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Chapter 1: Introduction



1.  Enzymes

In a general point of view, enzymes are biological macromolecules capable to
perform catalytic reactions and return to the original state once the products are
released. Almost all metabolic processes in cells require a biological catalyst and

they play a crucial role in the life cycle.

Regarding the composition, enzymes are chains of amino acids, which are
organic compounds containing amine and carboxyl functional groups, alongside
a ramification chain specific for each amino acid. From around 500 naturally
occurring amino acids currently known, only 20 are present in the genetic code.
There are different classification levels such as core structural-functional groups,
polarity or pH, but classification by side chain group type is the most common
(Fig. 1.1).
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Figure 1.1: The 21 proteinogenic a-amino acids found in eukaryotes (including

pKa 10.90

the selenocysteine), grouped according to their side chains' pKa values and
charges carried at physiological pH (7.4).

From a structural point of view, most enzymes are globular proteins. It is worthy
to notice the ribozyme exception, RNA molecules that are capable of catalyzing
specific biochemical reactions, similar to the action of protein enzymes.
Previous 21 natural amino acids (and the unnatural ones as well) can fold

together achieving four different complexity levels. Amino acids can form
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“polymers” through the peptide bond, this level is known as protein primary
structure. Protein “polymers” can adopt higher organizations levels. This folding
level is the protein secondary structure, regularly repeating local structures
stabilized by hydrogen bonds. The most common examples are the alpha-helix,
beta -sheet and turns. Because secondary structures are local, many regions of
different secondary structure can be present in the same protein molecule. When
different secondary structures from the same amino acids “polymer” pack
together, the protein is assuming a new organization level, the tertiary structure.
Tertiary structure is generally stabilized by nonlocal interactions, most
commonly the formation of a hydrophobic core, but also through salt bridges,
hydrogen bonds, disulfide bonds, and even posttranslational modifications. The
term "tertiary structure” is often used as synonymous with the term fold. The
tertiary structure is what controls the basic function of a protein. When several
protein units pack together forming bigger complexes, this level is called
quaternary structure (Fig. 1.2).

P-pleated
amino acids sheet a-helix

P-pleated
sheet

Figure 1.2: Protein different levels of structural organization (modification of
work by the National Human Genome Research Institute).

Many enzymatic families have ions, like copper, zinc, magnesium or iron, and
other cofactors, such as heme groups, flavins or nicotinamides, in their structure.
These elements are usually playing a key role in the catalysis and sometimes in

the enzyme folding too.
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Most biochemical reactions take place inside a specific place called binding or
active site (Singh, Kumar, Mittal, & Mehta, 2016), usually shared through
enzymatic families and with common elements and geometrical disposition.
From an energetic point of view, enzymes reduce activation energies, speeding

up the reaction to happen (Fig. 1.3).

Reaction without catalyst
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Figure 1.3: Reaction activation energy differences with and without a catalyst.

Enzymatic presence in nature is really large, it is possible to find them
everywhere, from the human body to submarine volcanoes. The extensive
distribution range has favored enzymatic evolution, allowing the appearance of

many functions for enzymes.
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1.1. Enzymes for industrial and technological purposes:

applications and properties

Enzymes have been used by humans since the beginning of civilization, three
thousand years ago. It is reported beer, bread, and winemaking by ancient
Sumerians and Egyptians (Sewell, 2014), all these products required of yeast
fermentation to be done from cereals or fruits. These firsts (and rudimentary)
fermentation attempts were, through the centuries, slowly improved and
standardized, starting the original “biotechnological companies”. Despite the
fact that they didn’t know it, they were enzymology pioneers and put the seeds

for future investigations and research areas.

But (and moving extremely fast through centuries of human history) (Fig. 1.4),
molecular biology’s last decade's expansion pushed forward the use of enzymes
for several and more complex industrial and technological purposes (Singh et al.,
2016). Currently, industrial enzymes are a growing market of more than 5 billion

dollars (Chapman, Ismail, & Dinu, 2018), and it keeps growing every year.
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1893 - Definition of “catalyst” (Ostwald)

1894 - “Lock-and-key™ model proposed (Fischer)

1897 - Enzymes does not require a cell (Bucher)

1926 - Enzymes are proteins (Sumner)

1958 - “Induced fit” model proposed (Koshland)

1963 - Ribonuclease sequence reported

1965 - “Allosteric model” proposed (Monod)

1970 - Immobilized enzymes

1980 - Protein engineering beginning
8 8 beg g

1990 - Directed evolution (Arnold)

2000 - Enzyme computational design

v

Figure 1.4: Enzymology last two centuries milestones (Robinson, 2015).

During the 20th century, we have learned that enzymes can be cultured,
modified and produced largely by gene manipulation and these allowing the
extensive use in an enormous variety of applications, from waste treatment to
pharmaceutical applications, enzymes are present in almost all industries (Table
1.1).
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Table 1.1: Industrial applications of enzymes (Choi, Han, & Kim, 2015).

Application field

Enzyme examples

Properties

Fine and bulk chemistry
industry

Dehydratases Remove water molecules
Nitrilases Remove nitrile groups

Transferases Transfer molecules
Isomerases Convert one isomer to

another

Pharmaceutical industry

Dehalogenases

Catalyzes the removal of a
halogen atom

Hydrolases

Use water to break a
chemical bond

Keto-reductases

Transfer of electrons from
one molecule, the
reductant to another, the
oxidant

Food industry
and
Cosmetic industry

Glycoside hydrolase

Catalyze the hydrolysis of
glycosidic bonds in
complex sugars

Glycosyltransferases

Establish natural
glycosidic linkages

Hydrolases Use water to break a
chemical bond
Cellulases Decomposition of
Textile industry cellulose and of some
and related polysaccharides
Pulp and paper industry
Proteases Helps proteolysis by

hydrolysis of peptide
bonds

Oxidoreductases

Transfer of electrons from
one molecule, the
reductant to another, the
oxidant
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Enzymatic presence in different industrial areas is really relevant, reducing
waste generation and creating new possible production paths, being a key player

in the biotechnology world.

Of many enzymatic properties, one of the most interesting for industrial
purposes is substrate promiscuity or the capability to react with several ligands.
Substrate promiscuity implies that enzymes are able to catalyze the same
reaction over different substrates from natural activity performance. This aspect
is remarkably important in hydrolases for which many practical promiscuous
applications have been studied (Beloqui, de Maria, Golyshin, & Ferrer, 2008;
Carboni-Oerlemans et al., 2006; Hult & Berglund, 2007).

Serine-hydrolases, one of the main focus of this thesis, accept a wide range of
esters and are extensively used in the resolution of racemic acids and alcohols;
they are also active towards fatty acids (of different lengths and types). Lipases,
for example, can accommodate a large variety of substrates, other than just fatty
acids or esters, like alicyclic, bicyclic, and aromatic esters and even esters based
on organometallic sandwich compounds (C.-S. Chen & Sih, 1989; Ghanem,
2007; Kapoor & Gupta, 2012; Schmid & Verger, 1998). Laccases can also
accepted a wide range of substrates, such as phenols, polyphenols or aromatic
amines (Alcalde, 2015).

Nevertheless, the extensive industrial use of enzymes is limited. Classical
chemistry protocols are in many aspects the selected choice, due to the
associated implementation expenses and the catalytic versatility of the
heterogeneous reactivity (Tanimu, Jaenicke, & Alhooshani, 2017; Wang et al.,
2017).  Alongside, one of the biggest biocatalysis challenges is the
competitiveness against functionalized surfaces to perform heterogeneous
catalysis (Wittstock, Biener, & B&umer, 2010), where small microchips (or

reactors) can host thousands of immobilized reactive sites (Fig. 1.5). The
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overcoming of these limitations, as we will discuss in the following chapters, is
the enzymatic improvement and development.

oo
H /T O\ H
AN
@)
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H O

Figure 1.5: Hydrogenation of ethene on a catalytic solid surface, (1) adsorption,
(2) Reaction, and (3) desorption.
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1.2. Laccases

1.2.1. General aspects

Oxidoreductases (EC 1) are enzymes capable to catalyze redox reactions by
using cofactors like metal ions, flavins or hemes (Martinez et al., 2017). Due to
the enormous amount of reactions catalyzed by oxidoreductases the industrial

interest for this superfamily has increased exponentially.

It is a big enzymatic family with many biologically relevant groups inside,
heme-dependent proteins (like peroxidases), flavoproteins, oxygenases (like lytic
polysaccharide monooxygenases - LPMQOs) or laccases (Fig. 1.6) (Lomize,

Hage, & Pogozheva, 2018; Lomize, Lomize, Krolicki, & Pogozheva, 2017).
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Oxidoreductases
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| enzymes
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; Mone-
Binuclear nuclear Pterin dependent
| enzymes
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Oxo acid; Pterin depen- Rieske type Dioxygenases; | |Dioxygenases; Lipoxy- prosthetic groups
dependent; dent; dioxygenases; ferrous iron; ferric iron; genases;
ferrous iron ferrous iron ferrous iron extradiol intradiol ferric iron

Figure 1.6: Oxidoreductases classification (Blank, Ebert, Buehler, & Buhler,

2010).

Inside oxidoreductase family, laccases are one of the most promising members

from a biotechnological point of view. Laccases (EC 1.10.3.2) are oxidases with

four coppers: a trinuclear cluster buried in the structure, where molecular oxygen

will be reduced to water, and a single copper molecule close to the surface,

where the substrate oxidation will take place (Claus, 2004). After the oxidation

happens, the enzyme re-generates in the trinuclear cluster reducing molecular

oxygen to water (Fig 1.7).
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Figure 1.7: Laccases reaction mechanism simplified scheme (Rodriguez-
Delgado & Ornelas-Soto, 2017).

The broad ranges of possible reactions and the absence of external cofactors,
with water as the only by-product, increase the industrial potential of laccases.
Originally, laccases were located in eukaryotic organisms, but more recently
they have been described in bacteria as well (Claus, 2003).

1.2.2. Structure

Laccases often are expressed as isozymes, forming large and stable multimeric
complexes. The high stability is probably due to the glicolisation rate (10-45%).
Buried inside the structure, as stated before, laccases have four different

coppers, distributed in three different types (Fig. 1.8).
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Figure 1.8: Laccase three-dimensional overview (Elouarzaki, Cheng, Fisher, &
Lee, 2018).

Type 1 copper has trigonal coordination, with a cysteine (methionine in bacteria)
and two histidines. The cysteine-copper covalent bond is also responsible for the
typical laccase blue color in solution. Type 2 and 3 are forming the trinuclear
cluster, where reduction of molecular oxygen to water takes place. Type 2 holds
two histidine coordinations and type 3 holds four (Fig. 1.9). These multiple
copper centers drive electrons without releasing toxic peroxide intermediates,
accomplished by four mono-electronic oxidations of the substrate catalyzed by
the type 1 copper.

22


https://paperpile.com/c/6SW6g6/wsCO
https://paperpile.com/c/6SW6g6/wsCO

Type 1 (T1)

N

Figure 1.9: Laccase copper first coordination sphere (Santhanam, Vivanco,
Decker, & Reardon, 2011).

There are many examples of laccases catalytic potential, polymer formation

(Fodor et al., 2016), aromatic compounds oxidations (Zeng, Zhu, Wu, & Lin,
2016), etc.
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1.2.3. Applicability and engineering strategies

Laccases have a broad range of applications in several fields, food industry, pulp
and paper industry, textile industry, soil remediation, synthetic chemistry or
cosmetic industry. Their effectiveness in persistent organic pollutants
degradation has received considerable attention in bioremediation related fields
(Catherine, Penninckx, & Frédéric, 2016; Gasser, Ammann, Shahgaldian, & -X.
Corvini, 2014; Majeau, Brar, & Tyagi, 2010; Strong & Claus, 2011; Viswanath,
Rajesh, Janardhan, Kumar, & Narasimha, 2014), for example, biosensors for
environmental pollution detection and monitoring (Rao, Scelza, Acevedo, Diez,
& Gianfreda, 2014). Laccases are useful for tracking down pollutants such as
dyes (Sen, Raut, Bandyopadhyay, & Raut, 2016), polycyclic aromatic
hydrocarbons (Librando & Pappalardo, 2013), endocrine disruptors (Husain &
Qayyum, 2013) or even antibiotics. Antibiotics are among the most used classes
of drugs by our society, and the non-metabolized one end up in the environment
(Larsson & Joakim Larsson, 2014). For this purpose, common water treatment is
totally useless and cannot remove antibiotics (Oulton, Kohn, & Cwiertny, 2010),
while other potential treatments came out with undesirable secondary effects like
high implementation costs or extra pollutants formation (Y. Chen, Stemple,
Kumar, & Wei, 2016).

Laccases can be successfully applied for bioremediation of hard chemicals or
organic compounds, such as antibiotics or polycyclic aromatic hydrocarbons
(PAH). Importantly, their catalytic performance and applicability can be
expanded by raising T1-copper redox potential by using the laccase-mediator
system (Ding et al., 2016; Shi, Ma, Han, Zhang, & Yu, 2014; Suda, Hata,
Kawai, Okamura, & Nishida, 2012). By using intermediate molecules - with
high redox potential-, laccases can react over difficult substrates, such as the
already mentioned antibiotics and PAHs or complex polymers lignin or cellulose

fibers (Bourbonnais & Paice, 1990) (Fig. 1.10); a laccase-mediator system is
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then efficiently expanding enzyme substrate range (Morozova, Shumakovich,
Shleev, & laropolov, 2007).

Vs laccase , _ mediatoryy _ substrate

L Ko

;/ \\ .
H,0 laccase mediator

Figure 1.10: Laccase mediator system scheme (Christopher, Yao, & Ji, 2014).

0,
Z \

Pulp and paper industry has also been taking advantage of laccase catalysis.
Chlorine and oxygen-based chemical oxidants are used for the preparation of
paper at an industrial level, specifically for the separation and degradation of
lignin fibers. This classical chemical approach came out with several problems
such as recycling, cost, and toxicity, which remain unsolved. However, in the
existing bleaching process, the previously mentioned laccase-mediator system
could be easily implemented, leading to a partial replacement of chlorine and

oxygen-based chemical on this industry (Rodriguez-Couto, 2019).

Laccases have also been used in food processing for the elimination of
undesirable phenolic compound in baking, juice processing or wine stabilization
(Rodriguez Couto, Couto, & Herrera, 2006). The application of laccases over
these products modulates flavors and aromas giving taste and color to them.
Notice that color and aroma can change due to polymerization of phenolic

molecules (Ribeiro, Henrique, Oliveira, Macedo, & Fleuri, 2010).

As mentioned before, laccases have many interesting applications and, due to
potential industrial uses, they have been targeted by many enzyme engineering
efforts. The first engineering bottleneck was a crystallographic structure

determination and since 1998, with Ducros et al. work (Ducros et al., 1998), a

25


https://paperpile.com/c/6SW6g6/trzd
https://paperpile.com/c/6SW6g6/trzd
https://paperpile.com/c/6SW6g6/4090
https://paperpile.com/c/6SW6g6/Xb2p
https://paperpile.com/c/6SW6g6/2Q8p
https://paperpile.com/c/6SW6g6/yr99
https://paperpile.com/c/6SW6g6/kPOx

few active laccase structures have been obtained (Hakulinen & Rouvinen, 2015).
Using this structural information, mutations around the copper could be done,
studying the importance of different residues for laccase activity (Durdo et al.,
2008)(Z. Chen et al., 2010)(Gupta et al., 2012). Once initial key residues were

identified, two main engineering approaches have been applied on laccases:

1) Raising T1 copper redox potential

2) Improving substrate-enzyme interaction

In 1999, Solomon and collaborators developed a laccase variant with an
increased T1 redox potential (Xu et al., 1999), these enhanced variants were
obtained through site-directed mutagenesis. Similar results were obtained
through directed evolution protocols (Maté et al., 2010) and T1 copper redox
potential was raised as well. But increasing redox potential has shown to be
significantly difficult. This bottleneck partially shifted the research to improve
substrate-enzyme interaction. In literature, there are many examples of this type
of research with many different methodologies (even a database (Sirim, Wagner,
Wang, Schmid, & Pleiss, 2011)), from site-directed mutagenesis to directed
evolution and the recent addition of molecular modeling and bioinformatics
(Mate & Alcalde, 2015; Mateljak et al., 2019). This addition has proved to be a
successful sinergy. Mutations in the binding event can shift the ligand into a
more buried position and provide a more favorable electrostatic environment for

the oxidation to happen (Monza et al., 2015).
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1.3.  Serine Esterases

1.3.1. General aspects

Carboxylesterases or serine hydrolases (EC 3.1.1.1) constitute part of the
enzymes capable to cleave the carboxyl ester bond and release the corresponding
carboxylic acid and alcohol. This reaction happens via a proton transfer lead by
a serine part of a catalytic triad, which includes an additional histidine and
aspartic acid, with the formation of two tetrahedral intermediate states and an
acyl-enzyme phase (J. Aranda et al., 2014) (Fig. 1.11). The reaction only
requires the catalytic triad and water.
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Figure 1.11: A catalytic triad general system as commonly found in serine
hydrolases and hydrolysis steps. The acid residue (commonly glutamate or
aspartate) aligns and polarises the base (usually histidine) which activates the
nucleophile (often serine or cysteine, occasionally threonine) (Armendériz-Ruiz,

Rodriguez-Gonzalez, Camacho-Ruiz, & Mateos-Diaz, 2018).
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Serine esterases are widely distributed in the environment, even in extreme

locations, and take part in important cellular physiological functions. Besides,

they are among one of the most important industrial enzymes. Closely related to

esterases we find widely used and important enzyme families, such as the lipases

or proteases, which share catalysis and structural features.

1.3.2. Structure

Several high-resolution three-dimensional structures have been solved by X-ray

crystallography and other methods (Akoh, Lee, Liaw, Huang, & Shaw, 2004).

Based on this research some common structural features of these enzymes can
be described (Fig. 1.12):

1)

2)

3)

Serine esterases have the classical alpha/beta folding (Claus, 2004;
Lenfant et al., 2013). This type of tertiary structure is composed of a
main core formed of predominantly parallel beta-strands surrounded by
alpha-helices (Nardini & Dijkstra, 1999; Ollis et al., 1992; Schrag &
Cygler, 1997).

The nucleophilic serine of the catalytic triad rests at a hairpin turn
between a beta-strand and an alpha-helix, in an extremely conserved
peptide sequence: Gly-X-Ser-X-Gly, forming a characteristic sequence
motif commonly named the ‘nucleophilic elbow’. There is one
exception, Lipase B from Candida Antarctica (usually known as CALB)
does not present this sequence motif (Uppenberg, Hansen, Patkar, &
Alwyn Jones, 1994).

Serine hydrolases’ active site is formed by three residues called the
catalytic triad consisting of serine, histidine and aspartic acid or
glutamic acid (Brady et al., 1990; Winkler, D’ Arcy, & Hunziker, 1990).
Despite identical chemical composition, lipases and proteases (two

serine hydrolases) structurally differ by having different orientations,
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resulting in inverted stereochemistry of the catalytic triad (Dodson, Guy
Dodson, Lawson, & Winkler, 1992).

4) Substrate binding is aided by two amino groups C terminal neighbors of
the catalytic serine forming the oxyanion hole (Lang & Dijkstra, 1998;
Lang, Mannesse, De Haas, Verheij, & Dijkstra, 1998).

His — —

oxyanion .
Nu acid

siinlnlE!

3 4 5 6 7 8
Figure 1.12: Schematic diagram of o/p-hydrolase folding and serine hydrolases

main elements. Oxyanion: residues that stabilize oxyanion, Nu: nucleophilic
residue; for lipase esterases, and proteases this is a serine; a-helices are shown as

rectangles, B-sheets as arrows (Uwe T. Bornscheuer & Kazlauskas, 2005).

1.3.3. Applicability and engineering strategies

Lipases, esterases or proteases are among the most used industrial enzymes, with
several industrial applications in many different fields (Fig. 1.13), even though
they, especially lipases, do not express easily in classical bacterial expression
systems (Valero, 2012). For example in food processing, beverages or perfume

industries molecules like ferulic, sinapic, caffeic, and coumaric acids are widely
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used (Karra-Chaabouni, Pulvin, Touraud, & Thomas, 1996). The esters of these
acids are easily found in cereals, agro-industrial residues, and biopulp (Asther et
al., 2002). Using feruloyl and cinnamoy! esterases of Aspergillus niger (among
other possible candidates) the hydroxycinnamic acids can be released from those
scratch materials. Other esterases, such as the one obtained from Fusarium
oxysporum, play an important role producing flavoring and fragrance
compounds from geraniol and fatty acids (Asther et al., 2002; Christakopoulos et
al., 1998).

Food processing, beverages, perfume Degradation of synthetic
industries materials

Esterases industrial applications

Pharmaceutical industry /Agrlcultuu\ Chemical industry

Figure 1.13: Esterases most relevant industrial applications (Panda &
Gowrishankar, 2005).

Esterases and lipases are extensively employed in the dairy industry, and for
production of wine, beer or juice fruits. They are used for transesterification
purposes, where low-value oils and fats are transformed into more valuable ones.
As an example, Lactobacillus casei CL96 esterases and lipases are significantly
used to hydrolyzed milk fat for flavor improvement in cheese-related products
(Y.-J., -J., & B., 2001). Pseudomonas fragi serine hydrolases were submitted to

different physical and chemical treatments to stimulate strawberry flavor
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production (Kermasha, Bisakowski, Ismail, & Morin, 2000). In general,

esterases play an important role in the flavor industry (Fukuda et al., 2000).

More recently, serine hydrolases are being used for plastic polymer degradation.
To degrade such problematic components, cholesterol esterase and
polyurethanes (and others) are widely used (Howard, Crother, & Vicknair, 2001;
Jahangir et al.,, 2003). Recently, a serine hydrolase with polyethylene
terephthalate (PET) as natural substrate was isolated from Ideonella sakaiensis,
crystallized (Yoshida et al., 2016) and further rationally designed to obtain
improved binding affinities (Austin et al., 2018). Since PET is one of the most
abundant plastics in the world, this finding presents a new opportunity for serine
hydrolases.

Esterases and other serine hydrolases have also applications in the
pharmaceutical industry. They play a major role in, for example, chiral
synthesis, an important process in some drug refinement step (Uwe T.
Bornscheuer, 2002b). An example of this relevance, is an esterase from
Trichosporon brassicae. This particular enzyme can produce optically pure (S)-
and/or (R)-ketoprofen [2-(3-benzoylphenyl) propionic acid], which is very
effective in the reduction of inflammation and relief of pain resulting from
arthritis, sunburn, menstruation, and fever (Shen, Xu, Wu, & Liu, 2002). As
well, commercially available anti-inflammatory drug (NSAID), ibuprofen (R,
S)-2-(4-isobutylphenyl) propionic acid is produced with an esterase from
Pseudomonas sp. S34 (G.-J. Kim et al., 2002; Y.-H. Kim, Cha, & Cerniglia,
2002).

Agriculture is also an application field for esterases. Phosphodiesters are
synthetic organophosphorus compounds, with broad applications as insecticides
and nematicides. But after use, remaining residues of these compounds are

extremely toxic, causing crop contamination. To fix this problematic,
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phosphodiesterases from Brevundimonas diminuta and Alteromonas sp. have
been extensively used in land detoxification by degrading these
organophosphorus compounds (Horne, Harcourt, Sutherland, Russell, &
Oakeshott, 2002). Further research has been carried out in this particular field
and, currently, many different esterases have been identified as potential

candidates to be used in land detoxification (Manco, Porzio, & Suzumoto, 2018).

Esterases are extensively applied in other industrial fields, such as the pulp and
paper, textile, leather, and baking industries. Steryl esterase and cholesteryl
esterase from Pseudomonas sp., Chromobacterium viscosum and Candida
rugosa are playing a significant role in reducing pitch problems during paper
production (Kontkanen, Tenkanen, Fagerstrom, & Reinikainen, 2004).

Due to all the previous applications, esterases have been an important target for
enzyme engineering. Improvement of the catalytic performances using directed
evolution and/or rational design has been the main goal in the development of
esterases as enantioselective biocatalysts (U. T. Bornscheuer, Bottcher, &
Schmidt, 2009; Uwe T. Bornscheuer, 2002a). Furthermore, the development of
complementary techniques (like bioinformatics, protein crystallography or
molecular modeling) for deeply analyzing the mechanisms of enzymatic activity,
makes possible today an extensive use of rational, semi-rational and random

protein mutation of esterases (Jochens et al., 2011).

An example of enzyme engineering in esterases, involved 3-buten-2-yl acetate
racemic resolution. From the numerous wild-type ester hydrolases tested, the
best performance was obtained with an esterase from Pseudomonas fluorescens
(Baumann, Hauer, & Bornscheuer, 2000). When directed evolution was carried
over this enzyme, a double mutant was found, improving enantioselectivity and
obtaining higher reaction rates (Schmidt et al., 2006). In this same esterase, four

positions were recognized using the 3DM database (Kuipers et al., 2010), and
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subjected to saturation mutagenesis for improving the enantioselectivity on 3-
phenyl butyric acid esters and a tailored variant was obtained in terms of
improved reaction rates and enantioselectivity (Cheeseman, Tocilj, Park, Schrag,
& Kazlauskas, 2004; Jochens & Bornscheuer, 2010).

1.4.  Enzyme Engineering

As it has been noticed in previous subchapters, enzymes have multiple
applications; this industrial interest has been key for driving improving efforts.
Enzyme engineering has grown alongside the technology improvement and
business increasing. Novel enzymes have appeared in the last years through the
new methodologies, like directed evolution (Arnold & Volkov, 1999) or “de
novo” designs (Jiang et al., 2008). This new generation has increased by

thousands the industrial enzymatic relevance.

Following an “historical” path, enzyme engineering started by developing point
mutations on the primary structure of a protein using the first crystal structures.
The previous irruption of genetic editing molecular techniques, like site-directed
mutagenesis (a polymerase chain reaction (PCR) variation), opened such a
possibility. This rational design, introduced through site-directed mutagenesis,
mandates a detailed knowledge of the protein structure, its function and
mechanism (Ridong Chen, 1999) (Fig. 1.14). The power of this type of designs
has been shown on several occasions by the generation of an enhanced
superoxide dismutase (an already fast enzyme) (Getzoff et al., 1992) or the
complete inversion of coenzyme specificities for both isocitrate and
isopropylmalate dehydrogenases (R. Chen, Greer, & Dean, 1996; Ridong Chen,
1999; Hurley, Chen, & Dean, 1996), as some relevant examples, where

individual substitutions generated new and improved enzyme variants.
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Rational design

A priori structural and mechanistic
information of the enzyme is required.

N

Computer models identify hot spots.
Residues can be specifically
mutated or subjected to saturation
mutagenesis.

4

This targeted design generally
requires less screening
efforts.

Figure 1.14: Rational design protocol summary (Eriksen, Lian, & Zhao, 2014).

Directed evolution is an opposite concept to rational design, it does not require
any information about enzyme structure or how it relates to catalytic function
(Kushner & Arnold, 1997; Stemmer, 1994). Directed evolution techniques
mimic natural evolution but with a “human touch™: it is laboratory accelerated
by focusing on individual genes expressed in fast-growing microorganisms (Fig
1.15). Already existing proteins (from natural or engineered sources) are
selected as the starting point, then mutations are randomly introduced and the
progeny screening reveals (or not) enhanced variants. These new variants can

then act as parent types in further evolution protocols (Arnold, 2018).
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Figure 1.15: General directed evolution pipeline (Clark & Pazdernik, 2016).

There are many different well-settled protocols to mimic natural evolution, one
of the firsts was “error-prone” PCR, where through different media conditions,
polymerase are forced to introduce mutations in the expanding sequence
(McCullum, Williams, Zhang, & Chaput, 2010). An alternative initial procedure
involved using chemical and physical agents to randomly damage DNA (Bridges
& Woodgate, 1985; Freese, 1959; Lai, Huang, Wang, Li, & Wu, 2004).
Following these approaches, new techniques appeared that require genetic
recombination, like DNA shuffling, where two genes are combined using
endonucleases to generate gene fragments and then combining them through a
DNA ligase (Zhao, 1997). Also genetic recombination dependent, Mutagenic
Organized Recombination Process by Homologous IN vivo Grouping
(MORPHING) is a random mutagenic method for short protein regions, where
libraries can be prepared with different mutational loads in DNA segments of

less than 30 amino acids so that they can be reassembled into the remaining
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unaltered DNA regions (Gonzalez-Perez, Molina-Espeja, Garcia-Ruiz, &
Alcalde, 2014).

Since directed evolution is based on random mutagenesis or genetic
recombination, there is limited control over resulting outputs. This is connected
with directed evolution high throughput screening needs, aiming to explore as
much mutagenesis space as possible. It is precisely this limitation (one of ) the

bridgehead for “in silico” protein engineering.

The addition of computational power and algorithm developments has added a
new dimension to enzyme engineering and, these recent years have witnessed
new advances in silico aided protein design. From one site, they help us in the
understanding of mutagenesis/directed evolution outputs that randomly appears
due to the protocols behavior (C. Aranda et al., 2019; Carro et al., 2018; Pardo et
al.,, 2016). The study of enzymatic reactivity has required from first
understanding how reactants reach the active site and second how they become
products. The description of each step has different theory levels (Marti et al.,
2008).

The understanding of how reactants reach the active site, or ligand diffusion, can
be investigated at the molecular mechanics (MM) theory level. MM treats atoms
as rigid spheres and the bonds between them as strings of variable strength and
distance, building all-atoms systems. Using this approach it is possible to
simulate complex molecular systems like enzymes. There are many different
computational methods using MM, such as molecular dynamics (MD) (Karplus
& Petsko, 1990), docking or Monte-Carlo (MC) based algorithms.

MD allows the study of the protein dynamics by the iterative resolution of
Newton’s equation (Karplus, 2002). At each iteration, the calculation propagates

positions and velocities from the potential energy gradients.
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Docking simulations involve the prediction of the best bound orientation
between two biomolecules. These techniques has been mostly used in the
prediction protein-ligand and protein-protein interactions. First, exploration
methods provide with several bounding conformations that are then ranked by
scoring functions (from MM, empirical data or knowledge-based functions)
(Kitchen, Decornez, Furr, & Bajorath, 2004).

MC based methods use the random motion of the system to explore the
conformational space, resulting in a non-time dependent trajectory. However,
the limitation on proposing collective moves with proper acceptance rates has
delay the use of MC techniques in biological systems. Protein Energy Landscape
Exploration (PELE) software address this gap through the combination of MC
with protein structure prediction, being capable of modeling, as we will see in
this thesis, protein-ligand dynamics in enzymology studies (Borrelli, Vitalis,

Alcantara, & Guallar, 2005; Sancho, Santiago, Amengual-Rigo, & Guallar, n.d.).

With the application of all these methods its possible to study complex events
like protein dynamics or ligand-receptor interactions (Huang, Kalyanaraman,
Bernacki, & Jacobson, 2006; Laurent, Breslmayr, Tunega, Ludwig, &
Oostenbrink, 2019; Spyrakis et al., 2013).

Reactivity description can be deeply studied with quantum mechanics (QM).
The use of this theory level is now capable of describing the reactivity of
systems involving several hundreds of atoms with significant accuracy. The
application of this theory level in large biological systems like proteins,
however, is not yet computationally feasible. For this reason, the modelling of
enzymatic reaction is often studied using limited parts of the active site (Lind &
Himo, 2013; Siegbahn & Himo, 2009, 2011) or by hybrid methods like
QM/MM. The latter method treats with QM the active site region and with MM
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the rest of the system, defining a border between both theory levels in the
protein. There are many examples of QM/MM approaches to study enzymatic
reactivity in for example P450 or chorismate mutase (Senn & Thiel, 2007;
Shaik et al., 2010), but it can be applied to understand all reactivities (M. A.
Marti et al., 2008). For more complex reaction systems, ranging from reactions
of large molecules to chemical processes in solutions, like enzymes, one might
use a method like the empirical valence bond, which can be understood as an
extension of force-field approaches to chemical reactivity and it is related here to

other QM/MM methods (Warshel & Florian, 2004).

Furthermore, all these methodologies can be used to boost enzyme engineering
by attempting to change/enhance the activity of existing enzymes and to create
new enzymes (Kiss, Celebi-Olgiim, Moretti, Baker, & Houk, 2013; S. Marti et
al., 2008).

The prediction of mutational effects on the overall of the protein’s behavior is a
difficult topic. To overcome current and future challenges, computational tools
have been developed to predict the consequences of mutations on protein
stability, binding affinity or ligand diffusion (Potapov, Cohen, & Schreiber,
2009). It is possible to argue then that the future of enzyme engineering should

be based on the ability to better predict all these (not always related) factors.

At this point a new idea has to be introduced, de novo enzyme engineering.
Then, where there are not natural enzymes, new ones have to be created
(\Vaissier Welborn & Head-Gordon, 2018). Computational tools allow the design
of catalytic active sites based on a transition states generating the theozyme and
then dock it in a protein scaffold (Hellinga & Richards, 1991; Malisi,
Kohlbacher, & Hdécker, 2009; Tantillo, Jiangang, & Houk, 1998; Zanghellini et
al., 2006). The following steps will be improving the binding mode of the active

site and further characterization and optimization (Fig. 1.16). These protocols
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introduce new problems that have to be faced and solved to successfully answer
this challenge, being the most important the protein folding or the need to find
amino acid sequences that fold into the desired three-dimensional structures. The
first attempts on this field reduced the complexity of the problem by focusing
their efforts on a-helical barrels, with a tertiary structure of helices organized

around a central channel with a metal center (Thomson et al., 2014).
transition 1 theozyme n $
state —| Ep—Hw —I

)
(1) define
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Figure 1.16: Computational de novo design simplified steps (Kries, Blomberg,
& Hilvert, 2013).

The initial success encourages more challenging research, increasing design
complexity. Mimicking hydrolytic enzymes active sites (based on amino acids)
is one example (Bolon & Mayo, 2001). More complex catalytic active sites
consisting of a nucleophilic cysteine—histidine dyad and amides groups

(backbones preferably) for oxyanion stabilization was de novo designed. The
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resulting proteins were found to cleave activated ester substrates by a two-step

acylation/deacylation mechanism as reported (Richter et al., 2012).
The main computational de novo design limitation is the development from

scratch of the required protein folding which presents several problems in the

following in vitro validations.
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Along Chapter 1, we have discussed the enzyme engineering potential over

laccases and esterases. Motivated by recent advances in computer-aided enzyme

design and the scientific collaboration network in our lab, the main aim of this

thesis is: the development of enhanced enzyme variants for industrial and

technological applications. Our aim is that such biocatalysts will be achieved

through the application of state-of-the-art “in silico” techniques, with further

experimental validation. To achieve such a goal, we performed several

characterizations and engineering studies. The thesis is presented as a

“compendium” of research articles that define particular (specific) objectives:

1)

2)

3)

Elucidate the basic principles of enzymatic promiscuity: Why an
enzyme can accept more substrates than another? Can we predict it? The
first objective aims to answer these questions. To achieve this goal a
large serine-esterases promiscuity dataset has been used to extract
enzymatic structural parameters. These parameters have to be
rationalized to reach the expected answer. Furthermore, this
rationalization will be expanded to another enzyme family, aiming for a

general rule for enzymatic promiscuity.

Computer-aided rational enzyme design: Despite natural (or wild-
type) enzymes can catalyze a biotechnology-relevant reaction, they often
are not fitted for its direct industrial use. On chosen reactions, and
through “in silico” methods, we aim to design new mutations whose
effects can improve the overall enzyme performance, and help in their

industrial implementation.

Designing of novel enzymes: This particular objective aims for the
development of a “new class” of enzymes, seeking the introduction of
additional artificial active sites in currently functional enzymes. Our

goal is to boost the overall performance of the enzyme by increasing the
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substrate range, activity and, as a long term goal, complementary active

sites reactivities (towards cascade reactions).
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Chapter 3: Results
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In this chapter, we will present the results as article compendia. Each article
present genuine investigations carried out during the thesis, where molecular
modelling has played a major role in the study of enzymatic properties and in the

design of tailored biocatalyst.

Article I: Gerard Santiago et al. Determinants and prediction of esterase
substrate promiscuity patterns. ACS Chemical Biology (November 2017).
Article 1l: Gerard Santiago et al. Computer-Aided Laccase Engineering:
Toward Biological Oxidation of Arylamines. ACS Catalysis (July 2016).

Article I11: Gerard Santiago et al. Rational engineering of multiple active sites
in an ester hydrolase. Biochemistry (March 2018).

Article IV: Gerard Santiago et al. PluriZyme: catalytic and structural advantages

of having two active sites in an enzyme (work in revision).

Publications not included in the thesis:

Article V: Isabel Pardo et al. Re-designing the substrate binding pocket of
laccase for enhanced oxidation of sinapic acid. Catalysis Science and
Technology (December 2015)

Article VI: Cristina Coscolin et al. Controlled manipulation of enzyme
selectivity through immobilization-induced flexibility constraints. Applied
Catalysis A: General (August 2018).

Article VII: Felipe de Salas et al. Structural and biochemical characterization of
high-redox potential laccase engineered in the lab and comparison with the
fungal wild-type (work in revision).

Book chapter I: O2-dependent heme enzyme. Modeling O2-dependent heme

enzymes: a quick guide for non-experts (October 2018).
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145 phylogenetically and lly diverse microbial esterases, when tested with 96 diverse esters. We determined the
primary factors shaping their substrate range by analyzing substrate range patterns in combination with structural analysis and
protein—ligand simulations. We found a structural parameter that helps rank (classify) the promiscuity level of from
sequence data at 94% accuracy. This parameter, the active site effective volume, exemplifies the topology of the catalytic

environment by measuring the active site cavity volume corrected by the relative solvent accessible surface area (SASA) of the

catalytic triad. Sequences encoding

with active site effective volumes (cavity volume/SASA) above a threshold show

greater substrate spectra, which can be further ded in with phyl ic data. This measure provides also a
valuable tool for mtem)gaung it P ble of bemg d. This found to be transferred o phosphatases of the
haloalk acid d. y and possibly other i ap 1 tool for low-cost

bioprospecting for esterases with broad substrate mnges, in large scale | sequenoe data sets.

nzymes with outstanding properties in biological systems
and the conditions favoring their positive selection are dif-

sets."* To address this knowledge gap, we functionally assessed
the substrate specificity of a set of 145 phylogenetically, environ-

ficult to predict. One of these properties is sub iscuity,
which typically refers to a broad substrate spedmm and
acceptance of larger substrates. This phenomenon is important
from envm)nmenl:al, evolutionary,” ™ structural,”™® and bio-
technological”' points of view. The relevance of substrate
promiscuity is indisputable as the operating basis for blologncal
processes and cell function. As an le, the

lly, and structurally diverse microbial esterases (herein
referred to as “EH,” which means Ester Hydrolase) against a
customized library of 96 different substrates to find predictive
markers of substrate promiscuity rather than discrete determi-
nants of substrate specificity that may differ from protein to
protein. EHs were selected for an analysis of substrate
promiscuity because they typically have specific definitions of

13

y
progress of enzymes from lower to higher substrate specificity
allows the recruitment of altemate pathways for carbon cycling
and i ions across y and the tree of
life by maximizing the growth rate and growth efficiency."’

y getically more favorable than
specialized enzymes,” and therefore, the cell does not require

Promiscuou:

molecular function, can be easily screened in genomes and
metagenomes compared with many other classes of proteins, are
among the most important groups of biocatalysts for chemical
synthesis, and are widely distributed in nature, with at least one
EH per genome.H

Our work adds important insights and empirical, structural,

many different to take up sub favoring g

ion and lining.'” In addition, the acquisition of
new specificities without compmm:smg primary or ancestral
ones is a major driver of microbial adaptation to extreme habitats."*
From a more practical dpoint, along with requi of
a technical nature such as selectmty, scalability and robustncss,
a narrow substrate spectrum is one ofthe most fr P

and c ional data to facilitate the elucidation of the mole-
cular basns of substrate promiscuity in EHs, which was further
extended to phosphatases from the haloalkanoic acid dehaloge-
nase (HAD) superfamily. This was achieved by deciphering what
we consider a predictive structural marker of substrate promiscuity
and by establishing the reasons why certain such enzymes are

for industrial enzyme applications."* A consensus exists that

more promiscuous than others and can convert substrates that
others cannot. This study does not pretend to generate a quanti-

“the more substrates an enzyme converts the better,”
application ranges with conseciuent reduction of the producuon
cost of multiple enzymes.

Enzymes with wide substrate ranges occur naturally, as syste-
matically investigated for halo alkane dehalogenases," phospha»
tases,’ beta-lac and hydroxyl-nitrile Iyases.’” Some

are more promiscuou: than others simply due to their
fo]d or degree of plasuqty or the presence of structural elements
or mutations occurring under selection in the proximity of the
active-site cavity and access tunnels favoring promiscuity.
H , the g I expl if any, by which an enzy

tative to predict the number of compounds that an
enzyme will hydrolyze but a tool and a parameter that will help in
ranking (classifying) promiscuity level. Following on from that,
we propose in this work the first molecular classification method
of this kind derived from first principle molecular simulations and
with clear physical/structural interpretation. This work also
provides an example of the utility of this parameter to screen the
sequence space for highly promiscuous EHs that may compete
with best ial EH p i We also provide first
prehmmary ewdence of a number of undemxp]ored mxcmbual
c g EHs withap

binds and converts multiple substrates is unknown, although
molecular insights have been reported for single enzymes.'®
A tool that can clearly distinguish promiscuous versus non-
promiscuous enzymes and suggest substrates potentially being
converted or not by them might therefore be valuable in applying
low-cost sequencing in discovery platforms in any biological
context.

