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Abstract

The rising demand for advanced polyesters, displaying new functional properties, has
boosted the development of new biocatalysed routes for polymer synthesis, where enzymes
concretely respond to the challenge of combining benign conditions with high selectivity
and efficient catalysis. Enzymes are attractive sustainable alternatives to toxic catalysts used
in polycondensation, such as metal catalysts and tin in particular. Moreover, they enable the
synthesis of functional polyesters that are otherwise not easily accessible by using traditional
chemical routes.

Enzymes add higher value to bio-based polymers by catalysing not only their selective
functionalization but also their synthesis under mild and controlled conditions.

The aim of the present thesis is to integrate experimental and bioinformatics approaches in

order to study new biocatalysts to be used in polycondensations.

Aliphatic polyesters are among the most widely used biodegradable polymers. Typically,
such polymers are produced by means of polycondensation reactions which make use of
toxic metal catalysts with the risk of product contamination, making them not suitable for
the use in the production of materials of biomedical interest. More importantly, traditional
metal-based catalysts are less selective in comparison to enzymes, making difficult the

synthesis of functional polyesters displaying complex structures.

A valid alternative to metal catalysts is represented by enzymes. Biocatalyst recyclability
and avoidance of product contamination are usually obtained via enzyme immobilization on
solid carriers. Nowadays, non-renewable petrochemical-based supports are used for this
purpose, namely methacrylic and styrenic resins. In this thesis (Chapter 3), rice husk - a
waste product of rice milling available worldwide at a negligible price - has been explored
as an innovative and fully renewable lignocellulosic carrier endowed with morphological
complexity and chemical versatility that makes it prone to multiple and benign chemo-
enzymatic modifications. A comparison of chemical and enzymatic methods for the
functionalization of rice husk has been carried out, enabling the development of a renewable
immobilization carrier suitable for responding to the looming challenge of green chemistry.
The enzymatic method relies on laccase oxidation using laccase from Trametes spec. and
TEMPO-radical mediator, followed by the insertion of a diamine spacer!. As compared to
the classical cellulose oxidation performed via sodium periodate, the enzymatic method

offers the advantage of preserving the morphology of rice husk, as demonstrated by SEM
1



microscopy. Laccase oxidation also assures benign operative conditions. Candida antarctica
Lipase B, and two commercially available formulations of asparaginase, were immobilized
and tested. In the first case, the lipase was successfully applied in the polycondensation of
the biobased monomer dimethyl itaconate whereas the immobilized asparaginases were
applied in the hydrolysis of asparagine, a precursor of the toxic acrylamide in food. In
addition, lignin removal via alkaline hydrogen peroxide bleaching has been tested as a

method for increasing the specific activity of the immobilized formulation.

While lipases being the most common alternative for polycondensation reactions, our
research group focused on the study of a novel class of serine hydrolases to be used in these
kind of reactions, namely the cutinases?. The cutinase class proved to catalyse the efficient
polycondensation of biobased monomers working in mild conditions in terms of pressure
and temperature®. A thorough bioinformatics study was carried out based on GRID-based
BioGPS descriptors (Chapter 4). BioGPS allowed to project a selection of cutinases on a
Unsupervised Pattern Cognition Analysis (UPCA) model previously published by this
research group®, confirming that the pre-organized physicochemical environment in the
active site of Cutinase 1 from Thermobifida cellulosilytica is very similar to the one of
Candida antarctica Lipase B, while offering increased capabilities in terms of the size of the
substrate accepted, thanks to a superficial and wide active site. The said software was used
also to generate the ‘“catalophor” of different serine hydrolase subfamilies, enabling to
extract the structural features that distinguish the various sub-families of serine hydrolases.
Exploiting the “catalophor” tool and molecular dynamics studies it was possible to shed light
on the particular behaviour that makes cutinases an advantageous biocatalyst to be used in

polycondensation reactions.



1. Objectives and outline

The present work is part of a wider context aimed to the development of renewable solutions
for the synthesis of high added value green-polyesters carried forward by the Laboratory of
Applied and Computational Biocatalysis (LACB) of the University of Trieste. More
specifically, we focused on the valorisation of rice husk, an inexpensive composite material
derived as a waste of the industrial processing of rice’. The high worldwide availability, the
particular physicochemical features and the high percentage of polymeric organic matrix
prone to be functionalized, make the said lignocellulosic material an option for producing
carriers for enzyme immobilization with the potential to be used in industrial processes,
where recyclability of the biocatalyst and cost-effective solutions in terms of process design
play a central role. The possibility of introducing functionalizable chemical groups on the
cellulose fraction of rice husk paves the way to the exploitation of this material for a wide

range of opportunities, in particular the replacement of methacrylic and styrenic resins.

The Laboratory of Applied and Computational Biocatalysis studied rice husk as an
immobilization carrier for various enzymes including enzymes belonging to the classes of
lipases, invertases, proteases and cutinases®. Various techniques were tested for the
immobilization, including physical adsorption, cross-linking and covalent immobilization
using tailored functional groups. For this purpose, the rice husk was chemically treated in

order to functionalize the cellulosic component.

A characterization of the starting material was carried out in order to clarify the morphology
and the physical properties of the rice husk and how they can be exploited the enzyme
immobilization. Subsequently, the functionalization and immobilization technique was
tested with Candida antarctica lipase B (CalLB) and with asparaginase. Lipase
immobilization plays an important role in the research carried out at LACB because of their
involvement in the synthesis of high added value polyesters starting from renewable
monomers; full renewability of the synthetic process — from the choice of the immobilization
carrier to the selection of monomers — is the main goal. Various chemical modification
methods of rice husk aiming to obtain the best yield in terms of protein loading and enzyme
activity will be commented, including oxidation by sodium periodate and laccase and pre-

treatment with alkaline hydrogen peroxide to increase the immobilization yield.

Another key aspect for the efficient use of enzymes for industrial purposes, with particular
attention to biocatalysed polycondensations, is the selection of a suitable enzyme to be used
in the synthetic process. Our previous computational investigations disclosed how two

3



cutinases employed in polycondensation, namely Humicola insolens cutinase (HiC) and
cutinase 1 from Thermobifida cellulosilytica (The_cutl), share common features with CaLLB.
For example, the hydrophobicity of their surface is a consequence of the insolubility of their
natural substrates>°. Moreover, the BioGPS-based calculation of the “catalophor” of entire
enzyme sub-families, coupled with molecular dynamics simulations allowed to shed light on
the structural features of a dataset of serine hydrolases, where cutinases play a central role
as regards the biocatalysed polycondensations. The calculation of the “catalophor” tool helps
to identify the most important physicochemical features of the active sites responsible of

establishing an interaction with the substrate.

Cutinases are enzymes of particular interest because, unlike CaLB and most lipases, the
catalytic Ser of the considered cutinases is not buried in a deep funnel shape active site but
the active site is rather superficial and accessible to solvents and substrates®. In the case of
The cutl, the wider and more accessible active site, along with efficiency under milder and
less strictly anhydrous conditions represent crucial features for the development of strategies
for polymer synthesis and modification, as well as for the design of optimized hydrolases

starting from the The_cutl scaffold’.

When cutinases are compared to lipases and CalLB in particular, it is important to consider
that industry has been making a wide use of lipases - especially in detergent formulations-
since several decades, therefore pushing the scientific research towards the optimization of
stability, activity and expression of these biocatalysts. Similar efforts would be needed for
transforming selected promising cutinases into efficient industrial biocatalysts in the current

optics of developing a sustainable bioeconomy.



2. Background

2.1 The role of enzymes in the bioeconomy

During the last 150 years, the global industrial economy has always pursued a linear
approach that consists of gathering resources, transforming them into products and their
disposal after usage. In terms of volume, that caused the extraction of 65 billion tons of raw
materials’; taking into account that 3 billion of new consumers are expected to reach the
market by 2030, it is clear that an economic model like this is no more sustainable. The
economic cost of raw materials and their extraction is now constantly increasing because the
descending trend of the XX century has been broken®. Another key point is the slowdown

of agricultural productivity due to the worsening of soil quality caused by overexploitation.

These kinds of issues can be efficiently faced by circular bioeconomy with the valorisation
of waste materials. The aim of circular bioeconomy is, in fact, reintegrate waste in the
production process, treating them as valuable resources and establishing a virtuous cycle
where the waste is transformed into high added value starting material. Circular
bioeconomy represents a great change of paradigm where the concept of “end of life” is
replaced by recycling, removing in particular the need of bringing back in the biosphere
toxic chemicals and not environmentally friendly materials; this kind of approach requires
a redesign of materials, products and business models’ that aims to make extensive use of
renewable resources with a particular focus to those parts of the product that cannot be

recycled, and that should be recovered and brought back to the production cycle.

In the big vision of circular bioeconomy, chemistry obviously plays a central role. The target
of sustainable chemistry is redefining synthetic processes and products in order to minimize
the environmental impact while maximizing the possibility of recycling and re-usage. To
that extent, the green chemistry offers the practical tools needed to put in place this
paradigmatic and holistic change, which must start from research labs to reach the big
industrial production. The philosophy of the green chemistry could be summarised in the

twelve principles here reported:

e Avoiding waste production is more favourable than handling their disposal;

e Synthetic methodologies should be tuned to allow the maximum yield;

e  Where possible, unharmful and non-polluting substances should be used;

e Chemicals employed should be carefully selected to avoid toxic substances

production throughout the entire life cycle of the product;



e Volatile chemicals usage reduction (i.e. solvents);

e Energetic requirements should be assessed taking into account the economic and
environmental impact. Synthetic methodologies at environmental pressure and
temperature should be encouraged;

e Renewable matters should be preferred;

e Production of side products should be avoided or limited;

e The use of catalysts should be encouraged;

e Chemicals should be designed to not cause environmental harm after their disposal
and should be subject to natural biodegradative processes;

e Analytical procedures should be designed to avoid the real-time formation of toxic
substances;

e Chemicals should be chosen based on their safety in terms of explosions or accidental

release in the environment.

Biocatalysis fits very well the above-mentioned principles and can represent a good synthetic
methodology to push for the creation of environmentally compatible, cost-effective and

innovative products.

2.2 Biocatalysis

Biocatalysis refers to use natural catalysts, such as enzymes or microorganisms, to perform
chemical transformations’. Biocatalysis is a broad science whose comprehensive definition
requires a multidisciplinary approach that involves molecular biology, biochemistry, organic

chemistry, engineering and others'°.

Enzymatic reactions have been exploited since the dawn of the history of man for beer,
cheese and other foods productions and also for the treatment of leather and silk. The
industrial use of biocatalysis started 30 years ago, thanks to the recombinant DNA
technology, driving to the synthesis of high added value chemicals: the so-called fine
chemicals. Nowadays biocatalytic methodologies are extensively used in different fields,

spacing from the pharmaceutical and food industry to textile and medical sectors.

Lowering the activation energy of a chemical transformation, enzymes are able to boost
reaction rate to several orders of magnitude, enabling obtaining low environmental and
economic impact products, reducing the use of non-renewable resources and avoiding or

limiting the formation of toxic by-products.



The main advantages of biocatalysts are that they are biodegradable and non-toxic for the
humans and for the environment, their usage enables working in a reasonable range of
pressure and temperature conditions and the use of metals and organic solvents can be
avoided. Another important feature of enzymes is their chemo- regio- and stereoselectivity;

for this reason, they are often used for the synthesis of chiral molecules (i.e. steroids).

Biocatalysis also have some drawbacks. If recombinant DNA technology paved the way to
a broad availability of these catalysts, enzymes still remain not so stable (i.e. easily losing
activity because of temperature, mechanical stress, pH), the procedure of development and
process optimization represents a major obstacle and, lastly, not every chemical reaction

could be catalysed by known enzymes.

2.3 Biocatalysed synthesis of aliphatic polyesters

Aliphatic polyesters are among the most widely used biodegradable polymers. Typically,
such polymers are produced by means of polycondensation reactions which make use of
metal catalysts as manganese, zinc, calcium, cobalt, magnesium acetates and antimuonium
and titan oxides!!. Their toxicity and the risk of product contamination by the catalyst, make
them not suitable for the use in the production of materials of biomedical interest. More
importantly, traditional metal-based catalysts are less selective in comparison to enzymes,
making hard the synthesis of functional polyesters displaying complex structures. For
example, the use of monomers with three or more functional groups can lead to uncontrolled
polymerization and branching. Usually, chemical polycondensations are carried out at high
temperatures (180-280 °C) in order to reduce the viscosity of the system, with the side effect
of promoting the formation of by-products. In addition, such temperatures must be avoided
in presence non-thermostable monomers bearing functional groups like siloxanes, epoxides,

vinylic groups.

In 1980 enzymatic polycondensation was introduced as a technique that makes use of an
isolated enzyme to catalyse the polyesterification process'?>. The biocatalysed
polymerization can be based on polycondensation or ring-opening polymerization of
lactones (ROP). More specifically, these reactions can be further split in diacids and their
esters polycondensations with diols and polycondensations of hydroxy acids and their esters

with themselves (self-polycondensation).

Biocatalysed polycondensations have been extensively used in the industry in the last 20
years because other than being eco-friendly processes, they bring multiple advantages in

comparison to the classical chemical synthesis'*:



. high catalytic activity (turnover number);

. mild reaction conditions;
. high chemo-regio-enantio selectivity;
. low by-products formation;

However, there are also some drawbacks in the use of immobilized enzymes:

. biocatalyst are often unstable

. there is a low choice in terms of available enzymes

. cost-effectiveness

. time and costs needed for the development of an industrial biocatalysed process

The modern immobilization and protein engineering techniques allow to overcome most of
the mentioned disadvantages, providing a wide number of high performance and cost-

effective biocatalysts'*.

2.4 Lipases and cutinases as a tool for the synthesis of green polyesters

100 years ago, the physician C. Eijkmann discovered that some bacteria are able to produce
and secrete lipases, enzymes belonging to the family of serine hydrolases that turned out to
be stable in organic media. This finding had important practical applications in the field of

organic chemistry.

Nowadays, lipases are broadly studied and largely employed in the industry due to the ease
of preparation starting from fungi and bacteria. No cofactors are needed for their activity,
and they are able to catalyse esterifications and transesterifications also in organic media'>.
Lipases (EC 3.1.1.3) are defined as long chain (10+ C) triacylglycerol carboxylesterases.
Hydrolysing short-chain lipids is more typical of esterases, but very often lipases are able to

hydrolyse them too'®.

Originally, two key requirements were pointed out to define what exactly characterise an

enzyme with lipolytic activity as a lipase:

1. The enzyme must be activated when in correspondence of an oil/water interface and
its activity must increase when triglycerides are in form of an emulsion. This
behaviour is called interfacial activation;

2. The enzyme shall have a superficial and mobile peptide loop covering the active site
and called lid. That structure is displaced when the substrate approaches'®. Recently

researchers have established that this definition is not completely correct because of
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the existence of interfacial activation-lacking lipases as some lipases from

Pseudomonas and Candida antarctica lipase B.

Our research group addressed also cutinases, another serine hydrolase sub-family, to be
efficiently used in polycondensation reactions in thin-film, solvent-free conditions, while
employing rice husk as a carrier for enzyme immobilization and enabling for the first time a
fully renewable synthesis of polyesters®®. In a precedent work of this group, a multivariate
fractional design demonstrated that Cutinase 1 from Thermobifida cellulosilytica (Thc_cutl)
is able to catalyse the synthesis of biobased aliphatic polyesters in mild conditions, offering
some advantages in comparison with CaLB. In particular, the reaction can take place at mild
environmental conditions; notably, the activity of Thc cutl is higher at environmental
pressure and at low temperature (50 °C), increasing the sustainability of the process. In

addition, Thc cutl has a superficial active site capable of accepting larger substrates in

comparison to CaLLB (Figure 1).

The_cut1

Figure 1: Cutinase 1 from Thermobifida cellulosilytica (Thc cutl) and Candida antarctica lipase
B. Lys residues are represented in yellow and are targeted by covalent enzyme immobilization.
Catalytic serine, shown in spheres, occupies a more superficial position in The_cutl. (Pellis et al.

2015)

2.5 Catalytic mechanism of serine hydrolases

Lipases and cutinases are serine hydrolases presenting a catalytic triad composed of serine,
histidine and aspartic or glutamic acid. The catalytic mechanism starts with the nucleophilic

attack of the oxygen on the sidechain of the serine to the carbonyl on the ester moiety of the
9



substrate. The tetrahedral intermediate presents a negative charge stabilized b H-bond
interaction formed with the so-called oxyanion hole. Conversely, the charge on the
protonated histidine is stabilized by an H-bond with the acid catalyst of the catalytic triad.
Consequently, a proton transfer involving histidine and the alkoxy of the ester is carried out,
leading to the release of the alcohol with the simultaneous formation of the acyl-enzyme

intermediate.

The acyl-enzyme intermediate is then deacylated thanks to the reaction with a new
nucleophile (i.e. water, alcohols, amines). The histidine of the active site extract a proton
from the above-mentioned nucleophile and the hydroxyl anion reacts with the acyl-enzyme
carbonyl. A second tetrahedral intermediate is formed an stabilized by the oxyanion hole. In
the last step, the histidine loses a proton that is accepted by the serine with the simultaneous

release of the product and active site environment regeneration'® (Figure 2).
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Figure 2. Reaction mechanism of a typical lipase (Jaeger et al. 1999)

2.6 Polyesterification reactions and enzyme immobilization

Lipase B from the yeast Candida antarctica is one of the most used lipases in various fields
like chemistry, pharmaceutical and food industries'’. As its name suggests, the yeast was

discovered in the Antarctica during a research that aimed to find out new enzymes to be used
10



in the formulation of detergents. The yeast produces two isoenzymes; lipase A (CalLA)
activity depends on calcium ions and is highly thermostable, on the other hand, lipase B
activity does not rely on the presence of metal ions in the reaction media but it is much less
thermostable. Furthermore, lipase A is active on a broad spectrum of triglycerides and is not
much active towards non-natural ester substrates. Both the isoenzymes are produced via

cloning and expression of the lipase codifying genes in Aspergillus oryzae cells'®.

CaLB is a robust and organic solvent friendly enzyme of 317 amino acids, with a molecular
mass of 33 kDa. Its deactivation starts at temperatures higher than 60 °C. If immobilized on
a solid support it is able to withstand harsher conditions like polar organic solvents, low
water activity media, alkaline pH and higher temperatures. To date, CalLB is produced both
in free and in immobilized form by the companies Novozym, Roche Diagnostics, Almac,

Chiral Vision and Syncore Laboratories'’.

Furthermore, CaLB (Figure 3) is to be considered a hybrid between a lipase and an esterase
because — compared with other lipases — this enzyme is much less conformationally mobile
and does not present a clear interfacial activation?’. The narrow active site is buried in the
enzyme structure, and the catalytic triad is represented by Ser105, Asp187 and His224. The

oxyanion hole forming amino acids are Thr40, Gln106.

Figure 3. Lipase B from Candida antarctica (Uppenberg et al. 1994)
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To date, CalLB is one of the most suitable enzymes in polyesterification reactions because

of its favourable stability and catalytical features.

The enzymatic synthesis of polyesters requires immobilized biocatalysts because the use of
a water suspension of the protein is not compatible with the formation of polyesters, driving
the reaction towards hydrolysis rather than synthesis. Working with immobilized enzymes
also avoids product contamination, protein aggregation and limits denaturation while

enabling biocatalyst recycling after product separation.

The enzyme carriers commonly used for protein immobilization are methacrylic resins of
petrochemical derivation. Their usage has clearly the drawback of the environmental impact
associated with the production and disposal of such carriers. Life-cycle Assessment (LCA)
analysis pointed out that a great contribution to acidification and eutrophication events is
given by the usage of methacrylic resins in fermentative processes involving enzymes. In
particular, it has been calculated that, for each kg of immobilized biocatalyst , 16 to 25 kg of
carbon dioxide are produced and 117-207 MJ of non-renewable energy are consumed.
However, because of their cost-effectiveness, petrochemical carriers are still extensively

used?!.

The majority of the examples of polyesterification reported in the literature make use of
CaLB in its commercial formulation Novozym 435, where the enzyme is immobilized by

adsorption over methacrylic beads** 24,

Novozyme 435 has been widely used on solvent-free systems or in presence of organic
solvents. As reported by Binns?®, the viscosity of polycondensation products and the need of
mechanical stirring are so stressful for the support that adsorbed enzyme detachment is easily
noticed, due to the weak enzyme-support interactions. To overcome this issue, our research
group?® proposed the covalent immobilization on methacrylic resins with epoxy moieties

(Figure 4).
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Figure 4. Enzyme immobilization on epoxy-functionalized carriers (Hanefeld U., Gardossi L. et al.

2009)
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In this thesis, particular emphasis will be given to cutinases as an interesting substitute of
lipases in polycondensation reactions, a full overview of this topic will be provided in the
next chapters. As stated before, cutinases are a very interesting class of serine hydrolases
that show unparalleled advantages when it comes to the synthesis of polyesters. A thorough
review article on cutinases will be reported here and it will be accompanied with an in-depth

bioinformatics study tailored to compare cutinases with other serine hydrolases classes.

3. Rice husk as a renewable and inexpensive solution for enzyme

immobilization

3.1 Manuscript: Rice Husk as an Inexpensive Renewable Immobilization

Carrier for Biocatalysts Employed in the Food, Cosmetic and Polymer

Sectors

Nowadays, immobilized enzymes are not much widely used in industrial processes due to
the fact that the cost of the biocatalyst is not a critical factor in the planning of a synthesis
on an industrial scale’’. However, as pointed out in the preceding paragraph, immobilized
enzymes are mandatory in certain cases (i.e. polyesterification in solvent-free medium), their
usage enables also recyclability of the support that can be used for additional reaction cycles
and avoids product contamination with important use cases in the cosmetic and pharma

sectors?®.

In the perspective of achieving fully renewable and sustainable bio-based products, the
overall viability of the biocatalytic process has to be considered, and Life-cycle Assessment
(LCA) demonstrated that the nature of immobilization carriers is a critical point in evaluating
the sustainability of a biocatalysed process. Methacrylic resins represent the primary
greenhouse gas emission source for immobilized enzymes (51-83%) because of the fossil-

based raw materials, namely glycidyl methacrylate and ethylene dimethyl acrylate®!.

Natural biopolymers from agricultural waste may represent attractive alternatives
responding to the pressing challenges of a circular bioeconomy as long as they are largely
available at low prices. On a global scale, rice husk (RH) is one of the highest-volume
agricultural residues. For every 4 tons of rice harvested, 1 ton of RH is produced, amounting

to 120 million tons per year that are in large part not valorised.
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In a previous study’ our research group explored the potential of milled RH as a carrier for
enzyme immobilization of several enzymes. A minimal pre-treatment of the raw material
was necessary and different routes to achieve efficient and stable immobilization were tested
exploiting the different components of RH (cellulose, hemicellulose, silica and lignin).
CalLB immobilized on RH was tested in polyesterification reactions demonstrating its

competitivity with commercial styrenic and methacrylic preparations.

In the following work, rice husk as a green, novel and inexpensive carrier will be explored
for the covalent immobilization of Candida antarctica Lipase B (CalLB) and of two
asparaginases. The said manuscript lays the foundation for the improvement of the
immobilization technique on rice husk that will be treated in the following paragraph, where

a chemoenzymatic approach was exploited to obtain an immobilized formulation of CaLB.
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Abstract: The high cost and environmental impact of fossil-based organic carriers represent a critical
bottleneck to their use in large-scale industrial processes. The present study demonstrates the
applicability of rice husk as inexpensive renewable carrier for the immobilization of enzymes
applicable sectors where the covalent anchorage of the protein is a pre-requisite for preventing protein
contamination while assuring the recyclability. Rice husk was oxidized and then functionalized with
a di-amino spacer. The morphological characterization shed light on the properties that affect
the functionalization processes. Lipase B from Candida antarctica (CaLB) and two commercial
asparaginases were immobilized covalently achieving higher immobilization yield than previously
reported. All enzymes were immobilized also on commercial epoxy methacrylic resins and the CaLB
immobilized on rice husk demonstrated a higher efficiency in the solvent-free polycondensation
of dimethylitaconate. CaLB on rice husk appears particularly suitable for applications in highly
viscous processes because of the unusual combination of its low density and remarkable mechanical
robustness. In the case of the two asparaginases, the biocatalyst immobilized on rice husk performed
in aqueous solution at least as efficiently as the enzyme immobilized on methacrylic resins, although
the rice husk loaded a lower amount of protein.

Keywords: covalent immobilization of enzymes; rice husk; polycondensation; CaLB; itaconic acid;
aspartase; acrylamide; aspartase; renewable carriers; biomass

1. Introduction

Immobilized biocatalysts have the potential of enabling continuous processing, lowering
production costs and waste stream generation. Moreover, prevention of protein contamination is one
further motivation that induces food and cosmetic sectors to employ immobilized biocatalysts [1].
Nevertheless, immobilized enzymes represent only a minor fraction of the overall enzyme market
and the number of immobilized enzymes used on a scale larger than 10 kton per year is limited [2].
The development of immobilized enzymes for applications in the food sector and in the production

Catalysts 2018, 8, 471; doi:10.3390/ catal8100471 www.mdpi.com /journal /catalysts
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of large volume chemicals must carefully consider both costs and sustainability issues. Inexpensive
carriers and protocols, together with high reusability, are the factors that will determine the success of
immobilized enzymes. Woodley and co-workers [3] demonstrated that, if considered a carrier with
a cost of $50/kg, the carrier represents the largest contribution to the final cost, although the cost of
some carriers available on the market for enzyme immobilization (e.g., methacrylic resins) can be
2-5 fold higher.

Furthermore, environmental factors and stringent regulations [4] are gaining increasing relevance
in determining the overall viability of the biocatalytic process. Indeed, Life Cycle Analysis (LCA) [5]
of biocatalyzed processes disclosed that the fossil-based raw materials of epoxy methacrylic resins
represent the primary source of greenhouse gas emission for the immobilized enzymes. It is evident
that in order to promote a wider uptake of immobilized enzymes for the production of high-volume
and low-cost sustainable products, new carriers and immobilization strategies are needed [6].

Natural biopolymers from biomass represent attractive alternatives and on a global scale, the two
highest-volume agricultural residues are rice husk (RH) and sugarcane bagasse [7]. Rice husk
production accounts for around 120 Mt per year and only 20 Mt are currently used.

The literature reports a large number of studies where renewable materials or biopolymers have
been used as economical and sustainable immobilization carriers [8] and recently we have also reported

some preliminary results on the use of rice husk (RH) as a carrier for biocatalyst immobilization [9].
This natural and robust composite material is made of lignin, cellulose, hemicellulose and SiO; [10].

RH responds also to the pressing challenges of a circular economy, since it can be re-utilized at the
end of its proposed industrial application [11]. Moreover, as natural composite material, it has the
subsidiary advantage that it is subjected to less stringent legislative constraints even after chemical
modification [12].

The milled RH requires minimal pre-treatment and it is applicable in both physical and covalent
immobilization protocols and under various process conditions. Lipase B from Candida antarctica
(CaLB), a protease and an invertase have been previously immabilized covalently on RH oxidized
with NalOy4 and functionalized with the spacer hexamethylenediamine (HMDA). The method exploits
the nucleophilic reactivity of the lysine residues on the surface of the enzymes. Nevertheless, the low
protein loading (<50%) indicated the need of further optimization. The present study addresses
the problem of improving the percentage of protein loaded on the functionalized RH and aims at
understanding the morphological factors that affect the chemical modification of this complex natural
composite material. CaLB and two commercial asparaginases were selected for the immobilization
and application of the biocatalysts in reaction of practical interest in solvent-free but also aqueous
systems. The results here reported set the basis for the full exploitation of this versatile renewable
biomass for the covalent anchoring of proteins and as functional material in general [13-16].

2. Results and Discussion

2.1. Morphological Characterization of the Rice Husk

The rice husk used in the present study derives from ltalian rice varieties and its composition in
terms of SiO;, lignin cellulose and pentosanes was previously determined [10]. Figure 1 reports the
Scanning Electron Microscopy (SEM) images of the entire cuticle of the RH before the milling.
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Figure 1. Scanning electron micrographs of rice husk fibers at different orders of magnification:
(A) View of the external and internal surface; (B) internal section exposing the tracheids.

The rice husk has morphological differences between internal and external surfaces. The outer
surface of the husk is very rough and presents linear ripples with a conical shape that run regularly
along the whole surface. The outer surface contains a higher concentration of 5i0; that confers stiffness
and resistance towards external agents [17]. The internal surface, on the other hand, is smoother and
consists of a larger quantity of cellulose.

The first step of the study was the detailed characterization of fractions of the milled RH differing
in size (200-400 um and 100-200 um) using microscopy analysis (Figures 2—4). SEM microscopy
(Figure 2) indicates that the material retains the typical morphology of the internal and external surface,
probably because of the toughness conferred by the silica. Indeed, the milling of RH is feasible only
by knife-mill devices whereas ball mill systems resulted inefficient. Therefore, most of the fragments
expose only the lateral tubular structure as a result of the cutting of the stiff surface. Figure 2c,f
provides details of the internal organization of RH, with the fibrous tubular structures of tracheids
that form the mechanical skeleton of the material and have the function of transporting water and
nutrients in the plant cell wall [18]. The matured dead plant cells retained only the lignocellulosic
vascular structure.
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Figure 2. SEM images of: (a—c) Milled rice husk with particle size 200400 pm; (d—f) milled rice husk
with particle size 100-200 pm.

Bright field light microscopy (Figure 3) illustrates the tubular structures of tracheids and the
external layer of 5i0; that confers strength and rigidity to RH. Fluorescence microscopy (Figure 4a—c)
shows how the material is endowed with autofluorescence especially in the blue (A = 450480 nm) and
green range (A = 510-520 nm). These are the typical wavelengths of the lignin, which composes the
lignocellulosic biomasses [19]. Moreover, some restricted spots with autofluorescence in the red range
(A = 660-680 nm) are most probably ascribable to some residual chloroplasts [20]. Finally, the phase
contrast image shows a single RH fragment that underwent a partial exposure of the inner cellulosic
surface and highlights the regions where the lignin and the 5iO; are more concentrated.
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—— ] 00 pm

Figure 3. Bright field light microscopy images highlighting the tubular structure of tracheids (red
arrows): (a,b) Milled rice husk (RH) with average size of 200400 um; (c,d) milled RH with average
size of 100-200 um; (e) detail of the external siliceous layer of a fragment of milled RH.

100 pm 100 IJ'“ 100 pm
—

Figure 4. Milled RH (fragments with average size of 200400 um}: (a,b) Fluorescence microscopy,
(c) phase contrast image.
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The data of mercury intrusion porosimetry (Table 1) indicates that the milling causes an increase
of the porosity because of the exposure of the lignocellulosic tubular structures of tracheids.

Table 1. Comparison of porosity of RH before and after milling. Data were obtained by means of
mercury intrusion porosimetry.

