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summarized and discussed in chapter IV. Finally, this thesis is brought to a close with

the conclusions (chapter V) and the references included in the text (chapter VI).

Herein, | cover the study of enzymes for industrial applications and, in particular,
somehow involved in the lignin degradation process. For this reason, the introduction
(chapter 1) sets up a prologue of the importance of enzymes in nature and in the industry,
exposing the applications of two particular families of enzymes: flavoproteins and
laccases. Emphasis will also be put on the different methods used to study these

systems.
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(chapter IV) instead. Finally, article VIl was not included, as it is off the topic.
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part that will be discussed in chapter IV.
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I. Introduction

1. Preface

1.1. The motivation behind this thesis
1.1.1. Enzymes in nature

Nature is extraordinary. The concept of life understood as a complex system of
biochemical reactions is already fascinating. But in a neutral aqueous solution at room
temperature, some of these reactions are so slow that they would not occur under
conditions compatible with life (Radzicka and Wolfenden 1995). The main difference lies
in the presence (or absence) of enzymes, biocatalysts that speed up the rates of these
biochemical reactions. It has been extrapolated that the half-time of some
decarboxylation reactions would be of millions (Miller and Wolfenden 2002) or even
billions (Lewis and Wolfenden 2008) of years. And, remarkably, enzymes are able to
reduce these half-time values to milliseconds. To evaluate the different efficiencies of
these reactions (with and without enzymes), Wolfenden et al. used the expression
“catalytic proficiency”, reaching values up to 2.5x10%* M, considered the largest rate
enhancement of a protein without cofactors. Consequently, the role of enzymes is of

great importance.

Intuitively, one would think about enzymes as perfectly ensembled machines which,
optimized throughout evolution, have reached maximal performance. This can only be
accomplished when their kinetic efficiency values (kca/Km) reach the physical limit of
diffusion rate, what would be considered a perfect enzyme (Goldsmith and Tawfik 2017).
However, 98% of all enzymes are at least 10 times slower than the perfect enzyme (Bar-
Even et al. 2015) and the average kinetic efficiencies in the literature are 4 orders of
magnitude lower (Bar-Even et al. 2011). What it is not being considered is that these
enzymes were optimized in their cellular context, where their catalytic efficiency values
are limited by flux-balance factors, to avoid toxic levels of some products, for example
(Reznik, Mehta, and Segre 2013; Sajitz-Hermstein and Nikoloski 2016). As a result,
enzymes are very selective about the substrate they accept, and even promiscuous
enzymes have different efficiencies towards different substrates (Bar-Even et al. 2011).
In order to be regulated by flux-balance factors, enzymes also need to be turned on and
off, so they can be inhibited by their own products. Additionally, they often stand against
environments different from the ones they have evolved for. In other words, enzymes in

living organisms have been optimized for their needs, not to maximize their productivity.
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1.1.2. Use of enzymes for industrial purposes

Contrarily, industries have different goals: seeking for maximal catalytic efficiency peaks
or improved selectivity or stability are just some of the main industrial interests.
Therefore, in order to accomplish these objectives, the end justifies the means, which
symbolizes the variety of strategies to increase enzymatic performance. While
disregarding “in vivo” limitations, other obstacles arise during the scale-up feasibility, like
long-term stability under process conditions, difficulties in recovery and recycling or the
production of enzyme in sufficient quantity to make it economically viable. Besides
adjusting the working environmental conditions that affect the activity of an enzyme
(temperature, pH, concentration, ionic strength...), the procedures of improving enzyme
performances can be very different, according to the difficulty that is being faced. For
instance, enzyme immobilization can tackle destabilization or short lifespan problems
(Mohamad et al. 2015), or even increase the activity (Mateo et al. 2007). Other strategies
to enhance activity or stability include the introduction or engineering of chaperones
(Mack and Shorter 2016; Saio et al. 2018), proteins that assist, for better or worse, folding
or assembly, or covalent tethering of small molecules that work as activators to an
enzyme (Darby et al. 2017). Overall, protein engineering has settled as a method to
overcome industrial enzymes’ limitations by modifying the protein sequence to obtain the
desired result. This uprising interest in enzyme engineering for biocatalysts is becoming
the fastest growing in the biotechnology sector (Barrozo et al. 2012). Some industrial

enzyme applications have been collected in Table 1.

1.2. Introduction to enzyme engineering

Since the first time that a protein was engineered, many efforts have been dedicated in
order to tailor enzymes a la carte for diverse applications. Although this thesis is purely
based on computational work, there is a strong synergy between experiments and
simulations in the articles here presented. For this reason, a brief introduction of the

evolution of both experimental and computational strategies are presented.

1.2.1. Experimental strategies

The experiments with recombinant DNA carried out during the early 1970s by Stanley

Cohen, Herbert Boyer and their team laid the first stone of enzyme engineering, allowing


https://paperpile.com/c/p1riMJ/43mjc
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https://paperpile.com/c/p1riMJ/Ht6hH+tSIc5
https://paperpile.com/c/p1riMJ/fGDLQ
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Table 1. Major industrial enzyme applications (from Jemli et al. 2016; Li et al. 2012).

Industry Enzyme Applications
Amylases Removal of resistant starch residues
Laundry Lipases Lipid stain removal
detergents | Proteases Protein-based stain removal
Xylanases Plant-based stain removal
> Amylases Starch removal from woven fabrics
§ Textile Cellulases Denim bleaching, textile softener
2 | industry Laccases Decolorization and detoxification of effluents from textile
'c—; Peroxidases Dye excess removal
LE) Cellulases Making fibres flexible
5 Pulp and Flavoproteines Involved in lignin degradation
e %{iﬁgtry Laccases Improving brightness and removal of lignin from fibres
Lipases Control pitch in pulping process
Cellulases, Degrading efficiently the lignocellulotic materials for ethanol
Biorefinery | hemicellulases production
Lipases Biodiesel production by transesterification
. B-galactosidases Avoiding lactose intolerance
Dairy Lipases Cheese flavour
industry . .
Proteases Milk clotting, flavor
a-amylases, amyloglucosidases  Conversion of starch to glucose syrup
Starch . . . .
industry Cyclodex_trln glycosyltransferases Cyclodgxtrlns p.roductlon and carbohydrate glycosylation
Glucose isomerases Production of high fructose syrup
o-amylases Controlling the volume and crumb structure of bread
. Glucose oxidases Improving stability of gas cells in dough
Baking . .
industry L?pases Dough strengthen?ng o
> Lipoxygenases Dough strengthening, bread whitening
@ Proteases Biscuits production
-§ Amylases Clarifying cloudy juice
5 | Juice Laccases Phenol derivative removal
S industry Naringinases, limoninases Decreasing bitterness in citrus juices
& Pectinases Increasing juice production yield
B-glucanases Decreasing viscosity and improving wort separation
Brewing Pentosanases, xylanases Improving extraction and beer filtration
industry Proteases Improving yeast growth
Tannases Clarifying agent
Fat and oil | Lipases Flavour production
industry Phospholipases Lyso-lecithin production
Functional | Pectinases Obtaining solubilized dietary fiber via treatment of potato pulp
food Phytases Dephosphorylation of phytic acid to enhance iron absorption
industry Rhamnosidases Enhancing bioavailability of the citrus flavonoid hesperetin
B-glucanases Increasing animal feed digestibility
Animal feed Phytases Releasing phosphorus and increasing availability of cations
industry Tannases Hydrolysis of tannins and gallic acid esters
Xylanases Degrading fiber in viscous diets and increasing nutritive value
. Laccases Oxidation of phenol derivatives for synthetic applications
s(;rz%l?(re]:i:s Lipases Resolution of chiral compounds
industry Monooxigenases Synthesis of optically pure epoxides
Transaminases Resolution of racemic amines and direct chiral synthesis
. Glucose oxidases Toothpastes and mouthwashes
C_osmetlcs Oxidases, peroxidases Hair dyeing
industry '

Papain, bromelain, subtilisin

Giving peeling effects in skin care
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the mass production of proteins (Cohen et al. 1973). A few years later, Genentech
applied for the first time recombinant DNA techniques to produce synthetic human insulin
for industrial applications (Goeddel et al. 1979). Together with an extensive list of
advances achieved in molecular biology during these years, such as DNA amplification
by polymerase chain reaction or DNA site-specific sequence manipulation with
endonucleases and ligases, enabled the precise replacement of specific amino acid in
the protein sequence (Winter et al. 1982; Wilkinson et al. 1983). This attracted all the
attention towards the role of amino acids as individuals on the protein function, structure
or stability. And soon, in 1985, site-directed mutagenesis was used for the first time as a
tool to overcome a commercial limitation of an enzyme (Estell, Graycar, and Wells 1985).
Since this technique is rational-design based, it relies on the previous knowledge of the
enzyme and its reaction mechanism, in order to know which amino acid to target, which

is an important limitation.

Already in the late 80s, the first protocols that mimic natural evolution appeared under
the name of directed evolution, based on random mutagenesis (Cadwell and Joyce
1992). Here, the best variants were selected for future rounds of evolution, accumulating
beneficial mutations each round. However, this protocol has its own disadvantages,
since beneficial amino acid substitutions must be found independently, meaning that
variants with synergistic effects (epistasis) could be invisible during the selection after
each round. Nevertheless, directed evolution has been improved over the last two
decades, and nowadays it remains a key method in the field of enzyme engineering. So
much so that in 2018 Frances Arnold was awarded half of the Nobel Prize in Chemistry

for her work in directed evolution (Arnold et al. 1993).

The lack of previous knowledge in random mutagenesis experiments could lead to the
requirement of enormous combinatorial libraries before finding a beneficial mutation (or
set of mutations), and random mutagenesis of each residue of a protein can be highly
expensive and time-consuming. So, part of the success of emerging directed evolution
strategies is due to the use of smaller libraries taking advantage of information from the
protein. These libraries contain mutations in the sequence of preselected promising
positions, obtained by rational design, limiting the variability but enriching (in theory) the
ratio of positive results. The combination of rational design and random mutagenesis is
referred as semi-rational design (Chica, Doucet, and Pelletier 2005). And here, the

potential of computational tools is noteworthy.
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1.2.2. Computational strategies

While bioinformatics is still classified as an emergent field, computers have been present
in molecular biology since the early 1960s (Hagen 2000). And already in 1985, DeGrado
and coworkers applied for the first time computational methods to model and design a
17-residue helical peptide, a calmodulin inhibitor (DeGrado et al. 1985). It included side-
chain positioning, minimization and the protein-protein surface interaction based on
electrostatic potential surfaces and structural modeling (O’'Neil and DeGrado 1985).
Since then, computational methods have been a very useful modeling tool in the field,
for instance, in the determination of the reaction mechanism of a protein (Caldararu et
al. 2018; Berraud-Pache, Garcia-Iriepa, and Navizet 2018), protein structure predictions
from homologous structures (Tong and Ranganathan 2013), based on the fact that
structure is more conserved than the sequence (Bajaj 1984) or even protein structure
predictions from the sequence, without any previous knowledge (AlQuraishi 2019). Since
it is still challenging to study the protein-structure-function relation experimentally,
computational methods play a key role here, with a considerable improvement in quality

model predictions in the last years (Moult et al. 2018).

Modeling tools can further be exploited for enzyme redesign: while rational redesign for
activity or stability predictions have been present (Steiner and Schwab 2012;
Korendovych 2018), the exponential growth of entries in the Protein Data Bank, together
with an increment of computer power of the past few decades, encouraged the
development of new computational strategies to perform screening of mutations. These
strategies were focused to either reduce the sequence space in experimental evolution
studies or even as a direct in silico directed evolution (Allen, Nisthal, and Mayo 2010;
Fox and Huisman 2008; Gustafsson, Govindarajan, and Minshull 2003; Voigt et al.
2001). The limits of computation did not stop there, and were soon used for de novo
design: to design enzymes from scratch, that are not known to exist in nature
(Rothlisberger et al. 2008; Jiang et al. 2008). As an example, David Baker’s lab,
considered a pioneer in the protein de novo design, designed a stereoselective catalysts
for Diels-Alder reaction not naturally occurring in enzymes (Siegel et al. 2010). However,
enhancements obtained are still modest compared to proficiencies of naturally occurring

enzymes.

The explosion of interest and the huge number of advances in protein engineering have
a very close relation with the remarkable commercial success of several enzyme-based
industries all around the world, and the global enzyme market keeps growing every year

(Chapman, Ismail, and Dinu 2018). The advantages of enzymes were soon seen to hold
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potential in reducing operating costs for some industries and therefore they are investing

a lot of effort in finding new applications by enzyme engineering.

1.3. Applications of enzymes

Even though naturally occurring enzymes have been used for food production and other
commodities, enzyme industry has experienced a fast growth during the last decades.
Enzymatic catalysis has been scaled up for pharmaceutical, food and beverage
industries (Kapoor, Rafig, and Sharma 2017; Huisman and Collier 2013), attracting the
attention mainly from the energy sector, where further enhancements are still needed to

make biocatalysts economically competitive (Fei et al. 2014; Asgher et al. 2014).

In this thesis, | have worked in the INDOX (INDustrial OXidoreductases
http://www.indoxproject.eu/) project under the topic of “optimal and cost-effective
industrial biocatalysts”. This project was mainly oriented towards the optimization of
enzymes for industrial purposes and in this thesis, | have focused my investigations on
oxidoreductases, to be applied in lignin and lignin-derived products. These
oxidoreductases have an interest in pulp and paper industries and will be also of a huge

interest for future lignocellulose bio-refineries (Bujanovic et al. 2012; Amidon et al. 2008).

In this thesis, | have explored different enzymes, particularly flavoproteins and laccases,
by means of computational techniques for protein modelling and design. In the next

chapter, details of the structure and mechanism of each system will be presented.

1.4. The future of enzyme engineering

As a personal opinion, the ultimate goal of enzyme engineering would be a personalized
de novo design: the creation of a new enzyme specifically designed for each case. But,

at this moment, we are far from this point.

The nearer future is expected to be conditioned by artificial intelligence algorithms. There
is a huge amount of data from enzymes and sooner than later we will see new algorithms
taking advantage of this resource. In fact, this was already seen in 2018 when Google’s

Al DeepMind was placed first in CASP protein structure prediction.


https://paperpile.com/c/p1riMJ/o0kLe+MessC
https://paperpile.com/c/p1riMJ/a8LQt+tJ9B0

I. Introduction

Also, it is predictable that the existing gap between computational enzyme engineering
and experimentalist will be shrinking after the years. The availability of computer power
(more resources and cheaper prices) is allowing the use of more computationally
expensive algorithms, even to smaller research groups or companies. Thus, predictions
will become more accurate, building trust bridges between worlds.
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2. Systems of study

In this chapter, a summary of the structural information of the enzymes under study,
needed to better understand the content of this thesis, is provided. Firstly, however, a
very brief introduction to general protein structure is included. Then, the reaction
mechanism, as well as the role of some important residues and some structural key

points for each system, are introduced.

2.1. General structure of proteins

Proteins are large macromolecules formed through the combination of 20 natural amino
acids (Figure 1). These amino acids, also called residues, are assembled as a chain.
The link between amino acids is called the peptidic bond, which is the chemical bond
formed between the carboxylic end of one residue and the amino group of the
subsequent amino acid. These two groups, together with the alpha carbon comprised
between them constitute the backbone of the protein. The remaining atoms are the side

chains of the residue.
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Figure 1. Chemical structure of the 20 natural amino acids with their three letter and single letter codes
(modified from https://www.compoundchem.com/2014/09/16/aminoacids/).

Amino acids are usually classified according to the properties of their side chain, given
by their composition and structure. Thus, we can find amino acids electrically charged,
polar, apolar or hydrophobic and the special cases. This will determine the interaction of

amino acids with other residues or substrates.
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The structure of a protein can be subdivided into four levels (Figure 2). The primary
structure refers to the early mentioned chain, the sequence of amino acids, where the
function of the protein is encoded. The polypeptide backbone chain acquires local
patterns with the form of helices, sheets or loops, conforming the secondary structure.
Their distribution in the three-dimensional space, folding into a globular structure, for
example, and the assembly between different proteins are the ternary and quaternary

structures respectively.

LEVELS OF PROTEIN STRUCTURE

Primary Structure

Figure 2. Primary, secondary, tertiary, and quaternary protein structures (modified from Particle
Sciences - Technical Brief: 2009: Volume 8).

2.2. Flavoproteins

Flavoproteins is the name given to those proteins with a flavin adenine dinucleotide
(FAD) or in lesser amounts, flavin mononucleotide (FMN) as a prosthetic group or
cofactor. These molecules are nucleic acids derivatives of riboflavin, which is also known
as vitamin B,. Most of the flavoprotein crystal structures contain non-covalently bound
FAD or FMN but strongly attached in the active site, usually buried inside the protein.

However, while it is believed that the covalent bond could increase the oxidative
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capabilities of the cofactor by increasing its redox potential (Fraaije et al. 1999), other
functions have been attributed to it as well, such as structure stabilization or a

contribution to the substrate binding (Dourado, Swart, and Carvalho 2018).

The flavin structure consists of very distinct parts (Figure 3) i) The isoalloxazine ring,
which is the aromatic portion, common for all the flavins, and ii) the ribityl chain. The type
of flavin depends on the substituent attach here, hydrogen for riboflavin, phosphate ion
for FMN and adenosine diphosphate (ADP) for FAD.

-
Flavin adenine dinucleotide (FAD)

- N
Flavin mononucleotide (FMN)

(Riboflavin )

OH OH e
W O g gy | o
Ribityl AN wig \\/p\/ \/o N-
: - 7 7
side chain OH o o o o ¢ 7/
9
N N (0] HO OH
|
L 5~ NH
7 4 N” 4a & 3
6
(¢]
Isoalloxazine ring system
- J )

o J

Figure 3. Different structural parts of flavins (from Mazzotta et al. 2014).

The ribityl part plays an important role in the molecular recognition and binding of the
cofactor. On the contrary, the isoalloxazine ring participates directly in the reaction
mechanism. It is precisely this aromatic system what makes this cofactor special: it has
the capability to participate in reactions involving either one-electron or two-electron
transfer processes, which makes them fundamental as mediators between processes
with a different number of electrons involved in biological systems (Edwards 2014). Thus,
flavin molecules can adopt three different redox states: oxidized, semiquinone (one-
electron reduced) and two-electron reduced (Figure 4). For this reason, flavoproteins
can catalyse a variety of reactions (Ghisla and Massey 1989). However, and from now
on, flavoprotein reactivity will be focused on alcohol oxidations by FAD cofactors, since

it is the reaction mechanism performed by the systems studied here.

As in any redox reaction, processes catalysed by flavoenzymes are split into a reductive
half-reaction and oxidative half-reaction. In the former, the substrate is oxidized with the
complementary reduction of the FAD. In the latter, the reduced flavin is oxidized by an
electron acceptor and recovered to start the catalytic cycle again. Molecular oxygen acts

as the final electron acceptor of the flavoproteins studied in this thesis (Figure 5).
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FMN

FAD

Isoalloxazine ring

OH OH

FADH' (FMNH")
(semiquinone)

- Flavin adenine dinucleotide (FAD) and
flavin mononucleotide (FMN)

FADH, (FMNH,)
(fully reduced)

Figure 4. Different oxidation states that can be adopted by flavins (from Nelson et al. 2008).

The flavin cofactor is not self-sufficient to catalyse alcohol oxidations. It requires the

presence of aresidue that acts as a base or proton acceptor. In the flavoenzymes studied

in this thesis, this role is fulfilled by a histidine adjacent to the isoalloxazine ring. In the

reductive half-reaction, this histidine abstracts the proton of the alcohol hydroxyl group

while a hydride is transferred to the FAD N5, oxidizing the initial hydroxyl to a carbonyl

and so, the alcohol to its respective aldehyde.

Alcohol

AAO-FAD

\

H,0, 4\{

Aldehyde

F501

H502

F501

o

H502

AAO-FADH"

Reduct/ve half-reaction O\T/
HN<_~#

F501

F501

H502

Figure 5. Scheme for Aryl-alcohol oxidase catalytic cycle as an example of a
flavoprotein reaction mechanism (from Herndndez-Orteaa et al. 2012)
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Sometimes, this can be further oxidized to a carboxylic acid. This can only occur if the
substrate adopts the gem-diol structure through the hydration equilibrium (Figure 6). A
second catalytic residue is present right next to the first one, mostly a histidine, or
asparagine to a lesser extent. Its function seems to be related to the proper placement
of the hydroxyl group for the proton transfer, by means of a hydrogen bond with the
oxygen of the alcohol. In the oxidative half-reduction, the oxygen is reduced to hydrogen
peroxide. But molecular oxygen is found in the triplet state as the most stable electronic
conformation, or ground state, while FAD is in the singlet state. Since transitions from
singlet to triplet are spin-forbidden, the oxygen molecule needs to be activated. The
generally accepted mechanism for the oxygen activation consists of an electron transfer
from the reduced flavin to the oxygen molecule, generating the superoxide anion. Then,
it can form a transient C(4a)-hydroperoxyflavin or proceed with an outer-sphere second

electron transfer (Romero et al. 2018). This last step seems to be system-dependent.

Hx0, 0,
t{ FADH2
Alcohol Aldehyde
H202 02
H FAD FADH
T oH 2 OH
i:: I ::: : ::: :o
Aldehyde gem-Diol Acid

Figure 6. Scheme for reactions catalyzed by AAO. AAO oxidizes aromatic alcohols
to the corresponding aldehydes (A) and it can also oxidize aromatic aldehydes to
their corresponding carboxylic acids (B) (from Hernandez-Ortega et al. 2012).

Interestingly, flavoproteins tend to perform better around neutral pH conditions, which
corresponds to histidine’s side chain pKa (although this value can diverge depending on
the residue environment). The reason is that the catalytic histidine must be able to either
accept a proton from the substrate or release it in benefit of the final electron acceptor,

in order to return to the catalytically active redox state.

Flavoproteins are valuable and cost-effective biocatalysts since they do not require
expensive coenzymes, but just use molecular oxygen as a co-substrate. Considering
their chemical versatility, flavins are involved in essential biochemical reactions in most

organisms (Jortzik et al. 2014). For this reason, flavoproteins are potential targets of
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pharmacological treatments. Their versatility along with other properties such as
enantioselectivity or the potential in situ obtention of hydrogen peroxide as a sub-
product, flavin-dependent biocatalyst have a huge potential in the industry of compound

synthesis (Baker Dockrey and Narayan 2019).

2.2.1. Aryl-alcohol oxidase

Aryl-alcohol oxidase (AAO) is a flavoprotein that belongs to the glucose-methanol-
choline (GMC) oxidase family. This enzyme has been found in Pleurotus eryngii, a
mushroom known by its selective degradation of lignin in lignocellulosic
materials(Sonnenberg et al. 2016). Scientists have shown that the role of this enzyme in
the lignin degradation is to provide the hydrogen peroxide required by other ligninolytic
(Ferreira, Hernandez-Ortega, and Herguedas 2009). Although it may accept other
primary alcohols, the extracellular p-anisyl alcohol (ANI) is considered to be the natural
substrate of this enzyme. Because of the ecological and biotechnological relevance of
lignin degradation, this enzyme has been an object of intense study for the past few
years. Thus, the role of several amino acids in the catalytic mechanism has been

revealed.

This flavoprotein does not have a covalently-bound FAD, but the cofactor is deeply
buried inside the protein. Two residues are considered catalytic: i) His502, which acts as
a base extracting the proton of the hydroxyl group as previously explained and ii) H546,
that interacts with the oxygen of the alcohol group for correct positioning of the substrate
reaction (Herndndez-Ortega et al. 2011). The surface of the protein is connected to the
active site through a funnel-shaped channel, constricted by three residues (Tyr92,
Phe397 and Phe501) whose side chains form a bottleneck. This regulates the access of
substrates in the buried active site. Moreover, while the presence of an aromatic residue
at positions Y92 and F501 has been demonstrated to be important for the oxidative half-
reaction (Hernandez-Ortega et al. 2011), it produces a steric hindrance when the
substrate is substituted by a secondary alcohol (i.e. the substitution of one hydrogen by
a methyl group) (Herndndez-Ortega et al. 2012). The structure around the active site is

illustrated in Figure 7.
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.1
(=2
)

Figure 7. Detailed structure around the active site cavity of AAO (from Serrano et al. 2019).
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2.2.2. Hydroxymethylfurfural Oxidase

In the pursuit of second-generation biofuels and biochemicals from lignocellulosic
biomass, toxic inhibitors such as 5-hydroxymethylfurfural (HMF) limit their utility. In 2010,
the metabolic pathway and HMF metabolizing bacteria were isolated(Koopman et al.
2010). From there, the enzyme 5-hydroxymethylfurfural oxidase (HMFO) was found from
Methylovorus sp. strain MP688, a group of Gram-negative bacteria. This enzyme
catalyses the oxidation of HMF to 2,5-furandicarboxylic acid (FDCA) in several steps: i)
HMF is oxidized to the corresponding aldehyde generating 2,5-diformylfuran (DFF).
Through spontaneous hydration to gem-diol (as previously mentioned), this compound
is further oxidized to 5-formyl-2-furancarboxylic acid (FFCA). Once again, after
hydration, it gets oxidized to the final product, FDCA (Dijkman et al. 2015). As in the AAO
system, the FAD-containing protein holds the cofactor in the active site tightly, but not
covalently bound. Here, His467 acts as a base, while the hydroxyl fixing role is carried

by an asparagine, N511.

Although the full oxidation of HMF to FDCA catalysed by HMFO is possible, it is not very
efficient. The overall catalytic efficiency improves by the introduction of W466F and
V367R mutations, which increase the rate of the limiting step (FFCA oxidation) at
expenses of a decrease in the catalytic rate of the first two oxidation (Martin et al. 2018;
Dijkman et al. 2015; Pickl et al. 2018).

2.3. Laccases

Laccases are copper-containing oxidases (Morozova et al. 2007). These metal atoms
can be found as divalent cations inside the enzyme, organized in two clusters: i) one t1-
type Cu?* (T1) and ii) three Cu?*, atoms forming the so-called trinuclear cluster (TNC)
(see Figure 8). At the same time, the TNC is formed by two t3-type (T3) and one t2-type
(T2) Cu?*. The position of these atoms inside the laccase is fixed by coordination with
different residues. The TNC is solely bound to the imidazole side chains of several
histidines, while the T1 copper has two histidines and one cysteine as equatorial
complexing agents and isoleucine and an unspecific residue in the axial positions. This
unspecific residue can be a methionine in laccases with low redox potentials, isoleucine

or phenylalanine.
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Figure 8. Laccase structure, where relevant ions and residues are highlighted (from Robert et al.
2017).

As an oxidase, the function of this enzyme is to catalyse one-electron oxidations. Due to
an exposed superficial active site, laccases can perform over a wide range of
compounds, being oxygen the final electron acceptor. When the substrate binds into the
laccase’s active site, and the complex is formed, one of the T1 equatorial histidines
mediates the transference of one electron towards the Cu?*, reducing it to Cu*. In some
cases, such as the oxidation of phenols and amines at low pH, the electron transfer can
be coupled to a proton transfer. In these situations, an aspartic acid will behave as a
catalytic base. After the reduction of the T1, the electron tunnels through the equatorial
cysteine and through two of the T3-coordinating histidines before reaching the TNC.
Since O:is the final electron acceptor, which will be reduced to water, four electrons are
needed to complete the catalytic cycle and thus, four substrates are required to fully

reduce the enzyme and activate the oxygen reduction.

Due to their great versatility in oxidizing different substrates and the use of a cheap
sacrificial electron acceptor, which furthermore produces water as a by-product,
laccases have been classified as seductive for green chemistry (Riva 2006). Therefore,
many engineering efforts have been dedicated to the improvement of laccases, by
increasing their activity or oxidizing new compounds. In particular, these efforts have
been focused on incrementing the redox potential of the T1 copper, since it was found
that, for some substrates) the T1-substrate redox potential difference was correlated with

the rate constant (kear) Of the reaction (F. Xu 1996; Tadesse et al. 2008). However,
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increased T1 redox potentials have not always been translated into better activities
(Durao et al. 2006). Therefore, it is not clear whether if playing with the T1 redox potential
is the best strategy to improve laccases since it also affects the internal electron transfer
between the T1 and the TNC (which is already energetically hampered). Other strategies
have been proposed for laccase improvement, that focus on enhancing the protein-
ligand interaction. Mutations in the active site near the T1 allow the substrate to adopt a
more buried catalytic position, providing a more favourable electrostatic environment for
the electron transfer to happen (Monza et al. 2015). However, it is difficult to achieve the
oxidation of otherwise inactive compounds, with high redox potentials, by tuning its
binding. To solve this problem, the use of mediators has been shown to be a more

successful approach (Riva 2006).

Mediators are molecules that add an intermediate step in the oxidation of a molecule.
The mediator, which reacts directly with the enzyme, is oxidized by the T1 copper and,
can then proceed to remove one electron from other molecules. Interestingly, if the redox
potential of the mediator oxidized form is larger than that of the T1, the system could
potentially oxidize a wider range of substrates. The full reaction mechanism including the

mediator is represented in Figure 9.
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Figure 9. Full reaction mechanism mediated by a ruthenium photosensitizer (from Robert et
al. 2017).
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As in the case of flavoproteins, the number of proposed applications is larger than the
actual number of laccases being used in the industry (Marques et al. 2018; Kunamneni
et al. 2008). Textile, paper and food industries have laccases consolidated in their
processes, while more candidates are still exploring their possible commercialization,

such as organic synthesis, pharmaceutical or nano-biotechnological industries.

2.3.1. The use of a photosensitizer with laccases

Tron and co-workers investigated the association of laccases with ruthenium-polypyridyl
photosensitizers for epoxidation. They showed that the cooperativity of a laccase-
tris(bipyridine)ruthenium(ll) ([Ru(bpy)s]?*) system was able to oxidize compounds
considered prohibitive because of their redox potential(Schneider et al. 2015). The main
asset of this mediator is that, after photoexcitation with visible light, a very strong oxidant
is obtained, with a high redox potential (see redox potentials in Table 2). This increased
the range of substrates that can be oxidized. When visible light is shed, the ruthenium
complex gets excited, leading to an incredibly fast electron transfer towards the T1
copper(Simaan et al. 2011). However, bi-molecular systems are limited by diffusion, a
problem that can be solved by grafting [Ru(bpy)s]?* to the laccase. To do so, one

bipyridine ligand has to be fused with an imidazole motif and benzaldehyde.

Tagging methods are generally based on the chemical properties of the residue side
chains. For instance, lysine is an amino acid with a reactive function. The problem is that
they tend to be abundant, difficulting the specificity of the grafting process. For this
reason, LAC3 was found to be the optimal protein for this study, since only two lysines
are present in the native sequence obtained from the fungus Trametes sp. C30
(Klonowska et al. 2005).

LAC3 is a fungal laccase involved in lignin degradation and detoxification of lignin-
derived products (Klonowska et al. 2005). This protein has only two lysine residues
present among the 501 residues, which are close to the TNC side. Therefore, this
enzyme can easily be engineered to remove these lysines (obtaining a laccase with no
lysines, KO), and then designing variants with just one reactive amino acid to precisely
bind covalently the ruthenium complex. These variants with only one lysine will be
denominated as UNIK variants. Other interesting residues that are relevant for this thesis
are R157 and R161, positions where lysines are sometimes found in laccases, and that

are closer to the T1 copper (rather than lysines originally present in the native LAC3).
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The use of the LAC3/[Ru(bpy)s]?* system as a powerful oxidase has, nonetheless, trade-
offs. The high redox potential has a drawback, which is a significant back-transfer rate,
even faster than the internal electron transfer between the T1 and the TNC (the
estimations of these values will further be discussed). This means that, after
photoexcitation and T1 reduction, the oxidized ruthenium complex would recover the
electron before it can reach the TNC. By modifying the interaction between the laccase

and the photosensitizer, it could be possible to overcome this limitation.

Table 2. Relevant redox potentials in this thesis (Juris and Moggi 1981; Simaan et al. 2011).

Redox couple E° (V)

Cu?*(T1, LAC3) + e — Cu* (T1, LAC3) 0.68
[Ru(bpy)3]®* + e — [Ru(bpy)s] > 1.29
[Ru(bpy)s] ** + & — [Ru(bpy)s]*** -0.81
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3. Theory

In this chapter, the theoretical background of the methods used in this thesis is exposed.
First, a brief introduction to the general theory behind protein kinetics and protein-ligand

interaction. This is followed by the computational modelling methods used.

3.1. Protein related theory
3.1.1. Enzyme kinetics

In general, we assume that the enzymes follow the Michaelis-Menten kinetic model
(Michaelis et al. 2011). Therefore, we can assume a single-substrate enzymatic model

reaction with the following equation:

Ky k,
E+S 2 ES — E+P
k_q

Equation 1. Reaction model of an enzymatic reaction.

This equation implies that a substrate (S) binds to an enzyme (E) to form the Michaelis
complex (ES) with a certain rate of formation (ki). Then, the Michaelis complex can
proceed irreversibly towards product formation, with a rate (k2) or dissociate to the initial
substrate and enzyme (k.1). The rate of the global enzymatic reaction can be modelled

by the Michaelis-Menten equation.

v = vmax[S] _ kcat[E][S]
Ky + [S] Ky + [S]

Equation 2. Michaelis-Menten equation.

Here, the Kkca is the turnover number (the number of times a substrate is converted into
a product per unit of enzyme and time). It is directly related to the maximum substrate to
product conversion rate (Vmax) When for a given enzyme concentration [E], the substrate
saturation concentration [S] is reached. This implies that the Michaelis-Menten constant
(Kwm), defined as the substrate concentration needed to half of vmax, IS negligible under
these conditions. When this is experimentally reproduced in the lab, with an initial
concentration of substrate and enzyme so that [S] >> [E], two different stages can be

appreciated (Figure 10): i) the concentration of Michaelis complex ES increases over
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time (pre-steady state) and ii) the concentration of the same complex remains constant
over time (steady-state). In the pre-steady state approximation, when the product
formation is slower than the dissociation (and thus, k. << k.), Ku coincides with the

dissociation constant of the Michaelis complex ES.

- Steady state

Concentration

Time

Figure 10. Plot of the concentrations of the various species versus time in a Michaelis-
Menten model enzymatic reaction (modified from http://www.uscibooks.com/changten.pdf).

Therefore, when these conditions are fulfilled, Ky can be a measure of the enzyme-
substrate affinity. However, under the steady-state approximation conditions, the product
formation is much faster than the complex formation, (k- >> k1), and the concentration of
the Michaelis complex tends to zero. In this framework, Ku has a direct dependency over
Kcat.

— kcat + k—l

Equation 3. Km dependency with Kcat.

Nevertheless, these equations cannot always be applied straightforward. Some
reactions can have more than one substrate (as explained in the flavoproteins section
on chapter 2) or the product release can be so slow that it would have to be considered
a separate stage in the kinetic equations as EP — E + P. For these reasons,
computational estimation of Ky is not trivial, since it can potentially depend on multiple

rate constants.

On the other hand, kca: can be calculated on simple reactions where its rate-limiting step

(the slowest step) is known. If so, by modelling the transition state and the application of
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the Eyring’s equation (or Marcus’ equation if an electron transfer is involved), Kea could

be obtained.

3.1.2. Electron transfer in proteins

The kinetics of a reaction involving electron transfer processes are governed by the
Marcus theory (Marcus 1956). This theory determines that the electron transfer reaction
rate depends on three parameters: i) the electron coupling, which is the tunnelling
probability between electron donor and acceptor wavefunctions, ii) the driving force, the
overall Gibbs free energy of the electron transfer and iii) the reorganization energy, which
is the name that receives the energy cost of the geometry changes between reactants

and products. These three parameters are present in the Marcus equation,

21 1 _(AGO+A)2
ker = — [Vpal? ——=e 4”’”‘BT]
h JATAkgT

Equation 4. Marcus equation.

where h is the reduced Planck’s constant, Kg the Boltzmann’s constant and T the

temperature.

The order of magnitude of the pre-exponential factor of the Marcus equation is dictated
by the magnitude of the electron coupling. If this parameter is too large, the Marcus
theory cannot be applied. The electron coupling depends on the donor-acceptor distance
and in the nature of the tunnelling events, which can be, in increasing order, through
vacuum, H-bonds or covalent bonds. In proteins, and laccases in particular, electron
transfer reactions involve relatively long distances, assuring the applicability of this
theory (Tadesse et al. 2008).

In the exponential factor, the driving force depends on the redox potential difference
between donor and acceptor. It represents the facility for the electron to go from the
donor to the acceptor. Following the equation, the electron transfer rate maximum is
given when the sum between the driving force and the reorganization energy is equal to

Zero.

As mentioned earlier, the reorganization energy is defined as the energy to restructure
the system from the initial to the final coordinates, without considering the electron

transfer. This can be split into two contributions: i) inner-sphere, which strictly depends
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on the geometry of the donor and the acceptor and ii) the outer-sphere, that includes the

rest of the system, typically other amino acids involved and water molecules.

3.2. Computational enzyme modelling

The complexity of enzymes, due to the large number of variables to be considered,
makes their study difficult. For this reason, there are many methods, involving different

levels of theory. Here, the methods used in this thesis are introduced.

