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Indeed, physical fusions, post-translational scaffold assembly 
(using proteins consisting of combinations of protein-protein 
interaction domains) or enzyme compartmentalization using 
natural compartments such as capsids, bacterial micro-
compartments, and mitochondrial localization (27) were all 
explored as a means to locally concentrate enzymes and 
their substrates/products. Co-localization of the relevant 
enzymes in proximity of the proteins using unnatural amino 
acids (28) and scaffold molecules to induce the binding of 
enzymes (29) was also attempted.
The bottleneck in protein engineering is represented by the 
screening step. Accordingly, methods that ensure higher-
quality and smaller mutant libraries have been developed, 
these requiring less screening effort (30).
Cell factories generated by engineering metabolic pathways 
can convert renewable feedstocks into fuels, chemicals, food 
ingredients and pharmaceuticals (31). In order to redirect 
fluxes towards desired metabolites, cell factories are designed 
and assembled using metabolic engineering (involving 
enhancing or redirecting flux through metabolic pathways by 
modifying genes that alter the activity of enzymatic reactions) 
and synthetic biology (investigating how to perform these 
manipulations in a quantitatively predictive way), and a 
common in silico to in vivo approach. The safe yeast 
Saccharomyces cerevisiae is widely used as a cell factory for 
producing food and beverages (32). Products generated by 
optimized cell factories range from low-value and high-
volume chemicals, such as biofuels (isobutanol) and 
commodity chemicals (1,4-butandiol or D-lactic acid for use 
in production of the bioplastic polylactic acid), to high-value 
and small-volume market products such as fine chemicals 
(hydrocortisone), food additives (vanillin or citrus flavors 
valencene) and proteins.

THE FUTURE OF BIOCATALYSIS

Driving forces for biocatalyst development 
The main forces driving biocatalyst technology in chemical-
based industries are:
a) business forces: profit/cost reduction is driving many of the 
new changes, thus requiring that biocatalysts can compete 
with classic inorganic/organic catalysts;
b) regulatory forces: issues related to “greenhouse gases” 
(reduce CO2 emissions and possibly participate in carbon 
sequestration) will drive new “closed carbon cycle” 
processes. Indeed, biocatalysts should help reduce the 
impacts on water, materials, and energy consumption and 
also to reduce toxin and pollutant dispersion;
c) societal forces: society is demanding a new lifestyle based 
on new products and new technologies, in particular 
requiring minimal environmental impact;
d) basic research: advances in basic science have always 
pushed the application of novel practical technologies to 
industrial processes.
For a list of future directions in biocatalysis, see (33, 34).

Critical challenges
1. New technologies - In order for biocatalysis to become a 
predictable and standard tool, it is essential to develop new 
technologies for both the rapid evolution of enzymes and the 
construction of engineered whole cells at the laboratory 
scale. To reduce the timeline required to optimize enzymes, 
different methods, such as high-throughput screening and 

The protein engineering technique called directed evolution 
or laboratory evolution (8,9) involves repeating cycles of gene 
mutagenesis (by error-prone polymerase chain reaction, 
saturation mutagenesis or DNA shuffling), expressing the 
genes, and screening/selecting mutant enzyme libraries in an 
overall process which simulates natural evolution. Over the 
years, further important methods and strategies in laboratory 
evolution have been reported, including circular permutation 
and domain swapping (10,11). Here, CASTing (combinatorial 
active-site saturation test) (12) and Iterative Saturation 
Mutagenesis methods have emerged as efficient procedures 
that can be applied to improve different types of catalytic 
parameters.
On the other hand, protein engineering by rational design is 
guided by knowledge of the structure-function relationships or 
computational modelling approaches. Clearly, structure-
guided engineering has made it possible to engineer cofactor 
specificity (mainly NADH vs. NADPH) and substrate specificities 
(i.e. the generation of a glycine oxidase variant active of the 
herbicide glyphosate, D-amino acid oxidase variants active 
on acidic or naphtyl amino acids or an acylase with improved 
efficiency on cephalosporin C, to mention a few examples 
from my laboratory) (13-16) and to generate new activities by 
introducing metal-binding sites into protein scaffolds (e.g. to 
catalyze a Diels-Alder addition) (17). Protein engineering was 
also used to eliminate product inhibition (18) or for the 
reduction of undesired side products (19). The computational 
design, i.e. calculation of the free energy perturbation, 
substrate docking simulation, molecular dynamics and 
hydrogen bond energy calculation (7, 20-22), helps to identify 
potential sites for mutagenesis and estimate properties of the 
variant enzymes in silico: this approach was used to improve 
stability and activity and to introduce new activities by de 
novo design of active sites. The latter approach is based on 
the introduction of key residues constituting minimally active 
sites (theozymes) to stabilize the transition state(s), followed by 
applying a searching algorithm to explore possible protein 
backbones that could support the active sites. Finally, the 
candidates are screened in silico and ranked according to 
catalytic geometry and calculated transition state binding 
energy. For reviews, see (4,23). Notably, “promiscuous 
enzymes” have been reported to be well suited as a starting 
scaffold for protein engineering (24-26).
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INTRODUCTION

