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Abstract
The current industrial revolution signifies the high-value of protein engineering. The development of multipurpose biocata-
lysts is significantly expanding as a result of increased access and enzyme tailoring ability to satisfy the ever-increasing 
industrial demands. Enzyme-catalyzed processes offers multi-benefits at a time, e.g., low catalyst loading, high specificity, 
selectivity, mild processing for a complex and chemically unstable compounds, capability to reduce or eliminate reaction 
by-products, overall reusability and cost-effective ratio via immobilization, and potential to carry out conventional multi-
stage processes via one-pot reaction. In this review, we critically elaborated recent achievements in applying new and/or 
state-of-the-art sophisticated protein engineering approaches to tailor the catalytic properties of enzymes or design enzymes 
with new and improved activities to catalyze desired biochemical transformations by orders of magnitude. We focused on 
different protein engineering approaches such as substrate engineering, medium engineering, and post-translational enzyme 
modification, structure-assisted protein tailoring, advanced computational modeling, and the exploration of inimitable syn-
thetic scaffolds to develop multipurpose biocatalyst and improve the performance of multi-enzyme systems. In short, this 
study demonstrates an array of molecular biology insights and computational designs speeding up the tailored design of new 
and industrial biocatalysts. Continuous key developments in this direction together with protein engineering in unique ways 
might offer the ever-increasing opportunities for impending biocatalysis research for industrial bioprocesses.
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1  Introduction

Biocatalysis refers to the use of enzymes in chemical bio-
transformations either as isolated enzyme preparations 
or as whole cell format. Over the last few decades, bio-
catalysis emerges as an appealing technology for several 
industrial sectors, in particular, pharmaceutical industry 
because enzyme-driven catalysis addresses the ever-
growing demands for safe, renewable, and highly selec-
tive industrial bioprocesses. In contrast to chemo-catalysts, 
biocatalysts possess a bulky three-dimensional structural 
configuration that creates numerous contact points with a 
target substrate and thus allowing for impeccable selectiv-
ity [1–4]. Biocatalytic reactions are carried out under mild 
environment obviating the requisite for functionalization 
of an active group, and tiresome blocking and deblocking 
steps commonly required in region- and enantio-selective 
chemical production [5]. Additionally, biocatalysis offers 
both economic and environmental incentives over chem-
ocatalytic techniques. Enzymes are versatile, and nature’s 
green biocatalysts produced from sustainable resources 
and are essentially non-toxic, biocompatible, and amena-
ble to biodegradability. These desired attributes fulfill the 
central tenants of sustainable development and immobili-
zation of enzymes using magnetic nanoparticles (MNPs) 
[6]. The utilization of MNPs represents a noteworthy green 
chemistry approach, since it lengthens the biocatalyst life-
time through multiple recovery cycles [6]. Furthermore, 
these enzymatic features translate to the production of 
energy and resource-efficient purer products in processes 
in a highly selective way, and generate no undesirable by-
products, thus creating enzymes an ecologically responsive 
substitute to chemocatalysts. More importantly, enzyme-
driven catalytic reactions are executed under the identical 
pressure and temperature conditions that render easy to 
consolidate several reactions into the eco-efficient one-
pot biocatalytic cascade. The wide-ranging application of 
biocatalytic processes might be ascribed to its numerous 
economic and environmental benefits [2–4].

Over millions of years, wild-type native enzymes have 
evolved to in vivo transform their native substrates at 
greater rates. Therefore, it is not unanticipated that retain-
ing an enhanced catalytic productivity and performance 
in vitro with unnatural substrates is problematic under 
unfavorable environments, such as non-aqueous media and 
high substrate concentrations. However, in some cases, 
promising outcomes have been achieved with the use of 
native enzymes. Recently, Martinez et al. [7] designed a 
highly efficient chemoenzymatic process to synthesize pre-
gabalin using the lipase from Thermomyces lanuginosus. 
The main enzymatic step was steered at a striking substrate 
concentration (765 g L−1) in an aqueous phase with the 

markedly less usage of organic solvent. The implication 
of this novel process afforded a higher product yield in 
contrast to the common production bioprocess. Despite 
impressive industrial potentialities of pristine enzyme 
catalysts with unnatural substrates, optimizing biocata-
lytic process is indispensable for scale-up feasibility, 
either by manipulating the reaction system or enzyme. An 
entire enzyme-driven catalytic process encompasses many 
parameters, and biocatalyst is the only one part amongst 
these. This review article elaborates different state-of-the-
art sophisticated protein engineering approaches to tailor 
the catalytic properties of enzymes or design enzymes with 
new and improved activities to catalyze desired biochemi-
cal transformations by orders of magnitude. We focused on 
different protein engineering approaches such as substrate 
engineering, medium engineering, and post-translational 
enzyme modification, structure-assisted protein tailoring, 
advanced computational modeling, and the exploration 
of inimitable synthetic scaffolds to develop multipurpose 
biocatalyst and improve the performance of multi-enzyme 
systems (Fig. 1). The protein engineering approach might 
offer economically viable and environmentally accept-
able biotransformation following the optimization of all 
the variables mentioned above.