In an ideal scenario, functional charactenuhon of enzymes
with g and ics'** techni using a large
hbmry of substrates would guide the analysns of sequence-to-
promiscuity relationships and explore the mechanistic basis of
promiscuity. In addition, such studies may help identify a new

rlo =)

range.
B RESULTS AND DISCUSSION

The Substrate Range of 145 Diverse EHs. A total of
145 EHs were investigated. Extensive details of the sources and
screen methods are provided in the Supporting Information
Methods and Table S1. In an environmental context, the source
of enzymes was highly diverse because they were isolated from
bacteria from 28 geographically distinct sites (125 EHs in total)
and from six marine bacterial genomes (20 EHs; Supporting
Information Figure S1). A phylogenetic analysis also indicated
that sequences belong to bacteria distributed across the entire

generation of highly promiscuous microbial biocatal

Y

However, extensive bioprospecting and biochemical studies

genetic tree (Suppomng lnformauon Rsults and Figure $2).
" The 145 p amino acid

are rare,'” despite the growing of sequences availabl
through low-cost sequencing efforts” and the growing number
of enzymes that are typically characterized with limited sub

quence |denm1es (Supporting Information Table S1) ranging
from 29.1 to 99.9% to uncharacterized homologous proteins in
public datab with an ge value (reported as %, with the

DO 10.1021/acschembio 7600996
ACS Chem. Biol. 2018, 13, 225-234
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interquartile range (IQR) in parentheses) of 74.3% (40.3%).
The pairwise amino acid sequence identity for all EHs ranged
from 0.2 to 99.7% (Supporting Information Table S2), with an
average value of 13.7% (7.6%). BLAST searches were performed
for all query sequences by running NCBI BLASTP agamst the
current version of the Lipase Engineering Database™ using an
E-value threshold of 107" and were successful for all but nine
candidates. A total of 120 EH es were

assigned to some of the 14 existing families (F) of the Arplgny
and Jaeger classification, which are defined based on amino acid
sequence similarity and the presence of specific sequence motifs.**
These EHs included sequences with a typical a@/f} hydrolase fold
and conserved G-X-S-X-G (FI, 20; FIV, 36; FV, 33; FVI, §; and
FVII, 6) or G-X-S-(L) (FII, 9) motifs and sequences with a serine
beta-lac like modular (non-a/f hydrolase fold) architec-
ture and a conserved S-X-X-K motif (FVIII, 11). An additional
set of nine sequences were assngned to the meta-cleavage product
(MCP) hydrolase family’* and six to the so-called carbohydrate
esterase family,™ both with typical @/ hydrolase folds. Finally,
one was a cyclase-like protein from the amido-hydrolase  super-
family.” -to-family assig; are din the
Supporting Information Table S1. Taken together, the primary
sequence analysis suggests that the diversity of polypeptides is
not dominated by a particular type of protein or highly similar
protein clusters but consists of diverse nonredundant sequences
assigned to multiple folds and subfamilies, which are distantly
related to known homologues in many cases.

The substrate profiles of all EHs were examined using a set of
96 chemically and structurally distinct esters (Supporting
Information Table $3). We are aware that the number of com-

ds hydrolyzed may be an ambiguous indicator of promiscuity,
because the size and composition of the library may influence the
results. For this reason, the composition of the library was not
random but based on including esters with variation in size of acyl
and alcohol groups and with growing (aromatic, aliphati
branched, and unbranched) at both sides, leading to more
challenging substrates because a larger group adjacent to the
ester bond increases the difficulty of conversion. Halogenated,
chiral, and sugar esters, lactones, and an alkyl diester were also
included. Esters with nitro substituents were not included.
We used the partitioning coefficient (log P value) to indicate the
chemical variability of the esters because this parameter reflects
electronic and steric effects and hydrophobic and hydrophilic
characteristics. Log P was determined with the software ACD/
ChemSketch 2015.2.5. Log P values (Supporting Information,
Table $3) ranged from —1.07 (for methyl glycolate) to 23.71
(for triolein), with an average value (IQR in parentheses) of
3.13 (2.86), which indicates that the ester library used in this
study had broad chemical and structural variability. Nevertheless,
adding new substrates could surely help (and even change) the
ranking of the EHs herein analyzed. The dynamic range of the
assay may also influence the results. For this reason, to detect
enzyme—substrate pairs for a given EH, the ester library was
screened with each of the 145 EHs in a kinetic pH indicator assay
in 384-well plates,”**”** which unambiguously allow quantifying
specific activities at pH 8.0 and 30 °C, using a substrate concen-
tration above 0.5 mM (see Supporting Information, Results).
Two commercial lipases, CalA and CalB from Pseudozyma
aphidis (formerly Candida antarctica), were included in the assays
for comparison. Using this data set, we linked the biocatalytic
data to the sequence information for the respective enzyme.
In this study, sequence information meant any sequence that
encoded an EH of interest. Biocatalytic data meant experimental

227

data on substrate conversion (i.e., units g" orU g_') followed for
24 h.

We determined the probability of finding an EH with a broad
substrate profile by plotting the number of esters that were
hydrolyzed by all preparations. Figure 1 shows that the number

Nr of esters hydrolyzed

1

1  PEE O

Figure 1. N of ester ydrolyzed by each of the 145 EHs
investigated in this study. The commercial preparations CalA and CalB
(marked with filled square) are also included. This figure is created from
data in the Supporting Information Table S1. The activity protocol
established and used to identify the esters hydrolyzed by each EH
was based on a 550 nm follow-up pH indicator assay described in the
Supporting Information Methods. The list of the 96 structurally
different esters tested is shown in Figure 2. Full details of the activity
protocol are provided in the Supporting Information Methods.
The trend line shows a not-single exp ial fit of the experi |
data. The fit was obtained using R script and the “Im” function, to extract
a polynomial regression of degree 6 with the following line “model «
Im(MM[,1] ~ poly(MM[,2],6;aw = TRUE))", where MM[,1]
corresponds to the number of esters hydrolyzed, and MM[,2] the
position in the x axis (from 1 to 147).

of esters hydrolyzed by all 147 EHs (including CalA/B) fits to an
exponential distribution (* = 0.99; p value 3.2¢™*; Pearson’s
correlation coefficient) with a median of 18 substntes per
enzyme, nine hits at the 25th percentile, and 29 hits at the 75th
percentile. On the basns of this distribution and a previously
established criterion,' we considered an enzyme specific if it used
nine esters or fewer (27% of the total), as showing moderate
substrate promiscuity if it used between 10 and 29 esters (51%
of the total), and as sh g high
if it used 30 or more esters (22% of the total). Thls criterion
indicated a percentage of EHs with a prominent substrate range
similar to that found for HAD phosphatases (24%)."
Phylogeny Is a Predictive Marker of Substrate
Promiscuity. Hierarchical clustering was performed to evaluate
the differences in substrate range patterns (Figure 2). For the
sake of simplicity, clustering was performed for those EHs that
hydrolyzed 10 or more esters (i.e., 107 total EHs). We ﬁrs!
observed a large percentage of enzy with p
broad active site that acc dated large
aromatic and stencally hindered esters such as benzyl (R)-
(+)-2-hydroxy-3-phenylpropi (49% of the total), benzoic
acid-4- formyl-phenylmethyl ester (27%), 2,4-dichlorophenyl
2,4-dichlorobenzoate (~8%), 2,4-dichlorophenyl 2,4-dichloro-
benzoate (~5%), and diethyl-2,6-dimethyl 4-phenyl-1,4-dihydro

iscuity

DO 10.1021/acschembio. 7600996
ACS Chem. Biol. 2018, 13, 225-234
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Figure 2. Hierarchical clustering of the substrate ranges of the EHs. Only EHs that hydrolyzed 10 or more esters were considered (107 in total, including
CalA/B). This figure is created from data in the Supporting Information Table S3. The specific activities of the EHs for each of the 96 esters were
determined as described in Figure 1. The list of the 96 esters tested and the frequency of each ester considered as a hit (in brackets) are shown on the left
side. The ID code representing each EH is given at the bottom. Each hydrolase is named based on the code “EH,” which means Ester Hydrolase,
followed by an arbitrary number from 1 to 145 for the most to least promiscuous enzyme. The number in brackets indicates the number of esters
hydrolyzed by each enzyme. The biosource of each EH is indicated at the bottom with a number in white or black squares that follows the nomenclature
in the Supporting Information Figure S1. The figure was created with the R language console using a binomial table with information about the activity/
inactivity (1/0) of the analyzed enzymes against the 96 substrates as a starting point. For the central graphic, which shows the data in Supporting
Information Table S3, we used the drawing tools provided by the basic core packages of R. The hierarchical clusters of the enzymes (shown at the top)
and substrates (shown on the right side) were generated by calculating a distance matrix using a “binomial” method and the hclust function to generate
the tree. Using the functions as .phylo and plot.phylo from the ape package, the clusters were added to the top and right of the figure. A combination of
the Setl palette from the R package RColorBrewer and colors from the basic palette from R were used as the color palette for sequences assigned to each
family (F; see inset), including FI to FVII, carbohydrate esterase (CE), and carbon—carbon meta-cleavage product hydrolase (C—C MCP) families, all
with a typical @/f hydrolase fold, FVIII serine beta-lactamase with non @/f hydrolase fold, and cyclase-like protein from the amido-hydrolase
superfamily. Sequences that were not unambiguously ascribed to existing families were referred to as “Unclas: ,” and those of yeast origin were
assigned to “yeast class.” The two “clusters” C1 and C2 that contained the most substrate-promiscuous EHs are color-coded under a shadowed background.

pyridine-3,5-dicarboxylate (~1%). Therefore, even though the rate (U g™' for the best substrates) were performed (Supporting
EHs in this study were identified by a selection process based on Information Table S1). No correlation existed (¥ = 0.073),
the utilization of short esters (see Supporting Information suggesting that our assay conditions allow evaluating the
Methods), the isolation of EHs with ample substrate spectra and promiscuity level whatever the hydrolytic rate of the EH is.
the ability to hydrolyze very large substrates was not compromised. In addition to the low correlation values, no threshold above
We detected drastic shifts in substrate specificity (Figure 2), or below which one could qualitatively classify the substrate
with glyceryl tripropionate as the only substrate hydrolyzed by all range was observed in both cases, so that sequence identity
EHs. This is consistent with the high sequence variability within and hydrolytic rate are neither predictive nor classification
EHs, with an average pairwise identity of 13.74%. We then sought parameters of promiscuity. Additionally, no link between
to determine the primary factors shaping the substrate range and substrate range and habitat was found because EHs from the
thus defined different functional clusters. First, we observed that same biosource fell into separate clusters (Figure 2). Phylogeny-
global sequence identity was of limited relevance for inferring the substrate spectrum relationships were further examined. Figure 2
substrate range because no correlation was found (¥ = 025) indicates that the broad substrate-spectrum EHs did not cluster
between the differences in identity and the number of esters that in a single phylogenetic branch, yet substrate promiscuity was
were hydrolyzed (Supporting Information Tables S1 and S2) mostly found for members of one of 10 subfamilies covered.
Second, comparisons of the substrate range and the hydrolysis Indeed, 67% of the EHs that could hydrolyze 30 or more esters
228 DO 10.1021/acschembio. 7b00996
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(mostly located in clusters C1 and C2 in Figure 2) were assigned
to FIV,'"*** and this percentage increased to 84% when
considering only those EHs that could hydrolyze 42 to 72 esters
(Figure 2; cluster C1). In addition to FIV members, a FVIII
serine beta-lactamase showed prominent substrate spectra
(see cluster 1). Members of both families (FIV, 8; FVIII, 1; see
cluster C1) hydrolyzed as many esters (from 61 to 72) as the
yeast family member CalB (68 esters), the most promiscuous
commercially available lipase preparation used for the production
of fine chemicals.”

Phylogeny was thus indicated as a predictive marker of the
substrate range of EHs, as although a broad substrate scope was
assigned to several sequence clusters, this feature was prevalent in
members of FIV. A query sequence that matched FIV could be
easily identified by means of the consensus motif GDSAGG
around the catalytic serine; this family is also called the hormone-
sensitive lipase (HSL) family because a number of FIV EHs
display a striking similarity to the mammalian HSL.'*%*
Noticeably, the location of some FIV members in functional
clusters with narrow substrate spectra (Figure 2) suggests that
factors other than phylogeny contribute to the substrate spectra
of EHs.

The Active Site Effective Volume Is a Prominent Marker
of EH Promiscuity. Structural-to-substrate spectrum relation-
ships were further examined by protein—ligand simulations
to find additional markers of promiscuity. Crystals from recom-
binant EH1,** the protein with the broadest substrate range
under our assay conditions, were obtained as described in the
Supporting Information Methods. The enzyme with the widest
substrate range was considered the best candidate for under-
standing the nature of promiscuity. This enzyme seems to have a
wide active site environment as, under our assay conditions,
it accepted 72 esters ranging from short (eg, vinyl acetate) to
large (eg, 2,4-dichlorobenzyl-2,4-dichlorobenzoate; Figure 2).
We also obtained crystals of recombinant EH102, which was
isolated from the same habitat”™® but had a restricted substrate
range, hydrolyzing only 10 of the 96 esters tested (Figure 2).
Crystallographic data and refi statistics for the two
structures are given in Supporting Information Table $4.

To rationalize the substrate range shown by EH1 and EH102,
we performed substrate migration studies using the software
Protein Energy Landscape Exploration (PELE), which is an
excellent tool to map ligand migration and binding, as shown in
studies with diverse applications.”* > To map the tendency of a

substrate to remain close to the catalytic triad, the substrate was
placed in a catalytic position, within a proton abstraction distance
from the catalytic serine, and allowed to freely explore the exit
from the active site. The PELE results for both proteins and
glyceryl triacetate are shown in Figure 3a. Clearly, EH1 has a
significantly better binding profile, with an overall lower binding
energy and a better funnel shape, whereas EH102 had a quali-
tatively unproductive binding-energy profile. This difference in
the binding mechanism can be explained by the catalytic triad
environment. EH1 has a somewhat wide but buried active site,
whereas EH102 has a surface-exposed catalytic triad (Figure 4a).
These structural differences translate into significant changes in
the active site volume, as defined using Fpocket; the active site
cavity of EH1 is 3-fold larger than that of EH102. Moreover,
important changes are observed when inspecting the solvent
exposure of the cavity. Figure 3b shows the relative solvent
accessible surface area (SASA) for the substrate along the

ploration of PELE, computed as a (di ionless) percentage
(0—1) of the ligand SASA in solution. Even at catalytic positions
(distance Ser(O)—substrate(C) ~3—4 A), in EH102 we observe
that ~40% of the surface of the substrate is accessible to the
solvent, which greatly destabilizes the substrate and facilitates
escape to the bulk solvent. By contrast, EH1 has a larger but
almost fully occluded site, with relative SASA values of approxi-
mately 0—10%, which can better stabilize the substrate.

After defining key points underlying the promiscuity of EH1,
i.e, a larger active site volume and a lower SASA (Figure 4a),
we extended the analysis to other EHs. First, we collected all
11 available crystal structures (Supporting Information Table S1)
and computed the active site volume and relative SASA of the
catalytic triad (Figure S, square symbols). We next extended the
analysis to the rest of the EHs using homology modeling (using
the 11 crystals available) and produced a structural model for 84
additional enzymes. The missing ones were those with sequence
identities of less than 25% (to an existing crystal) or those for
which the catalytic triad could not be unambiguously identified
(i.e, not suitable alignments). Figure S (circle symbols) shows
the active site effective volume data for all structural models.
The analysis indicated a ratio threshold of 62.5 A® for quali-
tatively classifying substrate promiscuity. Note that the relative
SASA of the catalytic triad (derived from the GetArea server,
see Supporting Information Methods) adopts values of 0—100;
the actual value of the effective volume threshold will depend on
the chosen range. We observed that values equal to or higher

-
1=}

Binding Energy (kcalimol)

5§ & 8 & 8 &

Serine-Substrate Distance (A)

Substrate SASA

Serine-Substrate Distance (A)

Figure 3. Protein Energy Landscape Exploration (PELE) analysis. Panel a shows the protein—substrate interaction plots for EH1 (red) and EH102
(blue). Panel b shows the relative SASA for glyceryl triacetate in EH1 (red) and EH102 (blue) computed as a dimensionless ratio (0—1) using PELE.
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Articles

Figure 4. Catalytic triad exposure of selected EHs with the broadest and
lowest substrate ranges. (a) The catalytic triad (ball-and-sticks) and
the main adjacent cavity (gray clouds) as detected by SiteMap are

underli

d to d the differences between a promiscuous
(EH1) and nonpromiscuous (EH102) EHs. EH1 can hydrolyze 72 esters
and has a defined hidden binding cavity (effective volume: 166.7 AY).
EH102, by contrast, can hydrolyze only 10 esters and has a surface-
exposed triad (high SASA) and an almost negligible binding cavity
(38.5 A%). The three top EHs with the broadest substrate ranges (b),
positioned in the ranking after EH1, and the commercial CalB and CalA
lipases (c), are also represented. On each panel, we highlight the
catalytic triad and the main adjacent cavity as detected by SiteMap,
demonstrating the differences in active site topology. EH2, EH3, and
EH4, all assigned to FIV (as EH1), hydrolyzed 71, 69, and 67 esters and
have defined but distinct hidden binding cavities (500, 200, and 200 A,
in the same order), as EH1. CalB, which was capable of hydrolyzing
68 esters, has a binding cavity (200 A®) that is also hidden but highly
different from those of the other EHs. CalA, by contrast, hydrolyzed
only 36 esters and has a low surface-exposed triad (SASA), with
restrictive access to the catalytic triad (1000 A®).

than 62.5 A’ corresponded to EHs with activity for 20 or more of
the 96 substrates tested and the opposite. There were only six
outliers out of 95 EHs that did not follow this rule. Thus, the
performance is of excellent (with 94%) accuracy if used as a
classifier. The effective volume, however, does not have quanti-
tative predictions for the exact number of esters hydrolyzed
(¥ = 0.16 for data in Figure 5), most likely because above the
62.5 A’ threshold, the capability to hydrolyze more or less
substrates may specifically depend on the topology of the
catalytic environment (Figure 4a—c), which may differ within
families. Particularly, none of the different family members that
conformed to the >62.5 A* threshold, except those from FIV
(i.e., at least 50% of its members as shown in Figure S, gray circle
symbols) and CalB, could hydrolyze 42 or more esters.
Therefore, the classification potential of the effective volume
measure increased when combined with phylogenetic data.
Noticeably, we observed that the predictive capacity of cavity
volume/SASA is not influenced by the presence of flexible
elements in the structure (Supporting Information Results).
The Active Site Effective Volume Is Also Indicative of
Molecules Being Accepted As Substrates. We further used
the active site cavity volume/SASA to also dissect its role in
substrate specificity. We restricted the analysis to the 96 EHs for
which this value could be unambiguously calculated (see above).
The analysis indicated that the conversion of 34 esters was only
observed for EHs conforming to the >62.5 A} threshold

230

SuDtrate promuecuty promicuty
. 2
Z |
3 - ooo oo
p-value=7.8e-05
r-squared=0.16

¥ 8§ &8 8 8§

Active site effective volume
(Cavity volume/SASA) (A%)

3

b .

0 20 40 60 80
Nr of compounds hydrolyzed

Figure 5. Defining of the substrate range of the EH by topology of the
catalytic environment. The figure shows the relationships between
the active site effective volume (in A®) and enzyme promiscuity
(number of substrates hydrolyzed). Note that the presented data
were obtained using the active site cavity volume computed in A* and
SASA as a dimensionless ratio from 0 to 100 using the GetArea server
(http://curie.utmb.edu/getarea.html). The panel contains informa-
tion for EHs for which crystal structures (square) and homology
models (circles) could be unambig ly blished q e
identity >25%) and the catalytic triad identified. Gray circles and
squares indicate the EHs assigned to FIV. The analysis indicated a
threshold ratio (indicated by a horizontal dashed gray line) at which it
is possible to qualitatively classify substrate promiscuity based on
hydrolysis of at least 20 substrates. Phylogenetic analysis further extended
the substrate spectra to >42 esters, as only enzymes assigned to FIV and
conforming to the 62.5 A’ threshold, together with CalB, were capable of
converting such a high number of esters. The positioning for the
commercial CalA and CalB lipases is indicated.

(Supporting Information Figure $3). All but two (vinyl crotonate
and ethyl acetate) could be considered large alkyl or hindered
aromatic esters and included important molecules in synthetic
organic chemistry such as paraben esters. This suggests that
active sites with larger volume and a lower SASA (i.e., cavity less
exposed to the surface) will most likely support hydrolysis of
these esters. Therefore, the effective volume measure could be
used to some extent as an indicator of substrates that may or may
not be hydrolyzed by EHs. However, not all EHs fitting the
>62.5 A’ threshold could convert all 34 of these esters, implying
that this measure does not allow deepening into substrate
specificity, which may depend on the topology of the catalytic
environments as mentioned previously (Figure 4a—c). However,
we found that the probability that benzyl-, butyl-, and propyl-
paraben esters, major intermediates in chemical synthesis, are
converted by members of the FIV with an effective volume >
62.5 A’ is significantly higher (~35%) than that of EHs from FIV
with a volume < 62.5 A® and EHs from other families, whatever
the value of the effective volume (approaching zero percent
in our study); for those EHs for which effective volume could
not be calculated, this probability is as low as 1.9% (Supporting
Information Figure S4). This again exemplifies that the effective
volume measure, when combined with phylogenetic informa-
tion, is not only indicative of a promiscuity level but also can be
used to predict the capacity to hydrolyze esters such as paraben
esters. Screen programs to find EHs capable of converting
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paraben esters should most likely be directed to find those
assigned to FIV and with cavity volume/SASA > 62.5 A%,

The Effective Volume Is Also a Marker of Substrate
Promiscuity in Proteins Other than EHs. In order to evaluate
the possibility that the active site effective volume may be a

follows. Large vol increase promiscuity until a certain value

at which the cavity becomes too exposed and is not capable of
properly accommodating and, importantly, retaining the
substrate in specific catalytic binding interactions. This point is
well apmred by the SASA percentage of the catalytic triad, a

marker of sub iscuity in other enzy
spectra-effective volume relationships should be i igated i

ratio that corrects for large volume measures in

gated in
other protein families. In this line, Huang et al.' recently per-
formed a sy i lysis of the sub spectra of 200
phosphatases of the HAD superfamily, when tested against a set
of 167 substrates. We collected the available crystal structures
of each of the HAD phosphatases (Supporting Information
Table S5) and computed the active site effective vol

d sites. Importantly, the parameters of active site volume
and relative SASA can be easily transferred to other systems.
Indeed, the fact that the EHs investigated herein have different
folds and that this parameter was also a marker of substrate
spectra for phosphatases of the HAD superfamily opens the
possibility of applymg the effective volume measure to other

We restricted the analysis to C2 cap members as they were
reported to have a broader substrate spectrum,' and crystal
structures with low to high effective volume are available.
Interestingly, we observed that the effective volume (using the
two conserved aspartic catalytic residues as the corrective SASA
factor) was highly correlated (r* = 0.92) with the substrate range
(Figure 6). Thus, the effective volume can be used as a molecular

300

E

g

Active site effective volume
(mmw)(An
§ 8

$

. 4

[ 20 40 60 80
Nr of compounds hydrolyzed

Figure 6. Relationships between the active site effective volume (in A*)
and enzyme promiscuity (number of substrates hydrolyzed) of C2

bers of HAD phosph The number of substrates converted by
each HAD phosphatase was obtained from Huang et al.' and is
summarized in Supporting Information Table S5. The panels contain
information for HAD phosphatases for which crystal structures were
available and the catalytic residues identified. The active site effective
volume (in A’) was calculated as described in Figure 5.

T

classification p of sut iscuity of ph
of the HAD superfamlly when cryslal structures are available.
When this analysis was extended to the rest of the enzymes using
homology modeling, we observed a similar trend to that of EHs
(Supporting Information Figure SS). That is, no correlation
existed (r* = 0.043), but still the effective volume can be used asa
classifier of the substrate range as for EHs Indeed, although a
threshold could not be bi blished
with the top 10 effective
high promiscuity enzymes.

In conclusion, we found that the topology around the catalytic
position, by means of an active site effective volume (cavity

lume/SASA) threshold, is a d criterion of substrate
promlsculty in EHs, whlch can be further extended by adding
lysis. The le behind this p is as

belong to mod. h igh to

rlc

23

y r anchoring. In all cases, the effective
oclonse Miveahold-tosul relationships must be established
We would like to make note that the active site volume is not a
static property, as the active site will breathe, depending on how
flexible the protein is. In addition to that, the 62.5 A® threshold
for qualitatively classifying substrate promiscuity is based on the
analysis of 147 EHs when tested against 96 esters. Although
increasing the number of EHs and esters may influence this
threshold and increase accuracy, it will not affect the fact that the
measurement of the effective volume (cavity volume/SASA) can
be used as the first molecular classification method of substrate
promiscuity in EHs.

Our measurement is not a quantitative one, but rather a
qualitative ranking (classification) procedure that will allow,

for le, selecting es in datab for expression,
particularly those encodmg y ble of
converting multi This will sul ially reduce

reagent and labor costs compared to methods requiring the
extensive cloning of all genes, and the expression and charac-
terization of all enzymes in databases to later find those being
promiscuous.”’ This possibility was herein examined by
uccessfully mapping the open g frames from the TARA
Oceans project assemblies™ and by ldennfymg a hlgh number of
sequences encoding EHs wtth
promiscuity (Supporting Infc Ruults, Figures S6 and §7).
Applxutlon of the effective volume measure to examine the
sequences daily generated or d d in datab
having some crystals or X-ray structures for the model
production. This limitati predicting p
from sequences lacking any su'uctural information. lndeed 36%
of the EHs in this study (52 of the 147, including CalA/B) could
not be included in the correlation because no calculation was
possible. Accumulation of structural information and design
and application of better modehng algorithms in the future will
help solving this limitation.** Future studies might also explore
molecular dynamics (MD) simulations to also the
flexibility of the active site and not just the size of the cavity.
By usmg thls strategy, it was recently reported that the broad
y of the bers of the alkaline phosph
ily arises from ¢ electrostatic interactions in
the active site, allowing each enzyme to adapt to the electrostatic
needs of different substrates.” In the particular case of EH
phylogeny, a marker which does not require a three-dimensional
structure was also suggested as a predictive classification marker
of the substrate range. Indeed, this study suggests that in case of
an unknown EH for which a crystal structure is not avaxlable ora
homoloq model could not be established, then its assig; to
family IV'** increases the likelihood that this EH is promiscuous.
The present study not only provides clear evidence that
substrate promiscuity in EHs has evolved from different core
structural domains fitting an effective volume around the active

iscuity

P
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was i d by the restrictive criterion of a change greater

site, albeit with a bias toward that occurring in FIV bers, but
also from different phylogenetic lineages, many of which remain
underexplored to date (Supporting Information Results and

than 6-fold above the background signal. Specific activity determinations
(inU g") for wet cells expressing each of the selected EHs or pure or

Figure S2). These are new findings as it was previously th
that the substrate range in a superfamily increased from a single
ancestral core domain,' and because the identities of some
microbial groups containing promiscuous enzymes, herein EHs,
were previously unknown. Finally, this study also enabled the
selection of a set of EH candidates that can compete with best
commercial EHs such as CalB, as they show a broader substrate
profile and specific activities up to 3-fold higher (Supporting
Information Table S6). Their sequences can be used to search
databases for similar promiscuous EHs. Further investigations
should also determine the occurrence of other types of promiscuous
EH phenotypes with broader substrate ranges than those iden-
tified in this study. For example, at least the stability of substrate-
promiscuous EHs at different temperatures and with various
solvents, along with the occurrence and evolution of secondary
reactions, should be investigated in terms of condition and
catalytic promiscuity.

B METHODS

Protein Samples. Two main sources of EHs were used in the

present study, all of them isolated via naive and sequence-based screens
and A first set of samples was EHs previously

reponed, as in the blblmgﬂphy (69 in total), and that were herrm
substrate-profiled for first time. A second set was EHs (77) that are
herein reported for first time. The extensive details of the source,
cloning, expression, and purification of each of the active and soluble
EHs are provided in the Supporting Information Methods and Table S1.

Ester Bond Hydrolysis Activity Assessment: Substrate
Profiling Tests with 96 Esters. Hydrolytic activity was assayed at
550 nm using 96 structurally diverse esters in 384-well plates as
previously described.”**"** Before the assay, a concentrated stock
solution of the esters was prepared at a concentration of 100 mgmL™" in
acetonitrile and dimethyl sulfoxide (DMSO). The assays were
conducted according to the following steps. First, a 384-well plate
(Molecular Devices, LLC, CA, USA) was filled with 20 uL of 5 mM
N-(2-hyd: hyl)pi ine-N'-(3-p Ifonic acid (EPPS) buffer,
atpH 8.0, usmg a QFllB microplate filler (Molecular Devices, LLC, CA,
USA). Second, 2 uL of each ester stock solution was added to each well
using a PRIMADIAG liquid-handling robot (EYOWN TECHNOLO-
GIES SL, Madrid, Spain). The ester was dispensed in replicates. After
adding the esters, the 384-well plate was filled with 20 L of S mM EPPS
buffer, at pH 8.0, containing 0.912 mM Phenol Red (used as a pH
indicator) using a QFill3 microplate ﬁller The final ester concentration
of the ester in each well was 1.14 mg mL ™", and the final concentration of
Phenol Red was 0.45 mM. A total of 2 yL of protein extract (containing
1-$ mg mL™" pure protein or 200 mg mL™" wet cells expressing
proteins) was immediately added to each well using an Eppendorf
Repeater M4 pipet (Eppendorf, Hamburg, Germany) or a PRIMADIAG
liquid-handling robot. Accordingly, the total reaction volume was 44 uL,
with 4.5% (v/v) acetonitrile or DMSO in the reaction mixture. After
incubation at 30 °C ina Synergy HT Muln Mode Mu:roplate Reader,
ester hydrolysi in conti
mode at 550 nm for atotal time of 24h. Commercully available CALA L
and CALB L (Novozymes A/S, Bagsvaerd, Denmark) were diluted
10-fold with S mM EPPS buffer, at pH 8.0, and 2 uL of this solution was
used immediately for reaction tests under the conditions described
before. In all cases, specific activities (in U g™ protein) were determined.
One unit (U) of enzyme activity was defined as the amount of wet cells
expressing EHs or pure EHs required to form 1 gmol of sut in
1 min under the assay conditions using the reported extinction coef-
ficient (Eppenot.ced at 550 nm = 8450 M~" cm ™). All values were corrected
for nonenzymatic transformation (i.e., the background rate) and for the
background signal using E. coli cells that did not express any target
protein (control cells included empty vectors). Note that a positive

< ial are available in Supporting Information Tables $3
& and S6, req)ecuvely
Structural Deter and H | Modeli

The proteins EH1 and EH102 were expressed, punﬁcd and crystzﬂ.lud
using the sitting-drop method in Intelliplate 96-well plates and a
Mosquito liquid-handling mbot (TTP LabTech) according to
previously described procedures.”” For EHs for which crystal structures
were not available, homology models were developed using Prime
software from Schrodinger. Prime uses BLAST (with BLOSUMG62
matrix) for homology search and alignment and refines the results using
the Pfam database and pairwise alignment with ClustalW.

Protein Energy Landscape Explorauon (PELE) Simulations.
We used Protein Energy Land ion (PELE) software to
sample the binding modes of glyceryl triacetate with EH1 and
EH102.***" The initial structures were taken from the coordinates of
the EHI and EH102 crystal structures (PDB codes SJD4 and 5]D3

ively). The p ion state of titratable resi was
wnth the Protem Pmparauon Wizard (PROPKA)* and the H++ server
(http://biophysics.cs.vt.edu/H++) followed by visible inspection.
At pH 8 (the pH at which the activity assays were performed), the

catalytic triad histidi idues were J-pr d, and the catalytic
triad aspartic acid residues were dep d Iting in the fc i
of a histidi ine and histidine-aspartic hydi bondi network.

The glyceryl triacetate structure was fully opumxzzd w:th]aguar inan
implicit solvent, and the electrostatic potential charges were computed
with the density functional M06 at the 6-31G* level of theory.
The ligand parameters were extracted from these for the classic simu-
lations.

Cavity Volume and Solvent Accessible Surface Area (SASA)
calculation. The relative Solvent Accessible Surface Am (SASA) fora
residue was obtained using the GetArea Web server.'” Cavity volumes
were computed with Fpocket,* a very fast open-source protein pocket
(cavity) detection algorithm based on Voronoi tessellation. Fpocket
includes two other programs (dpocket and tpocket) that allow the
extraction of pocket descriptors and the testing of owned scoring
functions, respectively.

For extensive details of the methods, see Supporting Information
Methods.
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Waste activated sludge digester [1]

Milazzo harbor (Sicily, Italy) [2]

Alcanivorax borkumensis SK2 [3]

Los Rueldos AMD formation (Mieres, Spain) [4]
Hydrothermal vent metagenome (Jan Mayen Vent Fields) [5]
River Elbe (Hamburg, Germany) [6]

Cycloclasticus sp. 78-ME [7]

Evaporite karstic lake (Alava, Spain) [8]

Messina harbor (Sicily, Italy) [9]

The El Max site (Alexandria, Egypt) [10]

MT Haven tanker shipwreck (Genoa, Italy) [11]

The Bizerte lagoon (Tunisia) [12]

Coastal seawater, crude oil enrichment (Kolguev Island, Russia) [13]
Composting plant (Li hna, Germany) [14]

Priolo Gargallo harbor (Siracuse, Italy) [15]

The Gulf of Aqaba (Red Sea, Jordan) [16]

Ancona harbor (Ancona, Italy) [17]

Deep hypersaline anoxic lake Medee (MedSea) [18]
Elephant feces (Hagenbeck’s Zoo, Hamburg, Germany) [19]
Hydrothermal vent (Levante Bay, Vulcano Island, Italy) [20]
PAH-contaminated soil (Michle, Czech Republic) [21]

PAH: i d soil ( , Czech Republic) [22]

R. I gill chamber (Rainbow site, Mid-Atlantic Ridge) [23]
Deep hypersaline anoxic lake Bannock (MedSea) [24]

Deep hypersaline anoxic lake Kryos (MedSea) [25]
Geobacillus sp. GHHO1 [26]

Hadopelagic Station Matapan-Vavilov Deep (MedSea) [27]
Heating water enrichment (Hamburg, Germany) [28] Organic pollutants-based
Hydrothermal vent (Saint Paul Island, Alaska) [29] environments (81)
Oleiphilus messinensis ME102T [30]
'AH inated soil - naphthalene enri (Lug Spain) [31]
Pseudomonas oleovorans [32]

Staphyl pidermidis [33]
Thermophilic soil sample enrichment (Hamburg, Germany) [34]
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Figure S1. Bio-resources (habitats or microbes) of all 145 EHs in this study. This figure is
generated from data in Supporting Information, Tables S1. The bars summarized the number of
EHs characterized per each of the bio-resources screened. The number of highly promiscuous hits
(i.e., using 30 or more esters) is shown by gray color in the bars. Two major bio-sources of
enzymes were covered, namely organically polluted environments or bacteria inhabiting them, and
pristine or low-pollution environments. The number of each of each of these bio-sources is
summarized in the circular inset. The bio-sources defined as polluted are specifically marked with
an asterisk in the bars. Each of the bio-resources is assigned an arbitrary number in square brackets,

which is further used as ID in Fig. 2.
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Figure S2. The associations of EHs to cultured and uncultured bacteria from multiple phylogenetic

lineages. This figure is generated from data in Supporting Information, Tables S1. Maximum

likelihood phylogenetic analysis of the 16S rRNA genes of all species present in the most recent

S3

59



release of the Living Tree Project database. The groups in which enzymes have been characterized
are presented with a color code. Microbial clades not covered in this study are colored in gray. The
subtrees represent in detail the groups that contain EHs with broad substrate spectra (i.e., using 30
esters or more) described at the family and genus levels. The numbers in each collapsed clade from
the subtrees designate the number of 16S rRNA gene sequences included in each group. Only
major taxonomic groups with more than 5 type species present in the database were included in the
phylogeny. The tree scales represent the nucleotide substitutions per site. Note that the phylogenetic
binning of sequences encoding EHs (for details see Supporting Information, Table S1) was
performed using a genome linguistics approach. Briefly, metagenomic fragments were searched for
oligonucleotide compositional similarity (frequencies of tetranucleotides) against all sequenced
bacterial chromosomes, plasmids and phages using the GOHTAM web tool.! For short DNA
fragments, compositional analysis could not be performed, and a comprehensive analysis of the
TBLASTX results was conducted. Both methods have been proven successful for suggesting the
origin of metagenomics sequences.” However, we are aware that deep assignations (including at
the species level) cannot be obtained for short DNA fragments and that this tool may not be

appropriate for phylogenetic analysis of sequences with no homology in databases.
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Figure S3. Active site effective volume and phylogeny may be also indicative of specific
conversions. This figure is generated from data in Supporting Information, Tables S1 and S3. The
figure is constructed as described in Fig. 2, although distance matrixes are not shown. Note that in
Fig. 2 only EHs capable of converting 10 or more esters are given whatever their active site
effective volume. In this case, the figure summarizes the substrate spectra of EHs from which
active site effective volume could be unambiguously identified (96 in total) independently of the
number of esters they can hydrolyze. The figure summarizes the substrate spectra of EHs with
effective volumes >62.5 A’ (on the left side) or < 62.5 A (on the right side). The 34 esters found to
be hydrolyzed under our assay conditions by EHs with effective volumes >62.5 A’ are indicated in
the left side with a red color. Note that in all cases the threshold of 62.5 A* was defined when the
active site cavity volume was computed in A* and SASA as a dimensionless ratio from 0 to 100

using the GetArea server (http://curie.utmb.edu/getarea.html).
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Figure S4. The active site effective volume and phylogeny are predictive markers of the capacity to
convert benzyl-, butyl- and propyl-paraben esters. This figure is generated from data in Supporting
Information, Tables S3 and S6. (a) Numbers (shown on the top of the bars) of EHs, assigned to FIV
or other families, conforming to the >62.5 A‘-threshold, or to all families and <62.5 A’-threshold.
(b) Numbers of EHs (shown on the top of the bars) for which effective volume could not be
unambiguously measured because sequence identities of less than 25% (to an existing crystal) or
because not suitable alignments. In all cases, the number and percentage of EHs capable of
converting paraben esters is shown by gray color in the bars. The threshold of 62.5 A’ was defined
when the active site cavity volume was computed in A* and SASA as a dimensionless ratio from 0

to 100 using the GetArea server (http://curie.utmb.edu/getarea.html).
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Figure S5. Relationships between the active site effective volume (in A’) and enzyme promiscuity
(number of substrates hydrolyzed) of C2 members of HAD phosphatases. The number of substrates
converted by each HAD phosphatase was obtained from Huang ef a/.® and is summarized in
Supporting Information, Table S5. The panels contain information for HAD phosphatases for both
crystal structures and homology models were available or could be unambiguously established
(sequence identity >25%) and the catalytic residues identified. The threshold of substrates being
converted, exemplifying the level of promiscuity as for EHs, is indicated. The active site effective

volume (in A’) was calculated as described in Fig. 5.
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Figure S6. Exploring the sequence space for sequences that encode the most promiscuous EHs. The

number in brackets close to the enzyme ID indicates the number of esters hydrolyzed by each enzyme. as

described in the legend of Fig. 2. (a) Geographic distribution of the 8 selected promiscuous EHs in the 242

TARA Oceans samples. (b) Relative abundance of the 8 promiscuous EHs in five regions.
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Figure S7. Distribution of the similarity values. The number in the bracket close to the enzyme
ID indicates the number of esters hydrolyzed by each enzyme, as described in the legend of Fig. 2.
(a) Blastp similarity distribution for every hit against each of the 8 selected promiscuous EHs. (b)

All-vs-all blastp similarity distributions for all EH homologs found in the TARA Oceans samples.
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Table S1. General information about all 145 EHs and the 2 commercial preparations investigated
in this study. The database is an Excel table that provides the following information: ID code used
in this study, accession number, PDB code if crystals were available, family to which each
sequence was assigned, number of esters hydrolyzed (as found in Supporting Information, Table
S3), active site cavity volume/SASA, average maximum specific activity (in U g wet cells) (see
Supporting Information, Table S3), sequence information, screening technique (sequence or naive
screen), enzyme source (with a full description and short description as in Figure 1), habitat type
(as described in Figure 1 inset), cloning vector and expression host, expression conditions (i.e.,
antibiotic, inductor and temperature), a reference describing the identification, cloning and
expression, the top hit in NCBI and the sequence identity, the theoretical molecular weight (ranging
from 22 to 103 kDa) and the isoelectric point (ranging from 3.81 to 11.02). Note /: To
unambiguously assign sequences to families, a phylogenetic tree was generated using the FastTree
v2.1.7 algorithm® implemented with the Shimodaira-Hasegawa test. Reference sequences that were
unambiguously assigned to each of the esterase/lipase families** were used to help classify each of
the 145 EHs. The final sequence alignments and the tree are available from the authors upon
request. Note 2: The source organisms of selected polypeptides were identified by a search of
oligonucleotide patterns against the GOHTAM database and TBLASTX to reveal compositional
similarities between the gene sequences and/or DNA fragments containing the genes that encoded
EHs and all analyzed sequenced bacterial chromosomes, plasmids and phages."? Due to the

extensive size, the table is submitted as a separate file in Excel format.

Table S2. Pairwise sequence similarities for all 147 EHs (including CalA/B) as calculated using
Needleman-Wunsch alignments performed against all the other candidates (“all-vs.-all”). Due to

the extensive size, the table is submitted as a separate file in Excel format.

Table S3. The specific activity is given as U g wet cells expressing esterases tested against a set of
96 structurally different esters. The table is an Excel table in which the following information is
provided: name of ester, compound chemical class, log P value with standard deviation (calculated
using the ACD/ChemSketch 2015.2.5 software), SMILES code, source or brand (with link to the
source), molecular mass (g/mol), reaction conditions (including assay method, substrate and pH
indicator concentration, buffer, shaking, temperature [30 °C] and pH [8.0], reaction time, additives
and concentrations, cell amount), and average specific activity values for all 145 EH preparations in
whole-cell assays given in U g wet cell pellet. For the Cal A and Cal B preparations, the specific

activity values are given in U g total protein. The assays were performed as replicates, with the

S10

66



average value given, and the standard deviation was less than 1% in all cases. Due to the extensive

size, the table is submitted as a separate file in Excel format.