3.2.1. Quantum Mechanics

In order to study properties of an enzyme that require an explicit treatment of the
electronic degrees of freedom, quantum mechanics-based methods offer the most
accurate description of a system at the expense of increased computational costs.
Considering a stationary system where the Hamiltonian operator does not depend
explicitly on time, the time-independent Schriodinger equation can be applied to obtain

the energy and the wavefunction of the system:
H’IU == (TN + Te + VNN + VEN + [/ee)llu = El{,

Equation 5. Time-independent Schrodinger equation.

where T and V are the kinetic and potential operators respectively, of the nuclei (N),
electrons (e) and their interactions: nuclei-nuclei (NN), electron-nuclei (eN) and electron-
electron (ee). As stated in the first postulate of quantum mechanics, the wavefunction
contains all the information of the system (Atkins and Friedman 2011). Thus, the
application of the operator of an observable can be applied to obtain its estimation value.
In the time-independent Schrodinger equation, the Hamiltonian is the operator of the
observable “energy”, which can be divided into the sum of the kinetic and potential
energies. Due to the complexity of this equation, the position of the nuclei is considered
fixed in relation to the electrons. This approximation, known as the Born-Oppenheimer
approximation, can be applied because, due to the much higher mass of the nuclei, its
movement is negligible on the electronic motion timescale. By removing the nuclear
kinetic energy, we can isolate the electronic nuclear degrees of freedom from the
Schrédinger equation, leading to the electronic Schrdodinger equation (Szabo and
Ostlund 2012).
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HWi(r;R) = (To + Voo + Vey + Vyn)W (3 R) = E;W;(1; R)

Equation 6. Electronic Schrédinger equation.

In this equation, the coordinates are separated into electronic (r) and nuclear (R).
However, for many-electron systems, this equation cannot be solved exactly and thus,
more approximations are required. In order to briefly review some of these
approximations, and to avoid classifying the density functional theory (DFT) into a group,
three groups will be here explained: Hartree-Fock based (HF) ab initio methods, DFT

and semi-empirical approaches.

Hartree-Fock based methods

To solve the time-independent Schrodinger equation of an N electron system, an initial
guess of the wavefunction is needed. This wavefunction ansatz is built from the product
of the mono-electronic wavefunctions or spin-orbitals (¢). To assure that the Pauli
exclusion principle is satisfied, an anti-symmetrizer operator (A) is included. The

resulting HF ansatz is known as the Slater determinant:
N N
Wyr = VNLA| | i) = 02> mp ] | oo
i=1 P i=1

Equation 7. Hartree-Fock ansatz.

where P is the permutation operator, N is the number of electrons in the system, 1T is the
permutation’s parity and x; is the product of the spatial (r;) and spin (o) coordinates of
the i-th electron. It is important to mention that spin-orbitals are constructed from the
linear combination of atomic spin-orbitals (LCAQ), mono-electronic functions centred on
the nuclei of the atom. The reference atomic spin-orbitals are called basis set. The
accuracy of the results depends directly on the number of atomic spin-orbitals and the
quality of the basis set (Schlick 2010).

Pi(x;) = Z Cui X (%)

Equation 8. Spin-orbitals as combination of basis set.

From the Slater determinant, the Schrdodinger equation can be solved by applying the
variational principle, which states that the expectation value of the energy E[y] cannot

be lower than the ground state energy Eo.
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cal:ioy

SE[W]=0; E[¥]= K E[¥] > E,

Equation 9. Variational principle.

Skipping all the mathematical treatment and focusing only on the concepts, after
minimizing and some algebraic manipulation, from equation basis-set, the following

expression is obtained, already in matrix form:

FC = SCe

Equation 10. Roothaan-Hall equation in matrix form.

where F is the Fock matrix, C is the coefficient matrix from the basis set equation, ¢ is
the orbital energies matrix and S is the overlap matrix, that imposes the orthonormality
of spin-orbitals. Since F depends on C, this equation cannot be solved by simply
diagonalizing. Therefore, an iterative procedure called the self-consistent field approach
is used, by which the energy is obtained by convergence regarding a predetermined
threshold.

Using HF, there are different ways to treat electrons with opposite spin: i) occupying the
same molecular orbital, with a different spin component (restricted, RHF), ii) using
different molecular orbitals for electrons with opposite spin (unrestricted, UHF) or iii)
using different molecular orbitals for paired and unpaired electrons (restricted-open,
ROHF). However, the repulsion between electrons is not explicitly treated, leading to
significant errors. This error is the correlation energy, the difference between the exact
energy and the one obtained by the HF method (in a complete basis set). There exist
methods that try to minimize this error by adding more Slater determinants to the HF
ansatz, such as configuration interaction (Cl) or coupled-cluster (CC). Others apply
perturbation theory, like the Mgller-Plesset (MP) method. Nevertheless, the

computational costs of these methods are prohibitive in biomolecular simulations yet.

Density functional theory

In Density functional theory or DFT, widely used due to its compromise between
accuracy and computational costs, the role of wavefunctions is replaced by the electron
density (the probability of one electron to be in a certain location) (Koch and Holthausen
2015). The main advantage is that the electron density probability is limited to the three-

dimensional spatial degrees of freedom (x,y,z) which are independent of the system size.
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Also, it provides a direct bridge between theory and experiments since it can be
measured by X-ray or electron diffraction techniques. Furthermore, DFT accounts for

electronic correlation still keeping the computational cost at bay.

The Hohenberg-Kohn theorems settle the base of DFT. They relate to any electron-

involving system moving under the presence of an external potential, and state that:

Theorem 1: The external potential (and hence the electronic energy) is a unique

function of the ground state electron density.

Theorem 2: The functional that gives the energy of the ground state delivers the
lowest energy only if the input density is the true ground state density. In other

words, the ground-state electron density can be obtained variationally.

However, the universal functional is unknown and these theorems do not provide any
protocol to calculate the ground-state electron densities. To overcome these limitations,
the Kohn-Sham (KS) equations (Kohn and Sham 1965) can be applied, which express
the electron density of a system as a linear combination of basis functions, borrowing

the concept from HF. So, the universal functional can be written as:
Elp(r)] = Tslp(r)] + Eyxlp(r)] + Exclp()]

Equation 11. Universal functional according to the Kohn-Sham theory.

where E[p(r)] is the spin density energy functional, T[p(r)] is the uncorrelated kinetic
energy functional, En[p(r)] is the classical electrostatic energy functional of the non-
interacting system and the term Exc[p(r)] corresponds to the exchange-correlation
functional, which is the only unknown functional, and includes the corrections of the two
previous functional to the exact solution. Therefore, there are several approximate
functionals that have been developed trying to reproduce experimental results by
parameterization. For this reason, this method is found in the limbo between ab initio and
semi-empirical methods, while others even doubt about its consideration as a QM

method.

Semi-empirical approaches

These methods have been increasing in popularity for biomolecular simulations in the

past few years (Yilmazer and Korth 2015). Semi-empirical approaches introduce more
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approximations to the HF method, decreasing the complexity of the Fock matrix. This is
achieved by introducing empirical data, so the wave function interactions are not
calculated explicitly but built from predefined parameters. Therefore, only valence
electrons are treated quantumly. This approximation saves a lot of the simulation

computational cost at the expense of accuracy, compared to HF methods.

In this thesis, QM methods have been mainly applied to calculate the atomic charge of
small molecules, such as ligands and cofactors. When using classical methods, the
atoms in proteins are already parameterized in the force field (see next section). The
atomic charge, which is the amount of total charge assigned to a particular atom, can be
assigned by dividing the wavefunction (Mulliken 1955) or the electron density(Bader
1994). Even though Mulliken charges are adequate in general terms, they are basis-set
dependent. Another approach is electrostatic potential (ESP) fitting, which calculates the
electrostatic potential at each point of a grid outside the molecule and then assigns the

atomic charges of the atoms trying to reproduce the same potential.

3.2.2. Molecular Mechanics

In enzyme modelling, it is well known that protein flexibility plays a key role in the activity
of the enzyme. Protein dynamics can affect the active site preorganization, the ligand
binding and even the diffusion towards the active site or product release. Also, it has
been shown that dynamic effects can hide relevant conformations(Hart et al. 2016),
otherwise hidden in the crystal structure. The study of these processes becomes
impossible for most QM methods, due to its high computational cost. For this reason,
these large biomolecules are usually treated classically, meaning that the electronic

degrees of freedom are not treated explicitly.

In molecular mechanics (MM), the potential energy of a system is fitted over a set of
experimental or QM data (Leach 2001). Therefore, functional groups are assumed to
keep their properties disregarding their environment: for instance, the side chain of an
amino acid maintains its properties no matter what residues are surrounding it. This
information is gathered in the so-called force fields (FF). We can differentiate in between
i) all-atomistic models, where all the atoms are parameterized individually, or ii) coarse-
grained methods, where atom groups with particular properties are considered a unique

particle, reducing considerably the size of the system but also losing accuracy.

In general, FF includes two differentiated interactions, bonded and non-bonded

interactions. Bonded interactions include stretching and bending energies, which are
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described by harmonic functions, and torsional energies, written as Fourier series to
ensure periodicity. On the other hand, the non-bonded interactions incorporate the
electrostatic energies, which consider the coulombic interaction between atoms
(represented as point charges) and van der Waals interactions. With a Lennard-Jones
potential form, the van der Waals interactions acknowledge nuclear repulsion and

dispersion forces. These energetic contributions are summarized in Figure 11.
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Figure 11: Scheme and equations of a general force field (from Anwar and Zahn 2017).

From these general formulas, different force fields may have different parameters or
even include other terms, like the variable use of improper dihedrals, to keep the chirality
and planarity of certain systems (Guvench and MacKerell 2008). Since enzymatic
systems are typically simulated in an aqueous environment, explicit waters can be
modelled through specific FF. In order to reproduce the bulk behaviour of the solvent,
the number of water molecules included in the simulations would be too large,
unnecessarily increasing the computational costs. To circumvent this issue, periodic
boundary conditions (PBC) can be used by confining the system in a box that behaves
as a unit cell, and it is replicated throughout the three-dimensional space by rigid
translations. In the end, an infinite lattice is obtained. This is depicted in Figure 12. In
order to avoid errors due to the PBC implementation, a cut-off radius is defined in a way
that an atom can only interact with the closest images of the remaining atoms, following

the minimum-image convention (Figure 12).
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Figure 12. Graphical representation of periodic boundary conditions and minimum image convention
(modified from Sumanth et al. 2005).

Alternatively, the effect of solvation in the free energy of the system can be considered
with the use of implicit solvents(Cramer and Truhlar 1999). Even though this method has
an important drawback in modelling compared to the explicit solvent, which is the inability
to form hydrogen bonds, dealing with less computationally expensive systems can be
useful for large macromolecular simulations. Also, not dealing with the explicit solvent
molecules can be useful in some methods, such as the Monte Carlo-based PELE, which
is explained in section 3.2.8. Implicit solvents have three contributions: electrostatics,
van der Waals and cavitation, which considers the free energy penalty of creating a
cavity in the solvent bulk. The last two contributions can simply be expressed as a linear
function of the surface exposed to the solvent, known as the solvent-accessible surface
area (SASA). However, the electrostatic term is more complicated to calculate. The
Poisson-Boltzmann method would be the computationally expensive option, with

increased accuracy, while the application of the generalized Born equation is faster.

Disregarding the specific FF to be used, it must be transferable in order to be general.
This does not mean that they have to be universal (that can be applied to any system),
but the parameters have to be transferable. For instance, the parameterization of an
amino acid must be transferable to the same residue in different positions of the system,
and also to different systems. For this reason, parameters have to be fixed. Therefore,
by using a general force field like the ones introduced here, it is not possible to model
reactivity, since bonds cannot be formed or broken. Moreover, polarization effects cannot
be considered either. However, there are alternatives to overcome these limitations
(Baker 2015; Kamerlin and Warshel 2011).
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3.2.3. Quantum Mechanics / Molecular Mechanics

When the chemical reactivity of an enzyme is being modelled, the two methods exposed
in the previous sections present some deficiencies. The most obvious one refers to what
it was established at the end of the previous section regarding the formation or breakage
of a bond, it simply cannot be modelled classically. The use of QM methods to reproduce
reaction mechanisms has been successfully used in many cases, but in many others,
the isolation of the atoms included in the QM simulation was leading to wrong solutions,
since the influence of the environment was not being considered. The inclusion of more
elements in the simulation could solve the problem, but computational costs could
become prohibitive. Hence, the introduction of hybrid QM/MM methods (Warshel and
Levitt 1976) provided a smart way to deal with the reactivity of large systems like
enzymes. Its approach is very simple: the part involved in the reaction is modelled with

QM, while the remaining non-reactive part is described by MM (Figure 13).
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Figure 13. Schematic description of a QM/MM calculation (adapted from Romero-Rivera et al., 2017).
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The most challenging part of QM/MM is how to deal with the interaction between the QM
and MM regions. Considering an additive scheme, the energy of the system can be
considered the sum of the QM and MM regions, plus a new term to consider the

interaction between both regions (QM/MM).

In order to determine the Eqommm contribution, from this point two possible scenarios can
be presented to us, depending on whether the QM and MM regions are covalently bound
or not. The latter would be the easiest case: if no covalent bonds are involved in between
regions, van der Waals interactions are classically modelled by means of a Lennard-
Jones potential, while the electrostatic part is calculated by enabling the polarization
effects of the MM point charges to the QM electron density. However, when covalent
bonds are present in the QM/MM interface, an approach to deal with these bonds is
needed. Several methods have been suggested, such as the use of link atoms or frozen
orbitals, but in this thesis, dangling bonds are capped by introducing a dummy atom
(typically hydrogen) in the bond between the QM and MM atoms. The covalent energetic
terms involving atoms from both QM and MM regions are treated classically. On the
electrostatic part, atomic charges of the frontier MM atoms are replaced by spherical

gaussian charges and redistributed in order to avoid over-polarization.

3.2.4. Geometry optimization

Up to now, different methods have been explained to quantify the energy of a system,
from the accurate description of relatively small systems with QM, to the modelling of
large systems by means of MM, and how they can be combined. However, these
methods only calculate the energy of a given conformational structure. If this calculation
was extended to all the possible conformations, the energy of this system could be
represented as a function of its degrees of freedom, which is known as the potential
energy surface (PES) of the system. From thermodynamics, the partition function is

defined as:

Ej

Equation 12. Partition function.

Provided that the PES is known, from the partition function it can be determined the
fraction of molecules in the energetic state E; (Ott, Bevan Ott, and Boerio-Goates 2000).
Moreover, it can be deduced that the conformations with the lowest energies will

contribute the most to the partition function. These low energy values can be found in
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the local minima of the PES. For this reason, conformations corresponding to energy
wells in the PES are considered as highly representative of the system and therefore,
interesting to model.

Ej
n,  gie "D

N z

Equation 13. Number of molecules in the energetic state Ei.

The energy of a system can be minimized numerically through an interactive geometry
optimization, where the structure of the system is slightly modified at each step until a
convergence criterion is reached. This is, typically, when the root mean square deviation
(RMSD) of the energy gradient is under a certain threshold. These structural
modifications are not random but guided by methods like steepest descent or the
conjugate gradient method. After the energy minimization, the optimized structure is
obtained. However, it cannot be guaranteed that this geometry corresponds to an energy
minimum. It can only be assured that it landed on a stationary point of the PES and that
the energy of the final geometry is lower than the initial one (so it cannot be an energy
maximum). For a full description of the stationary point, the diagonalization of the
Hessian matrix is required (a square matrix of second-order partial derivatives of the
PES). If there are no imaginary frequencies, the optimized structure is considered to be
in an energy minimum. Otherwise, it corresponds to a saddle point, with a special
mention for the cases where only one imaginary frequency is found, which represents a

transition state.

3.2.5. Molecular dynamics

The previous sections showed that i) energy calculation methods (QM, MM or QM/MM)
provided points of the PES and ii) through geometry optimization, stationary points can
be found, in a local minimum exploration of the PES. Here (and the following sections),

methods that explore the PES outside the local minimum will be introduced.

Molecular dynamics simulate the evolution of the system geometry over time, following
Newton’s second law of motion. This states that the acceleration of a system depends
on the net force acting on that system and its mass. Since the force can be expressed
as the gradient of the potential energy, the gradient of the PES can be evaluated to

calculate the forces acting on each particle of a system and propagate it over time:
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a;(t) = -V,U/m;
Equation 14. Newton’s second law of motion as a function of the potential energy gradient.

where a(t) is the acceleration of the particle i at time t, m; corresponds to its mass and
ViU is the gradient of the potential energy. Therefore, given an initial set of positions and
velocities for every atom, the new positions and velocities can be calculated after each
time step &t, typically set to 2 fs considering that bonds involving hydrogen atoms are

constrained. The general scheme of the MD algorithm can be seen in Figure 14.
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Figure 14. Basic scheme of the MD algorithm.

For protein studies, energies are generally obtained by means of MM, so the dynamics
of the protein can be sampled at the nanosecond (ns) to millisecond (ms) timescales. In
order to reproduce the experimental conditions, MD simulations usually simulated under
an NPT ensemble, in which the number of particles, pressure and temperature of the

system should remain constant during the simulation. This is achieved by the application
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of a barostat and a thermostat, which is equivalent to rescaling coordinates and

velocities.

Nowadays, it is still computationally expensive to run very long all-atom MD simulations,
on timescales over 10 ps. Although this problem can be tackled by technological
advances, such as the use of graphical processing units (GPUSs) or dedicated computers
built specifically for MD simulations like the Anton machine (Shaw 2009), there are also
algorithms that accelerate MDs. In this thesis, a particular method to do so has been
used: metadynamics (Laio and Parrinello 2002). This method describes the free energy
surface (FES), which is a Boltzmann weighted PES, of a chosen reduced set of collective
variables (CV). The selection of a good set of CV is the key step: it has to be a
representative variable, able to differentiate between the states of interest, and for this
reason, no more than 2 or 3 CVs should be used. Then, a bias potential (a gaussian
function of a CV) is added to the system to sample other values of a specific CV,
modifying the FES. In the end, all the energy minima will be filled, resulting in a flat FES,
where all the values of the CV would be considered explored and the simulation
converged. At this point, the sum of all the Gaussian functions added for a CV is the

inverse representation of the FES.

3.2.6. Monte Carlo

Monte Carlo (MC) based methods are presented as an alternative to MD simulations.
Their differences rely on how the initial structures evolve. While, as explained in the
previous section, MD follows Newton’s second law of motion, new configurations are
generated by a stochastic approach in MC. Therefore, the dependency on time is lost.
In a Metropolis MC, a random move generates a new structure, that will be accepted or

rejected following the Metropolis criterion. This is defined in the following equation,

1, AE <O

WA—)B:{ _A_E
e X8T >z, AE >0

Equation 14. Metropolis criterion.

where Wa_g is the acceptance probability of going from state A to B, AE is the potential
energy difference between states A and B, Kz is the Boltzmann constant and T reflects
the temperature. As stated in equation 14, this means that a move will be directly

accepted if the energy of the generated structure is lower than the initial one, otherwise,
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a random number is generated. If this random number is lower than e®2E (where B is the
inverse of the temperature times the Boltzmann constant) the perturbation will be
accepted. Diversely, it is rejected. In order words, movements that increase the energy

a little bit have more chances to be accepted than those increasing the energy a lot.

By removing the restriction of the Newton’s equations of motions, MC methods offer
cheaper computational costs and exceptional flexibility of the system with non-physical
moves. These, together with the capability of accepting conformations with higher
energy, according to the Metropolis criterion, make MC methods an interesting
alternative to MD. On the contrary, MC methods lose the perspective of time and the

physical reality of its movements and are usually limited to the use of implicit solvents.

3.2.7. Docking

Molecular docking techniques can be used when the goal is, instead of exploring the
PES, to find the most stable conformation of a protein-ligand system. Generally, a
confined search space is defined in which different orientations of the ligand are
generated. The free energy of the system is then evaluated and ranked by means of a
scoring function. The scoring function can be i) knowledge-based, using statistical
factors from a structural database, ii) empirical, where the score depends on the nature
of the contacts, iii) physics-based, if the energy is calculated using a FF or iv) derived
from machine learning approached. There is a wide range of docking applications. For
pharmaceutical studies, it is a very useful tool to find potential binders, by the evaluation
of thousands of ligands against the target protein, in the so-called virtual screening
(Kontoyianni 2017). On the contrary, in ensemble docking, the ligand is docked against
multiple conformations of the same protein (obtained from an MD simulation, for
example) trying to include the effect of the protein flexibility (Huang and Zou 2007).
Precisely, this is one of the main drawbacks of this technique. Even though there are
docking methods that sample the side chains of the active site, hamed induced-fit
docking (M. Xu and Lill 2013), it increases considerably the simulating times, losing one

of the main advantages of docking approaches.

3.2.8. Protein Energy Landscape Exploration algorithm

The main software used in this thesis, PELE (Protein Energy Landscape Exploration) is
an MC-based in-house software (Borrelli et al. 2005; Madadkar-Sobhani and Guallar

2013) that aims to sample the protein-ligand conformational space. It combines protein
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structure prediction techniques with random perturbations of the system. The idea

behind this method follows the following scheme:
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Figure 15. Graphical representation of a PELE step.

Given an initial protein-ligand system, at each step the ligand is randomly perturbed
(rotated and translated) while the backbone of the protein is displaced through a linear
combination of low-frequency normal modes. These are calculated with an anisotropic
network model (ANM), that represents the protein as a network of elastic forces that
connects the alpha carbons (Atilgan et al. 2001). Alternatively, modes provided by a
principal component analysis could be provided. The vectors obtained determine the
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movement of the protein backbone. The perturbation phase is followed by the relaxation
step, consisting of a side chain prediction (Jacobson et al. 2002) and all-atom energy
minimization. The former consists in selecting the best side-chain for each amino acid,
from a discrete set of possible dihedral angle conformers (or rotamers), obtained from
PDB statistics. The energy minimization is performed by a truncated Newton algorithm,
using the Optimal Potential for Liquid Simulations (OPLS)-2005 FF and a generalized
Born implicit solvent model for the solvation free energy calculation. After the system
perturbation and relaxation, a new conformation is generated, which will be accepted or

rejected according to the Metropolis criterion.

This algorithm is highly parallelizable, since each processor can produce a stochastic
trajectory. Plus, in order to enhance the sampling, and benefiting from the inherent MC
property that each step does not have memory from the previous ones, different
stochastic trajectories can communicate to each other, in order to favour the sampling
towards a goal (which can be, if known, the active site of a protein). Moreover, the MC
sampling can be combined with an adaptive reinforcement learning procedure (Lecina,
Gilabert, and Guallar 2017), for an increased performance in mapping the protein energy

landscape.

Compared to the previously mentioned methods, PELE can performed a completely
flexible protein-ligand docking (Borrelli, Cossins, and Guallar 2010; Cossins, Hosseini,
and Guallar 2012) with moderate computational costs. Even though it was initially
designed for mapping the ligand diffusion from and towards the active site(Borrelli et al.
2005), over the years it has shown that it can also be used to perform a blind active site
search (without previous knowledge of its location) (Hosseini et al. 2015), or FES

mapping with Markov state models (Takahashi, Gil, and Guallar 2014).
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Il. Objectives

The main objective of this thesis is to aim for improved enzymes that could be potentially
used for industries and, in particular, for lignin degradation and valorisation. From a
computational point of view, this includes providing new information to be tested in a lab,
by suggesting positions where it would be interesting to perform saturated mutagenesis
experiments, proposing punctual and specific mutations or even to describe the role of
certain amino acids.

Therefore, the general objective of this thesis can be summarized as:

- Improvement of enzyme activity related to the degradation of lignin, mainly
flavoproteins and laccases.

More specifically, this main objective is divided into the following sub-objectives:

1. Design AAO variants to enhance the oxidation of secondary benzyl-alcohols.

2. Study the full oxidation of HMF by means of flavoproteins.

3. Rationalize how laccases function with the photosensitizer and design improved

variants to be tested in the lab.
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Aryl-alcohol oxidase (AAO) has demonstrated to be an enzyme with a bright future ahead due to its
biotechnological potential in deracemisation of chiral compounds, production of bioplastic precursors
and other reactions of interest. Expanding our understanding on the AAO reaction mechanisms,
through the investigation of its structure-function relationships, is crucial for its exploitation as an
industrial biocatalyst. In this regard, previous computational studies suggested an active role for AAO
Phe397 at the active-site entrance. This residue is located in a loop that partially covers the access

to the cofactor forming a bottleneck together with two other aromatic residues. Kinetic and affinity
spectroscopic studies, complemented with computational simulations using the recently developed
adaptive-PELE technology, reveal that the Phe397 residue is important for product release and to help
the substrates attain a catalytically relevant position within the active-site cavity. Moreover, removal of
aromaticity at the 397 position impairs the oxygen-reduction activity of the enzyme. Experimental and
computational findings agree very well in the timing of product release from AAO, and the simulations
help to understand the experimental results. This highlights the potential of adaptive-PELE to provide
answers to the questions raised by the empirical results in the study of enzyme mechanisms.

Elucidation of structure-function relationships is of key importance in the study of enzyme catalysis. Unveiling the
mechanisms that lie behind the properties of a biocatalyst paves the way to widen its biotechnological applicability
by means of enzyme engineering’. In this regard, aryl-alcohol oxidase (AAO) is an enzyme of biotechnologi-
cal interest from the glucose-methanol-choline oxidase/dehydrogenase (GMC) superfamily. AAO catalyzes the
oxidation of primary benzyl alcohols into their aldehyde counterparts using atmospheric O, as co-substrate and
yielding H,0, as co-product®™. In this way, it has shown its potential for the production of flavours and aromas,
deracemisation of alcohol mixtures and the synthesis of precursors for the manufacturing of renewable polyesters®.

The ecophysiological role of AAO would be the supply of H,0, to either ligninolytic peroxidases —which it
acts synergistically with— or to trigger Fenton reactions during natural decay of lignocellulosic materials®. H,0,
production by AAO involves the redox-cycling of p-anisaldehyde’, a metabolite of AAO-producing species®’. Its
natural role as H,0, producer may be exploited for biotechnological purposes by the development of enzyme cas-
cades in which AAO and H,0,-consuming enzymes (peroxidases and peroxygenases) act concertedly. In recent
years, the repertoire of AAO substrates has been enlarged by the discovery of new molecules the enzyme can
oxidise, such as 5-hydroxymethylfurfural, 5-methoxymethylfurfural and their partially oxidised derivatives'®!!,
and secondary benzylic alcohols. Regarding the latter substrates, AAO stereoselectivity and activity was improved
by means of computer-guided rational design that facilitated a more appropriate positioning of benzylic alcohols
in the active site thanks to the removal of the Phe501 side chain'?. AAO presents other potential applications in
lignocellulose transformation and production of flavours and aromas®. Altogether, this variety of bioconversions
renders AAO an enzyme with a bright future in biocatalysis.

The structure-function relationships of the model AAO from Pleurotus eryngii have been extensively investi-
gated, and the roles of several residues important for catalysis have been elucidated'*-'". The catalytic pocket of P.
eryngii AAO, located near the flavin moiety of its FAD cofactor, is shielded from the outer environment by a triad

1Centro de Investigaciones Bioldgicas, CSIC, Ramiro de Maeztu 9, E-28040, Madrid, Spain. 2Barcelona
Supercomputing Center, Jordi Girona 31, E-08034, Barcelona, Spain. >Department of Biochemistry and Cellular and
Molecular Biology, and BIFI, University of Zaragoza, E-50009, Zaragoza, Spain. “ICREA, Passeig Lluis Companys 23,
E-08010, Barcelona, Spain. Correspondence and requests for materials should be addressed to V.G. (email: victor.
guallar@bsc.es) or P.F. (email: ferreira@unizar.es) or AT.M. (email: atmartinez@cib.csic.es)
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Figure 1. Surface loop and aromatic residues limiting access to the AAO FAD. (a) Area of channel opening
on the AAO surface, with the 395-406 loop in transparent light blue. (b) Semitransparent surface showing the
aromatic gate-keeping Tyr92, Phe397 and Phe501 aromatic residues (sticks in olive green), loop (green) and
its contiguous 3-strand residues (pale yellow cartoon), the catalytic His502 (grey) and FAD (grey), with one
p-anisic acid molecule at the active site. From AAO:p-anisic acid structure (PDB 50C1)"".

of aromatic residues —Tyr92, Phe501 and Phe397— that form a hydrophobic bottleneck affecting alcohol and
oxygen migrations into AAO active-site'®!’. The roles of Tyr92 and Phe501 have been unveiled and are involved
in: (i) establishing aromatic stacking interactions that guide the alcohol substrate to a catalytically competent con-
figuration'; and (ii) compressing the active site to promote the reactivity with O,'%, respectively. This residue is
located in a loop characteristic of the AAO family (residues 395-406 in P, eryngii AAO), which partially covers the
access to the active site”” (Fig. 1). Phe397 has been proposed to act as a barrier that prevents the free diffusion of
molecules —substrates and/or products— in and out of the catalytic pocket protecting the flavin environment of
AAO. Previous computational studies of substrate migrations into the active site —using the PELE algorithm?'—
suggested that Phe397 swung along with the alcohol substrate, helping it to reach the catalytic pocket!® (www.
youtube.com/watch?v=CqSDn50magl). These results have encouraged the investigation of the role of Phe397
in AAO catalysis.

In this work, kinetic, ligand binding and diffusion studies on AAO and several mutated variants have been per-
formed to enlighten our understanding on the role of Phe397 in catalysis. Moreover, molecular dynamics and new
ligand diffusion computational studies using adaptive-PELE —a new version of the PELE algorithm that avoids the
metastability of the ligands, thus saving number of processors and computation time*— have been employed to
shed light on the catalytic implications of substituting Phe397 in AAO. Experimental findings and computational
results agree very nicely and prove the applicability of the new adaptive-PELE to modelling the dynamic nature of
protein-ligand interactions and its ability to unveil the mechanisms underlying binding in complex systems.

Results

Spectral properties and steady-state kinetics of AAO and its Phe397 variants.  Wild-type recom-
binant AAO (hereinafter native AAO) and its F397A, F397L, F397Y and F397W variants were purified as hol-
oproteins, after Escherichia coli expression and in vitro activation. The UV-visible spectra of all variants showed
the typical flavin bands around 460 and 385 nm and shoulder around 500 nm (data not shown), indicating proper
folding around the cofactor. 280 nm/460 nm absorbance ratios around 10-11 showed that the FAD cofactor was
in the oxidized state and correctly incorporated into the protein for all variants.

The redox state of the cofactor during turnover was investigated by following the spectra of the AAO vari-
ants during oxidation of p-methoxybenzyl alcohol (initially saturated with air) until the enzyme was completely
reduced. In the cases of native AAO and the majority of the variants —F397W, F397A and F397L— the most
abundant species during turnover (initial reaction phase) is the oxidized enzyme, whereas the reduced species is
the predominant for F397Y (Fig. 2).

Bi-substrate steady-state kinetics —measured as p-anisaldehyde production from p-methoxybenzyl alcohol at
different O, concentrations— revealed remarkable differences among native AAO and its F397 variants (Table 1).
First, in all four variants, contrary to the native AAO', the kinetics best fitted equation (1) describing a ping-pong
mechanism, as revealed by the Hanes-Woolf plots of its bi-substrate kinetics (Supplementary Fig. S1). Then, all
variants, with the exception of F397L, showed 2-3 fold lower turnover rates (k,, values) than the native enzyme.
Regarding affinity for the alcohol substrate, the F397Y variant showed the same Michaelis constant (K,,(41)) as
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Figure 2. Redox state during turnover of native AAO and its Phe397 variants. Native (green), F397W (orange),
F397L (blue), F397A (black) and F397Y (red) Native protein and its variants (~10 uM) were mixed with an
excess of p-methoxybenzyl alcohol in 50 mM sodium phosphate pH 6.0 at 25 °C under aerobic conditions. Lines
show the time course of absorbance changes at the maxima of the flavin band I (in the 459 and 463 nm range,
depending on the variant). Dashed lines separate the turnover phase from the drop in absorbance due to the
depletion of O,.

AAO! 129+£5 2543 | 51604650 | 348436 | 371441
F397Y 48+1 2541 | 1920465 9444 | 512420
F397W 68+1 |280+8 240£5 90+4 |718£10
F397A 6641 54+1 | 1224432 500410 | 13343

F397L 115+1 |226+4 50610 190+4 | 610£13

Table 1. Steady-state kinetic constants of native AAO and its Phe397 variants. The constants for p-methoxybenzyl
alcohol (Al) and O, (Ox) were measured as the p-anisaldehyde produced in bi-substrate kinetic experiments,
performed in 50 mM sodium phosphate (pH 6.0) at 12 °C. 'From Ferreira ef al.'®>. Means and standard deviations
estimated from the fit to equation (1). All kinetics were measured by triplicates.

the native protein, while the F397A, F397L and F397W substitutions increased K4y by ~2-, 9- and 11-fold,
respectively. Consequently, the F397Y, F397A, F397L and F397W variants were ~3-, 4-, 10- and 21-fold less effi-
cient (k,/K,,) oxidizing the alcohol substrate compared to the native AAO. Regarding the affinity for O,, all the
variants, with the exception of F397A, showed increased affinity (lower K, with regard to the native protein.
Thus, F397Y, F397L and F397W were 1.4-, 1.6-, and 2-fold more efficient using O, as an electron acceptor than the
native protein. Finally, steady-state constants calculated from anisaldehyde release (as in previous experiments)
were compared with those obtained from H,0O, release (in additional kinetic analyses under atmospheric O,
saturation). In all variants, k., and Ky, tended to be almost identical using both approaches (Supplementary
Table S1), as it had been previously reported for native AAO*.

Rapid kinetics of the two half-reactions for the Phe397 variants. In the light of the above results,
the reductive and oxidative half-reactions of the F397 variants were analyzed to unveil the rate-limiting step
during catalysis. The spectra collected during the reductive half-reactions of all the variants indicated an essen-
tially irreversible two-electron reduction of the flavin, in agreement with the previously reported hydride transfer
reaction for the native AAQO'®. Global analyses of the spectral evolution were fitted to a one-step model (A — B)
in all cases (Fig. 3). The values of the observed rate constants (k) at different substrate concentrations exhibited
a hyperbolic dependence on the alcohol concentration (Supplementary Fig. S2) that allowed the determination
of the reduction rate constant (k,.4) and the dissociation constant (Ky(,;)) upon fitting to equation (3). For native
AAO (spectral changes not shown in Fig. 3) and the F397A and F397L variants, the k.4 values (Table 2) were of
the same range of the previously determined k., values (Table 1) indicating that the reductive half-reaction is the
rate-limiting step in catalysis. Nevertheless, variants F397Y and F397W showed k, 4 values 3- and 2-fold higher
than the respective turnover rates, suggesting that reductive half-reaction is not the limiting step in these variants.
For all the F397 variants, K4, values were similar to the K4 estimated under steady-state conditions.

The oxidative half-reactions of the four Phe397 variants, and native AAO (not shown), fitted two-step model
equations (A — B — C) describing a biphasic pattern (Fig. 4) where the first phase accounts for more than
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Figure 3. Time course of reduction of Phe397 variants with p-methoxybenzyl alcohol. (a) Spectra of F397Y
mixed with 600 uM substrate measured at 0.003, 0.005, 0.01, 0.015, 0.02, 0.025, 0.06 and 0.1 s after mixing. (b)
Spectra of F397W mixed with 2400 pM substrate recorded at 0.003, 0.01, 0.02, 0.03, 0.05, 0.07, 0.2 and 0.5s.

(c) F397A reduction spectra with 1200 uM substrate at 0.003, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08 and 0.3. (d)
Spectra of F397L mixed with 2400 uM substrate at 0.003, 0.01, 0.02, 0.03, 0.05, 0.07, 0.1, 0.13 and 0.4 s. Enzyme
(~10puM) reactions were performed in 50 mM sodium phosphate, pH 6.0, at 12 °C. Dashed lines correspond
to the oxidized enzymes before mixing. Data were globally fitted to a single-step model described from initial
species A to final species B (shown in insets). Estimated k,, is represented in each panel.

AAO 115£3 3142 3710+258 770 £40
F397Y 15043 41+£3 3660 +277 770£70
F397W! | 124+3 292417 425+10 689492
F397A 69+1 61+£2 1130 £40 78+t4

F397L 8741 18047 483420 340+10

Table 2. Transient-state kinetic constants for the reductive and oxidative half-reactions of AAO and its Phe397
variants. The constants were measured using stopped-flow rapid spectrophotometry in 50 mM sodium phosphate
(pH 6.0) at 12 °C under anaerobic conditions. 'The F397W constants for the first phase of the oxidative half-
reaction show a hyperbolic dependence on O, concentration (in contrast to the other variants) with Ko/K(ex)

and k,, values of 689 +92mM~'s! and 156 £ 12 s~ respectively, estimated from fit to equation (5). Means and
standard deviations estimated from the fits to equations (3), (4) and (5). All kinetics were measured by triplicates.

70-80% of the total amplitude. For the F397Y, F397L and F397A variants, this k. was linearly dependent
on O, concentration, allowing the determination of a second-order rate constant (*?k,,) that was similar, 2- or
10-fold slower than that of native AAO, respectively (Table 2). For the F397L and F397A variants, a reverse rate
constant was observed, k., ~15s7!, which corresponds to the intercept of the y-axis (Supplementary Fig. S3A).
On the contrary, the kg, . for F397W showed a hyperbolic dependence on O, concentration that fitted equa-
tion (5) and describes an encounter complex of a reduced flavin enzyme with O, followed by flavin reoxidation
(Supplementary Fig. S3B). The estimated transient-state second order rate constant, ko,/Ky(y), ~689 s 'mM
(Table 2 footnote) agreed with the catalytic efficiency determined under steady-state conditions (Table 1).
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Figure 4. Time course of reoxidation of Phe397 variants with O,. (a) F397Y spectra measured at 0.002, 0.01,
0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.5, 1 and 1.5 s after mixing. (b) F397W recorded at 0.001, 0.005, 0.01,
0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.18 and 0.2s. (¢) F397A recorded at 0.002, 0.01, 0.02, 0.03, 0.04,
0.05, 0.06, 0.07, 0.08, 0.09, 0.5, 1, and 1.5s. (d) F397L recorded at 0.002, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07,
0.08,0.09,0.1,0.3,0.5,0.7,0.9 and 1s. Enzyme (~10 uM) reactions with O, (136 pM) were performed in 50 mM
sodium phosphate, pH 6.0, at 12 °C. Dashed lines correspond to the reduced enzymes. Insets show the evolution
of species A, B and C after data fitting to a two-step process. The estimated k,, for each phase is represented in
each panel.

