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1. Introduction

Polyurethane (PU) and other plastics play an important role in our daily lives. PU
foam is used in a wide variety of products, which leads to accumulation of PU as waste
in our environment (e.g., water, soil) [1]. There are many strategies for waste
management, one of this is biodegradation, however, is relatively seldom considered.
The advantage of biodegradation is that it does not require large energy investment and
the plastic could be fully mineralized in the process. The disadvantages are toxic
compounds produced potentially during degradation and the polymeric product could
degrade earlier than it is supposed to [2]. Several studies have investigated the
degradability of polyurethanes using microorganisms. In general, microorganisms are
involved in the biodegradation of different polymers, including polyurethane. The most
studied bacteria in the biodegradation of polyurethane belong to the families of
Pseudomonadaceae, Enterococcaceae, Corynebacteriaceae, and Comemonadaceae
[3]. The degradation capabilities of microorganisms are result of a prolonged period of
adaptation to the polymers as energy source. To use polyurethane as an energy source,
microorganisms need special enzymes. Three main types of enzymes are mentioned in
the literature: lipase, urease, and esterase, of which the latter is considered to play a
major role. In our research all the available bacterial esterase sequences will be
collected and the homology between them will be determined using the BLASTp and
MSA (Multi Sequence Alignment) programs. Then, those which has a 3D structure will
be selected and used as host molecules for molecular docking. The enzyme structures
will be prepared using standard protocols (e.g., adding hydrogens). At the same time,
3D structures of model urethanes will be prepared using the GaussView 6.0 software
and optimized by the Gaussian 09 software package at the B3LYP/6-31G(d,p) level of
theory and these will be used as ligands during molecular docking calculations. After
the optimization of the ligand structures, they will be ready to be docked to the
enzymes. The interactions between the enzymes and model urethanes will be
determined and compared by using the AutoDock Vina software. The different ligand-

esterase interactions will be assessed and quantified.
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1.1 Objectives

The aim of the research was to investigate the theoretical degradation of polyurethane

foam as a waste, for which the following subtasks were planned.

b=

Identifying possible degradative enzymes based on literature.

Sequence homology search using BLASTp and MSA programs.

Identifying possible docking sites.

Construction of model urethane molecules using GaussView 6.0 software and
docking of selected enzymes to possible docking sites using AutoDock Vina

program.
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2. Literature

2.1 Production of polyurethane foams

Polymers that contain several urethane units (Figure 1) independently of the rest of
the molecule are called polyurethanes [4], [5]. Urethane groups were first synthesized by

Otto Bayer in 1936.
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Figure 1 Urethane unit

Polyurethanes are macromolecular substances formed by the polyaddition reaction
of di- or polyisocyanates with diols or polyols (Figure 2). The foam structure is formed by
the carbon dioxide produced during the reaction when water or carboxylic acid is present

in the mixture [5].

Polyol Isocyanate Mix Polyurethan foam

Figure 2 Polyurethane synthesis in laboratory.

PU foams can be divided into several groups according to their mechanical
properties. The first group are the flexible foams, which are characterised by a sparse cross-
linked structure, reversible deformability and low resistance to compressive stress. The

next group is the integral foams, which have the special feature that no special protective
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layer is required, since the protective layer is formed during production. They are
characterised by low thermal conductivity, good mechanical and chemical properties, and
wear resistance. Rigid foams have a closed cell structure, good adhesion, good mechanical
properties and good thermal conductivity. Other polyurethanes used in industry include

elastomers, fiber materials, film formers and adhesives [6].

2.2 Polyurethane degradation

Biological breakdown is influenced by two main factors, abiotic and biotic factors.
Abiotic factors are sunlight, temperature, and air. In abiotic media, sunlight can induce
decomposition through photolysis and oxidation, while water and chemical contaminants
can trigger hydrolysis [7].

Biotic degradation can be divided into three parts, such as biological attack,
fragmentation and finally mineralization. Biological attack represents the beginning of
material decomposition where the structure of the material does not deteriorate, but
different chemical reactions start [8]. In biofragmentation, microorganisms release larger
amounts of enzymes that catalyse the degradation process. Fission of higher molecular
weight units starts. Mineralisation involves the production of biomass, carbon dioxide and
water, but mineral components can also include various inorganic gases and ammonium

salts [9].

2.2.1 Polyurethane degradation with fungi

It was found that different properties, such as crystallinity, molecular orientation or
the side chains attached to the molecule, have a strong influence on the enzymatic
degradability of synthetic polymers. [10] Furthermore, if the chains of synthetic polymers
show more repeats, the polymer chains could be clustered which results the formation of
regular crystalline regions. These regular repeats limit the accessibility of the polymer
chains to microbial enzymes. It was revealed that amorphous regions of polyurethane are
more easily degraded by fungi, and that the bonds of amorphous regions are attacked first,
followed by those of regular regions [11]. In addition, polyester PU is more susceptible to
degradation by fungi [5]. Studies have identified several possible fungal species that
exhibited polyurethane degradation properties - Curvularia senegalensis, Fusarium solani,
Aureobasidium pullulans and Cladosporium sp. Within these fungi, Curvularia

senegalensis showed the highest degradation activity. In the case of fungi, endo enzymes
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were isolated, which randomly hydrolyze the polyurethane, so that the degradation results
in a reduction in tensile strength and a minimal loss of mass. Besides exo enzymes have
been isolated as well, which remove monomeric units from the end of the chain, but do not

cause a large difference in tensile strength [12].