Table S4. X-ray diffraction data collection and refinement statistics.

Protein EH1 EH102
PDB code 51D4 5DJ3
Data collection
Space group Py P2,
Cell dimensions

a, b, c(A) 90.28,90.10, 110.76  66.59, 129.45,

a, B,y (°) 68.02, 79.60, 67.57  129.85

90, 97.49, 90
Resolution, A 25.00 - 2.05 29.73 -2.30
Rossrgh 0.072 (0.606)° 0.125 (0.543)
1/o(1) 21.66 (2.52) 9.86 (2.50)
Completeness, % 94.9 (91.2) 96.9 (93.4)
Redundancy 3.0(2.9) 3.6 (3.6)
Refinement
Resolution, A 2495-2.05 29.73 -2.30
No. of unique reflections: 16392, 1875 86908, 4375
working, test
R-factor/free R-factor® 16.9/21.1 (27.9/30.0) 18.4/23.6
(22.4/28.1)

No. of refined atoms,
molecules 19262, 8 13721, 8

Protein 324 23

Solvent 2463 1572

Water
B-factors

Protein 37.1 37:1

Solvent 63.1 60.5
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Water 48.8 47.0

rm.s.d.
Bond lengths, A 0.003 0.004
Bond angles, © 0.730 0.684

“Reym = ZaZilli(h) - (h))/ZyEili(h), in which Zi(h) and (/(h)) are the
ith and mean measurement of the intensity of reflection /.

"The values for the outer shells of the data are indicated in
parentheses.

R = Z[Fp™ — F,2"Y/SF,™, in which F,™™ and F,™* are the
observed and calculated structure factor amplitudes, respectively.

* = molecules in the active site cleft.

Table S5. General information about all HAD phosphatases analyzed in this study. The database is
an Excel table that provides the following information: ID code, Uniprot ID and number of

substrates being converted as reported,® and active site cavity volume/SASA. In case of protein for
which a crystal structure was not available, the homology to the PDB template (in %) is given. Due

to the extensive size, the table is submitted as a separate file in Excel format.

Table S6. The specific activity is given as U g pure protein tested against a set of 96 structurally
different esters. The data for the Cal A and Cal B commercial preparations are also included. The
table is an Excel table in which the following information is provided: name of ester, compound
chemical class, log P value with standard deviation (calculated using the ACD/ChemSketch
2015.2.5 software), SMILES code, source or brand (with link to the source), molecular mass
(g/mol), reaction conditions (including assay method, substrate and pH indicator concentration,
buffer, shaking, temperature [30°C] and pH [8.0], reaction time, additives and concentrations,
enzyme amount), and average specific activity values for all tested EHs in pure protein assays
given in U g protein. The assays were performed as replicates, with the average value given, and
the standard deviation was less than 0.5% in all cases. It should be noted that all preparations were
tested in pure form as His-tagged proteins, but for the sake of simplicity, the specific activities of
only the most promiscuous EHs (i.e., those that reacted with 42 or more esters) are shown. All
datasets are available upon request from the authors. Due to the extensive size, the table is

submitted as a separate file in Excel format.
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RESULTS

Source of EH. A search of oligonucleotide patterns against the GOHTAM database' and
TBLASTX analysis indicated that all 145 EHs were distributed across the entire phylogenetic tree
(i.e., in at least 10 phyla and 40 genera), although a bias (70%) toward proteobacterial EH was
noted (Supporting Information, Table S1, Fig. S2). No clear affiliation other than Bacteria was
observed for 9 EHs, and an additional set of 43 EHs could not be assigned at the genus level.
Within the 31 highly promiscuous EHs (i.e., using 30 or more esters; excluding CalA/B), an
unambiguous affiliation was found for 21 EHs that were associated with at least 2 phyla (the most
abundant was Proteobacteria (94%)) and 15 genera. These genera included Sphingomonas,
Rhizobium, Pseudomonas, Alteromonas and Acidiphilium, which have been well-explored with
respect to their enzymatic contents, as well as genera that have been largely neglected, such as
Acidithrix, Acidimicrobium/Ferrimicrobium, Alcanivorax, Cycloclasticus, Immundisolibacter,
Idiomarina, Hyphomonas, and Halioglobus (Supporting Information, Fig. S2). Of the known 24
bacterial and 5 archaeal phyla with cultured representatives,” the present study covered EHs from
10 and 1 phyla, respectively (Supporting Information, Fig. S2); much diversity remains to be
uncovered in the coming years. The reason that enzyme diversity is so biased is intriguing, even
though a very broad diversity was sampled in this study. Note that because many microbial lineages
others than those herein analyzed may contain promiscuous EHs a statistical significance of the
enrichment of substrate-promiscuous EHs in the above bacterial species cannot be assessed, which
is out of the scope of the present study. Whatever the case, we have provided first preliminary
evidences that a number of underexplored microbial phylogenetic lineages contained EHs with
prominent substrate range. Similarly, we noticed a high percentage of EHs with prominent
substrate promiscuity in the chronically polluted seashore area of Milazzo harbor in Sicily (Italy)
compared to other sites (Supporting Information, Fig. S1), but again the statistical significance
cannot be obtained because the number of enzymes examined was over-represented in this site and
because habitats others than those herein examined remains to be explored.

Substrate profiling: general considerations and dynamic range of the assay. Identifying
EHs with a broad substrate profile remains a major bottleneck for biocatalysis and biotechnological
processes in general.” Rapid screening methods will facilitate the identification of such enzymes.
Medium-to-high throughput colorimetric protocols have been previously developed that enable EH

1.8-

hydrolytic activity testing with pure proteins."*"'' However, protein purification on a large scale is a

very time-consuming and expensive process.'>"* Consequently, the methods in the present study

were adapted to use whole cells, which allowed broad sampling and reduced the time, effort and
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cost of identifying enzymes with ample or restricted substrate spectra. Prior to substrate profiling,
all clones were tested for activity on agar plates using the three model esters 1-naphthyl acetate,
glyceryl tri-acetate and tri-propionate, and their activity was confirmed (see Supporting Information,
Methods).

The activity protocol established and used in this study included growing E. coli cultures
expressing the enzyme of interest overnight in the presence of the appropriate antibiotics and an
inducer, followed by activity analysis of the pellet fractions against 96 esters via a pH indicator
assay in 384-well plates, at pH 8.0 and 30 °C. Acid is produced after ester bond cleavage by the
action of the hydrolytic enzyme contained in the cell pellet,® which induces a color change of the
pH indicator that can be measured spectrophotometrically at 550 nm. Following the
recommendation of Janes ez al.* the concentrations of the pH indicator (0.45 mM) and each of the
esters (from 1.3 to 13.2 mM; see concentrations in Methods) were chosen to maximize the accuracy
and sensitivity. The number of cells should be as high as possible to maximize sensitivity and to
ensure accurate “activity data.” In our assay, activity data refers to experimental “time course data”
of substrate conversion using 0.4 mg of wet cells per ester, in which time course data might
indicate specific activity (in U per g wet cells) from time-course conversion after a maximum of 24
h. This amount of cells (0.4 mg per ester) and time frame (up to 24 h) were found to ensure
sensitivity and detection of all esters hydrolyzed by any given EH, as determined by studying the
frequency of each ester considered as a hit using different numbers of cells and different time
frames and comparing the data from whole-cell assays with pure proteins. Thus, the substrate
utilization for all pure proteins supported the validity of the whole-cell screening assay in this study.
Under our assay conditions, all esters hydrolyzed by whole cells (Supporting Information, Table S3)
were also hydrolyzed when using pure proteins and vice versa (Supporting Information, Table S6),
which demonstrated that substrate limitation problems using whole cells were not anticipated and
that the rapid assay used in this study can be applied to screen substrate ambiguity for any type of
cells containing EHs (i.e., fosmid clones, expression clones, microbial cells, etc.). However, we
cannot rule out the possibility that unambiguous detection of the conversion of a substrate at a
significantly low rate may not be possible using whole cells.

The rapid whole-cell assay used in this study to analyze the substrate profile may be of interest
in future genomic and metagenomics screening programs to help identify and prioritize clones with
a broad substrate range, whether they contain one or more sequences that encode EHs in a cloned
DNA fragment. To screen for promiscuous enzymes, cells from pure cultures, enrichments or
clones that express a particular DNA fragment can be screened with standard substrates. Those

found to be active against a common standard ester (e.g., 1-napthyl-acetate or glyceryl tri-butyrate)
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but do not show a restricted promiscuous profile in a subsequent substrate profiling test will not
merit a priori sequencing and/or cloning efforts if the objective of the screening program is to find
substrate-promiscuous enzymes. By contrast, clones active against a broad range of esters at a high
rate merit further sequencing, cloning, expression and characterization. This will substantially
reduce the reagent and labor cost while using modest resources. If the activity tests, which can be
extended to a broader set of chemical blocks of industrial interest, are also directly performed under
conditions resembling industrial requirements, for example in the presence of solvents or at high
temperature, efforts can be made toward identifying new, versatile and robust biocatalysts fulfilling
industry criteria. Indeed, preliminary tests indicated that the assay method used in this study can be
performed in the presence of solvents such as methanol, ethanol, acetonitrile and DMSO at final
concentrations of up to 30% (v/v).

Assays were performed at pH 8.0 and 30 °C in the absence of any chemical other than the ester
and a small amount (4.5% v/v) of solvent (DMSO or acetonitrile) needed to dissolve the ester.
Therefore, no surfactant was added. Although this may compromise the solubility of very
hydrophobic molecules, the majority of large hydrophobic molecules, such as triolein, 2,4-
dichlorophenyl 2,4-dichlorobenzoate, 2,4-dichlorobenzyl 2,4-dichlorobenzoate, and diethyl-2,6-
dimethyl 4-phenyl-1,4-dihydro pyridine-3,5-dicarboxylate, were hydrolyzed by some EHs under
our assay conditions, suggesting that our assay conditions did not introduce any bias in the
detection of substrate-enzyme pairs.

Reactions were performed at pH 8.0 and 30 °C. Because we sampled a very broad diversity of
habitats from moderately cold to thermophilic, we decided to use an assay temperature of 30 °C,
the temperature at which we anticipated most EHs would show appreciable activity. A pH of 8.0
was selected because it was the pH required for the Phenol Red pH indicator used, although pH 7.0
with p-nitrophenol as the pH indicator may also be used.* We used pH 8.0 because most EHs have
been reported to show neutral-to-slightly alkaline pH optima. We are aware that we also included
samples from environments ranging from sea-water like habitats to acid mine drainage and that the
enzymes from these environments may show different pH optima. Consequently, in many cases
(not shown), pH and temperature values for optimal activity were compiled (from previous studies
or after the evaluation of optimal parameters for the enzymes investigated herein for the first time)
to ensure that the EHs were most active at 30 °C and pH 8.0. Having said that the assay herein used
can be extended to pH 7.0 (using p-nitrophenol as pH indicator) and at any temperature, preferably
below 70°C to avoid evaporation; a minimum concentration of 0.5 mM substrate is recommended

to ensure detection of pH shift.® The concentration of buffer (5 mM EPPS) and pH indicator
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(Phenol red 0.45 mM) were empirically determined as being optimal to ensure that changes in pH
shift during reaction gives linear changes in absorbance.®

The predictive capacity of cavity volume/SASA is not influenced by the presence of
flexible elements in the structure. The predictive capacity of the active site effective volume may
also sensitively depend on the conformational state of flexible elements such as the lid.* Indeed,
some EH proteins contain a lid domain that covers the active site, preventing substrate binding and
requiring structural rearrangement to attain an open conformation. To evaluate whether the
homology model-derived active site effective volume value of an EH differs if the template is in the
open or closed state, we used the crystal structures of CalA and CalB in closed and open
conformations (3GUU/2VEOQ and 4K6G/5A71). The variations were minimal. Since CalA and
CalB do not have the classic lid, which consists of one or two helices that move considerably as
rigid bodies, we extended the applicability of this measure to sequences of typical-lid fungal-like
lipases such as lipases from Candida rugosa (open/close PDB: 1CRL/1THR) and 7hermomyces
lanuginosa (IDTE/1DTS). In all cases, the effective volume (>76.9 A’) was above the 62.5 A’-
threshold, which is indicative of high substrate promiscuity, with minimal variations between the
open and closed conformations. Therefore, the presence of lid domains does not have an observable
effect on the substrate promiscuity level, which is mostly defined by the sequence-defined topology
of the active site environment, herein exemplified by the active site effective volume.

An example of the potential of the effective volume measure for bioprospecting of EH with
prominent substrate promiscuity. This study also produced a subset of EHs with large substrate
ranges, competitive with the best industrial prototypes. Their sequences can be used as targets for
bioprospecting similar sequences in large-scale datasets. As example, we used MMSEQS2" to
screen the occurrence of promiscuous EHs against the predicted open reading frames from the
TARA Oceans project assemblies,'> which was used as a study case. All hits with an E-value
threshold of 10 and sequence coverage >0.6 were selected (see Supporting Information,
Methods). For simplicity, the search was restricted to sequences encoding EH1 to EH6 (assigned to
FIV), EH7 (assigned to FVIII), and EH17 (assigned to MCP hydrolase family). All of these EHs
were among the most substrate-promiscuous EHs and encompassed phylogenetically and
environmentally diverse sequences (see Clusters 1 and 2 in Fig. 2). The data presented in
Supporting Information, Fig. S6a reveal that not all sequences encoding promiscuous EHs were
equally abundant. The homologues to FVIII serine beta-lactamase EH7 and MCP hydrolase EH17
were the most abundant in the majority of the sites, which is most noticeably when examining their
accumulative abundances in all 5 oceanic regions (Supporting Information, Fig. S6b). At this stage

we would like to notice that obtaining statistically significant differences to environmental
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metadata and to global distributions, albeit of interest, is out the scope of the present study. Rather,
we studied the degree of novelty of the EH homologs found in the TARA Oceans samples, by

performing an all-vs-all blastp search.'®

Supporting Information, Fig. S7a shows the distribution of
the similarity values of every hit against our reference sequences, and Supporting Information, Fig.
S7b shows the values for all comparisons. The results revealed that the sequences of EH herein
reported are distantly related to those in the TARA Oceans Project, which are also quite diverse.
The active site effective volume calculation for all homologs (sequence identity >40%) in Tara
Ocean samples indicated that all have volumes ranging from approx. 500 to 66.7 A*, which are

above the 62.5 A’-throshold, and indicative of a broad substrate range, yet to be elucidated.
METHODS

Protein samples. Of the 145 EHs, the screening, cloning and expression of 69 were previously
reported. The expression systems and purification conditions used in this study were as reported
previously, in order to proceed with their characterization. These 69 EHs were identified by
screening meta-genome clone libraries with the short esters o-naphthyl acetate and/or glyceryl tri-
butyrate or, in one case, p-nitrophenyl-octanoate. Full details of these enzymes are extensively
provided in Supporting Information, Table S1. The remaining 77 sequences encoding EHs are
reported in this study for the first time and include 15 from Milazzo harbor (Sicily, Italy),""'” 9
from the Los Rueldos acid mine (Mieres, Spain),'® 8 from a hydrothermal vent metagenome (Jan
Mayen Vent Fields) (the meta-sequences are available from the National Center for Biotechnology
Information (NCBI) database under the ID PRINA296938, SAMNO04111445), 8 from the River
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Elbe (Hamburg, Germany),"” 6 from the El Max site (Alexandria, Egypt),'” 4 from the Bizerte

lagoon (Tunisia),'” 3 from Messina harbor (Sicily, Italy),'” 3 from the Gulf of Aqaba (Red Sea,

Jordan),'” 2 from Ancona harbor (Ancona, Italy),’

2 from elephant feces (Hagenbeck’s Zoo,
Hamburg, Germany),”' 1 from Priolo Gargallo harbor (Syracuse, Italy),"” 6 from A. borkumensis
SK2,22 5 from Cycloclasticus sp. 78-ME,” 1 from Oleiphilus messinensis ME102T,** 1 from
Staphylococcus epidermidis, 1 from Pseudomonas oleovorans DSM-1045 (genome not yet
published), and 1 from Geobacillus sp. GHHO1 (the genome sequence has been deposited in
GenBank under accession no. CP004008).% In all cases, DNA extraction from the corresponding
material,'"'"** preparation of pCCFOS| libraries and naive screening using a-naphthyl acetate and
glyceryl tri-butyrate were performed as described elsewhere.”® Positive clones containing

presumptive EHs were selected, and their DNA inserts were sequenced using a MiSeq Sequencing

System (Illumina, San Diego, USA) with a 2 * 150-bp sequencing kit. After sequencing, the reads
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were quality-filtered and assembled to generate non-redundant meta-sequences, and genes were
predicted and annotated as described previously.”” The meta-sequences used for in silico screening
are available from the NCBI database.'™"*?" Protein-coding genes from metagenomes (sequence-
based mining) and from the DNA inserts from positive clones (naive screening) were screened
(score > 45; e-value < 10¢™) using BLASTP and PSI-BLAST searches™ for enzymes of interest
against the ESTHER (ESTerases and alpha beta-Hydrolase Enzymes and Relatives) and LED
(Lipase Engineering) databases.””**

As summarized in Supporting Information, Table S1, 128 of 145 genes encoding EHs were
available or cloned in this study in common expression vectors (Ek/LIC 46, pET21a, pET22b,
pVLT31, pCR-XL-TOPO, and p15Tv-L, among others) using a PCR-based approach and
appropriate DNA samples as templates. The remaining set of 18 genes (accession codes
KY483640-KY483649 and KY203030-KY203037) were synthesized by GenScript (Hong Kong)
Limited in expression vectors. Of these 18 genes, the genes KY483640-KY483649 were
synthesized in the pCDFDuet expression vector. The genes KY203030 to KY203037 were cloned
using a recently developed vector suite that facilitates sub-cloning based on fragment exchange (FX)
into multiple expression vectors.’"*? Proteins were His-tagged at the C-terminus and purified as
previously described (see Supporting Information, Table S1) with slight modifications. Briefly,
selected /. coli clones that expressed each protein were grown at 37 °C on solid Luria Bertani (LB)
agar medium supplemented with the appropriate antibiotics (Table S1), and one colony was picked
and used to inoculate 10 mL of LB broth plus antibiotic in a 0.25-L flask. The cultures were then
incubated at 37 °C and 200 rpm overnight. Afterward, 10 mL of this culture was used to inoculate
0.5 L of LB medium, which was then incubated to an ODggonm of approximately 0.7 (ranging from
0.55 t0 0.75) at 37 °C. Protein expression was induced by adding the appropriate inducer to a final
concentration of approx. 1 mM (see Supporting Information, Table S1), followed by incubation for
16 h at 16°C. The cells were harvested by centrifugation at 5000 x g for 15 min to yield a pellet of
2-3 g/L pellet (wet weight). The wet cell pellet was frozen at -86 °C overnight, thawed and
resuspended in 15 mL of 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH
7.0. Lysonase Bioprocessing Reagent (Novagen, Darmstadt, Germany) was added (4 pL/g wet cells)
and incubated for 60 min on ice with rotating mixing. The cell suspension was sonicated for a total
of 5 min and centrifuged at 15000 x g for 15 min at 4°C, and the supernatant was retained. The His-
tagged proteins were purified at 4 °C after binding to a Ni-NTA His-Bind resin (Sigma Chemical
Co. (St Louis, MO, USA)), followed by extensive dialysis of the protein solutions against 20 mM
HEPES buffer (pH 7.0) by ultra-filtration through low-adsorption hydrophilic 10,000 nominal

molecular weight limit cutoff membranes (regenerated cellulose, Amicon) and storage at -86°C.
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Purity was assessed as >98% using SDS-PAGE analysis™ in a Mini PROTEAN electrophoresis
system (Bio-Rad). The protein concentration was determined according to Bradford with bovine
serum albumin as the standard.*

Quick tests for the production of active proteins and preparation of protein samples for
hydrolysis activity assessment. Prior to substrate profiling, an activity test was performed to
verify that each protein was active when expressed in £. coli. Protein activity was followed by
monitoring the hydrolytic activity directly in the induced cells. Selected £. coli clones that
expressed each protein were grown at 37°C on solid LB agar media supplemented with the
appropriate antibiotics (Supporting Information, Table S1), and one colony was picked and used to
inoculate 500 uL of LB broth plus antibiotic in a 2-mL Eppendorf tube. The culture was then
incubated at 37 °C and 700 rpm in a Thermomixer (Eppendorf, Hamburg, Germany) for 7 h. To
obtain uniform colonial growth, 5 pL of each culture was spotted on the surface of an LB agar plate
(90 cm @) supplemented with the appropriate antibiotic and expression inducer (Supporting
Information, Table S1). The plates were incubated overnight at 37°C, and the agar surface was then
covered with three different esters, 1-naphthyl acetate, glyceryl tri-acetate and tri-propionate, which
are common EH substrates. Because EHs are commonly active at neutral or slightly alkaline pH,
the activity tests were performed at pH 7.0. Briefly, the agar surface was covered with a layer of 20
mL of 1-naphthyl acetate/Fast Blue RR salt in HEPES buffer, pH 7.0, containing 0.4% (w/v) agar."’
The hydrolysis of 1-naphthyl acetate was monitored by following the formation of an intense
brown precipitate because of the release of naphthol, which was further oxidized. In parallel, a
second plate was covered with a layer of 20 mL of 5 mM N-(2-hydroxyethyl)piperazine-N’-(3-
propanesulfonic acid (EPPS) buffer supplemented with 0.45 mM Phenol Red as a pH indicator, 1
mL of a glyceryl tri-acetate and tri-propionate stock solution (200 mg/mL in acetonitrile each), and
0.4% (w/v) agar. If EH activity occurred, a yellow halo was evident around the colony due to acid
formation. Clones containing all 145 EHs investigated in this study tested positive in in at least one
of the two screening methods, indicating the production of soluble active proteins, as further
confirmed by SDS-PAGE analysis in a Mini PROTEAN electrophoresis system (Bio-Rad).”*

Selected £. coli clones that expressed active and soluble proteins were grown at 37 °C on solid
LB agar supplemented with the appropriate antibiotics (Supporting Information, Table S1), and one
colony was picked and used to inoculate 500 pL of LB broth plus antibiotic in a 2-mL Eppendorf
tube. The culture was then incubated at 37 °C and 700 rpm in a Thermomixer (Eppendorf,
Hamburg, Germany) for 7 h, after which 300 puL of each culture was used to seed LB agar petri
dishes (90 cm o) supplemented with the appropriate antibiotic and expression inducer (i.e.,

isopropyl -D-1-thiogalactopyranoside or arabinose; see Table S1). The 300-uL culture was spread
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on the plate to obtain uniform growth that covered the entire surface of the plate. The plates were
incubated overnight at 37 °C. After incubation, S mL of 40 mM HEPES buffer, pH 7.0, was added
to the surface of each plate. The bacterial cells were detached using sterile disposable Drigalsky
spatulas, and the cell suspensions were transferred to a S-mL Eppendorf tube and pelleted by
centrifugation at 8000 rpm for 10 min at 4 °C. The supernatant was discarded, and the pellets were

washed and centrifuged twice in the same buffer. The washed, wet pellets were weighed. For the

activity tests, 100 mg of wet intact cells was re-suspended in 0.5 mL of 5 mM EPPS buffer, pH 8.0.

This suspension was mixed by vortexing for 1 min and 2 pL of these suspensions were used
immediately for the activity test as described in Methods. The activity was further confirmed using
purified His-tagged proteins. Prior to use, stock solutions of 1-5 mg mL ™" protein in 5 mM EPPS
buffer, pH 8.0, were prepared after extensive dialysis against this buffer by ultra-filtration through
low-adsorption hydrophilic 10,000 nominal molecular weight limit cutoff membranes (regenerated
cellulose, Amicon) and 2 uL of protein solutions (from 1.0-17 ug of total protein depending on the
specific activity of the particular EH) were immediately used for the activity tests.

Structural determinations. The proteins EH1 and EH102 were expressed and purified

according to previously described procedures."’

The His; tags were removed by TEV protease
cleavage. The proteins were crystallized using the sitting-drop method in Intelliplate 96-well plates
and a Mosquito liquid-handling robot (TTP LabTech), which mixed 0.5 L of 20-25 mg mL ™"
protein with 0.5 pL of the following reservoir solutions: EH1 - 0.1 M Tris pH 8.5, 0.2 M
ammonium sulfate, 25% (w/v) PEG3350, EH102 - 0.1 M Tris pH 8.5, 0.2 M ammonium sulfate,
25% (w/v) PEG3350, 1/70 units of chymotrypsin. The crystal was cryoprotected with the reservoir
solution supplemented with Paratone-N oil prior to flash freezing in an Oxford Cryosystems
Cryostream. For the EH1 crystal, diffraction data were collected at 100 K and the Cu K° emission
wavelength using a Rigaku HF-0007 rotating anode with a Rigaku R-AXIS IV++ detector. For the
EH102 crystal, diffraction data were collected at 100 K and the Se absorption edge wavelength at
the Structural Biology Center, Advanced Photon Source, beamline 19-ID using an ADSC Quantum
315R CCD detector. All diffraction data were reduced with HKL3000.*® The structures were
determined by molecular replacement using the structures from the Est2 Protein Databank (PDB)
codes 1EVQ and 3RIT for EH1 and EH102, respectively, and the software Phenixphaser.“‘
Refinement was completed with Phenix refine.’” All B-factors were refined as isotropic with TLS
parameterization. All geometries were verified using Phenix and the wwPDB server.

Protein Energy Landscape Exploration (PELE) sampling. We used Protein Energy
Landscape Exploration (PELE) software to sample the binding modes of glyceryl tri-acetate with

EH1 and EH102.***° PELE is a Monte Carlo algorithm composed of a sequence of perturbation,
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relaxation, and Metropolis acceptance tests. In the first step, the ligand is subjected to random
rotations and translations, while the protein is perturbed based on the anisotropic network model
(ANM)."" The maximum allowed translation for ligand perturbation was 1.5 A, and the maximum
rotation was 20°. During the protein perturbation, all atoms were displaced by a maximum of 0.5 A
by moving the a-carbons following a random linear combination of the 6 lowest eigenvectors
obtained in the ANM model. The relaxation step included the repositioning of all amino acid side
chains within 6 A of the ligand and the 5 side chains with the highest energy increase along the
previous ANM step. The relaxation stage ended with a truncated Newton minimization using the
OPLS all-atom force field and an implicit surface-generalized Born continuum solvent. The new
proposed minima were then accepted or rejected based on a Metropolis test. The substrate binding
plots contained all accepted conformations for three 12-h simulations using 200 processors.

Homology modeling. Homology models were developed using Prime software from
Schrodinger. Prime uses BLAST (with BLOSUMG62 matrix) for homology search and alignment
and refines the results using the Pfam database and pairwise alignment with ClustalW.

Cavity Volume and Solvent Accessible Surface Area (SASA) calculation. The relative
Solvent Accessible Surface Area (SASA) for a residue was obtained using the GetArea web
server.*' This service allows a user to submit a PDB file and retrieve the relative SASA or the
solvation energy in a variety of formats. This server has several options and allows the user to
compute individual residue exposure under the “Select desired level of output” option. Thus, the
“exposure” of the active site can be computed using the catalytic amino acids, e.g. the conserved
catalytic Ser/Asp/His triad in esterases and the two conserved aspartic catalytic residues in HAD
phosphatases. Cavity volumes were computed with Fpocket,” a very fast open-source protein
pocket (cavity) detection algorithm based on Voronoi tessellation. Fpocket includes two other
programs (dpocket and tpocket) that allow the extraction of pocket descriptors and the testing of

owned scoring functions, respectively.
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ABSTRACT: Oxidation of arylamines, such as aniline, is of
high industrial interest, and laccases have been proposed as
biocatalysts to replace harsh chemical H , the
reaction is hampered by the redox potential of the substnte at
acid pH, and enzyme engineering is required to improve the
oxidation. In this work, instead of trying to improve the redox
potential of the enzyme, we aim toward the (transient)
substrate’s potential and propose this as a more reliable
strategy We have successfull bined a ¢ ional
h with experimental validation to rationally desngn an
lmproved blocatalyst The in silico protocol combines classical

.r/
" %

N263D

and quantum mechanics to deliver atomic and electronic level detail on the two main processes involved: substrate binding and
electron transfer. After mutant expression and comparison to the parent type, kinetic results show that the protocol accurately
predicts aniline’s improved oxidation (2-fold k_,, increase) in the engineered variant for biocatalyzed polyaniline production.

KEYWORDS: laccase, aniline, PELE, QM/MM, protein

S

B INTRODUCTION

There is a rising interest in replacing harsh and environmentally
unfriendly industrial chemical reactions by clean enzyme-based
processes.' Although the practical use of proteins goes back to
ancient times, the large-scale usage of well-characterized
enzymes in the textile, detergent, and starch industries is the
resu]t, in most cases, of considerable advances in biotechnol-
ogy.” Protein engineering based on rational design, directed
evolution, and/or computer simulations has shown consid-
erable success, but altering protei ins an ard
process.’

Laccases (EC 1.10.3.2) are oxidases that contain four copper
ions: a trinuclear (T2/T3) cluster buried in the protein matrix,
where molecular oxygen is reduced to water, and a T1 site,
close to the surface of the protein, where substrates are

idized. The promiscuity of these proteins toward a large

ber of organic ¢ ds, the use of oxygen as a final
electron acceptor (with no need for expensive cofactors), and
production of water as the sole byproduct converts them into
ideal biocatalysts for diverse technological purposes.' The
latively low redox p ial (E° = 0.4-0.8 V), in comparison
to those of other oxidoreductases such as peroxidases, limits
their application,” but the use of mediators has been found to
expand their action toward more difficult substrates.® Trying to

<7 ACS Publications  © 2016 American Chemical Society 5415

ing, PANI, aryl

improve laccase’s redox potential is a current strategy for
increasing the oxidation capability of these proteins,” but the
observation that Ky, and k., values of different laccases are
ligand dependent evidence that oxidation is not reliant merely
on the redox potential difference. ™

To advance in this matter, we have used a recently developed
computational protocol” that combines the protein energy
landscape exploration (PELE)” software with quantum
mechanics/molecular mechanics (QM/MM)'? techniques.
PELE is an all-atom Monte Carlo based algorithm routinely
used in our laboratories to map long-time-scale dynamic
processes such as global p bstrate expl
locally induced fit events.'' In redox processes, for example, we
use it to identify important parameters such as donor—acceptor
distance (DAD)'* and the solvent-accessible surface area
(SASA) of the substrate.'*'* Changes in these two parameters
are expected to correlate with key variables in electron transfer
theory: (i) a shorter DAD points to a larger electronic coupling;
(i) a smaller SASA suggests smaller solvent reorganization
energy.'” Then, using QM/MM we calculate spin densities on

ion or
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selected structures, obtaining an estimation of the electron
transfer driving force.'™'* In our previous study" we found that
2,6-dimethoxyphenol’s enhanced oxidation by an evolved
laccase was the result of the substrate’s rearrangement in the
active site, with no important change in the redox potentnl of
the T1 copper. In this study we challeng:

protocol by rationally engineering a laccase for amlme (ANL)
oxidation under preferred conditions for industrial applications.

Aniline and its derivatives have been traditionally used in the
dyestuff industry, as precursors of aniline dyes and azo dyes for
textlles, hair, leather, or pnnbng. % and also as components for

ing poly , and r In particular,
the synthesis of conductlve polyamlme (PANI) has been widely
investigated during the last two decades due to its wide range of
applications (sensor devices, rechargeable batteries, etc.'®).
Conducting PANI macromolecules have regular head-to-tail
linked monomers (over 95%), but highly conductive polymer is
only produced under strongly acidic conditions (pH <2.5)
using oxidants such as ium peroxydisulf: To replace
these processes by enzymatic bioconversion is thus a main
goal;'® however, aniline (pK, = 4.6) is mostly protonated at low
pH. Since the anilinium cation (E° = 1.05 V) is much less
idable than nonp d aniline (ANL) (E° = 063 V), it
becomes clear why laccases normally cannol oxidize this
compound or reactions occur too slowly.'” The high potential
barrier for oxidizing aniline in acid medium®” demands the use
of high-redox-potential laccases (E° & +0.8 V) such as the one
used in this study, whereas other fungal laccases with lower
redox potential are unable to catalyze the reaction.

The strategy, presented in this work, for improving the
activity of a high-redox-potential recombmant laccase pre-
viously obtained by directed evolution,” aims at precision

y design d of screening a large number of
candidates.” By means of our computational protocol, two-
point mutations were predicted and experimentally validated in
one single protein variant. The double mutant (DM) was
produced in S. cerevisiae and compared with the p |
laccase. Kinetic analysis showed a 2-fold k_,, increase for ANL
oxidation. Furthermore, oxldauon of p phenylenediamine
(PPD), 2,2 bis(3-ethylb 6-sulfonic acid)
(ABTS), and N,N- dlmethyl p-phenylenediamine (DMPD)
(see Scheme 1 for chemical structures) was also improved
1.4-, 2.0-, and 1.6-fold, respectively. DMPD, in particular, is a
precursor of the high-value reagent methylene blue, with
applications in a w1de range of fields (including as a potential
antimalarial agent),” which nowadays is produced by oxidation
of DMPD with ferric chloride (a highly toxic compound) and
hydrogen sulfide dissolved in hydrochloric acid.

Overall, we demonstrate the laccase’s enhancement toward
the aforementioned noteworthy technological applications,
reinforcing the potential for synergetic experlmental and
computational protocols in predictive studies.”*

B RESULTS AND DISCUSSION

The work is presented in three sections. We begm hy
confirming the importance of the ligand binding event™”

ANL oxidation by a Iaccase developed in a previous dn'ected
evolution experiment.”' After obtaining these molecular details,
we rationally designed the p binding site for improved
ANL oxidation. Second the precision designed variant was
experil Ily obtained and compared against the parent type
for oxidation of ANL, DMPD, and PPD, thermostability, and

3

Sch 1. Chemical Str
Aniline (ANL), N,N-Dimethyl
(DMPD), and p-Phenylenediamine (PPD)

Aniline

of All Shldied Arylamines:

NH,
N,N-Dimethyl-p-phenylenediamine
(H_.,C)‘,N H,
p-Phenylenediamine

H NH,

pH range. Finally, computati cross-validation for the
observed improvement in DMPD oxidation was performed.
In Silico Study and Rational Design for ANL
Oxidation. The putational protocol employed, described
in Methodology, begins by determining the binding event. For
this, PELE, a Monte Carlo based molecular simulation software,
was employed. The program performs random substrate and
protein perturbations aiming at reproducing fully flexible
protein—substrate binding, including induced-fit effects. Here
120 independent 48 h trajectories were produced to investigate
the interactions between the laccase variants and each of the
studied substrates. By analyzing the laccase—substrate inter-
action energy profiles produced by PELE (Figure 1), we were
capable of identifying the lowest energy minima and thus the

Double mutant

01 02 03 04

SASA SASA

I 4 b

Figure 1.
the center of mass of ANL and the copper T1 “atom (lop) and vs SASA
(bottom) for parent laccase (A, C) and double mutant (B, D).
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main binding modes at the T1 copper site. Once these were
identified, QM/MM calculations were performed to estimate
the fraction of the spin density localized on the substrate. QM/
MM calculations split the system into two regions: quantum
and classical. In the first, which includes the T1 copper with its
first coordination sphere, electronic-based methods were used
to study the electron transfer. The second region, the classical
one, includes the rest of the system, which provides the correct
geometric and electrostatic envir to the
region. For these calcul 50 compl were
selected using a distance and interaction energy threshold
Selection was restrained to the substrate positions within 10 A
of the T1 copper atom site and 5 kcal/mol range from the
lowest interaction energy. Interaction energy plots for ANL
diffusion in the parent type laccase are shown in Figure 1A.

Observation of the lowest interacting energy complexes in
the parent type protein (Figure 1A) shows ANL placed in the
T1 cavity close to N207, N263, and $264 and H-bonded to
D205 (Figure 2A). QM/MM calculations performed on
randomly selected structures (see Methodology) show that
these exhibit 12% spin density (Table 1; average over 50
snapshots).

1
1 |

Figure 2. Representative minima for ANL interaction with (A) parent
laccase and (B) double mutant.

- 1

Table 1. Average Spin Densities (SP) and Exp
Kinetic Data for Parent Laccase and Double Mutant (DM)
Oxidizing ANL, DMPD, PPD, and ABTS

system SP (%) ka (57 Ky (mM)
Lac + ANL 121 101 % 11 28472
DM + ANL 26%S 226 + 34 §93 £ 155
Lac + DMPD 97 459 18 1.7 £02
DM + DMPD 68 + 14 741 + 48 12 +02
Lac + PPD 32%S$ 147 £ 06 37+03
DM + PPD 46 + 14 208 2.1 35408
Lac + ABTS 23+ 14 291 + 18 0.0042 + 0.001
DM + ABTS 07 570 + 26 001 + 0,001
The next step was to redesign the binding site to imp

ANL'’s oxidation rate (at pH 3) by this laccase. Since changing
the redox potential of the copper site is 2 complex task, in
particular in a high-redox-potential laccase,” and conscious of
the effect of the binding event on the overall oxidation
rate,”*****” we have instead targeted to locally modify the
ANL (anilinium cation) redox potential. We wish to stabilize
the oxidized form of ANL, boosting electron transfer to the Cu
T1 site which, in theory, can be acc lished by d

second negatively charged residue (in ‘addition to D205) next
to the ANL binding site. To test this hypothesis, we probed

ing
g a

alternative single-point mutations. Initially, we tested mutations
in position 205, since the lowest energy structures showed a
direct interaction between ANL and that msldue in the parent
type laccase. Furthermore, the literature™ pointed to a
potential benefit from D20SE but ¢

QM/MM scoring indicated poorer activity. Other mutations,
D205Y and D205A, led to similar results (all computed spin
densities are available in the Supporting Information). In
addition to D205, two other residues are seen in direct contact
with the substrate: residues 207 and 263, both asparagines.
Since our criteria for selecting the mutations was to improve
the electrostatic around the sut , we started
by testing single-point mutations to aspartic acid (side-chain
length identical with that of asparagine) on each residue
(N207D/N263D). This double mutant showed considerable
spin density improvement (32%), but two aspartic acids so
close each to other could be troublesome for protein stability.
For this reason, we tested which of these positions would have
the most beneficial effect on ANL oxidation (Table S1 in the
Supporting Information) and found N263D to be the best
candidate. Finally, p 207 was d to serine because
this mutation was found to be a good compromise among
ligand binding, activity, and protein stability. Ligand binding on
the double mutant N207S/N263D (DM) displays an
interaction energy profile slightly improved from the parent
protein (Figure 1B), with a shorter DAD; in particular the
amine group is on average closer to the Cu atom (Figure 2B)
and has a similar SASA (Figure 1C,D). Activity was scored with
QM/MM calcul which showed an enhanced 26% spin
density, in comparison with 12% for the parent type laccase
reaction (Table 1). Finally, the likelihood of dlsruphng protein
stability was d th (see below).

Introduction of N2075/N263D modifies the substrate—
protein interactions as seen in Figures 1B and 2B. The new
minima show that the substrate is now located with a different
orientation and the amine group closer to the copper atom
thanks to the smaller side cham of §207 (Figure 2B), enclosed

the two negatively charged D205 and D263 residues.
The presence of these two res:dues so close to each other could
also alter their protonation states (especially at pH 3); thus, to
verify this possibility we have used an H++ server to assess the
pK, of these amino acids in the mutant protein. Predictions
indicate a clear deprotonated state for both residues.
Furthermore, DM interacts with ANL through the backbone
carbonyl atoms of residues G391 and P393, the latter being
connected to the copper-coordinated H394.

We have also performed a sequence space search to check if
other proteins carry the proposed mutations. We found, using
HotSpot Wizard (loschmidt.chemi.muni.cz/hotspotwizard),
that position N207 contains 34 out of 50 times an asparagine
while § other sequences have serines in that position (default
settings used). In the case of N263 also 34 out of 50 sequences
have an asparagine but only two have a glutamic and one has an
aspartic acid. We have further verified these results by
performing a BLAST search using the Prime module of
Maestro After multipl. e ali with
ClustalW (in the Supporting lnfonmmon) we found that out of
28 sequences (with available crystal structures) 1 contains the
substitutions proposed in the DM (Figure 3). This multicopper
oxidase (MCO), sharing 29% sequence identity with our parent
type, is not a laccase but the membrane Fet3 protein from S.
cerevisiae, which mtalJus the oxidation of Fe(Il) to Fe(IIl)
(PDB entry 1ZPU).

DOK: 10.1021/acscatal 6b0 1460
ACS Catal. 2016, 6, 5415-5423
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Figure 3. Sequence logo including the residues mutated in this work.
The positions 207 and 263 are identified by a red arrow The sequences
belong to multicopper oxidases with at least 30% sequence identity to
the parent type used in this work.

The fact that we find the N263S mutation in $ other
sequences and the 2 N207D/N263S mutations in another
MCO helps determine the probability of obtaining a stable
variant.

Experimental Validation. In order to verify the effect of
the mutations predicted in silico, the N207S/N263D mutations
were introduced in the parent laccase. The resulting DM was
produced in S. cerevisiae, purified to 100% homogeneity, and its
activity with ANL at pH 3 compared with that of the pure
parent type (Table 1). The enzyme's turnover for aniline
increased 2-fold with respect to the parental laccase. In
addition, DM showed 1.6- and 1.4-fold improvement of k.,
with the aniline analogues DMPD and PPD and no increment
in Ky, resulting in an enhancement of the catalytic efficiency
with regard to the parent type. The notably higher turnover
rates of both enzymes on DMPD (with respect to ANL) can be
explained by the fact that, assuming that for each DMPD
molecule only one nitrogen is positively charged, the reciprocal
1—4-position of the amine groups stabilizes the radical more
than in ANL (since an electron-donating group is in para
position with respect to the double positive charge).