The second phase for all variants was too slow to be relevant for catalysis (kqs, <7 s7'), although it was inde-
pendent of O, concentration for the F397Y and F397W variants and dependent on it in the case of the F397L and
F397A variants (Supplementary Fig. S3A, inset). The O,-independent slow phase in native AAO reoxidation had
been previously attributed to the presence of damaged protein ensuing the stopped-flow experiments®.
Studies on AAO:p-anisic acid complex formation and dissociation.  The differences between the k.,
and k.4 values for both F397Y and F397W encouraged us to investigate whether product release has an effect on
turnover. The study could not be carried out with p-anisaldehyde because the formation of the enzyme-aldehyde
complex is too rapid, which prevents its detection by the stopped flow equipment. Therefore, this study (Fig. 5) was
performed with the final product, p-anisic acid, whose crystallographic complex with AAO was recently solved
(PDB 50C1)". The rate constants for complex formation (ki) and dissociation (ky;) of native AAO and the F397Y
and F397W variants are shown in Table 3. The k¢, for F397Y and F397W were 2-fold and 2 orders of magnitude
lower than that of the native enzyme, respectively. Differences in kg, were also observed, since the kg values for
these variants were at least 10-fold slower than that of the native AAO. The fast diffusion of the ligand in and out the
active site of the F397L and F397A variants most likely impeded estimation of these parameters. The Ky, values
calculated from the corresponding kg ki, ratios for native AAO and the F397Y and F397W variants (150, 31 and
271 uM respectively) agree well with the values obtained by differential spectrophotometry (Supplementary Fig. S4
and Table 3). F397Y showed the smallest Kj,,), which means that it is the variant that more tightly binds p-anisic
acid. On the contrary, the Ky, for the F397L and F397A variants could not be estimated by differential spectro-
photometry since saturation could not be attained in agreement with the above results.

AAO molecular dynamics and ligand diffusion simulations. MD simulations were carried out to study
the dynamical behaviour of the five protein systems (native enzyme and its Phe397 variants). Loops are the secondary
structures that most likely adopt different conformational structures. Hence, the motions of the loops GIn395-Thr406
and Ser89-Met95, where two of the main gate residues —Phe397 and Tyr92— are located, were investigated. However,
the root-mean-square-deviation values obtained, as a function of time, were low (data not shown) indicating that
there are only moderate displacements of these secondary structures along the dynamics of the protein.

SCIENTIFICREPORTS | (2018)8:8121 | DOI:10.1038/541598-018-26445-x 5

53



I1l. Results

www.nature.com/scientificreports/

(=3

a o2
8 0.08 1 8
j C
© ©
2 2
o [o]
2 2
< 0.04 <
0.00
400 500 600 700
Wavelength (nm) Wavelength (nm)

C o2 d s

B/

/

/
8 0.08 1 ~ 20
2 -
© "
£ o
2 s
< 0.04 1 < 10

B
_/
0.00 0 ‘ ‘ : ‘
400 500 600 700 0 500 1000 1500 2000 2500
Wavelength (nm) p-anisic acid (uM)

Figure 5. Spectral changes during formation of AAO:p-anisic acid complex. (a) Native AAO, mixed with
0.5mM of the ligand at 0.003, 0.01, 0.02, 0.03, 0.04, 0.05, 0.065, 0.085, 0.1, 0.13, 0.15, 0.2 and 0.4s. (b) F397Y,
mixed with 0.65mM of p-anisic acid measured after 0.005, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3 and
4s,and (c) F397W mixed with p-anisic acid 1 mM recorded at 0.005, 0.02, 0.04, 0.05, 0.07, 0.1, 0.2, 0.4, 0.5, 0.7,
1, 2 and 5s. Insets show disappearance of initial species A and formation of final species B. The rate constant
obtained from the global fitting of the spectral changes is shown. (d) Fits of the obtained k, for each variant
and ligand concentration to equation (6). Native AAO (filled circles), and F397Y (open circles) and F397W
(inverted triangles) variants.

AAO 170+£5 18.040.3 2.740.17
F397Y 25+2 7.74+0.1 0.24£0.04
F397W 200412 0.70£0.01 0.19£0.01
F397A nd nd nd

F397L nd nd nd

Table 3. Dissociation constants, and formation/dissociation rates of p-anisic acid complexes. The dissociation
constants (Ky) of p-anisic acid complexes with AAO and its Phe397 variants were measured by differential
spectroscopy, while the complex formation (k,,) and dissociation (kg;) rates were measured by transient-state
kinetics spectroscopy. All experiments were performed in 50 mM sodium phosphate (pH 6.0) at 12°C. nd,

not determined (too fast complex formation and dissociation). Means and standard deviations from the fit to
equations (7) or (6). All data were measured by triplicates.

Despite the small loop movements, a closer look at the distances between the gate residues indicates that the
F397Y and F397W substitutions induce significantly shorter values (Supplementary Fig. S5A). Moreover, inspection
of the protein structures shows that the side chains of the F397Y and F397W variants establish hydrogen bonds with
Tyr92 with a frequency of 20% and 5%, respectively (Supplementary Fig. S5B), while the aliphatic variants and the
native enzyme cannot develop such hydrogen bonds resulting in larger distances between gate residues. Altogether,
the MD data suggests local constraints induced by the tyrosine and tryptophan substitutions in the gate region.

The diffusion of products —p-anisaldehyde and p-anisic acid— and reactants —p-methoxybenzyl alcohol
and O,— was also investigated with adaptive-PELE to explain the changes in kinetics observed for the mutants.
The trajectory analysis of the acidic product in the aromatic variants clearly indicates a stabilization of the local
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Figure 6. Boxplots of PELE steps required for ligand release from AAO and its Phe397 variants. (a) p-Anisic
acid. (b) p-Anisaldehyde. Number of PELE steps is directly related to time. Grey, native AAO; blue, F397W;

red, F397Y; yellow, F397A; and light green, F397L variants. Boxes contain 50% of the results (two quartiles),
horizontal lines inside them indicate the mean value; while the upper and lower whiskers (vertical lines) contain
the remaining quartiles (50%). The overall height of boxes (whiskers included) is indicative of the spread of the
results. Isolated points represent results significantly different from the rest of data values.

minima at the gate, before ligand release, which does not take place during release of the aldehyde products. This
energy minimum involves interaction between the carboxylic group and three amino acids, Ser393, GIn395 and
Ser411, placed inside the catalytic cavity. The aromatic variants required in average ~3-fold and ~7-fold more sim-
ulation steps to release the aldehyde and acid, respectively, than the aliphatic ones (Fig. 6). Moreover, the number
of PELE steps required to release both products also tends to be higher in the case of the aromatic mutants than
for the native enzyme, especially for anisic acid due to the interactions of the carboxylic group with the three
residues mentioned above.

Furthermore, the distances among any of the atoms of the O, substrate and both the C4a locus of reduced FAD
and the Ne, of His502 (acting as a catalytic base in the reductive half reaction) were calculated for all the variants.
Results suggest that the catalytic distances are similar in the native enzyme and variants, except for F397W that
shows higher population at favourable —that is, shorter— distances (Fig. 7).

Finally, the energetic profiles of the p-methoxybenzyl alcohol catalytic distances (hydroxyl-to-His502 and
proR-H-to-flavin) in all protein systems were studied, as a measure of the binding effectiveness of the alcohol in
the active centre. The energy landscape shows an additional energetic favourable region only for the F397W. In
this new minimum, the side chain of the tryptophan interacts via hydrogen bond to the hydroxyl group of the
alcohol substrate, resulting in an inefficient catalytic pose (Supplementary Fig. $6). This is in agreement with the
experimental values, where the K,y and K4 are almost 11-fold higher for the F397W variant compared to the
native protein.

Discussion

Phe397 is situated at a loop characteristic of the AAO family, in a region prone to harbouring insertions and
deletions amongst the members of the GMC superfamily. Representatives of this superfamily are monomeric
or multimeric proteins, with the entrance to their active site partially covered by the adjacent monomer in the
second case. Given their monomeric nature, AAOs and a few other GMCs have developed loop structures to
control diffusion of molecules into their active sites. Among them, choline oxidase?, cholesterol oxidase?® and
cellobiose dehydrogenase?” are notable examples, whose insertions are even longer than the AAO insertion. The
latter insertion partially forms the 395-406 loop in P. eryngii AAO and encloses the active-site cavity from the
outer environment (Fig. 1)'%. Previous computational studies hinted that Phe397 oscillates with the substrate as
a mechanism of gating'?, similarly to what has been reported for phenylalanine residues in P450 enzymes®. A
homologous phenylalanine residue is conserved in 50% of all the putative AAO sequences from basidiomycete
genomes available at JGI (https://jgi.doe.gov). The multiple roles of this phenylalanine residue in catalysis, as
revealed by studies on the P. eryngii model AAO, are discussed below.

Phe397 favours the correct positioning of the alcohol and its oxidation at the active site, as evidenced by the
steep decrease of catalytic efficiency in the mutated variants. Such effect is most noticeable in F397W, which
shows the lowest k,,/Ki,(a;) Value due to: i) the constrained distance between gate residues, and ii) the formation of
a H bond with its reactive hydroxyl group that disrupts the substrate’s catalytic poses. The introduction of a bulk-
ier residue at the Phe501 and Tyr92 positions of AAO also produced similar steric hindrances for catalysis'>!*'7.
Remarkably, the drop of the catalytic efficiency in F397Y is due to its small turnover rates, as affinity for alcohol
(Kin(an and Ky,))) remains invariable in this case. Furthermore, the reduction rates being higher than turnover in
F397Y and F397W, indicates that, unlike native enzyme, the reductive half-reaction is not the rate-determining
step in these two variants, as discussed below.

Phe397 also plays a role in flavin reoxidation by either compressing the active site to reduce the free diffusion
of O,, or altering its redox environment. Evidence comes from the low oxidation rates estimated for the aliphatic
mutants, in contrast to the ones obtained for the aromatic variants and the native AAO, which possess bulkier
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Figure 7. O, diffusion in native AAO and its F397W variant. (a) Native and F397W final catalytic poses (CPK-
colored molecules with grey and cyan carbon atoms, respectively) showing catalytic distances (in A) to FAD
C4a and His502. (b and ¢) Frequency of O, poses as a function of the distances from O, to His502 and C4a of
native and the F397W variant, respectively.

residues that constrain the catalytic pocket. However, the oxidative half-reaction does not limit the catalytic cycle
in the aliphatic variants, as k_, and k.4 values are similar and the constants measured as H,O, release are identical
as those measured by aldehyde formation. Alteration of the FAD environment and electrochemistry might be
involved in the decreased efficiency for oxidation of the F397A cofactor. Regarding the F397Y and F397W vari-
ants, they show high Pk, similar to the native protein. In the case of F397W variant, the obtained k,, and k,q are
similar indicating that the reductive and oxidative half-reactions are almost balanced, which agrees with its redox
state during turnover. Computational simulations of F397W reoxidation revealed that withdrawal of His502 due
to the presence of the tryptophan increases the ability of this variant for properly positioning the oxygen molecule
during flavin reoxidation, bringing O, and C4a closer than in the native enzyme (Fig. 7). However, the introduc-
tion of this bulkier residue could be hindering the oxygen diffusion into the active-site'” and thus causing the
unusual saturation behaviour observed for this variant with increasing oxygen concentration. This saturation
profile has been observed in cholesterol oxidase from Brevibacterium sterolicum related to the interconversion
between open and closed channel enzyme conformations. This event regulated the oxygen diffusion and consti-
tuted the rate-limiting step preceding flavin reoxidation*. Regarding F397A and F397L, they display slower
reoxidation rates probably due to the absence of an aromatic residue in that position. Moreover, both variants
display slow phases that are dependent on O, concentration, that could reveal two different kinetic processes, the
H and H™ transfers recently reported to take place in separate kinetic steps in native AAO*\.

Finally, Phe397 also plays a role in controlling the product release from the active site, with this catalytic step
limiting the turnover of the F397Y and F397W variants, while the F397A and F397L variants (and native AAO)
let the substrate and product diffuse easily in and out of the active site. Furthermore, ligand migration studies
with both p-anisic acid and p-anisaldehyde indicate that product release is delayed due to the reduced gated space
—which forces the aromatic side chains to be displaced— and the hydrogen bond between the tyrosine or trypto-
phan and Tyr92 in the aromatic variants. The native enzyme also requires longer times for product release because
its side chain must move to let it out, although there is no hydrogen bonding between the Phe397 and Tyr92. This
is in agreement with the 10-fold lower kg, for the aromatic variants than for native AAO. Flavoenzymes with
catalytic cycles limited or partially limited by the product release have been reported, such as D-amino acid oxi-
dase®!, cyclohexanone monooxygenase® or nitroalkane oxidase®. The case of amadoriase I is also relevant, since
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its catalysis is partially limited by the product release, although the oxidation of the enzyme takes place through
an ordered ternary complex of enzyme, product and O,*.

In conclusion, Phe397 plays a central role in the catalysis of P. eryngii AAO, which is reinforced by its high
conservation among other sequences of characterised and putative AAOs from fungal genomes. As drawn from
the experimental and computational results, this residue supports both half-reactions of the enzyme. During the
reductive reaction, it helps the substrate attain a catalytically relevant position and facilitates product release from
the active site. Analysis of the oxidative reaction suggests that the presence of an aromatic residue at this position
is important to modulate the flavin environment and to reduce the space in the active site enabling the enzyme
to reduce O, to H,O,. Experimental and computational results complement each other well and, thus, highlight
the suitability of the recently developed adaptive-PELE** for the study of protein binding to different ligand types.

Methods
Reagents. Glucose oxidase type VII from Aspergillus niger, glucose, p-methoxybenzyl alcohol and p-anisic
acid were purchased from Sigma-Aldrich.

Enzyme expression and purification. Native AAO from P. eryngii (GenBank accession number
AF064069) and its mutated variants F397A, F397Y, F397W and F397L were heterologously expressed in E. coli
W3110 as recombinant proteins using the pPFLAG1 vector. The above-mentioned AAO variants were prepared
using the QuickChange® site-directed mutagenesis kit.

PCR reactions were run with the following oligonucleotides harbouring the desired mutations (underlined
nucleotide/s in bold triplets indicated below) and the AAO gene inserted in the vector as a template: (i) F397Y: 5/-CTTT
TCCAACCAATGGTACCACCCAGCTATCCCTCG-3, (ii) F397A: 5-CTTTTCCAACCAATGGGCCCACCCA
GCTATCCCTCG-3, (iii) F397W: 5-CTTTTCCAACCAATGGTGGCACCCAGCTATCCCTCG-3/, and (iv)
F397L: 5'-CTTTTCCAACCAATGGTTGCACCCAGCTATCCCTCGC3/, along with their reverse complementary
counterparts. The AAO variants were expressed as inclusion bodies, subsequently in vitro activated in the pres-
ence of FAD and purified by anion-exchange chromatography as previously described?.

Molar absorbance coefficients of the variants were calculated by heat denaturation of the proteins and deter-
mination of the FAD released. The coefficients for native AAO and the F397Y, F397A, F397W and F397L variants
are €4635m = 11050 M~ lem ™13, g4, 1 = 10415 M~ em ™), €450 nn = 9432 M~ lem ™, €465 1 = 9952 M~ Lcm ™! (at
462nm), and €44, ,,, = 12492 M ! cm !, respectively.

Steady-state kinetics. Bi-substrate kinetics of the four AAO variants were measured recording
p-anisaldehyde production (Ae,g; =16950 M~"-cm™"), varying both the concentrations of p-methoxybenzyl
alcohol and O, in a spectrophotometer. Reactions were performed in screw-cap cuvettes, where different O,
concentrations in 0.1 M phosphate at pH 6.0, were attained by bubbling several O,/N, mixtures inside a thermo-
static bath at 12 °C. Reactions were triggered by the addition of the alcohol substrate (5-500 pM) and the enzyme
(3-5nM) using microsyringes. The spectrophotometer was maintained at the desired temperature owing to the
use of a thermostatic bath.

Initial rates were obtained from the linear phase of the aldehyde production and were calculated as the
change in absorbance over time. Kinetic constants were estimated by fitting the k,, to equation (1) describing a
ping-pong mechanism:

v k.AB

e KB+ KyopA + AB (1)

where v stands for the initial velocity, e is the enzyme concentration, k., is the catalytic constant, A stands for
the alcohol concentration, B represents O, concentration and K4y and K,y are the Michaelis constants for
p-methoxybenzyl alcohol and O,, respectively.

Kinetic constants estimated as p-anisaldehyde and H,O, release were compared under atmospheric O, satu-
ration conditions, at 25 °C. p-Anisaldehyde was measured as detailed above, while H,O, release was estimated by
coupling the reaction of a horseradish peroxidase (6 U-mL~") and AmplexRed® (60nM), which uses the H,0,
produced by AAO to give coloured resorufin (Agsg; =52000 M~'.cm ™). Catalytic constants were estimated by
fitting to a Michaelis-Menten equation for one substrate in both cases (equation (2)):

v k,A

e Ky +A @)

Stopped-flow measurements. Experiments were performed using a stopped-flow spectrophotometer
from Applied Photophysics Ltd. model SX17.MV.

Enzyme-monitored turnover experiments were carried out by mixing AAO (~10uM) with exceedingly
saturating p-methoxybenzyl alcohol concentrations (at least 10-fold the K, for each of the variants), under
air-saturated conditions, at 25 °C. Spectral evolution of the enzymes during redox turnover was recorded between
350 and 700 nm with a photodiode array (PDA) detector.

Studies on the reductive half-reaction were performed upon mixing AAO with increasing concentrations of
p-methoxybenzyl alcohol (0.018-0.6 mM) under anaerobic conditions. The stopped-flow apparatus was made
anaerobic by flushing sodium dithionite through the system, which was then rinsed out with O,-free buffer. All buff-
ers, substrates and the enzyme were poured into glass tonometers that were subsequently subjected to 20-25 cycles
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of evacuation and argon (Ar) flushing in order to remove O,. To ensure anaerobiosis, glucose (10mM) and glucose
oxidase (10 U-mL~") were added after some vacuum-Ar cycles. Measurements were recorded using the PDA detec-
tor, in 50 mM sodium phosphate (pH 6.0) at 12 °C. Observed rate constants (k,,,) were calculated by global fitting of
the spectra with Pro-K software to a single exponential equation. Those averaged k., at each substrate concentration
were then non-linearly fitted to equation (3), describing hyperbolic substrate dependence of k,:

kobs = kre—dA + krev

Kygap + 4 ®
where k4 and k.., represent the reduction rate constant at infinite substrate concentration and its reverse reac-
tion, respectively; A stands for the alcohol concentration; and Kj is the dissociation constant.

The oxidative half-reaction was investigated by mixing reduced AAO with increasing O, concentrations.
Procedures were as explained above for the reductive half-reaction, except that, in this case, AAO and glucose
were put into a tonometer bearing a side-arm, where p-methoxybenzyl alcohol (1.3-fold the concentration of
AAO) was poured along with glucose oxidase. After the required vacuum-Ar cycles, enzyme and substrate were
mixed before being mounted onto the stopped-flow equipment. Reactions were measured with both the PDA and
the monochromator detectors at 12°C. k,,, were obtained by either global fitting of the spectra or fitting the mon-
ochromator traces to exponential equations describing two-step and three-step processes. Fitting averaged k
either to equation (4) that describes a linear dependence on O, concentration or equation (5) that describes hyper-
bolic saturation with increasing O, concentration allowed the estimation of the apparent second-order rate con-
stant for reoxidation (*Pk,,) and the first-order rate (k,y) and second-order constants for reoxidation (K/Ky(y))

respectively:
kobs = appkoxOZ + krev (4)
kox/Kd(ox)OZ
obs =
L+ (koy/Kion©O2) Koy (5)

Estimation of the rates of the AAO:p-anisic acid complex formation and dissociation were performed by ana-
lyzing spectral changes upon mixing enzyme (~10uM) with different concentrations of the ligand (0.04-2 mM)
at 12°C. Data were globally fitted to an equation describing a one-step process. The obtained k,,, were linearly
depended on the ligand concentration and were, thus, fitted to equation (6):

kobs = kforL + kdis (6)

in which ki, stands for the second-order rate constant for the complex formation; L represents the ligand concen-
tration, and kg is the rate constant for the complex dissociation.

Spectral characterization of the AAO-p-anisic acid complex. The affinity of the native AAO and
its variants for p-anisic acid was assessed by titrating the enzyme with increasing concentrations of the ligand
in 50 mM sodium phosphate (pH 6.0) at 12 °C. Spectral changes were recorded using a spectrophotometer and
their magnitude upon complex formation was fitted to equation (7), which accounts for a 1:1 stoichiometry, as a
function of p-anisic acid concentration:

Ap L DeE L HKY - Acy(E + L + Ky)* — 4EL

2 (7)

in which AA accounts for the observed change in absorbance; Ae represents the maximal absorption difference
in each of the spectra; K is the dissociation constant; and E and L, the enzyme and p-anisic acid concentrations.

Molecular dynamics (MD) studies. The protonation states of the titratable amino acids present at the
AAO crystal structure (PDB 3FIM) were set up using PROPKA®® of Protein Preparation Wizard®” and checked
with the H++ server®. The selected mutations (F397W, F397Y, F397A and F397L) were introduced and all 3D
structures were minimized with Prime*. The overall systems were solvated and neutralized using Desmond*!
with the SPC water model and 0.15M of NaCl.

50 ns of MD simulation were performed with Desmond*! for each protein structure using the default
Desmond’s protocol. The temperature was regulated with the Nosé-Hoover chain thermostat**-** with a relaxation
time of 1 ps. The pressure was controlled with the Martyna-Tobias-Klein barostat*® with isotropic coupling and a
relaxation time of 2 ps. RESPA integrator***® was used with bonded, near and far time steps of 2.0, 2.0 and 6.0 ps,
respectively. Furthermore, a 9 A cut-off was employed for nonbonded interactions with the smooth particle mesh
Ewald method*.

Ligand diffusion. The minimized models described above were also used to study the ligand diffusion. The
acid product was manually docked inside the cavity, next to Phe397 and Tyr92, while reactants were docked in
their catalytic position. The FAD cofactor was protonated to its semiquinone state for the O, simulations, while it
remained in its quinone state for the acid, aldehyde and alcohol diffusion studies.

The FAD cofactor was optimized with QM/MM at the M06/6-31G* level of theory using Qsite’® and the
atomic charges were obtained from the electrostatic potential (ESP). Ligand geometries were optimized at the
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same level of theory in gas phase and re-optimized using the PBF implicit solvent with the Jaguar software*. The
ligands were parameterized according to the OPLS 2005 force field, maintaining the ESP charges, and a rotamer
library was build using Macromodel®’.

Ligand diffusion was modelled with the recent adaptive-PELE technique®?, using an anisotropic network
model (ANM) backbone perturbation® applied to all Cox atoms, side chains re-sampling within 6 A of the ligands,
and a full energy minimization in each PELE step. The products were randomly translated and rotated within a
spherical box of 22 A of its initial position. The O, and the alcohol reactants were randomly roto-translated within
a spherical box of 3 A and 7 A of itts centre of mass initial position, respectively, to inquire about their poses in the
active centre. Adaptive-PELE simulations involved ~50 epochs of 4 PELE steps. All simulations were performed
using 32 processors. The O, simulations were executed during 72 h, while the other simulations were performed
during 23 hours.

Data availability statement. Al data generated or analysed during this study are included in this pub-
lished article (and its Supplementary Information files).
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Multiple implications of an active site
phenylalanine in the catalysis of aryl-alcohol
oxidase

Juan Carro, Pep Amengual-Rigo, Ferran Sancho, Milagros Medina, Victor
Guallar, Patricia Ferreira, Angel T. Martinez

Supplementary Information

Supplementary information is composed of Supplementary Table S1 and Supplementary
Figures S1, S2, S3, S4, S5 and S6.

Supplementary table S1. Comparison of reaction constants measured as p-anisaldehyde or
H,0, production for Phe397 AAO variants at 25°C

p-anisaldehyde H,0,

kcat Km kcat/ Km kcat Km kcat/ Km

™) (M) (s mM™) (s7) (uM) (s*-mM™)
AAOQ? 113+2 30+2 3770 + 260 106 £ 5 33+6 3212 + 603
F397Y 77 +£2 23+£2 3400 + 300 T1+£2 2342 3060 + 310
F397W 127+6 123+17 1030 + 150 124+4 125+11 995 + 94
F397A 54=+1 35+3 1560 +140 48+ 1 69+4 698 + 40
F397L 97+6 155+ 28 624 + 120 92+2 173 £17 530+ 53

Reactions performed in 50 mM sodium phosphate pH 6.0 at 25°C and at a fixed O, concentration of 0.26
mM. p-Anisaldehyde release measured as increase of absorbance (Agygs = 16950 M'i'cm’l). H,0, release
measured through a coupled enzymatic reaction with horseradish peroxidase (0.5 mM) and AmplexRed®
(0.35 mM) measured as increase in absorbance (Aesgs = 52000 M™*-cm™).'From Ferreira et al.”>. Means
and standard deviations calculated from the fit to Michaelis-Menten equation. All kinetics were measured
by triplicates.
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Supplementary figure S1. Linearized Hanes-Woolf plots of the bi-substrate kinetics of the
Phe397 AAO variants. A. F397Y, B. F397A, C. F397W and D. F397L. Data were measured
by varying the concentrations of p-methoxybenzyl alcohol and O, in 50 mM sodium phosphate
pH 6.0 at 12°C. Vertical solid line represents x = 0. Filled circles, 0.06 mM O,; open circles,
0.16 mM O; filled triangles, 0.34 mM O,; open triangles, 0.71 mM O,; and filled squares, 1.60

mM 02.
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Supplementary figure S2. Plots of the observed rate constants (k) of flavin reduction for
native AAO and the four Phe397 variants. Native (squares), F397Y (triangles), F397W
(circles), F397L (diamonds) and F397A (stars) AAO variants with varying concentrations of p-
methoxybenzyl alcohol. Data were measured in an anaerobic stopped-flow spectrophotometer in
50 mM sodium phosphate pH 6.0 at 12°C. Lines represent the fits of experimental data to
equation (3). Means and standard deviation calculated from triplicates.

63



I1l. Results

Q

kA->B (5-1)

64

600 b 140

6

500 | o % 120 |
1 100 1

400 | 2 AP —_
"o 80

] 0 ~
300 100 200 300 400 2 60 1

200 | 0, (uM) ~°
40
100 20 |

0 A , ‘ ‘ 0 ‘ ‘ ‘
0 200 400 600 0 200 400 600
0, (uM) 0, (uM)

Supplementary figure S3. Plots of the observed rate constants (k) of flavin oxidation as a
function of O, concentration for native AAO and the four Phe397 variants. A. Native
(squares), F397Y (triangles), F397A (stars) and F397L (diamonds). Inset shows the O,-
dependent ks, for the second phase of the reoxidation of F397A (open stars) and F397L (open
diamonds). Lines show fit to equation (4). B. F397W as a function of O, concentration. Line
shows fit to equation (5). Data were measured in a stopped-flow spectrophotometer under
anaerobic conditions at 12°C and pH 6.0. Means and standard deviation estimated from
triplicates.
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Supplementary figure S4. Spectral changes upon titration of native and Phe397 AAO
variants with increasing concentrations of p-anisic acid. Enzyme (~10 pM, initial
concentration) was titrated with p-anisic acid (0—1200 pM) at 25°C and pH 6.0. Spectra of the
ligand-free enzyme and after each addition of ligand were recorded. All spectra were subtracted
to that of the titrated enzymes to obtain the data represented. A. Native AAO, B. F397Y, and C.
F397W variants, respectively. Insets show the differences in absorbance between maxima (450
nm) and minima (503 nm) as a function of the concentration of ligand.
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Supplementary figure S5. Distance between gate-residues (residue at 397 position and
Tyr92) computed by molecular dynamics of the GIn395-Thr406 and Ser89-Met95 loops.
A. Boxplots of the distances. Boxes contain 50% of the results (two quartiles), horizontal lines
inside them indicate the mean value; while the upper and lower whiskers (vertical lines) contain
the remaining quartiles (50%). The overall height of boxes (whiskers included) is indicative of
the spread of the results. Isolated points represent results significantly different from the rest of
data values. Grey, native AAO; blue, F397W; red, F397Y; yellow, F397A; and light green,
F397L variants. B. Representation of the evolution of the distances as a function of time (0-50
ns) for F397W and F397Y variants.
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p-methoxybenzy
alcohol

Supplementary figure S6. Representation of the energetically-favourable inefficient
catalytic pose of p-methoxybenzyl alcohol in the F397W variant. Distances to His502,
Trp397 and N5 of the FAD are indicated. Sticks in CPK, carbons in light blue.
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Switching the substrate preference of fungal aryl-
alcohol oxidase: towards stereoselective oxidation
of secondary benzyl alcohols¥

'.) Check for updates

Cite this: Catal. Sci. Technol., 2019,
9, 833

Ana Serrano,}? Ferran Sancho,® Javier Vifia-Gonzalez,¢ Juan Carro,?
Miguel Alcalde,© Victor Guallar®® and Angel T. Martinez @ *

Oxidation of primary alcohols by aryl-alcohol oxidase (AAO), a flavoenzyme that provides H,O, to fungal
peroxidases for lignin degradation in nature, is achieved by concerted hydroxyl proton transfer and stereo-
selective hydride abstraction from the pro-R benzylic position. In racemic secondary alcohols, the
R-hydrogen abstraction would result in the selective oxidation of the S-enantiomer to the corresponding
ketone. This stereoselectivity of AAO may be exploited for enzymatic deracemization of chiral mixtures and
isolation of R-enantiomers of industrial interest by switching the enzyme activity from primary to secondary
alcohols. A combination of computational simulations and mutagenesis has been used to produce AAO
variants with increased activity on secondary alcohols, using the already available F501A variant of Pleurotus
eryngii AAO as a starting point. Adaptive-PELE simulations for the diffusion of (S)-1-(p-methoxyphenyl)-
ethanol in this variant allowed 1le500 to be identified as one of the key residues with a higher number of
contacts with the substrate during its transition from the solvent to the active site. Substitution of 1le500
produced more efficient variants for the oxidation of several secondary alcohols, and the I500M/F501W
double variant was able to fully oxidize (after 75 min) with high selectivity (ee >99%) the S-enantiomer of
the model secondary aryl-alcohol (1)-1-(p-methoxyphenyl)-ethanol, while the R-enantiomer remained

Received 3rd December 2018,
Accepted 15th January 2019

DOI: 10.1039/c8cy02447b

Open Access Atrticle. Published on 22 January 2019. Downloaded on 7/21/2019 10:32:20 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

cc)

rsc.li/catalysis unreacted.

Introduction

There is an increasing interest in the production of pure
enantiomers of a variety of chemical compounds for prepara-
tion of drugs and fine chemicals." The majority of chiral mol-
ecules of industrial interest are obtained by kinetic resolution
from racemic mixtures in which two enantiomers react at dif-
ferent rates with a chiral catalyst resulting in a sample
enantio-enriched with the less reactive isomer.”> For this pur-
pose, the use of biological systems (microorganisms and en-
zymes) provides an alternative to chemical reagents due to
the regio- and enantio-selectivity of many biocatalysts and
their mild reaction conditions.>™

For oxidation of secondary alcohols in an enantioselective
manner, both dehydrogenases and oxidases have been

“Centro de Investigaciones Biologicas, CSIC, Ramiro de Maeztu 9, E-28040
Madrid, Spain. E-mail: atmartinez@cib.csic.es

b Barcelona Supercomputing Center, Jordi Girona 31, E-08034 Barcelona, Spain

¢ Department of Biocatalysis, Institute of Catalysis, CSIC, Cantoblanco, E-28049,
Madrid, Spain

9 ICREA, Passeig Lluis Companys 23, E-08010, Barcelona, Spain

+ Electronic supplementary information (ESI) available. See DOIL 10.1039/
c8cy02447b

1 These two authors equally contributed to the work.

This journal is © The Royal Society of Chemistry 2019

used.>"” Due to the intrinsic asymmetry of these enzymes,
their action on secondary alcohols often results in kinetic res-
olution with selectivity and enantiomeric excesses (ee)
depending on the characteristics of their active sites. Several
NAD(P)H-dependent alcohol dehydrogenases have been de-
scribed for deracemization of secondary alcohols.*® However
their use implies the need for auxiliary enzymes and stoichio-
metric amounts of reductants to recycle the NAD(P)H co-sub-
strate. Thus, oxidases, which only need molecular oxygen as
an oxidizing agent, are an interesting option for the stereo-
selective oxidation of secondary alcohols.® Polyvinyl-alcohol
oxidase is described as a secondary alcohol oxidase, although
no information on its eventual selectivity is available.'® Other
oxidases have been reported to oxidize secondary alcohols,”®
including cholesterol oxidase,'" glycolate oxidase'> and
alditol oxidase."® Moreover, due to the importance of stereo-
selective oxidation of these substrates, several studies that
widen the specificity of other oxidases on secondary alcohols
have been reported in the last few years."*'*

One potential candidate for oxidation of secondary alco-
hols is fungal aryl-alcohol oxidase from Pleurotus eryngii
(AAO, E.C 1.1.3.7), whose biotechnological potential has been
demonstrated.'®"” This flavooxidase catalyzes the oxidation
of a range of primary alcohols conjugated to an aromatic

Catal. Sci. Technol., 2019, 9, 833-841 | 833
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group (mainly phenyl but also naphthalenyl and furanyl) or
even to an aliphatic-polyunsaturated system.'® The AAO cata-
Iytic mechanism consists of proton transfer from the hy-
droxyl group to a catalytic base, His502, taking place in a con-
certed (but asynchronous) way with hydride abstraction from
the benzylic position by the oxidized flavin.'®*° Due to its
active-site architecture and the concerted nature of the hy-
dride and proton transfers, hydride abstraction in AAO is
stereoselective, taking place only from the pro-R position.”!
This stereoselectivity could be exploited for deracemization
since it is maintained when secondary benzyl alcohols (with
chiral centers) are assayed as substrates, although the AAO
activity on these compounds is almost residual due to its nar-
row active site. In fact, it has been reported that the widening
of the active site by substitution of the bulky Phe501 in vari-
ant F501A increases the enzyme activity on secondary alco-
hols, and improves its stereoselectivity.>!

In this work, we took advantage of computational simula-
tions to design AAO variants with increased activity on sec-
ondary alcohols. These variants were kinetically characterized
to evaluate their oxidation efficiency (on primary and second-
ary benzyl alcohols) and their selectivity for deracemization
reactions (Scheme 1) was assessed. A switch in the substrate
pattern of the variants was observed and rationalized at the
atomic level.

Material and methods
Chemicals

p-Methoxybenzyl alcohol, (+)1-(p-methoxyphenyl)-ethanol (ra-
cemic mixture), (R)-1-(p-fluorophenyl)-ethanol, (S)-1-(p-
fluorophenyl)-ethanol, (+)1-phenylpropanol (racemic mixture),
2-phenyl-2-propanol and horseradish peroxidase (HRP) were
purchased from Sigma-Aldrich. (+)2-Methyl-1-phenyl-1-
propanol (racemic mixture) was purchased from Alfa Aesar.
AmplexRed® was obtained from Invitrogen.

Directed mutagenesis, enzyme production and purification

Wild-type recombinant (hereinafter native) AAO from P.
eryngii was obtained by expressing the mature AAO cDNA
(GenBank AF064069) in Escherichia coli followed by in vitro
activation and purification, as previously described.** Vari-
ants were produced by site-directed mutagenesis using the
following synthetic primers (bold substituted nucleotides in
underlined mutated triplets are indicated below): 5-GGG
TCT AGC TCT GTT CAC TTC ATG GTC ATG ATG CG-3' for

OH OH o
02  H0

OAAO O o

racemic mixture R-isomer ketone

Scheme 1 Stereoselective oxidation of a racemic mixture of model
secondary benzyl alcohol (1-[p-methoxyphenyll-ethanol) by AAO
leading to kinetic resolution.

834 | Catal Sci. Technol, 2019, 9, 833-841
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Y92F, 5'-GAC AAC GCC AAC ACG GCT TTC CAC CCA GTT
GG-3' for 15004, 5-GAC AAC GCC AAC ACG ATG TTC CAC
CCA GTT GG-3' for I500M, 5-GAC AAC GCC AAC ACG TGG
TTC CAC CCA GTT GG-3' for I500W, 5-C AAC GCC AAC ACG
ATT GCC CAC CCA GTT GGA ACG-3' for F501A and 5'-GAC
AAC GCC AAC ACG ATT TGG CAC CCA GTT GG-3' for F501W,
using the plasmid containing the native AAO sequence as
template. The double mutations were obtained using the
I500A plasmid as a template and the primers 5-C CTA TCC
GAC CAT TTG GCC CTT CCT GCT GCC TTC TTC G-3' for
L315A/I500A and 5-GCT CAT TGG GAG ACC GCC TTT TCC
AAC CAA TGG-3' for 1391A/I500A and the F501W plasmid as a
template and the primer 5-GAC AAC GCC AAC ACG ATG TGG
CAC CCA GTT GG-3' for I500M/F501W including both muta-
tions. Mutations were confirmed by gene sequencing, the var-
iants were purified to electrophoretic homogeneity following
the same protocol as for the native protein,”® and their
electronic absorption spectra were recorded. Enzymes were
quantified with a Cary-4000 spectrophotometer using extinc-
tion coefficients (Table S1}) taken from the literature or cal-
culated in the present work by heat denaturation,® using &,50
=11300 M™' ecm™ for the free FAD.>*

Steady-state kinetics for alcohol oxidation

The kinetic parameters for oxidation of primary
p-methoxybenzyl alcohol were calculated by following spectro-
photometrically the oxidation initial rate (1 min reaction) of
the alcohol to the corresponding aldehyde using the differ-
ence molar absorptivity (Ae,ss = 16950 M * em™).>®

The kinetic parameters for oxidation of the secondary
alcohol (+)1-(p-methoxy-phenyl)-ethanol were calculated by
monitoring the production of H,0, in the HRP-coupled assay
with AmplexRed (Aese; = 52000 M™* cm™) as an alternative to
the spectrophotometric estimation of the ketone product.

