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Summary of Professional Accomplishments

1. Name
Y.ukasz Peplowski

2. Diplomas, degrees conferred in specific areas of science or arts, including the name of the
institution which conferred the degree, year of degree conferment, title of the PhD
dissertation

e 2009 PhD degree in physics
Faculty of Physics, Astronomy and Informatics;
Nicolaus Copernicus University in Torun (NCU).
Doctoral thesis “Molecular dynamics and bioinformatics studies of enzymatic
reaction mechanisms, with the focus on nitrile hydratase”.
Supervisor: prof. dr. hab. Wiestaw Nowak
e 2004 Master’s degree in physics, specialization in computer physics,
Faculty of Physics, Astronomy and Applied Informatics, UMK
Master’s thesis “Computer modeling of enzymatic activity of nitrile hydratase - an
enzyme important in biotechnology”.

Supervisor: prof. dr. hab. Wiestaw Nowak

3. Information on employment in research institutes or faculties/departments or school of
arts
e 2009-now: Assistant Professor, Faculty of Physics, Astronomy and Informatics;
Nicolaus Copernicus University in Torun.
e |[I-IIT 2011: Researcher, R&D Department, Adamed Sp. z 0.0. Pienkow.
e 2008-2009: Assistant, Faculty of Physics, Astronomy and Informatics;
Nicolaus Copernicus University in Torun.
4. Description of the achievements, set out in art. 219 para 1 point 2 of the Act.
4.1. Title of the achievement.
Application of theoretical computational biophysics methods for improving

biotechnological enzymes.



4.2. Research objectives, results and description of publications based on them,
impact on future research.

The scientific achievement that is the basis of this proposal is the application of
theoretical computational biophysics methods for improving selected properties of
biotechnological enzymes, with a particular focus on nitrile hydratase (NHase) [1],
and sucrose phosphorylase enzyme (SPase) [2]. Both of these proteins are used on
a mass scale in biotechnology companies, resulting in cheap and environmentally
friendly production of a range of desirable chemical compounds. Both the scientific
community and the biotechnology industry are looking for new tools to design
improved enzyme variants. Genetic engineering makes possible the production of
proteins that exhibit superior properties compared to natural-occurring enzymes (this
self-presentation will often use the abbreviation WT from “Wild Type” to designate
naturally occurring, otherwise native, proteins). Improved enzymes are also
cognitively important. Their study provides insight into the molecular mechanisms
that govern living matter, resulting in a better understanding of the world around us.
For commercial applications, an improved enzyme saves the time and energy needed
to produce many commercially essential compounds. We are observing a strong trend
stimulated, for example, by ecology to use biotechnological processes for production,
which are often much cleaner than classical chemical methods. A company that uses
more efficient enzymes will have tangible financial benefits. Therefore, the need for
advanced scientific research on enzymes, including biophysical research, is very high.

One of the possible approaches to improve enzymes may be the use of theoretical
computational biophysics methods, more precisely, the methods of molecular
dynamics and molecular docking. These methods, as shown, for example, in our
publications, make it possible, with the support of bioinformatics and experimental
biotechnology tools, to design new and improved enzyme variants relatively cheaply
and in a short period of time Enhancement can mean, among other things, increased
catalytic activity, increased thermostability or better selectivity towards selected
substrates. Moreover, using the tools of theoretical computational biophysics, we can
explain why improved proteins work more efficiently.

4.2.1. Introduction and research motivation.

Several decades ago, scientists noticed that it was often cheaper and more
environmentally friendly to produce many chemical compounds using the most
efficient machinery: enzymes. Many scientists believe that production technology is

going to undergo a revolution, replacing traditional agriculture with food created



through bacteria that have enzymes embedded in them, which will create food
cheaply and, most importantly, without using excessive amounts of water, energy and
without emitting any greenhouse gases [3-6]. Due to the fact that there is a great need
to both learn how enzymes work, but also to improve them, | became interested in the
subject of improving enzymes. | realized that my broad knowledge of physics and
theoretical computational biophysics methods in studying biomolecules, particularly
non-standard enzymes, could support the experimental groups’ work. As it turned
out, theoretical and computational support proved to be extremely important in the
process of designing two enzymes.

Having previous experience with the enzyme nitrile hydratase, which catalyzes
the hydration of toxic nitriles, which are often waste products of chemical processes,
e.g., in latex production, into valuable amides that can be used as soil improvers, feed
additives (vitamin PP) or intermediates for making polyacrylamide clothing [7], and
which possible catalytic mechanisms | investigated in my PhD thesis, | decided to
collaborate with a group that investigates these enzymes experimentally. Because
there are no such groups in Poland, a productive cooperation was established with
a foreign scientific group from the School of Biotechnology, Jiangnan University,
Wuxi, China, led by Prof. Zhemin Zhou. Our joint approach to the semi-rational
design of more efficient enzyme variants has resulted in 10 scientific articles, most of
which were published in highly-ranked journals. Thanks to the fruitful collaboration
with Prof. Zhou, several visits to China, | was able to expand my collaboration with
Jiangnan University with Prof. Xianzhong Chen’s group. Using a similar approach to
NHase, the properties of the sucrose phosphorylase enzyme have been improved
through computational calculations, resulting in two scientific papers published so
far. Our innovative approach to semi-rational improvement of biotechnological
enzymes using the methods of theoretical biophysics and experimental biotechnology
is unique because only a few groups in the world apply such an approach to non-
standard enzymes such as nitrile hydratase. NHase contains posttranslationally
modified amino acids and a metal ion in the catalytic center, making inexperienced
scientists without in-depth knowledge of theoretical computational biophysics
methods unable to model and study the properties of such enzymes. It is worth
mentioning here that Jiangnan University in the Shanghai 2022 ranking was ranked as
44th in the discipline of biotechnology and as first in food science and technology

(world ranking).



One of the most widely used methods of theoretical computational biophysics is
classical molecular dynamics (MD) [8]. Briefly, the MD method is based on
numerical integration of Newton’s equations of motion (4.1), which allows to
simulate the evolution in time using classical approach, of a model describing
a complex physical system built, for example, of atoms with masses m; and positions
ri:
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In the case of modeling biological systems, this is realized with the consideration
of numerous atom-atom interactions in order to obtain information about the
properties of living matter in an environment that most closely approximates the
natural environment of the studied system, such as an aqueous environment. The
interactions above include covalent bonds, electrostatic interactions, van der Waals
interactions or hydrogen bonds. These interactions cause all atoms interact with each
other with forces determined by a specific analytical function that describes the
potential energy and a set of parameters of this function. This function is commonly
called the force field [9] (4.2).
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The force field represents the potential energy of a static system of interacting
atoms. Having the potential defined for the system, the forces acting on each atom
can be determined (4.3):

F=-V.\V(,..h). 43)
With the forces acting on the model’s atoms at a given time t determined in this
way, the positions of the atoms in the next step, or future time, can be calculated
(4.4):

F(t+At) =7 (t) +V(t)At + %%mz. (4.4)



To do this, information about the velocities of the atoms is still needed. The initial
velocities of N atoms are usually generated randomly according to the Maxwell-
Boltzmann distribution and with a given temperature T of the system, combining the

kinetic energy of the atoms with the principle of energy equipartition (4.5):
13 N 3
Eizzl:mi <Vi > = E NkBT, (45)

where kg is Boltzmann’s constant.
The velocities v of the atoms in the next steps are calculated according to equation
(4.6):

V(t+At) =v(t) +

lf(t)+|f(t+At)At (46)
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Equations (4.4) and (4.6) are called Verlet’s velocity algorithm [10, 11]. The
CHARMM 27 force field was used consistently in all the studies presented as the
habilitation achievement [9, 12]. To describe the interactions of the non-standard
catalytic center of nitrile hydratase, parameters and topologies compatible with the
CHARMM force field, developed based on quantum calculations completed during
the PhD studies, and used for the first time in a paper regarding the transport of
NHase ligands inside the protein [13] (purely theoretical work), were used.

The method of computer aided docking of small ligands to proteins involves an
algorithmic search for such a mutual placement of the ligand and protein that the
potential energy function, e.g. in the form (4.2), takes on the minimum possible value
[14, 15]. | used docking via the Lamarckian genetic algorithm implemented in
AutoDock 4.2 [16]. Unfortunately, none of the numerous commercial programs tested
allowed docking to NHase containing a non-standard center with a Co3+ cobalt ion.
AutoDock was the only tool that allowed the docking of ligands to NHase. By
modifying standard computational protocols and with the ability to introduce custom
parameters describing the atoms, AutoDock allowed to predict realistic positions of
ligands inside the protein, which I published while I was still working on my PhD
dissertation [17], and which was later confirmed experimentally [18].

With computational biophysics methods combined with bioinformatics tools,
| studied mainly the enzyme nitrile hydratase (NHase, EC 4.2.1.84) [1, 19]. This

enzyme catalyzes the hydration of toxic nitriles to very useful amides (Fig. 1).
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Fig. 1. Scheme of the reaction carried out by nitrile hydratase.

The smallest active NHase subunit is an affa heterotetramer composed of two
identical af heterodimers (Fig. 2a). Each dimer contains a non-standard active site
containing a cobalt (Co®") or iron (Fe®*") ion, two posttranslationally modified
cysteines (sulfinic-cysteine (CSD) and sulfenic-cysteine (CEA)), and a standard

cysteine and serine (Fig. 2b).
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Fig. 2. Nitrile hydratase heterotetramer with specified chains and marked active site (a). Non-standard
NHase active site with marked ion metal (b). In panel (b), the amino acid numbering follows the
crystallographic structure 1IRE.

