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Abstract

One promising way of mitigating climate change is by utilizing lignocellulosic biomass in the
biorefinery context. Suberin, one of the main components of the outer bark of trees, is a
valuable hydroxylated polyester for the production of novel biochemicals. Hence, enzymatic
methods are required to retrieve suberin from the barks of trees in a native-like state.
Cutinases are CE5 enzymes which can cleave the ester-groups of long-chain hydrophobic
compounds, such as suberin, thus enabling this task. However, the structural and biochemical

characterization of these family of enzymes is still underexplored.

Therefore, study of the interactions of realistic building blocks of suberin with cutinases is
relevant to promote insight into their structural-functional features. To address this goal,
homology model of a Thielavia terrestris cutinase, an industrial relevant enzyme for polyester
degradation, was built and docking analysis was performed using feruloyl esters with

successively longer chains.

The main conclusions of this work concern the structural-functional features of the T.
terrestris cutinase, namely its catalytic machinery, including the oxyanion hole, and the
binding cleft. The obtained simulated binding energies and experimental literature-based
kinetic data showed a similar trend for feruloyl esters with short and middle chain lengths,
however for long chain ligands, low activities corresponded to high binding energies.
Evidence supported on docking of the resulting products of the catalytic reaction enabled
drawing of conclusions over the contribution of the aliphatic chain of the feruloyl esters in
the total binding energy of the cutinase-substrate complex. The beginning of a possible

structure-activity-homology analysis is initiated using two additional cutinases.

I(GYWOI‘dS bio-based chemicals, cutinase, suberin,

homology modelling, docking
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Introduction

1. Introduction

1.1  Scope of Project

For several decades, greenhouse gas emissions from burning of fossil feedstocks have
endangered the human health and have had a major negative impact on the environment.
Therefore, alternatives for the utilization of fossil supplies are required. Biomass is one of
those alternative resources in terms of provision of energy and production of high-added value

materials.

Utilization of fatty acid compounds from renewable biomass is one promising way to realize
a circular economy. A new special plant lipid compound can be retrieved from the bark of
trees, an abundant waste stream from pulp mill industry (Gandini et al., 2006). The cork
fraction of outer bark is mainly composed of suberin, a dense hydroxylated polyester (Graga,
2015) valuable for the production of advanced fuels (Kumaniaev & Samec, 2018) and novel
bio-based materials (Gandini et al., 2006). Chemical methods for retrieving suberin from cork
exist, comprising of alkaline hydrolysis using methanol with high energy input (Graca &
Pereira, 2000). However, as these methods harm the valuable functional groups of suberin,

current research is focusing in utilizing enzymes instead to achieve this purpose.

Cutinases belong to the carbohydrate esterase family 5 of enzymes (CE5), which is a very
diverse family of poorly annotated enzymes (CAZy, 2020). They are esterases naturally
produced by pathogenic fungi and bacteria as ‘battle weapons’ used to infect plant tissues,
such as the external layer of barks and roots (Chen et al., 2013). When used in favour of
technology, the infectious capability of these enzymes to degrade cork by cleaving the ester
linkages present in suberin, could enable the recovery of functional and high-valued

chemicals for biorefinery purposes.

So far, very little is known on cutinases and their biodiversity in terms of structure, function,
activity, and substrate affinity. Also, suberin is a very dense and complex molecule, as it will
be described hereinafter. Therefore, understanding the interaction between cutinases and
realistic monomer models of suberin is important to correlate structural features of various
cutinases from different microorganisms and their proven or yet to be proven capability of

degrading substrates as dense as suberin.



Structure-function analysis of a CE5 enzyme from Thielavia terrestris

For this work, an industrial relevant cutinase from the fungus Thielavia terrestris
(XM_003655969.1) was selected because it was reported of being stable in a wide range of
temperature and pH values, of being capable of degrading substrates with long chain aliphatic
domains and of being successfully produced by a widely-used recombinant expression host,
the yeast Pichia pastoris (Duan et al., 2019). However, no crystallized structure of this cutinase

has been deposited.

In view of this, the main goal with this work is to build a model for T. terrestris cutinase and
perform docking analysis to study its interactions with feruloyl esters with successively longer
chain lengths. In the end, structural comparison will be discussed with other homologous

cutinases, namely Fusarium solani pisi cutinase and Malbranchea cinnamomea cutinase.

1.2 Research Group

The Division of Industrial Biotechnology, Department of Biology and Biological Engineering
at Chalmers University of Technology (IndBio) is led by Professor Lisbeth Olsson. The
research focuses on finding technological solutions for the circular economy using renewable
resources. Since 2008 they are a world leading institute in the biorefinery field, contributing
significantly to the current knowledge in carbohydrate active enzymes, fermentation

technologies, and many more.

1.3 Project Contributions

Using cutinases to release suberin monomers in their native configuration would contribute
significantly to the creation of a circular economy. However, to achieve this goal, fundamental
knowledge of these enzymes must be generated. This project will contribute significantly by
understanding the enzyme structure of an industrially relevant cutinase as well as its
molecular interaction with realistic model substrates. Connecting this knowledge to kinetic
literature data will further support the findings of the structure-function analysis. Finally,
structural traits of T. terrestris cutinase can be compared to others present in homologous
cutinases. General conclusions can be drawn on this underexplored family of enzymes which

are harbored in a newly built phylogenetic tree.

10
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1.4 Layout of Dissertation

This dissertation is divided into four main parts: context and state of art, technical description,

results and discussion, and conclusions and future work.

The context and state of art focuses on the actual prospects of biorefinery using lignocellulosic
biomass, the value of suberin for novel biochemicals and a more detailed description of the
chemical composition and macromolecular structure of this dense polyester. This section also
focuses on cutinases as suberin-degrading enzymes. The problematic of identifying a true
cutinase is introduced as is also a newly built phylogenetic tree harbouring all relevant
cutinases for polyester degradation. Main structural features of cutinases are displayed using

F. solani cutinase as an example and a collection of the few crystallized cutinases is also given.

The technical description section describes in detail homology modelling methods for T.
terrestris cutinase and docking approach for both T. terrestris model and F. solani

crystallographic structure.

Results and Discussion section display a focused interpretation of the results obtained with
homology modelling and docking analysis of T. terrestris cutinase. In the end structural-
activity comparison is performed between T. terrestris, F. solani and M. cinnamomea

cutinases.
Conclusions of this project and future work are presented.

Supplementary material is given for all evidence and findings.

11
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2. Context and State of Art

2.1 An Insight into Lignocellulosic Biorefinery

Since 1750, the carbon dioxide content of the atmosphere has increased by 43% (Schimel et
al., 2015). In fact, the growth rate of atmospheric CO> during the 1960-69 decade was 0.85
ppm per year, while it climbed to 2.28 ppm per year during the more recent period (2008-17)
(Raud et al., 2019). Furthermore, the mean global surface temperature suffered an increase of
0.85°C since the preindustrial era (Raud et al., 2019). This increase has already led to melting
of glaciers and to a rise in sea levels. These environmental negative impacts are mainly due to

our compulsory consumption of fossil feedstocks.

Renewable, environment-friendly alternatives to fossil supplies are required as awareness for
limiting of greenhouse gas emissions and improvement of human and environmental health

is raised.

The European Union states that approximately 30% of the total EU energy consumption will
be provided by renewable sources by the year of 2030 (Comission, 2012). By this time, it also
intends to replace 30% of oil-based chemicals with bio-based chemicals (Riibberdt et al.,

2019).

Utilization of lignocellulosic biomass to produce fuels and chemicals represents the most
promising way to achieve the goals set by the policy makers. Lignocellulosic biomass is the
most abundant resource on Earth from the perspective of photosynthesis, as it has a global
annual production of ~220x10" tons on dry basis (Ebaid et al., 2019). Additionally,
lignocellulosic (or second-generation) products are not in direct conflict with food supply,

which is the main issue of first-generation resources (Nigam & Singh, 2011).

The production of second-generation biofuel has already taken a leap in the research field and
has already jumped to a commercial level in the heat and power supply sectors. Indeed,
companies such as Fortum in Finland and Empyro (Empyro - BTG - Bioliquids BV) in the
Netherlands have already settled a production process to produce lignocellulosic biofuel using

the catalytic pyrolysis technology (Raud et al., 2019).

3
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Nonetheless, according to a Norwegian study, the fossil fuel spot price (plus unit subsidy)
must be above 1.3 €/L for wood-based biofuel production to be profitable (Jastad et al., 2020).
Nowadays, automotive gas oil, which accounts for 58% of the primary energy consumed, costs

from 0.9 to 1.3 €/L (Comission, 2020; Nigam & Singh, 2011).

Improving the overall yield and lowering the production costs of large-scale second-
generation biofuel production can be achieved with an integrative biorefinery approach with

the production of high value-added chemicals.

Plant-based chemicals have been used in innumerable applications for thousands of years and
new compounds have been developed in the past decades. Bio-polyethylene terephthalate
(Bio-PET) is an alternative plastic, fatty acid esters from vegetable oils are present in
lubricants, poly(lactic) acid fibres are used in clothing and bedding, cellulose fibres are used
for absorbency in toilet paper and tissues, starches serve as adhesives (Shogren et al., 2019)

and this list goes further on.

Nonetheless, one main issue regarding the industrial production of plant-based chemicals is
their extraction and fractioning from recalcitrant lignocellulosic biomass. Hence, novel

methods are required to extract these compounds in a native-like state.

14
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2.2 Tree Bark - a Special Resource for Circular Economy

Tree barks are a quite abundant resource in many world forests and a side stream of the pulp
and paper industries. In fact, a birch kraft pulp mill, with a typical yearly pulp production of
400,000 ton, generates about 28,000 ton of outer bark (Gandini et al., 2006). A promising
way to realize a circular economy would be to contribute to process intensification, reutilizing
the wasted bark to produce fuels and chemicals. In this way, land usage could be improved

without the need for planting more trees.

Bark tissues develop from two lateral meristems: the vascular cambium, which gives rise to
the interior wood tissue, and the phellogen, which produces the exterior phellem tissue, also
known as cork (Leite & Pereira, 2017). Hence, cork is anatomically and chemically different
from wood (Leite & Pereira, 2017). The average composition of cork from Quercus suber,
which is taken as a reference cork material, is as follows: 16% extractives, 22% lignin, 20%

polysaccharides and 43% suberin, this last one being the major component (Pereira, 2013).

Suberin acts as a lipophilic barrier to protect plant tissues against dehydration, wounding,
and pathogen attacks (Bernards, 2002; Pollard et al., 2008), being that it is constantly
produced according to environmental stimuli. This polymer itself is also recalcitrant to

microbial degradation when present in plants (Kontkanen et al., 2009).

Accordingly, suberin is the polymer responsible for the possibility of using cork as a renewable
resource to generate pyrolytic bio-oil with different composition and characteristics from
those obtained from lignocellulosic agricultural and woody materials (Marques & Pereira,
2014). Additionally, the chemical composition of suberin, particularly the presence of valuable
side groups, makes it particularly suited for the development of polymers with original

architectures and interesting properties (Gandini et al., 2006).

