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OZET

Termostabilite ve Oligomerizasyon Arasindaki Etkilesimi Cozmeye Yonelik

Termoalkalofilik Lipazlarin Yiizeyine Molekiiler Cikarimlar

Termoalkalofilik lipazlar olarak bilinen izole edilmis lipaz ailesinin bir iiyesi olan
Bacillus thermocatenulatus lipaz (BTL2), sert sicakliklar altinda ¢esitli reaksiyonlari
katalize etme Ozelliginden dolay1 endiistriyel kullanim potansiyeli gostermektedir.
Termoalkalofilik lipazlar endiistriyel liretim silirecinde gida, deterjan ve ilag gibi
alanlarda oldukca yaygin olarak kullanilmaktadir. Agregasyon (kiimelesme)
Ozelliklerini anlamak enzimin endiistriyel siliregte kullaniminin iyilestirilmesine
katkida bulunabilir. Bu c¢alisma ile lipazin kullanim alaninin genisletilmesi ve
kullanim kosullarinin optimum hale getirilmesi ile sektore katki saglanmasi
amaglanmistir. Bu tezde BTL2 kiimelesmesi modellenmistir. Oligomerlerde, her iki
ucu etkilesimde olan zincirlerin daha kararli oldugu anlasilmistir. Bu da oligomer
yapisi biiylidiikgce kararliligin artabilecegini gostermistir. Ayrica bu kiimelesmeyi
etkileyebilen hidrofobik amino asitler arastirilmistir. BTL2 enzimi tizerindeki spesifik
W211A, W60A/W211A ve Y273A/Y282A/W211A mutasyonlarinin
oligomerizasyon, kararlilik ve aktivite lizerindeki etkilerini incelemek amaciyla
termostabilite enzim tahlil deneyleri uygulanmistir. Vahsi tip enzimde
oligomerizasyona bagli kararlilig1 koruma etkisi gostermistir ve bu etki mutantlarda
kaybolmustur. W211A mutasyonunun oligomerizasyon olusumunu engelledigi ve
enzimlerin 1s1 kararhiligin1 azalttigt gozlemlenmistir. Y273A/Y282A/W211A
mutasyonu ise oligomerizasyonu ve 1s1 kararliligini korumaya devam etmistir. Tiim bu
mutantlar ve oligomer sistemler i¢cin MD simiilasyonlar1 yapilmistir. Simiilasyon ve
laboratuvar deney sonuglar birbirini dogrulamistir. Baglanma bolgesindeki W211A

mutasyonu yapiy1 bozarken Y273A/Y282A/W211A mutasyonu yapiy1 korunmustur.

Anahtar Sozciikler: BTL2, Termoalkalofilik lipazlar, MD simiilasyon,

Oligomerizasyon.



ABSTRACT

Molecular Insights Into The Surface Of Thermoalkalophilic Lipases Toward

Unraveling The Interplay Between Thermostability And Oligomerization

Bacillus thermocatenulatus lipase (BTL2), a member of the isolated lipase family
known as thermoalkalophilic lipases, shows potential for industrial use due to its
ability to catalyze various reactions under harsh temperatures. Thermoalkalophilic
lipases are widely used in the industrial production process in areas such as food,
detergent, and medicine. Understanding the aggregation properties can contribute
improving the use of enzyme in the industrial process. With this study, it is aimed to
make a great contribution to the sector by expanding the usage area of lipase and
optimizing the usage conditions. BTL2 oligomerization was modeled in this thesis. In
oligomers, chains that interact at both ends were found to be more stable. This
indicates that the stability could increase when the size of oligomers increased. In
addition, hydrophobic amino acids that may affect this aggregation were investigated.
Thermostability enzyme assay experiments were applied to investigate the effects of
W211A, W60A/W211A and Y273A/Y282A /W211A mutations on the oligomer
BTL2 enzyme on stability, and activity. It showed the effect of maintaining stability
due to oligomerization in wild-type enzyme, and this effect was lost in mutants. It has
been observed that the W211A mutation inhibits the formation of oligomerization and
decreases the thermostability of enzymes. The Y273A/Y282A/W211A mutation
continued to preserve oligomerization and thermostability. MD simulations were
performed for all these mutants and oligomer systems. Simulation and laboratory test
results contribute to each other. The W211A mutation in the binding site disrupted the
structure, while the Y273A/Y282A/W211A mutation preserved the structure.

Keywords: Thermoalkalophilic lipases, BTL2, MD Simulations, Oligomerization.



1 INTRODUCTION AND AIM

1.1 Protein Engineering

Proteins are linear heteropolymers, that can contain 20 different amino acids. They
are involved in almost all the developmental, regulatory, and sensory processes in
biological systems. Proteins can change in the evolutionary process, as well as through
mutation or recombinant DNA technology (1). Protein engineering is a field that
combines concepts such as genetics, biochemistry, computational biology, and
molecular biology. This field aims to increase the functionality, efficiency, stability,

thermostability, specificity or binding of proteins (2).

There are many applications for enzymes. Environmental friendliness, substrate
specificity and high catalytic activity are some of the main reasons for this. Enzymes
have seen a lot of applications recently, especially in food, detergent, and health
industries. Enzymes must be used effectively and with high stability in industrial
production. However, insufficient use of enzymes in this process is an important issue.
Proteins are denatured at high temperatures and exhibit poor stability and activity. It
will also be affected by other factor such as efficiency. Because of these, the use of
enzymes in industrial processes poses several difficulties. The discipline of protein
engineering is trying to solve these problems.

Protein engineering is the process of producing new proteins with useful
technological and scientific properties or modifying their structure and function to
improve proteins. They can be formed by protein engineering techniques such as
mutagenesis, rational design, molecular dynamics and directed evolution (3). There
are numerous uses for protein engineering in biotechnology, food industry, cleaning
industry and medicine. For example, it can be used to develop new treatments with
improved therapeutic efficacy or fewer side effects, or to produce enzymes with
improved catalytic activity for use in industrial processes (4). While these studies
provide a great benefit in terms of health in medicine, they have a great importance in

terms of reducing costs in the industrial field. Proteins are composed of amino acid



sequences, and these sequences determine the function of the protein, such as
characteristics, catalytic activity, and expression level. Protein engineering identifies

the required sequence and adjusts it to enhance or reconstruct function (5).
1.1.1 Protein engineering techniques

The term "protein engineering” refers to a wide range of methods used to modify,
produce, or improve proteins with desired properties. Protein engineering consists of

three main methods; mutagenesis, directed evolution and rational design (6).

Mutagenesis or
directed evolution

O
O
o &
. C \‘\‘7"_"7

Rational design

>

Redesign Redesign

,,,,,

Screening

v
-- a 0. 0.
v
Selection and analysis

< Target protein with
specific characteristics

Figure 1. Schematic representation of the protein engineering techniques.

Mutagenesis, one of the protein engineering techniques, involves making random
mutations to the protein sequence for the desired properties. Mutagenesis has
advantageous than other methods because it is fast and has a lower error proneness.
Both directed evolution and rational design methods for protein engineering are

generally based on mutagenesis. Recently, literature has indicated that this method has



been used to improve the most important properties of the enzyme, such as
thermostability (7). Directed evolution, is the application of selective pressure to the
protein through repeated mutations and selection iterations to produce variants with
traits, that are desired to be improved. In the past, directed evolution relied on a two-
step process, first creating molecular diversity through random mutagenesis and in
vitro recombination, followed by improvements in the desired trait by high-throughput
screening or selection. Library design has been further distorted and constrained by

biases in experimental techniques and degeneration of the genetic code (4).

The other method, rational design is a method for calculating the effect of changes
in the protein sequence for the desired feature on the protein structure. This method
incorporates small amounts of amino acid variations based on 3D information, using
preselected target regions and information about the sequence, structure and function
of proteins and computational predictive algorithms for protein engineering (8).
Techniques such as machine learning, QM calculations and MD simulations are used
in sequence and structure-based designs. It is aimed to examine the effects of amino
acid changes on protein stability, such as substrate specificity, substrate activity, and
developing new functions. With this method, the changes made in the amino acid
sequence on the function and structure of the protein are understood in detail (7). In

this thesis, the rational design technique was used in protein interface studies.

1.1.2 Molecular dynamic simulations

Protein engineering uses the powerful computational method of molecular
dynamics (MD) simulation to investigate the behavior of proteins at the atomic level.
MD, a powerful computer technique, creates configurations of a system by integrating
classical mechanics to calculate the time dependence of the system. It is possible to
investigate protein dynamics, conformational changes, and interactions between
proteins and ligands using MD simulations that model the movements and interactions
of atoms in a protein system over time. MD simulations are used for these purposes,
refining X-ray and NMR structures, providing useful information on the creation of

new proteins with desired properties, protein stability, linking between structure and



function. MD simulations provide important information about the behavior of the

protein. Certain tools and calculations are needed to make analyzes of MD simulations

9).