Material Total Volume Total Pores Average Pore Porasity (%)
Intrusion (mL/g)  Volume (m?*/g)  Diameter (um) s

RH 0.2829 26.0 0.044 30.0

Milled RH (200400 pm) 0.3889 17.3 0.090 379

Overall, the characterization of the RH and its fragments indicates that it is mandatory to increase
the exposure of the lignocellulosic fraction of the tracheids in order to have access to a chemical
substrate suitable for the derivatization and the covalent anchoring of proteins. The attack of the
cellulosic component can occur at the level of the cut edges of the fragments or in regions that
underwent the partial removal of the outer layer composed by lignin and SiO;. It is also evident that
the lignin fraction is poorly accessible due to the 5i0; coating.

The activation of the surface was accomplished by oxidizing the cellulose with NalOy as
previously described [10]. The method preserves the glycoside bond while the oxidative cleavage
of the glucose unit leads to a five-term di-aldehyde, which resemble in its chemical structure the
glutaraldehyde, a largely employed reagent for the protein crosslinking as well as for enzyme
immobilization (see Electronic Supplementary Information—ESI, Figure S1). Notably, reports on the
use of oxidized carbohydrates for crosslinking established practical procedures, but never disclosed
the molecular basis for the cross-linking of proteins. The formation of an imine-linkage with primary
amino groups of Lys side chain was suspected to be the first step of the cross-linking by subsequent
reductive amination [21]. In the case of dextran polyaldehyde, one-step cross-linking was first reported
by Kobayashi and co-workers [22], demonstrating the possibility of obtaining rather stable products
without reduction. Indeed, studies on the glutaraldehyde reactivity reported little or no reversibility
of the imino bond formation within a pH range of 7-9 [23]. Moreover, the occurrence of unsaturated
Michael addition products has been reported at basic pH [24].

The oxidation of RH [25] was carried out using the milled RH with a particulate size between
200 and 400 um and the formation of the carbonyl groups was evaluated by titration (see ESI Figure
52) with hydroxylamine [26,27]. Moreover, the incidence of any subsequent oxidation of the carbonyl
group to carboxylic acid was quantitatively evaluated (see ESI Figure 53) by means of a conductimetric
titration [27,28]. The results obtained from the oxidation of the cellulose component of the rice husk by
treatment with a 0.2 M NalQOy solution for 22 h are reported in Figure 5.

There is an increase of carbonyl groups of more than 380%, whereas carboxylic groups increase
about 66%. Of course, some oxidative modification of the lignin cannot be excluded although the
microscopic characterization indicates that SiO; covers most of the lignin, which appears poorly
accessible (Figure 4).

2.2. Functionalization of RH with Amine Groups and Immobilization of Cal.B

Upon oxidation of the cellulose, amine functional groups were inserted using hexamethylenediamine
(HMDA) [10,29]. The functionalized RH was used for the covalent immobilization of CaLB, one of
the most widely employed enzymes in oleo-chemical, cosmetic and food sectors. Its structure and
superficial properties are illustrated in Figure 6.
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Figure 5. Comparison of the content (mmol-g ') of carbonyl (light gray) and carboxylic groups (black)
in samples of milled RH before and after different oxidative treatment.

Figure 6. Analysis of the 3D structure of lipase B from Candida antarctica (CaLB, PDB: 1TCA).
(A) The active site entrance is indicated by a cyan arrow while the superficial Lys are highlighted in
blue spheres on the secondary structure of the enzyme. (B) The color of designates the hydrophobicity
of the surface, going from white (hydrophilic) to red (hydrophobic).
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Prior to lipase immobilization, the amine groups were activated for 5 h with a solution of
glutaraldehyde (GA) in phosphate buffer. Finally, the activated carrier was incubated for 24 or
48 h in a solution of 10,000 U gcarrier 1in05M phosphate buffer at pH 8 (Figure 7). A solution of
PEG3000 was also added in order to improve the stability of the enzyme throughout the immobilization
procedure [10]. The pH was selected in order to maintain deprotonated a sufficient fraction of the
primary amine residues of the Lys thus allowing the reaction with the reactive groups present on the
solid support. Moreover, the imine bond presents little or no reversibility as well the formation of
Michael addition products [23].

CH,OH CHZUH CH,OH

— D_
Naioy HaN—R—NH,
—0 Sodlum dlamlne —0 |

perlodate spacer

Figure 7. Schematic illustration of the oxidation and functionalization of the cellulosic fraction of RH
for the covalent immobilization of CaLB.

In parallel, CaLB was also immobilized on the epoxy methacrylic resin EC-EP /S (size 100-300 um).
The actual anchorage of the CaLB through covalent bonding was verified for all immobilized
biocatalysts by filtering the immobilized biocatalyst at the end of the hydrolytic assay and then by
titrating the residual enzymatic activity in the supernatant using additional tributyrin. The data showed
that no residual activity was detected in the filtered emulsion, as a proof that all the immobilized
enzyme was covalently bound on the support (see ESI Figure 54). The recyclability of the CaLB
immobilized on RH was also tested for 10 hydrolytic cycles (see ESI Figure S5) confirming the
robustness of the formulation, as previously reported [9,10]. The properties of the different enzymatic
formulations are reported in Table 2.

It is noteworthy that the extension of the immobilization time from 24 to 48 h led to an increase
of the protein loaded on the RH from 33 to 72%. The need of a longer incubation time is ascribable
to a slow adsorption of the enzyme to the RH [10], whereas it is widely demonstrated that the
hydrophobic regions on CaLB induces a fast adsorption of the enzyme on hydrophobic organic
resins [1]. Furthermore, the formation of the imino bond requires longer reaction times than the
nucleophilic attack of the amine group to the epoxy ring of the EC-EP resins. Indeed, the loading of
only 10,000 U of CaLB led to an expressed enzymatic activity of 316 tributyrin Units (TBU), comparable

22



Catalysts 2018, 8, 471 Yof23

to that previously reported by employing 25,000 U gearrier ' and this result indicates that one gram of
the functionalized RH carrier is already saturated with 10,000 U of CaLB.

Table 2. Properties of different formulations of covalently immobilized CaLB.

Enzymatic U Immobilized Hydrolytic

Carrier Function Group Imn';*obm[ia)tmn Loaded Protein © Activity ?

e (U Bearrier ™" (%) wg)
Oxidized Rice Husk Amine (HMDA + GA) 24 25,000 € 35 317
Oxidized Rice Husk Amine (HMDA + GA) 24 10,000 33 178
Oxidized Rice Husk Amine (HMDA + GA) 48 10,000 72 316
Methacrylic EC-EP/S Epoxy 24 10,000 95 709

3 Units expressed as tributyrin hydrolytic activity referred to g of dry immobilized biocatalyst. ® Amount of protein
that was actually immobilized on the carrier, calculated by subtracting from the total amount of protein offered
to the carrier the protein still present in solution at the end of the immobilization procedure. © Data previously
reported [10].

Figure 8 reports a comparison of the morphology of the milled rice husk and the commercial
epoxy activated methacrylic resins EC-EP/S (size 100-300 um) that were selected for comparison.
The milled RH has a very inhomogeneous morphology, with particles of various shapes.

Figure 8. SEM images of: (a) Milled rice husk with average particle size 200400 pm; (b) Sepabeads
EC-EP epoxy methacrylic resin beads with average particle size 100-300 um.

The comparison with a CaLLB formulation prepared using a known procedure [10] and employing
the commercial epoxy resin EC-EP/S (100-300 um) shows that the epoxy group allows for faster
immobilization protocols and, as expected, the percentage of loaded protein is close to 100% leading
also to higher hydrolytic activities. The discrepancy between the two data obtained with EC-EP/Sis
due to the use of two different batches of the resin.

Despite the lower loading capacity, the functionalized RH is suitable for applications in bulk
viscous polycondensation processes [30,31]. We have already demonstrated that the severe mass
transfer limitations of these reactions can be overcome by maximizing the dispersion of the enzyme
over a wide surface of the carrier rather than by increasing the loading of the biocatalyst. Moreover,
any attempt to apply vigorous mixing systems while using methacrylic carriers resulted in the
mechanical damage of the resins. In the present study, the polycondensation was carried out using a
thin-film system that preserves the integrity of both the RH and the EC-EP resin [10,30,31].

The different formulations of covalently immobilized CalB were used upon drying (see
experimental) and in all cases, the water content of the formulations was <12% (w/w). Interestingly,
despite the lower loading capacity, the RH-CaLB resulted more efficient in the solvent-free
polycondensation of two bio-based monomers, dimethylitaconate (DMI) and 1,4-butandiol (BDO) to
obtain poly(1,4-butylene itaconate) [30,31] (Figure 9 and Table 3). Enzymatically synthesized polyesters
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with moderate MW are of interest for the cosmetic sector as film forming or for improving sensorial
quality [32] but they find also applications as adhesives or pre-polymers prone to further chemical
modifications [33,34]. More specifically, the derivatives of itaconic acid are gaining attention for
the potential applications in dental materials, elastomers, drug-delivery and other biomedical and
biotechnological applications [35]. Notably, the chemical polycondensation of itaconic acid leads
to isomerization and radical cross-linking of the vinyl group under the conventional harsh reaction
conditions (T > 150 °C). Therefore, the enzymatic polycondensation carried out at 50 °C appears as a
convenient route for preserving the vinyl group throughout the synthetic process [31].

Covalently
o immobilized
CalLB
MeO + HO ~"~""0H

OMe 50°C, 70 mbar
o solventless

Figure 9. Solvent-free polycondensation catalyzed by CaLB covalently immobilized on RH.

The results in Table 3 and Figure 10 show that CaLB on rice husk and CaLB on methacrylic
resin lead to comparable conversion and Mw values, although in the first case the polycondensation
employed about half of the enzymatic units. The data indicate that the enzymatic preparation of CaLB
on RH can be effectively employed for the sustainable synthesis of short bio-based polyesters with
controlled structures. Nuclear Magnetic Resonance (NMR) characterization (see details in ESI Figures
56-511) demonstrated that the enzymatic synthesis at 50 °C preserves all vinyl groups, thus making
them available for further functionalization [31].

Table 3. Comparison of the results obtained by the polycondensation reaction catalyzed by the two
different preparations of immobilized CaLB. Enzymatic units refers to tributyrin hydrolytic activity.
Reaction were monitored by "H-NMR. Details are available in ESI.

Biocatalyst U@ inonomers™ - Reaction Time (h) Conversion (%)
24 69
CaLB RH 158 48 87
72 92
24 70
CaLB EC-EP/5 297 48 87
2 88

Notably, the use of a low amount of lipase (158 U gmo,,om,_l) but dispersed on a wide amount
of RH carrier (corresponding to 50% w/w) allowed also to overcome the low electrophilicity of the
conjugated acyl group of the dimethylitaconate. Previously reported attempts [31] of synthetizing
poly(1,4-butylene itaconate) using 240 U gmmwmﬂ‘1 of CaLLB immobilized on EC-EP but concentrated
in a smaller volume of carrier (10% w/w) led to the formation only of the trimer ABA where the diol
(A) is acylated by the fast reacting carbons of two DMI units (B). Under such conditions only 5% of the
slow reacting acyl group reacted, thus preventing the elongation of the polymeric chain.

One possible explanation of the higher efficiency of the RH as immobilization carrier resides in its
lower density (0.4 g mL ') compared to methacrylic resins (>1.1 gmL ! as stated by the producer).
The two polycondensation reactions were carried out using an equal weight of the two immobilized
formulations (50% w/w on monomers basis). Therefore, the volume available for the immobilization of
the lipase is more than double in the case of RH. Indeed, the data confirm the previous observations [30]
that mass transfer limitations can be overcome in viscous systems by distributing a limited amount of
enzymatic units on a large volume of carrier. On that respect, the common paradigm of biocatalysis
that calls for highly loaded and highly active biocatalysts appears not applicable to viscous systems.
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Although the diameter of a single enzyme molecule is <10 nm and the pores of EC-EP/S
(average pore diameter 10-20 nm), in principle, should be accessible to single enzyme molecules,
the viscous reaction mixture has access only to the portion of CaLB immobilized on the outer surface
of the carrier [30].
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Figure 10. Electron Spry lonization Mass Spectrometry (ESI-MS5) positive ion mass spectra of the
solvent-free enzymatic polycondensation products of dimethyl itaconate (DMI) with 1,4-butandiol
(BDO) after 72 h. Top: Reaction catalyzed by CaLB on rice husk. Bottom: Reaction catalyzed by CaLB
on EC-EP/S. A = BDO; B = DML

The role of the porosity of RH is more complex: Although the SEM images (Figure 2f) show that
the opening of tracheids is quite wide (3-10 um), these deep and straight channels (Figure 2e) are
accessible only from the cut edges of the RH fragments. Therefore, this type of internal structure of
RH (average pore diameter 90 nm, Table 1) is hardly comparable with the macroporosity of common
silicate or methacrylic carriers. Further studies will be necessary for describing the localization of the
enzymes molecules on the macropores of RH and also on its external surface.
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For instance, Gross and co-workers analyzed by Infra Red (IR) imaging the localization of CaLB
in Novozymes 435 [36], the biocatalyst most widely employed for polycondensation and made of a
macroporous resin of poly-methyl methacrylate (Lewatit VI* OC 1600). They showed that the protein
is localized in an external shell of the bead with a thickness of 80-100 pum and that the distribution of
CalLB is not uniform throughout this shell. However, in such case, the lipase was immobilized through
physical adsorption, which makes the comparison with RH behavior even more difficult.

In order to evaluate the applicability of the CaLB covalently immobilized on RH, this formulation
was also applied to the solvent-free synthesis of propyl laurate at 55 °C, a reaction system without
relevant mass transfer limitations. In that case, the activity of CaLB-RH (expressed as pmol of
propyl laurate formed by 1 g of immobilized biocatalyst in minute) was of 592 - 24 pmol g~ ! min~!.
The CaLB on EC-EP led to 2395 + 41 pmol g ! min !, demonstrating a higher efficiency of the
mesoporous methacrylic resin in this kind of synthetic process. In conclusion, the efficiency of the two
formulations of covalently immobilized CaLB depends strongly on the physical chemical properties of
the reaction system.

2.3. Covalent Immobilization of Asparaginases on Functionalized Rice Husk

The study moved its focus to the application of functionalized RH as a carrier for the
immobilization of asparaginases, which catalyze the hydrolysis of asparagine to aspartic acid.
The enzyme is considered an effective means for reducing the formation of acrylamide in foods
by degrading its precursor asparagine [37]. Upon heat treatments, asparagine undergoes condensation

with reducing sugars then promoting a cascade of reactions that lead to the formation of acrylamide.

Acrylamide is classified as “probably carcinogenic to humans” and the discovery of high levels of
acrylamide in many common food products has intensified the research towards possible solutions of

the problem [38] and to the development of commercially available food grade asparaginases enzymes.

Asparaginases are classified as asparagine starch hydrolase, namely amidases, with EC
code (3.5.1.1.) The asparaginases from Erwinia chrysanthemi and Escherichin coli are currently in
clinical use as effective drugs in the treatment of leukemia and several studies have already
addressed the immobilization of asparaginases for clinical applications on supports such as magnetic
nanoparticles [39], epoxy activated Sepharose [40] and protein micro particles [41]. The literature
reports that asparaginases are tetramers of identical subunits, with molecular mass in the range of
140-160 kDa [41,42]. Each of the four active sites is located between the N- and C-terminal domains
of two adjacent monomers. Thus, the tetramer can be treated as a dimer of dimers. Despite this fact,
the active enzyme is always a tetramer. Each monomer consists of 327 residues. Therefore, the enzyme
results to be rather large. Nine residues have been identified as essential within the active site because
they are involved in substrate recognition and catalysis. The hydrolytic mechanism involves a residue
endowed with nucleophilic activity (threonine 12 in the case of asparaginase from Pyrococeus horikoshii)
within the active site [43].

The present study was carried out by combining the structural and functional analysis of two
asparaginases commercialized by Novozymes. Acrylaway L is produced by the cloning of an
asparaginase gene from Aspergillus oryzae in the same microorganism, although genetically modified,
whereas Acrylaway High-T is obtained by cloning an unmodified gene into the genetically modified
Bacillus subtilis. It must be noted that only the enzyme contained in the preparation Acrylaway L is
potentially glycosylated as it is produced by a eukaryotic organism. The presence of large glycans
(generally 8-30 units of mannoses) on the protein surface creates wide hydrophilic regions that affect
the interactions of the enzyme with the outer environment or the immobilization carriers.

The two enzymes were evaluated in terms of protein concentration, presence of stabilizers,
possible post-translational modifications (glycosylation) and all the factors that could influence their
immobilization and final use. The asparaginases were immobilized covalently on RH and EC-EP/S
resins to comply with EFSA (European Food Safety Authority) regulations regarding the use of
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enzymes in food processing and more specifically the two asparaginases were immobilized covalently
to guarantee the control of any contamination of the food by the enzyme [44].

The structure of the asparaginases from Erwinia chrysantemi was selected from the Protein Data
Bank [45] as a model of reference for a general analysis of the structural features of asparaginases
enzymes. Figure 11 shows the hydrophobic and hydrophilic areas of the protein surface, responsible
for the preliminary physical interactions with the solid support and the distribution of the nucleophilic
Lys residues, responsible for the covalent bonds with the carriers.

Figure 11. Analysis of the 3D structure of asparaginase from Erwinia chrysantemi in tetrameric form
(PDB 107]). (A) The superficial Lys of the enzyme are highlighted in blue spheres on the secondary
structure of the enzyme. (B) The colors of the enzyme surface indicate hydrophilic areas (white) and
hydrophobic regions (red). (C) The tetrameric structure with each monomer colored differently while
the glycosylation sites are highlighted in orange sphere mode.

The enzyme surface presents significant hydrophobic areas, which are generally absent in
hydrolases such as proteases and amidases but widely present in lipases [46]. The potential
N-glycosylation sites were also identified by analyzing the primary structure of the enzyme (see
ESI Figure 512). They are located in each subunit (Figure 11C) in areas adjacent to the opening of the
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active site. Generally, the glycans have the role of masking hydrophobic regions exposed to the bulk
aqueous environment, thus preventing protein aggregation [47].

As illustrated in Figure 11, the enzyme has a large number of lysine residues and they are mostly
disposed on the opposite side in respect to the opening of the active site. This element, although
referred to a model structure, indicates that the asparaginase from Erwinia chrysanthemi is favorable for
being covalently immobilized and achieving multi-point anchorage with correct orientation and free
access to the active site.

The protocols for the covalent immobilization of the two asparaginases on the functionalized
rice husk were developed by adjusting the two enzymatic solutions at the same protein concentration
(3.40 mg/mL) to compare the affinity of the two enzymes for the carrier. The activity was tested for
10 cycles, in order to evaluate also the recyclability of the biocatalyst. The two asparaginases were
also immobilized on EC-EP/S resins. The results of the characterization of the four preparations are
reported in Table 4. Enzyme performance was determined by evaluating the amount of asparagine
hydrolyzed by the immobilized enzymes after 30 min at 40 “C.

Table 4. Properties of the two asparaginase immaobilized covalently on the functionalized rice husk and
on EC-EP/S resins. The enzyme performance was determined by evaluating the amount of asparagine
hydrolyzed after 30 min of incubation at 40 °C.

Loaded Actual Actual Loaded Hydrolyzed Hydrolyzed
Carrier Asparaginase Protein Loaded Protein e };ra iie () Asparagine after
(mg-Bearrier ) Protein % (Mg Bearrier ) parag ; 10 Cycles (%)
Acrylaway L 26.8 72 12.3 100 100
EC-EF/5 Acrylaway High-T 26.8 93 249 100 98.5
RH Acrylaway L 179 44 79 100 100
Acrylaway High-T 17.9 38 6.8 93 86.5

The different immobilization yields obtained with the two asparaginases indicates that the
hydrophobic and hydrophilic interactions play important roles in favoring the initial adsorption
of the enzyme on the support. Acrylaway L is a glycosylated asparaginase and therefore more
hydrophilic. This characteristic translates in a lower immobilization yield on the methacrylic epoxy
resin (72%) whereas the less hydrophilic Acrylaway High-T adsorbs and binds readily (93%) on the
same hydrophobic resin. An opposite trend, although less marked, can be observed in the case of the
immobilization on RH.

All immobilized biocatalysts expressed an excellent efficiency, especially those immobilized on
rice husk that proved able to hydrolyze quantitatively the acrylamide in solution for 10 cycles of
treatment. Notably, the amount of protein loaded on the methacrylic resins was about double as
compared to the formulations obtained with RH. This indicates that the lower loading capacity of the
functionalized RH is counterbalanced by an excellent dispersion of the light RH carrier in the aqueous
solution and favorable access to the enzyme.

3. Materials and Methods

3.1. Materials

Samples of rice husk (Carnaroli type) were kindly donated by Riseria Cusaro (S.r.L.) (Binasco,
Ttaly) and derive from Italian rice varieties. The organic composition, previously determined [10], is the
following: 46.5% cellulose, 31.9% lignin and 22.1% of pentosanes (hemicellulose). SiO; constitutes
about 20% of the global weight. The milled RH has a water adsorption capacity of 42.6% w/w,
determined by weight difference. Lipase B from Candida antarctica (CaLB, batch LCN02115 with
an activity of 4005 U mL '), Asparaginases Acrylaway L (minimum activity stated by producer:
3500 ASNU/g) and Acrylaway High-T (minimum activity stated by the producer: 6000 TASU/g)
were purchased from Novozymes (Bagsvaerd, Denmark). The protein content of Acrylaway L and
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Acrylaway High-T, determined independently by the Bradford test using serum bovine albumin
as standard, was 5.77 and 3.04 mg. mL™! respectively. The solvents were standard laboratory
grade. Alcohol, organic acid, and other reagents were purchased from either Aldrich Chemical Co.
(Milwaukee, Wisconsin, United States) or Sigma-Aldrich (St. Louis, MO, USA) and used as received if
not otherwise specified. Sepabeads EC-EP/S were purchased from Resindion (Milano, Italy). Product
features as from the producer: Oxirane content: Minimum 100 umol/g wet; Median pore diameter:
10-20 nm. Water retention: 55-65%.

3.2. Grinding and Sieving

Rice husk was milled using a Rotor mill ZM 200 (Retsch Cusaro (S.r.L.), Bergamo, Italy). The raw
material was separated by size using four different sieves of 450, 250, 200 and 100 um, respectively.
The wet particles were weighed and then dried in an oven at 120 °C for 6 h. The density of RH before
milling was 0.153 g mL~ ! whereas the milled RH (size 0.2-0.4 mm) had a density of 0.437 g mL .
Porosity was determined using mercury porosimetry.

3.3. SEM Microscopy

Samples were metallized with the S150A Sputter Coater instrument (Edwards High Vacuum,
Crawley, West Sussex, UK) before being observed with the Leica Stereoscan 430i scanning electron
microscope (Leica Cambridge Ltd., Cambridge, UK) integrated with an Si detector (Li) PENTAFET
PLUS TM, with an ATW TM window (Oxford Instruments, Oxfordshire, England) for microanalysis.

3.4. Light and Fluorescence Microscopy

Rice husk was put on glass slides, mounted with Canada balsam (Sigma-Aldrich, St. Louis, MO,
USA) and kept under vacuum for a few minutes to remove air bubbles. Specimens for epifluorescence
were mounted with glycerol and DABCO (1,4-Diazobicyclo-(2,2,2)octane (Sigma-Aldrich St. Louis,
MO, USA).

Rice husk slides were observed with a Zeiss Axiophot microscope (Oberkochen, Germany) using
transmission light or epifluorescence and micrographs were collected by a ProgRes CFcool camera
(Jenoptic, Jena, Germany).

3.5. TH-NMR Spectra Related to Polycondensation of DMA and BDO

Spectra were recorded on a JEOL Ex-270 spectrometer (JEOL, Tokyo, Japan) operating (270 MHz).
The solvent was CDCl; if not otherwise specified.

3.6. Thin Layer Chromatography (TLC)

Polycondensation was monitored on silica gel glass plates 20 x 20 cm (Macherey-Nagel, Diiren,
Deutschland). The spots were visualized by treating the silica plates with a solution mixture of
KMnQy/KOH (1.25/0.5%). The components were separated employing ethyl acetate as mobile phase.

3.7. Electrospray lonization Mass Spectrometry (ESI-MS)

The crude reaction mixtures were analyzed on Esquire 4000 ESI-MS ion trap Bruker instrument

(Karlsruhe, Germany) electrospray positive ionization by generating the ions in an acidic environment.

Around 10 mg of sample was dissolved in 1 mL methanol containing 0.1% v. v~ ! formic acid.
The generated ions were positively charged with the m z~! ratio falling in the range of 100-1000.
The subsequent process of deconvolution allows the reconstruction of the mass peaks of the chemical
species derived from the analysis of the peaks generated.
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3.8. Moisture Determination

A sample of 1.0 g of rice husk (A) was weighed in a tarred weighing bottle. It was dried for
2 h in an oven at 105 + 5 °C, cooled in a desiccator, and then the stopper was opened in order to
equalize the air pressure and weigh. The bottle was replaced again in the oven for 1 h. The process
was repeated, followed by cooling and weighing as above for successive periods until constant weight
(B) was reached. Moisture content % = [(A — B)/A] = 100.

3.9. Titrations

Potentiometric titrations and pH measurements were performed using a Graphic DL50 Mettler
Toledo automatic titrator. Conductimetric measurements were performed using a Conductivitymeter
CDM 92 (Sigma-Aldrich St. Louis, MO, USA).

3.10. Lipase Hydrolytic Activity (Tributyrin Assay)

The activity of enzymatic preparations was assayed by following the tributyrin hydrolysis and
by titrating, with 0.1 M sodium hydroxide (NaOH), the butyric acid that was released during the
hydrolysis. An emulsion composed of 1.5 mL tributyrin, 5.1 mL gum arabic emulsifier (0.6% w/v) and
23.4 mL water was prepared in order to obtain a final molarity of tributyrin of (.17 M. Successively,
2mLof0.1M sodium-phosphate buffer (Nap), pH 7.0, was added to 30 mL of tributyrin emulsion

and the mixture was incubated in a thermostatted vessel at 30 °C, equipped with a mechanical stirrer,
After pH stabilization, 100 mg of immobilized biocatalyst or 0.005 mL CaLB native solution was added.

The consumption of 0.1 M NaOH was monitored for 14 min. One unit of activity was defined as
the amount of immobilized enzyme required to produce 1 umol of butyric acid per min at 30 “C.
One tributyrin unit (TBU) of lipase activity was defined as the amount of enzyme which liberated 1
umol of butyric acid per minute under the given assay conditions.

3.11. Asparaginase Assay

L-Asparagine (Sigma A0884-25G, St. Louis, MO, USA) was dissolved in deionized water at a
concentration of 100 mg L1, A total of 0.5 mg of immobilized asparaginase was added to 1 mL of
this solution and was placed in 2 mL Eppendorf tubes. To obtain the previously mentioned amount
of enzyme, 200 uL (volume of the storage buffer in which the immobilization matrix was carefully
re-suspended) was used in the case of enzymes immobilized on resin. For enzymes immobilized
on rice husks, the volume used was double (400 ul). After 30 min under stirring at 250 rpm on an
orbital shaker at 40° C, the immobilized enzyme was recovered by centrifugation (Beckman-Coulter
Allegra 64R centrifuge, Indianapolis, IN, USA, F2402H rotor, 17,000 rpm, 3 min, RT (21 “C)). At the end
of the centrifugation, the concentration of asparagine was measured in the supernatant. Afterward,
1 mL of fresh asparagine solution was added to the precipitated enzyme for the next assay cycle.
The procedure was repeated 9 times, for a total of 10 consecutive cycles of use of each enzyme
sample. The determination of asparagine was carried out according to the procedures described by the
EZ-faast® kit for amino acids (Phenomenex) by GC/MS Agilent Technologies (Santa Clara, CA, USA),
equipped with a 10 m ZB-AAA capillary column, 0.25 mm thick film. A total of 100 ul of sample in
the presence of 20 nmol of norvaline as internal standard were cleaned up through an ion exchange

resin. The amino acids were released from the resin through n-propanol used as an eluting medium.

The samples were then derivatized through propyl chloroformate, which allowed the alkylation of the
amino and the esterification of the carboxylic group of each amino acid simultaneously. The sample
preparation was in accordance with the procedures described by Phenomenex in the usage of the
EZ-faast® kit for amino acids determination. Compounds were eluted by a He gas flow of 1 ml/min
in splitless mode and separated using a 10 m ZB-AAA capillary column (film thickness 0.25 pm).
The oven temperature was initially set at 110 °C, held for 1 min, increased to 160 “C at 25 “C/min,
held for 1 min, then to 205 °C at a rate of 15 “C/min. The mass spectrometer was set to electron impact
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mode (MS-EI) generated at 70 eV and mass spectra were collected in full scan mode, collecting ions
from 39 to 500 m/z.

3.12. FT-IR

FT-IR spectra were recorded with a 2000 NIR FT-Raman spectrophotometer (Perkin Elmer,
Roadgau, Germany). The samples, after drying in a desiccator, were reduced to powder with KBr
and a tablet was prepared by pressing a force of 10 tons for 2 min. The spectra were recorded in a

4000400 cm ! spectral range and with a resolution of 2 cm L

3.13. UV-Vis

UV-Vis spectra were recorded using a two-ray Lambda 35 specl'rophotometer (Perkin Elmer,
Rodgau, Germany) and a two-beam V-550 spectrophotometer (JASCO, Pfungstadt, Germany).

3.14. Determination of the Content of Carbonyl Groups

The content of carbonyl groups was determined by reaction with hydroxylamine chlorhydrate.

This reacted with the hydroxylamine forming an oxime and the hydrochloric acid released was then
titrated with sodium hydroxide. In 25 min of a 0.25 M solution of hydroxylamine and chlorhydrate,
the pH was brought to 3.20 + 0.05 with HCl. About 200 mg of rice husk of hydrated oxidized rice was
added to the solution and the suspension was allowed to react for 2 h under stirring. After this time,
the reaction was titrated with 0.1 M NaOH to bring the pH back to 3.20. At the end of the titration,
the mixture was fed and the rice husk was dried for 6 h in an oven at 120 °C to determine the exact
anhydrous weight of the analyzed sample.

To remove any interferences, a white consisting of a non-oxidized rice husk was treated with
the same method, which was previously washed 6 times with an ethanol mixture:Water 50:50.
Each measurement was performed twice. The content of carbonyl groups was calculated using
the following formula:

mmol aldehyde/gcarrier = (VNaUIl x CNaUI l)/mdr}' carrier

where Vi,op is the volume in mL necessary to adjust the pH of the mixture to 3.20, Cn,op is the
concentration of NaOH (0.1 mmol/mL) and Mry carrier is the mass in grams of the anhydrous samples.

3.15. Determination of the Content of Carboxylic Groups with the Conductimetric Method

About 100 mg of sample was suspended in a beaker containing about 70 mL of 0.01 M HCL
The suspension was left under magnetic stirring for 30 min and subsequently titrated with 0.1 M
NaOH. At the end of the titration, the suspension was filtered and the sample was dried for 6 h in an
oven at 120 °C to determine the exact weight. As a reference, a solution consisting of 70 mL of 0.01 M
HCl was titrated.