2.2.2 Polyurethane degradation with bacteria

By adding autoclaved 2x2 cm pieces of 250 mg PU film as sole carbon source to a
minimal salt medium and inoculating it with soil samples, researchers were able to isolate
and identify Pseudomonas aeruginosa MZA-85 strain as an organism capable to degrade
PU. The cell number of the PU film containing media was compared with the cell number
of the control sample using photometry at 600 nm. PU degradation enzyme activity was
measured by addition of p-nitriphenol to the supernatants. Compounds resulting from
degradation process were analyzed by GC-MS, FT-IR, and Strum test methods [13]. It was
revealed that the isolated Pseudomonas aeruginosa MZA-85 strain could not only utilize
polyurethane as a carbon source by breaking ester bonds, but also utilizes the intermediate
products as a carbon source. Carbon utilization was verified by the CO> Strum test. The
bacterial strain degraded the aliphatic part of polyurethane more efficiently than the
aromatic part, which resulted the formation of adipic acid and 1,4-butanediol [14]. It was
found that esterases interact with the polymer nearby the aliphatic ester bonds, and
consequently it is assumed that this is the starting point for polyurethane chain degradation.
In the supernatant of the reaction media, there were no compounds that indicated the
degradation of polyisocyanate [13].

The degradation of polyester polyurethane foam waste with Pseudomonas
chlororaphis bacterial strain ATCC55729 was also investigated. The foam was cut into 0.5
x 0.5 x 0.5 cm?® pieces, washed, then dried at 90°C to constant weight. A portion of the
sample (1 g) was autoclaved and added to 200 ml of culture medium than inoculated with
0.1 ml of bacterial suspension [15]. Flasks were placed in a shaking incubator and the
digestion experiment was carried out with constant shaking at 150 rpm at 30 °C. Enzyme
activity was detected from supernatants by p-nitriphenol spectrophotometrically at 405 nm.
Colony count at the start of the experiment was determined at 2x10° cfu ml"! and then
stagnation was observed, since the cell number of 5x107 cfu ml"! remained until the end of
the test [15]. This indicates that Pseudomonas chlororaphis ATCC55729 might use the

tested foam as energy source, but probably this substrate is not adequate for cell
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proliferation. The other explanation could be, that substances form the degradation may
have toxic effect on Pseudomonas chlororaphis ATCC55729 strain, and therefore no
increase in colony number was observed during degradation experiment.

Some polyester polyurethane products tend to degrade in the presence of yeast
extract in the incubation medium. Two microorganisms, Corynebacterium sp. and
Pseudomonas aeruginosa were isolated as responsible species for this kind of polymer
degradation. However, in experiments, without yeast extract, the used microorganisms did
not grow, in physical tests, the decrease in tensile strength of the PU substrate was
observed. ATR-FTIR (Attenuated Total Reflection-Fourier Transform Infrared
Spectroscopy) was used to investigate the degradation products, and it was found that the
ester segments of the carbonyl group were hydrolysed [16]. Esterase activity was measured
from the supernatant of the experimental medium, where the release of p-nitrophenol was
monitored spectrophotometrically at 405 nm. This study also indicates that the enzyme
produced by the microbes are extracellular proteins [17].

Comamonas acidovorans TB-35 strain, isolated from a solid polyurethane (PU)
product was also investigated in PU degrading experiments. PU cube (2 x 2 x 1 mm?®)
containing reaction mixture was incubated for 7 days together with the isolated bacteria,
and it was found that the isolated strain degraded 48% of the PU cube samples. It was also
determined that Comamonas acidovorans TB-35 strain has two extracellular esterase
enzymes. One of the enzymes is secreted out of the cell (into the reaction medium), while
the other enzyme is bound to the cell membrane. The latter enzyme was shown to degrade
the polyurethan. The amount of free diethylene glycol, as product of degradation was
measured, and it was shown that while amount of diethylene glycol increased (0.5 mg), the
mass of PU decreased (1.2 mg) [18].

The possible way of polyurethane biodegradation by fungi and bacteria is
intensively studied and until now three different polyurethanases were described. One of
these enzymes is PudA (polyurethanase-depolymerase). The PudA enzyme acts in two
steps, first, it adheres to the surface of the polymer and after that it hydrolyses the ester
bond [19]. In case of Pseudomonas chlororaphis, two other enzymes were identified which
are possibly involved in the degradation of PU. One of these is encoded by the pueA
(polyurethane-esterase A) gene and the other by the pueB (polyurethane-esterase B) gene.
The PueA and PueB proteins have similarities with the extracellular lipases of

Pseudomonas fluorescens and Serratia marcescens [20].
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According to another study, PU-esterases have been distinguished according to
their appearance in the cell. One of the PU-esterases is the membrane-bound enzyme, while
the other is considered to be extracellular protein. These two types of enzymes have
different roles in degradation. The membrane-bound enzyme makes the PU substrate
accessible for degradation, while the extracellular one ensures its binding to the polymer
surface and then hydrolyses the ester bond [5].