Measurements were performed at 25 °C in air-saturated
(0.256 mM O, concentration)*® 50 mM phosphate, pH 6.0. Ki-
netic parameters were determined by fitting the initial reac-
tion rates at different alcohol concentrations to the
Michaelis-Menten equation (eqn (1)):

v kaS)

KA W

In the case of (+)1-(p-methoxy-phenyl)-ethanol, the enantio-
mer concentration was considered to be 50% of the racemic
mixture concentration, and an apparent turnover number
(*PPk.o:) was estimated in the presence of both enantiomers.

Analysis of stereoselective reactions

The time course of mid-term (up to 75 min) and long-term
(up to 24 or 72 h) reactions of native AAO and variants with
(£)1-(p-methoxyphenyl)-ethanol, (+)1-phenyl-1-propanol and
(£)2-methyl-1-phenyl propanol was followed at 25 °C in air
saturated 50 mM phosphate, pH 6.0, under continuous shak-
ing. The samples were taken at different times and, after

This journal is © The Royal Society of Chemistry 2019
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addition of an internal standard (Table S2t), were liquid-lig-
uid extracted with hexane, and analyzed by chiral HPLC.

The enantiomers were separated in a Chiralcel IB column
(4.6 x 250 mm, 5 pm; Daicel Chemical Industries, Ltd.) using
a pre-column of the same material, and 98:2 (v/v) n-hexane:
isopropanol (98:1 for 2-methyl-1-phenyl propanol) as a
mobile phase (at 1 mL min™" and 25 °C). Detection was
performed at 206 nm (see spectra of the different compounds
in Fig. S17). The retention times for the corresponding R and
S enantiomers (Table S21) were obtained from the racemic
standards assuming the published elution order.?* Quantifi-
cation was performed using internal standards and calibra-
tion curves (Fig. S2+t).

The ee was calculated using eqn (2):

ee:IOOx[R_Sj )
R+S

where R and S are the amounts of each enantiomer calcu-
lated from the calibration curves.
Enantiomeric ratios (E-values)*” were calculated from eqn (3):

P In[(1-C)(1-ee)] )
ln[(l—C)(l—ee)]
where C is the conversion rate.

The oxidation of (R)- and (S)-1-(p-fluorophenyl)-ethanol to
p-fluoroacetophenone by native AAO and variants was evalu-
ated in air-saturated 50 mM phosphate, pH 6.0, at 25 °C, af-
ter long-term incubations (up to 48 h). The amount of
p-fluoroacetophenone formed was calculated using the differ-
ence in the molar absorbance coefficients of the alcohol and
the ketone at 248 nm (éxetone — alcoholy Afzsg = 12606 M
cm™) (Fig. S31).

Computational analysis

The new adaptive-PELE (protein energy landscape explora-
tion) software®® was used to study (R)- and (S)-1-(p-
methoxyphenyl)-ethanol diffusion and binding on native AAO
and four variants. The adaptive protocol improves sampling
in PELE by running multiple short simulations (epochs)
where the initial conditions in each of them are selected
through a reward function aiming at sampling non-visited
areas. Briefly, PELE uses a Monte Carlo (MC) procedure in-
cluding protein structure prediction algorithms and a ligand
rotamer library for sampling enhancement. Each MC iteration
includes three main steps: 1) ligand and protein (backbone)
perturbation; 2) side chain sampling; 3) overall minimization.
For this study, ligand perturbation involved the [0.5-1.5]
translation and [0.05-0.1] rotation ranges, in A and rad, re-
spectively. Backbone flexibility was allowed using the lowest 6
modes in an anisotropic network model,> while all side
chains within 6 A of the ligand were predicted on each step.
The ligand was allowed to move enforcing (its center of mass)
a 5 A radius sphere center on the FAD N5 coordinates. Each

This journal is © The Royal Society of Chemistry 2019
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simulation involved 192 trajectories with 40 epochs and 20
MC PELE iterations per epoch. To improve the sampling to-
wards the FAD cofactor, we used an epsilon value of 0.1,
meaning that 10% of the processors started each epoch from
the best ligand-FAD distance previously sampled. More details
and examples on running PELE can be found elsewhere.*”

PELE uses an all atom OPLS2005 force field,** with an im-
plicit generalized born model. All ligands and FAD charges,
however, were extracted from quantum mechanical (QM) cal-
culations. The FAD cofactor (in its quinone state) was opti-
mized with mixed quantum mechanics/molecular mechanics
(QM/MM) calculations at the M06(6-31G*)/OPLS2005 level of
theory using Qsite.** The initial model was derived from the
3FIM crystal structure, solvated with an 8 A layer of water
molecules and prepared with Maestros's protein wizard.*
Only the FAD, which does not present any covalent interac-
tion with the rest of the protein, was included in the QM re-
gion. Ligands were optimized at the same QM level of theory
with an implicit PBF solvent using Jaguar.>* Ligands were
then parameterized in accordance to OPLS2005, keeping the
electrostatic QM charges and a rotamer library was built with
Macromodel.*

Results and discussion

Although the activity of AAO on secondary alcohols is nearly
residual, a variant with increased activity was obtained by
substituting the bulky Phe501 by an alanine.*' Taking this
variant as a starting point, we combined computational simu-
lations and site-directed mutagenesis to obtain new variants
with higher activity on secondary alcohols of interest in
deracemization reactions.

Computational approach for AAO engineering

To identify mutations along the access path to the AAO active
site (Fig. 1A) that could improve the secondary alcohol access
and binding, PELE simulations of (S)-1-(p-methoxyphenyl)-
ethanol diffusion in the F501A variant (molecular structure
from in silico mutation of PDB 3FIM) were carried out. The
goal was to identify residues at the active-site access channel
potentially-involved in the substrate diffusion and oxidation.
The strategy included exploring the energy profiles for the en-
trance of this secondary alcohol and determining which
amino acids can be limiting the ligand's
constraining it in an incorrect orientation for oxidation at the
active site.

During the ligand transition from the solvent to the active
site, several residues showed significantly higher number of
interaction contacts with the alcohol (Fig. 2) being the main di-
rect obstacles that the substrate has to bypass. Among them,
Tyr92 and Phe397 together with Phe501 in native AAO consti-
tute a hydrophobic bottleneck (Fig. 1A) for the access of sub-
strates, being also involved in their stabilization at the active
site.*>® According to these computational data, residues with
contact numbers higher than 35000—such as Pro79, Tyr92,
Leu315, Ile391, Phe397, Pro399 and Ile500, together with

access or
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Fig. 1 Detail of the access channel and active site cavity (around flavin
N5) in native AAO (A) and its regioselective I500M/F501W variant (B),
including FAD (yellow-C CPK-colored sticks) and residues at less than
4 A from the channel (side chains as gray-C CPK-colored sticks;
mutated residues underlined).

previously mutated Ala501, all of them located at less than 4 A
of the active-site channel—were selected for site-directed muta-
genesis. In vitro folding of the mutated proteins was performed
after replacing the above residues with alanines, and alterna-
tive mutations were introduced in several cases.

Proper incorporation of the FAD cofactor was shown by
the presence of typical bands I and II in their electronic ab-
sorption spectra (with only slight displacements due to muta-
tions in the flavin environment; Table S1}). The ability of
these variants to oxidize secondary alcohols was tested by in-
cubating them with (+)1-(p-methoxyphenyl)-ethanol, as a
model chiral substrate, and analyzing the resulting ketone
and the remaining R and/or S substrate enantiomers (Fig.
S2t). Quantification of both isomers by chiral HPLC after
24 h of reaction indicated that, with the exception of 1500W,
the variants oxidized (S)-1-(p-methoxyphenyl)-ethanol to the
corresponding ketone with different rates, without any activ-
ity on (R)-1-(p-methoxyphenyl)-ethanol. I500A showed 15-times
higher activity than the native enzyme, with 50% conversion
of the racemic substrate in the first 4 h of reaction (Fig. 3
and Table S3f) due to the almost total oxidation of the
S-enantiomer.
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Fig. 2 Residues (up to a total of 43 plus the FAD cofactor) interacting
with the model secondary alcohol (S)-1-(p-methoxyphenyl)-ethanol
during PELE simulations (on the F501A variant). Interactions were
selected considering contact distances below 2.7 A between the ligand
and enzyme atoms. See Fig. 1 for the location of the main residues.
Glu(H) indicates a protonated glutamate, and His(Ne) and His(NJ)
indicate histidines protonated in Ne and N3, respectively.

Rationalizing the effect of the I500A mutation

PELE simulations for (S)-1-(p-methoxyphenyl)-ethanol diffu-
sion and positioning at the active site of the I500A variant,
compared to native AAO, contributed to explaining its higher
activity on secondary alcohols mentioned above.

Racemate conversion (%)

24

Time (hours)

Fig. 3 Conversion of (*)1-(p-methoxyphenyl)-ethanol during 24 h
reaction with native AAO and seven variants. The reactions between
the alcohol (2.5 mM racemic mixture) and the enzyme (5 uM) were
performed in 50 mM phosphate, pH 6.0, at 25 °C, and analyzed by
HPLC.

This journal is © The Royal Society of Chemistry 2019
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In the case of native AAO, PELE diffusion leads to two
main locations of the alcohol in the active site, in which its
hydroxyl group is located near the catalytic His502 at an ade-
quate distance (~2.5 A) for the proton abstraction to be pro-
duced (Fig. 4A). These two structures differ in the position of
the benzylic hydrogen (in the R position) with regard to the
flavin (hydrogen-FAD distances of 2.5 A and 5.3 A) only the
first one being compatible with hydride transfer to flavin N5
and ketone formation.

25
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Fig. 4 PELE diffusion of (S)-1-(p-methoxyphenyl)-ethanol (Alc) on
native AAO (A) and its I500A variant (B) including: i) plot of the PELE
results (top) with each position represented as a function of the
distances between the hydroxyl hydrogen and the N3 of His502 (axis-
x) and the benzylic hydrogen (Ca) and the flavin N5 (axis-y); and ii) two
selected substrate poses (bottom) for each simulation, including the
substrate, flavin ring, catalytic His502 and the residue at the mutated
position. Each point is colored according to the interaction energy
scale.
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Table 1 Kinetic constants of native AAO and four selected variants on
model primary (top) and secondary (bottom) benzyl alcohols”

p-Methoxybenzyl alcohol

kear (s7) Kin (uM) Kead Ko (MM 57")

AAO 1425 27 £4 5230 + 620
F501A 3.1£0.03 12.3+0.6 251 +12
1500A 1.5+0.1 1.3+0.1 1140 + 45
1500M 5303 0.4+0.1 13100 + 200
1500M/F501W 3.3£0.1 0.4 £0.03 7930 + 640

(£)1-(p-Methoxyphenyl)-ethanol

WL (s K (MM)° PPk /Ky, (MM s
AAO 0.18+£0.002  25.0+0.6  0.0072 + 0.0002
F501A 0.05+0.003 10.0+1.5  0.0051 + 0.0008
1500A 0.22 +0.01 2.9+0.3 0.079 £ 0.009
1500M 0.42 + 0.01 1.4+£01 0.30 + 0.02
1500M/F501W 2.2 +0.04 3.1+0.2 0.71 + 0.05

“ Determined at 25 °C in air-saturated (0.256 mM O,) 50 mM phos-
phate, pH 6.0. ” Apparent k. estimated in the racemic mixture.
¢ Referring to the S-enantiomer, representing 50% of the racemic
mixture.

By contrast, alcohol diffusion in I500A showed that in this
variant the ligand is able to move more freely in the catalytic
site (due to its increased size) with a range of positions (cir-
cles in Fig. 4B, top) at 2.0-2.5 A from His502 and progres-
sively shorter distances of the FAD, to finally attain a position
compatible with catalysis (Fig. 4B, bottom, left).

Combinatorial saturation mutagenesis of AAO expressed
in Saccharomyces cerevisiae,> taking the above results into
account, yielded the 1500M/F501W variant with a noticeable
increase in the oxidation of 1-(p-methoxyphenyl)-ethanol.*’

Alcohol oxidation by 1500 and Phe501 variants

Therefore, to get insights into the AAO stereoselective oxida-
tion of secondary benzyl alcohols, two additional variants
(I1500M and I500M/F501W) were expressed in E. coli, in vitro
activated and purified to homogeneity, showing correct fold-
ing and FAD incorporation (with only slight displacements in
bands I and II due to mutations in the flavin environment;
Table S17).

We first evaluated the effect of four selected single and
double substitutions of Ile500 and Phe501 on the AAO activ-
ity towards its preferred substrate, p-methoxybenzyl alcohol,

Table 2 Changes in the relative secondary (1-[p-methoxyphenyl]-
ethanol) to primary (p-methoxybenzyl alcohol) turnover (s™) ratio of four
selected variants referring to the native AAO (from Table 1 data)

Secondary Primary Relative
(sec; s™) (pri; s™) sec/pri ratio
AAO 0.18 142.0 1
F501A 0.05 3.1 13
1500A 0.22 1.5 116
1500M 0.42 5.3 63
1500M/F501W 2.2 3.3 526

Catal Sci. Technol., 2019, 9, 833-841 | 837
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by measuring the release of anisaldehyde (Table 1, top).
Aldehyde estimation has been confirmed to provide similar
kinetic constants to those obtained when the equimolecular

R enantiomer (%)
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Fig. 5 (1)1-(p-Methoxyphenyl)-ethanol oxidation to the

corresponding ketone for 75 min by three selected AAO variants
compared with the native enzyme (and control without enzyme): A)
remaining R-enantiomer; B) remaining S-enantiomer; C) conversion
yield (racemic mixture); and D) R-isomer ee. Reactions between alco-
hol (2.5 mM racemic mixture) and enzyme (2.5 pM) were performed in
50 mM phosphate, pH 6.0, at 25 °C, and the remaining substrates and
product were analyzed by chiral HPLC.
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H,0, release is followed.*® The variants showed lower turn-
over numbers (k.,;) but increased affinity, as shown by lower
K,, values, with regard to the native enzyme. Thus, the
1500M/F501W and I500M mutations resulted in 1.5-, and 2.5-
fold more efficient oxidation of the primary alcohol,
respectively.

Then, kinetic measurements of (+)1-(p-methoxyphenyl)-
ethanol oxidation were followed by H,0, release
(Table 1, bottom). Increased affinity for the secondary alco-
hol was reflected in the lower K,, values that the variants
showed. As a consequence, 15004, I500M and I500M/F501W
present 11-, 42- and 97-fold higher catalytic efficiencies (kca/
K,,) than native AAO, respectively, in agreement with the re-
sults from 24 h experiments (Table S31). Comparison of the
action of the variants on secondary and primary alcohols
was based on their turnover (k.. values, since in
deracemization reactions in an industrial context substrates
are used under saturated conditions and the rates are there-
fore independent of the K, value.”* Interestingly, the substi-
tution of Ile500 produced an increase of the activity on the
model secondary alcohol at the expense of reducing its activ-
ity on the primary p-methoxybenzyl alcohol, as shown by ki-
netic comparison (up to 500-fold higher secondary/primary
ratio for I500M/F501W) (Table 2). Therefore, the more active
a variant is on secondary alcohols, the less active it is on pri-
mary alcohols, revealing an interesting switch in the sub-
strate preference of AAO. The higher activity of the double
variant agrees with a broader active site (Fig. 1B) enabling

>
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O
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Fig. 6 Kinetic resolution of (1)1-(p-methoxyphenyl)-ethanol (A), (1)1-
phenyl-1-propanol (B) and (+)1-phenyl-2-methyl-1-propanol (C) by the
I500M/F501W variant: chromatograms before (left) and after
incubation with the enzyme (for 1 h in A and 72 h in B and C) resulting
in R-enriched samples (right).
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Table 3 Conversion yield and selectivity (ee and E-value of the
R-enantiomer) in mid-term reactions of racemic (+)1-(p-methoxyphenyl)-
ethanol with native AAO and four selected variants®

Conversion® (%) ee (%) E-Value
AAO 3 2 —
F501A 4 5 —
1500A 24 30 204
1500M 30 42 352
1500M/F501W 50 100 89000

¢ Mid-term (75 min) reaction of 2.5 mM alcohol and 2.5 uM enzyme
in air-saturated 50 mM phosphate, pH 6.0, at 25 °C. ? Referring to
the racemic mixture. © —, too low E-values (<15) for practical pur-
poses.

entering and adequate positioning of the bulkier secondary
alcohol.

Stereoselective oxidation of (+)1-(p-methoxyphenyl)-ethanol

The oxidation of the model secondary aryl alcohol by native
AAO and its variants was monitored in time-course reactions
using chiral HPLC. Reactions were performed at 25 °C under
continuous shaking and aliquots were taken every 15 min for
2 h (Fig. S47). As shown in Fig. 5, only 3% conversion (with
2% ee) was found after 2 h incubation with native AAO, and
the results were only slightly improved with the F501A
variant.

However, other variants were considerably more active on
the secondary alcohol, with up to 18- and 66-fold higher con-
version rates in the cases of 1500M and I500M/F501W, respec-
tively (Fig. 5B and C). The substitution of Ile500 by either me-
thionine or alanine considerably increases both conversion
and ee with regard to native AAO. After 75 min, the conver-
sion reached 24% and 30% for I500A and I500M (with ee of
30% and 42%), respectively. These values increased up to
50% conversion of the total racemic mixture (with ee 100%)
for 1500M/F501W, indicating a high enantioselectivity of this
double variant (Fig. 5C and D, 6A and Table 3).

Reaction with other secondary alcohols

To extend the deracemization potential of AAO, revealed by
the (+)1-(p-methoxyphenyl)-ethanol reactions, to other second-
ary benzyl alcohols, the 15004, I500M and I500M/F501W vari-
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Fig. 7 Molar absorptivity difference spectra (final - initial) after 48 h
of reaction of (S)-1-(p-fluorophenyl)-ethanol (A) and (R)-1-(p-
fluorophenyl)-ethanol (B) with native AAO and three variants. The inset
shows the p-fluoroacetophenone production. Reactions between
alcohol (100 pM) and enzyme (~0.2 pM) were performed in 50 mM
phosphate, pH 6.0, at 25 °C.

ants (10 pM) were incubated with (+)1-phenyl-1-propanol and
(¥)1-phenyl-2-methylpropanol (2.5 mM) up to 72 h.

Chiral HPLC analyses indicated that 1500M and I500M/
F501W were able to oxidize the two alcohols to their corre-
sponding ketones (Fig. 6B and C) although with low conver-
sion yields (4% and 22% of the above racemic compounds,
respectively, by 1500M; and 13% and 31%, respectively, by
1500M/F501W) leading to an R-enantiomer ee up to 62% in
the case of I500M/F501W (Table 4). These results suggest that
the active site in these two variants has been sufficiently en-
larged (as illustrated in Fig. 1B for I500M/F501W) to accom-
modate not only the methyl group of the model secondary al-
cohol but also larger groups, such as the ethyl and isopropyl
groups of the two other secondary alcohols assayed.

The enantioselectivity of the Ile500 variants was confirmed
by incubating them with pure R- and S-enantiomers of 1-(p-
fluorophenyl)-ethanol. After 48 h of reaction, the formation of
p-fluoroacetophenone (up to 30%) was shown by difference
spectra when (S)-1-(p-fluorophenyl)-ethanol was treated with
the single and double Ile500 variants (Fig. 7A). By contrast,
hardly any reaction was observed for (R)-1-(p-fluorophenyl)-
ethanol (Fig. 7B) confirming the enantioselectivity shown
using racemic mixtures.

Stereoselectivity explained by R and S simulations

The AAO selectivity for the S-enantiomers, during secondary
alcohol oxidation, is consistent with the catalytic mechanism

Table 4 Conversion yield and selectivity (R-enantiomer ee) in long-term reaction of two additional secondary alcohols with native AAO and three

selected variants”

1-Phenyl-1-propanol

1-Phenyl-2-methylpropanol

Conversion” (%) ee (%) Conversion” (%) ee (%)
AAO 1 2 0 0
1500A 1 2 0 0
1500M 4 9 22 39
1500M/F501 W 13 26 31 62

“ Long-term (72 h) reaction of 2.5 mM alcohol and 10 UM enzyme in air-saturated 50 mM phosphate, pH 6.0, at 25 °C. ? Referring to the race-

mic mixture.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 PELE diffusion of (S)-1-(p-methoxyphenyl)-ethanol (left) and
(R)-1-(p-methoxyphenyl)-ethanol (right) on AAO (blue) and its F501A
(red), I500A (green), I500M (orange) and I500M/F501W (yellow)
variants. Each ligand position is represented by the distances from the
hydroxyl hydrogen to the N& of His502 (axis-x) and from the benzylic
hydrogen (Ca) to the flavin N5 (axis-y) and colored according to the
interaction energy scale.

reported for the oxidation of p-methoxybenzyl alcohol, in
which the hydrogen in the pro-R position is selectively ab-
stracted by the flavin.®* To further investigate the stereo-
selectivity in secondary (+)1-(p-methoxyphenyl)-ethanol oxida-
tion, the energy profiles of the diffusion of both enantiomers,
from the solvent to the active site of AAO and the I500A,
1500M, F501A and I500M/F501W variants, were analyzed in
PELE simulations.

According to these simulations, the S-enantiomer is capa-
ble of reaching the active site of the selected variants with
good binding energies and adequate distances from both the

840 | Catal Sci. Technol, 2019, 9, 833-841
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FAD and the -catalytic His502 for hydroxyl oxidation
(Fig. 8, left). This means that the oxidation of the
S-enantiomer will be more favorable for these variants than
for the native enzyme, being consistent with the experimental
kinetic parameters (Table 1). Moreover, the catalytic effi-
ciency (kea/Km) values - which cluster into three main
groups: native AAO and F501A (low efficiency), I500A (inter-
mediate efficiency) and 1500M and 1500M/F501W (high effi-
ciency) (Table 1) - qualitatively correlate with the catalytic
population observed for the S-enantiomer (Fig. 8, left).

In contrast to the above calculations for the S-enantiomer,
when  simulations performed  with  (R)-1-(p-
methoxyphenyl)-ethanol in the native enzyme and variants
(Fig. 8, right), the alcohol did not reach the active site at dis-
tances that would allow the simultaneous abstraction of the
proton from the alcohol and the hydride transfer (which in
this case should be from the S position) in agreement with
the experimental data (Fig. 5A).

were

Conclusions

The ability to oxidize secondary alcohols has been introduced
in AAO by site-directed mutagenesis guided by computational
simulations with the adaptive PELE software. The I500M/
F501W double variant appears as a biocatalyst of biotechno-
logical interest since it produces enantiomerically-enriched
secondary alcohols (up to ee >99%), only at the expense of
molecular oxygen, during the kinetic resolution of racemic
mixtures. According to the S stereo-preference of AAO, the
R-isomers remain unreacted, together with the ketone formed
during oxidation of the S-isomers (Scheme 1). This stereo-
selectivity, which agrees with the binding energy at
catalytically-relevant positions (near the active-site catalytic
base and the flavin cofactor) in the computational diffusion
of the R- and S-isomers, can be exploited for deracemization
of chiral secondary alcohols. In summary, we show how com-
putational simulations can guide protein engineering to
switch the oxidase preference on primary benzyl alcohols to-
wards enantioselective oxidation of secondary alcohols. Anal-
ysis of the resulting variants reveals that the mutations intro-
duced facilitate the entrance and accommodation of bulkier
secondary alcohols at the active site of AAO.
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Table S1. Spectroscopic properties of AAO and the nine variants analyzed, in
50 mM phosphate, pH 6.0.

)\band | (nm) )\band 1 (nm) 8band | (M-1cm-1) a
AAO 386 463 11050"
YO2F 386 463 100442
I500A 386 457 9925
1500M 384 458 9609
1500W 388 461 9668
F501A 387 462 10389°
F501W 387 462 9944°
L315A/I500A 385 458 9904
1391A/1500A 386 458 10089
I500M/F501W 386 460 9290

Taken from literature'™ or estimated here.

Table S2. Chromatographic conditions for secondary alcohol resolution by chiral HPLC.

:J;fﬁ::él (m"?n) (msin) Standard (RT, min)
1-(p-Methoxyphenyl)-ethanol 98:2 18.8 20.0 2-phenyl-2-propanol (9.1)
1-Phenyl-1-propanol 98:2 10.1 11.6 2-phenyl-2-propanol (9.1)
1-Phenyl-2-methypropanol 99:1 12.0 12.5 4-methoxythioanisole (8.8)




lll. Results

Table S3. Oxidation rate (kos), conversion vyield, and (R)-1-(p-
methoxyphenyl)-ethanol ee in 24-h reactions of (z)1-(p-methoxyphenyl)-
ethanol (5 mM) with AAO and nine variants (5 pM) in 50 mM phosphate, pH
6.0, at 25°C.

Kops (min™) Conversion (%) ee (%)
AAO 3.8 34 51
Y92F 1.8 20 25
1500A 57.8 50 100
1500M - 50 100
1500W 0 0 0
F501A 7.5 46 87
F501W 1.9 7 15
L315A/1500A 4.1 37 59
1391A/1500A 0.6 8 9
1500M/F501W - 50 100

®Referred to the racemic mixture

Supplementary references

1.

2.

F. J. Ruiz-Dueiias, P. Ferreira, M. J. Martinez and A. T. Martinez, Protein Express. Purif.,
2006, 45, 191-199.
P. Ferreira, A. Hernandez-Ortega, K. Borrelli, F. Lucas, B. Herguedas, V. Guallar, A. T.
Martinez and M. Medina, FEBS J., 2015, 282, 3091-3106.
A. Hernandez-Ortega, F. Lucas, P. Ferreira, M. Medina, V. Guallar and A. T. Martinez, J.
Biol. Chem., 2011, 286,41105-41114.
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Fig. S1. Molar absorptivity spectra of (&)1-(p-methoxyphenyl)-ethanol (A), (x)1-
phenyl-1-propanol (B) and (+)1-phenyl-2-methylpropanol (C) in the ultraviolet region

(left) and enlarged 250-280 nm peak (right).

82



lll. Results

A OH i QH
0.8
ol
A\ R O\ S
0.6 -
— —— 5.00 mM
2 — 2.50mM
< — 125mM
© — 0.63 mM
<§" 0.4 - 0.31 mM
0.16 mM
—— 0.08mM
— 0.00 mM
0.2
00 T T T T T J -
10 12 14 16 18 20 22
Retention time (min)
2.0 2.0
B . c
15 | P 15 | P
// //
2] il 2} 7
ié; 1.0 9 - o on | B 10 - o\ oH
z fr= 0.312/5/ Z fo= 0.3173/
- re
0.5 /.// 0.5 1 /.//
Ve
'/v O\ ‘/y O\
0.0 & : ‘ ‘ 0.0 & : : :
0 2 4 5 6 0 1 2 3 4 5 6
[RV[IS] [S)/118S]
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chiral HPLC (A) and calibration curves of R (B) and S (C) enantiomers yielding
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Fig. S3. Molar absorptivity spectra of (S)-1-(p-fluorophenyl)-ethanol (dashed line) and
p-fluoroacetophenone (solid line). The inset shows an enlargement of the alcohol
spectrum.
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Abstract: Aryl alcohol oxidase (AAO) is a fungal flavoenzyme capable of oxidizing aromatic primary
alcohols into their correspondent aldehydes through a stereoselective hydride abstraction. Unfortunately, this
enzyme does not act on secondary benzyl alcohols in racemic mixtures due to the strict control of substrate
diffusion and positioning at the active site restricted to primary benzyl alcohols. Here we describe the
engineering of AAO from Pleurotus eryngii to oxidize chiral benzyl alcohols with high enantioselectivity. The
secondary benzyl alcohol oxidase was remodeled at the active site through four cycles of structure-guided
evolution, including a final step of in vivo site-directed recombination to address the positive epistatic
interactions between mutations. The final variant, with five substitutions and a renovated active site, was
characterized at biochemical and computational level. The mutational sculpting helped position the bulkier (S)-
1-(p-methoxyphenyl)-ethanol, improving the mutant's catalytic efficiency by three orders of magnitude relative
to the native enzyme while showing a high enantioselectivity (ee >99%). As a promising candidate for
racemic resolution, this evolved secondary benzyl alcohol oxidase maintained its natural stereoselective

mechanism while displaying activity on several secondary benzyl alcohols.

Keywords: aryl alcohol oxidase; secondary benzyl alcohols; Saccharomyces cerevisiae; directed evolution

Introduction

With global annual sales of $ 1 trillion, an increasingly
important challenge in drug development that the
pharmaceutical sector must overcome is that posed by
chiral chemistry.""! Indeed, enantiopure building blocks
are in strong demand to produce drugs with particular
biological activities, while they are also paramount for
the production of fine chemicals.”) Biocatalysis has
found an important niche in the field of chiral
technology, with enzymatic and whole-cell biotransfor-
mations offering stereo-, regio- and chemio-selectivity
under mild reaction conditions. Classically, two funda-
mental approaches are followed in the industrial
production of chiral molecules: enantioselective syn-
thesis and racemic mixture separation. While asym-

Adv. Synth. Catal. 2019, 361, 25142525 Wiley Online Library
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metrical synthesis involves complex and expensive
processes,””) dynamic kinetic resolution (DKR) is
currently one of the most efficient sources of chiral
molecules, in which separation is coupled to the in situ
re-racemization of one of the enantiomers. Another
recently described transformative source of enantiom-
ers is cyclic de-racemization. Based on cyclic oxida-
tion-reduction sequences, after the selective oxidation
of one of the enantiomers, the achiral intermediate
(ketone or imine) is non-selectively reduced to the
racemic initial material. After a certain number of
cycles, a theoretical 100% yield of the non-reactive
enantiomer can be accumulated.™ The core step in
racemic separation, kinetic resolution, has been
achieved for secondary alcohols using either whole-
cell systems™ or isolated enzymes, such as alcohol

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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dehydrogenases,’  lipases”™  and  particularly, pression in Saccharomyces cerevisiae.'? In this FX9

oxidases.®™ This latter solution is the simplest means to
prepare optically pure secondary benzyl alcohols,
given their trivial requirements (only needing O, from
the air) and high enantioselectivity.***!

Among these enzymes, aryl alcohol oxidase (AAO,
EC 1.1.3.7) is a promising candidate for the enantiose-
lective oxidation of chiral benzyl alcohols. AAO is a
flavoenzyme belonging to the GMC (glucose-meth-
anol-choline) superfamily of oxidoreductases and it is
naturally secreted as a part of the fungal enzymatic
consortium involved in lignin degradation."” Accept-
ing a variety of aromatic alcohols as substrates, the
activity of AAO is initially divided into two half-
reactions. The first reductive half-reaction involves
highly enantioselective hydride transfer from the
alcohol’s a-C to the FAD co-factor. This process yields
the corresponding aldehyde, such that the FAD can
then be reoxidized by O,, releasing H,O, as a by-
product of the second oxidative half of the reaction."
Unfortunately, the active site of AAO is buried under a
hydrophobic constriction formed by residues Tyr92,
Phe397 and Phe501. As a result, substrates bulkier
than primary aromatic alcohols cannot easily be
accommodated, reducing the enzyme’s activity on
chiral molecules to a residual trace. Until recently the
failure to functionally express AAO in an appropiate
heterologous host had prevented its directed evolution.
However, fusing the enzyme to a chimeric signal
prepro-leader has enabled this protein to be success-
fully evolved for secretion by yeast.!'"”

Taking advantage of this expression system, here
we have combined different laboratory evolution
strategies to unlock the activity of AAO on secondary
aromatic alcohols. We first carried out a carefully
structure-guided campaign of evolution using chiral 1-
(p-methoxyphenyl)-ethanol as the substrate, thereby
generating a palette of secondary benzyl alcohol
oxidase mutants. Employing in vivo site-directed re-
combination approaches, mutations were curated by
comparing them with their correspondent parental
reversions. The differential oxidation of secondary
benzyl alcohols by the final benzyl alcohol oxidase
variant was characterized, while the rationale behind
these changes was analyzed computationally at the
atomic level.

Results and Discussion
Laboratory Evolution

First Generation: Unlocking Activity for Secondary
Aromatic Alcohols

The departure point of this study was a secretion
mutant of the AAO from Pleurotus eryngii named
FX9. This mutant is the product of several rounds of
directed evolution aimed to promote functional ex-

Adv. Synth. Catal. 2019, 361, 25142525 Wiley Online Library
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variant, the AAO is fused to a chimeric prepro-leader
(prea-factor-proKiller) that enhanced secretion by
introducing the F[3a]S, N[25proK]D, T[50proK]A and
F[52proK]L mutations into the pre-a and pro-Killer
leaders. In addition, two substitutions were included in
the mature AAO: L170M in an o-helix situated at the
protein surface, and the consensus, ancestral mutation
HI9IN in the FAD attachment loop. These latter
mutations enhanced stability and improved production
by S. cerevisiae to 4.5 mg/L and by Pichia pastoris in
bioreactor to 25.5 mg/L, while conserving the general
biochemical features of the native AAQ.['?]

As a substrate for the screening assay we chose 1-
(p-methoxyphenyl)-ethanol, a chiral molecule with
similar structure to the natural p-methoxybenzyl
alcohol substrate, the oxidation of which by AAO can
be rapidly assessed in a coupled Amplex Red/HRP
assay (see Experimental Section for details). As the
activity of AAO on secondary alcohols is irrelevant, no
response was detected with 1-(p-methoxyphenyl)-
ethanol when the parental FX9 was screened in
microtiter fermentations of the supernatant (i.e. cul-
tures in 96 well plates). As indicated previously,
AAQ’s failure to oxidize secondary aromatic alcohols
is due to steric perturbation of the residues forming the
catalytic cavity when trying to accommodate bulkier,
chiral molecules. Specifically, Phe501 is thought to be
a steric liability at the active site, particularly given the
very weak but detectable activity on 1-(p-methoxy-
phenyl)-ethanol of a FS501A variant expressed in E.
coli after in vitro refolding.”"’ A more recent rational
attempt to achieve secondary alcohol oxidation based
on PELE (Protein Energy Landscape Exploration)
suggested 11e500 was another possible obstacle for
ligand diffusion. Indeed, the ISO0A substitution con-
ferred better transit of the substrate to the active site
due to channel broadening.*

To ensure that the activity on secondary benzyl
alcohol could be measured at the start of the laboratory
evolution campaign, we first prepared three mutants
from the FX9 secretion variant: I500A, F501A and
I500A-F501A (Figure S2A, B). When isolated from
yeast supernatants these variants did not appear to act
on 1-(p-methoxyphenyl)-ethanol. Hence, we performed
combinatorial saturation mutagenesis of the Ile500-
Phe501 residues and we found several clones with
activity on 1-(p-methoxyphenyl)-ethanol, which were
scaled up to a 100 mL flask to estimate the overall
improvement in activity. Of these, the I500Q-F501W,
I500L-F5011, I500M-F501V and ISO0M-F501W mu-
tants presented a 5-, 15-, 30- and 160-fold
enhancement in activity relative to the parental FX9,
respectively. The activity of the [ISOOM-F501W mutant
(named 15G12) was further tested against a panel of
primary and secondary alcohols (Table 1). Its specific
activity on primary alcohols was dramatically reduced

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



lll. Results

Advapced 2
Synthesis &
Catalysis

Table 1. Specific activity of AAO variants with primary and secondary alcohols.

3.4 p-Fluoro-
” -Methoxy -C]| e 5 24- -methyl -(p-
Cinnamyl p-Methoxy p-Chloro Dimethoxy " . a-methy 1-(p
Benzyl alcahol benzyl benzyl benzyl Hexadien 1 'I])l?“")[] benzyl Methoxyphenyl)-
alcohol alcohol alcohol alcohol -1-ol Sang alcohol ethanol
OH
OH OH OH OH o OH OH
OH - S
N \ ~ |
7 o OCH, ‘/ ©
OCH; cl OCH; F OCH,
FX9 :
(Ulmg) 15.6 41.1 46.6 26.6 22.2 43.4 n.d. n.d. 2.2x10
15G12 3 3
(U/mg) 0.6 18.4 0.3 0.6 0.03 13 6x10™ 6x10~ 0.3

Specific activities were estimated in 100 mM phosphate buffer pH 6.0 containing 5 mM of each alcohol. Each reaction was
performed by triplicate and substrate conversion was followed by measuring the absorption at 563 nm (g5 = 56000 M~'cm ') using
the HRP/Amplex red coupled assay as described in the experimental section.

depending on the chemical nature of the molecule,
with practically no activity on p-methoxybenzyl alco-
hol (c.a. 0.6% of that of the parental FX9 variant). By
contrast, the activity of the 15G12 variant on secon-
dary aromatic alcohols rose from undetectable levels,
to weak yet evident activity on 1-phenylethanol and 4-
fluoro-a-methylbenzyl alcohol, and up to 0.3 U/mg on
1-(p-methoxyphenyl)-ethanol (Table 1). Given that
hydride abstraction of p-methoxybenzyl alcohol to the
flavin of AAO occurs exclusively from the pro-R
position, in deracemization reactions of secondary
alcohols hydrogen abstraction should produce S
enantioselective oxidation of the alcohol to the corre-
sponding ketone.

To confirm this, reactions were performed with the
optically pure (R) and (S)-4-fluoro-a-methylbenzyl
alcohol enantiomers, and as expected, only activity on
the latter was detected.™!