NHases with different amino acid sequences are quite a lot. According to the
RefSeq database [20] as of 1/10/2022, 4823 alpha subunit sequences and 5432 beta
subunit sequences were known. Often, the differences in amino acid composition can
be significant and the number of identical amino acids can be less than 40% [21]
Nitrile hydratase, depending on the organism from which it is derived, can exhibit
different catalytic activities towards given substrates, e.g. NHase from the bacterium
Rhodococcus sp. N-774 shows activity in the forming of acrylamide of 500 g/(g cells)
and Rhodococcus rhodochrous J1 of 7000 g/(g cells) [22, 23]. Increasing the catalytic
efficiency of this enzyme is essential from the point of view of biotech companies, as
they can produce much more amides in the same time.

The thermostability of NHases can vary, as well. NHase from Pseudomonas
chlororaphils B23 [24] and Rhodococcus sp. N-774 are stable at temperatures below
20°C [25], while NHase from Rhodococcus rhodochrous J1 is stable only between
10°C and 30°C [26]. A variant of NHase from the thermostable organism



Pseudonocardia thermophila JCM3095 is stable even at 50°C, although after just 18
minutes it shows only half of its initial activity [H4]. Thermostability is one of the
key factors in the practical use of NHase in the industry. The hydration reaction of
nitriles is an exoenergetic reaction [19]. Therefore, the bioreactors in which the
reaction is carried out heat up strongly. They can be cooled (which is uneconomical),
or an engineered enzyme that is more stable at high temperatures can be used.
Besides, the bioreactor's increased temperature prevents unwanted microorganisms'
growth [27]. Therefore, new, more thermostable NHases have either been searched
for or designed for many years.

Another key factor for enzymes is their selectivity [28, 29]. Many enzymes
exhibit selectivity to only one substrate. In contrast, other enzymes can catalyze
a whole group of compounds and perform the same type of reaction of many different
substrates containing a given functional group. In the rational design of the selectivity
of enzymes, we most often want to force the enzyme to catalyze from a mixture of
similar compounds one selected substrate or to broaden the spectrum of catalyzed
compounds. The product of catalysis can become either an effective, pure, and
inexpensive drug or its intermediate [30, 31]. As a rule, nitrile hydratases exhibit
a broad catalytic spectrum, although variants of NHases showing selectivity to one of
the optical isomers are known [32-34]. However, mostly efficient NHases used on
a mass scale in the industry do not show particularly significant selectivity, while
pharmaceutical, as well as chemical industries, are very interested in obtaining
various compounds (e.g., drugs or their intermediates) derived from pure biosynthesis
[19, 31].

The success of nitrile hydratase in the biotechnological conversion of nitriles to
amides is evidenced by the scale of its application. Publications report that more than
600,000 tons of acrylamide are produced annually using NHase [35]. These numbers
(dating back to 2015) are severely underestimated. As a result of Professor Zhou’s
group’s collaboration with two, of at least eleven companies located in China
(Jiangsu Changjiu Agrochemical Co., Ltd and Xinyong Biochemical), | know that at
the end of 2019 they each produced at least 50,000 tons of acrylamide per year. In
addition to the above-mentioned Chinese biotech companies, acrylamide,
nicotinamide (vitamin PP), 5-cyanovaleramide (an intermediate of herbicides and
epilepsy drugs), using NHase are also produced in Japan, Korea, Germany, France or
the United States [19, 24, 36].



4.2.2. Results and description of publications based on them.

The results of the studies on the design of NHases with improved properties
mentioned above (i.e., catalytic activity, thermostability, and selectivity) and the
explanation of the reasons for the improvement of the above-mentioned properties are
presented as the main scientific achievements of the habilitant. It seems that this task
is a biochemical or biotechnological problem, but decent modeling requires advanced
methods of theoretical molecular biophysics. Only an interdisciplinary approach, with
strong participation of physical methods, has given important achievements in
designing enzymes with highly improved parameters.

In scientific publications [H1], and [H2], I focused on explaining the reasons for the
enhanced activity of NHases. The papers [H3] and [H4] also reported the development
of enzymes with enhanced activity, however, the main focus of these papers was an
explanation of how to design a more thermostable variant of the enzyme using the
tools of theoretical biophysics and bioinformatics as well as a detailed explanation of
the reasons for the improved thermostability. In the paper [H5], | explained using
molecular modeling techniques why some variants of NHases with additional protein
fragments (so-called linkers) show greater thermostability than native proteins. To
show that using the tools of theoretical biophysics, the thermostability of other
biotechnology enzymes can be increased, in the paper [H6] an almost identical
approach to the paper [H4] was applied but to the enzyme sucrose phosphorylase
(SPase). The papers [H7] and [H8] show how, using molecular modeling, design
enzyme variants that exhibit stereoselectivity or catalyze only one nitrile group in
symmetric dinitriles and then explain their new catalytic properties.

Studies on enhancing the catalytic activity of enzymes.

As mentioned above, the smallest NHase unit exhibiting catalytic activity is the
afpa tetramer. Physicists using models often try to simplify them so that, despite the
simpler description, reliable research data can still be obtained. Until a few years ago,
access to computing power was so limited that MD simulation times of biological
systems were single tens of nanoseconds. The approach used for proteins composed of
several identical subunits was to study a single fragment and extrapolate the results to
a larger system. A similar approach was used for nitrile hydratase, where initially only
a single aff dimer was studied using theoretical biophysics techniques. In fact, all

NHase structures available in the Protein Data Bank [37] (PDB, a data bank of spatial



structures of biomolecules) are precisely dimers, and tetramers are obtained only by
appropriate symmetry transformations. In the research teams and publications that
I know of, no one but me uses the full NHase tetramer model in theoretical studies. It
is common to use a simplified dimer model. No one besides me also uses a full and
realistic active site model in MD simulations. Other groups use an apoenzyme without
a cobalt (iron) ion and without posttranslational modifications in their studies [38-41],
and therefore do not include all interactions in their models. The reason for this is the
impossibility of generating parameters and topologies [42, 43] for the active site
embedded in the protein. The parameters and topologies developed by me in
agreement with the CHARMM 27 force field on the basis of quantum-chemical
calculations carried out as part of my doctoral dissertation make it possible to create

a more accurate, and therefore more realistic, physical model.

Molecular dynamics simulations can be used successfully to explain the causes of
increased enzyme activity. A good example is the study of NHase from the
thermophilic bacterium Pseudonocardia Thermophila JCM 3095 (PtNHase). It has
been known for many years [44], and in 2001 its crystallographic structure was solved
and placed in the Protein Data Bank (pdb code 1IRE) [45]. Despite its origin in
a thermophilic organism and its application in biotechnological conversion of nitriles
to amides, this enzyme has one major drawback - low activity against aromatic nitriles
in particular, e.g., nicotinonitrile or benzonitrile. | started research on a variant
showing improved catalytic activity together with the Chinese group in 2018. At that
time, we studied the PM46K variant of PtNHase, which showed a 3.8-fold increase in
catalytic activity against benzonitrile (176 U/mg in the WT, 668 U/mg in the BM46K
variant). MD simulations showed that replacing a hydrophobic amino acid
(methionine) with a hydrophilic amino acid (lysine) it changes orientation strongly.
The side group of the hydrophilic amino acid being initially burried inside the protein
in all the simulations changed orientation moving out into the solvent. In the case of
protein simulations, this is water (TIP3P model). This resulted in the widening of the
pocket located above the active site. The subsequent crystallographic structure
confirmed the predictions of the MD simulations (Fig. 3).



- 4
Fig. 3. Crystallographic structure of NHase BM46K (cyan color) with marked lysine 46 (balls and sticks
representation) and superimposed structure obtained after 20 ns of molecular dynamics simulation
(red color) with marked lysine 46 (sticks representation).

-

These data (except for a master’s thesis by Ms. Lan Jao of the School of

Biotechnology, Jiangnan University, CHINA) have never been published.

Tunneling analysis of the WT 1IRE protein, which | performed using the CAVER
tool [46] showed that Met46 together with the amino acids PPhe41, BGly47, BLeu48,
BLeul27, BPro128, BAlal29, BArgl31, Blle177 and BGlul88 create the initial part of
the channel leading to the active site. Analysis of this enzyme using the ConSurf
server [47] showed that all amino acids building the entrance to the channel except
Phe41, BMet46, fLeul27, BProl28, and BAlal29 are highly conserved and should
not be modified. The Chinese team performed saturated mutagenesis tests on the non-
conserved amino acids. Analysis of all 100 variants showed that the two mutants
BM46R and BA129R of PtNHase exhibit particularly high catalytic activity against
many nitriles. We, therefore, decided to investigate the reasons for this positive
catalytic activity by comparing the data with the native protein. We published the
results of our study in the paper [H1].

Table 1 shows the catalytic activities of the native hydratase and the two most
efficient variants pM46R and BA129R (the publication also shows the activities of
other variants). Interestingly, in the case of the very large nitrile tyocamycin, the
native variant originally had no activity, while both mutational variants were able to
carry out hydration of this nitrile to give sangivamycin, a nucleotide analogue that is
an antibiotic, antiviral and anticancer drug [48, 49].
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Table 1. Activity of native PtNHase and its mutational variants against selected nitriles. Source [H1].