2 � Protein Engineering: A Driving Force 
for Applied Biocatalysis

Despite the increasing number of obvious advantages of 
biocatalyst-mediated processes, there have been a modest 
historical number of industrial applications, while the use of 
biocatalysis is dramatically increased within the last 20 years 
[5, 8]. The rationale for this is lack of hasty ability to recog-
nize, acquire, test, and optimize biocatalyst attributes for the 
manufacturing of pharmaceutical compounds [9]. Protein 

Fig. 1   Protein engineering approaches to develop multipurpose bio-
catalyst
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engineering is considered one of the most significant fac-
tors leading to the implementation of catalytic bioprocesses 
for industrial-level biotransformation [10]. The last century 
has witnessed three distinct phases of biocatalysis, and now 
entering into a fourth wave. All these biocatalysis phases 
were distinguished by the tendency to manipulate or tailor 
an enzyme catalytic attributes according to the target pur-
poses [1, 11]. The first phase of biocatalysis involved the 
use of natural biocatalysts to catalyze the desired chemical 
transformation. The chemical mechanism implicates wild-
type enzyme’s inherent ability to transform a substrate into 
the product. In the second biocatalysis wave between the 
1980s and 1990s, structural information directed preliminary 
protein engineering technologies were exploited to broaden 
the substrate preference of biocatalysts toward non-natural 
and unusual products. The third phase fast-tracked the opti-
mization of biocatalyst using directed evolution techniques 
[12, 13]. The fast generation of different enzyme variants 
by means of molecular approaches accompanied by effec-
tive screening methods allowed significant improvement in 
enzymes desired catalytic properties at an accelerating rate. 
This universal strategy was applied to innumerable enzymes 
and regarded as the principal approach to boosting biocata-
lyst features nowadays. Indeed, it is worthy to mention that 
directed evolution-assisted protein engineering allows envis-
aging a perfect bioprocess and building biocatalysts to suit 
that bioprocess. Notwithstanding decades of research devel-
opments in the front, the too long timeframe to optimally 
design a biocatalyst is the paramount impediment to apply-
ing biocatalysis in pharmaceutical industrial processes [1].

3 � Protein Engineering Approaches

In spite of an unprecedented number of industrial and bio-
technological applications; usually, biocatalysts do not dis-
play satisfactory catalytic performance, i.e. stability, selec-
tivity, and activity. Some of the limitations mentioned above 
can be solved by manipulating substrates, reaction medium 
or enzyme tailoring via immobilization [2–4, 14–27].

3.1 � Substrate Engineering

Substrate engineering implicates manipulation of the sub-
strate specificity of the enzyme that results in both the opti-
mization and improvement of existing biotransformations 
and the discovery of innovative reactions. Substrate engi-
neering can be categorized as (1) switching, (2) expanding, 
and (3) narrowing the substrate specificity of the enzyme as 
shown in Fig. 2. Often, it is intimated as the use of unnatu-
ral substrates, which derives the term enzyme promiscuity 
[11]. Use of substrate engineering has been widely investi-
gated to boost up the efficiency of enzymatic reactions and 

might lead to the invention of entirely differential reaction 
types. For instance, a class of serine hydrolases, i.e. lipases, 
catalyzes in vivo triglycerides conversion to a mixture of 
glycerol and fatty acids. A shared characteristic feature of 
these serine hydrolases is the presence of a serine-histidine-
aspartate triad, where serine acts as a nucleophile, histidine 
as a proton donor and aspartate forms a charge relay net-
work. The acyl-enzyme intermediate is generated as a result 
of substrate reaction with the hydroxyl group of a serine 
residue in the catalytic site, which subsequently reacts with 
water to release free fatty acid (FFA). A deep assessment 
and scrutiny of this reaction mechanism lead to the notion 
that other unnatural nucleophilic acyl acceptors could also 
be utilized as a substitute for water [3].

Another remarkable example of non-natural nucleophiles 
involves the use of halohydrin dehalogenases (HHDHs) in 
an enzymatic reaction. Notably, HHDHs catalyze the revers-
ible in vivo ring closure of chlorohydrins to epoxides. The 
mechanism implicates a halide ion-binding site that can be 
substitutable with other nucleophiles, which could subse-
quently react with the epoxide. Due to great promiscuous 
nature, HHDHs can recognize and accept nine other anions 
as nucleophiles in the epoxides ring opening that form the 
basis for pure enantioselective manufacturing of an array 
of β-substituted alcohols [28]. The cyanide ion is particu-
larly interesting to use as the nucleophile since it generates 
a new C–C linkage and has been used to produce an impor-
tant intermediate in the synthesis of atorvastatin [29], an 

Fig. 2   Substrate engineering approaches and manipulation of sub-
strate specificity of the enzyme with suitable schematic examples. (E 
enzyme, S substrate; ES enzyme–substrate complex, E* engineered 
enzyme, P product)
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industrial process commercialized by Codexis [3]. Generat-
ing alterations in the substrate structure has also investigated 
to accomplish improvements in biocatalytic processes. The 
enzyme traits such as enantioselectivity, conversion effi-
ciencies, and catalytic steadiness were noticeably improved 
using vinyl esters of chiral carboxylic acids than routinely 
used ethyl esters [30, 31]. Moreover, the application of 
numerous substrate-engineering approaches has also been 
demonstrated in biohydroxylation [32].