The content of carboxylic groups (mmolcooH/8smple) Was determined with the
following formula:

carboxylic groups = Cnaon % (V1 — VZ)/m-sampJ{_-

where CNaOH is the concentration of NaOH (0.1 mmol/mL), V| and V; are the volumes (mL) of
NaOH necessary to control the weak acid present in the mixture (see ESI) and myzmpje is the mass (g)
of the anhydrous sample. The value of the carboxyl group contents was calculated on an average of
two measures and it is reported with the standard deviation.

3.16. Oxidation of Rice Husk with Sodium Periodate

A total of 2 g of rice husk (particle size 200400 um) previously washed with a mixture of
H;O:ethanol 50:50 (3 % 3 mL) was placed in a syringe with septum. Then, 50 mL of a 0.20 M NalOy
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solution was added and the mixture was allowed to react under stirring on the blood rotator for 22 h
in the dark and at 25 °C. The solid support became dark brown. At the end of the reaction, the rice
husk was filtered and rinsed with deionized water (3 x 10 mL) until neutrality.

3.17. Functionalization of Oxidized Rice Husk with HMDA Diamine Spacer

A total of 40 mL of a 0.9 M solution of hexamethylenediamine in methanol was added to the
oxidized rice husk (200 mg) and the mixture was allowed to react for 72 h at 25 °C by stirring on the
blood rotator. After this time, the rice husk was filtered and washed with methanol (2 x 40 mL).

3.18. Activation of Amine Functionalized Rice Husk with Glutaraldehyde Prior to Immobilization

Prior to immobilization, the amine-functionalized rice husk (200 mg) was activated by adding
50 mL of a 1.25% (v/v) glutaraldehyde solution in 0.05 M phosphate buffer at pH 8 and the suspension
was allowed to react for 5 h at 25 °C. At the end of activation, the rice husk was filtered and washed
with 0.05 M phosphate buffer at pH 8 (2 % 50 mL).

3.19. Determination of the Leaching of the Enzymes after Covalent Immobilization

At the end of the test for enzymatic activity, the biocatalyst was removed by filtration and 500 pL of

the filtrate was taken, which were subjected to the enzymatic activity assay with tributyrin hydrolysis.

3.20. Immobilization of the CaLB on the Rice Husks Oxidized with Metaperiodate and Functionalized with
Diamine Spacer

A total of 0.2 g of rice husk functionalized according to the procedure described above was placed
in a syringe with septum. A 900 U/mL solution of Lipozyme CaLB was prepared in a vial by diluting
the commercial preparation (4005 U/mL) in 0.5 M phosphate buffer at pH 8.

Immobilization was carried out by adding the enzymatic solution to the activate the rice husk
to have a theoretical enzyme loading of 10,000 TBU g rrier — 1. Then, 0.5 mL ofa 2 mg/mL solution
of PEG-3000 in phosphate buffer 0.5 M at pH 8 was added and the mixture was allowed to react at
25 °C on a rotating wheel for 24 or 48 h as stated in Table 2. After immobilization, the preparation was
filtered and washed with 0.02 M phosphate buffer at pH 8 (6 x 1.2 mL), rinsed with acetone (4 x 1 mL)
and dried on the septum of the syringe under vacuum (740 mbar). The preparation was transferred in
a vial and stored in the fridge at 4 °C.

3.21. Immobilization of the Cal.B on EC-EP/S Epoxy Methacrylic Resins

A total of 1.0 g of EC-EP/S epoxy resins (average particle size 100-300 um) and washed once with
5 mL of deionized water were placed in a syringe with septum.

A 900 U/mL solution of Lipozyme CaLB was prepared in a vial by diluting the commercial
preparation (4005 U/mL) in 0.5 M phosphate buffer at pH 8. Then, 11.4 mL of this solution was taken
and added to the syringe containing the resin, so as to have a theoretical enzyme loading of 10,000 TBU
Seamier |- The mixture was allowed to react at 25 °C on a rotating wheel. After 24 h, the preparation
was filtered and washed with 0.02 M phosphate buffer at pH 8 (6 x 3 mL). In order to quench the
unreacted epoxy groups, the enzymatic preparation was incubated for 24 h with 15 mL of a saturated
solution of glycine. Afterwards, the immobilized biocatalyst was filtered and washed with 0.02 M
phosphate buffer at pH 8 (6 x 1 mL), then rinsed with acetone (3 x 3 mL) and dried on the septum of
the syringe under vacuum (740 mbar for 30 min. The biocatalyst was transferred in a vial and stored
at4°C.

3.22. Lipase Catalyzed Synthesis of Propyl Laurate

A total of 1.2 g of lauric acid (6 mmol) and 0.45 mL of 1-propanol (6 mmol) were placed in a 20 mL

vial. The solution was thermostatted at 55 °C and kept under stirring (250 rpm) in an orbital shaker.
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A sample (0.1 mL) was collected at t = 0 and weighed in a beaker. About 50 mg of biocatalyst were
added to the initial solution and the mixture was left under stirring for 15 min. At regular intervals,
0.1 mL of the mixture were collected, weighed in a beaker and subsequently diluted in beakers with
7 mL of ethanol under continuous magnetic stirring. Three drops of phenolphthalein solution were
added as an indicator. The samples were then titrated with a 0.1 M solution of KOH in ethanol until a
persistent color change (light pink). The measurements were made in duplicate. One unit of activity
(U/ gviacatalyst) of the biocatalyst is defined as the amount of immobilized enzyme necessary to produce
1 pmol of p'mpyt laurate in one minute at 55 “C without solvent.

3.23. Solvent-Free Polycondensation of Dimethyl Itaconate with 1,4-butandiol Catalyzed by Cal.B Immobilized
on Epoxy Methacrylic Resins

A total of 16 mmol (2.4950 g) of dimethyl itaconate, 8 mmol (0.7310 g) of 1,4 butanediol and the
immobilized enzyme (50% w/w; 297 U gmanomer l) were transferred to a 100 mL flask connected to

a rotary evaporator at 200 rpm. A pressure of 70 mbar and a water bath temperature of 50 °C was
applied. After 6 h, another 8 mmol of BDO were added and the mixture was left to react for 72 h.

The enzyme was removed from the mixture by vacuum filtration and washing with dichloromethane.

The solvent was subsequently removed under reduced pressure (600-500 mbar). The reaction product
appears colorless and viscous. The characterization of the reaction product was carried out by 1TH-NMR
spectroscopy (see ESI) by dissolving the sample in deuterated chloroform (CDC13) and by ESI mass
spectrometry. The conversion was calculated by 1H-NMR, taking into account the signal relative
to methylene in « to the hydroxyl in 1,4-butanediol and the signal of the same methylene in the
esterification product [30]. The raw product was also solubilized in tetrahydrofuran (THF) and
analyzed by Gel Permeation Chromatography (GPC).

3.24. Solvent-Free Polycondensation of Dimethyl Itaconate with 1,4-butandiol Catalyzed by CaLB Immobilized
on Functionalized Rice Husk

A total of 8 mmol (1.2485 g) of dimethyl itaconate, 4 mmol (0.3600 g) of 1,4 butanediol and the
immobilized enzyme (50% w/w; 158 U gmonomer 1) was transferred to a 25 mL flask connected to a
rotary evaporator at 200 rpm. The reaction was carried out as described in the paragraph above.

3.25. Lipase Hydrolytic Activity Assay for Determining Tributyrin Units (TBU)

The activity of enzymatic preparations was assayed by following the tributyrin hydrolysis and by
titrating with 0.1 M sodium hydroxide (NaOH), the butyric acid that is released during the hydrolysis.
An emulsion composed of 1.5 mL tributyrin, 5.1 mL gum arabic emulsifier (0.6% w v 1)and 23.4 mL
water was prepared in order to obtain a final molarity of tributyrin of 0.17 M. Successively, 2 mL
of 0.1 M sodium-phosphate buffer (Nap) pH 7.0 was added to 30 mL of tributyrin emulsion and
the mixture was incubated in a thermostatted vessel at 30 °C, equipped with a mechanical stirrer.
After pH stabilization, 100 mg of immobilized biocatalyst or 0.005 mL CaLB native solution was added.
The consumption of 0.1 M NaOH was monitored for 14 min. One unit of activity was defined as the
amount of immobilized enzyme required to produce 1 mmol of butyric acid per min at 30 “C. One unit
(U) of lipase activity was defined as the amount of enzyme which liberated 1 mmol of butyric acid per
minute under the given assay conditions.

3.26. Immobilization of Acrylaway L on Activated Rice Husk

In order to exclude the protein concentration as a variable between the two asparaginase
preparations, it was decided to operate Acrylaway L (5.77 mg/mL) at the same enzymatic concentration
of Acrylaway High-T (3.04 mg/mL). In a vial containing 3.1 mL of Acrylaway L, corresponding to
17.9 mg Zearrier |, 1.25 mL of 2 mg/mL solution of PEG-3000 was added in 0.5 M of phosphate buffer
at pH 8, and the pH was adjusted to 8 by adding, under stirring, 0.1 M NaOH. The enzymatic solution
thus prepared was added to the syringe containing 0.5 g of functionalized rice husk and the mixture
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was allowed to react at room temperature by stirring on the blood rotator. After 48 h, the preparation
was filtered and washed with 0.02 M phosphate buffer at pH 8 (6 x 3 mL). The biocatalyst was
transferred into a vial and suspended in a 70:30 mixture of glycerol: 0.02 M phosphate buffer at pH 8.

3.27. Immobilization of Acrylaway High-T on Activated Rice Husk

A total of 5.9 mL of Acrylaway High-T (26.8 mg of protein) was placed in a vial and 1.25 mL of a
solution 2 mg,/mL of PEG-3000 in 0.5 M phosphate buffer at pH 8 was added. The pH was adjusted
to 8 by adding, under stirring, 0.1 M NaOH. The enzyme solution thus prepared was added in the
syringe containing 0.5 g of rice husk functionalized as described above. The mixture was allowed
to react at 25 “C by stirring on a rotating wheel. After 48 h the amount of immobilized protein (%)
was determined and the preparation was filtered and washed with phosphate buffer 0.02 M pH 8
(6 x 3 mL). The biocatalyst was transferred into a vial and suspended in a 70:30 mixture of glycerol in
0.02 M phosphate buffer at pH 8.

3.28. Immobilization of Acrylaway L on EC-EP/S Resins

A total of 1 g of EC-EP/S epoxy resin (particle size 100-300 pm) was weighed in a test tube with
filter. The resin was washed 3 times with 4 mL of deionized water. An enzymatic solution of Acrylaway
L at a concentration of 3.4 mg/mL was prepared in a vial by adding 4.3 mL of 0.5 M phosphate buffer
at pH 8 to 3.6 mL of Acrylaway L. The pH was adjusted to 8 by adding, under stirring, 0.1 M NaOH
and the enzymatic solution thus prepared was added to the tube containing the resin. The suspension
was allowed to react on a rotating wheel at 25 "C. After 24 h the preparation was filtered and washed
with 0.02 M phosphate buffer at pH 8 (6 x 3 mL). The biocatalyst was transferred into a vial and
suspended in a 70:30 mixture of glycerol:phosphate buffer of 0.02 M at pH 8.

3.29. Immobilization of Acrylaway High-T on EC-EP/S Resins

A total of 1 g of epoxy resin (particle size 100-300 um) was weighed in a test tube with filter.
The resin was washed 3 times with 4 mL of deionized water. Then, 7.7 mL of Acrylaway High-T
(26.8 mg of protein) was added to a vial, the pH was adjusted to 8 by adding, under stirring, 0.1 M
NaOH, and the thus prepared enzymatic solution was added to the test tube containing the resin.
The immobilization was carried out as described in the previous paragraph.

3.30. Determination of Water Content in Enzymatic Preparations

A known amount of biocatalyst was placed on an aluminum plate and the sample was dried for
6 hin an oven at 120 °C. The water content (% w/w) was determined by determining the difference in
weight before and after the drying procedure.

3.31. Computational Construction of 3D Models and Analysis of the Surface of Asparaginases

Protein structures were visualized and recorded using the PyMOL software (2.0 version). The 3D
structures used for the hydrophobicity comparisons were retrieved from PDB. The representation and
the calculation of the hydrophobic enzyme surfaces were performed by GRID mapping, using two
different probes describing and quantifying different interactions: WATER (dipolar interactions and
hydrogen bond formation), DRY (hydrophobic interactions) [46]. The N-glycosylation sites were
determined using the open source software available at http:/ /www.cbs.dtu.dk/services /NetNGlyc/.
Details are available in the ESL

4. Conclusions

In the present study, we have demonstrated the applicability of functionalized rice husk as a

carrier for the covalent immobilization of lipase B from Candida antarctica (CaLB) and two asparaginases.

This new renewable and inexpensive carrier, although not optimized, proved to be more efficient
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than the fossil-based commercial methacrylic resins in the solvent-free synthesis of poly(1,4-butylene
itaconate) catalyzed by CaLB. Although the micro-porosity of rice husk cannot be exploited for
loading the enzymes, this composite material appears a suitable solution for highly viscous systems,
having severe mass transfer limitations. Data demonstrate that, by dispersing the enzyme on the
outer surface of a large volume of inexpensive carrier, the maximum mass transfer is achieved.
Overall, the remarkable robustness of the milled RH associated with a low density (0.4 g mL~! vs
1.1 g mL~! of methacrylic resins) appear as the main features that affect the performance of this
renewable carrier. The functionalized rice husk was also efficiently used in aqueous solutions as carrier
for asparaginases enzymes, which catalyzed the hydrolysis of the precursor of acrylamide, a toxic
side product of various types of food. The covalently immobilized enzymes demonstrated optimal
dispersibility and recyclability. The morphological characterization of RH provides the basis for
further optimization studies. As appears from microscopy analysis, the cellulosic surface available for
oxidation and further functionalization is rather limited in the milled rice husk. In addition, the lignin
fraction is prevalently masked by a SiO; layer, which confers mechanical resistance to the material
notwithstanding its very low density. The possibility of immobilizing enzymes on large volumes of
inexpensive renewable carriers opens new perspectives for overcoming the environmental impact of
fossil-based carriers, while boosting the economic viability of processes nowadays hampered by the
high cost of immobilized biocatalysts.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4344 /8/10/471/s1,
Figures S1-511.
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3.2 Biocatalyzed activation of rice husk by means of laccases

In order to continue the work described in the previous manuscript and to avoid the use of
the hazardous and ecotoxic sodium periodate, “laccase-mediator system” oxidation was

explored as an alternative route to chemical oxidation.

Laccases (EC 1.10.3.2) are copper-containing oxidase and contain at least 4 copper atoms.
Laccases are common in various organisms like bacteria, plants, insects and fungi and could
have different functions based on the organism they belong to?°. Copper atoms are classified

in 3 types based on the coordination of their bonds (Figure 5).

H109 N P
\ H454

‘ H98
11 -I.l /
(@) (b) H452

Figure 5. Catalytic site of Trametes vescicolor and coordination bonds. a) Type one copper (T1);

b) trinuclear cluster

Type one copper (T1) presents a trigonal geometry with a free axial position prone to
substrate interaction. Equatorial positions establish coordination bonds with two histidine

residues and a cysteine, while the fourth could be variable.

The redox potential of T1 copper depends on the organism producing the enzyme: in fungal
laccases, the redox potential is 700-900 mV, while on plant laccases it is typically lower
(330-500 mV) and this difference is caused by the different coordination of T1 copper’!. T1

copper atom is responsible for the blue colour of laccases and of the substrate oxidation.

T2 copper is not detectable in the visible spectrum and is coordinated by two histidine
residues. T3 coppers establish a binuclear centre with a band of absorbance at 330 nm in the
oxidized form and are coordinated with 6 histidine residues next to the T2 copper. This
molecular architecture is responsible for the reduction of molecular oxygen by the

production of water.
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Laccases are active on a wide range of substrates, in particular they oxidize p-diphenols,
polyphenols, and aminic compounds. Their usage is sustainable because they require oxygen

as an electron acceptor and produce only water as a by-product.

Non-phenolic compounds are often not oxidized by laccases because of their low redox
potential. Furthermore, big molecules that cannot reach the active site (i.e. lignin) cannot be
oxidized*. To overcome this drawback, a mediator with the function of moving oxidative
species outside from the enzyme to the substrate can be used. A mediator is usually a small
molecule that acts as an electron shuttle, it is oxidized by the enzyme, moves away from the

active site and, in turn, oxidize the substrate (Figure 6).

A redox mediator should fulfil some conditions: it must be a small molecule able to generate
stable radical species, should not interfere with the catalytic activity of the enzyme while
allowing the in situ recyclability and, finally, it should be cost-effective®. The system
consisting of laccase and mediator is called laccase-mediator system (LMS). Many natural
and synthetic mediators are reported in the literature, and they could easily be used as redox

mediators for laccases™.

oxidized

0, laccase * substrate

; mediator
H,0 oxidized mediator oxidized
substrate

laccase

Figure 6. Laccase-mediator system reaction scheme. Oxygen reduction is coupled with substrate

oxidation??,

Laccases can be used for the valorisation of lignocellulosic materials via depolymerization
of lignin allowing for a more efficient further conversion of the monomers for the production
of biofuels®*® and also for selective grafting of small organic molecules over the surface of
the material®’. Furthermore, it has been reported that laccase-mediator systems enable the
oxidation of the glycoside units of cellulose. The selective oxidation of the cellulose fraction
of lignocellulosic materials takes place in the presence of (2,2,6,6-Tetramethylpiperidin-1-

yl)oxyl radical, the so-called TEMPO-radical’®.
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Figure 7. Cellulose oxidation scheme by laccase/TEMPO system

Laccase oxidizes TEMPO radical to an oxo-ammonium cation that, in turn, selectively
oxidizes the Cs hydroxyl of the glycosidic ring forming an aldehyde via heterolytic cleavage.
The neo-formed aldehydic moiety can react again with nearby hydroxyl groups to form a

hemiketal or could be further oxidized to carboxylic acid (Figure 7).

The above-mentioned approach is a more environmentally friendly route for the oxidation
of cellulose and, in particular, for the activation of rice husk. Non-green alternatives are
represented by TEMPO/NaOCI/NaBr system® or by sodium periodate as a powerful
oxidizing agent®8. Cellulose activation with carbonyl groups makes the material prone to

coupling with organic molecules or biomolecules such as enzymes.
3.2.1 Oxidation of milled rice husk using a laccase-mediator system*

Following the oxidation of rice husk by means of sodium periodate'~, the first oxidation
attempt with the laccase-mediator system has been carried out using milled rice husk with a
particle size of 0.2-0.4 mm. The oxidation was carried out using laccase from Trametes

species and Novozym laccase S1003 according to the protocol of Patel and co-workers®®.

The procedure, reported in the experimental section, consists in a 48 hours treatment of rice
husk at environmental pressure and 25°C with a 0.1 M pH 5 citrate buffer solution containing
10 mM TEMPO radical and different amounts of laccase from Trametes spec. (here called
with its commercial name “Laccase C”, the enzyme is produced by ASA-spezialenzyme).
Air was insufflated in the reaction mixture to provide the oxygen needed for the catalytic
activity. After work-up, the content of carbonyl groups was assessed via hydroxylamine

chlorhydrate assay*’ and compared rice husk oxidized by 0.2 M sodium-periodate.
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Figure 8. Carbonyl content in oxidized rice husk samples®”.

Oxidation by sodium periodate was more effective in terms of carbonyl content detected
(Figure 8). This data was expected because with sodium periodate two carbonyl groups per
glycosidic ring are introduced, whereas in the case of LMS oxidation one single carbonyl
group per glycosidic ring i1s formed. Oxidation by 100 U/mL of laccase C gave the best
results, leading to 350% increase of carbonyl groups if compared with the blank experiment
(rice husk treated in the same conditions without adding laccase). The use of a mediator has
proven to be necessary to reach a reasonable concentration of carbonyl groups, laccase C

without mediator is in fact not able to oxidize rice husk.

CalL.B immobilization via diamine spacer on rice husk activated by laccase

Upon oxidation of the cellulose fraction, amine groups were inserted by treating the oxidized
material with a hexamethylenediamine (HMDA) solution. Prior to CaLB immobilization, a
reaction step with a glutaraldehyde solution was performed to introduce carbonyl moieties
prone to react with amine groups on the surface of the enzyme (Figure 9). A diluted solution
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of Lypozyme CalLB was used for the 48 hours immobilization together with a concentration

of 10,000 TBU/gru (TBU=enzyme units assessed with tributyrin hydrolysis).

CH,0H c:|-|20|-| CH,0H

_ D_
i Naioy H2N —R—NH,
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0T T g
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5
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Figure 9. Schematic illustration of the oxidation and functionalization of the cellulosic fraction of

RH for the covalent immobilization of CaLB'.

Characterization of enzyme activity after immobilization

The immobilized CalLB formulation has been assessed in terms of protein loading, hydrolytic

activity and synthetic activity (Table 1).

Sample loading %  hydrolytic activity (U/g) synthetic activity (U/g)
laccase C-RH(HMDA+GA) 17 56 £25 198 £ 8
NalO4-RH (HMDA+GA)* 72 316 592 + 24

Table 1. Immobilization yield of laccase C oxidized rice husk and sodium periodate-oxidized rice
husk after diamine linker attachment and enzyme immobilization

Enzyme leaching was verified in both preparations and was absent. The data here reported
clearly shows that laccase C oxidation of rice husk is less effective than sodium periodate in
terms of protein immobilization and enzyme activity. The reason lies in the poor number of
carbonyl groups obtained with laccase C but there is also a second reason related to the fact
that sodium periodate is able to alter the structure of the lignocellulosic matrix enhancing

enzyme accessibility. SEM microscopy pointed out that chemical oxidation by means of

42



sodium periodate was more aggressive in terms of physical degradation of the material on
both the inner and the outer surface, laccase oxidation was milder and preserved the structure
of rice husk, in particular the outer surface because of its higher content in silica that protects

the inner matrix from the oxidative action of the enzyme'**!.

The higher efficiency of sodium periodate in terms of cellulose functionalization could be
justified by the fact that it generates highly reactive glutaraldehyde-like dialdehydic 5-terms
rings*? (Figure 10).

O.. : . OH ;
' ~ ” ’
l— \6/_ NG /O\ l/o_\ ¥ 4 \‘O /_1 - O:\.
—. . NN - [ '
1 eq NalO, / glucose ; ) : y N
HO 8§ O’. R \O 0
n o -n

Figure 10. Dialdehyde compound originated form glycosidic ring-opening following sodium
periodate oxidation of carbohydrates with 1-4 B glycosidic bonds. Carbons are numbered to ease

interpretation. Dialdehyde unit is formed by 2, 1, 4°, 3’ carbons.

Such structures are more reactive than the single aldehyde group introduced by LMS
oxidation because they can lead to the formation of a wide spectrum of stable compounds in
the presence of nucleophilic amines. As stated in the thorough review of Migneault on
glutaraldehyde reactivity*?, aldolic condensations, Michael reactions and pyridinium ion
formation can easily take please in these conditions, contributing to the efficient
immobilization of proteins when glutaraldehyde is added to the reaction medium and reacts

with the glutaraldehyde-like compounds formed on the cellulose chain.
3.2.2 Delignification of rice husk by hydrogen peroxide/ammonium hydroxide

In order to improve the immobilization yield and the consequent catalytic activity of the
immobilized preparation, different approaches targeted to increase the surface availability
were explored. Preliminary data on sodium periodate-oxidized rice husk indicated that
using 10,000 Uty of CaLLB with an immobilization time of 48 hours, 72% protein loading
can be achieved and catalytical activity is retained”. On the other hand, LMS oxidized rice
husk presents only 17% of protein loading and lower catalytical activity. For this reasons,
new routes were explored in order to improve the functionalization of the rice husk while

avoiding the use of periodate.
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Delignification of the lignocellulosic matrix is important to enhance the accessibility of the
cellulose. Diferulic linkages between cellulose and lignin are promptly broken by an
oxidative pre-treatment* in order to expose a higher fraction of cellulose ready to be
functionalized in the subsequent carbonyl addition step. Furthermore, lignin removal

increases the hydrophilicity of the material.

A possible pre-treatment of rice husk that can be effective to increase the surface availability
is the one proposed by Kim S.B. (Kim S.B. et al. 1996) who developed a bleaching technique
called ARP-H (ammonia recycled percolation with hydrogen peroxide) to be used on
herbaceous biomass. The reaction was carried out at 170 °C in a packed-bed reactor where
aqueous ammonia is recycled in a continuous cycle. The authors reported 80% degradation
of hemicellulose, that led to the production of xylose, and the complete removal of lignin
(94-99%). The obtained residue contained mostly glucans in the form of alpha cellulose. In
the work of Kim S.B. et al.** aqueous ammonia was reported to have delignificant properties
and to cause the hydrolysis of the glucuronic esters responsible for the lignin-hemicellulose
matrix integrity*>. Hydrogen peroxide has a synergic effect that increases the aggressive
effect towards the lignocellulosic material. Since cellulose is not attacked by the oxidative
process, it can be assumed that also in rice husk the cellulose fraction remains unaltered,

paving the way to further functionalization.
H,0, = H* + HOO~
H,0,+ HOO™ =-0H + 0; - +H,0

Scheme 1. Hydrogen peroxide decomposition in alkaline conditions

During the spontaneous hydrogen peroxide decomposition (Scheme 1), the hydroperoxide
anion produced is unable to directly depolymerize lignin, while the hydroxyl radical is a
powerful oxidant responsible for lignin and hemicellulose depolymerisation. The formation
of this radical depends on the pH of the reaction mixture: alkaline conditions promote the
formation of the hydroperoxide anion via the neutralization of H" ions. The produced anion
promptly reacts with hydrogen peroxide to form the radical species**. Hydrogen peroxide
decomposition with ammonia has been reported to follow a first-order kinetic depending on
its concentration*’. The formation of the radical is pH dependent and the optimal pH to
achieve delignification with an alkaline hydrogen peroxide solution was reported to be

11.5%.

Other studies reporting various approaches to depolymerization of lignin in lignocellulosic

materials via ammonia and hydrogen peroxide were taken into account to acquire a clear
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understanding of the dynamics of the entire process. Zhao and co-workers*® tested different
variants of a lignin and cellulose depolymerizing treatment on corn, namely ammonia fibre
expansion (AFEX). The reaction took place with high pressure and high-temperature liquid
ammonia, leading to the degradation of the lignocellulose matrix. For enzyme
immobilization purposes this technique is clearly too aggressive because the original
morphologic structure and mechanical resistance of the raw material should be retained for

practical applications.

A patent of M. Vezzani*’ reported an industrial scale treatment for the oxidation of starch-
based materials and such procedure was adapted for the purpose of this study at lab scale. In
the said patent, 5-20% w/v hydrogen peroxide was used together with 5-20% w/v ammonium
hydroxide to obtain starch oxidation at <30° C temperature in a cylindrical rotary reactor,
with a continuous feed of reactants and starch. This treatment, at least at lab scale, has proved
to be inefficient in terms of lignin removal and did not cause the introduction of extra
carbonyl groups. The reason lies in the lower reactivity of aqueous ammonia at low
temperatures whereas high temperatures and anhydrous liquid ammonia at high pressure are

more effective for this kind of treatments.
Delignification of rice husk and characterization

Rice husk with a particle size of 0.2-0.4 mm was treated with an alkaline hydrogen peroxide
solution varying the concentration of the two reactants. The concentration of both starting
solutions of aqueous ammonia and hydrogen peroxide was 30%, properly diluted to obtain
different reaction mixtures. Hydrogen peroxide was added in the range of 0-8% w/v.
Exceeding 8% hydrogen peroxide in an ammonium hydroxide solution could be dangerous

because of the high reactivity of the mixture (Figure 11).

Figure 11. Rice husk samples treated with the ammonium hydroxide (15%) and hydrogen peroxide
mixture. From left to the right hydrogen peroxide concentration increases. Slight colour change is
noticeable.
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After the said treatment, the material was oxidized with 1.0 U/mg laccase C and TEMPO

radical (10 Mm). The carbonyl content was assessed in duplicate with hydroxylamine

chlorhydrate carbonyl assay. Water retaining capability was evaluated gravimetrically

(Table 2, Figure 12).

Carbonyl
Water Recovered Original content
Sample H20:% NHs% absorption material carbonyl after
w/v w/v % w/w %w/w content oxidation
umol/g umol/g
15AHPNO 0 15.0 46,4 73,4 0 0
15AHPN2 2.0 15.0 47,8 77,4 n.d. n.d.
15AHPN4 4.0 15.0 48,6 73,0 14,519,5 33,718,5
15AHPN6 6.0 15.0 45,8 63,6 n.d. n.d.
15AHPN8 8.0 15.0 48,9 71,8 112,2454,1 | 187,6%12,4
22AHPNO 0 22.0 44,9 80,6 4,6%3,5 83,2134,3
22AHPN2 2.0 22.0 45,1 78,8 n.d. n.d.
22AHPN4 4.0 22.0 47,2 78,0 0 257,0+£34,6
22AHPNG6 6.0 22.0 48,5 75,6 n.d. n.d.
22AHPNS8 8.0 22.0 48,3 76,4 44,0£22,9 | 129,3+16,2

Table 2. Ammonium hydroxide/hydrogen peroxide pre-treatment of rice husk. Composition of the
reactive mixture is shown and characterisation of the resulting material is reported. Experiments
were named based on the following syntax: “%NHs AHP %H,0,”. The carbonyl content of samples

marked as “n.d.” was not assessed.
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Figure 12. Graphical representation of the variation of carbonyl content after treatment. Blue:
before biocatalysed oxidation; orange: after biocatalysed oxidation. a) 15% ammonium hydroxide;
b) 22% ammonium hydroxide.

Carbonyl content quantification indicates that in the set of experiments with 15% w/v of
ammonium hydroxide this treatment is able to introduce a quantifiable amount of carbonyl

groups, that increases after oxidation by laccase C.
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By using 22% ammonium hydroxide conflicting results were obtained. in particular, sample
22AHP4 showed an unexpectedly high carbonyl content after laccase C oxidation starting

from a complete absence of carbonyl groups.

In general, after oxidation the overall content of carbonyl groups increases. Although sample
22 AHPN4 showed a higher carbonyl content after oxidation, 15SAHPNS was used for the
further experiments because of the better consistency of its carbonyl content value among

the other samples.

No additional remarks can be made looking at the percentage of material recovered (average

of 75%) at the water retainment capability (average is 47%).

CalB immobilization and testing

In accordance with the immobilization protocol previously reported, prior to enzyme

immobilization, the rice husk was activated with glutaraldehyde and diamine linker.

As mentioned before, this experiment was carried out on sample 15SAHPNS oxidized by

laccase C.

Enzyme loading was set at 10,000 TBU/grn as in the previous experiments. No leaching was
observed in any of the formulations. The loading and activity data showed no appreciable
improvement in comparison with the rice husk oxidized only by laccase without alkaline

hydrogen peroxide pre-treatment (Table 3).