As we can see from the presented literatures, polyurethane degradation capacity of
bacteria were demonstrated for several different strain including Pseudomonas aeruginosa,
Pseudomonas fluorescens, Corynebacterium sp., Comamonas acidovorans, and Serratia
marcencens [17], [20]-[23] (Table 1).

Table 1 Microbial degradation of pulyurethane.

Microorgnism Enzyme Polymer type
Pseudomonas aeruginosa esterase polyester- PU
Pseudomonas fluorescens esterase PU
Corynebacterium sp. esterase PU
Comamonas acidovorans esterase polyester- PU
Serratia marcencens esterase PU

2.4 Enzymatic degradation of polyurethane

The enzymatic degradation of a polymers consists of three main steps:

1. Enzyme release from the cell.

2. Enzyme adherence to the polymer surface.

3. Diffusion of degradation products into the solution [24].

Enzymatic degradation is strongly influenced by the macromolecular composition
of the polymer, and by abiotic and biotic factors. Together, these effects factors contribute
to the fragmentation of polymer. The shredded plastic can be utilized by microorganisms
thanks to their enzymes [25]. There is a wide literature on microbial enzymatic degradation
of polymer molecules, and in case of PU degradation it is considered that hydrolases,

namely esterases, ureases and proteases play the major role.
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2.4.1 Biodegradation with esterases

The role of esterases in the degradation of polyurethane is mentioned in several
literatures [20], [26]-[28], [29]. The esterases degrade polyester polyurethanes by
hydrolysis, and in these reactions carboxylic acid or alcohol is produced, which can be
easily detected by HPLC (Figure 3). Similarly, the degradation of the urethane bond
produces carbamic acid and alcohol. Cregut and co-workers described a putative
mechanism of bacterial polyurethane degradation, where first an urethanase type enzyme
is activated, followed by an esterase-type enzyme [30]. The urethanase enzyme cleaves
monomers from the surface of the polymer, while the esterase cleaves the polymer

molecule along the ester bonds [30] (Figure 3 (A)).
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Figure 3 (A) Urethane degradation by an esterase (B) Urethane degradation by a protease
(C) Degradation by urease

As we can see on Figure 3, not only esterases, but also proteases play important role
in the degradation of polyurethanes (Figure 3 (B)). During these reactions, amines,
alcohols, and carbon dioxide are produced by hydrolysis of urethane bonds [2]. Ureases
are also important in urethane degradation processes (Figure 3 (C)) since urease enzymes
break down the aliphatic parts of PU more easily than the crystalline regions of the

molecule [2].

10
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3. Methods

3.1 BLAST- Basic Local Alignment Search Tool

The Basic Local Alignment Search Tool (BLAST) was developed in 1990 by
Stephen Altschul. This program uses a heuristic algorithm to find the most similar protein
sequence for a sequence retrieved from a database. The algorithm searches for segments
with the lowest possible gap between related sequences, using pairwise comparisons in

each block. This pairwise comparison helps to filter out related and unrelated sequences

from the database [31], [32].

3.1.1 E score

The fitting process of the protein sequences is carried out as follows. First, it creates
a list of words from the template sequence. Each word consists of triplets. The list contains
all possible words from the template. Next, the program searches the database for
occurrences of these words. Here the algorithm matches the matching words with the words
in the database. The matches are scored according to a substitution matrix. A match is
defined as a score above a certain threshold. This is followed by pairwise matching, where
words are matched in 2 directions according to the same substitution matrix. If the score
decreases, then the matching ends. This results in a GAP-free sequence with the highest
score according to our scoring matrix. Since protein databases are growing and pairwise
comparisons using significance scores help to distinguish between related and unrelated
sequences, but this leads to errors, there may be many random alignments of unrelated
sequences. Therefore, a new statistical measure of expectation (£) has been introduced.
This number shows whether the alignments from the search are random. The smaller the £

value, the better the fit. It is determined by the following formula:

E=mxnxP
Where m is the total number of residuals in the database, » is the number of residuals
in the template sequence, and P is the probability that the result of a high scoring pairs
(HSP) match which is the result of a randomness [33] [34].
If E < 1e° (1x107%), then the probability that the database match is homologous is

extremely high. If £ is between 0.01 and 1¢7° then the match is considered homologous. If

11
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E is between 0.01 and 10, the match is not considered significant, but may indicate a

presumed distant homology relationship [31], [34], [35].

3.1.2 Bit score

The bit score is another statistical indicator used alongside the £ value in BLAST.
The bit score characterizes sequence similarity independent of template sequence length
and database size and is calculated by taking the raw pairwise alignment score into account.

The bit score (S’) is given by the following scheme:

A is the Gumble distribution constant, S is the raw matching score, and K is the constant
associated with the scoring matrix used. Obviously, the bit score (S°) is linearly related to
the raw alignment score (S). Thus, the higher the bit score, the greater the significance of
the match. The bit score provides a constant statistical indicator for searching databases of
different sizes, or for searching the same database at different times as the database grows

[31].

3.1.3 P score

The number of random HSPs with score = S is described by a Poisson distribution.