MD facilitates the acquisition of information about the movements of biological
molecules, which are often difficult to observe. It enables the investigation of folding,
stability, conformational changes, and dynamic biological processes. Longer
simulation timeframes and larger systems require more processing power. However,
as computer speeds and parallel computing algorithms improved, as the accuracy of
computer modeling techniques. Many force fields corresponding to the potential
energy of the static protein structure can be used in MD simulations (10). Force fields
such as ECEPP, NAMD, Hagler's, Herman's, AMBER, Allinger's, MM2 and
CHARMM (11), and GROMOS are used to describe the energy of the protein. These
force fields are used to construct a wire model of a protein, and various formulations
are used to calculate the bound (such as rotations) and unbound (such as van der Waals
and electrostatic) potential energies of the protein. The combined potential and kinetic
energies of the thermal motions of atoms form, the total energy of a protein molecule
at any temperature above absolute zero Philips (12).

In this thesis, NAMD, which is the most preferred software package, was used.
CHARMM-GUI input generator system, which is developed by Dr. Im's research team
at Lehigh University, Bethlehem, was used to generate NAMD force fields (13).

1.2 Lipase

Lipases, which are enzymes that catalyze the hydrolysis of ester bonds in lipids,
are quite common in nature. Lipases are produced by animals, plants, and
microorganisms. In nature, it has an effect on digestion, lipid metabolism and many
biological functions. It was first discovered by Eijkmann in the 1900s, noticing that
some bacteria secrete lipase out of the cell to break down lipids. The lipase has a
hydrophobic core in the center and a hydrophilic structure surrounding the core. The

catalytic triple amino acids (histidine, aspartate, and serine) required for the activity of



enzyme are located at the junction of these two regions. Lipases (EC 3.1.1.3,
triacylglycerol lipase), one of the most crowded enzyme classes, belong to hydrolases
and are enzymes on which many protein engineering studies have been applied (14).
Numerous methods are used in the investigation of lipases, including protein
engineering techniques, X-ray crystallography and biochemical testing. The structure
and properties of lipases can be altered by protein engineering to produce variations in
properties that are superior or novel to the desired properties. X-ray crystallography is
used to understand the three-dimensional structure and mode of action at the atomic
level of lipases. The activity and selectivity of lipases are evaluated by means of
biochemical tests under various conditions. In studies conducted for many years, the
structures, selectivity, and mechanism of lipases have been determined, which paves

the way for further studies (15).

1.2.1 Lipase mechanism

Although lipases can catalyze a wide variety of reactions and their reaction
mechanisms are different. These are versatile reactions such as hydrolysis,
esterification, and transesterification. All lipases share three residues that carry out the
catalytic mechanism. These are serine, histidine, and aspartate/glutamate. Two
residues (histidine and aspartate/glutamate) need to be sequenced to lower the pKa of
the serine hydroxyl and allow serine to perform a nucleophilic attack on the ester bond.
The acyl donor substrate interacts with the active site of the lipase to produce the
enzyme-substrate (ES) complex or Michaelis complex (16).

In the catalytic triad, histidine acts as an essential base and activates the hydroxyl
group of serine. Serine is prepared to carry out a nucleophilic attack on the carbonyl
carbon of the substrate to form the first tetrahedral intermediate. The main chain amide
groups of the two residues stabilize the gap created by the negative charge on the
oxyanion, while the aspartate-glutamate of the catalytic triad stabilizes the positive
charge on histidine. Following the acyl enzyme intermediate, a second tetrahedral
intermediate is produced, corresponding to the highest energy barrier of the reaction,

such as the first intermediate. The non-deacylated version of the enzyme prepared for



the next cycle and hydrolysis of the second substrate, an acid, is also produced by the
breakdown of this intermediate. During this deacylation process, proton is transmitted

via serine oxygen from the substrate to the histidine (17).

1.2.2 Lipase selectivity

Lipases usually have three types of selectivity towards TAGs (triacylglycerols)
which are stereo-selectivity, regio-selectivity, and substrate-selectivity (18).
Stereoselectivity means that one stereoisomer (enantiomer or diastereomer) selects the
other stereoisomer. This situation differs according to the type of lipase and substrate
(19). Regio selectivity depends on the position of the ester bonds in the TAG. Some
lipases are called as nonspecific enzymes that catalyze the reactions of all hydroxyl
groups. Lipases, specific to 1.3 only, catalyze the primary hydroxyl group reactions of
TAG. Bacillus thermocatenulatus (BTL2) is an example of these lipases. It is the
enzyme in which the most common studies of microbial lipases are carried out. (20).
Substrate selectivity is the selectivity of lipases with respect to the acyl groups and
chain length of the substrate. Lipases may be of particular interest to chains of certain
lengths and fatty acids. In many studies, it was determined that lipases mostly preferred
the chain length range of C6 (medium) and C16 (long) (21,22). Bacillus

thermocatenulatus is one of the exception lipases that prefer the C4 chain (23).

1.2.3 Lipase structure

The 3D structure of more than a hundred lipase is determined by X -ray
crystallography and published. In 1990, the first lipase structure was published by
Brady (24). When all these structures are examined, many features of lipase structure

can be explained in general.

e Since all lipases belong to the a-f hydrolase fold, their structures consist of a
B sheet and a helices. The highly conserved pentapeptide sequence Gly-X-Ser-
X-Gly has the active nucleophilic serine residue in a hairpin spin between a

strand and helix. The conserved pentapeptide sequence Gly-X-Ser-X-Gly



found around the active site of many other lipases is absent in some lipases,
such as from Candida Antarctic lipase B (Calb) (25).

e The catalytic triad of the amino acids histidine, serine and aspartic
acid/glutamic acid composes the active site of lipases. Lipases and proteases
have active sites that are physically different but chemically identical. Since
lipase serine hydroxyl group is positioned differently than serine proteases, the
catalytic triad has inverted stereochemistry (26).

e Lipases have a lid structure consisting of amphilic helical that covers their
active sites. The size and composition of this lid varies among lipases. For
example, Lipase B from C. antarctica has a lid that is very small and does not
cover the active site, while 20% of Bacillus thermocatenulatus lipase consists
of a lid consisting of two a helices (27).

e Lipases have a unique catalytic cleft, and they can have different geometric
structures. Stereoselectivity in lipases depends on the interaction of this cleft
with the substrate and it is critical to understanding stereoselectivity (28).

Lid

Figure 2. BTL2 crystal structures. The structure on the A is 1KUO, the monomer closed
structure. The structure on the B is 2W22, monomer open structure. Blue colors are 3
sheets, orange colors are o helices and gray colors are loop regions. Images were
obtained through VMD using PDB structures. NewCartoon was used as a
representation.



1.2.4 Interfacial activation of lipase

The phenomenon called lipase interface activation is low on monomeric
substrates, whereas its activity increases considerably when the aggregate substrate is
formed. The presence of a collapsible lid consisting of o helices in the active region of
the lipase showed that, accessing to the active region that cannot be accessed. In the
presence of a hydrophobic surface, that lid opens and the lipase changes from the
closed form to the opened form (29). Researches have shown that the interface
activation phenomenon occurs with hydrophobic proteins and other open lipase
molecules (30). The hydrogen bonds between the tryptophan is important for the

catalytic function and conformation of the lid (26).

Many structures of lipase, both open and closed, have been crystallized in the
literature (31). In this thesis, the closed lipase "1JI3" PDB (Protein Data Bank) (32)
structure was used for simulations. The reason for the use of this structure is that when
lipases are high aggregates, they are in the form of a closed structure. In order to

simulate and examine the form of BTL2 in nature, the closed structure was studied.

Figure 3. BTL2 homodimer crystal structure. Images were obtained from the 1JI3 PDB
structure using VMD (34). NewCartoon was used as a representation method. Blue
colors are f sheets, orange colors are a helices and gray colors are loop regions.
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1.2.5 Lipase in industry

Lipases are generally used in the industry, in the production of detergents,
production of biodiesel from vegetable and animal oils, as well as in the food industry
as flavor enhancers and fat reducers. In addition to all these sectors, they are used in
industry for many products such as pharmaceutical intermediates, polymers, and
aroma compounds (33). Giving detailed examples of the industrial use of lipases: In
the pulp industry, pitch is separated by enzymatic separation and lipase is used for this
process (34). It serves to bypass the grinding part in the textile industry and reduces
toxic exposure. Lipases are produced enantioselectivity in the pharmaceutical industry
to reduce toxicity and costs (35). Since BTL2 is a thermostable lipase, it has great
importance in the industry as it is tolerant to the difficulties encountered in industrial

production processes (36).

1.2.6 Lipase family

Bacterial lipases have been defined as eight lipase families based on their catalytic
serine-containing motifs. Five of them have the pentamer G-X-S-X-G, and three have
the pentamer A-X-S-X-G. Those with the pentamer A-X-S-X-G are members of lipase
1.5 family. These lipases show high sequence similarities, structural similarities, and
common biochemical features (37). They are resistant to high temperatures and high
pH, as they are generally produced by thermoalkophilic bacteria. Also, the lipase 1.5
family has a zinc binding site compared to other lipases (38). Because of all these

features, the lipase 1.5 family has been the focus of enzyme engineering.