Sample loading % hydrolytic activity (U/g) synthetic activity (U/g)

15AHPNS (LMS) 17.2 60.2+2.7 181.7 £ 23.2

Table 3. Immobilization yield of rice husk pre-treated by ammonia/hydrogen peroxide after laccase
C oxidation, diamine linker attachment and enzyme immobilization

3.2.3 Delignification of rice husk by hydrogen peroxide/sodium hydroxide

Alkaline hydrogen peroxide treatment with sodium hydroxide instead of ammonium
hydroxide was successfully used on rice husk at environmental pressure to make the material
more hydrolysable by enzymes in a work of Diaz et al.*. The authors developed an
optimized method of this oxidation working in different conditions to maximize the
disruption of the cellulose matrix. Pressure and temperature proved to be critical parameters,
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and 90° C at 28 bar was the best operative conditions to work with. The authors pointed out
that complete lignin removal is very important in the biocatalysed hydrolysis of rice husk
because lignin-cellulose bonds prevent the enzyme to reach the inner parts of the matrix,
leading to low hydrolysis yields, the same behaviour can be expected in terms of laccase
accessibility in our oxidative process. In the case of enzyme immobilization, it can be argued
that accessing an area as wide as possible is critical for obtaining good protein loading and
consequent enzyme activity. Diaz and co-workers proved that their treatment is effective to

enhance the accessibility of enzymes to rice husk.

According to Wang and co-workers*’, hemicellulose is easily degraded without using harsh
chemical conditions, whereas the cellulose of rice husk, which is in the form of crystalline
microfibrils, is reluctant to degradation. Although this behaviour of cellulose can be seen as
a drawback due to the fact that the goal of the study of Wang was the complete
depolymerization of the material, in the case of enzyme immobilization it is an advantage
because the three-dimensional structure of the rice husk is to be retained. Wang and co-
workers treated rice husk with 8% w/v sodium hydroxide and 5% w/v hydrogen peroxide at
80 °C obtaining 92% lignin removal and the complete disappearing of acetyl signals in FT-

IR spectroscopy associated with hemicellulose xylanes.

Therefore, in the present study, milder conditions were adopted in order to obtain lignin

removal avoiding the damage of the three-dimensional structure of rice husk.
Delignification of rice husk and characterization

Rice husk with a granulometry of 0.2-0.4 mm was treated with an 8% hydrogen peroxide
solution using sodium hydroxide to adjust the pH at 11.5 (Figure 13-14). The reaction
proceeded 4 hours at 50 °C with the production of abundant foam testifying an environment
more aggressive than the one obtained mixing hydrogen peroxide with ammonium
hydroxide. The treated material appears as a slightly yellow powder. There is a significant
weight loss due to the complete removal of lignin in the operative conditions. Water retaining

capabilities were greatly increased (Table 4).
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Figure 13. Blank reaction on the left (sodium hydroxide). Rice husk treated by alkaline hydrogen
peroxide on the right (sodium hydroxide/hydrogen peroxide)

Figure 14. Raw whole rice husk on the left. Whole rice husk treated by alkaline hydrogen peroxide
on the right (sodium hydroxide/hydrogen peroxide)

SEM microscopy showed that the overall structure of rice husk was preserved, while signs
of chemical abrasion were detected on the external surface, in this way exposing the inner

tracheids to the reaction media, increasing water retaining capability (Figure 15).

Figure 15. SEM microscopy images of the outer surface of rice husk before (left) and after (right)

alkaline hydrogen peroxide pre-treatment.
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In the same way, a batch of non-milled rice husk was produced to be compared with the
milled version in terms of hygroscopicity and carbonyl content after oxidation from laccase

C. In parallel the treatment was carried out also by avoiding the use of hydrogen peroxide.

Sample water absorption % w/w recovered material % w/w
RH 55.2 96.0
RH-AHP blank 37.1+1.38 94.9+0.70
RH-AHP 64.25+1.6 40.0+11.8
RH(whole)-AHP 72.1 60.1

Table 4 Characterisation of raw rice husk and AHP (sodium hydroxide) rice husk.
Recovery and water absorption data show that the treatment causes a significant weight loss
and an increase in water retaining capability attributable to lignin and silica removal®’. FT-
ATR spectroscopy confirmed the disappearance of lignin®! (Figure 16). It is noteworthy that

in blank reactions, where only sodium hydroxide was used, the hygroscopicity of the

material was lower.
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Figure 16. FT-ATR characterisation of rice husk, periodate-oxidized rice husk and AHP (NaOH)

rice husk.

After the treatment, the material was oxidized with laccase C and TEMPO and the carbonyl

content was assessed in duplicate using the hydroxylamine chlorhydrate carbonyl assay
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(Table 5). As a blank reaction, the same procedure was applied to a sample of milled rice

husk that underwent no pre-treatment.

Sample Laccase C Carbonyl continent

U/mggu pmol/g

0 0
RH 0.2 117+9,5
1.0 160+2,4

0 0
RH-AHP 0.2 88%4,0
1.0 152+7,5

Table 5. Carbonyl content of raw milled rice husk and AHP (NaOH) rice husk oxidized with
different laccase C concentrations.

180
160

140

RH-AHP RH-RAW

Figure 17. Graphical representation of carbonyl content in raw rice husk and AHP (NaOH) rice
husk after LMS treatment with laccase C 0.2 U/mg (black) and 1.0 U/mg (grey).

The data (Figure 17) shows that the AHP pre-treatment had no substantial effect in
promoting the increase in carbonyl content, which rather varies as a function of the
concentration of the laccase. The obtained values are also very similar to the ones calculated
with AHP treatment in ammonium hydroxide. Nevertheless, AHP pre-treatment increases
the hygroscopicity of the material, exposing a wider surface of rice husk to the enzyme in

the immobilization step.
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CalLB immobilization and testing

In accordance with the immobilization protocol previously reported, enzyme immobilization

was carried out after HMDA coupling and activation with glutaraldehyde.

The experiment was carried out on an AHP-treated sample treated with laccase 1.0 U/mgru
because of the higher carbonyl content and on an AHP-treated sample not oxidized with the
laccase-mediator system. Enzyme loading was set at 10,000 TBU/gru as in the previous

experiments. No leaching was detected in any sample, testifying the covalent immobilization

of the enzyme (Table 6).
Sample loading % hydrolytic activity (U/g) synthetic activity (U/g)
RH-AHP 125 50.3+2.7 216.0+16.0
RH-AHP + LMS 1 U/mggu 23.0 7047 2637

Table 6. Immobilization yield of rice husk pre-treated with sodium hydroxide/hydrogen peroxide

raw and after laccase C oxidation, diamine linker attachment and enzyme immobilization.

3.2.4 Comparison of the pre-treatment methods

Among the tested protocols, AHP pre-treatment with sodium hydroxide resulted to be able
to increase the loaded protein and enzyme activity when followed by LMS oxidation. It is
noteworthy that sodium hydroxide AHP rice husk not oxidized with laccase, despite having
a lower protein loading, showed a comparable activity with raw rice husk oxidized with
laccase (Table 7), this fact can be explained with 1) adsorption of laccase during the LMS
oxidation step; 2) higher lipase activity on AHP-treated rice husk because of the higher

available surface that allows a better enzyme accessibility by the substrate.

Sample loading % hydrolytic activity (U/g)  synthetic activity (U/g)
RH sodium hydroxide + 12.5 50.3x2.7 216.0+16.0
hydrogen peroxide
RH sodium hydroxide + 23.0 704 +7 263+7
hydrogen peroxide, LMS
oxidized
RH ammonium hydroxide + 17.2 60.2+2.7 181.7 £ 23.2
hydrogen peroxide, LMS
oxidized
RH LMS oxidized 17 56 +25 198+ 8
RH sodium periodate- 72 316 592 +24
oxidized?

Table 7. Comprehensive table of all the immobilized formulations of CalLB on rice husk.
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Notwithstanding sodium periodate oxidation showed the best immobilization yield and
hydrolytic activity, alkaline hydrogen peroxide pre-treatment using sodium hydroxide
proved to increase hydrolytic activity and synthetic activity in comparison with raw rice husk
treated directly with laccase, while increasing also water retaining capability of the material.
The achievement of a hygroscopic rice husk opens new routes for the full exploitation of this
inexpensive composite material because this fact can be an advantage especially on
biocatalysed polycondensation, where water removal from the reaction medium is critical in
driving the reaction towards the formation of products. The widening of the inner space of
rice husk was proved also by measuring the density of the material. In fact, raw milled rice
husk has a density® of 0.437 g ml"' while sodium hydroxide/hydrogen peroxide pre-treated
rice husk has a density of 0.294 g ml! corresponding to a decrease in density of the 33%

imputable to the loss of lignin.
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4. Structure-based bioinformatics analysis of cutinases and other

serine hydrolases

4.1 Manuscript: Nature Inspired Solutions for Polymers: Will Cutinase

Enzymes Make Polyesters and Polyamides Greener?

While exploring the various aspects of fully renewable synthesis of polyesters, our research
group focused in particular on a sub-family of promising serine hydrolases, namely
cutinases, able to catalyse the polycondensation of renewable aliphatic monomers under
solvent-free and thin-film conditions?®. A multivariate factorial design carried out by this
group® demonstrated that, if compared with lipase B from Candida antarctica (CaLB),
cutinase 1 from Thermobifida cellulosilytica (The cutl) is less sensitive to the presence of
water in the system and is able to work in mild conditions (50 °C; 535 mbar), increasing the
overall sustainability of the process. The following review discusses the particular features
of cutinases and how they can be exploited in the production of synthetic polyesters and

polyamides.
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Abstract: The polymer and plastic sectors are under the urge of mitigating their environmental impact.
The need for novel and more benign catalysts for polyester synthesis or targeted functionalization led,
in recent years, to an increasing interest towards cutinases due to their natural ability to hydrolyze
ester bonds in cutin, a natural polymer. In this review, the most recent advances in the synthesis
and hydrolysis of various classes of polyesters and polyamides are discussed with a critical focus
on the actual perspectives of applying enzymatic technologies for practical industrial purposes.
More specifically, cutinase enzymes are compared to lipases and, in particular, to lipase B from
Candida antarctica, the biocatalyst most widely employed in polymer chemistry so far. Computational
and bioinformatics studies suggest that the natural role of cutinases in attacking natural polymers
confer some essential features for processing also synthetic polyesters and polyamides.

Keywords: cutinases; enzymatic polyesters synthesis; green polymer synthesis; enzymatic
polymer hydrolysis

1. Introduction

There is robust evidence that the next generation of polyesters and polyamides calls for a change of
standard aiming at mitigating the environmental impact and natural capital cost of polymer production
and processing in general [1,2]. A closer integration between chemistry and biotechnologies is expected
to boost the change of the scenario. Due to their remarkable selectivity and catalytic efficiency under
mild conditions, enzymes are an attractive and sustainable alternative to toxic catalysts used in the
polycondensation of functional monomers such as itaconic acid, which suffer from isomerization or
cross-linking under the harsh conditions required by conventional chemical processes that employ
organo-catalysts [3]. The possibility to use enzymes for the polyester synthesis has been known since
the 1990s and has also been industrially applied by Baxenden Chemicals (UK) for the production, later
dismissed, of highly regular structures of polymers. On the other hand, especially for the biomedical
sector, enzymatic modification of polyesters represents a milder and selective alternative to chemical
or physical treatments aimed at introducing chemical functionalities to the surface of polymers while
retaining their bulk properties [2].

Catalysts 2016, 6, 205; doi:10.3390/ catal6120205 www.mdpi.com /journal /catalysts
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In nature, cutinases have evolved in some fungi responsible for plant pathologies where these
enzymes attack and hydrolyze cutin, a complex hydrophobic polyester. Even though cutinases
were discovered more than 40 years ago and tested in a number of technological applications, only
more recently have they been proposed as biocatalytic tools for the polymer sector [2]. Indeed,
a comprehensive review by Gross et al. published in 2010 discussed the potential of a number of
hydrolases to catalyze polyester synthesis through condensation of an array of substrates, focusing
the attention on the challenges of the biocatalytic technologies. [4] Out of the 30 synthetic processes
reviewed by Gross, 21 were catalyzed by Candida antarctica lipase B (CaLB), an industrial biocatalyst
already applied in different chemical and pharmaceutical processes. Only two cases reported the
use of one single cutinase, namely Humicola insolens cutinase (HiC). In the light of the most relevant
advances of the last five years achieved through the application of cutinases to polymer chemistry,
we now present an analysis that extends the focus also to the hydrolysis and functionalization of
various classes of polyesters and polyamides. The review intends to provide also a critical comparison
between CaLB and the fungal cutinases recently applied in polymer chemistry: HiC, cutinase 1
from Thermobifida cellulosilytica (The_cutl) and Fusarium solani pisi cutinase (Fsp). For the first
time, the biocatalysts are rationally compared also on the basis of structural, computational, and
bioinformatics analysis. Finally, a frank analysis of future perspectives for the practical application of
these biocatalysts for productive processes is presented.

2. The Cutinase Family

Cutinases (EC 3.1.1.74) are members of the serine hydrolases superfamily comprising the typical
Ser-His-Asp catalytic triad and the oxyanion hole, common features shared by other superfamily
members such as lipases, esterases, proteases, and amidases [5]. The natural substrate of cutinase is
cutin, one of the main polymeric components (together with cutan) of the plant cuticle, which covers
all aerial surfaces of higher plants [6,7]. Cutin is a three-dimensional insoluble hydrophobic polvester

composed of hydroxyl and hydroxyepoxy fatty acids (usually carrying one to three hydroxyl groups).

The most common components of cutin are derivatives of saturated palmitic (C16) or stearic (C18)
acid [8]. In vitro, cutinases are able to catalyze ester hydrolysis reactions (in an aqueous environment),

as well as esterifications and transesterifications (anhydrous conditions) of large and small molecules.

Therefore, they have been proposed as alternative catalysts to lipases and, in particular, to the widely
employed and studied lipase B from C. antarctica (CaLB) [9,10].

Since their discovery, cutinases have been investigated for applications in different sectors such as
food, chemical, detergent, environmental, and textile industries [11,12]. In the food sector, cutinases are
applied for the treatment of cutin-rich vegetables, fruits, and berries to achieve partial cutin hydrolysis
and thus improve water permeability, an important parameter for food drying and, ultimately,
conservation. Additionally, the increased permeability is exploited for delivering sweeteners, flavor
enhancers, preservatives and stabilizer into the fruits or vegetables [5,13]. Cutinases can also be
applied for improving the extractability of plant polyphenols from macerated fruit and vegetable
materials [14]. Moreover, cutinases can be applied in the flavors industry. In particular, it was reported

that Fusarium solani pisi cutinase has a potential for the production of concentrated cheese flavors [15].

In the chemical industry, the synthesis of alkyl esters by cutinases has been reported when used
in organic media or low water activity environment. Alkyl esters are essential building blocks for
the pharmaceutical and cosmetic sectors. In particular, the selectivity of Fusarium solani pisi cutinase
was investigated in the context of the esterification of different alcohols with acids (ethyl butyrate,
ethyl oleate, ethyl decanoate, hexyl decanoate, etc.) [16]. The Fusarium solani pisi cutinase was also
tested for the production of biodiesel, through the transesterification of small molecules, as well as the
synthesis of surfactants [17,18]. Cutinases can be utilized in laundry and dishwashing applications as
lipolytic enzymes to remove fats. For example, it was shown that the Fusariim solani pisi cutinase is
superior in fat removal when compared to the detergent lipase Lipolase™ [19]. Cutinases are also used
in detergents for de-pilling during washing of polyester fabrics [1]. The Fusarium solani pisi cutinase
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has been also suggested for the degradation of various phthalates, such as dipentyl phthalate, butyl
benzyl phthalate, and di-(2-ethylhexyl)-phthalate by ester hydrolysis [20-22]. In the textile industry,
cutinases have been applied for the hydrolysis of the cutin residues on natural fibers such as cotton and
wool. Cutin removal improves the wettability of the fiber, which then facilitates uniform dyeing and
finishing. Cutinases from Pseudomonas mendocina, from Fusarium solani pisi and from Thermobifida fusca
were widely tested for this purpose [23].

Cutinases are produced by plants, bacteria, and fu.ngi (commonly phytopathogenic), Plant
cutinases are less investigated since their isolation, maintenance, and cultivation are much more
complicated when compared to the microbial analogs [6]. Fungal cutinases are extracellular
enzymes expressed and secreted for the cutin hydrolysis during plant infection, where the cuticle
depolymerization represents one of the first steps [24]. Fatty acids released during enzymatic hydrolysis
of cutin represent a carbon source for cellular growth [6]. The first isolated cutinase was purified already
in the 1970s from the Fusarium solani growing on cutin as a sole carbon source [25]. Nevertheless, this
enzyme class is still relatively ‘young’ with just few members that have been deeply investigated for
their catalytic potential. Cutinases have been subsequently isolated, often recombinantly expressed and
characterized from different microorganisms. Microbial cutinases currently isolated and characterized
with a known gene sequence and molar masses are listed in Table 1.

Table 1. Isolated and characterized microbial cutinases. For each entry the microbial source is indicated
as well as the molar masses.

Source Molar Masses (kDa) Ref.
Alternaria brassicicola 26 [26]
Aspergillus nidulans 29 27]
Aspergillus niger 22.8 [28]
Aspergillus oryzae 19.6 [29]
Botrytis cinerea 18 [30]
Colletotrichum capsici 237 [31]
Colletotrichum gloeosporioides 40 [32]
Colletotrichum kahaivae 21 [32]
Coprinopsis cinerea 29.6 [33]
Cryptocaccus sp. 21.2 [34]
Fusarium oxysporum 234 [35]
Fusarium roseum culniorunt 243 [36]
Fusarium solani 20.8 [37]
Glomerella cingulata 211 138]
Helminthosporium sativum 25 [39]
Humicola insolens 20.3 [40]
Magnaporthe grisea 243 [41]
Monilinia fructicola 18.6 [42]
Pennicillium citrinum 14.1 [43]
Pseudomonas putida 30 [44]
Pyrenopeziza brassicae 21 [45]
Rlvizoctonia solani 19.8 [46]
Saccharomonospora virdis 303 [47]
Thermobifida alba 335 [48]
Thermobifida cellulosilytica 30.8 [10]
Thermobifida fusca 308 [49]
Thielavia terrestris 27 [50]
Trichoderma reesei 273 [51]
Tropaeolhum majus 40 [52]
Venturia inaequalis 21.7 53]

From the structural point of view, cutinases are the smallest family of the a/f hydrolases
superfamily [6]. Considering their biocatalytical use as lipase alternatives, differences and similarities
of these two enzyme classes have been recently investigated with the aid of computational
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methodologies. Cutinases and lipases share, as a common feature, the hydrophobicity of their surface,
as a consequence of the insolubility of their natural substrates [10]. Unlike CalLB and most lipases,
the catalytic Ser of cutinases is not buried into a deep funnel shape active site, rather the active
site is superficial and accessible to solvents and substrates even in absence of any hydrophobic
interface [10]. In addition, the active site accessibility of most lipases is regulated by conformational
changes involving the lid domain which exposes the active site upon interfacial activation [54]. In this
sense, cutinases appear to be more similar to C. antarctica lipase B (CaLB) (Figure 1) which is considered
as an unconventional lipase also because it lacks the mobile lid which is not susceptible to any
relevant structural rearrangements [54]. On that respect, the dynamic behavior of two cutinases,
namely Humicola insolens cutinase (HiC) and cutinase 1 from Thermobifida cellulosilytica (The_cutl) were
compared with CaLB by performing MD simulations in explicit water and toluene environments [10].
The study confirmed similarities in the dynamic behavior of CaLB and Thc_cut1 since both enzymes
had really stable scaffold in both simulated solvents. On the other hand, HiC showed two flexible
domains (Figure 1c) able to influence the active site accessibility which is similar to the behavior of
other typical lipases [10]. A similar “breath-like” movement at the active site opening was also pointed
out for the cutinase from Fusarium solani [37].

a CalLB b . The_cut1

c

Figure 1. Representation of the 3D structures of two cutinases in comparison with CaLB: (a) CaLB
(PDB 1TCA); (b) The_cutl (Homology model); (c) HiC (PDB 40YY). Structures are represented in
cartoon mode and colored according to their secondary structure; the catalytic serine of each enzyme is
highlighted in sphere mode. The mobile domains affecting active site accessibility of HiC are colored
in violet.

Similarities between CalLB and The_cutl are not just limited to their surface properties and
dynamic behavior but are also evident by considering their active site properties. Features such
as ability of establishing H bonds and hydrophobic-hydrophilic balance were recently analyzed
quantitatively by means of a bioinformatics method based on BioGPS molecular descriptors (Global
Positioning System in Biological Space) and multivariate statistical analysis [55,56]. The method allows
for functional structural correlation by comparing three-dimensional structures rather than protein
sequences, and it makes any structural alignment unnecessary. The bioinformatic analysis pointed out
how two cutinases, HiC and Thc_cutl, are classified in between the lipase and esterase families [56].
Accordingly, cutinases are not just active on cutin, but they also hydrolyze suberin (a “waxy” polyester
and main component of cork) and are also able to hydrolyze a variety of synthetic esters and show
activity on short- and long-chains of emulsified triacylglycerols [6]. Moreover, in analogy to lipases
and esterases, when applied in low water activity environment, cutinases are also able to catalyze
esterification and transesterification reactions [56].

3. Cutinases as Biocatalysts for Polymerization Reactions

For several decades, the demand for polymers and plastics has grown at a faster rate than
for any other group of bulk materials, and expectations are that this trend will continue until
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2020. Biocatalytical strategies are promising solutions to mitigate the environmental impact of
polymerization technologies currently used [2].

Enzymes are attractive sustainable alternatives to toxic catalysts traditionally used in
polymerization reactions, such as metal catalysts and tin in particular. The objective of enzymatic
polymerization is not the synthesis of high molecular weight polymers but rather opportunity to
produce functionalized as well biodegradable polymers with controlled architecture through highly
selective processes at mild temperatures ranging between 40 and 90 "C, whereas conventional
polymerizations are carried out at T > 150 “C with particular reference to organo-catalysts employed in
the production of itaconic acid polyesters [56,57]. Enzymatic synthesis generally leads to polymers with
moderate molar masses when compared to products obtainable via conventional chemical synthesis,
but this drawback has been circumvented by using a two-step procedure, where an initial enzymatic
polymerization leads to oligomers and a second step is carried out at higher temperature and/or
lower pressure after removal of the biocatalyst [2]. Furthermore, the synthesis of oligomers and short
telechelics pre-polymers with functional ends represents an effective strategy for obtaining polymers
with higher molecular weight [58].

Actually, most of the studies related to enzymatic polymerization make use of lipases, and in
particular CaL.B which is one of the most widely used enzymes in industry and the ‘yardstick” for
comparison in academia [3,59].

The use of cutinases HiC, Fsp, and The_cutl for polymerization reactions was explored only in
the last decade in synthetic reactions reported in Figure 2.

Cutinase-catalyzed polycondensation was reported for the first time in 2007, when HiC was
used for polyester synthesis using different diacids and diols [60]. Polycondensation reactions
were performed in solvent-free environment and under vacuum (10 mm Hg) at 70 “C using an
adsorbed preparation of HiC on previously lyophilized Lewatit beads (similar to the commercial
preparation Novozym® 435 where CaLB is adsorbed on the same polymeric carrier) [60]. In particular,
adipic acid was tested in polycondensation reactions with 1,4-butanediol, 1,6-hexanediol, and
1,8-octanediol (Figure 2a) leading to M, ranging from 2700 to 12,000 Da. A more rigid diol,
1,4-cyclohexanedimethanol, was polymerized with adipic, succinic, suberic, and sebacic acids (from
C4 to Cyp) (Figure 2b) leading to My, from 900 to 19,000 Da according to the diacid chain lenght [60].
Results demonstrated the ability of HiC to perform polycondensation with each tested monomer
and showed a preference for longest acids or diols chains: adipic acid with 1,8-butanediol and
1,4-cyclohexanedimethanol with sebacic acid gave higher polymerization degrees. In the same work,
HiC was also reported able to perform ring-opening polymerizations of lactones both in toluene and
in solvent-free conditions (Figure 3) leading to polymers with My, of 24,900 and 16,000 Da respectively.

In another publication, where HiC was covalently immobilized on Amberzyme oxirane,
the preference of HiC for long chain substrates was confirmed. Its selectivity was compared again with
the commercial preparation of CaLB Novozym® 435 which shows higher substrate promiscuity;
moreover, HiC proved to be able to perform homo-polymerization of w-hydroxyalkanoic acids
(Figure 2c) [61].
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Cutinase-catalyzed Polycondensation reactions
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Figure 2. Schematic representation of polymer synthesis catalyzed by the different cutinases
and discussed in the present section. Fsp: Fusarium solani pisi cutinase; HiC: Humicola insolens
cutinase; The_cutl: Thermobifida cellulosilytica cutinase 1. (a) polyesters from diacids/diesters and
linear diols; (b) polyesters from diacids and cyclic diols; (c) polyesters from w-hydroxyalkanoic
acids; (d) polvamides from diesters and linear diamines; (e) polyamides from aliphatic and

aromatic monomers.
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Figure 3. Schematic representation of Ring Opening Polymerizations (ROP) catalyzed by HiC both in
toluene and solvent free conditions.

More recently, the activities of CaLB and HiC were also compared with another cutinase, namely
The_cutl. Both HiC and The_cut] were covalently immobilized on EC-EF Sepabeads as well as CaLB
which was also employed in its commercial preparation (Novozym® 435) [10]. All the biocatalysts were
tested for polycondensation of dimethyl adipate with 1,4-butanediol or 1,8-octanediol using a thin film
solvent-free system under reduced pressure (100 kPa) at 70 °C (Figure 2a). The best performances in
terms of conversion and molar masses of the products were obtained by using The_cut1 that led to a 86%
monomer conversion and M, of around 1000 Da while CaLB gave a conversion of 76% and a M, of
only 528 Da [10]. Interestingly, the polycondensation catalyzed by HiC gave no observable products, in
disagreement to what was previously reported [60]. The substrate acceptance of The_cutl was further
investigated, catalyzing the polycondensations of dimethyl adipate with 1,4-butanediol, 1,6-hexanediol,
1,8-octanediol, and 1,12-dodecandiol [10]. It is noteworthy that, in solvent-free conditions, The_cutl
showed a preference for short chain diol and the reaction with 1,4-butanediol gave better conversions;
on the other hand, the same tests with 1,4-butanediol, 1,6-hexanediol, and 1,8-octanediol were repeated
using toluene as solvent produced very similar results in terms of reaction conversion (around 18%
after 24 h of reaction), indicating that the higher conversion with 1,4-butanediol might be induced by

viscosity and mass transfer effect which have to be carefully considered in this kind of investigation.

The attenuation of the mass transfer issues using a solvent demonstrated indeed that The_cutl does
not have relevant preference in the use of 1,4-butanediol, 1,6-hexanediol, and 1,8-octanediol [10,56].
Furthermore, a new enzyme preparation, where The_cutl was immobilized on a fully renewable
support based on rice husk, was used for the polycondensation of dimethyl adipate with 1,4-butanediol
and 1,8-octanediol. The reaction conditions were optimized by a fractional factorial design and
finally, such The_cutl preparation was able to reach conversions, considering monomer consumption,
as high as 89% [56]. Also, it is remarkable to note that the activity of The_cutl did not decrease
after lyophilization.

CaLB was also compared with Fsp in a different polymerization reaction for the obtainment of
polyamides. CaLB was tested in its commercial form (Novozym® 435), while Fsp was adsorbed on
Lewatit beads (similar to Nc-\!ozym® 435) and as CLEA (Cross Linked Enzyme Aggregates) [62]. Fsp
and CaLB were able to catalyze polyamide formation of diethyl sebacate with 1,8-diaminooctane,
1,6-hexanediamine and 1,4-butanediamine (Figure 2d). The assays were conducted at 70 “C using
toluene or diphenyl ether as solvents. The best conversions were obtained by CLEA Fsp (>50%)
followed by CaLB (around 45%), whereas Fsp adsorbed on Lewatit gave lower monomer conversions
(<25%) [62]. The same enzyme preparations were also tested for the polymerization of aromatic amides:
enzymatic syntheses of oligo(p-xylylene sebacamide) and oligo(octamethylene terephthalamide) were
successfully performed whereas in this case, CalB led to better products than CLEA Fsp when
1,8-diaminoctane was used as diamine (Figure 2e) [63].

In general, the immobilization of the biocatalyst is mandatory in these synthetic processes for
several reasons: (1) to avoid the aggregation of the hydrophilic enzyme molecules; (2) to recycle

the expensive enzyme; and (3) to prevent the contamination of product by the enzyme protein [2,3].

Considering the data reported in literature, it must be noted that results in terms of molecular weight
of polymerization products might be affected by detachment and dispersion of the enzyme when not
covalently supported as demonstrated in previous studies [64]. In addition to adsorbed preparation
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with consequently problematic leaching, the mechanical strength of CLEAs preparations still has to be
demonstrated on an industrially relevant scale [65].

A critical parameter in the performance of an immobilized enzyme is indeed the spatial
distribution of the enzyme and substrate within a macroporous resin. The enzyme distribution
of CaL.B immobilized within a macroporous polymer matrix revealed that the enzyme is localized
in an external shell of the bead with a thickness of ~100 um. Furthermore, it was found that CalLB
secondary structure was not altered by immobilization.

Unlike CaLB, polystyrene molecules of similar molecular weight diffuse easily throughout
Novozym 435 beads. Scanning Electron Micrograph (SEM) images of the beads showed that the
average pore size is 10 times larger than CaLB or polystyrene molecules, implying that there is no
physical barrier to enzyme or substrate diffusion throughout the beads [65].

In the case of enzymatic polycondensation and more specifically in solvent-free systems,
the viscosity of reaction mixtures makes the diffusion of substrates and pre-polymers into the
pores highly unlikely [59]. The porosity of carriers seems to play a negligible role in the process
design, rather, porosity might induce the risk of undesired occlusion by substrates and products, thus
limiting the efficiency of the enzyme. This assumption is also supported by recent data obtained in
polycondensation catalyzed by hydrolases immobilized on rice husk [59,66]. Although the enzymes
(CaLB and Thc_cutl) were immobilized only on the surface either through adsorption-crosslinking
or covalent bonding, the polyester synthesis proceeded with comparable rates and conversion as in
the case of the macroporous methacrylic resins. Indeed, it was demonstrated that the most efficient
reaction systems for biocatalyzed viscous reactions employed enzymes homogeneously dispersed on
large volumes of carriers.