This means that the probability of finding exactly one HSP with score = S is given by

where E is the value of S given by E in the above equation. Specifically, the probability of
finding a zero HSP with score =S is e, i.e. the probability of finding at least one such
HSP.
P=1—-¢F

This is the P-value associated with the score S. For example, if we expect to find
three HSPs with a score = S, the probability of finding at least one is 0.95. BLAST
programs give the E-value instead of the P-value because it is easier to understand the
difference between, for example, 5 and 10 E-values than between 0.993 and 0.99995 P-

values. However, if £ < 0.01, then the P and the E are almost the same [36].

12
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3.2 MSA - Multi sequence alignment

Multi Sequence Alignment (MSA) refers to the alignment of multiple sequences,
which indicates evolutionary relationships between genes. Its task is to search for patterns
in sequences and find conserved units. Sequence alignment is done by algorithms, with the
possibility of progressive approaches and dynamic and heuristic approximations. In this
research, the aim was to explore structural and functional similarities between proteins.
Enzymes are nothing more than proteins with a function, built up by amino acids. These
amino acids are coded by nucleobases such as adenine, guanine, thymine, cytosine. The
structure of these units and amino acids influences the process they catalyze and the
function they perform. Their spatial structure also determines where the binding site can
be located, where the active site or active center is found. This is where the substrates, in
our case the polyurethane bind. The reason for looking for similarity is that structurally
related molecules often bind to the same binding site, i.e. similar molecules may have

similar binding sites which is called molecular mimicry [37].

3.3 Accepted Point Mutation (PAM 250)

PAM, an acronym derived from Accepted Point Mutation. It is a probabilistic model
for amino acid substitution, derived from a comparison of the frequency of substitution in
closely related sequences and the frequency expected for completely random substitution
of amino acids. The basis of this scoring system is that the evolution of protein sequences
is not a random process - i.e. the substitution of some amino acids is not random. They
occur frequently, especially in related sequences. Amino acid substitutions also tend to
retain charge, size and hydrophobicity, among other characteristics [38].

The PAM 250 scoring matrix means that there could be about 250 mutations per
100 amino acids, so only very similar sequences will achieve higher alignment scores. The
PAM matrices contain positive and negative values depending on whether the alignment
score is greater than zero, the sequences are considered related (similar in terms of the
alignment matrix used), if the score is negative, they are assumed to be unrelated.
Relatedness can also refer to the evolution and functionality of proteins. The choice of the
matrix also affects the result, so we need to make an assumption about the similarity of the
sequences to get a useful result: sequences that are quite distant will not produce a good

match [39].

13
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3.4 Preparation of model urethanes

There were two main parts of this research within which computational chemistry

tools were used to describe the interactions between the model urethanes to the two

different polyurethane esterase molecules (Figure 4).

3.4 3.5

341 342 35.1 3.5.2

mma _ @ Configfile togfile = Outputligand
(Affinities) » w» structure

- ! .. Protein structure
Gaussian input file Gaussian output file s Ligandstructure

Figure 4 Schematic representation of the applied workflow.

3.4.1 GaussView 6.0

3D structures of five model urethanes were created. These are mono-urethane
models, PU-HDI, PU-HMDI, PU-MDI, PU-TDI24, and PU-TDI26 and represents various
industrially important polyurethane types [40]. The 3D model of the structures in question
were created by using the GaussView 6.0 software [41]. In this software any molecular
structure can be created in 3D. By starting the GaussView 6.0, a blank window, and the

user interface can be seen (Figure 5).

14
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Figure 5 Opening windows of GaussView 6.0.

In the blank window the user has the opportunity to place different types of atoms,
or pre-built structures like methane, water, or cyclic compounds as well such as
cycloalkanes, or benzene. In this window the structures can also be arranged locally, or it
is possible to rotate the atoms, and molecules around different axes. The window next to
this blank window is the user interface, where the molecules can be seen which will be
placed in the blank window after the selection of the right atom or molecule. Also, by using
the user interface, and selecting the right button, there are options to modify such things
like bond distances, angles, dihedrals and it is possible to delete or select a single atom, or

more atoms by using the selection tool in different shapes.

15
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After the structures were created, by arranging the atoms, and molecules in the right
order and fine tuning the bond angles, distances, and types (single, double, or triple
binding), it can be saved as a Gaussian input file. The received input file can be opened in

a text editor (e.g., TextPad) (Figure 6).

|f B31¥e/e-31G(d,p) opt Freg sCRF(3MD,sclvent=water) | NMethod and basis set
Title
5] Charge and multiplicity
[+] -6.20B67693 0.32987877 -0.23536304
H -6.52913152 1.23481290 -0.23360831
c -4 ,.778676593 0.32987877 -0.23536304
H -4.42201058 0.83428177 -1.10901441
H -4.42201008 0.83428157 0.63828825
c -4.2E53440¢6 -1.12204732 -0.23536285
H -4.62203146 -1.6264720% -1.10899306
H -4.621%968595 =1.62644312 0.63830595%
c -2.72532440¢ =1.12201451 -0.23541740
H -2.36871941 -0.61934273  -1.11008302
H -2.36865707 -0.61386728 0.83721618
c -2.21198015 -2.57332679 -0.2325472%
H ~-2.56645194 -3.07583386 0.64343161 Coordinates Of the
H -2.57081728 -3.08083189 -1.10385845
o -0.78198461 -2.57390486 =-0.23612045 molecule’s atoms
c =0.30460955 =3.92186621 =0.23247511
o 0.94538607 -3.921215922 -0.2357254¢6
c -0.82082247 -4.65264188 -1.48591085
H -1.81835190 -4.95833522 -1.31175243
H -0.81663205 -3.97998008 -2.31802175
c 0.09263035 -5.85400740 -1.79238243
H -0.41067437 -6.52421685 -2.45751674
H 0.32776611 -6.36467142  -0.88197954
c 1.3%204558 -5.353759%753 -2.45185721
H 2.18555444 =5.3901895¢ =1.73932875
H 1.25783672 =4.34909235 =2.78865484
c 1.73680417 -6.256859181 -3.65210318

Figure 6 Structure of a Gaussian input file.