1.3 BTL2
1.3.1 Biochemistry
BTL2 is a lipase consisting of 388 residues, a molecular weight of 43 kDa, and a

fragment code of 1167 bp (39). BTL2 shows selectivity towards C4 and C8 (short and

medium) chains and exhibits low activity on long chains such as C10. Like other
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lipases, it catalyzes the sn-1/3 acyl chain in triglycerides (40). It has been stated that
BTL2 can remain stable up to 8-9 pH and 60-70°C (41). In this study, it was expected
that the thermostability of wild-type BTL2 would decrease significantly after 60°C

and would lose its activity at 70°C.

1.3.2 Structure

Table 1. Enzymes, showing 90% or more similarity to the 1KUO closed structure, were
examined and 27 crystal structures were listed (42).

IIDIS B Uniprot ID Species S(il;%;)meric iiSOSLOn%EI‘;I Resolution
1KUO 066015 Geobacillus stearothermophilus Monomer 2 2.00 A
6A12 Q8L1V2 Geobacillus thermoleovorans Monomer 1 2.15A
2W22 Q59260 Geaobacillus thermocatenulatus Monomer 1 2.00 A
5CE5 Q59260 Geobacillus thermocatenulatus Monomer 1 2.00 A
113 QIL6D3 Geobacillus stearothermophilus Homo 2-mer 1 220 A
4FKB  Q5U780 Bacillus sp. 42 Homo 2-mer 1 1.22A
5XPX  AOAOKOPTR1 Pseudomonas sp. A3(2015c) Homo 2-mer 1 2.77A
4FDM Q51413 Bacillus sp. L2 Monomer 1 1.60 A
2DSN Q84219 Geobacillus zalihae Monomer 2 1.50 A
3UMJ Q84219 Geobacillus zalihae Monomer 2 2.10 A
275G Q842J9 Geobacillus zalihae Monomer 2 1.80 A
3AUK  B9ZZPQ Geobacillus sp. SBS-4S Monomer 1 1.66 A
4X71 Q93A71 Geobacillus stearothermophilus T6 ~ Monomer 1 2.00 A
4X6U Q93A71 Geobacillus stearothermophilus Monomer 1 220 A
6FZ7 Q93A71 Geobacillus stearothermophilus Monomer 1 1.74 A
6FZ1 Q93A71 Geobacillus stearothermophilus Monomer 1 220 A
4X7B  Q93A71 Geobacillus stearothermophilus T6 ~ Monomer 1 240 A
6FZA  Q93A71 Geobacillus stearothermophilus Monomer 1 1.75 A
7BUK  Q842J9 Geobacillus zalihae Monomer 2 2.64 A
6FZ8 93A71 Geobacillus stearothermophilus Monomer 1 220 A
6FZ9 93A71 Geaobacillus stearothermophilus Monomer 1 1.25A
6FZC Q93A71 Geobacillus stearothermophilus Monomer 1 2.70 A
4FMP  Q93A71 Geobacillus stearothermophilus Monomer 2 230 A
6S3G Q93A71 Geobacillus stearothermophilus Monomer 1 1.90 A
4X85 Q93A71 Geobacillus stearothermophilus T6  Monomer 1 2.19A
6FZD  Q93A71 Geobacillus stearothermophilus Monomer 1 1.80 A
6S3V 93A71 Geobacillus stearothermophilus Monomer 1 2.00 A
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BTL2 is divided into open and closed structure (43). In this thesis, the closed and
homodimer structure of BTL2 was used. It has the same a-f hydrolase folding region
as most microbial lipases. The structure has seven hydrophobic B-sheet chains

surrounded by a helices (44).

In the structures whose PDB IDs are given in Table 1, and their oligomeric states
appear as monomers, the number of those with biological assembly two is high and
they are crystallographic contacts. This indicates that the interface is in crystal contact

or in solution contact.

s " AS URANDAR I VLLHGF TOWGREEMF GFKYWGGVRGD | EQWLNONGYRT S
s YTUAVGP LS SNWDRVGEAYVGLVGGTVDYGAARAAKHGHARFGRTYPOLY
itow LRELKRGGR!HI1AHSQGGQTARMLYSLLENGSGEEREYAKAHNYSLS i
T LFEGGHHFVLSVITIATRHDGTTLVNMVOF TDRFFDLQKAVLEARAVAS 5
s NVRYTSQVYDFKLDAWGLRRAPGESFDHYFERLKRSPVWTSTOTARYD L
e SVESGAEKLNGWVAASANTYYLSFSTERTYRGALTGNHYPELGMNAFSAV:S
ey VG AP FELGSYRNF 7L 1D WLENDGIVNT | SMNGPKROSNDRIVAYDGT
i LKKGVWNDMGTYNVDOHLE 1GVORNPSFDIRAFYLRLAEGLASLGR s
Figure 4. Pairwise sequence alignment result of open and closed structure of lipase.
Open structure 2W22 is monomer. Closed structure 1J13 is homodimer.

1.3.3 Active site and catalytic cleft

The active site and catalytic cleft of BTL2 is oval shape, with inner space
dimensions of 18x25 A2 and a depth of 14 A. The catalytic cleft consists of about 60
amino acids that folded into two o helices (25). These amino acids are very critical for
the lipase structure. It was especially important to work with W211 in this thesis, since
it is thought that tryptophan amino acids in the lid of thermoalkalophilic lipases will
have an effect on thermostability. A total of four binding pockets were identified in
this cleft. Serine, which has an important role in balancing catalytic attacks, is also
found in the motif of A-X-S-X-G (43).
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1.3.4 Lid and zinc domain

The movable structure at the entrance of the catalytic cleft is called the lid. As a
result of the interaction of the substrate with the lid helices, the lid opens, and this is
caused by interface activation. The closed C-terminals move 20 A away from the cleft.
In the closed structure, two a helices form the lid. The first a helix split in two to fit

the catalytic series to the substrate, while the other helps to widen the cleft width (41).
+2
The Zn  domain is commonly found in the lipase 1.5 family. It is hypothesized that

this Zn+2 domain in BTL2 contributes to the enhancement of thermostability (45). As
seen in the Figure 5, the W211 region is located on lid. Opposite this region is the W60
region. In the middle of the W211 and W60 regions, the zinc metal binding site is
embedded.

Figure 5. W211, W60 and zinc binding site are shown with lid on BTL2 constructs.
VMD was used to represent crystal structure. A is 1J13 closed structure and B is 2W22
open structure. Zinc is colored in green, W211 is colored in blue, W60 is colored in
red, and lid is colored in orange.
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1.3.5 Oligomerization

The term "neurodegenerative diseases" is a disorder defined by the degeneration
and death of nerve cells in the brain and/or spinal cord. These disorders cause a
persistent deterioration in cognitive, motor and/or behavioral functions (46).
Neurodegenerative diseases are a major problem for a large population around the
world. Protein aggregation are typical cellular and molecular pathways in
neurodegenerative illnesses such as Alzheimer's disease, Parkinson's disease,
Amyotrophic lateral sclerosis, Huntington's disease, and Prion diseases (47). It has
great importance to understand the formation of aggregation in detail for offering
solutions to these diseases. Protein aggregation is a key reason of many
neurodegenerative disorders and plays an important role in their development. Proteins
can misfold or associated abnormally under certain conditions, resulting of protein
aggregation. Depending on the condition, these aggregates can take the shape of
amyloid plaques, neurofibrillary tangles, or inclusion bodies. Although the mechanism
leading to protein aggregation in neurodegenerative diseases has not been fully
determined, but can be listed such as misfolded proteins, disruption of the natural
protein clearance mechanism and seeding (48). BTL2 is an aggregation prone enzyme.
Due to the intermolecular interaction of proteins during aggregation, thermal
denaturation is delayed as the concentration increases. In this way, it is thought that
the aggregation of thermoalkalophilic lipases serves to increase thermostability (49).
The effect of aggregation on thermostability has been discussed by Ruo et al., but no

definite conclusion has been reached (50).
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Figure 6. Mutations on 1JI3 are shown via VMD with the cartoon representation
method. Only Chain A is shown in the crystal structure. The part shown in orange is
the lid part. The green one is zinc. Blue indicates mutation sites. The W60A mutation
is on the alpha helix and the W211 is on the lid. The zinc binding site is located
between these two points. Y273A and Y282A mutations have been shown on beta
sheets.

At high temperatures, the intermolecular forces of attraction loosen and the BTL2
aggregates begin to separate. Conversely, at low temperatures, interactions become
more frequent on aggregates for oligomerization (51,52). Based on these interactions,
it comes to mind that the relationship between aggregation and temperature should be
investigated. Interactions occurring on hydrophobic amino acids play an important
role (25,53). Aggregates of thermoalkalophilic lipases may not dissolve at low
temperatures, whereas they can dissolve with increasing energy at high temperatures
(54).
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Figure 7. Cartoon representation of the 1J13 homodimer structure via VMD. The green
one represents the B chain and the gray one represents the A chain. Mutations are
shown in blue, Zn*2 in green. Shown in orange color is the lid region. Looking at the
image, it was thought that this triad is important in oligomerization and may affect
thermostability and activity.