Specific activity (U mg ™)

Substrate WT M46R Fold A129R Fold
Acrylonitrile 2463 £ 153.8 3056 + 251.3 1.2 2542 + 236.8 1

Isobutyronitrile 666.2 1 80.8 37205 £ 77.3 5.6 1498.9 + 89.6 2.3
Pentanenitrile 14.4 £+ 0.9 118.4 + 3.7 8.2 60.5 = 15.3 1.2
Hexanenitrile 1982.4 4 83.8 5613.3 £+ 112.9 2.8 1503.6 £ 154.8 0.8
2-Cyanopyrazine 203.2 + 8.1 851.2 + 8.1 4.2 660.4 4.0 3.3
3-Cyanopyridine 66.7 £ 1.0 396.4 + 8.3 5.9 661.8 £ 69.0 9.9
Benzonitrile 176.5 £ 8.1 1704.7 £+ 11.2 9.7 1211.9 £ 17.6 6.9
Cinnamonitrile 45.8 + 1.0 282.9 & 12.3 6.2 379.1 £ 5.2 8.3
1-Naphthonitrile 13.1 £ 1.7 84.3 £ 4.2 6.4 20.6 = 1.8 1.6
Thiacloprid 5.4 £0.3 42.2 £ 1.0 7.8 78.9 £2.3 14.6
Toyocamycin 0 12.6 + 1.2¢ — 42 +1.2¢ —

The reason for the improved activity probably lies in the changed structure of the
mutants relative to WT. To find out this mechanism of improved catalysis, crystals of
these proteins were obtained jointly with the Chinese side and the spatial structure of
both variants was solved. The crystallographic structures were deposited in the Protein
Data Bank with the codes 7W8L - PM46R variant and 7W8M - BA129R variant. My
task, in this case, was to validate the crystallographic data (e.g., to detect deficiencies
in amino acid matching, especially posttranslational modifications and the proper
structure of the active site) as well as to compare the new structures to the native 1IRE
structure. The analysis led to interesting results. | noticed that, as in the case of
PtNHase PM46K, in the fM46R variant the arginine is oriented towards the solvent,
changing the arrangement of the amino acids composing the catalytic pocket. Arginine
in the B-chain at position 129, however, forms a salt bridge with BAsp49, making the
arginine side chain partially oriented toward the solvent. The native PtNHase
hydrophobic alanine side group had the alanine side group oriented toward the inside
of the protein (buried). Unfortunately, the static structures did not provide a complete
answer as to why the new enzyme variants showed better catalytic activity than WT.
Crystalographic structures analysis with the CAVER tool showed that the entrance to
the catalytic center is slightly larger in the modified proteins, but just beyond this area
IS a narrow passage - a very similar crossing in all cases (Fig. 4. in publication [H1]).
MD simulations gave me a complete picture of the reasons for more efficient catalysis
in the PtNHase variants. For each variant, | calculated 200 ns trajectories at 300K.

Analysis of RMSD plots (from Root Mean Square Distance; Fig. S7 in [H1])
showed that globally all PtNHase variants behaved correctly (stable) during
simulations and similarly to simulations performed for other NHases. Fluctuation

analysis (otherwise known as RMSF, from Root Mean Square Fluctuations, Fig. 4a
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and 4b) highlighted large differences in the B-chain in the amino acid 181-187 region
(Fig. 4b). In the native protein, | noticed much higher amino acid mobility in this area
than in both mutational variants. Analysis of amino acid contacts (a contact in this
case is considered to be when any atoms from two amino acids approach each other at
a distance of less than 4 A) at positions 46 and 129 in the B-chain showed that the
native amino acids interact differently than the mutant ones (Fig. 4c and 4d). In the
case of the amino acid BArg46, contacts with amino acids forming the catalytic pocket
walls (e.g., with BPhe51, BPhe41, fTyr76) disappear completely and new interactions
appear (e.g., with fThr83, BArg82).

LS [ J—, b ooy _wrg
94 ——— M46R a 94 M46R
gl —A12oRa g] —AI29RB
74
< 64 <
w w
7} 17}
= =
x x
0 T T T T T T T T T T 0 T T T T T T T T T T T
0O 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 220
ResID ReslID
C BLEU18E . M4ER d pLeviss N A129R
B GLY 185 - BASN 184 M-
BASN 184
BGLY 183 BPRO 179
B THR 83 BILE 177
BARG 82 BTYR176
BHIS 79
§ BTYR 76 — §BARG131
2 BTHR7S 2 BLEU 127 |e—
X  BPHE 51 € BARG 52 [EE—
BGLU 50 BASP 49
BGLY 44 BLEU 45 ——
BPHE 41
BTHR 40 aGLU 165
BPHE 37 aGLU 91
00 02 04 06 08 10 00 02 04 06 08 10
Normalized contacts Normalized contacts
€ - 2
e W f & 7 g )
F o2 ol & &
as » v ‘ =
A &5
) €%
. <’ 9
¥ 4 9 -
M46 <
- .
; s a7, ¥
s N
' e oL’
'R129 % (
¥ &
y ’ J
) s |
. »
¢
»
¥ 9
WT M46R ~ A129R

Fig. 4. Molecular dynamics simulation trajectory analysis. Panels a and b show plots of o and  chain
fluctuations. Panels ¢ and d compare amino acid contacts at positions 46 and 129. Panels e, f and g show the
effect of mutations on amino acids $181-189. Source [H1].
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At position 129, alanine in WT has a small number of contacts with the amino acids
BArgl31, BTyrl176, Blle177 (Fig. 4c). The mutation introduced with arginine results in
an increase in the number of contacts with the above amino acids, and in addition, new
contacts appear with, for example, aGlul65, BAsp49 (salt bridge), BArg52, BLeul27
and to a minor extent with amino acids 179-186 (Fig. 4d). The newly formed
interactions stabilize amino acids 181-187 of the B chain (Fig. 4e, 4f, 4g). This area is
close to the entrance of the catalytic center. Additionally, thanks to mutagenesis, new
interactions were made with the amino acids necessary for catalysis (BArg52) [50],

stabilizing the correct structure of the active site.

Both mutations result in an enlargement of the pocket above the catalytic center.
My analysis of the MD simulation results using the CAVER program showed that in
the native protein the pocket had a volume of 178.2 + 55.0 A®, while in the modified
enzymes they are 193.7 + 40.4 A% and 206.9 + 61.3 A® which means that larger

substrates such as tyocamycin can approach the metal ion and can be hydrated.

Another factor that increases catalytic activity toward large amino acids is a change
in the cross-correlation of the motions of large fragments of the B-subunit, i.e., amino
acids 37 to 97 with amino acids in the 107-227 range. In the native protein, the
movement is weakly correlated, the introduction of the mutation causes an anti-
correlated movement which makes the B-subunit perform low-frequency breathing
oscillations (so-called breathing mode), and consequently this gives a more frequent
opening of the channel leading to/from the active site (Fig. 5), and as a result increased

catalytic activity.
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Fig. 5. Cross-correlation matrices calculated from MD simulations for native protein (a), PtNHase M46R
(b), and PtNHase A129R (c). In panel (d), regions of the B-chain showing cross-correlation of low-
frequency motions are marked. Amino acids p37-97 are marked in purple and B107-229 in yellow.

Source [H1].

The next issue in elucidating the enhanced catalytic activity was the study of
a thermostable nitrile hydratase from the bacterium Streptomyces thermoautotrophicus
(StNHase) [H2]. A major issue, in this case, was the lack of crystallographic structure
of StNHase. The initial positions of the atoms are essential for the realization of MD
simulations, so a PhD student, Julia Berdychowska, MSc (I am her associate
supervisor), developed a homology model of the tetramer under my supervision using
the SwissModel tool [51] (Fig. S5 in the supplement [H2]). According to the
evaluations of 3D structure verification programs [52-54], this model has very good
quality. In addition, this was confirmed by the elemental analysis of MD simulations,
in which the values of RMSD (Fig. S6 in the [H2] supplement) and RMSF (Fig. S7 in
the [H2] supplement) were very similar to those from simulations previously
performed by us and by other research groups [H1], [H4], [H5], [41]. Similarly to
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[H1], in this problem I also used the CAVER tool [46] to identify the amino acids that
form the entrance to the catalytic center. These were the amino acids fLeu37, fPhe41,
Tyr46, fLeud8 and PPhe51. All of the above amino acids were mutated by the Wuxi
collaborators into proline, lysine aspartic acid, alanine, phenylalanine and arginine,
respectively. Experiments showed that the variant showing the best catalytic activity
was the BL48D mutant, with catalytic activity against picolinonitrile increasing 3.7-
fold (from 65.44 U/mg to 242.75 U/mg) and against the chemically important
nicotinonitrile up to 7.7-fold (from 73.8 U/mg to 566.18 U/mg) relative to WT.
I examined the native and mutational variants together with the above mentioned PhD

student using theoretical computational biophysics methods.

We prepared 200 ns trajectories at 300K. We jointly analyzed the results, which
showed that, despite the use of the homology model, the values of RMSD and RMSF
(Fig. S6 and S7 in supplement [H2]) are similar to those obtained in other works,
which means that globally the model behaves similarly to the crystallographic
structure. We carefully studied the behavior of amino acid No. 48 (Phe/Arg) of the 3
chain in the native protein and the mutational variant. It turned out that the large and
hydrophobic leucine splits the channel leading to the active site (Fig. 6a) into two
parts, while the hydrophilic and much smaller aspartic acid does not partition the
channel (Fig. 6b). I estimated the volumes of both channels. The one in the native

protein is much smaller, with a volume of 143.5+52.7 A3, while the one in the L48D

Fig. 6. Channels leading to the active site of StNHase in the native variant marked in purple and green (a)
and in the L48D variant marked in green (b). The channel was determined by analyzing 11 simulation
frames each obtained every 20 ns, merging information from both dimers. Source [H2].
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variant has a volume as large as 285.1 + 133.4 A>. This fact explains why large

substrates can more easily enter the catalytic center in the mutant.