The input file contains three main parts: the route section, the title section, and the
section which includes molecule specification details, such as charge, multiplicity, atom
types, and the corresponding coordinates. The route section contains the level of theory,
which is used, and the commands which must be performed during the calculation (e.g.
Opt - Optimization) process. In this work B3LYP/6-31G(d,p) level of theory was used to
optimize the structure. In the title section, a short description or title is optional to be
associated with the input file for easier recognition. The molecule specification includes
the charge and multiplicity of the molecule, the atoms which make up the whole structure,

and the coordinates according to the atoms in question.

16
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3.4.2 Gaussian 09

The calculation process can be carried out by using the Gaussian 09 [42]program
package. It is the step in which the drawn molecules are getting optimized, and different
thermodynamic properties are also calculated. If the calculation is done the software

generates an output file (Figure 7) which can be opened using a text editor, or by using

GaussView.

ABSOLUTISM, OBSOLETISM -- IF IT WORKS, IT'S OUT OF DATE

-- STAFFORD BEER
Job cpu time: @ days 4 hours 7 minutes 53.8 seconds.
File lengths (MBytes): RWF= 4250 Int= @ D2E= @ Chk= 63 Scr= 1
Normal termination of Gaussian @9 at Fri Oct 14 21:34:10 2022.

Figure 7 A screenshot of the last section of a normal terminated Gaussian output file.

By using the text editor, different values according to the optimized molecules can
be extracted, however by using GaussView the optimized structure can be seen in 3D. If
the calculation normal terminated the output file contains the final structure. The optimized
model compounds were used in the docking process in which the binding affinity of these

species to two different esterases were determined.

3.5 Docking ligands to enzymes

3.5.1 AutoDock Tools (preparing the structures for docking)

After the monomer structures were well prepared, and properly optimized they
could be used in the second step, which is the docking process. The main aim of this step
to determine the binding affinities of different urethane models towards polyurethane
esterases [43]. The structures were prepared by using AutoDock Tools. If the AutoDock

Tools is opened a window welcomes the user (Figure 8).

17
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Figure 8 Opening window of AutoDock Tools.

This window includes three parts. The first part is a black section of the opening
window, here the molecules can be dragged in which takes part in the docking process, and
also it is possible to see the 3D structures of the molecules that have been placed in this
part of the window. At the left of this, the list of the molecules can be seen which appear
in the black screen. In this part of the window the appearance of the molecules can be set
by using different buttons. Also, the most important part of the opening window are the
options in the user interface that can help the user to perform changes in the above-
mentioned molecules.

First, the protein esterase molecules were added. After placing the esterase
molecules in the black part of the opening window the preparation of the protein structures
could be done by using different options. Deleting waters was the first step of the protein
preparation process which could be performed by using the Edit — Delete Water (Figure
9) option [44].

18
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Figure 9 (A) Delete water option in AutoDock Tools. (B): Add hydrogens option in
AutoDock Tools.

To delete waters was necessary because their appearance could lead to false results.
Thereafter hydrogens atoms were added to the proteins [44] (Figure 9).

The addition of hydrogen atoms was an essential step because the 3D structures of
the proteins do not include hydrogens. The structures were determined by X-ray
crystallography, and as a result of the small size of the hydrogen atoms, their position was
not determined and thus, they do not include in the 3D models. After adding the hydrogens
with AutoDock Tools, the protonation state of the sidechains of the amino acids within the
protein should be determined. After these steps the prepared structure has to be selected as
a protein molecule using the Grid — Macromolecule — Choose Protein option and the
structure has to be exported into a pdbtq file, which can be used in the final step of the
docking process [44].

After all these changes in the protein molecule, there were some things to do with
the urethane models as well before carrying out the docking. Using GaussView 6.0
software the models had to be exported into a pdb format. Next, these structures had to be
imported into AutoDock Tools, next to the protein molecule and had to be selected as a
ligand molecule by using the Ligand — Input — Choose — Ligand option path. As a result, a
pdbtq file of the ligand molecule could be received, which could be used in the final step
of the docking process [44]. If the pdbtq files of the ligand and protein molecules are ready
the docking site had to be defined. Two types of docking were carried out, blind docking
[45], and guided docking [46]. Using the blind docking method, no specific position on the
protein was selected and the whole structures was targeted by the ligand molecule.
However, as one grid box was not enough to cover the whole structure, thus, several grid
boxes were used which overlap with each other [45]. In case of the guided docking, a

specific location or locations could be determined where the ligand should be docked the
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interactions can be determined. These locations were determined for the two esterases and
the docking sites were narrowed down to these locations and smaller grid boxes were
enough to be used. For this the corresponding active center should be appointed as the
location of the docking itself [46]. The grid box (as the name reveals) has a shape of a box
(Figure 10). Different parameters of the grid box could be changed, such as the number of
points in X, y, or z-dimension (this changed the size of the grid box), the spacing in
angstrom (this defined the volume of the box by changing the 3 sides at once), and the
center of the grid box (by this, the box could be moved around in the x, y, and z axes).