However, attention is still necessary in understanding the chemical composition and
macromolecular structure of suberin. In fact, the current knowledge about suberin structure
derives mainly from compositional data generated by depolymerization and subsequent
analysis of the depolymerization products or observations on the intact biopolymer by solid

state NMR spectroscopy (Graga & Santos, 2007).

15
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Structurally, suberin is a dense matrix comprising of a network of esterified fatty acids

associated to a three-dimensional polyaromatic lignin-like moiety (Graga & Santos, 2007).

The monomers of suberin account for long-chain w-hydroxyacids and o,w-diacids, and small
amounts of alkanoic acids and alkanols (Sen et al., 2010). Some of these monomers have a
hydroxylation in carbon 9 of the fatty acid chain, followed by hydroxylation at either carbon
10 or the w-carbon, resulting in valuable substituting groups such as epoxi rings and hydroxyl
groups (Bernards, 2002). These monomeric structures are associated to glycerol and ferulic
acid molecules, forming glyceryl esters and feruloyl esters (Graca & Santos, 2007). The major

building blocks of suberin are represented in Figure 1.

_OOC\/\/\/\/‘Q\/\/\/\/COO_

Q
HOTOM/\M)J\O/j/OH
5 (@]
HO HO
(o]
HO QCH
WW O)V\C[ g
]
CH
Figure 1. Representative oligomers of suberin. From up to bottom: I-alkanol; o, w-alkanodioic acid; w-hydroxyalkanoic acid;
9,10-dihydroxy-a,w-alkanodioic acid; 9,10-epoxy-a,w-alkanodioic acid; glycerol esterified to 9,10-epoxy-1,18-alkanodioic acid

esterified to glycerol; 22-hydroxyalkanoic acid esterified to ferulic acid (adapted from Bernards, 2002; Gra¢a & Santos,
2007).
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These building blocks assemble together in a macromolecular structure proposed by Bernards
(2002) and Graga & Santos (2007), who considered that suberized cell walls are generally very
thin and present a primary, a secondary and sometimes a tertiary wall. Polysaccharides and
polyaromatics are present in the primary and tertiary cell walls and the secondary wall
presents opaque and translucent lamellae of suberin and part of polyaromatics (Graca &
Santos, 2007). Therefore, the proposed structural layout of the molecule is that of Figure 2.
The polyaromatic fractions stay on the edges of the core molecule and the deployed alkyl

moieties fill in the middle of the backbone structure.
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Figure 2. Macromolecular assembly model of suberin (Bernards, 2002). Aromatic lignin-like fraction is present in the
primary wall and esterified fraction is present in the secondary wall characterized by translucent (white) and opaque (grey)
lamellae. This fraction comprises of hydroxylated fatty acids, which can be associated to glycerol molecules (connecting the

C-chain to the hydroxycinnamic derivatives of the aromatic fraction) and to ferulic acid.
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2.3 Cutinase as a Plant Polyester Degrading Enzyme

Cutin is the major constituent of plant cuticle, a protective layer composed of waxes and lipid
polymers that coats the epidermis of above ground portions of terrestrial plants. Its function
is to protect the plant from dehydration and infection by pathogen organisms (Chen et al.,
2013). This polymer is composed of hydroxylated 16-18-carbon fatty acids linked together via

ester bonds, having a similar structure and composition as suberin (Nyyssola, 2015).

Cutinases (EC 3.1.1.74) are serine esterases belonging to the hydrolase super family presenting
a Ser-His-Asp (Serine-Histidine-Aspartate) catalytic triad, where the serine is exposed to the
solvent (Chen et al., 2013). Cutinases are produced by both fungi and bacteria and are capable
of hydrolysing both cutin and suberin. In fact, several suberin-degrading esterases have been
identified as cutinases and are active on both cutin and suberin (Jarvinen et al., 2009).
Additionally, bacterial cutinases may also be active on suberin because cutinase production is

induced by suberin in Thermobifida (Fett et al., 1999).

The versatile catalytic ability of cutinases led to the early recognition that these enzymes were
potentially useful for a variety of industrial applications (Carvalho et al., 1999). Since then
numerous studies were carried out to discover and characterize putative cutinases and
systems for industrial scale production of these enzymes. Altering cutinase specificity for a
desired substrate or improving its stability has also been one of the focus of researchers.
Indeed, cutinases have displayed good stability over a wide range of temperature and pH
values and relatively good production yields and activity. As a result, they have substantial
potential to be widely used in the food, chemical, detergent, environmental, and textile

industries (Chen et al., 2013).

On the other hand, suberinases are still in a starting point when it comes to research, only
having one of its encoding genes annotated (NCBI: txid1930), from Streptomyces scabiei, the
causal agent of potato common scab (Komeil et al., 2013). Nonetheless, they also seem
promising candidates for industrial applications regarding biofuel production from materials
such as cork (Marques & Pereira, 2014). Still, efforts need to be made to thoroughly
characterize and annotate suberinases from different microorganisms to keep up with the

current annotation status of putative cutinases.
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2.3.1 The Struggle of Identifying a True Cutinase

In the context of this work, a phylogenetic tree was built harbouring all relevant cutinases and

is given in Figure 3.
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Figure 3. Phylogenetic tree.

Approximately 180 possible true cutinases were selected from over 3000 annotated cutinase
sequences from bacterial and fungal microorganisms (CAZy, 2020). Only annotated cutinases
with relatively good annotation score and promising for polyester degradation (assayed with
suitable substrates or from pathogenic microorganisms) were chosen. The tree displays a

broad range of homology, presenting 25% to 70% sequence identity between clusters.
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A phylogenetic analysis reveals that the prokaryotic cutinases are distinct from the eukaryotic
cutinases. Their low sequence identity indicates that they have undergone extensive

evolutionary differentiation (Chen et al., 2013).

Previously, Belbahri et al. (2008) presented a study of interdomain gene transfer of cutinases
between eukaryotic plant pathogens Phytophthora species and prokaryotic bacterial lineages.
More precisely, they claimed a cutinase gene was likely acquired by a phytopathogenic water
mold ancestor from an actinobacterial source, suggesting that gene transfer to fungi might be
an important mechanism in the evolution of their virulence. However, later, Skamnioti et al.
(2008b) recognized the existence of mycobacterial cutinases, but rejected the idea of lateral

gene transfer to fungi, placing the bacterial cutinase sequences in a separate group.

Regarding gene expression, different putative cutinases are expressed at different times during
the microbial life cycle (Skamnioti et al., 2008a, 2008b). Plus, a single species can contain
several putative cutinases, as it occurs with Magnaporthe oryzae cutinase family, which

comprises 14-17 genes encoding putative serine esterases (Skamnioti et al., 2008a).

Also, Skamnioti et al. (2008b) categorized the Magnaporthe grisea cutinases into four
temporal regulatory patterns, which are associated with the complex requirements of

pathogenesis (signal perception and transduction, penetration and nutrition).

Intriguingly, they found no genes that were solely induced upon initial spore contact with the
host, as hypothesized based on findings in F. solani cutinases (Kolattukudy et al., 1995). As a
result, they deduced that multiple cutinases are expressed constitutively and/or that during
early host perception, they may be acting together with transcriptionally activated
penetration-enabling cutinases. Additionally, they verified that the differentiation in the
expression patterns in constitutively expression genes was not associated with the
phylogenetic closeness of the putative cutinases, thus deducing that there has been
considerable subfunctionalization and neofunctionalization among the putative cutinases

(Skamnioti et al., 2008b).

Consequently, an enzyme coded by a gene homolog to a true cutinase gene and showing

strong virulence capability against esterified substrates may not display cutinase activity.
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Therefore, it is advised to develop practical means of identifying a true cutinase, specifically
demonstrating the ability of an isolated protein to hydrolyse cutin or a suitable substitute.

Assays to detect true cutinases were reviewed by Chen et al. (2013).

The classical method to measure cutinase activity is to use cutin as the substrate and detect
the cutin monomers released by hydrolysis. This can be achieved using radiolabelled cutin,
non-specifically labelled cutin with the chromogenic compound Remazol Brilliant Blue R
(RBB) and native cutin. Although enzymatic assays aiming to identify proteins with real
cutinase activity seem more than reliable, the difficulty in identifying true cutinases relates to
the fact that natural cutin is commercially unavailable and the procedure to prepare it in the
laboratory is challenging and time consuming, comprising of organic solvent extractions and

enzymatic hydrolysis.

Therefore, possible substrate alternatives are synthetic high molecular weight polyesters, such
as PET, poly (e-caprolactone), PLA and poly (butylene succinate), which are much easier to
obtain. Other alternative is to measure esterase activity of cutinase by monitoring the
hydrolysis of 4-nitrophenyl esters (pNP). Though these substrates are of easy access, they are
highly susceptible to impurities in the enzyme preparation because many esterases are

capable of hydrolysing them.

To avoid the susceptibility of these assays, using triacylglycerols (normally used to
characterize lipases) seems a suitable alternative. However, this assay is not only susceptible
to lipases that may be present in the enzyme preparation but also it cannot be used to identify

a true cutinase, only to characterize its esterase activity.

Within the scope of identifying enzymes with real cutinase activity, sequences encoding true
cutinases have been deposited and can be accessed using their Genbank accession numbers
(Gb). A short collection of annotated true cutinase encoding genes shows next: F. solani (Gb.
AAA33334.1); Aspergillus nidulans (Gb. ABF50887.1); Aspergillus niger (Gb. CAL00335.1);
Monilinia fructicola (Gb. AAZ95012.1); Pyrenopeziza brassicae (Gb. CAB40372.1); Botrytis
cinerea (Gb. CAA93255.1); Magnaporthe grisea (Gb. EHA46959.1); Aspergillus oryzae (Gb.
BAAOQ7428.1); Pseudozyma antarctica (Gb. GAC73680.1); Coprinopsis cinerea (Gb.
EU435153.1); Thermobifida fusca (Gb. AAZ54920.1; Gb. AAZ54921.1); Thermobifida alba (Gb.
ADV92525.1); Thermobifida cellulosilytica (Gb. ADV92527.1); Cryptococcus sp. (Gb.
BAK82405.1).
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2.3.2 Cutinase Structure and Function

The first X-ray crystal structure of the cutinase from F. solani (PDB ID: 1CUS) was described

in 1992 (Martinez et al., 1992) and is given in Figure 4.

Figure 4. Crystallographic structure of cutinase from F. solani (PDB ID: ICUS). Side view and top view. Enzyme is represented
in green cartoon figure. Fungal cutinases all display beta sheets enclosed by helixes pointing towards the binding cleft. The
active site residues are shown in stick figures coloured in yellow. The oxyanion hole residues, whose amides are responsible
for donating hydrogens to stabilize possible ligands, are represented in stick figures in orange. Catalytic serin is exposed to
the solvent. The catalytic residues are Serl20-Aspl75-Hisl88; oxyanion hole residues are Ser42-GInI21, being Gln (glutamine)

the residue following the catalytic serine.