Figure 8. Cartoon representation of the 1JI3 homodimer structure via VMD. 1t is a
clearer representation of where the homodimer structure joins. The green color
represents the B chain and the gray color represents the A chain. Mutations are shown
in blue, zinc in green. Lid region is shown in orange color.

1.3.6 The importance of engineer lipase

Lipases have numerous application in the industrial production process (34).
Improving the process in these uses is the domain of protein engineering. One of the
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most popular topics in protein engineering is lipases, due to the wide area of use of
lipases. They address many issues, such as changing the substrate selectivity of the
enzyme or increasing its stability. One of the most important problems encountered in
industrial process is caused by high temperatures. To provide a solution to this
situation, protein engineering is also closely concerned with the thermostability of
lipases (55).

Since lipases are thermostable, they are highly preferred in industrial applications
(56). In addition, they are aggregation prone enzymes and being aggregation prone
causes a decrease in enzyme solubility (57). Protein engineering techniques are
important for lipases to increase enzyme solubility, understand and modify
aggregation properties, and this thesis has benefited from the field of protein

engineering.

14 Aim of The Thesis

The study in this thesis includes modeling the oligomer structures of BTL2 and
understand the aggregation mechanism. Also, it is aimed to investigate of hydrophobic
amino acids that can affect oligomerization/aggregation in thermoalkalophilic lipases.
The subject is to examine the effects of specific mutations W211A, W60A/W211A,
and Y273A/Y282A /W211A on the BTL2 enzyme for oligomerization, stability, and
activity. It is aimed to understand the stability of the enzyme by examining the BTL2
oligomer structures both wild-type and with its mutant. Eliminating the conditions
where thermostability can negatively affect the industrial process will enable
production areas such as food, detergent, and pharmaceuticals for an easy and low-
cost production process. In addition, by understanding the aggregation mechanism, it
is aimed to offer a solution to the diseases caused by aggregation. Investigating the
relationship between BTL2 thermostability and oligomerization, which is the main
goal of this study, is thought to provide important developments for the industry and

medicine.
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2 BACKGROUND

Enzymes have a wide range of uses due to environmental friendliness, high
catalytic activity, and substrate specificity. Giving an example of usage areas, they
have been highly preferred in fields such as health, food, hygiene, and industrial
production in recent years (4). Like any substance, enzymes should be used with high
efficiency and high stability. However, the use of enzymes can cause some problems
in this respect, and it limits their use. At high temperature, proteins are denatured,
showing low stability and low activity (58). There are also other factors that will affect
activity, such as aggregation. For these reasons, various protein engineering methods

are used to overcome the difficulty of using enzymes in industrial processes (26).

The use of enzyme is highly preferred in the industry as it reduces the cost and
increases the efficiency. In addition, their ability to catalyze the reaction in organic
and aqueous environments makes them preferable. Lipases are fully degradable and
renewable enzymes. Lipases prefer naturally occurring oils as substrates and have a
wide variety of substrates (59). Microbial lipases have extracellular structures, so they
can be produced and isolated in high concentration. This provides great convenience
in the industrial production process. Microbial lipases exhibit a more stable attitude at
high temperatures and organic solvents than others. They also have broad substrate
selectivity and do not require cofactors (60). The reason why enzymes are important
in the industrial process is that they are efficient and selective. They follow the
thermodynamic rules required in chemical catalysis processes and are important for
specific product synthesis. In addition, since enzymes are environmentally friendly,
they reduce waste and save energy in the production process (61).
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3 MATERIALS AND METHODS

3.1 Computational Methods
3.1.1 Oligomer construction

To understand the effects of BTL2 oligomerization and mutations on oligomers
in terms of thermostability, activity and solubility, oligomers were created, and
mutations were applied to these structures. Chimera (62) application was used for the
formation of oligomers. For computational studies, the oligomeric state of the 27
crystal structures listed in Table 1, were examined and a selection was made from
among homo-dimer structures. The reason for choosing homo-dimer is that lipases are
in closed form due to their tendency to being high aggregates. 1JI13 PDB structure was
used as BTL2 lipase for oligomer formation. The reason for this is that the homo-dimer
structure showing the nearest similarity to the closed structure 1KUO PDB structure is
1J13. In Chimera, match maker was used with structure comparison. At this stage, after
3 homo-dimer structures were loaded to form tetramers, the A chain of one structure
was sequentially fetch to the B chain of the other structure. Then, other unmatched
chains were checked according to their colors on the model panel. After the structures
will be deleted are determined, they were selected and deleted. At the end of the
structure, a tetramer containing 2 A and 2 B chains were formed. The same processes
were applied in octamer structures, respectively. A total of 7 homo-dimer structures
for the octamer were loaded and the same procedures were applied. The water around
the protein was deleted from the created oligomer PDB files. The water was removed

to prevent any problems that may occur in the MD simulation, only the necessary ions

+

2 +2
Ca ,and Zn were kept in the crystal structures.
3.1.2 in-silico mutagenesis
Mutations were generated on the tetramer to investigate the simulations with

mutations. The reason for using tetramer that it is aimed to work on a structure where

the difference can be seen without increasing the size of the system which could
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increase the computational cost. The tetramer structures generated without ligand

(Zn+2 and Ca+2). Non-ligand constructs were constructed for W211A, W60A-W211A
and Y273A/Y282A/W211A mutations. Mutations were introduced within the four
chains of the tetramer. In silico mutagenesis was applied with using CHARMM-GUI.
Mutations were made for all chains of the tetramer from the mutation insertion part in
the CHARMM-GUI (13).

3.1.3 System preparation

The 5G1X waters in the PDB structure were cleaned and they were loaded into
the system from the solution builder section of the CHARMM-GUI (13). The chains
and ligands to be used were determined and selected. Mutations were made at this
stage, for systems from the PDB manipulation option. The structures were placed in
the center of the rectangular water box with an enter edge distance of 10.0 Angstrom.
lon additions were applied to balance the net charge in the protein and to approach
physiological conditions. In this thesis, systems were neutralized by adding a
minimum concentration of Na*Cl" into the water box. Grid information for PME FFT
has been selected to be automatically generated by the system. CHARMMS36 force
field and NAMD molecular dynamics algorithm was used to prepare systems. The
system was equilibrated with NVT (63). Following all these procedures, NPT was used
on the systems with a 373K Langevin temperature and 1 atm Langevin pressure (64).
Periodic boundary conditions were used in all dimensions with a time step of 2
femtoseconds.

3.1.4 Molecular dynamic simulations

For MD simulation, dimer, tetramer, and octamer were simulated. The mutations
+2
listed on the tetramer BTL2 were applied. These mutations were studied without Zn -

+2
Ca metals. In the systems, energy minimization and relaxation were performed with
multiple steps repetitively. 303K was used for the equilibration steps and 373K was
used for the production steps. In the simulation, it was simulated using NAMD

molecular dynamics algorithm. The steps implemented here have been applied to
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increase the stability of the oligomer simulations. The systems, operated at constant
pressure (1 atm) and at the above-mentioned temperatures. Constant temperature

(373K) and pressure (1 atm) were used in all production simulations.

3.1.5 Data analysis

The simulations were also structurally analyzed for multidimensional root mean
square deviation (RMSD), and root mean square fluctuation (RMSF). All the obtained
trajectory analyzes were made by VMD (65).

The numerical measure of the difference between two constructs (a target
construct and a reference construct) is RMSD. Large changes in protein structure
relative to the starting point can be detected using RMSD (66). The focus point is on
how structures and the elements that compose them change over time with respect to
their initial state. RMSF analysis was performed to understand the time dependent
movements of the structure. RMSF is the measurement of the average displacement of

atoms with respect to the reference structure (67).

3.2 Experimental Methods

3.2.1 Transformation

In previous studies, cloning was done to generate mutations. A 1,167-bp DNA
fragment corresponding to the BTL2 and the DNA of the mature lipase clone (pPICZa.
A-BTL2) were used for cloning. Primers for forward (F BTL2 LIC: 5-
TACTTCCAATCCAATGAA GCGGCATCCCCACGCG -3 and for reverse (RBTL2
LIC: 5- TTATCCACTTCCAATGAA AGGCCGCAAACTCGCCAA -3). The listed
mutations in Table 2. were obtained using overlap extension PCR. Mutant fragments

were cloned into the pMCSG-7 backbone.
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Table 2. List of studied mutations and wild type DNA clones.

Clones List
BTL2 W60A/ W211A
W211A Y273A/Y282A
WG60A Y273A/Y282A/W211A
Y273A Y282A

Protein production usually consists of basic steps such as transformation,
expression, purification, and characterization after DNA cloning. E coli is very
important for recombinant DNA technology because the expression system is built on
it and there is a lot of information in the literature for E coli. In this study, E coli was
used for protein expression (58). Transformation via chemical transformation into E.
coli BL21 component cells (DE3) were performed to obtain mutant clones by chemical
transformation (68). For each wild type BTL2, W60A, W211A, W60A/W211A,
Y273A, Y282A, Y273A/Y282A and Y273A/Y282A/W211A mutant clones,
transformation procedure was performed for all. Ligation product and BL21 cells were
put into eppendorfs on ice for each. The mixtures were kept on ice for 25
minutes. Then, cells were placed into the incubator at 42°Cfor 1 minute for heat shock.
LB was added to tubes and incubated at 37°C for 45 minutes by shaking. Centrifuge
them 7500 rpm for 1 minute. Supernatants were discarded. Cells were plated into LB

agar plates that contains 100 pg/ml ampicillin and incubated at 37°C overnight.