It has been shown that a conserved acid residue (D206 in
Trametes versicolor laccase; Glu235 in Myceliophtora albomyces
laccase) has a key role in the oxidation of phenols by fungal
laccases. This residue assists the transfer of the proton while the
electron is transferred through one His coordinating T1 copper
(H458 in T. versicolor laccase), giving rise to the phenoxy
radical. The concerted electron—proton transfer first described
by Galli and co-workers*’ was confirmed in a recent work.””
Nevertheless, improved oxidation of ABTS (Table 1), which
does not require a proton transfer, in the mutated variants
favors the idea that changes observed in k_, are most likely due
to an improved local oxidation of the substrate (thanks to an
additional negatively charged residue) and not in a facilitated
proton transfer. To validate this hypothesis, we have further
performed quantum calculations on a model system; the energy
difference between the oxidized and nonoxidized forms of ANL
in the presence and absence of a negatively charged carboxylic
acid (in the same position of D263) was calculated (Table S2 in
the Supporting Information).”" Results indicate that the energy
difference, and therefore oxidation, is more favorable when the
negative charge is added, corroborating our hypothesis (for
further details please see the Supporting Information).

The correlation between k., and spin density (percent)
values for both laccases (and identical results seen in other
studies™”“) confirmed the usefulness of simulation studies for
the rational design of these enzymes.

To better assess the possible benefit of this kinetic
improvement for laccase application, we compared the activity
and stability of the DM with those of the parent laccase under
the working conditions for the enzymatic synthesis of
polyaniline, which is pH 3 in the presence of anionic
surfactants. DM presented a pH activity profile similar to that
of the parental laccase (Figure 4A). As for the stability at acid
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Figure 4. Comparison of double mutant (DM) and parental laccase
for (A) optimum pH for aniline oxidation (300 mM), (B) laccase
stability at pH 3 (initial activity, dark color, and residual activity after §
h of incubation, light color, are shown), (C) enzymatic polymerization
of 15 mM aniline along time (with S mM SDBS as template) as shown
by the increase of absorbance at 800 nm, and (D) green PANI
produced in (C) by parental and DM laccases.

pH, DM maintained the high stability of the parent laccase at
pH 3, retaining 100% initial activity after 5 h of incubation
(Figure 4B). We also checked the laccase’s thermostability
since, very frequently, mutations with beneficial effects on
enzyme activity might be detrimental for its stability. In this
case, Ty, (the temperature at which the activity is 50% of the
initial activity) was lowered marginally by 1.5 °C upon
mutation of laccase (Tso = 63.5 °C for DM versus Ty, = 65
°C for the parental laccase). Finally, we assayed both laccases as
biocatalysts for the synthesis of water-soluble polyaniline
(PANI). The enzymatic polymerization of aniline was carried
out in citrate—phosphate buffer pH 3, using dodecyl
benzenesulfonate (SDBS) as a doping template to provide
the para coupling of the protonated ANL monomers. The
synthesis of PANI was followed by monitoring the increment of
absorbance at 800 nm. This absorbance band is the distinctive
signal for emeraldine salt that is the green, protonated, and
conductive form of PANL** When DM catalyzed the reaction,
the absorbance at 800 nm was significantly raised. Up to 36%
higher absorbance was obtained after 22 h of reaction with DM
with respect to the value obtained with the parental laccase
(Figure 4C). This increment correlated with superior
production of green color during the polymerization of ANL
catalyzed by DM (Figure 4D).

DMPD in Silico Cross-Validation. The aniline derivative,
DMPD, was also chosen to compare the activity of DM and
parent laccase. Since kinetic analysis showed a significant k.,
and Ky improvement and a literature survey reveals this
compound to be a precursor for the production of methylene
blue, a high-value reagent, we have cross-validated the
computational method with DMPD. The same protocol
described for ANL was used for DMPD (keeping in mind
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that at pH 3 two possible protonation states can coexist). PELE
simulations for the parent type laccase and DM evidence the
positive effect of both single-point mutations in DAD (as
conformations closer to the copper atom are possible; Figures
S1 and S2 in the Supporting Information). N263D mutation
allows DMPD to adopt a new position more favorable for the
oxidation (Figure 5; results for the protonated tertiary amine

estimated spin density (2.2- and 1.6fold for ANL and
DMPD, respectively). Moreover, in line with earlier finding-
s on the importance of the binding event, our results
confirm that targeting the substrate’s local (transient) oxidation
is a reliable strategy for laccase activity improvement. These
results are encouraging for future synergic computational and
experimental studies aiming at bio-based oxidation of small

D9

Figure 5. Representative minima for DMPD (protonated tertiary
amine) interaction with (A) parent laccase and (B) DM.

aryl with vast applications.

B METHODOLOGY

Systems Setup. The high redox potential laccase from
basidiomycete PM1 (PDB entry SANH, provided by Dr. Javier
Medrano) was used asa template (96% sequence identity) for
the evolved laccase.”" For purposes of clarity, the protein redox
potentials referenced along the text, unless otherwise
mentioned, refer to the copper T1 site. The protein structure
was p d with e of Protein P Prep Wizard, ™
PROPKA ** and the H++ web server’® to determine the
protonation state of all ionizable amino acids at pH 3.

Four substrates have been employed in the computational
study: ANL and DMPD, PPD, and ABTS. Substrates were fully
imized with the density functional M06" with the 6-31G**

where changes in DM are more pronounced). DMPD is
initially interacting with H45S and A161 (Figure SA), while in
DM it is more buried. DMPD in DM is interacting with the two
acid side chains (D205 and D263) which generate a more
favorable electrostatic environment for electron abstraction
(Figure SB).

The presence of N207S/N263D mutations in the engineered
laccase also displays an increased spin density of 68% (as
opposed to 39% for the parent laccase; Table 1), confirming
that the c ional hod is ¢ ly capable of
reproducing the observed increase in k. for both laccase
substrates. It should be noted that spin densities must be taken
as relative quantities: that is to say, a reference must always be
available, preferentially the parent protein. Depending on the
nature of the substrate and the local environment, spin densities
vary greatly but in relative terms are accurate predictors for
improved k.

B CONCLUSIONS

On the basis of a comp | strategy opti g DAD,
SASA, and protein ligand recognition, we rationally introduced
two active site point mutations in a high-redox-potential
laccase, aiming at a more favorable oxidation of ANL. Following
this (classical force field) conformational space search,
improved oxidation was confirmed with mixed QM/MM

hniques. This combined effort provides a reliable in silico

screening, reducing experimental validation to precisely

tec

basis set in an implicit solvent, and the electrostatic potential
charges computed at the same level of theory were used in the
following force field based PELE simulations. ANL was
modeled as an anilinium cation, since it is the dominating
form at low pH needed for PANI production, while DMPD
(also studied at pH 3) was considered in two possible
protonation states: charged on the primary or the tertiary
amine.

Protein—Substrate Binding Modes. To determine the
different binding modes of substrates in the T1 copper site,
PELE™* simulations were performed following the protocol
described in detail by Monza et al.” Since the ligand’s binding
site in laccases is well-known, each substrate was manually
placed close to the entrance of the copper site and was then
free to move in a region 20 A within the T1 copper atom. Local
conformational exploration was accomplished by perturbing the
ligand and the protein in a sequence of steps followed by side-
chain readjustment (using rotamer libraries) and all-atom
minimization. It should be noted that this procedure is unlike
most docking approaches, since not only the dynamics of the
ligand are taken into consideration but also the protein’s side
chains and backbone. The new protein—substrate conforma-
tions are then accepted or rejected through a Metropolis test
based on energy (E) differences computed using an OPLS force
field®” and a surface -generalized Born (SGB) implicit
continuum solvent.”’ Interaction energies have been computed
as IE = Ep¢® — (E3%® + E$CP), where PS refers to the protein
(P) substrate (S) complex. From the local laccase—substrate

designed mutants. In particular, the introduction of a negatively

g several imp (that may affect electron

charged residue (N263D) has increased ANL'’s local oxidation
(stabilizing the anilinium cation), thus favoring electron
transfer. Experimental results confirm that the recalcitrant
oxidation of ANL shows a change in k, from 10 to 23 s™". The
increment of Ky, is not troublesome in terms of direct industrial
application, since high substrate concentrations are employed.
Screening for improved oxidation of DMPD evidenced the
enhancement of the catalytic efficiency, thanks to a
simultaneous improvement of k., and similar Ky, For these
particular cases, the computational method app to provide
not only a qualitative prediction to k., enhancement but also a
notable quantitative agreement with the computationally

5419

mnsfer) can be extracted. In the first place, by analyzing the
overall interaction energy profile, we identify the best binding
poses. The average DAD is also computed since changes in
electromc _coupling can be qualitatively estimated through this
quantity.'” Then, the SASA gives indications of changes in the
electronic reorganization energy (its solvent component), as a
molr.‘elmf?osed ligand will have a higher energetic penal-

QM/MM Electron Transfer. After selection of the lowest
interaction energy complexes obtained in the PELE simulations
these were used to estimate the amount of spin density
transferred from the substrate to the copper T1 site. For this,
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we have used QM/MM methods, which employ both quantum
mechanics and molecular mechanics.'”'* QSite™ was used,
including in the quantum region the entire copper site (with
et}uatonal and axial ligands) as well as the substrate. The M06-
L' density functional with lacvp* basis set was used
(LANL2DZ effective core basis set for the copper atom and
6-31G* for the rest of the atoms). The remaining part of the
protein was modeled in the molecular mechanics section
through an all-atom OPLS force field. Mulliken** populations
were computed to characterize the spin density transferred
from the substrate to the copper site. Previous studies have
shown that these are insensitive to the functional employed and
the initial guess used for the wave function (specifying localized
spin on either the donor/acceptor or neither at the beginning
of the calculation does not change the results).” In addition,
previous experimental and theoretical studies have shown that
the spin density correlates well with oxidation potentials of
donors in ET proteins, establishing if an unpaired electron is
energetically more stable on the donor or acceptor molecular
orbitals.”**

The rationale behind the choice of the point mutations
presented in this work consists of increasing spin density along
with decreasing SASA and DAD, which is expected to lead to
an improvement in k.. The aim of simultaneously reducing
the solvent reorganizanon energy and improving the driving
force is justified by the high reorganization energy of laccases
(above 30 kcal/mol™), whlch safely places our designs far from
the Marcus inverted region.'* Otherwise, more attention should
be paid to the driving force—reorganization energy balance.

Reagents and Enzymes. DMPD, ANL, PPD, and the S.
cerevisiae transformation kit were purchased from Sigma-
Aldrich. ABTS and the high pure plasmid isolation kit was
purchased from Roche. Zymoprep yeast plasmid miniprep II kit
was purchased from Zymo Research, and the plasmid midi kit
and QIAquick gel extraction kit were obtained from QIAGEN.
PFU Ultra High-Fidelity DNA polymerase was purchased from
Agilent Technologies.

Strains and Culture Media. The uracil-independent and
ampicillin-resistant shuttle pJRoC30 vector carrying the parent
laccase construct under the control of the GAL1 promoter was
generated as previously described.’® The protease-deficient .
cerevisiae BJ5465 strain was grown in YPD medium. Minimal
expression medium contained 100 mL of 67 g/L sterile yeast
nitrogen base, 100 mL of 19.2 g/L sterile yeast synthetic
dropout medium supplement without uracil, 100 mL of sterile
galactose 20%, 67 mL of KH,PO, 1 M pH 6.0 buffer, 1 mL of
sterile CuSO,4 1 M, 1 mL of sterile chloramphenicol 25 mg/mL
in ethanol, and 631 mL of ddH,0.

Site-Directed Mutagenesis/IVOE. Mutations N207S and
N263D were introduced in the laccase sequence by in vivo
overlap extension (IVOE)."” Four mutagenic primers were
designed to obtain overlapping ends: N207SFW (§'-
TGCGACCCGTICTACACG-3'), N207SRV (5'-CGTGT-
AAGACGGGTCGCA-3"), N263DFW (5'-CCTTCCCGACT-
CCGGGACCA-3'), and N263DRV (5-TGGTCCCGGA-
GTCGGGAAGG-3'). In addition, we used primer RMLN
sense (5-CCTCTATACTTTAACGTCAAGG-3'), which
binds to nucleotides 160—180 of the plasmid, and primer
RMLC antisense (5'-GGGAGGGCGTGAATGTAAGC-3'),
which binds to nucleotides 2031-2050 of the plasmid. The
5'-end gene fragment was amplified with RMLN and reverse
mutagenic N207SRV primer, the center fragment with

N207SFW and N263DRV primers, and the 3’-end fragment
with RMLC and forward mutagenic N263DFW primer.

All polymerase chain reactions (PCR) mixtures were
prepared in a final vol of 50 uL c g 0.25 um of
each primer, 1 yum of dNTPs, and 2.5 U of Pfu ultra DNA
polymerase, and 100 ng of pJRalac’’ was used as a template.
Reactions were performed as follows: 95 °C for 2 min (one
cycle), 94 °C for 0.5 min, 55 °C for 0.5 min, and 74 °C for 2
min (28 cycles) and 72 °C for 10 min (one cycle).

Purified PCR products were cotransformed in yeast together
with the linearized expression vector. Transformed cells were
plated in SC dropout plates*™ and incubated for 2 days at 28
i o

Laccase Production and Puriﬁcatlon. Laccase was
produced in 1 L flask cultures, in
at 30 °C and 200 rpm. Crude extracts were separated by
centrifugation at 12000 rpm at 4 °C and then filtered using a
045 pm pore size membrane and concentrated by ultra-
filtration through 10000 MWCO membranes and dialyzed
against 20 mM Tris-HCI buffer, pH 7. Laccases were purified
by HPLC (AKTA purifier, GE Healthcare) in two anion-
exchange steps and one molecular exclusion step: first, using a
HiPrep Q FF 16/10 column and a 100 mL gradient of 0—40%
elution buffer (20 mM Tris-HCI + 1 M NaCl, pH 7); second,
using a Mono Q HR 5/5 column and a 30 mL gradient of 0—
25% elution buffer; finally, using a HiLoad 16/600 Superdex 75
pg column and 20 mM Tris-HCl + 150 mM NaCl, pH 7 (all
columns from GE Healthcare). Fractions containing laccase
activity were pooled, dialyzed, and concentrated between each
chromatographic step.

Laccase Characterization. Kinetic Constants. Substrate
oxidation was measured by the increment of absorbance at 550
nm for DMPD (€550 = 4134 M™' em™) and 410 nm for aniline
(£410= 1167 M~" cm™") using the plate reader Spectramax Plus
(Molecular Devices). Reactions were carried out in triplicate, in
50 mM citrate—phosphate buffer pH 3.0, in 250 uL final
volume. Initial rates were represented versus substrate
concentration and fitted to a single rectangular hyperbola
function in SigmaPlot (version 10.0) software, where the
parameter a was equal to k., and the parameter b was equal to
Kic

Optimum pH. Plates containing 10 uL of laccase samples
with 0.1 U/mL activity (measured with 3 mM ABTS) (&5 =
36000 M~ cm™) and 180 uL of 100 mM Britton and
Robinson buffer were prepared at pH values of 2, 3, 4, 5, 6, 7,
and 8. The assay commenced when 10 xL of 60 mM ABTS was
added to each well to give a final substrate concentration of 3
mM. Activities were measured in triplicate in kinetic mode, and
the relative activity was calculated as a percentage of the
maximum activity of each variant in the assay.

Stability at pH 3. A 40 uL portion of laccase with 0.1 U/mL
activity (measured as mentioned above) was added to 150 uL
of citrate—phosphate buffer 50 mM, pH 3. Plates were
incubated for § h at room temperature. The residual activity
was measured in triplicate in kinetic mode in the plate reader,
and the relative activity was calculated as a percentage of the
initial activity. One activity unit was defined as the amount of
enzyme needed to transform 1 gmol of ABTS/min.

Thermostablllfy Ty was evaluated as previously de-
scribed.”!

Enzymatic Polymerization of Aniline. Oxidation of 15
mM aniline was carried out in 25 mL of 50 mM citrate—
phosphate buffer pH 3, using S mM sodium dodecylbenzene-
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sulfonate (SDBS) as a template. The reaction was performed
with 0.1 U/mL laccase activity (measured with 3 mM DMPD
pH 3) of crude enzyme, in Pyrex bottles maintaining a 1/1
medium/air ratio (v/v), at room temperature, for 24 h with
constant stirring. Increase in 800 nm absorbance was followed
in triplicate.
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This supporting document contains the following information:

1. Average spin densities for unsuccessful mutations

2. PELE interaction energy profiles for DMPD

3. Estimation of the cffect of a negative charge in aniline’s oxidation

4. Protein sequence alignment for multi-copper proteins with available crystal structures

1. Average spin densities for unsuccessful mutations

Table S1. Extra single point mutations tested in this work.

Single-point mutations
Position | Original residue | Mutation |Spin density average (%),

E =0

205 D A =0
W =0
D 8

207 N
S 3
D 10

263 N
S 1
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2. PELE interaction energy profiles for DMPD
Since DMPD can co-exist in two protonation states at pH 3: charged on the primary or

the tertiary amine, PELE simulations were performed with both molecules.

A Parent laccase B Double mutant
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Figure S1. Interaction energies vs. distance between the center of mass of DMPD (protonated on
the primary amine) and the copper T1 atom for: A) parent laccase and B) DM. Interaction energy
vs. SASA for: C) parent laccase and D) DM.
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Figure S2. Interaction energies vs. distance between the center of mass of DMPD (protonated on
the tertiary amine) and the copper T1 atom for: A) parent laccase and B) DM. Interaction energy
vs. SASA for: C) parent laccase and D) DM.

3. Estimation of the effect of a negative charge in aniline’s oxidation

Single point energy calculations were performed using Jaguar software, with HF/6-311G-
3DF-3PD++ for all systems. The model systems include ANL and ANL together with the
side chain of D263. Energies were computed for the oxidized and non-oxidized states for
both systems and energy differences indicates that it is easier to abstract an electron from

aniline (oxidize) in the presence of a nearby negative charge. All energies are in hartrees.
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Table S2. Negative charge addition effect on highest occupied molecular orbitals.

Oxidized Non-oxidized DE
ANL -285.7117 -286.1773 0.47
ANL + acetic acid -552.4824 -552.7302 0.25
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4. Protein sequence alignment

WT/1-668
1ZPU_A/1-668
3PPS_A/1-668
3DKH_A/1-668
1GWO_A/1-668
2090_A/1-668
2HRG_A/1-668
4A2D_A/1-668
4A2F_A/1-668
4JHU_A/1-668
1KYA_A/1-668
3FPX_A/1-668
3PXL_A/1-668
2QT6_A/1-668
3DIV_A/1-668
1GYC_A/1-668
2H5U_A/1-668
2XYB_A/1-668
3X1B_A/1-668
3KW7_A/1-668
2HZH_A/1-668
SEIN_A/1-668
5DAO_A/1-668
3T6V_A/1-668
1V10_A/1-668
1A65_A/1-668
1HFU_A/1-668
3SQR_A/1-668
3V9E_A/1-668

WT/1-668
1ZPU_A/1-668
3PPS_A/1-668
3DKH_A/1-668
1GWO0_A/1-668
2Q90_A/1-668
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4A2D_A/1-668
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1KYA_A/1-668
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2H5U_A/1-668
2XYB_A/1-668
3X1B_A/1-668
3KW7_A/1-668
2HZH_A/1-668
S5E9N_A/1-668
5DAO_A/1-668
3T6V_A/1-668
1V10_A/1-668
1A65_A/1-668
1HFU_A/1-668
3SQR_A/1-668
3V9E_A/1-668
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3V9E_A/1-668 EYN

WT/1-668
1ZPU_A/1-668
3PPS_A/1-668
3DKH_A/1-668
1GWo0_A/1-668
2Q90_A/1-668
2HRG_A/1-668
4A20D_A/1-668
4A2F_A/1-668
4JHU_A/1-668
1KYA_A/1-668
3FPX_A/1-668
3PXL_A/1-668
2QT6_A/1-668
3DIV_A/1-668
1GYC_A/1-668
2H5U_A/1-668
2XYB_A/1-668
3X1B_A/1-668
3KW7_A/1-668
2HZH_A/1-668
SEIN_A/1-668
5DAO_A/1-668
3T6V_A/1-668
1V10_A/1-668
1A65_A/1-668
1HFU_A/1-668
3SQR_A/1-668
3V9E_A/1-668
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WT/1-668
1ZPU_A/1-668
3PPS_A/1-668
3DKH_A/1-668
1GWO0_A/1-668
2Q90_A/1-668
2HRG_A/1-668
4A2D_A/1-668
4A2F_A/1-668
4JHU_A/1-668
1KYA_A/1-668
3FPX_A/1-668
3PXL_A/1-668
2QT6_A/1-668
3DIV_A/1-668
1GYC_A/1-668
2H5U_A/1-668
2XYB_A/1-668
3X1B_A/1-668
BKW7_A/1-668
2HZH_A/1-668
5EIN_A/1-668
5DAO_A/1-668
3T6V_A/1-668
1V10_A/1-668
1A65_A/1-668
THFU_A/1-668
35QR_A/1-668
3V9E_A/1-668

'
WT/1-668
1ZPU_A/1-668
3PPS_A/1-668
3DKH_A/1-668
1GWO0_A/1-668
2Q90_A/1-668
2HRG_A/1-668
4A2D_A/1-668
4A2F_A/1-668
4JHU_A/1-668
1KYA_A/1-668
3FPX_A/1-668
3PXL_A/1-668
2QT6_A/1-668
3DIV_A/1-668
1GYC_A/1-668
2H5U_A/1-668
2XYB_A/1-668
3X1B_A/1-668
3KW7_A/1-668
2HZH_A/1-668
5E9N_A/1-668
5DAO_A/1-668
3T6V_A/1-668
1V10_A/1-668
1A65_A/1-668
1HFU_A/1-668
3SQR_A/1-668
3V9E_A/1-668
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WT/1-668
1ZPU_A/1-668
3PPS_A/1-668
3DKH_A/1-668
1GWO_A/1-668
2Q90_A/1-668
2HRG_A/1-668
4A2D_A/1-668
4A2F_A/1-668
4UHU_A/1-668
1KYA_A/1-668
3FPX_A/1-668
3PXL_A/1-668
2Q76_A/1-668
3DIV_A/1-668
1GYC_A/1-668
2H5U_A/1-668
2XYB_A/1-668
3X1B_A/1-668
3KW7_A/1-668
2HZH_A/1-668
SEIN_A/1-668
5DAO_A/1-668
3T6V_A/1-668
1V10_A/1-668
1A65_A/1-668
1HFU_A/1-668
3SQR_A/1-668
3V9E_A/1-668
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ABSTRACT: Effects of altering the properties of an active site in an enzymatic
homogeneous catalyst have been extensively reported. However, the possibility of
increasing the number of such sites, as commonly done in heterogeneous catalytic
materials, remains unexplored, particularly because those have to accommodate
appropriate residues in specific configurations. This possibility was investigated by
using a serine ester hydrolase as the target enzyme. By using the Protein Energy
Landscape Exploration software, which maps ligand diffusion and binding, we found a
potential binding pocket capable of holding an extra catalytic triad and oxyanion hole
contacts. By introducing two mutations, this binding pocket became a catalytic site. Its
substrate specificity, substrate preference, and catalytic activity were different from
those of the native site of the wild type ester hydrolase and other hydrolases, due to the
differences in the active site architecture. Converting the binding pocket into an extra
catalytic active site was proven to be a successful approach to create a serine ester
hydrolase with two functional reactive groups. Our results illustrate the accuracy and

predictive nature of modern modeling tech opening novel catalytic opportunities coming from the presence of different

q P
catalytic environments in single enzymes.

number of studies have shown the utility of placing
multiple functional groups randomly or uniformly on the
surface of solid heterogeneous catalysts to enhance activity and
selectivity." Functional groups are positioned in those catalysts
at varying distances and spatial arrangements. However, these
advances have not been as well developed for enzymatic
catalysts. Thus, with few exceptions,” ™" all enzymes contain one
active site. Although introducing single active sites into
noncatalytic proteins has been successfully achieved,”™® no
evidence has been gathered that demonstrates that introducing
a second or more active sites into an enzyme is feasible. If one
could use molecular modeling to discover extra binding pockets
and convert them into catalytic sites, then one would facilitate
designing enzymes with multiple reactive groups. This would
promote the competitiveness and catalytic opportunities of
enzymes coming from diffe catalytic envir and be a
considerable step forward in the field of de novo enzyme design.
We tested this hypothesis by using a serine ester hydrolase
from the structural superfamily of a/f-hydrolases as a model
enzyme. The activity of serine ester hydrolases relies mainly on
a catalytic triad usually formed by Ser, Asp/Glu, and His."” The
initial attack of an ester is mediated by the Ser residue that acts
as nucleophile through which a covalent intermediate is formed
in collaboration with two other residues (Asp and His) that
help activate the nucleophile by forming a charge-relay

<7 ACS Publications ®© xxxx American Chemical Society

network. At basic pH the His residues are d-protonated, and
the Asp residues are deprotonated, resulting in the formation of
a His-Ser and His-Asp hydrogen-bonding network. The
stabilization of the intermediate is increased by so-called
oxyanion hole contacts with nitrogen atoms of adjacent Gly
residues.'”

This enzyme class was selected for a number of reasons.
First, it is widely distributed in the environment, it has
important physiological functions, it includes hydrolases which
are among the most important industrial biocatalysts, and
extensive biochemical knowledge has been accumulated.'®
Second, a number of studies have disclosed the utility of
computational tools to introduce active sites supporting ester
hydrolysis in a number of noncatalytic proteins. A first attempt
used RosettaMatch to search for catalytically inert theozyme
scaffold proteins that could accommodate a model catalytic
triad (Cys-His-Glu/Asp) and oxyanion holes reassembling
cysteine-like geometries.'' Authors identified four protein
scaffolds with minimalistic catalytic schema consisting of a
Cys nucleophile, a nearby His and a backbone NH group,
which were capable of hydrolyzing the model esters coumarin-
(2-phenyl)-propanoate and p-nitrophenyl-(2-phenyl)-propa-
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noate (pN2PP) (k,/Ks up to 309 M™' s7'). More recently,
Moroz and colleagues took advantage of existing enzymatic
folds to explore whether calmodulin (CaM) could assume
esterase activity against pN2PP.'® Docking was used to
determine whether pN2PP accommodates into a hydrophobic
cavity of CaM. Residues facing the substrate were then
identified and further mutated to His, a residue that, per se,
has been shown to catalyze hydrolysis of pN2PP, albeit with a
modest activity. A mutant with a single Met144His substitution
was capable of hydrolyzing pN2PP (k,/Ky up to 4800 M~
min™'). In another approach, the hydrolysis of p- mtrophenyl

Alfa Aesar (Karlsruhe, Germany) or Santa Cruz Biotechnology
(Heidelberg, Germany). The oligonucleotides used for DNA
amplification were synthesized by Sigma Genosys Ltd.
(Pampisford, Cambs, UK).

EH1, Protein Source and Crystal Structure. The
isolation of the enzyme EHI, used in the present study was
reported previously.”” The enzyme is available in the expression
vector FET46 Ek/LIC plasmid and Escherichia coli BL21 as a
host,””"" which was the source of the enzyme for the present
study. The crystal structure of EH1, protein was recently
solved (I’DB code: 5]D4), and X-ray dnffracnon data collection

acetate (pNPA) was achieved by incorporati

and r tatistics are available.

favoring metal binding, with the metal bcmg the catalytlc
component. By using this approach, Zn** and/or Hg ions
were introduced mto the Rab-4-binding domain,"’ the TRI
family of peptides,'* and short amyloid-forming peptides."* The
resulting metallo-proteins were capable of pNPA hydrolysis
(kew/Ky up to 630, 23.3, and 18 M™' s7'). The question of
where to put the functional group has been found to be critical
for catalytic performance. For example, it has been demon-
strated that the His orientation modulates local metal
orientation, which in turn has functional consequences.'”*’

It ins to be blished whether the computational
approaches described above can be implemented to introduce
multiple active sites supporting ester hydrolysis, not only in
noncatalytic proteins but also in ester hydrolases already
containing a native functional group. The novelty of this study
relies on using the Protein Energy Landscape Exploration
(PELE) software. PELE offers one of the best modeling
alternatives to map protein—ligand dynamics and induced
fit.”' 7 1t allows for a complete protein surface exploration,
locating binding site pockets in only a few hours of a moderate
computing cluster (~32 computing cores).”*” Thus, these
technological developments are ideally suited to locate, without
previous knowledge, potential binding sites that could be
converted into active sites. Finding these pockets typically
requires significant enzyme reorganization, both at the level of
conformational sampling and induced fit”” Thus, similar
analysis cannot be performed with simple docking techniques.
Effective alternative techniques are mostly limited to molecular
dynamic simulations,” although at a significantly higher
computational cost.

The present study adds important insights and empirical and
computational data proving, for first time to the best of our
knowledge, that introducing extra catalytic reactive groups into
a serine ester hydrolase is plausible. We would like to highlight
that our approach is based on locating, by PELE software, extra
binding pockets and converting them into catalytic active sites.
We were interested not only in proving that introducing extra
functional groups into a catalytic serine ester hydrolase is
plausible, but also in examining the catalytic potential of the
resulting variant compared to the wild type enzyme and other
native ester hydrolases. In this line, we have unambiguously
confirmed that the extra catalytic site is not only competitive
with those of other native ester hydrolases, but also could
confer catalytic changes when introduced in the wild type ester
hydrolase already containing a native active site.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Chemicals and Oligonucleotides. All chemicals used for
enzymatic tests were of the purest grade available and were
purchased from Sigma Chemical Co. (St Louis, MO, USA),

Site Directed Mutagenesis. Mutagenic PCR was
developed using the Quick Change Lightning Multi Site-
Directed Mutagenesis kit (Agilent Technologies, Cheadle, UK),
following manufacturer instructions. Briefly, S0 ng of pET46
Ek/LIC plasmid containing wild type EH1, DNA insert was
mixed with a master mix containing 2.5 uL of 10X Multi
reaction buffer, 0.5 uL of Quick solution, 1 yL of ANTP mix, 1
pL of Multi enzyme blend, and 100 ng of each primer. Distilled
water was added to a final volume of 25 uL. PCR conditions
were as follows: 2 min at 95 °C, 30 cycles of 20 s at 95 °C, 30 s
at 55 °C, 195 s at 65 °C, and one cycle of S min at 65 °C. The
resulting variant plasmids were transferred into E. coli BL21 and
selected on the Luria—Bertani (LB) agar supplemented with 50
pug mL™" ampicillin. To obtain the variant EH1y, the following
primers were used: Serl61Ala Fwd (GTG GGC GGC GAT
GCG GCG GGC GGC G), Glu2sAsp Fwd (CGG CCC CGG
CTG GAT ACC CTG CCG CAT GC), and Leu214His Fwd
(TTC CTC AGC AAG GCG CAC ATG GAC TGG TTC
TGG G). To obtain the variant EHI,y, only the primers
Glu25Asp Fwd and Ile214His Fwd were used.

To obtain variants containing Ser211Ala, Serl61Ala,
Asp25GIn, Asp256Gln, His214Phe, and His286Phe mutations,
individually or in combination, the pET46 Ek/LIC plasmid
containing EH1,, EHly, or EHl,; DNA inserts and the
primers Ser211Ala Fwd (GCC GAA GGC TAC TTC CTC
GCC AAG GCG CAC ATG GAC TGG), Serl61Ala Fwd
(GTG GGC GGC GAT GCG GCG GGC GGC G), Asp25Gin
Fwd (CGG CCC CGG CTG CAG ACC CTG CCG CAT
GC), Asp256GIn Fwd (ACC GCC GGC TAC CAA CCG
CTG CGC GAC G), His214Phe Fwd (TTC CTC AGC AAG
GCG TTC ATG GAC TGG TTC TGG G), and His286Phe
Fwd (T CCC GGC ACC ATC TTC GGC TTC TTC TCG)
were used. Mutagenic PCR conditions were as above.

Gene Expression and Protein Purification. Protein
expression and purification of wild type and mutants were
pcrformed as previously described with slight modifica-
tions.””* Briefly, selected E. coli clones that expressed each
protein, His-tagged at the N-terminus, were grown at 37 °C on
solid LB agar medium supplemented with S0 ug mL™’
ampicillin, and one colony was picked and used to inoculate
10 mL of LB broth plus antibiotic in a 0.25-] flask. The cultures
were then incubated at 37 °C and 200 rpm overnight.
Afterward, 10 mL of this culture was used to inoculate 0.5 L
of LB medium, which was then incubated to an ODgy ,,, to
approximately 0.7 (ranging from 0.55 to 0.75) at 37 °C. Protein
expression was induced by adding isopropyl f-p-1-thiogalacto-
pyranoside to a final concentration of approximately 1 mM,
followed by incubation for 16 h at 16 °C. The cells were
harvested by centrifugation at 5000g for 15 min to yield a pellet
of 2=3 g L' pellet (wet weight). The wet cell pellet was frozen
at —86 °C overnight, thawed, and resuspended in 15 mL of 40
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mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH 7.0. Lysonase Bioprocessing reagent (Novagen,
Darmstadt, Germany) was added (4 uL g~' wet cells) and
incubated for 60 min on ice with rotating mixing. The cell
suspension was sonicated using a pin Sonicator 3000 (Misonix,
New Highway Farmingdale, NY, USA) for a total time of S min
(10 W) on ice and centrifuged at 15000g for 15 min at 4 °C,
and the supernatant was retained.

The His-tagged proteins, native and engineered variants,
were purified at 4 °C after binding to a Ni-NTA His-Bind resin
(Sigma Chemical Co. (St. Louis, MO, USA)), followed by
ultrafiltration through low-adsorption hydrophilic 10000
nominal molecular weight limit cutoff membranes (regenerated
cellulose, Amicon) to concentrate the protein solution. An
extensive dialysis of protein solutions against 40 mM HEPES
buffer (pH 7.0) was then performed using Pur-A-LyzerTM
Maxi 1200 dialysis kit ((Sigma Chemical Co. (St. Louis, MO,
USA)), as follows. Five milliliters concentrated protein solution
was dialyzed against 2 L buffer during 1 h at room temperature,
after which the buffer was changed by other 2 L buffer and
maintained 1 h more. Then, the buffer was changed, and the
dialysis was kept overnight at 4 °C. The dialyzed protein
solution was recovered and concentrated as before. The
concentrated protein solution (10 mg mL™') was then
subjected to si lusion ch graphy by a fast protein
liquid chromatography (FPLC) equipment (LCC-500CI,
Amersham Bioscience, Barcelona, Spain). The protein sample
was loaded onto the FPLC coupled with a Superdex 75 size
exclusion column pre-equilibrated with buffer HEPES buffer
(pH 7.0). The proteins were eluted with the same buffer at a
flow rate of 1 mL min~". Fractions with hydrolytic activity were
pooled, concentrated, and dialyzed against HEPES buffer (pH
7.0), as before. Throughout the purification protocol, the
fractions were analyzed by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 12% gels, in a Mini PROTEAN
electrophoresis system (Bio-Rad),”" in which the proteins were
stained with Coomassie brilliant blue (Protoblue Safe, National
Diagnostics, GA, USA), and for hydrolytic activity using p-
nitrophenyl propionate (pNPP) as described below. The
protein concentration was determined according to Bradford
with bovine serum albumin as the standard.™

Purity was assessed as >99% by SDS-PAGE, matrix-assisted
laser desorption/ionization-time-of-flight/time-of-flight
(MALDI-TOF/TOF) and other compl y techni
(see Supporting Results).

Ester Bond Hydrolysis Activity Assessment: Substrate
Profiling Tests with 96 Esters. Hydrolytic activity was
assayed at 550 nm using structurally diverse esters in 384-well
plates as previously described.*** All chemicals used were of
the purest grade available. Briefly, before an assay, a
concentrated ester stock solution was prepared in a 96-well
plate by dissolving each of the 96 esters at a concentration of 25
mg mL™' in acetonitrile or dimethyl sulfoxide (DMSO),
depending on its solubility. Stock solutions were prepared
immediately prior to use and maintained in a 96-deep-well plate
at 4 °C.

The assays were conducted according to the following steps.
First, a 384-well plate (Molecular Devices, LLC, CA, USA) was
filled with 20 uL of S mM N-(2-hydroxyethyl)piperazine-N'-(3-
propanesulfonic acid (EPPS) buffer, pH 8.0, using a QFill3
microplate filler (Molecular Devices, LLC, CA, USA). Second,
2 uL of each ester stock solution was added to each well using a
PRIMADIAG liquid-handling robot (EYOWN TECHNOLO-

2

GIES SL, Madrid, Spain). Each of the 96 esters was dispensed
in four replicates in each 384-plate. After the esters were added,
the 384-well plate was filled with 20 uL of S mM EPPS buffer,
pH 80, containing 0.912 mM Phenol Red (used as a pH
indicator) using a QFill3 microplate filler. The final ester
concentration in each well was 1.14 mg mL™, and the final
concentration of Phenol Red was 0.45 mM. A total of 2 uL of
protein solution (from a 1 (for EH1,/EH1,g) or 8 (for EH1p)
mg mL™" stock solution in 40 mM HEPES buffer pH 7.0) was
immediately added to each well using an Eppendorf Repeater
M4 pipet (Eppendorf, Hamburg, Germany) or a PRIMADIAG
liquid-handling robot. Accordingly, the total reaction volume
was 44 uL, with 4.5% (v/v) acetonitrile or DMSO in the
reaction mixture. After incubation at 30 °C and 150 rpm in a
Synergy HT Multi-Mode Microplate reader, ester hydrolysis
was measured spectrophotometrically in continuous mode at
550 nm for a total time of 24 h. One unit (U) of enzyme
activity was defined as the ber of enzyme required to
transform 1 pmol of substrate in 1 min under the assay
conditions using the reported extinction coefficient (£ppeno req at
550 nm = 8450 M~' cm™").” All values were corrected for
nonenzymatic transformation.

Kinetic M ts. For deter of kinetic
parameters, these were calculated by simple Michaelis—Menten
kinetics.

Kinetics experiments for pNPP were initiated by the addition
of a stock solution (100 mM in acetonitrile) of pNPP to 195 uL
of HEPES buffer (pH 7.0) containing EH1,, EHlg, or EHl,g
in 96-well microtiter plates. Kinetics experiments for phenyl
propionate were initiated by the addition of a stock solution
(100 mM in acetonitrile) of phenyl propionate to 40 uL of §
mM EPPS buffer pH 8.0 with 0.45 mM Phenol Red (used as a
pH indicator) containing EH1,, EHlg, or EHl,y in 96-well
microtiter plates. For K,, determinations, the amount of protein
was 0.1, 16, and 14 ug for EH1, EHl and EHl,g
respectively, or 100 ug for other mutants. For k.,
determinati the of pNPP and phenyl propionate
was 1 and 6 mM, respectively.

In all cases, reactions were followed at 410 nm (for pNPP
hydrolysis) or 550 nm (for phenyl propionate hydrolysis) by
UV-—vis spectrophotometry in a Synergy HT Multi-Mode
Microplate Reader. Initial rates were determined from linear fits
of the absorbance versus time (<10% conversion) corrected for
the rate of uncatalyzed hydrolysis. In all cases, one unit (U) of
enzyme activity was defined as the ber of enzyme required
to transform 1 umol substrate in 1 min under the assay
conditions using the reported extinction coefficient (epNPl‘ at
410 nm = 15200 M~ cm™; Eppenl reg at 550 nm = 8450 M~
em™). In all cases, reactions (performed in triplicate) were
maintained at 30 °C.

pH Optima Determination. Britton and Robinson buffer
(50 mM; pH 4.0-9.5) and pNPP (1 mM) were used for
determining optimal pH of the enzyme variants. A total of 2 uL
of a stock solution (100 mM in acetonitrile) of pNPP was
added to 195 uL of HEPES buffer (pH 7.0) containing EH1,
(0.1 ug), EHly (16 pg), or EHlyg (1.4 pg) in 96-well
microtiter plates. The pNPP hydrolysis was monitored as above
but at 346 nm (&,xpp at 346 nm = 4800 M~" cm ™" regardless of
solution pH), in triplicates.

Protein Energy Landscape Exploration (PELE) Simu-
lations. The initial structure was taken from the coordinates of
the EH1, crystal structure (PDB code: 5JD4).*" The
protonation state of titratable residues was estimated with the
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Protein Preparation Wizard (PROPKA)™ and the H++ server
(http://biophysics.cs.vt.edu/H++) followed by visible inspec-
tion. At pH 8 (the pH at which the activity assays were
performed), the catalytic triad histidine residues were &-
protonated, and the catalytic triad aspartic acid residues were
deprotonated, resulting in the formation of a histidine-serine
and histidine-aspartic hydrogen-bonding network. The &lyceryl
tripropionate structure was fully optimized with Jaguar™ in an
implicit solvent, and the electrostatic potential charges were
computed with the density functional M06 at the 6-31G* level
of theory; ligand parameters were extracted from these for the
classic simulations.

We used PELE software to sample the binding mode of
glyceryl tripropionate with EH1 A~ PELE is a Monte Carlo
algorithm composed of a sequence of perturbation, relaxation,
and Metropolis acceptance tests. In the first step, the ligand is
subjected to random rotations and translations, while the
protein is perturbed based on the anisotropic network model
(ANM).”” The maximum allowed translation for the ligand
perturbation was 1.5 A, and the maximum rotation was 20°.
During the protein perturbation, all atoms were displaced by a
maximum of 0.5 A by moving the a-carbons following a
random linear combination of the six lowest eigenvectors
obtained in the ANM model. The relaxation step included the
repositioning of all amino acid side chains within 6 A of the
ligand and the five side chains with the highest energy increase
along the previous ANM step. The relaxation stage ended with
a truncated Newton minimization using the OPLS all-atom
force field and an implicit surface-generalized Born continuum
solvent.”® The new proposed minima were then accepted or
rejected based on a Metropolis test. The substrate binding plots
contained all accepted conformations for three 12-h simulations
using 200 processors.