Biocatalysis represents the use of natural substances to 
catalyze chemical reactions. It can be better discriminated 
into enzyme catalysis when a biocatalyst (an enzyme) is 
used and whole-cell biotransformations. Enzymes are the 
most proficient catalysts that can be employed in a variety 
of processes, more applied than chemical catalysts. 
Accordingly, in the second half of the last century, enzymes 
were increasingly being used in synthetic organic chemistry. 
Nevertheless, their application suffered from major 
limitations: often the enzymes were not available in sufficient 
quantities for practical applications and showed a narrow 
substrate scope, poor stereo- and/or regioselectivity, 
product inhibition and low stability (under operating 
conditions). The first obstacle was eliminated with the advent 
of recombinant DNA technology (in the late 1970s) and the 
second was tackled by applying directed evolution 
techniques (in the 1990s).
Indeed, academic and industrial research groups are now 
increasingly adopting biocatalysis as a tool to synthesize 
molecules that traditionally have been prepared by 
employing chemical catalysts. Biocatalysis is now widely 
applied in the manufacture of ingredients for personal 
health-care products, polymers, agrochemicals, fine 
chemicals and biofuels. Recent developments in applying 
biocatalysis in second-generation manufacturing processes 
(in which chemical processes for the manufacture of a drug 
are replaced by new, lower-cost, biotechnology-based 

approaches) have greatly innovated the pharmaceutical 
sector (1-3).
At present, biocatalysis is carried out by single enzymatic 
conversion, two-step enzymatic reactions as well as by the 
sequential use of a number of enzymes (as in a metabolic 
pathway). Furthermore, synthetic biology offers the 
prospect of engineering cells containing multiple genes 
that allow simple biomass-derived starting materials to be 
converted into a variety of products, comprising both low-
value/high-volume market products and high-value/low-
volume market products. Biocatalysis is thus connected 
with “green chemistry” and the use of “renewable 
feedstocks”.

THE PRESENT STATE OF BIOCATALYSIS

The number of industrial applications for enzymes has 
significantly increased in recent years. At present > 4000 
enzymes are known; ~ 200 enzymes of microbial origin are 
commercially available but only 20 enzymes are produced 
on really industrial scale (4). About 158 enzymes are used in 
food industry, 64 in technical applications and 57 in 
feedstuff. For recent reviews concerning the state-of-the-art 
of biocatalysis in industrial biotechnology, especially in 
terms of application and products, see (4-6). To overcome 
the drawbacks that hampered the application of enzymes 
in past decades (see above), a number of approaches 
have been attempted (6,7), see Figure 1.
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Figure 1. Approaches used to overcome the limitations that 
previously hampered the application of enzymes in biocatalysis.
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b) by developing novel biomass pre-treatment technologies; 
c) by developing novel chemo-enzymatic treatments for 
lignin valorization/depolymerization. These challenges warrant 
development of more robust catalysts designed for diverse 
substrates and that tolerate harsh environments.
A main challenge associated with lignin valorization is 
whether lignin can be economically converted to value-
added fuels and chemicals. Here, the conversion of lignin to 
1,4-butanediol and adipic acid, as well the production of 
vanillin, improved the economics of the overall process and 
reduced the gas emissions as compared to the production of 
electricity from burning lignin.