3.2.2 Lipase expression

Sample collection was applied for each mutant on the LB plate. Since collection
will be done for expression, attention was giving to touch all colonies while collecting.
After collecting all the colonies with the tip, they were incubated in shaker incubator
(200 rpm) in LB medium with 100 pg/ml ampicillin at 37°Cand 18 hours for the lipase
expression (69). The day after, the grown mutant samples were expressed in LB

medium with 100 pg/ml ampicillin. Bacterial concentration was measured by

23



spectrophotometer with a light source of 600 nm until they reach ODeoo (optical
density) (70). When this value was reached, 1mM IPTG (isopropyl- -D-
thiogalactopyranoside) was added to the liquid LB culture and incubated for 3 hours
(71). The cells were harvested by centrifugation (for 10 minutes, maximum speed on

tabletop centrifuge) and pellets were frozen at -20°C and stored at -80°C.

3.2.3 Lipase purification

Nickel-coated beads were used for the purification method of lipase mutants.
Histidine binds to nickel and the BTL2 protein attaches to nickel columns. Then, when
high concentration imidazole is given, nickels bind to imidazole and leave the proteins.
Thus, pure proteins are eluted (72). Stored samples were lysed by using sonicator (for
5 minutes, 3 cycles). Cells whose walls were destroyed with a sonicator are centrifuged
for 30 minutes at 4°Cand 4500 rpm. Thus, cell wastes precipitated, the supernatant was
taken and loaded onto columns containing nickel-coated beads. Loading was done
using a peristaltic pump. Before loading samples, binding buffer was passed through
the columns as 5 columns volume. Concentrations of 15 mM imidazole for binding,
35 mM imidazole for washing and 200 mM imidazole for elution were used. At the
washing step, the concentration of the wastes was checked using Bradford (73). This
step is important to move from the washing step to the elution step. Bradford solution
was used for an overall estimation of the concentration for the proteins. It was also
used for the initial concentration estimation of the enzymes eluted after purification.
The Bradford solution gives a bluish color when combined with the protein, and the
blue color becomes darker as the concentration increases (58). In order to pass from
the washing step to the elution step, it is expected that the blue color should be well
lightened. The reason for this is that proteins that are not attached to nickel are washed
and discarded. Then the BTL2 proteins were collected by elution. The liquid flowing
through the columns was collected into clean eppendorfs. 30,000 Da filtration tubes
were used to concentrate the expressed proteins. Centrifuge filter tubes were filled
with protein samples. The centrifuge wall was positioned vertically with filter tubes
inside and centrifuged at 10,000 rpm. Centrifugation continued until all the liquid had

gone down. The remaining protein samples were subjected to the same procedure.
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Purified and concentrated lipases were loaded onto sodium dodecyl polyacrylamide
electrophoresis (SDS-PAGE) to test the purity and size of the lipases (74).

3.2.4 Lipase characterization

There were some methods used to determine lipase characterization. SDS-PAGE
gel was a characterization experiment to determine the size of the enzyme, the
Bradford assay to determine the concentration of the enzyme, the thermostability assay
to determine the reaction of the enzyme at different temperatures, and the activity
assays to understand how the activity of the enzyme changes under different conditions
(75).

3.25 SDS-PAGE

To perform SDS-PAGE gel electrophoresis, the protein sample was first mixed
with a loading buffer containing SDS and reducing agent (DTT). Then, samples were
heated at 98°C for 10 minutes to denature the proteins and break any disulfide bonds.
A 10% SDS-PAGE gel was prepared, markers and samples were loaded into the wells.
Running was done in a controlled manner at 120V for 90 minutes. After
electrophoresis, the separated proteins visualized by staining the gel with Coomassie

blue. At this step, staining and then destaining process were performed (74).

3.2.6 Protein concentration, buffer exchange, and storage

1X TBS was added to the filter tube during protein concentration. All liquid was
removed by pipetting well to the wall and transferred to a new tube. Proteins were
stored at +4°C.

3.2.7 Protein concentration measurement

The concentrations of the concentrated and containing 1X TBS buffer proteins
were measured with the Nanodrop. 1X TBS was used as a blank. Since working with

protein, concentrations were measured with UV absorption at 280 nm (76).
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3.2.8 Thermal incubation

The purified and concentrated lipases in 1X TBS were adjusted to 20 uM and 1

uM concentrations. Thermostability was tested by incubating at 8 different
temperatures for 10 minutes. These temperatures are 4 9C , 25 9C, 50 °C, 55 9C, 60

0c, 65 9cC, 70 9C, 75 OC. Ice was used for 4 9C, room temperature for 25 °C and a
gradient program in PCR for other temperatures (in Table 3). After incubation the

enzymes were used for activity assays.

Table 3. Thermal incubation temperature set for all enzymes. Enzymes were incubated
for 10 minutes at the indicated temperatures.

Temperatures for Thermostability Analysis

20 uM Concentration of enzymes 1 uM Concentration of enzymes
On ice 4°C On ice 4°C
Room Temperature | 25 °C Room Temperature | 25 °C
PCR (Gradient) 50 °C PCR (Gradient) 50°C
PCR (Gradient) 55°C PCR (Gradient) 55°C
PCR (Gradient) 60 °C PCR (Gradient) 60 °C
PCR (Gradient) 65 °C PCR (Gradient) 65 °C
PCR (Gradient) 70 °C PCR (Gradient) 70 °C
PCR (Gradient) 75 °C PCR (Gradient) 75 °C
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» 20 pM Concentration Enzyme

4°C 25°C 50°C 55°C 60°C 65°C 70°C 75°C

o

» 1 pM Concentration Enzyme

4°C 25°C 50°C 55°C 60°C 65°C 70°C 1715°C

Figure 9. Visual representation of PCR tubes that are used for thermostability analysis.
3.2.9 Lipase thermostability and activity assay

There are two ways to determine lipase activities. The first is the titration assay
and uses triacylglycerols (TAGSs) as substrates. The second method is fluorometric
assay and 4MU-caprylate based substrates are used. Concentrations of all lipase
mutants were determined by Nanodrop. The effect of aggregation was also
investigated at this stage by testing a high and a low concentration for the lipase
activity test (75). All lipases were adjusted before the experiment so that the high
concentration was 20 uM and the low concentration was 1 uM. Prior to the lipase
activity test, enzyme concentrations were diluted to 1nM. The reaction mixture was
prepared as 250 uM 4MU-caprylate, 100 mM Tris-Cl, 1 nM enzyme (77). Lipase
activity was measured in the Thermo Varioskan instrument using a 96 well black plate
for fluorescence assay, using an excitation wavelength of 365 nm and an emission
wavelength of 445 nm. For all analysis, the measurements were made at every minute
for 1 hour. Velocity calculation was made by looking at the kinetic calculation results.
The kinetic calculation results obtained from the Varioskan were analyzed and
compared. According to the linear relationship represented in Figure 10, the 4MU units
are converted from the relative fluorescence unit (RFU) received from the

fluorometer. Lineweaver-Burk plots were used to determine kinetic parameters (78).
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Figure 10. Standard Curve for 4-MU-caprylate and RFU (79).
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4 RESULT

4.1 Computational Methods
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Figure 11. Sequence alignments of 27 crystal structures were made and their
similarities were shown as indicated in Table 1.
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4.1.1 Oligomer structures

The closed BTL2 homodimer structure was used to construct the systems. The
reason for using a closed structure is that when BTL2 aggregates, it becomes a closed
structure in the natural process. By using the closed structure, the proximate situation
to the conditions in the natural process has been tried to be simulated. Understanding
the mechanism of aggregation and effect of BTL2 oligomerization on thermostability,
oligomer systems were created. Oligomer systems (dimer, tetramer, and octamer)
created using Chimera are shown in the Figure 12, 13, and 14 below. The images of
the systems are shown with NewCartoon using VMD. Dimer, tetramer, and octamer
systems have been studied with metals. Mutant tetramers have been studied without

metals. In the crystal structure images, the chain ions appear to be at the binding
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interface (Zn*?) as expected. The fact that it is at the binding interface supports the
idea that it may be effective for activity and thermostability in oligomerization.
Therefore, working with zinc metals has been an important step while creating systems

in this thesis.