This structure revealed that F. solani cutinase adopts an o/f fold that exposes the catalytic
serine (Ser120) to the solvent, instead of burying the active site with a hydrophobic loop (Chen
etal., 2013). The presence of this lid covering the active site in true lipases is the reason behind
their induced activity at aqueous/lipid interfaces (Cambillau et al., 1996), thus its absence in
cutinases is considered to be responsible for their lack of interfacial activation. Upon this,
cutinases are distinguished from lipases because they can hydrolyse insoluble substrates in
solution or in emulsion, while lipases are only activated by interfacial effects. Accordingly,
cutinases are capable of hydrolysing low molecular weight soluble esters and short and long
chain triacylglycerols. They are also able of degrading high molecular weight cutin and
synthetic polyesters, such as PET and poly (e-caprolactone). In addition, cutinases catalyse

esterification and transesterification reactions (Chen et al., 2013).

22



Context and State of Art

A collection of all crystal structures of cutinases (native and mutants) are presented in Table

1. Note that the crystallographic structure of F. solani cutinase is the most studied so far.

Table 1. All crystallized structures of cutinases.

Microorganism PDB ID

1 CUD*, ICUW*, I0XM, IXZK, 1XZA*, 1CUS,
ICEX, ICUB*, ICUA*, ICUZ*, 1ICUY*, ICUX*,
1CUV*, 1CUU*, 1ICUJ*, ICUI*, ICUH*,
1CUG*, ICUF*, ICUE*, ICUC*, IXZJ*, IXZI¥,
IXZH*, 1XZG*, IXZF*, IXZE*, IXZD*, IXZM,
1XZL, 1XZC*, IXZB*, 1AGY, IFFE*, IFFD*,
IFFC*, IFFB*, IFFA*, 2CUT, 3ESA, 3ESB,
3ESC, 3ESD, 3EF3, 3QPC, 3QPA

Fusarium solani pisi

Fungal cutinases Cryptococcus sp. 2CZQ
Glomerella cingulata 3DCN, 3DEA, 3DD5
Aspergillus oryzae 3GBS, 3QPD
Humicola insolens 40YL, 40YY
Trichoderma reesei 4PSD, 4PSC, 4PSE
Fusarium oxysporum 5AJH
Malbranchea cinnamomea 5X88
Thermobifida alba 6AID, 6THT, 3WYN, 3VIS
Leaf branch compost 4EBO, 6THS*, 6THT*
Thermobifida fusca 5Z0A, 4CGl, 4CG2, 4CG3
Bacterial cutinases Saccharomonospora viridis AWK, 4WET, 4WE", SZNO", SZRRY,
5ZRS*, 5ZRQ*
Thermobifida cellullosilytica 5LUJ, 5LUK*, 5LUI, 5LUL*
Idionella sakaiensis 6ANE
Mycobacterium tuberculosis 5W95

Mutant variants are signaled with *. These structures were obtained searching the Protein Data Bank (PDB) database
(Worldwide PDB, 2020) using ‘cutinase’ as search word. The results showed consisted of cutinases but also enzymes
annotated as PETases (as they have a high capability of degrading PET but are homologous to cutinases), lipases and

acetylxylan esterases. Only the relevant cutinases were collected here.

23



Structure-function analysis of a CE5 enzyme from Thielavia terrestris

Regarding docking analyses on cutinases, the number of studies encountered is small (Aradjo
et al., 2007; Kawabata et al., 2017, 2018; Kitadokoro et al., 2012; Shinozaki et al., 2013). Lipase
and PETase docking analysis of bulky substrates, such as PET, is of relevance too, but still lack

in literature (Austin et al., 2018; Li et al., 2011; Ma et al., 2018).
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3. Technical Description

3.1 Homology Modelling

The target sequence of T. terrestris cutinase (XM_003655969.1) was retrieved from the NCBI
protein sequence database (Medicine, 2020). Homology models were built using the SWISS-
MODEL server, (Andrew et al., 2018; Biozentrum, 2020; Guex et al., 2009), the I-TASSER
server (Lab, Zhang, 2020; Roy et al., 2010; Zhang, 2015), the PHYRE2 server (Kelley et al.,
2015; Structural Bioinformatics Group, 2020) and the Prime tool from Maestro 12.3
(Schrodinger Release 2020-1). The identified template structures for each built model are

present in Table SI.

The SwissModel template library (SMTL version 2020-04-15, PDB release 2020-04-10) was
searched with BLAST and HHBIits for evolutionary related structures matching the target
sequence. Overall, 1301 templates were found by the server. 6 templates were chosen by the
author according to evaluating parameters, such as GMQE value (global model quality
estimate), sequence identity, alignment coverage and the oligo-state and X-ray resolution of
the crystal structures. With the chosen templates, SwissModel built single template homology
models using ProMod3 3.0.0. The final Swiss model for the T. terrestris cutinase was selected
considering the QMEAN value, which accounts for the deviation of the model relative to
crystallized structures, and the new calculated GMQE value of the models built with the

selected templates.

Phyre2 was run in intensive modelling mode. It encountered 120 crystal structures. The multi
template homology model was built considering the top 5 templates selected by the server
based on heuristics to maximize confidence, percentage identity and alignment coverage. The
first 32 residues were modelled by ab initio techniques, being highly unreliable. 86% of the

residues were modelled at >90% confidence.

iTasser identified structural templates from the PDB library by multiple threading approach.
iTasser selected one template of the highest Z-score (highest alignment significance) from
each threading program. The top 10 alignments were generated from the following threading
programs of LOMETS meta-server: MUSTER, FFAS-3D, SPARKS-X, HHSEARCH2,
HHSEARCH], Neff-PPAS, HHSEARCH, pGenTHREADER, PROSPECT2 and PRC. Full-length
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atomic models were constructed by iterative template-based fragment assembly simulations
using SPICKER cluster program. The confidence of each model was quantitatively measured
by C-score which was calculated based on the significance of threading template alignments
and the convergence parameters of the structure assembly simulations. After the structure
assembly simulation, iTasser used the TM-align structural alignment program to match the
iTasser built models to all structures in the PDB library, resulting in the best 10 templates
ranked by TM-score. The iTasser model chosen presented a C-score of 0.65 (estimated TM-
score of 0.80 + 0.09 and an estimated RMSD of 4.3 + 2.9 A).

The Prime homology modelling tool was used to build four different models. Two single
template models and two consensus models were built using the Structure Prediction Wizard
interface. Homologous crystal structures were found by blasting the target sequence to the
NCBI PDB database, using the BLAST extension of Prime module. The secondary structure of
the query sequence was then predicted. Then, the structural templates for each of the four
models were chosen, considering the rationale described in section 4. Afterwards, the
alignments between the query and the selected templates were calculated using ClustalW
method (when the template structures chosen had high sequence identity with the query
sequence, >50%) and STA method (when the template structures chosen had low sequence
identity with the query sequence, <50%). The faster knowledge-based method was selected
to build the models. The reasons behind building these different models are later discussed

in section 4.

Phyre model was chosen for T. terrestris cutinase considering the N-terminus loop
conformation of the enzyme and the disposition of the active site residues in all built models.
This decision will be discussed in detail in section 4. Briefly, the templates of the model were
from five different microorganisms: F. solani, Glomerella cingulata, M. cinnamomea, Humicola
insolens and Aspergillus oryzae. Comparison of T. terrestris cutinase models with its templates
(for decision of the best model for docking analysis and for structural comparison between

homologous structures) was performed using PyMOL 2.4 (Schrédinger).
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3.2 Docking Analysis

Docking analysis was performed using Schrédinger tools (Maestro 12.3-Schréodinger Release
2020-1). A detailed docking approach was carried out for T. terrestris and F. solani cutinases,
using feruloyl esters with successfully longer chain lengths as substrates. The resultant
products of the ester-cleaving reaction, the alcohols without the esterified ferulic acid, were
also docked but only to T. terrestris cutinase. The methodology for the docking procedures is

presented in the following.

3.2.1 Model Refinement

The chosen model from T. terrestris cutinase was refined using the Protein Preparation
Wizard (Prepwizard) module of Maestro 12.3 (Schrédinger Release 2020-1). Bond orders were
assigned, hydrogen atoms were added, disulfide bonds were created, missing side chains and
loops were filled using Prime tool and waters beyond 5.00 A from het groups were removed.
H-bonds were assigned and optimized and restrained minimization job was incorporated.

Same procedure was repeated for F. solani cutinase (PDB ID: Icex).

3.2.2 Ligands Design and Preparation

All feruloyl esters and correspondent products with successively longer chain lengths,
specifically Cz, C4, Cs, Cg, Cio, Ci2, Cia, Ci6 and Cis, were designed using ChemSketch
(ACD/Labs). LigPrep module from Maestro 12.3 (Schrodinger Release 2020-1) was used to
prepare the ligands by adding hydrogen atoms and generating 3D structures. Tautomers were
generated and chirality was retained from the 3D structure. Ligands were ionized at pH
(7.0 + 2.0) using Epik. Energy minimization was performed resourcing to OPLS3e force field

to generate the lowest-energy ligand isomer.

3.2.3 Docking of Starting Ligand

Neither the T. terrestris cutinase model nor the F. solani cutinase crystal structure had a
complexed ligand. To make the catalytic pocket ready for docking of molecules, a starting
ligand was introduced in both receptor structures. To avoid faulty interaction of the alcohol
group of the ferulic acid with the oxyanion hole, the initial ligand chosen was a ferulic acid

associated to a CHs terminal (FA-CH3).
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The procedure to achieve a suitable catalytic pocket for both structures was initiated by
docking the FA-CHs in G. cingulata structure (PDB ID: 3dea). This crystal structure was
obtained with a complexed ligand which comprises of an aromatic ring and a scissile carbon
bound to a double bond oxygen, same as the chosen starting ligand. After docking of the FA-
CHj5 to 3dea template, the coordinates of the docked ligand were dragged to both T. terrestris
and F. solani receptor structures. Each receptor complexed with the starting ligand was
prepared again using the Prepwizard module. This time, het states of the docked FA-CHs were
generated using Epik at pH (7.0 + 2.0). Afterwards, the complexed receptors were subjected

to energy minimization to readjust the starting ligand in each of the catalytic pockets.

3.2.4 Receptor Grid Generation

Receptor grid boxes are designed to determine the volume of the enzyme in which the docking

of each ligand pose will be calculated.

For docking of the feruloyl esters in both T. terrestris and F. solani structures, two different
grids were generated, both centered on the catalytic serine of the cutinases. One was made
smaller for substrates with Cz to Cg aliphatic domains and one sized bigger for substrates with
Cio to Cig aliphatic domains. Hydrogen bonds between the amides and oxygens of the
oxyanion hole residues were constrained in both grids and NOE (spatial) constraints of 2.0 A
around the scissile carbon of the starting complexed ferulic acid were also incorporated in the
bigger sized box. Catalytic serine was obliged to rotate in both grids. The receptor grid settings

used in the docking of each ligand to both cutinases are given in Table S2.