4. Cutinases as Biocatalysts for Polymers Hydrolysis

The ability of some enzymes to hydrolyze polymer molecules is under investigation as a possible
solution for the increasing awareness of the world-wide problems associated with plastic pollution
since conventional chemical recycling approaches are energy-consuming and cost-intensive methods
requiring large-scale degradation processes for an economical application [67]. On the other hand,
the ability of enzymes to hydrolyze polymers can be exploited for structural fine-tuning and
for controlling the degree of polymer functionalization by operating under mild conditions [57].
The possibility to perform partial hydrolysis on the outer layer of the polymer can be exploited for
changing the superficial properties in terms of hydrophobicity /hydrophilicity balance, obtaining
reactive groups for successive modifications, and changing the polymer biocompatibility just to name
a few [68-70].

The ability of some lipases to hydrolyze polyesters has been known since 1967, and among them,
the most widely used and studied one is again the lipase B from C. antarctica (CaLB) [2,71]. During the
last 10 years, with the aim to expand the biocatalytical tools for polymer hydrolysis and modification,
several cutinases have been tested for their ability to hydrolyze polyesters (Table 2).

Table 2. Polyesters and polyamides that were hydrolyzed via cutinase-catalyzed reactions.

Polymer Enzyme Ref.
Thermaobifida cellulosilylica [72,73]

Thermobifida fusca
Thermobifida alba

(67]

Thielavia terrestris 74
Poly(ethylene terephthalate) (PET) b S 7]
Humnicola insolens
Pseudontonas mendocina [75]
Fusarium solani

Penicillum mendocin
Pepicillunt citrinim

[69,74]
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Table 2. Cont.

Polymer Enzyme Ref.

e Hutnicola insolens [70,786]
Poly(L-lactic acid) (PLA) Thernrobifida halatolerans [77]
Poly(ethylene furanoate) (PEF) Thermobifida cellulosilytica [78]

Humyicola insolens

3, S i 2 &l
Poly(butylene adipate-co-terephthalate) (PBAT) Thérmobifida cellilosilytics

(791

Poly(caprolactone) (PCL) Thiclavia terrestris [79]

Thielavia terrestris
Aspergillus oryzae
Poly(butylene succinate) (PBS) Fusarium solani [79]
Hunicola insolens
Alternaria brassicicola

Polyamide 6,6 Fusarium solani [80]

The scientific work was focused on the hydrolysis of the most relevant industrial
polymers, in particular poly(ethylene terephthalate) (PET). Cutinases from various Thermobifida
species demonstrated a good selectivity on PET [72,73]. More in detail, cutinases from
Thermobifida cellulosilytica, Thermobifida fusca, and Thermobifida alba demonstrated an ability to hydrolyze
PET. Even though all these Thermobifida cutinases turned out to be very similar in their sequences, they
differed in PET hydrolysis activities. Besides, it is important to notice that products released from PET

hydrolysis were shown to have an inhibitory effect on the activity of Thermobifida fusca cutinase [67].

In addition, modeling analysis suggests that the hydrolysis efficiencies among Thermobifida cutinases
are influenced by the electrostatic properties in the enzyme regions surrounding the active site entrance,
thus affecting the essential sorption processes on the water-insoluble PET [81]. In that respect, with the
aim of improving the hydrolytic performances of the cutinase 1 from Thermobifida cellulosilytica against
PET, the polyhydroxyalkanoate binding module from Alcaligenes faecalis was fused to the cutinase
obtaining a three-fold increase of the PET hydrolysis release products [81]. The validity of such an
approach was further confirmed by other mutagenesis experiments where the regions in proximity
to the active site of cutinases from Thermobifida fusca and from Fusarium solani pisi were mutated
for changing the superficial hydrophobicity: mutants turned out to have improved PET hydrolytic
performances [82,83]. Other cutinases able to perform PET hydrolysis are those from Humicola insolens,
Thielavia terrestris, Pseudomonas mendocina, and Penicillum citrinum [69,74]. Notably, Humicola insolens
cutinase demonstrated high hydrolytic activity due to its stability after prolonged incubation at 70 °C,
which corresponds to an optimal hydrolysis temperature, being very close to the T, of PET. At this
temperature, the enzyme benefits from higher mobility of the polyester chains in the amorphous phase,
thus increasing the enzyme accessibility to the ester bonds [67]. The most commonly used conditions
are enzyme concentrations between 2 and 5 pM and T ranging from 50 to 70 °C, depending on the
enzyme thermal stability.

Just a few reports investigate the hydrolysis of different polymers using cutinases. Among them,
cutinase 1 from Thermobifida cellulosilytica was able to successfully hydrolyze poly(ethylene furanoate)
(PEF), new environmentally-friendly polyesters [78]. The cutinase from Thielavia terrestris was reported
to hydrolyze also poly(caprolactone) and poly(butylene succinate) (PBS) at a rate of 203 mg/h per mg
of protein, and 56 mg/h per mg of protein, respectively [74]. Hydrolytic activities on PBS were reported
also for cutinases from Fusarium solani, from Aspergillus oryzae, from Alternaria brassicicola, and from
Humicola insolens [74]. The latter was also reported to be active in the hydrolysis of poly(lactic acid)
as well as cutinases from Thermobifida halotolerans [70,77]. Finally, cutinase from Fusarium solani is
currently reported as the only cutinase able to hydrolyze Polyamide 6,6 [80].
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5. Conclusions and Future Perspectives

The polymer industry is under pressure to innovating towards more sustainable processes and
enzymes represent a formidable tool for conferring unique targeted properties to polyesters and
polyamides, while meeting greener criteria. Nevertheless, the replacement of conventional catalysts
and chemical synthetic methodologies with biocatalysts on an industrial scale has not taken place yet,
since enzymatic processes require to be further optimized both in terms of economic and technological
performances. After more than one decade of extensive investigations of the application of lipase
CaLB in polyester /polyamide synthesis and modification, recent studies showed that cutinases are
endowed with specific properties that make such enzymes promising biocatalysts for translating lab
reactions into processes of practical and industrial relevance.

Computational and bioinformatics investigations disclosed how cutinases represent an enzyme
class in between lipases and esterases. Interestingly, the same is also applicable to C. antarctica lipase B,
suggesting, for the first time, some criteria for identifying biocatalysts applicable to polyester synthesis
and hydrolysis. In the case of cutinases, the wider and more accessible active site, along with differences
in terms of substrate specificity efficiency under milder and less strictly anhydrous conditions represent
crucial features for succeeding in the hard task of producing highly structured and effective polyesters
on industrial scale.

However, when cutinases are compared to lipases and CaLB in particular, it is important to
consider that industry has been making wide use of lipases—especially in detergent formulations—for
several decades, therefore pushing the scientific research towards the optimization of stability, activity,
and expression of these biocatalysts. Similar efforts would be needed for transforming selected
promising cutinases into efficient industrial catalysts. The use of cutinases for the mild and controlled
hydrolysis and functionalization of polymer surfaces will get closer to an industrial scale when the
expression and the selection of the best variants (deriving from rational design or directed evolution)
will be optimized and scaled for tailored applications on commercial polymers.

Furthermore, studies are still needed to verify the applicability of cutinases to a wide array
of substrates of industrial interest, such as sensitive functionalized moieties for the obtainment of
higher-value polymers carrying lateral functionalities, or renewable monomers for the production
of biobased polymers for the cosmetic and the pharmaceutical industry where the obtainment of
short oligomers is desired in order to be utilized in various formulations (e.g., nano capsules) [84].
Processes catalyzed by enzymes and whole cells will, in the coming years, be major players for
global sustainability. In this sense, the industrial need of robust and heterogeneous biocatalysts to
be recovered and reused makes immobilization procedures a key step of practical relevance; it is
noteworthy that, also in the perspective of substituting petrol-based carriers that are currently on the
market, immobilization technologies recently developed with cheap, stable, and renewable rice husks
are of particular interest [66].

In conclusion, cutinases represent promising and selective biocatalytic tools for polyester
chemistry, but their potentials still need to be fully exploited through an industrially driven perspective.
In an industry moving more and more towards a circular economy [85] and an atomic economy where
each compound derived from the process needs to be recycled, enzymes and whole cell transformations
will, in the coming years, be a major player for global sustainability.
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4.2 Analysis of structural and functional properties of cutinases vs other serine

hydrolases: a bioinformatics approach using molecular descriptors

The industrial optimization process of biocatalysts aims to expand the range of biocatalytic
routes to be used in industrial synthetic processes and to improve the applicability of
enzymes to meet the industrial needs in terms of operative conditions, product purity and

cost-effectiveness.

The computational approach to this matter allows simplifying the screening process of new
enzymes that in lab scale could be very expensive and time-consuming. In silico screening,
through the use of appropriate bioinformatics software, can be an effective aid in reducing
the number of experiments to be made in the laboratory, with a clear economic advantage.
From this perspective, developing and testing new enzyme can be a way more efficient
process. Through the last forty years, high computational cost quantomechanics (QM)
methodologies have been used to understand the physicochemical properties of enzymes®2.
For this reason, enzymatic systems have always been studied only at the level of the catalytic
residues, while combining molecular mechanics (MM) techniques to handle the remaining
part of the protein structure, disregarding all the fine-grained electronic interactions and
taking into account only the laws of classical mechanics to describe the atoms>®. However,
this approach turned out to be inconvenient because of the excessive simplification of the

system while not reducing consistently the time required for the calculation>*.

The recent research in the field of bioinformatics resulted in the development of molecular
descriptors that, as suggested by the name, describe quantitatively the characteristics of
different kinds of molecular systems®>. A molecular descriptor is the result of a logical and
mathematical process that translates the protein structure in a numerical form useful to easily
compare different structures in a dataset. Each amino acid establishes short and long-range
interaction with other ones creating foreseeable and quantifiable perturbations in the
surrounding environment. For this reason, molecular descriptors are required to formalize
these data and correlate them to the physicochemical properties of the catalytic site. Various
types of molecular descriptors have been developed distinguished on the basis of the specific
type of interaction they focus on®®. The molecular descriptor used in this thesis for the study
of cutinases and other enzymes belonging to the family of serine hydrolases, is based on
molecular interaction fields (MIFs): among them, GRID molecular descriptors®’, originally
developed for drug-design oriented applications, are designed to seek for the highest

interaction energy between a protein receptor and a candidate drug molecule. Nevertheless,
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these descriptors are also useful tools for enzymatic catalysis because they can be used to
evaluate the interactions responsible for the transition state stabilisation of a particular

biocatalysed reaction.

GRID molecular descriptors and molecular interaction fields (MIF's) calculation

3D-QSAR approach is based on the determination and interpretation of the interactions
between three-dimensional objects. According to Goodford®’ it is possible to evaluate the
affinity of a system for a specific chemical functional group by calculating the interaction
energy established with it in each point of a defined three-dimensional cage where the object
to be studied is contained. The probe functional group is moved around the target molecule
and the interaction energy is recorded. Typical chemical probes are water, methyl, aminic
nitrogen, carboxyl, hydroxyl. This calculation results in the mapping of the space
surrounding the target molecule, with the production of a three-dimensional matrix that
associates each grid point to the interaction energy of that particular probe. The whole matrix

(Figure 18) represents a molecular interaction field (MIF).
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Figure 18. Molecular interaction fields. The box represents the dimension of the 3D grid.
Interaction energies of the probes placed in the grid points are indicated in chromatic scale (green

favourable interaction, red unfavourable interaction because of the steric hindrance)

The interaction energy for each point of the grid is calculated according to the following law

(Eq. 1):

n n n
Exyz = Z Elj + Z Eq + Z Enp
i=1 i=1 i=1

l

Eq. 1
72



Each term of the equation refers to non-covalent interactions established between the
chemical probe and the n atoms comprised in a sphere whose radius is defined by a cut-off
distance. The three contributions represent the non-covalent Van der Waals interactions in
Lennard-Jones form, the electrostatic interaction, and the H-bond interactions. The
parameters used for the calculation of each term of the equation are empiric and fine-tuned

for the probe functional group.

The molecular interaction field is a high density of information object and can be used for
different purposes. Positive interaction energy corresponds to unfavourable farget-probe
interaction or when the probe is positioned inside the Van der Waals sphere of the atoms of
the target. Conversely, using the grid points where interaction is more favourable (negative
energy values) it is possible to analyse the macroscopic similitudes among different target
objects. This approach has been used in this thesis to carry out a comparison between

different serine hydrolase sub-families.

Chemometric analysis

GOLPE (Generating Optimal Linear PLS Estimations)®® is a chemometric software used in
3D-QSAR studies, molecular interaction fields are used as independent variables source. In
particular, the 3D matrix is converted into a single MIF-containing mono-dimensional
vector. D-optimal selection seeks for the most informative variables while excluding the
other ones. FDD (Fractional Factorial Design) is an optimization-targeted procedure that
analyses the effect of the single variables on the predictivity of the model, maintaining the
ones responsible for a positive contribution. Golpe also offers data pre-treatment tools used

to clean the dataset while maintaining all the information resulted by MIF calculation.

The BioGPS descriptors and their application

In the optimization process of biocatalysts of industrial interest, enzyme manipulation plays
a central role that is functional to the improvement of system properties which must be tuned
on the specific application needs. In this perspective, computational methodologies help to
reduce the costs in terms of time and money when it comes to enzyme activity screening.
However, the rational re-design of an active site requires specific bioinformatics techniques

capable of correlating protein structural features to the stabilization of the transition state. In
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other words, a holistic approach to the structural and electronic features of the enzyme is

needed, and BioGPS enables the user to watch at the enzyme in these terms.

BioGPS (Global Positioning System in Biological Space) makes use of a GRID-based
approach to compare enzyme cavities (i.e. active sites) by means of a complex three-
dimensional superimposition algorithm®*. BioGPS method is based on UPCA (Unsupervised
Pattern Cognition Analysis)® analysis and relies on the evaluation of physicochemical
features in the active site who characterise the pre-organized reaction environment of the
biocatalyst, in a similar way to the function of the solvent in a reaction medium. BioGPS-
UPCA approach compares the binding sites of a protein dataset on the basis of a ligand and
not looking at the features of the single amino acids. This action is performed by means of
the definition of a molecular fingerprint that identifies each active site to be used for the
calculation of de novo virtual structures by using FLAP (Fingerprints for Ligands and
Proteins)®®. The above-mentioned computational approach has been already successfully
used in the field of drug design®'. The complexity of the MIFs information is overcome by
the multivariate statistical analysis which is able to simplify the handling of complex systems
by identifying only on relevant variables in the starting matrix of values. This fact enables
to represent the information in a mono-dimensional space making way easier the elaboration
and the interpretation of the starting raw data. Together with MIFs, the algorithm allows also
the calculation of pseudoMIFs, defined as a particular type of MIFs where the molecular
interaction fields are a representation of electron density fields centred on the atoms of the
chosen chemical probes instead of atoms of the enzyme. PseudoMIFs could be seen as the
complementary counterpart of MIFs and it is useful to visualize the part of the active site
occupied by a potential substrate (Figure 19). In the case of pseudoMIFs the interaction
energies are not calculated for each point of the defined grid cage, conversely, they are
generated in the form of a pseudopotential describing the areas with higher probe-chemical

feature interactions®’.
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Figure 19. MIFs and pseudoMIFs. pseudoMIFs can be seen as the complementary part of MIFs.

(BioGPS 16.06 User Manual)

On this basis, with reduced computational and time costs, entire enzyme sub-families and

mutants can be efficiently compared without the need of relying on whatsoever precedent

knowledge.

A typical flowchart of the operational procedure used with BioGPS could be described with

the following steps:

1.

Description of the active site environment by means of MIFs: all stacked
enzyme cavities representing the dataset under consideration are described in
the GRID force field and the complexity of the resulting MIFs is reduced in
order to obtain a Common Reference Framework, a mathematical description
of the protein cavities.

Superimposition step: a stochastic process allows the superimposition of the
calculated MIFs using a quadruplet-based approach that can be tuned based on
the specific operative conditions.

Scoring step: the outcoming results of the preceding step are used to quantify
the entity of the similarity among different active sites. A standard output is
produced based on the single chemical probes employed or, alternatively, on
their combination (Figure 20).

Statistical interpretation of the numerical data obtained via appropriate software
(i.e. GOLPE) and generation of a UPCA model (Principal Component
Analysis), a statistical method widely used to reduce the complexity of a dataset,
correlating molecular descriptors with linearly dependent variables called

Principal Components. This operation makes all the gathered data more
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interpretable by the user, and macro-groups of physicochemically-correlated

enzymes can be easily identified.

a)

Active site detection MIFs calculation Quadruplets generation Blo-fingerprint

Common Refrence Framework

comparison Quadruplets and cavities superposition MIFs superposition Scoring (BioGPS descriptors)

Figure 20. Schematic illustration of the generation of BioGPS molecular descriptors. (a) Starting
from the GRID mapping of enzyme active site the BioGPS algorithm identifies points used for
generating quadruplets and a Common Reference Framework. (b) In order to compare two cavities
(active sites), the algorithm searches for similar quadruplets and then overlaps the corresponding
3D structures (all against all approach). Eventually, a series of probe scores are generated. (Ferrario

et al. 2014)

Together with the mapping and MIF calculation phase, BioGPS flappharm algorithm can be
used for the generation of a MIF-based “pharmacophoric pseudomolecule” whose displayed
MIFs reflect the three-dimensional position of the specific functional groups of amino acids
more frequently interacting with the particular probes chosen. The output structure is
represented in the form of a grid cage and is prone to be superimposed to active sites to
evaluate how and where it fits with the MIFs of the protein structures. This approach has

been exploited for the calculation of the catalophor of a given serine-hydrolase sub-family.

The actual output of the catalophor calculation (MIFs) is completed with the generation of
the above-mentioned pseudoMIFs, whose interpretation allows to estimate the positioning
of a generic substrate within the active site cavity. The numerical scoring data obtained
(score by probe, S-Score and Model score) can be exploited to evaluate the homogeneity of
the whole dataset and to highlight analogies an differences among active sites in the same

enzyme sub-family.
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BioGPS as a tool for the study of serine hydrolases

BioGPS was exploited to highlight analogies and differences within a selection of enzymes
belonging to the family of serine hydrolases, namely lipases, esterases, amidases, proteases
and cutinases, the last one being an enzyme class of particular interest in relation to
biocatalysed polycondensations, as stated in the reported review. All the enzymes of the
dataset, with the exception cutinases, were already studied by means of BioGPS by Ferrario
et al.*. Most of the serine hydrolases share a common catalytic triad Ser/His/Asp (or Glu),
though hydrolysing different substrates (i.e. lipids, small esters, proteins) based on the sub-
family they belong to.

Dataset composition

The dataset of serine-hydrolases was composed of 42 structures as used in the previous study
with the addition of 9 protein structures belonging to the class of cutinases (E.C. 3.1.1.74).
All the crystal structures were retrieved from the Protein Data Bank (PDB)®. In order to
work only on protein data and discarding the other components of the structures (like water,
duplicated protein chains, inhibitors, etc.) the PyMOL® software was used for pre-
processing, leading to protein structures ready to be analysed by BioGPS®’. The composition
of the whole dataset is determined by 5 different enzyme classes, distinguished by their E.C.
number: lipases (serine hydrolases defined as triacylglycerol lipase; E.C. 3.1.1.3), esterases
(other carboxylic ester hydrolases but not triacylglycerol lipase; E.C. 3.1.1), proteases
(serine endopeptidase; E.C. 3.4.21), amidases (amino peptidase and other hydrolases acting
on carbon-nitrogen bonds other than peptide bonds; E.C. 3.4.11, E.C. 3.5.1, E.C. 3.5.2) and
cutinases (acting on the polymeric structure of cutin formed by C16 or C18 hydroxy fatty

acids; 3.1.1.74).

In Table 8, all the enzymes of the dataset are reported with the respective PDB code of the

crystalline structure:
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Enzyme

PDB code Source Substrate
class
1AGY Fusarium solani cutin, short esters, PET, PBS
3DCN Glomerella cingulata cutin, triacylglycerol
3QPD Aspergillus oryzae cutin, long chain esters
3WYN Thermobifida alba cutin, PET, PBS, PLA
4CG1 Thermobifida fusca cutin, PET
Cutinases 40YY Humicola insolens cutin, PET, PBS, PLA, PBAT
4PSE Trichoderma reesei cutin, triacylglicerol
Saccharomonospora virdis  short-chain triacylglycerol,
4WFI
PET
Thermobifida
Thc Cutl PET, PEF, PBAT
cellulosilytica
1CRL Candida rugosa triacylglycerol
IDTE Humicola lanuginosa triacylglycerol
1ETH Sus scrofa triacylglycerol
1EX9 Pseudomonas aeruginosa  triacylglycerol
1GPL Cavia porcellus triacylglycerol
‘ 1K8Q Canis lupus familiaris triacylglycerol
Lipases
1LPB Homo sapiens triacylglycerol
ITCA Candida antarctica triacylglycerol
2FX5 Pseudomonas mendocina  triacylglycerol
2NW6 Burkholderia cepacia triacylglycerol
Geobacillus _
2W22 triacylglycerol
thermocatenulatus
1AUO Pseudomonas fluorescens  broad specificity
1BS9 Penicillium purpurogenum xylanes acetates
1C7J Bacillus subtilis p-nitrobenzyl esters
ICLE Candida cylindracea cholesterol esters
Esterases .
1Ju3 Rhodococcus sp. cocaine
1Q0Z Tricoderma reesei xylanes acetates
1USW Aspergillus niger feroloyl-polysaccharide
2ACE Torpedo californica acetylcoline
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2H7C Homo sapiens CoA. palmitate and
taurocholate

2WFL Rauvolfia serpentine polyneuridine aldehyde

3KVN Pseudomonas aeruginosa  rhamnolipids

IGVK Sus scrofa Ala-|-Xaa

INPM Mus musclus Lys/Arg-|-Xaa

1PPB Homo sapiens Arg-|-Gly fibrinogen

1QFM Sus scrofa Pro-|-Xaa (~30aa)
Proteases ITAW Bos Taurus Lys/Arg-|-Xaa

1T™M1 Bacillus amyloliquefaciens uncharged P1

1YU6 Bacillus licheniformis uncharged P1

2XE4 Leshmania major olygopeptides

3F70 Peacelomyces lilacinus peptides

1AZW Xantomonas campestris NH-Pro-|-Xaa

1GM9 Escherichia coli penicillin

1HL7 Microbacterium sp. y-lactam

IM21 Stenotrophomonas C terminal amide

maltophilia

IMPL Streptomyces sp. L-Lys-D-Ala-|-D-Ala
Amidases Thermoplasma

IMUO NH-Pro-|-Xaa

acidophilum

1QTR Serratia marcescens NH-Pro-|-Xaa

3A2P Arthrobacter sp. 6-amino exanoate dimer

3K3W Alcaligens faecalis penicillin

3K84 Rattus norvegicus fatty acid amide

3INWO Mycobacterium smegmatis NH-Pro-|-Xaa

Table 8. PDB codes, sources and substrates of the serine-hydrolase dataset.

Crystalline structures coming from the Protein Data Bank were used after proper pre-
processing and structure alignment (Figure 21) with PyMOL software with the exception of
The_cutl that has been obtained by homology modelling from 4CG1*. Structure alignment
was performed based on the catalytic triad and oxyanion hole residues to ensure the proper

spatial orientation of the active sites.
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Figure 21. Superimposition of active site residues of the enzyme dataset. (Ferrario et al. 2014)

As stated before, FLAP algorithm was used for the calculation of molecular descriptors.
FLAP exploits a Common Reference Model to evaluate and quantify the type and energy of
the interactions established by the system probe-target.

In the present study, four chemical probes were taken into account for the generation of the

molecular descriptors®*:

e H probe describing the shape of the cavity surrounding the active site;

e O probe (carbonyl oxygen) describing H-Bond donor capabilities of the chosen
cavity

e NI probe (amidic nitrogen) describing H-Bond acceptor capabilities of the chosen
cavity

e DRY probe (aromatic carbon) describing hydrophobic interactions with the chosen

cavity

With the simultaneous generation of MIFs and pseudoMIFs, the said mapped properties were
considered as density fields centred on each probe-interacting atom. Through an autonomous
selection of the most representative points of the grid cages, a similarity-based quadruplet

comparison between enzyme structures was made to project cutinase structures over the 4-
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class serine hydrolase model previously reported* and a pharmacophoric pseudomolecule
was generated for each class in order to extract the common physicochemical features of

specific groups of protein structures.

4.2.1 BioGPS bioinformatics analysis and catalophores calculation

As previously demonstrated, the BioGPS bioinformatics tool allows to group enzyme
structures according to the structural features of their active sites. A dataset of enzymes
belonging to the serine-hydrolase class was previously analysed with this software, enabling
the individuation of macro-clusters based on the physicochemical properties of the area
surrounding the catalytic triad of the biocatalyst. The clusterization procedure via UPCA
analysis showed that the structural properties explained by the BioGPS descriptors are
correlated with the catalytic functions of each class of serine hydrolase.

Projecting on the UPCA plot a selection of enzymes belonging to the cutinase sub-family
showed that the BioGPS analysis recognizes a high level of similarity between the active
sites of cutinase 1 from Thermobifida cellulosilytica (Thc_cutl) and Candida antarctica
lipase B (CaLB), which are projected in a region close both to the esterase and lipase group.
Cutinase 1 is an enzyme of particular interest because has proven to be suitable for
polycondensation reactions™®.

The active sites of CalLB and Thc cutl appeared to be similar in terms of hydrophobicity
and they were positioned among esterases although close to the lipase cluster. Both The_cutl
and CalLB were clearly classified as esterases for their ability to establish H bonds and
Thc_cutl falls closer to the lipase group (Figures 22-26). These observations shed new light
also on the behaviour of CalLB, whose hydrophobic properties of the active site are the main

feature shared with lipases.
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lipases; green: esterases; cyan: proteases; red: amidases; highlighted: cutinases.

The analytical approach consists in a visual/statistical analysis that combines considerations
based on the interpretation of images obtained with PyMOL software with numeric data
generated by bioinformatics algorithms.

In particular, utilizing the GRID-based MIFs of BioGPS, the sub-families of serine-
hydrolases composing the above-mentioned dataset, were processed separately to obtain the
representative “catalophor” of each class that defined as a pharmacophoric pseudomolecule
comprising a three-dimensional map of the more frequent physical-chemical features
established by the amino acids of the enzyme active sites for the processed sub-family.
Exploiting different probes it was possible to evaluate the entity of the interaction between
the couple probe-functional group on the surface of the biocatalyst. Four different probes
were employed: H probe takes into account the active site shape, O probe that evaluates H-
bond donor properties, N1 probe that evaluates the H-bond acceptor capabilities and the
DRY probe accounting for hydrophobic interactions.

Following the probe-based mapping of the active site, the software calculates a score
reflecting how frequent and strong such interactions are. Eventually, an S-Score value is
obtained from the weighted average of the above-mentioned contributions of the singular
components. The said S-Score represents how much the tridimensional picture of the

84



physicochemical features taken into account in a particular enzyme is similar to the
algorithm-generated molecular interaction fields of the pharmacophoric pseudomolecule.
The adopted approach consists firstly in the GRID force field-based mapping of the active
sites in order to quantify type and energy of the non-bonded interactions that could be
established in the surrounding space. In the second stance, MIFs and PseudoMIFs are
calculated using FLAP (Fingerprints for Ligands and Proteins) algorithm. PseudoMIFs are
defined as a particular type of MIFs where the molecular interaction fields are a
representation of electron density fields centred on the atoms of the above-mentioned probes
instead of the atoms of the enzyme and, as stated before, could also be seen as the
complementary counterpart of MIFs.

The average of the S-Scores of each subfamily of serine hydrolases is defined as Model
Score. This value is important to evaluate how homogeneous are the accounted
physicochemical features within a dataset.

A graphical representation of the deviation from the average values for each probe is
provided below (Figure 27). Low values imply that the object enzyme obtained a score
similar to the average in the model, conversely, higher values show stronger differences with
the other elements in the same class. It is worth to say that similar values among different
enzymes do not necessarily mean that the elements have shared features because the
enzymes could also be equally different - but in different ways - from the generated
pharmacophoric pseudomolecule (i.e. same distance in the UPCA model, but different

positions).

The S-Score was calculated for each enzyme in the dataset and represents the weighted
average of the contribution of the components (H, N1, O and DRY) in determining the entity
of the superimposition of the MIFs of a particular enzyme with the ones of the
pharmacophoric pseudomolecule. The catalophor is a spatial representation of MIFs

generated by the different probes on the basis of the dataset elements.
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Figure 27. S-scores represented by deviation from the average value, low values mean that the

structure is well fitted within the dataset. A: lipases; B: esterases; C: proteases; D: amidases, E:

cutinases; F: lipases + thc_cutl; G: lipases without CaLB; H: model scores, namely the weighted

average of s-scores

Analysis of model score by components

The data here reported show that the contribution of the single probes in characterizing a

serine-hydrolase subfamily slightly differs depending on the classes. In particular, no

substantial differences were detected with regard to the hydrogen bond capabilities. More

significative differences arise from the shape of the active site and the hydrophobicity. It is

noteworthy that the contribution of the shape (H probe) is lower in the case of the cutinases

compared to lipases (17.8% vs 20.0%, Figures 28-29). The rational basis of this behaviour

can be found in the more superficial and wide active site of the cutinases, with a consequent
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catalytic activity displayed towards a wider array of substrates. Furthermore, the algorithm
shows a high importance of the hydrophobicity probe in the case of cutinases and lipases,
where this feature contributes by a 28% in determining the Global Score value, showing that

the hydrophobicity has a similar role for both the classes.

Cutinases

0,6 0,8 1 1,2 1,4

o
o
)
o
S

m Shape mHBAcceptor mEHBdonor Hydrophobicity

Figure 28. contribution of the various components in the determination of the model score.

0% 20% 40% 60% 80% 100%

W Shape M HB Acceptor MHBdonor Hydrophobicity

Figure 29. relative contribution to 100% of the given class of the various components in the

determination of the model score.

In the cases of a low model score (see amidases, Figure 28), the molecular interaction fields
(MIFs) associated to the more frequent pharmacophoric interactions in a particular dataset
involve mostly the catalytic triad.; the reason lies on its being positioned in the same spatial

configuration over the whole dataset. In such cases, the information given by the catalophor
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lacks significance, in particular in the cases where the active sites are so heterogeneous that

only the fingerprint of the catalytic triad is shown in the MIFs.

4.2.2  Analysis of the catalophores

Focusing on the catalophores calculated for each serine hydrolase sub-family (Figures 30-
32), it results that cutinases are the more homogeneous class in the whole dataset used in this
study. The S-Score value (Figure 27) for the mentioned class is 0.660, higher than the other
classes. These enzymes are similar in terms of shape and molecular weight and are all able
to hydrolyse cutin with the exception of structure 4WFI for which an evidence has not been

proved yet®

. Accordingly, this structure shows the lower score within the whole class.
Another particular case is 4PSE, a cutinase where, atypically, a lid is expressed and

surfactants are important for its catalytic activity®®.

i—Bond donor catalophor:

Figure 30. Catalophores obtained with O probe (H-Bond donors): A) lipases, B) estrases, C)

proteases, D) amidases, E) cutinases.