Molecular Dynamics. 250 ns of molecular dynamics (MD)
simulation with DESMOND™ were performed to ensure the
enzymatic stability. After appropriate preparation of the system,
as explained before, an orthorhombic water box with a
minimum distance of 10 A was introduced. The systems were
then neutralized and 150 mM NaCl added. Equilibration using
the default protocol was performed followed by 20 ns NPT
simulation at 300 K and 1 atm with the OPLS-2005 force field.
The temperature was regulated with the Nosé—Hoover chain
thermostat, while the pressure was controlled by the Martyna—
artynae was cbarostat with isotropic coupling and a relaxation
time of 2.0 ps.

Peptide Mass Fingerprinting by Matrix-Assisted Laser
Desorption/lonization-Time-of-Flight/Time-Of-Flight
(MALDI-TOF/TOF). Before MALDI-TOF/TOF analysis in-
solution, protein digestion was performed.* Briefly, 20 ug of
protein samples (S mg mL™" in 40 mM HEPES buffer pH 7.0)
were diluted and denatured in 20 yL of 7 M urea/2 M
thiourea/100 mM triethylammonium bicarbonate (TEAB), pH
7.5, reduced with 2 uL of SO mM tris(2-carboxyethyl)
phosphine (TCEP, AB SCIEX), pH 8.0, at 37 °C for 60 min,
followed by addition of 2 uL of 200 mM cysteine-blocking
reagent (methylmethanethiosulfonate (MMTS); Pierce, Apple-
ton, WI, USA) for 10 min at room temperature. Samples were
diluted up to 120 uL to reduce guanidine concentration with 50
mM TEAB. Digestions were performed using sequence grade-
modified trypsin (Promega, Alcobendas, Spain) to each sample
in a ratio 1/20 (w/w), which were then incubated at 37 °C
overnight on a shaker. Sample digestions were evaporated to
dryness and were cleaned-up/desalted using Stage-Tips with

Empore 3 M CI18 disks (Sigma Chemical Co.; St. Louis, MO,
USA). The tryptic eluted peptides were dried by speed-vacuum
centrifugation and resuspended in 4 uL of MALDI solution
(30% acetonitrile/15% isopropanol/0.5% trifluoroacetic acid).
A 0.8 uL aliquot of each peptide mixture was deposited onto a
384-well OptiTOF Plate (SCIEX, Foster City, CA) and allowed
to dry at room temperature. A 0.8 uL aliquot of matrix solution
(3 mg mL™" a-cyano-4-hydroxycinnamic acid in MALDI
solution) was then deposited onto dried digest and allowed
to dry at room temperature.

For MALDI-TOF/TOF analysis, samples were automatically
acquired in an ABi 4800 MALDI TOF/TOF mass
spectrometer (SCIEX, Foster City, CA) in positive ion reflector
mode (the ion acceleration voltage was 25 kV to MS
acquisition and 2 kV to MSMS), and the obtained spectra
were stored into the ABi 4000 Series Explorer Spot Set
Manager. PMF and MSMS fragment ion spectra were
smoothed and corrected to zero baseline using routines
embedded in ABi 4000 Series Explorer Software v3.6. Each
PMF spectrum was internally calibrated with the mass signals of
trypsin autolysis ions to reach a typical mass measurement
accuracy of <25 ppm. Known trypsin and keratin mass signals,
as well as potential sodium and potassium adducts (+21 Da and
+39 Da) were removed from the peak list. To submit the
combined PMF and MS/MS data to MASCOT software v.2.6.0
(Matrix Science, London, UK), GPS Explorer v4.9 was used,
searching in a custom protein database with the sequences
encoding EH1,, EHly and EHl,s The following search
parameters were used: enzyme, trypsin; allowed missed
cleavages, 1; methylthiolation cysteine as fixed modification
by the treatment with MMTS; variable modifications, oxidation
of methionine; mass tolerance for precursors was set to +50
ppm and for MS/MS fragment ions to +0.3 Da. The
confidence interval for protein identification was set to >95%
(p < 0.05) and only peptides with an individual ion score above
the identity threshold were considered correctly identified.

Estimation of Molecular Mass by MALDI-TOF/TOF.
Protein samples were diluted at 1:1 ratio (v/v) with matrix
solution (50% saturated sinapinic acid in 70% aqueous
acetonitrile and 0.1% trifluoroacetic acid). A 1.0 uL aliquot of
this mixture was manually deposited onto a 386-well OptiTOF
Plate (ABSciex, Framingham, MA, USA) and allowed to dry at
room temperature. For MALDI-TOF/TOF analysis, samples
were automatically acquired in an ABi 4800 MALDI TOF/
TOF mass spectrometer (SCIEX, Foster City, CA) in positive
ion linear mode (the ion acceleration voltage was 25 kV for MS
acquisition). The detection mass range was set between 1500
and 80000 m/z.

B RESULTS AND DISCUSSION

Model Ester Hydrolase for This Study. We chose a
serine ester hydrolase, herein referred to as EH1,, with a typical
a/f} hydrolase fold as a model. In a recent study, it was
identified as the most promiscuous ester hydrolase among a
total of 147 when tested with a set of 96 chemically and
structurally different esters (Supporting Table S$1).*° EH1, was
isolated from the metagenomic DNA of microbial communities
inhabiting a karstic lake,”” and its structure was recently solved
(PDB code 5JD4).*" The active site is formed by a catalytic
triad formed by Ser161, Asp256, and His286 (Figure 1) and an
oxyanion hole formed by Gly88, Gly89, and Gly90.*" This
active site supports the hydrolysis of a broad range of 72 esters
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Figure 1. Relative position of the two active sites, with their catalytic
triads. Original EH1, catalytic triad and oxyanion hole are shown in
green and the designed EH1y catalytic triad and oxyanion hole in
yellow.

(Figure 2, inset), with vinyl butyrate and phenyl propionate
serving as best substrates (Figure 2).

PELE Simulations for Locating an Extra Binding
Pocket. Using the PELE software, which allows mapping
ligand diffusion and binding,”' ~** we performed an exploration
of EH1, with glyceryl tripropionate, a ligand with high activity
in multiple ester hydrolases, including EH1, (~62000 + 7400
U g™'; Figure 2), and appropriately sized for binding into
defined cavities. The rationale was to identify (alternative)
potential binding sites to accommodate a new active site
(Figure 3). PELE simulations revealed a potential second
binding site located ~13 A from the native catalytic position at
Ser161 (Figure 4a). This second site (Figure 4b) already
contains a serine residue (Ser211). Thus, we computationally
designed additional adding Asp and His residues to
build a proper catalytic triad, taking special care of distances
between the residues and substrate accommodation. PELE
results for the Glu25Asp and Leu214His double mutant
revealed good enzyme—substrate interaction energies (Support-
ing Figure S1) and a suitable catalytic position for the glyceryl
tripropionate substrate. Figure 4 summarizes the catalytic triad
environment of the newly introduced active site compared to
the wild type. In addition, our results show that residues
Gly207, Tyr208 and Phe209 act as a potential oxyanion hole, a
key el in ester hydrolase catalysis (Figure 4b). Moreover,
extensive MD simulations indicate proper stabilization of the
double mutant (Supporting Figure S2).

Converting the Binding Pocket into a Functional
Catalytic Site by Site-Directed Mutagenesis. By using site-
directed mutagenesis and with the above considerations, an
enzyme variant with the new presumptive active site and an
inactive original site was designed to determine whether the
extra active site was, per se, functional. We introduced
Glu25Asp, Leu214His, and Serl61Ala substitutions, so that
this variant, named EHly, would presumably employ a new
catalytic triad (Ser211, Asp2S, and His214) with Ser211 as the
nucleophile and a new oxyanion hole (Gly207, Tyr208, and
Phe209). The corresponding gene was cloned, and the His,-

tagged protein was expressed and purified by Ni-NTA affinity
and size-exclusion chromatography (Supporting Figure S3 and
Table $2). A number of control experiments were performed to
ensure the purity and identity of the EH1 protein (Supporting
Figures S3—S8). These analyses were also performed with
purified EH1, and other variants (see below). With the
sensitivity allowing MALDI-TOF/TOF and other complemen-
tary techniques (see Supporting Results), we can conclude that
there is no contamination and that the purity of the EH1y (as
well as EH1, and further variant EH1,5) was higher than 99%.
The introduced mutations were confirmed in all cases by
sequencing of the corresponding gene and by peptide mass
fingerprinting by MALDI-TOF/TOF of purified proteins (for
details see Supporting Results, and Figures S5 and S6).

Once the purity and nature of EHly was confirmed, its
hydrolytic activity was evaluated against the set of 96 esters as
for the wild-type ester hydrolase (see Experimental Section).
We found that EH1y with the new active site showed not only
measurable activity but also catalyzed reactions with 24
different substrates (Figure 2), including cyclohexyl butyrate
and the large aromatic ester benzoic acid, 4-formyl-, phenyl-
methyl ester, which are rarely hydrolyzed by many native ester
hydrolases (Figure 5; esters ID nos. 59 and 67).* Note that in
EH1y the original active site (Ser161) was silenced by mutating
it by Ala, the mutation per se found to completely abolish the
activity of the original active site (Supporting Figure S9D).
Thus, the capacity of EH1y to convert these 24 esters could be
unambiguously assigned to the new active site.

To evaluate the catalytic potential of the newly introduced
active site, we compared the number of esters being hydrolyzed
with that of the wild-type protein (EHI,), 144 naturally
occurring ester hydrolases and two commercial preparations
tested against the same set of 96 esters.”

As shown in Figure 6, we observed that EHIy had a
restricted substrate spectrum (24 esters) compared to EHI,
(72 esters), the most promiscuous ester hydrolase among those
examined, but it was broader than that of the other hundred
native ester hydrolases. The ester hydrolase with the new active
site designed herein would fall into the category of ester
hydrolases with moderate substrate promiscuity, thus suggest-
ing the hydrolytic potential of the newly introduced active site
in terms of the substrate spectrum.

We further evaluated whether EHly showed different
substrate preferences compared to EH1,. We considered only
those 24 substrates converted by both variants (Figure 2) and
calculated the relative activity for each. As shown in Figure 2,
distinct profiles were observed that highlight the difference in
binding capacity for each of the catalytic environments. As an
example, the new active site (EH1y) showed a higher relative
preference for the hydrolysis of methyl-, propyl-, and ethyl-
hexanoate compared to the native site (EH1,). The difference
in substrate binding and preference between the new (EH1y)
and wild type (EH1,) active sites was also noticeably when
comparing their capacity to hydrolyze phenyl propionate and
PNPP (Supporting Figure S9 and Table $3). Thus, in terms of
k., EHIly preferred phenyl propionate over pNPP (5.7-fold),
whereas EHI, slightly preferred pNPP (1.4-fold). A local
refinement simulation with PELE revealed that the changes in
preference for ethyl-hexanoate correlate with substrate place-
ment. In particular, the difference in number of catalytic events
in both sites, which define the poses where the substrate is
readily placed for catalysis, is significantly reduced for ethyl-
hexanoate, when compared to one of the substrates with
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Figure 3. Molecular modeling protocol used for adding a second catalytic active site: (i) Complete surface exploration with the probe ligand
(glyceryl tripropionate); (ii) alternative binding site location; (iii) substrate placement simulations (local refinement on the new site) with mutations.
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Figure 4. Catalytic position adopted by ethyl hexanoate (EHO) in the wild type active site (A) and in the Glu25Asp and Leu214His double mutant
(B). Along with the substrate, the catalytic triad and the oxyanion hole residue are shown; main catalytic distances are underlined in angstroms.

maximum activity, phenyl propionate (Figure 7). Thus,
differences in substrate profile may be due to distinct active
site architectures (Figures 1 and 4). Additionally, there are
different active site effective volumes (the active site cavity
volume corrected by the relative solvent accessible surface area
(SASA) of the catalytic triad) for the EH1j active site (82.2 A%)
and the EH1, active site (167.7 A%). This volume has been
recently correlated with changes in substrate promiscuity in
ester hydrolases.*

Finally, we compared the hydrolytic rate of EH1y with that of
EH1, and 225 previously reported ester hydrolases. We chose
glyceryl tributyrate as a representative ester substrate because
its specific activity values are commonly reported. As shown in
Figure 2, the activity (7.3 £ 0.1 U g') might seem moderate
compared to that of EH1, (5722 + 159 U g™'). This was also
proven by calculating the k/Ky for phenyl propionate and
pNPP, which was also found as a substrate (see Supporting
Figure S9 and Table S3). On the basis of the modeled structure
(Figure 4), the designed side chains were nearby but not quite
in the typical orientation for the catalytic triad, which may
explain why catalysis was less effective for EH1; compared to
EHI1,. It is well-known that catalytic triads in serine ester
hydrolases require a precise relative orientation of the Ser-Asp-
His side chains.'' Whatever the difference with EH1,, we
observed that the specific activity of EH1y is comparable to or
higher than that of 93 previously reported native ester

hydrolases that showed either low (<6.8 U g™') or no (near
zero) capacity to hydrolyze this substrate (about 70 esterases)
(Figure 6 inset). The other reported 132 esterases were found
far more active for the target substrate. Together, we can
conclude that, at least for the hydrolysis of glyceryl tributyrate,
the designed active site albeit being characterized by low
catalytic activity, is as active as those of many natural
hydrolases, but still not competitive with those of most
esterases.

We found that single Ser211Ala, as well as Asp25GIn or
His214Phe, substitutions in EHly completely arrested the
activity for all 96 chemically and structurally different esters
examined in this study (Supporting Table S2), that included
the 24 different esters hydrolyzed by EH1y (see Figure 2), and
PNPP (see Supporting Results and Figures S9 and S10). This
unambiguously confirms that they are the functional groups
supporting catalysis in the new active site, which is constituted
by a catalytic triad, and not a diad or a histidine. Altogether,
these data d rated that it is plausible to use molecular
modeling to find a potential extra binding pocket in a serine
ester hydrolase that can be turned into a catalytic site. This site
compares in terms of substrate spectra and catalytic activity
with those from many other reported native ester hydrolases. It
is difficult to make a statement whether the substrate spectrum
of the newly introduced active site is comparable to, or is higher
than that in the variants designed de novo by computational
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Figure §. Clustering of the substrate range of EH1 variants within them and in comparison with those of other serine ester hydrolases. A total of 107
ester hydrolases, including the commercial preparations CalA and CalB from Pseudozyma aphidis, formerly Candida antarctica, are included. The data
corresponding to each EH variant is color coded. This figure is created from data previously reported™ and data herein obtained for EH1 variants
(see Experimental Section). The list of the esters tested is shown on the left side (full name of the esters from no. 1 to 89 is given in Supporting
Table S4). The ID code representing each ester-hydrolase is given at the bottom. Each hydrolase is named based on the code “EH”, which means
ester hydrolase, followed by an arbitrary number. The number i in brackets indicates the number of esters hydrolyzed by each enzyme. The figure was

created with the R language console, as described previously,™ using a binomial table with information about the activity/inactivity (1/0) of the

analyzed enzymes against the 96 substrates as a starting point.

tools previously described.'”™"*'*'® This is because these

variants were only tested with a restricted set of p-nitrophenyl
esters, substrates that are more easily hydrolyzed compared to
the esters tested herein (Figure 2). It is clear though that, at
least, EH 1y is capable of pNPP hydrolysis with a k_,/Ky, of 16.4
M™" 57! (Supporting Figure S9 and Table $3), a value within
the range or lower than that reported for other constructs using
related substrates (k. /Ky from 18 to 309 M~' s7").

Design and Characterization of a Serine Ester
Hydrolase with Two Reactive Groups. An enzyme variant
with the two active sites (the native and the newly identified)
was created to prove that an enzyme with two hydrolytic active
sites is functional. This mutant, named EH1 5, was created by
incorporating the Glu25Asp and Leu214His substitutions into
the wild-type sequence. This two-active-site variant would likely
employ Ser211 and Serl61 as nucleophiles (Figure 1). The
corresponding gene was cloned, and the protein was expressed,
purified (Supporting Figure S3 and Table S2), and charac-
terized as described above.

The analysis of the variant EH1,y confirmed its ability to
hydrolyze all 72 esters converted by EH1, (Figure 2). Thus,
EHl,g as the native EH1,, could be classified as an ester
hydrolase with prominent substrate promiscuity (Figures 5 and

6). Because EH1,, due to its promiscuous behavior, converted
all esters hydrolyzed by EH 1y, we could not examine the effects
of cooperativity for expanding the substrate spectra because of
the presence of two different active sites in EH1,5. We further
observed that EH1,; does show overall a substrate preference
similar to that of EH1, (Figure 2), although in some cases, the
potential of the newly introduced active site to increasing the
preference for a number of esters, such as methyl-, propyl-, and
ethyl-hexanoate, was noticed. Also, EH1,; preferred phenyl
propionate over pNPP (1.3-fold), whereas EH1, slightly
preferred pNPP (1.4-fold) (Supporting Table S3). This may
be a consequence of a higher preference of the second active
site for phenyl propionate over pNPP.

The specific activity of EH1,y for all accepted esters was
lower than that observed for EH1, but higher than that for
EHly (Figure 2). As example, using glyceryl tributyrate, its
activity (597 + 7 U g™') was 10-fold lower than that of EH1,
and 81-fold higher than that of EH1y. These differences were
also observed when calculating the k./Ky for phenyl
propionate and pNPP (see Supporting Figure S9 and Table
§3). The change in activity with respect EHIl, could be
explained by the decrease in substrate population for the main
active site observed when introducing the mutations (Support-
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of EHI variants and other reported ester hydrolases. This figure is
created from data previously reported™ and data herein reported for
EHI1 variants (see Figures 2 and 5). The main figure mpnsenu (he
number of substrates hydrolyud by each EH1 variant

(for both pNPP and phenyl propionate), rather than the
hyperbolic plots observed for EH1, and EH 1y, This situation is
typically found in allosteric enzymes, where the binding of
substmes occurs in several active sites in the same enzyme
molecule,”” a situation that may most likely occurs in EH1 .
We also observed that EH1,y displays an optimum pH profile
distinct (narrower) to those of EH1, (which showed the
broader range) and EH1y (see Supporting Results), which also
differ between them (Supporting Figure SI1). Subsequent
investigation of the reasons that explain these differences will be
needed.

We found that a combination of Ser211Ala/Ser161Ala, as
well as Asp25GIn/Asp256GIn or His214Phe/His286Phe,
ubstitutions in EH1,y ly arrested the activity of all
96 esters tested in this study, including the 72 esters converted
by EH1,y, as well as pNPP (see Supporting Results and Figures
$9 and $10), unambiguously conﬁrmmg their role in catalysis.

Altogether, these data bi rated that two
different active sites can funcuona.lly and efficiently coexist in a
single serine ester hydrolase. However, we did not identify a
single specific ad ge of this engi d ester hydrolase with
two active sites, albeit we found that pmperhes such as
substrate binding and the optimum pH were altered. We

h 3

that of other 146 serine ester hydrolases that included the i ’
preparations CalA and CalB.* The inset represents the specific activity
agamst glyceryi tributyrate of the EH1 variants and other 225 reported

hyp i why the engineered enzyme had a lower
performance. One of the mutations needed to introduce the
new active site most likely slightly perturbs the native catalytic
triad arrangement, which has negative consequences for the
activity phenotype of the engineered mutant. Locating an extra

ester hydrolases (that included the 146 previously 4" and 79

reponed elsewhere). o
20 SEHIA
“EHIB

PPT EHO

Figure 7. Number of catalytic events found in EH1, and EHlg
catalytic sites along PELE simulations for ethyl h (EHO) and
phenyl propionate (PPT). A catalytic event was defined when the
main catalytic distances: ligand-Ser, Ser-His, and His-Asp, are lower
than 3.5 A. All simulations include the same sampling effort.

ing Figures Sla and b). Visual inspection of the models and
energies (Supporting Figure S1b) shows a larger connection
between the two sites, induced by changes in the hydrophobic
packing (Leu24, Phe218, Leu24, and Trp217) after introducing
His214. The « helix harboring the Leu214His mutation forms
one face of the native active site, which slightly perturbs the
main site. Whatever the catalytic activity level of the EHl,y
variant compared to the native enzyme, its activity is
significantly higher than that observed for 163 naturally
occurring ester hydrolases (Figure 6, inset).

The ¢ q of the p of two active sites were
visible in Ky, Michaelis—Menten (Supporting Figure $9 and
Table $3) and pH optima (Supporting Figure S11) curves.
Thus, the Ky, progress curve for EH1,; displays a sigmoidal
plot of the initial reaction rate versus substrate concentration

g pocket in positions not disturbing the original pocket
and converting it into a catalytic site could solve this issue. In
terms of substrate spectra, we should again highlight that EH1,
already contains an active site capable of hydrolyzing a
prominent number of esters, which is significantly higher
than for the other 146 natural ester hydrolases, including the
best commercial prototypes such as CalB (Figure 6).*
Therefore, the probability of designing an active site capable
of converting an additional set of esters compared to EH1, may
be low. To unambiguously prove the advantage of introducing
two active sites for expanding the substrate range, one should
start with an ester hydrolase with a smaller substrate range and
insert an extract active with different specificity or selectivity,
which is actually being undertaken.

B CONCLUSION

Is it possible to create enzymes with more than one active site?
This idea, which has never been successfully attempted, was the
starting point of the present study. Our work describes, for first
time to the best of our knowledge, a neat proof-of-concept
demonstration of the use of computational approaches to
discover in an ester hydrolase already ¢ g a native
catalytic site, a novel binding site where a second catalytic site
can be suc duced to ap with two
functional active sites for ester hydmlyms. Both active sites were
structurally and catalytically different. We not only proved that
introducing extra functional groups into a catalytic serine ester
hydrolase is plausible, but also d the catalytic potential
of the resulting variant as compared to the target ester
hydrolase and other reported native ester hydrolases. We
confirmed the catalytic potential of the newly introduced active
site as an individual catalytic entity or when combined with the
native active site in the same polypeptide. We would like to
highlight that a number of control experiments and analytics
were performed to support our assertions and to ensure the
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reported catalytic activity for the de novo designed active site
was not due to a contaminant (for details see Supporting
Results Section).

Can every ester hydrolase be evolved for multiple reactive
groups? Possibly not, as introducing multiple catalytic environ-
ments would depend on the possibility of finding an extra
binding site in an enzyme of a size large enough to bind into
defined cavities. Also, if found, it may not be turned into a
catalytic active site after introducing the appropriate mutations
because cataly5|s requires amino acids at appropriate distances
and angles.'" Extending the analysis to other ester hydrolases
and enzyme scaffolds will help to clarify whether the possibility
to introduce extra catalytic sites is fortuitous or could be
reproducible and to what extent can it happen.

The scientific and economic benefits of introducing mu.lnple
active sites into an enzyme are and may I
the fields of protein design and enzymology. Thus, converting
binding pockets into extra catalytic active sites with different
active site cavity volumes, accessible surface areas and distances,
and angles between amino acids participating in the reactions
compared to the native binding pockets will open novel
catalytic opportunities for a given enzyme. These opportunities
will come from the presence of different catalytic environments
in the same polypeptide. Creating enzymes with multiple

reactive groups may imp the sul c sion range of
ymes otherwise ¢ g only one active site, increase the
competiti of over h catalytic

materials containing a hngh number of functional groups, and
open application ranges with consequent reductions in
production costs of other multiple enzymes. Moreover, adding
new active sites to an enzyme whose original/native one cannot
well be implemented for a particular application, but its overall
structure has the appropriate technical requirements (scalability
and robustness), may open new opportunities for a given
enzyme. Such opportunities can be further explored through
rational design and directed evolution focusing on residues
around the new active site. Further studies in that direction
would lay the foundation for st lined and ducible
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approaches for d g enzy with multiple active sites. It
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Figure S1. PELE simulations. Substrate binding energy profile versus the catalytic distance,

Ser161 (alcohol oxygen) to ligand ester carbon, for the wild type EH1,4 (a) and for the EH1g

variant (Glu25Asp and Leu214His double mutant) (b).
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Figure S2. Root mean square deviation (RMSD) for all alpha carbon atoms along the 250ns

MD simulation of the double mutant.
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Figure S3. EHI variants as overexpressed in the active form in /2. coli at 16°C and purified by
Hisg-tag purification and size-exclusion chromatography.

A) Coomassie-stained SDS-PAGE gel in which a total of 20 pg of EH14, EH1g and EHI g
purified after the Hisq-tag purification step (left) and gel filtration step (right) are shown. As
shown the purity of the proteins was high (>95% by densitometry) after His-tag step, and

>99% after the gel filtration step, which was further confirmed by mass spectrometry.
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B) Coomassie-stained SDS-PAGE gel in which a total of 10 ug of EH1, EHlg and EHI4p
mutants purified after the Hisq-tag purification step; as shown the purity of the proteins was

high (>95% by densitometry).
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C) Coomassie-stained SDS-PAGE gel in which a total of 10 ug of EH14, EHlg and EHI g
mutants purified after the gel filtration step; as shown the purity of the proteins was high

(>99% by densitometry), which was further confirmed by mass spectrometry.
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Figure S4. Catalytic activity co-eluted with enzyme peak after Superdex 75 size
exclusion chromatography. The His-tagged purified protein solutions (10 mg ml™) of
EHl14, EH1g and EHI,p were subjected to size-exclusion chromatography and, after
recording the absorbance at 280 nm, the collected fractions were tested for activity at

410 nm using pNPP, as described in Experimental Section. Y axis represents either the

Abs280 nm (left axis) or the Abs410 nm (right axis).

Absorbance at 280 nm (a.u.) Absorbance at 280 nm (a.u.)
(filled back circles) (filled back circles)

Absorbance at 280 nm (a.u.)
(filled back circles)

0.25

0.20

0.15

0.10

0.00

0.22
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

0.25

0.20

0.15

0.10

0.05

0.00

12
EH1A °
F 1.0
%
o ° r 08
€ o L 06
LIRS
04
.. c%
F 02
RN i Tt
0.0
0 10 20 30 40 50 60 70 80 90
Time (min)
08
EH1B
&» o7
00 o6
o5
L5 0.4
..0 Los
o2
o o
E————— o1
0.0
0 10 20 30 40 50 60 70 80 90
Time (min)
1.2
EH1AB °
F 1.0
‘0
08
J;Q 06
o 04
..

0 10 20 30 40 50 60 70 80 90

Time (min)

S6

Absorbance at 410 nm (a.u.)
(open white circles)

Absorbance at 410 nm (a.u.)
(open white circles)

Absorbance at 410 nm (a.u.)
(open white circles)

121



Figure S5. Estimation of molecular mass and purity of EH1,4, EH15 and EH1 zs proteins by MALDI-TOF/TOF.

A) MALDI analysis of EH14 purified protein solution. The mass (m)-to-charge (z) ratios (m/z) for the mass range from 10 to 50 kDa is shown.
The MALDI analysis revealed a protein with the estimated molecular mass of ~35kDa, with no apparent contaminants. In the spectra, the peaks
corresponding to the double and triple charge of the precursors are indicated.
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B) MALDI analysis of EH 1 purified protein solution. The mass (m)-to-charge (z) ratios (m/z) for the mass range from 10 to 50 kDa is shown.
The MALDI analysis revealed a protein with the estimated molecular mass of ~35kDa, with no apparent contaminants. In the spectra, the peaks
corresponding to the double and triple charge of the precursors are indicated. The minor peaks represent degradation products of the EHlg
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C) MALDI analysis of EH1 g purified protein solution. The mass (m)-to-charge (z) ratios (m/z) for the mass range from 10 to 50 kDa is shown.

The MALDI analysis revealed a protein with the estimated molecular mass of ~35kDa, with no apparent contaminants. In the spectra, the peaks
corresponding to the double and triple charge of the precursors are indicated. The minor peaks represent degradation products of the EH 1.
protein and not contaminants, as determined by peptide fingerprint (see Supporting Results).
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Figure S6. MALDI-TOF/TOF analysis of EH14 protein solution. A) EH14 sequence in
which the detected peptides are shown in red color, and the specific peptides (not found
in EH1g and EH1 sg) are underlined. The amino acids constituting the native active site
are with yellow background, and the amino acids representing the locations were the
new active sites were introduced in EHlg and EHlag are in grey background. B)
MS/MS chromatogram which shows the mass (m)-to-charge (z) ratios (m/z) of
identified peptides, with those being specific for EH14 being specifically indicated. C)
MASCOT search results of the mass of identified peptides, with those being specific for
EH14 indicated with a yellow background.
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Figure S7. MALDI-TOF/TOF analysis of EH1g protein solution. A) EH1g sequence in
which the detected peptides are shown in red color, and the specific peptides (not found
in EH14 and EH14g) are underlined. The amino acids constituting the native active site
are with yellow background, and the amino acids representing the locations were the
new active sites were introduced in EHlg and EHlag are in grey background. B)
MS/MS chromatogram which shows the mass (m)-to-charge (z) ratios (m/z) of
identified peptides, with those being specific for EH1g being specifically indicated. C)
MASCOT search results of the mass of identified peptides, with those being specific for
EH1g indicated with a yellow background.
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NKSRCQVISIDYRLAPEHPFPAPIDDGIAAFRHIRDNAESFGADAARLAVGGDAA
GGAMAAVVCQACRDAGETGPAFQMLIYPATDSSRESASRVAFAEGYFLEKAH
MDWFWEAYVPEDTDLTDLRLSPLLATDFTGLPPAFVLTAGYDPLRDEGRAYA
DRLIEAGIKTTYVNYPGTIHGFFSLTRFLSQGLKANDEAAAVMGAHFGT
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1377 Mascot Search Results 00040

MY MASCOT Search Results

Protein View: U00040
EH1B-1 / EH1B-2 / EH1B-3 protein (Manuel Ferrer)

Database: UsersDB_Home
Score: 869

Expect: 3.7e-085
Monoisotopic mass (M,): 35804
Calculated pl: 5.32

Sequence similanty (s available as an NCBI BLAST search of U00040 againstnr,
Search parameters

Enzyme: Trypsin/P: cuts C-term side of KR.
Fixed modifications:
Variable modifications: Qxidation (M)

Protein sequence coverage: 87%
Matched peptides shown in bold red.

1 HANOOUDIVD DDDRMLLPET RWLLDLMDAA TRGGRPRLDY LEMAVGREAV
51 FRRYRPLGEA AGLLPTLIYY
101 HGGGEVIGNI ETHDSTCRRL ANKSRCQVIS IDYRLAPEMP FPAPIDDGIA
151 AFRNIRDNAE SFGADAARLA VGGDAAGGAM AAVVCQACED AGETGPAFGH
201 LIYPATDSSR ESASRVAFAE GYFLSKANMD WEWEAXVPED TDLTDLRLSP
251 LLATDFTGLP PAFVLTAGYD PLRDEGRAYA DRLIEAGIKT TYVWYPGTIN
301 GFFSLTRFLS QGLFANDEAA AVMGANEGT

Unformatted sequence string: 329 residues (for pasting into other applications).

Sort by ® residue number O increasing mass © decreasing mass
Show ® matched peptides only O predicted peptides also

Query Start - End Observed Mr(expt) Mr(calc) M Score Peptide

w31 2-2 2440.11  2439,10 2439.13 1 . ANHHUUVDDDDKMLLPETR. N
12 22 - 32 1232.62 1231.61 1231.62 L R.HLIDLMDAATR. G
13 22 - 32 1232.62 1231.61 1291.62 0 22 R.NLLDLMDAATR.S
14 22 - 32 1248.60 1247.60 1247.62 0 R.NLLDLMDAATE.G + Oxidation (M)
o5 1078.59 1077.58 1077.59 ] R.LDTLPHAVGR. K
#20 3215.43  3214.42 3214.47 1 X ®
63 2802.21 2001.20 2001.24 (] K ".F
64 2002.21 2801.20 2001.24 0 05 K 3
24 3836.83 3835.82 3835.88 1 R. YRPLGEAAGLLPTLIYYNGGGFVIGNIETHDSTCR . R
8 1142.52  1141.51 1141.53 0 R.CQUISIDYR.L
34 2034.03 2033.02 2033.04 0 R.LAPENPFPARIDDGIAAFR.
77 2034.03  2033.02 2033.08 0 112 R.LAPEHPFPAPIDDGIAAFR.N
ﬂn 1629.76 1628.73 1628.77 1 R.HIRDNAESFGADAAR . L
10 1223.52 1222.51 1222.52 (] R.DUAESFGADAAR .L
28 1982.86 1961.85 1981.87 0 R.LAVGGDAAGGAMAAVVCQACR .D
48 2227.01 2226.00 2226.03 o R.DAGETGPAF MLIYPATDSSR . E
eIy 2227.01 2226.00 2226.03 0 162 R.DAGRTGPAFMLIYPATDSSR.E
#30 2243.00 2241.99 2242.02 0 oML E-. o
11 1291.62 1230.61 1230.63 0 R.VAFABGYFLSK.A
a6 2610.12  2609.12  2609.1% o K. AMMDWFWEAYVPEDTDLTDLR . L
a2 2610.12 2609.12 2609.15 0 161 K. b
¥a8 2626.12 2625.11  2625.15 o l.ll! - an
€68 248 - 277 3202.64 3201.63 3201.67 1 R.LSPLLATDF TGLPPAFVL TAG YDPLRDEGR . A
@69 248 - 277 3202.64 3201.63 3201.67 1 24 B.LSPLLATDFYGLEPAFVLIAGYDPLEDEGR.A
41 290 - 307 2074.02 2073.01 2073.03 (] K. TTYVNYPGTINGFFSLTR.F
ﬂn 290 - 307 2074.02 2073.01 2073.03 0 112 K.TTYVRYPOGTINGFFSLTR.F
€17 315329 1461.63  1460.62 1460.64 ] K. ANDEARAVMGAHE 6T . —

fo cnb.csicesi X OT%2F data%2F201707 13%2FF108732 dat&hit=18db_ide=1 1”
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Figure S8. MALDI-TOF/TOF analysis of EH1 g protein solution. A) EH14-p sequence
in which the detected peptides are shown in red color, and the specific peptides (not
found in EH1,4 and EH13) are underlined. The amino acids constituting the native active
site are with yellow background, and the amino acids representing the locations were
the new active sites were introduced in EH1g and EH14p are in grey background. B)
MS/MS chromatogram which shows the mass (m)-to-charge (z) ratios (m/z) of
identified peptides, with those being specific for EH14g being specifically indicated. C)
MASCOT search results of the mass of identified peptides, with those being specific for

EH1 g indicated with a yellow background.

A)

MLLPETRNLLDLMDAATRGGRPRLBTLPHAVGRKAVDKMSEDGEADPPEVAE
VANGGFAGPASEIRFRRYRPLGEAAGLLPTLIYYHGGGFVIGNIETHDSTCRRLA
NKSRCQVISIDYRLAPEHPFPAPIDDGIAAFRHIRDNAESFGADAARLAVGGDSA
GGAMAAVVCQACRDAGETGPAFQMLIYPATDSSRESASRVAFAEGYFLEKAH
MDWFWEAYVPEDTDLTDLRLSPLLATDFTGLPPAFVLTAGYDPLRDEGRAYA
DRLIEAGIKTTYVNYPGTIHGFFSLTRFLSQGLKANDEAAAVMGAHFGT
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137207 Mascot Search Resulls UDD041

N MASCOT Search Results

Protein View: U00041
EH1AB protein (Manuel Ferrer)

Database: UsersDE_Home

Score: 912

Expect: 1.9e-089

Monoisotopic mass (M,): 35820

Calculated pl: 5.32

Sequence similanity |s available 35 an NCBI BLAST search of U00041 againstnr.
Search parameters

Enzyme: Trypsin/P: cuts C-term side of KR.

Fixed modifications:
Variable modifications: Qxidation (M)

Protein sequence coverage: 76%
Matched peptides shown in bold red.

1 NAMHHGUOIVD DODEMLLPET RMLLDLMDAA TRGGRPRLDT LPNAVGRKAV

51 FRRYRPLGEA AGLLPTLIYY
101 HGGGFVIGNI ETHDSTCRRL ANKSRCQVIS IDYRLAPENP FPAPIDDGIA
151 A

201 LIYPATDSSR ESASRVAFAE BYFLSKAMMD WEWEAYVPED TDLTDLRLSP
251 LLATDFTGLP PAFVLTAGYD PLRDEGRAYA DRLIEAGIKT TYVNYPGTIN
301 GFPSLTRFLS QGLKANDEAA AVMGANEGT

Unformatted sequence string: 329 residues (for pasting into other applicatians),

Sort by ® residue number  increasing mass © decreasing mass
show ® matched peptides only O predicted peptides also

Query Start - End Observed Mr(expt) Mr(calc) ppm M Score Peptide

w32 2-21 2440.11  2439.11  2439.13 -7.52 1 M. AHHHHIHVDDDDKMLLPETR. N

443 15 - 32 2073.02 2072.01 2072.08 K.MLLPETRNLLDLMDAATR . G

€12 1232.62 1231.61 1231.62 R.NLLDLMDAATR. 6

A3 1232.62 1231.61 1231.62 55 R.MLLDLMDAATR.G

14 1248.61 1247.60 1247.62 R.HLLDLMDAATR.G + Oxidation (M)

o1 1076.59  1077.56 1077.59 R.LDTLPHAVGR

424 321544 3214.44 3214.47 1 K ¥

ﬁﬂ 2002.23 2801.22 2801.24 o K. 4

Efj! 2802.23 2801.22 2601.24 0 106 K ¥

a2 181,51 1141.53 0 R.COVISIDYR.L

#a1 2034.03 2033.03 2033.04 0 R.LAPEHPFPAPTDDGIAAYR . H

742 2034.03  2033.03 2033.04 0 120 R, LAPEWPFPAPIDDGIARFR.K

m 1629.76 1628.76 1628.77 1 R.HIRDNAESFGADAAR . L

10 1223.52 1222.51 1222.52 0 R.DNAESFGADAAR L

©33 1998.86 1997.65 1997.86 (] R.LAVGGDSAGGAMARVVCQACR .D

£55 2227.02 2226.01 2226.03 o R.DAGETGPAFQMLIYPATDSSR . E

16 2227.02 2226.01 2226.03 0 170 R.DAGETGPAF(MLIYPATDSSR.E

4537 2243.01  2242.00 2242.02 o » M1 . o

@11 1231.62 1230.61 1230,63 0 R.VAPAEGYFLSK.A

61 2610.14  2609.13  2609.15 0 K. AVMDWFWEAYVPEDTDLTDLR L

462 2610.14 2609.13 2609.15 40 152 K.AHMDWFWEAYVPEDTDLIDLR.L

63 2626.13  2625.12  2623.13 0 K.AHMDWFWEAYVPEDTOLTDLR. L + Oxidation ()

12 3202.65 3201.65 3201.67 1 R.LSPLLATDF TGLPPAFVLIAG YDPLRDEGR .A

423 3202.65 3201.65 3201.67 1 30 B.LSPLLATDFYGLPPAFVLIAGYDPLEDEGR.A

Kn 2074.03 2073.02 2073.03 o K. TTYVNYPGTIHNGFFSLTR.F

J‘_‘g 2074.03 2073.02 2073.03 o 96 K.TTYVNYPGTIHGFFSLTR.P

19 1461.64  1460.63 1460.64 0 K. ANDEAAAVMGANFGT . -
file:/iY-EXPERIMENTOS/MALDI-TOF TERNO/Z0 20Ferer_ICP/20170713/ProteinView_EH1AB_2 htm 1”
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Figure S9. Experimental characterization of native and active enzyme designs. Dependence
of reaction velocity on substrate concentration, and dependence of reaction velocity on
enzyme concentration for pNPP and phenyl propionate are shown in (A) for EH1,, in (B) for
EH1g and in (C) for EH14g. The Ky and Ay values are summarized in Supporting Table S1.
Reactions conditions for all experiments using pNPP were 40 mM HEPES pH 7.0, and
substrate and esterase at the indicated concentration; for K, determinations, the amount of
protein was 0.1, 16 and 1.4 pg for EH1,, EHlg and EH14g, respectively, and for kcy
determinations, the amount of pNPP was 1 mM. Reactions conditions for all experiments
using pheny! propionate were 5 mM EPPS buffer pH 8.0 with 0.45 mM Phenol Red (used as a
pH indicator), and substrate and esterase at the indicated concentration; for K,
determinations, the amount of protein was 0.1, 16 and 1.4 pg for EH1,, EHlg and EH14g,
respectively, and for ke, determinations, the amount of phenyl propionate was 1 mM. In all
cases reactions, in triplicates, were performed at 30°C. For K, determinations results were
fitted to simple hyperbolic Michaelis-Menten kinetics, except for the EH145 where the data
were fitted to sigmoidal Michaelis-Menten kinetics. D) Hydrolytic activity of EH1, mutant
with Ser161Ala mutation, EH1p mutant with Ser211Ala mutation, and EH145 mutant with
Ser211Ala/Ser161Ala mutations. E) Hydrolytic activity of EH1, mutant with Asp256Gin,
EHlg mutant with Asp25GIn mutation, and EH1ag mutant with Asp25GIn/Asp256Gin
mutations, compared to EH14, EH1p and EH1 sg. F) Hydrolytic activity of EH1, mutant with
His286Phe mutation, EHlg mutant with His214Phe mutation, and EHlag mutant with
His214Phe/His286Phe mutations, compared to EH1,, EH1g and EH1 5p. The figures in Panels
D) to F) represent the Aabsorbance/min, measured at 410 nm for the hydrolysis of pNPP or at
550 nm for the hydrolysis of phenyl propionate, over the assay time of each of the mutants
compared to EH1,, EHlg and EHIsg. In panels D) to F), no appreciable increase of
absorbance (at 410 nm; hydrolysis is monitored by the increase in absorbance due to
formation of p-nitrophenoxide) or decrease (at 550 nm; hydrolysis is monitored by the
decrease in absorbance due to the formation of acid) absorbance was detected for any of the

mutants.
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A) EH1,

Ky determination pNPP: 146 + 27 uM
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A) EH1,

Ky determination phenyl propionate: 964 + 24 uM
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B) EHlg

Ky determination pNPP: 267+ 20 uM
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B) EHl

K\ determination phenyl propionate: 752+ 20 uM
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C) EHlp

Ky determination pNPP: 485 + 21 uM
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C) EHlp

Ky determination phenyl propionate: 942 + 17 uM
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D) EHla mutant with Serl61Ala mutation (EH1Amut), EHlg mutant with Ser211Ala
mutation (EH1Bmut), and EH1 45 mutant with Ser211Ala/Ser161Ala mutations (EH1ABmut),

compared to EH14, EH1p and EH1 4.
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E) EHla mutant with Asp256GIn (EHl1Amut), EHlg mutant with Asp25GIn mutation
(EHIBmut), and EHlsg mutant with Asp25GIn/Asp256GIn mutations (EH1ABmut),

compared to EH14, EH1p and EH1 4.
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F) EHlx mutant with His286Phe mutation (EHIAmut), EHlg mutant with His214Phe
mutation (EHIBmut), and EHlsg mutant with His214Phe/His286Phe mutations
(EHIABmut), compared to EH1,, EH1g and EH1g.
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Figure S10. Effect of single and dual mutations in the hydrolytic activity of EHIlg and
EH14g. Images representing 384-well plates in which the follow up (for 7 h) hydrolysis of 96
different esters, catalyzed by EHlg, EHlag and their mutants (EHlg with Ser211Ala,
Asp25GIn  and His214Phe substitutions; and EHlag with Ser211Ala/Ser161Ala,
Asp25GIn/Asp256GIn and His214Phe/His286Phe substitutions), are shown. A total of 96
esters, dispensed in replicates in 384-plate, were tested (see Supporting Table S1). Reaction
conditions for all experiments were as follows. Each of the 96 esters was dispensed in the 384
well plate with the help of a PRIMADIAG liquid-handling robot. A total of 2 ul of each ester
stock solution (at a concentration of 25 mg ml” in acetonitrile or dimethyl sulfoxide (DMSO),
was added to each well using a PRIMADIAG liquid-handling robot (EYOWN
TECHNOLOGIES SL, Madrid, Spain). The 384-well plate was filled with 20 ul of 5 mM
EPPS buffer, pH 8.0, containing 0.912 mM Phenol Red (used as a pH indicator) using a
QFill3 microplate filler. The final ester concentration in each well was 1.14 mg ml”, and the
final concentration of Phenol Red was 0.45 mM. A total of 16 and 1.4 ug EHlg and EH1 g,
respectively, or 100 pg of each mutant (all prepared in 40 mM HEPES buffer pH 7.0), was
immediately added to each well using an Eppendorf Repeater M4 pipette (Eppendorf,
Hamburg, Germany). The total reaction volume was 44 ul, with 4.5% (v/v) acetonitrile or
DMSO in the reaction mixture. Reactions were incubated at 30 °C in a Synergy HT Multi-
Mode Microplate Reader, and ester hydrolysis was measured spectrophotometrically in
continuous mode at 550 nm for a total time of 24 h. If activity occurred, a yellow color is
evident in the well due to acid formation because ester hydrolysis, and a decrease in
absorbance at 550 nm occurs. The esters in each of the well are described in Table S1. The
conditions used (ester concentration, buffer pH and concentration, and enzyme concentration)
are those recommended to ensure detection of pH shift.” Panel A shows the follow-up
hydrolysis of the 96 esters for EHlg, and variants containing Ser211Ala, Asp25GIn and
His214Phe substitutions. Panel B shows the follow-up hydrolysis of the 96 esters for EH1 g,
and variants containing Ser211Ala/Ser161Ala, Asp25GIn/Asp256Gin and
His214Phe/His286Phe substitutions. As shown any of the mutants show appreciable activity

(below detection limit) for any of the 96 ester tested.
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A) Follow-up hydrolysis of the 96 esters for EH1p, and variants containing Ser211Ala, Asp25GIn and His214Phe substitutions.