For docking of the products in T. terrestris cutinase, a receptor grid was designed for every
structure complexed with the each docked feruloyl ester. A NOE (spatial) constraint of 0.5 A

was incorporated around the single bond oxygen of the ester group of each docked ligand.
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3.2.5 Ligand Docking

Docking of the feruloyl esters to T. terrestris and F. solani cutinases was set using Glide

module.

Flexible docking with Glide Standard precision (SP) protocol was performed for all designed
and prepared feruloyl esters, to predict their best binding pose in both cutinases. The
constraints checked in each docking test are present in Table S2. In this procedure,
intramolecular hydrogen bonds were always rewarded, and planarity of pi conjugated groups

was always enhanced.

In each test, Glide generated thousands of poses for each docked ligand and the incorporated
results were filtered using the defined constraints. Poses were ranked according to Emodel

value and not according to the GlideScore or the overall docking score.

For docking of products in T. terrestris cutinase, the same procedure was applied, however
only one constraint was checked: the oxygen of the hydroxyl group of the products was
committed to stay within 0.5 A of the correspondent atom of the feruloyl ester, which was

spatially constrained when generating the receptor grid boxes.

3.2.6 Binding Energies Calculation

The binding energy values of both feruloyl esters and correspondent products were obtained
using the MM-GBSA module, a Prime/Glide tool. This module allowed energy minimization

of the complexed receptor and calculation of the binding energies of each docked ligand.
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Results and Discussion

4. Results and Discussion

Understanding the capability of T. terrestris cutinase for degrading substrates as complex and
dense as suberin requires the previous study of the relevant structural-functional features of

cutinases: the binding cleft and the catalytic machinery.

Binding cleft: As occurs in F. solani cutinase (see section 2.3.2), structurally, all fungal
cutinases display a set of helixes surrounding a central beta-sheet of five parallel strands, each
pointing towards the binding cleft. The binding groove is enclosed by hydrophobic loops
which are responsible for the capability of this family of enzymes of degrading substrates with
long aliphatic fractions (Roussel et al., 2014). Hence, a larger binding groove is expected on
cutinases which can welcome bulkier hydrophobic ligands. Moreover, after collection of data
obtained from electron relaxation and NMR studies performed on F. solani cutinase, and
determination of b-factors (or temperature factors) of several cutinases, evidence supports

the considerable mobility of the binding loops of these enzymes (Figure Sl1).

Catalytic machinery: As it is displayed in F. solani cutinase (see section 2.3.2), cutinases are
also characterized by their serine-histidine-aspartic acid catalytic triad and the oxyanion hole.
Generally, the catalytic serine is exposed to the solvent, opposing to true lipases, which are
characterized by an interfacial activation consisting of the unfolding of a lid covering the
active site. This lid has been associated to an N-terminal extension connected to the core

structure of lipases through a long loop (Soni et al., 2019).

During catalysis, the exposed catalytic serine links to the carbonyl group of the ester being
hydrolyzed (Chen et al., 2013). In these first steps of the reaction, the catalytic histidine
deprotonates the serine (Rauwerdink & Kazlauskas, 2015). Additionally, during the whole
mechanism, the catalytic aspartic acid stabilizes the histidine through hydrogen bond
interactions (Rauwerdink & Kazlauskas, 2015). Hence the pair interacting catalytic residues
(Ser-His; Asp-His) should be within a 3A reach of each other during catalysis, which is the
standard hydrogen bond length.

Furthermore, for catalysis to properly occur, the transition state needs to be stabilized by at
least two hydrogen donors (Rauwerdink & Kazlauskas, 2015). Generally, the oxyanion key

residues consist of two main chain amides, one being from the residue following the catalytic
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serine (Rauwerdink & Kazlauskas, 2015). For example, F. solani cutinase displays two amides
as hydrogen donors, one from Ser42 and one from GInl21 (see section 2.3.2). Nonetheless, one
possible variation in the oxyanion hole of cutinases is a third hydrogen bond donor, which
occurs in G. cingulata cutinase (Nyon et al., 2009) and lipase B from Candida antarctica

(Rauwerdink & Kazlauskas, 2015).

4.1 Homology Modelling

Considering that no crystallographic structure of T. terrestris cutinase has been deposited,

building a suitable model for the enzyme was required.

Therefore, seven different homology models of T. terrestris cutinase were built using four
different tools: SWISS-MODEL server (Biozentrum, 2020), I-TASSER server (Lab, Zhang,
2020), PHYRE 2 server (Structural Bioinformatics Group, 2020) and Prime module from
Maestro 12.3 (Schrédinger Release 2020-1). The alignment of the models with the respective
homologous cutinase templates are present in Figure S2 and the information on the
evaluating parameters of the templates used for each model, such as overall homology score,

percentage identity, coverage and X-ray resolution, is given in Table SI.

The conscious decision of the most suitable model for T. terrestris cutinase considered two
main factors: the conformation of the N-terminus of the enzyme and the disposition of its

catalytic residues in each model.

The analysis starts with the first factor. Figure 5 shows all homology models built, with their
characteristic N-terminus conformation highlighted. Briefly, evidence found in this work
shows that the N-terminus region of T. terrestris structure may display an active participation
in the functional mechanism of the enzyme. Therefore, all homology models which displayed
a non-functional N-terminus domain were instantly excluded. A detailed discussion of these

findings and decisions is described next.
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Figure 5. Homology models of T. terrestris cutinase with red signaled N-terminus. a. Phyre non refined model.

b. Swiss model. c. Prime I model. d. Prime 2 (blue) and Prime 3 (light pink) models. e. iTasser model. f. Prime 4 model.

The Phyre model (Figure 5a) shows a highly unreliable N-terminus loop. Swiss model (Figure
5b), Prime 1 model (Figure 5c), Prime 2 and Prime 3 models (Figure 5d) present a non-
functional N-terminus loop. Only iTasser model (Figure 5e) and Prime 4 model (Figure 5f)

display a complete functional N-terminus region, comprising of a precise helix-like structure.

Phyre model was built from five crystallographic cutinases from different microorganisms: G.
cingulata (PDB ID: 3dd5), Humicola insolens (PDB ID: 4oyl), F. solani (PDB ID: Icex),
Aspergillus oryzae (PDB ID: 3gbs) and M. cinnamomea (PDB ID: 5x88).

The position of its N-terminal domain near the binding cleft was the first indicium of a
possible active role of this region in the functional mechanism of T. terrestris cutinase.
Arguments in favour of this hypothesis were developed after analysis of the confidence level
of the secondary structure of the model. Briefly, the N-terminus residues 5 to 14 were
confidently presented as forming a helix figure (Figure S3), which was then confirmed after

refinement of the model (Figure S4).
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In light of the unraveled helix configuration close to the binding cleft presented in this model,
the initial hypothesis was not discarded. Therefore, Swiss model was excluded, as it deleted
the N-terminus of the sequence (Figure 5b), as was also the Prime 1 single template model,
which concepted an N-terminus loop folding inward (Figure 5c¢). Attention should be taken
to the fact that both Swiss and Prime 1 models shared the same homologous template, a
cutinase from G. cingulata (PDB ID: 3dcn), the closest cutinase to T. terrestris with a sequence
identity of ~58%. This reveals that two different homology modelling tools can design
different models for the same target sequence using the same crystallographic template

structures, by using different alignment algorithms.

Since the N-terminus loop/helix of T. terrestris cutinase could not be properly modelled by
neither SwissModel server, Phyre2 server or Prime module, there was reasonable doubt over

the chosen templates by the three different homology modelling tools.

Therefore, a quick run-through over the results of Prime BLAST homology search was carried
out, as its interface provides a clear real-time check on multiple sequence alignments. A new
goal was set which consisted in finding templates with longer N-terminus regions that could
possibly match the N-terminus of T. terrestris cutinase. A negative control is given in Figure
S5, which presents the failed alignment between the target sequence and the 3dcn template
from G. cingulata, specifically in the N-terminus region. Upon this, a trial alignment between
the target sequence and the multiple highest scored templates chosen was performed and is
given in Figure S6. This procedure was unsuccessful since none of the templates displayed a
matching N-terminus region. Nonetheless, two multi-template consensus models, Prime 2
and Prime 3, were built using these selected templates. As expected, both presented non-
functional N-terminus loops (Figure 5d) thus were ruled out. Detailed information on the

templates used for each consensus model are given in Table S1, Figure S6.

The iTasser model defined a functional N-terminus appendix (Figure 5e) since it runs high
quality iterative template-based fragment assembly simulations. Consequently, two of its
threading programs encountered one single crystallized cutinase that presented a longer N-
terminus region, belonging to Trichoderma reesei cutinase (PDB ID: 4psc) (Figure S7). This
structure presented a lower sequence identity (~30%) comparatively to other identified

templates (~50%) (Table S1). This fact explained the difficulty in identifying this structural
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template when searching through Prime BLAST search results for the building of the

consensus models.

Furthermore, Phyre2 server had also identified one of T. reesei crystallographic structures as
a possible structural template (PDB ID: 4psd), which presented the highest coverage
percentage (~95%) despite its overall lower sequence identity (~26%) (Table SI). Still, the
server did not model the N-terminus of the target sequence through homology modelling
using T. reesei as the template structure. Instead, the server resourced to ab initio techniques

to achieve this task.

Aligning both Phyre and iTasser models, differences were observed not only in the
conformation of the two modelled domains but also in their placement. Accordingly, iTasser
model defines the N-terminus region more precisely, presenting two helixes positioned over
the binding cleft, connected by a loop structure which promotes the flexibility of this region
(Figure S8). This conformation endorsed the possibility of an existing lid covering the active
site in T. terrestris cutinase, a characteristic natural in true lipases. This hypothesis was later
confirmed by the reported lid existing also in T. reesei cutinase (Roussel et al., 2014), the

highest scored template of the iTasser model (Figure S9).

As previously stated, different homology modelling tools can build different models for one
target sequence using the same template structures. Bearing this in mind, another homology
model was built using Prime module, selecting the cutinase from T. reesei (PDB ID: 4psc) as
the single template structure. Prime 4 could properly model the N-terminus conformation of

T. terrestris cutinase (Figure 5f) by also designing a lid covering the binding cleft.

Hence, considering the evidence of a functional N-terminus region in T. terrestris cutinase,
the first step of the decision was completed with the remaining Phyre, iTasser and Prime 4
homology models still competing. iTasser and Prime 4 modelled more precisely the N-
terminus of the target sequence, burying the catalytic machinery under a flexible lid.
However, the most suitable model requires a correct arrangement of the well-known catalytic
triad since no activity would be possible otherwise. Therefore, aligning each model with their
corresponding templates was crucial to determine the catalytic residues of T. terrestris
cutinase. Accordingly, T. terrestris cutinase displays a catalytic triad comprising of Serl36-
Hisl88-Aspl9l. Figure 6 shows all remaining homology models aligned with one of their

templates, with the respective catalytic triad signaled.
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Figure 6. Catalytic residues arrangement in T. terrestris cutinase homology models. Distances in A. a. Phyre model (green)

aligned with F. solani template structure (PDB ID: Icex). Active site residues coloured by element with custom carbons
coloured yellow (Phyre) and green (Icex). b. iTasser model (magenta) aligned with T. reesei template structure (PDB ID:
4psc). Active site residues coloured by element with custom carbons coloured yellow (iTasser) and salmon (4psc). cl, c2.
Prime 4 model (ruby) aligned with T. reesei template structure (PDB ID: 4psc). Active site residues coloured by element with

custom carbons coloured yellow (Prime 4) and salmon (4psc).