When the grid box that has the appropriate size, and location was being made for the

docking process, the last step has been reached.
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Figure 10 Grid box with PueA esterase

The final step of the docking process was to prepare the config file and start the

docking calculation. The config file which contains the docking parameters has 4 different

sections (Figure 11).

receptor = PueA modell.pdbqt
ligand = PU_HDI.pdbqt

center_x = 5.551
center_y = 11.639
center_z 22,588

size x = 34
size y = 34
size z = 34

energy range = 4

exhaustiveness 8

Figure 11 Config file example for AutoDock Vina.
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The first section is where the receptor (protein esterase) molecule and the ligand
molecule are defined by giving their file names. The next part includes the parameters of
the grid box, or as it can be said the location where the docking should take place. The last
2 parts provides information of the energy range and exhaustiveness (i.e. precision) of the

docking process.

3.5.2 Autodock Vina

After the config file is ready, the docking process could be fulfilled using Autodock
Vina through the command prompt. Thus, it is possible to predict how the molecules
interact with each other in a bound state [47]. The command which had to be used can be

seen in Figure 12.

cd C:\(The place where the config file is stored)

"C:\Program Files (x86)\The Scripps Research Institute\vina\vina.exe" --receptor protein.pdbqt --
ligand ligand.pdbqt --config config.txt --log log.txt --out output.pdbqgt

Figure 12 Command to start the docking process with AutoDock Vina.

After the docking process correctly terminated an output file, and a log file were
generated. The log file could be opened by using a text editor and it contain the different
docking modes, the affinities and distances from the best mode for all cases respectively.
The output file could be opened using PyMol and the structure how the molecules interact
with each other in a bound state could be seen in a 3D model, including the names of the
residues which interact with the ligand and also the type of interaction between the two

molecules in each state (Figure 13).

Figure 13 Docked ligand at various sites of the protein in PyMl.
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3.6 Analysis of the docking scores

After the output log files were generated, the affinities of each docking processes
and each docking modes could be compared. The affinity values were collected, sorted and

compared. Lower the value better the interaction between the protein and ligand.

3.7 PyMol

In each docking processes a representation was made about how the ligand
molecules in their best docking modes are located compared to the protein, and the docking
mode which had the best docking score (lowest affinity) have been selected from the others
and it was shown in a zoomed representation how the ligand molecule is located punctually,
and how does it interact with the protein. For the structural analysis PyMol was used in

order to find the right parts, and interactions of the molecules.

4. Results and Discussion

4.1 BLAST results of PueA

In case of 3D modelling the first step is to select a template, which can be a protein
of known 3D structure, or a protein with unknown structure. If latter is the case at least the
amino acid sequence of the protein with polyurethane-degrading activity has to be known
(described in the literature). The UniProt database was searched for the enzymes described.
It is also known that the binding sites of polyurethane-degrading enzymes include serine
(SER), histidine (HIS), and aspartic acid (ASP) residues, and it has been also reported that
the most important part of the protein’s active site is a SER residue [48]. Therefore, after
comparing amino acid sequences and searching for conserved regions, in polyurethane-
degrading enzymes SER with nearby of HIS and ASP residues has to be located. As is the
case in the 3D structures of PueA and PueB (Figure 14), which have known structures and
can be used for further protein search. BLAST software was used to search the UniProt
database for enzymes with similar amino acid sequences to PueA or PueB. The resulting
sequences were aligned and AliView was applied for this multi alignment process or the
alignment function included in UniProt. The most similar enzymes were selected for

further studies and the least similar enzymes were moved from the alignment.
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Figure 14 3D structures of polyurethanase esterase A (PueA) [49] — A and
polyurethanase esterase B (PueB) [50]- B. Their entry numbers are Q9X3C0 and

QO9R9H2, respectively. Both enzymes can be found in Pseudomonas chlororaphis.

The BLAST of PueA protein search resulted 250 sequences with some degree of
similarity, which can be seen in Annex 1. The lysate was filtered by using the E value,
which meant that proteins with an E value higher than 1xe107° were filtered out, because
E above this value does not indicate presumptive homology. Then, as a second filtering
step, the bit score was considered, which meant filtering up to 200 points. Third, the P
value was applied to find the best possible homologies [51]. Similarity search resulted one
protein showing 99.4% similarity to the template polyurethane esterase A, while 4 proteins
showed 70-90%, 6 proteins showed 60-70% similarity, 5 were 50-60% similar, and 3
proteins ended up in the 40-50% similarity. 231 proteins showed similarity below 40%
based on the results of the UniProt database (Annex 1). The proteins homolgue to PueA
are also collected (Annex 4). Protein: protein alignments with E values <0.001 can reliably

be used to infer homology.