Detailed analysis of the MD trajectory of leucine/aspartic acid showed that leucine
mainly takes one position in which the dihedral angle between the C-Ca-Cp-Cy atoms
is about 60° and rarely takes an angle of about 170° (Fig. 7a, I called the C-Ca-CB-Cy
angles of 60° as conformation A, while those taking a value of 170° as conformation
B). Taking the C-Ca-CB-Cy atoms of leucine an angle of about 170° allows the
formation of a large passage between the two parts of the channel. Aspartic acid,
which prefers to interact with the solvent, very rarely adopts conformation A (from
Fig. 7), while it very often flips towards the solvent being in conformation B or C
(shown in Fig. 7). This causes, firstly, an enlargement of the channel leading to the
catalytic center (conformation B) or even its opening (conformation C) creating,
according to the terminology of the CAVER program, a pocket (i.e. a channel with
direct access to the solvent). Analysis with the CAVER program showed that in about
30% of the analyzed structures obtained from simulations of the L48D variant, the
tunnel is open, while in the native protein the channel leading to the catalytic center
never fully opens.

| also noticed that aspartic acid in the C-conformation stabilizes the very important
Arg52 for catalytic activity [50], which also probably has an impact on the enhanced

catalytic activity of NHase.
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Fig. 7. Dynamics of leucine 48 in native StNHase and aspartic acid in the L48D variant of StNHase.
Panel (a) shows histograms of the dihedral angle values between the atoms of the C-Ca-CB-Cy for both
NHase variants. Panels (a) and (b) show aspartic acid alignments representing individual maxima read

from the histogram. Source [H2].
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The above two examples of studies using theoretical computational biophysics
methods show that a molecular dynamics approach in which we use a classical
strategy to determine the trajectories over time of a large number ( about 75,000) of
interacting atoms can capture the effect of changing just a few atoms on the behavior
of such a large biomolecular system. Using MD methods in combination with
bioinformatic analysis and then experimental biotechnology methods, it is possible to
design more efficient enzymes and, equally important, explain why they work better.
Without the use of theoretical biophysics methods, designing more efficient enzymes
alone usually takes much longer and often resembles roulette, where better variants are
obtained randomly, while rationally explaining exactly why an enzyme works better
with the current experimental methods is practically impossible.

Improving the thermostability of biotechnological enzymes.

Improving thermostability is another important factor in designing better enzymes.
There are several reasons for this. Typically, chemical reactions take place faster at
higher temperatures. In addition, the increased temperature of the bioreactor results in
much slower growth of unwanted microorganisms such as fungi and bacteria that
negatively affect, for example, the purity of the compounds obtained [55-57]. In the
case of nitrile hydratase, it is important because the performed nitrile hydration
reaction is exoenergetic. This causes a significant temperature increase in the
bioreactor; therefore, it must be cooled, raising the cost of production [19, 58].
Consequently, a lot of studies are devoted to increasing the thermostability of

enzymes.

Three publications ([H3], [H4], [H5]) showing how the thermostability of various
nitrile hydratases can be improved are included in this achievement. To show that the
methods are universal, in the article [H6] we proved that they also work for
a completely different class of enzymes: sucrose phosphorylase, which products are

used in the food and cosmetic industries.

My first article about increasing the thermostability of nitrile hydratase was
a publication [H3]. It investigated the possibility of increasing the thermostability of
NHase from the bacteria Pseudomonas putida NRRL-18668 (PpNHase). PpNHase is
a highly efficient enzyme with insufficient thermostability to be used in industrial
amide production. Previous studies without my participation have shown that simply
linking two af3 subunits by a short linker (Pro-Gly, named in the publication [H3] Fus-
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NHase) increases the thermostability of the enzyme [59]. Half of the enzyme’s initial
activity is obtained during a time 2.8 longer than the native variant (about 30 min),
which is still insufficient for industry. | applied a semi-rational design using two
computational biophysics tools to improve thermostability. The first was the
ROSETTA 3.4 program [60] used, for example, to design more stable enzyme
variants. The second tool was MD simulations of the enzyme. Since the ROSETTA
program requires the 3D structure of the protein, I built a homology model of Fus-
NHase, using the crystallographic structure of PpNHase with the code 3QXE as
a model [61]. Using potential energy minimization, | predicted the spatial structure of
the loop connecting the two subunits (Fig. 2b in [H3]). ROSETTA identified in total
234 single mutations that could have an impact on thermostability. To be able to
design a more thermostable Fus-NHase in a reasonable time and cost, | used the MD
method to determine the regions of the NHase with the lowest stability, where the

mutations proposed by ROSETTA could be introduced.

Analysis of the MD Fus-NHase results (carried out for the equivalent off dimer, i.e.,
for one linked chain), and in particular the fluctuations (Fig. 3a in [H3]), showed high
lability of the protein in the range corresponding to the amino acids of the B chain
from number 100 to number 219. Prof. Zhou’s team experimentally examined all the
mutations | proposed (using the ROSETTA program) in this area. There were 17 of
them, 10 of which showed increased thermostability by at least 10% and four variants
additionally showed increased activity against nicotinonitrile (Table 1 in [H3]). The
top three variants BM150C, BT173Y and BS189E showed activity increased by 3.5%,
49% and 22% and thermostability calculated as the time at which the enzyme exhibits
half of its initial activity at 50°C increased from 26 min to 40 min, 32 min, and 60
min, respectively, | tested using MD simulations. The calculations showed that all
mutational variants exhibited better stability, as seen in the RMSD and RMSF plots
(Fig. 5 in [H3]). A closer analysis of the MD trajectories showed that in all variants,
thanks to good mutations, it was possible to increase the number of hydrogen bonds,
especially those lasting for most of the simulation time, which stabilized the whole
protein. It is worth noting that more thermally stable proteins have often increased
catalytic activity as well [55, 57] (but this is not the rule).

A more sophisticated approach to improving enzyme thermostability was used in
a study published in the paper [H4]. The FireProt [62] server analyzing PtNHase (PDB
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code 1IRE, from the paper [H1]) determined 10 mutations: al5P, aT18Y, aQ31L,
aD92H, BA20P, BP38L, BF118W, BS130Y, BC189N, and BC218V. The introduction
of these mutations was expected to increase the thermostability of the enzyme: (Fig.
8). The variant containing all of the above mutations, according to [H4], was named
M10. Initially, to test the prediction efficiency of the FireProt server, a series of short
30 ns simulations of off dimers of the native protein and M10 were performed
(unpublished data). The promising results led my collaborators in China to perform an
experimental study. It turned out that thermostability increased strongly, the native
variant at 50°C showed half of its initial catalytic activity after only 18 min, while the
M10 variant obtained 50% of its initial activity only after 120 min (Fig. 3 in [H4]).
Moreover, the initial activity toward nicotinonitrile of the M10 variant was more than
twice that of the native protein (168.8 + 5.3 U/mg and 81.1 £ 2.8 U/mg, respectively).

ap2 . | ap1

Fig. 8. Tetramer of native PtNHase used in molecular dynamics with mutation sites marked. Source
[H4].

Trying to explain the reason for the increased thermostability, I performed MD
simulations of the dimers at two different temperatures: standard 300K and increased
to 335K. Historically, these were the first such long MD simulations of NHase.
Unfortunately, usually after about 50 ns the protein started to unfold. In order to
improve the stability of the system, | created a tetramer model for the first time based
on “Biological Assembly” - additional 3D structure data deposited in the Protein Data
Bank together with the 1IRE structure of PtNHase. It turned out that the affo tetramer
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models in simulations remain more stable than aff dimers (unpublished data, we are
currently running simulations on the order of 500 ns and have no problem with the
stability of the tested models; between aff dimers there are mainly so-called
“hydrophaobic interactions”). The publication [H4] was the first paper in the world

literature presenting the results of MD simulations of the NHase tetramer.

Using MD simulations, | explained the global impact of the introduced mutations
on the enzyme’s dynamics. Using Principal Component Analysis (PCA), | identified
those fragments of the protein that undergo the greatest stabilization after the
introduction of mutations (Fig. 7-8 in [H4]). By stabilizing the entire protein in the
M10 variant, the structure of the active site and the surrounding Arg52 and Argl57
important for catalytic processes was much better preserved (Fig. 9 in [H4]). Through
analyzing the enzyme radius of gyration, | showed that the modified enzyme becomes
more compact, which is beneficial for increasing protein thermostability [63].

Through the MD simulations | performed, | showed at the molecular level how
each of the 10 mutations influence the enhancement of protein thermostability. For
example, changing an isoleucine at position 5 to a proline in the a-chain (al5P) results
in a stiffening of the loop from positions 4 to 7 in the a-chain, and this results in the
production of a salt bridge between aGlu3 and aLys8 (Fig. 9). Similar loop stiffening
is caused by the BA20P mutation.

a1Glu3-a2Lys8 WT a2Glu3-a1lys8 WT
a1Glu3-a2Lys8 M10 «2Glu3-a1Lys8 M1
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Fig. 9. Influence of aI5P mutation on PtNHase. Histogram of distances between Ca atoms of aAsn4
and aArg7, showing loop rigidity (a), and the effect of loop rigidity on aGlu3-aLys8 salt bridge
formation (distances between bridge-forming groups) (b). Source [H4].

