
38 INTERNATIONAL PHARMACEUTICAL INDUSTRY  Spring 2016 Volume 8 Issue 1

Drug Discovery, Development & Delivery

Engineering of Enzymes for 
Industrial Biocatalysis
Enzymes are important biocatalysts with 
many applications in medicine, food 
technology and the chemical industry. To 
further expand their reaction scope and to 
meet the demands of industrial processes, 
the enzymes’ properties are routinely 
optimised by protein engineering. Due 
to a rapidly increasing number of protein 
sequences and structures and powerful 
computational tools, rational approaches 
are nowadays complementing random 
approaches. However, in most cases 
combined approaches proved to be most 
successful.
 

Natural enzymes are ubiquitous 
biocatalysts, which are capable of 
catalysing reactions with up to 106 s-1 
enzymatic rate constants and 
exceptionally high regio- and 
stereochemistry. More than a century 
ago, Rosenthaler recognised that 
enzymes can be applied to chemical 
transformations, when he used emulsin 
for the first synthesis of (R)-mandelonitrile. 
Nowadays, enzymes are used in many 
(industrial) applications, e.g. as 
biocatalysts in the synthesis of fine 
chemicals and pharmaceutical 
compounds or their intermediates, in 
food processing, in the pulp and paper 
industry, in bioremediation, in medicine 
in diagnostics and as therapeutics or as 
additives e.g. in cleaning products. 
Enzymes usually work under mild 
reaction conditions, needing little energy, 
but also avoiding unwanted side-
reactions. Moreover, due to the specificity 
of enzymes, the need for protection and 
deprotection steps is circumvented. 
However, although natural enzymes 
catalyse a wide range of chemical 
reactions, they have evolved towards the 
specificities of their natural role. Thus, 
they are not available for many of the 
important conversions and substrates 
relevant for industry and do not fulfil the 
manifold requirements for enzymes used 
in industrial biotechnology. Today, 
enzymes are routinely engineered to 
introduce novel functionalities and to 
match process demands1–3. Among 
targeted properties are, for example, 
improved activity, high space-time-yield, 
substrate scope, stability (pH, thermal, 
solvents, high substrate and product 
concentrations, shelf life) and selectivity, 

but also improved expression levels. 
Therefore, different strategies for enzyme 
engineering are applied (Figure 1). 

 Directed enzyme evolution is based on 
the generation of a large pool of mutants 
and subsequent screening and selection 
of the best variants exhibiting the 
required characteristics. The advantage 
of directed evolution is that no structural 
information is needed and that variations 
at unexpected positions distant from the 
active site can be introduced. However, 
usually the changes are small and 
several rounds of evolution have to be 
applied and a high number of variants 
have to be screened, which is time- and 
labour-consuming. Thus, one of the 
most important factors for successful 
enzyme evolution is the availability of 

cheap, fast and reliable high-throughput 
assays. While microtitre plate assays 
(preferably analysed photometrically, 

but alternatively also by liquid or gas 
chromatography or mass spectrometry, 
their throughput depending a lot on 
the chosen detection method, library 
size: 103-105), agar plate assays (visual 
inspection, library size: 104-106) and 
selection assays (relying on a direct 
correlation between cell survival and the 
desired enzyme property, library size: 
107) are routinely applied and need 
standard equipment, other approaches 
allow the screening of even larger 
libraries by compartmentalisation of 
single cells into microdroplets and the 
use of fluorescence-activated cell sorting 
(FACS) (library size: 109)4. However, 

Figure 1. Strategies for protein engineering by random, rational and combined 
methods. 
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the latter methods are limited by the 
requirement for specialised and still 
expensive equipment and the information 
obtained, as in most cases surrogate 
substrates, which lead to fluorescent 
products, need to be used, which leads to 
a fluorescent product risking optimisation 
for the “wrong” substrate (first law of 
directed evolution: “you get what you 
screen for”), and because only endpoint 
measurements are possible. Alternatively, 
the throughput of microtitre plate-based 
assays can also be increased by robotics.