The catalytic residues of Phyre model exhibited a good alignment to the homologous residues
of the template cutinase from F. solani, the most well characterized cutinase so far (Figure
6a). Alignments between the target Phyre model and other templates, specifically from M.
cinnamomea and G. cingulata are present in Figure S10 and Figure SlI, respectively. Both also
revealed matching catalytic residues, except for the catalytic histidine from G. cingulata
cutinase. This residue adopts an unusual configuration being swung out of the active site into
a position where it is unable to participate in catalysis. However, this position in G. cingulata
cutinase has been reported by Nyon et al. (2009). In this study, based on site-directed
mutagenesis, the authors confirmed that the catalytic histidine is essential for the catalytic
cycle, suggesting that the loop has to go through significant conformational changes for the

residue to participate in catalysis.
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Despite initial focus on the iTasser and Prime 4 models, due to their successful disposition of
a functional N-terminus domain, these two models were later discarded considering the
configuration of the catalytic histidine. As described above, the pair interacting catalytic
residues (Ser136-His188; Aspl91-Hisl188) should be within a 3A reach of each other during
catalysis, which is not fulfilled in either the iTasser or the Prime 4 model. iTasser model
presented this residue shifted from the catalytic aspartic acid (Figure 6b) and Prime 4 model
exhibited this residue too far off from the expected catalytic pocket (Figure 6¢). The possibility
of His204 of iTasser model shifting towards Aspl91 was considered, however quickly ruled
out, since this residue is positioned in a helix structure of the enzyme, which does not display

as much flexibility as a loop configuration would (Figure SI12).

Furthermore, the catalytic groove in the iTasser model is not as predominant as in the Phyre
model (Figure S13). As T. terrestris cutinase has been reported to hydrolyze substrates with
longer aliphatic fractions (Duan et al., 2019), a larger binding groove is expected in its

structure.

In view of the reported discoveries, the most suitable homology model for T. terrestris
cutinase was the Phyre model, shown in Figure 7, as it presented the correct arrangement of
the catalytic residues, a larger catalytic groove, and a relatively acceptable N-terminus

conformation.

Figure 7. T. terrestris cutinase model chosen. The refined N-terminus region is coloured in orange. The active site residues

are displayed in sticks coloured by element with custom carbons coloured yellow.
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4.2 Docking Analysis

Docking analysis gives information on the most favourable position of a ligand in the enzyme
pocket based on the number of intermolecular interactions within the complex formed, such
as hydrogen bonds and hydrophobic contacts. Therefore, the most suitable complexes are
predicted based on the free energy of binding of the ligand. More information can be found

in Meng et al. (2011).

4.2.1 Choosing a Substrate

Several esterified compounds were considered for the target substrate to obtain a realistic
study of the interactions between suberin and cutinases. However, docking tools only enable
the generation of favourable poses of a candidate ligand for targeting of a single ester group.
Therefore, the model substrate selected for docking to the T. terrestris cutinase was a suberin
oligomer with one ester group, a feruloyl ester as described in section 2.2. The chosen feruloyl
ester comprised of a stearyl alcohol (octadecan-1-ol) esterified to a ferulic acid. This molecule
displays a long aliphatic moiety. Hence, to overcome possible steric hindrance issues, feruloyl
esters with successively longer aliphatic fractions were docked, specifically with Cz, C4, Cs, Cs,
Cio, Ci2, Ci4, Ci6, Ci chains. The ligands are represented by the following nomenclature: FA-
C2, FA-C4, FA-C6, FA-C8, FA-C10, FA-C12, FA-Cl4, FA-Cl6, FA-CI8, respectively. As an

example, two of the designed ligands are given in Figure S14.

4.2.2 ldentifying the Oxyanion hole

To determine the oxyanion residues of T. terrestris cutinase, the closest homologous cutinase
from G. cingulata (PDB ID: 3dea) was analysed (Nyon et al., 2009). G. cingulata cutinase was
crystallized covalently bound to a PETFP inhibitor (3-phenethylthio-1,1,1-trifluoropropan-2-
one), which has a similar structure as one of the target ligands, FA-C2. Figure S15 shows that

both ligands (PETFP and FA-C2) display the carbonyl oxygen occupying the oxyanion hole.

Structural alignment between G. cingulata and T. terrestris cutinases revealed that Ser58 and

GInl137 form the oxyanion hole in T. terrestris cutinase.
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A docking methodology for the cutinase of T. terrestris was then developed as it is described
in section 3.2, comprising of model refinement, ligand preparation, docking of a starting
ligand, generation of a receptor grid and application of docking constraints. This last step is

discussed next.

4.2.3 Docking Constraints

When performing molecular docking, Glide generates several possible conformations and
orientations for a target ligand. Hence setting constraints based on acknowledged receptor-
ligand interactions is required to screen out poses that do not meet the catalytic and binding

mechanism of cutinases early on in their evaluation for docking suitability.

As described above, a correct ligand pose involves hydrogen bond interactions with the
oxyanion residues as well as the proximity between the catalytic serine and the scissile carbon.
Thus, the feruloyl esters were docked to T. terrestris cutinase requiring their respective
carbonyl oxygens to be interacting with the oxyanion residues. Also, the carbonyl carbons of
FA-C10 to FA-CI8 were assigned to be placed within interacting distance of the catalytic
serine. The need to set positional constraints for ligands with longer aliphatic chains discloses
the difficulty in obtaining an active and functional binding mode for highly hydrophobic
molecules. Therefore, there is evidence that the hydrophobicity of the longer aliphatic chains
is responsible for steric hindrance issues, which renders the position of the ligand’s ester
group in the catalytic pocket of the receptor more difficult. Docking constraints are

summarized in Table S2.

Challenges in finding the right constraints were caused by the sensitivity of the Glide
algorithm, where small spatial changes in residues resulted in a complete shift in the ligand
pose. Furthermore, to allow the ligand to bind, and to understand which residues spatially
limited the ligand taking its position in the cleft, each hydroxy and thiol group had to be

rotated individually, and the effect on the binding pose observed.

Though the application of constraints was difficult, FA-C2 to FA-C18 were docked successfully

in the T. terrestris cutinase model.
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4.2.4 Docking Results

Figure 8 shows the most reliable pose encountered for FA-CI8 in T. terrestris cutinase, the
stabilizing oxyanion hole and the support of the binding groove. The binding poses for the

other docked feruloyl esters are given in Figure S16 - Figure S23.

Figure 8. The most reliable binding pose for FA-CI8 in T. terrestris model. Active site and oxyanion hole residues show in
sticks coloured by element with custom carbons coloured yellow and orange, respectively. FA-CI8 represented in sticks
coloured by element with salmon custom carbons. a. Model represented in green cartoon figure. FA-CI8 is docked. b. Model
represented in green cartoon figure. The aromatic moiety of the feruloyl ester is placed in the oxyanion cavity within
interacting distance of the catalytic serine (3.1 A). The distances between the carbonyl oxygen and the oxyanion residues are
also displayed in A and are also represented by yellow dashes. ¢. Model represented in green surface figure. The aliphatic

fraction of FA-CI8 is displayed throughout the binding tunnel of T. terrestris model.
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After encountering the most reliable poses for each ligand in the T. terrestris model, the
binding energy of each feruloyl ester was calculated using the Prime MM-GBSA module. These
values account for the binding free energy once the ligand-receptor complex is formed,
meaning the lower the energy value given, the energetically more favorable the pose is. The
term ‘binding affinity’ will be used in this report to specify the strength of the intermolecular
interactions between a complexed ligand and the receptor. Also, the increment or reduction

of the values of free binding energy is discussed regarding the module value.

Table 2 shows the docking results for each ligand, from FA-C2 to FA-CI8. The following table
presents the distances between the carbonyl carbon of each docked ligand and the catalytic
serine (Distance (Ser136)), the oxyanion residues within interacting distance (3 A) of the
ligand (oxyanion residues) and the simulated binding energies. The sensitivity of the binding
energy is 1 Kcal/mol (Schrédinger, 2016). The experimental specific activities obtained from
Duan et al. (2019) are also shown. These experimental data where retrieved using pNP as

substrates, molecules structurally similar to the target ligand.
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Table 2. Docking results of FA-C2 to FA-CI8 of T. terrestris cutinase.

Distance (Ser136) Binding energy Specific activity
Oxyanion residues
@) (Kcal/mol) (U/mg)

FA-C2 4.16 Ser58 (N) -46.69 266.2 +4.5
FA-C4 411 Ser58 (N) -53.10 23224 +17.8
FA-C6 3.95 Ser58(N) -57.81 1056.4 +18.8
FA-C8 3.05 Ser58(N); Ser58(0); GIn137(N); -44.16 1043.1+5.8
FA-C10 3.14 Ser58(N); Ser58 (O); -48.27 12623 £ 8.7
FA-C12 3.27 Ser58(N); Ser58(0); GInl37(N); -50.72 12571+14
FA-Cl4 3.48 Ser58(N); Ser58(0); -62.52 880.7+7.2
FA-C16 3.16 Ser58(N); Ser58(0); GInl37(N); -54.93 412.6 +15.2
FA-C18 3.06 Ser58(N); Ser58(0); GInl37(N); -69.12 -

The results point to the stronger stabilizing force of the oxyanion pocket when testing from
FA-C8 onwards, as the ligands interact with more than one hydrogen donor. The oxyanion

hole even gains a third donor when docking FA-C8, FA-C12, FA-C16 and FA-CIS8.

However, the hydrogen interactions within the catalytic pocket do not seem to be the single
energy contribution to the total binding energy, as a higher binding energy is not always
supported by an increase in the oxyanion hydrogen donors and vice-versa (for example from
FA-C6 to FA-C8 and from FA-CI2 to FA-Cl14). Therefore, the intermolecular interactions
between the aliphatic domains of the feruloyl esters and the residues enclosing the binding
cleft seem to contribute to the calculated binding energy. This is a good indicator on the
extent of conclusions one can draw with molecular docking procedures for long-chain ligands,

as will be discussed later in this section.