EH1, Ser211Ala

EH1,Asp25Gin

EH1,His214Phe
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B) Follow-up hydrolysis of the 96 esters for EH14p, and variants containing Ser211Ala/Ser161Ala, Asp25GIn/Asp256Gin and
His214Phe/His286Phe substitutions.
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Figure S11. pH dependence of activity for representative enzymes. Relative activity is plotted
versus pH. The plots are normalized by setting the values of each enzyme at the optimum pH
to 100%. Britton and Robinson buffer (50 mM; pH 4.0-9.5) was used for the assays which

were performed, in triplicates, as described in Experimental section.
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Table S1 List of the 96 esters for which hydrolytic activity was tested by the pH indicator
assay. The positioning of each of the esters in the 384 well plates (four replicates) in

Supporting Figure S10 is specifically shown.

Well | Well | Well | Well | Substrate esterases/lipases

Al A7 |AIl3 |A19 | 1-Napthyl acetate

Bl |B7 [B13 |B19 | 1-Naphthyl butyrate

€1 C7 |C13 [C19 |Glyceryl triacetate

D1 D7 |D13 |D19 |Glyceryl tripropionate

El E7 |E13 |E19 |Glyceryl tributyrate

Fl1 F7 |F13 |F19 |Glyceryl trioctanoate

Gl G7 | G13 |G19 |Triolein (olive oil)

H1 H7 |HI13 |H19 |Hexyl acetate (caproyl acetate)

11 17 [113 |119 |Octyl acetate (capryloyl acetate)

J1 J7 |J13 |J19 |Dodecanoyl acetate (dodecyl acetate)

K1 K7 |[KI13 |K19 |Pentadecyl acetate

L1 L7 |[L13 |L19 |Ethyl acetate

Ml |M7 |MI13 MI9 | Ethyl propionate

N1 N7 [NI3 |N19 |Ethyl butyrate

0]} 07 [013 | 019 |Ethyl hexanoate (or ethyl caproate)

Pl P7 |P13 |P19 |Ethyl octanoate (or ethyl caprylate)

A2 A8 | Al4 | A20 |Ethyl decanoate

B2 B8 |Bl14 |B20 |Ethyl dodecanoate (ethyl laurate)

C2 C8 |Cl14 |C20 |Ethyl myristate

D2 D8 |DI4 |D20 |Ethyl benzoate

E2 E8 |EI14 |E20 |(IR)-(-)-Menthyl acetate

F2 F8 [F14 |F20 [(15)-(+)-Menthyl acetate

G2 |G8 |Gl4 | G20 |N-Benzyl-L-proline ethyl ester

H2 H8 |HI14 |H20 |N-Benzyl-D-proline ethyl ester

12 18 |114 [120 |Methyl (R)-(-)-mandelate

12 J8 |114 |J20 |Methyl (S)-(+)-mandelate

K2 |K8 |K14 |K20 | Ethyl (R)-(+)-4-chloro-3-hydroxybutyrate

L2 L8 |L14 |L20 |Ethyl (S)-(-)-4-chloro-3-hydroxybutyrate

M2 |M8 |[MI4 |M20 | (+)-Ethyl D-Lactate

N2 |N8 |NI14 |N20 |(-)-Ethyl L-lactate

02 |08 |014 |020 | (+)-Methyl (5)-3-hydroxybutyrate

P2 P8 |P14 |P20 |Benzoic acid, 4-formyl-, phenylmethyl ester

A3 A9 |AIS5 |A21 |(-)-Methyl (R)-3-hydroxybutyrate

B3 B9 |BI15 |B21 [(IR)-(+)-Neomenthyl acetate

C3 C9 [C15 |C21 [(1S)-(+)-Neomenthyl acetate

D3 D9 [DI15 | D21 |Propylparaben (Propyl 4-hydroxybenzoate)

E3 E9 |EI15 |E21 |Butylparaben
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F3 F9 |F15 |F21 |Methyl 3-hydroxybenzoate

G3 G9 |GI5 |G21 |Methyl 2-hydroxybenzoate (methyl salicylate)
H3 H9 |HIS |H21 |Phthalic acid diethyl ester (Diethyl phthalate)
13 19 115 [121 | (—)-Methyl (R)-3-hydroxyvalerate

I3 J9 |J1S |J21 |(+)-Methyl (S)-3-hydroxyvalerate

K3 K9 |KI5 |K21 |Benzyl (R)-(+)-2-hydroxy-3-phenylpropionate
L3 L9 |LI15 |L21 |Benzyl 4-hydroxybenzoate (Benzyl paraben)
M3 |M9 |MI5 | M21 | Methyl benzoate

N3 N9 [NIS5 |N21 |Methyl butyrate

03 09 |015 | 021 |Methyl decanoate

P3 P9 [P15 |P21 |Methyl oleate

A4 | A10 |A16 | A22 | Methyl hexanoate (methyl caproate)

B4 B10 |B16 |B22 | Methyl octanoate (methyl caprylate)

C4 C10 [Cl16 |C22 |Methyl dodecanoate

D4 |DI10 | D16 | D22 | Methyl myristate

E4 E10 |E16 |E22 |Propyl propionate

F4 F10 [F16 |F22 |Propyl butyrate

G4 G10 [G16 |G22 |Propyl hexanoate (propyl caproate)

H4 |HI10 |H16 |H22 | Phenethyl cinnamate

14 110 [116 |122 |Isobutyl cinnamate

J4 J10 |J16 |J22 |Methyl 2,5-dihydroxycinnamate

K4 K10 |K16 |K22 |Methyl cinnamate

L4 L10 |L16 |L22 |Methyl ferulate

M4 |MI0 [M16 |M22 | Vinyl acetate

N4 |NI10 |[N16 |N22 | Vinyl propionate

04 |010 |O16 | 022 | Vinyl butyrate

P4 P10 [P16 |P22 |Vinyl laurate

A5 All |A17 | A23 | Vinyl myristate

BS Bl1 |B17 |B23 |Vinyl palmitate

Cs C11 |C17 |C23 |Vinyl oleate

DS |D11 |D17 | D23 | Vinyl benzoate

E5 El11 |E17 |E23 |Vinyl crotonate

F5 F11 [F17 |F23 |Vinyl acrylate

G5 G11 |G17 |G23 | Geranyl acetate

H5 HI11 [H17 |H23 |3-Methyl-3-buten-1-yl acetate

15 111 [I17 |123 |Ethyl 2-ethylacetoacetate

J5 J11 _|J17 |J23 | Ethyl 2-methylacetoacetate

K5 K11 [K17 |K23 |Ethyl 3-oxohexanoate

LS L11 |L17 |L23 |Ethyl acetoacetate

M5 |MI11 |M17 |M23 | Ethyl propionylacetate

N5 N11 [N17 |N23 | Y-Valerolactone

05 011 [O17 | 023 | Methyl glycolate

PS5 P11 |P17 |P23 |D-a-Hydroxy-B,B-dimethyl-y-butyrolactone
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A6 | Al2 |Al8 | A24 |L-a-Hydroxy-B,B-dimethyl-y-butyrolactone
B6 B12 |B18 |B24 |(IR)-(-)-dimenthyl succinate

Cé C12 |C18 |C24 |Ethyl 2-chlorobenzoate

D6 D12 [DI18 | D24 | Cyclohexyl butyrate

E6 E12 |E18 |E24 |n-Pentyl benzoate

F6 F12 |F18 |F24 |24-Dichlorophenyl 2,4-dichlorobenzoate
G6 G12 |G18 | G24 |2,4-Dichlorobenzyl 2,4-dichlorobenzoate
H6  |HI12 |H18 |H24 | Diethyl-2,6-dimethyl 4-phenyl-1,4-dihydro pyridine-3,5-dicarboxylate
16 112|118 |I24 |(+)-Methyl D-Lactate

J6 J12 |J18 |J24 |(-)-Methyl L-Lactate

K6 K12 | K18 |K24 |Propyl acetate

L6 L12 |L18 |L24 |Butyl acetate

M6 |MI12 |MI8 | M24 | Phenyl acetate

N6 N12 [N18 |N24 |Phenyl propionate

06 |012 |O18 | 024 | Phenyl hexanoate

P6 P12 |P18 |P24 |Trilaurate
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Table S2 Purification summary.

A) Purification summary for EH14
Total protein | Total activity | Specific activity Yield | Purity
@’ (units)® Uig©| o) | (%)
Crude lysate” 0.311 1180 3794 -
Ni-NTA His-Bind resin 0.0155 870 56120 73.7 | >95¢
Superdex 75 0.0135 829 61400 70.3 [ >99"
B) Purification summary for EH1g
Total protein | Total activity | Specific activity Yield | Purity
@®° (units)® (U/g)* )| (%)
Crude lysate” 0.443 0.52 1.2 -
Ni-NTA His-Bind resin 0.0227 0.36 16.0 70.0 | >95°¢
Superdex 75 0.0184 0.35 18.7 65.7 | >99"
C) Purification summary for EH14g
Total protein | Total activity | Specific activity Yield | Purity
@®° (units)® (Ulg)* o) | (%)
Crude lysate” 0.461 37.8 82 3
Ni-NTA His-Bind resin 0.0178 27.0 1513 71.2 [ >95°
Superdex 75 0.0165 254 1538 67.1 | >99"

“From 1 g of wet weight £. coli cell pellet (from 700 ml of bacterial culture).
® Protein concentration determined by Bradford assay using BSA as a standard protein.
¢ Activity determined using glycery! tri-propionate as substrate.
4 Calculated by the recovery of total units for the hydrolysis of glyceryl tri-propionate.
¢ Calculated by densitometry in the SDS-PAGE (Supporting Figure S3).
4 Calculated by densitometry in the SDS-PAGE (Supporting Figure S3) and MALDI analysis

(Supporting Figure S5).
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Table S3. Kinetic parameters of EH14, EHIg and EH1g. The kinetic parameters for phenyl
propionate (at pH 8.0) and pNPP (at pH 7.0) were calculated as described in Experimental
section, in triplicate at 30°C. Kinetic parameters were calculated by simple Michaelis-Menten

kinetics (see Supporting Figure S9). Mean values are given with the standard deviation.

Kinetic parameters
Kyt (M) | ke (min™) kea/Kn (s™T)
EH1 4 (for pNPP) 146 +27 | 3853 +23 4.4x10°
EHI5 (for pNPP) 267+20 |263+16x10”° |16.4
EH1 4 (for pNPP) 485+21 |211+8 7250
EH14 (for phenyl propionate) 964 +£24 | 2797+ 98 48x10°
EH|1g (for phenyl propionate) 75220 |1.49+0.93 33.0
EHI1 g (for phenyl propionate) | 942 +17 | 267 +15 4720
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Table S4 The 89 esters listed in Figure 5.

Nr Substrate

1 Methyl cinnamate

2 Ethyl benzoate

3 Methyl benzoate

4 Isobutyl cinnamate

5 Phenylethyl cinnamate

6 n-Pentyl benzoate

7 Dodecanoyl acetate

8 Methyl decanoate

9 Ethyl decanoate

10 Benzylparaben

11 Butylparaben

12 Propylparaben

13 Ethyl butyrate

14 Ethyl propionate

15 Vinyl acetate

16 Vinyl acrylate

17 Vinyl crotonate

18 Butyl acetate

19 Propyl acetate

20 3-Methyl-3-buten-1-yl acetate

21 Propyl butyrate

22 Propyl propionate

23 Methyl butyrate

24 Ethyl 2-chlorobenzoate

25 Phthalic acid diethyl ester

26 2,4-Dichlorobenzyl 2,4-dichlorobenzoate
27 (-)-Methyl (R)-3-hydroxybutyrate
28 (+)-Methyl (S)-3-hydroxybutyrate
29 (+)-Methyl (S)-3-hydroxyvalerate
30 (—)-Methyl (R)-3-hydroxyvalerate
31 Y-Valerolactone

32 Glyceryl tributyrate

33 Glyceryl triacetate

34 Glyceryl tripropionate

35 1-Napthyl acetate

36 1-Naphthyl butyrate

37 Phenyl acetate

38 Phenyl propionate

39 (-)-Methyl L-Lactate

40 (+)-Methyl D-Lactate

41 Vinyl butyrate

42 Vinyl propionate

43 Glucose pentaacetate

44 Methyl glycolate

45 Methyl (S)-(+)-mandelate
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46 Methyl (R)-(-)-mandelate

47 Ethyl 2-methylacetoacetate

48 Ethyl 2-ethylacetoacetate

49 (—)-Ethyl L-lactate

50 (+)-Ethyl D-Lactate

51 Ethyl propionylacetate

52 Ethyl acetoacetate

53 Ethyl 3-oxohexanoate

54 Ethyl (S)-(+)-4-chloro-3-hydroxybutyrate
55 Ethyl (R)-(+)-4-chloro-3-hydroxybutyrate
56 Octyl acetate

57 Hexyl acetate

58 Geranyl acetate

59 Cyclohexyl butyrate

60 Propyl hexanoate

61 Methyl octanoate

62 Methyl hexanoate

63 Ethyl octanoate

64 Ethyl hexanoate

65 Vinyl benzoate

66 Benzyl (R)-(+)-2-hydroxy-3-phenylpropionate
67 Benzoic acid, 4-formyl-, phenylmethyl ester
68 (1S)~(+)-Menthyl acetate

69 (1R)-(-)-Menthyl acetate

70 (1S)-(+)-Neomenthyl acetate

71 (1R)-(+)-Neomenthy] acetate

72 Ethyl acetate

73 Glyceryl trioctanoate

74 Ethyl dodecanoate

75 Pentadecyl acetate

76 Glyceryl trilaurate

77 Triolein

78 Vinyl laurate

79 L-Pantolactone

80 D-Pantolactone

81 N-Benzyl-L-proline ethyl ester

82 Methyl ferulate

83 Methyl 3-hydroxybenzoate

84 Methyl 2-hydroxybenzoate

85 Methyl 2,5-dihydroxycinnamate

86 Diethyl-2,6-dimethyl 4-phenyl-1,4-dihydro pyridine-3,5-dicarboxylate
87 Methyl myristate

88 Methyl dodecanoate

89 2,4-Dichlorophenyl 2,4-dichlorobenzoate
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Supporting Results Section

Control experiments to demonstrate the purity and identity of proteins. A number of
control experiments were performed to support our assertions: that is plausible to rational
engineer a second active site in an ester hydrolase, so that to create enzymes with multiple
active sites.

Each His-tagged protein, native and engineered variants, were purified at 4 °C after
binding to a Ni-NTA His-Bind resin, followed by size-exclusion chromatography (see
EXPERIMENTAL AND COMPUTATIONAL METHODS section), and the purified protein
solutions were further analyzed to ensure identity and purity, as follows. The purified proteins
were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 12 % gels (in a
Mini PROTEAN electrophoresis system (Bio-Rad)) in which the proteins were stained with
Coomassie brilliant blue (Protoblue Safe, National Diagnostics, GA, USA). As shown in
Supporting Figure S3 the purity of the proteins was high (>95% after Ni-NTA His-Bind resin
step and >99% after gel filtration step, as determined by densitometry). The degree of purity
was further confirmed by MALDI-TOF/TOF (see below). Through size-exclusion
chromatography we further monitored whether the catalytic activity (measured by monitoring
the activity towards pNPP at 410 nm) elutes in the same pattern as the enzyme (by measuring
protein elution at 280 nm). As shown in Supporting Figure S4, we observed that the peak of
catalytic activity is at the same position as the enzyme peak, which demonstrates that no
contamination in the protein solution exists. As many esterases and proteases may have a
similar molecular weight as the EH1 enzyme variants (~35 kDa) and that such possible
contaminants may co-elute (both in the SDS-PAGE and the gel filtration), we further used
proteomics analytical platforms to analyze protein purity and homogeneity. Briefly, mass
spectrometry of whole (intact) proteins (Supporting Figure S5) was used to confirm the
identity and quality of the produced and purified recombinant protein variants (purified after
binding to a Ni-NTA His-Bind resin followed by size-exclusion chromatography). We first
determine the molecular mass of intact proteins. A monoisotopic mass of 35811Da (for EH14
protein), 35804 Da (for EH1g protein) and 35820 Da (for EH14g protein) was calculated on
the basis of sequence information. The molecular mass experimentally obtained (~35 kDa) in
all cases agree with the theoretical mass (Supporting Figure S5), supporting the recombinant
proteins do show the expected molecular masses. MALDI intact mass analysis can also
interpret the full mass spectrum without any deconvolution step and the analysis therefore
gives a good indication of purity of protein samples. As shown in Supporting Figure S5, the

chromatographic protein purity was higher than 99%. Finally, peptide mass fingerprinting by
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MALDI-TOF/TOF was performed to detect the presence of any protein contaminant, for
example, remaining contaminations from £. coli proteins as this bacterium was used as a host,
as well as other proteins that may be introduced during the purification steps. By peptide
fingerprint analysis we did not identify any protein from E. coli nor other protein when
searching in a protein database with the sequences encoding all proteins from this bacterium
in NCBI database, and the entire NCBI. Therefore, with the sensitivity allowing SDS-PAGE
and MALDI, we can conclude that the purity of His-tagged protein variants was higher than
99% and that the presence of any protein contaminant can be excluded.

MALDI-TOF/TOF is a technique that can be also utilized to analyze the peptides for
primary sequence confirmation and presence of mutations. For this reason to confirm that the
proteins contained the introduced mutations, peptide fingerprint by MALDI-TOF/TOF was
performed using the purified proteins. As shown in Supporting Figure S6 (for EH14), Figure
S7 (for EH1g) and Figure S8 (for EH14g), by MALDI-TOF/TOF we have detected peptides
covering the entire protein sequences, including the specific peptides corresponding to each of
the protein variants. This analysis supports that the mutations were correctly introduced and
that the identity of proteins was unambiguously confirmed. Note that mutations were also

confirmed in the cloned gene by DNA sequencing.

Hydrolytic capacity of EH14, EH1g, EH14g and their mutants. Two different tests were
used to evaluate the hydrolytic activity of all hydrolase variants herein examined. The first
one consisted in the hydrolysis of pNPP (up to 8 mM), whose hydrolysis can be monitored by
measuring at 410 nm (herein used at pH 7.0) or 346 nm (regardless pH) the production of p-
nitrophenoxide. This substrate is commonly used to evaluate the performance of ester
hydrolases and mutants, because its ease of measurement and low detection limit. The second
one consisted in the hydrolysis of esters others than pNPP, i.e. phenyl propionate, whose
hydrolysis can be monitored via a pH indicator assay, at pH 8.0 (or pH 7.0). Acid is produced
after ester bond cleavage by the action of the hydrolytic enzyme, which induces a color
change of the pH indicator that can be measured spectrophotometrically at 550 nm. Following
recommendation elsewhere,’** the concentrations of the pH indicator (0.45 mM) and each of
the esters (up to 6 mM) were chosen to maximize the accuracy and sensitivity. In all cases, a
positive reaction was indicated by the restrictive criterion of a change greater than 6-fold
above the background signal. Also, we would like to highlight that the amount of protein in
the assays was significantly high, particularly for mutants, whose activity was evaluated using

100 pg pure protein and time frames up to 24 h to ensure sensitivity and detection of ester
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hydrolysis.** Therefore, the catalytic rates of EH1,, EHlp, EH1p and the knock-out mutants
were all evaluated under conditions that ensure sensitivity and detection limit. In this study
we consider no (near zero) capacity to hydrolyze an ester when the absorbance after 24 h
incubation at pH 7.0 (for pNPP hydrolysis) or pH 8.0 (for esters other than pNPP) at 30°C was

2-fold below the background signal. This was the case of all mutants for all esters tested.
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There are numerous enzymes with an artificial active site catalyzing desired reactions (k¢ as
high as 5s5™"). A recent advancement involved the addition of a second active site into an ester
hydrolase, producing a new site that, however, could not bring in catalytic advantages. Here, we
significantly challenge this approach, introducing to the artificial site a k., as high as 14 s, Its
incorporation to the “mother” enzyme intensifies ca. 5000-fold the k.,/K,, introduces stereo-
specificity (%oee >99.9%), and unexpectedly, broadens the temperature for optimal activity.
Structural and further engineering efforts provide definite and reproducible evidences of a
plurizyme: a two active site enzyme where substrate binding and conversion concomitantly
occur, each trigging distinct conformational changes, that are additive. Adding extra reactive
sites with identical chemistry catalyzed can thus help intensifying the bio-catalytic properties of
“mother” ester-hydrolases. We hypothesized that it can also help generating multi-catalytic

systems with different chemistry.

The enzyme engineering field has developed considerably. opening great perspectives for future
studies aiming at greener solutions in synthetic biochemistry. Directed evolution and computation-
driven rational mutagenesis are fostering such developments'™. Within the most common enzyme
engineering actions. the tuning of specificity and improving the activity and/or stability are the most
attractive. In addition, significant cfforts in de novo active sites design are being undertaken: the
introduction of catalytic sites opened new opportunitics for non-catalytic protein scaffolds™. There
are numerous examples of enzymes with artificial active sites computational designed. although
dirccted evolution and protein engineering was required to boost the activity of the original design®”.
As such, certain artificial enzymes approach the diffusion limit while still catalyzing the desired

1912 with turnover rates as high as 1-5 5™

reaction using an artificial active site

In a recent study we significantly challenged enzyme engineering by introducing, in a natural
serine Ester-Hydrolase (EH14). a second active site (EH1g). Using the Protein Energy Landscape
Exploration (PELE) software. we identified a potential binding pocket and successfully turned it into a
catalytic site by introducing a few mutations (for additional details see Note 1 in Supporting
Introduction)"’. The first EH with two separate (and active) catalytic Ser-Asp-His triads. along with
their respective essential oxyanion holes', was thus designed (EH1 55). However, introducing the new
artificial active site in our target EH1,4 has not produced any benefit', ncither at the level of catalytic
efficiency nor at the level of substrate scope. selectivity and specificity. Thus, the artificial site has a
max. ke of up to 0.03 s™ for a restricted set of substrates'. value which is much below that of
previous artificial designs (1-5 s™)*, and that of the “mother” EH1, native site (ca. 47 s™). which also
showed a broader substrate spectrum’,

Still. we focus here on the plurizyme concept: developing enzymes with additional (artificial)
actives sites where improved catalytic properties are introduced, a ficld where there is a lack of

knowledge. To what extend can additional sites intensify the catalytic performance? Which catalytic
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and structural properties can the artificial site introduce. compared to those of the native one, when
both sites coexist and are identical in respect to the chemistry catalyzed? Are these properties additive,
complementary or different? Can the extra reactive site be a manifold to introduce additional catalytic
conversions and thus to design novel multi-catalytic systems? These questions are investigated here in
order to evaluate both the academic and biotech potential of the plurizyme concept. First. we
demonstrate that the catalytic potential of a “mother™ hydrolase can be significantly boosted by adding
an artificial site with an appropriated catalytic configuration. Second. we provide a definite structural
evidence of the existence of a p/urizyme, introducing a crystal structure of a serine ester-hydrolase
with a native and an artificial active site. as well as a comprehensive identification of the conformation
changes occurring upon substrate binding. Third, we evaluate the reproducibility of introducing an
extra catalytic site in other randomly selected serine ester-hydrolase', which also associated with a

catalytic enhancement.

Results and discussion

Using the PELE software with EH1 as our initial model. we mapped glyvceryl tri-propionate
dynamics. one of the preferred substrates of this site'”. The rationale was to investigate the cumulative
cffects of mutations in non-active site residues close to catalytic positions: PELE suggested the R23G
mutation as best potential target for active site remodeling. This Arg amino acid seems to work to
destabilize the artificial catalytic triad by partially sequestering Asp25. and substitution by Gly
indicated a better stability of the His-Asp interaction (Fig. 1).

b

a

HIS 214
SER 211

SER 211
1‘70 ASP 25
3.00 r ( ASP 25
368 7 7~
4
ARG 23
‘ GLY 23

| EH1AB (A) | EH1AB1 (B)
SER211-HIS214 Distance (A) | 52218 34215
HIS214-ASP25 Distance (A) 84216 55214

Fig. 1 Two representative snapshots of EH1g (a) and EH1g, (b) catalytic triads from the molecular
dynamic simulations, where we clearly observe the movement in Asp25 as a result of the R23G mutation.
The lower panel indicates the average distances between key catalytic amino acids obtained for both species

along the molecular dynamics.

In addition. introducing the smaller side chain significantly increased the effective volume of the

active site due to a higher cavity size, which increased from 58 to 66 A’, a parameter which largely

156



84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

102
103
104
105
106
107
108
109
110
111
112
113
114
115

correlates with substrate broadening®. Such an increase allowed the new site to overcome the
previously established threshold (62.5 A%) above which EH hydrolyze more than 24 substrates (from a
set of 96 tested). The R23G mutation was introduced into the EH1 4, EH1g and EH1 4 variants to
evaluate its effect on their catalytic performance. The variants containing the R23G mutation, which
was found not to affect per se the activity of the original enzyme (see Note | in Supporting Results),
will be referred to as EH14,, EHlg, and EH1 zp;.

Catalytic performance of the remodeled artificial site

As shown in Table 1 and Fig. 2a, the R23G mutation produced an artificial esterase (EHg,) with a ke
as high as 820.4 + 2.5 min™, and a substratc range of 58 chemically and structurally diverse esters (for
additional details sce Note 1 in Supporting Results). Those values are much above the interquartile
range of most naturally occurring hydrolytic enzymes (Table 1), and approximate those of the native

13,15

sitec (EH14,). one of the most active and promiscuous in terms of the substrate scope’ . Also. they are

above those of the best artificial enzymes obtained to date. which achieved k. of up to 1 to 5 s™ in best

5- %
cases’ 9,16 24'

Table 1 Substrates accepted by EH1 variants and other reported EHs, and their conversion rates.

Number of esters converted” Viax U g7 kicy (min™)°
EHs in the literature 21(9-29) 270680 (0 - 1049) -
EH1, 79 22620 + 160 2797 £ 18 —0.17+0.02
EHly 24 10.97+0.14 1.49£0.15 - 0.004 £ 0,003
EH1,p 79 1791 +21 267.0£1.6-0.02+0.01
EH1; 79 22950 + 173 27154+2.1-0.07+0.01
EHlg, 58 5051 + 51 820.4 +2.5-0.084 +0.001
EHI g 79 29790 + 146 3468 £ 12.6 - 0.075 £ 0.001

“The esters, out of 98 tested. converted by EHs herein generated and in literature (145 in total) are available in
Supporting Table S1 and Santiago et al. (2018)"", respectively. "V, (with standard deviation of triplicates) for
the hydrolysis of glyceryl tri-butyrate at pH 8.0, 30°C and 50 mM ester. For EHs in literature (225 in total) the
data, available in Santiago et al. (2018)"* and Martinez-Martinez ct al. (2018)", correspond to specific activities
under different conditions; the values given represent the average value, with 50% of the data from 0-1049 U g™
shown in brackets. “kcy range for the more and less hydrolyzed esters converted by EHs generated in this study
at pH 8.0, 30°C and 50 mM substrates. Values (average with standard deviation of triplicates) for cach ester are

available in Supporting Table S1.

Although, all esters hydrolyzed by EH1g, were also hydrolyzed by EH14, (Fig. 2a: Supporting
Table S1), we observed that the remodeled site shows, compared to the native site, not only an altered
substrate scope. but also an altered substrate-preference and stereo-selectivity, possibly due to
differences in substrate diffusion to access both active sites and product diffusion. This is exemplified

by the fact that within all 55 common substrates, 50 were better transformed by EH1 4. while 5 were
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better converted by EH1g;: methyl 3-hydroxybenzoate (70-fold), vinyl propionate (29-fold). methyl
hexanoate (9-fold), methyl (2R)-2-phenylpropanoate (8-fold), and vinyl crotonate (3.6-fold). Also. by
the fact that EH 1, converts methyl 3-hydroxybenzoate (k... 58.3 + 0.3 min™) but not methyl 2-
hydroxybenzoate, cthyl (S)-(—)-4-chloro-3-hydroxybutyrate (k.. 80.7 + 4.1 min™) but not ethyl (R)-
(+)-4-chloro-3-hydroxybutyrate, and methyl (2R)-2-phenylpropanoate (k..: 526.0 + 11.8 min™) but not
methyl (25)-2-phenylpropanoate: opposite, all these esters were converted by EHIA, (Fig. 2a:

Supporting Table S1).
kcat (min"") kcat/Km (s 'M")
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Fig. 2 The artificial site intensifies the bio-catalytic capability of the native enzyme. a, Substrate ranges and
turnover number (kcy) of the initial EH1 variants and the variants containing the R23G mutation. The figure was
created with the R language console, using information about the /e, (min™) of the analyzed enzymes against the
substrates hydrolyzed as a starting point. Abbreviations: E(R)CHB and E(S)CHB, ethyl (R or S)-(—/+)-4-chloro-
3-hydroxybutyrate. For other abbreviations and raw data see Supporting Table S1. b, key/Kyy (s'M™) of EH1,4,,
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EH1g, and EH1 4, against two substrates preferentially hydrolyzed by EH1g, and which are best representative
of the specificity and sterco-chemistry. k., and K, values are given in Supporting Table S2. In all cases, the
activity protocol established and used to identify the esters hydrolyzed by each variant was based on a
continuous pH indicator assay at pH 8.0 and 30 °C. performed in triplicate (with the average value and standard

deviation shown) and corrected for background signal (seec Methods section).

Therefore, remodeling of the extra active site not only broadens its substrate spectra and increases
prominently its hydrolytic rate, but also introduces sterco-preference. a feature that do not characterize
the native site. This may be a direct consequence of disabling the Asp25-Arg23 interaction after R23G
mutation such that Asp25, which is part of the artificial catalytic triad. can be better oriented towards
the catalytic histidine (Fig. 1). Arg23 may also restrict substrate accessibility in the artificial site. and
its mutation to Gly has a large effect in reducing these constraints such that the remodeled active site

can accommodate larger substrates.

EH1,4g, advantages compared to the “mother” EH1,, enzyme

EH1 4, has the ability to hydrolyze all 79 substrates that EH1 4, and EH1g,. combined. were able to
convert (Fig. 2a). Interestingly. k., values are close to the sum of the individual values from variants
containing each of the separate sites. As a consequence, we found that EH1 45, compared to the
“mother” enzyme, increase its k. for best-hydrolyzed substrate by 1.3-fold (Table 1), and by ~2.7-fold
on average for all common esters converted, with best improvement values of 74-fold (Fig. 2a:
Supporting Table S1: see Note 1 Supporting Results).

Calculation of the kc/K,, for methyl 3-hydroxybenzoate and the chiral ester methyl (2R)-2-
phenylpropanoate. which were best converted by the engineered site compared to the native one (see
above). and representing substrate-specificity and sterco-selectivity features. were performed to
quantify to what extend the addition of a second active site intensifies the catalytic efficiency of the
“mother” hydrolase. Results revealed that the significantly higher turnover rate (k) and affinity (K,,)
for these substrates in the artificial site (Supporting Table S2) intensifies the k../K,, of the “mother™
enzyme by up to ca. ~5000-fold (Fig. 2b). Kinetic resolution of enantiomers in a racemic mixture of
methyl (2R)-2-phenylpropanoate and methyl (25)-2-phenylpropanoate was used to generate
conversion and %ee values for substrates and products. and to prove to what extend the addition of a
second active site intensifies enantio-selectivity. Note that. when tested separately. while the (R)
enantiomer is converted by both the artificial and native sites, although preferentially by the first, the
() is only concerted by the native one (Fig. 2b). We found that the addition of the artificial site (E-
value >1000) increases the E-value of the “mother™ enzyme (E-value ~1.2) by ca. 1200-fold (E-valuc
for EH1 zp,: ~1380).

Taken together, we have provided unambiguous evidences demonstrating that adding an extra

active site can thus significantly increase the catalytic efficiency of a native ester hydrolase due to the
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presence of two reactive groups. At the same time. through differences in affinitics and conversion
rates, it can introduce new propertics to the original enzyme, namely. improved sterco-selectivity. as

demonstrated by using a set of randomly selected chiral esters.

The artificial site broadens the catalytic temperature window

The activity level of each variant at different temperatures was investigated (Fig. 3a) using glyceryl
tri-propionate, one of the preferred substrates. EH1,, was strongly active (>80% rel. act.) at
temperatures in the range 30-50°C, with the activity progressively reduced outside this range. In detail,
the optimum temperature (Toy) was 35-45°C, and the enzyme retained <50% activity at 8°C and 55°C.
EH1g,. exhibited the reverse of this trend —it was strongly inactivated at temperatures above 35°C,
and more active at lower temperatures. The Ty, was ~30°C, and the enzyme retained ~85% activity at
8°C and <25% at 40°C. The enzyme with two reactive sites exhibited a hybrid pattern, being most
active at 8-50°C. Thus. a high activity level was observed at temperatures as low as 8°C (~85%) and as
high as 50°C (~80%). The two-active site enzyme thus retained the psychrophilic-like phenotype
introduced by the extra active site and the mesophilic-like phenotype of the native one. Denaturing
temperatures (Ty) of 42.1+0.2°C and 33.8+0.2°C were calculated. by circular dichroism (CD)
spectroscopy., for EH1,4, and EH1g,. respectively (Fig. 3b-d). Interestingly. the Ty of EH1 45, was
47.5+0.2°C. These values are in agreement with the corresponding optimal temperatures for the

activity of cach protein variant (Fig. 3a).
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Fig. 3 Thermal and conformation changes associated to each of the protein variants. a, Temperature

profiles of the purified EH1,4,. EHlg, and EH1 g, variants. The data represent the relative percentages (%) of
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specific activity at pH 8.0, expressed as U mg™ compared with the maximum activity when glyceryl tri-
propionate was used as the substrate. All data, calculated from three independent assays + SD. are not fitted to
any model. b-d. Thermal denaturation curves of EH1,,; (b). EH1g, (c) and EH1 g, (d) variants. measured by
ellipticity changes at 220 nm and obtained at different temperatures and at pH 7.0. The results from the three
variants (statistically similar) were averaged. e-g. CD analysis of EH1 4, (¢). EH1g, (f) and EH1 4g, (g) recorded
at 25°C in the absence (black) or upon binding (red) of the suicide inhibitor (SI) butyl 4-nitrophenyl
hexylphosphonate. Shown is the ellipticity in mdeg from 190 to 270 nm. h, Effect of SI binding on the
conformation of EH1,,. EH1g, and EH145,. Shown is the o-helix and B-strand content (%) of the query protein’s
secondary structure, calculated from CD data in the range of 190 to 240 nm, as reported previously (http://cbdm-
01.zdv.uni-mainzde/~andrade/k2d3/)”". Reported are the average values of three measurements = SD.

The above results demonstrate that the physicochemical properties of the serine ester-hydrolase
EHI can be modulated by the presence of multiple reactive sites. each conferring different catalytic
performances to the protein scaffold. most likely due to the different active site architectures. It is
plausible that the remodeled artificial site is less stable. probably because of the different
configurations and positioning (larger exposure to the solvent) of the catalytic residues. which are
differentially affected by thermal conditions. The higher activity at low temperatures may be
associated with an casier diffusion of the substrates in the remodeled site. compared to the native site.
duc to its larger solvent exposure. Having said that, while the increase of the temperature for optimal
activity could be directly ascribed to the presence of two active sites, the observed changes in thermo-
stability cannot be explained by the introduction of a second active site per se. as this is a global
phenomenon of the entire protein. Whatever the case, those changes may depend from protein to

protein to be used as “mother™ target.

Crystal structure of the two active sites enzyme

To unambiguously prove that both sites are capable of substrate binding, we performed structural
analysis. We have obtained crystals from EHI1 4z, diffracting to 2.1 A resolution. These crystals were
soaked with suicide inhibitor butyl 4-nitrophenyl hexylphosphonate to obtain the corresponding
derivative complex. with two molecules of the inhibitor bound at the catalytic Ser161 (original
nucleophile) and Ser211 (artificial nucleophile) sites (Fig.5a: see Note 2 in Supporting Results). The
4-nitrophenyl phosphonate inhibitor is susceptible to nucleophilic attack by the catalytic Ser, leading
to covalent modification and complete inactivation of the enzyme (see Note 3 in Supporting

Results)>

. The solved three-dimensional structures show high flexibility of a region (which it
resembles but does not equal to a typical /id of lipases) containing the two N-terminal helical regions,
Pro4-Gly19 and Ala30-Gly43. which give access to the active-site pocket. Conformational changes
have been observed at the secondary Ser211 catalytic site. the artificial site, upon inhibitor binding, as
shown in Fig. 5b. which introduce distortions in the packing arrangement within the soaked crystals

explaining the decreased resolution observed. Nevertheless. the atomic interaction of the inhibitor
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bound at the two sites can be depicted and is displayed in Fig. 6. Analysis of ligand binding through
CD mecasurements further confirm this. demonstrating that substrate binding triggers distinct
conformational changes in cach of the sites (Fig. 3¢-g. red lines). which were not observed in the

absence of substrate (Fig. 3e-g, black lines).

a

Fig. 5 Crystal structure of EH1,g,.a, Cartoon of the soaked crystals coloured by B factors, from low (blue) to
red (high), with the two bound molecules from the suicide inhibitor butyl 4-nitrophenyl hexylphosphonate,
represented as magenta sticks. b, Detail of the comparison between the free (orange) and complexed (slate)

EH1 ,g,. showing the conformational changes observed in the environment of Ser211 upon inhibitor binding.

a b
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Fig. 6 Detail of the Ser161 and Ser 211 binding sites in the free (a, ¢) and complexed (b, d) crystals,
showing relevant distances as dashed lines. For detailed superimposition see Note 2 in Supporting Results
(Fig. S3).
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Distinct conformational changes were further revealed by calculating the query proteins’ secondary
structures of a-helices and B-strands”. As shown in Fig. 3h. in the absence of substrate their content
was similar in EH1,4,, EH1g, and EH1 45,. Upon substrate binding, the CD spectra of EH1 4, slightly
decreased in a-helices (1.13-fold) and slightly increased (1.52-fold) in the -strand content. These
differences were higher in EH1g,, in which upon substrate binding, the a-helix content decreased by
1.3-fold and the B-strand content increased by 5.61-fold. This suggests that substrate binding triggers
distinct conformational changes in cach of the sites. A greater conformational change was observed in
EH1 g, upon substrate binding, with a 1.54-fold decrease in a-helix content and a 7.12-fold increase in
B-strand content. Morcover., changes were additive. as the B-strand content upon substrate binding in

EH1 45, was approx. the sum of the values for cach individual site.