4.2 MSA results of PueA

Based on the £ and P values, and bit number, several proteins were selected (Annex
2) for further analysis. The selected sequences were aligned by using UniProt MSA (Annex
5). This analysis clearly showed which are the conserved sequences in the proteins. During
evolution certain amino acids became conserved and determined certain properties of the
protein. The longest conserved amino acid regions found in the aligned sequences were,

NIGYENDPVFRAL, SATNNIVNFNDHYAS, SKDSTIVVAN, and TFIIGSD. But the
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most important was to find the GXSXD and GGXGXDXXX conserved regions, as these
motifs are present in serine hydrolases. If a sequence analysis of a protein shows these
motifs one can assume polyurethane degradation activity of the given protein. In the case
of PueA and the other aligned proteins this conserved region is present (Annex 5). Thus, it
can be concluded that the selected proteins belong to the same protein family. The
similarities between the proteins (usually expressed in percentage similarity) were also

calculated by the system based on the E and P-values and the sequence length
(Figure 15).

Percent Identity Matrix

tr]ADAOG3CKI4|ADAOG3CKI4_9GAMM 42.93% 4252% 46.18% 49.58% 50.32% 50.64% 4645% 49.09% 48.93% 46.61% 49.17% 49.42% 51.02% 51.16% 49.20%
tr|[ADATXSEAE2| ADA7XSEAE2_9PSED 4293% 6324% 51.26% 59.28% 57.58% 58.31% 60.43% 60.96% 60.61% 5989% 53.93% 55.18% 52.56% 5450% 55.05%
tr|Q4KBS3|Q4KBS3_PSEFS 42.52% 63.24% 47.29% 54.61% 54.55% 5596% 57.78% 58.68% 59.03% 54.74% 50.00% 51.08% 48.70% 52.53% 53.60%
tr|AOA6MBUDY 1|A0A6MBUDY 1_9GAMM  46.18% 51.26% 47.29% 5363% 55.25% 5650% 55.32% 55.65% 55.16% 5385% 54.01% 54.99% 5383% 57.24% 56.52%

tr|ADAOMIGIS7|AOAOMSGI67_FPSED 49.58% 59.28% 54.61% 53.63% 70.17% 69.94% 67.87% 68.85% 6B.85% 69.51% 59.61% 59.11% 63.96% 63.53% 6151%

O & sp|P41773|LIPB_PSEFL 50.32% 57.58% 54.55% 55.25% 70.17% m 75.42% 7458% 74.58% 7626% 58.82% 60.08% 66.33% 62.79% 6307%
J % tr|C3KBE9|C3KBE9_PSEFS lipase 50.64% 58.31% 55.96% 56.50% 69.94% 75.05% 7505% 75.05% 7548% 58.42% 60.13% 6509% 62.96% 6301%
tr|G8Q328|G8Q328_PSEO1 46.45% 60.43% 57.78% 55.32% 67.87% 7542% 75.05% 7488% 7504% 7747% 56.42% 57.40% 63.66% 63.34% 61.69%
tr|Q4KBS6|Q4KBS6_PSEFS 49.09% 60.96% 5868% 55.65% 68.85% 74.58% 75.05% 74.88% @ 78.44% 6049% 6146% 6501% 65.30% 62.87%
trjQ9X3C0|Q9X3CO_PSECL 48.93% 60.61% 59.03% 55.16% 68.85% 74.58% 75.05% 75.04% 78.44% 60.16% 61.14% 6501% 65.30% 62.87%
polyurethan estherase A

tr|AOA7XEETH7 | AQATXGETH7_9PSED 46.61% 59.89% 54.74% 53.85% 69.51% 76.26% 7548% |77.47% 78.44% 78.44% 60.16% 59.67% 63.88% 64.16% 6149%

tr|TOPEES| TOPEES_PHOTE 49.17% 53.93% 5000% 54.01% 59.61% 58.82% 5842% 56.42% 6049% 60.16% 60.16% 60.59% 63.62% 65.75%
tr|Q7NAL7|Q7NAL7_PHOLL 49.42% 55.18% 5108% 54.99% 59.11% 60.08% 60.13% 57.40% 6146% 61.14% 59.67% 59.68% 62.91% 65.69%
putitative polyurethanase
tr|D4E6WO|DAE6SWO_SEROD 5102% 5256% 48.70% 5383% 63.96% 66.33% 6509% 63.66% 6501% 6501% 63.88% 6059% 59.68% 72.97% 71.64%
O % tr|AOA240BYY2|AOA240BYY2_SERFI 51.16% 54.50% 52.53% 57.24% 63.53% 62.79% 62.96% 63.34% 6530% 65.30% 64.16% 63.62% 62.91% 72.97%
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Figure 15 Similarity between aligned sequences.

4.4 BLAST results of PueB

After screening the database for proteins that are similar to PueB, 250 proteins were
found with similar sequences to the template PueB. The best similarity was 79%. One other
protein was found with more than 50% similarity to the template. For seven proteins, the

similarities were between 40% and 50%. The remaining matches all had similarities below
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40%. From 250 protein, 22 proteins show homology. The BLAST result is presented in
Annex 3 with the £ values. For the proteins that are still defined as homologous E < le ~°
(1 x 10°%) was true for E. It is also observed that fewer identity matches were found

between PueB and other proteins than for PueA.