Figure 12. Dimer structure of 1JI3 with Zn*? and Ca*2. Illustrated with Chimera in
cartoons. Zn*? is represented with orange and Ca*? is represented with blue. The B
chain is shown in green, and the A chain in gray.
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Figure 13. A: Tetramer structure of 1J13. The B chain is shown in green, and the A
chain in gray. Illustrated with Chimera in cartoons. A is tetramer with Zn*2 and Ca*2.
Zn*? is represented with orange and Ca*? is represented with blue. B is tetramer

without Zn*2and Ca*2,

31



Figure 14. Octamer structure of 1J13 with Zn*? and Ca*2. lllustrated with Chimera in
cartoons. Zn*? is represented with orange and Ca*? is represented with blue. The B
chain is shown in green, and the A chain in gray.

4.1.2 in-silico mutagenesis

Mutant structures created for MD simulations on tetramer structures via
CHARMM-GUI is W211A, WG60A/W211A, and Y273A/Y282A/W211A.
Investigating the effect of mutations on thermostability in BTL2 aggregation, in-silico
mutations were made on BTL2 enzymes. As seen in Figure 6, W60 and W211 are in
the zinc binding site. W211 and W60 are on opposite sides of each other. W211
surrounds the zinc binding site from the lid and W60 remains in the other part of this
side. In the middle of these two regions is the zinc binding region. In this thesis, W211
is an important mutation for oligomerization as it is present in both the lid and the
binding interface. It was expected that the loss of tryptophan would cause a major
issue, as it would affect the dielectric constant. In order to understand this, MD

simulations were performed on the generated systems with mutations.
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41.3 MD simulation

Table 4. System details of the BTL2 oligomer and mutated structures.

Dimension (A)

Atom Residue Water X y z
number
Dimer 175931 776 54647 152 158 168

Tetramer 535051 1552 170357 208 330 238
Octamer 425060 3104 125700 339 109 130

W211A without metal 700924 1552 225664 197 197 197

W60A/W211A without 700841 1552 225655 197 197 197
metal
Y273A/Y282A/W211A 700871 1552 225653 197 197 197

without metal

The systems created for MD simulation are shown in Table 4 with their details.
Atom number is all atoms of the system and water is all water that systems have. Since
one chain of 1JI3 has 388 amino acid (80), residue number is increasing according to
chain number of oligomer. Oligomers and mutated systems were simulated in aqueous
and Na*ClI" containing environment at 373K. Oligomers were simulated as containing
Zn*? and Ca™. In the mutated systems, metals (Zn*?> and Ca*?) were removed. The
reason was to fully understand the effect of mutation on oligomerization of BTL2.
Since the metals are at the bonding interface, we eliminated the possibility that they

could increase the binding strength during oligomerization.
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4.1.4 Lipase backbone stability analysis
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Figure 15. Root mean square deviation (RMSD) analysis of dimer (A), tetramer (B),
octamer (C), W211A (D), Y273A/Y282A/W211A (E) and W60A/W212A (F).

Dimer, tetramer, and octamer systems were simulated to deeply understand how
the aggregation occurs. Also, W211A, W60A/W211A and Y273A/Y282A/W211A
systems were simulated. The pairwise RMSD graph of all trajectories is shown in the
Figure 15. The change in color from dark blue to light yellow in the graph indicates an
increased conformational change in the protein. In the simulated structures at 373K, it
was observed that the displacement in the structure increases as the system grows from
dimer to octamer. Considering the mutants, the W211A and W60A/W211A mutants
could not store their stability, while the Y273A/Y282A/W211A mutant shows more
stable profile than others.
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415 Lipase backbone fluctuation analysis
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Figure 16. Root mean square fluctuation (RMSF) analysis of dimer (C). Visualization
of the dimer crystal structure of before (A) and after (B) simulation by using VMD.
Chains are indicated in different colors and listed in A and B. W211 region is
represented with blue color, Y273 and Y282 regions are represented with green.
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Looking at the dimer trajectory, it seems that Y273, Y282 and W211 form triple
cluster in Figure 16. It is understood that this cluster is using for binding to other. The
Y273 and Y282 residues of the A chain interacted with the W211 region of the B chain
to form a dimer. The residues Y273, Y282 and W211 at the other ends of the A and B
chains were exposed. When looking at the RMSF result in Figure 16C, the open part
of the Y273 and Y282 regions of the B chain have quite moved and it gave a peak in
the graph. Difference can be seen with the before and after trajectory pictures in Figure
16A and 16B. While this region was the most mobile part in the B chain, the 211"
region of the A chain, which it is attached to Y273 and Y282 of the B chain, seems
quite stable.

When the tetramer trajectory is analyzed, it is seen that the four chains (A, B, C
and D) of tetramer attached to each other with the W211, Y273 and Y282 regions. In
the tetramer structure, the A and C chains are outside, the B and D chains are inside.
Regions in the interior remained more stable because of the strong interaction by the
cluster. These regions hold each other tightly, like holding hands, with strong
interaction. Looking at the RMSF graph in Figure 17, the outer B and C chains could
not remain stable and were quite mobile. The A and D chains, which are attached by
clusters on both sides, remained more stable and did not move like B and C chains. In
Figure 17C, residues 273 and 282, which are in the region of the highest peak, appeared
in the B chain. When looking at the before and after trajectory pictures (Figure 17A
and 17B), this area is outside, so it is the most mobile and suitable area for interaction.
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Figure 17. Root mean square fluctuation (RMSF) analysis of tetramer (C).
Visualization of the tetramer crystal structure of before (A) and after (B) simulation
by using VMD. Chains are indicated in different colors and listed in A and B. W211

region is represented with blue color, Y273 and Y282 regions are represented with
green.

37



(A)

Chain B Chain D

..
BN - TR
2ON e MmAGHS
(O G A I (SOEUSEI A D,
Y. v ot L o A T3 <
gARE & D e Uil XV
1. o I A

Chain A Chain C Chain E Chain G

Chain A Chain C

- a

—~ — b

o c

L — d
2}

= -
4

— 9

h

0+ T r .
0 100 200 300 400

Residue Number

Figure 18. Root mean square fluctuation (RMSF) analysis of octamer (C).
Visualization of the octamer crystal structure of before (A) and after (B) simulation
by using VMD. Chains are indicated in different colors and listed in A and B. W211
region is represented with blue color, Y273 and Y282 regions are represented with
green.
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When the octamer trajectory is examined, it is seen that all eight chains of the
octamer (A, B, C, D, E, F, G, and H) were also attached to each other by the W211,
Y273 and Y282 regions. In the octamer structure, the A and H chains are outside and
the other chains are inside. Due to the strong interaction of the cluster, regions in the
interior remained more stable. These regions are tightly connected to each other, as
holding hands in a strong interaction. Looking at the RMSF graph in Figure 18C, the
outer A and H chains gave more peaks so they seem to be quite mobile. While the
region that remained unattached, 211" region in the A chain and the 273-282 region
in the H chain was mobile. Other chains, connected in clusters on both sides and
remained more stable. Looking at the before and after trajectories in Figures 18A and

18B, it is seen that the unattached chains were displaced more.

In Figure 19, it was understood that the oligomerization of the structure was
impaired. To explain in more detail, in the W211A mutation made in the BTL2
tetramer as an oligomeric state, the tetramer structure was disrupted by W211A
mutation. This supports the idea that W211 is on the binding interface and important
for aggregation. Looking at the RMSF graph in Figure 19C, all chains of the tetramer
appear to be quite mobile. Looking at the before and after trajectories in Figures 19A
and 19B, it is seen that the B chain almost completely separated from the structure.
Looking at the other chains of the mutant tetramer, it is seen that they moved quite

more.
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Figure 19. Root mean square fluctuation (RMSF) analysis of W211 mutant (C).
Visualization of the W211A mutant crystal structure of before (A) and after (B)
simulation by using VMD. Chains are indicated in different colors and listed in A and
B. W211 region is represented with blue color, Y273 and Y282 regions are represented
with green.
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Figure 20. Root mean square fluctuation (RMSF) analysis of W60A/W211A (C).
Visualization of the octamer crystal structure of before (A) and after (B) simulation
by using VMD. Chains are indicated in different colors and listed in A and B. W211
region is represented with blue color, Y273 and Y282 regions are represented with
green.
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In Figure 20, W211/W60 tetramer mutant was analyzed and disruption was
observed there as well. Looking at the RMSF result (in Figure 20C), the effect of the
W211A mutation in the binding region has shown a harsher result than single W211A
mutation. The outer C chain exhibited the highest mobility. The results are also
supported by the laboratory experiments. Thermostability of W211A/W60A mutant
decreased in the experiment and graphic showed in the Figure 24. Since it could not

protect oligomeric form like the W211A mutant, it could not store its thermostability.