In contrast, in rational design 
approaches only a few variants need 
to be analysed. Rational design 
presupposes more detailed knowledge 
about an enzyme, like a pool of 
amino acid sequences for comparison 
or structural data (3D-structure or 
homology model). In many cases this 
is not limiting as, with the development 
of new sequencing technologies, the 
number of sequenced genomes is 
expanding exponentially and moreover 
more than 110,000 protein structures 
are deposited in the protein databank. A 
vast number of bioinformatics programs 
are available for analysis and prediction. 
Rational design usually increases the 
probability of beneficial mutations and, 
most importantly, reduces the library 
size, and thus, less effort and time has 
to be applied for the screening of the 
library. This is especially advantageous 
if no high-throughput assay system is 
available. However, relevant positions 
might be missed. As computational 
power accelerated and computational 
methods became significantly more 
accurate and easier to use in the past 
few years, the field of de novo enzyme 
design emerged5. De novo enzymes 
can be either designed by recreating 
known enzymatic functions in proteins 
with a different fold, or by introduction 
of activities that have not been observed 
before in natural enzymes into a chosen 
protein scaffold. The biggest challenge, 
however, is the design of de novo enzymes 
that are not based on natural sequences, 
thus designing the complete protein from 
scratch. Another emerging research field, 
which is currently still mainly applied 
on the laboratory scale, is the use of 
non-canonical amino acids in protein 
engineering to improve the stability and 
alter catalytic properties6. An alternative 
option to introduce novel functionalities 
into proteins is the creation of artificial 
metalloenzymes, which are described 
as a bridge between biocatalysis and 
metal catalysis by incorporating the 

catalytically active metal (complex) in 
protein scaffolds, enabling high activity 
and selectivity under mild reaction 
conditions. An increasing number of 
different approaches also involving 
protein engineering has been developed 
in recent years and extensively reviewed 
(e.g. 7).

Interestingly, in many successful 
examples for enzyme engineering, a 
combination of rational and random 
approaches was the strategy of choice 
(semi-rational approach) (e.g.8). Semi-
rational design combines advantages 
of rational and random protein design, 
creating smaller, smarter libraries 
based on knowledge derived from 
biochemical, sequence comparison, 
and/or structural data. By analysing 
and comparing structural or sequence 
data, interesting amino acids or 
regions in the protein are identified and 
subsequently mutated randomly or by 
site-saturation mutagenesis, one by one 
or in combination. Random combinations 

of mutations or correlated mutations at 
targeted positions can result in synergistic 
effects that might have been missed in 
single site-specific mutagenesis. However, 
these combinatorial approaches increase 
the library sizes tremendously. To help 
to decrease the library size, various 
computational methods have been 

developed in recent years that screen 
virtual libraries and eliminate mutations 
predicted to be unfavourable for the 
protein fold9.

Uncountable examples for the 
different approaches mentioned above 
have been published in the last twenty 
years. In Graz, biocatalysis applying 
hydroxynitrile lyases (HNLs) has a long 
tradition and therefore HNLs are also a 
target of enzyme engineering.

Many successful examples of protein 
engineering of hydroxynitrile lyases 
are described in literature (Table 1, for 
references please refer to 10). Often their 
application as industrial biocatalysts 
is restricted due to limited acceptance 
of unnatural substrates or low stability 
at the required reaction conditions. 
In particular, pH stability is one of the 
most important features of HNLs and a 
prerequisite of their technical applicability 
as the unselective chemical background 
reaction, which competes with the 

enantioselective enzyme-catalysed 
reaction, increases at pH-values > pH 
4.5 and destroys the enantiopurity of the 
product. 

In recent years, structure-guided 
design, site-saturation mutagenesis 
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and random mutagenesis were applied 
to create several PaHNL5 (Prunus 
amygdalus) variants with improved 
activity and enantioselectivity toward 
challenging substrates by removing 
steric hindrance for bulky substrates or 
altering the hydrophobic interaction with 
the substrate11,12. The expression level of 
PaHNL5 in P. pastoris was significantly 
improved by substitution of the first 
amino acid leucine for glutamine, and 
replacement of the native secretion-signal 
by the signal sequence of the alpha-
mating factor from Saccharomyces 
cerevisiae. 

The activity and enantioselectivity 
of the first bacterial HNL GtHNL from 
Granulicella tundricola was significantly 
improved by site-saturation mutagenesis 
of active site amino acids. Combination of 
beneficial amino acid exchanges resulted 
in a variant with 490-fold increased 
specific activity in comparison to the wild 
type. More importantly, GtHNL-A40H/
V42T/Q110H is a highly competitive 
alternative for the synthesis of several 
industrially relevant cyanohydrins13. In 
HbHNL (Hevea brasiliensis) and MeHNL 
(Manihot esculenta), a tryptophan 
residue in the entrance tunnel limits the 
access of bulky substrates. Exchange of 
W128 to smaller amino acids enhanced 
the conversion of bulky substrates in both 
enzymes14,15. Interestingly, this position 
was identified by rational design and 
random mutagenesis. Directed evolution 
of HbHNL-W128A resulted in further 
improved variants. Active site redesign 

by comparing the active sites of HbHNL 
and the esterase SABP2 (salicylic acid 
binding protein 2 from Nicotiana 
tabacum) and subsequent site-directed 
and site-saturation mutagenesis of 
several positions enhanced the reaction 
rate of HbHNL-L121Y16. 