CONCLUSIONS

Advances in chemical biotechnology over the last few 
decades have promoted several successful implementations 
of novel industrial processes that have led to significant 
growth of the field of “white biotechnology”. The future is 
likely to see further acceptance of biocatalysis, mainly if the 
process development times can be reduced to levels at 
which biocatalysis becomes the method of choice 
for generating novel manufacturing processes, see Figure 2. 
Continued advances in protein engineering, enzymology, 
synthetic biology, and systems biology will favour the use of 
biocatalysis for the production of many different chemicals. A 
further main driving force is represented by environmental 
issues: a major goal for future industrial research is to develop 
processes and products that minimize waste, CO2 emissions, 
and energy utilization. Green chemistry fits with the social 
perception of “natural is better” and this will push the 
chemical-based industry to utilize biocatalysts. Indeed, life 
cycle analyses will make it possible to underline the 
contribution and impact of biocatalytic-based processes.
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library design, should be combined with structure-guided 
rational re-engineering of proteins. In particular, the 
laboratory evolution platforms of the future will focus on the 
development of industrial biocatalysts that are ‘fit-for-
purpose’: in this way novel processes will be quickly 
transferred from the laboratory to large-scale manufacture.
2. Toolbox of enzymes - The range of available biocatalysts 
needs to be broadened. During the past few years, certain 
classes of enzymes were widely developed - e.g. laccases, 
peroxidase, esterases, lipases, ketoreductases, aldolases, 
transaminases, enoate reductases, etc. (35-39). While those 
enzymes are now used on a routine basis for practical 
applications, such progress is strongly required for other 
enzymes, too, such as oxidases, hydrolases and lyases.
3. Cascade processes - Researchers are exploring new ways 
of combining enzymes in cascade processes (i.e. one-pot 
transformations based on sequential enzymatic steps without 
isolating intermediate compounds) that promise to improve 
the overall economy of multi-step conversions. Multi-enzyme 
processes, termed “cascade”, “domino”, or “tandem” 
reactions (40,41), offer some advantages, such as easy 
process control and monitoring, a high reaction rate, easy 
scale-up and low toxic by-products (42,43). By substrate 
channelling of intermediates into next-stage enzymes an 
efficient synthetic pathway can be designed without losing 
the intermediates, consequently reducing the amount of 
enzymes in the reaction system and increasing the reaction 
rate (44). Indeed, combining bio- and chemo-catalysts to 
introduce efficient deracemization and dynamic kinetic 
resolution procedures also constitutes a suitable approach 
(45,46). Actually, retrosynthetic analyses (incorporating 
enzymes and synthetic catalysts) promise to be 
advantageous for synthetic organic chemists (47,48).
4. De novo design - At present, de novo design of industrial 
enzymes is still elusive. Here, basic research is expected to 
significantly contribute to the production of novel industrial 
enzymes.
5. Cell factories - At present, the main drawbacks in synthetic 
biology are related to limitations in predicting the optimal 
level of gene expression and a limited understanding of the 
pathways in a metabolic process: a metabolic flux is assumed 
to be controlled by various enzymes and altering one enzyme 
might not be enough. Here, improvements in flux control will 
be obtained by analysing metabolic control (which requires 
extensive information about the kinetics of the involved 
enzymes), by using modelling approaches (such as genome 
metabolic models combined with flux balance analysis), and 
by analysing elementary flux modes (49). In the next few 
years, genome-scale kinetic models may provide a systemic 
view that will allow bottlenecks and targets for manipulation 
to be identified.
6. Biorefineries - Lignin, the second most abundant terrestrial 
polymer on Earth after cellulose, is composed of aromatics 
and is only partially used in cellulosic projects (50): modern 
biorefineries for cellulosic ethanol have ~ 60% more lignin than 
is needed for its combustion to run factories. The design of 
new processes aimed at generating value-added products 
from lignin (51) will require that lignin recovery and conversion 
are facilitated:
a) by reducing cell wall resistance to bioprocessing by 
bioengineering. The recent discovery of genetic variants of 
bioenergy crops and direct manipulation of biosynthesis 
pathways have produced lignin feedstocks with satisfactory 
properties for recovery and downstream conversion (52,53);

Figure 2. A simplified view of perspective in goals for industrial 
biocatalysis.