Mutations aQ31L, aD92H, BP38L, BF118W, BS130Y and BC218V resulted in the
formation of hydrophobic cores (Fig. 10), a close interaction of several hydrophobic
amino acids. Previously, it has been shown that removal of water from the protein
interior, by the formation of exactly such hydrophobic cores is used in evolution by
thermophilic bacteria to increase the thermostability of proteins [64-66].
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Fig. 10. Plot showing the increased hydrophobic interactions of amino acid 31 of the a-chain. The M10
variant clearly increases hydrophobic interactions with aLeu28 and alle33. Source [H4].
The oT18Y and BC189N mutations result in the formation of new hydrogen bonds,
which has an effect similar to the mutations proposed in the paper [H3].

The introduction of all of the above mutations caused the protein to exhibit much
higher thermostability.

In the manuscript, | explained the reasons for the increased catalytic activity of the
M10 variant. | docked the substrate i.e. nicotinonitrile to both PtNHase variants. The
docking was carried out to an equilibrated structure obtained after 20 ns of simulation
at 300K. By using such structures, all amino acids had time to adjust their position in
response to the changes introduced by the mutations. It turned out that the increased
catalytic activity of the M10 variant of PtNHase, in addition to the improved stability
of the enzyme, could be influenced by the better positioning of the substrate
(nicotinonitrile) relative to the cobalt ion. The cobalt-nitrile distance (from the
catalyzed nitrile) was 5.9 A for the native protein, and 5.4 A for the M10 variant (see
Fig. 11), resulting in easier activation of the enzymatic reaction. The different
orientation of the amino acid, BTrp118 and aGIn&9, also resulted in a slightly higher
substrate-protein interaction energy in the M10 variant than in the native protein (-4.98

kcal/mol vs. -4.18 kcal/mol).
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Fig. 11. Result of docking of nicotinonitrile to native PtNHase (a) and M10 variant (b). Source [H4].

Another method of enhancing the thermostability of proteins is the introduction of
protein linkers, i.e., additional protein fragments. This is done, for example, to
increase the interaction surface area of two subunits, to introduce new hydrogen
bonds, salt bridges or hydrophobic cores. This approach was used in the next study, in
which o and B chains were merged, as in the publication [59]. In this case, however,
several types of long protein linkers characterized by different sizes, flexibility and
formation of secondary structures were used. In China, the thermostability and
catalytic activity were experimentally tested as to the effect of three types of linkers of
different lengths on PpNHase (pdb code 3QXE). 1, 4 or 8 repeats were introduced: the
EAAAK sequence (helical linker, enzymes with these linkers were named in the
manuscript Al, A4, and A8, respectively), the GGSG sequence (flexible linker,
NHases named in the manuscript B1, B4, B8, respectively), the PA sequence (rigid
linker, named in the manuscript C1, C4 and C8, respectively), and the results of
improving thermostability were published in the manuscript [H5]. It turned out that all
protein variants have slightly increased catalytic activity. The activity and
thermostability are summarized in Table 1 in [H5]. It was noted that with the number
of linker sequence repeats, thermostability increases, regardless of the type of linker.
The most stable variant turned out to be PpNHase with eight repeats of the EAAAK
sequence (A8). To investigate the reason of increased thermostability of A8, B8 and
C8 variants, dimer models were prepared on the base of the crystallographic structure
of 3QXE (they correspond to affa tetramers, since p and o chains (exactly in that
order) were joined by linkers to form one long protein chain). This was not a trivial
task, since no homology modeling tool could predict the structure of the linkers.

Therefore, the sequences of the final and initial fragments of the B and a chains
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(from/to the first amino acid of the defined secondary structure) were added to the
linker sequences and their structures were predicted using the QUARK (de novo
folding) tool [67], All generated linker models with NHase fragments were docked to
the 1IRE tetramer using the ClusPro 2.0 server (protein-protein docking) [68], next
missing protein fragments were added using the PRIME tool from the Schrodinger

package. In this way, | obtained models for analyzing static structures. The native

PpNHase (3QXE) and the generated models are shown in Figure 12.

Fig. 12. PpNHase models: native (3QXE) (a), variant A8 (b), variant B8 (c) and C8 (d). Source [H5].

Analysis of the models showed that introducing new hydrogen bonds enhanced the
thermostability of the system, an increased interaction area of dimers, and, in the case
of variant A8, the formation of 8 new salt bridges.

In order to examine the best A8 variant in detail, | performed molecular dynamics
simulations for it and the native protein at two different temperatures of 300K and
335K. Analysis of obtained trajectories showed the reasons for the increased
thermostability. First, in the native protein, beginnings a denaturation of the a-chain
(Fig. S1 in the supplement [H5]) what could be seen in the simulations with increased
temperature. It can be immediately seen in the values of the RMSD plots (Fig. 6 in
[H5]). The whole protein was stabilized, as shown by analysis of RMSF plots (Fig. 7

in [H5]). Similar to the studies published in [H4], here I also observed stabilization of
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the structure of the active site and the two arginines interacting with it (Fig. 8 in [H5]).
In addition, | observed a significant increase in the interaction surface area of the two
PpNHase subunits (Fig. S2 in the [H5] supplement), an increase in the number of
hydrogen bonds in the protein (Fig. S3 in the [H5] supplement) and between the two
subunits (Fig. S4 in the [H5] supplement). Similar to the static structure, the number of
salt bridges was increased in the dynamic structure (Table S4 in supplement [H5]). All
these factors positively affect the thermostability of the A8 PpNHase variant.

Examples of several different ways to increase the thermostability of NHase are
shown above. After that, to demonstrate the generality and universality of my
computational approach, | successfully attempted to improve the enzyme sucrose
phosphorylase (SPase, EC 2.4.1.7). This enzyme catalyzes sucrose degradation to D-
fructose and a-D-glucose 1-phosphate [2]. D-fructose is used in the food industry,
while a-D-glucose 1-phosphate is used in the cosmetics industry as an emollient -

a substance that acts as a softener, moisturizer, lubricant and regenerative agent.

Again, the industrial application of SPase is limited by its low thermostability.
Although the reaction itself is not exoenergetic, bioreactors are quickly polluted with
microorganisms due to the presence of sugars in the reaction [27]. A high-efficient
SPase derived from the organism L. mesenteroides ATCC 12,291 (LmSPase) was used
to study thermostability enhancement, and the results were published in the article
[H6] [H6].

LmSPase has not been crystallized so far, so there was a need to generate
a homology model of this protein. Initially, due to low sequence similarity to
crystallized SPases, the I-TASSER tool [69] was used to predict the spatial structure of
LmSPase. | used this model as input to the FireProt server [62]. This means that
a similar approach was used to predict more thermostable enzymes as in the case of
the research published in the paper [H4]. In this case, the FireProt server generated
quite a large number of single mutations, and to reduce the experimental workload,
| decided to limit the number of changes introduced according to the approach used in
the paper [H3]. Based on the results of molecular dynamics simulations, only those
sites with the lowest stability were selected. Because the crystallographic structure of
a SPase similar to LmSPase was solved in the meantime, | decided to create a more
accurate model using the SwissModel server [51]. | confirmed the better quality of the

new model using the Verify3D tool [53]. Based on the predictions of the FireProt
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server and from the analysis of the calculated RMSF values of the native LmSPase
homology model (Fig. 1 in [H6]), 10 potential variants were selected: I31F, T152G,
N158C, T219L, A232M, N249A, G252L, T263L, S360A, and Q453G, which were
verified experimentally. Four of them, I31F, T219L, T263L, and S360A, were found
to have enhanced thermostability and/or activity (but none of them had worse
thermostability). A variant having all four mutations was also tested in a Chinese
laboratory. It was named Mut4. Unfortunately, it showed a slight worse
thermostability than the best T219L variant.

| studied the reasons for the increased stability of the WT, T219L, and Mut4
variants based on MD simulations at 300K and 335K. Trajectory analysis showed that
the WT protein at 335K preserved its initial structure much worse (large RMSD
values, Fig. 4 in [H6]). Other variants, independently of the temperature set in the
simulation, kept their spatial structure better (or similarly) as the native variant (Fig. 4
in [H6]). Regions of the protein in the amino acid ranges 128-133, 307-327, 227-357,
and 328-399 became less flexible, as shown by RMSF analysis (Fig. 5 in [H6]).

Contact analysis showed that changing tyrosine to leucine at position 219 creates
a hydrophobic core near the catalytic center, namely the amino acids Asp196 and
Glu237, and stabilizes this region (see Fig. S3a and S3b in the supplement [H6]).
Similar things happen in enzymes of extremophilic organisms [70]. The formation of
a hydrophobic core could be observed in both the T219L and Mut4 variants. Analysis
of the contacts of the other modified amino acids in the Mut4 variant showed that they
do not change their interactions with the surrounding amino acids as significantly (Fig.
S3c-e in the supplement [H6]) and thus the introduction of additional three mutations
slightly distant from the active site than position 219 does not result in additional

improvements in thermostability.

The above four examples of research on increasing enzyme thermostability show
that theoretical computational biophysics methods can significantly contribute in
designing more thermostable enzymes, which is much needed in modern
biotechnology. In my research, | used several different approaches, such as merging
two amino acid chains of enzymes and introducing point mutations [H3], using
bioinformatics tools in [H4] and [H6], or inserting additional amino acids to increase
the interaction surface of enzyme subunits [H5]. In the case of the investigations

published in [H4] and [H6], molecular dynamics simulations were used to reduce the
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number of mutations that were introduced, so they had a substantial contribution in
designing new and improved biotechnological enzyme variants. In all of these works
([H3][H4][H5][H6]), MD simulations helped to elucidate the reasons for the increased
thermostability of enzymes. All this leads to a better understanding of the mechanisms
of thermostability enhancement, and a similar approach will surely be used in other

enzymes.
Designing selectivity of biotechnological enzymes.