Comparing experimental specific activities with simulated binding energies, the results follow
the same trend for ligands with short and middle-chain aliphatic lengths. Specifically: from
FA-C2 to FA-C4, and again from FA-C8 to FA-CI2, both binding energy and activity are
increasing, and from FA-C4 to FA-C8, both binding energy and activity decrease. From FA-
C12 onwards, several reasons might support the observed disparage between the two
parameters since low specific activities are correlated to high binding affinities. To explain

this, two main hypotheses were postulated:
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1. The local intermolecular interactions between the aliphatic tails of the target ligands
and the residues enclosing the binding tunnel of the T. terrestris cutinase have a
significant contribution in the calculated free binding energy. Hence, for long-chain
ligands, a high value of binding energy masks the low interaction energy within the
catalytic pocket of the target structure, which is the main responsible for the low

activity of the enzyme.

2. A strong binding of the aliphatic fractions of the substrates to the target receptor
difficults their release once reaction is completed (Kakaei et al., 2019). Therefore, no
new molecules can enter the target structure to start a new degradation cycle. Hence

the ester-cleaving rate of the enzyme decreases as does its activity.
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Hypothesis 1 and 2 were analyzed by studying the contribution of the aliphatic chain of
the substrates to the total binding energy. To achieve this, the docking of products was
performed since these consist of the aliphatic alcohols without the esterified ferulic acids.
The aim was to mimic the ester group cleavage of all substrates in T. terrestris cutinase
prior to the release of the product. This was achieved by committing the hydroxyl groups
of the products to a 0.5 A distance of the correspondent atoms in the respective substrates.
Figure 9 shows the docked stearyl alcohol (octadecan-1-ol) aligned with its correspondent

substrate, FA-C18. The poses for the other docked products are given in Figure S24.

Figure 9. Docking of FA-CI8 and correspondent product in T. terrestris cutinase. T. terrestris model represented in green
cartoon figure. Active site residues show in sticks with custom carbons coloured yellow. FA-CI8 substrate and correspondent

product represented in sticks coloured by element with salmon and blue custom carbons, respectively.

The binding energies of each docked product were then calculated using Prime MM-GBSA
module. ‘dGsubstrate - dGproduct’ represents the difference between the binding energy of
the feruloyl esters calculated previously and the correspondent products. As a product is
composed only of the same aliphatic domain of its correspondent substrate, the calculated
‘dGsubstrate - dGproduct’ can represent the contributing energy factor of the aromatic

domain of a substrate. Results are given in Table 3.
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Table 3. Docking of products. The binding energy of the docked products with the correspondent C-chains is showed. The
binding energies obtained previously for the correspondent substrates are also present as the experimental specific activities.

The calculated difference between the binding energy of the substrates and products (dGsubstrate-dGproduct) is also given.

Binding energy  Binding energy of = dGsubstrate - dGproduct

of substrate product (Kcal/mol) Specific activity

(Kcal/mol) (Kcal/mol) (U/mg)
C2 -46.69 -13.74 -32.95 266.2+4.5
Cc4 -53.10 -18.83 -34.27 23224 +17.8
C6 -57.81 -19.17 -38.64 1056.4 +18.8
Cc8 -44.16 -27.84 -16.32 10431+5.8
C10 -48.27 -33.42 -14.85 12623 £ 8.7
C12 -50.72 -34.34 -16.38 12571+ 1.4
C14 -62.52 -39.71 -22.81 880.7+7.2
Cl6 -54.93 -33.46 -21.47 412.6 £15.2
C18 -69.12 -36.57 -32.55 -

The binding energy of the products increases with increasing chain-lengths, stabilizing for
long-chain products. Therefore, results show that products bind more tightly to the target
cutinase as their chains increase their lengths, for short and middle chain products (Cz to Cio).
This can be translated to the binding affinity of the substrates, as the aliphatic chain is the
same. However, determining the contribution of the long hydrophobic tails in the total
binding energy is still necessary to promote understanding over the veracity of Hypothesis 1

and 2.

Regarding Hypothesis 1 - The analysis of ‘dGsubstrate - dGproduct’ values reveals that those
are higher for short and long-chain substrates (C2 to Cs and Cu to Cig). Therefore, the
interactions of the aromatic fractions of short and long-chain substrates have a stronger
dominant contribution in the total binding energy as compared to the aliphatic fractions.
Hypothesis 1 is not supported then, as there is no masking effect of the interactions of the
aliphatic chains of long-chain ligands over the interactions within the catalytic pocket of T.

terrestris cutinase.
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Regarding Hypothesis 2 - Excluding the product with a Ci4 chain, the free energy of binding
of the products with longer aliphatic chains does not increase, it stabilizes around -35
Kcal/mol. Therefore, Hypothesis 2 is not supported by these findings, as the loss of activity

for long chain ligands cannot be correlated with their increasing binding to the receptor.

As none of the two hypotheses postulated were confirmed, there are no structural evidence
that support the decaying activity of the T. terrestris cutinase for long chain pNP, which

confirms the reported industrial relevance of this cutinase for polyester degradation.

Even though molecular docking techniques are normally used for study of shorter ligands, the
successful results obtained when docking longer ligands in this cutinase seem to indicate the
promising application of this approach in the discovery of industrially relevant cutinases for
polyester degradation. However, docking of more structures is advised to infer over the
suitability of the method for polyester-cutinase interaction studies and preliminary

determination of structural-functional characteristics of cutinases.
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4.3 Comparison with Homologous Cutinases

To verify the above stated findings, comparison of docking results with kinetic literature data
was performed with structural templates of T. terrestris model, specifically the cutinases from

F. solani (PDB ID: 1cex) and M. cinnamomea (PDB ID: 5x88).

First, the specific activities for M. cinnamomea and F. solani cutinases were taken from Duan
et al. (2017) and Ping et al. (2017), respectively. F. solani and M. cinnamomea cutinases are
reported to have a lower activity against the same substrates than T. terrestris cutinase (see
Table S3), thus being less suitable for degradation of polyesters. F. solani cutinase displays low
activity for all pNP tested. M. cinnamomea shows a different behaviour: the activity is high for
pNP with short chain lengths; however, it instantly decreases when assaying pNP with middle
to long chain lengths. Additionally, T. terrestris, F. solani and M. cinnamomea cutinases
belong to different clans in the phylogenetic tree (Figure 3). Hence, structural differences may
exist between these three cutinases which may provide understanding over their different

activities.

Docking of F. solani cutinase was performed to understand which structural characteristics of
this enzyme were inhibiting its activity. F. solani displays the Serl20-Hisl88-Aspl75 as the
catalytic triad (Longhi et al., 1997) and the residues Ser42 and GInl21 as the oxyanion residues
(Chen et al., 2013).

The docking was performed using the same constraints as for the T. terrestris cutinase. In all
but one case (FA-Cl4) this resulted in successful docking results. Binding energies were
calculated also. The docked feruloyl esters are present in Figure S25 - Figure S32. Again, the
ferulic acid of the ligands stays within the catalytic pocket and the aliphatic tail goes through

the binding tunnel. Table 4 shows docking results for F. solani cutinase.
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Table 4. Docking results of FA-C2 to FA-CI8 of F. solani cutinase. The distances between the carbonyl carbon of each docked
ligand and the catalytic serine (Distance (Serl20)), the oxyanion residues within interacting distance (3 A) of the ligand

(oxyanion residues) and the simulated binding energies are shown.

Distance (Serl20)

Oxyanion residues Binding energy

(A) (Kcal/mol)
FA-C2 3.45 Ser42 (N) -36.28
FA-C4 3.56 Ser42 (N) -42.08
FA-C6 4.28 Ser42 (N) -46.32
FA-C8 3.65 Ser42 (N) -37.82
FA-C10 3.53 Ser42 (N) -50.32
FA-C12 3.54 Ser42 (N) -45.46
FA-C14 Not docked Not docked Not docked
FA-Cl6 3.53 Ser42 (N) -52.66
FA-C18 3.86 Ser42 (N) -34.99

Analysis of Table 4 shows that the binding energies for each docked ligand are lower for this
cutinase when compared to the results obtained for T. terrestris cutinase (see section 4.2.4).
The lower binding energy is associated to a weaker binder, which can be correlated with the
overall inferior activity of F. solani cutinase to degrade all pNP substrates comparative to T.

terrestris cutinase.

The most relevant binding residues in F. solani cutinase are Leul82, Asn84 and Ala85, which
enclose the binding cleft at the ‘top’ (Figure S33). Indeed, these residues are responsible for
the conformation of the binding cavity. For example, mutational studies to promote a larger
binding groove of this cutinase have been carried out by replacing Leul82 to Glyl82 since this
residue is smaller (Longhi et al., 1996). Additionally, the relevant binding residues (Leul82,
Asn84 and Ala85) of F. solani cutinase are perfectly aligned with the homologous residues of
T. terrestris cutinase (Figure S33). Although this does not explain the differences in the activity
of the two cutinases, this clearly highlights engineering potential to increase the pocket in T.

terrestris cutinase.
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However, a possible structural characteristic that may explain the weaker binding of ligands
in F. solani cutinase may consist in the substitution of Phe205 near the catalytic site of T.
terrestris cutinase for a Leul89 in F. solani cutinase. The hydrophobic Phe205 of T. terrestris
cutinase encloses the aliphatic chain of the complexed ligand. In contrast, in F. solani
cutinase, it is the aromatic domain which is positioned near Leul89 (Figure S34). However,
this structural difference which leads to a reverse ligand position in both cutinases still needs
to be evaluated in depth since its existence alone does not seem to fully explain the lower

activity revealed by F. solani cutinase.

Simulated evidence reveals that F. solani cutinase never achieved the total oxyanion hole
stabilization, opposite to what has occurred in T. terrestris cutinase (see section 4.2.4). This
may be explained by the fact that the crystal structure just reflects one position in the entire
catalytic cycle, hence the disposition of the oxyanion residues in that moment negatively
influenced the docking results. Since molecular docking does not account for protein

mobility, this can be a limitation when exploring other crystallized structures.

Regarding the M. cinnamomea cutinase, structural differences were encountered when
comparing its crystallized structure with T. terrestris model and F. solani template, which may

explain its decaying activity for substrates with longer chain lengths.

Figure S35 reveals the presence of a smaller binding cleft in the M. cinnamomea cutinase. The
gatekeeper residues (Leu73 and Leul76) are closer than the respective homologous residues
in T. terrestris cutinase. Additionally, Ser34 is displaced from the classical position predicted

by F. solani and T. terrestris cutinases, narrowing the binding cleft.

In light of these findings, docking of short and middle chain ligands was performed with the
M. cinnamomea cutinase to understand the influence of the Ser34 in the capability of the
enzyme of accepting bulkier substrates. As shown in Figure S36, no successful pose was

achieved, indicating that the ligand cannot access the active site.

This steric hindrance issue of M. cinnamomea has been reported in Duan et al. (2017) to
explain its preference for short-chain substrates. However, in this work, when comparing M.
cinnamomea to T. terrestris cutinase, structural evidence shows that Ser34 is homologous to

Ser58, the oxyanion residue of T. terrestris, as is shown in Figure 10.
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Figure 10. Ser34 of M. cinnamomea cutinase is homologous to Ser58 of T. terrestris cutinase. Ser58 of T. terrestris cutinase
is one of the oxyanion residues which stabilizes the ligand during catalysis. Hydrogen bonds between T. terrestris oxyanion

residues and the carbonyl oxygen of one docked feruloyl ester (FA-C8) are represented as yellow dash lines.