Hydrophobocity catalophor:
E)

Figure 31. Catalophores obtained with DRY probe (hydrophobicity): A) lipases, B) estrases, C)

proteases, D) amidases, E) cutinases.

H-Bond acceptor catalophor:

A)
@Eﬁ

a

Figure 32. Catalophores obtained with N1 probe (H-Bond acceptors): A) lipases, B) estrases, C)

proteases, D) amidases, E) cutinases.
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Cutinase 1 structure (cutinase 1 from Thermobifida cellulosilytica, referred also as
Thc_cutl) was produced by homology modelling from 4CG1 (cutinase from Thermobifida
fusca) and shares with it the 99.23% of the sequence, the only differences are the amino
acids 19 and 137 (Arg and Ser in 4CG1, Ser and Thr in Cut1)®. This sequence homology is

reflected in the similar score associated with the two enzymes (Figure 27, E).

Cutinases vs esterases

A comparison between Thc cutl and 40YY (Humicola insolens cutinase, referred also as
HiC) focused on the score returned by the calculation shows that the two enzymes have a
low analogy with the catalophor of cutinases, even though belonging to the same class (E.C.
3.1.1.74). In this respect, a precedent study based on sequence alignment demonstrated that
the two aforementioned enzymes have only a 9% identity®. The same study, aimed to shed
light on the nature of cutinases, pointed out that the physicochemical features of the active
site of the cutinases Thc cutl and HiC have some common features shared by both lipases
and esterases. Cutinases are, in fact, able to hydrolyse synthetic esters and emulsified
triglycerides. Similarly to lipases and esterases, cutinases can catalyse esterification an
transesterification reactions in low water activity media. To clarify such behaviour, a direct
comparison between the catalophor of cutinases and esterases has been carried out and the

single probe components were studied (Figure 33).
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Figure 33. Superimposition of the catalophores of cutinases and esterases

Common MIFs of lipases and cutinases are mostly overlapping and the catalophor of
cutinases is slightly more populated. A visual comparison with esterases is not very
informative because of the low model score of esterases just like in the case of amidases; in
these cases, the catalophor covers only the catalytic triad and on the oxyanion hole because
of its being conserved among the processed structures. For this reason, the more informative

catalophor of cutinases can hardly be compared with esterases.
Cutinases vs lipases

Because of the similar model score between cutinases and lipases, these two classes can be
easily compared (Figure 34). The two catalophores are pretty different, the common fields
centred on catalytic Ser and His are conserved, but the surrounding areas present substantial
differences. In principle, it can be said that the cutinases share more similarity with esterases

rather than the lipases. This conclusion is compatible with the higher structural analogy
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between cutinases and esterases, due to the lack of a lid covering the active site and to the

hydrophobicity of the natural substrates.

H-Bond Acceptors H-Bond Donors Hydrophobic

Figure 34. Superimposition of cutinases and lipases catalophores. Purple: cutinases; blue: lipases

The cutl comparison with CalLB

A more accurate comparison between CaLLB and Thc_cutl has been carried out to evaluate
the different and shared features highlighted by the MIFs of the tested chemical probes. The
picture of the MIFs centred on the active site of the two enzymes allows locating the parts
of the active site where the physicochemical environment created by the aminoacidic
residues is conserved or different between the two enzyme structures. As a visual example,
it is here provided the structure of Cutinase 1 with all its catalophores (Figure 35) which will

be dissected in shared and conserved parts with CaLB in the next picture (Figure 36).

Figure 35. A comprehensive picture of the catalophores of cutinase in superimposition with
cutinase 1 structure. Red: H-bond donors; yellow: hydrophobicity; cyan: H-bond acceptors. The

cavity defining the active site is clearly visible.
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Hydrophobic interactions H-bond acceptors H-bond donors

Figure 36. MIFs of cutinase 1 conserved (blue) and absent (red) in CalLB structure. The

representation takes into account hydrophobic interactions and H-bond capabilities. The reference
structure is cutinase 1, surface and catalytic triad are visible. The zones potentially occupied by
functional groups of the substrate matching the mentioned probe are indicated in yellow and are

represented by pseudoMIFs.

It is noteworthy that the hydrophobic interactions established in Figure 36 are very similar
between CalLB and Thc_cutl, in that specific case the shared MIFs (blue grids) are widely
represented. It can be argued that the great analogy of the catalytic sites in terms of
hydrophobicity makes Thc cutl very similar to CaLB with regards to the nature of the
accepted substrates and, at the same time, it is able to accept larger substrates because of the

more superficial active site.

CalLB and Thc_Cutl comparison with other serine hydrolase subfamilies

Due to the atypical lipase nature of CalLB (absence of the lid) which bring it near to the
esterases in the UPCA model (Figure 22), a comparison between its MIFs and the ones of
other serine hydrolases was carried out (Figure 37-38-40). The same procedure has been
followed also for The cutl. As stated above, the models of esterases and amidases are of
hard interpretation and are less informative than the one of lipases because of the less

populated catalophores.
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Catalophores over CalB's MIFs

Figure 37. Hydrophobicity catalophor superimposed with CaLLB and The _Cutl MIFs. A) lipases

B) esterases C) proteases D) amidases E) cutinases.

Focusing on the DRY probe, representing the hydrophobic interactions, no substantial
differences amongst The cutl and CalB MIFs could be detected comparing them with other

serine hydrolases subclasses. The superimposition is very good in all the cases.

Catalophares over CalB's MIFs

Figure 38. H-Bond acceptor catalophor superimposed with CaLB and Thc_Cutl MIFs. A) lipases

B) esterases C) proteases D) amidases E) cutinases.

The analysis of N1 probe, reflecting active site zones with H-bond acceptor capabilities,
points out some noteworthy differences between the studied enzymes. With regards to the

catalophores of lipases, esterases and amidases, in the case of CalLB there is no
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correspondence between its MIFs and the catalophor in some zones very close to the active
site, this is more evident in the case of lipases (Figure 39).

However, on esterases and cutinases, the differences with CaLLB are detectable in peripheral
zones that may not be involved nor in the catalytic mechanism neither in the substrate
binding. The aforementioned behaviour could be an evidence of the fact that CalLB has more
shared features with esterases and cutinases rather than lipases.

The cutl MIFs are obviously highly superimposed with cutinases and there is also a good

overlapping with esterases and lipases.

Figure 39. CalB catalytic triad superimposed with H-bond acceptors component of lipase
catalophores (blue) and CalLB H-bond acceptors MIFs (grey).In highlight the zone in the proximity

of the active site where there is no correspondence between catalophor and MIFs.

The catalophor with the worst alignment with both enzymes is the one of proteases. This
observation is confirmed by the UPCA model (Figure 22), where proteases are clearly
separated from the other serine hydrolases.

A very similar behaviour to the one reported for H-bond acceptors, is present also in H-bond
donor capabilities (O probe). An important note is the poor superimposition on certain

portions near the oxyanion hole of Thc_cutl on the esterase catalophor.
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Catalophares over CalB's MIFs

Figure 40. H-Bond donor catalophor superimposed with CalLB and The Cutl MIFs. A) lipases B)

esterases C) proteases D) amidases E) cutinases.

The _cutl and TLL comparison with lipases

The inclusion of The_cutl in the lipase model (Figure 27, F) enables to directly compare
this particular cutinase in a dataset of lipases in order to see how the outlier enzyme would
fit on it. Looking at the model score value (0.616) of the above-mentioned model it is clear
that this operation does not perturbate the value of the original model (0.621). For this reason,
it can be concluded that Thc_cutl has a minimum disturbing effect on the model, validating
the hypothesis that there are shared features between the active site of The_cutl and lipases,
in particular CaLB.

Another conclusion that can be driven involves IDTE and 1TCA, respectively Thermomyces
(Humicola) lanuginosa lipase (TLL) e Candida antarctica lipase B (CaLB). TLL is a
classical lipase exposing a lid that in the studied structure is in open conformation, a lid
structure is not present in CaLLB. The fact that the scores of the two enzymes are similar
means that the TLL active site in open conformation has wide shared features with CaLB.
This evidence shows the rational basis of the proximity of these enzymes in the UPCA model

(Figure 22).
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Figure 41. Active site of TLL with lid-forming amino acids indicated in grey sticks. On the left:
MIFs of the enzyme. On the right: lipase catalophor. Yellow: hydrophobic interactions; red: H-

bond donors; blue: H-bond acceptors.

By comparing the MIFs of TLL and lipase catalophor (Figure 41) it is clear that the mostly
hydrophobic interactions given by lid-associated residues (R84 and W89)%7 are not
represented in the catalophor, leading to the conclusion that the presence of a lid in that

position is not a feature strictly required for classifying an enzyme as a lipase.

Comparison of lipases and esterases

The lipase dataset has the second high model score (Figure 27, F) right after the cutinases.
All the lipases have in fact a very similar substrate specificity (see Table 8) because of their
common activity towards triglycerides, albeit some differences depending on the aliphatic
chain length. BioGPS software detects extended interactions for each one of the chemical
probes tested because of a common substrate specificity and it is reflected in the higher
overlapping of the MIFs of the single enzymes.

A one to one inspection of the scores obtained (Figure 27, F) reveals the presence of an
outlier represented by Candida rugosa lipase (1CRL). This behaviour is in line with the data
obtained from UPCA analysis positioning that enzyme on the cluster of esterases instead of
lipases, in the proximity of cholesterol-esterase from Candida cylindracea (1CLE). The
aforementioned enzymes, albeit the different substrate specificity, have only a 40% sequence

homology*.

Estarases

In the case of esterases, the homogeneity of the dataset is very low because of the different

substrate specificity amongst enzymes. Nevertheless, the model score (0.354) is higher than
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the one of amidases and H-bond acceptor capabilities (N1 probe) are well represented in the
catalophor. In comparison with the class of amidases, it is noticeable a large presence of the
components associated with hydrophobic interactions (DRY probe) and with the H-bond
acceptors (O probe). This last point, directly correlated to the higher model score, shows that
the physicochemical environment of the active sites of esterases is constant among the tested
enzymes, notwithstanding their scattered-like disposition in the UPCA model; in fact, a more
populated catalophor implies an higher analogy between the enzyme structures.

Another noteworthy point is the low score of the esterase from Pseudomonas aeruginosa
(3KVN), which is also reflected in the UPCA model where this enzyme is located far away
from the other esterases (Figure 22). The specific substrates of the above-mentioned enzyme
are ramnolipids, but this fact does not classify it as a lipase because of its position in the

UPCA model that is far away from them.

Lipases without CaLB

Taking into account the atypical, atypical features of CaLLB (absence of a lid), a lipase model
without this enzyme was generated in order to verify if CaLB is a perturbative factor in the
model (Figure 27, G). Such operation produced in fact a model with a slightly (0.621 vs
0.634) higher score (i.e. more homogeneity among dataset elements) without influencing the
relationship among the enzymes. Even though CalB is missing a lid, it is well fitted within
the other lipases. The reason is that BioGPS software does not recognize the lid as a critical
feature when generating the catalophor by giving a marginal influence in the scoring
procedure at the presence or absence of the lid, in the same way seen for TLL. This fact is
noteworthy because demonstrates that the algorithm focuses mainly on the catalytic features

of the enzyme rather than secondary lid-like structures.

Amidases

The UPCA model clearly showed that amidases share common feature with esterases
because of the large overlapping of the elements in the plot. The subject of distinguishing
the particular structural features of amidases and esterases has already been addressed in the
literature. The active sites of the 11 amidases used for the catalophor calculation show a
strong heterogeneity driven by the different substrate specificity (Figure 27, H).
Consequently, the model score (0.219) is the lowest of all the serine hydrolases subfamilies
studied. Nevertheless, observing at the shape and disposition of the common molecular

interaction fields shown in the catalophor for the singular probes it is possible to conclude
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that the interactions where the enzyme residues act as H-bond acceptors towards the
substrate (i.e. backbone carbonyl groups) show a common scheme that can be found more
frequently if compared with other types of interactions involving this enzyme subfamily.
This interaction pattern is visible in the three-dimensional representation of the catalophor

(Figure 37-38-40).

Proteases

The protease class occupies its specific position in the UPCA model, separated from the
other enzyme subfamilies. The dataset here employed is quite heterogeneous and a visual
inspection of the catalophor highlights the presence of numerous and repeated H-bond
acceptor interactions (N1 probe, Figure 40). Some of these interactions are likely to be
established with carbonyl groups of the substrate.

The two proteases already marked as outliers in the previous UPCA analysis (1QFM and
2XE4) show the same behaviour here, returning the lowest score and so the highest deviation
from the average of the dataset (Figure 27, C). The unusual position of these two enzymes

is well represented in the global PCA model (Figure 22).

Lipases vs amidases

Lipases catalophor has been directly compared with amidases (Figure 42). As it was pointed
out for cutinases/esterases comparison, the low model score of amidases leads to a
catalophor where the represented MIFs are mostly positioned over the catalytic triad, being

a common behaviour for all the elements of the dataset.

The graphical and score analysis shows that the hydrophobic interactions in lipases play a
more important role rather than in amidases, and this is to be expected due to the different
nature of the enzymes. Conversely, hydrogen bond acceptors and donors are more

represented in amidases.
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Hydrophobic interactions probe H-bond donors probe

® Amidases
® Lipases

Figure 42. Superimposition of the catalophores of lipases (blue) and amidases(red).

4.2.3  Analysis of a mutant of Thc_cutl: an application of BioGPS to a case study

In an attempt to enhance the synthetic capabilities of Thc_cutl in the field of the production
of aliphatic polyesters, the enzyme was modified in silico aiming to boost the accessibility
of the active site, to allow longer polymeric chains to enter the active site®®. The residue
mutations were proposed by dr. Ferrario and involve 3 amino acids in the entrance of the
active site. The chosen strategy was to replace the more hindering residues with other ones
with lower steric effects, improving at the same time the efficiency of the immobilization of
the enzyme on epoxydic supports thanks to the replacing of a Lys residue next to the catalytic
triad that could promote the a wrong orientation of the enzyme in the immobilization phase.
The mutated residues were Trp156, Leul58, Lys160 that were respectively replaced with
Gly, Ala and Leu.

Activity studies reported in the present work show a total loss of activity, and this behaviour
was inspected by the means of a bioinformatic analysis with BioGPS software.

An extensive discussion on the adopted approach to model the in silico mutant and to

produce the actual enzyme is beyond the purposes of this thesis.

The bioinformatic analysis here proposed, pointed out a possible rational basis of the

complete loss of activity.
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The comparison between Thc cutl wild type and its mutant have been carried out focusing
in particular on the pseudoMIFs of the DRY probe, related to hydrophobicity. Hydrophobic
interactions are here way more informative than H-bond capabilities. DRY probe
pseudoMIFs highlights the zone that a hypothetic hydrophobic substrate could occupy in the
active site to establish efficient hydrophobic interactions. In the case of the mutant, the

PseudoMIFs appear to be split in two parts (Figure 43).

Thc_cutl Thc_cutl mutant

Figure 43. Hydrophobicity pseudoMIFs of The_cutl and its mutant.

In the same way previously used with The cutl vs. CaLB, the MIFs of the enzymes were
compared, shedding light on shared and different features. By means of this operation, the
reason for the anomalous disposition of the pseudoMIFs has proven to be the removal of
Trp156 residue, responsible for conferring some important hydrophobic interactions with
the substrate (Figure 44). Noteworthy, the influence of the other two mutated amino acids
were not evaluated because they do not fall in the working cavity due to their relative
distance from the active site. Other differences that can be noted are artefacts generated by
the process of minimization and dynamization of the mutated enzyme structure and do not
need to be taken into account.

A projection of the mutant on the UPCA model did not lead to significant results, the same
behaviour was found during the attempt of comparing the scoring of the mutated The cutl
with other enzyme classes (Fig. 45). In this case, the visual inspection turned out to be the
most effective way to drive conclusions on the different catalytic activity found for the two

enzymes.
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Figure 44. Red: differences between The_cutl and its mutant. Yellow: Hydrophobicity
pseudoMIFs of The cutl. Trp156 is highlighted.

1
05 Esterases + Cutinases + TLL + CalLB
08 Model Score: 0,348 >-score
E Shape
0,7 HB Acceptor
0,6 Hydrophobicity
HB donor

Figure 45. Values obtained with the model comprising esterases, CaLLB, TLL, cutinases and

Thc_cutl mutant.

4.2.4 Molecular dynamics to understand the effect of temperature and pressure on CalLB
and The_cutl

Note: see Annex 2 for the full research paper.

Another step of our investigation was to shed light on the influence of conformational
changes in determining the dissimilar behaviour of CaLB and Thc cutl at different

temperature and pressure. In fact, our research group demonstrated that the activity of
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Thc_cutl is higher at low temperature and environmental pressure, while CaLB requires
vacuum for achieving maximum yield in polycondensation reactions. For these reasons,
The cutl represents a valid alternative to CaLB, allowing the reaction to take place in mild
conditions, increasing the overall sustainability of the biocatalysed process®. Molecular
Dynamics simulations were run under different conditions of temperature and pressure for
10 ns by using the software GROMACS®® version 4 OPLS force field’® definitions and
explicit water as a solvent. Three simulations were sun for each enzyme according to the

conditions defined in Table 9:

Simulation Temperature Pressure
1 300 K 1000 mbar
2 343K 1000 mbar
3 343K 70 mbar

Table 9. Temperature and pressure settings of the MD simulations

Each one structure was compared on the basis of RMSF calculated on the Ca of the proteins

(Figure 46).

100 Thc_Cutl RMSF

Simulation 1 (300 K; 1000 mbar)

Simulation 2 (343 K; 1000 mbar)

Simulation 3 (343 K; 70 mbar)

RMSF (nm)

Residue number

Figure 46: Thc_cut]l RMSF analysis and comparison. The 3 different simulation conditions are
highlighted in different colours which are indicated together with the simulation conditions in the

chart legend.
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The RMSF analysis pointed out that the protein has similar behaviour under all the
conditions tested, with an obvious higher average mobility at 343 K because of the higher
temperature. More interesting differences are noticeable for the terminal part of the peptide
chain. The overall conformational stability of Thc cutl is also confirmed by observing the

superimposed dynamized structures.

Figure 47. Superimposition of the structures of a) Thc_cutl and b) CaLB resulting from the 3 MD
simulations, refer to Table X: green, conditions 1; red, conditions 2; blue, conditions 3. Catalytic

serines are shown in sphere mode; residues 86-91 close to the active site are marked by a circle.

Noteworthy there are also some differences not directly highlighted by RMSF analysis and
mainly related to sidechain movements in the area surrounding the active site (residues 86-
91, Figure 47). At 343 K and 70 mbar (conditions 3 in table 9) the active site appears to be
less accessible than at environmental pressure as a direct consequence of conformational
changes involving the said residues, although it is difficult to correlate these observations
with the negative effect of high temperature and vacuum on the enzyme. No disruptive
conformational changes were observed in the tested conditions. RMSF analysis carried out
on Ca of CalLB (Figure 48) showed clear differences in the enzyme mobility, even more

evident by superimposing the structures (Figure 47).
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10 CalLB RMSF

0,9

0,8 o Simulation 1 (300 K; 1000 mbar)
e Simulation 2 (343 K; 1000 mbar)

0,7 s Simulation 3 (343 K; 70 mbar)

0,6

RMSF (nm)

Residue number

Figure 48. CaLB RMSF analysis. The three MD simulations are represented in different colours

together with the simulation conditions in the chart legend.

The protein loops located at the entrance of the active site (residues 138-143 and 187-193)
change their conformations on passing from environmental conditions to high temperature
and low pressure, enlarging the active site entrance. Notably, this behaviour was not detected

in the simulation run at high temperature and atmospheric pressure (343K and 1000 mbar).

These data are in accordance with what observed with the BioGPS analysis that pointed out
different H-bond capabilities of CalLB if compared with other lipases. In fact, the effects of
temperature and pressure appear to be strictly linked to the role of water inside active sites.
The influence of water molecules inside CalLB active site, a critical aspect in biocatalysed
polycondensations, has been already discussed by other authors’"-’2. Future engineering
strategies of CalLB should follow this direction, while taking into account the positive

features displayed by Thc_cutl.
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5. Materials and methods

Materials

The solvents were standard laboratory grade. Alcohol, organic acid, and other reagents were
purchased from either Aldrich Chemical Co. (Milwaukee, Wisconsin, United States) or
Sigma-Aldrich (St. Louis, MO, USA) and used as received if not otherwise specified.
Samples of rice husk (Carnaroli type) were kindly donated by Riseria Cusaro (S.r.L.)
(Binasco, Italy) and derive from Italian rice varieties. The organic composition, previously
determined [10], is the following: 46.5% cellulose, 31.9% lignin and 22.1% of pentosanes
(hemicellulose). SiO2 constitutes about 20% of the global weight. The milled RH has a water
adsorption capacity of 42.6% w/w, determined by weight difference. Lipase B from Candida
antarctica (CalLB, batch LCN02115 with an activity of 4005 U mL'l purchased from
Novozymes (Bagsvaerd, Denmark) and Laccase C was purchased from ASA-Spezialenzyme

(Wolfenbiittel, Germania)
Milling of rice husk

Rice husk was milled using a Rotor mill ZM 200 (Retsch S.r.l., Bergamo, Italy) according
to a procedure already described.14 The raw material was separated by size using sieves of
450 and then 200 mm. The wet particles were weighed and then dried in an oven at 120 °C
for 6 h. The milled RH (size 0.2—-0.4 mm) had a density of 0.437 gmL™.

SEM Microscopy

Samples were metallized with the S150A Sputter Coater instrument (Edwards High
Vacuum, Crawley, West Sussex, UK) before being observed with the Leica Stereoscan 4301
scanning electron microscope (Leica Cambridge Ltd., Cambridge, UK) integrated with an
Si detector (Li) PENTAFET PLUS TM, with an ATW TM window (Oxford Instruments,

Oxfordshire, England) for microanalysis.
Rice husk moisture determination

A sample of rice husk was weighed in a tared weighing bottle. After drying for 2 hours in
the oven at 105 °C followed by cooling in a desiccator in vacuum conditions. The bottle was
replaced again in the oven for 1 hour. The process was repeated, followed by cooling and
weighing as above for successive periods until constant weight was reached. Moisture

content was determined as follows:

0 _ Myet — Mary
/Omoisture -
Myyet
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Oxidation of rice husk with sodium periodate

A total of 2.0 g of rice husk (particle size 0.2-0.4 mm) previously washed with a mixture of
H20O:ethanol 50:50 (3 x 3 mL) was placed in a syringe with septum. Then, 50 mL of a 0.20
M NalOs solution was added and the mixture was allowed to react under stirring on the blood
rotator for 22 h in the dark and at 25 °C. The solid support became dark brown. At the end
of the reaction, the rice husk was filtered and rinsed with deionized water (3 x 10 mL) until

neutrality.
Oxidation of raw rice husk with laccase-mediator system (LMS)

This protocol is referred to the first carbonyl content evaluation here reported and at the
covalent immobilization sample obtained with laccase C oxidized, non-AHP rice husk. 500
mg of washed rice husk were washed and put into a 50 mL flask in 10 mL phosphate buffer
0.1 M pH 5. Laccase C (20 U/mL or 100 U/mL) or Novozym S1003 (20 U/mL) were added
to the reaction mixture together with 10 mM TEMPO radical (except for one sample). The
buffer solution was added to bring the volume at 25 mL and the suspension was stirred for
48 hours at 50 °C. The product was washed with deionized water 5 x 10 mL. The same
method was followed with AHP pre-treated samples with a rice husk concentration of 0.2-

1.0 U/mggrs.
Functionalization of oxidized rice husk with HMDA diamine spacer

A total of 40 mL of a 0.9 M solution of hexamethylenediamine in methanol was added to
rice husk samples and the mixture reacted for 72 h at 25 °C by stirring on an orbital stirrer.

After this time, the rice husk was filtered and washed with methanol (2 x 40 mL).
Activation of amine functionalized rice husk with glutaraldehyde

Prior to immobilization, the amine-functionalized rice husk was activated by adding 50 mL
of a 1.25% (v/v) glutaraldehyde solution in 0.05 M phosphate buffer at pH 8 and the
suspension was allowed to react for 5 h at 25 °C. At the end of activation, the rice husk was

filtered and washed with 0.05 M phosphate buffer at pH 8 (2 x 50 mL).

Candida antarctica lipase B immobilization via diamine linker and glutaraldehyde

activation

A solution of Lypozyme CaLLB 1350 TBU/mL in phosphate buffer 0.5 M pH 8 was prepared.
To ensure 10.000 TBU/gru of enzyme 2.23 mL of this solution were taken and 300 mg of
rice husk were added together with 0.5 mL of PEG-3000 solution at the concentration of 2
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mg/mL in phosphate buffer. The suspension was put in orbital stirrer for 48 hours at
environmental temperature. A sample of the same starting solution was prepared and
conserved to determine the protein concentration. After the immobilization, the supernatant
was separated and tested with Bradford assay for protein loading determination. The rice

husk was then washed with phosphate buffer 6 x 10 mL.
Alkaline hydrogen peroxide pre-treatment of rice husk (ammonium hydroxide)

A set of 500 mg samples of 0.2-0.4 mm washed rice husk were prepared in different flasks.
Hydrogen peroxide and ammonium hydroxide were added accordingly to the proportion
indicated in the text and the volume was brought to 30 mL with deionized water where
necessary. The reaction proceeded for 4 hours in orbital stirrer at 50 °C. Moderate foam
production was noticed and manual mixing was occasionally necessary. The products were
filtered and washed several times with deionized water until neutrality of the washing

solution was reached. Consequently, the products were dried for 6 hours at 120 °C.
Alkaline hydrogen peroxide pre-treatment of rice husk (sodium hydroxide)

1.0 g of rice husk were put in a 100 mL flask. 33.3 mL deionized water were added with
16.7 mL of hydrogen peroxide 30% solution. Approximately 11 mL NaOH 5 M were slowly
added to adjust pH at 11.5, the final concentration of hydrogen peroxide in the reaction
mixture was calculated to be 8.2%. When pH 10.5 is exceeded, a severe formation of foam
was noticed and the reaction became highly exothermic. Manual mixing was often necessary
during the first 15 minutes of the reaction. The flask was moved in orbital stirrer and reacted
4 hours at 50 °C. A blank reaction was carried out in the same conditions without the addition
of hydrogen peroxide. The products were filtered and washed several times with deionized
water until neutrality of the washing solution was reached. Consequently, the products were

dried for 6 hours at 120 °C.

Laccase C activity assay with ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid))
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Figure 49. ABTS oxidation by laccase.
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ABTS solutions are unstable because of spontaneous oxidation by atmospheric oxygen. The
solution must be hence used right away from its preparation. 2 mL of ABTS 0.02 M solution
were prepared dissolving 21.9 mg of reagent in pH 3 citrate buffer 0.05 M. A 0.500 mg/mL
solution of lyophilized laccase C was prepared in the same citrate buffer and diluted to 0.125
mg/mL. These concentrations were chosen in order to obtain absorbance values within the
observable range of the instrument and reaction times in the range of 1-2 minutes. 0.100 mL
of ABTS solution 0.02 M and 0.900 mL of citrate buffer were added in a UV/vis
spectrometry cuvette and the sample was used as a reference. Wavelength was set at 420 nm
and time drive mode was selected. The analytical samples were prepared adding 0.100 mL
of ABTS solution and 0.850 mL of citrate buffer. Blank value was acquired by registering
the absorbance value of this sample. 0.050 mL of enzyme solution 0.125 mg/mL were then
added and the sample solution was quickly mixed before putting it in the instrument. The
absorbance change caused by ABTS oxidation was monitored for 3 minutes and the
experiment was repeated 5 times obtaining the best linear interval between 1-2 minutes with

R?=1.
1,20
1,10 '*
1,00

.i'?
0,90 -§"§

1,00 1,20 1,40 1,60 1,80 2,00

Figure 50. Time/absorbance chart obtained with laccase C activity assay

The activity value as U/mL was calculated using the following law:

AA/min % Vtot

36 Venz

Activity U/, =

The activity is referred to the starting enzyme solution of 0.125 mg/mL. The activity value
for the lyophilized enzyme was calculated to be 2176 Uaprs/g.

Lipase hydrolytic activity assay with tributyrin
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The activity of enzymatic preparations was assayed by following the tributyrin hydrolysis
and by titrating, with 0.05 M sodium hydroxide (NaOH), the butyric acid that was released
during the hydrolysis. An emulsion composed of 1.5 mL tributyrin, 5.1 mL gum arabic
emulsifier (0.6% w/v) and 23.4 mL water was prepared in order to obtain a final molarity of
tributyrin of 0.17 M. Successively, 2 mL of 0.1 M sodium phosphate buftfer (Nap), pH 7.0,
was added to 30 mL of tributyrin emulsion and the mixture was incubated in a thermostated
vessel at 30 °C, equipped with a mechanical stirrer. After pH stabilization, 20 mg of the
immobilized biocatalyst. The consumption of 0.05 M NaOH was monitored for 14 min. One
unit of activity was defined as the amount of immobilized enzyme required to produce 1
umol of butyric acid per min at 30 °C. One tributyrin unit (TBU) of lipase activity was
defined as the amount of enzyme which produced 1 pmol of butyric acid per minute under

the given assay conditions.
Determination of the Leaching of the Enzymes after Covalent Immobilization

At the end of the test for enzymatic activity, the biocatalyst was removed by filtration and

the pH of the suspension was monitored for residual enzymatic activity.
Lipase synthetic activity assay with propyl laurate

The synthetic activity was evaluated with the esterification of lauric acid to propyl laurate
using 1-propanol. 6 mmol of lauric acid and 0.450 mL of 1-propanol were put together in a
glass vial. The solution was kept at a constant temperature of 55 °C and stirred in an orbital
shaker. At time t=0, 0.1 mL were withdrawn and weighted. 50 mg of biocatalyst were added
and the mixture was stirred for 15 minutes taking 0.1 mL of solution at regular intervals,
weighted and diluted with 7 mL of ethanol under continuous stirring. 3 drops of
phenolphthalein were added. The samples were then titrated with 0.1 M KOH in ethanol
until colour change. An enzyme unit was defined as the amount of biocatalyst required to
produce 1 umol of propyl laurate per min at 55 °C in solvent-less conditions. The acid value

at a given time was calculated with the following law:

MM X M XV
AV = KOH KOH KOH

Msample
MDMkon is the molecular mass of potassium hydroxide, Mkon is the molarity of the KOH
solution in ethanol and Vkon 1s the mL volume of solution used for the titration, msampie 1S
the mass of the sample at a given time. The percentual formation of propyl laurate was

calculated with the following law:
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AVO - AVt
%pTOpyl laurate = 100 X T
0

Propyl laurate quantity was calculated as follows:

_ %propyl laurate X 6000
P—m()lpropyl laurate = 100

The activity value was calculated as follows:

umozpropyl laurate

Activity =
mbiocatalyst Xt

The ¢ value is the time in minutes at which the sample was taken.
Carbonyl content assay with tributyrin

The content of carbonyl groups was determined by reaction with hydroxylamine
chlorhydrate. Carbonyl groups react with the hydroxylamine forming an oxime and the
hydrochloric acid released was then titrated with sodium hydroxide. 25 mL of a 0.25 M
solution of hydroxylamine and chlorhydrate, the pH was brought to pH 3.20 + 0.05 with
HCI. About 200 mg of rice husk were added to the solution and the suspension was allowed
to react for 2 hours under stirring. Consequently, the reaction mixture was titrated with 0.1
M NaOH to bring the pH back to 3.20 by neutralization of the hydrochloric acid formed. At
the end of the titration, the supernatant was separated by filtration and the rice husk was
dried for 6 hours in the oven at 120 °C to determine the exact anhydrous weight of the
analysed sample. To remove any interferences, a blank reaction consisting of non-oxidized
rice husk was treated with the same method. The content of carbonyl groups was calculated

using the following formula:

mmolco/ _ Vnaon X Cnaon
Ycarrier —

mdry carrier
Where Vnaon 1s the volume in mL necessary to adjust the pH of the reaction mixture back

to 3.20, Cnaon is the concentration of NaOH and mary carrier 1S the mass of the dried samples.