3.2 � Medium Engineering

Generally, enzymes optimally function in aqueous solution 
but are also active in organic media. Undeniably, bioca-
talysis exhibits several benefits in organic solvents. Several 
organic substrates are miscible with water, however, some 
catalytic reactions such as amidations and (Trans)-esterifica-
tions cannot be carried out in aqueous phase due to product 
hydrolysis computation or equilibrium limitations. Easier 
product retrieval from organic solvents accompanied by lack 
of microbial contamination is the additional advantages of 
non-aqueous catalytic reactions. Consequently, medium 
engineering can be employed to optimize and improve the 
biosynthetic perspective of enzyme-mediated biotransfor-
mations [3].

Though enzymes can perform in organic solvents as sus-
pension forms, their catalytic efficacies are considerably 
diminished than those detected in water. Furthermore, the 
environmental concern connected with the consumption of 
volatile organic solvents (VOCs) represents another disad-
vantage of catalytic reactions in the organic phase. In this 
milieu, numerous biocatalysis reactions are conducted on 
laboratory as well as industrial level, in an aqueous biphasic 
system, comprising of water and environmentally compat-
ible organic solvent. For this, the key reaction occurred in 
water, and the substrate and resulting product are primarily 
dissolved in the organic media [2, 4]. Three enzyme pro-
cesses for atorvastatin intermediate carried out in aqueous 
ethyl acetate is a notable example of this type of biocata-
lytic reaction. The catalytic performance of biocatalysts in 
organic media can be amplified by lyophilization using high 
quantities of salts (i.e., KCl). This directed to the insight that 
enzyme suspension in a room temperature ionic liquid (IL) 
along with its salt- and water-like character leads to consid-
erable rate improvements in comparison to organic solvents 
[3]. Notably, ILs composed of ions is liquid at room temper-
ature, and have been extensively contemplated as potential 
alternatives to VOCs.

The suspension of CaLB-catalyzed amidations and trans-
esterifications is the foremost illustrations of biocatalytic 
reactions in a water-free IL [3, 33]. Though, the reaction pro-
portions were only marginally greater compared to the best 
organic solvents; the results revealed the biocompatibility of 

enzyme catalysts with ILs and highlighted the biocatalysis 
advent in ILs. Employment of ILs as reaction media can lead 
to an amplified stability or enantioselectivity consequence 
from conformational modifications of enzymes in IL media. 
A significant driving force for ILs utilization is the VOCs 
substitution prospect with non-volatile ILs, thus eliminating 
the menace of air contamination. Nonetheless, the substan-
tial ILs solubility in water and in particular, first-generation 
ILs, such as dialkyl imidazolium and tetraalkylammonium 
salts possesses poor biodegradability and aquatic eco-toxic-
ity and involve expensive preparation procedures. Therefore, 
the current inclination concerning the rationally designed 
target-oriented biocompatible and biodegradable ILs is con-
sidered as cost-effective with minimized ecological appre-
hension [2].

3.3 � Enzyme Engineering and Immobilization

After the identification of an appropriate enzyme for the 
pre-designed biotransformation, and engineering substrate 
and reaction medium, the enzyme should be expressed in a 
GRAS (Generally Regarded as Safe) status microbial chas-
sis enabling its hyper-production in large amounts at low-
cost and environmentally friendlier environment [34]. Being 
soluble in water, enzymes are costly and even challenging to 
recover from the aqueous medium and employed on a single 
use, throwing-away basis. The shortcoming above can be 
overcome by immobilization of the enzyme to develop a 
heterogeneous biocatalyst with easy recovery and reusability 
(Fig. 3) [35]. It results in procedure simplification together 
with a high bioproduct quality and minimum environmental 
issues [21–25, 36–44]. Additionally, enzyme immobiliza-
tion, i.e. post-translational biocatalyst engineering generally 
led to elevated stability and protects enzyme inactivation, 

Fig. 3   Physical and chemical based enzyme immobilization methods 
along with considerable limitations and potentialities. Reprinted from 
Bilal et  al. [35], with permission from Taylor & Francis. Copyright 
(2018) Informa UK Limited, trading as Taylor & Francis Group
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which consequently allows its use in wide-ranging solvents 
[1, 44, 45].

For example, Truppo et al. [1] carried out the immobi-
lization of transaminase on different polymer-based resins 
and comparatively assessed the immobilizate characteris-
tics with the lyophilized native counterpart. Use of a highly 
hydrophobic octadecyl-activated polymethacrylate resin 
displayed the optimum results for adsorbed transaminase 
with 4.0% and 45% of loading efficiency and active recov-
ery, respectively. Interestingly, the polymethacrylate resin-
attached enzyme was found to be vigorous in a broad range 
of organic solvents. However, isopropyl acetate as environ-
mentally attractive solvent showed a favorable solubility of 
the ketone substrate along with remarkable biocatalyst stead-
iness than other solvents. Further, the immobilized transami-
nase exhibited robust activities in dry isopropyl acetate at a 
high temperature of 50 °C, with a very slow inactivation rate 
up to 6 days. Notably, no deactivation was detected in water-
saturated isopropyl acetate over the same time duration, 
and immobilized derivative was reusable for ten repeated 
batches with no noticeable activity decrease for the synthesis 
of enantiomeric pure chiral amines. On the other hand, the 
pristine soluble enzyme was entirely deactivated retaining no 
activity in the organic solvent. It is important to mention that 
utilizing organic solvents showed evident advantages over 
the aqueous procedure, which necessitates the use of a buffer 
to continuously control pH throughout the bioprocess. The 
resulting product is then easily extracted using the organic 
solvent and the denatured enzyme is eliminated from the 
mixture by filtration. The deployment of an immobilized 
enzyme in an environmentally compatible organic solvent 
circumvents the requisite for constant pH control, use of 
a buffer, and difficult exclusion of the denatured enzyme. 
Overall, this protocol significantly shortens the work-up, 
trim-down the processing duration and waste generation, 
and the enzyme can be reused for many times [35]. Despite 
the existence and advancements in immobilization strate-
gies, a rapid and economical biocatalysts immobilization 
protocol still evades us. Overcoming this obstacle requires a 
multidisciplinary integrated research effort among molecular 
biology, chemical engineering, and organic chemistry and 
material science [4].