When Y273A/Y282A/W211A mutant was analyzed, it was understood that all
chains were simulated without disruption. W211A mutation did not have the same
effect on BTL2 oligomerization in this cluster. BTL2 is an aggregating enzyme. This
stack structure interactions are protected in soluble state. The wild type of tetramer
enzyme, in Figure 17, shows this conservation. Therefore, the non-aggregated enzyme
loses its thermostability. It is clear that Y273A/Y282A/W211A mutations restore the
effect of lost interactions. When the trajectory was examined, no disrupting was
observed in any of the chains. Looking at the Figure 21C RMSF result, it seems that
the chains remain more stable. The outer B and C chains showed more mobility, while
the inner A and D chains remained more stable. No chain separation was observed in
Figures 21A and 21B. This result confirms each other when compared with laboratory

experiments.
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Figure 21. Root mean square fluctuation (RMSF) analysis of Y273A/Y282A/W211
mutant (C). Visualization of the octamer crystal structure of before (A) and after (B)
simulation by using VMD. Chains are indicated in different colors and listed in A and
B. W211 region is represented with blue color, Y273 and Y282 regions are represented
with green color.
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4.2 Experimental Methods

4.2.1 Lipase production

Mutated DNA samples and wild type enzyme (W60A, W211A, W60A/W211A,
Y73A, Y282A, YT73A/Y282A and Y73A/Y282A/W211A) were transformed into
BL21 (DE3) E. coli cells. Transformation results with these plasmids are shown in
Figure 22. BL21 multiple colonies appeared on the plates. As seen on the plate,
colonies grew sufficiently and were collected for expression.

Figure 22. BL21 Transformation. BTL2 wild type, W60A, W211A, W60A/W211A,
Y73A, Y282A, Y73A/Y282A and Y73A/Y282A/W211A mutation clones were
transformed to BL21 cells on LB Agar ampicillin plates.

BTL2 and mutated enzymes expressed by IPTG induction, were loaded onto 10%
SDS-PAGE gel after purification, at a concentration of 3 ng/ml. The gel is shown in
the Figure 23. A picture showing the size of a marker is also placed next to the gel.
The size of the BTL2 protein is 43 kDa, and when we look at the marker sizes on the
gel, it appears to be in the 35-55 kDa range. Purified enzymes are appearing as 43 kDa.

This concluded that the enzymes produced in the expected size.
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Marker BTL2 W60A W60A/ W2I2A Y273A Y282A Y273A/ Y273A/Y282A
W2I12A Y282A W2I12A

Figure 23. E. coli Shuffle Expressions. Whole cell-fraction were used from wild-type
and mutants, collected after 3 hours IPTG induction. Analyzed in 10% SDS-PAGE
which is stained with Coomassie blue.

In the Table 5, the concentrations are indicated in uM. W60A, W211A,
WGE0A/W211A, YT73A, Y282A, Y73A/Y282A and YT73A/Y282A/W211A
concentration measurements of purified and concentrated enzymes with Nanodrop are
given. Enzyme concentrations are sufficient for the enzyme kinetic assay. Since the
lowest enzyme concentration was obtained in the W60A mutant as 21 pM, highest

concentration was set to 20 uM for the activity test.
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Table 5. Protein concentrations measured by nanodrop (A280) are referred in uM.

Enzyme Concentrations
Wild-type BTL2 62 pM
W211A 22 yM
W60A 21 pM
W60A/W211A 24 pM
Y273A 140 pM
Y282A 266 pM
Y273A/Y282A 95 utM
Y273A/Y282A/W211A 238 uM

4.2.2 Lipase thermostability and activity analysis

Thermostability and fluorescent assays were performed for all lipases with 250
uM 4MU-caprylate and the results are shown on the linear graph in the Figure 24.
Temperatures are shown on the graph on the x axis. Thermostability experiments were
carried out between 4-75 °C and tested at enzyme concentrations of 20 uM and 1 pM.
Enzymes for the lipase activity assay were incubated in high and low concentrations

at different temperatures.

Enzymes were diluted to a concentration of 1nM before combining with the
substrate and performing the fluorescence assay. In the meantime, it was expected that
all assays would be applied on an equal amount of enzyme. However, it was seen in
the graphs in Figure 24 obtained that the enzymes, they did not start from the same
point. This leads to the idea that enzymes could not adjusted at exactly the same

concentration.
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Figure 24. Residual activity versus temperature analysis. Relative fluorescent unit
values were converted to percent activity by setting the activity at 4°C to 100%.

In the Figure 24, wild type BTL2 stored its activity stable up to 60°C. At higher

concentration, it gave higher activity up to this temperature. After 60°C, enzyme

activity decreased rapidly at both concentrations and disappeared at 70°C. Enzyme

activity was measured up to 70°C, and as it can be seen from the graph, the activity is

better protected at high concentrations. This means that at a high concentration, the

enzyme maintains its thermostability better and can show higher activity than at a low

concentration. BTL2, which is a high aggregate (14), shows higher activity at high
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concentration than at low concentration, depending on the temperature. It appears that,
the different concentrations do not change the degree of heat that the enzyme can

tolerate, but it affects the activity.

For the W60A mutant, the high and low concentration show almost the same
profile. The activity seems similar to BTL2 despite to the rate of loss of activity at high
temperatures. However, unlike BTL2, the stabilization effect due to high concentration
was lost. Enzyme activity at both concentrations, started to decrease after 60°C and
did not show activity after 70°C. It is a region at the W211 binding interface on the
lid (81) and is one of the most important mutations in this study. It also has an
important role in hydrophobic interactions at the binding site. Looking at the W211A
mutant in the Figure 24, the enzyme activity showed almost the same profile at high
and low concentration for all temperatures. Enzyme activity started to decrease rapidly
from 50°C and the activity lost at 55°C. When W211A and wild type BTL2 were
compared, it was observed that W211 is at the binding interface, loss of the
hydrophobic residue Trp amino acid within affected aggregation, and thermostability
was lost due to this effect. The W211A/W60A double mutant showed an almost
identical even more harsh profile as W211A in activity. A serious decrease is observed
between 50°C -55°C in both concentrations. After 55°C, the activity is almost
completely lost. This is due to disruption of hydrophobic interactions caused by
mutation of W211 at the binding interface. W60A could not continue to provide that
interaction here and the thermostability of the enzyme decreased. According to these
results, it can be said that the W211 mutant loses its activity after 55°C.

The Y273A/Y282A mutant is on the beta sheet and has an important position in
terms of the catalytic site. There was a rapid decrease in activity at high and low
concentrations between 50°C - 55°C. The activity was lost at 70°C. Enzyme activity
was observed to be lower in this mutant compared to the others. The Y273A mutation
exhibits a very similar profile to wild type BTL2 in temperature consequences.
Enzyme activity has begun to decrease after 60°C in both concentrations, and at 70°C
the enzyme lost activity. Also, enzymes at high and low concentrations showed similar

activity. In this respect, it can be thought that aggregation was affected by mutation.
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In the Y282 mutant, he enzyme activity was affected by concentration. Enzyme
activity has begun to decrease after 60°C in both concentrations, and at 70°C the
enzyme no longer shows activity. The enzyme activity is lower compared to Y273,
and the loss of activity was at 65°C. Interactions at the site of this mutation may have
a stronger effect compared to Y273. It appears that the activity in the
Y273A/Y282A/W211A mutant is generally inversely proportional to temperature at
both high and low concentration as Y273A and Y282A. Enzyme activity begin to
decrease after 60°C in both concentrations, and at 70°C the enzyme lost the activity.
Like all other mutants, no concentration-dependent effect difference in thermostability
was observed. In this mutant, the effect of disrupting thermostability in other mutants
containing the W211A mutation does not appear. All the maximum temperature that

enzymes gave activity is listed in Table 6.

Table 6. In the results obtained after lipase thermostability and activity analysis, the
temperature ranges in which the enzyme shows the highest activity are listed.

Temperatures
Enzyme High Concentration  Low Concentration
Wild-type BTL2 60°C 60°C
W211A 50°C 50°C
WG60A 60°C 60°C
WG60A/W211A 50°C 50°C
Y273A 60°C 55°C
Y282A 60°C 60°C
Y273A/ Y282A 50°C 50°C
Y273A/ Y282A/W211A 55°C 55°C
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5 DISCUSSION

5.1 Lipase Thermostability and Activity Analysis

Binding interfaces have been studied in previous research (43,81). It was observed
that hydrophobic interactions at the interface and an aromatic cluster were effective in
aggregation. In addition, mutations have been made in regions that could affect this
mechanism. Tryptophan (W211) in the lid region was associated with aggregation
(43). In this study, based on information obtained from the literature, mutations
expected to alter aggregation and thermostability were tested experimentally.
Furthermore, triple aromatic clusters (Y273, Y282, W211) were observed in the earlier
investigation and indicated in the interface research (82). W211, Y273 and Y282 were
an important mutant in this thesis as they may be important in aggregation by

hydrophobic interaction.

When the W211A mutation was introduced, the enzyme severely lost its
thermostability. This is based on disruption of hydrophobic interactions caused by
mutation of W211 at the binding interface. The information obtained from the
literature research was in this direction and this has been confirmed in this study (43).
At high concentrations, wild type BTL2 maintains its thermostability and can exhibit
stronger activity than at low concentrations. This supports the idea of a thermostability

preserving effect due to oligomerization.

While observing significant effects of the W211A mutant, it was expected that a
loss of thermostability would also be observed in the Y273A/Y282A/W211A mutant
at the beginning of the experiment. However, an interesting result was obtained from
this experiment. The loss of thermostability demonstrated by the W211 mutation was
not seen on Y273A/Y282A/W211A. This was an unreasonable result because the loss
of W211 disrupted the hydrophobic interaction equilibrium and prevented aggregation
formation. Experiments were repeated 3 times and expression was repeated 2 times to

be sure. This triple mutation was observed to restore activity in all experimental trials.
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It has been thought that the effect may be due to the combination of three alanine

amino acids, and it may protect the structure (83).