Therefore, new findings reveal that the preference for short-chain substrates of M.
cinnamomea cutinase can be explained by the unclassical disposition of Ser34 in two ways: by
sterically hindering the entrance of longer-chain substrates, as has been reported in Duan et

al. (2017), and by the lost stabilization of the oxyanion hole.
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5. Conclusions

In this work, the structural-functional features of T. terrestris cutinase for polyester

degradation were assessed, particularly the catalytic machinery and the binding cavity.

Homology modelling provided insight over the possible functional role of the N-terminus of
the query sequence as a flexible lid covering the active site, a characteristic common in lipases.
Still, the most suitable model required a big binding cleft and the correct disposition of the
catalytic triad, with the catalytic pair His-Asp, His-Ser within interacting distance of each

other.

Docking of feruloyl esters with successively longer chain lengths to T. terrestris cutinase
model supported the importance of both oxyanion hole and binding tunnel in ligand-receptor
complexation. Comparison of the free binding energy of the docked feruloyl esters with
kinetic experimental data of pNP was performed. A trend was observed in both variables for
ligands with short and middle chain ligands. However, for long-chain ligands, strong binding

of ligands correlated with low activities of the enzyme.

Docking of products promoted understanding over the contribution of the aliphatic chains of
the ligands in the total binding affinity. It was concluded that the ligand-receptor interactions
within the catalytic pocket were dominant in long-chain ligands, leading to a proper catalytic
mechanism. Additionally, the binding of long-chain products was not impeding the start of
new degradation cycles. Hence, no structural feature was hindering the activity of the enzyme,

supporting the industrial relevance of T. terrestris cutinase.

Comparison of docking results between T. terrestris and F. solani cutinases revealed that the
reverse ligand pose in F. solani cutinase may partly explain the lower activity of this enzyme
towards pNP. Additionally, the lower activity of F. solani cutinase was supported by the

obtained lower binding energies.

The decaying activity of M. cinnamomea cutinase relative to T. terrestris and F. solani
cutinases was supported by the misplacement of Ser34, which sterically hinders the entrance

of long-chain substrates and causes the loss of the stabilization of the oxyanion hole.
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Future work

6. Future Work

Future work will consist in the biochemical characterization of novel CE5 enzymes of every
cluster of the newly built phylogenetic tree presented in the background section of this report.
Evaluation of docking results with the experimentally obtained activity data will be
performed. Conclusions over structural differences between cutinases from microorganisms
present in the different clusters will be determined and correlated with the performance of
each enzyme. In the end, the major goal consists in the structural-activity characterization of
every clan present in the tree and hopeful identification of the key ones for suberin

degradation.
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8. Supplementary Information

Figure S 1. Mobility of hydrophobic loops of cutinases. a. F. solani cutinase (PDB ID: Icex). High mobility flaps coloured in
ruby and blocking loop coloured in orange. Information collected after analysis of electron relaxation and NMR studies. b.
F. solani structure (PDB ID: Icex) coloured by b-factor. Loops show uncertainty in their position as they are coloured in
warmer colours. c. G. cingulata structure (PDB ID: 3dcn) coloured by b-factor. Loops show uncertainty in their position as

they are coloured in warmer colours.
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Figure S 2. Homology models of T. terrestris cutinase aligned with their respective templates. a. Swiss model (red) aligned
with 3dcn (purple blue) template. b. Phyre model (green) aligned with Icex (cyan) template. c. Phyre model (green) aligned
with 3dd5 (deep olive) template. d. Phyre model (green) aligned with 3gbs (sky blue) template. e. Phyre model (green) aligned
with 4oyl (gray) template. f. Phyre model (green) aligned with 5x88 (brown) template. g. Prime I model (dark gray) aligned
with 3dcn (purple blue) template. h. Prime 2 model (blue) aligned with 3dcn (purple blue), 3dd5 (deep olive), Icuw (deep teal),
Icud (pale green), 3esa (hot pink), Icex (cyan) templates. i. Prime 3 model (pink) aligned with 3dcn (purple blue), 3dd5 (deep
olive), Icuw (deep teal), Icud (pale green), 3esa (hot pink), Icex (cyan), 3gbs (sky blue), 4oyl (gray), 5x88 (brown) templates.
j. iTasser model (magenta) aligned with 4psc (orange) template. k. iTasser model (magenta) aligned with 3esb (salmon)

template. I. Prime 4 model (ruby) aligned with 4psc (orange) template.
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Table S 1. Templates used to build each model and corresponding evaluating parameters. Marked gray are relevant template

structures though not used for the model; abb. Seq. Id - sequence identity; Xray - resolution; Conf - confidence of Phyre model;

GMQE - global Swiss model quality estimate; QMEAN - Swiss model deviation from PDB crystallized structures; TM-Score —

iTasser model score relative to template structure; RMSD - root mean square deviation of atomic positions of iTasser model.

Template Source SwissModel Phyre2 Prime 1 Prime 2 Prime 3 Prime 4 iTasser
GMQE: 0.73
Score: 550 Score: 550 Score: 550 TM-Score: 0.818
Glomerella QMEAN: -0.99
3den Seq. Id: 58.33% Seq. Id: 57% Seq. Id: 57% Seq. Id: 57% RMSD: 116
cingulata
9 Coverage: 84% Gaps: 1% Gaps: 1% Gaps: 1% Seq. Id: 56%
Xray: 1.90A Xray: 1.9A Xray: 1.9A Xray: 1.9A Coverage: 84.2%
Conf:100% Score: 550 Score: 550
Glomerella Seq. Id: 57% Seq. 1d: 57%
3dd5 Seq. Id: 57%
cingulata Gaps: 1% Gaps: 1%
Coverage: 84% Xray: 2.6 A Xray: 2.6 A
Score: 529 Score: 529
leuw Fusarium Seq. Id: 51% Seq. 1d: 51%
solani Gaps: 2% Gaps: 2%
Xray: 2.7 A Xray: 2.7 A
Score: 528 Score: 528
Jeud Fusarium Seq. 1d: 51% Seq. 1d: 51%
cu
solani Gaps: 2% Gaps: 2%
Xray: 2.7 A Xray: 2.7 A
Score: 528 Score: 528
Fusarium Seq. Id: 51% Seq. Id: 51%
3 q q
esa
solani Gaps: 2% Gaps: 2%
Xray: 2.0A Xray: 2.0A
Conf:100% Score: 527 Score: 527
Fusarium Seq. Id: 51% Seq. Id: 51%
lcex Seq. 1d: 51%
solani Gaps: 2% Gaps: 2%
Coverage: 85% Xray: 1.0 A Xray: 1.0 A
TM-Score: 0.825
3esh Fusarium RMSD: 114
es
solani Seq. Id: 51.5%
Coverage: 85.1%
Conf: 100% Score: 501 TM-Score: 0.790
Malbranchea Seq. 1d: 51% RMSD: L1I
5x88 Seq. Id: 52%
cinnamomea Gaps: 2% Seq. Id: 51.3%
Coverage: 79% Xray: 1.76 A Coverage: 81.6%
Conf: 100% Score: 494 TM-Score: 0.815
dov Humicola Seq. Id: 51% RMSD: 0.79
O Seq. Id: 51%
¥ insolens Gaps: 1% Seq. Id: 50.8%
Coverage: 84% Xray: 2.05A Coverage: 82.9%
Conf:100% Score: 457 TM-Score: 0.794
Aspergillus Seq. Id: 53% RMSD: 139
3gbs Seq. 1d: 51%
oryzae Gaps: 3% Seq. Id: 50.8%
Coverage: 81% Xray: 1.75 A Coverage: 82.0%
Score: 196 Score: 196 Score: 196 Score: 196 TM-Score: 0.860
Trichoderma Seq. Id: 31% Seq. Id: 31% Seq. Id: 31% Seq. Id: 31% RMSD: 1.65
4psc .
P reesei Gaps: 8% Gaps: 8% Gaps: 8% Gaps: 8% Seq. Id: 29%
Xray: 115A Xray: 1154 Xray: 115A Xray: 115A Coverage: 92.1%
Score: 196 Score: 196 Score: 196 Score: 196
Conf:100%
dpsd Trichoderma Seq. Id: 31% Seq. Id: 31% Seq. Id: 31% Seq. Id: 31%
PS
reesei Seq. Id: 26% Gaps: 8% Gaps: 8% Gaps: 8% Gaps: 8%
Coverage: 96% Xray: 1.52A Xray: 1.52A Xray: 1.52A Xray: 1.52A
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Figure S 3. Secondary structure prediction of Phyre model. Initial 32 aa predicted by ab initio techniques (highly unreliable),
but a high confidence helix is predicted from aa5 to aal4.

Figure S 4. Helix figure is modelled for aa5-aal4 after model refinement. a. Yellow cartoon figure shows Phyre model pre-

refined. Aa5-aal4 are coloured orange. b. Green cartoon figure shows Phyre model pos-refined. Aa5-aal4 are coloured

orange.
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Figure S 5. Target sequence aligned with 3dcn template. Red squares disclose gaps in the alignment.
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Figure S 6. Multi-sequence alignment. Two consensus models were built to try to fill in the gaps of the previous alignment.

N-terminus was not filled. Green box comprises of templates used for consensus model Prime 2 and pink box comprises of

templates used for consensus model Prime 3.
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Figure S 7. iTasser results. a. iTasser predicts helix in N-terminus of model. b. iTasser found one crystal structure displaying

a possible helix-like homologous N-terminus: 4psc. c. Top 10 identified structural analogs in PDB of iTasser model.
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Figure S 8. Helix conformation (5aa-l4aa in orange) and disposition on Phyre (green) and iTasser (magenta) models. They

are both hovering the binding cleft. Loop comes out of signaled beta sheet in both models.

Figure S 9. T. terrestris cutinase displays a lid covering the active site. a. Lid covering the active site (red) in iTasser model.
Orange represents the residues of high confidence helix structure in Phyre model (5aa-14aa), which belong to lid structure in

iTasser model. b. Lid covering the active site (red) in 4psc template.
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Figure S 10. Phyre model aligned with 5x88 template (M. Figure S II. Phyre model aligned with 3dd5 template (G.
cinnamomea). Active site residues coloured by element with cingulata). Active site residues coloured by element with
custom carbons coloured yellow (Phyre) and cyan (5x88). custom carbons coloured yellow (Phyre) and magenta

Measurements displayed are in A. (3dd5). Inactive state of template histidine shows.

Figure S 12. Catalytic histidine in iTasser model. Active site residues coloured by element with custom carbons coloured

yellow. Model histidine is placed on helix. Not much flexibility exists for this residue to shift towards catalytic aspartate.
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Figure S I13. Phyre model presents a larger catalytic groove than iTasser model. a. Phyre model represented as surface.
Catalytic groove exists. Catalytic serine is exposed to solvent b. iTasser model represented as surface. Catalytic groove not

as dominant.