3.4 � Carrier‑Free Cross‑Linked Enzyme Aggregates

Over the past few years, the synthesis and use of cross-
linked enzyme aggregates (CLEAs) have appeared as a 
hopeful and promising carrier-free immobilization tech-
nology. Owing to its several advantages (Fig. 4) [46], and 
procedural simplicity, robustness, and use of unpurified 
enzymes, this method has attracted increasing researcher’s 
attention as a very attractive approach. Generally, CLEAs 

exhibit some interesting features such as greater catalytic 
activities enhanced operational and storage stabilities 
against denaturing agents, and excellent reusability/recov-
erability [46–48]. The preparation of CLEAs implicates 
simple precipitation of the enzyme extract from an aque-
ous buffer using precipitating agents (a salt, nonionic poly-
mer, or an organic solvent) followed by cross-linking of 
the precipitated enzymes with a suitable cross-linker, i.e. 
glutaraldehyde (Fig. 5) [49, 50]. Physical aggregation or 
precipitation of enzymes may be induced by the addition 
of a precipitant without denaturing the three-dimensional 
enzyme conformation [51].

Fig. 4   Potential advantages of CLEAs. Reprinted from Bilal et  al. 
[46], with permission from Taylor & Francis. Copyright (2019) 
Informa UK Limited, trading as Taylor & Francis Group

Fig. 5   Schematic illustration of CLEAs development. a General 
cross-linking method and b polymer-based cross-linking method via 
co-aggregation using cross-linking agent, i.e., glutaraldehyde
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3.5 � Carrier‑Supported CLEAs Strategies

The particle sizes of the most of the literature-reported 
CLEAs are below 10 µm [49], which results in difficult 
recovery from the reaction system, and thereby hinders their 
continuous application. Also, they might be considered too 
soft for several industrial applications [52]. To overcome 
these inadequacies, recently carrier-supported CLEAs 
strategies have been intended as alternative solutions and 
endeavored to design biocatalysts with outstanding mechani-
cal properties [53, 54].

3.5.1 � Magnetic CLEAs

The use of magnetic support materials is a simple and prom-
ising approach to separating and recovery of the enzyme, 
improving stability for repeated usage, and greater control 
over the biocatalytic process [55]. Cruz-Izquierdo group 
developed a technique for the synthesis of magnetic cross-
linked enzyme aggregates (mCLEAs) by cross-linking 
insolubilized Candida antarctica lipase B (CALB) to ami-
nated MNPs by glutaraldehyde. Figure 6 illustrates a sim-
plified schematic development of MNPs and mCLEAs. 
The resulting mCLEAs show greater storage and thermal 
stabilities and can be continuously recycled following their 
separation from the reaction mixture by a magnet [56]. 
Magnetic α-amylase-CLEAs developed through integrating 
NH2-functionalized MNPs to an enzyme solution results in 
100% of the α-amylase activity recovery than nonmagnetic 
CLEAs (only 45% recovery). The magnetic CLEAs exhib-
ited a broader limit of operating temperature and elevated 
thermal and shelf life properties and can be easily recovered 
and eliminated from the reaction medium without filtration 

or centrifugation or because of the magnetic character of the 
MNPs [57]. Magnetic cutinase-CLEAs fabricated by Sekhon 
et al. [58] preserved 55% of its original activity after carry-
ing out 50 rounds for the degradation of polycaprolactone. 
Cui et al. [55] prepared a novel hybrid magnetic CLEAs 
of phenylalanine ammonia lyase (HM-PAL-CLEAs) by 
co-aggregating enzyme molecules with MNPs followed by 
glutaraldehyde crosslinking. The resulting HM-PAL-CLEAs 
were readily recovered from the reaction system by means 
of external magnetic field and revealed a wide-working opti-
mal pH than PAL-CLEAs and native enzyme. Furthermore, 
the engineered CLEAs also showed the increased storage 
and denaturant resistance as well as elevated thermal stabil-
ity. High activity retention after eleven reusability cycles 
revealed that the developed magnetic CLEAs-based tech-
nology might serve as an efficient and practical solution for 
boosting up the catalytic performance of immobilized.