The production of specific chemical compounds in chemical technology processes
is often not possible, despite tremendous advances in the field, as indicated by the
2022 Nobel Prize in Chemistry given to Carolyn R. Bertozzi, Morten P. Meldal, and
K. Barry Sharpless for so-called “click chemistry.” Often it is almost impossible to
obtain the set compounds, especially the simpler ones. An example is the selective
formation of only one optical isomer or performing the reaction of only one functional
group in a compound containing two or more identical functional groups. This
problem has been overcome through evolution by living organisms, which have

“learned” to catalyze selected optical isomers in a racemic solution of a substrate.

In the two studies presented below and the publications [H7] and [H8] presenting
the results of these studies, we have shown that it is possible to successfully modify
a naturally occurring enzyme to perform reactions for only selected compounds or

functional groups.

Having two enantiomers in the racemate, it is difficult to catalyze the reaction of
only one of them using chemical technology. The situation is similar with the
enantiomers of nitriles. Although NHases catalyzing selected optical isomers of
nitriles are known (i.e., they exhibit so-called stereoselectivity) [34, 71], it was not
possible to find an NHase catalyzing the hydration of a specific isomer from the
racemate of a chemically important compound - mandelonitrile, where an amide with
a specific chirality would then become an intermediate in the formation of important
drugs [72, 73].

In order to design an NHase having catalytic activity towards one enantiomer of
mandelonitrile, an NHase from the organism Rhodococcus rhodochrous J1 (according
to the publication [H7] L-NHase) was selected. Since the L-NHase was not
crystallized to build its spatial structure | used the SwissModel tool [51]. To determine

the amino acids to be mutated, | initially docked S-mandelonitrile and
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R-mandelonitrile to the L-NHase. Since the starting point was the L-NHase homology
model, | docked the ligands to the NHase after 5 ns of MD simulation. Similar to other
cases, | performed channel analysis with the CAVER program [46] and, using steered
molecular dynamics (SMD), pulled out both enantiomers from the protein interior
along the designated channel. Analysis of SMD trajectories identified the largest steric
hindrance during ligand pulling and allowed us to determine the amino acids
responsible for forming hydrogen bonds with mandelonitrile (Fig. S3 and Tables S2
and S3 in the supplement [H7]). Using this approach, four crucial amino acids
affecting the catalysis of mandelonitrile were determined. These were BPhe37,
BAla41, BLeu48, and PPhe51. Other amino acids were omitted from the mutation
studies to avoid modifying sites essential for catalytic activity. Analysis of the
catalytic activity of all possible mutational variants at these four positions (saturated
mutagenesis) allowed us to select the variant with the best stereoselectivity, i.e. BF37H
(Table 1 in [H7]). It turned out in the experiments that this variant in the formation of
S-mandelamide is characterized by 96.8% enantiomeric excess, which means that
mainly S-mandelonitrile is catalyzed. In addition, the BF37H variant has a similar
efficiency to the native variant. To explain why the BF37H variant shows such
significant stereoselectivity towards S-mandelonitrile, | docked both substrates to the
BF37H variant as well (again after 5 ns of balancing the system with MD) and
performed SMD simulation calculations of pulling out both enantiomers from the
BF37H L-NHase.

Analysis of SMD trajectories showed that a higher force is required to “pull out”
R-mandelonitrile from BF37H L-NHase than for native protein or S-mandelonitrile
from both L-NHase variants. This is mainly caused by the presence of two hydrogen
bonds of R-mandelonitrile at the same time: with BHis37 and aGIn90 (Fig. 13).
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Fig. 13. Plots of the force applied to the ligand during SMD simulations of L-NHase native and
BF37H. In panel (a), forces are plotted during the pulling out of S-mandelonitrile, on panel (b)
of R-mandelonitrile. Panel (c) shows the main cause of high forces during the pullout
of R-mandelonitrile. Source [H7].

With the help of docking, I checked what effect the BF37H mutation has on the
orientation of the two enantiomers toward the active site (Figs. 14a, 14b, 14c and 14d).
It appeared that the substitution of phenylalanine for histidine caused a slight change
in the orientation of the side group of the modified amino acid, and as a result, the
rotation of the neighboring phenylalanine 51 from the B-chain. In the native protein,
the orientation of both these amino acids causes both S-mandelonitrile and
R-mandelonitrile dock in such a way that the nitrile group of the substrate is close to
the catalytic center, i.e. at a distance from the cobalt ion of 5.0 A (Fig. 14a) and 5.4 A
(Fig. 14b), respectively. The change in the position of both amino acids due to the
mutation causes, a different orientation of the R-mandelonitrile with respect to the
catalytic center shifting the nitrile group to a distance of 7.6 A (Fig. 14d), preventing
the chemical reaction, S-mandelonitrile, on the other hand, can be positioned close
enough to the catalytic center to allow the catalytic reaction to be carried out. The
nitrogen-cobalt distance, in this case, is 5.3 A (Fig. 14c). The change in position of the
amino acids Phe/His37 and Phe51 and the effect on the orientation of R-mandelonitrile

is shown in Figure 14e.
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Fig. 14. Results of docking of S-mandelonitrile (a) and R-mandelonitrile (b) to native L-NHase.
Docking of S-mandelonitrile and R-mandelonitrile to F37H L-NHase is shown in panel (c) and (d),
respectively. Panel (e) shows a comparison in the orientation of Phe/Leu37 and Phe51 and the effect of
this change on the positioning of docked R-mandelonitrile. Source [H7].

Equally difficult as performing the reaction for the chosen enantiomer is to carry
out the reaction of only one functional group in compounds containing two identical
functional groups. However, it is possible in enzymes to make such a reaction, as we
have shown in a study of the stereoselectivity of L-NHase (the same as in the
publication [H7]) towards four dinitriles: adiponitrile and malononitrile (aliphatic
dinitriles, abbreviations introduced are ADN and MAN, respectively) and
terephthalonitrile and phthalonitrile (aromatic dinitriles, abbreviations introduced are
TPTN and PTN, respectively) (see Scheme 1 in [H8]). The results of the
regioselectivity studies were published in [H8].

When the reaction is carried out using classical chemical technology, only diamides
can be obtained from dinitriles. For the chemical and pharmaceutical industries,
however, nitrilamides, i.e. derivatives in which only one functional group is hydrated,
are very important. A good example of this is 5-cyanovaleramide (5-CVAM), which is
formed by hydration of only one nitrile group from ADN. This compound is an

important intermediate in the production of herbicides [74] and pharmaceuticals [19].

29



In the following, I will present the main results of the regioselectivity of L-NHase

against ADN only. Identical methodology was used for the other three dinitriles.

The L-NHase model used in this study was the same as in the publication [H7].
| obtained the list of amino acids involved in substrate orientation by docking all
ligands to the spatial structure of the protein undergoing 5 ns MD simulation. Based
on these results, | proposed the following amino acids for mutations potentially
changing regioselectivity: PLeu48, PPhe51, PTyr68, and BTrp72. By saturation
mutagenesis, Prof. Zhou’s group made all possible NHase variants at the designated
positions and tested their catalytic activity against ADN. It was found that two
L-NHase variants, BY68T and PW72Y catalyze ADN mainly to 5-CVAM and in a
small extent (about 2-3%) to adipamide (diamide, abbreviated as ADAM, Table 2). To
check whether better regioselectivity could be obtained, another round of all possible
variants was done for the BY68T and BW72Y variants at positions 72 and 68,
respectively. It turned out that the BY68T/BW72Y double mutant does not give
diamide at all, only 5-CVAM. To explain this regioselectivity, | docked both ADN and
5-CVAM to the L-NHase BY68T/BW72Y. I also docked the same compounds to the
native variant of L-NHase (Fig. 15; always docking to the enzyme structure obtained

after 5 ns of MD simulation of a particular variant identical to the work in [H7]).

Docking allowed me to elucidate the reasons of increased selectivity of the mutants.
ADN docked to the native L-NHase variant has both nitrile groups close to the cobalt
ion (5.04 A and 5.53 A, respectively, Fig. 15a). Docking ADN into the
BY68T/BW72Y variant, shows that one of the nitrile groups can hydrate (4.09 A, Fig.
15b). In this way, 5-CVAM can be formed. In order for the hydration reaction of
5-CVAM to occur, it must rotate at the catalytic center, or exit the enzyme and again
get close to the cobalt ion (which is more likely). In the case of the WT protein, the

amide
Table 2. Regioselectivity of L-NHase towards ADN, expressed as % of the product obtained after

enzymatic reaction of ADN racemate. Source [H8].

Wariant enzymu 5-CVAM ADAM
WT 0 100
Y68T 97,6 2,4
W72Y 96,8 3,2
Y68T/WT72Y 100 0
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Fig. 15. Results of ADN docking to native L-NHase panel (a) and BY68T/BW72Y L-NHase variant

(b). Panels (c) and (d) show the results of docking 5-CVAM to the WT enzyme and the BY68T/BW72Y
variant, respectively. Source [H8].

group forms hydrogen bonds with aTrpl17 and aGIn90, and the nitrile group is
oriented towards the cobalt ion (4.94 A, Fig. 15b).The introducing two mutations
BY68T and BW72Y changes the orientation of the amino acids near the active site in
such a way that the amide group begins to forms hydrogen bonds with the
posttranslationally modified cysteines, resulting that the nitrile group is located always
far from the catalytic center. (7.93 A, Fig. 15d). This causes the hydration reaction of
5-CVAM not to occur, and ADAM (diamide) is not produced.