5.2 Analyses of Molecular Dynamic Simulations

MD simulations were performed to complement the results obtained from the
experiment. Aggregation consists of lipase chains assembly, like holding hands in
hydrophobic cluster. Thus, the chains in the interior remain more stable. This supports
our idea at the beginning of the thesis. With the effect of aggregation/oligomerization,

the enzyme is protected by strong bonds and can store its thermostability.

closed open

Figure 25. In the closed and open structure of BTL2, W211 in the lid region and its
surroundings are shown.

Neurodegenerative diseases such as Alzheimer's and Parkinson's that affect
millions of people worldwide. Generally, patients get worse over time and there is no
cure for these diseases (84). Protein aggregation plays an important role in disease
pathogenesis by interrupting normal cellular processes, generating toxicity, and
ultimately leading to neurodegeneration (85). Understanding the mechanisms behind
protein aggregation in neurodegenerative disorders are critical for creating the cure or

therapy to reduce the severity of the disease's impact on patients' lives. In this thesis,
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oligomer systems were created to understand the aggregation mechanism. Simulation
of dimer tetramer and octamer BTL2 structures was performed in this study and
contributed to the understanding of aggregation formation. It was understood that
when the size of the oligomer system increase, structures show more stable feature.
Because BTL2 is an ordered aggregate (82), thermo-switch can be created when
hydrophobic interactions between proteins are temperature-tunable. Interactions can
be set up to activate when the temperature increases to regain the activity. The
development of this mechanism is vital in the development of drugs for the treatment
of neurodegenerative diseases and the use of aggregated proteins in industrial
production.

Since the W212 region is in the hydrophobic region, it does not want to be outside.
It interacts with its surroundings in a water containing environment. As seen in Figure
25, W211 is in the open form in closed structure. In the open structure, W211 is closed
by the surrounding residues. This means that, in a closed structure W211 leads to
oligomerization to interact. When BTL2 is aggregated, the open part of the closed
W?211 region binds from the Y273 and Y282 regions of another chain. This binding
region was shown in this thesis. Tetramer and octamer structure models were created
from the dimer and it was shown that the W211 region is related to oligomerization
using the Y273 and Y282 regions.

For the mutant systems, it was understood that the W211A mutant tetramer was
disassociated. In experiments conducted in the laboratory, it was observed that
thermostability was decreased in the W211A mutant. This supports the idea that W211
is on the binding interface and important for aggregation. Because of W211 is on
crystal contact and aggregation interface. It directly affects thermostability and
activity. On the other hand, double mutation W60A/W211A in this cluster, disrupt the
formation of aggregation, thus decreasing the thermostability. It is understood that loss

of tryptophan 211 in the lid, prevents the formation of oligomerization/aggregation.

While experiments of the Y273A/Y282A/W211A mutant gave unexpected result

despite repeated attempts in the laboratory, it was an important analysis to examine

52



the state of the protein by MD simulation. This is a counter-intuitive result that
removing the aromatic side-chains Y272 and Y282 restores the loss of thermostability
caused by W211A. It really recovers the activity that was lost in W211A or some form
of artifact a chance occurrence. However, when the three residue is mutated to alanine
(W211A/Y273A/Y282A) at cluster, the thermostability protection effect of
oligomerization formation was restored. These lipases have not been studied before,
and the idea arose in this thesis through both experimental and computational analysis.
Restoring the activity is an interesting result but needs further especially computational
analysis, because just one simulation was done for triple mutation. In experimental,
we see the same result but it may need re-sequencing to confirm this three-mutation

position that were mutated.

Instead of Tyr and Trp interaction in activity recovery, triple alanine interaction
in the cluster may have restored the activity. Jahn et al. observed activity in the protein
of the polar Glu amino acid to hydrophobic Ala mutation. (86). In this study, Ala
mutation, which is also hydrophobic amino acid, was made from hydrophobic Tyr and
Trp amino acids. Although the situation may seem different, aromatic ring change may
be affecting it (87). Also, despite the disappearance of the strong hydrophobic
interactions, other interactions may have arisen and enhanced the binding for

oligomerization. All of these can be explored in detail in another study in the future.

53



6 CONCLUSION

In conclusion, it was observed in this thesis that, the thermostability of the BTL2
enzyme resulted from oligomerization and that oligomerization occurred through a
certain interface. Although aggregation causes neurodegenerative diseases in
medicine, it also makes difficult to use proteins in the industrial process.
Understanding the aggregation mechanism is important for the occurrence and
treatment of neurodegenerative diseases. We found a model for aggregation in this
study. Novel findings obtained by establishing tetramer and octamer systems on the
dimer model in this thesis. When the oligomeric structures were analyzed, we found
that aggregation was due to a binding interface. In all systems, the chains in the
oligomer were linked to each other at the W211, Y273 and Y282 regions. Also, we
noticed that the aggregation was ordered and merged as holding hands. There is
information in the literature about ordered aggregation and we have confirmed it with
our study. In thermostability experiments, wild type BTL2 showed a thermostable
effect depending on the concentration. When the importance of hydrophobic
interactions at the binding site was investigated, mutation at W211 residue cause
loosing of thermostability due to affecting oligomerization. Contrary to that, no loss
of thermostability was observed in the Y273A/Y282A/W211A mutant. When the
computational studies were analyzed, it was seen that they supported the experimental
results. This phenomenon in fact which is a counter-intuitive observation implying that
deletion of Y272 and Y282 aromatic side-chains causes a restoration of the
thermostability loss caused by W211A. This result needs further investigation. It really
restores the activity that lost in W211A or some type of artifact an occurrence by
chance. Mutations in the cluster resulted in the disintegration of the structure, except
for the triple mutant. In future studies, all these simulations can be studied with metal,

and the effect of metal on thermostability can be investigated.
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8 APPENDIX

Table 1. Binding buffer preparation.

25mM Imidazole Binding Buffer

Ingredient Amount

10X TBS 20 ml
1M Imidazole 5ml
DDW Up to 200 ml
Table 2. Wash buffer preparation.
40mM Imidazole Wash Buffer Ingredient Amount
10X TBS 20 ml
1M Imidazole 8 ml
DDW Up to 200 ml
Table 3. Elution buffer preparation.
200mM Imidazole Elution Buffer Ingredient Amount
10X TBS 5ml
1M Imidazole 10 ml
DDW Up to 50 ml
Table 4. SDS-PAGE buffer for the lower gel.
SDS-PAGE gel buffer - Lower Ingredient Amount
(pH 8.8)
SDS 1.75¢g
Tris 90.75¢
DDW Up to 500 ml
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Table 5. SDS-PAGE buffer for the upper gel.

SDS-PAGE gel buffer - Upper

Ingredient Amount

(pH 6.8)
SDS Tris 379
Tris 60.5¢
DDW Up to 500 ml

Table 6 Sample buffer for loading protein

concentration 1X used.

samples on SDS-PAGE gel. Final

SDS-PAGE Sample Buffer (3X)

Ingredient Amount

Bromophenol Blue Beta- 10 mg
mercaptoethanol
Beta-mercaptoethanol 5ml
SDS 39
Glycerol 10-24 ml
Upper Tris Buffer (Appendix Table 6.25 ml
5)
DDW Up to 100 ml

Table 7. SDS-PAGE gel running buffer for gel electrophoresis.

SDS Running Buffer (10X) Ingredient Amount
SDS 509 151.43¢
Tris 151.43 g
Glycine 720.7 ¢
DDW Up to 5 liters
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Table 8. SDS-PAGE gel stain solution (Reusable).

SDS-PAGE Gel Stain

Ingredient Amount

Methanol 500ml 2g
Coomassie Blue BB R-250 290

| Filter Though 3MM Filter Paper |
Acetic Acid 100 ml
DDW 400 ml

Table 9. SDS-PAGE gel detain solution.

SDS-PAGE Gel Destain

Ingredient Amount

Methanol 400 ml
Acetic Acid 140 ml
DDW 1460 ml

Table 10. Lower gel preparation for polyacrylamide SDS-PAGE gel.

10% SDS Lower Gel

Ingredient Amount

DDW 6.4 ml
Acrylamide 3.3ml
1.5M Tris pH 8.8 3.25 ml
10 percent APS 0.130 ml
TEMED 0.005 ml

Table 11. Upper gel preparation for polyacrylamide SDS-PAGE gel.

10% SDS Upper Gel

Ingredient Amount

DDW 2.5ml

Acrylamide 0.425 ml
1.5M Tris pH 8.8 0.430 ml
10 percent APS 0.034 ml
TEMED 0.004 ml
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Table 12. 200x Protease Inhibitor stock solution preparation.

Protease Inhibitor (200X) Ingredient Amount
PMSF 350 mg
Benzamidine 120 mg

Benzamide 15 mg

Ethanol Up to 10 ml
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