evolved which is
called as the semi-rational design (Chica et al., 2005; Lutz,
2010). This strategy is comparatively smarter, as it takes ad-
vantage of the already available information of structure
and function of the desired protein and designs a smaller
but higher quality library. This technique also gathers all the
information available through computation modeling/bioin-
formatics approaches to identify the most promising target
site with a small diversity in amino acid for protein engineer-
ing. Molecular dynamics and QM studies also compliment
such studies as they facilitate the understanding about the
impact of every single amino acid on the structure and
function of the protein. This computer-guided semi-rational
designing of proteins further helps in tailoring the needs of
a good biocatalyst with a larger substrate range, selectivity,
specificity and stability without harming their catalytic
efficiency.

« Immobilization strategies: To address the issues related to
stabilization and reuse of the enzymes, “immobilization” tech-
nique had been used since many years (Torres-Salas et al.,
2011; Nisha et al., 2012; Brena et al., 2013). These immobilized
enzymes are actually those which are attached to a solid
support for confining their space, without affecting their
catalytic activity and then substrates are passed on them,
for converting them into products. Enzyme is immobilized
with support either reversibly (using adsorption, ionic
binding, affinity binding and metal binding) or irreversibly
(using covalent binding and Entrapment) technique (Guisan,
2013). This technique helps in getting a cost-effective,
reusable and more stable enzyme, which can work even in
extreme temperature and pressure conditions. These immo-
bilization techniques have actually extended the repertoire
of proteins/enzymes from their industrial uses to the develop-
ment of biotechnology-related products of importance as
diagnostics and biosensors etc. (Davis, 2003).

- Truncation and fusion: This technique usually works on
either the removal of non-essential catalytic domains of an
enzyme or the construction of new chimeric enzymes by
fusing the catalytic domain and substrate binding domain
from different enzymes (Yang et al., 2014). Both truncation
and fusion results in the change in the properties of an
enzyme, which may further improve the expression/yield.

« Structure-based designs using site-specific or non-specific
chemical modifications: Designing of proteins having the
properties of a more efficient biocatalyst can also be
achieved by inducing some changes in the side chains of
the amino acids (Diaz-Rodriguez and Davis, 2011; Davids
et al., 2013). Despite a limit of only 20 natural amino acids,
a large number of proteins with altered chemical modifica-
tion in amino acids can be obtained. The modern computa-
tional and bioinformatics approaches can further be utilized
to determine the effect of even a single change of amino
acid on the structure and function of a protein. With the
help from computational designing and high throughput
screening, random or site-specific chemical modifications
can be introduced in a protein to obtain a more efficient
biocatalyst. Various enzymes like protease, ribonuclease,
lipase, glucose oxidase and glutathione oxidase etc. have
already been tried with various chemical modifications to
get the desired properties.

OUTLOOK AND FUTURE DIRECTIONS

In the coming years, innovative approaches of protein engineer-
ing will isolate, purify and characterize proteins effortlessly and
thereby promise its application to a wide range of industrial pro-
cesses. In order to achieve this goal, more efficient biocatalysts
are needed which would require the help of de novo computa-
tional protein design along with traditional protein engineering
techniques. All branches especially biotechnology, biochemistry,
chemistry, engineering, molecular biology etc. would have to
work together to find better alternatives to the enzymes used till
now. The novel biocatalyst (enzyme) should be cost-effective
and more specific towards the substrates which can further be
converted into raw materials for various modern applications in
industries. One of the most important applications of enzymes
is their use as drugs in the medical and pharmaceutical industry
(Vellard, 2003). Enzymes have exceptionally distinct dual proper-
ties, of binding and acting on the targets with great affinity and
specificity along with their catalytic property of converting
multiple target molecules to the desired products (Koshland
and Neet, 1968). A combined approach of utilizing directed
evolution, semi-rational design, rational design etc. needs to be
developed for the de novo designing of the tailor-made
enzymes. The newly designed protein as a biocatalyst should
have modified specific properties that include not only better
stability, larger substrate range, higher catalytic efficiency, but
also specificity even for the non-natural substrates as well.
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