Making appropriate use of the tools of theoretical molecular biophysics, | designed
enzymes that exhibit stereoselectivity or regioselectivity. With these new proteins,
previously unknown, it is possible to obtain drug or herbicide intermediates cheaply
and in an environmentally friendly way. The analysis schemes | performed using the
methods of theoretical computational biophysics proved to be useful not only in
elucidating the reasons of increased selectivity, but also in the process of designing

improved enzyme variants, making it possible to determine a narrow group of amino
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acids for modification, saving the work time and financial resources of the

experimental group.
Summary.

In the researches that resulted in the publications included in the habilitation
achievement, it was shown that the use of fundamental methods of theoretical
computational biophysics, based on well-known principles of Newtonian dynamics,
thermodynamics or electrostatics, allows to improve useful enzymes. This approach is,
by its nature, highly interdisciplinary, integrating fundamental concepts from
disciplines like chemistry, biotechnology, and computer science into biophysical
inquiry.

In publications [H1], [H2] as well as in [H4], it was shown that using experimental
biotechnology in cooperation with computational biophysics, it is possible to design
and isolate a more active enzyme and, importantly, to explain at the molecular level
why the improved properties take place. Computational efforts, combined with
in-depth structural analysis, have helped to raise the problem of enzyme enhancement
to a more rational and physically based level. The articles [H3], [H4], [H5] and [H6]
showed that using the tools of theoretical biophysics, it is possible to design enzymes
that are more thermostable, which is very important for industry in practical use. The
last two papers, [H7] and [H8], showed that the synergy of computational biophysics
and experimental biotechnology makes it possible to modify enzymes in such a way
that they catalyze only the reactions the researcher wants to indicate. Without

computational contribution, this would be very difficult, if not impossible.

The above studies mainly focused on the non-standard enzyme nitrile hydratase. It
is worth mentioning that this is an innovative approach, since, generally, molecular
modeling tools do not allow to study non-standard proteins (i.e., having
posttranslationally modified amino acids or coenzymes). Only expert understanding of
the principles of molecular dynamics programs, in-depth knowledge of the laws of
physics used in the computational method, its limitations, the ability of programming,
as well as a basic knowledge of biology and chemistry, provide a chance to efficiently
investigate such proteins and improve them. | am confident that studying the secrets of
catalytic activity, thermostability and selectivity of non-standard enzymes requires
specialized protocols, continuous expert control of the obtained results, in other words,

advanced knowledge is necessary. Scientists with such knowledge in Poland are few,
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and from the information | have, no one applies it to biotechnological enzymes. The
situation is similar in the world — the well-known docking and molecular dynamics
methods are mostly used for standard enzymes. However, due to the very high
difficulty of using theoretical computational biophysics methods for non-standard
enzymes, it is very rarely used in these cases. My researches carried out in close
cooperation with two Chinese scientific teams demonstrate that using theoretical
computational biophysics methods for non-standard enzymes is possible. Developed
and published analysis methods can be applied to similar problems by all interested
scientific teams worldwide. Our articles and experience, plus more and more powerful

computers, therefore open up new research possibilities.

4.2.3. Other threads and future research.

| have undertaken other research additional to the methods of improving
biotechnological enzymes during my scientific career. These mainly focused to use

molecular dynamics methods to explore the properties of biomolecules.

The first example is the study of the nanomechanics of proteins containing cysteine
knots. Together with Prof. Marek Cieplak, applying a non-standard method of
molecular dynamics, steered molecular dynamics (SMD), we explained why in
proteins having such knots one can differentiate between biomolecules that require
a very high force to unfold the protein, and those in which this force is much lower.
We compared the results to classical proteins that do not contain cysteine knots. The
results of the study were published in [P1]. The same SMD method was used in the
manuscript [P2], which elucidated the mechanism of the unfolding of modular proteins
containing so-called 1g (Immunoglobulin like) domains. The SMD method was used
also to model a DNA molecule, explaining the presence of a previously unknown
plateau (an area of biopolymer “flow” at a constant force) in some DNA stretching
experiments using atomic force microscopy. In our opinion, this work is still
underappreciated, rarely cited, and contains the world’s first observation of unusual
DNA behavior at very high tension. Simply said, experiments in this force regime are
very difficult and only a few groups can obtain such measurement data from AFM.

A further example of the efficient application of theoretical molecular biophysics
methods is the study of nitrile hydratase activators. These proteins are necessary for
the incorporation of the cobalt ion into the active site of the NHase and probably for

making posttranslational modifications. | determined the 3D structure of these
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activators and explained the differences in their activity. In addition, we showed that

NHase activators have ATPase properties (articles [P5] and [P10]).

| used different theoretical methods in the publications [P3] and [P7]. Quantum
calculations of a series of molecules made it possible, in the case of the work [P3], to
elaborate a statistical method for analyzing infrared spectra. In the paper [P7], on the
other hand, the spectra of a series of dyes containing the azobenzene motif were

characterized in detail in collaboration with the experimental groups.

In the future, | intend to further apply theoretical computational biophysics methods
not only to biotechnological enzymes, but also to biosensors. Together with Prof.
Zhemin Zhou’s group, we plan to modify a naturally occurring molecular complex
that detects acetamide in such a way that it will be able to detect specific amides, using
fluorescent proteins and so-called anti-terminators. So far, it has been possible to
develop such a system that detects multiple amides [75], The main goal, however, is to
modify this enzyme by introducing several variants of protein detectors to detect
different amides. As a result, different amides could be detected even with the naked
eye, in effect sensing different NHase products (thanks to fluorescent proteins that
illuminate in different colors). Similarly, with Prof. Zhemin Zhou’s group, we want to
modify the receptor that detects GABA. Recently, with my master’s student
Magdalena Wlodkowska, we modified the GABA receptor in such a way that it began
to detect butyric acid instead of GABA (unpublished data). In the future, we want to
design new variants detecting other simple amino acids together with the Chinese
group.

Another research stream will be improving enzymes that produce food ingredients.
Currently, together with Prof. Xianzhong Chen’s group, we have designed a more
efficient variant of the HpaB enzyme that produces the natural antioxidant
hydroxytyrosol (an ingredient in olive oil). We plan to begin research on the efficient
enzymatic formation of polyols, which are natural sweeteners used in the food
industry. Polyols are very valuable for those suffering from overweight and diabetes
because they are not absorbed from the digestive system and are sweet.

In the near future, | also plan to start a collaboration with Dr. Shangyuan Sang of
Ningbo University, Ningbo, China, which will aim to search for detectors of non-fresh
seafood (such as fish).
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5. Presentation of significant scientific or artistic activity carried out at more than one

university, scientific or cultural institution, especially at foreign institutions

e In 2011, | completed a 2-month internship at the R&D department of Adamed
Sp. z o0.0., located in Pienkowo. During the internship, | searched for new small-
molecule dual inhibitors of mdm2-p53 and mdm4-p53 interactions, showing
anticancer activity in sarcomas, lymphomas and leukemias. Due to the commercial
application of these inhibitors, the results obtained are confidential.

e Since 2016, | have been working closely with Prof. Zhemin Zhou’s group from the
School of Biotechnology, Jiangnan University, Wuxi, China. Since 2018, thanks to
my own initiative, this is official cooperation between universities (Resolution No.
36 of the NCU Senate dated 27.02.2018). In cooperation with Prof. Zhou’s group,
| had 4 short-term visits to Jiangnan University (about 3 months in total). During the
visits, | gave 4 invited lectures to the staff and doctoral students of the School of
Biotechnology, Jiangnan University, and led 3 workshops on molecular modeling
techiques for the doctoral students. In May 2019, three scientists from Jiangnan
University visited NCU. The collaboration resulted in 10 joint publications related to
the study and modeling of the properties of the biotechnological enzyme nitrile
hydratase catalyzing toxic nitriles to useful amides. | have a dual affiliation (NCU
and Jiangnan University) in one of these publications. Since 2019, | have also been
collaborating with Prof. Xianzhong Chen’s group from the School of Biotechnology,
Jiangnan University modeling more thermostable versions of the enzyme sucrose
phosphorylase, which degrades complex sugars into simpler ones for further use in
the food and cosmetic industries. This collaboration has resulted in 2 scientific
publications. Recently, | started work with Prof. Chen to enhance the speed of the
enzyme (HpaB), which produces valuable ingredient in the food industry
hydroxytyrosol.

e List of researchers (or group leaders) outside NCU with whom | collaborate (or have
collaborated):

Prof. Zhemin Zhou, Jiangnan University, Wuxi, China;
Prof. Xianzhong Chen, Jiangnan University, Wuxi, China;
Prof. Michihiko Kobayashi, University of Tsukuba, Tsukuba, Japan;

@)
©)
©)
o Prof. Marek Cieplak, Institute of Physics, PAS, Warsaw, Poland;
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6. Presentation of teaching and organizational achievements as well as achievements in

popularization of science or art

6.1. Didactic achievements

| teach classes for undergraduate and graduate students, as well as for doctoral

students.