Figure S 14. Example of two of the designed ligands. a. FA-C2 b. FA-CIS8.
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Figure S 15. Oxyanion hole of G. cingulata cutinase. a. Oxyanion hole stabilization of G. cingulata cutinase (PDB ID: 3dea)
native ligand PETFP. The double bond oxygen attached to the scissile carbon is stabilized by hydrogens from oxygen of Ser57
and from amides of Ser57 and GIni37. b. G. cingulata cutinase (PDB ID: 3dea) as positive control for docking of cutinases.
Enzyme in deep olive cartoon figure. Active site residues show in sticks coloured by element with custom carbons coloured
yellow. The double bond oxygen attached to the scissile carbon of docked FA-C2 is stabilized by hydrogens from oxygen of
Ser57 and from amides of Ser57 and GInl37, both residues coloured by element with orange custom carbons. Hydrogen bonds

are represented by yellow dashes.
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Table S 2. Receptor grid settings and Glide constraints.

Receptor grid settings

Glide constraints

Spatial Spatial Hydrogen Hydrogen
. Hydrogen Rotational Spatial
Centre Size (A) restricted | restriction bonds bonds
. bonds atoms constraints
atom radius (A) ticked setting
FA-C2 catSer 10x10x10 X X Oxy aa catSer X All At least 1
FA-C4 catSer 10x10x10 X X Oxy aa catSer X All At least 1
FA-C6 catSer 10x10x10 X X Oxy aa catSer X All At least 1
FA-C8 catSer 10x10x10 X X Oxy aa catSer X All At least 1
oxySer (N)
FA-10 catSer 36x36x36 O-(C)=0 2.0 Oxy aa catSer O-(0)=0 At least 1
oxySer (O)
oxySer (N)
FA-CI2 catSer 36x36x36 O-(C)=0 2.0 Oxy aa catSer 0O-(0)=0 At least 1
oxyGln (N)
oxySer (N)
FA-C14 catSer 36x36x36 O-(C)=0 2.0 Oxy aa catSer 0O-(0)=0 At least 1
oxyGln (N)
oxySer (N)
FA-Cl16 catSer 36x36x36 O-(0)=0 2.0 Oxy aa catSer O-(0)=0 At least 1
oxyGln (N)
oxySer (N)
FA-CI8 catSer 36x36x36 O-(0)=0 2.0 Oxy aa catSer O-(0)=0 At least 1
oxyGln (N)

Nomenclature: ‘catSer’ stands for catalytic serine; ‘Oxy aa’ stands for all oxyanion hole residues; as an example, ‘oxySer(N)’

stands for the amide of the oxyanion serine which has been ticked to donate hydrogens to stabilize the oxyanion hole; ‘at

least I’ means that during docking at least one of the hydrogen bonds constrained had to exist.
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Figure S 16. Docking of FA-C2 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-C2 represented in sticks coloured by element with
salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-C2. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-C2. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-C2 goes through

the binding tunnel.
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Figure S 17. Docking of FA-C4 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-C4 represented in sticks coloured by element with
salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-C4. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-C4. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-C4 goes through

the binding tunnel.
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Figure S 18. Docking of FA-C6 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-C6 represented in sticks coloured by element with
salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-C6. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-C6. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-C6 goes through

the binding tunnel.
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Figure S 19. Docking of FA-C8 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-C8 represented in sticks coloured by element with
salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-CS8. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-C8. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-C8 goes through

the binding tunnel.
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Figure S 20. Docking of FA-CIO in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CIO represented in sticks coloured by element
with salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-CIO. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-CIO. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-CIO goes through

the binding tunnel.
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Figure S 21. Docking of FA-CI2 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CI2 represented in sticks coloured by element
with salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-CI2. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-CI2. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-CI2 goes through

the binding tunnel.

80



- Supplementary Information

Figure S 22. Docking of FA-Cl4 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-Cl4 represented in sticks coloured by element
with salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-CI4. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-Cl4. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-Cl4 goes through

the binding tunnel.
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Figure S 23. Docking of FA-CI6 in T. terrestris cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CI6 represented in sticks coloured by element
with salmon custom carbons. a. T. terrestris cutinase represented in green cartoon figure with docked FA-CI6. b. T. terrestris
cutinase represented in green cartoon figure with docked FA-CI6. Measurements displayed are in A and are represented by
yellow dashed lines c. T. terrestris cutinase represented in green surface figure. The aliphatic domain of FA-CI6 goes through

the binding tunnel.
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Figure S 24. Substrate vs. product docking in T. terrestris cutinase. T. terrestris cutinase represented in green cartoon figure.

Active site residues show in sticks with custom carbons coloured yellow. Substrate and correspondent product represented
in sticks coloured by element with salmon and blue custom carbons, respectively. a. FA-C2 vs. OH-C2. b. FA-C4 vs. OH-C4
c. FA-C6 vs. OH-C6. d. FA-C8 vs. OH-C8. e. FA-10 vs. OH-CIO. f. FA-CI2 vs. OH-CI2. g. FA-Cl4 vs. OH-CI4. h. FA-CI6 vs.
OH-CI6.
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Table S 3. Experimental specific activities of F. solani, M. cinnamomea and T. terrestris cutinases.

Experimental specific activity (U/mg)
Substrate
T. terrestris cutinase F. solani cutinase M. cinnamomea cutinase
pNPA (C2) 266.2+4.5 151.4 +11.2 553.5+25
pNPB (Cs) 23224 £17.8 456.5+19.8 11479 + 83
pNPH (Cq) 1056.4 +18.8 4731+223 1076.2 + 5.0
pNPC (Cg) 10431+ 5.8 - 646.9 +33.3
pNPD (Cyo) 12623 + 8.7 558.3 +24.8 607.6 +28.3
pNPL (Cp2) 12571+14 203.6 £33.1 494.5+5.0
PNPM (Cu) 880.7 7.2 140.7 + 33 962.6 +5.0
PNPP (Cie) 412.6 +15.2 447 +35 619.5+10.8
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Figure S 25. Docking of FA-C2 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by element
with custom carbons coloured yellow and orange, respectively. FA-C2 represented in sticks coloured by element with salmon
custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-C2. b. F. solani cutinase represented
in cyan cartoon figure with docked FA-C2. Measurements displayed are in A and are represented by yellow dashed lines c. F.

solani cutinase represented in cyan surface figure. The aliphatic domain of FA-C2 goes through the binding tunnel.

86



- Supplementary Information

Figure S 26. Docking of FA-C4 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-C4 represented in sticks coloured by element with
salmon custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-C4. b. F. solani cutinase
represented in cyan cartoon figure with docked FA-C4. Measurements displayed are in A and are represented by yellow dashed

lines c. F. solani cutinase represented in cyan surface figure. The aliphatic domain of FA-C4 goes through the binding tunnel.
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Figure S 27. Docking of FA-C6 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by element
with custom carbons coloured yellow and orange, respectively. FA-C6 represented in sticks coloured by element with salmon
custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-C6. b. F. solani cutinase represented
in cyan cartoon figure with docked FA-C6. Measurements displayed are in A and are represented by yellow dashed lines c. F.

solani cutinase represented in cyan surface figure. The aliphatic domain of FA-C6 goes through the binding tunnel.
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Figure S 28. Docking of FA-C8 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by element
with custom carbons coloured yellow and orange, respectively. FA-C8 represented in sticks coloured by element with salmon
custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-C8. b. F. solani cutinase represented
in cyan cartoon figure with docked FA-C8. Measurements displayed are in A and are represented by yellow dashed lines c. F.

solani cutinase represented in cyan surface figure. The aliphatic domain of FA-C8 goes through the binding tunnel.
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Figure S 29. Docking of FA-CIO in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CIO represented in sticks coloured by element
with salmon custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-CIO. b. F. solani
cutinase represented in cyan cartoon figure with docked FA-CIO. Measurements displayed are in A and are represented by

yellow dashed lines c. F. solani cutinase represented in cyan surface figure. The aliphatic domain of FA-CIO goes through the

binding tunnel.
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Figure S 30. Docking of FA-CI2 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CI2 represented in sticks coloured by element
with salmon custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-CI2. b. F. solani
cutinase represented in cyan cartoon figure with docked FA-CI2. Measurements displayed are in A and are represented by
yellow dashed lines c. F. solani cutinase represented in cyan surface figure. The aliphatic domain of FA-CI2 goes through the

binding tunnel.
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Figure S 31. Docking of FA-CI6 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CI6 represented in sticks coloured by element
with salmon custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-CI6. b. F. solani
cutinase represented in cyan cartoon figure with docked FA-CI6. Measurements displayed are in A and are represented by
yellow dashed lines c. F. solani cutinase represented in cyan surface figure. The aliphatic domain of FA-CI6 goes through the

binding tunnel.
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Figure S 32. Docking of FA-CI8 in F. solani cutinase. Active site and oxyanion hole residues show in sticks coloured by
element with custom carbons coloured yellow and orange, respectively. FA-CI8 represented in sticks coloured by element
with salmon custom carbons. a. F. solani cutinase represented in cyan cartoon figure with docked FA-CIS. b. F. solani
cutinase represented in cyan cartoon figure with docked FA-CIS. Measurements displayed are in A and are represented by

yellow dashed lines c. F. solani cutinase represented in cyan surface figure. The aliphatic domain of FA-CI8 goes through the

binding tunnel.

93



Structure-function analysis of a CE5 enzyme from Thielavia terrestris

Figure S 33. Top enclosing binding residues in F. solani and T. terrestris cutinases aligned. F. solani cutinase (PDB ID: Icex)
coloured cyan and T. terrestris cutinase coloured green. F. solani cutinase binding residues, Leul82-Asn84-Ala85, show in

cyan sticks and homologous T. terrestris cutinase residues show in green sticks.

S
Leul89 "W
N\ Phe205 _&8

Figure S 34. Substitution of Leul89 in F. solani cutinase (PDB ID: Icex) for a Phe205 in T. terrestris cutinase. Residues show
in sticks. F. solani cutinase coloured cyan and T. terrestris cutinase coloured green. Reverse ligand pose between the two

docked enzymes.
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Figure S 35. Binding cleft is smaller in M. cinnamomea cutinase. M. cinnamomea cutinase (brown), T. terrestris cutinase
(green) and F. solani cutinase (cyan). Binding cleft residues show in sticks. a. Serine34 from M. cinnamomea cutinase is
blocking entrance. b. Distance from Leul76-Leu73 is smaller compared to distance between the homologous residues in T.

terrestris cutinase. Distances in A.

Figure S 36. Steric hindrance of serine in M. cinnamomea cutinase. Serine from M. cinnamomea cutinase (cyan stick) is
blocking the entrance of FA-C6 (represented by sticks coloured by element with salmon custom carbons). Image purely

illustrative. It is still a bad docked pose for the ligand as the enzyme still reports activity for this chain length.
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