Enzyme structures used in the bioinformatics analysis

All the protein structures used as the dataset for BioGPS model generation were retrieved
from the Protein Data Bank®® (PDB) and pre-processed by using the software PyMOL. All
molecules but the proteins were deleted (i.e. water molecules, inhibitors, glycosylation
residues, etc.). The original protein structure coordinates (from the PDB) were used as

inputs, without any previous superimposition. The same approach was used for the structure
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of Humicola insolens cutinase (HiC)”® (PDB code 40YY) whereas the structure of cutinase
from Thermobifida cellulosilytica (Thc cutl) comes from an already published homology
model®. In the same way of The_cutl, his mutant has underwent dynamization, see following

paragraphs.

Structure alignment procedure

PyMOL alignment was carried out on alpha-carbons of the catalytic triad and oxyanion hole
residues using the function pair fit. The target residues for lipases, amidases, esterases and
proteases were retrieved from a previous study of Gardossi and co-workers*. In the case of

cutinases, the aligned residues are reported in Table 10.

S-Scores in
Enzyme class PDB code Catalytic triad Oxyanion hole cutinases

model
1AGY™ H188/S120/D175 S42/Q121 0.711
3DCN™ H204/S136/D191 S57/Q137 0.346
3QPD7¢ H194/S126/D181 S48/Q127 0.792
3WYN7 H247/S169/D215 M170/Y99 0.899
Cutinases 4CG178 H208/S130/D176 M131/Y60 0.979
40YY73 H173/S105/D160 - 0.370
4PSES®® H229/S164/D216 T90 0.538
4WF|65 H254/S176/D222 - 0.328
The_Cut18 H209/S131/D177 Y61/M132 0.975

Table 10. residues used for cutinases structure alignment

In the particular case of the 3DCN (Glomerella cingulata cutinase) structure, the acid-base
catalyst His 204 was not considered during the alignment procedure because its position in
the catalytic machinery is very unusual, as reported by Nyon et al. °. Therefore, including
this residue in the alignment would have turned out in a misalignment of the whole active

site due to the perturbative effect of that His residue.

To avoid sub-optimal alignment between pdb structures, the best way for achieving
productive alignment turned out to be the PyMOL-guided superimposition of structures,
which was performed considering the critical residues for the catalytic activity, namely the
like the catalytic triad and the oxyanion hole. Whole-enzyme based alignment was not
possible due to the heterogeneity of the protein structures.

The enzyme active sites were analysed by calculating the GRID molecular interaction fields
in order to provide a detailed description of molecules. GRID probes H, O, N1 and DRY
(which represent respectively the shape, H-bond donor and acceptor capabilities,

hydrophobic interactions) were used to investigate the protein structure.
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BioGPS model

The BioGPS (Global Positioning System in Biological Space) model was obtained as already
published21 using BioGPS software version 16.01. BioGPS is based on the “Common
Reference Framework™ composed by two main steps: the characterization of the protein
active sites and their comparison. The active site of each enzyme was automatically detected
by the FLAP algorithm®. First the algorithm reduces the complexity of the pseudo-MIFs
selecting a number of representative points using a weighted energy-based and space-
coverage function. Then it generates all possible combinations of four points; each
combination is termed “quadruplet”. All possible quadruplets for each mapped active site
were generated and stored into a biofingerprint (bitstring). Each active site was then
compared within the Common Reference Framework using an “all against all” approach
where each enzyme active site is compared with itself and with all the other enzyme active
sites. At the end, the algorithm generates a set of Tanimoto scores’® represented by square
matrixes, namely a series of probe scores (one for each original probe) together with a global
score. The set of Tanimoto scores was used as an input for the UPCA algorithm which
generated the final BioGPS statistical model by generating the multidimensional space
(Principal Components — PCs) which differentiated each enzyme active site on the bases of

their similarities and differences.

Projection of cutinases

The two cutinases Hic and Thc_ cutl, were projected into the BioGPS model. These two
enzymes were processed as described in the previous section. Each cutinase was compared
with itself and with all the other enzymes. Finally the Tanimoto scores’ (see the ESI{ for
details) were used for the projections of the two cutinases into the BioGPS model computed

for the 41 ser-hydrolases.

Catalophor calculation

FLAPpharm, the algorithm used for this purpose, offers the possibility of aligning
autonomously protein structures before the catalophor calculation, using as a target the
whole working cavity defined on the enzyme surface that comprises active site and
surrounding area. This kind of work-flow turned out to be ineffective due to the fact that
maximum cavity overlapping could not correspond to efficient catalytic residues
superimposition. For this reason, structure alignment was user-guided according to the

procedure described above.
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The preliminary mapping of the working cavity on the surface of the enzymes that defines
the working-cavity. FLAPsite algorithm — using the GRID force field - was exploited for
this purpose. After proper structures alignment, the centroid of the cavities were placed in
the catalytic serine of the protein structure, and two values defining the shape and size of the
cavities (parameters called extension and thickness) were set to 9 and 9, a value slightly
higher than the one used in our previous work. The size of the cavities was increased in order
to achieve a broad mapping of the catalophoric zones. Some other attempts of cavity
generation with different size and shape were performed, leading to irregularly shaped
cavities or to accessory lobes that have to be discarded.

FLAPsite algorithm was executed for each enzyme and the output cavities were saved as
separate pdb structures consisting of a set of points with specific coordinates.

After cavity definition, FLAPpharm catalophor calculation was performed for each sub-class
of hydrolases and for some mixed datasets, always skipping the algorithm-based alignment
step.

The output of the algorithm is composed by the pseudoMIFs for each enzyme and by a pdb
structure containing the catalophor MIFs represented by the common fields between the
MIFs of the enzymes in the dataset. The outputs - deriving from GRID-based force field
mapping with the determination of type and energy of interactions - are presented in terms
of the probes employed: H probe takes into account active site shape; O probe reveals the
H-bond donor capabilities; N1 probe the H-bond acceptor ones; DRY probe evaluates the
hydrophobic interactions.

Together with the pdb files generated by the algorithm and containing the grid cages, a
scoring file containing values called “S-score” global and split in the probe components
values are generated. Where necessary, FLAPpharm command-line was used to compare
pairwise protein structures in terms of similarity and differences of molecular descriptors i.e.
intersection and difference MIFs.

All the pdb files obtained were processed in PyMOL using the gridiso plugin. Energy cutoff

was set to -0.1.

Molecular dynamics
The structure of CaLB (PDB 1TCA), The cutl (homology model) and his mutant were
protonated at pH 7.0 using the PDB2PQR®’ server based on the software PROPKAS!,

Subsequently, each protonated enzyme structure was defined into an OPLS force field”’.

3

Each protein was inserted in a cubic box of 216 nm” and solvated with an explicit solvent
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(TIP4 water type)®?. Thus, each enzyme system was minimized using the software
GROMACS® version 4 using the steepest descendent algorithm for 10,000 steps.
Afterwards, each enzyme was simulated under three different conditions: (1) 300 K and
1000 mbar; (2) 343 K and 1000 mbar; and (3) 343 K and 70 mbar. Each MD simulation was
performed for 10 ns with the software GROMACS version 4 defining a NVT environment;
the Particle Mesh Ewald (PME) algorithm®® was used for the calculation of electrostatic
interactions, the v-rescale algorithm®* for temperature and the Berendsen algorithm®* for
pressure were also employed. The outcome of each MD simulation was analysed by
calculating the Root Mean Square Fluctuation (RMSF), which indicates the average
movement of the protein residues during simulation. The calculation was performed on the

protein Ca using the g _rmsf tool of the GROMCS 4 package.

6. Conclusions

This study reports an overview on the potential of rice husk as an inexpensive, although
chemically complex and mechanically resistant biomaterial. Investigations on the
optimization of the immobilization protocol have been carried out by means of enzymatic
oxidative routes. The data here reported show that there is the potential for moving towards
a new paradigm in enzyme immobilization, replaced the petrochemical-based resins
commonly used for these purposes, reducing the environmental impact of biobased chemical
industry. Keeping in mind that 10% of the bulk chemical market of today, being about 330
Mton per year, will be manufactured using immobilized enzymes in the next few decades at
a cost of 100 US § per ton, this would mean a turnover of 3.3 billion US §
(http://www.unep.org/yearbook/2014/). In addition, in solvent-free systems that can increase
the environmental sustainability of chemical processes, there is the common issue of mass
transfer limitations caused by the high viscosity of the reaction medium. In these cases, low
protein loading on the carrier is an advantage because using a large number of enzymatic
units concentrated in a small volume would turn into a low process efficiency. This is the
reason why obtaining stable and covalent biocatalyst formulations with low specific activity
has to be seen as an advantage because the enzyme is “diluted” on a wider surface enabling
to overcame mass transfer limitations. In the present study we have demonstrated the
applicability of functionalized rice husk as a renewable carrier for the covalent

immobilization of two asparaginases and Candida antarctica lipase B. Moreover, we have
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developed an efficient protocol for the delignification of rice husk, thus obtaining an
increased hydrophilicity of the material while preserving its robustness. The pre-treatment
with hydrogen peroxide in alkaline conditions followed by biocatalysed cellulose oxidation
led to an innovative type of functionalized carrier, characterized by low density and high
water retention capacity. These properties enabled the enhancement of the activity of the
immobilized lipase (25-30 % ) in comparison with the raw-rice husk . Notably, the activation
of rice husk using sodium periodate has been replaced by the oxidation by laccases, laying
the foundations for the fully renewable synthesis of biobased polyesters. The possibility of
immobilizing enzymes on large volumes of inexpensive renewable carriers opens new
perspectives for overcoming the environmental impact of fossil-based carriers, while
boosting the economic viability of processes nowadays hampered by the high cost of

immobilized biocatalysts.

Secondly, a thorough structural study of serine hydrolases was carried out based on
Unsupervised Pattern Cognition Analysis (UPCA) of GRID-based BioGPS descriptors.
BioGPS allowed to project a selection of cutinases on a model previously published by this
research group, confirming that the pre-organized physicochemical environment in the
active site of Cutinase 1 from Thermobifida cellulosilytica is very similar to the one of
Candida antarctica Lipase B, while offering increased capabilities in terms of the size of the
substrate accepted, thanks to a superficial and wide active site. This method was used also
to calculate the “catalophor” of different serine hydrolase subfamilies enabling to extract the
structural features that distinguish the various sub-families of serine hydrolases. More
importantly, this approach allows comparing entire enzyme classes. Notably, the
hydrophobicity of the active site turned out to be a major factor in classifying an enzyme as
a lipase or as a cutinase. Our analysis pointed out that cutinases have some shared features
with both lipases and esterases that justifies their capability of catalysing transesterification
reactions in low water activity media. The catalophor approach was also conveniently
exploited for determining that CaL B, notwithstanding the absence of a lid covering the active
site, shares many features with the other lipases; we also demonstrated that the presence of
a lid is not a feature represented in the catalophor of lipases, making its presence not
necessarily required to classify an enzyme as a lipase. Our approach was also used to clarify
the structural reasons for the lack of activity in a mutant of Thc_cutl. In addition, molecular
dynamics studies were carried out to investigate the different response of CalLB and

The_cutl to different pressure and temperature conditions, revealing that a loop in the
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proximity of the active site responsible of the advantageous features that make Thc cutl

able to work in mild temperature and pressure conditions.
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The present study addresses comprehensively the problem of producing polyesters through sustainable
processes while using fully renewable raw materials and biocatalysts. Polycondensation of bio-based
dimethyl adipate with different dicls was catalyzed by cutinase 1 from Thermobifida celiulosilytica
[The_cutl) under solvent free and thin-film conditions. The biocatalyst was immobilized efficiently on a
fully renewable cheap carrier based on milled rice husk. A multivariate factorial design demonstrated that
The_cutl is less sensitive to the presence of water in the system and it works efficiently under milder con-
ditions (50 °C; 535 mbar) when compared to lipase B from Candida antarctica [CalB), thus enabling
energy savings. Experimental and computational investigations of cutinase 1 from Thermobifida cellulosi-
lytica (The_cutl) disclosed structural and functional features that make this serine-hydrolase efficient in
polycondensation reactions. Bicinformatic analysis performed with the BioGPS tool pointed out func-
tional similarities with CalB and provided guidelines for future engineering studies aiming, for instance, at
introducing different promiscuous activities in the The_cutl scaffold. The results set robust premises fora
full exploitation of enzymes in environmentally and economically sustainable enzymatic polycondensation

www.rsc.ong/greenchem reactions.

Introduction

United Nations Environment Programme (UNEP) has caleu-
lated that the natural capital costs of polymers and plastics
used in the consumer goods industry are over $75 bn per year.
Interestingly, over 75% of the known and quantifiable impacts
associated with plastic use are located in the upstream portion
of the supply chain across all sectors, namely impacts gener-
ated from the extraction of raw materials to the manufacturing
of plastic feedstock."
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The dimension of the problem is even more evident when
considered that about 4-6% of the world's oil production is
used to produce 311 million tons of polymers and plastics
(http:iwww.plasticseurope.org) out of a global 7% of pet-
roleum consumption aseribable to the whole chemieal sector.”
Even if global recycling rates rose from today's 14% to more
than 55% - which would be higher than the rate achieved
today by even the best performing countries - annual require-
ments for polymeric products would still double by 20507
Moreover, there are several applications - within the plastic
stream - where recycling strategies appear not effective
because of technical or economic reasons. Examples can be
found in the cosmetic and the lubricant sectors.” The present
study addresses comprehensively the problem of producing
polvesters through sustainable processes while using renew-
able raw materials and biocatalysts, namely enzymes. Among
polymers, polyesters are a widely used class with applications
ranging from clothing to food packaging and from the car
industry to biomedical applications. A number of hydrolases,
and lipase B from Candida antarctica in particular, were
reported to catalyze the synthesis of polyesters vig polyeonden-
sation or ring opening polymerization. Enzymes are attractive
sustainable alternatives to toxic catalysts used in polyconden-
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sation, such as metal catalysts and tin in particular. They may
work also in solvent-free systems and enable the synthesis of
functionalized as well biodegradable polyesters with a
controlled architecture through highly selective processes at
temperatures ranging between 40 °C and 90 °C, whereas con-
ventional polycondensations are carried out at 7 > 150 °C."
Enzymatic synthesis generally leads to polymers with a moder-
ate molecular weight as compared to products obtainable via
conventional chemical synthesis, but this drawback has been
circumvented by using two-step procedures, where an initial
engymatic polymerization leads to oligomers and the second
step is carried out at a higher temperature and/or at a lower
pressure after removal of the biocatalyst.® Furthermore, the
synthesis of oligomers and short telechelic prepolymers with
functional ends represents an effective strategy for obtaining
polymers with a higher molecular weight.” It must be under-
lined that short polyesters (<2500 Da) with highly regular struc-
tures have been used in coating and adhesive applications’
and that biodegradable oligomers can have intrinsic interest-
ing properties as film forming in cosmetic formulations.®

In the present study we report on a comprehensive
approach for the sustainable synthesis of polyesters, which
encompasses renewability of both raw materials and immobi-
lized enzymes, solvent use reduction, as well as energy con-
sumption.® Since 30% of the environmental impact of poly-
mers and plastics is ascribable to greenhouse gas emissions
from raw material extraction and processing, we focused on
the esters of adipic acid and 1,4-butandiol (BDO), two renew-
able bio-based monomers available at an industrial scale.”™"!
Indeed, there is a wide range of structurally different bio-based
chemical building blocks already available via fermentation or
chemical transformation of a renewable carbon. They are con-
tributing to the growth of the bio-based plastic market and to
the mitigation of the environmental impact of fossil-based
plastics.'”

In order to fulfill sustainability criteria, polycondensation
reactions were carried out under solvent-free conditions and
exploiting thin-film systems that were demonstrated to over-
come viscosity by promoting optimal heat and mass transfer,
thus enabling the use of lower operational temperatures.™'*"*
Attention was paid also to the environmental impact of the
immaobilization procedure: hydrolases were immobilized
efficiently on a renewable lignocellulosic carrier based on
milled rice husk,'* without any further chemical functionali-
zation of the solid matrix,

Integrated experimental and computational investigations
were used to study the applicability of cutinase 1 from
Thermobifida cellulosilytica (The_cut1)'™' in polycondensa-
tions, with the objective of enlarging the portfolio of biocata-
lysts in polyester synthesis. Cutinases are fungal enzymes
involved in plant pathogenesis caused by the depolymerization
of cutin, a three-dimensional polymer of inter-esterified
hydroxyl and epoxy-hydroxy fatty acids with chain lengths
mostly between 16 and 18 carbon atoms.'” Because of their
ability to accept long chain substrates, cutinases are also
effective in catalyzing in vitro polymer synthesis. Recently, a
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cutinase from Fusarium solant pisi showed consistent synthetic
activity for the production of polyamides,' whereas cutinase
from Humicola insolens (HiC) was used in the polycondensa-
tion of linear dicarboxylic acids and their esters (e.g. adipic
acid, diethyl sebacate)’ and its application in the ring
opening polymerizations of lactones.” We have recently
reported that The_cutl efficiently catalyzes the polycondensa-
tion of dimethyl adipate with different polyols leading to
higher M,, (~1900) and M, (~1000)"> when compared to the
performances of other hydrolases such as CaLB or Humicola
insolens cutinase [HiC).'"® These observations stimulated the
study presented here, where experimental and bioinformatics
investigations provide a more detailed understanding of the
functional properties of The_cutl, disclosing specific features
that differentiate this serine-hydrolase from other enzymes
previously used in similar polycondensation reactions, namely
CalLB and HiC.

Finally, the design of the experiment study sheds light on
the response of The cutl under operational conditions.
Molecular dynamic simulations supported the experimental
study, revealing how The_cutl displays optimal efficiency
under milder experimental conditions as compared to CalB,
thus enabling saving energies in terms of heating and vacuum
application.

Overall, the present study provides the first comprehensive
analysis of the feasibility of fully renewable and economically
sustainable polyesters via enzymatic catalysis. There is robust
evidence that the next generation of sustainable polymers and
plastics calls for a change of paradigm and a closer integration
between chemistry and biotechnologies.

Results and discussion

BioGPS bioinformatics analysis of The_cutl versus serine
hydrolase superfamily

Recent computational investigations'® disclosed the structural
features that make The cutl readily accessible to substrates
and optimally suited for covalent immobilization. As lipases
and other cutinase enzymes, it presents hydrophobic super-
ficial regions around the active site. The wide and superficial
active site of The_cutl makes this hydrolase a promising cata-
lyst for enlarging the scope of enzgymatic polycondensation by
synthesizing new polyesters with a larger molecular weight.
The scaffold of The_cutl also represents a potential starting
point for further engineering strategies aiming at the synthesis
of novel classes of polymers.

In the present study, we analysed cutinase 1 from
Thermobifida cellulosilytica by means of the BioGPS bhioinfor-
matics tool”’ recently developed in our group with the objec-
tive of identifying differences and similarities with respecet to
CalLB and cutinase from Humicola insolens (HiC), two hydro-
lases previously employed in polycondensation reactions."*"

BioGPS [Global Positioning System in Biological Space)
molecular descriptors® " are based on GRID derived male-
cular descriptors and are able to describe, mathematically, the
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environment of enzyme active sites both in geometrical and
electrostatic terms. Active sites were mapped using the GRID
force field for evaluating the energy of non-bonded inter-
actions and then for generating pseudo-MIFs (Molecular
Interaction Fields).”” Different probes were employed for the
study of four different properties: H probe, that maps the
active site shape; O probe, that evaluates H-bond donor pro-
perties; N1 probe, that accounts for H-bond acceptor capabili-
ties; and the DRY probe, that evaluates hydrophobic inter-
actions. The magnitude of the interaction of the N1 and O
probes also includes, implicitly, information about the charge
contribution, since these probes already have a partially posi-
tive and negative charge respectively.

The three-dimensional structure of HiC was taken from
PDB (Protein Data Bank)*® and corresponds to the PDB code
40YY." For The_cutl, an already published homology madel
was used'” since the crystal structure of this enzyme is not
available yet. The BioGPS descriptors for the two cutinases
were calculated by using BioGPS software version 2.1 using the
procedure already published. For CaLB, the 1TCA™ crystal
code of PDB was used.

With the pseudo-MIF procedure, the mapped properties are
considered as electron-density like fields centered on each
atom, corresponding to specific probe types (i.e the inter-
action energies coming from the GRIT N1 probe were centered
on the carbonyl oxygen as a H-bond acceptor). Afterwards, the
algorithm reduces the complexity of the pseudo-MIFs selecting
a number of representative points using a weighted energy-
based and space-coverage function. A preliminary visual com-
parison between the three enzymes comes from the alignment
of the corresponding pseudo-MIFs reported in Fig. 1.

The visual comparison of pseudo-MIF can simply suggest a
higher degree of similarity between CaLB and The_cutl,
whereas HiC differs significantly, especially for a less extended
ability to establish H-bonds. This type of mapping provides
some focused information although it cannot give comprehen-
sive analysis of functional differences, since they depend on a
complex combination of all structural and electrostatic factors
and, more importantly, on their interactions.

Therefore, in order to move beyond the approach based on
the visual inspection and to draw an unbiased picture of struc-
tural and functional similarities, the properties of the two cuti-
nases were statistically compared using a mathematical model
caleulated on a set of 41 serine-hydrolases, which also con-
tains CaLB. The model was computed by analyzing statistically
the information contained in the BioGPS descriptors of each
hydrolase® using Unsupervised Pattern Cognition Analysis
(UPCA).* The complete procedure used for the calculation of
the UPCA maodel is available in the Materials and Methods
section and the set of the 41 Ser hydrolases enzymes that
includes amidases, peptidases, esterases and lipases is avail-
able in Table 51 in the ESL.{ The approach is based on the
concept that catalytic properties depend not only on structural
features but especially on the ability of active sites to establish
electrostatic interactions.*®*! The BioGPS tool mapped the
active sites of all the serine-hydrolases and the information
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Fig. 1 Comparison of the active site properties of CalB, HiC and
The_cutl. Four active site properties are compared: shape, hydrophobi-
city, H-bond acceptor capabilities and H-bond donor capabilities, The
catalytic triads (represented in stick mode} are superposed for active site
otientation. PseudoMIFs are represented as wireframes and coloured in
green, red and pink for CaLB, HIC and The_cutl respectively,

contained in the molecular descriptors was analyzed by means
of the UPCA approach. Fig. 2 reports the Global Score analysis,
which encompasses all properties analyzed by the four probes.
The statistical analysis sorted all hydrolases and grouped them
into functionally distinct clusters, thus confirming that the
structural properties explained by the BioGPS deseriptors are
correlated with catalytic functions of each class of serine-
hydrolase.

The main advantage of this approach is represented by the
visual representation of differences and similarities and it was
used for “projecting” the properties of the two cutinases, cal-
culated with the BioGPS tool, into the UPCA domain (Fig. 2).
The BioGPS analysis recognizes a high level of similarity
between the active sites of The_cutl and CalB (1TCA), which
are projected in a region close to the esterase cluster but at the
edge of the lipase group. This result supports the previous
data obtained for The_cutt and CalB through molecular
dynamics simulations, which indicated the absence of mobile
domains responsible for interfacial activation.'*

BioGPS information was also dissected into the UPCA plots
computed for each single probe and they are reported in the
ESI (Fig. S1f). The active sites of CalB, The_cutl and HiC
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Fig. 2 Projection of cutinases from Thermobifida cellulosilytica
(The_cutl) and from Humicola insolens (HIC) in the BioGPS model
obtained through Unsupervised Pattern Cognition Analysis (UPCA), Ser
hydrolases are clustered on the basis of the global similarity scores com-
puted using the BioGPS descriptors. They are labelled according to their
PDB code. Lipases are indicated in blue, esterases in green, amidases in
red and proteases in cyan.

appear similar in terms of hydrophobic properties and they
are positioned among esterases although close to the lipase
cluster. Both The cutl and CaLB are clearly classified as
esterases for their ability to establish H bonds and The_cutl
falls closer to the lipase group. In terms of H bond capabili-
ties, HiC moves far away from lipases and the other two
enzymes, confirming the differences observed in Fig. 1. These
observations shed new light also on the behaviour of CalB,
which is recognized similar to lipases only in terms of hydro-
phobic properties.

Fully renewable immobilized The_cutl applied in
polycondensations

In our previous investigations of polycondensations of
different diesters and polyols catalyzed by CaLB'® we have
demonstrated that viseosity represents a major bottleneck for
solvent free enzymatic polycondensation. Optimal mass trans-
fer and the homogeneous dispersion of the enzyme in the
reaction mixture are essential for achieving a reasonable
elongation of the oligomers. Although a mono-molecular dis-
persion of the native enzyme would lead to the highest reac-
tion rate, immobilization of the enzyme is mandatory in order
to avoid contamination of the product with the free protein
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and also to assure the recycling of the biocatalyst for the econ-
omics of the process.” " We have also demonstrated that
immobilized formulations characterized by a low loading of
the CaLB protein are more effective as long as they are used in
larger amounts to promote the dispersion of the enzyme and
its accessibility."* However, a fully renewable and economically
viable synthesis of bio-based polyesters must take into account
waste production, energy consumption as well as the environ-
mental impact of all raw materials, including immobilized bio-
catalysts, On that respect, it has been reported that fossil
based methaerylic carriers account for a relevant part of green-
house gas emissions due to the biocatalyst.™ In a recent study,
we have proposed rice husk (RH) as a renewable alternative
carrier suitable for immobilization of CaLB and other hydro-
lases,™ This inexpensive and massively available hiomass
[globally 100 Mt per year) is composed of §i0, and three
different biopolymers, namely cellulose, hemicellulose and
lignin.** A preliminary analysis of the sustainability of immo-
bilization protocols employing rice husk has been previously
rep()rted.” Besides being fully renewable, at the end of its pro-
posed applications RH can still be used as a carbon source for
anaerobic digestion for biogas production, as a cellulose
source for bioethanol fermentation, burnt for generating
energy or exploited in different manufacturing sectors™ in
accordance with the circular economy principles.™

It must be noted that in our previous study all attempts of
adsorbing CaLB on rice husk particles in aqueous buffer were
unsucecessful (<5% adsorbed). Therefore, CaLB was covalently
immobilized on rice husk particles, which were oxidized at the
cellulosic component and later functionalized with a hexa-
methylene spacer. Looking for simpler and economical proto-
cols for covalent immobilization, in the present study we veri-
fied that The_cutl can be adsorbed in moderate yield (36% in
24 h) on rice husk particles (rThe_cut1) with a diameter in the
range of 200-400 pm. In order to prevent protein leaching, the
enzyme was cross-linked using glutaraldehyde. Interestingly,
Table 1 shows that, despite the low loading, rThe cutl has a
higher hydrolytic activity as compared to a reference formu-
lation obtained by immobilizing a much higher amount of
cutinase (about 7 folders) on a commercial epoxy-activated
methacrylic resin.

Two different drying methods, namely freeze-drying and
evaporation at environmental pressure and at 30 °C for 48 h,
led to comparable enzymatic activity, although the lyophiliza-
tion allows for a more extensive dehydration (ESI, Table S27),

Table 1 Activity of The_cutl immobilized on rice husk (rThe_cutl) and on epoxy-methacrylic resin Sepabeads EC-EP/M (iThc_cutl)

Protein loading Loaded Drying Hydrolytic Water content
Enzymatic Preparation (mg gan ") protein (%) method activity” (U g™") (%6 wiw)
rThe_curtl 4 6 Air-dried A543 4
Lyo_rThe_cutl Freeze drying 35+3 0.2
iThe_cutl 10 94 Air-dried 132 3
Lyo_iThe_cutl Freeze drying 12+3 0.2
" Caleulated via the PNPB hydrolytic assay. All determinations were conducted in duplicates.
Green Chem This joumal is @ The Roys ermisiny 2015
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Table 2 Polycondensation of DMA with BDO catalyzed by different formulations of The_cutl after 24 h

Entry Enzymatic preparation Amount (%o wiw) P [mbar) M, M. Po” Conv.” (%)
1 rI'he_cutl 10 1000 544 434 1.37 6

2 rThe_cuti 10 70 230 222 1.04 18

3 rThe_cutl a0 70 487 343 1.42 62

4 Lyo_rThe_cutl 10 1000 587 384 1.53 62

3 Lyo_rThe_cutl 10 70 224 203 1.10 13

6 iThe_cutl 10 1000 1923 985 1.95 g6

7 iThe_cutl 10 70 480 290 1.66 48

8 Lyo_iThe_cut1 10 1000 1120 G506 1.71 78

L Lyo_iThe_cutl 1a 70 319 275 1.16 43

“Caleulated via GPC calibrated with low molecular weight polystyrene standards 250-70 000 Da. ” Caleulated via "H-NMR by comparing the ratio
between the signals of methylene groups adjacent to -OH of BDO and the methylene groups of DMA [assumed as constant). All reactions were

performed in duplicates.

The preparations were applied and compared in the polycon-
densation of dimethyl adipate (DMA) and 1,4-butanediol
(BDO), two bio-based monomers widely used in polymer syn-
thesis. Polycondensations were conducted using a thin-film
solvent-free system® at 70 °C and working either at atmos-
pherie pressure or at 70 mbar.

The results in Table 2 indicate that by working with 10% of
formulations of rThe_cut1 with a very low loading of protein it
is possible to achieve in 24 h more than 64% of conversion
and oligomers made by up to 7 units. The complete character-
ization of the products is available in the ESI (Fig. 52-515%).
Unexpectedly, working under reduced pressure and with very
dry preparations does not translate into higher conversions or
elongation. Rather, there is a negative effect of reduced
pressure, whereas the effeet of water is less evident. When
working under vacuum (entry 3) it is necessary to use a triple
amount of the biocatalyst for reaching conversions observed in
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Fig. 3 ESI-MS positive ion mass spectrum of the polycondensation pro-
ducts of DMA with BDO catalyzed by 10% w/w rThe_cutl at 24 h and
70 mbar (top) and 1000 mbar (bottom).
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entry 1 that was carried out at 1000 mbar, ESI-MS analysis in
Fig. 3 confirms this trend.