Paradoxically, while the initial search for a wider
space for secondary aromatic alcohol accommodation
focused on the IS00A-FS501A mutations, the bulky
alcohol would appear to be much better oxidized in a
narrower catalytic pocket following the substitution of
[1e500 and Phe501 by the more expansive Met and
Trp, respectively (Figure S2C, D). Thus, these two
mutations at the active site reposition the secondary
alcohol, favouring catalysis, as confirmed by computa-
tional analysis (see below).

Second and Third Generations: Searching for new
Beneficial Mutations

After unlocking the activity on secondary benzyl
alcohols, different protein segments of the 15G12
mutant were targeted for random mutagenesis and

Adv. Synth. Catal. 2019, 361, 25142525 Wiley Online Library

2516

DNA recombination by MORPHING, with a view to
further optimize its activity on secondary alcohols.
This focused structural evolution tool allows the
protein to be divided into defined mutagenic areas,
each of which can be interrogated in conjunction with
the in vivo recombination of the different DNA frag-
ments in S. cerevisiae."™™ This approach has already
been successfully applied during the evolution of AAO
towards functional expression in yeast'? and on this
occasion, the design involved the study of three protein
blocks in independent libraries (Figure 1A, B). The
first of these was the MA block at the N-terminus
(Leu48-Thr100), which is associated with the access
channel and the FAD-binding domain, and that
contains important determinants like Pro79, Asn9l,
Tyr92 and Val90.

The second MB block (Leu310-I1e417) covers the
wall of the catalytic pocket and it contains the aromatic
Phe397, a residue implicated in substrate positioning
and product release. The third MC block (Glu490-
GIn566) is situated in the C-terminal region, and it
contains the catalytic His502 and several amino acids
related to substrate positioning (Met500, Trp501 and
His546). Together, these three blocks encompass the
complete active site and the aromatic bottleneck
formed by Tyr92, Phe397 and Trp501 (Fig-
ure 1c).[16,23,24]

We carried out the three independent libraries of
MORPHING; besides, we prepared a conventional
error-prone PCR (ep-PCR) mutagenic library that
targeted the whole AAO gene (in total over 4,000
clones were screened). From the pool of libraries,
seven mutants with stronger activity on the secondary
1-(p-methoxyphenyl)-ethanol were selected for further
analysis, ranging from a 1.4 to 2.2-fold enhancement

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. MORPHING fragments for focused evolution. (A)
Front and back views of AAO, with the MA, MB and MC
MORPHING blocks shown in purple, red and blue, respec-
tively. (B) The dark grey box corresponds to the signal peptide,
and the three mutagenic fragments considered for MORPHING
are shown as purple, red and blue boxes. For the first
MORPHING library, mutagenic block MA was invivo as-
sembled with high-fidelity fragments HA1 and HA2. For the
second library, mutagenic fragment MB was recombined from
high-fidelity fragments HB1 and HB2. The third library was
constructed with the assembly of mutagenic block MC and
high-fidelity fragment HC. (C) The catalytic pocket of AAO
with the contribution of the MORPHING blocks MA, MB and
MC (purple, red and blue, respectively). Model prepared with
the crystal structure of the AAO from P. eryngii (PDB 3FIM).

over 15G12 (Figure 2). The most successful MORPH-
ING corresponded to the MA block, with five of the
seven improved AAO variants from this library.
Interestingly, all the mutations identified were located
within a 14 amino acid span, from Ile76 to Val90. The
mutations carried by the best variant (3F10) were 176V
and MS83I, which in conjunction with the rest of the
substitutions in this stretch (A77V, R80C, 176V and
V90A) highlight the importance of the access channel
in modulating oxidative activity. Indeed, it should be
noted that the R80C substitution was also found in the
triple 6G3 mutant from the whole gene ep-PCR library,
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together with two superficial substitutions: E39G and
Q466R (Figure 2). The MORPHING method was also
successful in fragment MB, where the 12D12 variant
presented two mutations at the surface: F332L and
V340A. Applying focused mutagenesis to the area
corresponding to the catalytic pocket, the MC block,
was ineffective since variants with improvements were
not detected.

To further enhance secondary alcohol oxidation, the
best variants from each library were submitted to ep-
PCR and in vivo shuffling in S. cerevisiae: 3F10 and
11H2 from the MA library, the 12D2 variant from the
MB library, and the 6G3 variant obtained through
whole-gene mutagenic amplification. From this third
generation, the 3C11 variant was seen to enhance the
activity roughly 1.2-fold compared to 3F10 (412-fold
relative to the FX9 parental type), retaining the 176V
mutation from 3F10 and acquiring the VO0A change,
also previously detected in the 9F2 variant, as well as
incorporating the new Q174R substitution (Figure 2).

Fourth Generation: Mutational Polishing by in vivo
site-directed Recombination

After careful evaluation of the mutations obtained in
the second and third generations (Table 2), we decided
to undertake a final round of evolution to assess
whether there were any positive epistatic effects among
the mutations. We constructed a combinatorial library
by in vivo site-directed recombination, such that the 10
mutations and their corresponding reversions could be
rapidly combined in an one-pot transformation reac-
tion, evaluating the library in order to obtain the
optimal combination of substitutions for the oxidation
of chiral alcohols (Figure S1). From this ensemble of
mutations, the three best variants identified shared the
same backbone of substitutions: A77V-R80C-V340A.
The third best variant was the 24H3 mutant that carried
the A77V-R80C-Q174R-F332L-V340A-Q466R muta-

Table 2. Selected mutations for site-directed recombination.

Mutation Variant Library Secondary
motif
6a6E39Gg66 6G3 ep-PCR Loop
Aartl76Vgrr 3F10,4D8 MA Loop
6caATTV 16 11H2 MA Loop
cacR80C g 6G3, 7B4 ep-PCR, MA  Loop
ArGM83 1414 3F10 MA Loop
ot V90AGer 9F2 MA, Loop
mutagenic
shuffling
canQ174Reg,  3Cl11 Mutagenic Alpha helix
Shuffling
11cF332Lcre 12D2 MB Alpha helix
arrV340Agcr 12D2 MB Alpha helix
canQ466Rc,  6G3 ep-PCR Loop
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Figure 2. Laboratory evolution of AAO for the oxidation of secondary benzyl alcohols. New mutations are represented as stars and
accumulated mutations as squares. The chimeric prepro-leader is depicted in grey and the mature AAO in blue. The TAI (total
activity improvement) refers to the fold improvement of AAO activity with 1-(p-methoxyphenyl)-ethanol as a substrate and it was
estimated relative to the FX9 parental type from S. cerevisiae supernatants: *Mutants from the MB library; **Mutants from the MA
library; ***Mutant from the ep-PCR library.
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tions, displaying activity more than 420-fold better
than the FX9 parental type. In the case of 4D3, the
only difference from the 24H3 variant was the absence
of the Q174R mutation, which translated into a 480-
fold increase in activity, highlighting a detrimental
effect of Q174R within this mutational context. The
further purging of Q466R and F332L gave rise to the
LanDo variant that carried the A77V-R80C-V340A
mutations in conjunction with ISO0M-F501W and the
6 secretion mutations of FX9, this variant representing
the best performer with a total 800-fold enhancement
of activity relative to the parental type (Figures 2, 3).

A

Figure 3. Location of the mutations in the evolved secondary
benzyl alcohol oxidase. (A) FX9 parental type and (B) LanDo
mutant. The FAD molecule is represented in yellow, the
catalytic base His502 and His546 is depicted in red, and the
consensus ancestral mutation Asn9l is in light pink. A77V,
R80OC, V340A, I500M and F501W are represented following a
color code (before and after mutation). The mutation L170M at
the surface of the enzyme is not present in the fragment
represented. The inset shows a detail of the protein surface at
the access channel. The model was prepared with a crystal
structure of the AAO from P, eryngii (PDB 3FIM).
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To characterize the LanDo mutant and the FX9
parental variant, they were produced and purified to
homogeneity. To determine the enantioselectivity of
the LanDo variant, transformation of the racemic 1-(p-
methoxyphenyl)-ethanol was followed by chiral-HPLC
(Figure 4) and 100% conversion with an enantiomeric

Biochemical Characterization

H OH

dlfe]

x
ME
0
= =4
uw

CH,0

20 25 30 35 40
Time (min)

Figure 4. Chiral HPLC analysis. HPLC eclution profiles after
the reaction of the AAO variant LanDo (1 uM) with racemic 1-
(p-methoxyphenyl)-ethanol (2.5 mM). Reactions were per-
formed at room temperature in 100 mM phosphate buffer
pH 6.0 with continuous shaking and the aliquots were analyzed
by chiral HPLC at different times. The separation of the R and
S enantiomers in the negative control is represented in black,
whereas the 15, 45, and 90 min reactions are represented in red,
blue and green, respectively.

excess (ee) >99% was achieved after a two hour
reaction. The configuration of the remaining alcohol in
the reaction was confirmed by optical rotation (Fig-
ure S3, Table S2), the positive rotation corresponding
to the R enantiomer meaning the natural oxidation of
the S enantiomer by AAO was maintained after
evolution.” Despite the remarkably specific activity
for the secondary 1-(p-methoxyphenyl)-ethanol (2.9 U/
mg), the five new mutations carried by the LanDo
variant did not negatively affect its secretion (4.6 mg/
L). The activity of LanDo with secondary alcohols was
tested against available commercial secondary (aro-
matic) alcohols that were representative of the struc-
tural scope of the AAO. The initial turnover rates of
the LanDo variant relative to the wildtype AAO
(WtAAO, heterologous expressed in E. Coli after
in vitro refolding) increased 30, 20 and 100-fold times
for 1-(p-methoxyphenyl)-ethanol, p-fluoro-a-methyl-
benzyl alcohol and 1-phenylethanol, respectively. In-
deed, the LanDo variant even showed activity on 1-
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phenylpropanol, a substrate not oxidized by wtAAO
(Table 3). The kinetic parameters were measured under

Table 3. Initial turnover rates for secondary alcohols.

p-Fluoro-a-methyl-  1-Phenyletha- 1-Phenylpropa-

benzyl alcohol nol nol
wtAAO 0.35+0.01 0.10+£0.03 nm.
LanDo 7.3£0.1 10+0.5 1+0.1

Turnover rates (min~') were estimated in 100 mM phosphate
buffer pH 6.0 containing 5 mM of each secondary alcohol with
the exception of 1-phenylpropranol (2.5 mM). Each reaction
was performed by triplicate and substrate conversion was
followed by measuring the absorption at 563 nm (es55;=
56000 M~'ecm™") using the HRP/Amplex red coupled assay as
described in the experimental section.

air-saturated conditions for 1-(p-methoxyphenyl)-
ethanol, and for the primary alcohols p-methoxybenzyl
alcohol and 2,4-hexadien-1-ol. LanDo displayed an
outstanding increase in the catalytic efficiency for
enantioselective oxidation of 1-(p-methoxyphenyl)-
ethanol, three orders of magnitude. Interestingly, the
activity on primary alcohols that was dramatically
reduced after inserting the ISOOM-F501 W pair in the
first cycle of evolution in 15G12 variant (Table 1,
Figure 2), was recovered to a considerable extent for
p-methoxybenzyl alcohol and the aliphatic 2,4-hexa-
dien-1-ol. This result indicates the beneficial effect that
A77V, R80C and V340A exerted on LanDo's overall
activity (Table 4).

Computational Analysis

In order to rationalize the effect of the mutations
identified, PELE simulations were run for wtAAO and
the variants obtained in the different rounds of directed
evolution. The oxidation of alcohols by AAO involves
a non-synchronous concerted reaction, where both

Table 4. Kinetic parameters for AAO variants.
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proton transfer from the hydroxyl group to the catalytic
base His502 and hydride abstraction from the benzylic
position by the flavin are taking place at the same
reaction step.l''! PELE results were plotted placing
both catalytic distances in the X and Y axis, and the
interaction energy between the protein and the ligand
was represented by colors (Figure 5).

No significant differences were evident between the
wtAAO and the secretion mutant FX9 (H91N-L170M)
in these plots, consistent with the experimental
evidence that this variant does not improve the activity
on secondary alcohols but does increase expression
and stability. The 15G12 variant included the I500M
and F501W mutations on top of the previous ones,
accumulating a total of 4 mutations in the mature
protein. In this case, the plot shows how the ligand can
reach catalytic positions 2.5 A away from both the
FAD and the histidine at the same time, producing
better catalytic constants than those of the wtAAO. In
addition, a minimum could be seen where the ligand-
histidine distance was ~2.2 A, although the interaction
energies were much higher and they were therefore
less accessible.

The largest improvement came after introducing an
additional three mutations in the LanDo variant: A77V,
R80C, and V340A. These three substitutions allow the
ligand to achieve even smaller catalytic distances, up
to ~2 A for the histidine and 2.4 A for the FAD, with
reasonable interaction energies. Considering that closer
catalytic distances imply a decrease in energy barriers,
this agreed well with the higher kinetic constants.
Moreover, the increase in the number of structures
with good catalytic distances could reflect the ease
with which the ligand can find catalytic positions,
explaining the lower K, values for this variant.

Despite the large number of mutations in LanDo (7
in total, excluding the mutations in the chimeric
prepro-leader), there are no major conformational
changes in the protein or in the positioning of the
ligand. Nevertheless, we did note subtle modifications
that were sufficient to improve the catalytic position of

Substrate Kinetic constants WtAAO** LanDo
1-(p-methoxyphenyl)-ethanol K, (mM)* 249+1.1 0.65+0.1
ke 571 0.18£0.002 4.9+0.1
kou/Koy (MM ™'s7") 0.007 7.5
p-methoxybenzyl alcohol** K, (mM) 0.027+0.004 0.02+0.003
ko 371 14245 7243
keo/Ky (MM ™'s7") 5233 3600
2,4-hexadien-1-ol** K., (mM) 0.094+£0.005 0.095+0.006
ke (571 11942 40.9+0.7
ke/Ky (mM™'s7") 1271 430.5

AAO kinetic constants were measured in 100 mM phosphate buffer pH 6.0 at 25°C. All reactions were performed by triplicate.

*Referred to the S enantiomer, as 50% of the racemic mixture. **Calculated for wtAAO as described previously.!
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Figure 5. Substrate diffusion computational PELE simulations. Plots represent the PELE simulations relating catalytic distances (X
and Y) and interaction energies (color scheme, right Y axis) for different AAO variants: (A) wtAAO; (B) the FX9 secretion mutant;
(C) the 15G12 mutant; (D) the final evolved benzyl alcohol oxidase, LanDo mutant.

(S)-1-(p-methoxyphenyl)-ethanol. In particular, the
R80C mutation was found repeatedly in independent
libraries during evolution (Figure 2) and it created an
empty space at the top of the FAD cofactor.
Consequently, the backbone containing H502 shifts in
that direction (Figure 6A). Moreover, Arg80 interacts
with the oxygen of the backbone of residue 501, such
that this mutation frees Trp501 to form a hydrogen
bond with the oxygen backbone of Val77 (Figure 6B).
All these subtle adjustments allow the ligand to adopt
conformations  with  better catalytic  distances
(Figures 5, 6).

Conclusion

Focusing evolution on structural elements made it
possible to identify mutations in the catalytic pocket
and access channel that allowed an AAO to be
designed that acts on different secondary benzyl
alcohols. This final secondary benzyl alcohol oxidase
variant maintained strong enantioselectivity, providing
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a potential catalyst for chiral de-racemization. The
complex enzyme-substrate relationships of this enzyme
were highlighted by an enhancement of three orders of
magnitude in the catalytic efficiency, an effect pro-
duced by a combination of bulky substitutions in the
catalytic cavity and other unpredicted changes. Para-
doxically, a steric problem appeared to be resolved by
introducing bulkier residues, something difficult to
anticipate from a rational point of view. It is worth
noting that the resolution of molecules like 1-phenyl-
propanol could be of use to obtain moiety precursors
of serotonin/norepinephrine reuptake inhibitors like
Fluoxetine or Atmoxetine.

The results obtained here also highlight the
importance and efficacy of S. cerevisiae as a platform
for both the functional expression of eukaryotic genes
and as a molecular tool-box to generate DNA libraries
for directed evolution campaigns. The data presented
open new opportunities for the evolution of AAO,
which include the oxidation of furfural derivatives for
the synthesis of biopolymers or the in situ production
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Figure 6. Conformational changes at the catalytic pocket of
AAO. (A) Backbone displacement (green) to better position
(S)- 1-(p-methoxyphenyl)-ethanol (pMPE). (B) Interruption of
the interaction of Arg80 with the backbone of residue 501, and
the formation of a hydrogen bond between Val77 and Trp501.

of H,0, in cascade oxyfunctionalization reactions by
peroxygenases.””!

Experimental Section
Materials

All chemicals were reagent-grade purity. Benzyl alcohol, p-
chlorobenzyl alcohol, 3,4-dimethoxybenzyl alcohol, p-Methox-
ybenzyl alcohol, 1-phenylethanol, 1-phenylpropanol, 1-(p-me-
thoxyphenyl)-ethanol, 4-fluoro-o-methylbenzyl alcohol, (R)-4-
fluoro-a-methylbenzyl alcohol, (S)-4-fluoro-a-methylbenzyl al-
cohol, 2,4-hexadien-1-ol, cinnamyl alcohol, Horseradish
peroxidase (HRP), Taq polymerase and the Yeast Transforma-
tion Kit were purchased from Sigma (Madrid, Spain). Amplex®
Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) was ob-
tained from Biogen (Madrid, Spain). Zymoprep Yeast Plasmid
Miniprep, Yeast Plasmid Miniprep Kit I and Zymoclean Gel

Adv. Synth. Catal. 2019, 361, 25142525 Wiley Online Library

2522

Advansced >
/~ Synthesis &
/ Catalysis

DNA Recovery Kit were from Zymo Research (Orange, CA,
USA). Restriction enzymes BamHI and Xhol were from New
England Biolabs (Hertfordshire, UK). I-Proof high-fidelity
DNA polymerase was from Biorad (Hercules, CA, USA). The
episomal shuttle vector pJRoC30 was from the California
Institute of Technology (CALTECH, USA). The protease
deficient S. cerevisiae strain BJ5465 was from LGC Promo-
chem (Barcelona, Spain). E. coli XL2-Blue competent cells
were from Stratagene (La Jolla, CA, USA). Primers were
acquired from Isogen Life Science (Barcelona, Spain) and are
included in Table S1.

Culture Media

Minimal medium SC contained 100 mL 6.7% (w:v) sterile yeast
nitrogen base, 100 mL 19.2 g/L sterile yeast synthetic drop-out
medium supplement without uracil, 100 mL sterile 20%
raffinose (w:v), 700 mL sddH,O and 1 mL 25 g/L chloramphe-
nicol. YP medium contained 10 g yeast extract, 20 g peptone
and ddH,O to 650 mL whereas YPD medium also contained
20% glucose (w:v). AAO expression medium contained
144mL YP 1.55x, 134mL 1M KH,PO, pH 6.0 buffer,
22.2 mL 20% galactose (w:v), 0.222 mL 25 g/L chlorampheni-
col and ddH,0 to 200 mL. Luria Broth (LB) medium contained
10 g sodium chloride, 5 g yeast extract, 10 g peptone, 1 mL
100 mg/mL ampicillin and ddH,0 to 1L. AAO selective
expression medium (SEM) contained 100 mL 6.7% (w:v) sterile
yeast nitrogen base, 100 mL 19.2 g/L sterile yeast synthetic
drop-out medium supplement without uracil, 100 mL sterile
20% galactose (w:v), 100mL 1M KH,PO, pH 6.0, 600 mL
sddH,0 and 1 mL 25 g/L chloramphenicol.

Construction of Variants IS00A, F501A and 1500A-
F501A

All the PCR products were cleaned, concentrated, loaded onto a
preparative agarose gel (1%, w:v) and purified using the
Zymoclean Gel DNA Recovery kit before being cloned into the
shuttle vector pJRoC30 under the control of the GALI
promoter. BamHI and Xhol were used to linearize the plasmid
pJRoC30 and to remove the parent gene. FX9 variant was
amplified from pJRoC30-FX9!"*"! with two PCR reactions for
each mutant containing overhang segments for the whole
plasmid to be reassembled in the yeast. PCR reactions were
carried out in a final volume of 50 pL containing 3% DMSO,
0.8 mM dNTPs (0.2 mM each), 0.03 U/pL Iproof DNA poly-
merase, and 0.2 ng/uL template. The oligos used for each PCR
reaction were: For 1500 A, PCR1 (oligo sense RMLN and oligo
antisense 1500Ar), PCR2 (oligo sense ISO0Af and oligo
antisense RMLC). For F501 A, PCR1 (RMLN and oligo
antisense F501Ar), PCR2 (oligo sense F501Af and RMLC). For
double mutant IS00A-F501 A, PCR1 (RMLN and oligo anti-
sense DM500-1Ar), PCR2 (oligo sense DMS500-1Af and
RMLC). Amplification reactions were carried out in a thermal
cycler MycyclerTM (BIO-RAD, USA) with the following PCR
program: 98°C for 30 seconds (1 cycle); 98°C for 10 seconds,
50°C for 25 seconds and 72 °C for 60 seconds (28 cycles); and
72°C for ten minutes (1 cycle). After purification, PCR
products (400 ng each) were mixed with the linearized pJRoC30
(100 ng; ratio PCR product: vector=4:1) and transformed in
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yeast (Yeast transformation kit) for the recombination and
invivo cloning. 176 colonies were picked, expressed and
screened as described below. Each construct was recovered and
its sequence confirmed by DNA sequencing.

Directed Evolution

First generation: combinatorial saturation mutagenesis at posi-
tions I1e500 and Phe501: Two PCR reactions were carried out
in a final volume of 50 pL containing 3% DMSO, 0.8 mM
dNTPs (0.2 mM each), 0.03 U/uL iproof DNA polimerase, and
0.2 ng/pL FX9 template and different primers according to the
22-trick protocol.®! PCR1 contained 0.25uM RMLN and
0.25 uM mix of reverse primers: 22c1R, 22¢2R, 22¢3R, 22¢4R,
22¢5R, 22¢6R, 22¢7R, 22¢8R and 22c9R. PCR2 contained
0.25 uM RMLC and 0.25 uM mix of forward primers: 22clF,
22¢2F, 22¢3F, 22¢4F, 22¢5F, 22¢6F, 22¢7F, 22¢8F and 22c9F.
Amplification reactions were carried out in a thermal cycler
MycyclerTM (BIO-RAD, USA) with the following PCR
program: 98°C for 30 seconds (1 cycle); 98°C for 10 seconds,
50°C for 25 seconds and 72 °C for 60 seconds (28 cycles); and
72°C for ten minutes (1 cycle). After purification, PCR
products (400 ng each) were mixed with the linearized pJRoC30
(100 ng; ratio PCR product: vector=4:1) and transformed in
yeast for in vivo cloning. According to the 22-trick protocol, a
library of 3066 individual colonies was screened as described
below.

Second generation: MORPHING: The 15G12 variant was used
as the parental template for focused random mutagenesis
technique MORPHING (Mutagenic Organized Recombination
Process by Homologous IN vivo Grouping)."'¥ Three libraries
were constructed independently targeting 3 protein blocks: MA,
MB, and MC. Additionally, a mutagenic library subjecting the
whole AAO fusion was prepared by error prone PCR (ep-PCR).
Primers were designed to create homologous overlapping areas
of ~50 bp for the whole gene to be reassembed in vivo upon
transformation in S. cerevisiae. i) ep-PCR for MORPHING
blocks and whole AAO gene were carried out in a final volume
of 50 uL containing: 90 nM oligo sense (FM1 for MA block,
FM2 for MB block, FM3 for MC block and RMLN for whole
gene amplification), 90 nM oligo antisense (RM1 for fragment
MA, RM2 for fragment MB, RM3 for fragment MC and RMLC
for whole gene amplification), 0.3 mM dNTPs (0.075 mM
each), 3% DMSO, 0.05 or 0.0l mM MnCl,, 1.5 mM MgCl,,
0.05U/uL Taq polymerase DNA, and 0.92ng/ pL15GI12
template. The amplification parameters were 95°C for 2 min
(1 cycle); 95°C for 45, 50°C for 455, and 74°C for 2 min
(28 cycles); and 74°C for 10 min (1 cycle). Concentrations of
0.05 and 0.01 mM MnCl, were used for MORPHING and full
gene ep-PCR, respectively, to adjust the mutational rate to 1-3
mutations per gene. ii) High-fidelity PCRs for MORPHING
were carried out in a final volume of 50 pL containing 3%
DMSO, 0.8 mM dNTPs (0.2 mM each), 0.03 U/uL iproof DNA
polimerase, 0.25 uM oligo sense (RMLN for HA1, HB1 and
HC fragments, FHF1 for HA2 and FHF2 for HB2), 0.25 uM
oligo antisense (RHF1 for HA1, RHF2 for HB1, RHF3 for MC
and RMLC for HA2 and HB2 fragments) and 0.2 ng/uL
template. High-fidelity PCR was performed using the following
parameters: 98°C for 30s (1 cycle); 94°C for 10s, 48°C for
30s, 72°C for 30 s (30 cycles); and 72 °C for 10 min (1 cycle).
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The assembly of the fragments for the different libraries is
described in Figure 1B. PCR products were cleaned, concen-
trated, loaded onto a preparative agarose gel, purified, mixed in
equimolar amounts, (200 ng mutagenic fragment and 200 ng
non-mutagenic fragment) and transformed with linearized
pJRoC30 (200 ng) into chemically competent cells, as described
above.

Third generation: mutagenic shuffling: ep-PCR reactions were
performed separately with mutants 3F10, 11H2, 12D2 and 6G3.
Reaction mixtures were prepared in a final volume of 50 uL
containing DNA template (0.92 ng/puL), 90 nM oligo sense
RMLN (5’-CCTCTATACTTTAACGTCAAGG-3"), 90 nM Re-
verse primer RMLC (5’-GGGAGGGCGTGAATGTAAGC-3),
0.3 mM dNTPs (0.075 mM each), 3% (v:v) dimethylsulfoxide
(DMS0), 1.5 mM MgCl2, 0.1 mM MnCI2 and 0.05 U/uL Taq
DNA polymerase. PCRs were performed in a thermocycler
(Mycycler, Bio-Rad, Hercules, CA, USA) and parameters were:
95°C for 2 min (1 cycle); 95°C for 45 s, 50°C for 45s, 74°C
for 45 s (28 cycles); and 74°C for 10 min (1 cycle). The PCR
products were mixed with linearized pJRoC30 (at a PCR
product/linearized plasmid ratio of 4:1) and transformed into
competent S. cerevisiae cells to promote in vivo DNA shuffling.
Transformed cells were plated on SC (synthetic complete) drop-
out plates and incubated for 3 days at 30°C. Colonies
containing the whole autonomously replicating vector were
picked and subjected to high-throughput screening as described
below.

Fourth generation: site-directed recombination: The 3CI1
variant was used as template and primers were designed for the
10 selected mutations (E39G, 176V, A77V, R80C, M831, VO0A,
Q174R, F332L, V340A, and Q466R) for the invivo site-
directed recombination of mutations vs. corresponding rever-
sions at each position of the combinatorial library. A total of 6
PCR reactions were performed. Reactions were carried out in a
final volume of 50 pL containing 3% DMSO, 0.8 mM dNTPs
(0.2 mM each), 0.03 U/uL iproof DNA polimerase, and 0.2 ng/
pL 3 C11 with 0.25 uM of the following oligos: PCR1 used
oligo sense RMLN and oligo antisense R116 (containing
position 39). PCR2 was performed with oligo sense F116
(containing position 39) and oligo antisense R5 (containing
positions 76, 77, 80, 83 and 90). PCR3 used oligo sense F5
(containing positions 76, 77, 80, 83 and 90) and oligo antisense
R521 (containing position 174). PCR4 used oligo sense F521
(containing position 174) and oligo antisense R9419 (containing
positions 332 and 340). PCRS was performed with oligo sense
F9419 (containing positions 332 and 340) and oligo antisense
R1397 (containing position 466). PCR6 was performed with
oligo sense F1397 (containing position 466) and oligo antisense
RMLC, (Figure S1, Table S1). For the in vivo assembly of the
whole gene, the fragments were designed with overhangs of
around 40 bp between them. Amplification reactions were
carried out in a thermal cycler and the PCR program was: 98 °C
for 30 seconds (1 cycle); 98°C for 10 seconds, 50°C for
25 seconds and 72°C for 30 seconds (28 cycles); and 72°C for
ten minutes (1 cycle). After purification, PCR products (400 ng
each) were mixed with the linearized pJRoC30 (100 ng; ratio
PCR product: vector=4:1) and transformed in yeast for in vivo
cloning. A library of 3070 individual colonies was screened as
described below.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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High-throughput Screening (HTS) Assay

Transformed cells were plated in SC drop-out plates and
incubated for 3 days at 30°C, individual clones were fermented
in sterile 96-well plates containing 200 pL of SEM medium.
Plates were sealed and incubated at 30°C, 225 rpm and 80%
relative humidity in a humidity shaker (Minitron-INFORS,
Biogen, Spain) for 72 hours. Aliquots of 20 uL of yeast
supernatants were transferred to a 96-well plate using a robotic
station for liquid handling Freedom EVO (Tecan, Mannedorf,
Switzerland) and 180 pL of HRP-Amplex Red reagent for
secondary alcohol activity detection. The final concentrations in
the well were 5mM -(p-methoxyphenyl)-ethanol, 70 uM
Amplex Red, 3 pg/mL HRP in 100 mM phosphate buffer
pH 6.0. Reagents were dispensed with Multidrop™ Combi
Reagent Dispenser (Thermo Scientific, Massachusetts, USA).
The plates were incubated at room temperature and activity
with the chiral alcohol was determined as H,O, production
coupled to the oxidation of Amplex Red reagent by the HRP
and measured at 563 NM (&egoruin 563 = 56000 M~'cm™"). Reac-
tion mixture with p-methoxybenzyl alcohol (1 mM final
concentration) was also prepared to determine activity with a
primary alcohol. One unit of AAO activity is defined as the
amount of enzyme that converts 1 umol of alcohol to aldehyde
or ketone with the stoichiometric formation of H,0, per min
under the reaction conditions. The HTS-assay incorporated two
consecutive re-screenings to rule out the selection of false
positives as described in previous work.'*"

Protein Production and Purification

The native AAO, heterologously expressed in E. coli and
in vitro refolded (WtAAO), was produced and purified as
described elsewhere.!”! Evolved variants were produced in
yeast!'® and purified by cationic exchange chromatography,
anion exchange chromatography and size-exclusion chromatog-
raphy (AKTA purifier, GE Healthcare, WI, US). The crude
extract from S. cerevisiae cultures was concentrated and
dialyzed in 20 mM sodium phosphate/citrate at pH 3.3 (buffer
A) by tangential ultrafiltration (Pellicon; Millipore, USA)
through a 10-kDa-pore-size membrane (Millipore, USA) by
means of a peristaltic pump (Masterflex easy load; Cole-Parmer,
USA). The sample was filtered and loaded onto a strong cation-
exchange column (HiTrap SP FF; GE Healthcare) pre-equili-
brated with buffer A and coupled to the AKTA purifier system.
The proteins were eluted with a linear gradient of buffer P
(20 mM piperazine buffer pH 5.5) + 1 M NaCl in two phases at
a flow rate of 1 ml/min: from 0 to 50% during 15 min and from
50 to 100% in 2 min. Fractions with AAO activity were pooled,
dialyzed against buffer P, concentrated and loaded onto a high-
resolution resin, strong-anion-exchange column (Biosuite
MonoQ 10 cm; Waters, USA) pre-equilibrated in buffer P. The
proteins were eluted with a linear gradient from 0 to 0.5 M of
NaCl in two phases at a flow rate of 1 ml/min: from 0 to 50%
during 20 min and from 50 to 100% in 2 min. Fractions with
AAO activity were pooled, dialyzed against 20 mM phosphate
buffer pH 6.0, concentrated and further purified by a Superose
12 HR 10/30 molecular exclusion column (Amersham Bio-
science; Amersham, UK) pre-equilibrated with 150 mM NaCl
in 20 mM phosphate buffer pH 6.0 at a flow rate of 0.5 ml/min.
The fractions with AAO activity were pooled, dialyzed against
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buffer 20 mM phosphate buffer pH 6.0, concentrated and
stored.

Biochemical Characterization

Steady-state kinetic constants: Alcohol oxidation kinetics for
1-(p-methoxyphenyl)-ethanol, p-methoxybenzyl alcohol and
2,4-hexadien-1-ol were measured in 100 mM phosphate
buffer pH 6.0 at 25°C in air-saturated conditions (0.256 mM
O, concentration). Reactions were performed by triplicate
and substrates oxidations were followed by measuring the
absorption at 285 nm for p-methoxybenzyl alcohol, &,5=
16,950 M~'ecm™" and at 280 nm for 2,4-hexadien-1-ol, £,50=
30,140 M~'ecm™'. The oxidation of I-(p-methoxyphenyl)-
ethanol was measured indirectly coupled with saturated
conditions of HRP and Amplex Red substrate (4.5 U/mL
HRP and 75pg/mL Amplex Red final concentrations)
following activity at 563 nm (g5 =56000 M~' cm™").

HPLC analysis and optical rotation: The enantioselectivity of
LanDo variant was analyzed by chiral HPLC with equipment
consisting of a tertiary pump (Varian/AgilentTechnologies)
coupled to an autosampler (Merck Millipore) and a Lux 5 um
Cellulose-1 column (Phenomenex). For the mobile phase
hexane and isopropanol in a ratio 9:1 was used. The separation
of the enantiomers was performed at a flow rate of 1.0 mL/min.
The rotary polarization was measured with a JASCO P-2000
polarimeter. After full conversion, a reaction mixture with the
remaining alcohol (1 mg/mL of 1-(p-methoxyphenyl)-ethanol)
was extracted with ethyl acetate and dissolved in methanol. The
measurement was made at 25 °C with a sodium lamp at 589 nm.

Protein modeling: A structural model of the AAO from P
eryngii crystal structure at a resolution of 2.55 A (Protein Data
Bank Europe [PDB] accession number 3FIM,"" was used as
scaffold for the wild type AAO model and the homology
models for different mutants were made from 3FIM by PyMol
(Schrodinger LLC.; http://www.pymol.org).

DNA sequencing: All genes were verified by DNA sequencing
(BigDye Terminator v3.1 Cycle Sequencing Kit) using the
following primers: primers sense, RMLN and AAOseclF and
primers antisense RMLC, AAOsec2R, and AAOsec3R.

Computational Methods

The diffusion and binding of the secondary alcohol (S)-1-(p-
methoxyphenyl)-ethanol were studied using the new adaptive-
PELE (Protein Energy Landscape Exploration) software.!"” This
adaptive protocol offers improved sampling by running multiple
and consecutive short PELE simulations (epochs), setting the
initial conditions of each epoch following a reward function
that favours sampling of unexplored areas. Even though the
ligands were parameterized based on the OPLS2005 force field,
the electrostatic charges were derived from the electrostatic
potential obtained through quantum calculations at the M06/6-
31G* level with Jaguar," and its rotamer library was built with
Macromodel."” Similarly, the FAD cofactor was optimized
with a mixed QM/MM calculation at the same level of theory
using Qsite.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A single adaptive-PELE simulation was enough to explore the
diffusion and binding of (S)-1-(p-methoxyphenyl)-ethanol for
the native protein and the different variants. The ligand was
initially placed between residues Gly52 and Asn56 in all cases.
Each simulation used 192 processors, producing 60 epochs of
20 PELE steps each. During the simulation, ligand perturbations
(rotations and translations) are coupled with the backbone
perturbation to allow protein flexibility. This is achieved by
using an anisotropic network model® applied to every Ca
atom, while all sidechain conformations within 6 A of the
ligand were predicted each step. An epsilon value of 0.2 was
used in the adaptive protocol, meaning that 20% of the
processors started each epoch from the structure with the best
ligand-FAD distance.
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Supporting Table 1. List of primers

Oligo Sequence
RMLN 5-CCTCTATACTTTAACGTCAAGG-3’
RMLC 5-GGGAGGGCGTGAATGTAAGC-3’
I500Af 5’- GAGACAACGCCAACACGGCTTTCCACCCAGTTGGAACGGC -3’
I500Ar 5’- GCCGTTCCAACTGGGTGGAAAGCCGTGTTGGCGTTGTCTC -3’
F501Af 5-GAGACAACGCCAACACGATTGCTCACCCAGTTGGAACGGC -3’
F501Ar 5’- GCCGTTCCAACTGGGTGAGCAATCGTGTTGGCGTTGTCTC -3’
DM5001Af 5’- GAGACAACGCCAACACGGCTGCTCACCCAGTTGGAACGGC -3’
DM5001Ar 5’- GCCGTTCCAACTGGGTGAGCAGCCGTGTTGGCGTTGTCTC -3’
22c1F 5-GAGACAACGCCAACACGNDTNDTCACCCAGTTGGAAC-3’
22cIR 5-GTTCCAACTGGGTGAHNAHNCGTGTTGGCGTTGTCTC-3’
22c2F 5’-GAGACAACGCCAACACGNDTVHGCACCCAGTTGGAAC-3’
22c2R 5-GTTCCAACTGGGTGCDBAHNCGTGTTGGCGTTGTCTC-3’
22c3F 5-GAGACAACGCCAACACGNDTTGGCACCCAGTTGGAAC-3’
22c3R 5-GTTCCAACTGGGTGCCAAHNCGTGTTGGCGTTGTCTC-3’
22c4F 5’-GAGACAACGCCAACACGVHGNDTCACCCAGTTGGAAC-3’
22¢4R 5-GTTCCAACTGGGTGAHNCDBCGTGTTGGCGTTGTCTC-3’
22¢5F 5-GAGACAACGCCAACACGVHGVHGCACCCAGTTGGAAC-3’
22c5R 5-GTTCCAACTGGGTGCDBCDBCGTGTTGGCGTTGTCTC-3’
22c6F 5-GAGACAACGCCAACACGVHGTGGCACCCAGTTGGAAC-3’
22c6R 5-GTTCCAACTGGGTGCCACDBCGTGTTGGCGTTGTCTC-3’
22c7F 5-GAGACAACGCCAACACGTGGNDTCACCCAGTTGGAAC-3’
22c7R 5-GTTCCAACTGGGTGAHNCCACGTGTTGGCGTTGTCTC-3’
22c8F 5-GAGACAACGCCAACACGTGGVHGCACCCAGTTGGAAC-3’
22c8R 5-GTTCCAACTGGGTGCDBCCACGTGTTGGCGTTGTCTC-3’

103



I1l. Results

22c9F 5’-GAGACAACGCCAACACGTGGTGGCACCCAGTTGGAAC-3’
22c9R 5’-GTTCCAACTGGGTGCCACCACGTGTTGGCGTTGTCTC-3’
RHF1 5’-GGAACAAGGCCGGGCGCAAG-3’
FM1 5’-TAGGGGCAGAGGCTCCACTC-3’
RM1 5’-GCATAGCGATCGAAATCTTC-3’
FHF-1 5’-TCATGATGCGTGGATCAACA-3’
RHF-2 5’-AGGAGCAAATGGTCGGATAG-3’
FM2 5’-ATCCTAGCGTAGGCCGAAAC-3’
RM2 5’-TCTCCGCGAGCTACAGGAGA-3’
FHF-2 5’-TTATGAGTGTTACAAACGCGTTGATT-3’
RHF-3 5’-GTTGGCGTTGTCTCTAATGTACGACTC-3’
FM3 5’-CGACGGACGATGCTGCTATC-3’
F116 5’-ACGTGTCCGTCTTGGTCCTAGAGGCGGGTGTATCAGATGRGAA- 3
R116 5’-TCTGCCCCTAATACATTCYCA-3
F5 5’-CARTTGYGTATCCTYGCGGCCGTATRCTAGGGGGGTCTAGCTCTGYTAA-3
RS 5’-TTARCAGAGCTAGACCCCCCTAGYATACGGCCGCRAGGATACRCAAYTG- 3
F521 5’- GCGTCATGGCCACGACGCRAGAGCAAA-3
R521 5- GTCGGGATTGAAGAAGAACTCTTCGCTTTGCTCTYGCGTCGTGG -3
F9419 5’-ATAACATCYTCAGAGACTCGTCCGAGTTCAACGYTGATTTA-3
R9419 5’-TAAATCARCGTTGAACTCGGACGAGTCTCTGARGATGTTAT-3
F1397 5-TTCGTTTCCTCTCTGGTCRAGC-3
R1397 5’-GTATAACGAAGTCCGCCCACGCTYGACC-’3
AAOseclF 5’-GTGGATCAACAGAAGATTTCGATCG-3’
AAOsec2R 5’-GTGGTTAGCAATGAGCGCGG-3’
AAOsec3R 5’-GGAGTCGAGCCTCTGCCCCT-3’

Codon substitutions are shown in italics (where N = A/T/C/G;D=noC;V=no T, H=no G; B
=no A;R=A/G;Y =C,T).
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Supporting Table 2. Polarimeter measurements for the LanDo variant reaction with 1-(p-
methoxyphenyl)-ethanol (correspondent to the remaining R-enantiomer). Number of cycles: 8
with 1 sec cycle iterval. Path length 1700mm.