4.5 MSA results of PueB

For the MSA assay, the most similar protein sequences were used. In this case
conserved region assigning a serine hydrolase activity was also found during sequence
analysis. Permutation of Ser-Asp-His linkage was not observed. Due to the low hit rate,
only the proteins with 0 £ value were rearranged (Annex 6).

Better homology matching can be detected using MSA. However, it is important to
note that in this case the conserved clusters responsible for the degradation of polyurethane
are found as well. The similarities between the proteins in % were also calculated by the
system based on the £ and P-values and the length of the sequence (Figure 16).

Percent Identity Matrix

O = tr|lAGAIW9F2A3|ACAIWIF2A3_9GAMM  pleelelord 42.23% 53.20%

O = tr|Q9R9H2|Q9R9H2_PSECL 42.23% ploeReloy a2 vi
O ' tr|Q4KBS3|Q4KBS3_PSEF5 Bl 79.32% 1100.00%

Figure 16 Similarity between aligned sequences with PueB (AOA1W9F2A3 polyesterase
B, Q9R9H2 polyurethanase B, Q4KBS53 polyurethanase B).

4.6 Binding affinity results

Taking into account the results obtained from the sequence alignment, docking was
performed on the template proteins using urethane models representing different industrial
polyurethanes. The relationship between the conserved sequence and the serine aspartame
was considered.

For polyurethane esterase A, the studied binding sites were SER93, SER242,
SER294, SER301, SER582, SER207, and SER270, while for polyurethane esterase B, the
binding sites were SER83, SERS58, SER212, SER253, SER401, SER416, and SER554.
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In the case of PueA, the best binding affinity for the HDI model molecule belonged
to the SER207 binding site with the best affinity result of -5.2 kcal/mol while the best blind
docking result was only -4.6 kcal/mol. This shows that the blind docking did not give as
good result as the directed one. The best binding affinity for HMDI was also for SER207.
Here the affinity value was -7.1 kcal/mol compared to — 4.1 kcal/mol for the blind docking,
but the worst directional docking was also -4.6 kcal/mol. For MDI, the best result was
obtained for SER207, which was -7.6 kcal/mol. For TDI24, the best affinity value was -6.7
kcal/mol for SER207, but the best value for TDI26 was obtained at the same location,
which was also -6.7 kcal/mol (Figure 17 A; Appendix 7).

For PueB, the best affinity result for HDI were -4.4 kcal/mol for sites SER212,
SER253, and SER83. While the blind docking value was -4.0 kcal/mol. The best binding
affinity for HMDI was experienced at the SER401 site. Here the affinity value is -5.5
kcal/mol while for the corresponding blind docking site - 4.6 kcal/mol. For MDI the best
affinity result was found at SER416, -5.0 kcal/mol where the blind docking value was -5.1
kcal/mol. For TDI24, the best affinity value was -4.8 kcal/mol for SER212 and SER401
respectively, but also for TDI26, the best value was obtained for SER401, which was -5.6
kcal/mol (Figure 17 B; Appendix 8).
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Figure 17 A: Results of blind and guided docking of PueA; B: Results of blind and
guided docking of PueB.
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4.7 Conclusion

The research was aimed to identify potential new polyurethane degrading enzymes
using the sequences of PueA and PueB proteins as template. These known polyurethane
degrading enzymes have special conserved regions and conserved amino acids which are
the key structural elements for substrate binding at the active site of the enzyme. BLAST
and MSA methods were used for sequence and homology searches. Recognizing the
conserved clusters of PueA or PueB in other proteins give us the first step in the way of
understanding the properties and the mechanism of these polyurethane degrading enzymes.

In case of homology search results, for polyurethane esterase A, the program found
statistically 250 similar proteins, of which 15 had an E value of exactly 0.0, as shown in
Appendix 1. These 15 proteins and the template protein were aligned using MSA and some
sequence similarities of several bits were detected. The found conserved regions
corresponds to the conserved motif of serine hydrolases (GXSXD; GGXGXDXXX), but it
was also found that these regions are not highly conserved. In case of PueA homologues
SER93, SER242, SER294, SER301, SER582, SER207, and SER270 were used to identify
possible connection points for molecular docking.

The results of the homology search for polyurethane esterase B indicated also 250
statistically similar proteins, but only 2 of them have an £ value of exactly 0.0 as it is shown
in Appendix 3. These 2 proteins and the template protein were matched by MSA.. In this
case also several sequence repeats, among others, motifs for serine hydrolases were found
and in this case these regions were highly conserved. Possible active sites were identified
as well, here SER83, SER58, SER212, SER253, SER401, SER416, and SER554 were
considered.

As a result of docking, polyurethane esterase A generally gave better results for
guided docking than for blind docking. For the PueA enzyme, we obtained the most
favorable affinity results for the SER207 site. This is located in the middle of a highly
localized region, and the sequence of the region (GHSLGG) is similar to the region of
serine hydrolases. The underlined amino acid indicates the difference from the expectation.
The best results for polyurethane esterase B were obtained for the SER401 site. This amino
acid is also located in a conserved region (SHET).

Considering our future plans these results are very important as they can help us

understanding the degradation processes of polyurethanes, establishing new reaction
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mechanism for degradation process or improve the known ones, and serve as a basis for

planning and realizing laboratory experiments.
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