The plurizyme approach is applicable to other ester-hydrolase

To test reproducibility of adding a second site, we chose a serine EH. referred to as EH102,4 (5JD3),
isolated from the same habitat as EH1,". Its exposed native active site hydrolyzes only 16 substrates
out 96 tested"", with the V,q from 1038.3 + 0.2 to 145.1 £22.1 U g (Fig. 7a). PELE simulations
revealed a second binding site (Fig. 7b), and following the nomenclature of EHI. two variants.
EH1025 and EH102 5. were created (for additional details sece Note 4 Supporting Results).
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Fig. 7 The artificial site intensifies the bio-catalytic capability of the EH102 native enzyme. a, V,,, of
EH102 variants for all esters tested out of 96. The figure was created with the R language console, using
abbreviations and raw data in Supporting Table S3. b, Relative positions of the active sites of EH102 with their
catalytic triads. The original active site (EH102,) is shown in yellow. with a catalytic triad formed by Serl5.
Asp192 and His195 and Gly64 as oxyanion hole. The artificial active site (EH102g) is shown in blue, with a
second catalytic triad formed by Ser30. His34 and Asp57 and Asn43 as oxyanion hole. Note: (+)-cthyl (R)-
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lactate and ethyl (5)-(—)-4-chloro-3-hydroxybutyrate are not shown as no appreciable activity was detected under

our assay conditions for any of the tested hydrolase variants.

As shown in Fig. 7a, EH1025 hvdrolyzed 19 esters with V,,,, values ranging from 5726.5 = 71.2 to
1.44 +£0.70 U g". values which are in the range of the native site. Interestingly. EH1025 does show
stringent stereo-chemistry for (+)-cthyl (R)-lactate (1227.7 £ 10.8 U g") and cthyl (S)-(—)-4-chloro-3-
hydroxybutyrate (6.64 = 1.49 U g™). substrates for which EH102, shows activity below detection
limit. EH102 5. with two active sites. was able to convert 26 substrates that EH102, and EH1025
converted., with V., values (from 62823 +58t0 1.52+0.05U g") which were close to the sum of
the individual values from variants containing cach of the separate sites. Compared to the original
enzyme, EH102,5 was on average for all esters converted ~2.3-fold more active, thus demonstrating
again that additivity exists between the native and the artificial sites as observed in EH1 4g,. This
variant also retained the capacity to efficiently hydrolyze esters initially not converted by the native
enzyme. By kinetic resolution of enantiomers in a racemic mixture we found that the addition of the
artificial site (E-value >1000 (+)-cthyl (R)-lactate and ethyl (5)-(—)-4-chloro-3-hydroxybutyrate)
increases the E-value of the “mother™ enzyme from no conversion (in EH11024) to >1000 (for
EH102,45) in both cases. As for the EH1 variants, we also observed that the introduction of the
artificial site to the “mother” hydrolase expanded the temperature window for activity. with only slight
differences in Ty (for additional details see Note 5 Supporting Results). In this case, the native site has
a psychrophilic-like phenotype whereas the artificial site a mesophilic-like phenotype. which were
both transferred to EH102 4. Also, substrate binding was also shown to trigger distinct conformational
changes in cach of the sites (for additional details see Note 5 Supporting Results). Thus, through
introducing a second active site with a different architecture, we expanded substrate range. slightly
increased the temperature window, and converted an initially non-enantiospecific serine EH into a

synthetic biocatalyst capable of converting a chiral molecule with stringent stereo-chemistry.

Conclusions

Improving the efficiency of enzymes is rapidly becoming a necessity. One could imagine attacking the
problem by engineering more and more reactive sites, with the same chemistry catalyzed. into a single
enzyme scaffold. a concept we name as plurizyme (adding the latin root p/uri: multiplicity). Given that
each catalytic site in enzymes might have different architecture. one could precisely control catalytic
activities and stabilities. Several questions about this procedure were expressed in the introduction,
and addressed here. We demonstrated that it is possible to add catalytically efficient artificial active
sites into enzymes containing a native one, and that the two active sites can coexist in the same
polypeptide without compromising the original activity. Most importantly. we have shown that adding
an extra active site can not only significantly increase catalytic performance but also confer additional

properties to the original enzyme. In particular, we conferred improved stereo-specificity and
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expanded the temperature range in which the enzyme can be active. More importantly. through
reporting the crystal structure of an enzyme with two active sites soaked with ligand and in
combination with CD analysis, we demonstrate that substrate binding can concomitantly occur in two
sites, each inducing different additive conformation changes. Note that quantification of
conformational changes in a number of enzvmes upon substrate binding as part of the enzymatic
mechanisms in a single active site exist in the literature, but their quantification when two sites coexist
has no precedent.

The results further demonstrated that this approach is reproducible and can be easily extended to
other serine ester-hydrolase and can confer stringent stereo-specificity to a native protein initially non-
enantiospecific. We should emphasise that we obtained two plurizymes in the two ester-hydrolases that
we attempted. As such, the present study could provide a platform to improve the bio-catalytic
capability and to broaden the catalytic temperature window of naturally occurring enzymes through a
synergetic combination of native and artificial active sites. Creating enzymes with multiple reactive
groups may have important implications in future biotechnology. to help expanding their substrate
range, increasing competitiveness by boosting their catalytic performance and stereo-specificity or
modifying their operational conditions. By combining natural biological diversity potential with the
rational active site design. new bio-catalytic systems with improved propertics for sustainable catalysis
can become feasible. The final catalytic outcomes would depend on the architecture of both the native
and the artificial sites, and may vary from enzyme to enzyme.

One open question is: How frequently can a catalytic triad and an oxyanion hole be introduced after
the docking simulation is done in ester-hydrolases? As stated. we have proven this by just picking two
random ester-hydrolases, one being among those with the broader substrate spectra, and one with a
narrow substrate spectra', but these calculations may be needed in a broader sense to find whether this
is a “general” methodology in other “mother™ ester-hydrolases or other enzymes that are not naturally
esterase’s. Regardless. the results reported here provide unambiguous evidences demonstrating that
incorporation of a second active site with the same chemistry catalyzed as the native one. is
reproducible and may significantly improve the catalytic capabilities of “mother™ ester hydrolases. We
hypothesized it can open new catalytic opportunities. an aspect that should be studied in depth in the
future by combining active sites with different chemistry, so that to create multi-catalytic systems in

one.

Methods
A full description of the methods is available in Supporting Information. The atomic coordinates have

been deposited in the Protein Data Bank under accession numbers 618F and 618D.
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Supporting Introduction
Note 1

Summary of the residues constituting the native and artificial sites in EH1 hydrolase

The native active site of the target EH1, hydrolase is formed by a catalytic triad formed by
Serl161. Asp256 and His286 and an oxyanion hole formed by Gly88. Gly89 and Gly90 (PDB
code 5JD4). The artificial active site is formed by a catalytic triad formed by Ser211, Asp25 and
His214 and an oxyanion hole formed by Gly207. Tyr208 and Phe209. The artificial EH1y
hydrolase variant was created by introducing Glu25Asp. Leu214His and Ser161Ala
substitutions into the wild-type sequence (EH1 ). so that this variant would employ a new
catalytic triad (Ser211. Asp25 and His214) with Ser211 as the nucleophile and a new oxyanion
hole (Gly207. Tyr208 and Phe209). Note that the Ser161Ala mutation abolished the activity of
the native site (Ser161 being the nucleophile). The artificial EH1 45 variant was created by
incorporating the Glu25Asp and Leu214His substitutions into the wild-type sequence (EH1,).
This variant would employ two active sites, one formed by the Ser161. Asp256 and His286 triad

a
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and the Gly88. Gly89 and Gly90 oxyanion hole. and a second formed by Ser211, Asp25 and
His214 triad and Gly207, Tyr208 and Phe209 oxyanion hole. The design and creation of the
EH1g and EHI1 4p variants and unambiguously confirmation that Ser161, Asp256, and His286
(conforming the native sites) and Ser211. Asp25. His214 (conforming the artificial site) are the
functional groups supporting catalysis. which is constituted by a catalytic triad and not a diad or
by a histidine or an aspartic residue, have been extensively described by Santiago et al. (2018)".

The EH1,,. EHlg, and EH1 g, variants were created by adding R23G mutations to the
EHI14,. EHlg, and EH1 4, variants. Mutations Ser161Ala. Asp256GIn. and His286Phe
(conforming the native site) and Ser211Ala. Asp25GIn, His214Phe (conforming the artificial
site) were herein performed in EH1,,. EH1g, and EH1 4g,. The corresponding mutants were
produced and tested as described by Santiago et al. (2018)". We also found that those mutations
(individually and in combination) fully arrested the activity for the EH1,,. EHlg, and EH1 zg,
variants containing R23G mutation.

Supporting Results

Note 1:

Determination of specific activity, Vimx., Ku, ke and key/K,, were evaluated using an indirect
method based on a pH-indicator assay in which the hydrolysis of an ester is followed
colorimetrically. The method and conditions have been extensively described clsewhere'?.

R23G mutation does not have any side effect on EH1,,

No statistically significant differences were found in terms of V,,, for glyceryl tributyrate and
ke values for all the 79 esters being converted by both EH1, and EH1,, (Fig. 1, Table 1.
Supporting Table S1). Thus, R23G mutation in the remodeled site did not cause any local
negative side effect in the catalytic performance of the original enzyme.

R23G mutation improved the turnover number and substrate range of the artificial site
As shown in Table 1 and Fig. 2. the R23G mutation caused a significant increase in the
substrate range of the artificial active site. as EH1g, hydrolyzed 58 esters, whereas EH1g was
only able to hydrolyze 24 esters. It also caused a significant increase in ke, of more than 500-
fold for best-hydrolyzed ester (Table 1). and an average improvement of up to ~1600-fold (key
range from ~22000- to 15-fold) when all common esters converted were considered (Supporting
Table S1). Esters hydrolyzed by EH1g, but not by EH1g include short to large alkyl and
alkenyl-like fatty acid esters (12 in total). 9 mono-aromatic esters, 2 poly-aromatic esters, 7
chiral esters and 3 other esters. 1o cite some. As stated, this mutant was designed aiming to
improve promiscuity by increasing its effective volume'. The experimental data reinforces this
corrclation. as the remodeled artificial site was not only capable of accepting a 2.4-fold higher
number of substrates compared to the nc deled site but was also capable of accepting very
large and voluminous substrates (Fig. 2; Supporting Table S1), such as methyl decanoate.
benzyIparaben and phenylethyl cinnamate (k. up to 4.27 + 0.12 min™). Analysis of the
specificity for alkyl esters revealed that EH1g, was also capable of accepting esters with alkyl
chains from acetate to laurate and alcohol substituents from methyl to octyl (Fig. 2).

EH 13, does show also a substrate range and V., for the common ester hydrolase substrate
glyceryl tributyrate above the interquartile range of most native EHs, a situation contrasting
with that of the original EH1g design, which was ranked among the less active EHs (Table 1).
The remodeling also approximated the performance of the artificial and native sites. as EHlg,
was only 3.3-fold less active (k) than EH1,, for best-hydrolyzed substrate (Table 1). and ~19-
fold on average (range from ~134- (o 1.3-fold) for the 55 common esters converted (Supporting
Table S1). In five cascs. the catalytic activity of EH1g, exceeded that of EH1,,: methyl 3-
hydroxybenzoate (70-fold). vinyl propionate (29-fold), methyl hexanoate (9-fold). methyl (2R)-
2-pheny Ipropanoate (8-fold), and vinyl crotonate (3.6-fold). Without R23G mutation the
differences, in k. were ~1900-fold for the best substrates and ~11200-fold on average (range
from ~111000- to 4.3-fold) for all common esters converted. and none of the esters was better
hydrolyzed by the artificial site.
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EH1 43, is better performing than EH1 45

The key of EHI g, for best-hydrolyzed substrate was ~13-fold higher than that of EH1,5 (Table
1). and ~113-fold on average (range from ~2050- to 3.2-fold. depending on the ester) for all
common esters converted (Supporting Table S1). This is a direct consequence of the increased
catalytic performance of the remodeled extra site in EH1 ).

Note 2:

Crystallization and X-ray structure determination of EH1 g,

Sterco views of the electron density map at the Ser161 and Ser211 catalytic sites in the free and
complexed crystals are provided in Supporting Fig. S2 and S3.

Fig. S1 Sterco view of the clectron density map at the Ser161 catalytic site in the free (a) and
complexed (b) crystals. The 2Fo-Fc map is contoured a 1.0 6.

Fig. S2 Stereo view of the electron density map at helix Phe204-Trp219. containing the Ser
211/His214 motif, in the free (a) and complexed (b) crystals. The 2Fo-Fc map is contoured a
090.
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127
128 Fig S3. Polder omit maps calculated at the Ser161 and Ser211 cataly tic sites, displayed at 3.0

129 and 2.7 s cutofT. respectively.

130

131 a

H286 5161
A GBQ
D256
132
133 b
521 1y [H214
Y208

134
135 Fig. S4 Supcrimposition of the free (yellow) and complexed crystals (slate) illustrating the
136 Serl61 (a) and Ser 211 (b) binding sites. showing relevant distances as dashed lines.
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Note 3:

Suicide inhibitor as substrates for EH1

As substrate for soaking and binding tests we used the so-called suicide inhibitors, namely,
methyl, butyl and octyl 4-nitropheny| hexyIphosph The 4-nitropheny| phosphonate
inhibitors are susceptible to nucleophilic attack by the catalytic Ser of the active site of lipases
and related enzymes. This leads to stable covalent modification of the serine residue in the
active site and complete inactivation of the enzyme™. According to our inhibition experiments,
treatment with butyl 4-nitrophenyl hexylphosphonate (which was found as a substrate because
of the release of p-nitrophenol by all 3 EH1 variants: not shown) resulted in inactivation of
>99% for EH14,. EHlg, and EH1 45, when tested with glyceryl tripropionate (Supporting Fig.
S5) in less than 20 sec. This substrate can thus be used for crystallographic structural analysis
(soaking) and to investigate conformational changes of substrate-free and substrate-bound
protein variants because of irreversible bounding to the corresponding nucleophiles.

110 T
100 @ ® EH1A1
. O EH1B1
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H g e
— 40
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Fig. S5 Effect of butyl 4-nitrophenyl hexylphosphonate on the hydrolysis rate of glyceryl
tripropionate by EH14,. EHl1g, and EH1,5,. Enzyme variants were incubated with the inhibitor
at 25°C as described in Experimental section and the enzyme activitics were measured
spectrophotometrically over time. The relative activities are shown as percentage of control
(time 0). Reactions were performed in triplicates with standard deviations indicated. The
structure of butyl 4-nitropheny 1 hexylphosphonate is shown.

Note 4:

Reproducibility tests for introducing an extra reactive group to other ester hydrolases

To design a second catalytic triad we applied the same protocol using the PELE software to
locate potential pockets where target sub can be accc dated*. Glyceryl tripropionate
was used as a target compound. as it was found as an ester commonly hydrolyzed by most ester
hydrolases'. including EH102, (Supporting Table S3). PELE simulations revealed a second
binding site located ~23 A from the native catalytic position at Ser15 (Supporting Fig. S6A) that
already contains a histidine residue (His34). Thus, we computationally designed additional
mutations. adding Asp and Ser residues to build a proper catalytic triad. taking special care
concerning catalytic distances, and the resulting effective volume. We found that the Leu57Asp
and Leu30Ser double mutant revealed good enzyme-substrate interaction energies (Supporting
Fig. S6B) and a suitable catalytic position for the glyceryl tripropionate substrate (Supporting
Fig. S6C). In addition, our results showed that residuc Asn43 acts as a potential oxyanion hole. a
key clement in ester hydrolase catalysis (Supporting Fig. S6C). Morcover. extensive MD
simulations indicate proper stabilization of the double mutant.

By using site-directed mutagenesis. we created two variants, referred to as EH1025 and
EH102 5. EH102p introduced Leu57Asp. Leu30Ser and Serl5Ala substitutions, so that this
variant would employ only the new catalytic triad: the second variant, EH102,g. carried both
the native and the artificial sites.
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Fig. S6 PELE exploration of EH102. a, PELE exploration for glyceryl tripropionate diffusion in
EH102,4. b. New catalytic triad interaction energies profile for EH102,4. ¢, Glyceryl
tripropionate binding mode as obtained with PELE.

The participation of Ser15 (in EH 24 and EH y245) and Ser30 (in EH 5 and EHjg245) as the
catalytic nucleophiles was confirmed by using the suicide inhibitors methyl. butyl and octyl 4-
nitropheny1 hexylphosphonate. According to our inhibition experiments, treatment with the
butyl derivative resulted in total inactivation of EH102,, EH1025 and EH102 5 activity when
tested with glyceryl tripropionate (Supporting Fig. $7). Methyl and octyl derivatives were also
used as substrates and bound irreversibly but at lower rates (not shown). This unambiguously
confirms that Serl5 and Ser30 are the functional nucleophilic groups supporting catalysis.
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Fig. S7 Effect of butyl 4-nitropheny] hexylphosphonate on the hydrolysis rate of glyceryl
tripropionate by EH102,. EH1025 and EH102 5. Enzyme variants were incubated with the
inhibitor at 25°C as described in Experimental section and the enzyme activitics were measured
spectrophotometrically over time. The relative activities are shown as percentage of control
(time 0). Reactions were performed in triplicates with standard deviations indicated. The
structure of butyl 4-nitropheny 1 hexylphosphonate is shown.
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Note 5

The artificial site broadens the catalytic temperature window of EH102 and induced
different conformation changes upon substrate binding
Using glyceryl tripropionate. we found that EH102, was strongly active (>70% rel. act.) at
temperatures in the range 4-40°C, with the activity progressively reduced at higher temp
(Supporting Fig. S8a). The T,y was ~12°C°C. EH102g, exhibited the reverse of this trend —it
was less active at temperatures lower than 12°C and more active at temperatures from 45-65°C
(Supporting Fig. S8a). The Ty, was ~25°C. and the enzyme retained >70% activity at 16-55°C.
The enzyme with two reactive sites exhibited a hybrid pattern. retaining >70% rel. act. at
temperatures from 4 to 55°C. still retaining 56% of its activity at 65°C (Supporting Fig. S8a).
The two-active site enzyme thus retained the psychrophilic-like phenotype of the native site and
the mesophilic-like phenotype introduced by the extra active site. Denaturing temperatures (Tg)
of 52.8340.95°C. 53.11+0.18°C. and 54.30+0.2.80°C were calculated, by circular dichroism
(CD) spectroscopy. for EH102,. EH1025. and EH102,45. respectively (Supporting Fig. S8b-d).
As for the EH1 variants. distinct conformational changes were further revealed by circular
dichroism in the native and artificial active sitc in EH102 scaffold (Supporting Fig. S8c-f). As
shown. in the absence of substrate their CD spectra were similar in EH102,. EH1025 and
EH102 5. Upon substrate binding (butyl 4-nitropheny hexylphosphonate). the CD spectra
change. the level of which varies among the 3 variants.
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Fig. S8 Thermal and confi ion ch iated to each of the EH102 protein variants. a.
Temperature profiles of the purified EH l()2A EH1025 and EHIOZA“ Vi anams The dala represent the
relative percentages (%) of specific activity at pH 8.0. exp dasUmg" pared with the i
activity when glyceryl tripropionate was used as the sub All data, calculated from three independs

assays + SD, are not fitted to any model. b-d, Thermal denaturation curves of EH102, (b), EH102;; ()
and EH102 g (d) variants, measured by ellipticity changes at 220 nm and obtained at different
temperatures and at pH 7.0. The results from the three variants (statistically similar) were averaged. e-g,
CD analysis of EH102, (¢). EH102g () and EH1 45 (g) recorded at 25°C in the absence (black) or upon
binding (red) of the suicide inhibitor (SI) butyl 4-nitropheny1 hexylphospt Shown is the ellipticity
in mdeg from I‘X) 10270 nm.
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Note 6:

Protein purity and confirmation of mutations

Purity (>99%) was confirmed by SDS-polyacrylamide gel electrophoresis (Supporting Fig. S9)
on 12% gels and Coomassic brilliant blue staining. as determined by densitometry.
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Fig. S9 Protein purity as determined by SDS-PAGE. A Coomassic brilliant blue (Protobluc
Safe. National Diagnostics, GA, USA) stained SDS-PAGE gel in which a total of 20 ug of
proteins purified after the His6-tag purification step followed by gel filtration step. are shown
for EH1 (left pancl) and EH102 (right pancl) variants. Purity of the proteins was high (>99% by

densitometry). which was further confirmed by mass sp y. The th ical molccul
mass of the native EH1, and EH102, proteins is 33936.23 and 24328.83 Da, respectively. SDS-
PAGE was performed in a Mini PROTEAN clectrophoresis system (Bio-Rad).

MALDI mass spectrometry of purified proteins was used to confirm the purity of the
purificd recombinant protein variants. We found that the molecular mass experimentally
obtained (~35 kDa) in all cases by MALDI agree with the theoretical monoisotopic mass of
intact proteins calculated on the basis of sequence information. supporting the recombinant
proteins do show the expected molecular masses (Supporting Fig. S10). MALDI intact mass
analysis can also interpret the full mass spectrum without any deconvolution step and the
analysis therefore gives a good indication of purity of protein samples. As shown in Supporting
Fig. S8, the chromatographic protein purity was higher than 99%.
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Fig. S10A. Analysis of EH1 4, purificd protein solution by MALDI-TOF/TOF. The mass (m)-
to-charge () ratios (m/z) for the mass range from 3 to 50 kDa is shown. The MALDI analysis
revealed a protein with the estimated molecular mass of ~35 kDa. with no apparent
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contaminants. In the spectra. the peaks corresponding to the double and triple charge of the

precursors are indicated.
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Fig. S10B. Analysis of EH g, purified protein solution by MALDI-TOF/TOF. The mass (m)-to-
charge (z) ratios (m/z) for the mass range from 3 to 50 kDa is shown. The MALDI analysis
revealed a protein with the estimated molecular mass of ~35 kDa, with no apparent
contaminants. In the spectra. the peaks corresponding to the double and triple charge of the

" 612230573

precursors are indicated.
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Fig. S10C. Analysis of EH1 45, purified protein solution by MALDI-TOF/TOF. The mass (m)-
to-charge (z) ratios (m/z) for the mass range from 3 to 50 kDa is shown. The MALDI analysis
revealed a protein with the estimated molecular mass of ~35 kDa, with no apparent
contaminants. In the spectra. the peaks corresponding to the double and triple charge of the

precursors are indicated.
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MALDI-TOF/TOF is a technique that can be also utilized to analyze the peptides for primary
sequence confirmation and presence of mutations. For this reason. to confirm that the proteins
contained the introduced i peptide fingerprint by MALDI-TOF/TOF was performed
using the purified proteins. and mutations where unambiguously confirmed in EH1 4,
(Supporting Fig. S11). EH1g, (Supporting Fig. S12) and EH1 g, (Supporting Fig. S13). We also
used DNA sequencing to also ensure that the mutations were correctly introduced.

ASEIRFRRYRPLGEAAGLLPTLIYYHGGGFVIGNIETHDSTCRRLA!

FPAPIDDG! VGGDSAGGAMAAYVCQACRDAGETGPAFQMLI
YPATDSSRESASRVAFAEGYFLS YVPEDTDLTDLRLSPLLATDFTGLPPAFV
LTAGYDPLRDEGRA YADRLIEAGIRTTYVNYPGITHGFFSLTRFLSQGLKANDEAAAVMGAH
FGT

Native active site: Serl61, Asp256 and His286 (in yellow)
Native oxyenion hole: Giy88, Gly89 and Giy90

I MASCOT Search Results

Fig. S11. MALDI-TOF/TOF analysis of EH1,, protein solution. (A) EH1,; sequence in which
the detected peptides are shown in red color. In yellow are the residues conforming the native
catalytic triad. In gray color the original residues that were needed to further accommodate the
artificial active site. are indicated. In dark green color the residue which has been found key for
improving the catalytic performance of the artificial site is indicated: this residue (number 23)
was originally an Arg in the native EH1, protein. but was substituted by Gly in EH1,,. (B)
MS/MS chromatogram which shows the mass (m)-to-charge (2) ratios (m/z) of identified
peptides. with those being specific for EH1,, being specifically indicated. (C) MASCOT search
results of the mass of identified peptides.
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PASEIRFREYRILGEAAGLLPTLIY Al
LIYPATDSSRESASRVAFAEGYFLSEAHMDWFWEAY VPEDTOLTOLKLSFLLATDF TGLIPAF
VLIAGYDPLRDEGRAY

Arificial acire soe: Ser211, Asg and Eis214 (i goay)
Actficial aoyamicn bele: Gy 287, Tye200 sad Fre2o®

Fig. S12. MALDI-TOF/TOF analysis of EH 1g, protein solution. A) EH1g, sequence in which
the detected peptides are shown in red color. In yellow are the residues conforming the native
catalytic triad. In gray color the original residues that were needed to further accommodate the
artificial active site. are indicated. In dark green color the residue which has been found key for
improving the catalytic performance of the artificial site is indicated: this residue (number 23)
was originally an Arg in the native EHI1, protein. but was substituted by Gly in EH14,. B)
MS/MS chromatogram which shows the mass (m)-to-charge (z) ratios (m/2) of identified
peptides. with those being specific for EH1g, being specifically indicated. C) MASCOT search
results of the mass of identified peptides.

VGREAVDEMSEDGEADPTEV AEVANGGFAG A

VLTAGYDPLRDEGRAYADRL IEAGIK T TYVNYPGI 1+ GFFSLTRFLSQGLEANDEAAAVMGA.
HFGT
W24, MASCOT Search Results
b Serlél 6
Native oxyanion bole: Gly89 mad Glyo
Ariificial ective st Ser211, As25 end Hi2 14 (i gosy)
Attificial oxyanion holer :1y207, Tyr208 snd M2t

B

r
1
|
i
IL.
l -

Fig. S13. MALDI-TOF/TOF analysis of EH1 g, protein solution. A) EH1 5, sequence in which

the detected peptides are shown in red color. In yellow are the residues conforming the native
catalytic triad. In gray color. the residues constituting the artificial active site are indicated. In
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dark green. the residue which has been found key for improving the catalytic performance of the
artificial site is indicated. B) MS/MS chromatogram which shows the mass (m)-to-charge (z)
ratios (m/z) of identified peptides. with those being specific for EH1,g, being specifically
indicated. C) MASCOT scarch results of the mass of identified peptides.

Supporting Methods

Chemicals, oligonucleotides, source of enzyme, strains, and medium. The sources of all
chemicals (of the purest grade available). oligonucleotides for DNA amplification and serine
ester hydrolases EH1,. EH1g. EH1,5. and EH102, (available in the expression vector pET46
EK/LIC plasmid in Escherichia coli BL21 as a host) used in the present study, were reported'.

Site-directed mutagenesis. Mutagenic PCR was developed using the QuikChange
Lightning Multi Site-Directed Mutagenesis kit (Agilent Technologies. Cheadle. UK). as
described previously ', The forward primers used to generate the EH1,,, EH1g, and EH1 g,
variants with the R23G mutation are as follows: AGG GGC GGC CGG CCC GGG CTG GAG
ACC CTG CCG or AGG GGC GGC CGG CCC GGG CTG GAT ACC CTG CCG. The
forward primers used to generate the EH102; and EH102,5 variants arc as follows: Leu57Asp.
CGA ACG GCG GCT GCG Gga CGT CAA CCA GGG CAA C: Leu30Ser. GAT CGG CGG
CGA GGG Gag CTT CAA CGC CCA TGG C: Serl5Ala, CCC GCG TCC GTG ATC GeG
TCG CCG ATG ATG ACC. To obtain variants containing Ser161Ala, Asp256Gln. and
His286Phe (conforming the native sites) and Ser211Ala, Asp25Gin, His214Phe mutations,
individually or in combination, the pET46 EK/LIC plasmid containing EH1,,. EH1g,, or EH1 g,
DNA inserts the primers Ser211Ala Fwd (GCC GAA GGC TAC TTC CTC GCC AAG GCG
CAC ATG GAC TGG). Serl61Ala Fwd (GTG GGC GGC GAT GCG GCG GGC GGC G).
Asp25GIn Fwd (CGG CCC GGG CTG GCG ACC CTG CCG CAT GC). Asp256Gln Fwd
(ACC GCC GGC TAC CAA CCG CTG CGC GAC G), His214Phe Fwd (TTC CTC AGC AAG
GCG TTC ATG GAC TGG TTC TGG G) and His286Phe Fwd (T CCC GGC ACC ATC TTC
GGC TTC TTC TCG). were used. Mutagenic PCR conditions were as described'.

Gene expression and protein purification. Expression (performed in Luria-Bertani
medium with shaking at 250 rpm and 16°C overnight) and purification (at 4°C by binding to a
Ni-NTA His-Bind resin, followed by size-exclusion chromatography) of the EH1 (Supporting
Table S4) and EH102 (Supporting Table S5) protein variants, His-tagged at the N-terminus,
were performed as previously described’. Purified proteins were stored at -20°C. Purity (>99%)
was confirmed by SDS-polyacrylamide gel clectrophoresis on 12% gels and Coomassie brilliant
bluc staining. along with matrix-assisted lascr desorption/ionization-time-of-flight/time-of-flight
analysis which was also used to confirm the mutations introduced. as previously described (see
Note 6 in Supporting Results)'. The protein concentration was determined
spectrophotometrically (at 280 nm) according to the corresponding amino acid sequence
(www.expasy .org/tools/protparam.html) using a Take3 plate compatible with a Synergy HT
Multi-Mode Microplate Reader.

Enzyme assays. Specific activity (units mg"), Viaxe ke and K, determinations for ester
substrates were assayed using a pH indicator (phenol red: €55 = 8450 M™' cm™') assay at 550
nm in 384-well plates as previously described’, although with minor changes. Briefly, for K,
determinations the amount of protein was 0.2 pg. and 50 mM of cach ester were used to ensure
substrate saturation while determining kg, values. If otherwise not indicated. reactions were
performed. in triplicates and corrected for non-enzymatic transformation, at 30°C and in S mM
N-(2-hydroxycthyl)piperazine-N’-(3-propanesulfonic acid (EPPS) buffer. Temperatures
between 8 and 65 °C were tested for determination of the conditions under which cach protein
variant displayed maximal activity. using c-naphthyl acetate and glyceryl tripropionate.

We used the suicide inhibitors methyl, butyl and octyl 4-nitropheny| hexylphosphonate
(Eurocodis Bioscience GmbH. Wien. Austria) to test for the ability to inactivate all ester
hydrolases reported in this study. For this experiment, 7.5 mM proteins were incubated with 15
mM (for EH1 ;. EH1g;. EH102,. and EH102g) or 30 mM (for EH 145, and EH1024) inhibitors
(from a 0.3 M-stock solution in dimethylsulfoxide). Incubation was performed in 40 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH 7.0, with a total volume
of 200 pL. The progress of inhibition at 25°C was followed by taking aliquots (10 pL) at
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different time intervals and measuring the remaining enzyme activity using glyceryl
tripropionate”. In all cases, reactions were performed in triplicate. The capacity of the proteins
to perform hydrolysis of the suicide inhibitor was also followed at 405 nm based on the release
of p-nitrophenol (g,xp at 405 nm = 14280 M~ cm™).

Circular dichroism to estimate the protein secondary structure and thermal
denaturation. Circular dichroism (CD) spectra were acquired between 190 and 270 nm with a
Jasco J-720 spectropolarimeter equipped with a Peltier temperature controller, employing a 0.1
mm cell at 25°C. Spectra were analyzed. and denaturation temperatures were determined at 220
nm between 10 and 85°C at a rate of 30°C per hour, as reported previously®”. In all cases, a
protein concentration of 0. i mg ml™ was used for CD analyses. We used the suicide inhibitor
buty! 4-nitropheny! hexyl, h (E: dis Biosci GmbH. Wien. Austria) to evaluate
the conformational chan[,cs induced in EH1,,, EHlg, and EH1 45, as well as EH102,, EH102g
and EH102,g. For this analysis, the CD spectra of each protein (0.13 mM) were recorded at
25°C between 190 and 270 nm in a 0.1 mm cell. A final volume of protein solution of 200 puL
was used. Then, 0.2 pL of the inhibitor stock solution in dimethylsulfoxide (0.26 M) was added
for EH1 4, and EH 1), and 0.4 uL was added for EH1,g;. which corresponds to a
protein:inhibitor ratio of 1:2 for EH1,, and EH1g, and 1:4 for EHI 4g,. Considering that EH1 is
a dimer, a ratio of 1:1 per site and per monomer was thus used. A total of 0.8 mg/ml of EH102,,
EH102g and EH102 45 were used, with the corresponding amount of inhibitor. . After 5 min
incubation at 25°C. the CD spectra were acquired. Estimates of the protein secondary structure
were performed from the CD data as reported elsewhere”.

PELE simulations. We modeled the binding mode of glyceryl tripropionate with EH1, and
EH102, structures (PDB codes: 5JD4 and 5JD3), as described previously*. Crystal structures
were taken from the PDB codes mentioned. and the protonation of the titratable residucs was
approximated using Protein Preparation Wizard (PROPKA) and a visual inspection. At pH 8,
the value at which reactions were evaluated in this study, the catalytic triad residues form a
scrine-histidine and histidine-aspartic hydrogen-bonding inner network. The chosen ligand
(glycery| tripropionate) p were exi d from full hanics optimizations
using Jaguar from Schrodinger. We used PELE software to explore the protein space for
noncatalytic binding sites and to sample the binding modes of the ligand. PELE is a Monte
Carlo algorithm based on a sequence of perturbations and relaxations and a Metropolis
acceptance test.* In the first step. the ligand is subjected to random rotations and translations,
while the protein is perturbed based on the anisotropic network model (ANM). The maximum
allowed translation for the ligand perturbation was 1.5 A, and the maximum rotation was 20°.
During the protein perturbation, all atoms were displaced by a maximum of 0,5 A by moving
the a-carbons following a random linear combination of the six lowest eigenvectors obtained in
the ANM model. The relaxation step included the repositioning of all amino acid side chains
within 6 A of the ligand and the five side chains with the highest energy increases during the
previous ANM step. The relaxation stage ended with a truncated Newton minimization using
the OPLS all-atom force field and an implicit surface-generalized Born continuum solvent. The
new proposed minima were then accepted or rejected based on a Metropolis test. The substrate
binding plots contained all accepted conformations for three 12-h simulations performed using
200 processors.

Molecular dynamics. We performed 250-ns molecular dynamics with GROMACS to
ensure enzymatic stability”. After appropriate system preparation, as was previously described’,
an orthorhombic box (minimum distance of 10 A) was introduced. Then, equilibration was
performed. followed by NPT simulation at 300 K and I atm with the OPLS-2005 force field.
Temperature lation was ¢ lled by a B dsen thermostat.

Crystallization and X-ray structure determination of EH1 ;. Initial crystallization
conditions were explored by high-throughput techniques with a NanoDrop robot (Innovadyne
Tecnhologies Inc.). using different protein concentrations in 40 mM HEPES pH 7. 150 mM
NaCl. and ial screens: Index (Hampton R h). JBScreen PACT++ (Jena
Bioscience) and JCSG+ Suite (Qiagen). Further optimizations were carried out and thin bar-
shape crystals of EH1 45, were grown using 1 pL of protein (30 mg/mL) and 0.5 pL of
precipitant solution (45% PEG P400, 0.1 M BIS-TRIS pH 6.5). The complex with the suicide
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inhibitor. a dcn\ ative of butyl 4-m\mphcml hexylphosphonate. was obtained by soaking
crystals in p i solution 1 d with 10 mM buty! 4-nitropheny| hexyIphosphonate
for 3 hours

For data collection, crystals were transferred to cryoprotectant solutions consisting of mother
liquor plus 20-25 % (v/v) glycerol. before being cooled in liquid nitrogen. Diffraction data were
collected using synchrotron radiation on the XALOC beamline at ALBA (Cerdanyola del
Vallés, Spain) and the ID30A-1/MASSIf-1 beamline at ESRF (Grenoble. France). Diffraction
images were processed with XDS'" and merged using AIMLESS'" from the CCP4 package™.
Both crystals were indexed in the P2,2,2, space group. with two molecules in the asymmetric
unit and 55% solvent content within the unit cell. The data-collection statistics are given in
Supporting Table S6. The structures of EH 1,45, and the EH1 4g,-butyl hexylphosphonate
complex were solved by Molecular Replacement with MOLREP" using the coordinates of the
native protein (PDB code 5JD4). Crystallographic refinement was performed using the program
REFMAC" within the CCP4 suite with flat bulk-solvent correction, maximum likelihood target
features and local non-crystallographic symmetry (NCS). Two regions. 19-33 and 203-218
building the secondary catalytic site, were excluded from the NCS groups in the ligand-free
structure. Free R-factor was calculated using a subset of 5% randomly selected structure-factor
amplitudes that were excluded from automated refinement. At the later stages. ligands were
manually built into the clectron density maps with Coot'* and water molecules were included in
the model. which. combined with more rounds of ined refi hed the R factors
listed in Supporting Table S6. For butyl 4-nitropheny! hexylphosphonate inhibitor derivative.
not present in the Protein Data Bank, a model was built using MacPyMOLX 1 1Hybrid (The
PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC). The model was used to

ically generate di and molecular topologics with cLBOW'® suitable for
REFMAC refinement. The figures were generated with PyMOL. The crystallographic statistics
of EH1 4g, are listed in Supporting Table S6.

Gas chromatography (GC) analysis for determination of chiral selectivity. Enantio-
selectivity was evaluated (at 30°C) by using kinetic resolution of methyl (2R)-2-
phenylpropanoate and methyl (25)-2-phenylpropanoate. or (+)-ethyl (R)-lactate and (-)-cthyl
(S)-lactate, or ethyl (S)-(—)-4-chloro-3-hydroxybutyrate and cthyl (R)-(+)-4-chloro-3-
hydroxybutyrate. Briefly. 2 uL of racemic ester (from a stock solution of 200 mg/mL in
acetonitrile) were added to 96 pL of 40 mM HEPES buffer. pH 7.0. Then. 2 puL of enzyme
solution (from a stock solution of 10.0 mg/ml in 40 mM HEPES buffer, pH 7.0) were added.
After 60 min (for EHlg; and EH1 4g) or 24 h (for EH14,). reactions with racemic mixtures of
methyl (2R)-2-phenyIpropanoate and methy| (25)-2-phenylpropanoate. were stopped by adding
1800 uL. HPLC-grade methanol and the reaction products analysed by GC (for details see GC
Chromatograms at the end of the Supporting Information) as described Coscolin et al. (2019)".
For EH102 variants. reaction time was fixed to 60 min.
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505  Table S1. ke, (min™) against a sct of structurally different esters. The assays were performed at 30 °C
506 and pH 8.0, as triplicates, with the average value and standard deviation shown. K, values for all
507  variants and esters tested range from 0.08+0.01 to 40.19+0.20 mM (sec below). For this reason, 50
508 mM of cach ester were used to ensure substrate saturation while determining ke, values.