3.5.2 � Mesoporous Silica Supported CLEAs

In recent years, enzymes entrapped in the pores of 
mesoporous materials led to highly loaded, active, and 
robust biocatalysts, which are considerably stabilized com-
pared to biocatalysts formed by adsorption [52, 59]. Prime 
immobilization techniques including adsorption and others 
applied for attachment of enzymes in mesoporous support 
materials are listed in Table 1 [35]. Enormous research has 
been focused towards a ship-in-a-bottle approach for enzyme 
immobilization. Using this approach, CLEAs shipped in 
hierarchically ordered meso-cellular mesoporous silica 
showed a significant improvement of enzymes’ functional 
stability [60, 61]. Recently, Jiang et al. [62] synthesized 
Candida sp. 99-125 lipase CLEAs using three-dimensionally 
ordered macroporous silica as support material (CLEAs-
LP@ 3DOM-SiO2). For this, lipase was first precipitated 
in the pores of 3DOM SiO2 by saturated ammonium sul-
fate followed by cross-linking by glutaraldehyde to develop 
CLEAsLP@3DOM-SiO2. In contrast to the free form of 
lipase, the resulting CLEAs-LP@3DOM-SiO2 presented 
outstanding mechanical and thermal steadiness retaining 
above 80% of original activity after 16 days of shaking 
in aqueous and organic solutions. Moreover, engineered 
CLEAs also exhibited improved catalytic performance and 
recyclability for esterification and transesterification reac-
tion. These improved features might be attributed to the 
structural firmness of the lipase in the dehydrated form and 
its stability towards covalent reactions that otherwise cause 
irreversible thermal denaturation in the aqueous phase [63]. 
Significantly increased enzyme stability and high enzyme 
immobilization yield have been reported for mesoporous 
silica-assisted α-chymotrypsin-CLEAs [64]. Neverthe-
less, the smaller pore size of mesoporous silica limited the 
highest immobilization of CLEAs. In order to increase the Fig. 6   A simplified schematic development of MNPs and mCLEAs
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immobilization efficiency, Wang et al. [52] developed a sim-
ple strategy to synthesize CLEAs based on a single step 
cross-linking into the pores of macroporous silica material. 
More recently, a new enzyme immobilization strategy was 
utilized to develop mesoporous enzymes-silica compos-
ite microparticles. The method involves co-entrapment of 
gelatinized starch and phenylalanine ammonia lyase (PAL) 
cross-linked aggregates comprising gelatinized starch into 
biomimetic silica (Fig. 7) [65]. The engineered mesoporous 
CLEAs-silica composite micro-particles possessed higher 
catalytic potential and stability characteristics than conven-
tional CLEAs, free PAL, and biomimetic silica entrapped 
PAL. Furthermore, superior catalytic performances, storage 
stability and excellent reusability of the mesoporous CLEAs-
silica composite microparticles were attributed suitable size, 
unique structure, and improved mechanical properties. The 
results demonstrated this approach as a highly advantageous 
for the development of a great variety of mesoporous bio-
composites with noteworthy catalytic potentialities [65].

3.6 � New Concepts in CLEAs Immobilization

3.6.1 � Combined CLEAs (Combi‑CLEAs)

Combined cross-linked enzyme aggregates (combi-CLEAs) 
approach is regarded as a fascinating prospect for the insol-
ubilization of a combination of different enzymes (Fig. 8) 
[66]. Fine chemical productions entail numerous steps such 
as the separation of reaction intermediates and metabolites, 
whereas combi-CLEAs were developed to combine multi-
steps into one-pot catalytic cascade system [67]. Talekar 
et al. [68] prepared combi-CLEAs of three enzymes includ-
ing α-amylase, glucoamylase, and pullulanase for the starch 
breakdown in the one-pot cascade process. The combi-
CLEAs results in 100% starch conversion efficiency in one-
pot starch hydrolysis as compared to the free enzyme and 
separate CLEAs mixture that gave 40% and 60% hydrolysis 
conversions, respectively. Co-immobilized enzymes like 
combi-CLEAs were stable against elevated temperature 
and maintained 100% original activity after five repeated 
cycles. Combi-CLEAs of xylanase, cellulase, and β-1,3-
glucanase were attempted for one-pot saccharification of 
sugarcane bagasse (SCB). Along with enhanced tempera-
ture and storing properties, the combi-CLEAs were able to 
retain 90% activity after six consecutive cycles. In contrast 

Fig. 7   Schematic sketch for the synthesis of mesoporous CLEAs-sil-
ica composite microparticles. a CLEAs, b PAL-Si, and c P-CLEAs-
Si. Reprinted from Cui et  al. [65], an open-access article licensed 

under a Creative Commons Attribution 4.0 International License 
(http://creat​iveco​mmons​.org/licen​ses/by/4.0/)