Classes after obtaining a doctoral degree, which | coordinate and which | prepared

from scratch (the number of hours carried out by me is indicated in parentheses; the
number of hours carried out refers to the status as of September 30, 2022. Classes
started in the 2022/2023 academic year are not included):

Computer aided drugs design (laboratory 30h; total 270h completed)

Biological and medical databases (lecture 15h + laboratory 15h; completed in total:
lecture 90h, laboratory 90h)

Reliability theory (seminar 15h; total 120h completed)

Bio-nanomaterials (multiple lecturers; lecture 20h; total 20h completed)

Physics in computer simulation and computer modeling (multiple instructors;
lecture 15h, laboratory 15h; completed in total: lecture 45h laboratory 135h)

Classes after obtaining a doctoral degree that 1 am/was not coordinating (the

number of hours taken by me is indicated in parentheses):

General physics for informatics part 1 (30h exercises; a total of 150h completed)
General physics for informatics part 2 (30h exercises; 30h total completed)
Procedural programming (30h laboratory; 330h total completed)

Programming languages (lab 30h; completed in total 60h)

Laboratory of numerical problems (multiple instructors; lab 8h; completed a total of
48h)

Molecular dynamics (lab 30h; completed 30h in total)

Internet services and cloud computing (exercises 15h; completed 15h in total)
Elements of physics part 2(exercises 30h; completed in total 60h)

Elements of physics part 1(exercises 30h; completed in total 120h)

Introduction to UNIX (lab 30h; completed in total 60h)

Elements of physics (exercises 30h + laboratory 45h; completed in total exercises
330h, laboratory 90h)

Elementary physics (exercises 36h; completed in total 180h)

Programming and numerical methods (laboratory 30h; completed in total 30h)
Computer laboratory Il - programming and numerical methods (laboratory 30h;
completed a total of 120h)
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e Molecular dynamics methods - Computer modeling of bio-molecules (multiple
instructors; lab 10h; completed 10h total)

¢ Introduction to Bioinformatics (multiple instructors; exercises 10h + lab 15h;
completed a total of exercises 10h + lab 15h)

e Physical Laboratory I (laboratory 45h; completed a total of 45h)

e Selected applications of computer science (multiple instructors; lab 15h; completed
a total of 15h)

e System of personal assistance (conversion 15h; completed a total of 60h)

| prepared teaching materials for the class:

e Computer aided drugs design. | have divided the materials into two parts. The first
part is a presentation about theoretical basics ( introduction to biology, introduction
to drug chemistry, discussing algorithms) the second part is a detailed instruction
on using advanced molecular modeling software.

e Teaching materials for students are available online for Physics in Computer
Simulation and Computer Modeling (for the part conducted by me). Materials are
prepared for both lecture (presentation) and exercises (modeling projects and how
to solve them).

¢ Biological and medical databases in the form of presentations.

¢ Reliability theory seminar in the form of presentation.

e Bio-nanomaterials (presentation).

¢ Internet services and cloud computing (presentation and instruction on how to use
virtual machines).

e Materials for the class Numerical Problems Lab (for the part led by me) involving
the writing of a molecular dynamics code from scratch, taking into account such
physical values as: change of position of atoms (Verlet’s velocity algorithm),
determination of velocity as a function of temperature and mass of atoms,
determination of acceleration of atoms based on the force acting calculated from
van der Waals interactions and electrostatic interactions.

| prepared materials and led classes for foreign doctoral students as part of the
summer school “Let's meet at NCU! - International Summer and Winter Intensive
Educational Meetings at Nicolaus Copernicus University in Torun™ organized by NCU
and funded by the SINAKER/NAWA program. For two groups of doctoral students,
| conducted a 5-hour class entitled "How to find an inhibitor. Docking of ligands to
proteins". Classes in English.
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| work with students at all stages of their studies. | supervise or have supervised
graduate theses:

e PhD candidates at NCU (associate supervisor)::

o Dr. Rafal Jakubowski (defense of his doctoral degree in 2016, PhD in physical
sciences)

o Julia Berdychowska, MSc (beginning of PhD studies in 2019, doctoral studies at
the Doctoral School of Exact and Natural Sciences, physical sciences)

o Angelika Klimek, MSc ( beginning of PhD studies in 2018, Interdisciplinary
Doctoral School Academia Copernicana, biological sciences)

e Master's theses at NCU:

o Mr. Patryk Muzalewski (Master's thesis started in 2022)

o Ms. Magdalena Wlodkowska ( Achieved the title of "The best master's thesis in
the field of Technical Physics in 2020™)

Ms. Natalia Dymowska

Mr. Mariusz Misia

Mr. Patryk Kosiorek

Mr. Krzysztof Wierzchowski

Mr. Rafat Jakubowski

o O O O O

e engineer's theses at NCU:

Mr. Rafat Burzynski
Mr. Mateusz Wojciechowski
Mr. Jakub Bordewicz

o
o
o
o Mr. Dominik Siecinski

e bachelor's theses at NCU:
o Mr. Piotr Skrzyniarz

o | assisted with completing Ms. Lan Yao's master's thesis from Jiangnan University,
Wuxi, China.

e In addition, | reviewed 1 master's thesis, 12 engineering theses, and 2 bachelor's
theses at NCU.

e In 2018, | was a supervisor in the TAPS program (The Torun Astrophysics /
Physics Summer program), in which students from outside NCU (including foreign
students) completed 4-week scientific internships. Each student carried out
a project under the supervision of their mentor. | led the project entitled:
"Investigation of thermal stability of Nitrile Hydratase enzyme using molecular
dynamics simulations”.
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6.2. Organization achievements

In 2019, | obtained for NCU participation in the PROM program - International
exchange of doctoral students and academic staff (NAWA funding). | am the
coordinator of this program at NCU. The program is established to fund academic
exchanges mainly for doctoral students. It is planned to finance 100 foreign
visits/trips to/from NCU (research internships, conferences and summer schools).
The program budget is PLN 1,175,680. Due to the coronavirus pandemic, the
program will end in March 2023.

Since 2006, | have been a member of the organizing committee of the annual
international conference BIT Biolnformatics in Torun organized by Faculty of
Physics Astronomy and Informatics, NCU and the Polish Bioinformatics Society.
The conference is held every year in Torun (17 conferences in total). In 2014, the
conference was associated with the congress of SocBiN (Society for Bioinformatics
in Northern Europe) members. Since 2015, | have been chairman of the organizing
committee. In 2022 | was additionally a member of the program committee of this
conference. Every year we have between 50 and 120 participants, of which about
30% are foreign participants.

In 2010/2011, 2011/2012, 2012/2013, 2013/2014, 2014/2015, 2015/2016, | was
a member of the University Recruitment Committee at NCU. In 2016/2017 and
2017/2018 | was the secretary of the University Recruitment Committee at NCU.

Since 2012, | have been the head of the Graphic Station Laboratory as a part of the
Computer Modeling Laboratory.

In 2011, I designed the equipment of computer labs, including the Computer
Modeling Laboratory, as part of the creation of the Center for Quantum Optics at
Faculty of Physics Astronomy and Informatics, NCU.

Since 2011, | have been the "Robotic Digital Library" administrator within the
National Laboratory for Quantum Technologies. The library is dedicated to archive
data on magnetic tapes.

In 2013, I co-designed the Graphics Terminal Laboratory and the computer cluster
(HPC) as part of the establishment of the Interdisciplinary Center for Modern
Technologies (ICNT) at NCU.

Since 2013, | have been the only administrator of the computing cluster and the
Graphics Terminals Laboratory at the ICNT, NCU.

Since 2004, | have been the administrator of servers, computing clusters and
computers of the Theoretical Molecular Biophysics Group, Faculty of Physics
Astronomy and Informatics, NCU.
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6.3. Achievements that popularize science.

Participation in the 2019 Torun Festival of Science and Arts. | was invited to
participate in an plenary panel discussion (main event) entitled. "Man has not one
name”, during which human beings were presented from the point of view of
a sociologist, theologian, physicist, psychologist, artist, philosopher, chemist and
mathematician.

In 2016-2019, | gave a series of talks on theoretical molecular biophysics to small
groups of gymnasium and high school students visiting the Faculty of Physics,
Astronomy and Informatics under the programs: "Always on the Wave",
"Demonstrations and Workshops at Department of Physics, NCU", "Girls for
Science", and "Primus of Pomerania and Kuyavia". In total, | conducted classes for
at least 477 students.

Participation in a two-day science picnic (June 1-2, 2016) organized by the The
Mill of Knowledge Center for Modernity. | organized a series of demonstrations on
the virtual atomic force microscope.

Participation in the "Region of Exact Sciences" project in 2014 and 2015. The
project's main goal was to equalize the opportunities in gymnasium students from
countryside areas by enhancing the educational offer with after-school activities in
mathematical and natural sciences. | conducted a series of 50 hours (25 x 2h) of
lectures and demonstrations on the subject of the role of theoretical molecular
biophysics in medicine for the most talented students from countryside areas of the
Kuyavian-Pomeranian Voivodeship from 50 gymnasiums.

In 2013 and 2014, | conducted workshops as part of the "Regional Physics,
Mathematics, Computer Science and Astronomy Groups" program. | conducted
workshops for groups of students from 12 schools in the Kuyavian-Pomeranian
region.

Leading talks on theoretical molecular biophysics within the framework of the
FAST competition ("Physical and Astronomical Scholarships in Torun") in 2011-
2018.

7. Apart from information set out in 1-6 above, the applicant may include other information

about his/her professional career, which he/she deems important.

Since May 2019, | have been a Member of the Board of Disciplines of Physical
Sciences at NCU.

| published an article titled "Polish-Chinese Nature Improvement” in the magazine
"Gtos Uczelni" 1(383), January 2018, published by NCU, which is intended to
serve a culture-opinion mission, presenting the intellectual, scientific, cultural and
sports life of Nicolaus Copernicus University in Torun.

(Applicant’s signature)
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