PMT Voltage[V] Temperature[°C] Optical Rotation Monitor

353 24.95 0.0601

354 24.96 0.0602

353 24.99 0.0603

354 25.03 0.0589
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Figure S1. Method for in vivo site-directed recombination. Primers designed to be used in
the site-directed recombination experiment for the PCR amplification of the selected mutated
positions (in black). For each mutation, adjacent sense and antisense primers were synthesized
that were 50% mutated at the sites of interest. Six PCR reactions were performed with ~40 bp
homologous sequences at each end to foster in vivo recombination (7 crossover events). The
PCR fragments were assembled by transformation into yeast with the linearized vector to yield
a library of all combinations of the mutations/reversions in one-pot .

106



lll. Results

Figure S2. The access channel and catalytic pocket before and after mutation. The channel
giving access to the active site in the FX9 (A) and I500A-F501A (B) mutants: the FAD
molecule is depicted in yellow, the Phe501 and 11e500 residues in the parental type are in blue
and light blue, the Ala500 and Ala501 mutations are in green, and histidine 546 at the catalytic
pocket is in red. Catalytic pocket in the FX9 (C) and 15G12 (D) variants: His502 and His546 at
the active site are depicted in red, FAD is depicted in yellow, ancestral/consensus mutation
Asn9l is in pink, Phe397 and Phe501 are in blue, 11500 in light blue, Tyr92 is depicted in
white, whereas the new Trp501 and Met500 substitutions are depicted in purple and light green,
respectively. The models were prepared from the crystal structure of P. eryngii AAO (PDB
3FIM).
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ABSTRACT The growing interest in replacing fossil-based products with renewable
chemical building blocks has focused researchers’ attention towards the production of
2,5-furandicarboxylic acid (FDCA). Recently, experimental work has proved possible the
production of FDCA from 5-hydroxymethylfurfural (HMF) by a cascade reaction that
combines the action of aryl-alcohol oxidase (AAO) and an unspecific heme peroxygenase
from Agrocybe aegerita (AaeUPQ). Additionally, hydroxymethylfurfural oxidase (HMFO)
has been reported to catalyze the whole reaction. In this work, computational methods
have been used to characterize, at the molecular level of detail, the before-mentioned
FDCA-producer enzymatic systems. In silico results have enabled us to rationalize the AAO
inability to produce FDCA by itself, the slow reactivity of AaeUPO, and the reasons behind
the improved activity of an HMFO double mutant. Moreover, valuable molecular-based
information extracted from simulations has enabled us to computationally engineer a
potentially improved AaeUPO towards the enzymatic production of FDCA.

SIGNIFICANCE There is an imperious interest in finding robust biocatalysts to produce
FDCA from HMF. The present study makes valuable contributions to the field by giving
a complete biophysical description of a number of enzymatic cascades that lead to
the production of FDCA in three different enzymes (AaeUPO, AAO, and HMFO). By the
use of molecular modeling techniques, we have been able to dissect the reasons
underneath the low or non-activity at particular steps of the reaction that were
hindering FDCA production. All the gathered information not only has enabled us to
computationally engineer the AgeUPO enzyme towards improved FDCA production
but also opens the door to further attempts of tailoring these three now well-
characterized enzymes.
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INTRODUCTION

During the latest years, the awaited decrease in petroleum reserves together with the
need to reduce greenhouse gas (GHG) emissions, have created the necessity to replace
classical fossil-based sources. In this way, a growing interest has appeared in the use of
renewable carbon sources for the production of biological-based chemicals, being
lignocellulosic biomass the perfect candidate due to its abundance, economic feasibility
and sustainable nature (1-3). The main goal of lignocellulose biorefineries is to produce
biofuels, such as ethanol and biodiesel, to replace part of the large amount of gasoline
and diesel used in transport worldwide (~14,2 millions of barrels/day in 2018) (4).
However, despite this enormous demand, fuel is still cost-effective compared to biofuels.
For this reason, the development of processes to produce valuable biochemicals is also a
priority for biorefineries in order to enhance revenues and repurpose existing
underemployed infrastructures (5-7).

In 2004, the United States Department of Energy (DOE) released a report outlining 15
targets that could be of interest for the manufacture of bioproducts (8). Based on this
report, some of these “top chemicals” have been the subject of intense research over the
last decade, leading to significant progress in this area (5). One compound identified to
be of remarkable importance is 2,5-furandicarboxylic acid (FDCA) (1, 5, 6, 8). Due to its
structural analogy with terephthalic acid, a precursor of polyethylene terephthalate
(PET), FDCA has been proclaimed as a green alternative to this petroleum-based
chemical. FDCA is also used in the production of polyethylene 2,5-furandicarboxylate
(PEF) polymer (9-11), which has the advantage of being renewable and biodegradable
while showing similar properties to other polymers derived from terephthalic acid.

Several chemical methods to obtain FDCA from sugars have been studied. However, most
procedures require high temperature, high pressure, metal salts, and organic solvents
that render the process polluting and expensive (12, 13). For this reason, enzymatic
conversion seems to be a suitable alternative as it can be performed at lower
temperatures and pressures (lowering capital expenditures), while offering superior
chemo-, regio- and enantioselectivity, and with the plus of being environmentally friendly
(14). FDCA can be synthesized from sugars, generally fructose. First, fructose is
dehydrated and converted into HMF, a process that requires acid catalysis and relatively
high temperatures (15). In the second step, HMF is oxidized into FDCA, a reaction that
can proceed by two different 3-stepped routes: via 2,5-diformylfuran (DFF) or via 2,5-
hydroxymethylfurancarboxylic acid (HMFCA). Both metabolites are precursors of 2,5-
formylfurancarboxylic acid (FFCA), which is then oxidized to FDCA. The whole reaction
scheme is shown in Fig. 1. Nevertheless, the biochemical production of FDCA from HMF
is not well established, and biocatalytic approaches are scarce (13, 16, 17). Bioproduction
of FDCA by a single enzyme is complicated since most catalysts are restricted to either
alcohol or aldehyde oxidation, and product generation involves acting on both groups.
Heretofore, only one enzyme, named HMF oxidase (HMFO), has been described to
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oxidize HMF giving FDCA as the only product (13). However, HMFO enzyme shows poor
activity towards FFCA intermediate, limiting the overall process' efficiency (18, 19). To
overcome this problem, Dijkmen et al. proposed two mutations (V367F and W466F) on
the HMFO enzyme binding site, incrementing by 1000-fold the enzymatic catalytic
efficiency of HMFO wild-type (20).

Recently, the full enzymatic conversion of HMF into FDCA was reported using a cascade
reaction with two different fungal enzymes: aryl-alcohol oxidase (AAO, EC 1.1.3.7), which
shares the active site's structural architecture of HMFO enzyme and is secreted by white-
rot basidiomycetes, and an unspecific peroxygenase (UPO, EC 1.11.2.1) from Agrocybe
aegerita (21). AAO is able to oxidize HMF to FFCA (via DFF) in a few hours. However, it is
unable to directly oxidize FFCA and thus is not retrieving the final product, FDCA. On the
other hand, the UPO enzyme is capable of catalyzing the whole reaction via HMFCA,
including the FFCA oxidation, although each step is progressively slower. Therefore, the
protocol proposed by Carro et al. involves the conversion of HMF to FFCA by AAO with
the concomitant production of H,0;, which is then used by the UPO to produce FDCA
from FFCA. In this protocol, H,0 is the only by-product formed and O, the only co-
substrate required (Fig. 1). Nevertheless, the overall process is slow due to a very
inefficient conversion of FFCA to FDCA by UPO.

The goal of the present work is to understand the molecular details that govern the
enzymatic transformation of HMF into FDCA in both AAO and UPO enzymes, and in
particular, dissect the reasons behind the reduced activity on FFCA. To this aim, each
oxidation step of the two different reaction routes was studied using computational
techniques. DFF route (blue colored in Fig. 1) was investigated with AAO, and HMFCA
route (green colored in Fig. 1) with UPO. Additionally, DFF route was also studied with
HMFO enzyme and its Val367Arg/Trp466Phe double mutant (HMFO-mut) (Fig. 1). Energy
profiles and substrate-ligand binding modes of each system were determined by Protein
Energy Landscape Exploration (PELE) software (22), a structure-based computational
technique. Results show that computational simulations can provide a rational
explanation, at a molecular level, of the differences in yield and regioselectivity observed
experimentally. Additionally, all this valuable molecular-based information has enabled
us to perform the in silico engineering of UPO enzyme towards the theoretical
improvement of FDCA production, by using both rational design and an in silico evolution
protocol (23).
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Figure 1. Schematic representation of HMF conversion into FDCA by two different routes: via DFF (catalyzed
by AAO, HMFO and HMFO-mut enzymes, colored in blue) and via HMFCA (catalyzed by UPO enzyme,
colored in green). Functional groups that are oxidized by UPO in each step of the reaction are circled in
green, while functional groups oxidized by AAQO are circled in blue and blue-striped for HMFO/HMFO-mut.
Reaction steps marked with an asterisk are those involved in the protocol proposed by Carro et al. to obtain
FDCA (21). For each step, the conversion rate is shown considering HMF as the reactant in a 24h period.
To simplify the reaction identification in the overall manuscript, each step has been given a letter (from
reaction A to F).

METHODS
System Setup

The starting structure for computational simulations of Agrocybe Aegerita UPO was the
2.19 A resolution crystal (PDB code 2YOR) obtained by Piontek and coworkers (24).
Crystal structures with PDB code 3FIM and 4UDP were used respectively for simulations
with AAO and HMFO. Simulations were performed at pH 7, reproducing the experimental
conditions, which has been found to be a good compromise for the three proteins in
terms of performance and stability (21). Protein structures were prepared accordingly
using Schrodinger's Protein Preparation Wizard PROPKA module (25-27) and H++ web
server (http://biophysics.cs.vt.edu/) (28). In UPO enzyme, all histidines were &-
protonated with the exception of His82 (e-protonated), His118 and His251 (double-
protonated), and all acidic residues were deprotonated, except Asp85 that was modeled
in its fully protonated state. For AAO enzyme, histidines 91, 313, 387 and 398 were €-
protonated, 190, 502 and 546 &-protonated and the remaining histidines were doubly

protonated. All acidic residues were deprotonated except Glu389, according to previous
studies (29). Finally, for HMFO enzyme, histidines 51, 287 and 307 were e-protonated,
His149 was fully protonated and the remaining histidines were &-protonated.

All the ligands were optimized with Jaguar (30) with the density functional M06 (31) with
6-31G** basis set and a Poisson Boltzmann Finite (PBF) implicit solvent (32) in order to
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obtain their electrostatic potential derived atomic charges. These include HMF, DFF, FFCA
(deprotonated, pKa=3.09) and HMFCA (deprotonated, pKa= 3.11). Note that for AAO and
HMFO simulations, FFCA and DFF were modeled on their hydrated form. All pKa values
were collected from www.chemicalize.org (33). On the other hand, the heme cofactor in

UPO was modeled as compound | after being fully optimized in the protein environment
with quantum mechanics/molecular mechanics (QM/MM) using QSite (34). The same
method has been employed to optimize the flavin adenine dinucleotide (FAD) cofactor in
both AAO and HMFO enzymes. The resulting atomic charges were used for classical
simulations.

Protein Energy Landscape Exploration

To investigate the differences observed experimentally on yield and regioselectivity
between the distinct reactions, we have used Protein Energy Landscape Exploration
(PELE) software to perform substrate migration simulations on all enzymes with their
corresponding substrates. PELE is a Monte Carlo based algorithm that produces new
configurations through sequential ligand and protein perturbations, side-chain
prediction, and minimization steps. New configurations are then filtered with a
Metropolis acceptance test, where the energy is described with the all-atom OPLS2005
force field (35) and a surface generalized Born implicit solvent (36). In this way, it is
possible to locate and characterize local and global minima structures for the most
favorable protein-ligand interactions. PELE has been used successfully in many ligand
migration studies with both small and large substrates (37-39).

Once initial protein structures were prepared, the optimized ligands were placed
manually in identical positions at the entrance of each corresponding protein binding
pocket, and PELE simulations were performed. In this work, PELE was set up first to drive
the ligands inside the protein by reducing the distance between the ligand’s center of
mass (COM) to the enzyme binding site (heme reactive oxygen in UPO and FAD's reactive
nitrogen in AAO/HMFO/HMFO-mut) up to about 5 A. Then, once the ligand was inside
the active site, it was allowed to explore it freely (with no restraints). The results
presented are based on, at least, 160 48-h trajectories for each system.

In silico evolution protocol

The computational protocol applied in this work to perform in silico enzyme evolution in
UPO has been previously proposed by Monza et al. (23) and successfully applied for the
design of POXA1b laccase by Giacobelli et al. (40). This protocol demands a scrupulous
selection of the initial structure, which must embody a catalytic substrate positioning,
and that will determine the outcome of the computational design. In this way, the initial
structure for the in silico design was selected from the previously performed FFCA
substrate diffusion PELE simulations in the UPO enzyme, picking those structures with
optimal catalytic distances. Once the initial structure was selected, every residue within
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5 A from the substrate was mutated to all the possible remaining 19 amino acids.
Mutated residues included positions: 69, 77, 76, 121, 123, 126, 188, 189, 190, 191, 192,
193, 196 and 199. After mutation, the ligand was perturbed with 0.1 A translations and
0.01 rad rotations whereas the protein backbone was subjected to 0.5 A ANM
displacements, and all the residues within 5 A from the substrate were energy minimized.
For each mutant, a 4-h simulation was performed, obtaining as a result the enzyme-
substrate interaction energy, that was used to rank the 266 mutants. Finally, FFCA
diffusion was performed as explained in the Protein Energy Landscape Exploration (PELE)
section for the top-5 mutants. The results presented here are based on 80 48h
trajectories.

RESULTS AND DISCUSSION

To investigate the differences observed in the enzymatic catalysis of each system,
substrate migration simulations were performed for each reaction step in both paths: via
DFF (blue, D-F reactions in Fig. 1) and HMFCA (green, A-C reactions in Fig. 1) using PELE.
From the simulations, energy profiles and binding modes were obtained. All energy plots
are depicted as the variation of the interaction energy versus the catalytic distance
between the ligand and the enzyme binding site. In this way, it is possible to identify the
main energy minima along the substrate’s migration from the protein’s surface to the
binding site. Moreover, rational design and in silico enzyme evolution protocols were
synergistically used to model the UPO protein towards the more efficient production of
FDCA from FFCA in an attempt to theoretically enhance the whole reaction.

Unspecific peroxygenase via HMFCA — reactions A, B, and C.

Reaction A. According to the results obtained by Carro et al. (21), HMF is oxidized into
HMFCA by UPO protein with almost 100% conversion in 24h. From the molecular
simulations, where we have explored the entrance of all substrates from the protein
surface to the heme active site (Fig. 2), we can see how HMF is placed in two important
minima in the UPO binding site (Fig. 2A). In the first one (cyan colored in Fig. 2A), the
ligand is in an optimal position for reaction, with the aldehyde's hydrogen at ~2.5 A from
the heme reactive oxygen (O-Heme). This position is stabilized by two hydrogen bonds
with Thr192 and Phe121, as shown in the molecular representation of Fig. 2A. However,
there is a competing conformation (colored in green in Fig. 2A, Figure S1), with the
hydroxyl group oriented towards the heme (thus the distance of the reacting oxygen is
over 6 A away from the iron). In this second minimum, the HMF hydroxyl group forms a
hydrogen bond with the O-Heme that is conserved along the simulation. Due to this
interaction, hydrogens H; and Hs, which are adjacent to the hydroxyl group, cannot
approach the O-Heme to a reactive position. To confirm this hypothesis, we have
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computed the average distances between the different hydrogens (H, H3 and Hg) and
the O-Heme in structures corresponding to this minimum. Results show that the average
distance between He and O-Heme is 1.77 A, compared to 4.27 A for H, and 3.55 A for Hs,
providing evidence that support our hypothesis. Therefore, we propose that, because of
this conserved interaction, UPO enzyme is not able to oxidize HMF to DFF and can only
proceed via HMFCA formation. This reaction is nevertheless slow (24h), possibly due to
the presence of an unproductive competing minimum.

Reaction B. In the case of the HMFCA reaction, a different energy landscape is found
where strong energy minima are located at ~12 A from the heme (Fig. 2B, orange-
colored). The existence of these minima (not seen for HMF) seems to be due to the
negatively charged nature of the ligand’s carboxylate group. Visual inspection of these
structures reveals a main position where the ligand is placed in the entrance of the heme
channel (Fig. S2). Interestingly, this particular ligand positioning leads to a reduction of
the diameter of the heme channel entrance (supplementary computational simulations
have been performed with FFCA substrate to show the same event, see Figure S5). This
narrowed entrance, along with the consequent difficulty of the ligands to reach the active
site, may explain not only the slower catalysis shown by UPO for HMFCA compared to
HMF, but also the overall UPO enzyme slow catalysis, since HMFCA product formation
may also interfere with the protein, reducing its overall activity by noncompetitive
inhibition. This is in a good agreement with experimental results, which show a decreased
oxidation rate of HMF over time (72% in 8h versus 97% in 24h) (21).
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Figure 2. The plots on the left are the representation of the interaction energy of each PELE structure
against its reactive distance in UPO from A. aegerita for HMF (A), HMFCA (B) and FFCA (C). This distance
(A) is measured between the reactive O atom in the H.O»-activated heme (compound 1) and reactive
aldehyde hydrogen (A, C) or the hydrogen of the hydroxyl group (B). The reactive minima are colored in
cyan, while non-reactive are colored in green (in the active site) or orange (at the entrance). On the right,
a representative structure for the specified minimum is shown. Hydrogen bonds between the ligand and
nearby protein residues are marked in red, and the distance between the heme oxygen atom and its closest
ligand hydrogen atom are marked in black. The heme molecule, the heme axial residue (Cys36) and the
protein residues that interact with the substrate are colored in grey, and the substrate itself is colored in
green.
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Despite the narrowed heme path entrance, the substrate is still able to enter the heme
site and adopt favorable orientations for the reaction. As shown in Fig. 2B, there are two
different minima around -35 kcal/mol, both with the hydroxyl group (reactive functional
group) close to the binding site. In one minimum (Fig. 2A, green-colored), this group is
oriented toward the O-Heme atom forming a hydrogen bond with it, and impeding Ha
and Hs to approach the O-heme, and thus, disabling the ligand to react (Figure S3). On
the contrary, the structures corresponding to the other minimum (Fig. 2B, cyan-colored),
the hydroxyl is pointing away of O-Heme, and hence, the substrate's H, and Hz atoms are
able to approach O-Heme atom within an appropriate distance to react. See Fig. 2B for a
molecular representation of this minimum.

Reaction C. FFCA oxidation is of great interest since it is the rate-limiting process for the
production of FDCA via HMFCA. In Fig. 2C, it can be seen that there are several important
minima in the entrance of the heme cavity (Fig. 2C, orange-colored) as observed in
HMFCA results (Fig. 2B, orange-colored). Notice that FFCA is also negatively charged. An
example of the ligand's binding mode on these minima can be seen in Figure S4. Similarly
to HMFCA, the minima at the entrance of the heme channel induce a narrowing of this
channel, hindering the access to other ligands. To confirm this event, additional PELE
calculations have been performed with the FFCA ligand. For these simulations, we placed
two FFCA molecules in the two main minima observed on the heme entrance (orange-
colored of Fig. 2C), and we kept their position restrained along the simulation of a new
FFCA substrate migration with PELE from the surface of the protein to the binding site.
By doing this, we could observe the narrowing of the heme path entrance by ~5 A (Figure
S5) and the consequent difficulty of the ligand to reach the binding site. Once the ligand
is in the heme site, there is a less favorable minimum with the reactive aldehyde group
near the O-Heme atom, which indicates that the reaction can still be carried out (Fig. 2C,
cyan colored). However, the distance between the O-heme and the hydrogen of the
aldehyde group is relatively large (>3 A, see Fig. 2C for an example of binding mode),
which hinders the reaction.

UPOQ in silico design: an improved variant for FDCA production.

As explained previously, we hypothesize that there are two main reasons why UPO
enzyme has an inefficient FDCA production: the presence of global energy minima at the
entrance of the heme path and a non-optimal substrate positioning in the binding site.
To overcome the first problem, we visually inspected the structures from those minima
and realized that in most of the cases, FFCA substrate was hydrogen bonded to Thr242
or Ala317 residues. In an attempt to remove such minima and to ease the entrance of
the ligand to the binding site, we propose two mutations: Thr242Asp and Ala317Pro,
which we have observed computationally to reduce these minima (green energy profile
in Fig. 3). Moreover, the in silico evolution protocol explained in the Methods Section was
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applied to the UPO enzyme in order to improve FFCA binding, resulting in two highlighted
mutations: Phel121Lys and Ala77Ser. Different mutation combinations were studied using
PELE for the diffusion of FFCA substrate. The best design was shown to be the
combination of the two mutations at the entrance of the heme path, Thr242Asp and
Ala317Pro, and Phel121Lys mutation in the binding pocket. As shown in Fig. 3, the new
variant has an improved FFCA binding site positioning when compared to the parental
UPO, having a pronounced minimum in the binding site (around -40 kcal/mol) where the

ligand is in an optimal catalytic position (<2.5 A), along with a smoother entrance to the
binding site.

UPO-mut with FFCA

Interaction energies (kcal/mol)

0 2 4 6 8 10 12 14 16
distance (A)

Figure 3. UPO variant with FFCA substrate. On the left, there is a representation of the interaction energy
of each PELE structure against its reactive distance for the wt UPO (colored in black) and for the UPO variant
(colored in green). Reactive distance (A) is measured between the H202-activated heme (compound 1) and
the substrate reactive aldehyde hydrogen. On the right, a representative structure for the specified
minimum is shown. Hydrogen bonds between the ligand and nearby protein residues are marked in red,
and the distance between the heme oxygen atom and its closest ligand hydrogen atom are marked in black.
The heme molecule and the heme axial residue (Cys36) are colored in grey, and the substrate itself and the
protein residues that interact with the substrate are colored in green.
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Figure 4. Interaction energies vs. ligand distances from PELE simulations in AAO from Pleurotus eryngii. The
distances shown (A) are measured between the reactive N atom in the His502 and the alcohol hydrogen
atom from the ligand. The plots correspond to the migration of different ligands: A- HMF, B - DFF, C- FFCA,
and D - HMFCA.

Aryl alcohol oxidase via DFF —reactions D, E, and F.

As explained in the introduction, it is not possible to produce FDCA via DFF through AAO
catalysis. Despite the fact that HMF conversion to DFF, and DDF to FFCA occur very rapidly
(~100% conversion in less than 4h), the final step (conversion of FFCA to FFDA) is not
possible. Nevertheless, the non-necessity of H,0, as a co-substrate and the fast
conversion of the two first steps generated a huge interest in understanding the reasons
why the FDCA production catalyzed by AAO is not possible, opening the possibility for
tailoring the protein to overcome this limitation.

In order to inspect the differences in reactivity between the substrates, particularly the
incapability of FFCA to be oxidized by this protein, and following the protocol explained
in the methods section, ligand migrations of HMF, DFF, FFCA were performed in AAO.
Based on previous evidence (29), the reaction mechanism is expected to follow a
concerted nonsynchronous proton transfer followed by hydride transfer. Thus, the
distance between the hydrogen from the ligand's alcohol and His502 nitrogen is the
reaction coordinate to consider. The interaction energy along the simulations has been
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represented in Fig. 4 as a function of this distance. A threshold of 3 A was established in
order to consider that the ligand is close enough for the proton abstraction to take place.
As shown in Fig. 3, both HMF and DFF reach distance values lower than 3 A, which are
appropriate for the reaction, while FFCA cannot get closer than 4 A. Based on this
difference, we hypothesize that FFCA is not converted by AAO since it cannot approach
the active site to an appropriate catalytic position.

Additional simulations with the HMFCA substrate, an intermediate product obtained in
the UPO path which has been proven experimentally to be non-reactive in AAO, were
also performed. Interestingly, its energy profile shows similar results to FFCA, stalling at
4 A of the previously mentioned distance. Inspecting the structure of both ligands, it can
be noticed that they share a common characteristic, which is a negatively charged
carboxylic group at the working pH. By analyzing the energy profiles, the structures
corresponding to the minimum located at 4 A for both ligands have been extracted, and
a representative conformation for FFCA ligand is shown in Fig. 5. As evidenced, the
negatively charged group interacts with many residues along the path, such as Tyr92,
His398, GIn395, and Arg403, making the substrate unable to reach the active site. These
results provide further indications that the negative charge of the carboxylate could be
responsible for the null activity of both ligands in AAO.

= GIn3os

Figure 5. Structural representation of the FFCA ligand conformation when the catalytic distance is around
4 A. Strong interactions of the carboxylic group of the ligand with polar residues can be appreciated.
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Hydroxymethylfurfural oxidase via DFF — reactions D, E, and F.

The study of HMFO mechanism is of high interest, since it was the first enzyme reported
to be able to catalyze, on its own, the entire reaction chain from HMF to FDCA via DFF,
and also, because it shares a similar structural architecture of the active site with AAO.
The same set of ligands (HMF, DFF, FFCA) have been simulated in the HMFO system with
PELE for both the native and the Val367Arg/Trp466Phe variant (HMFO-mut). As
previously stated, HMFO-mut is able to catalyze the formation of FDCA with around 1000-
fold increment compared to the wild type.

>

HMFO with hydrated deprotonated FFCA

His467 4 '\Sa

Interaction energies (kcal/mol)

=70 — | I - —t i X o — E:
0 2 4 6 8 10 12 14
distance to His467 (A)

=

HMFO V367R-W466F variant with hydrated deprotonated FFCA

Interaction energies (kcal/mol)

0 2 4 6 8 10 12 14 16
distance to His467 (A)

Figure 6. Two-dimensional interaction maps showing the interaction energy vs. the distance between FFCA
and the His467 for the native HMFO (A) and HMFO-mut (B). A representative structure from the catalytic
minimum was taken from the native protein where it can be seen the interaction between Trp466 and the
ligand (A). For HMFO-mut, a representative structure of the active site was extracted to show the
contribution of the Arg367 in the positioning of the ligand.

The energy profiles for the FFCA migration in both HMFO and HMFO-mut are represented
in Fig. 6. It is shown how for the native protein (Fig. 6A), the ligand is able to contact the
active site with reasonable catalytic distances for the oxidation to occur (< 3 A), but the
catalytic position is not energetically favored. Around 10 A from the reacting hydrogen of
the ligand to His467, a strong minimum is identified and its interaction energy difference
with the reactive position is considerably large. In practice, this suggests that the active
conformation is not very populated which translates in a poor reactivity towards the
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oxidation of FFCA. On the contrary, HMFO-mut is able to catalyze the last reaction step
more efficiently. The same energy profile is plotted for the FFCA migration in the double
mutant variant (Fig. 6B). In this case, it can be seen how the substrate is able to approach
the active site with good catalytic distances and energetically favored positions when
compared to the rest of the trajectory.

According to the results represented in Fig. S6, the two mutations introduced in HMFO
induce minimal changes to the interaction of the protein with HMF and DFF, considering
that the energy profile is barely altered. Both ligands can still reach the active site close
enough to permit the ligand’s reaction. Yet, a significant improvement is actually
obtained in the limiting step, which corresponds to the FFCA oxidation as stated
previously. This enhancement is due to the alterations introduced by the mutations: in
the first place, with the substitution of Trp466 for a phenylalanine, a smaller residue fills
its place, and the polar -NH group is no longer present. As presented in Fig. 6, this
mutation causes adjustments in the interaction between FFCA and the protein, turning
into a loss of several hydrogen bonds with respect to the native protein. Secondly, the
inclusion of an arginine in substitution of Val367 (located in front of the FAD cofactor)
adds a positive charge that has a strong interaction with the negative charge of the ligand,
orienting the alcohol group towards the FAD and thus, helping the appropriate placement
of the ligand for the oxidation. As a result, the catalytic distances are shortened by 0.1-
0.2 A, which can be expected to reduce the energy barrier of the proton and hydride
transfers.

CONCLUSIONS

Thereis animperious interest in finding bio-based alternatives for the production of FDCA
from HMF. In particular, the idea of a single system able to catalyze this triple oxidation
reaction leading to HMF valued chemical seems extremely appealing. However, up to
now, only a few systems have been proven to perform the whole transformation, and in
most of the cases, the reaction from FFCA to FDCA has still a really poor conversion. Here,
the study of these enzymatic transformations using molecular modeling techniques has
been able to dissect, at the molecular level, the reasons underneath the activity at each
step of the reaction, and to visualize which would be the perfect scene for this process
to occur. In this way, PELE simulations have shown that for both UPO and AAO enzymes
there are two main reasons for the processes to have scarce or null conversions: the
inability of the ligand to reach the binding site with catalytic distances, and the existence
of an energy minima at the entrance of the binding site channel that hinders the ligand
arrival to the binding site. Moreover, thanks to the valuable information obtained from
the molecular modeling simulations and to the employment of a new methodology for in
silico enzyme evolution, we have been able to propose a computationally engineered
UPO enzyme. And, despite the fact that this variant relies only on a theoretical basis, it
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opens the door to the possibility of experimentally engineering not only UPO but also
AAO enzyme, towards the efficient production of FDCA from HMF.
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Systems featuring a multi-copper oxidase associated with tran-
sition-metal complexes can be used to perform oxidation reac-
tions in mild conditions. Here, a strategy is presented for ach-
ieving a controlled orientation of a ruthenium-polypyridyl
graft at the surface of a fungal laccase. Laccase variants are en-
gineered with unique surface-accessible lysine residues. Dis-
tinct ruthenium-polypyridyl-modified laccases are obtained by
the reductive alkylation of lysine residues precisely located rel-
ative to the T1 copper centre of the enzyme. In none of these

Introduction

The development of new bio-inspired processes for the sus-
tainable production of chemicals is at the heart of today’s
grand challenges. The minimal requirements for a (bio)catalyst
are: high activity, robustness and ease of production (i.e., low
cost). Beyond this scope, specific physicochemical characteris-
tics such as optimal selectivity and activity, solvent tolerance or
stability at a given pH are unlikely to be all inherent properties
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hybrids does the presence of the graft compromise the catalyt-
ic efficiency of the enzyme on the substrate 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid). Furthermore, the efficien-
cy of the hybrids in olefin oxidation coupled to the light-
driven reduction of O, is highly dependent on the location of
the graft at the enzyme surface. Simulated Ru'-Cu' electron
coupling values and distances fit well the observed reactivity
and could be used to guide future hybrid designs.

of an enzyme and are still challenging to obtain in a synthetic
catalyst by design. In the case of enzymes, a process-driven
customisation is achievable through the combination of molec-
ular evolution techniques and highly efficient expression sys-
tems."® Furthermore, like the cellular post-translational modi-
fications that increase the functional diversity of the proteome
(e.g., the covalent addition of functional groups, the formation
of intra- or intermolecular bonds or a proteolytic cleavage), the
functionality of recombinant enzymes can be refined using
well-established techniques of chemical modification of the
enzyme surface.*” The literature is abundant with examples
of proteins covalently modified with tags of all kinds for differ-
ent purposes: purification, stabilisation, labelling, or even edit-
ing enzyme function.®"" Therefore, the combination of sur-
face-located modulators with robust enzymes offers opportuni-
ties for developing biomolecule-based catalysts with entirely
new sets of functions.

The enzyme laccase (EC1.10.3.2, from plant, fungi, or bacte-
ria) is a robust catalyst largely studied for its potential uses in
industrial bleaching processes, organic synthesis applications
and in biofuel cells as a cathodic catalyst that reduces dioxy-
gen into water.">" Laccases couple the oxidation of a wide
range of organic and inorganic substrates occurring at a sur-
face-located mononuclear centre (one type 1 Cu" ion) to the
four-electron reduction of dioxygen into water, which occurs
at a buried trinuclear centre (TNC, structured between a type 3
pair and type 2 Cu" ions) through successive intramolecular
electron transfers (ETs)."'® Expanding laccase reactivity
through their combination with small and diffusible synthetic
redox mediators is well documented."® Recently, we have in-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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vestigated bimolecular systems by associating the enzyme
with palladium complexes (for alcohol oxidation) or rutheni-
um-polypyridyl photosensitisers (for epoxidation) taking ad-
vantage of the driving force of dioxygen reduction (1.23V at
pH 0).”"® However, bimolecular systems are intrinsically limit-
ed by diffusion. Today, the well-known topography of their
redox centres (there are tens of 3D structures are available in
databases) makes laccases perfect candidates for surface-tar-
geted modulation of the enzyme function.

Most tagging procedures are generally unspecific as they
are based on a general chemical character (e.g., nucleophilici-
ty) of the side chains of surface amino acids. Amino acids with
a reactive function are either naturally abundant at the protein
surface (e.g., lysine, K) or might be involved in post-translation-
al modifications (e.g., cysteines). Interestingly, there are only
two lysine residues naturally present in the mature sequence
of the laccase LAC3 from the fungus Trametes sp. C30."" This
natural paucity in lysine residues suggests a facile engineering
of the enzyme to obtain variants with a unique lysine residue
located at a desired position on the protein surface (UNIK var-
iants). We report here on the site-directed reductive alkylation
of both LAC3 and two of its UNIK variants with a custom
ruthenium—-polypyridyl-aldehyde  complex, allowing the
enzyme photoreduction to be probed from distinct surface lo-
cations relative to the redox-centres. Performed alongside ex-
perimental measurements, molecular simulations, which have
proved recently to be effective in modelling laccase-substrate
binding and reactivity,”®*" help us understand the structure
and ET behaviour of such hybrid systems.