http://creativecommons.org/licenses/by/4.0/
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to free enzymes (73%), Combi-CLEAs catalyzed almost 
84% hydrolysis of ammonia-treated SCB in a reaction time 
of 48 h [69]. Ketoreductase and d-glucose dehydrogenase 
derived combi-CLEAs exhibited greater activity, long-term 
functioning stability, and recyclability and potential ability 
to catalyze the highly selective reduction of the prochiral 
keto ester [70]. More recently, Su et al. [71] synthesized 
magnetic combi-CLEAs d-glucose dehydrogenase and 
containing ketoreductase. Though magnetic combi-CLEAs 
displayed identical pH and temperature optima, and ther-
mal stability, catalytic performance and working stability of 
magnetic combi-CLEAs were significantly improved in both 
aqueous and biphasic media than that of original CLEAs. 
Moreover, the magnetic CLEAs were used for multiple times 
due to easy recovery with a magnetic field. Recently, combi-
CLEAs have shown potential applications in pharmaceutical 
industry. For example, Jung et al. [72] reported the success-
ful cascade biosynthesis of trehalose from sucrose using 
combi-CLEAs consisting of trehalose hydrolase, sucrase, 
and trehalose synthase. Five-enzyme integrated CLEAs of 
adenylate kinase, phosphoribosyl pyrophosphate synthetase, 
pyruvate kinase, ribokinase, and hypoxanthine phosphoribo-
syltransferase has also been used in the one-pot manufactur-
ing of nucleotide analogs [73].

3.6.2 � Multipurpose CLEAs (Multi‑CLEAs)

After the development of combi-CLEA technology, it was 
found promising that combined CLEAs can also drive non-
cascade biochemical reactions. At this juncture, Dalal et al. 
[74] referred multi-CLEA as “biocatalyst able to catalyze 
many distinct biological activities”. The same group synthe-
sized a multi-CLEA of pectinase, xylanase, and cellulase to 
accomplish three different independent catalytic reactions. 
The developed multipurpose biocatalyst was highly thermo-
stable, recyclable and exhibited no activity loss after three 
repeated cycles. Neutrase and papain based multi-CLEAs 
were found to be pH and thermally more resilient than native 
enzymes. They preserved greater catalytic activities in 

hydrophilic and nonpolar solvents with no activity reduction 
at 4 °C storage for about 6 months [75]. The multi-CLEAs 
showed superior bean protein and zein hydrolysis activities 
in contrast with free enzymes indicating a broad range of 
biotechnological potential as a multifunctional biocatalyst. 
More recently, Mahmod et al. [76] reported the formation 
of a novel multi-CLEA biocatalyst exhibiting protease and 
lipase properties and able to catalyze unrelated reactions 
in the one-pot application. Notably, more than 34% of the 
initial activity of the multi-CLEAs was found after five suc-
cessive batches, and the multi-CLEA produced biodiesel 
from vegetable oil with a 51.7% transformation efficiency. 
An efficient and promising biocatalyst containing Palatase 
and two different lipases CAL B has also been engineered to 
synthesize biodiesel from oil [77], whereas the triglycerides 
level in serum was determined by co-immobilizing glycerol-
3-phosphate oxidase, glycerol kinase, peroxidase, and lipase 
[78]. In conclusion, all the results mentioned above dem-
onstrated the potential feasibility of the multi-CLEA as a 
versatile and promising biocatalyst for myriads of industrial 
and biotechnological perspectives.

3.7 � Structure‑Guided Biocatalyst Engineering

Most of the protein structures are predicted or solved 
through modeling, and rational design using protein librar-
ies. Moreover, the directed evolution screening can be sub-
stituted with more informed, structure-directed combina-
torial designs envisioned to be functionally enriched and 
minimizing the total number of variants to be screened and 
created [11]. With the aid of structure-guided engineering, 
oligonucleotides are designed to introduce modifications at 
sites intended to possess significant impact on substrate rec-
ognition or catalytic activity. The oligonucleotides are often 
designed such that the target mutation regions encode all or 
a subset of possible amino acids [79]. In an earlier study, 
cytochrome P450-cam was rationally re-design directed by 
the crystal structure of the enzyme to fine-tune site-selec-
tivity in the oxidative hydroxylation of (+)-a-pinene [80]. 

Fig. 8   A schematic illustra-
tion of cross-linked enzyme 
aggregates (CLEAs) and 
COMBI-CLEAs development 
in the presence of cross-linker 
and Fe2O3 particle, respectively. 
Reprinted from Bilal et al. [66], 
with permission from Elsevier. 
Copyright (2017) Elsevier B.V
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WT P450-cam results in a combination of oxidation prod-
ucts including (+)-cis-verbenol, (+)-myrtenol, (+)-a-pinene 
epoxide, (+)-verbenone and unidentified compounds. Dif-
ferent point mutations including F87 W, F87A, V247L, and 
Y96F were made, and their combinations were deliberated. 
Results showed that F87W/Y96F/L247A variant demon-
strated superior biocatalytic performance to form (+)-cis-
verbenol with high regioselectivity of 86%.