The same behavior was observed in the polycondensations
catalyzed by The_cutt immobilized on epoxy methacrylic
resins, indicating that the effect is not dependent on the
nature of the carrier.

The negative effect of vacuum emerged also from the study
of the polycondensation of DMA with ODO [see ESI Fig, S16-
524% for complete characterization of produets). Also in this
case using 30% w/w of the biocatalyst at 70 mbar leads to com-
parable conversion (14%) with the 10% w/w 1000 mbar reac-
tion (39%) (Table 3).

This behavior appears to be in contradiction with all pre-
vious reports on polycondensation catalyzed by CaLB,”'*%"
where the application of vacuum had the beneficial effect of
promoting the removal of the leaving nucleophile (either
alcohol or water), thus preventing the reversing of the reaction
and promoting higher yields and molecular weights,

Indeed, the experiments performed using CaLB immobi-
lized on the same epoxy activated methacrylic resin (Table 4,
entries 1 and 2) confirmed that it is necessary to apply vacuum
for achieving satistving yield and elongation when traces of
water are still present in the enzymatic preparation (3%]). Also
in the case of Novozym® 435 (NZ 435®), the enzymatic prepa-
ration most widely used in previous polycondensation studies,
it is evident that the reduced pressure exerts a dramatie effect

Table 3 Polycondensation of DMA with ODO using the rThe_cutl
preparation as a catalyst

Amount Vacuum Conv.”
Entry [ wifw) (mbar) M,"* M,° PD" (%)
1 10 1000 508 393 1.29 44
2 10 70 354 289 1.22 8
3 30 70 447 298 1.50 39

“ Caleulated via GPC calibrated with low melecular weight polystyrene
standards 250-70 000 Da. * Caleulated via '"H-NMR by comparing the
ratio between the polyol methylene groups adjacent to ~OH area and
the internal methylene groups area of DMA (assumed as constant). All
reactions were performed in duplicates.
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Table 4 Polycondensation of DMA with BDO catalyzed by 10% (w/w) of different formulations of CalB after 24 h of reaction

Entry Biocatalyst H,0 % [wiw) 2 (mbar) My M, ° PDo® Conv.” (%)
1 iCaLB 3 1000 HE8 524 1.68 76"

% iCal.B a 70 6947 3162 2.20 L

3 NZ 4358 1 1000 1040 561 1.85 781

4 NZ 4358 1 70 8357 1759 4.75 GG

o LyoNZ435@ 0.1 1000 999 608 1.64 76

6 LyoNZ435@ 0.1 70 8250 2438 3.38 94

? Caleulated vig GPC calibrated with low moleeular weight polystyrenc standards 250-70 000 Da. * Caleulated via 'H-NMR by comparing the ratio
between the signals of methylene groups adjacent to ~OH of BDO and the methylene groups of DMA (assumed as constant), All reactions were

performed in duplicates.

on the elongation of the polyester, even when the enzyme is
employed in a highly dried form (0.1% w/w]. It must be noted
that a higher M, obtained using Novozym® 435 is a conse-
quence of the detachment and dispersion of the enzyme
adsorbed on the acrylic support, as also experimentally
demonstrated in previous studies.” We previously demon-
strated that both CalLB and The_cutl can be recycled effectively
for at least ten cycles when covalently immobilized either on
RH or on epoxy methacrylic resins, with negligible protein
leaching.™*'*

Globally, the data here reported suggest that CalB and
The_cutl are differently affected by experimental conditions.
These differences show no direct dependence on the immobili-
zation carrier, the substrate or the dehydration method.

Therefore, to the best of our knowledge, this is the first
report on the complexity of effects of experimental variables
on the efficiency of enzymes in enzymatic polycondensation
and we considered that the issue had to be analyzed in detail
by means of a design of the experiment approach.

Multivariate analysis of the effect of experimental variables on
1 d ion lyzed by i hilized The_cutl

| L) Y

In a traditional investigative approach, ‘one factor at a time’ is
varied, with the remaining factors held constant. This method
provides an estimate of the effect of the single variable under
selected fixed conditions, but if the variables do no act addi-
tively (i.e. they interact), the resulting information is incom-
plete and the real optimum of a system can be identified only
with difficulty or by chance.” By using statistical experimental
designs (f.e. factorial design), sets of experimental conditions
are selected according to a systematic plan, so that statistical
analysis of data provides information about the impact of
factors or their interactions on the response considered.™

In the present study we used a fractional factorial design to
quantitatively evaluate the effect of temperature, pressure and
water on diol conversion and product elongation (M), These
experimental variables were studied in the context of the poly-
condensations of DMA with two different diols: BDO and
ODO. A fractional factorial design was planned by setting a low
and a high value for each variable, thus defining the experi-
mental domain to be explored. Additionally, a central point -
corresponding to intermediate levels of the variables - was run
for each diol twice. Table 5 reports the plan of the experi-

Green Chern,

Table 5 Scheme of the experimental design developed for evaluating
the effect of experimental conditions an the polycondensation (24 h) of
DMA with BDO or QDO catalyzed by immobilized The_cutl

T (*C) P [mbar) H,0 (pL) Yield (%) M, (Da)
EDO
an 70 0 85 G0
70 1000 0 66 514
70 70 10 22 s
an 1000 10 50 417
50 335 3 96 1893
50 335 -] 490 1266
Ono
70 70 0 [ 271
an 1000 0 54 423
Bl 70 10 [:1i) 716
70 1000 10 33 434
50 3 85 1315
50 3 85 1221

ments, consisting of 12 polycondensation reactions, and the
obtained experimental results.

The effect of moisture was studied by adding defined
volumes of water to the reaction mixture. It must be noted that
the water activity is the actual informative parameter affecting
polycondensation and it is expected to vary as a function of the
diol and also throughout the course of the reaction. In order
to acquire more accurate information on the free water avail-
able in the systems and its distribution among the different
phases at least at the starting of the reactions, the vapor
pressure was measured in the gas phase using a humidity
sensor. In principle, at equilibrium, the “free” water should be
the same in all phases of the closed system, so that by measur-
ing the vapor pressure (or RH) in the gas phase we know the
a,, value of the system and, ultimately, the water available for
promoting undesired hydrolytic reactions or for increasing the
hydration state of the enzyme.”

The system containing ODO reached constant values of
vapor pressure after 24 h of equilibration whereas for BDO the
system took 96 h to reach equilibrium (Table 6). Most probably
this behavior depends on the presence of traces of water in
the highly hygroscopic BDO. The distribution of such
water between the different phases occurred very slowly, as
suggested by a progressive increase of RH from 34% (24 h) to
49% (96 h).
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Table 6 a,, measured in the sealed vessels containing the reaction mix-
tures and the immobilization carrier. Values refer to systems made with
0.006 mol of each monomer in a 50 mL round-bottom flask equilibrated
at 30 °C until constant readings

Monomer dater added Water added Water added
mixture 0 pl, 5 pl 10l
DMA-BDO (96 h) a,, 0.49 . 0.63 a,, 061
DMA-ODO (24 h) a,, 0.34 iy 0.35 a, 0,51

Overall, the data in Table 6 indicate that at the starting of
the reactions all different systems studied with the factorial
design had a,, values ranging between 0.34 and 0.63.

Fig. 4 reports a global visual representation of the data
obtained with BDO and ODO, with the results displaced at the
edges of the cubes. The two centers report the average of
values obtained from the replicates using BDO and ODO and
provide information on the effect of the diol structure.

Data clearly indicate that immobilized The_cutl displays
the best performances at intermediate values of all experi-
mental variables considered in the study.

The variable importance plots (VIP plots) explain the effect
of each single variable and, most importantly, of their inter-
actions (Fig. 5). They were calculated by linear regression for
both responses, where the effect corresponds to the difference
between the averages of responses obtained at a high and low
level of each experimental factor. Details are available in the
ESI, Fig. S52.%

Temperature is the factor that exerts a major and detrimen-
tal effect on the reaction, indicating that The_cutl prefers
milder temperatures to 70 °C. At 30 °C the enzyme is efficient
but most probably the temperature is insufficient for increas-
ing the fluidity of the reaction mixture, so that 50 °C appears
to be a suitable temperature for the chosen reactions.

Interestingly, pressure does not exert a great effect on con-
version and M, but rather the interaction between pressure
and temperature causes the most negative effect on the reac-
tions. The results of the design indicate that the enzyme is
severely affected by vacuum at high temperature, whereas the
negative effect of vacuum is not relevant at low temperature.

It is note worthy that the chemometric approach disclosed
the disruptive effect of this interaction, whereas the mono-

Fig. 4 Tridimensional representation of conversions and M,, obtained in
the reactions of the factorial design. Mumbers reported in the cubic
space represent the average of values obtained from the corresponding
reactions carried out with BEDO and ODO.

This jourmal is 8 The Royal Saciety ¢

View Article Online

Paper

- Effect on the conversion

30

10

Effect

=10 4

-30 + -27.0

TP T P 3]
Factor

Effect on the M,

™ W P*W

300 { 2738

Effect

-219.8

TP T P T™W W P'W

D
Factor

Fig. 5 Analysis of effect of variables and of their interactions on reac-
tion conversion and M,

variate analysis of the preliminary data induced to attribute a
negative effect on the vacuum alone.

The structure of the diol is also relevant for the elongation
of the reaction, whereas the conversion is not much affected.
This finding suggests that the bulkiness of the substrates
gains increasing importance as the reaction proceeds and the
molecular weight of the oligoesters grows. It must be also
taken into account that BDO is a viscous liquid, whereas ODO
is a solid (melting point between 57 and 61 °C) that is sus-
pended in the DMA and melts upon heating at 50 °C. The
corresponding  intermediate  products of ODO are more
viscous, thus hampering the elongation of the oligoesters.

Unexpectedly, the water added to the system does not exert
a major effect on M,,, and polycondensation proceeds even in
the presence of small volumes of water (5 pL for 0.006 moles
of each monomer), at a mild temperature (50 °C} and under
vacuum (535 mbar). In summary, these findings indicate that
immobilized The_cutl works optimally under conditions quite
different from those employed so far for the polycondensation
reactions catalyzed by CaLB. A comprehensive review by Gross
and co-workers™ reported a list of polycondensations catalyzed
by CaLB carried out between 70 and 95 °C and most studies
underlined how heating must be used in combination with
high vacuum for removing traces of water or the leaving
nucleophile (f.e. alcohol or water), thus promoting the shifting
of equilibrium towards synthesis.™'?
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Indeed, Table 4 above reports that CalB immobilized on
epoxy methaerylic resins leads to polyesters of DMA and BDO
with M,s of almost 7000 Da and M, above 3000 Da when
working at 70 °C and 70 mbar, whereas at atmospheric
pressure M, falls dramatically to 528 Da. In order to further
compare the behavior of CaLB with The_cutl we carried out
the same polycondensation catalyzed by CalB at 50 °C. The
results are reported in the ESI (Fig. S48-8517). Although the
conversion of the diol was 90%, surprisingly ESI mass spec-
trometry shows the formation of polyesters with M,s lower
than 1000 Da. More importantly, the spectra pointed out the
formation of hydrolytic products as well cyclic polyesters. After
72 h of reaction the elongation does not improve but rather
the formation of hydrolysis products is even more evident.
Apparently CaLB is more sensitive to traces of water, which
affects the equilibrium of the reaction,

Molecular dynamics simulations of CaLB and The_cut1 at
different

P ures and I

In the next step of the investigation we intended to investigate
whether conformational changes are on the basis of the
different behaviour of CaLB and The_cutl, Molecular Dynamics
simulations were run under different conditions of temperature
and pressure for 10 ns by using the software GROMACS version
4, OPLS force field definitions and explicit water as a solvent.
Each enzyme was subjected to three different simulations
(6 MD simulation in total) in terms of temperature and
pressure conditions that are highlighted in Table 7.

Each enzyme structure was analyzed and compared on the
basis of RMSF calculated on the protein Cwx, The RMSF ana-
lysis of The_cutl (see ESI Fig. S461) shows that the enzyme
has a similar behaviour under all conditions, with a slightly
higher average enzyme mobility at 343 K, as normally expected.
Muore relevant conformational mobility differences are observa-
ble for the terminal parts of the protein chain. The overall con-
formational stability of The_eutl is also confirmed by the
superimposition of the structures resulting from the three
simulations (Fig. 6). On the other hand, Fig. 6 highlights some
differences not revealed by the RMSF analysis and mainly
related to side chain movements in an area flanking the active
site corresponding to residues 86-91.

At 343 K and 70 mbar (blue structure) the active site
appears slightly less accessible than at atmospheric pressure
(red structure), as a consequence of conformational changes of
residues 86-91, although it is difficult to establish a direct link
between these observations and the negative effect of high
temperature and vacuum on the enzyme, Nevertheless, the MD

Table 7 Temperature and pressure settings of the 3 MD simulations
performed on each enzyme

Simulation Temperature Pressure
1 300 K 1000 mbar
2 33K 1000 mbar
3 343K 70 mbar

Green Chermn,
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Fig. 6 Superimpaosition of the structures af The_cutl resulting from the
three different MD simulations: condition 1 (300 K, 1000 mbar) in green,
condition 2 {343 K, 1000 mbar) in red; condition 3 (343 K; 70 mbar} in
blue. Catalytic serines are represented in sphere made; residues 86-51
in the proximity of the enzyme active site are highlighted in the yellow
circle.

simulations did not show fast and disruptive conformational
changes caused by the combination of high temperature and
VACULITL

RMSF analysis performed on the Ca of CaLB (see ESI
Fig. 5471} shows clear differences in the enzyme behaviour
under different simulated conditions. Such differences are
even more evident by superimposing the structures (Fig. 7).

Fig. 7 Superimposition of the structures of CalB resulting from the
three different MD simulations: condition 1 (300 K, 1000 mbar) in green,
condition 2 (343 K, 1000 mbar] in red; condition 3 (343 K, 70 mbar) in
blue. Catalytic serines are represented in sphere mode; residues 86-91
in the proximity of the enzyme active site are highlighted in the vellow
circle,
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Fig. 7 indicates that the protein loops at the active site
entrance, corresponding to residues 138-143 and 187-193
(highlighted in the yellow circle), change their conformations
on passing from physiological conditions (green structure:
300 K; atmospheric pressure) to high temperature and low
pressure (343 K, 70 mbar; in blue) that widen the active site
shape. Notably, no enlargement of the active site is observable
in the simulation run at high temperature and atmospheric
pressure (343 K, 1000 mbar; in red).

Although MD simulations provide some preliminary impor-
tant hints on the stability of ThC_cutl and the accessibility of
the active sites of both hydrolases, the different effects of
temperature and pressure on the two engymes appear
strictly linked to the role of water inside active sites. BioGPS
analysis reported above clearly indicates that the H-bond
capabilities of CalR are different from what was observed for
most lipases.

It must be noted that several authors have already discussed
the possible effect of water molecules entrapped in the stereo-
specificity pocket of CaLB*™*" and this issue appears of crucial
importance for the optimal exploitation of this enzyme in poly-
condensations. Future engineering strategies of CaLB might
follow that direction, also taking inspiration from the positive
features displayed by The_cutl.

Conclusions

Enzyme catalyzed reactions, because of their selectivity and
efficiency, have the potential to confer advanced and unique
properties to polyesters, while boosting a sustainable inno-
vation towards more benign polymers and synthetic processes.
Here we demonstrated the feasibility of fully renewable enzy-
matic synthesis of polyesters by addressing comprehensively
the environmental, technological and economic constraints.
Bio-based monomers were used in polycondensations cata-
lysed by a cutinase enzyme (The_cutl) immobilized on renew-
able and inexpensive carriers made by using milled rice husk
following a simple and economic protocol of adsorption and
crosslinking thus overcoming the environmental impact of
conventional fossil-based immobilization carriers. The bioca-
talyst works efficiently in solvent-free systems and under very
mild reaction conditions (50 “C) as compared to conventional
polycondensations employing toxic metals (T > 150 °C). As
compared to lipase B from Candida antarctica, The_cutl is less
sensitive to the presence of water in the system and this
feature makes achieving chain elongation possible at a
pressure closer to atmospheric pressure without observing
hydrolytic reactions. Moreover, by operating under thin-film
conditions, mass and heat transfer are optimized, with conse-
quent energy saving.

These findings set robust premises for further exploitations
of this cutinase enzyme in different environmentally and
economically sustainable synthesis of biorenewables,**

Future investigations might address engineering strategies
to enlarge the specificity and catalytic properties of The_cutl.
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The accessible and superficial active site of The_cutl makes
this engymatic scaffold very attractive for polymer synthesis
and transformation of bulky substrates in general. Information
coming from BioGPS bioinformatics analysis provides guide-
lines for future engineering studies aiming, for instance, at
introducing different promiscuous activities in the The_cutl
scaffold. On that respect, Bio_GPS analysis disclosed the simi-
larities between The_cutl and CaLB, which share the hydro-
phobic nature of lipases but appear to be functionally closer to
esterases.

Methods

Chemicals and reagents

EC-EP/M Sepabeads were kindly donated by Resindion S.r.l.,
(Mitsubishi Chemical Corporation, Milan, Italy). Dimethyl
adipate (DMA) was purchased from Sigma-Aldrich. 1,4-
Butanediol (BDO), and 1 8-octanediol (ODO) were purchased
from Merck. All other chemicals and solvents were also pur-
chased from Sigma-Aldrich at reagent grade, and used without
further purification if not otherwise specified. The samples of
rice husk (carnaroli type) were kindly donated by Riseria
Cusaro 5.r.L. (Binasco, Italy).

Enzymes

The recombinant Thermobifida cellulosilytica cutinase 1
[The_cutl) was produced and purified as previously
deseribed.™ The organism used for the expression was E. colf,
Novozym® 435 was purchased from Sigma-Aldrich (product
code: L4777) containing Candida antarctica lipase B immobi-
lized on macroporous acrylic resin, exhibiting a synthetic
activity of 11 700 PLU U per g propyl laurate units). Lipozyme
CaLB (protein concentration of 8 mg mL ') was a kind gift
from Novozymes (DK).

Protein structures

All the protein structures used as the dataset for BioGPS model
generation (Table 81 in the ESIY) were retrieved from the
Protein Data Bank (PDB]™" and preprocessed by using the soft-
ware PyMOL.** All molecules but the proteins were deleted
(r.e. water molecules, inhibitors, glycosylation residues, etc.).
The original protein structure coordinates (from the PDB) were
used as inputs, without any previous superimposition.

The same approach was used for the structure of Humicola
insolens cutinase (HiC) (PDB code 40YY)"” whereas the struc-
ture of cutinase from Thermobifida cellulosilytica (The_cutl)
comes from an already published homology madel,'?

BioGPS model

The BioGPS {Global Positioning System in Biological Space)
model was obtained as already published®' using BioGPS soft-
ware version 2.1. BioGPS is based on the "Common Reference
Framework” composed by two main steps: the characterization
of the protein active sites and their comparison. The active site
of each enzyme was automatically detected by the FLAPsite
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algorithm.™ First the algorithm reduces the complexity of the
pseudo-MIFs selecting a number of representative points using
a weighted energy-based and space-coverage function. Then it
generates all possible combinations of four points; each com-
bination is termed “quadruplet”. All possible quadruplets for
each mapped active site were generated and stored into a bio-
fingerprint (bitstring). Each active site was then compared
within the Common Reference Framework using an “all
against all” approach where each enzyme active site is com-
pared with itself and with all the other enzyme active sites. At
the end, the algorithm generates a set of Tanimoto scores’
represented by square matrixes, namely a series of probe
scores [one for each original probe) together with a global
score, The set of Tanimoto scores was used as an input for the
UPCA algorithm which generated the final BioGPS statistical
maodel by generating the multidimensional space (Principal
Components - PCs) which differentiated each enzyme active
site on the bases of their similarities and differences.

Projection of cutinases

The two cutinases Hic and The_cutl, were projected into the
BioGPS model. These two enzymes were processed as
described in the previous section. Each cutinase was compared
with itself and with all the other enzymes. Finally the
Tanimoto scores™ (see the ESIT for details) were used for the
projections of the two cutinases into the BioGPS model com-
puted for the 41 ser-hydrolases.

Milling of rice husk

Rice husk was milled using a Rotor mill ZM 200 (Retsch S.r.l.,
Bergamo, Italy) according to a procedure already described.'
The raw material was separated by size using sieves of 450 and
then 200 mm. The wet particles were weighed and then dried
in an oven at 120 °C for 6 h. The density of RH before milling
was 0.153 ¢ mL™" whereas the milled RH (size 0.2-0.4 mm)
had a density of 0.437 g mL ™", The full characterization of rice
husk has been previously reported."

Immobilization of The_cutl on milled rice husk (200-400 pm
diameter)

The rice husk powder (200-400 pm) was washed with an
ethanol/distilled H,0 mixture (2] 10 min cach step (4 mL g™*
dry material). Then the particles were rinsed with distilled
H;0 (2 times). The moisture content was determined as
described above and an amount corresponding to 1 g of dry
rice husk powder was suspended in 10 mL of 0.4 mg mL™*
enzyme solution in 0.1 M Tris-HC] buffer pH 7.0 at room temp-
erature for 24 h on a rotating wheel. The progress of the immo-
bilization was monitored by evaluating the residual protein
concentration in the supernatant after 4, 8 and 24 h and data
are reported in the ESLY The supernatant containing the
unbound enzyme was discharged and the cutinase adsorbed
on the rice husk was subjected to a cross-linking step using
5 mL solution of glutaraldehyde 1.5% in potassium phosphate
buffer 0.1 M pH 8.0, for 4 h at room temperature. The enzyme
preparation was extensively washed with 0.1 M Tris-HCI buffer
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pH 7 in order to remove all the non-bound protein on the
support, monitoring UV absorbance of washing solutions. The
preparation was left to dry on a Bichner filter for 48 h at 30 °C
and atmospheric pressure prior to use (if not otherwise
specified).

Immobilization of The_cutl on epoxy activated carrier

The epoxy-activated beads were washed with ethanol (2 times)
and double distilled H,O (2 times) prior to use. A total of 1.0 g
of dry epoxy-activated beads were suspended in 10 mL of 1 mg
mL™" enzyme solution in 0.1 M Tris-HCI buffer pH 7 at 21 °C
for 24 h on a blood rotator. The samples were withdrawn over
time. The progress of the immobilization was monitored by
evaluating the residual activity and the protein concentration
in the supernatant. It must be noted that Tris-HCI buffer was
selected as immobilization medium because native The_cutl
was produced in this same buffer and the exchange of buffer
would cause a loss of enzymatic activity (data not shown). After
the immobilization, the enzyme preparations were extensively
washed with 0.1 M Tris-HCI buffer pH 7 in order to remove all
the non-covalently bound protein adsorbed on the support.
Finally, in order to block the unreacted epoxy groups, the enzy-
matic preparations were incubated in 45 mL of 3 M glycine
for 24 h at 21 °C as previously reported.'” The enzyme
preparations were extensively washed with 0.1 M ‘Tris-HCI
buffer pH 7.

Moisture determination

0.2 g of immobilized enegymatic preparation was weighed in a
tarred weighing bottle (4), dried for 6 h at 120 + 5 °C, cooled
down in a dessicator until a constant weight was reached and
then weighed again [B). The moisture content was calculated
as follows:

Moisture content (%) = [(A — B)/A] » 100

Activity assay for immobilized enzymes

Activity was measured at 21 °C using PNPB as a substrate. The
final assay mixture was made up of 0.1 mL of the substrate
solution (86 pL of PNPB and 1000 pL of 2-methyl-2-butanol ),
11 mL of 100 mM Tris-HCI buffer at pH 7 and 20 mg of
immobilized enzyme preparation. The increase of the absor-
bance at 405 nm due to the hydrolytic release of p-nitrophenol
(e 405 nm = 9.36 mL (pmol em)™") was measured over time
with a HACH Lange benchtop spectrophotometer using plastic
cuvettes. A blank was included using beads where glycine was
used instead of an enzyme as a blocker for the epoxy-activated
beads. The activity was calculated in units (U), where 1 unit is
defined as the amount of the enzyme required to hydrolyze
1 pmol of the substrate per minute under the given assay
conditions.

Protein quantification

Protein concentrations were determined by using the BioRad
protein assay (Bio-Rad Laboratories GmbH, Vienna, Cat. No:
500-0006). Briefly, 10 pL of the sample was added into the
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wells of a M-well micretiter plate [Greiner 96 Flat Rotiom
Transparent Polystrenc] As soom as all dthe samples were
placed it the wells, 200 Jl of the prepored Biokad reaction
solution were added o the wells (Biokad Reagent diluted 1:3
with mCH 0. The plate was incubated for 5 min at 21 °C and
A rpane The baffer for protean dilution (000 M Tris-HOD pH 7
wis used as a blank and BSA (bovine serum albuming as the
standard, The absorpdon after 5 min was measured ar & =
595 mmy nand the concentmtinn caloulated fmom the veTAge ol
friplicate samples and blanks.

Emzyoatic pobomsdensation using a thin-film reaction gstem

The thin-flm engymatie polyeondensations were conducted as
previgushy reported by Pellis o 5L * Reactions based on the fac-
torial design were camied oot osing equimolar amaoumies
{o.mé ml) of diester and diod (0006 mol) and 0% wiw of
immobilized iThe cutl. The esctions were conducted  in
Al mik round-besttom Rasks connected o a roary evaporator,
applying reduced pressure when requested. The reactions were
operated with & Rotevapor B-215 (BOCHL) connected 0w
wacuum pump Vac® V=511 [BOLH] and a pressare contraller
V-500 [DUCELL). Temperature was controlled by means of a
Witerbath B-A80 [BUCHI] After 24 h, the reaction misture was
recowered with THF and producrs were characterized afrer fil-
fratiom of the hi.gx-.'lzl‘rmr and m.'u!'h:u'aficm of THF, withour sy
further treatrment.

Measurcment of waler activity

Wiler activity of the rescton system was determined ab 340
by using a hygrometer [DARAK-Trieste, lalv) operated and cali-
brated as previously reported ™ The mosomers, the porous
immobilization  corrier without the enryme and  odiferent
volumes of wawr were added, mixed and thermostated ac
am BC in the same round-bottom flasks weed for carrying ot
the reactions. We pesumed that the very small amount of
protein tinked to the carrier binds e a negligible percentage of
waler I compamed with the huge bead surface and thenelore
daes il affect the g, of Lhe system. The humbdity sensor was
maintained in contact with the gas phase within the sealed
vessels and the values of relative homidity [RH] were mensaned
until constant rendings (a.), namely the achievement of
equilibrium.

Thi refative humddiny ot equilibelum s cormelated with s
by the fellowing equation: ERH = g, « 100

'PH

The samples were dissolved in THE [250 ppm BT as inhibi-
tor]. Gel peemeation chromarography was carried out ar 30 °C
on an  Agilent  Technologics  HPLG Sysfem (Agilont
Technalogies 1260 Infinity] connected to a 17 369 60 mm 1D =
Al mm L Hygy-H, 5 pm guard column and 8 18055 7.8 mm (D
300 mm L GMH -, 5 jum TSE gel liguid chrmmategrygshy
column [Tosoh Bloscience, Tessenderle, Belglum) wsing THF
(250 ppm BHT a5 inhibitor] as an eluent [of a Aew mte of T mi
min "], An Agilent Techniologies 6333624 refractive index detec-
e was emploved for detection, The mobkecolar weights of the

Thes joaam il & 8 T Ao facsay o Ongeritiy #G
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polymers were caleulated using linear polysiyrene calibration

standards [250-70 000 Dal

TH-NME

Muclear magnetic resonance 'H MERsurements were per-
fatrmed on g Bruker Ssance 1400 spectrometer [resonance Tre-
quencles 100,13 MHz for “H) equipped with a 5 mm obsene

broadband probe head (BBPO] with z-gradients. D, was
wsed ns an NME solvent iF not odhenawise :.'pm:iﬁl:d.

Flectrospray inniaion mass s pectrvmetry (ES1MS)

The crede reactbon mibstures were anabeed on Hsgulne 440
[Bruker) electrospray pesityve lonization by generating the ions
i an acedic emvironment, Around 10 mg of the sample was
dissolved in 2 mil. of methanol containing 6.1% vy formic
acid, The genersted ions were positively changed with mez ratio
falls in the range of 200-1000. The subsequent procoss of
decomvolution allews the reconstruction of the mass peaks of

the chemical species derived from the analsis of the peaks
generated.

Manning of the Ectodad design

The factorial design was planned using the software MODDE
B0, [M5K Umnetrics). Polveondensations were carried ouron a
thin film and under solwent-less conditions using The_ et
Emmasbilized on epoxy methaeodic redn and following the po-
cedures described above. Experiments were run following a
random sequence, The independent variables considered were
tempemtune, pressure angd added water, They sere studied st
two levels (11 and =11 Temperatsre = {70 %C; 30 ) pressure
= (1000 mbar; 70 mbarj; and H0 = (10 Pl 0 pL). The fuctorial
design is composed by the combination of the different lvels
of the three variables, The effect of the diols (BDO and DDO)
was cvalwated by dividing the factorial design into neo blocks,
nne for each diol, For each block, a further central point was
added, correspanding o the combination of the combination
of escl independent variable taken at an inecmediale level
[lewel 0z F = 5ib =5 g« 535 mbar, HyQ © 5 pl) The responses
measured for each experiment were the comversion of the dial
[enleulated by NMB spectmoseopy s deseribed above) and the
M. of the produst [ealculated by GPC analysis|. The efects of
factors on responscs were caleulsted by multple linear
(L5 (LTI R

Molecular dynamics simulatinons

The structure of Call (FDE 1TCA) and The cutl [homology
model]'” were protonated b pli 70 using the PLBZPOR
server'™ based on the sofoware PROTEA '™ Subscquently, cach
protonatod ensyme strscturne was defined into an 0L foree
ficld.” Each procein was inserved in a cubic box of 216 nm*
] sedvated with an exglivit solvent (TIPA water t].-pc".” Thus,
mich eneymne  system was minimized osing the softwane
GROMACS version 4™ wsing the steepest descendent algorithm
for 100 steps, Afterwards, rach enzyme was simulated under
three different conditions: (1) 30 K and 1000 mbar (2] 44 K
and 1000 mbar; awd (3) 343 K and 70 mbar. Each MDD simu-
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latson was pecformed for 10 ne with the software GROMAMS
verslon 4 defindng a NVT enwlroniment; the Partlele Mesh
Ewald [PME] algorithm ! was used for the cableulstion of
electrostatic interactions, the wrescale algorithméd for temp-
erature and the Berendsen algorithm™ for pressure were also
empaloyed.

The suteome of each MD simulathon was analesed by caleu-
laring the Root Mean Sguare Fluctuadon (FMST), which indi-
caley the WErnge mavernent ol the prnrcin residdues dl:ﬁng
simulatian, The caloulation was performed on the protein Ci
using the: g rmad ool of the GROMES 4 packege.
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