The group of Asano employed rational 
design and directed evolution to yield 
MeHNL variants, which are significantly 
better expressed as soluble protein in 
E. coli. Several site-directed mutants 
of MeHNL were reported to possess 
improved thermal stability and higher 
organic solvent tolerance in comparison 
to the wild type (for review see17 and 
citations therein). 

AtHNL (Arabidopsis thaliana) is 
significantly less stable at acidic pH (below 
pH 5.4) than HbHNL and MeHNL. In a 
rational protein engineering approach 
to stabilise AtHNL, eleven amino acids 
at its surface were exchanged to the 
corresponding amino acids from MeHNL, 
resulting in an active and more stable 
variant18. 

Rational protein design was also 
applied to alter the catalytic mechanism 
of the esterase SABP2, and introduce 
HNL activity19. Moreover, Asano and 
his group developed an algorithm for 
assignment of consensus and correlation 
residues of target proteins and applied it 
for designed (S)-selective HNLs 20.

In the current millennium, more and 
more industrial chemical processes 
are replaced by biocatalysis applying 
enzymes. This was made possible 
by substantial progress in enzyme 
engineering. However, it will be still 
important to invest extensive research 
to fully understand catalytic reaction 
mechanisms of enzymes and how natural 
enzymes achieve their catalytic efficiency, 
but also their molecular dynamics and 
the folding of protein structures to be 
subsequently able to tailor and design 
proteins for specific processes.
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Method A – Membrane Filtration 
The method calls for the routine use of positive and negative controls.

Apparatus: 
Cellulose nitrate filters are used for aqueous, oily and weakly alcoholic 
solutions, and cellulose acetate filters are recommended for strongly 
alcoholic solutions.

Diluting Fluids: (IP, BP):
Fluid A: Dissolve 1 g of peptic digest of animal tissue (such as 
bacteriological peptone) or its equivalent in water to make 1 litre, filter 
or centrifuge to clarify, adjust to pH 7.1 ± 0.2, dispense into flasks in 
100ml quantities and sterilize at 121° C for 20 minutes.

Fluid B: If the test sample contains lecithin or oil, use fluid A to each litre 
of which has been added 1 ml of polysorbate 80, adjust to pH 7.1± 
0.2, dispense into flasks and sterilise at 121° C for 20 minutes.

Quantities of sample to be used:
For parenteral preparations:
Whenever possible, use the whole contents of the container, but in any 
case not less than the quantities prescribed in Table 3(E), diluting where 
necessary to about 100 ml with a suitable diluent such as fluid A.

For ophthalmic and other non-parenteral preparations:
Take an amount within the range prescribed in column (A) of Table 
3(E), if necessary, using the contents of more than one container, and 
mix thoroughly. For each medium use the amount specified in column 
(B) of Table 3(E), taken from the mixed sample.

Test method:
For aqueous solutions:
Aseptically transfer a small quantity of fluid A on to the membrane and 
filter it. Transfer aseptically the combined quantities of the preparation 
under examination prescribed in the two media onto one membrane. 

If the solution under examination has antimicrobial properties, wash the 
membrane(s) by filtering through it (them) not less than three successive 
quantities, each of 100 ml, of sterile fluid A.
 
Do not exceed a washing cycle of five times or 200 ml, even if it 
has been demonstrated during validation that such a cycle does not 
fully eliminate the antimicrobial activity. The quantities of fluid used 
should be sufficient to allow growth of a small inoculum of organisms 
(approximately 50 CFU) sensitive to the antimicrobial substance in the 
presence of the residual inhibitory material on the membrane.
After filtration, aseptically remove the membrane(s) from the holder, 
transfer the whole membrane or cut it aseptically into two equal parts. 
Transfer one half to each of two suitable media. Incubate the media for 
not less than 14 days.

Observe the containers of media periodically during the 14 days of 
incubation. If the test specimen is positive before 14 days of incubation, 
further incubation is not necessary. For products terminally sterilised by 
a validated moist heat process, incubate the test specimen for not less 
than seven days.

For liquids immiscible with aqueous vehicles, and suspensions:
Carry out the test described under for aqueous solutions but add a 
sufficient quantity of fluid A to the pooled sample to achieve rapid 
filtration. Sterile enzyme preparations such as penicillinase or cellulose 
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