3.7.1 � Engineering Cofactor Preference and Substrate 
Specificity

Modifying an enzyme’s cofactor and substrate recogni-
tion and specificity is a sophisticated approach to expand 
the enzyme applicability in industrial scale bioprocess for 
producing chiral compounds of pharmaceutical interest or 
biofuels. It may also be important to accomplishing oxida-
tion–reduction equilibrium in recombinant metabolic path-
ways [81]. Currently, Ehsani group compared the sequence 
of NAD(H)-dependent 2,3-butanediol dehydrogenase 
(Bdh1) with NADP(H)-dependent yeast alcohol dehydro-
genase (Adh6) and found that three contiguous substitu-
tions of amino acid (I222R/A223S/E221S) produced a Bdh1 
mutant with a comparable activity to wild-type but complete 
switching in cofactors specificity for NADPH [82]. On the 
contrary, Hasegawa et al. [83] obtained an NADH-utiliz-
ing specific variant of ketol-acid reductoisomerase from 
Corynebacterium glutamicum to increase redox balance 
and improve l-valine biosynthesis under oxygen-deficient 
environment. The resulting triple substituted novel variant 
exhibited no accelerated activity using NADH, and catalytic 
efficiency was rather more than 700-fold diminished using 
NADPH. Nevertheless, the resulting variant led to redox 
balancing accompanied by significantly improved l-valine 
titer by engineered strain.

l-Homoalanine is an important chiral precursor to manu-
facture a variety of commodity pharmaceutical compounds. 
Zhang et  al. [84] obtained a glutamate dehydrogenase 
(GDH) variant able to biosynthesize a non-natural amino 
acid (l-homoalanine) following the reductive amination of 
2-ketobutyrate. Due to the similar structure of 2-ketobu-
tyrate and 2-ketoisovalerate, authors speculated that a GDH 
variant capable of 2-ketoisovalerate amination to l-valine 
might also generate l-homoalanine from 2-ketobutyrate. 
Guided by the GDH crystal structure from Clostridium 
symbiosum and sequence comparison with E. coli enzyme, 
simultaneous saturation mutagenesis was targeted at four 
amino acid positions in the E. coli GDH binding pocket. 
The resulting GDH variant showed pronounced activity on 
2-ketobutyrate yielding 5.4 g L−1-homoalanine when cul-
tivated on glucose. Iterative saturation mutagenesis (ISM) 
has emerged as a noteworthy approach for boosting the cata-
lytic activity of the enzyme at low or medium throughput 

screening systems [85]. In this technique, amino acid regions 
surrounding the substrate-binding pocket are distributed into 
numerous groups consisting of one to three residues each 
and subsequently subjected to a combinatorial active-site 
saturation mutagenesis test (CAST). In CAST, all plausi-
ble mutants within a group are screened, and better variants 
were sued as prototypes for succeeding saturation mutagen-
esis rounds. Unlike other less efficient methods, ISM is 
intended to diminish the screening effort to identify unique 
variations in a designated territory of the protein sequence.

3.8 � Improving Multi‑enzyme Catalysis by Protein 
Engineering

Natural biosynthetic pathways are often designed to couple 
and equilibrate sequential reactions by increasing substrate 
or local enzyme concentrations, or by preventive diffusion 
of toxic or unstable reaction metabolites [86]. For examples, 
in eukaryotes, the subunits of fatty acid synthase enzyme are 
systematically organized and arranged in a head-to-tail fash-
ion that renders it convenient to immediately deliver each 

Fig. 9   A mechanistic approach to improve multi-enzyme catalysis by 
protein engineering via genetic manipulation
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intermediate formed from one subunit to the next subunit 
[87]. Similarly, a large hydrophobic tunnel helps tryptophan 
synthase complex to sequester the intermediate indole and 
deliver it between active sites [88]. Motivated by these natu-
ral systems, researchers have developed the state-of-the-art 
synthetic strategies to ameliorate the efficacy of the multi-
enzyme catalytic system. Figure 9 illustrates a mechanistic 
approach to improve multi-enzyme catalysis by protein engi-
neering via gene manipulation.

3.8.1 � Physical Fusion and Synthetic Scaffolds

Physical fusion is the simplest technique to get enzymes 
in the constant close vicinity. In order to enhance patch-
oulol biosynthesis in Saccharomyces cerevisiae. Albertsen 
et al. [89] designed fusion protein variants of patchoulol 
synthase (PTS) and farnesyl diphosphate synthase (FPPS). 
Both PTS-FPPS and FPPS-PTS fusions were found to be 
functional in vivo, and among different linkers of varying 
compositions and lengths, the short flexible linker Gly-Ser-
Gly was utmost promising for the biosynthesis of patchoulol. 
As compared to a strain expressing free FPPS and PTS, a 
9.5 mg L−1 patchoulol titer (1.6-fold higher) was achieved 
by yeast strain expressing the FPPS-GSG-PTS. In another 
study, Asadollahi et al. [90] recorded 2.8-fold improve-
ment in patchoulol titer by repressing the squalene synthase 
through switching native promoter with regulatable MET3, 
indicating the potential applicability of the enzyme fusion 
approach together with metabolic engineering techniques.

Linear physical fusions through linkers represent the limi-
tation to only a small number of proteins, as multi-enzyme 
fusions result in diminished catalytic activity or misfold-
ing. The use of synthetic protein scaffolds overcomes this 
apprehension by adding flexibility to varying enzyme ratios 
for stoichiometric control. Dueber et al. [91] developed a 
novel protein scaffold comprising varying combinations of 
protein–protein interaction domains such as GBD, PDZ, 
and SH3. Metabolic pathway enzymes labeled with peptide 
ligands are explicitly recognized by one of the domains in 
the synthetic scaffold that led to increased local concentra-
tion and posttranslational assemblage of each component in 
the pathway. The enzymatic stoichiometry was optimized to 
enhance pathway flux through this modular scaffold. Identi-
cally, resveratrol production was fivefold improved in S. cer-
evisiae than non-scaffold-free system [92]. In another study, 
Lee et al. [93] exploited a DNA scaffolding system to inte-
grate three enzymes converting aspartate semialdehyde to 
l-threonine in 50% shortened culture duration to synthesize 
the same product concentration than non-scaffold-control. 
Moreover, the concentration of inhibitory intermediate, i.e. 
homoserine was also considerably diminished by using the 
DNA-scaffolding system.