509
510
kea (min')"
Ester’ EH1, EHl1g EHl,p EH1,, EHlg, EH1
Glyceryl 1115.98%13.27 [ 0.05120.014 51209 1110.6:14.08]  45.6:031] 119547675
Glyceryl 2247342649 [ 0.547:0.034 [ 21.1121.35] 220541867 221.85+3.63 | 2528.98£19.76
Glycery! tributyrate 440.83423[ 021420008 8.1920.98| 458.12£2.91|  5842022| 46531677
Methyl-2-bromobutyrate 9.141.79 0] 0122005 9.23:0.16 0 9.396.97
Ethyl acetate 209.23+7.64 0]  3.22:0.14 206.63=333| 1012008  217.9£2.56
Propyl acetate 13.670.05 0  2.84007] 1581202 0 15.89+0.73
Butyl acetate 465.68+3.35[ 0.00420.003 | 6.86:x0.02| 453.52:638]  86.5:9.96[ 551.04x1.78
Hexyl acetate 34.1120.45[0.007£0.003 | 6.8850.06 [ 3347049  9.39:0.04|  48.14x0.49
Octyl acetate 147.0429.45 | 0.005£0.001 | 33120.06 [ 152.92x1.16|  6.532022| 147.1550.78
Methyl butyrate 27.3420.03 0]  803x0.15] 29942006  5.0620.07]  41.65x0.82
Methyl h 1.0320.09] 0.135£0.021 | 1.22:0.04|  0.9420.07 8.0£0.11 8.02+0.7
Methyl octanoate 107.224.15| 0.0130.002 | 4.02:0.14|  109.55:2.2| 14842009  123.02¢1.23
Methy! decanoate 11.1250.36 0] 038009 12012021 0.2:0.01 12.42+0.19
Ethyl propi 20793451 0 3.9:035] 20191532 165:0.08]  207.67£2.16
Ethyl butyrate 82.13+3.48 | 0.00720.002 | 13782028  83.52:0.13]  2.69:0.09 86.24+1.7
Ethyl h 184.0851.45| 0.11320.059 [ 4.0120.07] 180.37£2.58|  8.59:033[  194.28¢1.39
Ethyl octanoate 61.66:1.22]0.04120.018]  1.7520.06| 5607014 |  6.242027]  69.39£2.65
Ethyl decanoate 1.4420.18 0]  014x002] 1332024 0 1.420.09
Ethyl dod 1.25:0.22 0] 1442003] 0962002 0 0.970.08
Propyl propi 1.9620.07 0  3522:03[  12420.02 0 1.25:0.12
Propyl butyrate 0.4820.03 0] 115465074 0.4420.08 0 0.470.14
Propyl h 154.73:4.6 [ 0.075£0.03| 5272013 | 156.36=1.98| 10.23:0.66|  176.181.27
Ethyl 2-cthy 13.21.24 0] 0.52:002] 13.46:027]  9.76:0.13 31.73£0.7
Ethyl 2-methylacetoacetate 85.21=1.06 0]  6612007] 8137=164] 1187016 95.013.0
Ethyl 3-oxoh 345.98£4.16 0] 8542011 343.572607] 1561£0.07[  378.83433
Ethyl acetoacetate 329.59+3.05 0]  5512003] 320.232675] 11.630.16[ 339.11:2.93
Ethyl propionylacetate 494.67£3.77 0] 4772002 468375871 12255016  490.45:3.59
Methyl glycolate 470.83%2.03 0 202:0.04] 47032:7.44]  529:025]  519.584.46
Vinyl acetate 836:0.02] 0076003  0.032001]  8842021[ 2432003 11.77+0.68
Vinyl propi 33620.22] 0.786=0.03| 15542038  3.142062] 91342221[ 100.81x1.46
Vinyl butyrate 11.12£0.16 [ 0342£0.089 | 177.7620.16| 11832024 [  52120.19]  23.9120.45
Vinyl laurate 4.570.09 0]  0.03:001] 482001  3.58+0.05 8.4520.25
Vinyl b 448.52+6.77] 0.1120.035 [ 63.9120.54 |  488.1:9.67] 109.2653.04|  599.35:3.61
Vinyl 18.550,55 | 0.0870.012 [ 15.940.13 0.96 66.88+2.15]  85.14£0.66
Vinyl acrylate 0.170.02 0]  2297x03]  0.1520.02 0 0.19:0,04
Geranyl acetate 55.38+2.74 0] 3.5320.09 5943 6.57:088] 6742118
3-Methyl-3-buten-1-y1 acetate 28.9120.1 0] 10.18029] 29.02:066]  5.5520.07 417111
Methyl benzoate 34304 0 025003 3.29:005]  1.1420.15 4.54£0.21
Ethyl benzoate 3.4320.18 0]  0162002] 3432005 0 3.9120.26
n-Pentyl benzoate 39.29£0.76 0] 1455036 362120.79]  4.67:0.62]  41.07+0.56
Ethyl 2-chlorob 15.120.2 0 18420.1| 15242028  247x0.03[  21.33:0.81
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Methyl 2-hydroxyb 0.3:0.21 0 0.2+0.01 0.41+0.1 0 0.38+0.01
Methyl 3-hydroxyb 0.66x0.04 0 0.09£0.01 0.83£0.02 | 58.25+0.26 61.26x0.47
Propyl 4-hydroxy 2.470.08 0 0.28+0.03 2.450.03 0.08+0.04 2.59+0.52
Butyl 4-hydroxybenzoate 3.65+0.1 0 0.510.03 3.1420.15 1.49+0.01 4.90+0.89
Phenyl acetate 1309.47+18.63 | 0.331+£0.087 |  81.09+1.57 | 1312.1+15.37 | 775.74+3.15 | 2152.74+11.68
Pheny! propi 2797.12+17.94 | 1.490£0.151 267+1.56 2715.09 | 820.44+548| 3467,5+12.58
Phthalic acid dicthy] ester 13.25%0.15 0 0.3620.59 | 14.3520.22 0 14.11£0.38
Isobutyl ci 51.07+1.27 0 1.79£0.19 51.5£1.19 5.7120.08 61.26+0.57
Methyl 2,5-dihydroxyci 1.92+0.02 0 0.07£0.03 1.66+0.03 0 1.66+0.12
Methyl ci 61.01£0.25 0 3.48+0.01 64.12 10.59+0.14 74.84+1.91
Methyl ferulate 0.86+0.01 0 0.07£0.01 0.86+0.01 0.6+0.08 1.38+0.12
1-Napthy| acetate 1015.98+13.08 | 0.143£0.046 7.61£0.88 | 1044.9£13.4 181.7£8.02 | 1272.19+11.22
1-Naphthy butyrate 234.916.37 | 0.069+0.005 3.38£0.21 | 216.39+3.92 60.8142.4 | 283.34£1.73
Benzyl 4-hydroxy 76.69£1.29 0 2.130.04 79.29+1.61 4.27+0.12 83.77+1.61
BFPME’ 316.51+3.4 | 0.02+0.012 2.7+0.02 | 313.86+6.74 11.6x0.71 328.05£3.19
BHPP’ 1276.92+13.68 | 0.073+0.024 8.78+1.01 | 1250.4£15.42 95.6345.1 1368.09£7.77
Phenylethyl ci 13.560.04 0 0.27+0.09 12.97+0.32 0.32+0.04 14.82+0.23
Y-Valerol 343.79+2.9 0 0.5+0.04 380.4+5.93 3.45:0.81 398.54£2.77
D-P; I 9.08£0.03 0 0.920.04 8.89+0.19 0 8.89+0.26
Cyclohexyl butyrate 416.57=1.22 | 0.084+0.001 50.82+0.86 | 414.99:4.57| 41.12£0.33 460.87£1.58
Glucose p 794.08+4.04 0 0.45£0.01 | 816.64+9.2 6.0850.15 | 916.02+4.43
(1R)~(-)-Menthy] acetate 1.03+0.1 0 0.18+0.01 0.96£0.01 0 0.97+0.07
(15)-(+)-Menthyl acetate 0.59+0.14 0] 0.02:001 0.62+0.08 0 0.610.06
Methyl (R)-(-) del. 0.51£0.03 0 0.02+0.01 0.49£0.06 0 0.39+0.1
Methyl (S)-(+) del. 1.51+0.24 0 0.49+0.01 1.48+0.12 0 1.54+0.42
(—)-Methyl (R)-3-hydroxyvalerate 9.05£0.26 0 0.45+0.01 9.88+0.12 0 9.75+0.53
(+)-Methyl (S)-3-hydroxyvalerate 6.26x0.01 0 0.25+0.06 6.67£0.13 0 6.95£0.4
(+)-Methyl (S)-3-hydroxybutyrate 9.84+0.24 0 0.2+0.02 9.81£0.17 0.69+0.24 12.1£0.32
(=)-Methyl (R)-3-hydroxybutyrate 5.4120.22 0 0.3+0.03 5.340.08 1.03x0.14 7.05+0.38
E(R)CHB’ 105.95+0.03 0 2.31£0.06 | 104.88+1.79 0 105.91£4.66
E(S)CHB* 108.7+1.9 0 4.72£0.16 | 106.14£2.23 | 80.69+4.05 187.83£2.78
(—)-Methyl (R)-Lactate 26.09+2.15 0 0.6420.11 28.46=0.38 3.25+0.04 29.45+6.9
()-Methyl (S)-Lactate 62.72+0.56 0 2.39+0.01| 68.57+0.11 4.5420.06 78.39+2.61
(—)-Ethyl (R)-Lactate 24.38+0.58 0 0.7£0.01 27.32£0.48 2.45+0.08 36.12+£2.75
(+)-Ethy] (S)-lactate 130.83+£2.59 0 2.76x0.09 | 128.92£2.91 9.13+0.3 139.26£3.21
Methyl (2R)-2-phenylprop 61.042.9 0] 632013 65.040.6 | 526.00+11.8 597.00+21
Methyl (28)-2-phenyIp 592425 0] 598009 63.01.9 0 64.0+0.1

"Nold: the number of esters found as potential substrates by Santiago et al. (2018) for EH1,, was 72". However, two of the esters found
1052 be hydrolyzed in the previous study were substituted by two new esters found to be converted. namely. methyl-2-bromobutyrate
in§@3d of triolein and methyl 2-phenyl propanoate instead of glyceryl tri-laurate. Additionally, ethyl acetate, ethyl benzoate and D-
paiildlactone, for which conversion was detected below the detection limit of the conditions used by Santiago et al. (2018)', were
hy5ltSly zed in the conditions used in this study, which dto itions at which ion exists.

*Abbeviation as follows: Benzoic acid. 4-formyl-, phenylmethyl ester [BFPME]: Benzyl (R)-(+)-2-hydroxy-3-phenylpropionate
[BHPP|; Ethyl (R)-(+)-4-chloro-3-hydroxybutyrate [E(R)CHB]; Ethyl (S)-(—)-4-chloro-3-hydroxybutyrate [E(S)CHB|
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518
519
520
521
522

Kn (mM)*

Ester' (1IN EH1g, EH1,5

Glyceryl triacetate 0.251£0.05 [ 0.360+0.056 | 0.259+0.059
Glyceryl tripropionate 0.272+0.05| 0.725+0.040 [ 0.332+0.032
Glyceryl tributyrate 0.510:0.17  8.00+0.51] 0.547+0.047
Methyl-2-bromobutyrate 5.53+0.03 -1 9.20+0.082
Ethyl acetate 0.592+0.033 7.30£0.15| 0.610+0.061
Propy| acctate 3.23x0.45 - 3.86+0.08
Butyl acctate 0.495+0.056 | 0.310+0.025 | 0.393+0.029
Hexyl acetate 0.405+0.069 1.41+0.04 1.82+0.08
Octyl acetate 1.05£0.10| 0.620+0.075 1.30+0.03
Methyl butyrate 1.67+0.08 1.24+0.03 2.84+0.02
Methy! hexanoate 4.92+0.09 | 0.685+0.018 5.02+0.10
Methyl octanoate 0.930£0.110 | 0.225+0.037 1.05+0.10
Methyl decanoate 5.20£0.07 8.28+0.06 6.50+£0.05
Ethyl propionatc 7.03+0.08 5.55+0.06 6.76+0.07
Ethyl butyrate 8.86+0.22 9.28+0.09[  9.70+0.07
Ethyl hexanoate 4.70£0.07 | 32.80+0.12 5.54+0.05
Ethyl octanoate 7.12£0.05| 5.45+0.071 8.78+0.07
Ethyl decanoate 7.45+0.08 - 7.64+0.06
Ethyl dodecanoate 9.05+0.08 - 8.89+0.08
Propy! propionate 8.07+0.15 - 8.53+0.05
Propy| butyrate 5.52+0.05 - 5.19+0.12
Propy! hexanoate 0.512+0.057 1.16+0.04 | 0.747+0.045
Ethyl 2-cthylacetoacetate 0.420+£0.031 | 0.493+0.150 | 0.850+0.058
Ethyl 2-methylacetoacetate 0.322:£0.076 | 0.690£0.088 | 0.608+0.061
Ethy] 3-oxol 0.732+0.056 | 0.7100,136| 0.741+0.041
Ethyl acetoacctate 0.712+0.064 | 0.838+0.076 | 0.765+0.077
Ethyl propionylacetate 1.03£0.07 | 0.940+0.063 1.43+0.04
Methyl glycolate 0.602+0.145 | 0.740+0.075 | 0.658+0.046
Vinyl acetate 0.887+0.087 | 0.268+0.078 1.03+0.03
Viny| propionate 0.927+0.098 | 0.475+0.082 | 0.725+0.073
Vinyl butyrate 0.835+£0.192 | 0.215+0.045 | 0.948+0.048
Vinyl laurate 9.57+0.04 1.04£0.11 | 10.87+0.08
Vinyl benzoate 0.743+0.057 | 0.253+0.102 | 0.767+0.077
Vinyl crotonate 9.15+0.17| 0.548+0.067 | 0.550+0.055
Vinyl acrylate 9.1340.19 -l 9.46£0.04
Geranyl acetate 0.592+0.056 | 0.290+0,040 | 0.480+0,048
3-Methyl-3-buten-1-yl acetate 0.582+0.065 | 0.490+0.092 | 0.953£0.050
Methy] benzoate 6.67+0.03 | 0.740+0.101 6.56+0.05
Ethyl benzoate 5.13+0.03 - 5.68+0.07
n-Pentyl benzoate 35.17+0.77| 0.970+0.025| 35.69+0.17
Ethyl 2-chlorobenzoate 16.00+£0.04 1.38+£0.05[ 16.72+0.07
Methyl 2-hydroxybenzoate 8.45+0.09 - 8.50+0.05

Table S1 cont. K, (mM) against a set of structurally different esters. The assays were performed at 30
°C and pH 8.0, as triplicates, with the average value and standard deviation shown. For K,
determinations the amount of protein was 0.2 pg. and substrate concentrations varied from 0 to 100
mM. Only the K;, (mM) for the EH14,. EH1g, and EH1 45, are shown.
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523
524
525
526
527
528
529
530
531

Methyl 3-hydroxybenzoate

12.33+0.56

0.180+0.020 0.19x0.01

Propy| 4-hydroxybenzoate

12.85+0.54

0.783+0.079 | 10.59+0.05

Butyl 4-hydroxybenzoate

15.85+0.04

0.958+0.080 | 16.55+0.05

Pheny| acetate 0.080.01 1.05+0.02 | 0.445+0.045
Phenyl propionate 0.965+0.03 | 0.703+0,122 [ 0.998+0.100
Phthalic acid diethy! ester 1.12+0.08 - 1.06+0.06
Isobutyl ci 2.52+0.05 1.04+0.10| 2.70+0.071
Methy! 2.5-dihydroxyci 4.50+0.062 S| 4.63£0.06
Methyl ci 3.241+0.03 1.41£0.06 |  4.23+0.02
Methyl ferulate 35.37£0.05 533031 40.19+0.20
1-Napthyl acctate 0.422+0.050 | 0.775+0,053 | 0.530+0.013
1-Naphthy butyrate 0.307+0.044 | 0.520+0.093 | 0.350+0.015
Benzyl 4-hydroxy benzoate 0.492+0.062 | 0.573+0.027 | 0.497+0.020
BFPME' 1.19+0.09| 0.570+0.053 1.17+0.02
BHPP' 0.532+0.063 [ 0.503+0.031| 0.560+0.026
Phenylethy] ci 17.32£042| 3830+3.93| 20.21+0.02
Y-Valerolactone 1.02+0.04 | 8.00+0.245 1.15+0.01
D-Pantol 9.15+0.03 - 9.17+0.02
Cyclohexyl butyrate 1.21+0.03| 0.497+0.096 1.20+0.02
Glucose pentaacetate 0.55+0.03 |  21.0£0.092| 0.600+0.010
(1R)-(-)-Menthyl acctate 6.55+0.03 | 6.3820.04
(15)-(+)-Menthy| acetate 6.75+0.03 - 6.24+0.02
Methyl (R)-(-) del 5.2240.07 -] 5.19+0.01
Methy! (S)-(+)-mandel 6.600.49 -1 6.15£0.01
(—)-Methyl (R)-3-hydroxyvalerate | 0.625+0.082 -| 0.593+0.049
(+)-Methyl (5)-3-hydroxyvalerate | 0.463+0.069 -] 0.418+0.119
(+)-Methyl (S)-3-hydroxybutyrate |0.714+0.066 | 4.38+0.153 4.93+0.09
(-)-Methyl (R)-3-hydroxybutyrate [0.930+£0.088 | 5.03+0.014|  5.54+0.06
E(R)CHB’ 4.7120.063 - 4.59:0.05
E(S)CHB’ 7.50+0.086 | 0.610+0.039 | 0.758+0.076
(-)-Methyl (R)-Lactate 2.25+0.089 [ 0.620+0.075 | 0.637+0.064
(+)-Methyl (S)-Lactate 0.798+0.180 |  0.353+0.05 | 0.680+0.068
(—)-Ethyl (R)-Lactate 0.637+£0.066 | 0.453+0.018 | 0.747+0.075
(+)-Ethyl (S)-lactate 0.690+0.049 | 0.47340.037 1.62+0.16
Methyl (2R)-2-pheny Ipropanoate 21.10£1.80 0.33+0.02 0.44+0.03
Methyl (25)-2-phenyIp 22.40+3.20 -] 27.10£2.20

TAbbreviation as follows: Benzoic acid. 4-formyl-,

Benzyl  (R)-(+)-2-hydroxy-3-phenylpropionate

phenylmethyl ester [BFPME]:

[BHPP|: Ethyl (R)-(+)-4-chloro-3-

hydroxybutyrate [E(R)CHB]: Ethyl (S)-(—)-4-chloro-3-hydroxybutyrate [E(S)CHBJ.

2Fits for K,, determinations (for cach ester and enzyme variant) are provided in separate
Supplementary files (file named Ky determinations fits). The figures represent the
normalized/relative umol/minmL. calculated as described in Supporting Methods. for
each of the ester concentrations. Measurements were in triplicates with average value
represented. The figure was created with the R language console with chlmclls Mcnlcn

is-M

fit. K, values were

by simple N

Kinetics as d
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532
533
534
535
536
537
538

539

540

541

542

543
544
545
546

Table S2. Kinetic parameters of EHl,. EHlg, and EHlag,. for two substrates preferentially
hydrolyzed by EH1g,. The assays were performed at 30 °C and pH 8.0, as triplicates. with the average
value and standard deviation shown. K, values were calculated by simple Michaelis-Menten kinetics
as described’. Fits for K,, determinations arc shown below the table. The figures represent the

pmol/minmL (in tripli with

ge value rep: d). calcul

Methods. for cach of the ester concentrations.

d as described in Supporting

Substrates Methyl 3-hydroxybenzoate
Ky (mM) kiggy (min”)
EH1,, 12.33+0.56 0.83£0.02
EH1g, 0.18+0.02 58.3+0.3
EH1,5 0.19+0.01 61.26+0.47
Methyl (2R)-2-pheny Ipropanoate
EH1,, 21.1+1.8 65.0+0.6
EH1g, 0.33+0.02 526.0£11.8
EH1 5 0.44+0.03 597.0£21.0
Methy! (25)-2-pheny Ipropanoate
EH1,, 22.443.2 63.0£1.9
EH1g, - -
EH1,5 27.1£2.2 64.0+1.6
EH1A1: Methyl 3-hydroxybenzoate EH1B1: Methyl 3-hydroxybenzoate EH1AB1: Methyl 3-hydroxybenzoate
02 s 6
£ Es | oos . 2 L 1
£ £ H
'§‘ 0 P = §~ r E ; "
goos |0 g l § 1
0 s ot o
0 « 80 0 20 « w 0 2 40 w0

©
Concentrabon (mM)

EHIAL Myl (2R) 2 plnylopanuate

Concentraton (mM)

EHIB1. Methyl (2R) 2 thenykropainssie

Conoentration (mM)

EHIABY. Melliyl (2R) 2 phenylpnopancite
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£ - 3 -
£3 . g i .
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0 20 4 & B0 100 o 2 0 100 0 2 4
Conceniustion (k) Conuenisstion (10d)
EH1AT. Methyl (25)-2-phenylpropancate EH1B1: Methyl (25)-2-phenyipropancate EH1AB1. Methyl (25)-2-phenylpropancate

8 8,000 "
ES T 500
g4 - £ 400
- P £
8 [4° g
£1]s £
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0 8
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Table S3. Substrate spectra of EH102 variants. The chemically and structurally distinct esters out 96
tested’, for which activity was detected, are listed on the left side of the table. The Vy for cach
substrate when tested at pH 8.0. 30°C and 50 mM ester is shown according to cach variant. including

the cor d dard deviation (tripli )
Vo (Ug")
Substrates' EH102, EH102; | EH102,
1-Naphthyl acctate 951.8+11.9 | 917.4=13.0 | 1832.3+45.3
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547
548
549
550
551
552
553
554

555
556
557
558
559
560
561
562

Additionally. hexyl acetate. octyl acetate. vinyl propiunal}:. 3-methyl-3-buten-1

1 M.

1-Naphthyl butyrate 688.3+6.6 132.8+5.0 846.9+7.5
Glyceryl tri-acetate 784.7£3.3 92.0£3.7 | 884.6£10.5
Glyceryl tripropionate 896.2+13.0 2120.5+9.2 3089.4+59
Glyceryl tributyrate 0 346.139.4 350.3+£2.5
Hexyl acetate 225.245.1 0| 224.7¢12.0
Octyl acetate 145.1£22.1 0 141.6+£5.3
Methyl butyrate 193.7£1.2 0 200.0£1.9
Propy! hexanoate 0 1878.9+7.8 | 1885.1+1.5
Vinyl propionate 783.7£2.5 0 794.9+4.3
Vinyl benzoate 0 859.1:9.4 855.144.3
Geranyl acctate 168.0£1.6 0 167.242.8
3-Methyl-3-buten-1-yl-acetate 256.4+7.0 417.2£11.7 661.6+3.7
Ethyl 3-oxohexanoate 0| 1430.8£12.6 1470.4+2.7
Ethyl propionylacetate 0 7.68+1.11 7.58+0.55
Methyl glycolate 565.6£3.0 0 560.0£9.1
Propyl acetate 621.5+6.2 69.0£2.5 707.8+4.9
Butyl acetate 656.9£3.9 11.4=1.8 672.4+8.5
Phenyl acetate 1001.548.4 | 4147.3:21.2 5171.8£1.5
Phenyl propionate 544.0£2.7 | 5726.5£71.2 | 6282.8+5.8
Glucose p 1038.3+11.2 0 1073.6£2.9
(=)-Ethyl (S)-lactate 0] 1227.7£10.8 | 1236.7+0.6
Ethyl (S)-(-)-4-chloro-3-hydroxybutyrate [E(S)CHB] 6.64:1.49 6.41+0.12
Benzyl (R)-(+)-2-hydroxy-3-phenyIpropionate [BHPP] 0 2147.8+5.7 | 2193.3+6.4
Benzoic acid. 4-formyl-. phenylmethyl ester [BFPME] 0 6.58+0.38 6.54+0.84
Phthalic acid dicthy! ester 0 1.44£0.70 1.52+0.05
Note: the number of esters found as p ial by Marti Marti et al. (2018) for EH102, was 11°,

vl-acetate, methyl glycolate. for

which ion was ds d below the ion limit of the conditions used by

were hydrolyzed in the conditions used in this study. which correspond to ditions at which

etal, 2018,

exists.

Table S4 Purification summary for EH1,,. EH1g, and EH1 s, proteins.

Sample Variant Total Total activity | Specific activity | Purity (%)°
protein (mg)° (units)” (U/mg)*
Crude lysate® EHl4, 1467 1763 1.20 -
Purificd protein® | EH1 25 1642 65.68 >99
Crude lysate® EHlg, 1143 138 0.12 -
Purified protein® | EHlg, 11 127 11.55 >99
Crude lysate” EH1 g 1360 2084 1.53 -
Purificd protcin” EH1 g 24 1875 78.13 >99

“ After Ni-NTA His-Bind resin and gel filtration.

" From 4 g of wet weight £. coli cell pellet (from 2000 ml of bacterial culture).

© Protein concentration determined by Bradford assay using BSA as a standard protein.
4 Activity determined using glyceryl tripropionate as substrate’”.
©Calculated by densitometry in the SDS-PAGE.

Table S5 Purification summary for EH102,. EH1025 and EH102 43 proteins.

Sample Variant Total Total activity | Specific activity | Purity (%)°
protein (mg)* (units)* U/’
Crude lysate” EH102, 322 59330 1843 -
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564
565
566
567
568

569

570

571

Purified protein” | EH102, 59 52860 895.9 >99
Crude lysate® EH1025 317 760 24 -
Purificd protein” | EH102g 41 490 12.0 >99
Crude lysate® EH1024p 454 93300 205.6 -
Purificd protein® | EH102,45 91 88300 970.3 >99

* After Ni-NTA His-Bind resin and gel filtration.
® From 4 g of wet weight . coli cell pellet (from 2000 ml of bacterial culture).

© Protein concentration determined by Bradford assay using BSA as a standard protein.

4 Activity determined using glyceryl tripropionate as substrate'.
¢ Calculated by densitometry in the SDS-PAGE.

Table S6. Crystallographic statistics of EHI yg,.

Values in p I are for the high resolution shell
Crystal data EH1m EH]1 s8,-complex
Space group P2,2,2, P2,2,2,
Unit cell parameters
a(A) 82.23 85.25
b (A) 86.04 88.16
¢ (A) 98.17 98.50
Data collection
Beamli ESRF-ID30A-1 | XALOC (ALBA)
Temperature (K) 100 100
Wavelength (A) 0.966000 0.979240
Resolution (A) 43.02-2.11 49.25-3.20

Data processing

Total reflections

237360 (19288) 49457 (8489)

Unique reflections

40731 (3301) 12184 (2184)

Multiplicity 5.8(5.8) 4.1(39)
Compl (%) 99.9 (100.0) 96.5 (96.2)
Mean //c (I) 10.6 (3.1) 45(22)
Ruerge’ (%) 12.4 (64.1) 21.8(52.5)
Ry (%) 5.7 (29.6) 119 (29.8)
Molecules per ASU 2 2
Ruork / Riree”” (%) 16.0/19.8 22.7127.6
N° of atoms/average B 5245/30.81 4891/41.65
Macromolecule 4770/29.71 4747/41.32
Ligands 144/49.89 103/68.06
Solvent 331/38.26 41/13.40
Ramachandran plot (%)
Favoured 94.3 93.9
Outlicrs 0.5 0.3
RMS deviations
Bonds (A) 0.007 0.003
Angles (°) 1.192 1.057
PDB accession codes GI8F 6I8D

'R.m.m =Y 2| Tihk1) = [IChKD)]| / Ywa X Tihkl). where Ii(hkl) is the ith measurement
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572 of reflection hkl and [I(hkl)] is the weighted mean of all measurements.

573 TRy = Y [V(N = 1] 1/2 3| Tithkl) — [I(hkD)]| / S Y Thkl), where N is the
574 redundancy for the hkl reflection.

575 TR york / Riwe = Yt | Fo = Fe |/ Y | Fo |, where Fe is the calculated and Fo is the
576 observed structure factor amplitude of reflection hkl for the working / free (5%) set.
577 respectively.

578

579  GC Chromatograms

580  The GC chromatograms for EH1,,. EH1g, and EH1 45, chiral determination using racemic mixture of
581  methyl (2R)-2-phenylpropanoate and methyl (25)-2-phenylpropanoate are shown below:

582

Methyl 25)-2 phenypropanoste
methyl (2R)-2-phenylpropanoate

120 ¢
100 | Standard
80 |
60 |
40
201 ———

Abundance (rel.)

0 2 4 6 8 10 12 14 16 18 20

60
50 EH1A1
40
30
20
10

0

(rel.)

0 2 4 6 8 10 12 14 16 18 20
60
50 EH1B1

(rel.)

40
30

20
10 [—

0 2 4 6 8 10 12 14 16 18 20

60
50 EH1AB1
40
30
20
10

Abundance (rel.)

0 2 4 6 8 10 12 14 16 18 20

583 Time (min)
584

585 GC chromatograms. The figures represent the abundance of methyl (2R)-2-pheny Ipropanoate and
586 methyl (25)-2-phenylpropanoate (standards shown in the upper panel) and their reaction products in
587 the presence of EH 1,4y, EH 1y, and EH14g,. Reactions were performed as detailed in Experimental
588  scction, and reaction products analyzed by GC. Retention time for the (R)- and (S)-acids 2.34 and 3.14
589 min, respectively.
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Chapter 4: Discussion
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In Chapter 3: Results a very accurate and complete description of different
enzyme-related studies has been presented, with both computational and
experimental work. In an attempt to facilitate comprehension, the work has been

summarized in the current chapter.

4.1. Determinants and Prediction of Esterase Substrate

Promiscuity Patterns

Promiscuity is an enzymatic characteristic which defines the substrate scope of a
biocatalyst and it has a potential industrial interest. The prediction of substrate
promiscuity from sequence and structural data remains to be elucidated, existing
only experimental alternatives which are expensive in terms of costs and
resources and time-consuming. To address this gap, we have used the substrate
specificity of a set of 145 diverse microbial esterases against a library of 96

substrates.

To rationalize enzymatic substrate ranges, we performed ligand migration
studies with PELE (Borrelli et al., 2005) in order to study the behavior of two
(crystallized) esterases with very different substrate promiscuity values (5JD4:
77 substrates and 5JD3: 10 substrates), present in the data set and isolated from
the same environment. Substrate migration simulations with PELE (Fig. 4.1)
reveals two major facts: a significantly better binding profile and a reduction in
the solvent accessible surface area (SASA) for 5JD4. These differences in
enzyme-ligand interaction can be explained by the catalytic triad structural
environment: 5JD4 has a wide buried active site, while, 5JD3 has a surface-

exposed catalytic triad.
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Figure 4.1: Substrate migration with PELE for 5JD4 (red) and 5JD3 (blue).
Panel A plots binding energy vs. serine-substrate distance and panel B substrate

Serine-Substrate Distance (&)

SASA vs. serine-substrate distance.

These results and the previous crystal inspection drive us to the following first

assumptions about promiscuity:

1) Promiscuous enzymes require “large” buried hidden cavities.

2) Solvent exposure of key residues leads to low promiscuity values.

The previous two assumptions can be translated into two major concepts, cavity
area and catalytic residues SASA. In order to look for a correlation between
these two values and enzymatic promiscuity, we started evaluating the crystal
structures present in the set (10 crystals). Cavity volume was calculated using
Fpocket (Le Guilloux, Schmidtke, & Tuffery, 2009) and catalytic residues
SASA with GetArea web-server (Fraczkiewicz & Braun, 1998). Importantly,
with the ratio of these two values (cavity volume/SASA) it is possible to classify
between promiscuous and non-promiscuous enzymes with high accuracy (100
%): when this value (called Effective Volume) is higher than 62.5 A’the enzyme
hydrolyze 20 or more different substrates, considering the enzyme promiscuous
(Fig. 4.2).
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Figure 4.2: Cavity volume divided SASA ratio for dataset crystals (promiscuous

in red non-promiscuous in blue). The inner plot is a zoom of the non-

promiscuous region.

With this information, the analysis was extended to the remaining 135 esterases

without a crystal structure. Homology modeling was used for structure

prediction, followed by cavity volume and SASA calculation, and a general

workflow was established (Fig. 4.3). Again the combination of both parameters

classifies promiscuous enzymes with high accuracy (96%) (Fig. 4.4).
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Figure 4.3: Effective Volume calculation workflow.
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Figure 4.4: Effective volume relation with the number of compounds
hydrolyzed for all dataset esterases (promiscuous in red non-promiscuous in
blue).

The analysis was extended to another enzymatic family, haloacid dehalogenase
phosphatases (HAD-phosphatases) C2 cap members, with similar success ratios
(Fig. 4.5). Although a threshold could not be unambiguously established,
sequences with the top 10 effective volumes belong to moderate-high to high

promiscuity enzymes.
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4.2. Computer-Aided Laccase Engineering: Toward Biological

Oxidation of Arylamines

In Chapter 3.2, we introduced the rational design of laccase for arylamines
oxidation. Those compounds, like aniline, have many industrial applications
(paints, isolating layers, etc.) and the oxidation relies on harmful chemical
compounds. Laccases are multicopper enzymes capable to oxidize a broad
variety of molecules (including aniline) with soft-acids as the buffer, but the
production of conductive polyaniline (PANI) remains a major issue for those

enzymes.

The production of conductive polyaniline requires the presence of strong
oxidation agents and a very low pH (around 3), where aniline monomers are
protonated (Fig. 4.6). Laccases have activity in acidic pH, but the tests with
wild-type enzymes (like PM1L) and chimeric variants (like 7D5) hold a really
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low activity over aniline, making the biocatalysis not a suitable option for

industrial purposes.

4n QNHZ + 5n (NH4)2S,0g

HSO4 HSO4 PANI hydrogen sulfate

PANI sulfate
QQQQWWW4
@

Figure 4.6: Chemical conductive polyaniline production (Mentus, Ciri¢-
Marjanovi¢, Trchova, & Stejskal, 2009).

Combining classical mechanics, PELE, and quantum methods (QM/MM), we
developed a new 7D5 variant doubling PANI production. At pH 3 aniline
monomers are protonated, thus the ligand diffusion in PM1L and 7D5
significantly difficult due to the presence of the T1-copper, also positive charge.
Although, the introduction of two mutations (N236D and N207S) modifies the
binding site electrostatic environment to the ligand special needs, favoring the
electron transfer of the substrate. This was also translated into improved
interactions energies, reduced donor-acceptor distance and SASA (Fig. 4.7).
QM/MM calculations (Qsite (Murphy, Philipp, & Friesner, 2000; Philipp &
Friesner, 1999)) revealed improved spin densities for the mutant variant
compared to 7D5 and PM1L (Table 4.1).
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Figure 4.7: Binding energy profiles with aniline monomer for 7D5 (panel A)
and the double mutant (DM) (panel B).

Table 4.1: Spin density and kinetic values for arylamines oxidation for 7D5 and
DM.

System SP (%) Keat (57 Km (MM)
7D5 + ANL 12 10.1 28
DM + ANL 26 22.6 59.3

7D5 + DMPD 39 459 1.7
DM + DMPD 68 741 1.2
7D5 + PPD 32 14.7 3.7
DM + PPD 46 20.8 35
7D5 + ABTS 23 291 0.0042
DM + ABTS 40 570 0.01
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Experimental validation was successful, the new mutant had an enhanced
activity over aniline and other arylamines, like Dimethyl-4-phenylenediamine
(DPMD) or p-Phenylenediamine (PPD), and over a classical laccase redox
mediators like 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS),
following “in silico” cross-validation of these molecules lead to improved spin
densities, as was previously observed for aniline monomers (Table 4.1). The
computational hypothesis is that a better ligand placement in the binding site
induced by the electrostatic environment modification caused by the introduced
mutations is leading to the enhanced activity. As observed in Figure 4.8, the
aniline monomer placement towards the T1-copper is far improved in DM
variant. Moreover, the improvement of aniline oxidation leads to two times

increasing PANI production (Fig. 4.9).

A B
Cu
N207 S207
B D205
N263 D263

S264 S264

Figure 4.8: Aniline monomer placement in 7D5 (panel A) and DM (panel B)

active site.
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Figure 4.9: 7D5 and DM polyaniline production comparison.

4.3. Rational Engineering of Multiple Active Sites in an Ester

Hydrolase

In previous chapters, we have discussed the advantages of computational
modeling in enzyme engineering. After our laccase design, we challenge our
methods with more complex ideas. Previous investigations in “de novo” design
have proved possible the creation of artificial active sites in non-catalytic protein
scaffolds (Kiss et al., 2013). Instead of this already tested approach, in this
project, a disruptive idea (with few similar successful attempts, where
incomplete enzyme family motif were functionalized through rational design
(Shu et al., 2016)) was developed: the introduction of an artificial active site
inside a currently functional enzyme to enhanced catalytic performance due to

two fully functional active sites (Fig. 4.10).
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Figure 4.10: Two active site concept from a structural point of view.

As mentioned in Chapter 1, serine-hydrolases are extensively used enzymes for
different industrial purposes. The catalysis is based in three amino acids, the
catalytic triad, and requires water as the only cofactor. We hypothesized that
this kind of catalytic site could be replicated in other protein areas, producing an

artificial active site inside the existent enzymatic scaffold.

In previous research (Chapter 3.1), we worked with a huge variety of esterases
and from this dataset, we selected one with a solved crystal structure and
industrial potential, following these two criteria EH1 was selected (PDB code:

5JD4). EH1 is a high activity serine-esterase with a broad substrate scope.
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By applying PELE we explored the complete protein surface space looking for
non-catalytic binding regions where a general esterase ligand presents a good
interaction profile. Applying general modeling software of visualization, these
regions can be functionalized and turned into proper active sites (Fig. 4.11)

introducing two mutations (E25D and L214H).

"
Local non-catalytic zones Required mutations to
detection generate a new active center
in the non-catalytic binding
site

General surface exploration

Figure 4.11: General workflow to generate PluriZymes.

Further substrate migration reevaluation, proved this new active site capable of
holding catalytic positions (Fig 4.12) mimicking the binding modes present in
wild-type serine-hydrolases. Finally, the experimental validation has shown

activity over 24 different esters in the engineered active site.
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Figure 4.12: Artificial active site interaction with an ester molecule.

Table 4.2: Kinetic values for the native EH1 and the engineered forms, with

only the artificial active site active (EH1g) or both, activated (EH14g).

Enzyme variant Ku (M) Keat (Min™) Keat!/ K (™M™
EH14 (for pNPP) 146 + 27 3853 + 23 4.4 x10°
EH1 (for pNPP) 267+ 20 263 +16 x 10°° 16.4
EH1,g (for pNPP) 485 + 21 211 +8 7250
EH1, (for phenylpropionate) 964 + 24 2797+ 98 4.8 x10*
EH1g (for phenylpropionate) 752+ 20 1.49+0.93 33.0
EH1 g (for phenylpropionate) 942 £ 17 267 £ 15 4720

Despite the success, the overall catalytic activity was really low (Table 4.2) and
with a negative effect when both sites were working at the same time. Probably,

this undesired effect is due to the proximity of both active sites.
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4.4. PluriZyme: catalytic advantages of having two active sites

in an enzyme

In the previous sub-chapter 4.3, we have discussed the design of an enzyme with
multiple active sites and, despite the initial success, the final enzyme didn’t
introduce any catalytic advantage. Thus, new strategies were designed in order
to improve the performance of the engineered active site:

1) Improving the first design (Chapters 3.3 and 4.3) by computer-aided
enzyme engineering.
2) Moving the engineered active site as far as possible of the original one

in another esterase model.

Looking into the previous design molecular dynamics output, a potential
mutation spot was identified. Arginine 23 (see Fig. 4.13A) is really close to the
engineered catalytic triad, reducing the effective volume and kidnapping the acid
residue. The position was mutated for all possible short amino acids and the

resulting enzyme-ligand interaction evaluated.

Mutation R23G was the most promising because it produced the best binding
energies, opening the available reaction space, increasing substrate promiscuity
(Chapter 3.1) and avoiding all interaction between residues 23 and 25 (Fig.
4.13). Further, 250 ns molecular dynamics revealed an improvement of distances
between the three catalytic residues (Table 4.3) caused by the introduced R23G

mutation.
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Figure 4.13: Two representative snapshots of EH1B (A) and EH1B1 (B)
catalytic triads from the molecular dynamics simulations, where we clearly

HIS 214

observe the movement in Asp 25 as a result of the R23G mutation.

Table 4.3: The lower panel indicates the average distances between key catalytic
amino acids obtained for both species along 250 ns molecular dynamics for the
original PluriZyme (AB) or the one including R23G mutation (AB1).

EH1.5 EH1ag:

Ser 211-His 214 Distance 52+1.8 34+£15
A)

Ser 211-His 214 Distance 84+1.6 55+1.4
A)

In silico results were experimentally tested, the new enzyme variant was far
more efficient than the wild-type, enhancing the activity of the artificial catalytic
triad 5000-fold, maintaining wild-type substrate scope, and gaining additivity
when both active sites are working at the same time. Furthermore, the obtention
of the crystal structure, with and without ligand (PDB codes: 618D, 6I8F),

proved the performance of the designed enzyme.
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Moreover, the design was extended to another ester hydrolase, EH102 (PDB
code: 5JD3), proving the reproducibility of the multiple active site addition. To
avoid competition between active sites, the engineered one was placed as far as
possible of the original. Following the same protocol applied in Chapter 3.3, a
non-catalytic binding site was identified, activated introducing two mutations
(the required histidine was already there) and retested aiming for catalytic
positions in the engineered place (Fig. 4.14).
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Figure 4.13: EH102 PluriZyme computational design steps. First (top left)
looking for a non-catalytic active site and then create (down) and evaluate (top
right) the artificial catalytic triad.

The following experimental validation showed activity for the engineered active
site over 19 substrates, expanding total enzyme substrate scope up to 26 different
esters, obtaining activity over 7 new substrates. Moreover, enhancing catalytic

performance through additivity when both active sites are working at the same
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time was also obtained in this ester hydrolase. As an interesting effect, the new

enzyme gains S-enantioselectivity, exclusively hydrolyzing ethyl-S-lactate.
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Chapter 5: Conclusions
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In conclusion, this thesis has been driven to the fulfilment of previously

presented aims (Chapter 2). Applying state-of-the-art computational modeling

methods, our results successfully represent the importance of “in silico” research

in enzyme engineering efforts and enzymology studies in general. The

increasing computational power available and the effectiveness of the provided

results make computer-aided enzyme design a promising tool for industrial

applications.

Besides, the main conclusions of this thesis are:

1)

2)

Elucidate the basic principles of enzymatic promiscuity in esterases:
The study of esterases structural parameters has successfully lead to the
effective volume definition. This new structural parameter results from
the combination of active site cavity volume and the solvent accessible
surface area (SASA) of the catalytic residues. The effective volume
allows a very accurate (> 96%) substrate promiscuity separation in

serine hydrolases.

Furthermore, the calculation has been extended to another enzymatic
family, HAD-phosphatases, with similar qualitative results to separate

between promiscuous and non-promiscuous enzymes.

Computer-aided rational enzyme design: we “in silico” engineered a
laccase to obtain an enhanced mutant variant. The resulting tailored
enzyme was “in vitro” tested and validated. The laccase variant obtained
was more active for different types of arylamines and reaction
mediators, specifically a two fold enhanced production of conductive
polyaniline (a high-value polymer of costly and harmful production) was

observed.
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3) Designing of novel enzymes: During the thesis, we successfully
developed, for the first time, an esterase PluriZyme. These new unique
enzymes hold two fully functional catalytic triads. A computational
protocol was set up and tested with an esterase. The resulting variant
was “in vitro” tested and lead to a functional PluriZyme, with two

working catalytic triads.

After the first attempt, the original PluriZyme was improved with
computer-aided rational design. A single point mutation was “in silico”
tested and the resulting variant was really promising. The final
Plurizyme appears to be additive (enhancing catalytic performance
several thousands of times), enantioselective and with broader optimal
working temperature. Moreover, the concept was reproduced in another

esterase with very promising results.
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