Results and Discussion

Design and expression of UNIK variants

LAC3 is a typical fungal laccase," recombinant forms of which

can be easily expressed either in Saccharomyces cerevisiae for
screening purposes or in the filamentous fungus Aspergillus
niger for gram-per-litre-scale production.”?? We have already
challenged the plasticity of this enzyme,*** as well as its ro-
bustness in chemo-enzymatic catalysis experiments involving
an ET either from a transition-metal catalyst or from photosen-
sitisers.'”182627) The Jac3 cDNA (GenBank AAR00925.1) encodes
for 501 residues, among which are lysines K40 and K71 (LAC3
numbering).““’] Therefore, lysine variants of LAC3 (designated
UNIK) with a unique reactive amino group precisely located at
the enzyme surface can be obtained through the replacement
of any codon encoding a surface-located residue by an AAA/G
codon (encoding a K residue) in a library of lac3 sequences
representing the natural variations found at positions 40 and
71. Because functional variants can be easily selected upon ex-
pression in yeast,”” such a surface-specific targeting strategy is
potentially a powerful tool to probe the ET between the
enzyme surface and its interior (i.e., the metal centres). To illus-
trate this approach, we prepared UNIK variants graftable in the
vicinity of the T1 Cu" site, at positions almost diametrically op-
posed to positions K40 and K71 originally found at the surface
of LAC3 (Figure 1). From an examination of the natural varia-
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Figure 1. Structural model (ribbon) of LAC3 from Trametes sp. C30. Cu" ions
are depicted as blue spheres; amino acids subjected to mutagenesis are la-
belled (van der Waals volumes, CPK colours).

tion of the amino acid in loops surrounding the T1 Cu" binding
site in laccase sequences from the databases, we initially se-
lected R157 and R161 as residues to substitute for a lysine
group. Indeed, the variability at these two positions is high in
fungal laccases and residues frequently found include lysines.
The construction of UNIK variants included three steps of mu-
tagenesis resulting in successive site-directed replacements of
lysine codons 40 and 71 by codons corresponding to the most
frequent amino acids found at these positions (M, Q or | at po-
sition 40 and H, A, R or E at position 71), followed by the re-
placement of codons 157 or 161 by a lysine codon. After each
step, variants heterologously expressed in S. cerevisiae were
screened for laccase activity on the substrate 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS). The second step
yielded enzymes devoid of lysine (NoK); the third step, yielded
UNIK;s; and UNIK;s, enzymes (see the Supporting Information
for construction details). Among the 12 variants obtained for
each construction [combinatorial in variations considered for
positions 40 (three different residues) and 71 (four different
residues)], we selected the UNIK,5; (M40, H71) and UNIK,g
(M40, H71) enzymes on the basis of their ABTS oxidation activi-
ty relative to that of the parental enzyme LAC3 (see the Sup-
porting Information). Selected enzymes were further produced
on a gram-per-litre scale by fermentation of recombinant
A. niger strains, as previously described.*”

Functionalisation of LAC3 and UNIK variants

Primary amino groups present at the surface of proteins are re-
active with aldehyde-containing molecules in a reductive alky-
lation reaction. The UNIK,q, (M40, H71) variant has been recent-
ly successfully derivatised with a 2,2,2-trifluoro-N-(4-oxo-butyl)-
N-(1-pyren-4-ylmethyl-1H-[1,2,3]triazol-4-yImethyl)acetamide

moiety allowing a precise orientation of the enzyme at a multi-
walled carbon nanotube electrode surface.?® To probe surface-
accessible lysine residues of both UNIK and LAC3 enzymes we

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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selected ruthenium(ll)-polypyridine-type chromophores for the
following reasons: 1) their intense absorption band in the visi-
ble spectrum at 4,,,~450 nm (metal-to-ligand charge transfer,
£=14500m"'cm").2¥ This band is not overlapping the .,
~605 nm band characteristics of the T1 Cu" site of laccases
(ligand-to-metal charge transfer, £=5600mM'cm )" and
therefore the 450/605 ratio can be used to evaluate the graft-
ing efficiency; 2) their fluorescence properties (A.,~450 nm,
Jem=2600 nm),""* which are useful to visualise grafted enzymes
on SDS-PAGE gels and grafted peptides after digestion and
HPLC separation; and 3) their capability to photoreduce laccas-
es upon visible light excitation in the presence of an electron
donor.?®

We used a heteroleptic ruthenium(ll) complex with one of
the bipyridine ligands containing a fused imidazole motif and
a benzaldehyde (complex 1, Scheme 1). This complex is similar
to the [Ru(bpy);]*" (bpy=2,2-bipyridine) complex we have
previously used in bimolecular reactions.?’ LAC3, UNIK;s, and
UNIK;¢; were functionalised with 1 by reductive alkylation in
mild conditions (see the Supporting Information).=”

2+ 2 PFg

Scheme 1. The structure of complex 1, [(bpy),Ru(fimbzl)][PF¢],-2H,0
(fimbzl = 4-([1,10]phenanthroline[5,6-dlimidazol-2-yl)benzaldehyde).

Representative UV/Vis spectra of enzyme-1 hybrids (1-LAC3
and 1-UNIK;s,) recorded after a gel filtration, are presented in
Figure 2. Covalent linkage of complex 1 to the enzymes was
addressed by subjecting the grafted laccases to electrophoresis
in denaturing conditions. Under UV irradiation (360 nm) of the
gel, the fluorescence of the ruthenium is coincident to the lac-
case band in samples subjected to reductive alkylation in the
presence of complex 1 (Figure 3). At the pH of the reaction
(7.4), lysine groups as well as the amino N terminus can be
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Figure 2. Representative UV/Vis spectra of bare and 1-grafted enzymes.
Enzyme concentration ca. 16 um in Britton-Robinson buffer (pH 5).
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Figure 3. Representative separation of grafted enzymes on a 7% SDS-PAGE
gel. Left panel: white-light irradiation (Coomassie Blue staining); right pane-
I: UV irradiation (360 nm). M: molecular weight markers. Apparent masses
are expressed in kDa. Lane 1: 1-UNIK4, (5 pg); lane 2: UNIK,4; (5 pg);

lane 3: 1-LAC3 (5 pg); lane 4: LAC3 (5 pg).

subjected to reductive alkylation. Batch after batch, the graft-
ing procedure yielded, respectively, one and two complex 1
moieties per UNIK and LAC3 enzymes (based on the Ausy/Agos
ratio, Figure 2 and Table 1).

The complex 1 to laccase ratios were further confirmed by
analysing the metal content of the grafted enzymes by induc-
tively coupled plasma mass spectrometry (ICP-MS, Table 1).
Eventually, the location of the graft at the surface of enzymes
was investigated by Edman degradation and MALDI-TOF MS
analysis. The sequencing of each enzyme revealed that the
amino terminus of the hybrids was an alanine, the first residue
of the mature enzyme, indicating that the N terminus was not
blocked by complex 1. Trypsin digestion of UNIK,s; modified

Table 1. Spectroscopic features, sequence data and metal content of the 1-laccase hybrids.

Hybrid AssolAsos Amino Metal content 1-labelled trypsic peptide® Theoretical
terminus Ru/Cu® mass of peptide [Da]*!
1-LAC3 4.73 A 1.8-2.2/4 AAVVMNDQFPGPLIAGNKGDNFQINVIDNLSNSTMLTSTTIHWHGFFQKGT- 1234231
NWADGAAFVNQCPISAGNSFLYDFTATDQAGTFWYHSHLSTQYCDGLR
1-UNIK;s; 297 A 1.1/4 GPMVVYDPDDPHASLYDVDDDSTVITLSDWYHTAAKLGAR 5129.944
1-UNIK;¢, 3.22 A 1.2/4 LGAKFPAGADTLINGLGR

2578.28 (2580.20)

[c] m/z is given in brackets.

[a] Measured by ICP-MS. [b] The functionalisation by complex 1 apparently prevents the cleavage of the peptide bond immediately after the lysine residue.
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by complex 1 yielded a single fluorescent peptide correspond-
ing to a singly charged ion of m/z2580.20 in the mass spec-
trum. Both an increment of 722.14Da in mass (ie.,
738.14—16 Da corresponding to a loss of an oxygen atom in
the reductive alkylation reaction) and the characteristic isotop-
ic distribution of ruthenium unambiguously identified K161 as
the amino acid grafted with complex 1 in the trypsic peptide
of the corresponding 1-UNIK enzyme (Table 1 and see the
Supporting Information for details). For LAC3, the theoretical
mass of the fluorescent peptide is 12342.31 Da including
a mass increment of 1440.28 Da corresponding to two mole-
cules of complex 1. Probably because of the mass of that pep-
tide, data collected so far on the trypsic digestion of LAC3 are
unfortunately inconclusive. However, the results of the Edman
degradation, the metal quantification and the UV/Vis spectra
support a double grafting to an enzyme surface that contains
only two lysine residues at positions 40 and 71. In summary,
under our experimental conditions, the reductive alkylation re-
action appears selective for the primary amine group of sur-
face-accessible lysine residues. Therefore, the reductive alkyla-
tion of UNIK variants warrants a single functionalisation of the
laccase surface.

Kinetic characterisation of bare and ruthenium-grafted
laccase variants

The most selective surface functionalisation process would be
ineffective if it abolishes the original enzyme function. Laccase
is a particularly robust enzyme and experimental conditions
used for the reductive alkylation are considered mild com-
pared to other chemical procedures. Nevertheless, the grafting
procedure is potentially non-innocent towards enzymes func-
tion. Furthermore, the presence of the graft itself at the

Table 2. Apparent kinetic parameters for laccase variants on ABTS.”!

Entry Enzyme ke [s71 Ky [M] kew/Ky [s7' M7
1 LAC3 24641 3.72x107*4+10 6.62x10°
2 1-LAC3 173+7 3.42x10 *+44 5.10x10°
3 UNIK,s, 24741 407x107*+12 6.06x10°
4 1-UNIK,s; 18842 461x107*+£23 4.07%10°
5 UNIK;g 204+3 3.08x107%+24 6.63x10°
6 1-UNIK,¢; 19541 292x107+6 6.70x10°

[a] In Britton-Robinson buffer, pH 5.5, 25°C; enzyme concentration:

ca. 5%107"°m; ABTS concentration: 0.1-10x 107> m.
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enzyme surface might interfere with the redox properties of
laccases.

The influence of the grafting procedure and/or the presence
of the graft on laccase reactivity was evaluated by performing
an analysis of the kinetic properties of the bare and rutheni-
um-grafted laccases. Oxidation kinetic parameters obtained in
the presence of ABTS are reported in Table 2 (see Table S2 for
data obtained with syringaldazine). First, combinations of the
mutations found in the two UNIK variants (i.e., at positions 40,
71 and 157 or 161) have apparently no major effect on the cat-
alytic efficiency of the variant enzymes as compared to the pa-
rental enzyme LAC3 (Table 1, entries 1, 3 and 5). This is consis-
tent with the results of the screening based on ABTS oxidation
used to select these variants. Second, the grafting procedure
does not compromise the catalytic efficiency of the enzymes.
Thus, the reductive alkylation appears to be a valuable method
to functionalise the surface of laccases. Third, upon grafting,
complex 1 does not significantly interfere with the catalytic ef-
ficiencies of the variants. From a study on a bimolecular photo-
catalytic system made of LAC3 and a ruthenium-polypyridyl
complex similar to complex 1 (having a benzoic acid moiety in-
stead of a benzaldehyde), we know that such complexes in so-
lution and in excess can interfere with the oxidation activity of
the laccase on the natural substrates.”® Apparently, grafting
helps circumvent this issue by setting both the complex/
enzyme ratio and the location of the complex relative to the
substrate oxidation site. In 1-LAC3, the grafted positions K40
and K71 are almost diametrically opposed to the T1 Cu" site
(Cu"-Ru" distances are between 37 and 45 A, as estimated
from molecular simulations, see Table 3). The kinetics obtained
with 1-LAC3 are consistent with grafts that cannot physically
interfere with the substrate oxidation activity of the enzyme.
On the contrary, in 1-UNIK hybrids, complex 1 is grafted in the
vicinity of the T1 Cu" site (Figure 1). Therefore, the absence of
significant variation in the catalytic efficiencies of grafted var-
iants underlines both the plasticity of the enzyme surface and
the overall robustness of the enzyme.

In order to understand the molecular basis of the role of the
grafted complex 1 in native catalysis, models of 1-laccase were
built. Reductive alkylation between laccase variants and com-
plex 1 was simulated with covalent docking.®" A 50 ns molecu-
lar dynamics simulation was run to refine the binding mode
and to take into account the interaction with explicit solvent
molecules. Molecular models for 1-UNIK,s; and 1-UNIK,s, are
presented in Figure 4 (molecular dynamics RMSD plots of both
the protein backbone and complex 1 are illustrated in Fig-

Table 3. Electronic coupling (EC) and distances (d) between Ru and Cu atoms.
Cu'" ion 1-LAC3 1-UNIK,¢; 1-UNIK5, 14LAC3
K40 K71

EC [eV] d[A] EC [eV] d[A] EC [eV] dA] EC [eV] dAl EC [eV] dA]
T 2x107" 44.9 6x107" 36.8 1x1077 235 1x1077 19.8 3x107 1.2
T2 4x107" 30.7 2x107° 26.4 5%107° 255 6x107"° 236 3x10°® 24.8
T3a 2x10°1° 326 3x10° 320 2x10° 25.8 3x10° 233 3x1077 22.1
38 2x10°" 345 1x107° 28.8 5%10°° 205 1x1077 19.3 8x10°° 21.8
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Figure 4. Position of complex 1 in 1-UNIK;s;, (left) and 1-UNIK,, (right) obtained from covalent docking plus molecular dynamics simulations. Potential ET
pathways are depicted in red. The surface area just above the mononuclear T1 Cu centre is highlighted as a red sphere.

ure S1). Our models suggest that complex 1 is located at the
enzyme surface far from the T1 Cu" site entrance (the Ru'-Cu"
distance is >19 A, see below in Table 3), and likely incapable
of hindering the approach of the substrate (Figure 4). Due to
this distant location, the extra positive charge added after re-
ductive alkylation (taking into account two positive charges for
complex 1) should not alter the oxidation process, in agree-
ment with the kinetic data (Table 2). In the 1-LAC3 model, con-
tributions from positions K40 and K71 were analysed separate-
ly for simplicity (Figure S3). In both cases, complex 1 was ini-
tially predicted as being partially buried in the cavity adjacent
to the TNC centre. In order to better establish the exposed/
buried nature of complex 1, we used an advanced metady-
namics sampling technique (see the Supporting Information
for details).®” For both grafting positions, we found that com-
plex 1 is more stable outside the cavity and exposed to the
bulk solvent (Figure S2). In summary, the grafting proposed
does not compromise the natural catalytic properties of the
enzymes. Therefore, LAC3 and UNIK variants can be used to
probe the orientation of a graft relative to the catalytic cen-
tres.

Photoreduction

As illustrated by several studies, grafting the surface of a metal-
loenzyme with ruthenium-polypyridyl complexes is a powerful
way to study the transfer of electrons to metal centres embed-
ded in protein matrices.*” By using a bimolecular system we
have recently demonstrated that LAC3 can be reduced by ex-
cited photosensitisers in the presence of a sacrificial electron
donor. In the first instance, 1-LAC3 and 1-UNIK hybrids were
subjected to photoreduction experiments, as previously de-
scribed.?*?” In dioxygen-deprived solutions, in the presence of
EDTA as electron donor and under constant white light irradia-
tion, all 1-grafted enzymes were progressively reduced as
a function of time (Figure 5). After one hour of irradiation in
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Figure 5. Photoreduction of laccase-ruthenium hybrids. Argon-flushed Brit-
ton-Robinson buffer solutions (pH 5) containing 3.0x 107> m hybrids in the
presence of 1.5 mm EDTA (electron donor). Irradiation was performed with

a Dolan-Jenner MI-150 illuminator (Edmund) equipped with a 150 W EKE
Quartz Halogen lamp filtered with a 450 nm OD 2 longpass filter (Techspec)
and guided with an optic fibre (power density of 235 mW cm ? prior to filtra-
tion). LAC3 enzyme (X); 1-LAC3 hybrid (\); 1-UNIK,¢, hybrid (v); 1-UNIK;s,
hybrid (0); LAC3 enzyme -+ [Ru(bpy);]** bimolecular system (). See the Sup-
porting Information for the fitted curves. Data points represent an average
of three independent measurements.

a degased solution, the extend of reduction (monitored as
a time-dependent decrease of the T1 MLCT) of 1-LAC3, 1-
UNIK;¢; and 1-UNIK;s; was found to be, respectively approxi-
mately 20%, 40% and 50% on top of the observed photore-
duction of the bare enzyme (less than 10% in a control experi-
ment, Figure 5).

Reduction kinetics of the two 1-UNIK hybrids appear similar
to each other and are distinguishable from that of the hybrid
1-LAC3. UNIK hybrids differ from LAC3 in both the number of
surface grafts (two in 1-LAC3 and one in 1-UNIK hybrids) and
in terms of the area over which complex 1 is grafted (vide su-
pra). From the location of the graft at the enzyme surface, the
photoreduction of the hybrids potentially arises from three dis-
tinct phenomena: 1) a direct reduction of the T1 Cu" site by an

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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excited complex 1 (1¥); 2) a reduction of the T1 Cu" site con-
secutive to the initial reduction of the TNC by 1* (reverse intra-
molecular reaction); and 3) a photo-induced ET between an ex-
cited complex 1 moiety of one hybrid and the T1 Cu" site of
another (bimolecular reaction). The latter phenomenon, ob-
servable for example, in concentrated Ru-P450cam hybrid sol-
utions,*¥ is likely to be minor here considering that no signifi-
cant variation of the reduction rates was observed over a large
range of hybrid concentrations (i.e., from 4 to 9.0x10°m).
Unless considering a long-range ET within the protein matrix,
the first proposal seems difficult to apply to the hybrid 1-
LAC3, leaving potentially the TNC as the primary electron ac-
ceptor. On the contrary, in 1-UNIK hybrids, the location of
complex 1 in the vicinity of the T1 Cu" favours a direct reduc-
tion of this centre.

Modelling was again used to address these suppositions on
a molecular basis. Ten frames, equispaced in time over the last
10 ns of molecular dynamics runs, were taken and both the
electronic coupling (EC) and distances between the Ru" and
Cu" ions were calculated (Table 3). In agreement with the pho-
toreduction experiment, calculated EC values are similar in the
two UNIK variants. As expected, the T1 Cu" is probably the first
electron acceptor for both hybrids, although it should be
noted that 1* might also transfer electrons to one of the T3
Cu" ions, at least in 1-UNIK,s, (see EC values in Table 3). In the
models presented in Figure 4, complex 1, bound either to
K157 or K161, is located in a shallow depression of the en-
zyme's surface such that the Ru" ion is almost equidistant to
both the T1 and the T3 Cu" ions.®” Then, upon irradiation, ET
occurs between metal centres 20-25 A away from each other
(long-range ET). In 1-LAC3, the distances obtained from molec-
ular models suggest that 1* might potentially transfer elec-
trons most favourably to the TNC and with a relative higher ef-
ficiency from position 71 (Table 3). Here, the metal-to-metal
distance (Ru'-Cu" d~30 A) is even higher than in 1-UNIK hy-
brids and this correlates with the slower kinetics of photore-
duction (Figure 5).

Overall, the kinetics of photoreduction measured for 1-graft-
ed enzymes are much slower than those obtained with the bi-
molecular system consisting of LAC3 and a [Ru(bpy);]** com-
plex (Figure 5). In order to compare EC between these two
configurations, the bimolecular system was simulated by non-
covalently docking a [Ru(bpy);]*" complex into the T1 Cu"
cavity, followed by electronic coupling calculations. The most
favourable location of the [Ru(bpy);]*" complex at the enzyme
surface (Figure 6) is similar to that earlier obtained by Monte
Carlo simulations by Kurzeev et al. for a cyclometalated com-
plex of ruthenium used as a laccase substrate.” In the model
presented in Figure 6, the Ru'-to-T1 Cu" distance is half that
calculated for grafted UNIKs (Table 3). Furthermore, EC in the
bimolecular system is three orders of magnitude larger than in
grafted systems, which is consistent with its faster T1 Cu" re-
duction. These calculations suggest that a faster T1 Cu" reduc-
tion should be obtained by any design that reduces the Ru'-
to-T1 Cu" distance in UNIK variants grafted with a ruthenium
complex, for example, a graft bearing a shorter bipyridine sub-
stituent and/or varying the grafting point at the enzyme sur-
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Figure 6. Position of a [Ru(bpy);]** complex in front of the T1 copper centre
obtained from non-covalent docking.

face. On the other hand, it is interesting to compare the
modest efficiency of the T1 Cu" photoreduction observed with
the 1-UNIK hybrid with the large benefit obtained from
a pyrene-UNIK,q, hybrid in the operation of a laccase bioca-
thode.™ Both systems comply with a standard functioning of
the enzyme, that is, a cumulative one-electron reduction of the
four Cu" ions. Strategies for the functionalisation of the UNIK;;
variant being identical, differences in performance probably
arise from the contact area between the material delivering
electrons (carbon nanotube surface vs. a ruthenium-poly-
pyridyl complex) and the enzyme surface. This strongly sup-
ports that a faster T1 Cu" photoreduction can be obtained by
varying the grafting point in 1-UNIK hybrids.

Photocatalysis

We have recently described the first photo-oxidation of olefins
coupled to the light-driven reduction of O, by a [Ru(bpy);]**
-laccase bimolecular system."® With such a minimal system,
olefins oxidation probably occurs through a radical mechanism
in which O, acts both as a renewable electron acceptor and as
O atom donor (Scheme 2).

To complete the present characterisation of 1-grafted en-
zymes, the ability of 1-LAC3 and 1-UNIK enzymes to oxidise p-
styrenesulfonate was evaluated. For simplicity, of the two UNIK
enzymes, only 1-UNIK;s; was evaluated as it appeared from
calculations that complex 1 might be electronically coupled
equally to both the Cu" T1 and the TNC centres in 1-UNIK;s,
(Table 3). Upon irradiation, 1-grafted systems catalysed the for-
mation of p-styrenesulfonate oxidised species as monitored by
'H NMR spectroscopy (Table 4).

Substantial amounts of oxidation products (the epoxide and
the corresponding diol and aldehyde) were detected in the
aerated mixture of the 1-UNIK,s, system.®® By contrast, photo-
oxidation of p-styrenesulfonate in the presence of 1-LAC3
yielded only approximately one-sixth of the amount of prod-
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Scheme 2. Photo-oxidation of olefins coupled to the light-driven reduction
of O, by a Ru-polypyridyl complex-laccase." The paths depicted in grey do
not lead to product formation in the absence of enzyme. Ribbon model of
laccase: Cu ions are depicted as cyan spheres.

Table 4. p-Styrenesulfonate oxidation.”

System Products x10°° m Total x10°°m
[o] HO OH
[\ _/ /=0
r R> R
1+LAC3 145+25 140+£15 554+25 340
1-LAC3 nd. nd. 70£5 70
1-UNIK;4, 150+20 160+27 80+10 390

[a] Conditions: 24 h irradiation with filtered white LED light (ca.
5mWem™2, 450 nm <4 <700 nm); [1]=[LAC3]=[1-LAC3]=[1-UNIK;s,] =
30x10"°m relative to the enzyme, [p-styrenesulfonate] =10x 107> m; R=
phenyl sulfonate; deuterated phosphate buffer, pH 6.0, T=25°C. n.d.: not
detected; in the absence of light, enzyme or dioxygen, no products were
detected. Mean of three independent experiments.

ucts obtained with 1-UNIK,s, (Table 4). Therefore, with two
units of complex 1 grafted to 180° from the T1 centre the 1-
LAC3 system is poorly active as a photocatalyst. Altogether,
the behaviour of the two hybrid systems as photocatalysts cor-
relates well with Ru"-Cu" EC values calculated for 1-LAC3 that
are consistently lower than those calculated for 1-UNIK;s,
(Table 3).

As for the bimolecular system (Table 4, entry 1), use of the
1-UNIK,¢; system led to the accumulation of a primo formed
epoxide in a reaction previously shown to be limited by 0,."®
The initial formation of an enyl radical cation is likely followed
by the insertion of one O atom from O, into the electron-defi-
cient p-styrenesulfonate radical (Scheme 2)." According to
this reaction scheme, 3.90x107*m of products obtained here
with 1-UNIK,,, necessitated a minimum of 3.00x10™*m of O,
from which one-third accounts for a four-electron reduction
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into water and two-thirds for a subsequent O atom insertion.
This concentration of O, is slightly greater than that of the di-
oxygen dissolved in the solution before irradiation (ca. 2.50x
107*m) suggesting that some O, was obtained after dissolution
from the gas phase. So, under photocatalytic conditions the
grafted system appears susceptible to follow a regime similar
to that of the bimolecular one (Table 4, entry 1).'® At this
point, both photoreduction experiments and calculated EC
values suggest that 1-UNIK;, and 1-UNIK,s, constructions are
suboptimal. However, setting both the complex/enzyme ratio
and the location of the complex at the enzyme surface, we
readily addressed the major issues intrinsic to the bimolecular
system: 1) the need to maintain a relatively high concentration
of both partners to favour intermolecular ET reactions; 2) the
dependence on a high sensitiser-to-laccase ratio to improve
yields; and 3) the rapid inhibition of the activity of the laccase
for the oxidation of the natural substrate at relatively low sen-
sitiser concentration."®? Therefore, building on the concept of
UNIK enzymes, it is worth investing in the development of
new grafts and/or in the design of new variants allowing to
decrease the Ru'-to-T1 Cu" distance in order to improve the ef-
ficiency of the photocatalyst. Such developments are largely
more promising than developing the bimolecular system.

Conclusion

The lysine-free laccase we created in this study allows the
design of single surface-located lysine variants, designated
UNIKs, and the precise engineering of the enzyme surface by
post-functionalisation. The functionalisation of different areas
of the enzyme surface is easily obtained by reductive alkylation
without compromising the enzyme core function, that is, the
intramolecular ET and dioxygen reduction. Importantly, UNIKs
are produced on a gram-per-litre scale by fermentation of re-
combinant A. niger strains, ensuring a comfortable physico-
chemical characterisation of the grafted enzymes, as well as
a non-compromised future use of these enzymes as biocata-
lysts. Using a ruthenium photo-sensitiser, we demonstrate that
this strategy offers valuable tools to probe the ET between the
enzyme surface and both the T1 and the TNC copper centres
located in its interior. The computed Ru'-to-Cu" centre distan-
ces correlate well with the photoreducibility and in turn with
the reactivity of the grafted enzymes. Overall, results obtained
from this study allow a better understanding of the system
from a fundamental point of view. From this experimental
ground, we believe that molecular simulations can guide the
design of improved hybrid biocatalysts as well as the precise
orientation of the enzyme at a material surface to obtain smart
materials.

Experimental Section

The [Ru(bpy);]*" complex was purchased from Sigma-Aldrich.
[(bpy),Ru(fimbzl)][PF¢],:2H,0 [where fimbzl=4-([1,10]phenanthro-
line[5,6-dlimidazol-2-yl)benzaldehyde] was synthesised according
to the procedure described by Gholamkhass and co-workers.®®
Oxygen consumption was measured by polarography using
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a model 781 oxygen meter (Strathkelvin Instruments, Motherwell,
UK) with a micro Clark electrode fitted to a temperature-controlled
glass chamber. Irradiation of the sample was performed through
the glass chamber. Catalytic tests were performed in air on the
bench in 2 mL vials.
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Details of UNIK variants construction.

Substitutions of the natives K40, K71, R157 or R161 residues in the LAC3 sequence were
obtained by site directed mutagenesis (QuikChange®, Stratagene™) of the /ac3 gene
present in the plasmid pAK145. ' The mutagenic oligonucleotides (obtained from
Invitrogen™) are presented table SI1.

Table SI1. Sequence of mutagenic primers. In bold, codon variation relative
to the /ac3 native sequence.

Primer Sequence (5’->3’) Step
name

K40M Fwd GATCGCTGGAAACATGGGAGACAACTTC

K40M Rev GAAGTTGTCTCCCATGTTTCCAGCGATC

K40Q Fwd CGCTGGAAACCAGGGAGACAAC 1

K40Q Rev GTTGTCTCCCTGGTTTCCAGCG

K40l Fwd GATCGCTGGAAACATCGGAGACAACTTC

K40l Rev GAAGTTGTCTCCGATGTTTCCAGCGATC

K71H Fwd CACGGCTTCTTCCAGCACGGCACTAATTGGGC
K71H Rev GCCCAATTAGTGCCGTGCTGGAAGAAGCCGTG
K71A Fwd CACGGCTTCTTCCAGGCAGGCACTAATTGGGC
K71A Rev GCCCAATTAGTGCCTGCCTGGAAGAAGCCGTG

K71R Fwd CGGCTTCTTCCAGAGAGGCACTAATTG 2
K71R Rev CAATTAGTGCCTCTCTGGAAGAAGCCG

K71E Fwd CGGCTTCTTCCAGGAAGGCACTAATTG

K71E Rev CAATTAGTGCCTTCCTGGAAGAAGCCG
R157K Fwd |GTACCACACTGCCGCGAAACTCGGCGCTCGTTTC 3
R157K Rev |GAAACGAGCGCCGAGTTTCGCGGCAGTGTGGTAC
R161K Fwd CGTCTCGGCGCTAAATTCCCTGCTGGG 3
R161K Rev CCCAGCAGGGAATTTAGCGCCGAGACG

Constructions were done in three steps of PCR amplification. PCR reactions were carried out
following the recommendation of the manufacturer (Stratagene). The first step consisted in
the construction of a /lac3 gene in which the codon 40 encoding a K was substituted by
codons corresponding either to a M, a Q or a | generating the lac3-(K40Q), lac3-(KsM) and
lac3-(Ksol) variant sequences. In a second step, plasmids containing the /lac3 variants
sequences (Ks0Q, M or I) were used as templates to substitute the codon 71 encoding a K by
a codon corresponding to H, A, R or E generating combinatorial variant sequences: /ac3-
(K40Q, K71H), |803-(K40Q, K71A), |aC3-(K4oQ, K71R), |aC3-(K4oQ, K71E), |aC3-(K4oM, K71H), lac3-
(KsoM, K71A), lac3-(KsoM, K71R), lac3-(KsoM, K71E), lac3-(Ksol, K71H), lac3-(Ksol, K71A), lac3-
(Kaol, K71R), lac3-(Ksol, K71E). Sequence variations were chosen after examination of the
alignment of basidiomycetes laccase sequences present in the database.

Plasmids were isolated from transformed DH5a cells and the presence of the desired
mutations (as well as the absence of unwanted mutations in the rest of the sequence) was
confirmed by DNA sequence analysis. The third step corresponded to the substitution of
either codon 157 or codon 161 encoding a R in the previously generated variant sequences.
The PCR reaction was performed with either the R157K or R161K Fwd/Rev primers couples
on a mix of the 12 /ac3 double mutant plasmids (100 ng total). Subsequently, all the DH5a
transformants were mixed by the addition of 2 ml of LB medium directly on the transformation
plate and collected. The cell mix was used to isolate the mutagenized plasmids and 1 pg of
DNA of this library was used to transform W303-1A yeast cells."

1A, Klonowska, C. Gaudin, M. Asso, A. Fournel, M. Réglier, T. Tron, Enz. Microb. Technol. 2005, 36, 34.
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Laccase activity assay

Standard assay

Laccase concentration was determined by the Bradford method using BSA as standard or by
UV-vis spectroscopy using an € soonm = 5 x 10° M. cm™ for the LMCT of the T1 copper.
Laccase activity was routinely assayed spectrophotometrically (Carry 50 UVvis
spectrophotometer) at 30 °C using syringaldazine (4-Hydroxy-3,5-dimethoxybenzaldehyde
azine (SGZ), € s2snm = 6.5 x 10* M'.cm™) as substrate as previously described.! One unit (U)
of laccase oxidizes one pmole of substrate per minute.

Micro-titer plate assay

Each yeast colony carrying a plasmid with a /ac3 triply mutated were inoculated with a
toothpick in 300 pL of SD medium supplemented with 100 uM Cu?* in 96 well micro-titer
plate. Cells were grown for three days at 30 °C. Then, 10 uL of cells suspensions were used
to inoculate 300 pL of fresh SD medium and each culture was grown for one more day at
30°C. Cells were pelleted at 3000 rpm for 2 min and 300 uL of supernatants (SN) were
collected into a clean micro-titer plate for measuring activity and protein concentration.

SNs were diluted in acetate buffer 0,1M, ABTS (2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) 5mM. SN/20 and SN/40 dilutions were directly red at 414 nm (€ 4140m = 3.5 X
10* M'.cm™), with 5 seconds of shaking, at 30°C. Kinetics were followed for 1h with 30
seconds intervals with a KC4 micro-titer plate reader (BioTek, Winooski, VT, USA).

Bradford assays were performed on 150 ulL of non-diluted SN. The laccase protein
concentration was estimated from a standard curve obtained from BSA solution (Bovine
Serum Albumin from 0 to 80 pg/ml).

Kinetic parameters

Kinetic parameters were evaluated using ABTS (Table 2) or syringaldazine (Table SI2) as
substrate in B&R buffer pH 5.5 at 25°C.

Apparent Ky and k.o values were obtained from the initial rate (v), enzyme concentration (E)
and substrate concentration (S) according to the equation v = kcat E S/ (Ku + S) (non-linear
regression fitting using prizm program, Graph-pad, San Diego, CA). Because laccase
catalysis involves two substrates and the [O] was invariant and assumed to be saturating in
this study, the measured Ky for the various substrates used should be considered apparent.
Because of the assumption that 100% of the laccase participated in the catalysis as active
enzyme, the measured k:ashould also be considered apparent.

Table SI2. Laccase variants apparent kinetic
parameters on SGZ.[l

Enzymes Syringaldazine
Keat. 81 Ku. M- Keat/Kn. M-

LAC3 71+4 6210811 1.14107
1-LAC3 66+3 1210%+1.6 5.30 108
UNIK1s7 121+4 9.610%+1.3 1.27 107
1-UNIK1s7 65+3 9.2106+1.4 7.08 108
UNIK161 149+5 8.710%+1.3 1.71107
1-UNIKs1 624 6.0106+1.6 1.02 107

[a] in B&R buffer pH 5.5, 25°C; [enzyme] ca. 5 x107'° M; SGZ
concentration ranging from 0.8 to 80 x10° M.
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Enzymes functionalization

The chemical modification of the enzymes was adapted from the procedure described by
McFarland et al.?2 To a solution of enzymes (50 uM final concentration) in phosphate buffer
pH7.4 containing 50 mM of formate, 10 eq. of aldehyde were added as well as the Iridium
catalyst (extemporaneously synthesized as described in reference 2), in a total volume of 2.5
mL. After 72h of stirring the reaction mixture was then passed over a size exclusion
chromatography (Sephadex G25) in order to eliminate reagents in excess. Fractions
containing the modified protein were then concentrated using a centricon (cutoff 30 kDa).
During concentration the buffer was exchanged against acetate buffer 50mM pH 5,7.

Mass spectrometry

Prior digestion proteins were reduced with dithiotreitol (60-fold molar excess over disulfide
bridges in 250 mM Tris-HCI, 4 mM EDTA, 6 M guanidine, pH 8.5, under nitrogen at 40°C for
20 h in the dark, followed by S alkylation with 2-iodoacetamide for 20 min at room
temperature. Desalting of S-alkylated protein was done using a PD10 column. The alkylated
proteins were digested with trypsin (5% w/w) for 20 h in 125 mM of NH4sHCO3; buffer pH 8.0
at 37°C. The resulting peptides were purified on an Alliance Separation Module 2695 system
(Waters) equipped with a C18 Nucleosil column (150/4). A linear gradient up to 50% solvent
B was applied in 45 min, maintained at a plateau of 5 min and followed by a linear gradient
up to 100% B in 5 min maintained at a plateau for 5. Solvent A: water 0.1% TFA, solvent B:
acetonitrile 0.1% TFA. Elution was monitored both by UV and by fluorescence. Peaks
displaying fluorescence were collected and submitted to MALDI ToF analysis. (Microflex Il
(2008) Bruker).

Photo reduction experiments

Light sources, filters and settings

A Dolan-Jenner MI-150 illuminator (Edmund) equipped with a 150W EKE Quartz Halogen
lamp with optic fibers (& 0.8 cm) was used for oximetry, NMR and UV/VIS experiments. A
power density = 230 mW. cm? was measured with a power meter Vector H410 connected to
a Scientech head. A 450 nm OD 2 Longpass Filter (Techspec) was used to cut UV light.

Enzyme photo-reduction was carried out in Britton & Robinson buffer pH 5.0 at 25°C.
Subsequent photo-catalysis experiments were performed in Britton & Robinson buffer pH 6.0
at 25°C; this pH was chosen to minimize the spontaneous opening of the epoxide ring in
acidic solution while maintaining enough enzyme activity (the enzyme activity is maximum at
pH 5.0).

Effect of light on laccase activity

White light irradiation induces laccase excitation with a concomitant slight reduction of the
Cu(ll) T1 ion observable within tens of minutes in the absence of dioxygen.® According to the
work of Henry and Peisach on the laccase from Rhus vemicifera (a plant laccase), this
reduction is mainly attributable to the excitation of the Cu(ll) T3 pair of the TNC at A= 330
nm.* In the presence of dioxygen and with the use of a 450 nm OD 2 Longpass Filter
(Techspec) the enzyme photo-reduction is minimized.

Laccase activity was evaluated before and after irradiation with syringaldazine as substrate

2. M. McFarland, M. B. Francis, . Am. Chem. Soc. 2005, 127, 13490-13491.

3T. Lazarides, |. V. Sazanovich, A. J. Simaan, M. C. Kafentzi, M. Delor, Y. Mekmouche, B. Faure, M. Réglier, J. A.
Weinstein, A. G. Coutsolelos, T. Tron, J. Am. Chem. Soc. 2013, 135, 3095.

4y, Henry, J. Peisach, J. Biol. Chem. 1978, 253, 7751.
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using standard conditions.® After irradiation the enzyme was found to retain 25 to 85% of its
original activity depending on the length of the run.

Photoreduction kinetics

The optic fibre from the light source was adapted to the spectrophotometer's cuvette holder
(90° relative to the spectrophotometer's light path) as previously described.® Photo-
reductions were carried out in triplicate for 1 h under irradiation with EDTA as sacrificial
electron donor and several concentrations of 1-enzyme hybrids (from 4 to 90 x 10 M). No
significant variation of the reduction rates was observed over this range of hybrid
concentrations. Reduction kinetics were fitted with a first order law (% red.= 100(1-exp(-kt))
with k being a first order rate constant. In the case of the bi-molecular system data were just
interpolated

Evolution of p-styrene sulfonate oxidation products

Oxydation reactions were carried out in triplicate for 24 h under irradiation with 30 x 10 M of
1-enzyme hybrids. In order to limit sample to sample variations, we irradiated all samples at
the same time with a white LED pad (8.75 x 15 cm, = 5 mW. cm2, Metaphase Technologies)
equipped with a Wratten 2B filter A > 450 nm.