3.9 � Advanced Computational Design for Protein 
Engineering

Computational-based design and modeling increasingly 
contribute to improving catalytic features of enzymes, such 
as enzyme activity, substrate preference, and stability for 
expanding their applications. Before experimental construc-
tion and characterization of a subset of variants, molecular 
dynamics (MD) simulations and powerful energy calcula-
tions assist in identifying potential regions for mutations 
and in silico estimation of resulting mutant properties. Gor-
don and coworker [94] redesigned the substrate specificity 
of an acidic endopeptidase kumamolisin-As using Rosetta 
Software Suite. The computational modeling results in 261 
variants with one to seven amino acid replacements. Experi-
mentally characterization revealed that 50% of the variants 
exhibited improved proteolytic activity toward the new sub-
strate PQLP. Among the variants, the best one containing 
seven substitutions displayed 116-folds elevated activity 
and 877-folds shift in substrate preference towards the new 
substrate in contrast with native enzyme. By computational-
guided protein engineering approach together with cofac-
tor binding energy calculations, Khoury et al. [95] obtained 
utilize NADH utilizing 10 variants of xylose reductase as 
a substitute of the native cofactor NADPH. Experimental 
testing evidenced more specific behavior of some variants 
for NADH, while rest of the variants exhibited dual substrate 
preference. Along with activity enhancement, the enzyme 
stability can also be improved by harnessing the power of 
the computational design and methods.

Joo et al. [96] selected flexible residues on the protein 
surface, and residue flexibility was characterized using 
FRODA (Framework Rigidity Optimized Dynamics Algo-
rithm) in order to ameliorate the thermal resistance profile 
of the xylanase Bcx from Bacillus circulans. Among the 
eight substitutions predicted by RosettaDesign algorithm 
[97], three substitutions were experimentally corroborated 
to evaluate thermal stability. D52Y and the quadruple sub-
stitution variant identified using the Standard Dynamics Cas-
cade of Discovery Studio package presented fivefold and 
30-fold enhancements in half-life at an elevated temperature 
of 50 °C over the pristine enzyme, respectively, along with 
moderately improved catalytic performance.

3.10 � Cell‑Free Biocatalytic Cascade Processes

The multi-step synthesis of one-pot cell-free catalytic 
cascades eliminates the requisite for laborious isolation 
and purification of product intermediates. Such Cascad-
ing-based syntheses represent the several advantages of 
minimum solvent and reaction volume, fewer unit opera-
tions, diminished cycle times, higher volumetric yields 
and less waste generation, which deciphers to considerable 
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environmental and economic benefits. Nevertheless, cata-
lysts incompatibility with each other, differential optimum 
conditions and complicated catalyst recovery and recy-
cling are the associated problems that need to be over-
come. Since nature deciphers the incompatibility issues 
by cataloging enzymes in different portions of the cell, 
therefore compartmentalization through immobilization 
might be the solution in enzymatic cascades. The catalytic 
processes largely proceeded under the identical conditions, 
i.e. at ambient temperature and pressure that additionally 
simplifying their incorporation in cascade processes. In 
recent years, biocatalytic cascade processes have become 
a focus of considerable research attention largely owing 
to their economic and environmental benefits and to build 
up molecular complexity from cheap starting feedstocks in 
one-pot, while driving reaction balance toward the target 
products [98, 99]. The rates of consecutive catalytic cas-
cades can be markedly amplified by simulating the prox-
imity of the enzymes in microbial cells by combi-CLEA-
based co-immobilization of the enzymes. The tri-enzyme 
CLEA consisting of amidase, nitrilase, and (S)-hydrox-
ynitrile lyase is a good illustration of a combi-CLEA with 
significantly higher rates than observed mixtures of the 
individual CLEAs [100].

4 � Concluding Remarks and Future Prospects

The impact of biocatalysis continues to expand rapidly 
with the enormous advances in biotechnology and molecu-
lar engineering approaches. In recent years, biocatalysis 
has developed as a distinguished technology for the sus-
tainable manufacturing of pharmaceutical compounds, 
commodity chemicals, food and beverage processing 
applications and many more. Dramatically accelerating the 
speed of protein engineering could fully take advantages 
of low cost and more sustainable biocatalytic processes. 
In the near future, biocatalysis application is anticipated to 
further grow in myriads of biotechnological sectors due to 
the paradigm shift from a non-renewable fossil fuels-based 
economy to a sustainable bio-economy. Biocatalytic cas-
cade processes and the capability to catalyze in non-polar 
solvents with carrier-immobilized enzymes get us another 
step closer to the eventual goal. Nevertheless, there is a 
pressing need to standardize industrial transformation bio-
processes from both an economic and ecological perspec-
tive, and state-of-the-art protein engineering strategies will 
play a futuristic role in this development.
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