Computational details

Homology modelling and system preparation

A three-dimensional model of LAC3 was built with homology modelling and the loops refined
using Prime,® choosing 3kw7.pdb as a template (75.4 % identity, 84.1% similarity, 2.9%
gaps). The final structure was then prepared with the protein preparation wizard software.”
The protonation state of titrable residues were assigned at pH 4.0 with PROPKAS® and
double-checked with the H++ server.®

Covalent Docking of complex 1 and docking of [Ru(bpy)s]*

Covalent docking was performed with Glide° in order to graft complex 1 to K40, 71, 157 and
161, producing four 1-UNIK variants. Although Ka and K71 are both bound to complex 1 in 1-
LAC3, they were treated separately for the sake of simplicity. The search space was defined
as a cubic grid with a side of 30 A centred on the grafting residue. To simulate the bi-
molecular system, [Ru(bpy)s]?>* was docked into the T1 site with AutoDock Vina.!! In this case
the search space was centered in the geometrical center of the T1 cavity, as defined with
Fpocket.?

5. Schneider, Y. Mekmouche, P. Rousselot-Pailley, A.J. Simaan, V. Robert, M. Reglier, A. Aukauloo, T. Tron,
ChemSusChem, 2015, 8, 3048-3051.

6 a) MP. Jacobson, RA. Friesner, Z. Xiang, B. Honig, J Mol Biol. 2002, 320, 597-608; b) MP. Jacobson, DL. Pincus, CS.
Rapp, TJ. Day, B. Honig, DE. Shaw, RA. Friesner, Proteins, 2004, 55,351-67.

7 GM. Sastry, M. Adzhigirey, T. Day, R. Annabhimoju, W. Sherman, J Comput Aided Mol Des, 2013, 27,221-34.
8 MH. Olsson, CR. Sendergaard, M. Rostkowski, JH. Jensen, J Chem Theory Comput, 2011, 7, 525-37.
9 JC. Gordon, JB. Myers, T. Folta, V. Shoja, LS. Heath, A. Onufriev, Nucleic Acids Res, 2005, 33, W368-71.

10 k. Zhu, K. W. Borrelli, J. R. Greenwood, T. Day, R. Abel, R. S. Farid, E. Harder, J. Chem. Inf. Model, 2014, 54, 1932—
1940.

11 o, Trott, AJ. Olson, J Comput Chem, 2010, 31, 455-61.
12p_ schmidtke, V. Le Guilloux, J. Maupetit, P. Tufféry, Nucleic Acids Res, 2010, 38, W582-9.
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Figure SlI1. A: Protein backbone RMSD profile of 1-UNIKis1 8.15 ns MD run; B: heavy atom
RMSD profile of the Kisi residue modified with complex 1 in 1-UNIKis1 8.15 ns MD run; C:
Protein backbone RMSD profile of 1-UNIK1is 50 ns MD run; D: heavy atom RMSD profile of the
Kisr residue modified with complex 1 in 1-UNIK1s7 50 ns MD run.

Molecular dynamics and metadynamics

After covalent docking, 1-UNIK variants were solvated with a 10 A buffer of water molecules
in an orthorhombic box, neutralized and 0.15 M NaCl was added. After equilibration (default
settings), a 50 ns long NPT production at 300 K was performed with Desmond,'® using the
OPLS-2005 force-field'* and the SPC explicit water model.'® The temperature was regulated
with the Nosé-Haoaover chain thermostat'® with a relaxation time of 1.0 ps, and the pressure
was controlled with the Martyna—-Tobias-Klein barostat'” with isotropic coupling and a
relaxation time of 2.0 ps. The RESPA integrator'® was employed with bonded, near, and far
time steps of 2.0, 2.0, and 6.0 fs, respectively. A 9 A cut-off was used for non bonded
interactions together with the smooth particle mesh Ewald method."®

13¥ ] Bowers, E. Chow, H. Xu, R. O. Dror, M. P. Eastwood, B. A Gregersen, J. L. Klepeis, I. Kolossvary, M. A. Moraes,
F. D. Sacerdofti, 1. K. Salmon, g Shan, D E. Shaw, SC Conference, 2006,
5c06 supercomputing o1g/schedule/pdffpap259 pdf.

14 G A Faminski, R A Friesner, J. Tirado-Rives, W. L. Jorgensen, J. Phys. Chem B, 2001, 105, 64746487

15 ¥ Toukan, A Ralunan, Phys Rev B Condens Matter, 1985, 31, 2643-2648.

165 Nosé, J Chem Phys., 1984, 81, 511-519.

17 G_J. Martyna, D. J. Tobias, M L. Klein, J. Chem Phys, 1994,101, 4177-4189

18\ Tuckerman, B.J Beme, G.J Martyna, J. Chem Phys., 1992, 97, 1990-2001.

191J Essmann, L. Perera, M L. Berkowitz, T. Darden, H. Lee, L. G. Pedersen, J. Chem. Phys. 1995, 103, 8577-8593.
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Figure S12. Metadynamics results for A: 1-UNIKso and B: 1-UNIK71. CV1 is the T2-Ru distance, CV2 is
the CA-NZ distance.

In order to assess if complex 1 tends to stay on the surface, highly exposed to water, or to
hide into the protein interior (as covalent docking suggested) of LAC3, 1-UNIK4- and 1-
UNIK7; were simulated with metadynamics for 20 ns.?° It should be noted that K4 and Kz;
were treated separately (i.e. replacing the second K residue by a serine (S)) to keep the
number of collective variables (CVs) tractable. Two distances were chosen as CVs: (i)
between Ru and T2 copper and (ii) between CA and NZ atoms belonging to the lysine. The
free energy surface (FES) was constructed depositing a gaussian every 0.09 ps. The width
of each gaussian was 0.05 A and the height 0.03 kcal/mol. Two distinct simulations were
carried out for each protein variant.

Electronic coupling calculations

Electronic couplings have been estimated using the VMD Pathways plugin. ?* In the
Pathways model, TDA is quantified following continuous paths between donor (the Ru atom)
and acceptor (each Cu atom), where the electron tunnels through space, a hydrogen bond or
a covalent bond. The number and nature of tunnelling events determines the electronic

20 A Laio, M. Parrinello, Proc Nat. Acad. Sci. USA, 2002, 99, 12562—12566.
21 A, Balabin , X Hu, DN. Beratan, J Comput Chem, 2012, 33, 906-910.
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coupling value.

Figure SI3. Position of Complex 1 in A: 1-UNIK40 and B: 1-UNIK71 as a simplified models of 1-LAC3
obtained from covalent docking plus metadynamics simulations. Electron transfer pathways are
depicted in red.
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IV. Discussion

1. Results, summary and discussion

Since this thesis is presented as a compendium of articles, the work performed by myself
is not clearly separated. Therefore, in order to showcase my personal contribution to
these manuscripts and avoid getting credit for the work performed by others, only results
obtained by myself will be presented in the following section. In the case where the
isolation of my contribution was not feasible, due to collaborations with other members

of the lab, they will be properly mentioned and acknowledged.

Under the framework of the INDOX  (INDustrial  OXidoreductases
http://www.indoxproject.eu/) European project, where the final aim was to provide
relevant industrial cases to demonstrate the efficiency of biocatalyst on targeted
reactions, the stories here presented include functionalized polymers for pulp and paper
industries (lignin degradation) and precursors for specialty polymers (HMF products).
The expertise that the group acquired opened the possibility of a collaboration to further
work in laccases which could be included in this thesis since laccases have industrial

applications for the pulp and paper industries too. These works include:

1. Selective oxidation of secondary alcohols by means of flavoproteins

- Rationalization of F397 (Computer simulations were performed by Pep Amengual
Rigo, a master’s student at the time, and the work was supervised by me)

- Combinatorial saturation mutagenesis for AAO residues 500 and 501

- Rationalization of the mutations introduced in FX9 variant of AAO

- Electrostatics evaluation per residue to increase the FAD redox potential

2. Improvement of full HMF oxidation (UPO studies performed by Marina Cariellas)

- Study of AAO in HMF oxidation steps
- HMFO as an alternative flavoprotein

3. Laccases (in collaboration with Emanuele Monza)

- Design of improved UNIK variants
- Study of LAC3 grafting in an electrode
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1.1. Secondary alcohol oxidation by means of flavoproteins

The main goal of this project was to engineer the AAO protein in order to oxidize
stereoselectively the (S)-1-(p-methoxyphenyl) ethanol (SMP) over (R)-1-(p-
methoxyphenyl) ethanol (RMP) from the racemic mixture. This is basically the secondary
alcohol of the native substrate of this enzyme, p-anisyl (ANI). The activity of the enzyme
was increased for the F501A variant, removing the steric hindrance between the
phenylalanine with the methyl group of the secondary alcohol(Hernandez-Ortega et al.
2012).

Therefore, the strategy followed in order to further increase the selective oxidation
towards SMP consisted of simulating the ligand diffusion of both enantiomers of the
racemic mixture (SMP and RMP) in the F501A variant of the AAO, by means of PELE.
The information extracted from these simulations included the position adopted for each
ligand in the AAQO’s active site and a contact map. This was built by defining an arbitrary
threshold of 2.6 A, based on the approximate sum of a hydrogen and heavy atom radius:
when the distance between any atom of the substrate and an atom of any residue was
under this threshold along PELE stochastic trajectories, a contact was added to the
counter, providing at the end a frequency of interaction between residues and each
ligand. The following figures show the number of contacts per residue for SMP (Figure
16) and RMP (Figure 17).
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Figure 16. Contact map between SMP ligand and F501A AAO variant. Contacts are considered when
distance between two atoms is below 2.6 A.
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Figure 17. Contact map between RMP ligand and F501A AAO variant. Contacts are considered when

distance between two atoms is below 2.6 A.
Rational design of the active site was assayed: providing that even though an alanine is
one of the smallest amino acids, it was still the residue with the largest number of
contacts. Therefore, in an attempt to reorder the backbone of the region, the variant
including F501P and 1357A was simulated, showing promising results. Figure 18 shows
how PELE produced many more conformations with better catalytic distances for the
F501P-1357A variant. However, the introduction of a proline in the active site is always

risky, but this was considered a high-risk high-reward mutation.
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Figure 18. Plots represent PELE simulations relating catalytic distances (X and Y) of SMP for different
AAO variants, including A) wild-type, B) F501 variant and C) F501P-I1357A variant.
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This was suggested to the experimental lab, but the FAD could not be incorporated, and
therefore no activity was shown. However, the contact map revealed that i) the highest
number of contacts corresponded to positions to residues 1500 and A501, and ii) the
residues involved in the formation of a hydrophobic bottleneck (Tyr92, Phe501 and
Phe397) presented a relatively elevated number of contacts even after the substitution
of a bulky phenylalanine by an alanine in the F501A variant. The collaborators from CSIC
Madrid, the experimental group led by Professor Angel T. Martinez, designed saturated

mutagenesis experiments for both cases.

1.1.1. F397 variants for ligand diffusion

The experimental variants F397Y, F397W, F397A and F397L were characterized and
compared to the native AAO by computational means, to reveal the role of F397 in the
catalytic process. MD simulations showed that loops GIn395-Thr406 and Ser89-Met95
(containing gate residues Phe397 and Tyr92) presented low RMSD values during the
simulation, rejecting the hypothesis of a large conformational change. However, it could
be observed how F397Y and F397W variants offered the possibility of a hydrogen bond
formation with Tyr92, displaying shorter distances between the gate residues compared

to the aliphatic variants (Figure 19).
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Figure 19. Boxplot of the distance between gate residues of the different
systems.

Moreover, PELE simulations reproduced the entrance of the substrates (ANI and O>) to

the active site and the product release for the oxidized p-anisic acid and p-anisaldehyde.
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Energy profiles revealed a minimum at the gate only for acidic products. Moreover, the
average number of total PELE steps needed to release the products is larger for the
acidic products, especially for the aromatic variants. On the other hand, the diffusion
study of the reactants shows similar results for every variant except for F397W, which
present a higher population at states with shorter distances between O, and FAD
(Figures 21 and 22). For the alcohol substrate, less efficient catalytic poses are found,
due to the presence of an alternative minimum caused by hydrogen bond interactions
between ANI’s hydroxyl and Trp397 (Figure 20).

His502

p-methoxybenzyl “e“
alcohol o

w 5 FAD
Phe501

Trp397

Figure 20. New ANI conformation only present in the F397W variant, blocking
the ligand diffusion.

Even though previous computational studies already hinted that Phe397 could oscillate
with the substrate as a gating mechanism, these simulations (together with the
experimental results) confirmed the important role of Phe397. Besides its participation in
the ligand diffusion, results prove that it also favours a correct positioning of the alcohol
for the oxidation, evidenced by F397W results. This position has also an influence in the

oxidative half-reaction, improving the interaction of the enzyme with O,.
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0,-H¢(H502) distance (A)

Figure 21. Difference in oxygen catalytic positioning for the native AAO (grey) and
F397W variant (green). Shorter distances for F397W variant indicate and improvement
in oxygen positioning.

Native AAO F397W variant

0,-H¢(H502) distance (A)

3 31 32 33 34 35 3 31 32 33 34 35
0,-C4a flavin distance (A) 0,-C4a flavin distance (A)

Figure 22. Catalytic distance distribution between Oz, FAD and His502 for the native AAO (left) and the
F397W variant (right).
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1.1.2. Combinatorial mutagenesis for residues 500 and 501 in AAO

After the experimental obtention of successful variants to increase oxidation of
secondary alcohols (up to 100-fold increment in catalytic efficiencies) in the positions
with the largest number of contacts for SMP, the effect of each variant was modelled and

rationalized computationally.

The effect of these mutations was evaluated with PELE, for both SMP and RMP
substrates. Initially, the assumption was that the main effect could be found in the half-
reductive reaction since it is the limiting step. The representation of both catalytic
distances in Figure 23, being x) the distance between the alcohol hydrogen of the ligand
and the histidine’s nitrogen and y) the distance between the hydride and the FAD N5
(explained in detail in section 2.2 Flavoproteins) provides a simplified picture of the ligand
orientation in the active site. Clearly, the difference between reactive SMP (left) and non-
reactive RMP (right) can be appreciated, since the latter cannot reach catalytic distances
lower than 3A for both distances at the same time (notice that the reaction follows a

concerted mechanism), with good interaction energies.

Differences in activity for SMP among the different variants are not so straightforward to
identify. Subtle changes in catalytic distances can reduce k; (following the Michaelis-
Menten notation in equation 1), but also interaction energy variations, the population of
catalytically relevant states or conformation accessibility can affect the kinetic constants.
Clustering the catalytic efficiencies into three groups (low efficiencies for AAO and F501,
intermediate for I500A and high efficiencies for I500M and I500M/F501W), it can be
qualitatively correlated with Figure 23. Higher efficiencies present shorter distances
compared to the group with low efficiencies. Interestingly, I500A show very different
behaviour. The plot does not show a discrete set of distances between the FAD and the
substrate when the latter is in contact with the catalytic histidine, His502. Compared to
F501A, both present similar minimum catalytic distances, but I1500A would access to

these states in an easier manner, due to the capability of freely move in the active site.
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Figure 23: Plots represent PELE simulations relating catalytic distances (X and Y) and interaction
energies (color scheme, right Y axis) for different AAO variants.

158



IV. Discussion

1.1.3. Rationalization of the mutations introduced in FX9 variant of AAO

Another collaborator from Madrid, Miguel Alcalde’s lab, reached a similar conclusion
starting from the FX9 variant of AAO (which includes mutations H91N and L170M). After
combinatorial saturated mutagenesis of positions 11e500 and Phe501, different variants
were obtained with improved activity towards secondary benzyl-alcohol (coinciding with
those from the previous section) being I1500M-F501W the best mutant, with an
improvement of 160-fold compared to the native FX9. Here, it is important to mention the
effect of the mutation at position 91, which is found in the active site, close to the FAD
N5 atom. By itself, this mutation seems to increase the activity of AAO, and it was
concluded experimentally that its effect was related to the enzyme expression. However,
it may also have an effect on the FAD positioning and, importantly, on its reactivity
through the N5 hybridization (planar or tetrahedral) that might directly affect its redox
potential.

Subsequent rounds of random mutagenesis further improved this enzyme for secondary
benzyl-alcohols. In particular, the variant named 7A9 (that included mutations H91N,
L170M, A77V, R80C, V340A, I500M and F501W) was computationally studied.
Experimental results were successfully reproduced with simulations, where PELE was
able to find significant differences in the orientation of the substrate (in this case, SMP),
showing that mutations allowed the ligand to position the reactive hydrogens towards the
His502 and FAD respectively, with significantly shorter distances than the native protein
(Figure 24).
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Figure 24. Plots represent PELE simulations relating catalytic distances (X and Y) and interaction
energies (color scheme, right Y axis) for different AAO variants.

The large number of mutations introduced in this variant difficult the rationalization of the
effect of each mutation. For this reason, the resulting variants after each round were
simulated. It is important to mention that some of these mutations are not located near
the active site cavity, making its contribution to the catalysis improvement not obvious.
Their effect is assigned to enhancements in the expression of the protein, without a direct
relation with the enzymatic cycle. This would be the case of L170M and V340A long-
distance mutations. But the contribution of the rest of the mutations is illustrated in the

following figures:
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H546

Figure 25. Structural differences of SMP catalytic position for AAO (transparent) and 7A9. The
displacement of the backbone due to R80C mutation is shown.

SMP
H546

FAD

Figure 26. Structural differences of SMP catalytic position for AAO (transparent) and 7A9.
Differences in interactions with residue 501 are shown.
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As illustrated in Figure 25, the substitution of Arg80 creates an empty space displacing
the backbone where the important residues 501 and 502 (the catalytic histidine, that acts
as a base) are present (see chapter 2.2 Flavoproteins for more mechanistic details).
Moreover, mutations F501W and A77V introduce a chain reaction: i) R80C mutation
removes the hydrogen bond with the backbone of residue 501, ii) A77V mutation slightly
displaces this residue and iii) F501W forms a hydrogen bond with Val77 oxygen
backbone. These effects can be seen in Figures 26. This subtle repositioning of the
backbone due to R80C mutation is crucial for the activity improvement, affecting both
residues 501 and 502, and shortening the catalytic distances, improving the limiting step

of the chemical transformation.

This is a good example of how residues present in the second shell of the active site can
be very important for protein engineering: even if they do not interact directly with the
substrate or with residues involved in catalysis, they can still originate changes to

enhance the protein activity.

1.1.4. Tuning FAD potential by the evaluation of residue electrostatics

In parallel, the development of an algorithm to evaluate the electrostatic contribution of
each residue to the reaction was assayed. The goal was to identify long-range hotspots
to mutate and increase the reaction rate without modifying the architecture of the active
site. The algorithm consists in calculating the energy barrier of a reaction, which implies
the laborious task of optimizing the transition state (TS). Then, after removing the side
chain charges of an amino acid (that is, to change all the side chain partial charges to
zero), single-point energy calculations were performed for the reactants and the TS.
Therefore, a new energy barrier could be calculated without considering the effect of the
partial charges of that amino acid, and the energy barrier difference could be
representative of the electrostatics effect of that residue. This algorithm was applied to
the AAO-ANI protein-ligand system. The following image shows in blue those amino
acids which resulted in a lower energy barrier after removing their partial charges, while

in red residues that increase the energy barrier are shown.
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Figure 27. Representation of residues decreasing (in blue) and increasing (in red) the energy
barrier when no electrostatic interactions are considered.

Some variations were derived, such as adding a positive charge or a negative charge to
check for their influence over the energy barrier. After the addition of a punctual charge
(positive and negative), two differentiated regions could be observed, one stabilizing the

energy barrier through positive charges and the other with negative charges (Figure 28).

Stabilized by
Stabilized by a positive
a negative charge
charge

Figure 28. Two different regions can be appreciated, one stabilized by positively charged and
the other by negatively charged residues.

After locating the positions where electrostatic effects could be important, five different
variants were chosen, considering the charge that would benefit the most to the energy
barrier and, importantly, a sequence criterion: which amino acids are present in each

position in other family members. The next table summarized the selected variants.
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Table 3. Resume of the suggested variants, including the score for the energy barrier change and the
residues present in the same position in other proteins.

Charge Barrier Residue Mutability Propgsed Residue variability
variant
0 -2.44 GLU45 8 E45Q  9xH,8xQ,5xR,4xE,3xl,3xS,2xM,2xV,1xA,1xG,1xK,1xL,1XN,1XT
0 -1.91 ASP38 2 D38N 19xD,12xN,4xH,2xA,2xG,1xE,1xP,1xY
1 -3.9 GLU45 8 E45R  9xH,8xQ,5xR,4xE,3xl,3xS, 2xM,2xV,1xA,1xG,1xK,1xL,1xN,1xT
-1 -2.94 LEU498 9 L498D 10xG,7xS,6xD,4xA,4xT,2xH,2x1,2xL,2xN,2xQ,1xC,1xE,1xF,1xR
-1 -3.36 LEU315 9 L315D L1xL,5xD,5xT,4xA,4xF,4xM,4xQ,4xV,3x],2xR,1xC,1xG,1xN,1xXW

After testing the suggested variants in the lab, results from Table 4 were obtained.
Unfortunately, even though a higher ket was obtained for E45Q, none of these variants
presented higher efficiencies for the native substrate than the wild type, and these results
were not further analysed. But the potential to identify long-range hotspots influenced in
the decision of including it to this thesis. Also, there is still room for improvement: a
punctual charge was added to only an atom of the side chain, which could have
increased the overestimation problem. The distribution of the charge through the side

chain is something to be considered in the future.

Table 4. Catalytic constants obtained for the suggested variants.

p-methxoybenzyl alcohol activity

Kcat Kwm Keat/ Km
st uM (mM-1s?)
WT 115.5 24.7 4700
E45Q 1429+ 2.2 33419 4284.1 + 185.0
E45R 98.0+2.1 22.3+2.0 4390.3 + 3234
L315D 949+1.9 341.9 + 20.3 277.7+12.0
N498D 104.5+2.3 27.0+2.8 3866.6 + 334.8

1.2. Improvement of full HMF oxidation

The objective of this project was to investigate a possible path for the transformation of
HMF to 2,5-furandicarboxylic acid (FDCA). A pathway was suggested that involved AAO
and one unspecific peroxygenase (UPQ). Basically, due to the impossibility of catalysing
the last step of the reaction for AAO, a UPO was coupled in a way that AAO oxidized the
first two steps (from HMF to FFCA) and provided hydrogen peroxide to the UPO, for the
oxidation of FFCA to FDCA. The whole reaction chain is summarized in Figure 29 This

work, pending of publication, was done in collaboration with M. Cairiellas, who was
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responsible of the processes involving the UPO. Therefore, in this section, only AAO

related simulations will be included.

OH

n by FFCA
D H,0, \
4 \ / \
AAO (~100%)
HMFO (12%)

HMFO (100%)
HMFO-mut (~100%) HMFO-mut (44%)

o 0 AAO (~100%) {
2 HM?g g ‘i?°’f?m> i P
mut (~ ) (10%) .
N\ /N W-sm*% Wy *
{ H.
uPO
(50%)

Figure 29. Complete reaction mechanism of HMF via flavoproteins, either AAO or HMFO (in blue)
and UPO (in green).

HMFCA

First, the target was set towards the understanding of the reactivity of each substrate.
More specifically, rational explanation on why FFCA was not oxidized by AAO was the
main concern. Hence, a detailed evaluation was performed through substrate migration

towards the active site, by means of PELE simulations.

The migration of all the substrates involved in the oxidation of AAO to FDCA was studied
using PELE ligand migrations. This means that AAO, DFF and FFCA were studied. It
has to be noticed that DFF and FFCA were modelled in their gem-diol form since it is the
reactive one. As it can be seen in Figure 30 (A, B), similar energy profiles are obtained
for the first two steps of the complete reaction. However, FFCA (Figure 30, C) is not able
to reach distances lower than 4A, making the hydrogen abstraction energetically not
possible under these conditions. Since there are no significant differences in the gem-
diol group of the different substrates, the carboxylic group (or in particular its negative
charge) could be the cause of the non-reactivity. Interestingly, ligand diffusion of 2,5-
hydroxymethylfurancarboxylic acid (HMFCA), the product of the HMF oxidation via UPO
which also has a negative charge, produces a similar energy profile than FFCA (Figure
30, D). Ligand diffusion with PELE does not produce conformations of HMFCA in which

the distance between the ligand and the FAD are lower than 4A.
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Figure 30. PELE interaction energies vs distance between N atom in the His502 and the alcohol
hydrogen atom from the ligand in AAO. The plots correspond to the migration of different ligands: A -
HMF, B - DFF, C - FFCA, and D — HMFCA.

Visual inspection of the energy minimum shows strong interactions of the carboxylic
group with the protein, as illustrated in Figure 31. In particular, residues Tyr92, His398,
GIn395 and Arg403 are involved in FFCA stalling at 4A between the hydrogen that has
to be transferred, and the FAD.
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[1e500

= GIn3os

Figure 31. Representation of FFCA position in the energy minimum, where multiple interactions
of the negative charge can be appreciated.

Diffusion impediments, together with low presence of the hydrated form in the aldehyde-
gem-diol equilibrium and a higher substrate redox potential when it is negatively charged,
could contribute to the non-reactivity of FFCA in AAO. This problem could be solved by
either designing AAO variants to potentially perform all the HMF oxidation steps or by
using a different protein, capable of producing FDCA from HMF. Since no AAO variants
were obtained through rational design to potentially oxidize the last step of the reaction,
hydroxymethylfurfural oxidase (HMFO), which was the first enzyme ever reported to
catalyze the entire reaction chain from HMF to FDCA (Martin et al. 2018; Dijkman et al.
2015; Pickl et al. 2018), was suggested as an alternative enzyme. An HMFO variant, that
includes the V367R/W466F double mutation, increase the activity of this last step. Ligand
diffusion simulations with PELE were performed also on this system, in order to compare
them, rationalize the effect of the double mutation and try to mimic the effect of these

mutations on AAO.
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Figure 32. PELE interaction energies vs distance between N atom in His467 and the alcohol hydrogen
atom from the ligand in HMFO (left) and HMFO V367R/W466F variant. The plots correspond to the
migration of different ligands: A and B — HMF; C and D — hydrated DDF.

The diffusion of the substrates for the first two steps of the HMF chain reaction is shown
in Figure 32. As in AAO, both HMF and DFF substrates can reach the active site with
optimal catalytic distances for the proton extraction. Moreover, the introduction of the
V367R/W466F double mutation barely maodifies the interaction energy profiles for these
substrates and thus, their oxidation is not affected. However, in the next picture, a
representation of the negatively charged FFCA interaction maps is presented for HMFO
and the doubly mutated variant.
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Figure 33. Interaction energy vs. distance between N atom in His467 and the alcohol hydrogen
atom from FFCA in the native HMFO (A) and HMFO doubly mutated variant (B). A representative
structure from the catalytic minimum is shown for each case.

Unlike in AAO plots, where FFCA was not able to get distances short enough for the
proton transfer to be energetically possible, here values between 2 A and 3 A were
obtained. The double mutation seems to decrease the interaction energy in the binding
site, favouring this position. As shown in the representative structure of each minimum,
this energetically preferred modification is due to: i) W466F reduces the size of the amino
acid, removing the -NH group and thus, the polar interaction with the carboxylic group of
the substrate, and ii) V367R introduces a positively charged residue to form a salt bridge
with the carboxylic group of the ligand, in a way that the substrate is orientating the
alcohol group towards the catalytically relevant H467 and the FAD, helping the
appropriate placement of the ligand for the oxidation. Both effects contribute to an activity

improvement of the HMFO variant compared to the wild type.

The introduction of these mutations was tried in AAO. However, there are significant
structural differences between both enzymes, being the size of the active site the main

one. HMFO has a much larger cavity and the introduction of a bulky residue as an
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arginine does not compromise the substrate diffusion. However, AAO is much smaller,

and such residue does not even fit.

1.3. Laccases

Because of the expertise obtained by the group in laccases during the INDOX project
(Santiago et al. 2016; Monza et al. 2015), the possibility to engineer a new laccase was
offered. In this case though, a mediator was involved in the laccase catalysed oxidation.
The initial idea was to study the bimolecular system, that is, the interaction between the
mediator and the enzyme, in order to know the preferred binding spots. For this, docking
techniques were used to sample the whole surface of LAC3. Interestingly, two main
binding sites were spotted. One of them was close two the T1, while the other was on

the opposite site of the protein, right next to the TNC (Figure 34).

K71

Figure 34. Laccase structure, where relevant ions and residues are highlighted (from Robert et al.
2017).
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Electronic couplings have been estimated using the VMD Pathways plugin (Balabin et
al. 2012). In this model, the coupling is quantified following continuous paths between
the donor (a pyrene atom from the aromatic rings, in contact with the CNT) and the
acceptor (each Cu atom). The model considers electron tunnelling through space,
hydrogen bonds or covalent bonds, all characterized by different tunnelling barriers. In a
simplified way, the electron coupling value is determined by the number and nature of

tunnelling events.

Simple electron transfer calculations were measured between Ru and the T1 copper,
which is the first electron acceptor, by quantifying continuous paths between both atoms
using the VMD Pathways plugin (Balabin et al. 2012). This model determines the electron
coupling value by the number and nature of tunnelling events, discerning between
through space, hydrogen bonds or covalent bonds (each with a different tunnelling
barrier). This method will be referred as “classic electron transfer” calculations. As
expected, the results showed much better electron coupling when the ruthenium
complex is in the T1 pocket, suggesting that electron transfer occurs mostly through this

conformation.

Intuitively, covalently binding the photosensitizer to the protein should increase the
oxidative activity of the whole system, since the mediator would be fixed in a position.
Moreover, since experimental conditions do not work under saturation concentration of
[Ru(bpy)s]**, grafting would also solve diffusion-related limitations. Therefore, different
unimolecular systems (LAC3-Ru, UNIK157-Ru and UNIK-161) were modelled and, once
again, classic electron transfer calculations were simulated in order to estimate the

electron coupling between the donor (ruthenium) and the acceptor (T1 copper).

Results proved that, after grafting, the electron coupling decreased by more than two
orders of magnitude for UNIK161 and UNIK157 (the ones close to the T1). For the LAC3-
Ru, where the photosensitizer is grafted to either Lys40 or Lys71 (present in the native
LACS3 and located in the TNC pocket) electron coupling values towards the T1 decrease
are half of those for the UNIK variants. However, a direct electron transfer to the TNC

was also considered for the different systems (Table 5).

Table 5. Calculated TDA values between Ru and Cu
ions for LAC3-Ru, UNIK1e1-Ru and UNIK1s7-Ru.

System TDA(Ru.Tl) (EV) TDA(Ru,TNC) (ev)
UNIK157-Ru 1x107 1x 107
UNIK161-Ru 1x 107 5x 1038

LAC3-Ru (K40) 2 x 1013 2 x 1010
LAC3-Ru (K71) 6 x 1011 3x10°
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The most stable position of the ruthenium complex was revealed through metadynamics
studies, indicating that [Ru(bpy)s]?>* preferable position is outside the TNC cavity, for
UNIK71 and UNIK40 systems (Figure 35). Therefore, electron transfer simulations were
performed from these positions. Notice that, for the sake of simplicity, the contribution of
both lysines is evaluated separately in the LAC3-Ru complex. Interestingly, this revealed
that the electron coupling from Lys71 is better than Lys40, suggesting that UNIK71-Ru
would already outperform the LAC3-Ru system.

OFNNWRAULLOO

Figure 35. Result of the metadynamics simulation of UNIK40-Ru. CV1 is the Ru-T2 copper distance,
CV2is the distance between the N atom of K40 and its alpha carbon atom. Similar results are obtained
for the UNIK71-Ru variant.

Results suggested that, according to the obtained electron coupling values, a direct
electron transfer to the TNC was, not only possible, but even more favoured for the
LAC3-Ru system. Therefore, since the T1 copper is no longer needed because its
function is performed by the ruthenium, a possible way to improve the activity of the
enzyme would be to maximize the electron transfer to the TNC, in order to avoid the
internal electron transfer, and implicitly, the back-transfer problem. Therefore, the goal
was to find the best position over the protein surface where the ruthenium complex could
be attached. In order to do so, a LAC3 variant with no lysines (KO) was modelled. This
included mutations K40S and K71S, where serine was chosen to preserve some polarity.
From KO variant, all residues present in the protein surface were mutated to lysine, one

by one, and then the ruthenium complex was attached. After the relaxation of the system,
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the different positions were scored according to the electron coupling values, and the

results are compiled in Table 6.

Table 6. Calculated TDA values between Ru and TNC
relative to UNIK71-Ru

System TpaRUTNO) (eV)
UNIK83-Ru 100
UNIK349-Ru 50
UNIK157-Ru 33
UNIK75-Ru 25
UNIK69-Ru 20
UNIK161_ C453S-Ru 17
UNIK76-Ru 15
UNIK73-Ru 10
UNIK405-Ru 10

Since UNIK71-Ru would perform better than LAC3-Ru, as it was concluded earlier, the
electron coupling for this system was taken as a reference value. According to these
results, by aiming for the best electron transfer directionality towards the TNC, electron
coupling values could be improved from 10 to 100 times, meaning that electron transfer
would improve from 100 to 10000 times, following the Marcus equation. Ideally, these
variants should be tested experimentally, removing the T1 copper from the laccase. The
position of these residues in the protein are illustrated in Figure 36. Notice that, for
UNIK161, the mutation C453S is included, which removes the T1 copper. This is

specified because, otherwise, the electron transfer to the T1 would be faster.
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Figure 36 Result of the metadynamics simulation of UNIK40-Ru. CV1 is the Ru-T2 copper distance,
CV2 s the distance between the N atom of K40 and its alpha carbon atom. Similar results are obtained
for the UNIK71-Ru variant.

The main difference between these variants and UNIK157 or UNIK161 is that the latter
are not designed with a purpose, but simply substituted from arginines, in positions close
to the T1, in order to not disturb the structure of the protein. However, these new variants
aim for the shortest path for donor-acceptor electron transfer. Even though this study is
pending of experimental validation, preliminary results seem to indicate that UNIK71

variant perform even better than any previous variant tested so far.

1.3.1. Interaction of laccases with a nanotube

From this previous study, where UNIK71 was found to be a promising variant for direct
electron transfer to the TNC, new experiments were performed in the lab. Then, the idea
of simulating the interaction of UNIK161, UNIK40 and UNIK71 with a 100A-diameter
carbon nanotube (CNT) was suggested (Figure 37), to check if the same electron
coupling results would be obtained, or if it would be affected by the structural modification
of the protein due to the interaction with the nanotube. In this case, instead of grafting to
a lysine a ruthenium complex, a ligand with a -system group is added to the protein, so
it can bind to the CNT by a strong -1 stacking interaction. After docking (to check the

preferred orientation of the protein) and MD simulations (to relax the system), classic
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electron transfer calculations were performed between the different copper ions and the

closest carbon atom of the nanotube.
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Figure 37. Representation of the modelled system, with LAC3 bound to the CNT through pi-stacking
interactions.

In agreement with previous calculations, UNIK71 electron transfer is much more efficient
than UNIK40. Between UNIK161 and UNIK71, no significant differences in electron
coupling values were obtained, although T1 seems to be favoured by UNIK161 while
UNIK71 transfers the electron directly to the T3. Results are presented in Table 7, and
differences between electron transfer calculations with the CNT electrode and the Ru-

complex are shown in Table 8.
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Table 7. Calculated TDA values between the CNT electrode and Cu ions from different positions

of the protein.

System Toa(T1) (eV) Toa(T2) (eV) Toa(T3) (eV) Toa(T3’) (eV)
UNIK40 3x 1013 5x 101 2x 101 1x 1010
UNIK71 5x 1011 2x10° 2x108 3x10°
UNIK161 3 x 10708 2x 101 1x10° 7 x 1010

Table 8. Comparison of calculated TDA values to the CNT vs the Ru

complex.
Cu ToaCl: CNT) (eV) ToaCURY (eV)
T1 from UNIK161 3x108 5x 107
T2 from UNIK71 2x10° 1x108
T3 from UNIK71 2x108 4x10°
T3’ from UNIK71 3x10° 1x108

From these simulations, it seems clear that UNIK71 variant should be tested in the lab
with the CNT too. In fact, this was already suggested to the experimental collaborators,
and it was seen that, in fact, UNIK71 perform even better than UNIK161. These results
are not included as a paper in this thesis, although the manuscript is pending of being

submitted.
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V. Conclusions

The conclusion that can be extracted from this thesis are:

1. Computational studies are shown to be a useful complement to experimental
work for enzyme engineering. These methods can provide, not only insights of
the reaction mechanism or the role of certain amino acids, but they also are valid

approaches to design and predict improved protein variants.

2. When collaborating with experimental partners and industries, focusing on
detailed predictions may not be as useful as more general predictions, as
reflected in our flavoprotein designs. Despite the efforts to suggest precise
mutations, a contact map identified positions 500 and 501 for aryl-alcohol
oxidase, for which combinatorial mutagenesis resulted in improved variants for

secondary benzyl-alcohols.

3. Protein-ligand interactions have been characterised for all the steps of the 5-
hydroxymethylfurfural oxidation chain in aryl-alcohol oxidase and 5-
hydroxymethylfurfural oxidase. Moreover, a negative charge was identified as the
main reason for non-reactivity with aryl-alcohol oxidase. However, an enhanced
variant for this enzyme could not be obtained, although we took one step towards
it.

4. The use of a photosensitizer as a mediator with laccases open the possibility to
transfer the electrons directly to the tri-nuclear cluster. Therefore, the engineering
of laccases should be focused on maximizing the electron transfer directionality

there, to increase the reactivity.
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